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ABSTRACT

ABLATION COOLED MATERIAL REMOVAL WITH
BURSTS OF ULTRAFAST PULSES

M. Can Kerse
Ph.D. in Electrical and Electronics Engineering
Advisor: F. Omer Ilday
January, 2016

Material processing with femto-second pulses allows precise and non-thermal ma-
terial removal and being widely used in scientific, medical and industrial applica-
tions. However, due to low ablation speed at which material can be removed and
the complexity of the associated laser technology, where the complexity arises
from the need to overcome the high laser induced optical breakdown threshold
for efficient ablation, its potential is limited. Physics of the interaction regime
hinders a straightforward scaling up of the removal rate by using more powerful
lasers due to effects such as plasma shielding, saturation or collateral damage
due to heat accumulation. In analogy to a technique routinely used for atmo-
spheric re-entry of space shuttles since 1950s, ablation cooling, is exploited here
to circumvent this limitation, where rapid successions of pulses repeated at ultra-
high repetition rates were applied from custom developed lasers to ablate the
target material before the residual heat deposited by previous pulses diffuse away
from the interaction region. This constitutes a new, physically unrecognized and
even unexplored regime of laser- material interactions, where heat removal due to
ablation is comparable to heat conduction. Proof-of-principle experiments were
conducted on a broad range of targets including copper, silicon, thermoelectric
couplers, PZT ceramic, agar gel, soft tissue and hard tissue, where they demon-
strate reduction of required pulse energies by three orders of magnitude, while
simultaneously increasing the ablation efficiency by an order of magnitude and
thermal- damage-free removal of brain tissue at ~2 mm?/min and tooth at ~3

mm?®/min, an order-of-magnitude faster than previous results.

Keywords: Ablation cooling, Utrafast material processing, Burst mode laser, Non-

thermal ablation, Ultra-high repetition rate.
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OZET

ULTRA-HIZLI ATIMLI KUME MODU ILE SOGUK
ABLASYONLU MALZEME KALDIRMA

M. Can Kerse
Elektrik ve Elektronik Miihendisligi, Doktora

Tez Damsmant: F. Omer Ilday
Ocak, 2016

Femtosaniye lazer atimlari, gerek genis caph bilimsel ¢aligmalarda, gerekse de
tip ve endiistri alanlarinda kesin, keskin ve 1sisal hasara sebep olmayan malzeme
iglemeye imkan vermektedir. Ancak, bu potansiyeli diigitk malzeme kaldirma
hiz1 ve karmagik lazer teknolojisi sebebiyle simirhidir. Bu tiir lazer sistemlerinin
karmasgik olmasinin temel nedeni, etkin ablasyon i¢in gerekli olan yiiksek atim en-
erjisi esigidir. Buna ek olarak, lazer - malzeme etkilesimi fizigi de daha gticlii lazer-
ler ile kaldirilan malzeme miktarinin dogrusal artigina plazma kalkani, saturasyon
ve 1s1 birikiminden dolay1 olusan cevresel hasar gibi sebeplerden dolay1 engel
tegkil etmektedir. Burada, bahsedilen sinirlari agsmak i¢in, uzay miihendisliginde
1950’lerden beri siklikla kullanilan, ablasyon ile sogutma, prensibinden faydala-
narak, Ozel olarak tirettigimiz sistemlerden c¢ikan lazer atimlarimi arka arkaya
¢ok hizli bir gekilde hedef noktasina, etkilegsim bolgesi i¢inde bir 6nceki atimdan
geriye kalan 1s1 daha etrafa yayilmadan tatbik etmekteyiz. Boylelikle, ablasyon
dolayisiyla malzemeden uzaklagan i1sinin, malzeme igine iletilen 1siya egit ola-
bilecegi farkina varilmamig ve hatta kesfedilmemis lazer-malzeme etkilegimi re-
jimini gostermekteyiz. Bu olguyu gostermek icin bakir, silikon, termoelektrik
malzeme, PZT seramik, agar jole, yumusak ve sert dokuyu da iceren ¢ok genig yel-
pazedeki ornekler tizerinde yaptigimiz deneylerle ablasyon igin gerekli atim enerji-
lerini 1000 kat azaltirken, ablasyon etkinligini de 10 kat artirmakla beraber gevre
dokuya hasar vermeden malzeme kaldirma hizi beyin dokusunda ~2 mm?/dk
ve dig dokusu iizerinde ~3 mm?/dk mertebelerine ulasmigtir ki literatiirde daha
onceden yayimlanan sonuclardan 10 kat daha fazladir.

Anahtar sozciikler: Sogutmali ablasyon, Ultra-hizli malzeme igleme, Kiime modlu

lazer, Isisal olmayan ablasyon, Ultra-yiiksek tekrar frekansi.
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Chapter 1

INTRODUCTION

Applications of ultrafast laser material processing have become extremely di-
verse [1-12], enabled by rapid developments have taken place in the field of ul-
trafast lasers, particularly, in Yb-doped fibre [13-15] and solid states lasers [16]
in the past decade. Despite these improvements, ultrafast material processing
is still complex, costly and quite slow in terms of material removal [17], which
is particularly limiting for biological tissue removal, rendering ultrafast lasers
uncompetitive compared to mechanical techniques for many applications |9, 18].
There is great interest in increasing the ablation rate and decreasing the pulse

energy thresholds, and, in turn, laser complexity.

Surgical potential of the laser was recognized immediately following its inven-
tion [19]. Within a year after the demonstration of the first laser, an opthalmic
application has been shown, in which a detached human retina was restored [20].
Since then, it has become a widely used procedure . The most distinctive feature
of a laser system is its wavelength, because materials have wavelength-dependent
absorption and scattering, which are quantitative measures of how deep a laser
beam may penetrate into the material and deviate from its straight trajectory,
respectively. In addition to wavelength dependence, equally important attribute
is the type of energy delivery, such as continuous or pulsed deliveries. Pulse

duration together with the power density (W/cm?) directly affects the chemical



and mechanical interactions occurring inside the material upon given an incident
beam. These interactions are mainly photochemical, thermal, plasma induced,
photoablation and multiphoton absorption [21]. While other medical applications
of lasers in Continuous Wave (CW) regime such as Laser Interstitial Thermal
Therapy (LITT); or in quasi CW and nanosecond to microsecond pulsed regime
such as urological applications have proliferated, medical operations in which tis-
sue is removed precisely with a laser are limited mostly to ophthalmology. This
is in part due to the difficulty of preventing collateral damage to surrounding
tissue during irradiation. This issue is resolved, in principle, by ablation using
femtosecond pulses with low average power, typically at low (Hz or kHz) repe-
tition rates [6]. However, this method suffers from a very low rate of ablation.
While this is tolerable in ophthalmology due to the small volumes needed to be
ablated [21], it renders most tissue removal applications of lasers, including hard
tissue ablation uncompetitive compared to mechanical removal techniques [18].
A straightforward way to increase the removal rate is to increase the laser repe-
tition rate. However, the average power is also increased, resulting in significant

collateral tissue damage due to accumulated heat effects.

Lasers may have many advantages especially in neurosurgery, since they can be
used for precise tissue processing, vaporization and coagulation. As opposed to
the interventions aimed on liver tumors, wherein temperature rise in the adjacent
healthy tissues might be tolerated, minimal thermal damage to adjacent tissues is
a primary goal in most of the neurosurgical operations and eye surgeries. A more
recent area of research is the plasma mediated ablation and photodisruption,
which is achieved by ultra-short laser pulses with extremely high peak intensity.
This process leads to nonlinear absorption in the material, which then leads
to ionization of the atoms and the molecules at the focal spot and results in
plasma formation. In order to induce optical breakdown in solids, power densities
more than 10" W/cm? in fluids, 10" W/ecm? are needed [21-24]. Being above
the power density threshold yields very well defined removal of tissue with no
evidence of thermal and mechanical damage. The local electric field determines
if the optical breakdown is achieved or not. For precise tissue removal, upon

illuminating the focal spot with picoseconds pulses, typical threshold intensity



of optical breakdown is in the order of 10! W /ecm?, which corresponds to 107
V/em. This value is approximately equal to intra-molecular Coulomb electric
fields, which is the required condition for ionization formation of plasma. If laser
illumination at the focus continues, within few picoseconds very large free electron
density is obtained, which has the essential role in plasma ionization. For different
pulse duration intervals, the cause of plasma formation differs. For example, if
the pulse duration lies within the nanoseconds regime, thermionic emissions cause
plasma formation. In contrast, for lasers operating in femtosecond - picosecond
regime, multi-photon absorption is responsible for plasma formation. Upon the
formation of plasma, the free electrons cause an avalanche effect and accelerated
electron collides with the others and ionizes them. Exceeding optical breakdown
intensity threshold is an important phenomenon because, even inside a weakly
absorbing medium, the induced plasma makes it possible to remove the material.
With some approximations, plasma absorption coefficient is given by the formula:
2

Ve wpl

Qpp = (11)

ne w?
where, v,; is the mean collision rate of free electrons and ions, n is the index of
refraction, c is the speed of light, w is the wave frequency and w,, is the plasma
frequency. It is seen that, the plasma absorption coefficient oy is enhanced in
the near infra-red region of spectrum. Also, it is a nonlinear function of electron
density, a,; o« N2 As an example in Ref. [21], by increasing the fluence from

3 J/em? to 23 J/em? | ay increases from 0.1 cm™* to 100 cm™.

Docchio et.
al. investigated the plasma lifetime in water for several pulse durations and
observed that plasma luminescence follows a similar time trajectory with the
pulse itself with a delay and widening in the temporal distribution upon reaching
the necessary intensity [25]. Besides, as the electron density increases more, laser
photons are scattered more by the plasma, which can be thought as saturation.
So, there is a critical electron density at which the net amount of energy is not
converted more to plasma energy, rather reaches on the tissue surface. This
critical energy density is obtained when plasma frequency is equal to the incident

waves frequency.
EoMe o
w

Ncrit =
62

(1.2)
where, m, is the electron mass, e is the electron charge ans ¢ is the vacuum
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permittivity. In the visible range this electron density becomes in the order of
10%° cm™3. The threshold energy is proportional to the square root of exposure
time per single pulse (Fy, ~ /7). Therefore, intensity threshold is also reduced

for picoseconds pulses and is in the order of 1.5 TW /cm?.

With the help of the plasma mediated ablation, if the proper laser parameters
are achieved thermal diffusion becomes too slow to dissipate the energy during
this plasma lifetime [8,11]. If this happens, the thermal energy is confined to the
focal zone and no thermal effect is seen in the adjacent tissue. However, if the
intensity is too high, then a phenomenon called photodistruption occurs. Due to
this effect, mechanical shockwaves start to radiate, which has an undesired effect

especially on corneal ablations [26].

Even though the tissue examples are used in previous paragraphs, the physics
behind the plasma mediated ablation is similar for other materials. Considering
the effect of a single ultra-fast pulse on material, ablation with femto-second
pulses has several advantages compared to longer pulse lengths. First, for a given
fluence (J/cm?), higher temperatures and pressures are obtained as compared
to ablation with ns pulses, since the laser energy is delivered before significant
thermal conduction time. Second, there are not any other secondary interactions
between the laser pulse and the ablated material. Higher photon densities also
result in a larger kinetic energy for plume and particles ejected from the surface
due to the Coulomb explosion [27,28]. Shortly, keeping the pulse energy constant,
as pulse duration reduces, Intensity becomes greater than binding energy of the

molecules followed by a rapid ejection.

Fiber delivery of continuous laser energy for thermal therapies is widely being
used for ablation of tumors. Especially, in order to ablate bigger tumors, this
method is well established. Since the ablation of a tissue is a thermal process and
the thermal heating is related with absorption, the delivery of CW light energy
to the tumor tissue results in heating. Besides, Magnetic Resonance Imaging
(MRI) is sometimes preferred to guide the fibers to the tumor tissue inside the
liver or brain. In that case, MR thermometry is used to measure the change in

the temperature in real-time. This mechanism provides a visual feedback to the
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operator to track down the ablation process both qualitatively and quantitatively
[29]. However, if the pulse width is decreased in the order of sub-picoseconds,
which is required for more precise and non-thermal tissue processing, required
peak energy to form the plasma at the focal point becomes too high. Due to this
fact, high intensity pulses cannot be delivered with silica fibers, since they will
burn out. In their work, Wahrburg et.al. showed that it is possible to deliver
the pulsed light energy to the ablation site inside the brain. However, they could
not use fibers. Instead of fiber delivery, they used a stereotactic probe with
which the high pulse energy is delivered through a hollow waveguide. The probe
diameter was 5.5 mm and can only follow a straight trajectory up to 100 mm,
into the brain [30,31]. Because of this situation, collateral mechanical damage
may be hazardous. To ablate deep seated brain tumors, surgeon needs to get
at the tumor site very carefully, without damaging the healthy tissue. In such
a situation, MRI is the perfect tool since it gives real time visual feedback and
discriminate the tumor from its surrounding healthy tissue. Besides, in terms of

fiber delivery, the diameter of the probe can be reduced to sub-milimeter range.

In this thesis, a new regime of laser-material interactions is introduced. All
the major results of this thesis form the basis of a research article in Ref. [32].
During ablation, heat energy within the ablated volume is carried away from the
system. This effect forms the basis of ablation cooling, which is routinely used
as a minimal mass-requiring approach to thermal protection during atmospheric
re-entry of rockets since 1950s [33]. Unlike ablation cooling for rockets, laser
ablation is not continuous, but only takes place during and shortly after a laser
pulse is incident. For the laser parameters used to date, ablation cooling has been
negligible as a cooling mechanism in comparison to heat conduction (diffusion),
which is continuously occurring. In this thesis, it is shown that the ablation rate
can be increased by around three orders of magnitude and thereby exploit ab-
lation cooling. This is a new regime of laser-material interactions with several
interrelated advantages: At sufficiently high repetition rates, most of the residual
heat deposited by each pulse will not have yet diffused out of the volume to be
ablated by the time the next pulse arrives. Thus, each pulse targets an already

hot material, which lowers the ablation threshold with major side benefits, such



as minimizing plasma shielding, reducing shock wave and cavitation bubble for-
mation [8, 23], self-focusing (for transparent targets) [10], as well as drastically

simplifying the required laser technology.

Since the laser technology required to demonstrate ablation cooling did not
exist, special femtosecond fibre lasers [34-37] developed in our laboratory have
been utilized during the experiments. Ablation cooling kicks in above a certain
repetition rate, which depends on the thermal conductivity of the target material.
Continuous trains of energetic pulses at such high repetition rates correspond to
prohibitively average powers, in addition to the fact that the speed with which the
laser beam can be repositioned over a target is limited. As a remedy, burst-mode
operation has been implemented, which was first demonstrated by R. Marjorib-
anks, et al. [38]. In burst mode, the laser produces groups of high-repetition-rate
pulses, which are, in turn, repeated with a lower frequency. The duty cycle of
pulsation can be adjusted to set the average power. Indeed, burst-mode material
processing already has substantial benefits [38-40], but the possibility of ablation
cooling has not been recognized. This is likely to be related to the commonly held

view that shielding effects preclude efficient ablation at high repetition rates [41].

In this thesis, the physics of ablation-cooled regime is highlighted through a
toy analytical model that can be solved exactly. Moreover, numerical simula-
tions based on parabolic one step (single temperature model) and parabolic two
step (two temperature model) radiation models are established. The toy model
makes two main predictions, which are confirmed by numerical simulations of the
heat diffusion equation, as well as experiments described below: (i) Increasing
the repetition rate at constant pulse energy significantly reduces heating of sur-
rounding regions. (ii) However, the repetition rate should not be increased at
constant energy, as shielding effects will prevent efficient ablation [41]. The trick
is to exploit a scaling property that the toy model predicts and full simulations
confirm: The ablation rate can be maintained by increasing the repetition rate
and the number of pulses by a certain factor, while decreasing the pulse energy

by the same factor.

Experimental proof of the ablation cooling effect is presented by measuring



the temperature of a target material and of the ablated particles, simultaneously.
The laser beam is focused onto and ablates the surface of a thermoelectric mod-
ule. This causes a temperature difference between the laser-targeted top surface
and the bottom surface, which generates a voltage difference by the Seebeck ef-
fect. A portion of the particles ejected from the surface during ablation stick to
a microscope cover-slip, which is held ~1 mm above the target. A second ther-
moelectric module is used to similarly monitor the temperature of the cover-slip.
The measured temperatures of the target and the glass cover-slip confirm that
the target heats less and the cover-slip heats more in the ablation-cooled regime,

compared to the traditional regime.

Experiments on a broad range of materials have been performed and the results
are given to demonstrate the universal validity of two main predictions of the toy
model. Copper and silicon were chosen as examples to metal and semiconductor
targets, respectively, because their ablation rates with ultrafast pulses are well
documented. Total volumes of material ablated by a single burst as a function of
burst energy are presented. At low repetition rates of 1 MHz and 25 MHz, the
results are similar. The benefits of ablation cooling become appreciable once the
repetition rate is increased to 108 MHz. If the repetition rate is further increased,
efficiency drops at high pulse energies. This is a consequence of the expected
shielding effect. The solution is to decrease the pulse energy, increase the number
of pulses in each burst and the intra-burst repetition rates, e.g., from 25 pulses
per burst at 108 MHz to 100 pulses per burst at 432 MHz, and finally to 800
pulses (with 32 times lower energy) per burst at 3464 MHz. With proper scaling
down of the pulse energy, the higher repetition rates result in even slightly higher
total ablation compared to the performance recorded at 108 MHz, indicating that
the shielding effects are completely overcome. The same scaling trend holds for
both targets, even though Si and Cu have entirely different optical and physical
characteristics, highlighting the universality of the ablation cooling effect. These
results prove the prediction of decreasing pulse energy with increasing repetition

rate and are presented in this thesis.

As a straightforward consequence of the higher ablation efficiency and energy

conservation, laser-deposited energy is expected to be better confined to the laser
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spot and any undesired thermal effects to the surrounding region should be re-
duced substantially in the ablation cooling regime. This effect is most important
for and most easily demonstrated through processing of temperature-sensitive
materials, particularly biological tissue. To this end, we have performed system-
atic comparisons between burst-mode (appreciable ablation cooling) and uniform-
mode (negligible ablation cooling) processing with identical laser, focusing and
scanning systems. This way, it was possible to minimize experimental uncertain-
ties and to ensure that all parameters, except the temporal sequence of the pulses,

could be kept exactly the same.

Piezoelectric lead zirconate titanate (PZT) ceramics have wide-ranging appli-
cations, including ultrasonic sensor arrays [42] or miniature motors, for which
the material has to be cut at a high degree of precision. Laser cutting of PZT
to arbitrary shapes is possible, but can cause irreversible deterioration of piezo-
electricity due to heating. Both the burst-mode (ablation-cooling regime) and
the uniform-mode (traditional regime) were used to cut 1 mm-diameter circular
sections of PZT and characterized their electromechanical coupling coefficient to
ascertain how well the inherent piezoelectricity of the material is preserved. The
cutting time was reduced by a factor of 9 for burst mode and resulted in 2 times

higher coupling coefficient.

Tissue removal may well be regarded as the ultimate test of suppression of ther-
mal effects since only a few degrees of temperature rise can lead to degradation.
Numerous hard tissue experiments were conducted on human dentine to illus-
trate the benefits of ablation cooling and to contrast burst and uniform modes.
Virtually identical samples were processed using both uniform and burst-mode
pulses. At low average powers, both the traditional regime and the ablation-
cooled regime provide excellent results, as expected. However, the latter achieves
more than 4 times higher ablation, despite using 25 times smaller pulse energies.
Likewise, using 170 times smaller pulse energy yields 2 times more ablation. More
dramatically, increasing the processing speed by a factor of 25 with a correspond-
ing increase in power, ablation-cooled regime achieves excellent results, while the

uniform mode causes excessive carbonization. Since every laser, focusing and



scanning parameters were otherwise identical, the results conclusively demon-
strate that thermal effects are greatly reduced as a result of ablation cooling.
The ablation rate presented here of 3.0 mm?/min is similar to those of nanosec-
ond Er:YAG lasers used in dentistry [9] and 5 times higher than the highest values
reported using ultrafast lasers [9], even though 150 times smaller pulse energies

presented in this study.

There are numerous applications for soft tissue ablation [6,10,23] particularly
targeting the brain [43], where the extreme precision afforded by a laser would be
of paramount importance. Comparisons on the effectiveness of ablation cooling in
selective tissue removal from freshly harvested whole rat brains is given. When the
average power is low, as expected, both regimes avoid thermal side effects, yielding
damage-free ablation. However, ablation-cooled regime has a clear advantage
in terms of thermal effects already at moderate powers: While low-repetition-
rate ablation causes a wide heat-affected zone with damaged neighbouring cells,
devascularisation and prominent tissue loss, there is no significant heat damage
in the ablation-cooled regime. The corresponding ablation rate of 0.75 mm?/min
is 8 times higher than the use of 165-uJ, 180-fs pulses, with which a 0.55-mm?
section of brain tissue was removed in 360 s [11], even though 55 times lower pulse
energies is reported in this study. With ablation-cooling, at a much higher power
of 2.7 W, virtually thermal-damage-free results are obtained at a record-high

ablation rate of 1.5 mm?/min.



Chapter 2

MATHEMATICAL MODEL and
NUMERICAL SIMULATIONS

In this chapter, an intuitive analytical toy model which basically helps to under-
stand the phenomenon through a basic perspective, in terms of energy delivered
and energy removed from the system is going to be explained together with nu-
merical one dimensional parabolic one step and two step radiation models and

simulations.

2.1 Toy Model

The physics of ablation-cooled ultrafast material processing can be highlighted
through a toy model that can be solved exactly. We assume that each pulse in
a train of N pulses gives rise to an instantaneous fixed temperature rise of AT,
which is roughly proportional to pulse energy, F,. So, immediately after the first
pulse, the surface temperature is Ty, = To+ AT, where ablation has not yet been

considered yet. Then, the material initially cools with a

1
Vit

(2.1)
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dependence on time delay after arrival of a pulse [44], where 7y is a characteristic
time scale chosen to avoid a singularity at ¢ = 0. Without loss of generality, the

cooling of the surface after the arrival of the first pulse can be expressed as,

70
(7'0 +t)

T(t) = Ty + AT (2.2)

Momentarily before the second pulse arrives, the surface temperature is

To
T, =T+ AT, —————— 2.3
2 ot \/ (10 + Tr) (2:3)

where, 7 is inverse of the repetition rate, i.e. repetition period. The second
pulse results in an increase of the surface temperature by AT, so immediately

afterwards,

Toe =Ty + AT | — 0 4+ AT (2.4)
(10 + Tr)

Then, the surface starts to cool again, but since the material below the surface

0
(t0+7R)’

is going to correspond to thermal relaxation for a temperature difference of AT,

is no longer at Tj, but approximately at Ty + AT the subsequent cooling

meaning the decay will have the following form,

T(t)—ToJrAT‘/ﬁJrAT‘/(TOT—it) (2.5)

Similarly, one can calculate the surface temperature immediately before and

after the third pulse, or more generally, after the n** pulse,

To

T,=T,1+AT,| ————
(7o + Tr)

= Tp 1 + 6T (2.6)

where, 0T = AT, /mjr—om is the small net increase in target temperature by single

pulse and is used to simplify the notation. Then, after the n'* pulse,
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T, =Ty + (n—1)6T + AT (2.7)

Now, assume that ablation takes place above a critical value if and when
T, > T.. Here, it is also assumed that the absorption of the material is high
enough, such that all the absorption energy (prior to diffusion) is located at the
surface. This is a good assumption for metals, for which the absorption depth is
typically less than even the wavelength of the laser. Furthermore, the amount of
ablation per pulse is also quite small and comparable to the absorption depth,
which is given in Table4.1. Therefore, it is reasonable to assume that one such
layer of material is ablated when 7;, > T, and most of the energy contained within
that chunk of material is carried away. Then the new surface starts cooling from
an initial value of T,.. The inherent assumption here is that ablation process does
take finite amount of time, during which the immediate neighbouring point has
a chance to heat up to T, but of course not any higher, since it would also be
ablated otherwise and the new surface starts cooling from this point. In other
words, the amount of material being ablated may be underestimated by this
assumption, but is reasonable to consider, given its relative simplicity. Thus,

temperature will have the profile of,

70

T, <1, |———
(7o + Tr)

(2.8)
Since the previous pulse was able to increase above the critical temperature,
the next one is also guaranteed, as well. In fact, every pulse from this point

onwards has an identical effect. Two simple sketches are given in Figs. 2.1 and
2.2.

Then, what matters is to find after which pulse (if ever), the ablation takes
place for the first time and each subsequent pulse is then guaranteed to cause
ablation and to first order, ablating the same amount of material. Since each
pulse increases the surface temperature by 07, the critical temperature is going

to be reached by the m'™ pulse, where (Ty + (m — 1)0T + AT) > T., i.e. m >

1+ Te—Ty—AT

s> where m is actually the largest integer not greater than m. For
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Figure 2.1: A simple schematic of temperature elevation above critical value due
to single pulse heating. The area of painted region gives a proportional value to
the energy removed from the material

large numbers of pulses (of interest in this work), this subtle difference can safely
be ignored. The total ablated mass is given by, (N — m)BE,, where 3 is a
proportionality factor that is related to the heat capacity, density, as well as
other physical properties of the target material. Inserting in the value of m,

ablated volume can be written as,

T, — Ty — AT + 6T
6T

Vablated = (N - u(T, — Ty — AT)) E,u(N —m) (2.9)

where u(x) is the unit step function. The first step function distinguishes between
the individual pulses above and below the ablation threshold and the second step

function ensures that ablation values are not negative, but zero, if the critical
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Figure 2.2: A simple schematic of the temperature elevation above critical value
due to multiple pulses.The area of painted regions gives a proportional value to
the energy removed from the material

temperature is not reached before the pulse train is over). The second term on
the right is non-zero only for sub-threshold pulses and refers to the number of
(ideally few) pulses that are required to increase the surface temperature step
by step until the ablation threshold is exceeded with the energy of the pulse,
but these preparatory pulses do not cause ablation themselves. In the limit of
low repetition rates, 7" — 0 and the second term diverges, which means that
no ablation can start if the individual pulses do not exceed the threshold in this

limit, as expected.
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2.1.1 Claim 1: Reduced heating of the target

In the ablation-cooling regime, amount of ablation is significantly more than for
traditional regime, corresponding to low repetition rates (for given pulse energy).
Since a large portion of the incident energy is carried out of the system through
ablation, the heating of the bulk of the material is significantly reduced. The
amount of absorbed laser energy that diffuses as heat to the bulk of the target
material can be estimated. Total heat diffusion is, to first order, proportional
to the quantity of the material and the amount of cooling that occurs between

two subsequent pulses. If ablation is occurring, temperature immediately after a
pulse is T, and right before the arrival of the next pulse it is To+ (7. —Tp)  / =2

To+TR

Therefore, amount of heat diffusion per pulse is,

To

Eaip = o (Tc — (T — Ty) — To) E, (2.10)

To+ Tr
where, « is related to the heat capacity of the target material. Let’s first calculate
the case for which individual pulses exceed the ablation threshold. Then, for N

pulses,

To

Eypy = oT, — Tp) (1 - ) NE, (2.11)

To + Tr

The traditional regime corresponds to individual pulses exceeding the ablation
threshold and applied at low repetition rates, such that 7z > 79. Then, total
heating of the target is obtained as,

Edsz = C((Tc - T())NEP (212)

and the limit of ultra-high repetition rates, as stipulated by the ablation-cooled

regime is calculated as,

.
Egipp = o(T. — T0)2—fONEp (2.13)
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which converges to zero heating in the limit of infinite repetition rate, but of
course, other physical factors come into play that render this toy model invalid
before that limit is approached. The variation of heating as a function of the

repetition rate is given in Fig. 2.3.
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Figure 2.3: Generic dependence of thermal energy diffusing into the bulk (solid
red line) as a function of repetition rate according to the toy model. The repetition
rate is normalized to the characteristic repetition, which is fy = 1/79. The
experimentally investigated repetition rates for silicon are shown as blue circles
to provide context.

In the simple analysis above, effects such as plasma shielding were not consid-
ered. As recognized in the literature before, it is clearly undesirable to increase
the repetition rate, while using pulse energies that exceed the ablation threshold.
The trick here is to simultaneously scale down the pulse energy to values much

below this threshold, which will be discussed in following sub-section.

Now, let’s calculate the amount of heating of the target for this case. Ablation
starts after the m'® pulse. Heat that diffuses once the ablation is initiated will
be given by the expression above, replacing N with (N —m). For the first group
of pulses that will not cause ablation, but will step-by-step build up the surface
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temperature, the temperature immediately after the n'* pulse and immediately
before the next pulse is given by Ty + ndT + AT < T, and Ty + (n + 1)6T, such
that,

Ediff = Oz(AT — (ST)TI’LEP (214)

Putting these two results together, for a general pulse train composed of sub-

threshold pulses, total heating of the target is calculated as,

70
T()—I—TR

Edz’ff = Oé(Tc — To) (1 — ) (N - m)Ep + Oé(AT - 5T)mEp (215)

The first term on the right corresponds to the heating caused by the pulses after
ablation has started and the second term corresponds to the heating caused by
the initial pulses preceding ablation. This result reduces to that of the traditional
regime when each pulse exceeds ablation threshold (m = 0) and low repetition
rate (Tp > 79). As expected, it vanishes as 7g — 0. In the limit of low repetition
rate and pulse energies below threshold, Eyrr = NaATE,, which physically

means that all the absorbed energy goes into heating the target material.
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2.1.2 Claim 2: Scaling down of pulse energy with repeti-

tion rate

A major benefit of the ablation-cooling regime is that required pulse energies can
be scaled down by large factors by simultaneously increasing the repetition rate.
This scaling is well-enough motivated by the laser technology: It is generally not
difficult at all to generate a large number of low-energy pulses that constitute a
highly energetic burst. In contrast, it is incomparably more difficult to gener-
ate a single pulse of equivalent energy. A second motivation arises from desire
to be deeper into the ablation-cooling regime, which stipulates extremely high
repetition rates for target materials with high thermal conductivity. As will be
shown in this section, both of these motivations converge to a simple approximate

scaling law.

When increasing the repetition rate, as it is well known, plasma (and par-
ticulate) shielding effects will render ablation highly inefficient. Simultaneously
decreasing the pulse energy alleviates this effect, since the density (therefore re-
flectivity) of the plasma (or cloud of particulates) depends on the pulse energy.
Let’s take Eqn. 2.9, and simplify it by focusing on the case of direct interest here,
namely when individual pulses do not exceed the ablation threshold. Let’s as-
sume that the pulse train is long enough to initiate ablation long before the pulse

train is finished (m < N), which allows the unit step functions to be dropped,

1. —1Tp —AT+5T) E, (2.16)

Vablatea = B (N - = 5T
By assuming that the dominant absorption is linear, AT = (£,. This is not
true for transparent targets, which rely on multi-photon absorption, but it is a
good enough approximation for the purpose here. In addition, a generalization is
relatively straightforward and in even that case, once ablation starts and plasma

is formed, linear absorption arises. Recalling the definition of 67" from Eqn. 2.6,
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T. =Ty — CEp + CE,(1+ )7 1/2

N — TR\ —
CEp(1+72)71/2

Vablated = ﬁ

E, (2.17)

After simple scaling of pulse energy, repetition period and total number of

pulses (E, — E,/m,Tr — Tr/n2, N — Nn3), the amount of ablation is given by,

(Te = To)m /CE, + <(1 ) - 1) P
AR 2w

T0M2

Vavlatea = B | N1z —

1/2
1— (14 = 1/2
N3 ( TO???) (T. — Tp) ( TR )
Vibtated = BE T - 1+ 2.19
Plated b m m CEp ToT)2 ( )

The dominant term is the first one, which clearly requires n; = 7o = n o
preserve amount of ablation.The second term relates to number of non-ablation-
contributing pulses, which should be kept small for efficient ablation. Inserting

in this condition, last equation becomes,

TR

1/2
-0 3) T @y, m "
Vistated = BE, | N ey e U4 R 2.20
area = Oy | N+ n (E, (+70772 (2.20)

The second term on the right is always negative, but it is reduced by 7, which
means that either ablation remains the same or even improves. In addition, this
term is always small compared to N in the ablation-cooling regime. Therefore,
we focus on the last term, which can, in general, be very large enough to even
prevent ablation, if pulse energy is too small. This is another expression of the
need for m < N. Approaching the ablation-cooling regime, 7 > 7 still, and

Eqn. 2.20 gives approximately,
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. TR 1 (Tc — To)
Vablated - BEp |:N - T??Q (? - C—E,p>:| (221)

In the other extreme of deep into the ablation-cooling regime, 75 < 79, Eqn.

2.20 gives,

TR (T. — Tp) TR
Viorated = BE, | N — _ 1 9.29
stated = BEy { 27012 (E, T rm (222)

In both cases, ablation either remains approximately the same or improves
with ny > 1. Therefore, a reasonable choice is to select ny = 7, since it is
desirable to scale up the repetition rate for the purpose of reducing thermal
effects, independently of the ablation amount under consideration here. Thus,
the scaling law is obtained, which highlights: As the repetition rate and number
of pulses is increased by a certain factor and the pulse energy is reduced by the
same factor, total amount of ablation remains approximately the same. This
phenomenon is depicted in Figs. 2.4 and 2.5, where, detailed information on the

parameters is given in Appendix B.

The toy model is too simplistic to yield quantitatively accurate predictions, yet,
it gives a simple understanding considering the energy in/energy out formulation.
It is intended only to provide intuition for the main claims of ablation cooling
regime. It is a quasi-zero dimensional model in that it only describes the surface
point, which is moving as material is ablated.The two main predictions of the
toy model can be summarized as: (i) much lower heating around the focal point
and (ii) ablation threshold can be scaled down by increasing the repetition rate.
However, numerical solutions of the heat diffusion equation can explain the

physics in much detail, which will be covered in the next two sections.
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Figure 2.4: Scaling of ablation amount with pulse energy and repetition rate,
based on the toy model: (a) The analytic solution of the surface temperature,
and (b) amount of ablated material based on toy model is plotted for N = 25
pulses at a repetition rate of 100 MHz (blue line), N = 100 pulses at a repetition
rate of 400 MHz (red line) and N = 400 pulses at a repetition rate of 1600
MHz (orange line). The pulse energies are scaled down with increasing number
of pulses, such that the total energy is the same for each case. Parameters are:
T. = 15000K, Ty = 300K, 7r/79 = 5, AT = 50000K /n, where n = 1,4,16 for
100 MHz, 400 MHz, 1600 MHz, respectively.

21



(a) Total incident fluence (J/cm?)

58 56 54 52 50 48 46 44
T
1000
& L
(S
3 L
jun }
O 100
S ;
(0] L
e L
=) L
o
> L
°
]
« 10
0 E
<C F
N —©— 800 pulses at 3456 MHz (toy model)
[ —©— 100 pulses at 432 MHz (toy model)
- —©— 25pulses at 108 MHz (toy model)
—©— 25pulsesat 25 MHz (toy model)
1 ) | ) | ) 25 pulses at 1 MHz (toy model)
0 50 100 150 200 250 300
Total incident energy (pJ)
(b) Total incident fluence (J/cm?)
0 10 20 30
T
1000 |- .
«/)\ |- -
E L 4
=2
n
S 100 =
@ - 1
S L ]
= L 4
o L 4
>
'o - -
L
®©
e} 10 = 4
< £ 3
[ —©— 800 pulses at 3456 MHz (toy model)
[ —©— 100 pulses at 432 MHz (toy model)
L —©— 25 pulses at 108 MHz (toy model)
—©— 25pulsesat 25 MHz (toy model)
1 . | . | . 25 pulses at 1 MHz (toy model)
0 50 100 150 200

Total incident energy (uJ)

Figure 2.5: Predictions of toy model with the calculations for 1 MHz, 25 MHz,
108 MHz, 432 MHz and 3456 MHz.

22



2.2 Numerical Simulations Based on Single

Temperature Model

In order to show the qualitative nature of this process and to validate the predic-
tions of our Toy Model, laser-material interaction was modelled by a parabolic
one-step radiation model [45], assuming constant thermo-physical and optical
properties. Moreover, the ratio of laser spot size to optical penetration depth was
kept in the order of 100. In this limit, a one-dimensional model could be used to
simulate the physical phenomena, which reduces the computation time. Under
these conditions, the energy equation can be written as:
2

pCp%—f = k% +S (2.23)
where z is the direction perpendicular to the surface, p is the material density,
C, is the specific heat of the target material, £ is the thermal conductivity, and

S is the laser heating term defined as:
S=(1-R)alpe ™ (2.24)

where (1 — R) is the surface transmissivity, « is the material absorption coeffi-
cient, Iy is the laser intensity at the surface. In this simplified model, material
ablation was modeled using critical point phase separation (CPPS) [46], mean-
ing that material removal occurs instantly once the temperature of the material
exceeds a separation temperature (7,). Assuming the energy loss through the
free surface of the material is much smaller compared to the thermal diffusion
into the material, the thermal boundary condition on the surface of the material
becomes no-heat flux. Considering the simulation domain is large enough, the
thermal boundary condition at far deep of the material becomes constant, which
is at room temperature Ty. Finite difference method was implemented with cen-
tral differencing in spatial direction and forward differencing in time to solve this

model. The finite difference formula for an interior node can be written as:

DAt S
THl =Tk y = (TF, —2TF+TF )+ —— 2.25
i : (Az)2< AT e R 229
where,
k
D=_= (2.26)
p



is the thermal diffusivity, At is the time step and Az is the grid spacing. Super-
script £ and subscript ¢ denote time and space, respectively. To model CPPS,
the ablated nodes were removed from the computational domain, and the origin
was moved from zero to a new ablated depth. The no-flux thermal boundary

condition was also specified on the new surface. The simulation parameters were

defined as:
o D=115E-4(")
o aly=02 (MW/MmQ)
o pCy=13(MIpap)
e spatial simulation domain = 330/«
o Top =50
e (1-R)=0.75
o Yurpy=1 (ns)

e Ty = 1/(a2D)

Tpulse = tpulse/(QQD) =1F —3

The simulation domain was divided into 20000 nodes. Two sets of simulations
were performed with pulse-to-pulse where, the numerical parameters correspond

to the case of silicon.

Numerical simulations on parabolic one-step radiation model confirm ”Toy
Model”s two main predictions: (i) Heating of surrounding regions is significantly
reduced when the repetition rate is increased for constant pulse energy (Fig. 2.6
and 2.7). (ii) Increasing the repetition rate and the number of pulses within

the burst allows decreasing of the pulse energy without reduction in amount of
ablation (Fig. 2.8).
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Figure 2.6: Surface and sub-surface heating during ablation with (a) laser pulses
at low repetition rate and (b) laser pulses at high repetition rate. Please note
that per pulse energies, so, the total delivered energy, are exactly the same
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Figure 2.7: (a) Schematic representation of the ablation process for low (negligible
ablation cooling) and high (significant ablation cooling) repetition rates, respec-
tively: Temperature profiles are illustrated (left) for ¢ = ¢, which is shortly after
the arrival of the first pulse for both cases; (middle) for ¢ = t,, which is shortly
after (before) the arrival of the last (second) pulse for the high-repetition-rate
(low-repetition-rate) laser; (right) for ¢ = t3, which is shortly after the arrival
of the last pulse for the low-repetition-rate laser. The colouration of the target
material is based on simulation results shown in (b), according to the colour bar
indicated therein and at the indicated time intervals of t = t1, t = t5, and t = t3.
(b) Calculated evolution of the temperatures at the surface (solid lines) and below
(at a depth of 30 times the optical penetration depth) the surface (dotted lines)
for repetition rates of 10 MHz (black lines) and 1600 MHz (blue lines). The pulse
energies and number of pulses are the same for both cases. The higher repetition
rate results in significantly lower temperatures below the surface due to ablation
cooling. (c¢) Expanded view of the shaded section of the plot in (b)
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Figure 2.8: Calculated evolution of the surface temperature (dashed lines) and
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lines), 400 MHz (blue lines) and 1600 MHz (red lines). The ablation rate remains
approximately the same when the product of pulse energy and repetition rate is
maintained. The spikes in surface temperatures precisely indicate the arrival of
pulses, which are not shown explicitly for clarity.



2.3 Numerical Simulations Based on Two Tem-

perature Model

While the single-temperature model is highly effective its clarity and ease of qual-
itative interpretation, it is well know that interaction of ultrashort pulses with
matter is not accurately modeled due to the far-from-equilibrium thermodynamic
conditions created. A much more accurate description is provided by the so-called
Two Temperature Model (TTM) [39,45]. This parabolic two-step radiation model
is extensive used to model ultrashort pulse-material interactions. Since the basic
principles of ablation cooling rely on the non-equilibrium conditions being main-
tained between subsequent pulses (namely, the differences arising from dynamics
typically on a time scale of >100 ps), we did not expect to observe any qualitative
differences as a result of using the TTM. The ratio of laser spot size to optical
penetration depth was kept in the order of 100. In this limit, a one-dimensional
model can be used to simulate the physical phenomena, which reduces the com-
putation time substantially. Under these conditions, the governing equations for
TTM model can be written as [45]:

oT. o (, OT.
Cet = o (/f%) ~G(T. - Ty)+ S (2.27)
CL% = G(T, —T}) (2.28)

where T, is the electron temperature, 77, is the lattice temperature, z is the
direction perpendicular to the surface, p is the material density, C, is the specific
heat capacity of the electrons, (', is the specific heat capacity of the lattice, k.
is the thermal conductivity of the electrons, G is the electron-phonon coupling

parameter, and S is the laser heating term defined as:
S=(1—-R)alpe ™ (2.29)

where (1—R) is the surface transmissivity, « is the material absorption coefficient,

and I is the laser intensity at the surface.

Various implementations of TTM have been considered before with varying
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levels of complexity. One relatively simple approach is to model material ab-
lation using critical point phase separation (CPPS) [46], meaning that material
removal occurs instantly once the temperature of the material exceeds a sepa-
ration temperature (Ts.,). Assuming the energy loss through the free surface of
the material due to convection is much smaller compared to the thermal diffu-
sion into the material and loss due to ablation, the thermal boundary condition
on the surface of the material becomes no-heat flux. Considering the simulation
domain is large enough, the thermal boundary condition at far deep of the ma-
terial becomes constant, which is at room temperature Ty. Strictly speaking, the
thermo-physical properties Ce, C';, and ke have functional dependence on tem-
perature. Moreover, the electron-phonon coupling parameter (G), surface trans-
missivity (1 — R) , and the material absorption coefficient («) are also functions
of temperature [39,47-49]. T, can be expressed as Teriticat(po/ pm-m-cal)z/ 3 [39].
In order to predict the amount of ablated material quantitatively, a reliable data
for all the aforementioned parameters as a function of temperature is required
for a given metal. Unfortunately, this has proven to be quite difficult, as most
references do not provide a complete set of parameters assumed. In particular,
we were unable to set such a set for Cu. Since the main objective of the present
study is to prove the principle of ablation cooling, we have based on the TTM
on the commonly used approximations for nickel, for which reliable and consis-
tent set of parameters could be found. Here, the thermo-physical parameters are

approximated as [45]:

C. =T, (2.30)
T.

ke = keo— 2.31

e eOTL ( 3 )

where 7 is a constant with the unit of J/m®K? and k. is the electron thermal
conductivity at room temperature. Cp, G, (1 — R) and « were taken as constant.
Due to the large variance of the data for Tt iticar, po and periticar [50], Tsep was
taken as 15000 K.

Finite difference method was implemented with central differencing in spatial

direction and forward differencing in time to solve this model. The finite difference
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formula for an interior node can be written as:

k k
Th+1 _ At kevi+1/2 Tk Tk ke,i—l/2 Tk Tk a(TF Tk g
ei e,i+W (AZ)2 ( e+l e,i) - <A2)2 ( e e,i—l) - ( eit+l L,i) +
(2.32)
Ty =17, + G(T), — T} ) (2.33)

where At is the time step and Az is the grid spacing. Superscript k& and sub-
script ¢ denote time and space, respectively. The electron thermal conductivity

is expressed at the mid-point of the nodes as:

ko [ TF Tk,

k e0 e,i+1 e,
ke,i—‘rl/Q = 9 (T[]f o + T[’? (234)

ko [ TE  TE

k e0 e,i ei—1
ke,ifl/Q = 9 (lej + Tf ) (235)

To model CPPS, the ablated nodes were removed from the computational
domain, and the origin was moved from zero to a new ablated depth. The no-flux
thermal boundary condition was also specified on the new surface. The simulation

parameters were defined as [48]:
o v =1065J/m3K?
o a=06277x1071/m
o I,=02MW/um?
o Cp =3.68x 1057 /m*K
o koo =91W/mK
o T, =300K
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e R=0.73

L tpulse = 1p8
o G =36x10"W/m'K

The simulation domain was divided into 20000 nodes. The time step was set
to tpuse /200. Here, two sets of simulations is presented corresponding to the
same physics as explained in previous section, but for the case of Ni and using

real units.

The first set of simulations is intended to demonstrate the reduced heating
surrounding regions in the case of ablation cooling. To this end, ablation was
contrasted with 10 MHz and 1.6 GHz repetition rates with same pulse energy,
corresponding to case of negligible and strong ablation cooling, respectively. The
same conditions are simulated both using the single-temperature model (STM)

and the TTM for comparison. For STM, the simulation parameters are given as:

a = 6.277 x 1071 /m

o [,=0.023MW/um?

o pxC,=4x105]/m’K
o k=91W/mK

e R=0.73

tpulse = 1pS

It is seen clearly from the evolution of the temperature at the surface that in
the case of 1.6 GHz repetition rate pulses, there is not enough time between the
pulses for the surface to cool down. In fact, both the STM and TTM predict
approximately an order of magnitude higher minimum surface temperature for
1.6 GHz pulses compared to 10 MHz pulses (Fig. 2.9). The use of 10 MHz pulses

also results in significantly higher temperature below the surface compared to 1.6
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GHz; e.g., 5 pym below the surface, 10 MHz pulses result in 200 K higher maxi-
mum temperature than 1.6 GHz. Under the same conditions, TTM qualitatively
predicts the same outcome; quantitatively, the predicted maximum temperature
is 300 K higher for 10 MHz than for 1.6 GHz (Fig. 2.10). These results are

consistent with the main predictions of the toy model.

The second set of simulations is intended to demonstrate the scaling of the
individual pulse energy with repetition rate and number of pulses. We contrast
ablation of Ni using total of 10 pulses at 100 MHz repetition rate, 40 pulses at
400 MHz repetition rate and 160 pulses at 1.6 GHz repetition rate using STM
(Fig. 2.11) and TTM (Fig. 2.12). The pulse energies are correspondingly scaled
down; going from 100 MHz to 400 MHz, the pulse energy is reduced by a factor
of 4 and similarly, going from 400 MHz to 1.6 GHz, the pulse energy is again
reduced by a factor of 4. Therefore, in all three cases, the total energy delivered
at a given point in time, e.g., after 100 ns, is the same. Comparing the results,
we see that the surface temperatures cools down more for lower repetition rates,
but this is made up for by the higher pulse energy of the next pulse coming in.
Overall, the average minimum surface temperature is reduces substantially going
from 1.6 GHz to 400 MHz and to 100 MHz, also as expected.

Furthermore, the total amount of material ablation is to first order the same
during the scaling up of the repetition rate with simultaneous reduction of indi-
vidual pulse energies and in fact, in this case, it is even higher by a factor of ~2
for 400 MHz than for 100 MHz and also higher by a factor of ~2 for 1.6 GHz
than for 400 MHz. This conclusion depends on the material and pulse parameters
and the more general conclusion is that the ablation efficiency is approximately

constant under this scaling.

While the TTM results presented here would vary quantitatively according to
various formulations of the TTM in the literature or if the assumed parameters
were changed. However, the principle advantages of ablation cooling appear to
be robust and in agreement with the simpler approaches of the STM, the basic

predictions of the analytic model and most importantly, the experimental results.
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Figure 2.9: Simulations showing the effect of ablation cooling for Ni based on
STM: Calculated evolution of the surface temperature, and 5 pm below the sur-
face, for repetition rates of 10 MHz and 1600 MHz. The results are qualitatively
similar to the results of the STM shown above. The spikes in surface tempera-
tures precisely indicate the arrival of pulses, which are not shown explicitly for

clarity. The results are qualitatively similar to the results of the TTM shown
below.
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Figure 2.10: Simulations showing the effect of ablation cooling for Ni based on
TTM: Calculated evolution of the surface temperature, and 5 ym below the sur-
face, for repetition rates of 10 MHz and 1600 MHz. The results are qualitatively
similar to the results of the STM shown above.
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Figure 2.11: Simulations for Ni based on STM: Calculated evolution of the sur-
face temperature (dashed lines) and amount of ablated material (solid lines) for
repetition rates of 100 MHz (green lines), 400 MHz (blue lines) and 1600 MHz
(red lines). The ablation rate slightly increases when the product of pulse energy
and repetition rate is maintained. The predictions are in excellent qualitative
agreement with those of the TTM shown below.
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Figure 2.12: Simulations for Ni based on TTM: Calculated evolution of the
surface temperature (dashed lines) and amount of ablated material (solid lines)
for repetition rates of 100 MHz (green lines), 400 MHz (blue lines) and 1600 MHz
(red lines). The ablation rate slightly increases when the product of pulse energy
and repetition rate is maintained. The predictions are in excellent qualitative
agreement with those of the STM shown above.
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Chapter 3

EVIDENCE of ABLATION
COOLING

In order to provide a direct proof of the ablation cooling effect, an experimental
setup was designed to measure the temperature of a target material and of the
ablated particles, simultaneously. Measuring the temperature from a local point
mostly rely on measurement methods that are sensitive to change in the property
of material due to heating. For contact measurements, thermocouples and ther-
mistors are commonly used. They are available with diameters as small as tens of
micrometers, thus can be utilized to measure temperature from a very small area.
Measurement of highly localized temperature from much smaller spots is also pos-

sible with lasers and mostly based on a method called thermo-reflectance [51-54].

In order to discriminate and comment on the effect of ablation cooling be-
tween highly repetitive laser pulses applied as bursts and uniformly separated
laser pulses applied at lower repetition rates (Fig. 2.6 and Fig. 2.7.c.), temper-
ature should be measured locally by placing thermocouples exactly at a same
distance below the surface for each operating mode. In addition to the techni-
cally difficult placement and targeting accuracy, application of the same amount
of thermal paste onto both thermocouples may cause variations in the measure-

ments. Although thermo-reflectance based temperature measurement with lasers
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give very precise and accurate results exactly from the region of interest, in the
case of material ablation, it cannot be used directly to measure temperature at
the surface because of plasma. It is also hard to measure the temperature below
surface by thermo-reflectance because of accuracy and the need for a smart trig-
gering system. A simple way to surpass these limitations is to directly ablate the

thermocouple itself.

Thermoelectric modules are commonly used to cool down or heat up the mate-
rial that they are attached, due to Peltier effect, which is basically conversion of
applied current to heat. The opposite effect is on the other hand called Seebeck
effect where the heat is converted directly into electricity. As the laser ablates
the thermoelectric module, the temperature is thus can be measured as voltage.
Here, successful use of ablating a target material is being reported, which exhibits
strong Seebeck effect. To a reasonably good approximation, thermoelectric volt-
age difference is linearly proportional to the induced temperature. Furthermore,
the purpose of the following experiments is to establish the role of the ablation
cooling effect and the conclusion drawn are robust against small deviations from

linear response of the thermoelectric modules.

The setup is described in Fig. 3.1.a. , where a picture of the setup is presented
in Fig. 3.1.b. The laser beam is focused onto the surface of a thermoelectric mod-
ule, and is used to ablate it. As a result of the residual heating, a temperature
difference is formed between the laser-targeted top surface and the bottom sur-
face, which leads to a measurable voltage difference. Two identical 4 cm X 4 c¢cm
thermoelectric modules (TEC1-12706, Thermonamic, Jiangxi, China) were used
during the experiments. The one was used as the substrate and the other one was
attached to a microscope coverslip. As the ejected material is being removed from
the surface, they attach to the coverslip and heat it up, thus causing a voltage
difference on second module too. The modules were connected to two channels
of an audio analyzer (UPV Audio Analyzer, Rohde and Schwarz DC-250 kHz,
Munich, Germany) to measure voltage changes during processing. The substrate
thermoelectric module was illuminated and raster scanned by 800 fs pulses from
a custom built burst mode laser system [55,56], with a modified oscillator that is

capable of producing seed signal up to 3.46 GHz as it is explained in Appendix
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A.1. Effects of two operating modes on heating were compared:

e Burst Mode with ablation cooling: 1.73 GHz intra-burst repetition rate, 50
pulsed burst (30 ns burst duration) with 200 kHz burst repetition rate, 3
wJ /pulse energy constituting 30 W Pave.

e Uniform Mode with negligible ablation cooling: 10 MHz, uniformly separated
pulses with 3 pJ/pulse energy constituting 30 W Pave.

surface in thermal «—— incoming laser beam thermoelectric

o ol
contact with cover module 2
unexposed surface glass
at room temperature ablated
\ \ particles . M cover glass
cover glass - .
3 ..".
peltier 1 / -2
(cover)
- - ¥
v

surface heating due

2 lo ncident laser

= beam
peltier 1
(target)

thermoelectrlc
unexposed surface modu\e 1 (target) *

(a) at room temperature

Figure 3.1: Experimental setup and temperature measurement to evidence abla-
tion cooling. (a) Thermoelectric module placement and direction of laser illumi-
nation. (b) Picture of the actual setup.

The reason for using a laser with higher average power than used throughout
the rest of this thesis was the intention to create conditions for heating of the
bulk of the target even in ablation mode, so that temperature changes could
be measured. Otherwise, given the small volume of the target being processed
by the laser and only the average temperature of the substrate was measured,
maintaining the accuracy measurement becomes extremely challenging. 5 mm x
5 mm square regions were scanned only once for each mode with a line separation
of 12.5 um, where, the spot diameter was measured to be 26 ym. In order to
apply exactly the same number of bursts, i.e. pulses onto a single spot (50 %
overlapping bursts - approximately 100 pulses/spot), scan speed was adjusted to
be 2 m/s. Having done so, the total processing time was calculated to be 1.2 s. In
all comparisons, two identical regions adjacent to each other and symmetrically

positioned with respect to the thermoelectric modules were processed, one with
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the burst mode and another with the uniform, in order to make the comparison

as fair and as accurate as possible.

The results of the experiments are presented in Fig. 3.2.a. These show, un-
ambiguously, that the target material heats less and the coverslip heats more
when 1.7 GHz repetition rate pulses are used, as opposed to 10 MHz pulses, even
though all other parameters are kept as constant as possible. These include av-
erage power and processing time, which means that the total energy delivered
is exactly the same in both cases. Therefore, a straightforward argument based
on energy conservation illustrates that the reduction in temperature rise for the
target material and the corresponding increase in temperature of the coverslip is
explained by the increased amount of energy being carried away in the form of
ablated particles. Several facts need to be checked to ensure the accuracy of the
measurements and validity of the conclusions drawn above. All the experiments
were repeated several times to ensure that variations in the measured results ob-
tained under nominally identical conditions were negligible. Similar experiments
were repeated without the presence of the coverslip above and it was always found
that the burst mode resulted in lower target temperatures, which is the expected
resulted of the ablation cooling mechanism. This verification experiments show
that the temperature measurements of the targets are not affected by the presence
of the coverslip (Fig. 3.2.b.).

Fig. 3.2 reveals that substrate heating is lower with laser applied in burst mode
than uniformly repeated pulses at 170 times lower repetition rate. On the other
hand, coverslip temperature is higher in burst mode since more energy is carried
away from the surface as compared to uniform mode. In other words, application
of bursts including highly repetitive pulses creates an ablation cooling regime and
the substrate remains colder. The result here is also in agreement with numerical

simulation results as depicted in Fig. 2.7.b and c.

Another factor that must be ruled out is whether the accumulation of accumu-
lated particles on the coverslip increases linear absorption of the incoming laser
light, which can lead to artificially higher temperature on the coverslip during

burst-mode processing (which leads to more material being ablated). However,
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Figure 3.2: Measured thermoelectric voltages induced on Thermoelectric Mod-
ules. (a) Measured thermoelectric voltages induced on Thermoelectric Module 1
(target material, solid lines) and the Thermoelectric Module 2 (attached to the
coverslip that collects some of the ablated particles, dashed lines) for laser pro-
cessing with significant ablation cooling (blue lines) and with negligible ablation
cooling (red lines). (b) Measurements of thermoelectric voltage induced due to
temperature rise in the target material during laser processing with and without
ablation cooling, implemented with burst and uniform modes, respectively. The
results consistently show that the target material heats substantially less with ab-
lation cooling than without ablation cooling, even though the total laser energy
incident is the same.

this was ruled out in a straightforward manner by measuring the change in linear
absorption of the coverslips after processing. The linear absorption was found
not to increase more than 1%, from which one can rule out this effect. Fur-
thermore, the experiment was repeated with the target thermoelectric module
removed, such that the laser light passes though the pre-exposed and partially
debris-covered coverslip (Fig. 3.3). Measurements were made on a fresh sample
(black trace) and samples, which have been partially covered with ablated ma-
terial using the burst mode (blue trace) and the uniform mode (red trace). The
results are virtually identical, which proves that heating of the coverslip due to

linear absorption is negligible in all of these experiments.

Based on this set of experiments, we have verified the validity of our three
major conclusions that provide direct evidence of ablation cooling: (i) The bulk
of the target material heats less and (ii) more heat energy is carried away from the
target material, when using high repetition rate pulses provided by the burst mode

of operation, than lower repetition rate pulses provided by the uniform mode of
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Figure 3.3: Transparency test. (a) Measurements of temperature in thermoelec-
tric module 2 (connected to coverslip), when the same laser processing procedure
is applied without a target material below. Any heating is due to absorption of
the laser beam by the coverslip. Measurements made on a fresh sample (black
trace) and samples which have been partially covered with ablated material us-
ing the burst mode (blue trace) and the uniform mode (red trace) are virtually
identical. (b) Picture of coverslip, which was processed using burst mode and
uniform mode, shows the vast difference in deposited material and consequently
the difference in ablation efficiency.

operation. (iii) Burst mode operation, exploiting ablation cooling, results in
much higher material ablation than uniform mode, even though the total number
of pulses delivered and the energy and pulse duration of the individual pulses
are identical. This is also seen by the difference in the coated material on the

coverslips (Fig. 3.3.b.).

Lastly, in order to check the influence of linear absorption of the material does
not alter this picture in any significant way, the substrate module was painted
with black board-marker and same steps were followed as mentioned above. The
thermoelectric module surfaces are quite smooth and white, resulting in sub-
stantial portion of the incident light being reflected and scattered. Naturally,
the use of ultrafast pulses largely eliminates dependency on linear absorption
characteristics of a target material, but a simple verification was deemed feasi-
ble. The amount of ablated material is much higher, once again, for the burst
mode than the uniform mode, even though the same total number of pulses has

been delivered and the individual pulses have identical width and energies (Fig.
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3.4.a.). The measured temperature rise follows the expected behavior, namely,
burst mode results in significantly less heating of the bulk compared to uniform
mode (Fig. 3.4.b.). Shortly, the application of burst mode removed all the paint,
whereas, caused less heating on substrate. On the other hand, uniform mode left

some paint on the target and also heated the substrate more.

T T T
e —— 4T, ablation cooled

—— 4T, noablation cooling _|

Temperature (a.u.)

(b) time (s)

Figure 3.4: Burst and uniform mode application on black painted thermoelectric
module. (a) Image of painted thermoelectric module after processing. Some paint
remains after application of uniform mode whereas, burst mode removes all the
paint (clear zone). (b) Temporal evolution of thermoelectric voltage change of
the painted substrate with and without ablation cooling, implemented with burst
(blue line) and uniform (red line) modes, respectively.
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Chapter 4

COPPER, SILICON and PZT
CERAMIC PROCESSING

For experiments on copper and silicon samples, an in-house developed Yhb-doped
fibre burst mode laser amplifier system was used, where the system has an ad-
justable in-burst repetition rate, starting from 108 MHz and can be increased by
factor of 2, to 216 MHz, 432 MHz, 864 MHz, 1728 MHz and 3456 MHz. The
system is optimized for high burst energies and low burst repetition rate. The
all-fibre amplifier system is seeded by an all-normal dispersion laser oscillator,
which generates a mode-locked signal at a repetition rate of 108 MHz as the seed
source. The signal from the oscillator is passed through the cascaded repetition
rate multiplier before seeding six stages of core-pumped fibre pre-amplifiers, a
three-stage double clad (DC) fiber power amplifier, supported by synchronized
pulse picking and pulsed-pumping electronics. The system details can be found

in Appendix A.1.

The PZT experiments were conducted with the same system (see Appendix

A.3) that was utilized in hard tissue experiments.
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4.1 Cu and Si Ablation Efficiency Experiments

Polished Cu and single side polished Si samples were placed onto an extension
holder, which includes screws to adjust the surface tilt and attached to a 3D
manual stage with 10 mm movement capability in each direction and 10 pm
resolution. The scan pattern was programmed with SamLight software (SCAPS
GmbH, Deisenhofen, Germany). The patterns consisted of raster scans for each
energy level covering a region of 250 pum by 250 pm, constituting of 50 ablation
spots, which were repeated 20 times for each particular repetition rate and number
of pulses in the study to ensure proper statistics. A simple schematic of the
scan pattern is illustrated in Fig.4.1. All measured ablation values correspond
to averages of the obtained results to reduce variation. Standard deviations are
indicated as error bars in Fig.4.2. Only scans for one particular repetition rate
were made for each sample. The scan speed was adjusted (33 mm/s) in order to
have single burst shot per spot and the centre of each spot is separated by 33
pm, which ensures that there is no overlapping even with large crater diameters
obtained at high energies. Each burst consisted of particular number of pulses.
Movement of the spot during each burst is absolutely negligible compared to the
spot size (about 8 nm during each burst), so all pulses within each burst are

effectively incident at the same spot.

Figure 4.1: Raster scan pattern

Prior to ablation, surfaces of 5 mm thick Cu samples with 2.5 cm diameter

44



were grinded and polished. The grinding was performed on a rotating platform.
During the grinding process, few drops of water were poured on the grinding
paper a few times. The rotation speed was gradually decreased and the direction
of rotation was altered. Then, the grinding paper was switched with a finer one.
The last grinding operation was performed with grinding paper of ISO/FEPA grit
designation of p2000 and the first one with p240. The rest were between these
two extremes. After grinding operation, the samples were then transferred to
polishing platform. During first polishing, 6-m diamond solution was sprayed on
polishing cloth and the platform was rotated at 150, 100 and 50 rpm both counter
clockwise and clockwise. Then, another polishing cloth was inserted and 1-m
diamond solution was sprayed and the same polishing operation was repeated.
Then, the samples were rinsed under water and dried out with pressured air.
The Si samples were already single side polished with 500-pum thickness. After
polishing the Cu samples had optical surface quality with roughness in the ~30

nm range.

The sample to be ablated was placed on the holder and the tilt was adjusted
with a compass in order to have the same tilt with the galvo scanner head (Scan-
cubel4, Scanlab AG, Munich, Germany). The beam incoming to the scanner
head was expanded in order to fill 14 mm aperture. The beam is then focused
with an f-theta lens with 5 cm focal distance, which was attached to the scanner.
To drive the scanner, a SCAPS USC 1 board was used, which is controlled with
SAMLight software (SCAPS Gmbh, Deisenhofen, Germany). For each repetition
rate and number of pulses in burst, amplified spontaneous emission rate (ASE)
was measured in order to obtain the net amount of power available for processing.
The loss due to mirrors, beam expander and the galvo scanner on material pro-
cessing part was calculated as 85 %. The spot diameter was estimated to be 26 ym
by looking at the crater diameters, using both the traditional knife-edge method
and a modern beam profiler (BP209-IR, Thorlabs, Inc, Newton, NJ, USA). Just
before patterned ablation, the laser system was set to 25 pulsed-burst operation
and the sample was moved in z-axis in order to estimate the focal distance. The

energy was then reduced gradually with the half wave plate (HWP) before the
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Figure 4.2: Scaling down of pulse energy with increasing repetition rate. Volume
of (a) Cuand (b) Si ablated by a single burst of pulses as a function of burst energy
and burst fluence for different intra-burst repetition rates. Ablation efficiency in
terms of number of atoms of (¢) Cu and (d) Si ablated per incident photon as
a function of pulse energy and pulse fluence for different repetition rates. Full
symbols highlight inverse scaling of pulse energy with repetition rate.

grating compressor, while a dummy raster scan was ongoing, until a weakly il-
luminated plasma on the surface was observed. The z position on the stage was
recorded and raster scans below and above this value were performed. The sur-
faces were also viewed under custom-built standard light microscope integrated

to the processing system to estimate the exact position of the focal point.

After ablation, the surfaces were cleaned with acetone and optical tissue. The
samples were analyzed and data stacks were obtained with a laser scanning mi-

croscope (VK-100x, Keyence Corp., Itasca, IL, USA) using a 50X objective. The
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Figure 4.3: Scaling down of pulse energy with increasing repetition rate including
the toy model. Volume of (a) Cu and (b) Si ablated by a single burst of pulses
as a function of burst energy and burst fluence for different intra-burst repetition
rates.

data was then analyzed with microscopes analysis software. For depth and width
measurements, 10 spots were chosen and the average and the standard deviation

were calculated. For volume data, averaging was done over 20 spots.

Total volumes of material ablated by a single burst as a function of burst
energy are shown in Fig. 4.2.a for Cu and Fig. 4.2.b for Si. In terms of seeing
the physics, it is more informative to look at Fig. 4.2.c and Fig. 4.2.d, depicting
the absolute efficiency of the ablation process, namely number of atoms ablated
per incident photon as a function of pulse energy. At low repetition rates of 1
MHz and 25 MHz, the results are similar. The benefits of ablation cooling become
appreciable once the repetition rate is increased to 108 MHz. If the repetition rate
is further increased, efficiency drops at high pulse energies. This is a consequence
of the expected shielding effect. The solution is to decrease the pulse energy,
increase the number of pulses in each burst and the intra-burst repetition rates,
e.g., from 25 pulses per burst at 108 MHz to 100 pulses per burst at 432 MHz,
and finally to 400 pulses (with 16 times lower energy) per burst at 1728 MHz,
or, similarly to 800 pulses per burst at 3464 MHz with 32 times lower energy per
pulse. With proper scaling down of the pulse energy, the higher repetition rates
result in even slightly higher total ablation compared to the performance recorded

at 108 MHz, indicating that the shielding effects are completely overcome. The
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Figure 4.4: Representative crater depth profiles obtained at various repetition
rate and pulse combinations after a single burst.

same scaling trend holds for both targets, even though Si and Cu have entirely
different optical and physical characteristics, highlighting the universality of the
ablation cooling effect. These results prove the prediction of decreasing pulse
energy with increasing repetition rate (Fig. 2.8). In addition, Fig. 4.2. a. and
b. is re-plotted including the toy model, where the details of the parameter set

used in order to plot toy model results is explained in Appendix B.

The available literature on material processing has been combed through to
provide comparison to previous publications for ultrafast ablation of Cu and Si
targets. The results are presented in Table 4.1 and 4.2. It should be emphasized
that many of the extracted parameters are not exact, since not all references
provide the parameters with full clarity and in some cases, data had to be read
off from figures. Therefore, the comparisons should be considered correct within
an error margin. This level of uncertainty does not affect the main conclusions
drawn, as the differences between the results of this work and the comparisons in

literature are typically in the order-of-magnitude range.

Both from the basic physics and from an operational perspective, the main

merit factor is the ablation efficiency, namely how much material is ablated given
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pulse energy (or number of photons). From a physics perspective, the amount
of material should correspond to the volume of material ablated when a crater
is formed by the laser pulses, and ablated volume information has been used to
plot Fig. 4.2. However, this is seldom reported in publications, instead depth
of the crater is provided. Experimentally, however, both volumes and depths of
the craters has been measured. For comparison to previous results, crater depth
information was used in Table 4.1 and 4.2. Therefore, ablation efficiency is defined
as depth of ablation caused by each pulse per incident pulse fluence, which has
naturally also has units of volume per energy. These two definitions of ablation
efficiency, based on volume and depth, respectively, are equivalent to each other
within a geometric factor (order of 3), depending on the shape of the craters and
this choice does not influence the conclusion to be drawn. Furthermore, exactly

the same metrics have been compared, whenever a comparison is made.

In Table 4.1 and 4.2, the incident pulse energy and ablation efficiency are high-
lighted as parameters of direct importance with red colour. These results show
that ablation cooling always achieves highest ablation efficiencies, even though
the necessary pulse energies are orders of magnitude smaller. One should note
that the differences are so great that the conclusions we draw are completely ro-
bust against factors of roughly 2 of uncertainty in ability to ascertain them from
the referenced publications due to occasionally unclear usage of terminology, such

as different definitions of spot size.

For a direct comparison, it is more instructive and physically meaningful to
compare ablation efficiencies obtained with the ablation cooling approach to those
obtained with isolated (or very low repetition rate pulses) at same pulse fluences.
Most directly comparable values for Cu are highlighted with blue colour in Table
4.1. Comparison for Si is more difficult, since results presented here have been ob-
tained at a wavelength of 1040 nm, whereas most of the comparisons in Table 4.2
are for 800 nm. Silicon is largely transparent at 1040 nm (absorption coefficient
of 10 em™!), requiring nonlinear absorption to initiate ablation, whereas it is 100
times more strongly absorbing at 800 nm (absorption coefficient of 1000 cm™1).

Nevertheless, ablation efficiencies in the ablation-cooling regime are seemed to be
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consistently higher by a significant margin. A more direct comparison is avail-
able with respect to a burst-mode laser [57]. Unfortunately, the spot size is not
directly specified and while the ablated volume (and roughly, depth) per pulse
can be ascertained from the available information, the ablation efficiency cannot

be calculated.
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4.2 Cu and Si Micro-Machining with Uniformly
Distributed and Bursts of Pulses

The systematic ablation experiments summarized in Fig. 4.2 were focused on
making accurate comparisons between different laser operating regimes as fairly
as possible. In order to minimize the effect of practical issues, there was applied
only a single burst incident at any spot, making shallow holes, which also avoids
complications such as effects of the walls when the depth gets larger than the
spot size. In this section, an extensive set of experiments is being provided in
which large pieces of material are cut or removed out with the laser. Therefore,
they are highly representative of certain applications. In actual industrial usage,
great effort is made to optimize any single of these processes, which have practical
aspects that depend on many features, such as scanning sequence, speed, precise
power of the laser, in some cases chemical and/or mechanical pre- and/or post-
treatment of the surface, among others. No such effort has been made here as
the focus is on the physics of the ablation cooling process, but as with all other
experiments in this study, burst and uniform modes of operation are compared
under completely fair conditions, keeping all other parameters of the laser and

process constant.

The first type of micromachining experiments that were performed involved
removing out a circular section of the material with the trepanning technique
and removing out a volume via scanning over concentric circular hatches with
multiple passes. The samples used in the experiments were 20-um and 150-pm

thick copper sheets and 450-pm thick single-side-polished Si wafers.

In laser trepanning, the laser spot is scanned over the same circular path over
and over until the section is removed. During the trepanning experiments, only
20-pm thick copper foils were used in order to prevent any undesirable complica-
tions due to thickness of the material, such as formation of conical grooves [58,59]
, which arise because, as laser beam is being scanned continuously, the groove

diameter shrinks, which leads to reduction of peak intensity at the focal point.
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First set of trepanning experiments aimed to assess the time it takes, i.e. the
number of laser passes, to remove the circular section with a diameter of 500 pm.
The samples were placed onto the sample holder, where there was a hole with 1
inch diameter in the middle. An IR sensor was placed under the hole in order to
record the drill time. To minimize the error, 10 trials were done for each laser
mode. During the experiments, the scan speed was fixed at 10 mm/s, determined
by 1 kHz burst repetition frequency, in order to have 50 % overlapping spots,
where, each spot was hit by a single burst. Under these conditions, the scanning
time required for a single complete circular pass is 0.15 seconds. The average
power on sample (120 mW), hence, the burst energies were kept identical. For
uniformly separated pulses at 27 kHz, this corresponds to same energy of a single
burst applied in 1 ms (1 kHz burst repetition rate). The overall image of the
thin foil after trepanning operation can be found in Fig. 4.5. The details of the

operating modes and the corresponding energies is as follows:

[ / Nei

Figure 4.5: Photographs of the 20 pm-thick copper foil after a series of trepanning
operations with laser processing, including 60 zones with 150-ym diameter and
60 zones with 500-pum diameter.

e 1.73 GHz intra-burst repetition rate, 400 pulsed burst with 1 kHz burst repe-
tition rate, 300 nJ/pulse energy constituting 120 pJ/burst energy.

e 432 MHz intra-burst repetition rate, 100 pulsed burst with 1 kHz burst repe-
tition rate, 1.2 pJ/pulse energy constituting 120 pJ/burst energy.

e 1.73 GHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repeti-
tion rate, 4.85 pJ/pulse energy constituting 120 pJ/burst energy.
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432 MHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repetition
rate, 4.85 pJ/pulse energy constituting 120 pJ/burst energy.

108 MHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repetition
rate, 4.85 pJ/pulse energy constituting 120 pJ/burst energy.

27 MHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repetition
rate, 4.85 pJ/pulse energy constituting 120 pJ/burst energy.

1 MHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repetition
rate, 4.85 pJ/pulse energy constituting 120 pJ/burst energy.

e 27 kHz uniformly separated pulses with 4.85 pJ/pulse energy.

The close-up microscope images after ablation together with the average total
number of passes to drill vs laser operating mode is depicted in Fig. 4.6. Note
that absolutely no chemical or mechanical cleaning was made. As it is clearly seen
from Fig. 4.6. a-d, highly repetitive pulses applied as bursts, which effectively
exploit ablation cooling, resulted in clear edges. In contrast uniformly repeated
pulses at a slower repetition rate resulted in carbonization. In addition, most of
the circular pieces did not come off just after processing with low repetition rates
and they had to be plucked gently. It should be noted that the results presented
here do not imply that good edge qualities cannot be obtained with uniform
mode, but that this requires much higher energies. The trepanning time for each
mode is presented in Fig. 4.6.e, which is in agreement with Fig. 4.2.a. The
pulse energy was kept at the highest level possible, for which this comparative
study could be made. As the chart clearly indicates, comparison of second and
last bars reveal that with the help of ablation cooling, the 1728-MHz burst mode
completes 3 times faster than the 27-kHz uniform mode, even though its pulse

energy is less by factor of exactly 16.

In second set of trepanning experiments edge qualities were analyzed using
a scanning electron microscope (SEM). However, since the uniform mode was
barely able to make a full cut, for these experiments, the average power and pulse
energy was increased by a factor of 2, such that both modes provide acceptable-

quality cuts. Except the pulse energy and average power levels, all other scanning
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Figure 4.6: Microscope images of 20 pum thick copper foil after trepanning together
with the bar chart representing number of passes required vs. laser mode. (a) 400
pulsed burst at 1.73 intra-burst repetition rate. (b) 100 pulsed burst at 432 MHz
intra-burst repetition rate. (c) 25 pulsed burst at 27 MHz intra-burst repetition
rate. (d) 27 kHz uniform repetition rate. (e) Number of passes required for
drilling vs. laser operation mode. Each trepanning pass takes 0.15 seconds with
10 mm/s scanning speed in order to have 50 % overlapping spots. The error bars
reflect the standard deviation of 10 trials for each mode.

parameters were kept identical with the first set of trepanning experiments. Using
20-pm copper foils, circular cuts with diameters of 150 pym and 500 pum were
obtained. The details of the operating modes and the corresponding energies is

as follows:

e 1.73 GHz intra-burst repetition rate, 400 pulsed burst with 1 kHz burst repeti-
tion rate, 600 nJ/pulse energy constituting 240 pJ/burst energy (240 mW
Pavg).

e 27 kHz uniformly separated pulses with 9.7 pJ/pulse energy (240 mW Pavg).

The results are depicted in Fig. 4.7. Under identical conditions, burst mode
appeared to cause cleaner edges than the uniform mode, with 16 times lower per

pulse energies.

26



=
w
&
|
-
11}

BEILKEH

Figure 4.7: SEM images of thin copper foils after trepanning with 400-pulsed
bursts at 1.73 GHz pulse repetition rate, 1 kHz burst repetition rate, 600-nJ pulse
energy and 240 mW of average power on sample (burst mode) and corresponding
uniformly repeated pulses at 27 kHz, 9.7-uJ pulse energy and 240 mW of average
power (uniform mode). The scan speed was 10 mm/s in order to maintain 50 %
overlap between bursts: (a) 150-um diameter circle removed with burst mode.
(b) 500-pm circle removed with burst mode. (c¢) The 20-pm thick and 500-um
wide foil piece, which was removed in (b). (d) 150-um diameter circle removed
with uniform mode. (e) 500-pum circle removed with uniform mode. (f) The
20-pm thick and 500-pm wide foil piece removed with uniform mode in (e).
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In the third set of experiments, with an aim to remove out a volume of material,
an alternative cutting procedure, which is better suited to thicker samples, was
used: The laser spot was scanned over a very tightly wound spiral hatch with
spiral arm separation of 12.5 pm, which is half of the diameter of the focused
laser spot. Together with 10 mm/s scan speed, 50 % overlapping spots were
obtained in angle, ¢ and radius, r. The experiments were performed on 150 pm
thick copper samples as well as 450 pm thick single-side-polished silicon wafers.

The diameter of the cylindrical volume was 500 pm in both cases.

The SEM images of the holes drilled with uniform and burst modes for copper
are shown in Fig. 4.8. The SEM images of the holes drilled with burst mode for
Si are represented in Fig. 4.9 and with uniform mode in Fig. 4.10. The edge
quality of the holes for copper sample is quite similar for both laser-operating
modes, even though energy per pulse was 16 times lower than it was in uniform
mode. The difference between uniform and burst modes is much more dramatic
in the case of Si target. Using uniform mode operation, extremely strong SiO2
formation has been observed during processing, which is directly related to heat-
ing of the sample and the fact that the experiments were conducted in ambient
atmosphere. In contrast, processing the Si sample with burst mode yielded a
through hole with sharp edges, even though the pulse energy was 16 times lower.
This critical experimental observation is another independent and strong, albeit
indirect, evidence that processing at high repetition rates and thus exploiting
ablation cooling not only makes the ablation process much more efficient, even
when using drastically reduced individual pulse energies, but also reduces heating

of the sample very substantially.

o8



Figure 4.8: SEM images of 150-um thick copper sheets after a scan following a
very tightly wound spiral pattern (12.5-pum separation between each spiral arm)
with 400 pulsed bursts at 1.73 GHz pulse repetition rate, 1-kHz burst repetition
rate, 600 nJ of pulse energy and 240 mW of average power on sample (burst mode)
and corresponding uniformly repeated pulses at 27 kHz, 9.7 uJ of pulse energy and
240 mW of average power (uniform mode). The scan speed is 10 mm/s in order
to maintain 50% overlap between bursts. (a) Burst-mode processed hole with
500-pm diameter. (b), (c) Magnified edges of (a). (d) Uniform-mode processed
hole with 500-pm diameter. (e), (f) Magnified edges of (d).
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Figure 4.9: Drilling holes through 450-um thick silicon wafer with burst mode:
SEM images of holes formed by scans following a very tightly wound spiral pattern
(12.5 pm separation between each spiral arm) with bursts of 400 pulses at 1.73
GHz intra-burst repetition rate, 1 kHz burst repetition rate, pulse energy of 600
nJ, and 240 mW of average power incident on sample. The scan speed was set to
10 mm/s in order to achieve 50% overlap between bursts. (a), (b) Two 500-pm
through holes created using the burst mode. (c), (d) Magnified view of edges.
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Figure 4.10: SEM images of 450-um thick silicon wafers using uniform mode
operation, tracing over concentric circles (12.5 um seperation between each circle)
using 9.6-pJ pulses at 25 kHz and 240 mW of average power. The scan speed was
10 mm/s. (a) Extensive SiO2 formation is observed after processing. (b) Image
taken from the same region, after the sample was chemically cleaned to remove
the SiO2 formation. (c), (d) Magnified edges of (b).
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4.3 PZT Processing

Piezoelectric PbZrTiO3, lead zirconate titanate (PZT) ceramics have wide-
ranging applications, including ultrasonic sensor arrays [42], miniature motors [60]
and high-frequency ultrasonic imaging (20- 200 MHz) [61]. They also have high
effective electromechanical coupling coefficient k33. k33 is defined as the square
root of ratio of mechanical energy stored to electrical energy applied, which is an
indicator of the effectiveness with which a piezoelectric material converts electri-
cal energy into mechanical energy or converts mechanical energy into electrical
energy. The first subscript to k denotes the direction along which the electric
signal is applied; the second denotes the direction along which the mechanical
energy is applied or extracted. Cutting of piezoelectric ceramics for high- fre-
quency imaging has been problematic because of the fine pitch (sub-50 m) and
very narrow kerf (sub-10 m) required. Both wire and semi-conductor dicing saws
are currently employed to cut basic transducer components from plates of raw
material; however, these techniques have limitations such as a large kerf width,
a simple pattern and a low product rate due to the breakage of the finished rods
by directly contacting the diamond saw, especially for the highly brittle piezo-
electric ceramics. In order to overcome these drawbacks, attempts have been
made to employ laser micromachining, as a new promising technique, for cutting
piezoelectric transducer materials [62,63], but can cause irreversible deterioration
of piezoelectricity due to heating. PZT was chosen as a target to demonstrate
effectiveness of ablation-cooled material removal, since it is straightforward to
determine extend of thermal damage by characterizing the coupling coefficient as

well as having technological relevance.

As target, PZT ceramic sheets of industry type 5A (T017-A4E-602, Piezo
System, Inc, Wobum, WA, USA), which are 191 m thick were used. Electrome-
chanical coupling coefficient of k33 prior to cutting is specified to be 0.72 and used
as a relative indicator of performance degradation due to laser cutting. The beam
was focused on the targets with a 20x high-power focusing objective with a focal
length of 10 mm. The spot size in the focal plane is measured to be 10 m. The

laser and the processing setup is the same as those used in hard-tissue processing
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experiments (Appendix A.3). Burst-mode and uniform-mode has been applied to
cut 1 mm-diameter circular sections of PZT and their electromechanical coupling
coefficient was characterized to ascertain how well the inherent piezoelectricity
of the material is preserved. The trepanning time was reduced by a factor of 9
for burst mode and resulted in 2 times higher coupling coefficient. The results
are summarized in Table 4.3, which shows conclusively that burst-mode with 500
MHz intra-burst repetition rate results in better preservation of the coupling co-
efficient. All parameters of the laser, focusing and scanning were kept the same
to ensure a fair comparison. No attempts were made to optimize the cutting

process through adjustment of laser parameters in this work.

Pr gt (Burst) Incident Incident Pulse Spot Pulse | Burst Peak Sample Cutting Measured
Mode power | of pulses | Repetitio Pulse Burst Duration | Diameter | Fluenc | Fluenc | Intensity Rotation Time Coupling
(mW) |perburst| nRate |Energy (uJ)| Energy (uJ) (ps) (um) e e (TW/em?) Speed (min) Coefficient,
(Wem?) | (Jem?) (25°/s) L
Burst mode 500 25 1 kHz 20 500 1 25 3.20 80 3 22 4.03 0.38
Uniform mode 500 1 25 kHz 20 20 1 25 3.20 3 3 20 32.2 0.18
Burst mode 500 50 1kHz 10 500 1 25 2.04 102 5 40 5.24 0.30
Uniform mode 500 1 25 kHz 10 10 1 25 2.04 2 2 34 41.9 0.15

Table 4.3: Comparison of results on cutting PZT ceramic into 1 mm-diameter
circular sections.
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Chapter 5

SOFT and HARD TISSUE
ABLATION

As a straightforward consequence of the higher ablation efficiency and energy
conservation, laser-deposited energy is expected to be better confined to the laser
spot and any undesired thermal effects to the surrounding region should be re-
duced substantially in the ablation cooling regime (Figs. 2.6 and 2.7). This
effect is most important for and most easily demonstrated through processing of

temperature-sensitive materials, particularly biological tissue.

Tissue removal may well be regarded as the ultimate test of suppression of
thermal effects since only a few degrees of temperature rise can lead to degrada-
tion. In order to asses the thermal damage, several experiments on human tooth
and rat brain samples were accomplished with burst and uniform modes. During
the burst mode vs. uniform mode comparison experiments, all parameters of
the laser, focusing, scanning speed and processing time were kept the same to
ensure a fair comparison in addition to the per pulse energy, so as average power.
Additionally, in order to show the effectiveness of the burst mode just after the

processing, other sets of experiments were done on agar hydrogel blocks.
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In this chapter, systematic comparisons between burst-mode (appreciable ab-
lation cooling) and uniform-mode (negligible ablation cooling) processing with
identical laser, focusing and scanning systems will be explained. This way, it
was possible to minimize experimental uncertainties and to ensure that all pa-
rameters, except the temporal sequence of the pulses, could be kept exactly the

salme.

5.1 Agar Gel and Soft Tissue Ablation

During soft tissue experiments, two separate custom built fiber lasers were used.
The first system is able to produce bursts of pulses with pulse duration of 300
fs and intra-burst repetition rate of 22.3 MHz, whereas, can also be operated in
uniform mode. The details of the first system is given in Appendix. A.2. The
second one is able to produce bursts of pulses with pulse duration of 1 ps and
variable intra-burst repetition rate between 1 MHz and 3.5 GHz and can also be
operated in uniform mode. The details of the second system is given in Appendix.
A.1. On the other hand, for agar hydrogel processing, only the 22.3 MHz - 300

fs system was utilized.

In order to assess damage due to laser ablation, tissues were stained with hema-
toxylin & eosin and DAPI following fixation, tissue preparation and paraffin em-
bedding procedures. Hematoxylin & Eosin staining is a well known technique to
examine histological and morphological changes of tissue. In many studies [64-66]
it is also used for determining tissue damage. Some other studies directly indi-
cate thermal damage due to laser ablation by h&e staining [11,67]. Excluding
enzymatic reactions, dead live cell determination is mostly based on cell mem-
brane permeability; however, tissue fixation causes all cells to have an increased
permeability. Loss in intact nuclear shape indicates cell damage [68]. DAPI is a
fluorescent stain, which can penetrate through cell membrane and attach directly
to DNA [69]. If the cell membrane is damaged and loses its intact form after
ablation, the disintegrated nucleus and DNA reside in the extracellular matrix,

which is seen as diffused light under fluorescent microscope.
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5.1.1 Experiments with 300 fs system

The scanner focuses the beam with an f-theta objective, which ensures a constant
spot size within a plane. The spot diameter is estimated to be ~ 8 pm, which is
confirmed by directly observing craters formed after a raster scan on the surface
of a copper plate via reflection microscope and independently by the knife-edge
method. The target sample is positioned on a manual 3D stage, which allows

translation by 10 cm in 3 axes.

The samples used in the experiments are agar (Agar No: 1, LabM) hydro-
gel blocks (2 g of agar per 100 ml of distilled water) and freshly harvested rat
brain tissues, which were processed within an hour after dissection. In these ex-
periments, we tested the effect of two operating modes, i.e., 200 kHz uniform
repetition rate mode, and 4 pulsed-burst mode with burst repetition rate of 50
kHz and intra-burst pulse repetition rate of 22.3 MHz. Hydrogel is preferred
especially to compare two operating modes because it is easy to mold to a flat
surface, easy to characterize under light microscopy and is a naturally derived
hydrogel polymer that has similar molecular properties to extracellular fluid in
biological tissues [70]. In all of the mode comparison experiments, the pulse

duration, delivered fluence and average power are all kept constant.

For the hydrogel experiments to ensure that the focal plane coincides with the
target surface, calibration lines were processed at a speed of 5 mm/s prior to
ablation. The optimum focal point was determined by maximizing the bright-
ness of the plasma generated on the surface. The scan speeds were adjusted to
125 mm/s such that approximately 8 pulses for uniform mode and 2 bursts (4
pulses/burst) for burst mode were incident per focal spot. Fig. 5.1.a. shows
the light microscope image of the hydrogel lesions, created at different individual

pulse energy values and compared for burst and uniform repetition rate modes.

For the tissue experiments, following extraction, the brains were sliced parallel
to the coronal plane and the slice to be used was immediately placed on the
processing platform. The pulse energy was set to 3 uJ at an average power of 600

mW in the experiments. Raster scans were performed over an area of 1 mm x 1
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Figure 5.1: (a) Microscope image of hydrogel block, raster-scanned with 200-kHz
uniform repetition rate and 4-pulsed burst mode at the indicated pulse energies.
Micro CT images of the processed rat brain tissue sample: (b) Top view of the
coronal slice where four excisions made in (1) 4 pulsed-burst mode and (2) 200-
kHz uniform repetition rate. (c¢) Sagittal view of the excisions in (b).
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mm with line separation of 2.5 ym and scan speed of 250 mm /s and with 80% duty
cycle to avoid excessive heating. The raster scan was then repeated 50 times with
total exposure time of 80 s. During the experiment, NaCl solution was sprayed
regularly on the samples to prevent the tissue from drying. At the beginning
of the experiment and in between consecutive raster passes, the optimum focal
spot was readjusted to match the surface based on brightness of the generated
plasma. After irradiation, the samples were preserved in 4% paraformaldehyde
solution, and then examined with a micro-CT scanner (Skyscan 1172, Bruker in
BIOMATEN METU). Micro-CT analysis was made with 60 kV and 160 pA with
0.5 mm Al filter and at a resolution of 12 pm/pixel. Fig. 5.1(b) and (c) show
the images of processed tissue. Histological analyses were also made on several
samples. Following fixation, and tissue preparation, the samples were embedded
into paraffin blocks and then cut into 5 um slices in sagittal plane, perpendicular
to tissue surface. Then, slices were examined under light microscopy (Leica, DM

5000 B) following a standard hematoxylin & eosin staining procedure.

For hydrogel experiments, it is seen that, at pulse energies exceeding 2.5 uJ,
the lesions formed by burst-mode operation are continuous and uniform, whereas
the lesions formed by uniform repetition rate mode are not ( Fig. 5.1.a. ). Given
that the pulse duration, delivered fluence and average power are all identical,
these results demonstrate that the cumulative effect of the pulses in a burst leads
to increased ablation effectiveness. Using uniform repetition rate pulses, even
at 4-5 pJ per pulse, the cuts are not continuous. Utilizing higher pulse energies
results in localized melting of the hydrogel sample due to correspondingly higher
average power, in addition to precluding delivery through fiber. Reducing the

repetition is naturally a possibility, but also reduces the processing speed.

The depth of the lesions on brain tissue were measured to be ~1200 pym and
~1100 pm for 4-pulsed burst and 200 kHz uniform repetition rate modes, re-
spectively. Our results indicate that it is possible to ablate ~1 mm?® of tissue
within 80 s (0.75 mm?®/min) without any apparent heat damage to surrounding
tissue. In contrast, earlier reports with solid state lasers utilized much higher
energies and lower repetition rates. Using 165-uJ, 180-fs pulses at 100 Hz, 0.55-

mm? section of bovine brain was ablated in 360 s (0.09 mm?/min) [11]. No clear
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Figure 5.2: (a) Color and contrast enhanced sagittal view of 4-pulsed burst ab-
lation region from 3D volumetric reconstruction of Micro CT data. Dashed lines
represent the edges of processed region. (b) Light microscopy image of 4-pulsed
burst ablation region after histological preparation. (c¢) Color and contrast en-
hanced sagittal view of 200 kHz ablation region from 3D volumetric reconstruction
of Micro CT data. Dashed lines represent the edges of processed region. Arrows
show the thermal damage zone. (d) Light microscopy image of 200 kHz ablation
region after histological preparation.

difference is observed between uniform repetition rate and burst-mode operation
during multiple-pass processing of rat brain tissue. This is likely due to the
fact that ablation process halts after several scans over a given point and is re-
initiated after re-adjustment of the focal plane, which was done manually in our
experiments. The ablation speed can likely be improved substantially with an

automated focusing system.

Even if the ablation depths are quite similar for both 4-pulsed burst mode
and 200 kHz uniform repetition rate mode (Fig. 5.1.c.), histological analysis
reveals that there exists tremendous amount of heat affected zone for 200 kHz
mode ablation, as compared to 4-pulsed burst mode. 4-pulsed burst application
has minimized collateral damage to the tissue. On the other hand, 200 kHz
application damaged cells. Also devascularization can be seen in Fig. 5.2.d. Very
little amount of tissue damage is observed in 4-pulsed burst application, which is

localized to a specific area as seen in Fig. 5.2.b. This might be due to the ablation
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scheme and improper focus adjustment. However, there is a prominent tissue
loss and damage under 200 kHz application site. Fig. 5.2a. and c. shows the
zoomed in side views of ablation craters of 3D reconstructed volumetric images
of the regions processed with 4-pulsed burst and 200 kHz modes, respectively.
The dashed lines show the edges of the ablation. The images were enhanced
in terms of contrast, brightness and saturation in order to emphasize on the
tonality difference between normal tissue and thermal damage region in Fig. 5.2.c.
The darker color in between the dashed lines and the arrows represents the heat
affected zone and is in good agreement with the histological cross section of Fig.
5.2.d. This contrast might be due to 1-2% x-ray attenuation difference between

normal tissue and the tissue with edema [71].

The histological differences between the two operating modes are due to rep-
etition rate differences and interaction regime of the laser pulses with the tissue,
as reflected in different ablation efficiencies. During experiments for both modes
of operations, the scan speed was adjusted so that four pulses were delivered per
spot. This corresponds to delivery of that four pulses in 200 ns and an idle pe-
riod of 20 us for burst mode and in 20 ps with the period of 5 us for 200 kHz
uniform repetition rate mode. The thermal relaxation time of biological tissues
for 100 um spot diameter and with linear absorption coefficient of 1000 cm™? is
in the order of 100 us for a pulse duration of 1us [72]. However, in our case, the
interaction regime is totally different, therefore, linear absorption has very little
effect on ablation, whereas, absorbed energy density is expected to be trapped
in a much more shallower region [73]. Besides, during a burst, incoming pulse
is expected to be delivered on denser plasma at a higher temperature because of
50 ns time separation between consecutive pulses, which will increase the efficacy
of that pulse and cause quasi-continuous material ejection. On the other hand,
for 200 kHz uniform repetition rate mode, since the separation between pulses
is 5 us, the effect of the incoming pulse will be much less and the residual heat
caused by the previous pulse would already be transferred to the deeper regions.
In other words, incoming pulse spends most of its energy to re-heating of the
surface rather than delivering it to the plasma. Considering these, the relaxation

time could be between 5 ps and 20 us.
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Figure 5.3: SEM images of the edges. (a) Lesion ablated with 4 pulsed-burst
mode. (b) Lesion ablated with 200 kHz uniform mode.

The other laser-processed samples that were not prepared for histological anal-
yses were prepared for SEM imaging following a routine fixation - dehydration -
coating procedures. SEM images of the ablated lesions with both 4 pulsed-burst
mode and 200 kHz uniform mode are given in Fig. 5.3.a. and b. respectively,

where ablation with burst mode results in slightly smoother edges.
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5.1.2 Experiments with 1 ps system

In order to test the effectiveness of ablation cooled laser material ablation on soft
tissue, a number of experiments were performed on rat brain tissue, in addition
to the burst-uniform mode comparison experiment described in previous section
above. The laser system, which is described in detail in Appendix A.1 has been
operated for the experiments in this section. In these experiments, 1 ps-long
pulses were focused to a spot of 24-um diameter. At the repetition rate multiplier
stage, the coupler output producing 432 MHz repetition has been fed through the
first devoted preamplifier just after the repetition rate multiplier. At the scanning
end, the galvo-scanner was programmed to process a square region with 1 mm x
1Imm dimensions. Several raster patterns consisting of parallel lines was scanned
100 times each at 270 mm/s velocity and 12.5 pum line separation. With these
parameters, 50 % overlap between ablation spots was assured. The total scanning
time for overall processing was thus 30 seconds, where this process resulted in ~2

mm?/min of ablation speed. The burst mode parameters were as follows:

e 432 MHz intra-burst repetition rate, 7 pulsed burst with 27 kHz burst repetition
rate, ~15 pJ/pulse energy equivalent to 100 pJ/burst energy and 2.7 W

average power.

After irradiation, the samples were preserved in 4% paraformaldehyde solution.
Following fixation, and tissue preparation, the tissue samples were embedded into
paraffin blocks and then cut into 8 pm slices in sagittal plane, perpendicular to
tissue surface. Several slices were obtained and half of them were followed up by
standard hematoxylin & eosin staining procedure, where the other half has been

processed with a standard DAPI staining procedure.

The histology results were analysed using light and fluorescent microscopy.
Light and fluorescent microscopy images of a cross-section of the ablated region
obtained after H&E and DAPI staining (separate samples) are shown in Fig.
5.4.a and b, respectively. Heat affected regions have darker purple colour, which

is limited within 5 pum of the side edges and 10-15 pum of the bottom edge (along
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Figure 5.4: Histology results of the regions ablated with intra-burst repetition rate
of 432 MHz with 7 pulses per burst, burst repetition rate of 27 kHz and average
power of 2.7 W. (a) Light microscope image of H&E stained ablated region. (b)
Fluorescent microscope image of DAPI stained ablated region, obtained from
another sample. (c) Light microscope image of H&E stained ablated region,
where scanning has been momentarily stopped to intentionally cause a heat-
affected zone. (d) Fluorescent microscope image of the DAPI-stained ablated
region, where scanning has been momentarily stopped to intentionally cause a
heat-affected zone, obtained from another sample.
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the direction of beam propagation). The nuclei (particles in black) seem to be
intact and in place. As mentioned above, intact nuclei appear as blue elliptical
regions, whereas deformed nuclei and DNA diffused to the extracellular matrix
are seen as lighter blue regions covering a larger area than that of a single nucleus.
As a control experiment, designed to highlight the effectiveness of this method to
label heat affected areas, we have intentionally halted laser scanning briefly at the
corner of the ablation zone during the experiment, therefore intentionally causing
thermal damage. Indeed, the stained slices obtained from those regions, which
are shown in Fig. 5.4.c and d clearly indicate this. The darker upper regions in
the former and diffused blue light region in the latter are easily observable and

correlate with thermal damage.
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5.2 Hard Tissue (Dentine) Ablation

Hard tissue experiments were conducted on human dentine to illustrate the ben-
efits of ablation cooling and to contrast the effects of burst and uniform modes,
such as collateral damage and speed of ablation. Samples were first cut with a di-
amond saw in order to have at least one flat surface. The flat surface was aligned
to be perpendicular to the incoming beam and observed under CCD camera for
proper positioning. Two separate custom built burst mode fiber lasers were uti-
lized during the experiments. The details of the first setup is given in Appendix.
A.3. By utilizing this system, the tissues were processed at 500-MHz intra-burst
repetition-rate with 1 kHz burst repetition rate by applying 1 ps pulses together
with its corresponding uniform mode. The samples were fixed on the 3-axis
motorized and computer controlled stage and the beam was focused with 10x
objective. Second system’s details are given in Appendix. A.1. By utilizing this
system, the tissues were processed at 1.73-GHz intra-burst repetition-rate with 1
kHz and 25 KHz burst repetition rates by applying 1 ps pulses together with their
corresponding uniform modes. Although the operating principles of the second
system is similar to the first one, it is the upgraded version. Besides, instead
of moving the sample with motorized 3D stage, the beam was scanned with 2D

galvo-scanner, thus enable for faster scanning.

5.2.1 Experiments at 500 MHz repetition rate

Two operation modes were used during the ablation processes: (i) 25 kHz pulses
with uniform repetition rate and (ii) 25 pulses separated by 2 ns comprising each
burst (500 MHz intra-burst repetition rate), for which the burst repetition period
was 1 ms (1 kHz). The average power was kept around 450 mW for both modes.
For each mode of the system, the motorized stage was driven at speeds of 0.1
mm/s and 0.5 mm/s, raster scanning a region of 1 mm x 1 mm. The distance
between two lines was 10 um and the ablation pattern was repeated two times.
The number of bursts per spot was 100 (v=0.1 mm/s) and 20 (v=0.5 mm/s)

respectively, which corresponds to 2500 and 500 pulses per spot. Saline solution
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was sprayed regularly on the surface during the scanning process and plasma spark
was observed continuously and used for manual re-alignment of the focus. All
parameters of the laser, focusing and scanning were kept the same to ensure a fair
comparison. Virtually identical samples were processed using both uniform and
burst-mode pulses. While the uniform mode resulted in excessive carbonization
(Fig. 5.5.c. - d.) to the extend that it was not possible to characterize the
depth of the ablated zone accurately, the burst mode achieved clean removal of
approximately 1 mm x 1 mm x 0.4 mm section (Fig. 5.5.a. - b.). Since the
total amount of energy delivered to the sample was exactly the same (same laser
power, spot size and processing time), the carbonization with the uniform and
lack of it with the burst modes proves that thermal effects to the rest of the target

material are greatly reduced in the ablation cooling regime.

Corresponding 3D volumetric images of the processed regions (Fig. 5.5.a. and
b.), acquired from laser scanning microscope (LSM) is presented in Fig. 5.6.
LSM-acquired-high-resolution images showing the edge quality is given in Fig.
5.7 and SEM images are presented in Fig. 5.8. In three of them, the sharp edges
and the extracted volume is clearly observable. Supplementary figures obtained
from an OCT (Optical Coherence Tomography) system (930 nm Callisto Spectral
Domain OCT, Thorlabs, Newton, NJ, USA) are presented in Figs. 5.9 - 5.11.
The sharp edges of the ablation zone are also clear in OCT surface profile (Fig.
5.9) and B-scan results (Fig. 5.10). Due to carbonization after processing with
25 kHz uniform mode, darker ring is observed in Fig. 5.11. b., which is due to
the high absorption of OCT probe beam at HAZ (Heat Affected Zone).

The use of burst-mode pulses has led to formation of deep and cleanly drilled
sections with no apparent heat-related damage with an average depth of ~350
pm. In contrast, the uniform-mode has resulted in significant carbonisation. SEM
and LSM images allow quantification of the results, which show that the ablation
depth is approximately the same for both scanning speeds. This suggests that
the ablation rate was limited by the scanning speed, rather than laser processing,
which motivated the follow-up study described in the next section, involving
galvo scanners. The LSM images also reveal that the edge quality of the holes

is excellent. The small cracks and chips seen in the SEM imaging formed during
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Figure 5.5: Comparison of burst-mode and uniform-mode ultrafast laser process-
ing based on light microscopy: Laser ablation results for human dentine obtained
while keeping all laser parameters (including peak and average power, spot size
and total exposure) fixed except for mode of operation, (a) 500 MHz burst mode
with scan velocity of 0.1 mm/s, (b) 500 MHz burst mode with scan velocity of
0.5 mm/s, (c) 25 kHz uniform mode with scan velocity of 0.1 mm/s, (d) 25 kHz
uniform mode with scan velocity of 0.5 mm/s.
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the vacuum process and were not present on the samples originally.

(a) (b)

1426. 4 1426. 4

Figure 5.6: 3D depth profile obtained with Laser Scanning Microscope: (a) 500
MHz burst mode with scan velocity of 0.1 mm/s, (b) 500 MHz burst mode with
scan velocity of 0.5 mm/s.

Figure 5.7: LSM-acquired high-resolution image showing the excellent edge equal-
ity of the same holes obtained at scan speeds of (a) 0.1 mm/s and (b) 0.5 mm/s.
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Figure 5.8: Scanning Electron Microscope images of ablated lesions of human
tooth processed with (a) 25 pulsed 500 MHz burst mode with burst period of 1
ms and at a scanning velocity of 0.1 mm/s and (b) 25 pulsed 500 MHz burst mode
with burst period of 1 ms and at a scanning velocity of 0.5 mm/s. It should be
noted that cracks at the edges are due to vacuum procedure during SEM imaging,
and the bright zones are due to the excess charege accumulation on tooth sample.
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Figure 5.9: Surface profile of tooth samples, after ablation process, obtained with
an OCT system. Processed with (a) 500 MHz burst mode and at a scanning
velocity of 0.1 mm/s, (b) 500 MHz burst mode and at a scanning velocity of
0.5 mm/s, (c) 25 kHz uniform repetition rate mode at a scanning velocity of 0.1
mm/s and (d) 25 kHz uniform repetition rate mode at a scanning velocity of 0.5

mm/s.
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Figure 5.10: B-Scan results of tooth samples, after ablation process, obtained
with the OCT system. The slice in view was obtained from the middle of the
ablation zone. Processed with (a) 25 pulsed 500 MHz burst mode with burst
period of 1 ms and at a scanning velocity of 0.1 mm/s, (b) 25 pulsed 500 MHz
burst mode with burst period of 1 ms and at a scanning velocity of 0.5 mm/s,
(c) 25 kHz uniform repetition rate mode at a scanning velocity of 0.1 mm/s and
(d) 25 kHz uniform repetition rate mode at a scanning velocity of 0.5 mm/s. The
dashed red lines indicate the surface.

Figure 5.11: Section view of tooth samples obtained with in the OCT system.
The dark spots due to carbonization of tissue during 25 kHz uniform repetition
rate processing are identified. Processesd with (a) 25 pulsed 500 MHz burst mode
with burst period of 1 ms and at a scanning velocity of 0.5 mm/s and (b) 25 kHz
uniform repetition rate mode at a scanning velocity of 0.5 mm/s.
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5.2.2 Experiments at 1.73 GHz intra-burst repetition rate

So far on dentine ablation, results of previous subsection clarify that keeping
every parameter the same, except the temporal profile of the pulses, burst mode
results in heat effect free micro processing, whereas, corresponding uniform mode
causes carbonization. One may argue that, even though there are equal number of
pulses per spot, uniformly repeated pulses at 25 kHz should be further optimized
in terms of reducing the thermal damage by reducing the repetition rate, in the
same time increasing the per pulse energy so that energy per spot stays the same
for comparison. Besides, the overall processing time can be reduced with the help
of a galvo-scanner, instead of driving a manual stage which has limited velocity.
In the light of material processing results (Fig. 4.2. c. and d.) increasing the
repetition rate cause a dramatic reduction in ablation threshold per pulse. This
issue is also going to be addressed in this subsection in order to understand the
possibility of micro processing with hundreds of nano-joules pulse energies. Last,
but not least, effects of increasing the burst repetition rate on processing speed

will be explained.

A large set of experiments was performed on dentine using uniform and burst
modes of the laser to illustrate the effect of ablation cooling. A particular subset
of these results are grouped and presented in Table 5.1. These results are chosen
due to the possibility of making direct and fair comparisons to each other in pairs,

among which key parameters were kept constant.

The first set of experiments aimed to contrast on the depth of ablation be-
tween burst and uniform modes without causing any carbonization for both cases.
The galvo-scanner was programmed to process a region with 1 mm in diameter.
Tightly wound spiral patterns (approximately concentric circles) were scanned
50 times at 10 mm/s velocity and 12.5 um separation between each circle. With
these parameters, 50 % overlap between ablation spots was assured. The total
scanning time for overall processing was thus 322 seconds. The details of the
parameter sets can be found in Table 5.1 as experiments 5 and 6. The laser

operation modes were as follows:
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Experiment  Pulse repetition Numberof = Burst Pulse | Burst | Averagepower | Scanspeed | Exposure time | Hole diameter | Average depth  Ablation speed Comments
rate pulses per repetition energy energy (mW) (mm/s) (s) (mm) (um) (mm?*/min)
burst rate () )
no thermal damage,

1 1728 MHz 400 1 kHz 0.6 240 240 10 320 1 500  0.07 X
but slightly lower

2 1728 MHz 200 1kHz 1.1 210 210 10 320 1 900  0.13 no thermal damage
3 1728 MHz 25 1 kHz 4 100 100 10 320 1 1150 0.17 no thermal damage
4 1 kHz N/A N/A 100 N/A 100 10 320 1 240 0.04 no thermal damage
5 1728 MHz 25 1 kHz 2 50 50 10 320 1 800  0.12 no thermal damage
6 1 kHz N/A N/A 50 N/A 50 10 320 1 190 0.03 no thermal damage
7 1728 MHz 25 25kHz 2 50 1250 250 12 1 750 3.0 no thermal damage

stopped early due to
8 25 kHz N/A N/A 50 N/A 1250 250 12 1 N/A  N/A o
carbonisation

9 25 kHz N/A N/A 8.8 N/A 220 10 320 1 0 0.0 unable to drill

no thermal damage,
10 25 kHz N/A N/A 12 N/A 306 10 320 1 30 0.004 B
but unable to drill

11 25kHz N/A N/A 19 N/A 475 10 320 1 100 0.01 no thermal damage

stopped early due to
12 25 kHz N/A N/A 50 N/A 1250 10 320 1 N/A N/A L
carbonisation

Table 5.1: Comparison of results for drilling through dentine without active cool-
ing.

e 1.73 GHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repeti-
tion rate, 2 uJ/pulse energy equivalent to 50 pJ/burst energy and 50 mW

average power.

e 1 kHz uniformly separated pulses with 50 pJ/pulse energy equivalent to 50

mW average power.

The optical microscope and depth profile images are given in Fig. 5.12. No
carbonization was observed after the processing for both operating modes. Due
to creation of 25 times higher electric field (25 times higher intensity) for a single
pulse, the edges appear cleaner and sharper for uniform mode of operation, re-
sulting in 190 ym depth. On the other hand, the ablation depth is 4 times higher
for burst mode, which is 800 ym. The ablation speed for uniform mode for this

parameters is 0.03 mm?/min and 0.12 mm?/min for burst mode.
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Figure 5.12: Comparison between the effect of burst and uniform modes after
processing at low speeds (safe power levels for uniform mode): (a) Optical image
of the ~800 pm-deep hole drilled in Experiment 5 (using burst mode at 1728
MHz intra-burst repetition rate). (b) LSM image of the same hole. (¢) Optical
image of the ~200 pm-hole drilled in Experiment 6 (using uniform mode at 1
kHz repetition rate). (d) LSM image of the same hole. The processing results for
uniform mode have excellent quality, when the repetition rate and average power
are low enough. It is also important to note that the burst mode is at least 4
times more efficient despite using 25 times less energetic pulses.
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A similar experiment was also performed with twice as much average power,
where the details of the parameter sets can be found in Table 5.1 as experiments

3 and 4. The laser operation modes were as follows:

e 1.73 GHz intra-burst repetition rate, 25 pulsed burst with 1 kHz burst repe-
tition rate, 4 pJ/pulse energy equivalent to 100 pJ/burst energy and 100

mW average power.

e 1 kHz uniformly separated pulses with 100 uJ/pulse energy equivalent to 100

mW average power.

The optical microscope and depth profile images are given in Fig. 5.13. No
carbonization was observed after the processing for both operating modes. Uni-
form mode resulted in 240 pm depth. On the other hand, the ablation depth is 5
times higher for burst mode, which is 1150 pgm. The ablation speed for uniform

mode for this parameters is 0.04 mm?®/min and 0.17 mm?®/min for burst mode.

Additional high-resolution imaging of the edges of the holes drilled in Experi-
ment 3 is provided in Fig. 5.14, obtained using laser scanning microscopy (LSM).
Other experiments using burst mode resulted in similar edge qualities. In addi-
tion, scanning electron microscopy (SEM) image of the drilled hole is also shown.
However, since a regular-vacuum SEM has been used, which is strictly speaking
not compatible with tissue imaging, some chips and cracks occurred during or
shortly after the vacuuming stage, several times during the process of image ac-
quisition. These cracks or chips were not present during the optical microscopy
or LSM images and did not necessarily occur around the laser-processing parts ei-
ther, so there is no reason to think that they indicate any reduction of mechanical

robustness as a result of laser processing.

It is highly instructive to compare, using Table 5.1, Experiments 5 (with burst
mode) and 6 (with uniform mode) (Fig. 5.12). In these experiments, the average
power incident on the samples was identical. The repetition rate of the uniform
pulses and the bursts were the same (1 kHz), meaning that total energy of each

burst was given as a single pulse in the uniform mode. Despite using 25 times
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Figure 5.13: Comparison between the effect of burst and uniform modes after
processing at low speeds (safe power levels for uniform mode): (a) Optical image
of the ~1200 pm-deep hole drilled in Experiment 3 (using burst mode at 1728
MHz intra-burst repetition rate). (b) LSM image of the same hole. (c) Optical
image of the ~250 um-hole drilled in Experiment 4 (using uniform mode at 1
kHz repetition rate). (d) LSM image of the same hole. The processing results for
uniform mode have excellent quality, when the repetition rate and average power
are low enough. It is also important to note that the burst mode is at least 5
times more efficient despite using 25 times less energetic pulses.
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Figure 5.14: Close-up imaging of hole created in Experiment 3. (a) LSM image
of the edge of the hole recorded before the SEM imaging. (b) SEM imaging of
the hole (compare with the optical microscope image in Fig. 5.13 a. and b.). The
chips and crack has occurred during the vacuum formation as required for SEM
imaging.

higher pulse energy with the uniform mode, it was outperformed by the burst
mode in terms of ablation depth and ablation speed by a factor of 4. A similar
outcome emerges based on the comparison between Experiments 3 and 4, as
discussed above. The fact that the ablation speed increase is also 4 for a pulse
energy difference of 25 times lends further support to the repeat. This is an
important result, proving the assertion that the entire burst acts practically like a
single pulse (at times, even better) at sufficiently high intra-burst repetition rates.
However, it is important not to over-interpret numerical values of the ablation
rate comparisons in these experiments, since movement of the focal point, as the
holes got deeper, had to be done manually based on checking the plasma emission
during ablation. Naturally, one might move slightly slower than optimal, which
can result in a slightly shallower hole. Of course, this effect works mostly to the
disadvantage of the burst mode, for which the drilling is much faster and it is
more likely that the manual focusing is a limiting step. While a major difference
is not expected, the ablation speed increase for burst mode by a factor of 4 is

likely to be a lower limit.

Another important comparison is between Experiments 7 (with burst mode)
and 8 (with uniform mode) (Table 5.1). The average power was again kept the

same, but increased compared to the previous cases of Experiments 5 and 6. Since
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the scanning speed was proportionately increased, the total energy delivery was
kept the same as in Experiments 5 and 6. This particular experiment aimed to
overcome this speed limitation due to 1 kHz burst repetition rate, and both the
pulse repetition rate in uniform mode and burst repetition rate was increased 25
times, together with the scan velocity (250 mm/s) of the galvo-scanner. Accord-
ingly, the processing time has been reduced to 12 seconds for 50 passes. For this

experiment set, the laser operation modes were as follows.

e 1.73 GHz intra-burst repetition rate, 25 pulsed burst with 25 kHz burst rep-
etition rate, 2 pJ/pulse energy equivalent to 50 pJ/burst energy and 1250

mW average power.

e 25 kHz uniformly separated pulses with 50 pJ/pulse energy equivalent to 1250

mW average power.

The optical microscope, LSM depth profile and SEM images are given in Fig.
5.15. The uniform mode led to severe thermal loading of the sample, quite visible
carbonization and a strong burning smell, as a result of which the experimented
was interrupted before finishing. Under exactly the same conditions, the burst
mode successfully completed the processing run, resulting in no indication of
thermal damage to the sample and achieving the same ablation depth as in Ex-
periment 5 (Table 5.1). Therefore, with ablation cooling, the ablation rate is
increased linearly with burst repetition rate, or average power, without leading
to thermal effects, at least up to the average power of 1.25 W. Further increases
may be possible, but could not be explored as the laser system is limited to this
power level at the present. The sustained ablation speed that has been achieved
is a record-high ~3.0 mm?/min. In addition to being much higher than previ-
ously reported values for femtosecond dentine ablation [9], this result compares
favourably to speeds achieved with state-of-the-art dental lasers, which are based
purely on thermal effects despite the fact that those laser systems can only be
operated if strong water cooling of the target is performed. No active cooling of
the samples was performed in the experiments presented here. It appears quite

likely that the repetition rate and the ablation rate could be further increased
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Figure 5.15: Comparison between the effect of burst and uniform modes after
processing at high speeds: (a) Optical image of the ~750 pm-deep hole drilled in
Experiment 7 (using burst mode at 1728 MHz intra-burst repetition rate). (b)
LSM image of the same hole. (¢) SEM image of the ~750 m-deep hole drilled
in Experiment 7 (using burst mode at 1728 MHz intra-burst repetition rate).
(d) Optical image of the hole drilled in Experiment 8 (uniform mode at 25 kHz
repetition rate). (e) LSM image of the same hole. (f) SEM image of the aborted
drilling experiment (Experiment 8), using uniform mode at 25 kHz repetition
rate. The experiment was aborted due to excessive carbonisation. These results
show that despite using same average powers and delivering same total amount
of energy, burst mode is able to successfully drill dentine without any apparent
heat damage, whereas uniform mode results in excessive thermal damage.
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without suffering from thermal damage, but the laser system was not able to

provide higher average power (on sample).

These experimental results confirm several points. As it is well known, it is
possible to achieve excellent ablation on tissue using the uniform mode, but there
is an upper limit to the average power, therefore the ablation speed. Hence, when
a certain average power is exceeded, thermal damage occurs even with ultrafast
pulses. With the influence of ablation cooling, this limit is much increased. Of
course, this thermal damage limit can be increased with different scanning meth-
ods or active cooling of the sample, but such remedies should benefit the burst
mode equally and should not change the main conclusion drawn here. Further-
more, at a given average power level, the ablation effectiveness of burst mode is

much more than uniform mode, even when using lower pulse energies.

In order to further support the claims immediately above, also contrast Ex-
periment 5 and Experiment 7, where only the repetition rate and scanning speed
(i.e., decreasing processing time) are changed by a factor of 25. It is seen that
the ablation depth remains the same, meaning that the ablation rate is increased
by also 25 times. In other words, at least within the limits tested here, ablation
rate scales linearly with power for ablation-cooled tissue removal and that there
is significant potential for further scaling. Doing the same scaling comparison
between Experiment 6 and Experiment 8 shows, as discussed above, that scaling

is severely limited for uniform mode by the onset of thermal damage.

Finally, the efficiency per pulse energy comparison has been made. As it has
been previously shown in Fig. 4.2. c¢. and d., per pulse energies can further be
reduced as intra burst repetition rate gets higher. In order to make a comparison,

two laser modes were applied:

e 1.73 GHz intra-burst repetition rate, 400 pulsed burst with 1 kHz burst repe-
tition rate, 0,6 uJ/pulse energy equivalent to 240 pJ/burst energy and 240

mW average power.

e 25 kHz uniformly separated pulses with 9.7 uJ/pulse energy equivalent to 240
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mW average power.

The results are given in Fig. 5.16. With pulse energies as low as 600 nJ, burst
mode resulted in much more deeper (~400 pm) structure (Fig. 5.16.a.) than

uniform mode with 9.7 pJ/pulse energy (~60 pm) (Fig. 5.16.b.)
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Figure 5.16: Scaling the ablation rate. (a) 400 pulsed-burst mode with 600
nJ/pulse energy at 1 kHz burst repetition rate equivalent to 240 pJ /burst energy
and 240 mW average power. (b) 25 kHz uniform mode with 9.7 uJ/pulse energy
equivalent to 240 mW average power. Total scan time = 322 seconds (50 total
passes) obtained with 10 mm/s scan speed in order to have 50 % overlap.
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Chapter 6

CONCLUSIONS

For a long time, it was commonly assumed that heat effects are nearly completely
eliminated through the use of ultrafast pulses. Heat damage can indeed occur
during ultrafast pulse processing as a result of pulse-to-pulse accumulation of
residual heat that is deposited around the border of the ablated region by each
pulse. This, indeed, brings a limitation to ablation rates, especially for biological
tissue removal in order to keep the accumulation low. However, to pace up the
process, blindly increasing the repetition rate may cause severe heating. While
deposition of some residual heat by each pulse is unavoidable, several laser systems
has been developed and they were utilized with the aim to catch much of this
heat before it can diffuse beyond the volume to be ablated by the next incoming
pulse by operating at very high repetition rates. As it has been shown with an
analytic model, numerical modeling and experiments to evidence ablation cooling,
this idea brigs three interrelated advantages: (i) Most of the residual heat left
by the previous pulse has not yet diffused out of the volume to be ablated by
the next pulse. Thus, each pulse targets an already hot volume, which lowers
the required ablation energy and peak power with numerous side benefits, such
minimizing plasma shielding, reducing shock wave, cavitation bubble formation
and self-focusing. (ii) In addition, the quantity of residual heat is proportional to
the pulse energy, thus reducing the magnitude of the problem to be solved. (iii)

Finally and most importantly, much of this residual heat is then carried away
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from the tissue in the form of ablated matter when ablated by the next pulse,
reducing the build-up of heat from pulse to pulse. This is known as ablation
cooling, which is very well known in the context of atmospheric entry of shells.
In order to benefit from ablation cooling, the repetition rate must exceed a critical

value, which scales with the thermal conductivity of the target material, at least
tens of MHz.

Given that the minimum pulse energy is substantial, continuous delivery of
such repetition rates corresponds to prohibitively high average powers (which
can amount to hundreds of watts). To overcome this bottleneck, burst-mode op-
eration has been implemented, which was first demonstrated by R. Marjoribanks,
et. al. using picosecond solid state lasers [38]. In burst mode, the laser produces
packages of high-repetition-rate pulses, or bursts, which are repeated at a much
lower, adjustable frequency. All the experiments were utilized with custom built
fiber lasers developed in our laboratory, where the details can be found in the
Appendix and in Refs. [34-37].

In this thesis, exciting results on processing of a large variety of materials, in-
cluding copper, silicon, PZT, agar-hydrogel, dentin and brain tissue has been
reported. In all cases, burst-mode operation , i.e. ablation cooling regime
excels. We provided a simple physical explanation which has been supported
with parabolic one-step and two-step radiation heating models. Results on non-
biological targets are exciting in their own right, required individual pulse en-
ergies can be decreased by orders of magnitude, which challenges the accepted
paradigm in terms of required pulse parameters. This, in turn, has major impli-
cations for the required laser technology. However, results on biological targets
are even more exciting, where ablation rates of ~2 mm?/min for brain tissue and
~3 mm?/min for dentin has been achieved with pulse energies as low as 3 pJ and
600 nJ respectively and offers room for improvement by adjusting the scan and
laser parameters further. These results pave the way towards in vivo operation at
medically relevant speeds, eventually delivered via flexible fibers to hard-to-reach
targets. Fiber delivery can further enable combination of tissue processing with
simultaneous magnetic resonance imaging (MRI) to be used for precise tissue re-

moval or functional MRI studies. Another advantage of lower pulse energies is to
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minimize cavitation bubble formation [8].

The maximum levels of ablation per pulse energy reported using high pulse
energies can be attained with much lower pulse energies with optimized burst
parameters. Careful analysis of the ablation results on silicon and copper targets
reveals several important features. First, in every case tested, burst-mode opera-
tion is much more efficient than uniform-mode operation of the laser. The total
ablated volumes, e.g., for copper per single pulse burst meet and even exceed the
values reported previously using uniform pulsed lasers at much higher fluence lev-
els [74]. In other words, 800 individual pulses making up a 150 microjoule burst
ablate roughly as much material as a single 150 microjoule pulse. This changes
completely the requirements on laser technology for efficient ultrafast material

processing.

In conclusion, a new physical regime of ultrafast laser-material interactions,
where heat extraction due to ablation is comparable to heat diffusion has been
introduced. Reduction of required pulse energies by three orders of magnitude,
while simultaneously increasing the ablation efficiency by an order of magni-
tude [74] and an order of magnitude faster ablation of brain tissue using nearly
two orders of magnitude smaller pulse energies [11] have been presented. These
results challenge long-held assumptions regarding ultrafast laser material pro-
cessing with major implications for simplification, including possibility of using
non-traditional laser sources, such as those exhibiting pulsation with double time
scales [75]. The basic physics of the proposed method here hint at the possibility
of another order of magnitude in reduction of pulse energies and up to two orders
of magnitude further increase in ablation rate for tissue. In addition to immediate
benefits to numerous and diverse industrial and scientific applications, combina-
tion of ablation cooling with fibre-delivery to reach otherwise inaccessible parts of
the human body particularly under in-situ magnetic-resonance-imaging guidance,
can herald the era of ultrahigh-precision, ultrafast laser-induced version of ther-
motherapy [76] at medically relevant speeds. A speculative, but exciting future
direction is to explore if a suitably sculptured coherent pulse train can coherently
enhance nonlinear processes, such as multi-photon transitions, effectively like a

single pulse of equivalent energy [77].
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Appendix A

Burst Mode Laser Systems

A.1 1 MHz - 3.5 GHz intra-burst repetition

rate, 1 ps pulse duration

The experimental setup in Fig. A.1 consists of an all-normal dispersion (ANDi)
laser oscillator [78] which generates a mode-locked signal at a repetition rate of 108
MHz as the seed source. The signal from the oscillator is converted to 3.5 GHz by
a six-stage cascaded repetition rate multiplier and a devoted preamplifier at the
end of the couplers, before seeding six stages of core-pumped fiber pre-amplifiers,
a three-stage double-clad (DC) fiber power amplifier as well as synchronized pulse
picking and pulsed-pumping electronics. The overall, all-fiber master-oscillator
power-amplifier (MOPA) Yb-fiber architecture is based on the design in [79].
The first three stages of pre-amplifiers utilize continuous pumping while the latter
three, which are positioned after the acousto-optic modulator (AOM), incorporate
pulsed pumping. The 108-MHz fiber oscillator outputs ~22 mW with a spectrum

20 nm wide and centered at 1030 nm.

The repetition rate multiplier consists of cascaded 3 dB couplers, where for
each coupler there is a length difference between the two output arms equivalent

to a delay of one period of the signal repetition rate at input of that coupler.
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Figure A.1: Schematic diagram of the experimental setup. CFBG: chirped fiber
bragg grating, AOM: acousto-optical modulator, AWG: arbitrary waveform gen-
erator, FPGA: field programmable gate array, DM: dichroic mirror, WDM: wave-
length division multiplexer, PBS: polarizing beam splitter, PPF: pump protection
filter, SM: single-mode, DC: double-clad.

Therefore, the repetition rate is doubled at each stage beginning with the second
coupler and in this case with six cascaded couplers, it is multiplied by 2° , from
108 MHz to 3.5 GHz. After six couplers, the signal (7.5 mW) is polarized by a
polarization beam splitter (PBS) after a polarization controller and amplified to
about 300 mW, before entering the pulse stretcher. After the PBS, the system

only consists of polarization maintaining (PM) components.

The seed pulses are stretched to about 2 ns in a chirped-fiber-bragg-grating
(CFBG) designed to match a compressor consisting of a pair 1800 lines/mm
transmission gratings with a separation of 70 cm at an incidence angle of 69°.
The seed signal drops below 50 mW and the spectrum is ~15 nm wide at the
output of the pulse stretching unit made of a circulator and the CFBG. There-
after, it is amplified by three stages of preamplifiers to above 1 W before entering
the AOM. The pulse picking and pulse pumping processes are both synchronized
with 108 MHz oscillator where FPGA circuit delivers the trigger signals to Ar-
bitrary Waveform Generators (AWG), which drive the AOM and diode drivers.
This electronic configuration enables us to adjust burst duration and the burst
repetition frequency on demand. The AOM, which imprints the desired pulse

burst envelope onto the signal has rise and fall times of 6 and 8 ns, respectively.
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Figure A.2: Repetition Rate Multiplier of Fig. A.1. CFBG: chirped fiber bragg
grating, WDM: wavelength division multiplexer, PBS: polarizing beam splitter,
PPF: pump protection filter, SM: single-mode, DC: double-clad, 50/50: 50 %
coupler.

With the AOM imposing bursts repeated at kHz level, the duty cycle of the signal
drops sharply to 0.01% level, hence, the bursts are amplified in six stages of pulsed
amplification. Comparatively short gain fibers are used in the three-stage pulsed
preamplifier following the AOM to suppress ASE generation. The power amplifier
at the end of the system consists of three stages also, first two forward-pumped
and final one backward-pumped, which employ one, two and three 25-W pump
diodes, respectively. The three stages contain Yb-1200-DC-20/125PM (nLight,
Inc.) as gain fiber with lengths shorter than that required for high efficiency
in continuous pumping regime. Further details on the amplifier system and the

electronic control and synchronization unit can be found in Ref. [36].

After optimization of all the signal durations and frequencies, the system is
able to amplify 15 ns long 50-pulsed bursts to a net energy of 215 pJ at burst
repetition rate of 1 kHz. This is the shortest possible burst duration allowed by
the time response of the AOM, and therefore burst pre-shaping was not possible.
Hence, an electronic gate in the form of a 15 ns wide rectangular pulse applied
to the AOM results in the burst shape seen in Fig. A.3(a) with a Gaussian-like
pulse distribution and nearly 15 ns duration, where, the optical spectrum of this
15 ns long burst mode output is given in Fig. A.3(b). The maximum and average

pulse energy inside the burst is calculated to be 8.4uJ and 4.4uJ, respectively.
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System is also able to produce 230 ns long 800-pulsed bursts at a net energy of
490pJ. The recorded pulse train for 230 ns long burst in Fig. A.3(a) displays
a much more uniform energy distribution compared to 15 ns long burst, due to
the presence of pre-shaping, in this case. In this case, the maximum and the
average pulse energy inside 230 ns-long burst is calculated as 1.1uJ and 0.56uJ,
respectively. 50% and 20% ASE content of the signal was measured for 15 ns and
230 ns long bursts, respectively, indicating the exponential growth of ASE [36]
since identical pump pulses are used in each case. Actually, higher per pulse
energies can be extracted by using the earlier stages of the rep. rate multiplier,
hence, reducing the in-burst repettion rate. So, easily, pulse energies above 10uJ
can be obtained, where, up to 16uJ pulses can be compressed below pico-second,
which is shown in Fig. A.3(c) indicating the FWHM of 800 fs.
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Figure A.3: (a) Pulse trains of amplified bursts: 15 ns long burst with 50 pulses,
130 ns long burst with 400 pulses and 230 ns long burst with 800 pulses. Due
to the band-width limitation of the diagnostics, the pulses inside bursts are un-
resolvable. (b) Optical spectrum of burst output with 230 ns burst duration. (c)
Autocorrelation result for compressed pulses at 16 uJ after pulsed power amplifier
stage.

The intensity and period uniformity of the 3.5 GHz seed signal are shown in
Fig. A.4(a), top and bottom panels, respectively, for a train of 32 (2°) pulses
, which constitute one full cycle of the repeated pulse train from the six-stage
multiplier. The average values and standard deviation were calculated as (.92
and 0.03 for normalized intensity, and 285.34 ps and 9.4 ps for repetition pe-
riod, respectively. The RF spectrum of the seed signal is given in Fig. A.4(b).
The bottom panel indicates the main repetition frequency of 3.45 GHz and its
harmonics, where top panel gives a close up view on the main frequency for a
span of 10 kHz and with a resolution of 20 Hz. In Fig. A.4(c), the recorded RF
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spectra of the amplified burst train over a span of 20 MHz, centered at 3.4549
GHz, displays the comb generated by the burst system. Hence, the frequency
domain representation of a train of 230 ns long pulse bursts repeated at 1 kHz,
constitutes a comb with 1 kHz internal spacing (close up view in top panel of Fig.
A.4(c)), under an envelope with 3dB band-width of ~4 MHz (bottom panel of
Fig. A.4(c)) determined by the temporal shape of the burst. Note that the comb
lines are actually much denser than as displayed in the figure, which is due to
the finite number of sample points that the spectrum analyzer (FSUP26, Rohde

& Schwarz) can record.
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Figure A.4: (a) Intensity (top) and pulse seperation time (bottom) variability
of the 3.5 GHz oscillator output. (b) Measured RF spectrum of the 3.5 GHz
seed signal. Highly resolved 10 KHz span around the center frequency (top). 20
GHz span showing the frequency components and the harmonics (bottom). (c)
Measured RF spectrum of 230 ns long bursts repeated at 1 kHz: Frequency span
of 20 MHz centered at 3.455 GHz (bottom), close up 1 kHz lines with a span of
10 kHz versus frequency offset from the central frequency of 3.455 GHz, with a
resolution band-width of 30 Hz (top).

The detailed analysis of the system explained here can be found in Ref. [37].

A.2 22.3 MHz intra-burst repetition rate, 300

fs pulse duration

The experimental setup is depicted in Fig. A.5. The seed pulses originate from

a Yb-doped fiber oscillator operating in the all-normal dispersion regime at a
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repetition rate of 22.3 MHz. Mode-locking is initiated and stabilized by nonlinear
polarization evolution. The oscillator generates 4-nJ (80 mW) pulses centered at
1037 nm with a spectral width of 15 nm (Fig. A.6(a)) and seeds a 100 m-long
polarization-maintaining (PM) fiber stretcher. The seed pulses are thus stretched
to 55 ps. This is followed by an in-line fiber pre-amplifier (Yb1200-6/125DC-
PM, Liekki), which boosts the signal level to 500 mW. The repetition rate is
either reduced to a uniform value of 200 kHz or bursts of pulses are produced at
50 kHz (Fig. A.6(b)) in a fiber-coupled acousto-optic modulator (AOM). After
the AOM, the power is reduced to 2 mW. The AOM is controlled by a special
FPGA-based (SPARTAN 3E, Xilinx) electronic circuitry developed in house for
synchronous pulse picking, burst formation and acts as a master controller for

the entire system.
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Figure A.5: Schematic diagram of the laser and tissue processing setups; PM, po-
larization maintaining; PPF, pump protection filter; WDM, wavelength division
multiplexer; DC, double clad; DM, Dichroic Mirror; HWP, half-wave plate.

At the power amplifier stage, the setup consists of a 10-W pump diode sta-
bilized to 976 nm by temperature control, a short section of double-clad highly
doped Yb gain fiber with core diameter of 20 um, cladding of 125 ym and op-
tics for backward pumping (Yb1200-20/125DC-PM, Liekki). This configuration
minimizes the nonlinear effects. Nearly 75% of the pump power is coupled into

the gain fiber with a collimating lens of 25 mm focal length and a 10x objective.
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Figure A.6: For 8 puJ compressed pulse energy: (a) measured optical spectrum, (b)
measured temporal profile of 200 kHz pulses and 4-pulsed bursts, (c¢) measured,
simulated and PICASO-retrieved autocorrelation, (d) inferred pulse shape using
the PICASO algorithm and simulated pulse shape.

Amplified signal is extracted via a dichroic mirror which transmits the pump
and reflects the signal wavelengths. We used numerical simulations to guide the
experimental design. The details of the simulations can be found in [80]. The
simulations predict pulse duration of 200 fs for 8 pJ shown in Fig. A.6(c). The
retrieved pulse form (Fig. A.6(d)) from measured autocorrelation and spectrum
with PICASO algorithm [81], indicates ~300 fs FWHM. This result is in close
agreement with the simulation, while the effective pulse width of 375 fs of the
retrieved pulse reflects the effect of the pedestal caused by the interaction of
uncompensated third order dispersion and nonlinearity. Even higher pulse ener-
gies (up to 40 uJ) can be generated, but result in longer pulses due to increased

nonlinear phase accumulation.

Following dechirping, a high-power isolator is placed to prevent back reflections
from the target. The optimized transmission of the compressor, half-wave plate
and polarizing isolator (which allows continuous reduction of power) is 80%. The
beam is then expanded with a telescope to completely fill the aperture of a 2D

galvanometer scanner (ScanCube 14, ScanLab).

112



A.3 500 MHz intra-burst repetition rate, 1 ps

pulse duration

A 1030-nm Yb-doped burst mode fibre laser system seeded by a 500-MHz oscil-
lator was used for hard tissue experiments. The system consists of three stages
of core-pumped fibre pre-amplifiers, a double-clad fibre power amplifier, which
were controlled by a field programmable gate array (FPGA) (Spartan 3E, Xilinx,
Inc, San Jose, CA, USA) for synchronized pulse picking and pulsed pumping.
The laser amplifier is largely identical to the one described in a previous pub-
lication [35]. The beam positioning setup consists of a 3-axis motorized stage
(MAX343, Thorlabs, Newton, NJ, USA), 10x focusing objective (LMH-10X-1064,
Thorlabs) and imaging setup including a CCD camera (DCC 1545M, Thorlabs)
and a dichroic mirror, a focusing lens, an IR filter. The laser spot diameter is
estimated to be 12 m, confirmed by directly observing craters on the surface of

a copper plate and independently by the knife-edge method.
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Figure A.7: Laser, optical scanning and sample positioning setup custom-built
for the hard-tissue and piezoelectric ceramic cutting experiments.
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Appendix B

Parameters of Toy Model in

Figures

The parameters that were used in obtaining the predictions of the toy model for
the ablation with 800-pulse bursts of 3456-MHz intra-burst repetition rate and
25-pulse bursts of 108-MHz intra-burst repetition rate, along with the results for
100-pulse bursts at 432 MHz intra-burst repetition rate are as follows for the

silicon target:
e 1 =10/n
o T.=15000(K)
e Ty =300(K)
o AT = 2Burst (/1))
o (3 =23(um?)
o N =257

where n = 1,4 and 32 for repetition rates of 108 MHz, 432 MHz and 3456
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MHz, respectively. For 1 MHz and 25 MHz, n = 0.25, and 0.01, while N

remains equal to 25.

The parameters that were used in obtaining the predictions of the toy model
for the ablation with 800-pulse bursts of 3456-MHz intra-burst repetition rate and
25-pulse bursts of 108-MHz intra-burst repetition rate, along with the results for
100-pulse bursts at 432 MHz intra-burst repetition rate are as follows for the
copper target:

e E=125/n

o T.=15000(K)

o T, =300(K)

o AT = HBurst(K /1))
o [ =24(um?)

o N =257

where n = 1,4 and 32 for repetition rates of 108 MHz, 432 MHz and 3456
MHz, respectively. For 1 MHz and 25 MHz, n = 0.25, and 0.01, while N

remains equal to 25.

The parameters were chosen to correspond to values for simulations of Si de-
scribed in Chapter 2.2 and for tabulated data for Cu in Table 4.1. The [ pa-
rameter was calibrated based on experimental values in Fig. 4.2, as it could not

easily be determined from the theory.
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