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ABSTRACT

TAILORING NONLINEAR TEMPERATURE PROFILE
IN LASER-MATERIAL PROCESSING

Denizhan Koray Kesim
Ph.D. in Electrical and Electronics Engineering
Advisor: Fatih Omer ﬂday
March 2019

Ablation cooled material removal opened up great opportunities for understand-
ing nonlinear processes. Especially using lasers as a tool to tailor nonlinear tem-
perature gradient of material and engineering them to achieve effects such as high
ablation efficiency, speed, and low collateral damage.

Numerical simulations showed such engineering of the temperature gradient
of material is possible for any repetition rate falling inside the ablation cooling
regime. Two temperature model is used to investigate the effects of repetition
rate, pulse energy, and burst duration. Simulations suggest ablation can continue
indefinitely as burst duration increases. They also suggest there is an optimum
pulse energy for any repetition rate in terms of efficiency of ablation regarding
the material.

The results of the simulations are confirmed by experiments using lasers with
1.6 GHz, 1.46 GHz, and 13 GHz repetition rate on biological and technical ma-
terials. The ablation threshold for a single pulse is lowered 100 times compared
to our previous publication.

Finally, related studies that can build upon the shown results are presented. A
new thin-disk laser oscillator scheme is proposed that implements mode-locking
regimes already established in fiber lasers. Dissipative soliton and similariton
simulation results are promising for further studies. They can achieve high energy
pulses with the help of nonlinear effects instead of limited by it. Then, a new
computer generated hologram algorithm is explained where hundreds of layers
can be generated from a single hologram. The algorithm utilizes diffusion as
a tool to increase the degree of freedom which in turn decreases the cross-talk

between layers.

Keywords: burst mode, laser material processing, ablation cooling, ultrashort
pulses, nonlinear system, thermal profile.
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OZET

DOGRUSAL OLMAYAN SICAKLIK PROFILININ
LAZER MATERYAL ISLEME ICIN DUZENLENMESI

Denizhan Koray Kesim
Elektrik Elektronik Miihendisligi, Doktora
Tez Damsmant: Fatih Omer Ilday
Mart 2019

Ablasyon sogutmali materyal kaldirma yeni aragtirmalar i¢in 6nemli firsatlari 6ne
cikard. Ornegin, dogrusal olmayan iglemleri anlamak ve materyalin sicaklik pro-
fillerini istege gore diizenleyebilmek igin ultrahizh lazerler kullanilabilir ve yiiksek
ablasyon verimi, hiz ve diisiik istenmeyen hasarlar gibi iyilestirmelere ulagilabilir.

Sayisal simiilasyonlar ise ablasyonla sogutma rejimi icgerisindeki tekrar
frekanslarinda sicaklik profilini diizenlemenin miimkiin oldugunu gosterdi. Tekrar
frekansi, atim enerjisi ve kiime uzunlugunu arastirmak icin ¢ift sicaklik mod-
eli kullanildi. Simiilasyonlar, ablasyonun kiime iceresindeki atim sayisi artikca
siiresiz olarak artabilecegini belirmektedir. Ayrica, materyaller i¢in her tekrar
frekansinda en yiiksek verimi elde edebilecegimiz bir atim enerjisi oldugunu
gostermektedir.

Bu simiilasyonlarin sonuglar1 yapilan deneyler ile dogrulandi. 1.5 GHz, 1.46
GHz ve 13 GHz tekrar frekanslarina sahip ti¢ farkl lazer sistemiyle organik olan
ve olmayan materyaller iizerinde denemeler yapildi. Onceki cahgmalarimiza gore
ablasyon icin gerekli olan atim enerjisi 100 kat daha diigtrildi.

Son olarak, sunulan sonuclarla alakali olarak arastirilan ¢aligmalar gosterildi.
Bunlardan biri fiber lazerlerde yaygin olarak kullanilan kip kilit durumlarinin
ince disk lazer salingaclarina uyarlanmasidir. Dissipative soliton ve similariton
durumlariin simiilasyon sonuglar1 ileriki ¢aligmalarin 6niinii acmistir. Boylece
yalnizca salinga¢ kullanarak yiiksek atim enerjilerine ulagilabilecektir. Diger bir
caligma da bilgisayarda tiretilen hologramlar icin geligtirilmis yeni bir algoritma
sayesinde ytizlerce katmanl ii¢ boyutlu goriintiiler tek katmanl hologram igerisine
yazilabilmektedir. Bunun i¢in de her katman hesaplanirken yayimmma eklenmis,
boylece serbestlik derecesi artirilmistir. Sonug olarak da asilmasi zor olan kat-

manlar aras1 ¢capraz konugma azaltilmigtir.

Anahtar sozcikler: kiime modu, lazer materyal isleme, ablasyon sogutma, ultra
hizli atimlar, dogrusal olmayan sistem, sicaklik profili.
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Chapter 1

Introduction

The invention of the laser is one of the most consequential technological outcomes
of the development of quantum theory. Following their invention in 1960 [1], to-
day, lasers are ubiquitously applied, from diverse scientific applications [2-8], to
industry [9], defense [10-12] and medical fields [13-16]. Given that the coherent
light output of a laser can be focussed tightly, it can be used to create extremely
high energy densities. This property has led to a broad class of laser-material
interactions that constitute one of the major application areas for lasers, ranging
from cutting, drilling, micro-structuring, surface texturing and functionalization
of all sorts of materials, including, particularly in the last decade, various forms
of additive manufacturing. A large variety of lasers are being used in such ap-
plications, but in terms of the physical processes involved in their interactions
with materials, probably the most important property is the temporal profile of
the laser’s emission. In this sense, lasers can be broadly categorized into those
producing a continuous or quasi-continuous (with variations in the microsecond
scale or slower) regime (in short, CW), production of pulses that have durations
in the nanosecond range and the so-called ultrafast lasers producing ultrashort
pulses, which typically refers to few picoseconds and femtosecond pulse durations.
The last of these has been drawing the greatest attention in recent decades be-
cause it offers processing of materials with a precision that far exceeds those of

nanosecond and CW lasers. The removal of material by ultrashort pulses is a



highly nonlinear, explosive process that takes place far from thermal equilibrium

and it is generally referred to as ultrafast ablation.

Ultrafast ablation allows processing of virtually any type of material, from
strongly reflecting ultra-hard, from brittle to heat sensitive, from metals to semi-
conductors to living tissue, with unparalleled excellent precision. However, it
remains a relatively niche method of laser-material processing due to that the
fact ultrafast ablation is energy inefficient and prolonged process. After dis-
cussing the physical reasons behind these difficulties, this thesis builds upon a
novel technique that has been introduced recently, namely that of ablation-cooled
laser-material removal [17]. In simple terms, this approach can be regarded as
engineering the temperature gradient created on the material towards achieving
high ablation rates and efficiencies at high average powers and pulse repetition
rates without inadvertently causing heat accumulation at the target material.
One of the critical consequences of this approach turns to be that ablation can
occur with pulses that have energies far below the threshold energy that is nom-
inally required. This, in turn, makes entirely new, more practical and lower cost
laser designs possible, in addition to negating the weaknesses of femtosecond ab-
lation such as slow processing speeds and low energy efficiencies. The rest of
this thesis discusses several concepts that may be key to developing such a new
generation of ultrafast lasers that, in turn, could be utilized in ablation-cooled

laser-material processing.

In Section 5.1, the viability of different mode-locking regimes in thin-disk lasers
is investigated. The longer-term perspective is that thin disk lasers are capable
of supporting average powers in the kW range, which could represent oscillator-
only solutions that bypass the need for additional amplifiers for ultrafast laser
processing. Dissipative soliton and similariton schemes are investigated through

simulations.

One of the long-term applications of ablation-cooled laser-material process-
ing is its potential application to 3D printing using the method of two-photon

polymerization. Currently, this method is the most precise approach with the



highest resolution (close to 100 nm). However, it requires point-by-point pro-
cessing, which is extremely slow. In Section 5.2, we discuss a new method that
allows construction of large-volume, high-density 3D projections with a single
layer hologram. We demonstrate a record number of layers with good quality
and minimal crosstalk. It is conceivable that such a technique would allow 3D
printing of the whole object at once with all points being processed at once.
However, the pulse energies of the ultrafast lasers typically used for this appli-
cation would not be sufficient for such parallel processing. The exciting distant
possibility is whether the core concept of ablation-cooling can be a generalization
to reduce the threshold for a two-photon polymerization process. If so, a future
study might combine ablation-cooled laser processing with the 3D hologram gen-
eration technique discussed in this chapter to create 3D printed structures all
at once. Such an approach would not require beam scanning which limits the
speeds, instead of using volumetric laser processing based on currently reachable

average powers and pulse energies.

1.1 Laser Material Processing

Lasers have been idealized as perfect cutting tools with surgical precision since
their invention [16]. The physics in effect vary with duration of pulses in use. High
power continuous wave (CW) lasers are used for cutting through steel by heating
and melting the material [18, 19]. Nanosecond lasers differ in that they also lead to
ablation, assisted by plasma creation [20]. Trade off here is to sacrifice speed but
gain precision and reduce damage induced on the material. Nevertheless, they fall
far short of ultrafast lasers in terms of localization of heat and therefore avoidance
of collateral heat damage. Both CW and nanosecond lasers have become the
industry standard due to their practicality and low costs, despite the damage
they induce and much lower precisions compared to ultrafast lasers. Only in
the ultrafast regime, surgical precision can be achieved with minimal heating
[21]. However, as mentioned above, the ultrafast ablation process is not efficient
and requires complex laser systems, not to mention that removal of material is

generally much slower than CW or nanosecond lasers.
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Figure 1.1: Any pulse will penetrate material for some depth and increase its
temperature. If the temperature exceeds ablation threshold, material will be
ablated for any depth that exceeds.

It is tempting to think that if merely the repetition rate and average power
of femtosecond lasers are increased, they lead to high-speed ablation while pre-
serving their excellently precise effects on a material. However, this optimistic
thinking turns out to be simplistic. One is confronted with either low speeds
for excellent precision, or higher speeds and higher efficiency, that, unfortunately,
leads to some heat accumulation. These problems can be traced back to the Beer-
Lambert law [22] that governs the absorption of laser light in the target material.
In Figure 1.1, energy delivery for a single pulse according to Beer-Lambert law
is shown. The material will absorb incoming pulse according to its absorption
coefficient and penetration depth. The green area of Figure 1 corresponds to
the energy wasted on the ablated material while the orange is corresponding to

energy wasted on heating the material after ablation. That leaves us the blue



area which contributes to the ablation itself. To increase ablation depth, we must
increase pulse energy exponentially which is not feasible. On top of that, since

the accumulated heat on material is often has destructive consequences.

1.2 Ultrafast Laser Material Ablation As A

Nonlinear Process

One of the advantages of ultrafast pulses is increased absorption of the material
due to nonlinear absorption. When the band gap of the material is larger than
the energy of photons of the laser, multiple photons are required to be present
at the same point at the same time to ablate [23]. As a result, the fluence on
sample needs to be extremely high which necessitate tight focusing and short pulse
durations, typically in femtosecond to picosecond range. Only then, those low
energy photons can behave like a single higher energy photon which can excite
electrons. The primary mechanism for material removal becomes the plasma
induced ejection of material instead of melting or vaporization which reduces the
heating of the bulk of the target significantly. However, thermal damage continues

to be an issue in precision applications.

One major set back was to reaching the peak powers required for nonlinear
absorption. Chirped pulse amplification [24], which was awarded Nobel prize in
physics in 2018, allowed to reach very high energy pulses while achieving fem-
tosecond duration. By stretching the pulses before amplification and compressing
afterward [25], destructive nonlinear effects are significantly reduced. Hence, ul-

trafast laser material ablation is made possible.

Ultrafast lasers can overcome the heating problem while being quite inefficient
[26] and slow [27]. They are preferred in biological application [28] since heating
is a bigger issue in tissue. However, speed remains to be a challenge to overcome.
So much so that most medical doctors still prefer mechanical tools over lasers.

Besides the obvious advantage of tangible feedback they get, mechanical tools



are still faster than lasers in many applications. Unfortunately, lasers are seen as
novelty tools that fail to present meaningful superiority. So far, There are a few
exceptions to that, mainly ophthalmological applications [29], such as cataract
surgery and LASIK.

1.3 Ablation Cooled Material Processing

A significant drawback of femtosecond lasers has always been its low processing
speeds. One of the reasons for using nanosecond lasers for most industrial and
biomedical applications is its superior processing speeds. However, the quality of
ablation of femtosecond laser processing in terms of thermal effects is unprece-
dented. One way to increase the speed of ablation is to send more pulses per
second [30, 31]. Repetition rate can be increased until other unwanted effects

such as plasma shielding [32] become prominent.

Recently, we developed ablation cooled material processing [17, 33, 34] to break
the ablation speed barrier by structuring the temperature profile of the material
with closely packed, weak pulses. Contrary to existing studies at high repetition
rates [35, 36] this technique works by lowering the pulse energies proportionally
with increased repetition rate. Repetition rates are typically hundreds of MHz
to tens of GHz range. Inside the ablation cooled regime, the temperature profile
of the material becomes a nonlinear and iterative function of the entire pulse
train. If the repetition rate is comparable to the heat diffusion of the material,
accumulated heat on the surface reduces the ablation threshold for incoming
pulses. When the ablation threshold is reached, each pulse starts to ablate and
remove the excess heat from material (Figure 1.2). As a result, total residual
heat is not affected by how many pulses we use and efficiency of ablation for each
pulse increases. The next pulse now exploits the energy that normally would be

wasted on heating since the ablation threshold of heated material drops.

Another advantage of ablation cooled material processing is reducing the col-

lateral damage around the ablated area. Since we are not letting heat diffuse and



A Temperature

|

|

|

|

|

L >
Z

d

bl Depth

Figure 1.2: Ablation with smaller, closely packed pulses. Wasted energy and
residual heat are reduced significantly.

removing excess heat by ablation, the residual heat after the processing ends is
drastically reduced. This necessitates very high repetition rates which in turn
brings up a new challenge. Even though the pulse energies needed for ablation is
reduced significantly, building a high repetition rate laser still requires very high

average powers.

Lasers with burst mode operation enable to achieve pulse energies with such
high repetition rates by reducing the average power. The burst duration and
burst repetition rate offer another degree of freedom for engineering the process.
For example, when some parts of the beam fail to ablate even in ablation cooled
regime, the low duty cycle of bursts can help to cool the material before the next

burst arrives while sacrificing speed.



1.4 Engineering Heat Distribution Inside Mate-

rial

The idea of reducing the ablation threshold via femtosecond laser-induced heat
presents an engineering challenge. Increasing the fluence would remove more
volume but also increase the heating. On the other hand, if the fluence is not
able to achieve ablation with a given repetition rate, all of the deposited energy
will contribute only to heating. The balance between the repetition rate of pulses
and the fluence of each pulse within a burst is essential for maximum ablation

with minimum heating.

This thesis proposes to engineer the heat distribution inside the material to
achieve this. First, the effect of repetition rate and fluence are simulated in
Chapter 2. Then, the results of the simulations are tested on silicon and dentin
using three custom built lasers with different repetition rate and optics in Chapter
3. In Chapter 4, the results of the experiments are analyzed using a scanning

electron microscope and a laser scanning microscope.



Chapter 2

Simulations

Ultrafast laser material processing can be modeled and simulated to confirm
interpretations and make further predictions. A toy model was constructed to
explore the implications of ablation cooled regime. Three claims are made Two
temperature model (TTM) is used for most of the simulations for investigating
the efficiency and scaling of ablation cooled material processing. The effects of
the number of pulses per burst, repetition rate, and pulse energy are investigated
for better efficiency and lower residual heat on the material. Finally, the heat

distribution profile is examined during and after ablation.

2.1 Toy Model

A toy model is used to demonstrate the ablation cooled regime. Claim 1 was also
explained in [33] while the claim 2 and 3 are modified as extensions of this work.
Each pulse is assumed to increase the temperature by a fixed AT instantaneosly.
After that, material cools with 1/1/7y + ¢ where 7y is the characteristic thermal

relaxation time. Then, cooling of the surface after pulse can be written as,



T(t) =T0—|—AT\/T()/<T()—|—t) (21)

This can be extended for n* pulse as,

T, :Tn_1+AT\/TO/(To+TR) =T,_1+0T (2.2)

where 7y is a pulse to pulse separation. Here, 67" is defined to simplify the

notation.

The first and main claim of ablation cooled material processing is removing
the excess heat deposited on material via ablation induced by incoming pulse.
It is made possible by increasing the repetition rate of the laser higher than the
characteristic thermal relaxation time of the material. The heat deposited on the

material can be expressed as,

1
Epeat = a(To—Tp) [ 1 = ———u | (N=m) B, + (AT —6T)mE,

1+ 71r/TH

(2.3)

where Tj is the room temperature, T is the lattice on surface immediately after
ablation, « is the related heat capacity of the material, E, is the pulse energy

and m is the number of pulses required to start ablation which is denoted as,

m = (T, — Ty — AT + 6T) /6T (2.4)

As the repetition rate of the laser increased, limit of the deposited heat,

lim  FEpeq goes to 0.
TR/T0—0

The second claim is linear increase of ablation depth with burst energy. After

the first few pulses prepare the material and reduce the threshold for ablation,
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each pulse will ablate a fixed amount. So, as more pulses are added to the burst,

the ablation process can be extended. The ablation depth can be written as,

dablation — ?7(N - m)Epulse — 77(1 - m/N)Eburst (25)

where 7 is the relation between ablation of a single pulse with pulse energy, N
is the number of pulses, E,,s is the pulse energy and Ep,, is the burst energy.

Thus, the linear scaling of ablation with the number of pulses is predicted.

Finally, the third claim is to be able to reduce the ablation threshold indef-
initely by increasing the number of pulses while in the ablation cooled regime.
The temperature of the surface will be increased with each pulse failing to achieve
ablation since the thermal relaxation of material is slower than pulse separation
within ablation cooled regime. The relation between number of pulses required

to start ablation with pulse energy can be rearranged as,

E res m—1
thres -1+ ———— ~m (1 — 15/70) (2.6)

Epulse \/1"‘7’]{/7’0

As long as the right hand side is positive, hence falls inside the ablation cooled

regime, the pulse energy required for ablation can be lowered which only increases
the number of pulses necessary. This is especially important as it eliminates the
need for high pulse energy in ultrafast material processing. However, high peak
powers are still needed for nonlinear absorption, if the band gap of the material

is higher than the energy of photons of processing laser.

2.2 Two Temperature Model

In this model, the energy of photons is absorbed by the lattice of the material.

Then, after some time (typically few picoseconds) absorbed energy is coupled to
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the electrons. It is a common way to model ultrafast pulse-material interactions.
When the energy of electrons, characterized by electron temperature, exceeds
the ablation threshold, that part of the material is considered to be ablated and
removed from bulk as explained in the toy model. The implementation is based
on simulations explained in [17] where an extensive explanation can be found in

the supplementary section.

The spot size is assumed to be 100 times the optical penetration depth to
satisfy 1D approximation of heat propagation. So, the equation governing TTM

[37] can be written as

C%:%(k‘ aTe)—G(Te—TL)—I—S,

€ ot € 0z (27)
C %L = G(T. — Ty),

where T, is the electron temperature, T}, is the lattice temperature, C, is the
specific heat capacity of the electrons, Cp, is the specific heat capacity of the
lattice, k. is the thermal conductivity of the electrons, p is the material density,
z is the direction perpendicular to material, G is the electron-phonon coupling

parameter and S is the laser heating term:

S=(1-R)ale **, (2.8)

where R is the surface reflectivity, « is the absorption coefficient and I, is the

laser intensity:.

Nickel is chosen to be modeled for TTM in MATLAB which we used for the
rest of the simulations. The ablation occurs when any part of the material ex-
ceeds 15000 Kelvin. The absorption coefficient for 1 ym wavelength is 6.27x107
1/m. Parts of the material that exceeds the ablation threshold is considered to
be ablated and removed from the simulation. This is called the critical point
phase separation model [38]. We assumed spot sizes much smaller than optical

penetration depth which approximates a 1D material model for simulations. Spot
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size is assumed to be pm in diameter for all simulations.

100 MHz, 400 MHz, 800 MHz, 1600 MHz, 3200 MHz, and 6400 MHz repeti-
tion rates are simulated independently. After plotting and fitting a curve to the
results, 4800 MHz repetition rate is simulated to see if the predictions agree with
simulations. All simulations are for a single burst with 100 ns duration unless
stated otherwise. The number of pulses changes with each simulated repetition

rates.

2.3 Scaling of Ablation Cooled Material Pro-

cessing

In femtosecond laser material processing, pulses are generally considered to be
identical from pulse to pulse. However, in ablation cooled regime, each pulse
directly effects the next one. As a result, solving the ablated material as a function

of the number of pulses is not trivial.

The most intriguing result is the scaling of ablation with a number of pulses
without any additional heating effect. The ablated volume can be increased
linearly as the number of pulses in each burst increases, as explained in the next

section.

Another outcome of the simulations is the need to scale the pulse energy as

pulse-to-pulse repetition rate increases which are explained later in this chapter.

2.3.1 Scaling of Ablation with Number of Pulses

The first set of simulations run for 400 MHz repetition rate which should be safely
inside the ablation cooled regime. Each pulse by itself will be able to ablate at
any material. However, since the repetition rate is high, heat does not have any

time to diffuse, which also reduces the ablation threshold for the next pulse.

13



The temperature under 1 pm of the surface stays low for the duration of the
burst. Only after the burst ended, it started to rise again. This suggests the
ablation itself is keeping the material cool. When there is no more ablation to
remove the excess energy from the material, heat diffuses deep inside. It also
suggests that burst duration doesn’t affect the residual heat deposited into the
material which is what is tested next. In Figure 2.1, an example of the simulation

can be seen.

400MHz
T

——Electron Temperature
—Lattice Temperature

Sub-surface (z=1u:m)
Sub-surface (z =5.:m)

(] 50 100 150 200
Time [ns]

Figure 2.1: 40 pulses repeated at 400 MHz is simulated with TTM model. Elec-
trons absorb the energy from pulses (blue) and transfers that energy to the lattice
(red). When lattice temperature exceeds ablation threshold, it is removed from
the simulation and considered ablated.

The simulation is repeated for an increasing number of pulses as well as 6.4
GHz repetition rate. The ablated depth is shown in Figure 2.2. The simulations
show that ablation can be scaled by simply adding more pulses to the burst. Since
the heat distribution reaches a steady state after a number of pulses, each pulse
coming after ablates a constant amount of material and pushes the distribution
into the material by that amount. Hence, we can continue ablating indefinitely.
In practice, there are a few key issues. The most prominent of them is maintaining

the focus as we ablate.

On the other hand, the limitations of the TTM model should be addressed. The
greatest weakness of the simulation is arguably 1D nature of it. Focused beams
are usually Gaussian which has more complex diffusion mechanics. In practice,
this translates to failing to ablate at the edges of the focused beam. Thankfully

this can be solved by using a top-hat beam at focal point and scanning. For
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Figure 2.2: The ablated depth increases linearly with number of pulses for both
1.6 GHz and 6.4 GHz. Ablated volume per pulse for 6.4 GHz case is lower but
the total efficiency is not. Efficiency of ablation is investigated later.

spot sizes much larger than the penetration depth of the material, heat diffusion
can be approximated in 1D. Still, drilling too deep will be an issue. As drilling
continues for to deeper depths, the beam will fail to focus due to the edges of the
hole. Finally, it is not clear how the heat distribution will be affected by scanning

the beam itself. It should be investigated, but it is out of the scope of this thesis.

2.3.2 Scaling of Pulse Energy with Repetition Rate

Since ablation cooled regime requires lower pulse energies, the pulse energy that
produces the best efficiency should be predictable. Each pulse is assumed to
increase the surface temperature a fixed amount of AT. Then, the surface cools

with

1
1+t/7’0

where Tj is the initial surface temperature, and 7, is the characteristic thermal

T(t) = AT + T (2.9)

relaxation time. It is assumed the heat diffuses linearly into the material. So we
can expect the same kind of behavior to find the most efficient pulse energy for

any repetition rate inside the ablation cooled regime since each pulse will see the
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same temperature gradient. Although the connection between the two equations
is not clear, they can predict the general trend accurately. TTM simulation results
are used to fit the equation which will predict the most efficient pulse energies

for each repetition rate as seen in Figure 2.3.

6

Data
— Fit

w -~
T T

Pulse Energy (uJ)

|38}
T

0 . 1 . 1 . 1 . I . I . I \ I .
-1 0 1 2 3 4 5 6 7

Reprate (GHz)

Figure 2.3: Calculated and simulated most efficient pulse energy for each pulse
repetition rate.

2.4 Efficiency of Ablation

First, we solved the most efficient pulse energy for ablation analytically. We
defined the efficiency as z.p1/¢ where z,p, is ablation depth and ¢ is the pulse
fluence. We assumed 1D material, similar to the TTM model. We also assumed
ultra-short pulses, so any laser material interaction is instantaneous. For a single

pulse, ablation depth is given by
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Zabl — 0In i (210)

P

where ¢ is the penetration depth and ¢y, is ablation threshold. This gives us
the maximum efficiency pulse fluence as e¢y, where e is the Euler’s number.More
importantly, this gives the idea of a single pulse fluence that produces the max-
imum efficiency for ablation which can be extended to ablation cooled regime.
The ablation efficiency for different repetition rates is simulated in Figure 6 where
we can clearly see a peak for each repetition rate. This supports the idea of the
best fluence for efficiency. Further, we can see the efficiency of a burst increases
with repetition rate in Figure 2.4 which is plotted only for the most efficient pulse

energies for each repetition rate.

L 6400MHz
—— 3200MHz
L —&— 1600MHz
—><— 800MHz
0.8 - —+— 400MHz
S L
<
206
=
O
o5 i
&
m
04
02
| ) | L | L ] 1 | I | L
0 200 400 600 800 1000

Burst Energy (uJ)

Figure 2.4: There is a peak of efficiency for each repetition rate. Also, the peak
values for each of them increases for higher repetition rates. Efficiency values are
normalized for maximum efficiency.

There is a peak efficiency we can find for each repetition rate. Disregarding
any additional effects that are not included here, the burst energy should increase

with repetition rate to achieve optimal ablation. It does not mean the ablated
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volume decreases as we keep increasing burst energy. If you have excess power,
one can still increase the ablated volume per burst. In practice, doing so would

increase the heating on material which can cause collateral damage.

2.4.1 Tailoring Heat Distribution Inside the Material

Heat propagates from the surface of the material through the sample with equa-

tion

1
1 ‘l‘t/To

where AT is the temperature difference between two points, Tj is the initial

T(t) = AT + T (2.11)

temperature and 7y is the diffusion coefficient of the material. In Figure 2.5,

temperature of the material after 20 ps from arrival of a single burst can be seen.

However, the temperature gradient after the burst does not give us the whole
picture. To understand the dynamics of pulse-to-pulse interaction, we need to see
how temperature gradient behaves during the processing. For example, in Figure
2.6, surface temperature and temperature 1 pym below the surface can be seen.
The blue line represents the electron temperature of the surface. Temperature
below the surface (green) stabilizes as pulses keep coming. It increases only after
pulses stop coming, which supports the scaling of ablation with the number of

pulses.

In Figure 2.7, only the repetition rate is changed from 1.6 GHz to 6.4 GHz.
Apart from reaching a steady state more quickly, the subsurface temperature is
significantly reduced. That is due to ablating the material faster and with more
efficiency. Excess heat does not have time to diffuse inside the material. Again,
only after the burst ends, subsurface temperature increases as surface temperature

decrease.

It should be noted that the TTM model used here is a simplified version of
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Figure 2.5: Surface temperature gradient before (blue) and after (red) 20 ps of a
burst. Burst has 1.6 GHz pulse repetition rate with 160 pulses. Each pulse has
400 nJ energy.

the physics. Many effects such as plasma shielding are omitted from the model.

The extent of the outcomes here should be studied in the future.

In the ideal temperature profile, the heat distribution from surface down to
light penetration depth would be constant. If the temperature is high enough
so that the next pulse can ablate all down to skin depth, then we would have
maximum efficiency for pulses. Achieving and maintaining such temperature
gradient is extremely complex. However, achieving a similar, smooth temperature
gradient is easy by shaping the energies of pulses inside each burst. An example

can be seen in Figure 2.8 where 3.2 GHz pulses with 590 nJ pulse energy.

This also agrees with my assumption of constant subsurface temperature ex-
perienced by each incoming pulse. The temperatures before any ablation (data

point at the bottom) and after 2 pulses (data point at the top) are nearly the
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Figure 2.6: Temperature of surface (red), 1 pm below surface (green) and elec-
trons at surface (blue). Pulse repetition rate is 1.6 GHz with 982 nJ pulses.
Ablation only starts after lattice temperature reaches to 15000 K.

same. The temperature difference should vanish if we simulate for infinitely many

pulses. The data points are chosen such that they are 20 nm below the surface.

The beauty of ablation cooled regime is keeping the material cool for very
fast material processing. For a single repetition rate within the ablation cooled
regime, the residual heat for different pulse energies is simulated. Residual heat
is calculated as the sum of temperatures over the lattice since simulations assume
300K for room temperature which means the total heat of material before any
pulse is 1.5x10° Kelvin. In Figure 2.9, we can see that as we increase the pulse
energy, heating of the material also decreases. However, we are losing efficiency
beyond 500 nJ (Fig. 2.4). Additionally, our simulations do not account for
plasma shielding since we usually operate with pulse energies that don’t produce

a powerful plasma.
Then, the residual heat for different repetition rates is simulated and shown in
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Figure 2.7: Simulation run for 6.4 GHz repetition rate pulses. Number of pulses
is scaled to 640 to keep the burst duration same as other simulations. Subsurface
temperatures are reduced significantly compared to 1.6 GHz case.

Figure 2.9. Some decrease of residual heat was expected since we are giving energy
less time to diffuse into the material as we increase the repetition rate. Once

again, the data point for 4.8 GHz case is simulated and added after predicting

0 4

0 5

0 6

0 70 80
Time [ns]

the curve which followed the fit closely.
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Figure 2.8: Contour of temperatures over 0.5 ns. The surface of the material is
on the left side. After a pulse arrives, it ablated some of the material which resets
the temperature to room temperature (300 K).
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Figure 2.9: Residual heat after a single burst for different pulse energies. Repe-
tition rate is 3.2 GHz.
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Chapter 3

Experiments

Experiments were conducted to test and improve upon the simulation results us-
ing three different lasers on two materials. Then the results of the experiments
were analyzed using a scanning electron microscope and laser scanning micro-

scope.
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1

:

! . .
Beam sampler ! Flip mirror

]

1

]

Power meter | < % ; /‘ [:]:l

]
|
1
1
|
1
1
1
1
]
|
|
1
i Isolator-collimator
1
1
1
1
1
|
1
1 Lens
1
1
1
|
1
1
|
|
1
1
1
1
1
|
1
1
|
1
1
1
1

osa —DJO /

Sample holder
‘ Y, — I
Collimator \*-
"""""""""" mirror

Detector Translation stage
(flip mount)

0sc

I
1
I
]
1
]
I
1
1
1
I
Flip mirror |
1
I
1
1
)
I
I
I
1
I
1
1
I

Galvanometer scanner
HurrySCAN ii 14 f-theta 57 mm

AC

Figure 3.1: General setup for experimental laser systems.

All three lasers have their own processing and characterization setups. In

Figure 3.1, common scheme of the lasers can be seen. A flip mirror is used to
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switch between characterization setup and experiments. During the experiments,
a beam blocker is moved manually in between processing to prevent excess ex-
posure on samples. With characterization setup, average power, autocorrelation,
and spectrum can be measured. The optical detector is necessary to observe
the burst envelopes. Due to gain depletion [39] at burst mode operation, the
gate that constructs bursts, usually an acusto-optic modulator(AOM), should be

modulated to compensate. Details are explained in later this chapter.

3.1 Materials

There are two materials used extensively for the experiments for testing the simu-
lation results and pushing the limits of ablation cooled material processing. First
one is silicon which will let us set the basis for experiments. Second is human

dentin to show a real-world biological application.

Silicon wafers are chosen for its low ablation threshold, flat surface and avail-
ability. Experiments are done on 10 §2 p-doped single side polished silicon wafers.
The thickness is 500 um for single burst experiments. 200 pum thick samples are
used for drilling. The ablation threshold for the silicon is around 0.28 J/cm? for
1 pum wavelength with 400 fs pulse duration.

Human dentin is chosen for hard tissue experiments. It is quite a challenge
to ablate the tissue without burning because of the composition and structure of
the tissue. Dentin is mostly calcium and phosphate ions with about 30 % water.

It has a porous structure which feeds the cells inside.

The samples we used were extracted teeth from patients at dentistry faculties
of Hacettepe, Ankara and Erciyes Universities. Then, samples are diced using
dicer with 1.5 mm thickness. All samples are kept inside water until experiments
to preserve their optical properties. During the experiments, samples are fre-
quently wetted with pipettes to prevent drying. Water is essential to preserve

the structure and optical properties of the tissue.
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Dentin is an important subject since any successful experiment on it can be
easily translated to an application with minor additions such as a handheld probe.
Laser ablation is already established in dentistry for both hard and soft tissue
ablation. The most prominent issue is heating, forcing all current solutions to
implement water jets with a probe to help with cooling the tissue. Proving
ablation cooled material removal can ablate the tissue fast without any thermal

damage can render lasers as invaluable tools for dentistry.

3.2 Laser Systems

Experiments are done in three distinct laser systems, referred to as 1.6 GHz,
1.46 GHz and 13 GHz from now on. The name refers to the repetition rate
of pulses within each burst. For all of the systems, common parameters are
used unless stated otherwise. In all three systems are Yb-doped fiber lasers with
1040 nm central wavelength. Bursts are repeated at 200 kHz except for some of
the experiments which will be stated. Each system is explained extensively in
Appendix A. High repetition rate between pulses is essential for the experiments.

The main differences between the systems are given in Table 3.1.

Pulse Duration Spot Size

1.6 GHz  1-2 ps 23 pm
1.46 GHz 250-300 fs 11 pm
13 GHz 2-3 ps 23 pm

Table 3.1: The common parameters between laser systems is their central
wavelegth at 1035 nm. Also, they are all fiber based master oscillator power
amplifier systems.

Another common property of these lasers is that they suffer from gain de-
pletion. Otherwise, pulses within bursts have decreasing pulse energy as bursts
proceed. That fails to ablate for pulses close to the end of the burst. The method
explained in [40] is implemented for all three laser systems. All amplifier stages
are modeled to find the rate of gain depletion for each burst duration and pulse

energy. Then, input burst shape for each amplifier stage is calculated to get a
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flat burst at the output. When the calculated envelope is applied to AOM, the

effects of gain depletion is significantly suppressed.

GHz repetition rates were achieved by so-called repetition rate multiplier. It
is a cascaded series of couplers with carefully adjusted fiber length, as seen in
Figure 3.2. All couplers have 50% coupling ratio which divides the pulses into
two equal parts. Then, the delay between each arm is tuned to have a half period
of the current repetition rate at that stage. As a result, the repetition rate of
the laser doubles at the output of next coupler. New segments of couplers can
be added as long as the length of fibers is enough for splicing. At the last stage,
one port is connected to the rest of the system while the other can be used for

monitoring.

=1 50/50 Coupler @ 50/50 Coupler

Figure 3.2: One stage of repetition rate multiplier. The length of the fibers are
adjusted such that frequency of the pulse train doubles at each stage while the
pulse energy is decreased by half.

Each set of experiment serves as a comparison between pulse energy, repetition

rate and focusing optics. The details of the experiments are given below.

3.2.1 1.6 GHz experiments

The first set of experiments were done with a non-PM laser where the pulse
repetition rate is 1.6 GHz, and the burst repetition rate is 100-200 kHz. The
scanning speed of the galvo scanner is kept at maximum to be able to apply a
single burst on a single point. This way, we can measure the ablated volume per

burst. 56 mm focusing lens is mounted on the galvo scanner.
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The scaling of ablation cooled regime is mostly tested with this laser, on silicon.
Pulse energies from 50 to 120 nJ are applied on silicon. The number of pulses is
varied between 200 to 1800 per burst which translates to 125 ns to 1.25 us.

An alignment pattern encircling the experimenting area is applied repeatedly
to find the focus and fix any tilt on the sample. Then, two simple shapes (usually
square) separated by a few millimeters are applied at once. This is due to a
technical limitation of the galvo scanner we use. The jumping speed can be as
much as 6 m/s compared to drawing speed of 2 m/s. Since at least 4 m/s is
required to differentiate between each burst, the holes created by jumping from

one pattern to the other is used.

3.2.2 1.46 GHz experiments

The second system used for the experiments had another Yb doped MOPA laser.
However, this time, all fibers are polarization maintaining. As a result, losses at
the grating compressor is not as high as before. This lets us reduce the power re-
quirements of the laser. Additionally, a commercial OCT (Thorlabs CALLISTO)
is integrated with the output for both imaging and scanning purposes. The focus-
ing lens (LSM02-BB) can focus the beam down to 11 pum, decreasing the power
requirements by a factor of 4.3 times. Further, the pulse duration for 25 nJ pulses

can be compressed down to 270 fs, contributing the peak power even more.

This system is mainly used for dentin experiments. The parameters explained
above all let us decrease the average power while utilizing more of the pulses for
ablation which reduces the average power we have to apply on the tissue. This

way, we can reduce the heating without sacrificing ablation.

Single burst ablation and drilling experiment were done on both silicon and
dentin. Similar to 1.6 GHz experiments, the scanning speed is kept at maxi-
mum to differentiate the effect of each burst. For drilling experiments, scanning
speeds of 0.25, 0.5 and 1 m/s are tested. Raster scanning and concentric cir-

cles with reducing diameters are applied on samples for single burst and drilling
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experiments.

3.2.3 13 GHz experiments

For the last set of experiments, I used a 13 GHz laser coupled with another galvo
scanner. The galvo scanner lens is the same one as 1.6 GHz systems which has
56 mm focal distance which can focus down to 23 pm. The burst repetition rate
is set to 200 kHz.

With this system, I can observe the effects of much higher repetition rates
compared to our previous experiments. The simulations suggest the pulse energies
required for ablation will drop significantly while the number of pulses necessary

within a burst to achieve ablation will increase.

The experiments can be grouped into 3 categories: single burst, repeated lines,

and drilling of silicon.

Before starting each experiment, similar to previous setups, an alignment pat-
tern is applied to the galvo scanner. The pattern is a square that defines the
working area and lets us adjust the sample surface perpendicular to beam prop-
agation. In single burst experiments, the pattern is virtually the same as 1.6
GHz experiments. As for the drilling experiments, 5 concentric circles with 20
pm between each other is applied 10 times on 200 pm silicon wafer. This is done
to avoid blocking beam with the wafer as drilling continued and prevent sticking
due to melted parts. Finally, a slow, linear pattern is applied 1, 2, 5 and 10 times

to quantify drilled volume.

As the repetition rate between pulses is increased more, the required pulse
energy also decreased, as simulations suggested. Now, pulses as low as 10 nJ can
ablate silicon consistently. When the regular ablation threshold of silicon for 1
pm is considered, which is around 1 pJ for my pulse duration and beam size, the

results are significant.
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3.3 Analysis

Two main methods of analysis were scanning electron microscope (SEM) imaging

and laser scanning microscope (LSM) measurements.

Scanning electron microscope (SEM) is widely used for imaging for its high
resolution. FEI Quanta 200 F, which has 3 nm resolution at 1kV, is used. The
SEM used can achieve 1 nm resolution. The images will provide quality assess-
ment for ablation quality and collateral damage. The working principle of SEM is
through collecting secondary electron generated on the surface due to excitation
from a highly focused electron gun. The generated electrons are gathered to a

target via a positively charged conductive mesh where a detector lies inside.

Silicon samples didn’t require any preparation for SEM since it is a semicon-
ductor. A piece of conductive tape is used to connect the top surface and the

stub as a channel to prevent electron accumulation.

Dentin samples needed conductive coating beforehand. 10 nm of Au/Pd alloy
is coated using RF sputtering. After coating, a channel between surface and stub

is created with conductive tape since the samples are thick.

LSM can provide depth information with great accuracy. I used VK-X 100
from Keyence for the measurements. So, the vertical resolution is documented
to be 10 nm while the horizontal resolution is 50 nm. I used it to measure the
ablation depths of processed samples. The optical microscope embedded to the
device can take color images which lets us evaluate the quality and damage of

the processing further.

The processed sample does not require any preparation before measurement.

They can be used or analyzed after the analysis.
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Chapter 4

Results & Discussion

In this chapter, the results of the experiments done on silicon and dentin are

presented. The results are gathered with all three laser systems.

4.1 Verification of Simulation Claims on Silicon

4.1.1 1.6 GHz Results

There were two sets of experiments on silicon using 1.6 GHz system. First one is
scaling of ablation with the number of pulses. Second is drilling 200 um silicon

wafer using the best parameters from the first experiment.

In figure 4.8, single bursts with a changing number of pulses are presented.
Bursts with lower than 200 pulses fail to ablate consistently, so those results
are discarded. The quality of edges in terms of melting increases until around
1000 pulses. After that, heating starts to overwhelm ablated parts. If we extend
the number of pulses even further, melted silicon starts to pour into the ablated

cavity.
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The melted region around the cavity doesn’t increase as the number of pulses
is increased. This suggests any heat-induced to the silicon by a pulse is carried
away by the next incoming one. The heat deposited on the material is defined by
the repetition rate and pulse energy when in ablation cooled regime, not by the
total energy of the burst. Hence, proving the first claim by toy model, removal

of heat induced by a pulse by the next incoming one.

SEM images led us to the main limitations of this laser which are peak power
and peak intensity. The diameter of the cavity continued to increase which is
shown in Figure 4.2a. However, the depth of the cavity seems to stop increasing

from LSM measurement in Figure 4.2b.

That does not mean the ablation stops after 1000 pulses. In reality, ablation
continues to occur, but due to insufficient peak intensities of edges of the beam,
melting overwhelms ablation. Melted materials pour into the drilled hole, which

decreases the depth of it in measurements.

The results mentioned above confirm the TTM simulations. The depth of the
drilled holes increased linearly, even though a low number of pulses fails to ablate.
Also, the energies we use are well below the ablation threshold of silicon for a
single pulse. Therefore proving the second claim, linear scaling of ablation depth

with the number of pulses.

4.1.2 1.46 GHz results

The power scaling of ablation cooled regime is proven in the previous set of
experiments. Here, those outcomes are pushed even further, mainly to decrease

heating.

In Figure 4.3, the quality of ablation can be seen. Melted crater walls are
still there but reduced compared to 1.6 GHz case even though we were using
smaller pulse energies. Usually, reducing the pulse energy or increasing the burst

duration result with more heat. The improvement, in this case, can be attributed
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to shorter pulse duration but mostly due to the smaller spot size.

The pulse energies presented here are not the lowest or the best. They can be
further improved with optimizing the optics. However, that is beyond the scope
of this thesis. Another direction to go would be to increase the spot size while
also increasing the pulse energy, as opposed to what is presented in this section.
This way, the ablation threshold in terms of pulse energy would be increased, but
the threshold for fluence would stay the same. As a result, 1D approximation of
heat diffusion will come closer in practice, heating the material less with higher

ablation efficiency and speed.

4.1.3 13 GHz reults

With 13 GHz pulse to pulse repetition rate, nearly an order of magnitude reduc-
tion at pulse energy for ablation is expected. In Figure 4.5, SEM images of single
burst experiments are shown. Pulse energy is adjusted from 10 nJ to 80 nJ for

constant burst energy.

Here, it is clear that increasing the pulse energy is not beneficial at all. After
25 nJ, heating was so dominant that it melted more area than it ablated. Though,
this is mostly due to the Gaussian nature of the beam. Best results were gathered
using 15 nJ pulses with this laser where ablation is consistent, and melting is not
so prominent. Finally, experiments done with 5 nJ can be seen in Figure 4.6 with

the same burst energies to cases shown above.

5 nJ fails to achieve any ablation, as seen from LSM measurements. Peaks due
to heating, peaks of silicon are formed on the surface. It still should be possible
to achieve ablation with 5 nJ pulses. It did not fail to ablate due to low pulse
energy, but because the repetition rate was not enough to support high enough
surface temperature for 5 nJ. TTM simulations suggest that if the repetition rate
is increased, 5 nJ pulses will be able to ablate silicon with current pulse duration

and spot size.
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Generally, ablated depth scales with pulse energy. In ablation cooled regime,
we expect it to scale also with the number of pulses from the simulations. LSM
measurement in Figure 4.7a support that. The maximum power of the laser
limits the burst durations for higher pulse energies. A more interesting take is to
calculate the efficiency of ablation. After scaling for total energy applied per unit
area, in Figure 4.7b, 15 nJ case beats both higher and lower energies in terms of

efficiency.

Since 15 nJ pulses produced the best results, the same pulse energy is used
for drilling. In Figure 4.8, SEM images of experiments on 200 pm thick silicon
are presented. Scanning speed is adjusted such that spots in succession barely
touch each other. Each sample is scanned separately for changing the number of

passes.

1 pass and 2 pass cases were not able to cut through the silicon wafer. How-
ever, 5 pass case managed to ablate through the wafer, even though it was not
consistent. The melting inside the drilled line can be seen in Figure 4.8c. At 10

passes, a disc is separated from the rest.

This concludes the proof of the third claim which is being able to lower the
ablation threshold by increasing the number of pulses as long as the pulse-to-
pulse repetition rate is comparable or more than the thermal relaxation of the
processed material. The ablation threshold has been lowered another 10 times

compared to previous results in [17] for silicon while reducing the burst energy.

4.2 Ultrafast ablation of Dentin Suitable for
Real World Applications

Results from 1.6 GHz and 13 GHz systems are omitted. Experiments done with
that laser failed to ablate the dentin before moving on to 1.46 GHz system. The
pulse duration and focusing of 1.46 GHz proved to be better suited for tissue

ablation. It might be possible to achieve ablation without carbonization after
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optimizing the parameters of the laser and scanning, but it is not tested further.

4.2.1 1.46 GHz results

The best results for this experiment were achieved using 25 nJ pulses with 730
pulses per burst (500 ns burst duration). After fine alignment using OCT, we

managed to ablate the tissue without any heat damage.

The ablated volume here is 1.4x10™*mm? with 2 m/s scanning speed. So, the
ablation rate here is 0.28 mm?®/s. That is over 6 times faster compared to our

previous drilling speeds [33].

The cracks visible on the sample in Figure 4.9 are not due to ablation. They
can be found all over the surface likely formed while dicing process. The depth
of the hole is 20 pym. In Figure 4.10, in-depth analysis of another sample is
presented. Similar to Figure 4.9, there is no thermal damage, but it failed to

ablate all of the processed areas.

4.3 Discussion

There are a few obvious steps to progress this work further. First, using some
beam shaping which will decrease residual heat on the sample with appropriate
focusing optics. Required pulse energy may increase depending on the chosen

lens, but few tens of nJ are still quite easy to achieve.

Second, a laser designed with considering low pulse energies and high average
powers. All three lasers used here were designed to produce much higher pulse
energies for experimentation purposes. Such a design will be less complex while

let us achieve shorter pulse durations.

Similarly, burst repetition rates here were restricted to 200 kHz by amplified
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spontaneous emission of lasers. In most cases, instead of sending more bursts,
increasing the number of pulses inside a burst is more desirable. Burst repetition
rates around a few kHz would help to keep the average power low without sac-
rificing anything other than ablation speed. Even then, by merely adding more

pulses, ablated volume per burst can be increased.
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Figure 4.1: SEM images of silicon samples. Each was processed with a single burst
containing a various number of pulses per burst. Pulse energy is kept constant
at 50 nJ
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Figure 4.3: SEM images of silicon experiment. One burst per spot with 25 nJ
pulse energy, 730 pulses
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Figure 4.4: LSM image of one burst per spot with 25 nJ pulse energy, 730 pulses.
The depth of the holes are measured as 9 um while the diameter is 5 pum.
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(c) 25 nJ pulses (d) 80 nJ pulses

Figure 4.5: SEM images for 160 pJ burst energy with 10-80 nJ pulse energies.
Number of pulses per burst are adjusted to keep the burst energy constant.

Figure 4.6: SEM image and LSM measurement of silicon processed with bursts
containing 24000 pulses with 5 nJ energy each.
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(b) Efficiency of ablation when adjusted for total fluence. As
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certain material and pulse repetition rate. For 13 GHz on
silicon, that pulse energy is 15 nJ.
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(b) 2 passes

SR

(c) 5 passes (d) 10 passes

Figure 4.8: Drilling 200 pum thick silicon with 15 nJ pulses. Each burst consists
of 6000 pulses. Scanning speed is constant at 2 m/s. 1, 2, 5 and 10 passes are
applied on different samples. SEM images for them are (a), (b), (c¢) and (d)
respectively.
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Figure 4.9: Ablation of dentin with 25 nJ pulses, 730 pulse per burst. Helix
pattern is applied with 4 mm diameter shown in (a). Only the center of the
pattern achieved ablation. Rest of the tissue remained untouched. The depth of
the hole is measured to be 20 20 pm from LSM measurement in (b).
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Figure 4.10: Another dentin sample 25 nJ pulses, 730 pulse per burst. Same helix
pattern is applied with 4 mm diameter. Center of the pattern as well as a line
were ablated without any thermal damage. Bottom surface of the sample stays
flat, supporting our deduction of ablation without heating.
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Chapter 5

Approaching from Broader

Perspective

In this chapter, the topics studied along with the thesis are presented. Subjects

are not unrelated, but they aren’t within the main idea of the thesis necessarily.

First, novel laser oscillator ideas are surveyed for material processing. The mo-
tivation was to design a laser that accompanies the results presented in this thesis.
Low energy pulses with GHz repetition rates produce better ablation efficiency
and speed. Hence, thin disk lasers were a great candidate. Producing pulses with
high energy directly from oscillators is proven to easily achievable. Although the
repetition rates are usually at the MHz range, it is shown that repetition rate
multipliers can be used to achieve GHz levels. A working simulation model of

dissipative soliton and similariton are presented with record pulse energies.

Then, producing high-density 3D computer generated holograms from a single
layer diffractive optical element is shown. The method taps into a connection
between Fresnel and Fourier holography, incorporates Fresnel zone plates, dif-
fusers, and the kinoform principle, used together to generate a single hologram
that projects 3D dynamic images with low crosstalk. This method can allow

extremely fast additive material processing such as 3D printing, in contrast to
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what has been presented so far, namely ablation which is essentially a subtractive
process. We experimentally showcase this new capability with 3D dynamic dis-
play prototypes. These results are still far from fundamental limits imposed by
physical optics; we show that the quality and number of planes scale up linearly
with the number of hologram pixels. Finally, we demonstrate 3D projection of a
complex object, namely, a model spacecraft, that can be viewed over the entire

47 solid angle.

5.1 Adapting Mode-locking Regimes to Thin
Disk Lasers

Dramatically lowering the pulse energies required for ablation urged us to ex-
plore new laser designs. Even though ablation cooled regime needs repetition
rates comparable to relaxation times, the laser itself can produce pulses at lower
repetition rates out of the box as long as pulse energies are increased propor-
tionally. In fact, lasers used in experiments included in this thesis always used
"repetition rate multipliers” to generate GHz repetition rates from 100 MHz or
lower pulse trains, as explained in Chapter 3. This led us to thin disk lasers
(TDL) where tens of pJ pulse energies can be produced with ease [41]. Later,
repetition rate can be increased in exchange for pulse energy similarly. Producing
high energy pulses directly from oscillator has many advantages such as reduced

complexity, cost and increased stability of laser.

So far, only soliton mode-locking [42] and Kerr lens mode-locking [43] has been
demonstrated with higher pulse energies in TDLs. Both mode-locking regimes
restrict the achievable pulse energies due to their susceptibility to nonlinear phase
shifts [44]. Other mode-locking regimes such as chriped pulse oscillator are still
only proof-of-principle with very low output pulse energies [45]. Even in the
TDL with record pulse energy of 80 nJ [46], nonlinear phase shifts are kept
below 7 due to incompatibility of saturable absorbers with the power level. The

incentive to keep pushing for higher repetition rate oscillators still exist, but the
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best published result is for 260 MHz [47] with 0.3 pJ pulse energy without self
starting. So, we decided to keep pushing for the pulse energy instead of higher
repetition rates. Here, dissipative soliton [48] and similariton [49] mode-locking
regimes are proposed to be adapted to TDL. Both regimes can withstand much
more nonlinear phase shifts ( 107). Additionally, pulse durations in soliton mode-
locking is always close to transform limited which also produces more nonlinear
phase shifts due to high peak powers. Both properties mentioned contribute
to reaching much higher pulse energies with dissipative soliton and similariton

mode-locking regimes.

We designed oscillators where pulses experience a single optical effect (gain,
loss, dispersion or nonlinearity) inside a segment, hence we named them discrete
similariton and discrete dissipative soliton [50]. We used easily achievable pa-
rameters while designing the lasers. Thin disk gain is kept at 1 dB per reflection.
The modulation depth of SESAM is 5%.

sesam ||« =GBBS0=-Gam- ) ;- »
OC

Figure 5.1: Passive Multipass cavity for discrete dissipative soliton adapted for
TDL

Dissipative soliton is designed around passive multipass cavity where pulse ex-
periences dispersion and nonlinearity consecutively multiple times before hitting

the thin disk to be amplified (Figure 5.1). The output coupler is chosen as 10%.

Phase space is shown in Figure 5.2. The horizontal axis indicates how far the
pulse is from transform limited case while the vertical axis is the spectral width.
The color corresponds to the relative pulse energy. A “staircase like” propagation
of the pulse through phase space can be clearly seen. Pulse experiences a single
optical effect inside each segment since all other effects are negligible. DCM
acts as a dispersive medium, air has the most powerful contribution to nonlinear
phase shifts and thin disk only amplifies the pulse with respect to its bandwidth.
Output pulse energy is 200uJ with 17 ps pulse duration and 10 nm spectral width.
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Figure 5.2: Phase space of a single roundtrip around passive multipass cavity
after the pulse stabilizes.

In Figure 5.3, the compressed output and its spectrum can be seen. The
pulse energy at the output is 200 pJ with 10 nm spectral with. 17 ps pulses are

compressed down to 374 fs.

Another approach to utilize nonlinear effects would be similariton mode-
locking where both spectral and temporal shape of the pulse are parabolic. Sim-
ilariton implies high loss for pulse to go back to the state it started in the cavity,
therefore requires higher gain from the laser which in turn necessitates an active
multi-pass cavity design (AMC). In AMC, pulse goes through gain and dispersive
medium multiple times at each roundtrip (Figure 5.4). This way, pulse experi-
ences significant gain which in turn allows for output coupler as high as 50%

without losing mode-locking.

Resulting mode-locking regime is plotted on a phase space (Figure 5.5). Similar
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Figure 5.3: Dissipative soliton TDL: temporal (left) and spectral (right) shape of
pulses extracted at the position in the resonator where the spectrum is broadest.
The numerically dechirped and nearly transform-limited pulse is indicated in
orange color. The chirp of the spectrum is indicated in green. The spectral shape
obtained is characteristic for the all-normal dispersion regime. Figure taken from
[50]

to dissipative soliton laser, we can see the discrete nature of the laser from phase

space.

Output pulse energy is 950uJ with 5 ps pulse duration and 40 nm spectral
width (Figure 5.6). After compression, pulse duration drops to 95 fs.

There are three significant outcomes to these simulations. First, contrary to
common belief, optical effects required for similariton and dissipative soliton mod-
elocking don’t have to act simultaneously. They can act in turns to support the
pulse, hence the discretization. Second, this is the first time, best to our knowl-
edge, air is exploited for its nonlinear effects for a mode-locked oscillator. Finally,
we showed mode-locking regimes that were common and extremely beneficial in

fiber lasers can be adapted for TDLs increased the output pulse energy by more
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Figure 5.4: Active multipass cavity for discrete similariton laser adapted to TDL.

than an order of magnitude straight from the oscillator.

The next step would be to implement either dissipative soliton or similariton
laser. Then, a repetition rate multiplier should be adapted from fibers to TDL in
order to use them for ablation cooled material processing. Regardless of this use
case, pulse energies in the order of hundreds of microjoules from an oscillator is

a significant improvement over current technologies.

5.2 3D Projection from Single Hologram Layer

So far, only subtractive methods are explored, namely ablation. Another op-
tion for material processing is additive methods, commonly used for 3D printing
applications. Traditionally, high fluence is required to activate the photoresist,
which necessitated sharp focusing, similar to ultrafast ablation. Holograms can
replace lenses for focusing or even construct any arbitrary image which can speed
up the printing significantly [51]. Volumetric holograms can increase the speed

even further by printing a 3D object with single exposure.

The Computer generated holograms (CGHs) are ideally suited for use with
further potential as new holographic media are emerging [52]. However, the
problem of how to project truly 3D images with full depth control using CGHs
remains open. Fourier holograms can provide high-quality images but they have
to be created at the focal point of a lens, which restricts the projection space to
few centimeters [53]. On the other hand, Fresnel holograms can project images
over a substantial portion of space yet, there are no methods to create images

with high resolution and they are limited to few planes [54].
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Figure 5.5: Phase space plot of discrete similariton after the pulse stabilizes.

Here, we present an algorithm for generating Fresnel holograms that can
project high-quality back-to-back images in multiple planes [55]. The method
utilizes adaptive-additive iterative Fourier transform algorithm (IFTA), Fresnel
zone plates (FZPs), superposition and the kinoform principle, used to generate a
phase-type Fresnel hologram that projects multi-plane images. We will show that
the method uses the inherent connection between Fresnel and Fourier holograms.
So the algorithm can benefit from the established Fourier CGH techniques for
generating the final Fresnel CGH. We demonstrated the proposed hologram with
up to 11 layers of images experimentally. Then we showed the bottleneck in
the number of layers in terms of cross-talk is not inherent to the algorithm, but
the resolution of SLM, which makes this method promising with the emerging

technologies of imaging and display.
The algorithm is described in Figure 5.7. We start with the images we want to
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Figure 5.6: Similariton TDL: Temporal (left) and spectral (right) shape of pulses
extracted after the spectrally shaped output coupler. The numerically dechirped
and nearly transform-limited pulse is indicated in orange color. The chirp of the
spectrum is indicated in green. Figure taken from [50]

project. First, a random phase is added to each image as preprocessing. Then,
Fourier hologram of each image is generated with adaptive-additive IFTA. The
phases of resulting holograms are superimposed with phases of FZPs to bring
the images from infinity to any desired distance, converting them into Fresnel
holograms. Finally, complex superimposing all calculated holograms with each
other gives us a single complex hologram. We can extract the kinoform from the

resulting complex hologram by extracting the phase of it.

The experimental setup consists of a laser source (1035nm, up to 300 mW),
a spatial light modulator (SLM, Hamamatsu X10468-03, 800x600 resolution),
screen, and digital camera (Canon, 60D): The hologram size is 512x512 pixels in
all the experiments. We fixed the screen (Thorlabs VRC4) and the camera on
a motorized stage to conserve the focus of the camera throughout the imaging.

There are no lenses in the system except the telescope that is used to collimate
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Figure 5.7: Flowchart of the proposed CGH algorithm. Fourier holograms of
source images are calculated independently after preprocessing. Then, phases of
each image are superimposed with phases of any desired FZPs. Finally, super-
imposing in complex form and taking the kinoform of the result gives us a single
Fresnel hologram capable of projecting multiple planes.

the incoming beam. The optical reconstruction of “BILKENT UNIV” with back-
to-back letters is shown in Figure 5.8. All images are constructed from 18 cm to
170 cm from SLM. Each image is well separated from each other to reduce the

crosstalk between images, as it decreases the contrast of each image.

The main bottleneck for the maximum number of layers is resolution SLM.
We can either decrease the complexity of images (number of active pixels in each
source image), or as a better alternative, increase the resolution SLM. In Figure
5.9, we simulated a 3D model of a space ship. We sampled 100 slices from the
space ship which are fed to the algorithm assuming 4000x4000 SLM. Resulting
hologram is simulated at focal distances of each layer. Then the results of the
simulations are combined together on the computer as a reconstruction of the 3D

model.

Each image is calculated independently so the process can be parallelized.
This reduces the calculation time roughly the same as calculation time for a
single Fresnel hologram which takes most of the computation time. Since IFTA

depends on Fourier transforms, carrying the computation of IFTA to GPU further
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Figure 5.8: Optical Reconstruction of “BILKENT UNIV” with SLM. Letters are
ordered from last to first with respect to SLM. The scale at the corner of each
image is 5 mm distances from SLM can be seen below each image.

decreases the calculation times. We used a computer with Intel i5-7600 CPU and
Nvidia GTX 1070 GPU to calculate 11 letters which were completed in 0.17

seconds.

The proposed method allows us to generate many layers of images with high
flexibility over depth control with a single CGH. Further, the proposed method
relies on already established and optimized IFTA which allows us to generate
holograms in real time. We showed 11 back-to-back letters, each at controllable
depths. In addition to that, we simulated 100 layers of a 3D model of a space ship
rendered with 4K SLM. The proposed method can be used in many applications

ranging from 3D microscopy to display technologies.

One such application can be in 3D printing, where projected 3D hologram can
excite the medium, like photoresist. We speculate, with the help of the properties
of ablation cooled regime shown here, 3D holograms can be used for fast and
efficient 3D printing. Nonetheless, the interaction of pulses with each other should
be studied further to confirm similar advantages translates to mechanics other

than reduction of ablation threshold via heat profile engineering.
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Figure 5.9: Computational reconstruction of 100 layers of a space ship by simu-
lating a 4K SLM. Each layer is simulated at their focal point and then combined
in 3D computationally.
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Chapter 6

Conclusion

This thesis extended the work first introduced in [17] in terms of the limits and
viability of the method. Scaling property of ablation cooled material removal is

explored.

TTM simulations suggested there is ideal pulse energy for each repetition rate
for every material. Further, it can be calculated using only the ablation threshold
for a single pulse. Simulations also showed that scaling of ablation could be
indefinite as the number of pulses each burst is increased. This result may not
translate to reality exactly due to approximations made in our model. When
one of the single burst simulations is visualized, the temperature profile of the
material after ablation starts appears to reach a steady state where we can predict
the depth of the ablation for next pulse from reduced ablation threshold. So, by
engineering this profile, it should be possible to increase the ablation depth while

keeping the residual heat minimal.

The simulation results were confirmed with experiments done on two different
materials using three laser systems. First set of experiments done with 1.6 GHz
pulse repetition rate confirmed the outcomes of the simulations. Then, 1.46 GHz
system is used to test how different beam and pulse parameters behaved while

keeping a comparable pulse repetition rate. As expected, the ablation threshold
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is decreased when the beam is focused more which in turn reduced heating. The
first ablation on dentin without any carbonization was achieved using this system.
The limits of ablation cooling were pushed using 13 GHz system. Some ablation
occurred at 5 nJ while consistent ablation is accomplished using 15 nJ pulses
compared to 80 nJ in 1.6 GHz system even though both lasers have the same
pulse duration and spot size. As pulse energy increases, both ablated depth and

area of melting increased.

One possible improvement to all experiments in shaping the beam to decrease
melting is using beam shaping. A straight forward shape is a top hat though not
the best necessarily. Additionally, the ablation efficiency and reduction of heat
can be improved by engineering the pulse energies inside a burst individually. The
ideal temperature gradient would be a step function dropping around penetration
depth of laser to the material. This way, each pulse would ablate some while
keeping the temperature gradient the same after ablation. Another improvement
can be made by increasing the pulse energies of the first few pulses that fail to
ablate. So a better portion of the burst can contribute to the ablation which in

turn would increase the efficiency of bursts.

Possibly, the temporal features of GHz repetition rates will be of use for imag-
ing, detection and sensing techniques too. Shaping the envelope of bursts com-
bined with nonlinear interaction between pulses is not yet explored in other fields.
As a result, lasers can become even more critical with every aspect of science,

industry, and medicine.

Finally, studies that possibly can be implemented in conjunction with this
thesis are presented. They still can contribute to in tandem with the engineer-
ing temperature gradient. The discrete similariton and dissipative soliton for
thin-disk lasers can potentially be used for ablation cooled material removal by
themselves. So, the pulse energy produced by a thin disk oscillator at high rep-
etition rates would render any amplification after that unnecessary. A material
processing system with the only oscillator would decrease cost and complexity

along with advantages of ablation cooled regime.
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High-density 3D holograms can be accompanied by ablation cooling to ablate
any complex volumetric pattern extremely fast. Alternatively, the same methods
can be used for 3D printing without any ablation since many of them depend
on nonlinear optical absorption too. It works by imprinting diffusion on each
hologram layer. That increases the degree of freedom which in turn lowers the
most challenging problem of multi-layer holograms, cross-talk. Additionally, the
algorithm is based on IFTA which is already highly optimized. As a result, real-
time generation of hundreds of layers is possible with current, consumer-grade

hardware.

The implication of engineering temperature gradient with pulses around a few
tens of nJ energy is to eliminate the need for chirped pulse amplification. The con-
cerns over nonlinearity during and after amplification vanish when dealing with
such low energies. Considering chirped pulse amplification is recently awarded
with Nobel prize in physics, the implications of such progress become much more
pronounced. Current femtosecond laser technology can change drastically to-
wards higher repetition rates with reduced complexity instead of pushing for
greater pulse energies. Even lasers without any amplification stages can emerge
which tend to have cleaner pulse shapes after superficial compression. Other
benefits such as reduced heating and increased processing speeds only add to the

value of ablation cooled regime.
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Appendix A

Laser Systems

A.1 1.6 GHz Non-PM System

Amplifier stages are seeded with 100 MHz dispersion managed (DM) fiber oscil-
lator A.1.

29cm

A

WDM

SM Diode

29 ecm

Figure A.1: Schematic of DM oscillator.

Output spectrum of the oscillator is taken from rejection port of PBS. Spectral

width is 23 nm A.2 with 24 mW average power.

Output of oscillator is coupled in to the fiber via collimator. All the stages
afterwards was built using non-PM fibers. After stretching pulses with 67 m
stretch fiber, pulses are amplified with a single mode diode and Yb125 (4/125)
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Figure A.2: Spectrum of the output of 100 MHz DM oscillator.

fiber. Then AOM picks the bursts via arbitrary waveform generator.

Two stages of single clad amplifiers compansate for the losses at AOM by
increasing the average power to 500 mW. Then, a double clad power amplifier

with wavelength stabilized multimode diode amplifies the power upt to 4 W.

Finally, 5.8 m of Yb1200 25/250 DC fiber with two 55W diodes amplifies the
pulses up to 120 nJ energy. Fiber is spliced to a 200 W isolator collimator. A
600 lines/mm grating pair compress the pulses down to 350 fs FWHM. However,
due to polarization and third order dispersion, effective width of the pulses are
1-2 ps. The corrected envelope for maximum number of pulses at highest energy

is at Figure A.5.

Maximum power of the laser is 45 W. 50 % of the power is lost at grating
compressor due to randomized polarization of the output. Then, another 5-7 %
is lost after the galvo scanner. On sample, we can have 20 W average power to
be used for processing. The scanning lens we used has 56 mm working distance

where the beam can be focused down to 23 pm.
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A.2 1.46 GHz PM System

Design of the cataract surgery system [34] is modified for higher repetition rates.
A repetition rate multiplier is placed after AOM to achieve 1.46 GHz from 89
MHz oscillator. This allows for precise pulse picking through AOM while sac-
rificing pulse energy after it. Two stages of amplification compansates for that.
After stretching, pulses are amplified since AOM will reject most of the pulses.
Finally, two stages high power amplifiers are used in series to reach 15 W average
power. Last stage of amplifier is pumped with a 976 nm and 915 nm pump diodes

simultaneously to reduce gain depletion while achieving significant powers.

After compressing the pulses with 900 lines/mm grating compressor, we end
up with 250-300 fs lorenzian pulses. The output is coupled to Thorlabs galvo
scanner. Focusing lens is LSM02-BB which has 18 mm working distance and
is able to focus beam down to 11 pum spot diameter. Diodes of the laser power
amplifier can be modulated optionally to amplify any number of bursts selectively.
The compressed pulse and output spectrum can be seen from Figure A.8a and

A.8b respectively.
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A.3 13 GHz Prechirped System

The third laser is constructed with prechirping instead of compressing after colli-
mator which can be seen in Figure A.9. Even though this scheme can’t compress
pulses to femtosecond range, not losing any power at compressor is much more

necessary for experiments.
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Figure A.3: The general schematic of the 1.6 GHz laser. Amplifiers are seeded
by 100 MHz DM oscillator. After stretching the pulses, reprate multiplier is used
to increase the pulse repetition rate to 1.6 GHz. AOM is modulated with an

arbitrary waveform generator to compansate for gain depletion.
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Figure A.4: In the final stage, two double clad amplifiers are cascaded. The first
one amplifies up to 5 W average power with a wavelength stabilized 18 W diode.
Second one is coupled with two 55 W 976 nm diodes to achieve 52 W average

power.
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Figure A.5: The burst envelope for 1000 pulses per burst with 100 nJ pulses.
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Figure A.7: 1.46 GHz laser schematic. Amplifier stages are seeded with 89 MHz
ANDiI oscillator. Power at each stage can be seen above.
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Figure A.9: 13 GHz laser schematic. Amplifier stages are seeded with 100 MHz
ANDiI oscillator. Power at each stage can be seen above.
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Figure A.10: The burst envelopes for 2000 pulses per burst for 50, 90 and 120 nJ
pulse energies after modulating the AOM for modeled amplifier stages.
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Appendix B

Burst Envelope Shaping by
Modelled Amplifiers

The relatively low repetition rate of bursts presents a well known issue called gain
depletion where initial pulses of burst experience more gain compared to later ones
due to the decrease in population inversion. This becomes especially prominent
for applications presented in here since the burst durations are less than half

period of burst repetition rate while extending to hundreds of nanoseconds.

The gain depletion accumulates with every stage of amplification. Since all
systems used here consists of multiple amplifier stages, gain depletion becomes

very distruptive. To fix those effects, the method presented in [40] is implemented.

Each stage of amplifier is modeled by Frantz-Nodvik pulse-amplification equa-
tions [56].

Since the pulse train before AOM does not matter, only amplifiers coming later
are modeled. First, the input burst shape that will produce a flat burst for last
amplifier stage is calculated. Then, the calculated shape is used to calculate the
input at the previous stage of amplifier. By repeating this process until AOM is
reached, the burst shape to be applied can be found.
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The MATLAB implementation is given below. The response of AOM driver

had to be adjusted manually in the form of offset.

B.1 MATLAB Implementation

clear;

close all;

%% constants

h = 6.626e—34; % Js Planck’s constant
v = 2e8; % m/s speed of light inside fiber

nl = 0.8; % coupling efficiency

n2 = 0.6;

nn = 0.7;

sigma = 0.65e—24; % m 2 stimulated emission

lambda = 1.044e—6; Yan central wavelength
tb = 500e—9; % s burst duration
t = 0:1e—9:tb; % s time

%% calculated constants

hbar = h/(2xpi);

omega = 2% pi*v;

%% Pulse Parameters

reprate = 200e3; % Hz burst repetition rate

Cross

repratep = 1600e6; % Hz pulse—to—pulse repetition

Ep = 200e—9; %J pulse energy

Np = tbxrepratep; % # of pulses
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Eb = Np*xEp; % J burst energy

Pavg = Ebxreprate; % W average power

%% Amplifier Parameters

Plin = 18.8e—3; % W input of first amplifier
P2in = 155e—3; % W input of second amplifier
P3in = 4; % W input of third amplifier

Esl = 3.68e—6;% 4e—6 % J

Es2 = 92e—6; %100e—6; % J

Esn = 144e—6; %156e—6; % J

gamman = Esn/(nnxEs2);
gamma2 = Es2/(n2xEsl);

%% 3rd stage

Einn = P3in/(reprate);
an = exp (Eb/Esn);

bn = 1;

f0 = exp(Ebxt /(Esn*tb));

Kn = (an—bnsexp (Einn/Esn)) /(exp (Einn/Esn)—1);
gn = Kn+f0 ;

Pinn = Eb*f0./(tb*(f0+Kn));

plot (t,Pinn/max(Pinn))

%% 2nd stage
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Ein2 = P2in/(reprate);

a2 = (Kntan) “gamman;

b2 = (Knt+bn) “gamman;

K2 = (a2—b2xexp(Ein2/Es2)) /(exp(Ein2/Es2)—-1);
g2 = K2+(gn) . gamman;
Pin2 = Pinn.x(1-K2./g2) /nn;

figure;
plot (t,Pin2/max(Pin2))

%% 1st stage

Einl = Plin/(reprate);

al = (K2+a2) "gamma?2;
bl = (K2+b2) "gamma2;

K1 = (al—blxexp(Einl/Esl))/(exp(Einl/Esl)—1);
gl = Kl+(g2) . gamma2;

Pinl = Pin2.%(1-K1./gl)/n2;

Pinls = Pinl/max(Pinl);

%% Rescaling y between 0.3 and 1
yn = Pinl;

yn = yn/max(yn);

yn = yn — min(yn);

yn = yn/max(yn);

low_level = 0.462;

yn = yn + low_level/(1—low_level); % for shifting 0.
add 2/3 for 0.4) (add 1 for 0.5) (add 9/11 for 0.

yn = yn/max(yn);
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Pinls = yn;

%% Scale time between 0 and 1

t_scaled = t/th;
%% plotting
figure;

plot (t,Pinls)

%% Fitting

%f=fit (t’,Pinls |

hold on;

"expl’)

wr %p=plot (f,t,Pinls);

108

hold off
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