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ABSTRACT

DEVELOPMENT OF A BURST MODE OSCILLATOR FREE
FEMTOSECOND FIBER LASER

Kantoglu, Hiir Doga
Master of Science, Physics
Supervisor: Assist. Prof. Dr. Thor Pavlov

January 2023, 60 pages

Lasers with short pulse duration have a wide range of applications in industry and
science, such as telecommunication, processing, imaging, and metrology. A
conventional and well-known method for producing short pulses is mode locking.
However, mode locking ultrashort lasers have a limitation on repetition rate because
of the cavity length. Several techniques have been proposed to overcome this
limitation, such as harmonic mode locking and adding a repetition rate multiplier

into a system. Nevertheless, these methods increase system complexity and cost.

High repetition rate ultrashort lasers are highly desired due to their promising
capabilities in material processing as well as nonlinear optics and optical sampling.
Usually adding a modulator into a high repetition rate source makes the laser operate
on a burst mode regime with unique applications such as ablation cooled processing

regime.

In this study, a pulsed laser is created by combining two continuous-wave lasers and
then the beat pulse is broadened by four-wave mixing. After the broadening, the beat

pulse is compressed by the negative dispersion fiber. Our oscillator free laser system



produces femtosecond pulses with picosecond pulse energy and tunable GHz intra-

burst repetition rate which is suitable for material processing.

Keywords: Femtosecond Laser, Burst Mode Laser, Four-Wave Mixing
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KUME MODLU OSIiLATORSUZ FEMTOSANIYE FiBER LAZER
GELISTIiRILMESI

Kantoglu, Hiir Doga
Master of Science, Physics
Supervisor : Assist. Prof. Dr. IThor Pavlov

Ocak 2023, 60 sayfa

Kisa atim siiresine sahip lazerler, telekomiinikasyon, malzeme isleme, goriintiileme,
metroloji gibi endiistride ve akademide genis bir uygulama yelpazesine sahiptir. Mod
kilitleme, kisa atim olusturmak i¢in iyi bilinen ve geleneksel bir yontemdir. Fakat
mod Kkilitlemeli ultra-kisa lazerlerin tekrar frekansi kavite uzunlugundan dolay1
sinirlidir. Bu sinirlamanin iistesinden gelmek i¢in, harmonik mod kilitleme ve
sisteme tekrar frekansi ¢ogaltic1 ekleme gibi ¢esitli teknikler 6nerilmistir. Bununla

birlikte, bu yontemler sistemin karmagikligini ve maliyetini artirir.

Yiiksek tekrar frekansl ultra-kisa lazerler, lineer olmayan optic ve optik drnekleme
disinda malzeme isleme gibi gelecek vadeden uygulamalarindan dolay1 epey arzu
edilir. Genellikle, yiiksek tekrar frekansh bir sisteme modiilator ekleyerek lazeri
ablasyon sogumali malzeme igleme gibi nig uygulamalara sahip kiime modlu lazer

modunda ¢aligmasini saglar.

Bu caligmada, atim lazeri iki siirekli lazeri birlestirerek olusturulmustur ve ardindan
bu atimin spektrumu dort dalga karisimiyla genisletilmistir. Genislemenin ardindan,

bu atim negatif dispersiyon fiber tarafindan sikistirilmistir. Osilatorsiiz lazer

vii



sistemimiz, malzeme islemeye uygun, pikojiil atim enerjisi ve ayarlanabilir GHz

tekrarlama frekansi ile femtosaniye atimlar tiretir.

Anahtar Kelimeler: Femtosaniye Lazer, Kiime Modlu Lazer, Dort Dalga Karigimi

viii



To all my family and friends...

X



ACKNOWLEDGMENTS

I would like to express my deepest gratitude to my supervisor Assist. Prof. Dr. Thor
Pavlov for his guidance throughout the research. He was always there with his

continuous support and patience when I needed it.

I'would like to express my sincere gratitude to Dr. Arian Goodarzi for his suggestions

and comments through the research.

I would like thank my family for their unlimited encouragement and love in my
whole life.



TABLE OF CONTENTS

ABSTRACT ...ttt e e et e e e e tte e e e e s aae e e e esaaeeeesnsaeeeenn v
O Z .o e vii
ACKNOWLEDGMENTS ... et X
TABLE OF CONTENTS ..ottt eeeetareee e e e e e X1
LIST OF TABLES ..ottt e e e ae s X111
LIST OF FIGURES ...ttt X1V
LIST OF ABBREVIATIONS ......ooiiiiiieee et xvii
CHAPTERS

1 INTRODUCGTION ...ttt eeeeearae e e e e e eetanae e e e e e eennns 1

2  THEORETICAL BACKGROUND OF FIBER LASER AND NONLINEAR

EFFECTS ..ottt 3
2.1 FIDET OPLICS weeuveinrieiieiieiiesitesie ettt et 3
2.2 DISPEISION ...ttt ettt sttt st sttt b e b bbbt e reenae e 5

2.2.1 Group Velocity DiSPersion ........ceceeereereenierienieniienienie e 5

2.3 Nonlinear Effects .......coviiiiriiiiiiiiiieiiecieeicce e 9
2.3.1 FOUr-Wave MIXING .....covveriinienienienieeie st 10

2.3.2 Nonlinear Refracitve IndeX.........ccocevvviriiiriiiniiiiiiiiiiccececeeen 11

2.3.3 Self-Phase Modulation.........c.cccocuerieriirieiiinienieeeeeeeeee e 12

2.3.4 Optical SOION ....eocviiiiiiiiiiiiieice s 13

2.3.5 Stimulated Brillouin Scattering..........ccevvervveriieriieneenieieenecsecneeen 13

2.3.6 Stimulated Raman Scattering...........coceevverviiriieriieieenieeeecseeseeen 15

3 EXPERIMENTAL SETUP AND METHOD .......ccccooiiiiiniininiinieiceieeee 16

Xi



3.1 Dispersion Compensating Fiber.........cccevieviiiiiiiinieniinicniccececceceeen 16

3.2 Er/YD Gain FIDET...cueiiiiiiiiiiciecicececee s 16
3.3 Double Clad FIDeT ........c.cociiiiiiiiiieieciececieeeeeee e 17
3.4 Experimental Method..........c.cooeiiiiiiiiiiiiiiiicicceee e 18
4  CHARACTERIZATON OF EXPERIMENTAL SETUP......cccccocveviriininnnens 19
4.1 Seed Lasers and COUPIET .........cevieiieriiiiiniinieniesecee e 20
4.2 First Amplifier and Acousto-Optic Modulator...........cccecevveeviiiieneeneenens 23
4.3 Second AMPLIFIET ...cccvviviiiiiiiiiiieec e 25
4.4 Third Amplifier and Polarization Controller............ccccervirvirvieiiineeneeneens 26
4.5 Dispersion Compensating Fiber and Single Mode Fiber............ccccceeuenneen. 28
4.6 Polarizer, Final Amplifier and Collimator............ccccoecveriiiiiniiniiiiicecens 32
5  MATERIAL PROCESSING ......cocoitiiiieieicicnteneseeteeeeeeeteeesee e 48
5.1 Laser-Matter INteractions ..........ccceevueeiueenieeneenieenienieeseese e 48
5.2 Subsurface Processing of SiliCon ..........ccceevieiiiiiiniienicnicnicccecee, 49
6 CONCLUSION ..ottt 52
REFERENCES ..ottt 53

xii



LIST OF TABLES

TABLES

4.1 The parameter R and the pulse energy with respect to the pump current and the

TEPELILION TALE.....eeiuriiiietiete ettt sttt sb bbb e s saees 46

Xiii



LIST OF FIGURES

Figure 1.1 The evolution of ultrashort pulse duration. .. .........ccceeerviiiininiineinennn. 1
Figure 2.1 A step index fIbe......cooooveeiniiii i 3
Figure 2.2 Light coupling into @ fIber ........ccccooeviiniiiiniiniiiceeeee 4
Figure 2.3 The dispersion coefficients of the silica glass..................cocoii. 7
Figure 2.4 Schematic view of cascaded four-wave mixing...............c....oeneee. 11
Figure 2.5 The electrostriction effect .........cccooeriiiiiiiniiniiiececee 14
Figure 2.6 Raman SCatteriNg ...........coceevuerieririienieieeiestenie ettt 15
Figure 3.1 Configuration of a (a) single clad fiber (b) double clad fiber................. 17
Figure 3.2 The experimental SEtUP .........cocueveiiiiriiniieiienieieeieceeeee e 18
Figure 4.1 Two continuous-wave seed diodes and PM coupler.........c..ccccereereenens 19
Figure 4.2 The spectrum of the seed diode 1 after the PM coupler at 35 C°, 440 mA
and 36.88 mW (a) in linear scale (b) in log scale..........ccceeviieciieniiiiiinieciieeeee, 20
Figure 4.3 The spectrum of the seed diode 2 after the PM coupler at 23.07 C°, 355mA
and 36.83 mW (a) in linear scale (b) in log scale..........ccceevverciieniiiiiinieeieeeeee, 21
Figure 4.4 The spectrum of the beat pulse after the PM coupler ..........cccccecuenennene 21
Figure 4.5 EDFA and the AOM were included to the experimental setup ............. 22
Figure 4.6 The output power and the pump current values (a) before the AOM (b)
After the AOM....oiiiiiiiiee ettt 23
Figure 4.7 Second EDFA was included to the experimental setup ............c............ 24

Figure 4.8 The spectrum after the second EDFA (a) spanning 100 nm (b) spanning

Figure 4.9 EYDFA and the polarization controller (PC) were included to the
EXPEITMENTAL SELUP ...eevvieiiieiieiie ettt ettt st e sabeeaeeeenas 25
Figure 4.10 The pump current and the power values before and after the PC........ 26
Figure 4.11 DCF and SMF were included to the experimental setup ..................... 27
Figure 4.12 (a) The pump current and the output average power values of
30m,50m,100m long DCF (b) The pump current and the bandwidth values of
30m,50m, 100m 1ong DCF .....c.oiiiiiiieiiee et 28

Xiv



Figure 4.13 The spectrum after the 100 m long DCF at average power 111.2 mW (a)
spanning 100 nm in log scale (b) spanning 10 nm in log scale .......c..cccccevuernennee. 29
Figure 4.14 The spectrum after the 100 m long DCF at average power 198.4 mW (a)
spanning 100nm in log scale (b) spanning 10nm in log scale .........cccceveevuirnenene 29
Figure 4.15 The pump current and the bandwidth values after Om,50m,100m,150m
long SMF and S0 m long DCF ... e 30
Figure 4.16 The spectrum after 50 m long DCF and 100 m long SMF at 2.5A pump
current with 135.2 mW average power (a) spanning 100 nm in log scale (b) spanning
10 NM AN LOZ SCALE .. 31
Figure 4.17 The final configuration of the experiment setup ..........ccccevceevueeuennnene 32
Figure 4.18 Normalized autocorrelation trace and spectrum of the 5 GHz pulses with
pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and bandwidth
values (a) 282 fs , 59.1 mW (b) 299 fs, 90.3 mW (c¢) 254 fs, 139 mW (d) 3.13 nm,
59.1 mW (e) 2.5 nm, 90.3 mW (f) 2.19 nm, 139 mW ......cccooviiiiiiiiiiiieieeeee, 33
Figure 4.19 Normalized autocorrelation trace and spectrum of the 10 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 289 fs , 39.4 mW (b) 298 fs, 63.3 mW (c¢) 280 fs, 119 mW (d)
3.08 nm, 39.4 mW (e) 2.31 nm, 63.3 mW (f) 3.08 nm, 119 mW ...........cccvrenenn. 34
Figure 4.20 Normalized autocorrelation trace and spectrum of the 15 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 327 fs , 26 mW (b) 305 fs, 60.5 mW (c¢) 282 fs, 113 mW (d)
3.48 nm, 26 mW (e) 3.13 nm, 60.5 mW (f) 3.96 nm, 113 mW ..........cccceevrrennnn. 36
Figure 4.21 Normalized autocorrelation trace and spectrum of the 20 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 324 fs, 39.6 mW (b) 313 fs, 80 mW (c) 249 fs, 124.2 mW (d)
2.33 nm, 39.6 mW (e) 2.82 nm, 80 mW (f) 3.02 nm, 1242 mW .......ccceevvenennen. 37
Figure 4.22 Normalized autocorrelation trace and spectrum of the 40 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 296 fs , 80.8 mW (b) 303 fs, 124.5 mW (c) 309 fs , 179 mW
(d) 0.68 nm, 80.8 mW (e) 0.67 nm, 124.5 mW (f) 0.68 nm, 179 mW ................... 39

XV



Figure 4.23 Normalized autocorrelation trace and spectrum of the 60 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 400 fs , 37.1 mW (b) 297 fs, 71.2 mW (c) 282 fs, 124 mW (d)
0.98 nm, 37.1 mW (e) 1.97 nm, 71.2 mW (f) 0.53 nm, 124 mW.........cceeevreneenee. 40
Figure 4.24 Normalized autocorrelation trace and spectrum of the 80 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 289 fs, 61.1mW (b) 275 fs, 100 mW (c) 259 fs, 154 mW (d)
2.18 nm, 61.1 mW (e) 0.74 nm, 100 mW () 0.75 nm, 154 mW.......cceeevrrrrennnnne. 42
Figure 4.25 Normalized autocorrelation trace and spectrum of the 100 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 247 fs , 39.5 mW (b) 364 fs, 79 mW (c) 232 fs, 143 mW (d)
0.84 nm, 39.5mW (e) 5.26 nm, 79 mW (f) 4.02 nm, 143 mW.........cccoeevvirivrnrannen. 43
Figure 5.1 The aspheric lens and the 3D Stage.........ccccevveveriienieneeiienienenieneeees 50
Figure 5.2 Infrared microscopy images of the processed area with X40 magnification
at different positions with respect to the focal plane (a) away from the camera (b)
ClOSEr t0 the CAMETA ......ccueiuiiiiiiiiiicic e 50
Figure 5.3 (a) Infrared transmission microscopy image (b) image of the surface in

ThE SAIME ZOME .oooeiiiiiiiiiiieeeeee e 50

Xvi



HNLF

SMF

NA

GVD

FWM

SPM

DCF

EDFA

YDFA

AOM

WDM

MPC

HWP

PBS

FROG

LIST OF ABBREVIATIONS

Highly Nonlinear Fiber

Single Mode Fiber

Numerical Aperture

Group Velocity Dispersion
Four-Wave Mixing

Self-Phase Modulation
Dispersion Compensating Fiber
Erbium-Doped Fiber Amplifier
Ytterbium-Doped Fiber Amplifier
Acousto-Optic Modulator
Wavelength Division Multiplexer
Multimode Pump Combiner

Half Wave Plate

Polarizing Beam Splitter

Frequency Resolved Optical Gating

xvii






CHAPTER 1

INTRODUCTION

Stimulated emission is the fundamental mechanism for lasers which was first
proposed by Einstein in 1917 [1]. After decades, the first laser was invented by
Theodore H. Maiman in 1960 [2]. Lasers are classified by their gain medium. The
first laser is a solid-state laser that made use of ruby crystal as the gain medium. Each
gain medium results in different gain-linewidth, hence various properties such as the

pulse duration as can be seen from the following figure [3].

10ps w;‘glass Nd:-YLF
Nd:YAG .
DAS—P Dye Diode \ \

1ps |-
SOLID-STATE
CW Dye SYSTEMS
Color
Center
100fs [~
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Figure 1.1 The evolution of ultrashort pulse duration

The invention of ultrashort optical pulses with a duration of few picoseconds to
femtoseconds took its place in various applications such as optical metrology, laser
processing, imaging and ultrafast optical communications [4,8]. The most basic

technique for producing ultrashort pulses is placing a modulator into a system or gain



switching method to modulate the laser diode. However, these methods have major
drawbacks due to dependence on external optical or electrical devices, hence pulse

duration is limited by the response time and bandwidth of the device.

Mode locking is one of the most common techniques for producing ultrashort pulses.
Nevertheless, the repetition rate of the pulses which are created by the mode locking
method depends on cavity length. One method for reaching higher repetition rates is
harmonic mode locking, however this method makes the system more complex [9].
Repetition rate multiplier is another solution, yet the maximum repetition rate is
limited by the minimum achievable fiber length difference [10]. High repetition rate
ultrashort pulse sources play a vital role in the areas of fiber optic communications,
material processing and spectroscopy [11,13]. Adding a modulator into a high
repetition laser system forms a burst mode laser which has a unique application such

as ablation cooled material removal [14].

A promising way to achieve a high repetition rate ultrashort pulse is combining two
continuous waves with slightly different frequencies to form a beat and then send it
through the nonlinear medium. Hence, the initial beat signal is compressed by the
multiple four-wave mixing while the spectrum broadens until phase mismatch
occurs. The first analytical expression of a beat signal experiencing four-wave
mixing inside the fiber was conducted in 1994 by Trillo [15]. After that, ranging
from a few gigahertz to terahertz repetition rate ultrashort pulses are obtained
through the highly nonlinear fiber (HNLF), single mode fiber (SMF) and photonic
crystal fiber [16,21]. In this thesis, a burst mode femtosecond laser is created by the
propagation of a beat signal inside the dispersion compensating fiber with a higher

nonlinear coefficient compare to SMF due to small core diameter



CHAPTER 2

THEORETICAL BACKGROUND OF FIBER LASER AND LASER-
MATTER INTERACTIONS

In this section, the fundamentals of fiber laser and nonlinear interactions will be

discussed.

2.1 Fiber Optics

The most basic fiber design is a single clad step index fiber as shown in Figure 2.1.
The single clad step index fiber has a core, cladding and coating with refractive
indexes ni, no, n3 respectively. The refractive indexes are adjusted by adding a
particular amount of dopant in such a way that the refractive index of the core is
higher than the refractive of the cladding so that total internal reflection occurs

between the core and the cladding.

Figure 2.1 A Step index fiber



The light which coupled from the medium with refractive index no into a core of the
fiber does not propagate if the angle is lower than the critical angle. The critical angle
is the minimum angle for total internal reflection to happen as given by Equation 2.2.
Therefore, total internal reflection imposes a constraint on the entrance angle o as

illustrated in Figure 2.2.

900

Figure 2.2 Light coupling into a fiber

Where, n; and n» are the refractive indexes of the core and the cladding of the fiber.
By applying Snell’s law to the boundary between no and n; , the maximum entrance

angle omax can be written as
Ny SiN Ay = Ny SiN(90° — 6,) (2.1)
sinf, = - (2.2)

1

Equations 2.1, 2.2 and the trigonometric identities sin(90° — 6,) = cosf, =

\J1—sinf2 can be all combined as

Mo SIN Appgy = /N5 — N3 (2.3)

The square root term of Equation 2.3 is defined as a numerical aperture (NA). The
NA is a dimensionless quantity which shows the maximum entrance angle that

supports total internal reflection [22]. The NA is expressed as,



NA = ny,(20)z = n, 2 (w)]l/2 (2.4)

ng

Where, A is the fractional refractive index. Another dimensionless parameter V

which determines the number of propagating modes inside the core can be given as

V==a NA (2.5)

Where, a is the radius of the core and 27” is the wave vector of the light. If the

parameter V' is smaller than 2.405, then only a single mode propagates inside the
core. If it is higher than 2.405, then by analyzing the mode chart the number of modes
is determined [22].

2.2 Dispersion

Generally, dispersion is responsible for broadening the pulse in time inside the core
of the fiber. Each mode has different speeds for multimode propagation, which cause
broadening and is called intermodal dispersion. In the case of single mode
propagation, there is no intermodal dispersion. However, due to the source's finite
spectral width, each wavelength component has different speeds causing broadening

in time, and it is called intramodal dispersion or chromatic dispersion.

221 Group Velocity Dispersion

The origin of group velocity dispersion (GVD) is related to the wavelength
dependence of the refractive index of the material. The group velocity of the pulse

can be defined as Equation 2.6. Where, 3 represents the axial wave vector component
and equal to ngsf 27" . The ngzf is the effective refractive index experienced by the

mode of the fiber. Its value is between n, and n, [22].

vy = (%)_1 (2.6)



The group velocity can also be calculated from the group refractive index ,ng, as
shown in Equations 2.7 and 2.8.
c
vy = e (2.7)
dneff
ng = neff + w do (28)

The time for the pulse to propagate inside the fiber varies for each frequency
component. The time delay depends on the spectral width of the pulse, length and £,
parameter which is called the GVD parameter as given by Equation 2.9.

5t = % 50 =i<vi)5w — LB, 6w 2.9)
g

dw dw

The time delay can also be constructed by taking the derivative respect to the
wavelength as shown by Equation 2.10. Where, D is the dispersion parameter and it

is related by the GVD parameter as can be seen by Equation 2.11.

__at _a L _

5t = _da‘”—a(_vg) SA=DLSA (2.10)
_ a1\ _zme

D= dl(pg) = -8 (2.11)

Consider a new parameter which is known as normalized propagation constant b as

introduced by

_ MNegy — Ny
n, —n,

b (2.12)

When the refractive indexes are almost equal, effective refractive n,fyis
approximated as shown by Equation 2.13 [22].
Nesr = Ny (1+bA) (2.13)

Dispersion parameter can be also written in terms of frequency derivative as given

by



2 d (1 2w (_dnegsys d*nesy
D= ‘?a@— Tz <2W+‘“W (2.14)

Replacing n.¢r according to Equation 2.13, then using Equation 2.5 decomposes
the dispersion parameter by two components such as material dispersion, D, , and

waveguide dispersion, Dy,, as shown by following Equations 2.15, 2.16 and 2.17

[22].

D= D + Dw 2.15)
_1 dnyg
m = (2.16)
_ _2ma [ndy va2wb) | dnag dvb)
DW - A2 [nzw dv?2 do  dv (217)
40 e

i Ge:silica glass

- N W
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Figure 2.3 The dispersion coefficients of the silica glass

According to Figure 2.3, material dispersion becomes positive for wavelengths
higher than 1.276 um, which means shorter wavelengths travel faster. A positive
dispersion parameter regime is called anomalous dispersion. Material dispersion

becomes negative for wavelengths lower than 1.276 um thus, shorter wavelengths



travel slower. A negative dispersion parameter regime is called normal dispersion.
1.276 um is zero dispersion wavelength, and waveguide dispersion shifts this
wavelength to 1.31 um. Waveguide dispersion can be adjusted by tailoring the core
radius and/or fractional refractive index. Hence, zero dispersion wavelength can be
relocated to a telecommunication wavelength of 1.55. This fiber is called dispersion
shifted fiber. Moreover, the dispersion can be flattened between telecommunication
ranges, called dispersion flattened fiber [23]. Dispersion is not completely
disappeared at zero dispersion wavelength. The contribution of higher order terms,
such as third order dispersion becomes dominant at zero dispersion wavelength.
Even at nonzero dispersion wavelength, if the initial pulse width is shorter than 1ps,

the third order dispersion effects must be included [24].

When the pulse’s instantaneous frequency increases (decreases), it is called a

positive (negative) chirp. The dispersion becomes significant if the fiber length is

2
comparable with the dispersion length L; = |;—° Where, T, is the initial pulse width.

2|
Dispersion changes the shape of the pulse inside the fiber. However, for an input
Gaussian pulse, whether it is initially chirped or not, the shape remains Gaussian. If
the input pulse is Gaussian and unchirped, then pulses become negative (positive)

chirped in an anomalous (normal) dispersion regime [24].



2.3 Nonlinear Effects

The interaction of light and matter becomes nonlinear if the material’s response to
light depends on the light’s electric field nonlinearly. Nonlinear effects occur when
the electric field of the wave thus intensity is large enough which is the case for the
laser beam propagating through the fiber. Similar to the dispersion case, nonlinear

effects become dominant when the fiber length, L, is comparable with the nonlinear

length Ly, = y% . Where P, is the peak power of the pulse and y is the nonlinear

coefficient of the fiber [24].

Material response is characterized as polarization. Polarization is related to the
electric field by the relation given by Equation 2.18. Note that, higher order terms of
susceptibility are neglected and the equation is simplified in just one dimension

although it is a tensor equation [24].

Px = Eo(XlEx + XZEJ% + X3EJ§) (218)

Where, €, is the permittivity of free space and y;, x,, X3 is linear (first), second
and third order susceptibilities respectively. Certain materials which have
inversion symmetry such as glass, y, is equal to zero and these materials are
called centrosymmetric. Noncentrosymmetric materials such as KDP and
LiNbO5; which have no inversion symmetry, the y, is not zero [23]. Although
silicon is centrosymmetric material it can exhibit second order susceptibility

properties under applied electric field and stress [25,26].



2.3.1 Four-wave mixing

A straightforward approach for the light interacting with the centrosymmetric
material is made by assuming the light is monochromatic, as shown in Equation

2.19.
E(t) = Acoswt (2.19)

By putting Equation 2.19 into 2.18 for the case of y, =0 and using
trigonometric identity cos® 6 = (3cosf + cos36)/4 resulted in following

Equations 2.20 and 2.21 [23].
Pa) = EOA(XI + (3/4) X3A2) (220)
_1 3
P, =7 € X34 (2.21)

The term P,, and P, is radiated light at frequencies same as incident light and three
times the incident light which is known as a third harmonic generation. Third
harmonic generation is a subclass of four wave mixing. Four-wave mixing (FWM)
occurs when three optical waves with frequencies w;, w,, w3 are combined and
interact with the y; medium, new wave with the frequency w, is generated in
combination of w, = w; + w, + w3 incident optical waves. The most common
process is the degenerate four-wave mixing which is the case for w; = w, . The
other combinations may also occur but satisfying phase matching condition is
cumbersome. FWM can also be explained as two photons with frequencies w;, w,
are destroyed and the new photons with frequencies w3, w, are created if the energy
and the momentum conservations are satisfied. Furthermore, created photons ws, w,
interact with w;, w, and new photons are generated ws, wg as shown in Figure 2.4
[23]. This process will continue until phase mismatch occurs and it is called cascaded

four-wave mixing or multiple FWM [27].
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Figure 2.4 Schematic view of cascaded four-wave mixing

2.3.2 Nonlinear refractive index

x' is the effective susceptibility deduced from the parenthesis term in Equation 2.20.
x' =0+ (3/4) x34%) (2.22)

Since the refractive index depends on the susceptibility, by using the equation I =

% cn €, A%, the refractive index dependence of the intensity can be seen in Equation

2.23[23].
n=ny+n,l (2.23)

Where, n; is the nonlinear refractive index and it can be written as

n, = —% (2.24)

4n2ce,

Commercial single mode fiber’s nonlinear refractive index value is approximately
2.6x1072%m?/ W and changes with a dopant such as GeO,. Much higher nonlinear

refractive indexes are reached by adding bismuth-oxide or lead-silicate [24].

The nonlinear coefficient ,y, depends on nonlinear refractive index as given by

Equation 2.25.

!
__2m ny

T (2.25)
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Where, A,y is the effective mode area. HNLF is fabricated by adding a dopant with

a high nonlinear refractive index and decreasing the core radius hence the effective
mode area. The typical value of the nonlinear coefficient for conventional HNLF is

around 20 W~im™1 [28].

2.3.3 Self Phase Modulation

Since the refractive index depends on the intensity, the propagation constant ,k, also

depends on intensity as follows

!
nyl w

k:—:—n0w+

= ko + Ak (2.26)

Intensity dependent propagation constant leads to intensity dependent phase shift

which is called self-phase modulation as given by Equation 2.27.
Ap = AkL = kyn,IL (2.27)

Note that when the intensity is constant in time as in the case of continuous wave
laser, the time derivative of phase by mean frequency does not change. In the case

of a pulse propagating through the nonlinear medium frequency changes with time.

_ ¢ _

, dl
—_— dt CUO - nzkoLE (2.28)

The frequency chirp depends on the phase of the pulse. For a gaussian pulse, the
chirp is linear and positive only in the middle portion of the pulse in the time domain.
As the pulse propagates through the fiber, new frequency values are created by the
self-phase modulation (SPM). Therefore, the spectrum broadens unless the input
pulse is negatively chirped [23,24]. Spectral broadening also depends on spectral
width which is related to the pulse duration. Consequently, SPM induced spectral

broadening would be very high for a short pulse and result in a supercontinuum [29].
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234 Optical Soliton

The soliton forms when the pulses propagate in an anomalous dispersion regime.
The SPM induced positive chirp compensated by negative chirp arose from
anomalous dispersion [24].

2
N2z = BT (2.29)
[B2|

The parameter N is the ratio of dispersion length divided by the nonlinear length
which determines the soliton order as shown in Equation 2.29. When the parameter
N equals to one, the soliton is referred as the fundamental soliton. One of the most
remarkable properties of the soliton is that it preserves its shape continuously in the
case of fundamental soliton or in a periodic fashion in the case of higher order
solitons while propagating through the fiber. The soliton is very stable and alters its
width and shape when it is perturbed [24]. The stability of solitons opened up a new

method for compression of pulse using dispersion decreasing fiber [30,31].

2.3.5 Stimulated Brillouin Effect

Any physical system has a tendency to lower its energy. For an electric dipole which
has potential energy related by U = —p.E . The atoms are more willing to move
the center of the beam since the intensity thus the electric field is higher, as shown
in Figure 2.5. This effect is called electrostriction, and for a solid, it causes strain due

to the higher mass density in the areas where the center of the beam is located [23].
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Figure 2.5 The electrostriction effect

When the light with frequency €; interacts with the material, it scatters with the
scattered wave frequency €, . Because of the electrostriction effect, the acoustic
wave with the following frequency Q, =k, v, is created. Using energy
conservation ; = Q, + Q. and momentum conservation k; = k, + kg gives a

more explicit relation for the acoustic frequency as follows
Qq = kaVq = 2V, k; sin (3) (2.30)

Where, v, is the acoustic wave velocity and the 0 is the angle between the pump
and the scattered wave vectors [22]. The magnitudes of the pump and scattered wave
vectors are assumed equal. The Equation 2.3.12 indicates that stimulated Brillouin
scattering is maximum in the backward direction and zero in the forward direction.
The intensity of the pump and scattered waves depends on losses, initial intensities
and Brillouin gain which depends on material and frequency. Threshold power is
directly proportional to gain, length and inversely proportional to area. Similar to the
lasing threshold when the threshold power is exceeded, spontaneous Brillouin
scattering becomes stimulated and the intensity of the scattered wave increases

exponentially due to positive feedback [22].
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2.3.6  Stimulated Raman Scattering

When light with frequency Q; propagates in silica fiber, it scatters from the silica
molecules with the scattering frequency €, . As a result, silica molecules are excited
to a higher vibrational energy state equal to the energy difference between the
incident and the scattering wave energy as shown in Figure 2.6. Raman frequency
shift can be calculated from energy conservation which equals to Q, = Q; — Qg .
Unlike Brillouin scattering, Raman scattering occurs in both forward and backward

direction [22].

BT I

Vibrational states

0% 7%

Ground state

Figure 2.6 Raman Scattering

Similar to Brillouin scattering, the threshold depends on length, area and the Raman
gain in a same way. After the threshold scattering wave intensity increases
exponentially. The Raman gain can be used for Raman laser [32]. Another important
application of Raman scattering is the Raman spectroscopy which has been used for

medical purposes for a long time [33].
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CHAPTER 3

EXPERIMENTAL METHOD AND SET-UP

In this section, some components such as the dispersion compensating fiber, and
double clad Er/YDb co-doped gain fibers are discussed. The experimental method is

explained and the setup is introduced.

3.1 Dispersion Compensating Fiber

The most suitable way to increase the transmission distance of fiber for an initial bit
rate is to set it to dispersion equal to zero. A feasible solution to this problem is
introducing a new fiber with an opposite dispersion sign to SMF and a much higher
dispersion value to reduce the attenuation of the fiber optic system. This fiber is
called dispersion compensating fiber (DCF). It is fabricated by decreasing the core
diameter and increasing the refractive index of the core. Since the mode field
diameter is smaller, the effective area is also smaller thus nonlinear coefficient is
much higher than SMF. The major disadvantage of DCF is coupling loss due to the
difference between mode field diameters. One way to solve this problem is to place

an intermediate fiber between DCF and SMF [34].

3.2 Er/Yb Gain Fiber

The power and the efficiency values of the erbium-doped fiber amplifier (EDFA) are
lower than the ytterbium-doped fiber amplifier (YDFA). This is due to the smaller
absorption cross section and the lower doping concentration of erbium ions than the
ytterbium ions due to clustering effect [35]. A convenient method to solve this

problem is co-doping the erbium with the ytterbium ions. Ytterbium ions first absorb
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the energy and then send their energy to erbium ions. One disadvantage of co-doping

is high ASE at 1030 nm which restricts the output power [36].

3.3 Double Clad fiber

The difference between the double clad fiber and the single clad step-index fiber is
that the double-clad fiber has outer cladding, which has a lower refractive index than
inner cladding. A single mode pump diode cannot provide power as much as
multimode pump diode however the beam quality is much higher than the multimode
pump diode. The low beam quality light that emitted by multimode pump diode
couples to the inner cladding with a high coupling efficiency due to a large area.
Therefore, the higher output power is obtained and the pump light experiences total
internal reflection between inner and outer cladding. In the doped core, stimulated
emission occurs which amplifies the signal. Generally, double clad geometry is used

with Er/Yb co-doped gain fibers [37].

””””””””””””” outer cladding

", cladding

(a) (b)

Figure 3.1 Configuration of a (a) single clad fiber (b) double clad fiber
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3.4  Experimental Method

1550 nm Er doped fiber Er doped fiber DC Er/Yb co-doped fiber

PM Coupler 50/50  Isolator

= = =

Isolator

1550 nm

DC Er/Yb co-doped fiber SMF

HwWp .
PBS /—\ Collimator MPC Polarizer Q

l—i-l 976 nm

Powermeter

Autocorrelator 0SA

Figure 3.2 The experimental setup

Two continuous diode lasers are connected to the laser drivers which can adjust the
wavelength by changing the temperature. One of the laser diodes is fixed in
wavelength, the other one is changed to a specific wavelength such that the desired

repetition rate is obtained with the following relation Av = /1% AA . These two beams

are combined by polarization maintaining coupler. DCF is used as a nonlinear
medium since its effective area is much smaller than the SMF hence nonlinear
coefficient is much higher. There are three amplifiers and an acousto-optic modulator
(AOM) in order to increase the peak power for higher four-wave mixing efficiency.

The final amplifier is placed for compensating the loss due to DCF and polarizer.
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CHAPTER 4

CHARACTERIZATON OF EXPERIMENTAL SETUP

In this chapter, the experimental setup was characterized cumulatively by dividing it

into parts. The spectrum, power and pulse duration were analyzed in each part.

4.1 Seed Lasers and Coupler

1550 nm

4 FE pm Coupler 50/50
— =

1550 nm

Figure 4.1 Two continuous-wave seed diodes and PM coupler

The experimental setup starts with two single-mode laser diodes (QDFBLD-1550-
100NN) at 1550 nm with 100 kHz spectral width and wavelength temperature
tunability and wavelength current coefficients 0.lnm/C° and 2-4 pm/mA
respectively. These laser diodes are type 2 which is compatible with the laser driver
(Thorlabs CLD105). The temperature stability of the drivers is close to 0.005 C°

which corresponds to a 0.5 pm difference in wavelength and a 140 MHz difference
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in repetition rate. The drivers control the temperature and current of the diodes with
high precision and accuracy which is very important for adjusting the repetition rates.
Laser diodes have polarization maintaining (PM) fiber pigtail that spliced to PM
coupler (50/50) with commercial Fujikura splicer at panda mode. Other than this
coupler and seed diodes, only the polarizer in this setup has PM fiber rest of the
components are non-PM. Combining these two continuous waves with PM fiber is
crucial for generating a beat pulse efficiently. Seed laser 1(2) was fixed in terms of
temperature and current with values 35C° (23.07C°) and 440mA (355mA)
respectively. When only seed laser 1(2) is operating, the power at the output of the
50/50 coupler is 36.88mW (36.83mW) and the wavelength is 1546.522nm
(1546.402nm).
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(a) (b)

Figure 4.2 The spectrum of the seed diode 1 after the PM coupler at 35 C°, 440 mA
and 36.88 mW (a) in linear scale (b) in log scale
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Figure 4.3 The spectrum of the seed diode 2 after the PM coupler at 23.07 C°,
355mA and 36.83 mW (a) in linear scale (b) in log scale
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Figure 4.4 The spectrum of the beat pulse after the PM coupler
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By changing the temperature of the seed diode 2, the wavelength difference hence
the repetition rate can be adjusted. Equating the powers of both seed diodes is
essential for low background signal. Normally changing the temperature varies the
output power of the seed diodes, however changing a few GHz repetition rate
corresponds to a temperature difference much lower 1C°. Therefore, power variation
due to temperature can be neglected. Rest of the results the repetition rate was kept

at 15 GHz (0.12nm) as shown in Figure 4.4.

4.2  First Amplifier and Acousto-Optic Modulator

976 nm
1550 nm Er doped fiber _ —
- — pm Coupler 50/50 Isolator WDM AOM
—— =) T =)
1550 nm

Figure 4.5 EDFA and the AOM were included to the experimental setup

After the PM coupler, the seed signal with a repetition rate of 15 GHz and power at
~73 mW was amplified by erbium doped fiber amplifier (EDFA). All of the
amplifiers in this setup were backward pumped due to higher efficiency than forward
pumping [38]. First EDFA consists of a single mode pump diode at 976 nm,
wavelength division multiplexing (WDM) for both pump and signal to propagate, 84
cm-long Er-80 8/125 fiber and isolator. The isolator prevents possible damage that
can be induced by back reflection and ASE.
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After the first amplifier, the continuous wave signal is modulated by the AOM. The
AOM is connected to a function generator which generates pulses with the duration
40 ns and 100 kHz repetition rate. The duty cycle of pulses is 0.4%. Insertion loss
and the low duty cycle reduced the average power to 172 pW. The advantage of
adding AOM on setup is boosting the peak power, as a consequence the efficiency
of four-wave mixing is increased. Although decreasing repetition rate increases burst
pulse energy after the further amplification which is determining parameter such as
for material processing, at low repetition rate values the ASE becomes more
significant [39]. The pump diode was kept at a maximum current which is 650 mA.
At 650 mA, the output power was 141.7 mW then it reduced to 172 uW after the
AOM.
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Figure 4.6 The output power and the pump current values (a) before the AOM (b)
after the AOM
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4.3  Second Amplifier

976 nm 976 nm

1550 nm Er doped fiber Er doped fiber
PM Coupler 50/50 Isolator M AOM Isolator D
) = —=——-

e

1550 nm

3
o
3

—

Figure 4.7 The second EDFA was included to the experimental setup

Second EDFA is added before the erbium-ytterbium co-doped fiber amplifier
(EYDFA) due to the large possible ASE content because of the high gain
amplification of a low signal. The difference between the first and second amplifiers
is the gain fiber. The gain fiber in the second EDFA is 1 m-long Er-40 4/125. The
bump on the left side of the spectrum is ASE as shown in Figure 4.7. Since ASE
increases with the power and it is amplified after each amplifier stage, the pump
current was kept at 200 mA before the EYDFA. After the AOM, the signal was
amplified to average and peak power of 13.53 mW and 3.38 W respectively.
Moreover, the mode field diameter of this erbium doped fiber is 4 um which is half
of the first gain fiber. Hence, the nonlinear coefficient is approximately four times
higher. Therefore, the first sidebands of FWM popped up as can be seen in Figure
4.8.
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Figure 4.8 The spectrum after the second EDFA (a) spanning 100 nm (b) spanning

10 nm

4.4  Third Amplifier, Polarization Controller

976 nm 976 nm 976 nm

Er doped fiber Er doped fiber DC Er/Yb co-doped fiber

1550 nm

PM Coupler 50/50 Isolator
1

1550 nm

Isolator

—J)

Isolator

Figure 4.9 EYDFA and the polarization controller (PC) were included to the

experimental setup
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It is necessary to add a third amplifier so that power reaches the optimum level for
the most efficient FWM product. Instead of WDM in the first two amplifiers, a
multimode pump combiner was used for combining signal and pump. Another
difference between the first two amplifiers is the cladding pump. Here, the gain fiber

is a double-clad Er/Yb co-doped fiber with the length of 2.4 m.

After the third amplifier, a polarization controller was added to the experimental
setup due to the dependence of the four-wave mixing process on polarization. The

polarization controller has a bending loss which is approximately %26.
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Pump Current [A]

Figure 4.10 The pump current and the power values before and after the PC
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4.5  Dispersion Compensating Fiber and Single Mode Fiber

976 nm 976 nm 976 nm

1550 nm Er doped fiber Er doped fiber DC Er/Yb co-doped fiber

PM Coupler 50/50  Isolator WDM AOM  Isolator WDM Isolator MPC | High Power Isolator
T

1550 nm

SMF DCF
O«
000

Figure 4.11 DCF and SMF were included to the experimental setup

ps

was used as a nonlinear medium where
nm.km

DCF with dispersion coefficient —140

FMW occurs. Since the nonlinear effects other than FMW such as Raman scattering
also depend on the power and the length of the DCF, the third amplifier’s pump
current can be determined after adding the DCF. The mode field diameter of DCF
and SMF-28 is 5 um and 10 um respectively. Because of huge variations in mode
field diameter between SMF and DCF, the coupling loss is enormous. Besides
placing an intermediate fiber to reduce the loss, adjusting the splice parameters such
as arc power and time decreased the loss from %69 to %41. Power and bandwidth

characteristics after the various lengths of DCF are shown by the following figures
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Figure 4.12 (a) The pump current and the output average power values of
30m,50m,100m long DCF (b) The pump current and the bandwidth values of
30m,50,100m long DCF

Pulse duration and bandwidth are inversely proportional to each other. 50m DCF
corresponds to the shortest possible duration compared the 100m and 30m because
of the higher bandwidth. The lowest bandwidth values appeared with 100m DCF.
This is mainly because of the balance between FWM and Raman scattering. The
spectrums after the 100m DCF with pump current at 1.5A and 2A are shown in the

following figures
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Figure 4.13 The spectrum after the 100 m long DCF at average power of 111.2 mW

(a) spanning 100 nm in log scale (b) spanning 10 nm in log scale

0
-10F
101
A5
=20 -
o -20F 2
5 g
(%] 0 -30 -
(o jo)
LR S
-40
30 -
-50
351
A \ . A , | L 60 . . . . . . . . .
1350 1400 1450 1500 1550 1600 1650 1700 1541 1542 1543 1544 1545 1546 1547 1548 1549 1550 1551
Wavelength(nm) Wavelength(nm)

(a) (b)

Figure 4.14 The spectrum after the 100 m long DCF at average power of 198.4 mW
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The Raman gain depends on the frequency shift which is approximately 13.1 THz
and the gain is 6x10~*m/W [23]. The second peak in Figures 4.13 and 4.14 is
around at 1657 nm and the difference between the laser wavelength is 110nm which
is close the 13.1 THz. Therefore, the second peak corresponds to Raman scattering.
While input power increases, the Raman peak rises since more power means higher
intensity thus more photons are scattered. As DCF length goes up both FMW and
Raman scattering effects also increase. The bandwidth increases due to the FMW
process and the Raman scattering disrupts the spectral phase thus declining the

efficiency of FMW hence decreasing the bandwidth.

When there is no chirp, the product of pulse duration and bandwidth is at the lowest
level. Since DCF induces positive dispersion, standard SMF-28 with negative
dispersion is added for decreasing the chirp hence it further compresses the pulse
and increases bandwidth. Adding 100m SMF after the S0m DCF gives the highest
bandwidth values. At 2.5A, the bandwidth is at a maximum which is 4.68nm with

outpower average power 135.2 mW and a peak power 33.8 W.

—&— 50m DCF

—&——50m DCF+ 50m SMF
50m DCF+ 100m SMF

—o— 50m DCF+ 150m SMF

Bandwidth [nm]
w

1 1 1 1 1
1.5 2 2.5 3 3.5 4

Pump Current [A]

Figure 4.15 The pump current and the bandwidth values after Om,50m,100m,150m
long SMF and 50 m long DCF
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Figure 4.16 The spectrum after 50 m long DCF and 100 m long SMF at 2.5A pump
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4.6  Polarizer , Final amplifier and Collimator

976 nm 976 nm 976 nm

1550 nm Er doped fiber Er doped fiber DC Er/Yb co-doped fiber

PM Coupler 50/50  Isolator WDM AOM  Isolator WbM Isolator MPC | High Power Isolator

— =) (O o——— "]
1550 nm
DC Er/Yb co-doped fiber SMF DCF
PC
PBS KH“Q Collimator MPC Polarizer m
) ) )
“ \_] ﬂ\=ﬁ _1“=\

I—i-l 976 nm

Powermeter

Autocorrelator 0SA

Figure 4.17 The final configuration of the experiment setup

After 100m SMF , a polarizer was placed into the experimental setup. Due to the PC
and the polarizer, changing the polarization with the PC varies the power after the
polarizer. The final amplifier which is the same as the third amplifier was added in
order to boost the power for material processing applications. The final component
of the system is the collimator which restricts the pump current of the final amplifier
because of the maximum power that can handle is around 500 mW. Polarization
beam splitter (PBS) and half waveplate (HWP) further control the power and
polarization of the output signal which was characterized by the powermeter,
autocorrelator and optical spectrum analyzer (OSA) with respect to different

repetition rates and powers as following figures
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Figure 4.18 Normalized autocorrelation trace and spectrum of the 5 GHz pulses with

pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and bandwidth
values (a) 282 fs, 59.1 mW (b) 299 fs, 90.3 mW (c) 254 fs, 139 mW (d) 3.13 nm,
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Figure 4.19 Normalized autocorrelation trace and spectrum of the 10 GHz pulses

with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
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Figure 4.20 Normalized autocorrelation trace and spectrum of the 15 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 327 fs , 26 mW (b) 305 fs, 60.5 mW (c) 282 fs, 113 mW (d)
3.48 nm, 26 mW (e) 3.13 nm, 60.5 mW (f) 3.96 nm, 113 mW
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Figure 4.21 Normalized autocorrelation trace and spectrum of the 20 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 324 fs, 39.6 mW (b) 313 fs, 80 mW (c) 249 fs , 124.2 mW
(d) 2.33 nm, 39.6 mW (e) 2.82 nm, 80 mW (f) 3.02 nm, 124.2 mW
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Figure 4.22 Normalized autocorrelation trace and spectrum of the 40 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 296 fs , 80.8 mW (b) 303 fs, 124.5 mW (c) 309 fs , 179 mW
(d) 0.68 nm, 80.8 mW (e) 0.67 nm, 124.5 mW (f) 0.68 nm, 179 mW

091 q 09r

081 1 08

o
~
o
~

o
N
Normalized Intensity

Normalized Intensity
o
>

=)
w

02
01
-60 40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Time Delay [ps] Time Delay [ps]
(a) (b)

42



1 ; 1
09+ 09
08+ 08

z‘ 07 r Z, 07 F

2 2

8067 G067

= €

B 05¢ D05

8 8

£ o4t g4t
03+ 03F
02F 02+
04t “u 01t

1480 1500 1520 1540 1560 1580 1600

Time Delay [ps] Wavelength (nm)
(b) (c)
1 1
09 09
08 08
2 e
006r 006
5 <
B05¢ D05
2 3
foar £04
5 5
203t 203
02r 02
01 b 01r
0 Il 1 Il 0 L Il I Il
1480 1500 1520 1540 1560 1580 1600 1480 1500 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)
(e) ®

Figure 4.23 Normalized autocorrelation trace and spectrum of the 60 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 400 fs , 37.1 mW (b) 297 fs, 71.2 mW (c) 282 fs , 124 mW
(d) 0.98 nm, 37.1 mW (e) 1.97 nm, 71.2 mW (f) 0.53 nm, 124 mW
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Figure 4.24 Normalized autocorrelation trace and spectrum of the 80 GHz pulses
with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 289 fs, 61.1mW (b) 275 fs, 100 mW (c) 259 fs , 154 mW (d)
2.18 nm, 61.1 mW (e) 0.74 nm, 100 mW (f) 0.75 nm, 154 mW
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Figure 4.25 Normalized autocorrelation trace and spectrum of the 100 GHz pulses

with pump current at 1.4 A, 1.6 A, 1.8 A respectively with pulse duration and
bandwidth values (a) 247 fs , 39.5 mW (b) 364 fs , 79 mW (c) 232 fs, 143 mW (d)
0.84 nm, 39.5mW (e) 5.26 nm, 79 mW (f) 4.02 nm, 143 mW
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All autocorrelation figures have a low intensity pedestal . Because of the high
repetition rates, the peak power becomes low for inducing second harmonic
generation in the autocorrelator resulting in a pedestal [17]. However , increasing the
peak power did not decrease the pedestal so this is not the case for this configuration.
Another mechanism of the pedestal is that the SPM induced chirp depends on the
phase of the pulse and, it is linear only in the middle portion of the pulse. Therefore,
the compression occurs only in the middle portion while the pulse wings remain
uncompressed and form a broad low intensity pedestal. The highest bandwidth is
5.26 nm for the case 100 GHz pulses corresponding to 669 fs transform limited
pulses however measured pulse duration is 364 fs . In fact, all of the pulses have
lower pulse duration than their transform limited pulse duration values. The reason
is that only a small portion of the pulse energy was compressed to a femtosecond
regime. Further investigation of the phase and the intensity profiles of the pulses can

be analyzed by frequency resolved optical gating(FROG) [40].

In a nonlinear regime, the polarization of the light rotates with respect to intensity.
This phenomenon is called nonlinear polarization rotation which is beneficial for
generating pulses by passive mode locking [41]. The intensity of the pedestal is lower
than the femtosecond pulses. Therefore, each time before the measurements of pulse

duration, the PC and HWP were rotated in order to minimize the pedestal.
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1.4 [A] 1.6 [A] 1.8 [A]
R Pulse R Pulse R Pulse
Energy Energy Energy
5 GHz 0.009 26.6pJ [0.009 |42.4pJ |0.006 |46.5p])
10 GHz 0.021 213 pJ [0.020 |31.8pJ |0.22 65.4 pJ
15 GHz 0.035 15 pJ [0.037 [373p; [0.04 |75 pl
20 GHz 0.05 24 pJ [0.06 |60 pJ |0.046 |71 pJ
40 GHz 0.111 55 pJ |0.114 |85 pJ |0.106 |[118pJ
60 GHz 0.13 20.1pJ [0.122 |36.2pJ |0.152 |78 pJ
80 GHz 0.204 38 pJ |0.168 |52 pJ |0.125 [60 pJ
100 GHz 0.221 21.8pJ [0.184 |36.6pJ |0.173 |62 pJ

Table 4.1 The parameter R and the pulse energy with respect to the pump current

and the repetition rate

The parameter R in Table 4.1 is the ratio of area under the full width of half
maximum (FWHM) of the pulse divided by the area under one period of the pulses.
Multiplying the parameter R with the pulse energy gives how much energy is

contained in the femtosecond pulses. The fundamental soliton energy for 300 fs

2
pulses calculated from Equation 2.29 is approximately 158 p] for the 20%

which is the GVD value of SMF-28. The soliton energy is higher than the
femtosecond pulse energy for all cases in Table 4.1. The fundamental soliton occurs
even when the parameter N is close to 0.5 due to stability. Since the soliton energy
depends on parameter N quadratically , soliton can forms even at four times lower

than required pulse energy. Moreover, after the PBS some of the pulse energy has
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decreased. Since the pulse energy and the pulse duration is nearly the same for all
intra-burst repetition rate, we think the pulse is involved in a soliton during
propagation in SMF [23]. However, further investigation of this result is still

required.
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CHAPTER 5

MATERIAL PROCESSING

In this chapter, laser-matter interactions were briefly discussed and as an application,

the subsurface processing of silicon was demonstrated.

5.1 Laser-Matter Interactions

When the bandgap energy of the material is lower than the incident photon energy,
electrons in the valence band excited to the conduction band resulting in linear
absorption. The linear absorption process depends on linearly to the intensity as
given by the following equation

dl

E = —al (42)

Where, « is the proportionality constant called the absorption coefficient.

For high intensity regime where nonlinear effects become signification, the equation

above must include higher order terms as follows [42]

a_ I 12 4.2
= —al—p (42)

Where, S is the two-photon absorption coefficient.

The bandgap energy of the silicon and corresponding wavelength values are 1.12 eV
and 1.1 pm respectively. In order to process inside the silicon, the light should be in
a transparent regime. In other words, the wavelength of the light must be higher than
1.1 um. In a transparent regime, linear absorption is negligible. Therefore, absorption
occurs only if the intensity of the light is large enough for two photon absorption

takes place. The intensity of the light is directly proportional to pulse energy and
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inversely proportional to pulse duration and spot size of the beam. Therefore, lasers
with ultrashort pulse durations are more favorable due to higher intensity. Another
benefit of using ultrashort laser pulses is that it decreases thermal damage and hence
improves precision since the thermal diffusion constant is larger than the pulse
duration especially for femtosecond lasers. Furthermore, thermal damage can be
reduced by operating the laser at a high intra-burst repetition rate mode. Because of
the successive high repetition pulses, there is no time to heat to dissipate away from
the processing area. Although single pulse energy is not enough to process, high
repetition rate pulses can process because of lack of time to cool down [43,44]. The
subsurface processing of the silicon enables to generating of optical devices inside

the silicon such as waveguides, microchannels, grating [45,49].

5.2 Subsurface Processing of Silicon

Double side polished, 500 um thick, <100>, p-type silicon wafer was processed in
this experiment. The silicon sample was attached to the 3D translational stage.
Before the translational stage, the aspheric lens with a focal length of 8 mm was
positioned in order to boost the intensity. Because of the high intensity, plasma is
generated which defocuses the beam since it decreases the refractive index. Plasma
defocusing effects are compensated by the self-focusing effect [50]. By changing the
position of the 3D stage with respect to the beam direction, the plasma was produced

on the surface which indicates the intensity is maximum at the surface.
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Figure 5.1 The aspheric lens and the 3D stage

(@) (b)

Figure 5.2 Infrared microscopy images of the processed area with X40 magnification
at different positions with respect to focal plane (a) away from the camera (b) closer

to the camera
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(a) (b)

Figure 5.3 (a) Infrared transmission microscopy image (b) image of the surface in

the same zone

The first trial for subsurface processing was made by 20 GHz pulses with duration
249 fs, average power 124.2 mW, ratio coefficient 0.047 and pulse energy 69 pl.
However, it was not sufficient for processing. Therefore, the HWP was rotated such
that pulse duration, average power and pulse energy were increased to 926 fs, 320
mW, 160 pJ with R parameter 0.04 respectively. When the silicon sample was shifted
away from the focal plane toward the infrared camera, the contrast changed due to a
negative refractive index difference as shown in Figure 5.2. The numerical value of
the refractive index difference can be calculated by Abel transform [48]. Images in
Figure 5.3 indicate that there were no any surface modifications. Therefore, the

processing was occurred inside the silicon.

54



CHAPTER 6

CONCLUSION

In this thesis, oscillator-free femtosecond laser with high intra-burst repetition rate
continuously tunable in the range between 5 GHz and 100 GHz was demonstrated.
The beat pulses were broadened by the FWM inside the DCF while inducing positive
chirp and then they were compressed by the negative dispersion SMF-28 fiber.

In chapter 4, the laser was constructed cumulatively from scratch. At each stage, the
system was characterized in terms of power, spectrum and pulse duration while the
unwanted effects such as ASE and Raman scattering were minimized. The optimum
scenario occurred with the combination of a 50m-long DCF and a 100m-long SMF-
28. The pedestal was created during the compression process and it was reduced by
the nonlinear polarization rotation by adjusting the polarization controller and the
HWP. We believe that the pulse is involved in a soliton during propagation in SMF
because the pulse energy and the pulse duration did not change substantially with
varying intra-burst repetition rates. As an application of this system, the subsurface
of silicon was processed by 20 GHz intra-burst pulses and the processed regions

exhibited negative refractive index difference.
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