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ABSTRACT

DEVELOPMENT OF A 60 W PULSED FIBER
LASER AMPLIFIER FOR MATERIALS PROCESSING

Aydeén, YiJit Oz an
M. Sc. Department of Micro and Nanotechnology
Supervisor: Assist. Prof. Dr. AlpanBek
CoSupervisorAssoc.Pr of . Dr . Asaf Behzat kat

June 2014116 pages

Fiber lasers have the advantage of high beam quatity,efficiency, small
size, aircooling andtherefore much interest in the development of high power fiber laser
systems have ariseacently in the world. Almost atommercially developed fiber laser
with nanosecond pulse duration, that aredpased for material processirage Qswitched
systemsVital parameters in the material processing such as repetition rate, pulseagkergy
pulse duration are correlated with each otmeat theycannot be adjusted independently
in the Qswitch mechanism.

In this study, ytterbium dopeall-fiber laser amplifier with 60 W average power
and more than 20 kW peak p o waditspatdntialfor Om wa:
processingof different material types is investigated This mastepscillator power
amplifier (MOPA) architectured stgn is composed of pulses, produced doy
electronically pumped diode, and amplified by a series of fiber ampllifiezentrast with
Q-switch lasers, MOPA architecture allows us to adjust pulse duration, repetition rate and
power independentlBeam quiity is nearly diffraction limited, anthetypical M? value
isl.5. The gstem isanall-fiber one wherdhe maximum pulse energy achieved at 100
kHz repetition ratés 0.6 mJand minimum pulse duration is ~30 ns at this energy level.
Due to multistage architecture and special precautions, the system works \aithigiit
amplified spontaneous emissiéSE) leveland shows an optical efficiency 86%. After
development of thiaser amplifierand certification of its materials processing capability,
anindustrialprototype was configurdal taking the cosefficiency intoaccount The laser

components wer@lacedinto a compact case which has a simple design for thermal
\'



cooling. The developeddustrial laser amplifieprototypehasseveral unique properties
with respect to other equivalent MOPA design fiber lasers.

In material processing, high sthtyi and high beam quality leado high
consistency. Reduced diameters of active and passive fiber cores and specially optimized
fiber splices, which are used in the system architecture, result with higher beam quality thus
the focusing isuperior tomanycontemporaryommercial lasers. As thistensity (areal
power density) is the physical quantity tdavesthenature ofinteractionof laser output
with materialsthe developed system offers long operatiortiifee due to its capability of
operation at lower powégvels than its contemporaries.

In order b demonstrate thefficiency andheability of procesig various different
kinds of materialswith the developedhaser amplifiersystem a multitude ofprocessing
applications such amicro drilling, solar celledge isolation, deepngraving and color
marking weretested on metal, semiconductor and insulator surtaegghe results are

discussingn relationship withvarious systerperatiorparameters.

Keywords : fiber laser, materiajgocessingpulsed ases, tterbium laser, MOPA

lasers
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MALZEME KKLEME K¢KN 60 W DARBELK FI
LAZER Y! KSELTECK GELKKTKRKLMESK

Aydén, YijJit Ozan
Y¢e¢ksek Lisans, Mi kro ve Nanotekno
Tez Y°neticisi: Yard. Do- . Dr . A
Ortak Tez Y°netBiedizait: kdd-i.n Dr . As:

Haziran 2014, 18 sayfa

Gé¢ngmgzde fiber | azer teknolojisi, uyg
birtanesidrKo mpakt ol arak tasarl anabil mesi, esn
hassas mal zeme yiikKklserke tviea b-irdlliigigamia sj €l e soj
gerektirmemesi, nea¢ wsak idpiabkod mtansedivliaiyn ¢l d tair ke
gel i kmedeki en atmsmhidadéekgrEadgsti|l gal vel
I kI eme kk ul | an érmedabesindekndarbetesahipyiler lazer sistemlerinin
neredeyse t amameéenah ylkkefmieg¢® asyonuna sah
uygulaméa | ar éndaki tekrar frsegkaemsdé,gidbdr Peneamar

Q-Switch sistemlerde birbirinde b aj éms éz ol arak ayar !l anaman

Bu -al @ékmada mal zeme i k| emderbyyng klaa &l &
teml eki k, 60 W ortalama g¢ce ve 20 kWbddan
-al ékan bir l azer kagrai é€i gebhl kieatkisii e mi k¢

i ncel enmimitmar.i MOPIAl e tasarl anan sistemde
lazer dy o d ar agred t&lgrbegml at asar |l anan y¢kselte-| ¢
seviyesinden 6-06e kv rotré8 améetkntbe rt g s(darak M@PAn f ar
mimarisi bizlere darbs ¢ r esi ni n tekrar frekanséendan v
ayarl anabil mesi I mkanéné vermiktir. Si st e
kéréenéml av®sle,nse rd edvioyleulper i ndedi r. Stekeat em, |

freakans éndenerBne&ahipildu pd,armieni mum 30 nsdéye Kk
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sahip|l azer EKéne cretebil mektedir. ¢ ok kademe

y ¢ ks el ti(amplifiad sperkagepus emissionsbk € | anmék ve son y¢ksel

opti k verimlilik elde edilmiktir. Lazer yg¢kse
maliyet!l il ik g° z °ne¢gne al énar ak sistemin e
yékselnt eocliunkt urul masé sérasénda kull anél an ko
Kekil de dizayn edilen kompakt bir yapé i-er
geti r iGlerii ttiirm. | en fi ber | azer yékselteci, m

baréndér makt ader .

Lazerl e malzeme i kKleme uygul amal arénda, vy
i Kl eme sonu-1| ar éneéeDkrrddkapwalceéky ap b aj hlamakt adépa
ve optimizasyonu Veaefe&e dainl efni byeigk skedy neakkd na r lea | i |
odakl ama i mkané sajlanmécxkter. Mal zeme ve | az
(yojunluk) i klemin sosucluauddr!| birdieyienolyegany
il e k¢-¢k bir adlbntest ki amattzer makemeeéeKk.

Sistemin farkl é& mal zemel er czerindeki i K1
i -in mikrodel me, gének hegcresi kenar i zol asy:
uygul amal ar ger-eklextiriliap al azearer padaknet ree

tartékél méxkteéer.

Anahtar kel i mel er : dbarbeblazerler litabryeniberlapesa | z e me i k|
MOPA lazer
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CHAPTER

| NTRODUCTI ON

1.1 Brief History and Evolution of Fiber Lasersand Amplifiers

The idea of gnerating fiber laseand amplifies began with thedewveopment offiber
optical communication techotogy. The first fiberswhich were based on tdtanternal
reflection principle[1], were uncladdedind sg guiding of light was a problemAfter
development of thsilica cladded fibers ir1950s[2; 3], progressof fiber laser technology
acceleratetbecausguiding of light was improved by cladihe cladded fibers enhanced fiber
performance and changemperspective of scientsto fiber optics technologylhe first fiber
laser cavity was builn 1961 by using a neodymiuan doped fibef4]. Then,thereduction
in required pump power for a lasgainin lasers and amplifiers was first demaagtdin
1960s[5; 6] in which both signal and pump propaigd in a small diameter fiber core.
However, scientistusedalampsourceo pumpthelaser medium in fiberso it took more
than ten years for diode pumps to reach maturitg. development of first ytterbium fiber
laser in 19637] showed that ytterbium wadsss attractive than neodymiuas an active
ion and thusonversion efficiencies and high output powers became crédits with
losses less than 2Btkm were developed and this made them convenient for telecom
applications in 197(8]. The development of first room temperatogeration Nedoped
fiber lasersalsomade a contribution to progress of fiber lasers and amplifiet970s
[9]. Despiteprogres on different doped type of fibers, laser systems vagreratingwith
low conversion efficiencyThe progresof fiber clad technologywent on by trying
different doparganddopantconcentrations to reach high conversion efficie@dter the
evolution ofdiode pumps andeveloping techniques for producing low insertion lase
earthmetal dopedfibers for 1550 nmwavelengthin the late 1970$10] and with the
emergence of optical communications, first erbium doped fiaswplifier was
demonstrated in 198J11]. In terms of average poweméd basic problem wa®w
conversion efficiency of erbium due twnitation of doping concentration of erbium

fibers so development of ytterbium and neodymium doped fibers became crucial for high
1



average power output3.he first fiber laser amplifiersywhere the pump and signal
propagated in a small coneerehard to caple a high power signal and pump ligito
thecore.In addition, single mode diodes which are power limited and expensectto
be used to achiexadre pumping method he cladding pmping technique was developed
in order tosolve this problem in 1988 2], which wasanother significant step forward in
the evolution ohigh averag@owers of fiber lasersf the geometry of fiber clad and core
areappropriate, doped core can absorb punagpe effectivelyandhigh optical gain can
be producd by active ions in the cor@he absorption of pump light of a raearthmetal
double clad was improved byodelling different fiber designs such assBapedand
rectangular core typed fibers.

The development of cladding pumping techniqueel I® increasan the average
powers gradually since the mid®9Gs. After recanition of the potential of ytterbium
doped fiber lasershe first wattlevel ytterbiumfiber laser was builin 1995[13]. The
deepunderstandin@f thermo opticabroperties of doped fibers evok88 watts single
mode ytterbum doped double clad configurationontinuous CW) fiber laser
developmenin 1997[14]. The first fiber laser above 100 watt average power wasibuil
1999 with58% optical to optical conversion efficiencfl5]. Then, the first kW regime
fiber laser was reported #002[16] by developindl kW ytterbium doped fiber laser with
80% conversion efficiency athe 1.09 nm wavelength1.36 kW and nearly diffraction
limited fiber lase system was constructed wBB% slope efficiency at 1.1 um wavelength
regime in 200417]. The first commercial @ kW fiber laserwhich was planned to weld
metal partsyas reportedh 2010[18]. In addition, average power rate and peak power of
pulsed fiber laser systems increased at a similar rate. Ultrggheetfiber laser systems
which have almdskW peakpower can be buiwitht o day 6 s [19,avhilatbel o gy
average power rangesed © beabout 100 W in 200820]. 2.2 mJpulse energhasbeen
achieved in 2011 with 3.8 GW peak power by a fiber chirped amplification system which
hassub 500 fs pulse[21]. The rapid development was alseesain nanosecond pulsed
fiber laseramplifiers. ThekW peak power levehanosecond pulsed fib&ser system
which has 8% optical to optical efficiencywas developed in 20022]. The high pulse
energygenerating techniques were also developed EhanJ fiber master oscillator
amplifier was builin 2013 with 660 ns pulse durati¢@3]. The evolution otheaverage

power ofcontinuous and ultrashort pulsklder laser systemareshown inFigure 11.
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Figure 11. Power evolution of the diffraction limited fiber laséaslopted fronj24])
Laserscience improveits basic specifications such as average power, peak power,

pulse energy and wavelength characterization witbrawing fiber optic components day

by day and fiber lasers represent the latest generation of laser techrnicdogy, the

fundamental loss offused silica fibers reachetbwnto 0.15 d/km for 1550 nm. Bsides

several types of fibers with ddfent doping concentration andagnetry anchigh power

fiber coupleddiodes,new beam combining technigyes well aselonv 35fs pulsescan

be produceR5]. The improvements of fiber laser technology shiftbdr lasemusage from

being merelya laboratorytool to very welcomedndustrial solutionghanks toits high

efficiency, good beam quality, high brightneskigh power, low noise low cost low

mainenance requirement, long life timéjgh reliability andcompact size propergeThe

fiber laser systems have found themselves a broad application range in daily technological

practice due to theirersatility. . Ontheone hand, th&ber laser technology can be used as

a tool for cutting thick ship bodyr marking a rockeas a military applicatiaron the other

hand itcan be used for an eye surgery or micrachining on a solar ceNMvhile all fiber

optic componenbased developments proceed, new fiber lassedeagpplication fields are

alsodiscovereckvery passing day.



There are several techniques used to build a fiber laser amgéfiending ornhe
application buthe coretechnology mainly depewsadn master oscillator power amplifier

design.

1.2 Laser Material Processing

The laser material interaction is one of the @rexving field of science for years and
its progress iparallelto emergingdesigrs of new laser system$laterial processingvith
lasers has several advantages compaed to traditional methodsMaterial processing
applications with lassrareused since 1960R6] and demand grows day byydaAfter
invention of new laser typesd development iappliedsciercesand indusly in the world,
processingf materials with lasers becarnereasinglymportant.

Using a laser as a materjptocessorhave several advantages. One of miain
advantageis theability to control laser bearand laser energgn the materialvith high
precison. The second main advantage is thaptioeeessingechniques with laser avery cost
effective since laser processing is fwamtact and eliminates tool wearing. Third, it is a
chemical free applicatiothat is,it is a cleartechniqudor processing applications. Fourth, it
is possible to remove material by adjusting the wavelength or intensity, selective material
removal is possible without damaging the under laj/ee evolution of the laser material
processingacceleratedvith increasing laser output power levels. The first studiesagar
processing appmations was made by ruby laser after realizivag it can be used as a good
pulsed laser drilling toollhefirst attempts taiselasersfor materid processg took placein
mid-196Gs. The first pulseduby lasefor welding applications wademonstrated by Platand
Smith in 198 to weld a stainless steel follhen the first scientific testrilling applications
wereused forGillette company to dli razor bladeg27]. Thefirst ruby laser was used as an
industrial tool by Western Eleat to drill wire drawing die in 196R28]. After discovering the
ability of COFlasers as a cutting toolpdm thick steel was cut by the first oxygen assi3@tul
W COF laser Later, COF laserswere commercially used for scribing ceramics by Western
Electric in1967[27]. The lasers wereonsidered as a material process tool rather than a simple
light source in 1970s. The negechniques and new laser typesre developed fandustrial
applications such awtting, markingdrilling and weldingasthe first successfimdustrialized

lasers were producetihe usagef lasers irheat treatment, alloying, glazing aaslathin film
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deposition tool started in the early 19&0&lacceleratedh early 1990sThe studies ohigh
precisionmaterial processg hasaccelerateavith development ofthe high power fiber lasers
as an industrial product in the early 199y theinvention offiber lasersfast, efficient and
precise material processing period started.

The material processing witlaser is aunique way for a wide range of materials
such as metals, ceramics, alloyslymers, composites and glasses and the laser radiation
can be generateak pulsed orcontinuouswave atvariouswavelengtls, at power levels
rangingmiliwattsto kilowatts. Processing matter in macroscopic and microscopic sisales
also possibléy using different properties of lasd@rhere are several typef lasers to
perform material processindasks, which can be listed asnarking, cutting,surface
treatmentcoding,engiaving, welding, drilling, rapid prototyping and othef$e typical
lasersfor materials processing are NGAG, COF, fiber lasersexcimer lasers, atomic gas

lasers, ion lasergndmolecular gas lasers.






CHAPTER 2

THE OPERATI ON PRFNGBERL EGGMARRONENTS

2.1 Theory of Fiber Lasers and Amplifiers

In this section, theory of the fiber lasers andpéfiers will be discussedn

relationship withthe componentsonstituting thdiber laser amplifiers.

2.1.10ptical Fibers

There areseveral types of fibers available for many different applicatidhe
simplest fiber design can be showrFigure 21. The fiber designvhich isrepresenteth
Figure 21 is a step index fiber. Thébkr is formed a afused silica glass core amaclad
with different refractive indexes and&é and a coating with refractive indéx. The
refractive index of core ialwaysslightly higher than refractive index tifeclad and it is
controlled during the manufacturing process by changimount of dopants in the
preform. For instance, while dohg zinc sulfide increases the refractive indadgding

magnesium fluoride lowers it.

Figure 21. The structure of a step index fiber



The guiding of the lighbccurs inside the fiber by the help thie clad and the
guiding is based on the tbiaternal reflection principléFigure 22). The light propagate
inside the core and some part of it penetrates intoléldeliog of the fiber. The protective
coating (primary buffer)of the fiber is used to protect glass surfaéeclad from the
external damagand strip awaynwanted light inside thigber andit reduces the internal
reflection at the cladding.

coating

clad

Figure 22. The propagation of light inside the fiber

The total internal reflection principle works by the help of index differences of the
core and clad of the fibeilhe index differenceof the core and clad determine the
numericalaperture (NA) of the fiber which is a parameter defining how much light can
be collected by the fibdFigure 23).

Air Ny

Clad nz

Figure 23. Light Propagation for calculating total internal reflection
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AT T=1 i1 (2.1)
=7 1id (2.2)

If the fiber axis is assumed to berpendicular to the front face and by using the relation
r r A CandOErT Alrd

i i (2.3)

Themaximum acceptanangle for total internal reflection principle is defined by;

Tihme ©ONi fue 1T (2.4)
Inserting Eq24in 2.3and that ir2.1, wecan obtain equation as
Tali Tne 1 = 10 (2.5)
After assumingd p for air, | can be defined as
iwe T T T (26)

The & ¢ part of equation islefined aghe numerical apertureNA). The maximum
acceptance angle for rays propagate from fiber face is givéntby 0 &

The numbe of the guidedmodes of the fiber is determined by V numiadrich is
also called as normalized épeency.In addition, it determingthe fraction of the power
of the mode irthe core of the fiberThe operating waslength, the core radi@dNA of
thefiber determine the V number.

V=— £NA (2.7)



wis radius of the fiber corand_ is wavelength of the lightlf the V number issmaller
than 2.405, aingle mode propagation is obtained in fibEne single mode fiber allows
to transmit onlyfundamentaimodeof light. A multi-mode propagation is seen, if the V
number is higher than 2.406or multrmode fibers)oss of propagation in the corns
higher than singlenode fibers due the high numerical apertlieey allow guiding of
different wavelength of light. Multi-mode fibers have much higher V numbarsithe

number of supported modes for a mutibde step indekber can be approximated as;

M  -A (2.8)

2.1.2Ytterbium Doped Silica Fibers

Ytterbium is a rareearth metal and has a number of interesting properties for the
fiber laser amplifiers espglly for high power applicationdJsing a raresarth metal
doped fiber in a fiber laser amplifier provegllew noise,high power output, broad gain
bandwidth high beam quality, tunability, narrow linewidth and low cost design.
Absorption and emission cross sectdiytterbium arevery broad andbsorption spectra
allows wide range of wavelength to puniphas a very simple electronic strugwvitha
ground state manifoldO; with three Stark sulevelsand an excited manifolilO; with
four Stark suHevels. The energy gap betwedhe ground andhe exited state islarge
(Figure 2.4 and this situation prevesmonradiative decay by way of multiphoton emission
from exited manifold even in a small sizhigh energy silica material, henttee fibers
doped with ytterbium element allows very high power efficies of fber laser
amplifiers. Theyalsohavelowerthermal effectshanother laser gain medias duestoall
guantum defect oftterbiumelement so he heating effecvf suchmediais three times
smaller than Ne&vAG [13]. Moreover, the ytterbium doped gain media has a longer
relaxation time than other types of media, thus lotheesholdpump power may be

adequate for signal gain.
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Figure 24. Energy level structure of ytterbium ion.

The emission spectra of ytterbium doped fibers depends on composition of host
glass [27]. The emission and absorption creestions of ytterbium doped
germanosilicate glass asbowvn in the Figure 25 and crosssectionscanvary depending
on the content of host glass compositibhe localmaximaof crosssections of ytterbium
isat975nmand 910 nm. The first absorption peak of the ytterbium ion is 975 nm which
represents zerline transition between the lowest levels of higher state and lower state.
The laser dynamicat 975 nmwavelengths three level since the emission is based upon
atransition to the lowesS$tarklevel. The other peak at 910 nm has broad esestion
where high power pumping is required to get high gain since the absorption is three times
lower than 975 nm crossection. Hence, while pumping at 910 nm, longer fdfeuld
be used to achieve same output powen &élse case of 975 nm.

While the lifetimeof the9 A in excited state for a pure silicate glass is 1.5 ms, it
is 0.8 ms for agermanosilicate glass since higher germanium content in the coee tend
shorte lifetimes. The situation affects the performance ahaster oscillator power
amplifier MOPA) system whichtypically operaesat kHz levelssincelower repetition

rate means higher spontaneous emission.
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Figure 25. Emission and absorption cressctions of ytterbium doped germanosilicate
glass as used in the cores of ytterbium doped.fiber

2.1.3Double-Clad Fibers

After the development of the doubdéad fibers, aclaving high powemnutputby
a fiber laser amplifier became possible since pumasiggle clad fibewith high pump
levelsis extremely difficult. The powers fo pumping a single mode fiber alienited
below 1 W. Thedevelopmenbf the fiber coupled multimode diodes lead to reach more
than 100N pump power by a single emitter. The cladding pumping technique with double
clad fibers became essential to transfer high pump power into the small core of the fiber.
The design of a doublclad fiber can be seenhigure 26 where the outer claddingith
lower refractive index thamner cladding and core. The low numerical aperture of core
leads to a single moe propagation inside the coredatne high numerical apertuesnd
greater than hundred micrometefanner clad supports alarge number of mode3o
incresethe pump alb@ption in a double clad fiber, different fiber geometries such as

offsetcore, octagonal, Bhaped and square can be used.
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Centered core  Off-Centered core  D-Shaped inner Elliptical inner  Rectengular inner
cladding cladding cladding

Figure 26. Cross sections of different type of double clad fibers.

While outer cladding islesignedn variouskinds of shapesthe inner cladding is
designedso thatnon-circular profile canbe used tancreasehe absorption of pump light
in the coreby light reflectionsn this study, centered core fibers were usdtieamgifier
designof the fiber laser systesince splicing with centered core to centered core is easier
and more reliabléhan splicingof two different geometries.

2.1.4Large Mode Area Fibers

The maximunoutputpower of a fiber laser systemdsterminedy the number of
suppored modes ofthe fiber and the bending los$o increase the energy in a fiber and
reduce the nonlineaffectsin a sinde-mode fiber it is essentiato increase the mode area
of the fiber Whencore diameter of a fiber increases, thanber of modes in amplifier
alsoincrease. The single mode fibersan maintain low maximglumppowers and thus
arelimited in reaching high outputpowers Therefore Jarge mode area (LMA) fibers are
usedto achieve high powewith diffraction limited beam outputThe LMA fibers are
produced imrangeof 15° d&to 40° dcore size withNAs around 0.07The fibers ae
designed with low core NA to decrease the refractive index difference between the core
and the cladding of the fiber.oTachieve singlenode operationhigh powers and low

nonlineareffects, LMA fibers should bepreferredin afiber laser systems.

2.1.5Gain and Laser Amplification

There are several rare earth elersersied indevelopng opticalgainin a fiber

laser but yttdsium makes differencbecause ohvailability of low costindustrialpump
13



sourcesand emission spectrum. The gain dynamics of the rareaarttenidoped fibers
is similaralthough they have differeemission and absorption specarad applicatioa
The gain dynamics can be categorized into treaps suchastwo level,three level and
four level systerm The two level laser mediuwannotbe usedor light amplification
sinceprobability of pumping the ions into higher energy stestequal the probability of

stimulating them back dowithe three and four l&V system are illustrated Figure 27.

Level 3 Level 4
-
A

Fast radiationless decay Fast radiationless decay

v Level 2 Level 3
T

Pump transition Laser transition

Pump transition Laser transition
Level 2
Level 1 1 Level 1
N
S ] Y\
3 Level Scheme 4 Level Scheme

Figure 27. lllustration of three and four level lasing

In both three and four level lasingire earth ions are excited to higher energy
levels via the absorptionof high energypump photons This process is known as
A p u mp The bigher state is a shdited state, so ions rapidly decay to lower energy
statewhich is also callech metastable stateyithout radiation just after the pumping
processThe energy which is achieved in higher energy levels is used to amplify signal
by stimulated emissio.he amplificatiorachieved vidransfer from pump to signalhe
difference between three and fourdégystem isn type of thefinal energy state of ions
after the stimulated emission process. The process ends up in the ground atieéor
level system, while it ends wghan excited state infaur-level systemHigher population
densityin the ugper energy level isequired for both othe systemsaccordinglyso high

pump power i necessity.

14



In this study, ytterbium dopedain mediais used to amplify signals where
ytterbium has a three level lasing scheRette equationarevery important to understand
the amplificationbehaviorof this type of system(tterbium based fiber lasamplifier
theorywasfirst discussed for rarearthmetaldoped fiber lasers for a shorter emission
wavelength in 199428]. In this thesis, a ytterbium doped media will be discussed and it
can be modeledhy pump excitationand deexcitation rates and seed absorption and
emission ratesA two-level laserschemecan be used to mode76 nmytterbium fiber
laserpumping The Figure 28 showsan energy diagram of a two level system where
excitation and dexcitation rate of pumpareindicatedas’Y and’Y respectively,
signal absorption and emission raiesw andw respectivelyd is the spontaneous

emission rate

=

§)

§

>
R

(€ = o

Figure 28. Energy levels for a two level system.

Therate equations can be written by indicatpmpulation densitieast hj for

lower and upper statespectively.

w, N n E A n 'E ATE (29

— o YO & YO b0 (2.10
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Where0 0 p by the energy conservation law aitlij Q6 Tt for steady state
conditions so;

0 . . . . = (211

0 . . . . ~ (212

where tle spontaneous emission ratel&pend on the life time of the Yb iong ) in upper

level and can be shown

. P
F 213
0 T (213

The absorption and emission cross section of Yb ion in the fiber core determine the

signal and pump transition rates of system and can be defined as;

: - "Oﬁ : . "Oﬁ 214

@ D w G (219

'Y ” "OF] !Y ” "O" 2
R B 219

where 'O and O are corresponding intensities for signal and pump respectively with
transition frequencies of signal and transition frequency of puni@ ., and, are

the absorption of signal and pump cross sections respectivebnd, are the emission

of signal and pump cross sections respectively. The pump and signalaoiagons can

be expressed for a two level system. The propagation equattfmmmimpand signal along
the fiber is defined in equatiofs). 2.16andEq. 2.17respectively
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In the equations above, is the ion density and and6é arepump overlap factaand the

signal overlap factor respectively. can be defined as equation
-~ (218

where'Y is area of the pumping core aitlis doped area of the gain adds the overlap
of mode field with doped medi@he small gain coefficienf2q) can be defined by using

propagation of seed equation as;
Mg @ , v , 0 (219

2.1.6Limitations of the amplifier

To develop aeliable and durabléber laser amplifier, many physical litations
should beeliminated anagxperimentabutputs should be monitored accurat&8incethe
light propagats in a very small mode size and long nonlineadium, encountering
nonlinear &ects is inevitablen afiber laseramplifier. Moreover, damagtresholdof
the components and thermeitations splice lossesnd photodarkeningre the other
mainfactorswhich affect the performance of taeplifier. In this sectionthe limitations
which affecs reaching high pulse energy and powerinanosecond pulsed fib&ser
amplifier will beexplained.

The power density of electromagnetic field is very high in an optical fiber since
the laser signal propagates in the order of micron BMoeeover the cavity length of a

laser system can be very long, thihe fibers exhibit variety of nonlinear effect3he
17



nonlinear effects such asmulated Ramascattering stimulated Brilluionscattering and
the Kerr effect play an impomé role inthe performance of high power fiber laser
systemespecially durindiigh power andigh pulse energy operation.

The interaction of light with acoustic phonons, which resuita frequency
shift, lead to dimulated Brillouin scattering (SE) in narrow linewidth fiber laser
amplifiers. SBS can be observed even very low power leveld29]. The scattered
photons propagate in the opposite direction of the pump photons by the reason of
congrvation of momentum principle. If a narrow pulse is used ifiben opticalsystem
and annihilation of signal is neglectelle threshold of S8 can be expressed as

(2.20)

where'Q is the Brillouin factor andtisequaltow  p 11 m/W for a typical dopedilica
fiber[30],0 is the critical power where Brillouiscatteringpccurs®  is the effective
mode area of the fibeb, is the effectivdiberlength The effective fiber lengtepends

on attenuation coefficient of the finer and can be expressed as

(2.21)

Stimulated Ramascattering (SRS) is an inelastic scattering and it is observed due
to scattering of photons by optical phonohs SRS processforward and backard
scattering can be observed and it limits the average power of pulsed fiber laser systems.
It is observedn fiber laser amplifiers while pumping a gain to amplify sigi@le peak
of the Raman gainip p m™ m/W for 1° d&wavelength.The same approach with

equation 2.2@an be used to calculateresholdoower forSRS,

0 Py (2.22
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where'Qis the Raman factor and equald® p 1 m/W for silica[29].

Four-wave mixing(FWM) is anothemonlinear effectvhich occurswhen at éast
two differentwavelengthgropagaten an optical fiberln a fiber laser amplifier, FWM
can be defined as noise generation by energy transfer of pump to BMyfMlincreases
the noise of the amplifier and affects the performancabefr flaser amplifiersif we
assume that leastwo incidentdifferent wavelengtld andu whereu 0 propagate
in an optical fiberthey interact with each other and create two new wavelergthad

0 at different frequency by the following equations.

b 0 0 U h (2.23)

(2.24)

The refractive inde in a nonlinear optical medium,depend on the optical
intensity andcanchange at higher intensities. The change in refractive indematerial
is referredas Kerr effect. 8lf-phase modulatio(SPM) and crosgphase modulation are
refractive index changedue tononiineareffects. SPM occursat high optical intensities
and can be described by

i & &0 (2.25

where¢ is the nonlinear index coeffient andQs the intensity inside the fibein this
equationg ¢ is nonlinear change in the refractive indexSPM, wherthe refractive
index of the mediumincreases, a phase shift in the pulse is obser@edssphase
modulation (XPM)effectis alsoanoptical phaseshiftin a light beanmas SPM however
it is inducedby changing a phase ofvgavelengthby another wavelengt®&MP and XPM
can be supressed in a fiber laser amplifiey increasing the modeefd diameter of the
fiber.

Photodarkening is a transmission loss effect in the gain medium of amplifier in
fiber lasers and it affestthe long term reliability of system. In a doped media, the
reversible absorption centers can be created in timeraidiation of light at acertain
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wavelengthshence transmission losses of the doped medium may increase. The higher
doping concentration causmore reversible absorption centess choosing low doping
concentration fibers is a solution to eliminate toldarkening affect.

Efficient light confinement in the core of a double clad fireanother important
factorin high power fiber lasers1 constructing agood fiber amplifier, hence agood
cladding strip operation isecessaryo protect coating of the fibelf. residual pump light
propagates a double clad fibert candamage coating of the fiber laser components
even at low powers in time. The cladding pump can be eliminated from the fiber by using
cladding pump stripps. The thermal effects on the fiber coating should be maniaged

orderto maintain a long term high power output frtme amplifier.

2.1.7Amplified Spontaneous Emission

Thephysical and quantitativenderstandingjof noise(or parasitic background)
an optically amplified system playn important role tooptimize the fiber devices.
Amplified spontaneous emission (ASE) isype of noise thais caused by spontaneous
de-excitationin an active media. After population inversion process,ettated ions
without any coherence property can be generated whilduhelgack to the ground state
without stimulation. The generated spontaneous emission gets amplified in forward and
backward direction while it travels through the gain medidyh.optical energy is
consumed into ASE while pumping a system, if there is no input si§8&.can reach
high power level and saturate the gain of lasbereare several parametdtsat dfect
the ASE rate in a fiber amplifier system, such as dopingceatration of gain media and
length signal and pump power, pump wavelength eepktition rate ASE is oneof the
most dominant noise intens of kHzrepetitionrate MOPA desigtiber laser amplifier
thataffectsthe performance of the system becayterbium ion has 0-8 ms lifetime in
its excited state.

ASE can be modelédoly using equation of theumber of theandomly polarized

photonsQév b et we eandst+hiies 3f r efBllenci es as

20



)

N4 . .
QE0 & QU] oT—‘r‘”'ch 6 ih— iR Qi0— (226

whered is the spontaneous decay rate which is equgil to The lineshape function is

defined asQu , ~is the spontaneous emission ration in the fiber and the volume

elementQ w=" 0'Q ¢ 8The overlap between the density distribution of excited ions and
guided mode expressed in the integral wiierés the excited state populatiofs, i h—
is the mode envelope andh— represergcylindrical transverse coordinates.

The spontaneous emission power per unit frequency can be fou by

" Q& and creation rate of the spontaneous emission power in bantiwiikh

'Q 5 _ 3 3

where he power of one spontaneous photoa randwidthof | Us D .

2.1.8Master Oscillator Power Amplifier (MOPA) Configuration

The master oscillatqggoweramplifieris a type of fiber laseronfiguration where
the power amplifier is designed via fidemsed components. In this dgsithere is a low
power laser seed which is increased to high power levels bgaatemetaldoped fibers
and high power pump dies. MOPAconfigurationprovides higheroutput power levels
higher beam qualityand higler efficiency than other type of bulk lasers. In a pililse
MOPA sydem, pulsewidth of the seed is modulated externally and theirmppain is
pumped bya CW or pulsed pumsourcefor achiewng high power leves. The main
advantages of MOPAasedfiber laser systemareindependent anélexible control of
pulsewidth and repetitionrate via external modulation. Moreover the systems can be
designed as pulse shape tunable and upgradable to higher output powgrie

schematic of a fiber MOPA system can be sedfigare 29.
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Figure 29. Schematic of a fiber MOPA system

The fiber MOPA system configuratiaran beasFigure 29 where fibe laserdiode
is used as a master oscillator. Then an amplifier, which is pumped by a pump diode, is
constructed after oscillatstageto amplify seed laser. The seed signal anchplare
combined via a fiber coupler then ytterbium doped fiber is used to create.arhain
amplification of the system can be raised by using another amplifier with ytterbium doped
fiber and pump diode, hence the MOPA system can be formed bysaeiagal amplifier
stages.

Despite the advantages of MOPA systems, their construction is more complicated
than Qswitched laserswhich arethe other mostype of pulsedfiber lases. However, Q
switchedfiber lasers are not flexibli@ their design Moreover,changingof pulse duration

and repetition rates not possibléndependent of each other in as@Qitched fiber laser.
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CHAPTER 3

PHYSI CAL MECHANI SM BEHI ND LASER MATERI AL

The effect of laser radiation effects on matter can be studied in several aspects such as,
electromagnetic, thermodynamic and optical interactions. After illuminating a material
with laser beam, the energy of the beam is transformed into electronicierciatrgy.

After transforming process, by collisions between the lattice of material and that of
electrons, energy is transferred to the lattice. The energy of laser affects the material in
several ways such as ionization, temperature rise, vaporizationgasifying. The
interaction of laser and material can be described in a simple way by using heat flow
model which is represented figure 310. Here heat flow can be assumed to happen in z
axis and radius of the spot is larger than the penetration depth. The diameter of the
collimated beam is represented as D, focal length of tied#ter focusing on a material

is f, the spot size igL .

2Wo

Penetration depth T

Semi-infinite target

L1

1D heat conduction

Figure 310. A simple lasei material interaction model
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There are several parameters which affect the processing of the material with lasers. First,

the material characteristic is important with specific property such as thermal diffusivity,

thermal conductivity, temperature and heat of vaporization. Thetrefigof the material

has a dependency on frequency of the laser radiation and temperature of the material.
While many metals such as Ag, Au, Cu, Al have reflectivity higher than 0.8 in processing
with Yb doped fi ber | as e witha@dreasing®emperataer el engt t
Thermal diffusivity and conductivity also affect the processing of the material. For
instance, while processing a poor conductor
higher than high thermal conductor material likeebtespecially in high power laser
applications. Moreover, removing materials from the laser application surface depends on

the heat and temperature of vaporization. The higher material vaporization temperature

and heat is, the bettdre materialremoval.

The other parameters for material processing with laser are depth of focus,
intensity profiles, beam quality and beam diameter (beam spot size). The intensity profile
of a laser beam can be divided into two groups as spatial and temporal profile intensity
Spatial distribution of power density can be defined as the intensity difference as a
function of distance from the center of the beam, in a plane perpendicular to its direction
of propagation. Temporal profile can change from CW operation to ultrgshisets with
very high repetition rate. Beam quality, beam diameter and depth of focus affect the
process of material and they can be shown mathematically by using beam equation. For
instance, if a collimated laser beam is focused to a material by a léna feical length
"Qand diameter D, the beam radiusat a z distance from the focal plane in agreement
with ;

(3.1)

whereU radius of waist} is the wavelength of laser beam and is the beam quality

of the laser beam. The spot sifehe laser for the equation 3slcv  and shown as ;
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cO — (3.2)

The depth of focus (DOF), which is the distance where diameter of the beam continues

smaller tharic times the laser spot size, is represented as;

i C
— (3.3)

3.1 Physical Processes

The laser material interaction subject requires dmmkgroundnowledge from different
disciplines. The interaction processes of laser beam with material are absorption,
reflection, transmission and scatterigijgure 31)

Incident laser beam

Reflection

,//"

S~ Absorption
Scattering <——

\. Transmission

\\

Figure 31 Laser light interactions with materials

The first interagbn process of lightvith a metdlic material isthereflection. After reflection
process, much of laser energytrisnsferred tahe material as a result absorption The
absorption can be explained as an interaction of free or bound electrons of material with

electromagnetic wavé&he electromagnetic radiation and material interactremostly due
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to the electrons of the material since nucee heavy toperusehigh frequency of the laser
radiation.The penetration depth of the metal for 1064 nm wavelength lagpraally about
10 nm.There arevarious effect®ccurringin materialdue toabsorption. The basic effects for
high power naterialprocessing arleeating, vaporization, plasma formation and meliigen
electromagnetic radiation pasdy the electrons of the material,imducesa force to set

electrons into motion by electric fielflhe exerted.orentzforce can bexpresseds[32];

W 34

wherev is the velocity of electrom, is the speed of lighif. we consider that electric field and
magnetic field have same energy, the addition of magnetic field to the exerted faséhare

that of electron field due to thactor of the order abj Gaccording to equation 3.thus the
term'Qbis an important term for the equation above. The radiation absorbed by the material
results inan extra energy of the charged particldge extra energy can be kinetic energy of
the free electrons or excitation energy of the bound elecfitres), the heat generation
occurs dueto the degradation of the localized and ordered excitation energy. The

absorption process for laseraterial inteaction can be expressad equation;

04 OA (3.5)

wherethe expression known as Bdeambert law andOd showsintensity of radiation
at depth z;0is the incedence intensity,is the absorption coefficient. As shown in the
equation3.5, intensity of the radiation of the laser attenuated through the material. The
most of the attenuation of laser radiation appeared in a critical length as known as
attenuation length and it can be expressad) pj ‘ . The absorption coefficient for a
high absorptive material is aboptrtA i and attenuation length is abqutrt A |
[33].

The absorptivity and reflectivity are another important factors wéftdct laser
material processing. The absorptivity of the material is an absorbed incident radiation at
normal incidence. Absorptivity (Agndreflectivity are complimentargnd theyare related

for opaque materialgs in
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6 p Y (3.6)

Absorptivity and réectivity calculations can be dort®y usirg the complex refractive
index € ) whichdepend on extinction coefficient and refractive index of the material
and can be expressed &is ‘Q&The extinction and refractive index of the materials
depend on the laser radiation wavelength and temperature of the material so reflectivity

of the material is influenced by these two parameters and it can be expressed as;

Q (3.7)

The variation of absorption with the wavelength of commuetallic materials can be
shown inFigure 32. As shown in the figure, the absorption of the material generally
decreases with increasing wavelengife situation is opposite for the reflectiviyence,
materials are less reflective at shorter wavelength lasers. The materials which are
irradiated by afiber laserare absorbed strongly thah/ laser but dependence of
wavelength for absorption can be used only as a guidelines since there akfaets
effecing absorptivity.For instance, the reflectivity generally decreases while temperature
increase, thus a material can become high absorber for high temperature while it is a high
reflective at low temperature. This important situation shdhat the increasing
temperaturef the suface of the materiabccursin while processing the materials with

lasers.
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Figure 32 The absorption of laser output at different wavelengths varies according to the
materials involved (adopted from [34])

The material which interagtwith laserabsorbs energy of the laser beam #meh
absorbed energy is transformed into heat by rialuof primary localized and ordered
excitationenergy levels. The relaxation timesexcitationenergy levels araboutp 1t
s for metalsAfter the conversion of the laser energy into the iteatconduction process
andtemperature sharingccur During the material process, the degree of the temperature
and ionization of the vapocreate physical effect;n the material such aseating,

vaporization, melting, plasma formation and ablati{gigure 33)
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Figure 33 Effects after interaction of lasers with material. Orange arrows indicate heat
conduction.

The physical effects can be categorized into threaps asthermal effects, plasma

effects and ablation.

3.1.1Heating

Heating process can be discussed by evaluating temperature distriuteon.
analysis of the thermdidehaviorof the material can be solved wiging onedimensional
heat conduction equation whichimglicated by Jager and Carslaw in 19389]. In thermal
analysis, material is assumed as homogeneous, the temperfatiie material is constant
at thebeginning, heat is uniform during the radiatimaterial interaction and losses due to
radiation and convection are negligiblewe assume that a temperattiM@s applied to

location z, he heat transfer equatiafter timed can be showas;

PYERd T UYai
"o | T a

(3.8)

wherg is thermal diffusivity.
The laser irradiation scheme for initial, heating and cooling times can be seen in
Figure 34.
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Figure 34 Laser interaction with matter at different times: a) Initial condition where
temperature is uniforniy, b) Laser heating process where surface temperatisdigher
than initial temperaturéy, c) Cooling of the material after laser off.

The initial condition of the temperaturedat mcan be written as;
Yart  "Ywhered T (3.10

If we assume that, energy of the laser beam which is absorbed by the material surface is
equal to conducted energy, boundary condition at the surface can be written as;

i) (3.1)

T a

whereO absorbed energy by the materi@lis the thermal conductivity. The equations
during the heating and cooling can be obtained. If the laser is on, the irradiatian time

dand if there is no any laseraterial interactiond 0 . While laser is onY"Y ofd

can be defined as;

-O y N d,
= U O E A OA&A— (3.12
T O
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In Eq. 3.12°A& O @& As the where ierfc is thiategral of the complementary error function

and itcan bewritten as ;

S

= Q Q, (3.13,
"

EAO@:EAM% ABDo  @p

Ata T, for the equation8.12and3.13 temperature of the surface while cooling and

heating of the material can bbtained:;
yYmio - (3.14;

. - (3.15

3.1.2Melting

Depending upon the material, the surface temperature of the material which interact
with laser may reach the melting or boiling point at high or low power densities. The
melting and boiling thresholds are very critical while processing a material witpdwgtr
laser. Afterreaching melting temperature, the material stops raising its temperature, then it

gains an energy to melt a volume and enggy equation can be described as;

(0 07 @ (3.16
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whereO is the heat of fusion and is density of the material. Hence, at anitial

temperaturéY, energy for melting a volume of material V is;

0 © YUY T @ (3.17

where ¢ is the specific heat andY is the melting temperature of the materighe
maximum depth for a melting applications with constant pulsed lasers increases while laser
power density increaséBigure 3.5a). If the pulse time of the laser increase at constant laser

power density, the depth of melting incress$égure 3.5b)

L <Lh<I

Congstant t,

§ Depth of melting, zm

t time, t
t3 b1 <t <ta

Constant T

Depth of melting, zn

(b) | — time, t

Figure 3.5 The melting depths for pulsed laser applications. a) At constant pulse widths
b) At constant power density (adopted from [36])

3.1.3Vaporization

The depth of melting othe material is limited bythe maximum surface

temperaturef the material so its not possible to increase itao infinitely large value
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with high laser densityThe maximum value of depbf melting®  is occured while
temperature of the matatireacheshe boiling point. @ can becalculatedwhile

temperatre at melting pointY by;

., O e D
Y —5 U O E A O&A— (3.18
1 O

If the temperature reaches boiling point of the surface of the mat¥razn be

calculated by
o 1 of (3.19;

The laser beam cause a licqudpor interface in order to move inside the material, after
vaporization is achievedt the surface. Then, material removing from the surface above
the interfae of liquid-vapor is seen. The depth of the matevidiile vaporization process

occurs,can bederivedby using velocity of the liquidbapor interfacen.

, 0
W = (3.201

where0 is the latent heat vaporization. The masshe removed material per unit time

(&) is equal taw” and depth of vaporizatioff) is equal tavo , thus;

O o

—_— 3.21
WY U ( ’

3.1.4Plasma Formation

After vaporization is initiated by irradiation of the material with high laser
intensity, evaporation of the surfagecurs After vaporization process, the vapor and the
laserbeam on the material are important to understand and resolve comprehensise effe

of the laser material interaction. The vapor can be ionized and this effect is an important
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interaction.In a gas environmenthé Saha equatid®7] can be used to define degree of

ionizationby

, M ¢ qQyY
¢Q ¢ o

5 o o (3.22

whereO is the energy of ionization an@ is the degeneracy of states for ions &Rds

the degeneracy of states for the atoms or molecules. The total number densities of atoms
or molecules and electroasedefined as) . The ratio of densities of electrons and total
number densities of electrons give.

The ionization can be paatior complete and it can be classified into two group
which are cascade (avalanche) ionization and multiphoton absorption. If the laser beam
energy is absorbed by seed electrons by bremsstrahlung absorption and energy of the free
electrons exceeds ionimah energy of the molecules, the ionization process of the
molecules beginsvith collision (Figure 36a). The new electrons are achieved by the
ionization and photon energy is absorbed by these electrons. Hence, the breakdown
process (avalanche breakdown) starte plasma formation can been without any seed
electrons, interaction of particle and collision, thus collissbeach electron is ionized
independently. This meahismis named as multiphoton absorptiffigure 36b).

Incident Photon Incident Photons

Seed Electron

. lonization % lonization

o = o e =@
a) b)

Figure 36 The laser induced breakdowmechanisra: ionization by a) avalanche
breakdowrb) multiphoton absorption
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3.1.5 Ablation

The removal of the material from the surface by photochemicgblamit thermal
interactions can be defined as ablatidhe laser energy absorbed by the matesal i
converted into thermal energif. the energy of the Ber beam is very high and the
temperature of the interacted part of the surface exceeds the boiling point, vaporization
and thermal stressescur. The vaporization and thermal stresses cause the removal of the
material and tis processs known as thermadblation.

In organic materials, ablation process can occur by breaking of meylécuids.

The molecular order of the organic materials can be broken, if the incident photon energy
is suitable fomblationof the material. This processksownas photechemical ablation.

The ablation process occoot only by bonddissociation energy but also lower bend
dissociation energy ahaterial by the mulphoton absorptiof36]. In this case, longer
wavelength incidenphotonswith smaller photon energies ambsorbed simultaneously

by two or higher number of photons, then they can break the haltfusyghthe energy

of the each photon is lower than bedidsociation energy.

To understand ablation process in laseterial interaction applicationghotc
thermaland photechemicalprocesses should lkscussedogether. The relxation time
of thermal proces§f , which is related with dissipation of hegtimportant to determine
long-short pulse relation. It can lefined by[38] ;

Q

T (3.23
T

WhereQand showthe depth of absorption and the thermal diffusivity, respectiélg.
thermal relaxation time determines choosing pulse duration of thédasewell ablation
with lasers so pulse duration is one of the key parameter for ablation protiessufse
time of the laser is longer thdnthe laser energy is dissipated in the material. The material
is damagedby thermal processf; pulse duration of the laserlggher than bthe thermal
relaxation timeshort pulse durations result in the ledissipation

One of theother parametsrwhich affect the ablation of the neatal is pulse
repetition rate of the laser. The repetition of the laserkeaperial inablation zone ithe

duration between the pulses is very short. Hence, high repetition agigreciatd for an
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efficient ablation processThe beam quality is another parameter which affeloe
efficiency of material ablation with lasers. The laseam energy should be delivered to
the ablation area efficiently by a controlled beam siz®rder to apply an effective
ablation.

In industrial material processing and medical applications, laser ablation is used for

marking, cutting, drilling, micranachining, patterning and tissue ablation.

3.2 Temperature Effectsin Pulsed Lasers

The defining thermal models for continuous wédagers at constant intensity are
the easiest models among the laser operation types. The thermal analysis for pulsed
operation lasers is complex and depeoxdtemporal shape of pulse and pwheth of
the laser beam.

A laser system with multipulse operation caussmperature increase material
while each pulse interaxwith the materialThe generated pulses miag
different shapes such asctangular smooth, triangular or randonfigure 37). The
temperature of the material is affected by shape of the pulsangtance the higher

temperature is reached Bctangulapulses than other pulse tyd&3].

=
3',
=

=

Intensity
Intensity
Intensity

Time,t Time,t Time,t Time,t
a) b) c) d)

Figure 37 Different laser pulse shapes; a) rectangular, b) smooth, c) triangular, d)
random shapes.

After each interaction of the pulse with matergatoolingtime takes placdill interaction

of the next pulse. The cooling may not be enough for long pulse operation due to duration
between the pulses. The temperature of the material while subsequent pulses interact with
the material is higher than heating via prior pulses. Eethe heating of the material for

pused laseimatter interactiongdepend on the heating and cooling time which
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determined by pulse duration and time between the pulses. The relation can be seen in
Figure 38.

Intensity
Intensity

Time,t E : ::Time,t

Temperature
Temperature

Time,t Time,t
a) b)

Figure 3.8 Schemeof temperature difference on material surface during pulsed
operation a) single pulse, b) multipulse laser operation on material.

3.3 Special Instrumentation for Laser Material Processing

The outcome quality dhelasermaterial proceseg applications dependst onlyon
thelaser parameters but also the carefuinstrumentation of the whole laser syst&fhile
constructing a systemt is very important to chooseppropriateinstruments such as
galvanometric scanners anth&tha objectives. The scan speed limits of the galvanometric
scanner specify the overlapthe pulses at different repetition rate. The objectives which are
usel to focus laser beam, affect the depth of fald hence strongiyfluence of laser beam

on the processedaterial.

3.3.1Galvanometric Scanners for Material Processing

The galvanometricscanner systems help the material processing applications to

achieve high speed and precise position on the mafEny.involve rotary motors which
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direct focused laser beams onto target material. Treywidely usedn industrial
applications especially in marking, engraving, sintering, melting, drilling, scribing
processGalvanometricscanners offer a number of advantages such as contact free and
precision processing, high speed, flexibility without retooling, elaton of the
mechanical tool weal. N t o d ay 0 sareequippéddith a ¢ldsesl yoop position

control to achieve high scan speeds and precise laser process. The scanner consist pair of
mirrors which are rotated by servo amplifiers. The simple salierof a laser processing

by galvanometric scanneissshown inthe following figure.

Scan head Power Supply

—

Control Card Computer

\
Objective "

Processing Area

Figure 39 The basic configuration of material processing with stad

A commanded positiodata is createth computer and a digitahterface included in a
control card is used to transfer data to scanner. There is a position detector inside the scan
head, it provides closed loop feedback to the control card. The control card cethpare

data with actual position of the mirrors arfjuesis current through the scan head to correct

for any variancedfter output of the scan head, asilfetalensis used to focus laser beam

to the materialThe spot size and depth of focus is deterchioye the objective according

to equation 3.3.

3.4 Main Parameters

While processing materials with a pulsed lagarerating nanosecond pulsesveral
parametersuch as pulse energy, pulse duration, peak ppaeer intensityare important for
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the efficiency and quality of the processititst, while pulse energyO of the laser
increasesthe depth of the processing area increase. It depends on the average power (
and repetition rate of the laser puls& andis calculated byd ¥'Q Second, the pulse
duration 0 is another factor which impacts the labenaterial interaction duration. Third
the peakpower of the laser beam whidepend on the average power, repetition rate and

pulse durationis essential to overcome material processing thresholds. Thepealspower

of the laser is calculated by8Fourth,power intensity of the laselepend on theaverage

power of the laser effective focal spot a@a( . The calculation of the intensity of the power

density is

0 w
0000 G OETE T h

(3.24

Also, fluence is used to calculate intensity of the laser beadiviming the puse energy by
the radiated area as;
O 0
0'QQQ WAEAN P LD Qudd

(3.25

Sinceintensity of the laser beatioes not onlgependnthe first three parameters llgpends
also orntheoptical configuration of the systefsuch as focal length of the laser, begrality,
etc.),the optical configuratiodetermines the response of the material to the laser beam more

dominantly than other basic parameters.
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CHAPTER

DESI GN AND | MPLEMENTATI ON OF A 60 W PULSED

In this chapter, development of the nanosecond pulsed ytterbium doped fiber laser
amplifier will be explained by discussing design and implementation parameters. First,
modulation ofthe pulse®f the seed signal will be discussed, then amplificationeobéed
will be explained by dividing each amplification stages. The fiber laser amplifier, which was
constructed for this study, is based on MOPA configuration so, sevesnpitiiers were
used to amplify power. The amplifier geawas divided into tee stagess preamplifier,
middle amplifier and main amplifier. Reanplifier stage can be defined as a seed of middle
amplifier and it has two amplifier stages. In this chapter, all amplification processes are
explained from seed to free space laser outputtail.dEhe whole system was characterized
by monitoring the spectrum and pulse shapes of the all stages. The nonlinear effects and ASE
at the output of the systemill be characterized to achieve a spectrum without ASE and SRS.
Moreover, the components et system were reduced, special electronic configurations and
mechanical case were developed for industrialization of the system. Hence, the system was
industrialized at the end of the experimental works.

4.1 Modulation and characterization of the seedignal

The fiber laser amplifiers with MOPA design is based on that a fiber laser
architecture is divided into a seed laser and an amplification stage. The electronic
modulation is an effective way to achieve controlled pulses from the seed of the laser
The modulation allowsto generate optical pulses by the modulation of the current
generator. The pulses of the system are created by modulation of the current of the laser
diode.
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In the industrialized of the system, an electronic controller with inchzpely
adjustable pulse duration and repetition rate property for modulation of the diode were
developed. For the experimental setup, the modulation of the diode was performed at
constant repetition rate and pulse duration 100 kHz and 203 ns respectively.
experiments, seed of the fiber laser amplifier is achieved by a 1064.15 nm broad
bandwidth fiber coupled diode and pulse duration of the laser is generated via modulation
of diode. The gratings inside the polarization maintaining fiber of the didole aker
short pulse modulation and keep peak lasing constant. While operating current of the
diode is 0.75A, operating pulse peak current is 2A. The diode packagemetically
sealed 14in butterfly and the connection pins of the diode have peltiglecpins to
control temperature of the diode especially in pulsed applications. Moreover, it is capable
of generating nanosecond pulses from 5 ns to 500 ns and repetition rate up to 500 kHz.

The signal diode was modulated as seen in the following figure.

Electronic
Pulse Diode

AWG i [
Trigger —_ —
— Current |——— = =G
Driver | |
|

L

Optical Pulse

Figure 41 The configuration of the diode modulation system.

The pulsdrain wasgenerated by arbitrary waveform generator (AWG) and sent to current
driver, then an electronic pulse was generated for SM pump diode. The pulse was sent to
diode for modulation. For this study, 100 kHz repetition rate with 203 ns pulse duration
was genertzd. The duty cycle of the pulses is very short hence optical output of the diode

become very low. For instance, diode output power is 294 mW when it is driven in CW
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regime at operating current 0.754hile output of the seed laser is 0.48 mW at the same
current at 20 kHz repetition rate and 100 ns pulse duration. To overcome low output
problem, the diode was driven at 1.77A which is near the maximum pulsed peak current
by a current driver thus a sufficient seed signal was generated from the diode for
preanplifier. The seed signal power from the diode is very important for reliability of the
system. The temperature controllingthe diode isanother important wotkf the diodes
are operated at high current. To control temperature of the diode, teérat@ cooler
(TEC), which controls the peltier inside the diode module, was used. The temperature data
set in microcontroller and TEC is operated with microcontroller by receiving temperature
data from it and stays temperature of the diode. The temperanitrelting of the diode
is important for efficiency of the signal seed since the optical power of the diode decreases
at same current while temperature of the diode increases.
The modulation of the diode was characterized in different pulse durationtsteps
adjusting duty cycle. Four different pulse durations which start from 203 ns to 407 ns
with about ~50 ns incrimination. While aiming to achieve high pulse energy and peak
power at the output of the amplifier, SRS power should be minimized. To minimize
nonlinear effects at the output of the sys-
of the seed signal. In this thesis, all characterization from preamplifier to output of the
whole system was characterized for 203 ns and the shape of elquitszlgenerated
from current driver can be seenHigure 42.

The optical pulse generated by using electrical pulse was measured and its shape
can beseen with the pulse train which measured at 100 kHz repetition riaiguire 43.

As shown in figures, the shape of the optical pulse correspond to electrical pulse shape.
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Figure 42 Pulse shape of the modulated seed signal
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In this thesis, the dutgycle configured 200:1, which means it is ~200 ns pulse
duration at a repetition rate 100 kHZhe output power of the seed signahs
characterized with different repetition rates and pulse durafldveschange of the output
power from the seed diode has shown while changing the repetition rate and pulse width
respectively inTable 4.1The results show that increasing average power corresponds to

increasingepetition rate and pulse duration.

Table 4.1 Outputpower of the seed diode with respect to different pulse durations and
repetition rates.

Power( mW)
Repetition Rate 203 ns 254 ns 304ns 359 ns 407 ns

(kHz)

100 4.9 6 7.3 9 10.6
150 7.2 8.6 10.6 13.8 15.1
200 9.6 11.3 14 17.1 19.2
250 11.9 14.2 17.9 20.8 23.5
300 141 18.2 213 24.7 27.8

4.2 Preamplifier Design

The preamplifier of the system can be defined as a seed of the laser for middle
amplifier. To achieve a sufficient seed power for middle amplifier, two amplifier stages
were set in preamplifier. Theoretically watt level output instead of miliwatt can be
achieved in preamplifier stage by using only one amplification process from the seed
laser. The reason that construction preamplifier stage in two amplification process is that
high gain amplification from a low signal causes very high reflected ASE elpetia
low repetition rates. Hence, it is possible to damage seed laser diode. Moreover, the
preamplifier was constructed by SM operation fiber in order to keep nearly diffraction
limited beam shape at the output of the fiber laser and this type of ¢doefze damaged
at high level outputs. In addition, industrial fiber coupled SM components which are used
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in preamplifier ofthe system are not capable of maintaining high peak power operation.
For instance, SM fiber coupled band pass filters can be ogexateeliable at maximum
500 mW CW signal power, while single mode polarization insensitive isolators are at 300
mW. These values are lower for pulsed |asgnals.

The pulses generated by modulationhwtthe approximate duratiosf 203 ns or
longer are amplified to more than 200 mW power by a core pumped preamplifier stage.

The simple schematic of the first stage of the preamplifier is showigune 44.

Yb doped fiber

I L] Isolator Bandpass Filter WDM Bandpass Filter
-- — —
[T
Modulated seed diode
[NNARAR
— .

IRERRRN
SM pump diode PLP

Figure 44 The first amplification part of the preamplifier stag¢DM: wavelength
division multiplexerPLP:pump laser protector

In the first stage of the preamplifier, 4.9 mW output powectseved from the seed laser
diode, which was made from a PM fiber of i5 core and 1251 cladding, at 100 kHz
repetition rate. The wavelength of the diode can be seBmgume4.5, where 0.988 nm

FWHM was seen in spectrum.
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Figure4.5 Spectrum of the seed diode

The laser diode is protected from the back reflection and amplification which potentially
damages the seed laser diode, by a fiber coupled polarization insensitive isolator.
Moreover, backward amplification is a factor for reducing efficiency of the vdyskem.

The fiber coupled isolator has an operating wavelenétinm at 1064 nm and its fiber is
HI1060 (mode field diameter of 6:2n, 0.14 NA, 125 m cladding) which is a neGRM

fiber and has different core structures than diode fiber. In additisertion loss of the
isolator is 1.5 dB, thus splicing of diode and isolator with very low splice loss is very
important to achieve high transmission rate. To overcome splice loss from PMRivhon
fiber splicing, longer artime with respect to same typéfioer splicing operated to the
nonPM fiber to increase its NA for coupling much seed signal from the diode fiber. An
efficient splice was achieved by 3.30 mW output power at the isolator output, hence the
mostof transmissiorioss caused insertion los§the isolator. After isolator component,

a 1064 nm fiber coupled band pass filter was used to protect diode from back reflected
ASE which is generated in amplification process. 3.21 mW power was measured at the
output of the band pass filter, after aficént core to core splicing with isolator. The seed
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laser signal and pump signal was combined at the same fiber for amplification in the
ytterbium doped fiber by a two port wavelength division multiplexer (WDM). 3.17 mW
seed laser power was achievedla dutput of the WDM fiber. The seed signal was
pumped with a 976.22 nm operating wavelength diode and pump diode temperature was
stabilized by a TEC in order to prevent peak wavelength shifting of the pump source and
efficiency of the amplification procesMoreover, a pump laser protector (PLP) was used

to protect pump diode from the back reflected light. The gain of the stage was pumped
within different ranges of pump powers and different types of ytterbium were tried to
achieve an optimum signal for sex amplification stage of the preamplifier. A HI1060
which is matched with ytterbium doped fiber (mode field diameter @f ‘4m, 0.22 NA,

~300 dB/m at 976 nm absorption) was used for amplification process. In order to choose
correct fiber length with dierent pump signals, a simulation which was coded by Bilkent
UfoLab members, implemented in MatLAB software. The simulation was examined for
3 mW signal seed to check ASE level, length of the ytterbium doped fiber for adequate
amplified signal level. Theimulation was generated for t@vel gain medium. The
simulation results about absorption of the pump, amplification of the signal power and
ASE power along the fiber is shownkigure 46.
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Figure 46 Numerical simulation results for a) pump power, b) signal power, c) ASE power
as a function of fiber length for pump power of 100 mwW, 200 mW and 300 mW.

The simulation results show that optimum fiber length for three different pump power is
between 40 cm to 60 cm. As showrHigure 46¢. ASE power isncreasing dramatically

while pumping with more than 200 mW. When considering that higher ASE power than
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simulation results in pulsed operation, maximum 100 mW pump source was applied to 60
cm Yb doped fiber for amplification process by forwardl core pmping methodThe

output power of the Yb doped fiber with respect to the pump power is shown in following
figure.
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Figure4.7 Pump power vs. output power from ytterbium doped fiber output.

The output power 42 mW was achieved from the Yb fiber output and a low level ASE
was seen from the spectrum of the Yb fiber output. A fiber codggad pasélter which
works at nominal center wavelength 1064 nm, was used to eliminate ASE. After
eliminaion of ASE and transmission loss from thend passlter and splice loss, 39 mW
output power was achieved at fiber output of blaad pasdilter. The spectrum of the

signal at the ytterbium fiber afind pasé§lter output is shown in the followingdure.
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Figure4.8 Spectrum of the a) ytterbium doped fiber output (logarithmic scale)

The signal from the band pass filter was used to amplify second stage of the preamplifier.
Hence another amplification stage was used and its design can be shown with first

amplifier in following figure.

Yb doped fiber
s LLLLLL Isolator Bandpass Filter WDM Bandpass Filter
| = | —t— —
[RERRAL
Modulated seed diode
INNANNN
=
TTEETT
SM pump diode PLP
2nd stage of
the preamplifier < (=3 —— S =
Isolator Bandpass Filter Yb doped fiber WDM

LILLLLL

L
T

PLP  SM pump diode

Figure4.9 The preamplifier system
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In the second stage of the preamplifier, Yb doped fiber was pumped by signal
which propagate from band pass filter to WDM where 0.32 dB signal loss from band pass
filter to WDM was seen due to splice loss and insertion loss oMb#. Hence, 363
mW signal was taken from the end of the WDM and it was pumped by 300 mW 976.09
nm SM pump diode for amplifying. A ytterbium doped (mode field diameteBof 4o
“m, 0.22 NA, ~1200 db/m at 976 nm absorption) was used for amplificatiole agith
of the ytterbium doped fiber was determined by using numerical simulations. The
numerical simulation results for second amplification stage of the preamplifier is shown
in the following figure.
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= Pump 200 mW

—Pump 100 mW
P 0.204—— Pump 300 mW

— Pump 200 mW
— Pump 300 mW

Pump power at 976 nm, mW
i
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Figure 4.10 Numerical simulation results for a) pump power, b) signal power, c) ASE
power as a function of fiber length for pump power of 100 mW, 200 mW and 300 mW
for the 2nd stage of the preamplifier.

The maximum saturated laser power from preamplifier stagdinvéied to 200 mW to
achieve an adequate signal in middle amplifier stage without ASE. In addition,
components at the end of theeamplifierstage work reliable at this power range. The
simulation results show that the maximum signal by pumping 300 mii power can
be achieved with a fiber more than 50 cm. To achieve low ASE spectrum at the output of
the ytterbium fiber 100 cm Yb doped fiber was used according to simulation results. After
pumping gain with ~300 mW, 237 mW signal power with a low AfBieved athe
output of the ytterbium. The slope efficiency is 69.5% at this stage. The output power of
the Yb doped fiber as a function of the pump power is shoWwigune 411. The spectrum
of the ytterbium output can be seerFigure 412
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Figure 411 The output power of the Yb doped fiber as a function of the pump power
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ASE of the last stage of the preamplifier was eliminated by using aliEd®0paséilter

and after the elimination and splice loss, 227 mW signal was achievedbatnithgpass

filter output. To protect preamplifier stage, a 1064 nm 2W polarization independent
isolator was added to end of the preamplifier. The isolator has 0.41 dB in$essand

has a matched SM fiber withand paséilter so core to core splice was perfath After
isolator, 204 mW signal power was achieved. The spectrum of the preamplifier is shown
in Figure4.13,
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Figure4.13 The spectrum of the preamplifier stage (logarithmic scelsgt:linear

scale.

4.3 Middle Amplifier Design

The signal achieved from the preamplifier stage was used to amplify an adequate
power for main amplifier stage. The multimode components was chosen to reduce
nonlinear effects, pump power and ytterbium length eveserwith caution to suppress

ASE. The anple schematic of the middle amplifier stage is shown in the following figure.
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MM pump PLP
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Figure4.14 Simple schematic of the middle amplifier staG€.S:Cladding pump
stripper, MPC: multi pump combiner.

After preamplifier stage 89:1 SM fiber coupled coupler was used to detect seed signal
while laser is operating. The backward port of the coupler is used to detect back reflected
signal. The signal was combined with pump by using a (1+1)x1 -muitip combiner

which has 101 core125¢i double clad sized fiber. 164 mW output was achieved at
the end of the MPC. 10W multi mode pump which has 97&m wavelength was used

to pump and it was protected by a MM PLP from the back reflechiorterbiumfiber

(core diameter of 10.1p * m, 0.07 NA, ~6.9 db/m at 976 nm absorption) was used as an
amplification gain. The ytterbium was pumped up to 7.5 W and the length of the ytterbium
for that pump power level was determined by simulations. First, simulation was performed
for the pump wavelggth 976 nm which is maximum absorption level of the ytterbium

The simulation result is shown Fgure4.15.
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Figure4.15 Simulation results for determining length of the fiber at 976 nm pump power

As shown in thd=igure4.15, pump signal at 976 nm is absorbed by using 4 m ytterbium
doped fiber. The length of the ytterbium was chosen by the help of simulation results so
4 m ytterbium fiber was used for amplificati process. 4.2 W power was achieved at
ytterbium fiber output, however it involve a slightly pump power since some of the pump
power cannot be absorbed by ytterbium fiber due to variable wavelength of the MM diodes
at different temperatures or imperfeplise between preamplifier and middle amplifier
stage. The multimode diodes which are used in that stage have 976 nm central wavelength,
however it may change due to variation of temperature at different operating currents and
environment. The changing welength means changing absorption of the pump.,Thus
the simulation was performed for different wavelength 972 nm and 978 nm since MM
diodes have 4 nm bandwidth and the peak wavelemyich changesaccording to
temperature of the environment and operatimgent of the diodes.

Hence, it is possible to detect a high level unabsorbed pump power for different
wavelength. The results of simulations for 972 nm and 980 nm pump wavelength is shown

in the following figure.
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Figure4.16 Simulation results for a)972 nm pump wavelength b) 980 nm pump

wavelength.

Another reason which causes unabsorbed pump is imperfect mode matching while
splicing fiberg41]. There are several splices which present in a whole fiber laser system,
so the pump leakages from core to cladding may occur after a poor performance splice.
Hence dong pasdilter after ytterbium fiber was used to measure exact signal output from

the ytterbium output. The signal with respect to pump graph is shown in the following

figure.
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Figure4.17 Measured signal power as a function of pump power.
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After pumping ytterbium doped fiber by 7500 mW pump power, more than 200 mW
unabsorbed pump eliminated by a long pass filter which only transmits photons higher
than 1000 nm wavelength. In real system, elimination of unabsorbed pump power is very
importantsince it may causes damage to fiber by localization of the heat at cladding. It
is also important to reach a high beam quality laser output since laser output with residual
pump reduce the quality of the beam. In addition, the reliability of the comizoaen
affected by the unabsorbed pump. There are several ways to eliminate unabsorbed pump
from an all fiber laser amplifier. First, ytterbium doped fiber can be chosen longer than
that of used in this stage. However, longer ytterbium causes nonlinegseffhe second

way i s using a temperature controller to
difficult for a high power diode. This is because the MM industrial diodes have small
case and it is very difficult to keep their cases at consemperature especially at
operating current. Third way is using a grating stabilized MM diode which have constant
wavelength even in high temperatures, however they are new diode technology for high
outputs and very expensive components. Fourth, usiragdialy pump stripper (CPS) is

a way to eliminate unabsorbed pump signal from the amplifier. In this design a CPS was
developed for stripping unabsorbed pump. The schematic of the CPS is shown in the

following figure.

Unabsorbed Pump Signal

(O

Fiber Index matching gel
= e

Aluminum case

Figure4.18 Design of the CPS

To develop CPS, a 10 um cotem core and 125m clad sized double clad fiber were

used. The cladding of the fiber has a refractive index of 1.45, so the environment with
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higher refractive index than clad can be developed for elimination of the unabsorbed
pump. Hence the middle of the fiber coating ander cladding was stripped and the
unabsorbed pump which propagates at the cladding was eliminated by injecting an index
matched gel to that region. The gel, which is colorless, clear and a kind of liquid
photopolymer, has refraction index of 1.56. Itigable by UV light and it was used to
recoat inner cladding of the fiber. The difference of the refractive index between the inner
clad and recoated region assists to eliminate the residual pump power. After elimination
process, 210 mW pump power wasretiated at middle amplifier stage of the fiber laser
system. The spectrums of output of the ytterbium fiber and output of the CPS component

at the operating current of the system is shown in the following figure.
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Figure4.19 The spectrum of the ytterbium fiber outpuiset: CPS output.

4.4 Main Amplifier Design

In the last stage of the fiber laser amplifier, the signal achieved from the middle

amplifier stage was used for amplification process. After amplification process, more than
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60W signal power and 0.6 mJ pulse energy were achieved with a high beam oquhlity a
good pulseo-pulse stability. The output of the amplifier was characterized, long time
tests were performed asthbility of the laseparameters werebservedIn this stage, it

is possible to happen several challenges, such as splicing differestinglatze fibers,
reaching high beam quality, temperature stabilization of the MM diodes, elimination of
the ASE and SRS, since reaching a high power laser output is a compelling way. Hence,
several methods were created to solve challenges in differéon ifghe main amplifier

and they were explained in details. The simple configuration of the main amplifier is

shown in the following figure.

MM pump
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Yb doped fiber

MPC CPS

Middle Amplifier — ] * vl

- — PP

MM pump
diodes

Figure4.20 Simple schematic of the main amplifier of the system.

In this stage, a 2Bl core size and 25pi cladding size double clad fiber input MPC
was usedd combine pump and signal powklence it is very important to achieve a low
loss splice while splicing it with a 40 and 125 1 cladding size fiber which was used

at the output of the middle amplifier. A commercial Fujikura FSM 100 splicer was
employed to splice large and smdihmeterfibers. To achieve a low losses splice result
with splicing different cladding sized two fiberarc region was chosen on the 250

t I cladding size fiber instead of center of the two fibers. The reason is that large cladding
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size fiber needs high arc power which is too much for @l 10fiber and it damages the
fiber core and cladding structure whdplicing. Hence, large diameter fiber were shifted
300 from the arc centemnd arcwas applied to that region of the large diameter fiber.
Moreover, NA of the large diameter fiber was increased in this way, hence coupling of
the pump and signal was enhadcThe demonstration of the splicing process and image

of the splice of different diameter fibers are showRigure4.21b.

Large diameter fiber
ok,

Smal diameter fiber / N

i Electodes

Figure4.21a) Simple schematic of the fiber splice, b) splice image of middle amplifier

output fiber to MPC input fiber of the amplifier.

After splicing of middle amplifier with main amplifier stage, 4.08 W power was achieved
at the aitput fiber of the MPC which has a same core/clad diameter with input. A high
doping concentration ytterbium doped fiber (10.8 dB/m absorption at 976 nm) was chosen
to amplify signal to keep fiber length short since the short fiber length provides tb avoi
nonlinear effects. The length of the ytterbium doped fiber, which has same core and
cladding size with MPC output, was determined after characterization of the pump diodes.
In this stage, four MM fiber coupled diodes whose maximum output power is 25 (97
vl | bandwidth, 0.15 core NAyere used to pump active medium by clad pumping.

The diodes have protection filter inside so PLP components were not used. The pump
di odesdéd <central wavelengths depend on the
temperature of the environment and optical design. The temperature of the diodes

increass with increasing applied current hence the central wavelengths shift. Driving
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current dependency of the central wavelength of the diodes at room temperature is shown

in the following figure.
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Figure 4.22 Measuredmaximum emssionwavelengths of theliodes as a function of

appliedcurrent at room temperature.

Hence, it is very important while choosing ytterbium doped fiber length, to perform a
simulation for different pumping wavelengths. Fiber length should be analyzed for all
different wavelengths and chosen optimal in regard to avoid from ASE and SRS. The
simulation results of ytterbium doped fiber which is pumped with four different pump

central wavelength diodes as a function of ytterbium doped fiber length are shown below.
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Figure 423 Simulation results for amplifier stagedifferent pump wavelengths at a)
970 nm b) 973 nm ¢) 976 nm d) 979 nm

The length of the ytterbium doped fiber was chosen as 7 meter via simulation results. It
was thought that, elimination of unabsorbed pump power lower2N¥ris easy by the
help of CPS and single clad fiber at the end of the system. After choosing the length of
the ytterbium doped fiber, it is very important to achieve a low loss spébtgeen
ytterbiumdoped fiber and MPC. Ytterbium doped fiber was spliceMPC by improving
a special splice technique to achieve core t
to achieve core to core alignment between ytterbium and passive fiber while splicing since
leakage of the high intensity pump may damthgefiber coating or leakage of the signal
from core to clad may amplify inside the cladd[483].
ltdés difficult to detect core of the ytte
its core geometry is octagonal. Toovercdme i s pr obl em, ytterbium do

was stripped and an arc power was applied to it in the splicer to change its geometry from
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octagonal to round. After arc process, it was cleaved and prepared for core to core splicing
and a low loss splice ptess was achieved. The image of splicing which was taken from

the splicemafter coreto core splicing is shown in the following figure.

Figure4.24 Splice image of MPC output fiber with ytterbium doped fiber.

Then, splice point was recoated with an UV curable flexible polymer gel whose refractive
index is 1.33, to couple potential pump leakage and to protect this region from the external
factors.

The diodes were spliced to (6+1)x1 MPC and operated 25 W bfedcy c ool i ng
on a heat sink. Ytterbium doped fiber was
from back reflected light and output of the system was measured from that point at
different pump levels. While pumping with different pump power levels,6 s possi bl e
encounter residual pump problem as encountered at middle amplifier stage. To develop a
long time operational fiber laser system without a strict temperature control, elimination
of the residual pump by a CPS was preferred. The residuad ptithe end of the system
was measured by using a long pass filter which only transmits 1000 nm and higher
wavelength photons. To protect system from the residual pump, another CPS was
developed as did at middle amplifier stage. A double clad 30 cnvpddsr was used.

The fiber core and clad size, NA of the fiber core and plaferredsame as ytterbium

doped fiber which was wused in this stage.
stripped along 4 cm in the middle of it. The high refractivexndes6), UV curable liquid
photopolymer gel was injected and to that region and cured. After development of the
CPS, it was spliced to ytterbium doped fiber by using same splice technique as splicing
MPC to ytterbium. Output of the ytterbium doped fisas measured 2.7 W, while middle
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amplifier being operated. Then, active medium of main amplifier stage was pumped at
different pump levels to detect residual pump levels. The elimination of the pump power
for different pump levels by long pass filter and®& respectively is shown in the
following figure.
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Figure4.25 Residual pmp at ytterbium fiber output as a function of pump power.

The active medium of the main afifier was pumped by maximum %W pump power
and output of the spectrum was characterized for different pump levels. The maximum
output signal power from the CPS fiber was measudetl W with a slope efficiency %6
at this pump level. Signal power at the output of the CPS fiber ascidn of pump

power is shown in the following figure.
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Figure4.26 Measured signal power as a function of pump power at CPS fiber output.

For the protection of thevhole system from back reflected signal while processing
material, a 70 W collimated high power fiber coupled isolator was used. The nominal
output beam diameter of isolator is 3.8 and it wdarged by a beam expander tnén.

The eccentricityand ellipticity of isolator are 0.5 and 90 respectively. The fiber of the
collimated isolator was chosen single clad {25 core and 25@ 1 claddingsize, 0.07

NA) to eliminate possible residual pumps due to @ftor spliceThe transmission

loss of isolator (0.8B) and coiling of ytterbium fiber radiuchosen5 cm hence
transmission loss and coiling radied a decrease in signal power to 60.4 W signal power
at the output of the collimated isolator. Tinensmissionoss of isolator (0.28) and loss

at 5 cm coiling radius led a decrease in signal power to 60.4 W signal power at the output
of the collimated isolator. Theeasured signal power as a function of pump power is

shown in the following figure.

65



~
o
T
1

Slope : 0.68

Output Power (W)
s 8 8 & &8 B2
I 1 I 1 I I
| 1 | 1 | |

o
T
1

1 " 1 " | L |

0 20 40 60 80 100

Pump Power (W)

Figure4.27 Measured power as a function of pump power at the output of the collimated

isolator.

4.5 Characterization of the output signal

The whole amplifier and output signal of the system is characterized from various
parameters such as beam quality, pulse duration, long term and pulse stability, spectrum
of the signal for different parameters. In this section, all characterizatioasgrand

characterizatiotechniques will be discussed.

4.5.1 Pulse Duration

The pulse duration of the system was characterized as 204 ns square pulse at the
beginning of the seed diode. While a square pulse is amplified in a high gain medium, the
tail of the pulse amplify lower leading edge of the puk8]. Hence, asignificant
distortionof the pulseoccurs at the output pulse. The distortion of the pulse causes pulse
shaping with amplification gain at leading eddehe pulse lead high peak power. There

is a relation between pulse enei@y and effective mode area of the filier as;
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00 6 Qo6 6 Yo (4.1)

where’00 is the signal intensity and 0 is the energy per unit area. If the input pulse is

square the output pulse of the system can be calculated by

6 p O pQ 7 (4.2)

where"O0 is the timevarying gain at any instant time and output pulse can be

calculatedoy;

0 0O 0700 (4.3)

The pulse duration of the system was characterized for different power and different
repetition rates. First, the pulse durations was measured at different output powers, while
repetition rate is 100 kHz as shown in figure 428. Second, they are measured when
repetition rate of the system changes in 20 kHz interval from 100 kHz to 300 kHz as shown
in Figure 429. At highest peak power, 29 ns effective pulse duration (FWHM) was
reached. The pulse width (FWHM) and shaping of the gain can be tailored to material

processing application needs.
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Figure 428 Pulse shapes at different outmowers at 100 kHz repetition rate
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Figure 429 Pulse shapes and durations at different repetition rates at constant (60W)
average power.
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4.5.2The gectra

The collimated isolator fiber was kept 2 m long and maximum peak power is 20
kW. The peak power, length and core size of the delivery fiber affect the SRS level (Eq.
2.22). Therefore, when the peak power increased, SRS was seen in the spectrum. While
the peak power of the system is increased, it reaches SRS threshold and energy of the
signal starts to transfer its energy to the nonlinear components. The spectrum of the system
was measured at different pump levels by Anritsu MS9740 optical spectrum arialyze
analyze nonlinear and spontaneous emission behavior of the systems. After 14 kW peak
power level, SRS starts and it became a large amount at 20 kW peak power since the
spikes are formed at beginning of the pulse when the peak power is high andséhe pul
distortion become higher above the SRS threshold. For instance at 60 W average power
level, peak of the pulse consists of higher SRS than other pulses. At maximum operating
current, first order SRS which is 32 dB lower than peak was measured. Therspeict
the system for different signal powers at 100 kHz repetition rate is shown kigtire
4.30. On the other hand, SRS decreases with increaspwgition rates since interaction
peak power of the laser beam and distortion of the pulses decrieaadslition, SPM
broadens the bandwidth of the spectrum as the peak power in@adseslight spectral
enlargement at 1064 nm wabservedThe ASE level of tle amplifier is also very low.

The spectra of the system at full power and different frequencies are showririgutiee
431

69



1-0 T I

1k
01
0.8 | -
ERE
& 4
=
—_ @ 1E-3
=) 06 | g .
S T4
= 1
7 1E-5
u‘:_) 04 | , ) .
-— 1000 1020 1040 1060 1080 1100 1120 1140
E Wavelength (nm) J
—20wW |
— 30W
—40W |
— 50W
— 60W

1050 1100
Wavelength (nm)

Figure4.30 The optical spectra of the output signal for 20,30,40,50,60W powesst:(
logarithmic scale).

] M I
1 —— 100 kHz
—— 120 kHz
—— 140 kHz
—— 160 kHz
i —— 180 kHz
0.1 / —— 200 kHz
—— 250 kHz

0.01

1E-3

Intensity (a.u.)

1E-4

1000 1020 1040 1060 1080 1100 1120 1140
Wavelength (nm)

Figure 431 Spectrum of the signal at 60 W with different repetition rates. (logarithmic
scale).

70



4.5.3The beam quality

The brightness of the output signal of the system is determined not only output power but
also beam quality. The ndimear effects can be dimsted by using high core diameter;
however this lowers the quality of the beam since transverse modes besides basic mode
are guided inside the fiber cof#4]. The beam quality- 9 factor of the system was
measured by using @CD camera beam profiler (Thorlabs BC106Ms) for different
signal powers according to 4 Sigma Diameter 1ISO11146 stand&id.The standard
includes a fitting procedure to the measured beam radius along the propagatioondire
In this thesis, a nearly diffraction limiteddwas aimed. For this purpose, optimization of
the minimizing thermal effects and coiling of the ytterbium doped fiber at the amplifier
stage is very important. To achieve high beam quality, higher aramtes were
suppressed by coiling technique. The technique is not practicable for high NA and core
diameter fiber. Our fiber type at the amplifier stage is applicable for using coiling
technique. The characterization-ob was performed for different daig radius of the
ytterbium doped fiber and minimum 1.516 was achieved. While the middle and main
amplifier gain medium of the system is cooled, the beam quality factor as a function of
coiling radius of ytterbium doped fiber is shown in Eigure 432

The maximum beam quality of the system while system is operated at maximum
power and active mediums of middle and main amplifier were coiled Badmas and
cooled, is measured 1.52. The measured beam quality and 2D and 3D profile of the beam

are shown in th&igure 433 andFigure 434 respectively.
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Figure 432 The beam quality factor as a function of coiling radius of ytterbium doped
fiber.

2000 ——f—————F—+—1——1——1————7——
[ Mzx' = 1.51 '
1800 - 3 .
—— M?' = 1.53 I .

1600
1400
1200

1000

800 |- N

600 - \\ // -
400 - \ // _
200 |- V/ ]

-20 0 20 40 60 80 100 120 140 160
Stage Position (mm)

Beam diameter (um)

Figure 433 Beam quality factor measurement at maximum operating power.
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b)

Figure 434 Beam profile of the laser output a) 2D profile, b) 3D profile

4.5.4 Long Term Power Stability

The long term powestability of the system at maximum average power was
measured by operating system f@02minutes The output of the system was measured
by a thermal sensor with Thorlabs PM320E power meter and output power data was
recorded at 18 interval up to @0 minutes.The laser output power was reached to 60.4
W average power after 10 nuites, then it decreased to 60\2after 80 minutes because
temperature of the diodes led wavelength shifting of the pump signal. Hence, after system
reaches its steady state value, change in output laser power became less. The change of

the output power divided by output power iswhan the following figure.
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Figure 435 Output power fluctuations measured at 10 s intervals.

Table 4.2 Summary of the fiber laser amplifier parameters.

Maximum Average Power 60W
RepetitionRate 100 kHz
Pulse Duration at FWHM 29 ns to 203 ns
Pulse Energy 0.6 mJ
Peak Power 20.8kw
Beam Quality 15
BeamDiameter 8.1mm
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Figure4.36 Photo of the experimental setup

4.6 Industrialization of the Fiber Laser Amplifier

The developed fiber laser amplifier was industrialized by casing in a compact
module for material processing applications. To industrialize an output of a research and
development process, several factors should be considered togetherit ksrstery
important to reduce number of components in order to reduce the case of amplifier.
Second, choosing high reliable components provides a reliable long term operation to
amplifier. Third, managing thermal flow inside the case is important tease reliability
of the amplifier since efficiency of the diodes and laser medium are affected from high
temperatures. Fourth, designing the electronic controllers and cards is important for they
should be small and reliable for providing pulse andeturgeneration. Therefore, a
compact laser amplifier was developed by taking into all of these factors.

To achieve modulated signal from SM pump diode, | had electronic control card
that was developed by METRA Electronics. The card has an input fordprg\signal
frequency to the diode and a microcontroller to determine the duration of the pulse. The
important specification of the card enable changing pulse duration while the repetition
rate is constant He trigger signals generated by a pulse geoerate sent to
microcontroller and the duration of the generated pulse is determined by the user from
200 ns to 500 ns in 50 ns interval independently from repetition rate. After switch on the
electronic card, it starts from 200 ns pulse duration. To cbptrise duration, a pulse

width controller was used and it sent command to the microcontroller according to
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determination of the user. The modulated signal is sent to current controller and a
modulated current is provided to the diode. Then, pulse doraigenerated by the
modulated current. Moreover a current driver for SM pump diode and a current driver for
MM pump diodes are integrated on the card. The current of the diodes is set at operating
current by a control knolbn addition, circuit of thelectronic card include a TEC (thermo
electronic cooler) for providing a constant temperature to the signal diode and pump diode.
Another electronic card with TEC was developed to cool SM pump diode. A simple
schematic of the control card is shown in théfeing figure.

Trigger Microcontroller ~ Electronic

Pulse Biile

IILIII

JL

Optical Pulse

Figure 437 Simple schematic of the signal modulation mechanism in electronic card.

The same current as experimental setup was applied to current controller and same
output was achieved. In preamplifier design, one pump module with 400 mW output
current was used as different from experimental setup. 400 mW pump power was divided
to ~300 nW and ~100 mW by using a 25/75 single mode fiber coupled coupler. The

configuration of the preamplifier is shown in the following figure.
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Figure 438 Industrialized design of the preamplifier stage.

In preamplifier, while switch on button is used to activate modulated seed diode
and SM pump diode, they are operated simultaneously at operating current.

A 630/1064 nm coupler was used between middle and preamplifier stage in order
to add a 635 nm SM dile to guide processing area on the material. A control card, which
operates at 5V and limits the current of the circuit for 630 nm diode, was developed and
the diode was integrated on it. Then system design wesngructed to straiten the area
of compaments. It is easy to decrease and stabilize the temperature of the cooling zone
by five 5200 rpm fan if the temperature is distributed homogenously. Hence a 310 x 255
mm aluminumcooling profile with air blast cooling was used to cool diodes at operating
current. The diodes were placed homogenously on the cooling zone. The ytterbium doped
fiber of the middle amplifier stage and fiber of the other components were placed into a
thermally conductive silicone adhesive. The cooling zone was also used tttedmdign
doped fiber, PLP and MPC of the middle amplifier stage and ytterbium doped fiber and
MPC of the main amplifier stage. A current driver which is integrated with electronic
control card was used to drive all five MM pump diodes which were conngetidly.

While increasing pump level of the middle amplifier stage, pump power of the main
amplifier stage also increases. Thkituationprovides a low ASE leveh low power
levels.A simple schematic of the whole system is sedfigare4.39.

The current driver of the pump diodes operates with a signal betwgean dhd
generates maximum 10.5 A. It can work at 30 V operational voltage. The design of the

77



electronic control card allows to get signal in order to operate pump driver externally. An

input was taken on the case of the laser amplifier system for external power control.

Yb doped fiber
MPC CPS
— - -
| Electronic Control
| | Card
= ____ Diode Driver
— Diode Driver
PLP
] — .
MM pump diodes
635 nm diode
Preamplifier
L
CPS  Yb doped fiber MPC WDM

Figure4.39 A simple schematic of industrial system.

Ytterbium doped fiber of the main amplifier stage was placed into a fiber coiling
stage with an thermally conductive adhesive and a fan was used to cool fiber and inside
the amplifier case. Total dimension of the laser amplifier ca&Hig 155 mm x 25m
and this dimension consists of not only amplifier source but also electronic control card
of galvanometric scanner. The mechanical case has 4 buttons in front of it. While two of
them allow the user to open preamplifier and amplifier respectivelyottiers allow
controlling pulse width of the laser beam. A&gyment display was used to show pulse
duration of the system. When laser amplifier is opened, 7 segment display on with O
indication which means pulse duration is 200 ns. BHamiminationof 1 means increasing
a 50 ns pulse duration. Another two LED di sg
face of mechanical case. While laser is ready for operation, ready led on. On the one hand,

mark display become on if laser amplifier is active. Aftemstaucting all electronic
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configuration, a wall plug efficiency 28% was achieved. One of the advantage of the
system is that if fibetength of the amplifier and signal seed in amplification stage are
chosenright, its MOPA design allow us to upgrade iteeege power by only adding
pump diodes to amplifier without changing design of the whole system.

Photograph of the industrialized laser amplifier and whole system with power

supply and galvanometric scanner is shown in the follofinges.

Figure 440 The industrialized laser amplifier.
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Figure 441 Laser system with galvanometric scanner.

4.7 Comparison with other industrial systems

There are some of fiber laser manufacturers in the world and a few company has
an ability to develop all fiber nanosecond pulsed MOPA structure with more than 50 W
average power laser amplifier. The most known companies that develop and sell pulsed
MOPA canfiguration fiber laser more than 50 W average power are SPI L[dé¢rsnd
Max Photonicg47]. As shown in the following table, developed fiber laser in this study

has several advantagescomparsonto others in industryit is clearly seen that the beam
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quality of our laser amplifier is better than others while pulse energy is lower. Despite
lower pulse energy, lower pulse duration provides higher peak power than others. On the
other hand, pulse duration range, output @ostability and weight of mechanical case

are preferable to others.

Table 4.3 The parameters of other industrial MOPA lasers

Specifications SPIRM50 | SPIRM 70 SPI 70HS | MP MFPT 50 | MP MFPT70
Average power 50 70 70 50 70
(W)
Max. pulse energy 0.5 >1 >1.25 0.91 0.91
(mJ)
Beam quality <1.6 <1.6 2535 <2 <2
Pulse width range 40-260 40-260 10-250 10-250 10-250
(ns)
Peak power >10 >10 >20 NA NA
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CHAPTER

MATERI ALS PROCESSI NG WITH FI BER LASER A

Materials processing with a pulsed fiber laser is a very common technique for
many different application areas and several types of the lasers are demonstrated in the
literature to show lasematerial interaction behaviors on the material by drillinghsag,
marking, cutting, engraving and marking. The most of the pulsed fiber lasers in materials
processing area relies ong@itch configuration. In this configuration, external crystals
are used to releasing and storing the energy, however these tyassraire limited by
the Qswitch technology. This limitation causes an inflexibility of the pulse energy, pulse
duration and repetition rate. In addition, there are lots of studies for material processing
applications but it is also limited with regaaithe target material. The developed MOPA
design fiber laser amplifier in this study have some special properties such as
independently adjustable pulse duration and repetition rate, nearly diffraction limited
beam quality, high peak and average powkfiker design, and pulse to pulse stability.

In this chapter, by using several materials and applications, there will be discussions on
how these properties are related with each other while processing of the materials with

laser and performance of thewi&loped laser amplifier.

5.1 Introduction

To process materials, several setup configurations were used, however all of them
are mainly parallel to configuration showedHigure 39. While several configurations
are used, effects of the main parameters such as average power, pulse energy, pulse
duration, repetition rate, focal length of the objective and scan speetiaaesterized
according to materials and applications. Hence, all of these parameters has different
effects in processindf. pulse energy, pulse duration and peak power parameters are changed

individually, it is very easy to determine effects of themhambaterials. While processing the
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materials with pulsed lasers, adjusting pulse overlapping with scan speed and repetition rate
and spot diameter of the beam are also very important. A demonstration for pulse overlapping

is shown in the following figure.

Figure 51 The demonstration of the pulse overlapping.

The gray area is pulse overlap area and L is the distance from center to center. The L value can
be calculated by G d & GR @1 QoD &7 E, d is the laser spot diameter and S is

the length of overlap. Then the percentage of pulse overlapping can be calculated by

p T TT 4.1

The scan speed and repetition rate were changed in different applications, this means it is very
important to choose best overlapping result for each process. In this study, 100 mm and 160

mm focal length objectives were used to focus laser beam.¢=b8@hmm and 100 mm focal

|l ength objective, the spot diameter of the d
The percentage of the overlapping of pulses of developed fiber laser amplifier for different
repetition rate and scan speed was calculatedach material processing applications. For
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instance, the overlapping percentage for 160 mm objective as a function of repetition rate of

laser with different scan speed is shown in the following graph.
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Figure 52 Percentage of pulse overlap as a function of repetition rate in different scan
speeds.

The pulse to pulse stability on the material is another important factor and it was controlled
visually by using a setup &3gure 39 and a bulk silicon was scanned by with 160 mm
objectiveby repetitionrate of 100 kHz laser beam and two different scan speeds of 3800 and
2200 mm/s. The surface of the bulk silicon was inspected by scanning electron microscope
(SEM). The formation of the pulses with different scan speed is shdwguire 53. As shown

in the figure, adjusting scan speed of the laser beam is very important in processing the
materials. In this section, all of laser parameters were ¢barad for different material types

and capability of the laser is explained by processing different material and characterizing of

laser processing parameters for each of them.
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Figure 53 Pulse to pulse formation at 100 kHz repetition rate on the material with

scanning speed a)3800 mm/s b) 2200 mm/s.

5.1.1 Microdrilling Efficiency

In this section, comparison of different pulse durations of laser beam effect on two
different materialtargets with same thickness such as stainless steel and aluminum was
performed. The average power and pulse peak power were kept same by adjusting repetition
rate of the laser beam for each microdrilling process. In the experiments maximwn 20
averagepower and minimum 100 kHz were used to drill since pulse distortion of the laser
beam was startedrigure 428) after 20W average poweiThe galvanometric scan head
named as Scancube Il from ScanLab company was used. A software and control card
which are named as SamLight and USC1 respectively by SCAPS company was used to
control galvanometer scanndn addition, objective with 160 mmdal length was used to
keep intensity of the laser same for each process. The experimental setup is shown in the

following figure.
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Figure 54 Schematic diagram of microdrilling experimental setup.

A silicon biaseghoto detectofrom Thorlabs Inc. with 76 | active area and a shutter
controller were used to determine removal rate of the material. The photodetector was
placed on the side of the samples to collect light from the sample directly and bottom of
this sample by @ v inclined mirror. A shutter vih shutter controller was used to protect
material from the laser beam before the experiment. The laser was operated, then shutter
was set on. Immediately before starting of the micromachining process, a spike was
observed due to high reflectance of thgess, then it was decreased when the material is
disrupted by ablation process. The signal of the photodetector remains constant during
drilling process. After the laser beam reaches the bottom of the sample namely mirror, the
signal suddenly increasesdathe delay between the two spikes allows an accurate
measurement for drilling time. Calculating the time between the two spikes allowed a
precise measurement.

The output power of the laser was adjusted frold & 5W, then 5W to 20W
by 5 W incrementadns and pulse duration of the laser was adjusted from 203 ns to 407
ns by nearly 100 ns incremantations. The peak power of the system was kept same for
each experiment by adjusting the frequency of the laser. For instance, the repetition rate
was set to @0 kHz for 407 ns, while it was adjusted to 200 kHz for 203 ns pulse duration
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at same average power. For the experi ments,
were used. To check quality and morphology of the holes, SEM was used. The
microdrilling ime of the processing with respect to average power for stealamtum

is shown in the following graphs.
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Figure 55 Microdrilling time with respect to average power and pulse duration for a) steel
b) Al.

There are several results which were induced from the experimental data. First, the
aluminum has thermal conductivity that is more than 12 times higher thermal than
stainless stedk8; 49] and drilling rates increase with decreasing thermal conductivity
and heat diffusivity of targets. Second, the drilling rates are longer for short pulse
durations because higher repetition rates were applied for short pulse duration experiments
in order tokeep peak power constant. In experiments with higher repetition rate and short
pul ses, energy of the pulses are | ower than
and off processo of | aser beam | eefds&h t o r edu
pulse heat the target material towards critical temperatures. Third, the exposure time to
drill material increases sharply while average power is lower than a required threshold
power. The threshold power of the laser beam is higher for the atateh larger thermal
conductivities than the materials with lower thermal conductivities.

In addition the quality and morphology of the holes are analyzed with taking
images by SEMFigure 56 shows the images of the stainless steel and Al samples which
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were drilled by an average power of 15 W and different pulse durations but same peak
power. It is shown that longer pulses are ideal for a goaitgumicrodrilling
applications on metallic thin foils since they produce less crater formation around the
drilling area than short ones with same peak power. This can be explained in the way that
the required exposure time is low for long pulses witpegesto short ones. On the one
hand, long pulses were sent to material with lower repetition rate which mean higher pulse
energy and higher pulse to pulse time duration. Hence, there is enough time between the
pulses to cool material and higher pulse epattpws faster drilling and lower oxidation.

On the other hand, to see the amount of ablation at the same peak power was
observed visually by applying the laser beam to the material with different pulse duration
but equal exposure time. The SEM imagethefstainless steel which was processed with
four different pulse durations and same peak power laser beam is showRigutbes?.
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Figure 56 SEM images of microdrilling applications on stainless steekdunmainumwith
15 W average power and 203, 305 and 407 ns pulse duration
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Figure 57 SEM images of microdrilling attempts on 0.1 mm stainless steel in same
exposure time 8 ms at 20 W average power and different pulse durations a) 100 ns b) 200
ns c¢) 300 ns d) 400 ns.

5.2 Edge Isolation of SiliconSolar Cell

The solar cell studies offers several important options for renewable energy
applications. While solar cell technology evolves day by day, it uses other technologies to
achieve higher efficiencies. The laser is one of the key technologies for se$¢eid
thin film based solar cell applications such as edge isolation, drilling, cutting and marking
wafers, thin film patterning and scribing since it provides precise and high speed results.
Besides, it is environment friendly as no hazardous chemicalssate In this section,
edge isolation application was demonstrated by using our fiber laser amplifier and
scanning speed was characterized to achieve fast scanning speed.
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5.2.1 Introduction to Edge Isolation

There are several important steps of proagasmianufacturing solar cells and one of
them is edge isolatioithe edge isolation of the®i based solar cell is performed by removing
the phosphorous diffusion area around the cell edge. To develoguagtion for generating
electricity, an rdopedouter layer is used on thedpped wafelf50; 51] After this process the
front emitter of the wafer is isolated from the cell rear electrically and efficiency of the cell
increases. To isolate edge of the sokdls severaimethods such as the plasma dry etching,
dispensing of etching paste etc. are 58 One of the other techniques for edge isolation is
performed by laser source since it is a-nontact, fast and easy methdthe edge isolation
process withaser that is based arapor induced melt ejection by nanosecond laser pulse
durations. While performing a laser machining of Si based material, optical properties of the
Si should be examined. Because of their high abearpoefficients, visible and ultnadolet
range wavelengths (532,355,266 nm) are used for processing of the Si based materials over the
past three decays. Today, advances in 1064 nm fiber based laser sources redefine processing
options with reference stbrightness, lower costs and performaf&®. Adjusting laser
parameters such as electromagnetic spectrum, pulse duration, pulse energy and scanning speed
in processing is very importar@hoiceof the correct wavelength of sis essential for an
effective processing of Si since amount of the absorption of the light determines heating level
of the material. If the rate of heating is enough, material can be removed by melting and
vaporization process. The melting and vaptinngprocess depends on the type of the material
and duration of the pulses and effect of them was discus3&d in
To achieve a high quality isolated zones with fast scanning speed and to determine the effects
of the 1064 nm fiber laser pulses of ouetasn the Si based cells, a series of the experiments

were conducted by our 60 W fiber laser amplifier.

5.2.2 Experimental Setup and the Results

In the first experiments, A saw damage and a texture@ Ifhfick single crystalline silicon
wafer was used for experimental studies to understand efficiency of machining for different
surfaces. The experimental setup was configured as shdvigure 39 and different sized

objectives were used to understand the effect of the spot size. To optimize the laser parameters
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for processing, several scribing grooves was created under several pulse durations and pulse
energies. The repetition rate of the lasas kept constant at 100 kHz and the scan speed is
very important for achieving a continuous grooving on the material for this repetition rate. The
maximum scan speed was determined for 100 kHz repetition rate as about 3000 mm/s to avoid
from discontinuougrooving. A textured silicon wafer was used for scribing experiments and

it was processed with 1000 mm/s scanning speed awd3MW and 60 W average power

with one repetition cycle. It can be seerfigure 58 which indicates SEM image of silicon

in different power where the grooves are continuous and the depth of the groove increases by

increasing average power of the laser.

EILKEHN 2B KLU

Figure 58 SEM image of laser processing on silicon with scan speed 2500 mm/s and

different average power. Laser power aM@050W and 40W from left to right.

It is shown that width of groove and width of heat affected zone incvéatiséncreasing

average power. On the one hand, after understanding behavior of the laser spot size on solar
cell, another experimental series was done by different objectives with 100 mm and 160 mm
focal length. 40W average power with 500 mm/s scan speeldone repetition cycle were

performed with two different spot sizes on textured silicon solar cell. Then, it can be seen in
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the following figure that decreasing spot size creates deeper but narrow grooves since

decreasing spot size increases fluendbeofaser beam and lower the processing area.

Figure5.9 Laser edge isolation process on textured Si cell by same average power and
scan speed but different laser beam spot sizes by a) 100 mm b) 160 mm focal length
objectives.

To understancbehavior of the laser pulses on the silicon, several trying with different
parameters was realized. It is obvious that the overlapping of the pulses also affects the heating
zone and quality of the isolated area. It is easy to achieve ablation of the silicauifface

to end of the material. However, morphology of the surface is affected from increasing
exposure time and high overlapping. As shown in the following figure, 60 W power was used
to process silicon with different overlapping. The SEM image of selldram top of the cell

is shown on the bottom of the each figures.
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Figure5.10 Processing of silicon wafer wittifferent pulse overlapping a) 2000 mm/s b)
1500 mm/s c¢) 500 mm/s scan seeds at 100 kHz repetition rate.

As shown in thé&igure5.10c andFigure5.10b, heat effected zone of the silicon increases with
decreasing overlapping namely increasing total exposure time. While the depth of the
processed area increases, the morphology of thersikccorrupted. In addition ater
formationswere seen. Hence, the power should be chosen lower to achieve better morphology

and lower heat affected zone but scan speed also should be chosen lower. However, our aim is

to achi eve hi ghpgedettodegease dverage powee. Theise thifeedif

parameters were applied thdifferent full scale solar cell wafers which were produced by

G| N A Mhe(Center for Solar Energy Research and Applications)effibiencyof wafers

were measuredithiout isolation as 14 %, 13%, 141 %. Each of them was processed with

| aser about at the 200 Om distance from edge
which indicated that increasing deopuch. of t h
The increasing exposure time increases thesffesdtson the processing area and the sides of

the scribed areas were merged. Hence, the isolation become difficult since electrons can pass

from that merged areas. The best result was achievdefarhple which was scanned with
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2000 mm/swhereh e dept h of t he i s oligldcoeversioaffioeacy i s near |
increasedrom 14% to 16.2% For the samples which were scanned W80mm/s and 500

mm/s efficiency increased 0 13.7% to 154 % and 141 % to 144 respectively. The SEM

images of the wafer from the top view are seen in the following figure.

Figure 511 Top view of the processed full scale silicon wafer idf80 mm/s scan speed
and 60 Waverage power

The experimental studies shativat developed laser amplifier is a fast and good tool
for edge isolation applications and has an ability to scribevagiiseveral depths.

5.3 Color Marking on Metallic Surfaces

To create a higlquality marking area on a metal surface, it is required to have a
high quality laser beam. Hence, fiber based laser systems are the best technologies for
these type applications. The developed MOPA design fiber laser system also allows
creating colored méing applications on metallic surfaces by optimizing laser parameters.

Color marking applications by lasers have a high potential for many industrial applications
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since it is harmless and cheap procedure and it provides permanent colors on material
[54]. The color marking is performed by creating oxide layers on surface by using laser
beam and the colors depend on thickness of layer In this section, effect of the laser
parameters for creating colored marking area will be dsszliby using the advantage of
independent adjusting of laser pulse duration and repetition rate and using different laser

parameters on a stainless steel surface.
5.3.1Principle of Color Marking

The principle of color marking by laser depends on sartagdation of material
in oxidizing agent. The thin films on the material can be created by heating of the surface.
Several parameters such as average power, fluence, direction of marking, depth of focus,
pulse duration, scan speed are the main paranfetdeser marking applications. If we
provide a constant temperature on the metallic material, a colored surface can be created
by growing oxide layer deposited on the surface. Then, the thickness of the thin film,
which defines visible color, is defindaly laser parameters. The simple schematic of

interference effect on thin film is shown in the following figure.

/ Air

$ d ) % 5{' Thin Film

Substrate

Figure 512 Schemats of inference basezblor marking mechanism

The roughness of the surface dmamogeneityof layer affect the color of the sample.
Moreover, the color changes can be seen in different angles according to quality of oxide

layers.
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5.3.2 Experimental Details of Color Marking

To create colored surfaces, experimental setup whictoisrsin Figure 39 was
used. The laser beam was controlled by SamLight software which controls the galvo
scanner by a control card. A 1 mm thick stasslesteel 304 was used for processing
applications. In this experiment, creating veigh spotoverlaps by low pulse energy was
aimed. The sample was cleaned with isopropyl alcohol. First, an ideal average power at
minimum repetition rate 100 kHz and Y0 was determined respectively for marking
process. After 18V power level, material was started to ablate especially in low repetition
ratedue to high peak power. TheiDx10 mm areas were crated in software and hatched
with 10 em | i nemthick $staentess atéek The gpot sizk ef thd laser is 39
em and fluence i s -“febaobdctivelhefe aw isevdral nu@b@r omm F
parameters so experiments were performed by keeping several parameter constant while
adjusting others. Firsteseral laser scan speeds were tried on stainless steel at 100 kHz
repetition rate, 203 ns pulse duration and 8W average power parameter to reveal the effect
of scan speed. The speed of laser beam changed from 20 mm/s to 1000 mm/s in 20 mm/s
intervals. As Bown in the following figure, marking in faster speeds create bright surface
since materi al doesndét have enough time to c
the one hand, higher speeds create dark area because of creating thicker thin film layers

to absorb visible spectrum.

Figure 513 Effect of scan speed on color marking of stainless steel.
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The first experiment to create color marking areas was performed by keeping peak power
constant. The repetition rate was kept 100 kHz while changing the average power from 4
8 W and pulse width from 26800 ns. The scanning speed was varied from 25 mmo 2
mm/s with 25 mm/s intervals. The highest quality colors were seen &tZDDns pulse

duration interval at5565¢ J pul se energy | evel

Figure 514 Marking stainless steel with constant peak power varied averags pod

pulse duration.

Then the second experiment was done with varied pulse width and repetition rate to keep
peak power constant while average power is constaWt.average power was used to
process and pulse duration and repetition rate was chaetgggeen 200 to 400 ns and 100

kHz to 200 kHz respectively. The best contrast color was seen-ABDKHz repetition

rate with 4050 J p u | sTde resolts of gxidated layers by the experiment is shown

in theFigure5.15.
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Figure5.15 Marking stainless steel with constant peak and average power

Alternatively from adjusting constant peak power, to determine the effect of increasing
peak power and to achieve better results on the material another experiment was
performed. The constant repetition rate was chosen at 130 kHz with constant pulse energy
50¢ Jwhich is an optimal energy determined from first two experiments. The pulse duration
was varied between 200 ns to 400 ns and results of the experiment are shown in the following

figure.

Figure5.16 Marking stainless steel with varied peak power and constant pulse energy.
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