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ABSTRACT

THE DEVELOPMENT OF NOVEL YTTERBIUM FIBER LASERS ANOHEIR
APPLICATIONS

By
Bai Nie
The aim of my Ph.D. research is to push the funadahémits holding back the development of
novel Yb fiber lasers with high pulse energy andrspulse duration. The purpose of developing
these lasers is to use them for important apptinatsuch as multiphoton microscopy and laser-
induced breakdown spectroscopy.

My first project was to develop a short-pulse hegtergy ultrafast fiber laser for
multiphoton microscopy. To achieve high multiphotefficiency and depth resolved tissue
imaging, ultrashort pulse duration and high puisergy are required. In order to achieve this, an
all-normal dispersion cavity design was adoptedtpOuperformances of the built lasers were
investigated by varying several cavity parametsush as pump laser power, fiber length and
intra-cavity spectral filter bandwidth. It was falithat the length of the fiber preceding the gain
fiber is critical to the laser performance. Genlgrdhe shorter the fiber is, the broader the outpu
spectrum is. The more interesting parameter isrina-cavity spectral filter bandwidth. Counter
intuitively, laser cavities using narrower bandwidipectral filters generated much broader
spectra. It was also found that fiber lasers wehywnarrow spectral filters produced laser pulses
with parabolic profile, which are referred to a#f-semilar pulses or similaritons. This type of
pulse can avoid wave-breaking and is an optimalaggh to generate pulses with high pulse
energy and ultrashort pulse duration. With a 3ntratoavity spectral filter, output pulses with
about 20 nJ pulse energy were produced and conagrdssabout 41 fs full-width-at-half-

maximum (FWHM) pulse duration. Due to the lossha tompression device, the peak power of



the compressed pulses is about 250 kW. It was itteekt peak power generated from a fiber
oscillator when this work was published. This lag@&s used for multiphoton microscopy on

living tissues like Drosophila larva and fruit flyings. Several imaging methods, such as two-
photon-excited fluorescence, second harmonic gaaeraand third harmonic generation, were

performed. Not only were single layers of thintissmaged, but also depth resolved imaging of
thick samples was tested, and three-dimensionaemaconstruction was demonstrated.

The other project was to develop a simple fiberllagor for laser-induced breakdown
spectroscopy (LIBS). Laser pulses with high enetagh ablation efficiency and low ablation
threshold are desirable for this application. Wdtlaufiber laser using up to 200 m long fiber
and scaled the output pulse energy up to 450 nik [Eser was operated in an unusual
mode-locking regime and produced noise-like pulselsich have a picosecond long pulse
envelope containing multiple irregular femtosecautb-pulses. This type of pulse was mostly
ignored by many earlier researchers. Intra-cavipgctral filters did not affect the laser
performance as much as in the similariton lasei$ \@are removed from the laser cavity.
Characteristics of our noise-like laser, such aszMidpetition rate, broad spectrum, and
picosecond-long pulse envelope containing multipletosecond sub-pulses, were found to meet
the requirement of an ideal laser source for LIBSsimple LIBS setup using our laser was
demonstrated and atomic emission spectra with geod signal-to-noise ratio were obtained.
Composition detection, qualitative concentratioted®ination, and trace detection were also
tested. These tests show that our noise-like fdmgr is an ideal laser source for a low-cost and

portable LIBS system.
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Chapter 1 Introduction

In this thesis, two types of fiber lasers — simitar and noise-like — are studied. Both
experimental and numerical simulation results aresgnted and compared. The laser
performance is mainly described in terms of thespwdnergy, the pulse duration and the peak
power. A few cavity parameters, such as fiber leragid intra-cavity spectral filter bandwidth,
are investigated to see how they affect the laseiopnance. Meanwhile, our developed fiber
lasers are demonstrated for applications, such @$iptmoton microscopy and laser-induced
breakdown spectroscopy.

The rest of this thesis is organized as follows:

Chapter 1 provides the background knowledge negessainderstand the subjects of this
thesis. First, the development and science offaktdasers are introduced. Following that, the
properties of optical fibers and pulse propagaiiorpassive fibers are discussed. Then, the
principles of ultrafast fiber lasers and severglety of ultrafast fiber laser designs are discussed.
At the end of chapter 1, an ultrafast pulse shapmtjcharacterization technology is introduced.

In Chapter 2, systematic study of sub-50 fs filsgels based on all-normal-dispersion
cavities is presented. The dependence of laseorpehce on several cavity parameters is
investigated. Experimentally, it is found that aro® intra-cavity spectral filter can attract laser
pulses into self-similar evolution. This resulaiso verified by numerical simulations.

Using our developed sub-50 fs fiber lasers, mudtiph microscopy of living tissues is
demonstrated in Chapter 3. Results of second hacngmneration (SHG) imaging and third
harmonic generation imaging (THG) are compared.tibegsolved imaging on Drosophila larva

and fruit fly eyes is also presented.



In Chapter 4, fiber lasers delivering higher energyse-like pulses are studied. The
noise-like fiber lasers behave very differentlyrthbe similariton fiber lasers. It is found thaeth
output pulses have the characteristic of a picaskéaong wave packet containing multiple
irregular femtosecond sub-pulses. Laser-inducedkidi@vn spectroscopy (LIBS) is tested on a
few samples using a noise-like fiber laser. Basedhe strong atomic emission signal, good
signal-to-noise ratio and low ablation thresholé, believe that the noise-like fiber lasers can be
incorporated as ideal light source for a simple & 18/stem.

Our work is summarized in Chapter 5 and futuredfioes of our work are discussed.

1.1  Introduction to ultrafast lasers

The concept of laser, Light Amplification by Stimtéd Emission of Radiation, was
initially proposed in the late 1950s [1] and thestfifunctioning laser was operated by Theodore
Maiman in 1960 [2]. In the past several decaddssaats of lasers were developed, varying in
emission wavelength, pulse duration or output powésmerous scientific discoveries and
innovations have been aided by lasers. Besidesngeas a powerful tool for fundamental
research, lasers are also widely used in indudieéds. From simple laser pointers to high
power military-use lasers, from LASIK surgery tordb-dimensional printing, lasers are
permeating our daily life. Today’s laser marketvigrth billions of dollars and continues to grow
at an accelerating pace [3].

Most lasers follow the same principle and dependh dmser cavity. A simple laser cavity
can be just two mirrors with a gain medium in beaneOne of the mirrors is fully reflective and
the other one is partially transmitting and actaa®utput coupler. The gain medium is pumped
by an external optical source (not including eleatty pumped lasers such as diode lasers) that

provides photons with higher energy than the baaqu-gf the gain medium, such that electrons



in the upper energy level out-number the electronghe lower level, a condition called
population inversion. Once this state is achiewtimhulated emission happens and the cavity
starts lasing. Laser light is emitted through thaatiplly transparent mirror. The emission
wavelength is determined by the band-gap of the geadium.

There are two major modes of laser operation —iwootis wave (CW) and pulsed. CW
means that the output power is continuous over.tioavever, pulsed mode is very different; it
delivers laser pulses with finite temporal duratigach laser pulse has the same duration, which
can vary from several nanoseconds to several fembosls. The pulsed mode can be achieved
using either Q-switching or mode-locking methodssu@tching is usually used to generate high
power nanosecond laser pulses, such as from a Kdidser. To get shorter pulse duration,
mode-locking is normally used.

To understand these different operation modes,amestart from a basic resonator cavity.
Due to the wave-particle duality, light can be e¢dasd a wave. As light bounces back and forth
between two resonator mirrors, it will form starglwaves due to constructive and destructive
interference. The modes of the standing waveseterdined by the cavity properties. Generally,
the frequency can be presented as

Nrzc
= 1
== 1)

where w is the mode frequencyy is an integer number representing the mode nunchsrthe

speed of lightn is the refractive index of the cavity medium , alnds the cavity length.

wC
Ao="2, 2
@=—" (2)

whereAdw is the fundamental mode frequency (free spectmge), corresponding to the gap

between two adjacent modes.



In principle, a resonator cavity can support amité number of modes. However, due to
the limited gain bandwidth, only certain modes baramplified. Meanwhile, if all these modes
have random relative phase, then the summatioh tifese modes results in a constant output in
the temporal domain. If these modes are phase dotlkeeach other, which means that their
phase difference is either 0 or multiples af 2onstructive interference between these modes
happens and an intense pulse is generated. leabes the laser is called mode-locked. Either a
passive saturable absorber (or artificial saturaiisorber) or active modulation (amplitude,
phase, or frequency) can be used to achieve matiertp

Pulsed lasers are attractive for many practicaliegipns due to their high peak power.
Ry=—=—, 3

wherePq is peak powerE is pulse energy that is the product of averageepd®vand period

time At, and z is pulse duration. If the pulse duration is 1 thg peak power can be 6lﬂmes

higher than the average power at 1 MHz repetitate.rWith this high peak power, nonlinear
effects can be realized which leads to many usefdlimportant applications. On the other hand,
regardless of the peak power, short pulse durasaiso very useful. It is possible to resolve
ultrafast chemical processes. All these interestimayacteristics have led to the development of
a new research field — ultrafast (~ ps to fs) smefMhere have been two Nobel Prize awarded to
scientist working on ultrafast science. One was dtirafast chemistry, which enables the
observation of the transition state of moleculeshemical reactions [4]. The other one was for
frequency combs which are very useful in metrol¢gly Additionally, there are many other

important applications, such as multi-photon micops [6] and material processing [7].



Driven by the ultrafast science research and malcéipplications, many types of ultrafast
lasers have been developed. Among them, solid-statke-locked lasers have emerged as the
most popular and useful ultrafast light sourcesiréhily the most popular femtosecond lasers
are based on the Ti:sapphire crystal, due to u$ Igain and very broad gain bandwidth [8].
From a simple oscillator, sub-100 fs pulses careasily produced. But the pulse energy is
usually limited to tens of nJ due to self-focusaayised by high peak power, which can damage
the gain medium. Normally, chirped-pulse amplificat(CPA) [9] is used to increase the pulse
energy. Chirped pulses means that the instantarfeegisency in pulses increases or decreases
with time, which broadens the pulses in time donad lowers the peak power of the pulses.
The output pulses from an oscillator can be prepelni using pairs of gratings before being
amplified in another gain medium. After the prerpimg, the pulse duration of the input pulses
usually becomes three or more orders of magnitadger, which brings down the peak power
by the same magnitude. Thus, the input pulses eaately amplified to theJ or mJ level. The
amplified pulses are compressed back to short mildsation afterward. Recently, pulse energy
up to 1.85 MJ has been achieved by the NationatiéggnFacility, corresponding to a peak
power of 414 TW [10].

Despite the improved performance and accelerateelalgment of solid-state lasers, there
are still problems that are hard to overcome. B@n®le, Ti:Sapphire femtosecond lasers are
sensitive to their environment because the gaistalys exposed to the environment. Changes of
temperature or humidity can easily disturb therageration. Also they have to be set on tables
with excellent vibrational stability, otherwise nestbcking status is hard to sustain. Due to the
small volume of the gain crystal, heat dissipatso becomes a problem. Usually the crystal is

cooled using water, which adds complexity to thetey and limits the output power or pulse



energy. Another drawback is the pump I, usually a frequencgoubled Nd:YaG CW lase
which has low electric-toptical efficiencyor wall-plug efficiency. The size and cost are ¢
concerns. Withthe development of new research and technologystoltompact and hic

performance lasers angore and more desiral.

1.2  Introduction of optical fibers

In 2010, theNobel Prize in Physicsas awarded to Charles K. Kao fus contributiols in
the development of optical fikerOptical fibers have many great charactersssuch as low los
over long-distanceropagation and flexibility. Optical fibe have madéelecommunicatioland
the majority of Internet traffipossibli, and this isvhy they can be consideredone of the most
important developmenia human histon

Effectively, anoptical fiber is an optal waveguide, which capropagat light along
confined modes. Typical tipal fibels have two layersalled core and claddinrespectively
(see Figure 1) [11]The difference in the refractive index betweer core and ladding causes
total internal reflection of the input light aiconfines it. In an active singldad fiber, thepump

light and laser radiation goropagate through the core and have the same beality1
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\
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i

Figure 1: $hematic of a standaringle-clad optical fiber [11]



Figure 2:Schematic of idouble-clad optical fiber. [12]

Besides the singlelad fibes, there are also double-clad fibers (DCF)|[1¢hich have one
core and two cladding layerBiQure2). The inner cladding has higher refractive index ttfee
outer cladding. Since theefractive index is frequency dependent, it canficen certain
frequencies in the core whiklowing some other frequencies to leak inbe inner clading,
within which they are stilconfined by the outer clding. As shown inFigure 2, this design
allows clad pumpingwhere laser radiatic and pump lighpropagate separately in the fiber ¢
and the inner cladding, whiatan bi as large as 100m, enablingthe coupling of igh-power
pumplight. These high power punlasers are usuallgelivered by multimode fiber (~10@m)
and have poor beam qualitiloweve, laser radiation still propagat@s the small core and
remainssingle mode. This new design gre improves the pump efficiency and average po
levels available form fiber lase Other than these, there are many more novel fitbevseloped
such as photonic crystal fibers3, chirally-coupled-core fibers [14], arildghly nonlinear fibes
[15].

Fibersare also categorized as sir-mode or multi-mode fiberand as passive active
fibers. Usually multimode fibes have larger diameter than single mode §ilzgrd can support
light with many spatial modes other than ;1 mode.The most common fiber isade of fused

silica. Normally, germanium dioxide oluminum oxide is used as dopant to raise refractive
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index. Fluorine or boron trioxide doping is used fi@creasing the refractive index. For active
fiber or gain fiber, the core is usually doped witne earth ions.

There are several important parameters of optitaErs. Among them, the two most

important for ultrashort laser pulses are chromdigpersion and third order susceptlbllyggl),

which dominate the linear and nonlinear effectstlom laser pulses, respectively. Chromatic
dispersion means that different frequencies travigh different group velocities due to the
frequency-dependent refractive index. Thus, a foanslimited pulse can be chirped to a longer
pulse after going through a fiber. The chromatgpdrsion can be either positive, negative or
zero; the material used for fiber fabrication ané waveguide structure determine it. Waveguide
dispersion arises from the frequency-dependentcteffe mode index of a waveguide [16],

defined by

_Lgm:&+ﬁ;@@1@w)
vg do ¢ c Ldv ’

p=2 (=) V),

vk -] . @
bzﬁ_—kOnZ'

ko(m—mp)
ko=27/2,

wherevg is the group delay due to waveguidg.andny are the refractive index of core and clad,

c is speed of lighta is core radius, and is the wavelength of light.

Normally waveguide dispersiois small compared to the material dispersion and lma
ignored. Figure 3 shows the variation of matemayeguide, and total dispersion for a standard
silica fiber [17]. But for a fiber with zero matatidispersion, waveguide dispersion has to be

considered.



Dispersion
ot

Figure 3:Variation of materi¢ (blue), waveguide (dot) and total (redi¥persior
for a silica fiber. [17]

Chromatic dispersion ia linear optical effer and can be easily dealt w. On the other
hand due to the small core size a fiber, the high peak power of aitrafast lase pulse can
result in very high peak intensity arcause significannonlinear effects. The major efts
include selfphase modulation (SPM), cr-phase modulation (XPM), stimulated Ran

scattering (SRS) and stimulated Brillouin scattg (SBS) All these effects originate from tl

3

third order susceptibility ). SPM and XPM are due to the nonlinear refracth@ek change

SRS and SBS are relateddxcitation of acoustic phonons and optical phc, respectively, of

silica. All these linear and nonlinear effects in an optitzer can bedescriled by [18]

A a oA i 02A 1 3°A
—+— A+ —+=fo——=f3—=
T AN TR I R o e
(5)

=iy(1+i%§j{(A(z,t))]Z RO Azt 8 dtf,

whereA is the pulse amplitudevhich is a function of propagation distanzand time¢t, « is the

fiber loss,f is the group delayss is the group-velocity dispersion (GVDJ3 is the third order



dispersion,ay is the carrier frequency of the pulse, &) is the nonlinear response function,

which is related to higher order nonlinear effest&h as SRS and self-steepenings the

nonlinear coefficient, defined by

_ %o 6
oA 6)

wherens is the nonlinear refractive index and is relategd(f?’), andAgsiis the effective fiber core

area.
In most cases, the higher order nonlinear effasth s SRS and SBS can be ignored and

the Equation (5) can be simplified as

. 2
OA i 0°A 1 2
= —ﬂz———ﬂ3—:|y|A| A (7)

Only chromatic dispersion (left terms in Equatiaf)) (and nonlinear refraction (right term in
Equation (7)) terms need to be considered. Wittioaithird order dispersion term, Equation (7)

becomes

8A [
—+—LFo————1y|AI” A=0. 8
P ,32 |7| | 8)

Equation (8) is sometimes referred to as a nonliBearédinger equation (NLSE) [18, 19], since

it has the same form as a basic NLSE defined byZ2D
ia—l/j+%—l/l+1<|l//|21//=0, 9

where i is a complex function, the variablegandx are frequently but not limited to time and
space coordinates, andis a nonlinear coefficient. Unlike the linear Satinger equation, the

NLSE does not describe the time evolution of a tuanstate. Instead, it is generally used to
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describe the evolution of sldyvvarying wave packets nonlinear media with dispersi [21].
Nonlinear effects, such as sédieusing[22] andpulse propagation in optical fibe[23], have
been successfully described using this equ.

With only chromaticdispersion term (= 0), Equation (7) idinear and can be solve
analytically. Pure dispersiaaffec's the pulse in the temporal domain while keepingjftsctrurr
unchanged. Some numerical simulation results arstihtedin Figure 4 (the ismulation codeis
presented in Appendix)Significant changes of temporal profile are obsdrvdowever, the
spectra remain the same.

The parameter usdd characterize the effeof dispersion is thelispersio-length, which

is defined as
2 3
lp=— Lp =——, (10)
a4

whereLp andLp' representhe dispersion length corresponding to second amérthird orde

dispersion, respectively.is the ful-width half-maximum (FWHM) pulse duratiol

1Ta) b) c) d)
—~0.8

S
L06
>

204
(0]

<02 /\
0

-500 0 500-500 O 500-500 O 500-500 O 500
Time (fs)

Figure 4: Simulation resultsPulse profiles ofa) input pulse; b) pulsafter
propagatingthrough 3Lp-long fiber with $3=0; c) pulse after propagatin
through 31p'-long fiber with8,=0; d) combined effects of (b) and (c).
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The introduction of thenonlinear refraction term makes the problem monapgmated.
With a non-zergy, Equation (7)can no longer be solved analyticallyhe way to figure out th
effects ofpulse propagation is to use numerical simulawith the splitstep metho(24, 25].
By using small steps for the pulse propagation, lilear (dispersion) and nonlinear parts
NLSE can be treated separat Figure 5 shows simulation results of thH#ects caused |

nonlinear refractionwithout dispersion introduce(the s$mulation codeis presented in

Appendix). A pulse propagates throu a lengthLy of fiber, and aspectralbroadening is

observed while the pulse profile preservedLy_ is thenonlinear length, defined

1
(INTH }/Fb. (11)

1 N 1 ~ 1
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Figure 5: Simulation resultsTop: (a) input pulse spectrum and @@mporal
profile; Bottom: (c)spectrum an(d) temporal profe of pulse after propagatira

distance_p_ in fiber.Red line: frequency chirp induced by St

This phenomenon is called <phase modulation (SPMJhe spectral broadeni is due to

the time dependence of tiself-induced nonlinear phase shif) experienced by an optic
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pulse during its propagation through the fiber. BiM induced chirp, or the difference between
instantaneous optical frequency and central frequeis plotted in Figure 5(d). Though the
pulse has the same profile, it is not transformtéohany more.

The nonlinear phase shift is a very important patamfor pulse evolution in the fiber, and
is defined by

2 2
¢NL=7ﬁn2L|E| ’

AL =L/Ln=7RyL,

(12)

wherelL is the fiber lengthd is the carrier wavelength of optical pul&eis the electric field in

the temporal domain, ang is the peak power of pulse. The pulse experieacesaximum

nonlinear phase shifts{}**) of 1 radian after propagating througly_ long fiber. Simulation

results of the spectral broadening correspondirgjfferent maximum nonlinear phase shifts are

shown in Figure 6. The larggi>* is, the broader the output spectrum is.
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Figure 6: Simulate&PM induced spectral broadeg of the pulse experiencing

maximum nofkinear phase shift of a) 0; Ix; ¢) 3.5t. @dmax IS the maximun
nonlinear phase shift.

Previously, we only consided the effect®f chromatic dispersion and nonlinear refract
independently. In reality, they always exist togethndaffect each othemmndthis causes more
complicated andhteresting effects. As shown Figure 7,the optical pulse experiers changes
in both the spectral and temporal doms, unlike the #ects demonstrated previous

(simulation code seen in Appen). Here, we choose the case fdmigh SPM effectiare much

larger than those of dispersion, which meLp is much greater thabp. For a fiber with ¢

length of only 0.04p, there arssignificant changes of the pulse profile apédtrum (see Figure

7(c) and (d)).
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Figure 7: Simulation showing ulse intensity and spectrum aftpropegating
througha fiber with both dispersion and nonlinear refra. Top: fiber length of
0.01Lp; middle: fiber length of 0.(Lp; bottom: fiber length of 0.08,.

As shown in Figure 7(egnd(f), there are oscillations near the edgethetemporal profile
and side lobes in thgpectrum. This phenomenon is caltemporal wavesreaking[26]. This
only happes in a normal dispersion fik where longer wavelengths traviakte. As shown in
Figure 5(d) SPM induces frequency chirp. 1 SPM-induced reahifted light (negative chan
of frequency) travels faster, which makes the feagpy chirp function steeper while the pu
propagates, see Figure 7(Exentually, the re-shifted lightcan overtake the -shifted light in
the leading edge of the pulsEhen, the lead edge of thelse contains two frequencies at
same time, which causes interference. Also,-shifted light travels slower and is caught by

un-shifted light on the trailing edge. The oscillasonear the leading and trailing edges of
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pulse are due to these interferences [B6is very important to avoid wave-breaking in fibe

laser development, since it breaks one pulse itoes.

1.3  Introduction to fiber lasers

Not only for optical communication, optical fibeese also used to make lasers [27].
Compared to conventional solid-state lasers, fiasers have many advantages. First of all, all
light can be confined within the fibers. Thus iteisvironmentally more stable and insensitive to
changes in humidity or temperature. Also no optat@nment is needed, unlike the complicated
optical setups of normal solid-state lasers. Mealewlthe output beam profile can be a pure
single mode, without being affected by differentveos. This is very important for microscopic
imaging or precise micro-machining. Second, duth&large surface-to-volume ratio, the heat
dissipation of fiber is much better than that ofkbgain crystals, which enables high power or
energy laser delivery without any cooling. Thir&gchuse of the large telecom industry, the
fabrication of fibers is very well developed aneé ttost is considerably low. Fourth, fiber lasers
can be directly diode pumped. Laser diodes arelywmeailable, inexpensive and compact. The
electrical-to-optical efficiency of fiber lasersnche more than 30%. Based on all the advantages
mentioned above, fiber lasers have attracted ceraide attention in the past two decades. [27-

32]
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Figure 8:Energy levels of a few isolated 3+ rare earth in is the number ¢
electrons in the partiallffiled 4f orbital. [33]

Rare earths or lanthanides are normally used aand®o most gain fiber. They have a

partially filled 4f electron shell, which is shield from external fields by 2 and 5[6 electrons

[18, 33] The variety of lanthanides also enaba wide range of emission wavelens, see

Figure 8. When doped in amorphous host, they are triply ionized ¢hrough the loss cwo

- 2 6 _
6s electrons and on#f electron. Due to the shieldirfrom 5s  and 5p electrons, their iol

energy levels or optical properties are largelyepehdent of the host. This is one of the re:
that rare earth doped gain fibers are widely uHowever, till Stark splitting is observed f
rare-earth ions in glassadye tc the low point symmetries of the ragafrth sites in amorphol
matrices [33-35]. Thideads to more possibltransitionsthan those between the original i

~

energy levels, see Figure [B6]. The Stark levels broaden amerlap to produce &

17



inhomogeneously broadened emission | [33]. The millisecond long fluorescence lifetir
(upperstate time) of lanthanides also resultthe need for only relatively low pump power

maintain a significant population inversi[18], which means a relatively low lasing threst.

2

Fs/2 v

940 nm
1030 nm
1050 nm

2
F7/2

Figure 9 Energy level diagram of Yb3+ io containing split sub-level86]. 940
nm transition is fothe pump light, 1030 nm and 1050 rtransitions correspor
to the emissionwavelength.

Depending on the rare earth dopant, emission wagtievaries with different ¢n fibers.
Nd, Er,Tm and Yb doped gain fibs are most commonly usechd first fiber lasewas based on
a Nd gain fiber [37]. For Edoped fiber, the emission wavelength is around 1%®Q which
coincides with the minimum losof silica andis the standard wavelength for opti
communication. Tm doped fiber emits around 2000 wimich isin thenear IR and considere
an ‘eye-safe’ lage It has important applications in both mediced sensing technology. As f
Yb-gain fiber, the solubility of Yb in glass is muchktter than Er, which can result in a mt
higher gain. Also the emission wavelength of Ybarsund 1030 ni, whict is close to the
common diode pump laser wavelength of 976 The Yb gain fiber has very good quantt
efficiency and is suitable for ming high-power fiber lasers. The averggmver of aCW Yb

fiber laser can beoutinely scalewp to 10 kW [38] Recently, the first commercial 100 kW C
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fiber laser has been developed by IPG Photonics [8%e past decade, mode-locking ultrafast
fiber lasers have also developed greatly, in teah®oth pulse duration and pulse energy.
Benefiting from the development of fiber technolpdiper lasers delivering different output
pulses such as soliton [40], Gaussian pulse [41 alknormal-dispersion [31], have been
developed. By manipulating cavity dispersion anulaktavity pulse shaping, different mode-
locking regimes can be achieved or switched between

Soliton fiber lasers were studied and developethéearly years of the history of fiber
lasers. John Scott Russell first observed the grhenon of soliton formation in 1983 [42]. He
noticed that solitary waves could form on water amapagate long distances without change in
its profile. The optical soliton was studied aftiee invention of optical fibers and attracted much
attention [43]. It was discussed above that thesplistortion induced by dispersion and SPM in
a fiber can change the pulses in the temporal ectsgd domains or both. In order to support the
formation of solitons in a fiber, the phase indubgddispersion needs to balance that of SPM.
According to Equation (12), the nonlinear phasdt shduced by SPM is always positive. The
dispersion can be either positive or negative, depg on the optical wavelength and fiber
materials. So, a fiber that has appropriate anomsaltispersion to compensate the positive
nonlinear phase shift can support solitons. Aftditans are formed, they can propagate a long
distance while keeping their spectral and tempomaidile unchanged.

Since solitons have zero phase distortion, it ghdad possible to produce transform-
limited pulses directly out of soliton lasers. Nxtra phase correction or pulse compression is
needed, which is ideal for many laser applicatidnsorder to generate soliton-like pulses,
anomalous dispersion components are needed indasiies and net cavity dispersion must be

negative. In a standard solid-state Ti:sapphirer|agrism pairs are normally used to provide
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negative dispersion. For fiber lasers, anomalogpatsion fiber can be used. Fox example,
normal silica fiber has negative dispersion for alamgth > 1.3um. The first soliton fiber laser
was demonstrated in 1989 by Kafka et al. [40] atdr| an all-fiber soliton laser was developed
[29]. Both of them were Er fiber lasers with emigsivavelength at 1.bm. The pulse evolution
through the laser cavity is illustrated in Figuf®[44]. Soliton pulses take the form

U (t) =Ugsech{ I )exde (13)

where the FWHM pulse duratiot =1.763 . Since soliton results from the cancellation of
negative phase due to dispersion and positive pthaséo SPM in a negative dispersion cavity,

the requirement can be expressed as [18]

2
L: L T 1 (14)

— = = .
Lo Lne |B2] 7R

wherelL is the length of fiber used in the soliton fibasér,Lp is the dispersion lengthy is

the nonlinear lengthy, is second order dispersionis nonlinear coefficient, anég is the peak

power of soliton. The peak poweyis defined by

E E
-0885 - E 15
0 At 2r (15)

whereE is the soliton pulse energy. Based on Equation &bl (15), the pulse energy can be

presented as

E= 2|:32| _ 3'53ﬁ2| _ 3'5$D|, (16)
VT At y LAt

where D = L is total cavity dispersion (negative for solitomdr laser). Meanwhile, the

length of fiber used in solition fiber laser is ited by [18]
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2
L=032220 = At= D| . (17)

52|

So the pulse enerdyof soliton fiber laser cane approximated by
(18)

[

~ 11
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Figure 10:lllustration of pulse evolution in different fib&ser cavitie. [44]
Besides cavities witmegative net cavity dispersion, fiber lasers wittroz net cavity
dispersion were also studied. These latypically have a normal dispersion component (nor

dispersion fiber) and a negative dispersion compbrisuch as anomalous fiber or grat

compressor) that compensaach other. So these lasers are also called disp-managed or

dispersion-mapped fiber lase The output pulses have Gaussian pr([45],
U= erxp[—(t /2)2} , (19)
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in contrast to the sech profile of soliton pulséeey are called Gaussian pulses, or stretched-
pulses. In this laser, pulses are stretched andissed twice within each round trip of the

cavity, as shown in Figure 10. So there are twatioaos where the pulses are chirp free or
transform-limited, which can be selected as thareésoutput. The pulse energy and pulse

duration of Gaussian pulses can be expressed hs [45
- 4.47D|
oL (20)

At=0.66D] .

Unlike previous laser cavities all containing antona dispersion components, more
recently all-normal dispersion (ANDi) fiber lasevgere developed [31]. There is no pulse
compression or any component introducing negatigpedsion inside the laser cavities. The
output pulses are normally highly chirped and carcdmpressed externally. In order to stabilize
the mode-locking, spectral filtering is normallypdipd in ANDi fiber lasers [44]. This idea was
first proposed in Kerr-lens mode-locked solid-stitsers [46, 47]. When an optical pulse is
highly chirped, different frequencies are distrdmiat different positions in the temporal domain.
In a positively chirped pulse, red frequency oceagpihe leading edge while blue frequency
occupies the trailing edge. So a spectral filteat thlocks red and blue frequencies will also
shorten the pulse in the time domain (S&gire 1. Thus, the mode-locking can be stabilized.
Otherwise the pulse broadens forever, and the mysteecomes dissipative and

non-self-sustaining.
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Figure 11:Spectral filtering of highly chirped pul. T: transmittanct

1.4  Mode-locking methods in fiber laser:

There are two main categories of m-locking methods. One is active, using acol-
optic modulatorgAOM) and electri-optic modulatordEOM); the other one is passive and L
saturable absorbeor artificial seurable absorbers.

Both AOM- or EOMaided mod-locking generate up- and down-shitfrequencies. If
these newly generated frequesscmatch the cavity modes, they will be phase ddcwith the
original frequency and all the subsequently gereratv frequencies will also be phelocked.
Thus moddecking is achieved. Another active m«locking method is seeding the laser w
an already mod&scked laser source, which is mostly used in laseplifiers.

Passive modéscking usually uses saturable absorbers. A sawi@isorbehas two main
characteristics: intensitgependent transmission aa fast response time. In sc-state lasers,
organic dyes, liquid crystaland semiconductors are used as saturable absoNoeos,g thema
semiconductor saturable absorption mirror (SESA8/usedwidely, while the other two hay
been gradually replaced due to complexity instability. ESAM is also one of thmain types
of saturable absorber used in fiber lasers, althoutypically ha: aslower response time and
not suitablefor producing very short pulses. Meanwhilingle wall arbon nanotuts (SWCN)
and graphene are emergingusable absorbers, due their broadband absorption andt

recovery time. [48]
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Other than these devices, there are also somaciaitiaturable absorbe¢ that use
nonlinear optical effectsuch as Ke-lens moddecking used in Ti:sapphire lasers. Due to
optical Kerr effect, the higher the intensity ieetmore the refractive index is changed. F
Gaussian beam, the central part has much highensity than the edge and will be fised
more after a lens. This effect is also called-focusing. In a Kertens mod-locking laser, a
hard or softer aperture is used to faamplification of the pulsed light over 1 CW light, since
pulsed light has higher peaktemsity. For fiber lases, artificial saturable absbers based on

nonlinear effects anmost commonly used due to the large optical noalitgin fibers

Eqo 2:'cougpler E S i

Figure12: Nonlinear Optical Loop Mirror. [49]

One ofthe earliest developed fiber artificial saturabls@bes is thenonlinear optica
loop mirror (NOLM) [49] based on the principle of nonlinear phase shiftypical NOLM is
shown in Figure 12The input signal splits to two after going thrbutipe coupler. One cthe
split pulsess going clockwise and the other one is cot-clockwise. Depending on the pow
of the pulses in eaicarm, the phase accumulated by going clockwisecandte-clockwise will
be different. Thewill have either constructive or destructive inegghce with each other at t
coupler. By properly adjusting the coupling ralNQLM can favor the output ofigh intensity

light, which essentially is the same as I-lens mode-locking.
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Figure 13: NOLM Hkber lasel[29]. NALM: nonlinear amplifyingoop mirror

Figure 13 shows typical fiber laser using NOLN29]. A setup of two rings is used a
looks like a figure8’, which is why this type of laser is also calla ‘figure-8’ fiber laser. Or
the right side, a piece of gain fiber is added arwbupler i used to coupléhe pump laser in. In
between two rings, a 50% cour is used. The left ring is usually called tlesonatc, and the
right one is the NOLMor nonlinear amplifying loop mirror (NALM), sinceé ¢ontains gain fib.
Light from the resonatagqually splitsand propagates in opposite directiongh@ NOLM. In the
clockwise direction, light goes through a largersegt oi passivefiber and gets amplified late
For thecounterclockwise directic, it is amplified first and gains additionphase shift throug
the long passive fiber thatioe: the clockwise one. If the pba difference happens to =,
interference willsend all the light 1 the bottom of the resonator where it ggescted out of th
output coupler. The nopulsed signal, eeriencing very little phase difference in the clatde
and counterclockwise directions in the NOLM, is pled back to the top of the resonator ¢
rejected by the isolatom this case, the residual signal in the resonatorainly from thepulsed

laser and mod&scking is achievel
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Figure 14: Moddecked fiber lase basedon nonlinear polarization evoluti.
[50]

Nonlinear polarization evolution (NP{50, 51]is another popular mo-locking method
used for fiber lasers, sdggure 14. In addition to rotatiomy the natural birefringence the
fiber, the polarization of théput light is also rotated by the effects SPM and XPM. As
mentioned above, SPM indur an intensitydependent nonlinear phase shift. XPM ¢
introduce anonlinear phase shito the optical pulse induced by a sec@rdpagating puls
either with different wavelength or a different @ozation. The total nonlinear phase shift cat

by SPM and XPMs approximately given t
2r 2 2
L =7n2|_(| E%+2|E) ) 21)

where E1 and E> are the electric fields irtwo orthogonal polarizatiororientation. The

difference between thghase shiftof the two orthogongbolarization components is defined
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Rl (G
Ap=—-— B —|E|7) (22)

An input optical pulse, with either multiple frequaes or polarization not along the axis of the
fiber, will change its polarization in ellipticitgnd angle (see Figure 14), which is frequency or
intensity-dependent. By applying a polarizer aftbe fiber output, intensity dependent
transmission can be achieved, just like in Keristenor NOLM artificial saturable absorbers.
Among all the mode-locking methods mentioned ab®ESAM, SWCNT and NOLM are
most favorable for all-fiber lasers. NPE is moréenfused for fiber lasers with free space
components, especially for producing high pulserggn@nd ultrashort pulse duration. Active

mode-locking is mainly used for picosecond fibesela

1.5 Ultrashort Pulse Compression

Due to the dispersion and the nonlinear phase, shédtoutput of an ultrafast fiber laser can
have a significant amount of phase distortion.dtdmes very important to compensate phase
distortions and compress the pulse to its transfomted duration for most applications. There
are many approaches used for pulse compressior) agc grating compressors, prism
compressors, chirped mirrors, and fiber Bragg gogsti These passive compressors are quite
simple to assemble and easy to implement, but #reynot able to compensate higher-order
phase distortions. In order to do so, active patsapressors such as pulse shapers [52] are used.
A pulse shaper is a device to shape the opticaepudither spatially or temporally. A normal
pulse shaper is illustrated in Figure 15, whiclalso called 4-pulse shaper. It consists of two
gratings, two lenses and one mask in the FourarepIThis mask can be used as either for phase

or amplitude modulation or both of them. Withou# thask, it just acts as a grating compressor.
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Figure 15: Schematic of a 4-f pulse shaper.

As shown in Figure 15, when the distance betweeatirgy and lensL() is less than the
focal length {), it behaves as a pulse stretcher, where red drexjes come ahead of blue
frequencies. In the case b#f, it becomes a pulse compressor. However, thisulayadl cause
some spatial chirp in the output pulses, whichnwanted. So, it is better to keep the shaper at a
4 layout. The 4 scheme can be modified by folding the setup atRberier plane using a
reflection mirror. Lenses can also be replacedusyed mirrors.

With the development of liquid crystal based spdigdt modulators (LC-SLM), it became
possible to make adaptive corrections rather thangufixed masks [52]. By applying certain
voltages to the pixels of liquid crystal arrayse fiquid crystals rotate and act as birefringent
materials. In the Fourier plane, frequencies foduse to different LC arrays accumulate
corresponding phase retardance. This applied pisasalled the spectral phase and does not
change the output spectrum. However, the pulseodifiad in the temporal domain.

Based on this technique, the Dantus research gieugloped a pulse characterization and
compression method — multiphoton intrapulse interiee phase scan (MIIPS) [53-55]. By
adding a defined spectral phase to the laser speand measuring the resulting change in the

SHG signal, the phase distortion in the originalspucan be determined. The principle of the
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method is based on nonlinear interference, whigbedds on the spectral phase, and cause
changes in the SHG spectrum. The electric field plilse can be written as

E(w) =| E(w)|exp(ig @)), (23)
whereE(w) is the electric field of the pulse in frequency dom andg(w)is the spectral phase

of the pulse. If this pulse is focused into a SH®@stal, the generated SHG signal can be

presented by

I(2a)):U|E(a)+A)||E(a)—A)|exp(i(¢ @+A )¢ (a)—A)))dA‘Z ,

Mo+ A) = g+ § (@) A +%¢"(a))A2 +%¢"’(a))A + O(A4),

(24)
Ho—A) =y —¢’(a))A+%¢"(a))A2 —é¢'”(a))A+O(A4),
H@+48)+g(0—A) = 2dy + 4" (@)A% + O %),
2
| (20) = U|E(w+A)||E(w—A)| exp(i( Yo+¢" 0 N2 +0 )))dA‘ (25)

where I(2w) is the SHG signalA is the frequency deviation from and the variable of
integration, andsy, ¢'(@), ¢"(w) and¢"(w) are the zero order, first order, second order and
third order derivatives of the spectral phar{ev), respectively. According to Equation (25), the
SHG signal (2w) is maximized whe" (@) =0.

When a reference phasgig.f(w) is introduced, the SHG intensity at certain freqgy is
maximized when

#'(@) = ~der (@), (26)

where w is the angular frequency,’(w) is the second derivative of the original phasenptit

pulses, andds (w) is the second derivative of the reference phasemidlly a sinusoidal

29



reference phase or second order dispersion phaagpiged, as defined by either of the two

expressions, respectively:

Pref (a))=0{COS(]/(a)—a)0)+5) \
1 2 (27)

ref (a))zzﬂz(a))(a)—a)o) '

where « is a modulation amplitude with value around, 2 is the FWHM pulse duration of

transform-limited pulseg is the scanning phase parameter, Ands the scanning second order

dispersion. The SHG signal will be maximized when

7" (0) = a7 oy (0~ 0) + Spna(0))

(28)
(0"(0)) — _ﬂzmaX(w).
In the case of a transform limited pulg€(®) is 0 and
T
fo) o)=2ntl)——yv(w-wq),
max( ) ( )2 7( O) (29)

po" (@) =0,
where 5max(a)) and ﬂzmax(a)) are the scanning parameters corresponding to dbal |
maximum SHG signal. It can be easily noticed tﬁﬁ&x(w) is simply a straight line with slope
of y and repeats every, ,Bzmax(a)) is simply a horizontal line equal to zero. If thes second

order phase dispersion, theﬁ(a)) iS a non-zero constartﬁmax(a)) is still a straight line but

the spacing becomes smaller or larger tharand ﬂzmax(a)) is just a constant meaning a

straight line across all frequencies. With highedeo dispersions, the functions will change

correspondingly, as illustrated in Figure 16.
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Figure 16:MIIPS simulation results. Top: sinusoidal s of pulses with(a) flat
phase, (b)second order dispersio(c) third order dispersion, (dpurth order
dispersion ande) all of then; bottom: second order dispersion sadnpulses
with (f) flat phase,(g) second order dispersion, (M)ird order dispersion(i)
fourth order dispersion and i(j) of them Dot lines: local maxima of SHG sigr
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Chapter 2 Sut-50 fs High Energy Ultrafast Fiber Laser

This chapter discussdbe development of s-50 fs fiber lasers producintgns of nJ pulse
energy which achieved the highest peak power of thegsufsom a sing-mode fiber lase.
Different cavity designs are discussDependence of laser performance on several keyyc

parameters is studieBoth simulation and experimental results are dertnatesl.

2.1 Introduction

One principal applicatior of ultrafast fiber lasers is biomedical imaging,clsuas
multiphoton microscopy [6]1t is known that multiphoton efficiency is dependent on pt
duration [56]. As shown ifigurel7, the SHG signal is inversgbyoportional to the laser pul:

duration and the THG is invellgeproportional to pulse duration squar&igurel17] [57].

107 e

I N R
g ] \ * 1
5 Tygeg & : :
£ THG | e
— .Jenhancement
ey :
0.1 v -
= 48 fs 1001‘5\\

0.01 R N N

20 100 500

Pulse duration (fs)

Figure 17: Pulse duration dependent multiphoton efficie. Symbols:
experimental results; Lines: fit of experimentala

It is clear that shortguulses increase theultiphoton signal. On the other hand, in orde
image biological sample$aser pulss need to overcome the large Ifssn tissue scatterit. So

a fiber laser that can provide bothrashort pulse duration (sul®5s) and high pulse ener:
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(tens of nJ) is highly desirable for this applioati As discussed in Chapter 1, there are several
types of fiber laser designs. A proper design neéeds chosen to produce pulses as mentioned
above.

Intuitively, a soliton or Gaussian pulse fiber lage considered as the first option, since
both of them can deliver transform-limited pulsdsis known that pulse enerdy and FWHM

pulse duratiomt of soliton pulses are approximately [45]

3.53/|D|
E:—’
yL (30)
At=./|D|,
or
E_353 A1)
At yL

whereD is the net cavity dispersion (usually negativejs the nonlinear coefficient, aridis
total fiber length in laser cavity. As shown in EBEtjon (30), the larger the net cavity dispersion,
the higher the pulse energy and the longer theepdisation. In other words, pulse duration is
proportional to pulse energy. For a typical 100 Migfton fiber laser using about 2 m longn®
core diameter fiber operating at ufh wavelength, the ratio between pulse energy arskepu
duration or peak power is limited to about 400 Weaading to Equation (31). This means that a
100 fs pulse from a soliton fiber laser can onintain about 40 pJ of energy, which is too low
for most imaging applications. While a 10 ps saolifoulse can deliver 4 nJ pulse energy, the
pulse duration is too long. Therefore, soliton fitesers would be ideal for producing transform-
limited picosecond pulses, which is not suitablebiomedical imaging. This limitation can also
be understood as follows. Since soliton pulsesti@msform-limited through the whole laser

cavity, the corresponding peak power will be verghhfor femtosecond pulses with nJ pulse
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energy. This will cause significant high order noear effects such as self-steepening,
stimulated Raman scattering and even self-focudorgpeak power larger than 6 MW). Soliton
propagation cannot be sustained under those consgliti

For Gaussian pulse fiber lasers, pulse energy als# pluration can be expressed as

g 4.47D|
yL

(32)
At=0.66|D],
or
L (33)
At yL

According to the energy-to-pulse-duration ratio,u€dan pulses can deliver about twice the
pulse energy as soliton pulses with the same pdigation. This higher pulse energy is
attributed to partial stretching of the pulses tlu¢he normal dispersion components. However,
the pulse energy for femtosecond pulses is stilhigh enough.

Different from soliton and Gaussian pulse fiberelas all-normal dispersion fiber lasers
have pulses that are highly chirped through thé&esctvity; and higher pulse energy can be
tolerated without generating significant nonlinediiects in fibers, so an all-normal dispersion
fiber laser is a better option for high pulse egetglivery. On the other hand, Yb fiber lasers are
favored for high power fiber laser designs. Thessimon wavelength is arounduin, fused silica
has normal dispersion at this wavelength. Therefibre output pulses of all-normal dispersion
fiber lasers usually have significant phase digiarsince there is no dispersion compensation
inside the cavity. External pulse compression ieded for this type of lasers. The maximum
nonlinear phase shift experienced by pulses inrmalbdispersion cavity can be as large ast~10

[58], compared to onlyn-in soliton and Gaussian pulse fiber lasers [4dprevious report [59],
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pulse energy as high as 31 nJ was delivered froall-normal dispersion fiber laser. The out
pulses wereompressed to about 80 FWHM pulse duration, resulting in a peak power 60
kW. It is desirable to explore the limit of thidbér laser design in terms the pulse energy, tt

pulse duration and th@eak powe

2.2 All-normal dispersion fiber lasel

2.2.1 Experimental setup

0

>x

Figure 18:Schematic of anll-normal dispersion fiber lasePBS: polarizin
beam splitter; QWP and HWP: qua- and half-wave plateespectivel; SMF:
single mode fiber; collfiber collimator; SF: spectral filter.

A typical all-normaldispersion fiber la« is illustrated in Figure 18. has a ring cavity
with some freespace components used. A pump laser (976 nm las#)ds coupled intan Yb
dopedgain fiber by a fiber combine The gain fiber used here is a doublad fiber with 10um
core diameter (CorActive, 8B/m absorption @ 97nm). The pmp laser is delivered by100
um core diameter multhnode fiberand coupled into the inner cladding tbk gain fiber. The
excess pump laser is forced to leak out by applindg»matching gekt the end of gain fibe
Two segments of passiwngle mode fiber (SM-1 and SMF-Il)are fusion spliced to gain fib

using a fibessplicer (Fujikura LMA-PM-400).Two fiber collimators are used to couple the ir

and output light of théiber, respectively Several quarter- and half-wapéates are used to he
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the moddecking based on nonlinear polarizaticvolution (NPE). The polarizir beam splitter
(PBS) acts as an output coupderd is also part of the NPE mode-lockiiitpe isolator is a very
important component. #stablishe the direction of the laser propagation gmeévens damage to
the gain fiber. If evera small amount clight couples back to the gain fibetr can destroy the
fiber cavity due to the high gain. A spectral filis used to stabilize the mc-locking. In
principle, all the freestanding components mentioned above can be replagedll-fiber
components. For example, theave plates can be easily replaced with a fiber poléione
controller. By adding forcet® a nol-polarization maintaining fiber, the birefringendettoe fiber
can be easily changed. Thus the polarization ofotitput light will also be changeThe PBS
can be replaced with a fiber couplHowever, our research focuses on developing tincept
of afiber laser design instead of engineeringintegrated all-fiber laselDetailed fiber lase
cavity alignment is presented in the Appenc

The principles behindusing each of these components to achieve m-locking is

described below.

2.2.1.1  Nonlinear polarization evolution

Q\|{|VP |_|Q\|/_|VP PBS
V0 el R 70
PBS HWP

Figure 19: Schematic of rtificial saturable absorbe®BS: polarizing bear
splitter, HWP and QWP: ha and quarter-wave plate, andz #s the pulse
propagation directioNote: color has no meaning in this figt

As mentioned in Chapter a fiber laser can be mode-locked usingaatificial saturable

absorber based on NPE of toptical field inthe fiber.A schematic of the artificial saturak
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absorber used in our lasis shown inFigure 19 It is formed by a PBS, three wave plates,

the fiber.

X 3|0Wyfast S|0Wyfast 3|0Wyfast y X

7 Ny s
4 gVP1 ﬁber /HWP gVP-Z4

=0 0,=0
1 OL»] (12 0(3 2

Figure 20: lllustration of propagation of electric field through thertificial
saturable absorbetr, ap, ag are the angles between tfest axis ofthe wave

plates and the x-axig)j and & are the angles between the axis of pb&arizes
and the x-axisy, y, z are the coordinate axes, anz is the pulse propagatic
direction.Note: color has no meaniiin this figure.

As shown in Figure 20, pulse after the PBS is horizontally polarizé&the input optical

field Eg is

_q 34
-y w

wherea is the amplitude othe input optical field. Due to crogshase modulatic (XPM), the

phase change for each frequency through the féoebe written ¢

Ad(@)= 27an2(

E @ -[E- @) (35)
wherel is the length of the fibell is the wavelength of the input puls®, is the nonlinear

refractive index, andey and E. are the electric field of the two orthogonal patation

components along tHast and slow axes of the fiber, respecti. Here, we assume that the f

axis of the fiber is along axis and the slow axis of the fiber is alcy axis.The evolution othe
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electric field through these components can beutatied using Jones vectors. Two sim

results are shown below,

If o4 =0, =0,a3=0,lgy; @)=2a° sirf(Ag @) . (36)

If oy :%, as :%, a3:%, lout(®) —a? (1+ coA¢ @ ))) . (37)

So, by rotating these waates, the transmission functionthis setupvaries. Withfixed wave
plate angles, the transmittanckeach frequency is different, depending on theensitie: and
input polarizations. Thudyy properly adjusting the wa plates,the coupling and amplificatio

of frequencies with high intensity can favored t. After anumber of round trif, mode-locking

can be achieved.

2.2.1.2 Spectral filter

\llllnr

—l > _

i

w '\mm

B

PBS isolator

Figure 21:lllustration of spectral filte. PBS: polarizing beam splitter, B
birefringent plate, andztis the pulse propagation direction.

The spectral filteiis another very important component in this ce It is formed b a

birefringent quartz plate placdsktweenthe PBS and the isolator (see Figdd@. The ordinary

axis of the birefringent platés at 45 with the respect to the horizontakis in the plane

perpendicular to the beam propagation dire. The plate is also tilted at therewster angle to
reduce reflection lossMeanwhile, the polarization of the input port oktisolator is set &

horizontal. The input light fronthe PBS is horizontally polarized. Then we can getdfeations

below,
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_jA¢
E'= Eycos 2¢)e 2%+Tg,

_jA¢

Eout = EgcosEl e 2 .

where E’ is the electric field after the birefringent plaféhe transmission function of the output
pulse can be written as below,

lOUt:EOCO52 %¢)!

(39)
Ap=2E(ng—ng)d.

whereng andng are the refractive indices of extra-ordinary andirtary axes of the birefringent
quartz platelgtis the pulse intensity after the spectral filter.

Here, ng and ny are 1.53514 and 1.54392 at dm, respectively. Using the

Equations (39) and the refractive indices, transmde curves for different thicknesses of
birefringent plates are plotted in Figure 22. ltowk that, the setup with a 3 mm thick
birefringent plate corresponds to a 20 nm FWHM badth spectral filter, and the one with a 5
mm thick birefringent plate has a FWHM spectral dwaidth of 12 nm. By rotating the axis of
the spectral filter or changing the input or outgglarization axis of the polarizers, the

wavelength of the peak transmittance can be shifted
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Figure 22: Transniiance of spectral filter using a) & mm thick birefringent pla
and b) & mm thick birefringent pla

The spectrafiilter plays a very important role in stabilizingoak-locking. Initially by
adjusting the filter, only the desirecspectral range is amplified in thgain fiber. After
amplification, high intensitypulse induce SPM will generataeew frequencies and broaden
spectrum. After each loophé filter-induced losof both spectral bandwidth and pulse en
also balancethe gain, which kees the laser producing stable output puléésanwhile, due t
the cavity dispersion (here we only disc the case of normal dispersjorihe generated re
frequenciedead the pulse and the blue frequencies lag theepdlhis dispersiobroadens the
pulseduration. By applying the spectral filter, it natlg cuis the spectral bandwidth, but o
shortens the pulse in the temp domain. Other ways in which trspectral filter affects th

laser performance will be discussed later in thispter.

2.2.2 Experimental results and discussio

For the initial operation of the las¢he pump power should kst at a low level and tt
alignment of the setup adjustel by monitoring the output powefhe most critical thing is th
coupling between two fiber collimators. Both anghel height need to be adjusted. Once ent

coupling efficiency is reached, the cavity will gtdasing and output powewill increase
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dramatically. Then, finer adjustment can be donenaximize the output power in CW mode.
The isolator has to be placed in between the twinetors all the time. Otherwise, the gain
fiber will be easily damaged.

Various mode-locking patterns can be obtained lying the pump power and rotating the
wave plates. Typical output pulses from an all-rardispersion fiber laser are shown in Figure
23. Output pulses with average power of 1.43 W ra&patition rate of 41.2 MHz, corresponding
to 34.7 nJ per pulse, are delivered from this laSmrtput pulses are highly chirped and
compressed to about FWHM 80 fs pulse duration, Wwhatready beats the best all-normal
dispersion fiber laser (31 nJ and 80 fs) reportedipusly [59]. The cat-ear like structure of the
spectrum is the characteristic of all-normal dispmr fiber laser and is caused by SPM effects.
For this demonstrated laser, the parameters afellaws: 2.5 m long SMF-1, 1.9 m long gain
fiber, 0.2 m long SMF-II fiber and spectral filtef FHWM 20 nm bandwidth. The gain fiber is
pumped at about 6.1 W. Since all the cavity paramelisted above can be adjusted, it is
important to study the dependence of the laseopagnce on these parameters and find proper
guidance in cavity design. In the following secBpdependences of laser performance on fiber

length and filter bandwidth are mainly discussed.
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Figure 23:Laser performanc of all-normal dispersion fiber lasea) Outpul

spectrum; (b) KEperimentally measured interferome autocorrelation of ¢
chirped output pulses.

2.2.2.1 Fiber length dependenc

According to their locations and functions, fibénsthe cavity are categorized as SkI
(passive fiber precedinggin fiber and after spectral filter), gain fiberxdaSMF-II (passive fiber
following gain fiber and before output por

Normally, the length of gain fiber ichosen to absorb most of the pulight. If the gain
fiber is too short, and will not fully absorb the pump signal. Too lomgnot good either, sinc
the excess gain fiber absorhe more pumglight but the laser signal inste causing some
narrowing.Also it adds more dispersion and nonlinear phagfetshthe cavity.Therefore, both
excessively long anshort gain fibe should be avoided. The proper lengén be determined

the alsorption rate of the gain fik, which depends on the density of ¥dm dopan and pump
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light wavelength.The gain fiber used here has an absorption rat di/m at 975 nm, whicl
means one meter of fib&vill absorb about 75% ¢he pump lightin our system, about 2 m ge
fiber is used and the pump-aserconversion efficiency can be up to 50% (maximCW
output power divided by the pump power), as shom Figure 24. Since thiength ofthe gain
fiber is not a proper parameter to adj the remaining adjustable parameters other thartrsp

filter bandwidth are the length of Si-I and SMF-IL.
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Figure 24:Measure pump-to-laser conversion efficiency.
With other parameters ke the same, the length of SMF-I is chan@en 7.5 mto 1.7 m
It is found that the output spectral bandwidth increasiéls the decrease of SMI length, see
Figure 25. Shortening SMFfrom 7.5 mto 2.4 m, theoutput spectra change significau.
However, further reducing SN-1 length does not affect the output speatrach,as seen by

comparing the results @4 m and 1.7 m SIv-I.
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Figure 25: Outpuspectra of laser cavities usi(top) 7.5 m, (middleR.4 m anc
(bottom) 1.7 m SMF-L.

In this laser, SMH-is used to pt-chirp thepulse before being amplified the gain fiber.
Without preehirp, it will just behave like a soliton fiber Exsand cannot tolerate the high pt
energy. The pre-chirp lowetke pulse peak power, which helps @void too much nonlines
phase accumulation durirgmplificatior. To be noted, as shown Chapter 1, the nonline
phase shift induced by SPM is associated with sglelstoadening and a proper nonlinear pt
shift is helpful. When SMF-become very long, the laser pulsesould be too chirped to
accumulate enougimonlinear phase sh for spectral broadeningAlso, SMF-I introduces
nonlinear phase shift. The excess nonlinear ph#&s san be detrimental to the las
performance. It is experimentally observed thatde-locking becomes less stable with lo

SMF-I.
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On the contrary, the lengthening of SMF-II broadéims output spectra. The opposite
correspondence is due to the different roles of SMRd SMF-II in the cavity. SMF-II guides
the light out of the gain fiber. Other than thataliso helps broaden the output laser spectra by
taking advantage of SPM effects. Ideally, it woblkl good to use long SMF-II to broaden the
laser spectra as much as possible, provided thee drgndwidth is coherent and compressible.
However, as we mentioned in Chapter 1, unwantecevimgaking could happen to prevent this
expected pulse evolution. In order to prevent whareaking, SMF-II length is limited to only

about 0.3-0.5 m.

2.2.2.2 Filter bandwidth dependence

As mentioned before, the spectral filter bandwidtries due to the thickness of the
birefringent plate used. Three different spectitiérs — 12 nm, 20 nm and 30 nm FWHM
bandwidth are tested, while keeping other cavitapeeters the same.

It is very hard to mode-lock the laser with a 30 spectral filter. The narrower the filter
bandwidth, the easier the mode-locking becomess §hows that spectral filtering does help
stabilize mode-locking in all-normal dispersiondidaser. A FWHM 30 nm bandwidth filter is
too large to cause any pulse shaping of the putsése the cavity. When it is replaced with a 20
nm spectral filter, stable mode-locking is achievitds found that further reducing the filter
bandwidth to 12 nm increases the output spectraividaith, as shown in Figure 26. The
broadening of the output spectra is observed ih ba 7.5 m long SMF-1 and 2.4 m long SMF-I
cavities. The shifted central frequency of the atfgpectra is due to different axis angles of the

birefringent plates relative to the table axispastioned early in this chapter.

45



(]

Intensity (arb. units)

b) | SF8hepwpm =20nm
[l

Intensity (arb. units)
[

0 _/ . . \_
1040 1060 1080 1100 1120

L S [ e

Wavelength (nm)

Figure 26: Dependenadf the output spectra on the specfiér bandwidth(a)
Cavity with 7.5 m SMH and a 20 nm (top) or &2 nm (bottom) spectral filte
(b) Cavity with 2.5 m SM-I and a 20 nm (top) or 42 nm (bottom) spectri
filter.

The spectral filter bandwidth dependent output Bpeare observed in various las
cavities with different SMH-length. Figure 26(a) and Figure 26(b) are tresults fromtwo

cavities using 7.5 m arZl4 m SMF-I, respectively. Both of them show the broadenihguiput
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spectra due to narrower spectral fi, which results in shorter compressed pt. However, it is

more significant in the cavity with shorter S-I.

2.2.3 Conclusion

Based on thestudies shown above, it w found that theoutput spectrum bandwidth
highly dependent on the length of S-I1 and thespectral filter bandwidth. Generally, tlonger
the SMF-I is the narrower the output spectral bandwidth; tlaerawer the spectral filte
bandwidth, the broader the output spectral bandwincrease of SMHA} can also broaden tt
output spectrum to some extebut it is not . good parameter to tune in theése. Meanwhile,

the stability of modéecking is alscinfluenced by these parameters.
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Figure 27: Amplified spontaneous emissionthe gain fiber.

Our lasers mentioned above can routinely delivésgs with tens of npulse energy anas
short as 80 feulse duration. Output pulses with 34 nJ pulsegnand 8Cfs already beats the
best allnormal dispersion fiber laser (31 nJ and 80 fspregul previoush[59]. However, it is
hard to further push theulse duratiorbelow 50 fs with this designhe output spectrum is n

near the gain bandwidth limiF{gure27), which means there is still rodior improvement. Thu
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interesting fiber bandwidth dependence made us emomdthether we can further reduce the

spectral bandwidth to broaden the output specthough it sounds counter intuitive.

2.3 Similariton fiber lasers

In 2010, Bale et al. proposed that strong spediltating in a fiber laser can act as a
nonlinear attractor to generate similariton pufé€§, which have a parabolic pulse profile. Later
this regime was demonstrated experimentally andgsulvith 55 fs FWHM pulse duration and 3
nJ energy per pulse were delivered from a simdarifiber laser with a very narrow spectral
filter. [61]
2.3.1 Introduction to the similariton

The similariton in an optical fiber was first intigmted theoretically by Anderson et al.
[62]. In their work, they found a solution for whioptical pulses can avoid wave-breaking and

preserve their pulse shape when propagating icagdtbers. The solution is defined by [62]

Ax7) = Anf1-7%/ 76(%? expt- ir?/ 2) (40)

WhereA(x,7) is the pulse fieldzis instantaneous time, is the position in the fibep is the

peak amplitudezy is the pulse duration, ardis the chirp parameter. In order to achieve this

solution, assumptions of high pulse intensity, mgraonlinearity and normal dispersion were
made [62]. The quadratic phase term, yielding adinchirp, is the reason that optical pulses

described by this solution can avoid wave-breaking.
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Figure 28:Numerical solutio of the nonlinear Schrédinger equation for the p
amplitude at differenpropagatiordistance. [62]

As seen from Equatiort()), an optical pulse with this solution hagparabolic profil. The
parabolic profile is preserveslith increasincwidth of the pulse as firopagates ithe fiber( see
Figure 28) [62] That is why this type of pulsescalled ‘selfsimilar pulse’ or ‘similaiton’.

Depending on the change of pulse intensity, theycategorized as passive similars,
which propagatén passive fibes and dissipaten peak power and amplifier simiitons, which
propagate in active fdr and gai peak power (see Figure 29) [44ince similaritons ca
tolerate greater pulse energy than solitons withaxte-breaking, it would be useful to desigt

similariton fiber laser that delivers higher enesiprt pulse:
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normal-Gv/D fiber amplifier.[63]

Experimentally selimilar pulse evolution was first observed in aefitlamplifier [64],

because the requirement for high pulse intensity loa easily achieved in a fiber ampli.

Basedon the results in referen(64], the same group of researchers also theoretistudied

the amplifier similariton [63]They found that only tf initial pulse energy matied to determine

whetherthe similariton would form in the gain fibeAs shown in Figure3C, the theoretical
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predictions for the asymptotic parabolic pulse atioh (solid curve) were compared with the
results obtained for simulations with input pulséslifferent pulse durations yet identical pulse
energy. The pulse duration of the input pulses atdyermines how fast the input pulse is
transformed into a self-similar pulse. The inputspuenergy giving the fastest convergence to

self-similar evolution is defined by [63]

_ 213(0)g?

in = 277/,[)’2 1 (41)

whereUj, is the input pulse energyp(0) is the input pulse duratiog,is the gainyis the Kerr-

coefficient of the fiber, ang, is the GVD of the fiber.

However, similariton generation in a fiber oscilais not as simple as that in a fiber
amplifier. Self-similar pulse propagation in a pasdiber section of a dispersion-managed fiber
oscillator was experimentally demonstrated fird][6The passive similariton pulses stretch in
time while their spectral bandwidth stays nearlgstant. Recently, Oktem et al. [32], Renninger
et al. [61], and Aguergaray et al. [66] have repdrsimilariton formation in the amplifier
sections of lasers. Amplifier similaritons undergfoong spectral and temporal breathing in the
cavity. In the report of amplifier similariton fomtion in an all-normal-dispersion cavity [61],
the authors focused on the new pulse evolutionthperformance limits. Amplifier similariton
pulses having 3 nJ per pulse and compressed dowb fe were generated from an Yb fiber
laser [61], but there was no attempt to maximizeghblse energy. The short pulses and smooth
spectra of amplifier similariton lasers will beratitive for applications, so it is desirable to gee

these solutions will be stable at higher energies.
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2.3.2 Numerical Simulations

To verify the presence of amplifier similaritonsthre cavity, numerical simulations based
on the modified Ginzburg-Landau equation [67-69jthwva gain term added to the nonlinear
Schrddinger equation (8), are performed with theualcfiber parameters, using the split-step

Fourier method [70]. The modified Ginzburg-Landauation is given by [18]

2
AP A G A2A-9a=, (42)
6z 2 o2 2

where group-velocity dispersighp = 23 fszlmm and nonlinear coefficient= 0.0016 (W m')l

are used. The gain is defined by

9= %
1+a)/a)0+(a)—a)0)2/Aa)2

(43)

where w is the frequencygy is the pulse carrier frequenc¥w is the gain bandwidth, arg} is
called a small-signal gain, which means that then ga small enough to avoid any gain

saturation. In a fiber laser, the small-signal gaimormally limited by the parasitic lasingg
can be calculated §80dB/10)x In(10) 2= 3.4!in unit of m, 3B is the highest gain that

should be used, since higher gain will generatenifsignt spontaneous emission. An
instantaneous saturable absorber is used for NR&saturable absorber function is given by

m

0= R

(44)

wherem is the unsaturated loss, corresponding to the matdo depth, andPq is the saturation

power.
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This numerical simulation is based on a ring cawulgsign. The sequence of e
component is the same as #gerimental sep. The saturable absorbprecedesthe spectral

filter. Starting from white noise, pting in the cavity is formed after a number of iterasi
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Figure 31:Top: scheme of cavity used for simulation. Bottgoulse duratio
(black) and spectral bandwidi(red) evolution through the laser cavity wia 12
nm bandwidth spectral filt.
First, a laser cavity with a spectral filter of héh bandwidth is simulated. The change
pulse duration and spectral bandwidth through thetg i< plotted in Figure31. A parameter —

the breathing ratio — is uséd characterize the change, which is definedh&schange cthe

pulse durations or spectral bandwid It can be seen that the breathing 1 of both pulse
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duration and spectrum is abou-3 through the entire cavityTo better illistrate the pulse
evolution, a two-dimensionallot of spectral change is illusted in Figure 3@). The spectrum
at the end of SMH is shown in Figure 32(b). The ‘cat-eatike spectrum matces the
experimental results very well. The match betwede nhumerical simulation andhe

experimental resultiselps to validal our simulation model.

=
= | \
Laser Cavity Position (m) Wavelength (nm)

Figure 32:Simulation results of laser cavity usiia 12 nm bandwidth spectr
filter. (a) 2D spectral e\lution through the cavity; (bpker spectrum at the end
SMFE-II
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While keepingother fiber parameters the santhe bandwidth ofthe spectral filter is

changed to 3 nm and tleerresponding simulation results ishown in Figure83 and Figure 34.
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Figure 33:Pulse duration and spectral bandwidth evolutioroupgh the lase
cavity with a3 nm bandwidth spectral filt. Top: scheme of the cavity used

simulation.
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Figure 34:Simulation results of laser cavity us a 3 nm landwidth spectral
filter. (a) Twodimensione spectral evolution through the cavity; (b) La
spectrum at the end of SI-II.
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The pulses experience both large temporal and rgpdateathing in the gain segme
(Figure 33. The spectral breathing ratio is up to 15 thrauglthe cavity. The saturable absor
and spectral filter shape the pulse and makeficonsistent over the cavity rot-trip. Note that
the spectral filter doesot only cuts the spectral bandwidth, but also cedule pulse duration
significantly. It shapes the pulse more than the saturable lagxsand is the key component
attract pulse evolution to this special regime. $hectrum at the end of SMHA-(Figure 34(b)) is
also very different from thécat-ear shape and shows arabolic profile, which is th
characteristic of similariton pulseThe temporal pulse shape of thinulated results is als
checked, as seen in Figure Frarabolic fit is applied to the pulse at the endSMF-II and

shows verygood match, which further verifi the formation of similaritons.
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Figure 35:Simulated pulse shape of the pi at the end of SMH& plotted on
logarithmic scaleRed daos: parabolic fit; Insert: same plot orirgear scale

56



2.3.3 Experimental setupof similariton fiber laser

o : BIleOE L
S | L IR filter
:L:é - B /
é =
ET QWP
fiber
combiner

Figure 36: Schematic of the doul-clad Yb all-normaldispersion fiber lase
cavity and the setup for pulse characterizationF-I and SMFH: single mode
passive fiber section | and Il; QWP and HWP: qu- and halfwave plates;

PBS: polarizing beam splitt coll.: collimator; OSA: optal spectrum analyze
L: lens; spec.: spectrome.

An all-normaldispersion laser cavity is designed to support laimton formation in the
gain medium. The narrow int@avity spectral filter is formed by the combinatioha crating

and a collimator [61]as shown irFigure 36 The collimator is set at a distance away from
grating (300 groves per millimet and is aligned to couple thétbrder diffraction beam fror
the grating back into the laser cavity. The smapkrture of the collimator acts as a spatial

spectral filter. Also due to the 10 um diameterecsize of the fiber mounted the collimator,
only avery small amount of thGStorder beam couples intbe rest of the cavit as illustrated in
Figure 36 Following the collimator is the ngle mode passive fiber (SMF including the
extension fiber of the collimator and combiner. Aod section of single mode passive fi

(SMF-I) follows the gain fiber. ThelO um core diameteiyb doped doubl-clad gain fiber
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(CorActive DCF-YB-10/128) is spliced to SMF-1 andB-I1l, respectively. The gain fiber is
pumped by a CW diode laser at 976 nm. A PBS, ispland several wave plates (HWP and
QWP on the left side, and QWP on the right sidd-igure 36) act as an artificial saturable

absorber based on NPE [50]. By adjusting these waates, passive mode-locking can be

achieved. The HWP preceding the grating helps tainmae the efficiency of the Si order

diffraction. The 8ﬁ order diffraction beam is directed onto a photddioconnected to an

oscilloscope or a radio frequency (RF) spectrunyaea.

The PBS acts as the output coupler. The outputtgpecis measured by an Optical
Spectrum Analyzer (OSA, HP70451). A flip mirror neéhe output is used to direct the beam
into the MIIPS-enabled pulse shaper (MIIPS Box 6B@photonic Solutions Inc.). Before
entering the shaper, the beam is expanded by al@scbpe. The output of the pulse shaper is
focused on a 10 um BBO crystal (see Figure 36). rHselting SHG signal is detected by a
fiber-coupled spectrometer (Ocean Optics, USB40DIg¢. MIIPS program measures the spectral
phase of the pulses at the nonlinear crystal aaptactly compensates high order dispersion to
obtain transform-limited pulses. A number of tesied shaper-assisted interferometric
autocorrelation (AC) are performed to ensure that results are consistent with independent

theoretical calculations.

2.3.4 Experimental results

As learned from previous experimental tests, sitmdaresults and other researchers’
reports [61], the length of each fiber segment cffehe similariton laser similarly as in a
common all-normal dispersion fiber laser. Here, fther length of SMF-1 and SMF-II is chosen

to be 1.7 m and 0.35 m, respectively. These paemetere found to be good in both previous
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laser design and numerical simulations. The filmdlimator is placed about 13 cm away fr

the grating and acts as a ~3 nm spectral
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Figure 37:Two output modes witltthe same pump power. (a) afm) Output

spectrum; (b) an¢d) Interferometric autocorrelati. Note: the gray or dark col

in (b) and (d) has no meaning. It is caused by#rging density olines

Various moddecked states are possible depending on the dasts bump power and tl

orientation of the wave plates. With the pump poaeB.1 W, two different oput modes are
shown in Figure 37The fringes on the spectra are due to the i@t in the mul-mode fiber
used for OSA measurement. The deviation of spéaim parabolic shape is caused by NPE
induced frequency dependdrdansmission through PL By inserting a beam sampler before

PBS, a parabolic spectrum can be observed. TheumrehAC FWHM is ~80 fs andthe

calculated deconvolution factor is 1.39, which gitke FWHM pulse duration as 57 (Figure
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37(b) and (d)). By increasindpe pump power, not only the output power but the output

spectral bandwidth increases.
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Figure 38:Output laser spectrum (black) and measured speptrase of th
output pulses (red).

When being pumped at 4.1 W, a stable n-locked state with an average output poof
930 mW is obtained (Figure B8&orresponding to 21.9 nJ pulsesitéea at 42.5 MHz rep. rat
(Figure 39(a)) The output pulse train is monitored by a fasttptimde on the oscilloscop
There are power fluctuationsbserved from the pulse train, whiare probably due to th
unfixed fibers inthe cavity. To better check the stability of m-locking, a RF spectrur
analyzer is used to analyze the pulse train. With BHz frequency span, the RF spectr
analyzer gives a single peak at 42.48 MHz with dB signal-tobackground ratio Figure
39(b)) No sidebands are observed for the fundamentahagiger harmonics over the 500 Ml

span [Figure 3@)], which confirm: the stable mode-locking.
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42.5 MHz; (b) RF spectrum analyzer resul MHz frequency spa (C) RF
spectrum analyzer result, 500 MHz sj

Output pulses are compressed and characterized € MIIPS-enabledbulse shaper. Tk
MIIPS software scans a sinusoidal spectral phasetifin across the spectrum of the ps,
collects the resulting SHG spectra and derivestineesponding spectral phase distor([53, 54,
71]. Typically, seven iterations are run for the meements presented here in order to ob
compensation within 99.7% of the theoretical transf limit, defined by the input las
spectrum. The phase function required to achiemesform limited pulses is the complement
phase obtained after double igtation of the shap-measured secormdkrivative. To account fc

phase distortions due to optics in the pulse shapéithereby measure the pulse phase direc
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the laser output, we have independently measureghiase distortions due to the pulse shaper

itself by putting it in line with another pulse g®s. The measured phase at the laser output

pulses is shown in Figure 38. Polynomial fitting tgpthe third order gives ~35,0002fs>f
second-order dispersion (SOD) and ~166,080)fsthird-order dispersion (TOD). Note that the
observed SOD is much less than the cavity dispersio~100,000 Tzs, calculated based on the

total fiber length and the fiber group-velocity pissionf, = 23 st/mm. This is one of the

characteristic signatures of similariton formatiora gain medium [61].

After pulse compression, the pulse shaper has bsed to create two pulse replica and
scan one of them in time to obtain interferomedtitocorrelations [72], resulting in an AC trace
with full-width-half-maximum (FWHM) of 57 fs. Basedn Fourier transformation of the
experimental laser spectrum and autocorrelatiorulgsitions, a deconvolution factor of 1.37 is
used to calculate the FWHM pulse duration, whicl1s6 fs for the compressed pulses. The
measurements show excellent agreement with calootai{Figure 40(c)). Similarly, we have
also compared the experimental SHG spectrum fompcessed laser pulses with the calculated
SHG spectrum based on the measured fundamentaigpeaf the laser and a flat spectral phase
(Figure 40(a)). Excellent agreement between thealeand experimental results for both linear
and logarithmic scales gives us confidence in tle@sured parameters and that the laser pulses

at the BBO crystal are transform limited.
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Figure 40:(a) Experimental and calculated SHG spectra showinear (solic
curve) and lodgt0 (dasled curve)scales. (b) Experimental THG spectr
obtained by focusing TL pulses at the surface gfass slide. (c) Experiment
and calculated interferometric autocorrelation ésaor compressed laser pul:
in the range of 150 fs to 150 fsinsert: Same data in the range 500 fs to 50(
fs.

Taking into account the throughput of our pulsepsna(~50% due to the reflectic
efficiency of the grating and mirrors), we calceldhe peak power for compressed pulses t
about 250 kW. This peak power is suffici to obtain THGat the interface of air and gla[73],
see Figure 4®). For these measurements, the output from theehaper is first focused vie
10x objective on a BBO crystal. T, the pulses are compressed at the objective focase

pulse compressn is achieved, the BBO crystal is replaced by-mm-hick glass slide. Th
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broad THG spectrum indicates that the third ordspefsion is fully corrected. Higher peak
power can be obtained by improving the throughfffitiency of the pulse shaper.

We have also observed that for a fixed filter baialthy the spectral breathing ratio through
the cavity is proportional to the pump power. Hoagewhen the pump power is increased over
4.1 W, the output laser spectrum continues to kepdulit is no longer stable and fully coherent.
Only partial pulse compression has been achievddhanresulting SHG signal is observed to be
much weaker than when the output is fully coherent.

The filter bandwidth certainly affects the laserfpemance. When the collimator is moved
closer to the grating (~11 cm in between) and pgexal filter bandwidth is increased to ~4 nm,
compressed pulses as short as 52 fs are obtainetheF reducing the filter bandwidth is also
tested and no obvious improvement has been obsefednumerical simulations also predict
that, it is difficult to achieve stable mode-locgiwhen the filter bandwidth is smaller than 3 nm.
According to numerical simulations, the transitioom dissipative soliton to amplifier-
similariton happens when the filter bandwidth idueed below ~6 nm. The simulation results
are in agreement with experimental results for seh\fdter bandwidth conditions.

Energy loss material is also inserted into thetgash purpose to increase the coupling loss
in between two collimators; losses increase thestiwld pump power but do not improve the

breathing ratio.

2.3.5 Discussion
The significant change of pulse evolution due ® $pectral bandwidth can be understood
by the theoretical study of similaritons in fibemplifiers. It was learned that only the pulse

energy of input pulses determines whether a siitolarforms in a fiber amplifier. The input

pulse energWi, giving the fastest convergence to similaritoneéimed by Equation (41). Here,
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y= 0.001E(mW)_1, B =23x 10 fs2/m and g = 2m ! are used for calculation. According to

the simulation results in Figure 31 and Figure 8% FWHM pulse duration of the pulses
reaching the gain fiber input is about 2.8 ps fur laser using 12nm bandwidth spectral filer;

and 0.8 ps for the one using 3 nm spectral filtacording to Equation (41), the calculated

critical input pulse energyi, is about 177 nJ and 4 nJ for lasers with 12 nm3andh spectral

filters, respectively. Even considering the lossisesl by filters, the 12-nm-filter laser still

requires 10 times higher intra-cavity pulse endémyorm similaritons in the same pace as the
3-nm-filter laser. In the case that the output pudsergy of the 12-nm-filter laser is 35 nJ, the
non-ejected intra-cavity pulse energy can be estichto be about 70 nJ. Considering the ratio
between the spectral filter bandwidth and outp@ctal bandwidth of 30 nm, the input energy
for the gain fiber is about 28 nJ, which is too Broampared to the critical value of 177 nJ. This

is not considering the ‘cat-ear’ like spectra gefwhich should experience even higher loss
caused by the spectral filter. Hence, it will bepomssible to generate similaritons in the laser
cavity with 12 nm or larger bandwidth spectraléfilt For the 3-nm-filter laser, in the case of an
output pulse energy of about 20 nJ, the residued-cavity pulse energy is estimated to be 40 nJ
and the output spectral bandwidth 45 nm, consideaitinear loss due to the spectral filter. Then
the input pulse energy to the gain fiber is abaut r2], which is close to the expected value.
Since the similariton pulse has a parabolic spat@nd the 3 nm spectral filter is applied around
the peak intensity, it should cause a less tha® 1é%s and result in better transmission.
Considering the error in the estimation, this giuesa basic idea about how the pulse evolution
is affected by the change of intra-cavity spedhahdwidth. Therefore, the narrow intra-cavity

spectral filter provides a good combination of pulsnergy and pulse duration for fast

convergence to similariton in gain fiber.
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The other reason that all the efforts have faitethtrease the breathing ratio is due to the
gain bandwidth limit, as shown in Figure 27. Whdre tlaser spectrum reaches the gain
bandwidth limit, the gain fiber itself acts as léefi to stop the spectral broadening.

The only way of increasing the output spectral badth beyond the gain limit is to
continue the self-similar evolution in a long SMF{t seems very practical since a similariton
can avoid wave-breaking while propagating in nordiapersion fiber. However, this idea does
not work for standard fibers, due to the high pudensity and strong nonlinearity requirements
of the similariton solution. A standard normal disgion fiber does not have a very large
nonlinear coefficient. Without high pulse peak powhe corresponding nonlinearity will be
fairly weak. Meanwhile, the pulse intensity getado as it propagates in this fiber, which further
weakens the nonlinearity. In this case, the simdarcannot be sustained and wave-breaking
will happen again. This is verified by our expegimts.

In one of our similariton fiber lasers, which usssgle-clad 6um core diameter fiber,
about 2 m long SMF-II is used. One of the outpwgcsga is shown in Figure 41(a), which has
typical structures of wave-breaking pulses as shiow@hapter 1 Figure 7. Pulse characterization
using a pulse shaper shows the existence of wasakimy. Output pulses are compressed with a
MIIPS-enabled pulse shaper and the SHG spectrampressed pulses match very well with the
calculation based on the fundamental spectrum; Sgere 41 (b). In Figure 42, both
interferometric AC and background-free intensity Afte measured and compared to the
calculations. They also show good match with srdelliation on the side-lobes of the trace.
Based only on these measurements, it is hard ltavkedther this pulse is indeed wave-breaking
or not. For further verification, MIIPS traces witinusoidal phase scan and second order

dispersion scan are investigated.
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Figure 41: (a) Qtput spectrum oa similaritonfiber laser using more than 1
long SMF-II; (b) Comparison of experinntal (solid line) andcalculated (das
line) SHG spectra.
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Figure 42: Calculatedred and experimental (black) (apterferometric an
(b) backgroundree intensity atocorrelation traces.
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Figure 43: Calculatefleft) and experimental (right) sinusoidal phasan trace.
ois the scan parameter.

The experimental ancdalculate sinusoidal scan traseof compressed pulses are show
Figure 43. Some Wprk structurs are observed on the experimental dafaict are missing in
the calculatedesult. This indicates the e»enceof multiple pulses that have different phi
responses andenerate local maxia in theSHG signal with different reference ph. Since
MIIPS traces the maxima dhe SHG signal andhe main pulse dominates the generatiol
SHG, the phase distortion of the main pulse is fullyrected and the sinusoidalan gives a
trace of straight linesMeanwhile phase distortion of minor breaking pulse still left
uncorrected and causes thefdnik structurs. Basedn the shape of the trace, it is estimated
there is fourth order dispersion left in the miboeaking pulses, which is further prowvith the

second order dispersion scan.
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Figure 44: Left:calculated and experimentally asured twadimensioneé SOD
scan; Rightexperimenta(black) and calculated (red) SHG-integra8dLC scan.

Both the twodimensional and SH-integrated SOD scarfalso referred to as ch-MIIPS
[74]) of compressed pulses akown inFigure 44. On the simulated 2iate, the SHG signal
quickly dissipates after the appearance of the maxand the trace is symmetric with respec
to the scanned reference SOD. The experimentalasured 2D traces very asymmetric, witl

the lefthalf matching the simulation ve well. On the right half, there is stdlsignificant SHG

signal observed wdn the reference SOD is abot(,000 fsz, which is very different from th

simulated trace. Theediation fom the simulation results shovesparaboli-like profile that
corresponds to fourtbrder dispersion, as shown in ChapteiFigure 16.Meanwhile, the

integrated SHG signabdbtainedby scanning of the second-order dispers®mralso shown i

Figure 44. An obviouseviationafter ~2,500 fzs is observedThese observed deviatic are due

to the uncompressgahase distortic in the breaking pulse3hese extra scan results provide
information of he pulses, not only the existe of wavebreaking pulses but also the differ

phase distortions foraeh part of the pulse

69



(e
[as]

2
om

Intensity (arb. units)

Figure 45: @itput spectrum oa similariton fiber laser using more than 1 m I
SMFHI with lower pump powe.
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Figure 46:Left: calculated and experimentally measured-dimensioneé SOD
scan Right: experimental (solid line) and calculatethgh line) integrate SOD
scan.
These pulse characterization methods are important This is becaus normal pulse

characterization approachesict as autocorrelations, do not provide suhailedinformation

which may mislead researchers, especifor the spectra that doot show typicasignatures of
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wave-breaking. As seen Figure45, the siddebes on the spectrum disappear by lowethe
pump power. However, wavaeaking still exists, as proved kthe SOD scan(see Figure 46).
Since there is quite a lot of energy wa: and phase distortion in the breakimgses, it is very

important to learn abowatnd avoid wav-breaking.

|
Ll

/ gain fiber SMF
pump 1 (70cm) (55cm) (Zm)

Figure 47: Kperimental stup of the similariton fiber lasersing the UHNA fiber
UHNA: ultra-high numerical aperture fiber; SMF: single modesfipHWP anc
QWP: half- and quarte-wave plate; coll.: collimator; PBS: polarizing be
splitter; WDM: wavelength divisiomultiplexer.

As mentioned previouslstrong nonlinearity is one of the requirementstha validatior
of the similariton solutionit is possible to use passive highly nonlinear fibéo exten: the self-
similar evolution [75].While kegping other cavity parameters the same as the -breaking

fiber laser, part of the SMH-is replaced with n ultra-high numerical aperture (UHNA) fib
(see Figure 47)JHNA fiber’s core has a higher G dopant than that of normal fiber, whi

results in a high NA and reduces the effec core diameter to only about 2ifm. So the

nonlinear coefficient is alsabout ¢ times higher than normal fibers. It alsas larger dispersic

(~50f32/mm) than normal fiber (~2€2/mm) due to the high concentration of C,. However,

the high nonlinearity still makes the <similar evolution availableThe experimental spect
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are shown in Figure 48&pectra form pcs 1, 2 and 3 are all measurddhe cutput spectrum
from port 2, before PBS, clearlyhows parabolic profile. Also compared Figure 41(a), the
output spectrum is much broadédrurther systematic study of this laser system aunlde

characterization istill under investigatiol

S 1., A 1, o,

Figure 48:Experimental spectra from (a) port 1; (b) port 2; (c) p®.

Besides UHNA fiber, photonic crystal fiber can alsave a very small effective cc
diameter due to its microstructu. The experimental work done by Chong et al.
demonstrated thaEHWM 21 fs pulse with a pulse energy of ~ 1 m&n be generated from
similariton laser using a long photonic crystal fiber (F (see Figure 4@&ndFigure 50) [75].
The PCF used has an effective « diameter of 2um, resulting inabout ten tims higher
nonlinearitythan standard fibeThough the similariton evolution greatly extendé®rathe gair
fiber, signs of wavdreaking pulse— side-lobes in spectrumare observed iFigure 50 (a). So
the passive highly nonlinear fiber is not an ultiensolution to sustain similariton evolution i
fiber laser. Hirooka et al. demonstrated that asipasdispersioc-decreasing normal dispersi
fiber can be used to generate parabolic pulses Whtum wavelength [76] This dispersio-

decreasing fiber carffectively act as a gain fiber, which supports $iailariton evolution[76]
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Figure 49:Experimental sett of PCF similariton fiber lasePCF: photonic
crystal fiber; SMF: single mode fiber; HWP and QWP: I- and quarte-wave
plate; PBSpolarizing beam splitte
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Figure 50: Kperimental results. (a) spectrum before PBS; (ipwat spectrum
(c) autocorrelation resu

2.4  Conclusion

Systematic studies of aflermal dispersion fiber laser system we@nducted. A fev
cavity parameters such as fiber length, spectitaer fbandwidth and pump powwere tested to
see how they affect laser performancewasfound that a narrow spectral filter greatly imprc
the output spectral bandwidth that r¢ed in a 41fs pulse duration. Meanwhile, more tF20 nJ
pulse energy wastill delivered.The compressed pulses hademk power of about 250 k that
was the highest value achieved fro single-mode fiber laseit will be important to test thi

laser for @plications such as mi-photon microscopy.
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Chapter 3 Application of Ultrafast Fiber Laser — Multiphoton Microscopy

This chapter discusses the application of an walstafiber laser to multiphoton microscopy.
Different multiphoton imaging methods such as tWmyon excitation microscopy (TPEF),
second harmonic generation (SHG) and third harm@aneration (THG) microscopy are
demonstrated. Several biological samples are imaBeth single layer and depth-resolved

images are shown.

3.1 Introduction

Due to the benefits of high contrast ratio, subronieeter resolution and
depth-resolved imaging, multiphoton microscopy pesven to be a powerful tool for studying
living tissues [6, 56]. Especially for SHG or THGamscopy, no sample labeling is needed and
no limits are imposed by the two-photon absorpspactrum either, which makes those methods
preferable for non-invasive in vivo tissue imaginig. addition, SHG and THG provide
complementary information due to their differentiogl-response mechanisms. One property of
THG microscopy is that no signal is generated bgam focused inside a homogeneous medium.
This is caused by the Gouy phase-shift across dlcasf of the excitation beam (normally
Gaussian profile) [19]. Gouy first observed thapaerical converging light wave experienced a
n phase change in passing through its focus. Diiteiom an infinite plane wave, a Gaussian
beam contains a collection of wave vectors in maingctions. The phase difference between a

Gaussian beam and an infinite plane wave is detoygd7]

#(2) = arctar(ﬂ z/ mg) (45)
where A is the wavelengthy is the beam position, the beam is traveling in-thelirection, and
ap is the beam waist. When the Gaussian beam goesdgtirits focusz effectively changes
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from -0 to +o and the corresponding phase si#) is =. Therefore, THG from a homogenous

medium is canceled for the case of perfect phagehimg k3 - 3k; = 0), whereks is the wave

vector of the third-harmonic field arg is the wave vector of the fundamental field. [19]

In contrast, THG is sensitive to inhomogeneity evehthe refractive index or third-order

3)

susceptibilityy”* changes. It makes THG microscopy ideal for rewgathe fine structure of

biological samples [78, 79]. SHG is sensitive otdymedia without a center of symmetry; for
example structural proteins such as collagen abdlitu For both SHG and THG imaging,
ultrashort laser pulses are preferred to achiewad gaulti-photon efficiency. It is found that
SHG or THG efficiency is inversely proportionalttee pulse duration or pulse duration squared,
respectively [57, 80, 81], making them amenable wdtrashort pulse excitation.
Laser-pulse-duration dependence has been confifimedwo-photon excitation microscopy
down to 10 fs pulses [80].

Different ultrafast solid state laser sources, sagfi:sapphire at 800 nm [82], Cr:forsterite
at 1230 nm [83] and optical parametric oscillat®iPQ) at 1500 nm [78], have been used for
third harmonic generation microscopy. For cliniogke, a compact and environmentally stable
laser is preferred to a complicated solid-staterlas the past decade, compact fiber lasers have
drawn increasing attention due to their compacat simd greater stability [31, 61, 84]. Typical
fiber lasers are operated around 1,040 nm (YblQa mm (Er) or 2,000 nm (Tm). Although
longer wavelengths increase the scattering lengthalow deeper imaging, water absorption
beyond 1,200 nm increases rapidly. This makes Webérflasers operating at 1,040 nm a good
option for multiphoton microscopy, especially besmauregular objectives have good

transmission in the 400 — 1,100 nm wavelength raRgehermore, the corresponding THG, at
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350 nm, can transmit through BK7 glass and doesaw$e as much photo-damage as the THG
from 800nm light, which occurs at 266nm and coiasiavith the absorption maximum of DNA.
In order to avoid laser induced damage to livisgue and enable microscopic imaging deeper
into living tissue, interest has shifted towardagimg using longer wavelength sources [85].
Here two fiber lasers delivering sub-50 fs pulsestered at 1030 nm are evaluated for
multi-modal microscopy using fluorescent polystygemicrospheres and a few biological
samples including guppy fish (Poecilia reticuldtals, fruit fly (Drosophila melanogaster) wings,
mouse kidneys, mouse intestines and Drosophilaéarimages generated by TPEF, SHG and

THG are compared.

3.2 Multiphoton microscopy using low power sub-30 fs ber laser
3.2.1 Experimental setup

The experimental setup shown in Figure 51 consisen Yb fiber laser oscillator (Figure
51(a)) that generates a broadband spectrum cerdaerg@30 nm with ~50 mW average output
power at a repetition rate of 62 MHz. It is basedan all-normal dispersion cavity scheme [61]
where self-similar amplification takes place in tip@n medium. The pulses gain energy and
bandwidth while evolving into a parabolic tempogabfile in the gain segment [61] and
maintain the parabolic profile in the PCF segmeiihwhe temporal and spectrum bandwidth
increasing. The condition for self-similar ampl#teon is facilitated by introducing a narrow
spectral filter consisting of a grating and a eo#ior [61]. The self-similar pulses are further
extended in both temporal and spectral domainsnoptsa-cavity segment of normal dispersion
photonic crystal fiber (PCF). This novel schemebdéemthe laser spectral bandwidth to exceed
the gain bandwidth and leads to pulse durationshast as 20 fs. The detailed design and

principle of the fiber laser is discussed in R86][
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Figure 51: Schematic of imaging sett (a) Fiber laser cavity layout. PC
photonic crystal fiber; SMF: single mode fiber; WDMvavelengt-division
multiplexer; HWP and QWP: he and quarter-wavplate; PBS: polarizir beam
splitter; coll: fiber collimato. (b) 4ffolded pulse shaper. SLM: spatial lic
modulator; M: mirror. (c) Microscopy sett DM: dichroic mirror; GM: galvanic
mirror; AMP: amplifier; PMT: photomultiplier tube

A folded 4f pulse shaper (MIIPS Box 640, Biophotonic Scons) [Figure51(b)], with a
dual mask 64@ixel spatial light modulator, is used to measuré eompensate the dispersior
the output pulsest the focal plane of the microscogFigure 51(c)] [53 54]. The results
obtained using automated pulse compres(MIIPS) are confirmed by interferometrAC and
by theoretical calculation. Due to the reflectidficeency of the grating and mirrors inside t
shaper, the average power out of the shaper isnVZ5

The laser beam igaster scanned by gpair of mirrors mounted on galvanomet
(QuantumDrive-1500, Nutfidl Technology, Inc.) and coupled intcwaterimmersior objective

(Zeiss LD CAPOCHROMAT 40x/1.1) mounted on an adapted Nikon-200 inverted
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microscope. Laser pulses are compressed to tlagisform-limit at the focus of the objective.
With the sample placed at the focus of the objegtihe SHG or TPEF is collected in the epi
direction. The SHG/TPEF is separated from the fomgl#tal light using a dichroic mirror
(700DCSPXR, Chroma Technology Corp.) and is furfiteared by a short-pass emission filter
(ET680-SP-2P8, Chroma Technology Corp.). A photoipligr tube (PMT, HC20-05MOD,
Hamamatsu) is used to collect the SHG/TPEF. THGg¢hvis primarily generated in the forward
direction, is collected by a UV compatible objeetiHP ReflX, NT59-886, NA 0.28, focal
length 13.3 mm, transmission more than 85% from 200to 700 nm, Edmund Optics). The
THG is also separated from the excitation lightabyV-pass filter (UG11, transmission from
250 nm to 400 nm) and detected by a PMT (H1072Q-Biadnamatsu) whose signal is amplified
(SRS445, Stanford Research Systems). Tens of franeesken to generate one image and each
frame takes 1s to acquire.

The spectrum of the laser pulses, after the miosobjective, is shown in Figure 52(a).
Dispersion compensation for the laser as well asnicroscope objective is achieved using
MIIPS program [53, 54]. Briefly, the pulse shapearss reference phase functions across the
spectrum of the pulses and uses the SHG specfimation (generated by a KDP crystal
mounted at the focal plane of the objective) to snea the second derivative of the spectral
phase. Through double integration of the measurethersystem determines the dispersion that
needs to be corrected and the pulse shaper impteriencorrection. In order to confirm that the
compression is complete, the measured SHG spedsraompared with calculated results based
on the fundamental laser spectrum and assuminghasepdistortions. The excellent agreement
between the calculated and experimentally meas8te@ spectra in both linear and log-10

scales is shown in Figure 52(b) and (c).
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Figure 52:(a) Laser spectrum after the microscope objec(ive Comparison o
experimental (black) anicalculated (red) SHG spectrum lmear scale. («
Comparison of SHG spectrum log-10 scale. (d) Comparison of experimet
(black) and calculated (red) interferometric autoelation trace. Inser
calculated temporal profile based on the measwaset Ispectru

After pulse compressn, the pulse shaper is used to create two pupdieas and scan or
of them in time to obtain an -situ interferometric ACat the focal plane of the objecti[72].
The full-width at halfmaximum (FWHM) duration of the experimental intedeetric AC,
shown in Figure 5@l), is 38 fs corresponding to FWHM pulse duratain27 fs. This puls
duration is confirmed by comparing experimental aattulated interferometriAC traces, as
shown in Figure 5@1). The small wings on the transform limited putse caused by the she
features of the laser spectrufigure52(a)). According to the calculated temporal probkesec
on the measured laser spectrum, there is around @88 energy within the main pulse. 1
measured pulse duration after the microscope abge longer than the 21 fs measured for
compresse@ulse duration measured before the objective. Tddtianal pulse broadening

caused by the reduced transmittance of the obg¢#id% to 50% in the 950 nm to 1150
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spectral range). After compression and charactwrizathe KDP crystal is replac with the

microscopy samples.

3.2.2 Space time coupling

Given that a good spatial mode is required for oscopy, there has been some coni
whether 4 pulse shapers introduce spatial distois due to spactme coupling (STC). Itis a
important issue and needs to be taken of when using a #pulse shaper. There have bee
number of studies about STC caused f pulse shapers and by acousfuic programmabl
dispersive filters (AOPDF) ithe past two decad{87-90]. According to Rf. [88], under pure
phase modulation introduced by f pulse shaper, the beam profile at the focal planthe
objective is only determined by the incident beawfife. Basically, in our experiment setup,
focus the laser beam using an objective after tiisepshaper. The spatial distribution of
beam on the focal plane of the objective is onliedrined by the input beam profile and d
not depend on spadene coupling. Space-time coupling onlyxontributes some tempoi
distortion to the beam at the focal plane of thgedive. The effect is very small and can
ignored. Detailed discussion is shown be

lens iens

—
=
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"

Figure 53: Sketch of #shaper with output beam focused u: a lens. 91]



Figure 53 shows the scheme for a laser beam pasisinggh a 4- shaper and being
focused by an extra lens outside the shaper. Asused in Ref. [91], the electric field of the

laser beam at the focal plar® Of the focusing lens after the pulse shaper eaddscribed as

&f (X%, Q)oc & (—fﬁ x,Qj M(%QJFE x] ex;{ iK—_lfﬁ ij , (46)

2 1)

wherewg is the beam waisg; is the electric field at the focal plane of thedefter the shaper,

& is the electric field of the input laser pulsé&g, is the wave vector of the center wavelength of

the input pulsesf, is the focal length of the lens after the shapér,s the distance between

the shaper output and the lens after the sh&perw— . is the relative frequency ang, is

the center frequency, and grating parametet2r / (o.d cosf. ) andb=cosd /cog,. (dis the
groove spacing of the grating,is the incident angle, angd. is the diffraction angle at center

frequencyay ).
Based on Equation (46), the spatial distributiorthef beam at the focal plane of the lens

after shaper is determined by the incident pulsgilpr & (ky,©Q2) and the transfer function

M(MQ+%X). Since we only do pure phase modulation here, tthasfer function

2

M(MQ+$X) is supposed to be only a phase term and will natoduce amplitude
2

modulation to change the beam spatial distribuéibthe focal plane. Therefore the beam shape
at the focal plane is only determined by the inetdaulse profileg; (kX,Q), which means the
input Gaussian beam will end up as a Gaussian faahe focal plane of the objective in our

experiment. Space-time coupling does not affecbeen shape at the focal plane.
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The dependence on the x coordinate will introduoenes frequency shift to distort the

pulses in the temporal domain. This frequency saift be described as

X(X) = —% X 47)
v

The relative frequency shift can be describee@s, whereo,, is the spectral bandwidth of the
Ow

incident beam.

NAX
Oow= o p,

2
a= —ﬁc f :
2rzcd cos(. )

(48)

where « is the spatial dispersion on the SLM,s the number of pixels covered by input laser

spectrum, and\xy is the SLM pixel size.

a2t

oD:bkCX a_ bk 27zcdcos$0)X= b iX, (49)
c fo  NAxp, 27 NA X NA X, T2
o 772 P a)cdcos(ﬂc)]c2 P e

x:2—fzﬂc,

7Win (50)
wWStm __f4
0 TWin

wherex is determined by the beam size at the focal pt#nihe focusing lens after the pulse

shaper, and/vg"'v' is the beam radius of monochromatic light on th&SHence,

0 2bwgtM
x_ , (51)
o NAXp
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whereN is the effective pixel numbers. Here we also assthtatngLM is equal toAx, and

SLM
Wo

the grating is in Littrow configuratiorb€l). In our experiment setug is even smaller

than Ax, . We have about 600 pixels of SLM covered by thpitrlaser spectrum. By calculation,

the ratio of the shift in our experiment is about®@b. This small amount of distortion can be
neglected. If we re-organize the formula above,
SLM

X = bEZL. (52)
N Ax,

In the Littrow configurationp=1, and% is the spectral resolution per pixel, which isoatse

SLM
. . 2W : .
spectral resolution of the shaper. Basically, thealker AO Is, the less the space-time
X
p
2w§LM
coupling. WhenA—zl, the frequency shift is equal to the spectral ltggmm of shaper.
X
p

Further reducing the spot size of a single colothenSLM will not help to reduce the frequency
shift, which is limited by the spectral resolutiohthe shaper. So using a spot size on the SLM

equal to or smaller than the SLM pixel size isw#y to minimize the space-time coupling.

3.2.3 Experimental results
Fluorescein (emission from 470 nm to 650 nm) sthirlystyrene microspheres
(Fluoresbrite® YG Carboxylate Microspheres 6.00Rualysciences Incyvere used to test the

system before imaging live tissues.
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Figure 54:Multiphoton mnicroscopy images of polystyrene microspheres.
TPEF image, (b) THG image and (c) THG image of lgirfgead. Scale bar: :
um.

The signal in thep detection corresponds to TPEF, and the signtlerforward directiol
corresponds to THG. The galvarmirrors control the area of the sample imaged,hasva ir
Figure 54 Comparing the images generated by TPEF and THFigure 54a) and (b), THG
images have much better contrast limiting the scan range (Figure 54(c®)~1 pum feature th.
arises from the fabrication of the microspheres banseen on the Bm microspheres. Tr
conditions for THG in microscopy have been discddse Silberber(78]; essentiall, a change
in index of refraction is required to break the laarc-forward symmetry near the focal plai
The index of refraction of polystyrene is ~1.57 ft um wavelength light, a large char
compared to the index of refraction of air ~1. iere THG is expected and observed from
surface of polystyrene microspheres. Unlike THGe THPEF is due to the emission fre

fluorescein that coats all ovlre mcrospheres.
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Figure 55:Multiphoton microscopy images of live tissues. @eatolor) Top line
images of a guppy fish (Poecilia reticulata) tél) SHG imagefalse color, re),
(b) THG image fialse color, cya), and (c) Composition of SHG and TH
images. (d) Brighfield microscope image. Bottom line: images of trily
(Drosophila melanogaster) win (e) SHG image (false color, re(f) THG
image (false color,y@an) (g) Composition of SHG and THG images. (h)gEt-
field microscope imagescale bar: 1um.

Imaging of biological tissues, unstained sampledlyofvings and fish tail: was used to
demonstrate the practical relevance of the ladee. Sempleweremounted on glass slides w
Tissue-Tek O.C.T. compoun(BSakura, CA) and allowed to immobilize for 30minfdre
imaging. The laser intensity used for imaging thsh ftail was 17 mW. The laser power f
imaging fly wings waseduced to 7 mW, because higher powasfound to damage the samp
Bright-field images were checked before and after imaging to makethere is no damago
the sample after excitatiorigure 55(d) and (h)]. The SHG (Figure 55(@hd (e)) and TH(
(Figure 55(b) and (f)lmages are shown in false co

SHG and THG resultsare complementary because they arise from diffepgrdase

conditions. SHG requires narentrosymmetric structures while THG requires angeain the
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index of refraction. By merging the SHG and THG ges, we can clearly see the
complementary results in Figure 55(c) and (g). Th& from fish tail is not as intense as the
SHG because of sample thickness. However, theseriee complementary information at the
edge of the cells provided in the THG images, wisctiue to the enhanced THG at the interface.
On fly wing, the strongest THG is from the fine fsaiNote that the use of sub-30 fs pulses
resulted in comparable SHG and THG signal levamffruit fly wings even when using only
~0.1 nJ pulse energy from a fiber laser.

As shown above, this sub-30 fs fiber laser is ss&fedly demonstrated for multi-modal
biomedical imaging. The shorter pulse durationseadd by the laser greatly enhance two- and
three-photon induced modalities in both stained anstained living tissues. Complementary
results of SHG and THG from living tissue are shawmder similar laser conditions. However,
due to the low pulse energy of this laser, it carshaiver enough photons to deep tissue to
enable depth scan imaging. A high-power fiber lagbile still providing ultrashort pulses is
needed. This led to the testing of a 40 fs highggnaimilariton fiber laser for multi-photon

microscopy.
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3.2 Multi- photon microscopy using high pulse energy si-50 fs fiber lasel

3.2.1 Experimental setup
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S c
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Figure 56:Experimental setu (a) Fiber laser. HWP and QWP: hadfid queter-
wave plate; PBSpolarizingc beam splitter; SMF: single mode fihbddHNAF:
ultra-high numerical aperture fibecoll.: fiber collimator. (b) 4F folded pulse
shaper. M: mirror; SLM: spatial light modulator) (case-scanning microscop:
DM: dichroic mirror; GM: galvanic nrror; obj.: objective; PMT: photon
multiplier tube; AMP: amplifier

The experimental setughown ir Figure 56, is similar tohe previous setup bwith the
laser source replaced with the sirriton fiber laser described in Chapter 2. Since theedaser

sources have similar spectral range, e optics and acquisition devices remain the s

3.2.2 Experimental results

The pulse compression routine is the same as Hdescpreviously. No loss of spect
bandwidth is expeence for this laser due to its slightnarrower spectrum. After pul:
compresion, samples are loadatthe focal plane of the objective. To calibrate iteroscope

two stained commercial samples (mouse kidney andsmantestine, Molecular Probes) t
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have uniform thickness wemnaged. For these twamples, the signaletected in pi direction
is mainly from two- or thre@hoton excited fluorescence, since these samplesstainec
(Mouse intestine with Alexa Fluor® 350 WGA, Alexuelr® 568 phalloidin and SYTOX(
Green; Mouse kidney with Alexa Fluor® 488 WGA, AlEluor® 568 phalloidin and DAPI).n
the forward diection, mainly THG/thre-photonexcited fluorescence is detec. By combining
the signal from pi and forward directions, it is clearly seen thay provide complementa

information for each other (séggure57).

Figure 57:Composition of TPEF (green, false color) and THdbfalse color
imaging of mouse intestine (left) and mouse kid(reght), 150pum x150um aree
represented.

Beyond imaging processed and -labeled samples, we are more interesteimaging
living tissues especially to elucidate thethree-dimensionastructures. Compared to the fik
laser delivering 30 fs pulses used for n-photon imaging of living tissues, this laser t
provides 10 times more pulse energy with only shglonger pulse durion, which enable

depth resolved imaging thick biological samples, such as Drosophilade.

88



Third instar (a stage in the life of an arthrop@ivieeen two successive molts) Drosophila
larvae were mounted onto the sample platform. Thehea of a larva was centered within the
image. Here, depth-resolved imaging is achievednoying the focal plane of the objective
across the sample inpi2n steps. The total scanned depth is about 90 ur@. &l THG signals
are collected from epi and forward directions, estpely. Three-dimensional images are
constructed by stacking all the frames from eaep 8t order. The projections of the constructed
SHG and THG three-dimensional images at differenfles are shown in Figure 58. It can be
seen that the THG three-dimensional image shoved endre fine structure and provides more

detailed information and less scattering than tH& $mage.

89



3

-
okl
"
#
7

Figure 58:Projection ofthree-dimensional images different angle of SHG
(left) and THG (right microscop of Drosophila Larval50 um x150 um aree
represented.
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Figure 59:Projection ofthree-dimensional images different angle of SHG
(left) and THG (right microscop of fruit fly eyes 150 um x150 um areg
represented.

The same SHG and THG th-dimensional reconstructed imaging wafso demonstrate
using fruit fly eyes. In Figur&S, a few projections are shown and compared. lbis\d tha
THG three-dimensionaimaging shows much better contrast ratio and i®téeb sdution for

depth scanningf biological tissues
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3.3  Conclusion

We have demonstrated the use of two ultrafast fiasers for multi-modal biomedical
imaging. The ultrashort pulse durations achieveddih lasers greatly enhance two- and three-
photon induced modalities in both stained and umstkliving tissues. Complementary results of
SHG and THG from living tissue are shown under kimlaser conditions. Depth-resolved
imaging of Drosophila larva and fruit fly eyes ugia high energy, sub-50 fs Yb fiber laser is
achieved. Three-dimensional reconstructed imagasgeth on THG shows much better contrast
in resolving the tissue structures. It shows the high-power similariton fiber laser is a suigbl

source for deep tissue imaging.
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Chapter 4 Development of Noise-like Fiber Laser an@heir Applications in Laser-Induced

Breakdown Spectroscopy

In this chapter, fiber oscillators that can deliymrises with pulse energy up to 450 nJ is
demonstrated. These fiber lasers are operatedvaryadifferent mode-locking regime — noise-
like — compared to all the lasers discussed inipusvchapters. It is found that these lasers are

ideal light sources for laser-induced breakdowrcspscopy.

4.1  Introduction

One of the major laser applications is laser atafi’]. When a laser pulse of sufficient
energy and intensity is focused onto a materiagmall amount of the material is ablated,
forming a plasma spark that radiates on atomic gondines. By detecting the atomic emission
spectra and comparing it to a standard databas®gels present in the material can be analyzed.
This technique is known as Laser Induced Breakd8wectroscopy (LIBS) and has become a
common analytical method because it is virtualstamtaneous, highly sensitive, and suitable for
samples in any kind of physical states [92, 93)c8iits discovery, LIBS has been demonstrated
for a wide variety of applications including theafysis of products in the steel industry [94, 95],
works of art and archaeological artifacts [96]restrial and Martian geological samples [97, 98],
and the detection of toxic [99] or explosive matkxi100]. It is even used for space exploration
and there is a LIBS system installed on the faniass Rover.

Since most of LIBS measurements are carried oudidritthe laboratory, portable LIBS
instruments are in high demand. As a key part ef diistem, a portable and powerful laser
source is needed. Recent developments in fiber teskenology have provided more robust laser
sources. Fber-laser-based LIBS systems in bothdahesecond [101] and femtosecond regimes
[102] have been demonstrated. For LIBS systemsa&ymg nanosecond laser pulses [103-106],
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plasma ablation is a thermal effect with a timescalmparable to that of the laser pulse. The use
of nanosecond pulses results in a high ablatiosstiold due to heat diffusion during the pulse
arrival, and the resulting spectrum is mixed witstrang continuum of radiation caused by free-
state transitions of electrons in the laser fieldndsecond LIBS therefore requires a complex
gated spectrometer to isolate atomic emission ansepenergies of >10mJ, which leads to
extensive thermal damage to the sample. The uselt@dfast pulses can overcome these
problems by delivering energy on timescale ordérsagnitude faster than thermal effects [107,
108].

Besides pulse duration, there are a few more paexsnthat affect laser ablation efficiency
and threshold. It has been found that a burst sdrlpulses can significantly improve ablation
efficiency [109, 110]. LIBS results using singlelgas and bursts of pulses are compared in
[109], see Figure 60. The burst contains multipds@s with each pulse of about 20 ns and
separated by 1(Qs interval. The temporal duration of the burst gestoout 70Qus. It has also
been shown that, there is a 5-fold increase in mahtablation rates when six lower-energy
pulses separated by 20 ns are used, comparedirigla pulse with energy equal to the sum of
the burst [110]. These observations indicate tHaser with a high repetition rate, like MHz, can
help improving ablation rate. Current Q-switchedaaomnplified laser systems usually have low
repetition rates down to the kHz or Hz level. Thessults can be explained through a several-
step process. The sample surface absorbs thdafiest pulse and gets heated above the melting
point, which causes explosive material ablatiorthd second pulse comes before the vapor of
initially ejected material disappears (the resioratime about 10Qs), it can skip the step of

melting the material and generate more atomic eomss
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Figure 60:LIBS spectra captured by using m-pulse (black) and sinc-pulse
(red) configurations.10€]

Although femtoseconthser ablatio is not a thermal processultiple femtosecond [lses
also help LIBS by lowering thablation threshold. These femtosecqndses are more close
spa@d than those of burst modt has also been reported that two femtoseconcepiugdsparate
by 200 ps lowered the ablation throld by half compared to a single femtosecond p[111].
In that study it wa®bserved that two pulses yield a hotter and lotiged plasma, and puls
delays greater than 50 ps were found to yield gresagnal, pesumably because they allow tii
for plasma dissipation [111, 1JL2

There arealso some other factors affecting the ablationstioéd, such as pulse durati

and spectral bandwidth. The fluence threshold ddteim is knownto increae with T1/2 for z

greater than 10 ps [113-115%yherer is the laser pulse duration. When thdse duration is les
than a few picoseconds, thblationthreshold is nearly constant for metald4, 115]. It is also
found that increasing the egtral bandwidth of a femtosecond pulse lowerslaiser ablatior
threshold [116], see Figurél. Although changes irthe bandwidth also char the pulse
duration, it has been shown that pulse durationealdoes not affect thablatior threshold by

applying second order dispersion to the pu[116].
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Figure 61:Spectral bandwidth dependence ol LIBS threshold. 11€]

Based on these studies, an ideal LIBS laser sahoald have high pulse energy, h
repetition rate and broadband spectrum. It wcbe also good to have multiple femtosec
pulses withultrashort time intervis. This leads us to study an unusual n-locking regime
producing noise-like pulsdébat can provide the laser parameters discusseaate

In the past two decades, ultrafast fiber laserame$ehas led to the observation of differ
modelocking pulse formation regimes such as soli[29], dissipative soliton[31], and
similariton [32] Efforts to generate hi-peakpower pulses using conventional sir-mode
fibers are typically limited to 0.5 MV[84]. Under high-gain and higtlispersion conditions tf
singlepulses break into multiple pulses, a regime thatbdeen considered as “nc-like” pulses
[117-121] This regime usually generates picosecond or renoosl long trains of pulses, ee

containing hundreds of syhslses.
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Figure 62: Experimental results of noi-like laser. (a) outputspectrum (b
backgroundiree autocorrelation tra. [117]

This regime was first studied analytically and nuo@ly in a soliton lasel[122]. In this
work, authors foundhe generation of a train of qu-stable localized pulses in the region re
a single soliton is unstable [122 ater, it was experimentally demonstrated in adilker lasel
[117, 123] A broad output spectrumFigure 62(a))was obtained from this las [117],
corresponding to about 50 fs pulse duration. Howeatocorrelation measurems showed a
much longer pulse duration that ed over 10 picoseconds withF&VHM 190 fs sharp <ke in
the middle of the trace (FiguB2(b)). Numerical simulation was carried out tvestigate these
unusual pulses (Figure 63)17]. The simulation showed noise-lifrilses that contaia large
number of sulpulses with random amplitude and phwithin atemporal window lasting te-
of-picoseconds (Figure @3). The simulated autocorrelation trace also matclibd
experimental results qualitative(Figure 63(b)). However, this noise-likailse is different fron
pure noise or a CWaser. The laser is still mo-locked or at least partially mo-locked, which
is indicated by the broad spectrum. "narrow spike on the autocorrelation trace is aifi@a
coherent spike. Polarization dependent delay (PBDgxplained as the main reasfor the
generation of these noise-libellses. Large PDD is causedthesignificant birefringence ithe

fiber, and corresponding nonlinear cavity transmissioisspllses
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Figure 63: (a)Calculated tim-dependent intensity and (Butocorrelation trace
[117]

Several other Er noidée fiber lasers [118, 124-126jere reported later and differe
mechanisms of noisiée pulse formatio were proposed. In [126an Er fiber laser with wee
birefringence also showed similnoise-like pulses, which lked out the possibility that it |
generated by the large cavity birefringel[117]. Instead, it showed that the formation of
noise-like pulse was caused bgliton collapse as proposed initially by theomdtiwork [122],
and it was also a genetic feature of passively -locked soliton fiber laserfd 18]. Basically,
these noise-like pulses artridbuted topeak-power clamping [118, 127h NPE based mce-
locking fiber lasers, mce the pulse peak power reacla certain value, it cannot increase ¢
more due to the nonlinear cavity transmission prtypFurther increasing theumg power will
force one pulse taplit into twoor more pulses to avoid exceeding the peaker limit. Also,
the extra pump will amplify the backgrot noise and the dispersive wave?}]. Thus, pulse
collapse happens and noise-lfkelses are generated. The highesse energy fronan Er noise-
like fiber laser is 15 nJ [128T he first Yb fiber laser generatiinoise-likepulses was reported
[119], with anoutput pulse energof 7.5 nJ. In reference [11%umerical simulation was al:

conducted to understand the n-like pulse formation.
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Net gain at first round trip

—

Figure 64 Net gaiper roundtrip vs. initial pulse power. Curve-3 correspond t
slightly different cavity parameters close the boundary of thesingle-pulse
generation regime. [119]

Figure 64shows the net gain per roundtrip of the laser gawhich depend on the initial
pulse power and cavity parameters. Plot 1Figure 64 representa cavity that can switch
between regular single pulsasd nois-like pulses. It shows thdhe net gain decrees as the
initial pulse power increasem the left half olcurve 1. Thereforeif the initial pulse power i
less than 1, the pulse will experience gain moaa th and increasits power after one roundtri
If the initial pulse power of the next round trpgreat thail, the pulse will have gain less tha
and lower its power after this roundtrip. ~ cavity finally will be stabilized at the point wheine
net gain isequal to 1. In this case, the laser is operatthe normal modéacking regime. If the
pulse evolves as ithe right haft of plot 1, the net gain increasestlas input pulse powe
increases. In this cagie pulse evolution cannot converge ithe laser willswitck to noise-like
mode.

Due to the partiacoherenc in temporal domain, this type of laser Hesen avoided by
most researchers and considered undesirable. Howswene useful applicions such as
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metrology, gratingiased sensin[117-121] and supercontinuum generatidhF121] have been
demonstrated using these pulses. Also due to aadospectrum and multiple femtosecond-
pulseswith ultrashort time interval, it could also be atgntial source for LIBS. Here, we sc
up the pulse energy using an unusually long Yer laser cavity and demonstr its application

for LIBS.

4.2  Experimental setup of nois-like lasers

Our noise-likefiber laser was first designed based oimilariton laser. A schematic of tt
laser design is shown iRigure 65. This fiber laser is based on anradkmal dispersion cavit
using 10/125um singlemode fiber. A double clad 10/12bm Yb doped gain fiber m) is
pumped with a diode laser (€ nm) through a fiber combiner. A fiber collimatortivi0.3t m
passive single-mode fiber (SMH is spliced to the gain fiber to guide tlaser beam out. A fe

wave-plates and a polarizimgam splitter (PBS) are used to enable r-locking based oNPE.
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Figure 65Experimental setup of the fiber las SMF-1 and SMH: single mode
fiber;, HWP and QWP: he and quartewave plate; PBS: polarizing bee
splitter.
The major change comparedthe previous laser is the length of SMFAs discussed i
Chapter 2, the increase of S-I length will narrow the output spectrum and inceahe
corresponding transforimited pulse duration. But this trend stops wheMF-1 becomes

excessivelyong and the laser will switch ir the noise-like regime. About 100 long SMF-I is
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used here. Although lasers with shorter fibers hlagen shown to also reach the noise-like

regime, we extend the cavity length to a much lasgale in order to scale up the pulse energy.

4.3  Experimental results

With a 3 nm bandwidth intra-cavity spectral filind about 100 m long SMF-I, different
mode-locking states can be achieved by adjustiagmiive plates and pump power, due to the
NPE mechanism. In this laser, pump-power dependanation of the mode-locking state is
similar to a normal fiber laser. At low pump powsmgle pulsing and a clean pulse train is
observed. A pulse train at ~2 MHz repetition raeshown in Figure 66. When the laser is
pumped with higher power, mode-locking becomesalbistand multi-pulsing occurs preventing
one to define a repetition rate. The switch betw@&hand mode-locking status is instantaneous

and significant spectral broadening is observed.

Figure 66: Pulse train of mode-locked fiber laséh\w00 m long SMF-I.
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An output spectrum is shown Figure 67(a). Itis smooth and corresponds to cohe
pulses with about 150 fs FWHM pulse duration. Theat spectral bandwidth does not cha

obviously by increasing pump power, wt the output power increases.

Figure 67:a) Experimental output spectrum; b) Exmental SHG spectrum wir
seconderder dispersion compensat (SOD) applied (red) and calculated St
spectrum with flat phase basec the fundamental spectrum.

The output pulses are characterized us MIIPS-enabled 4-pulse shaper. A chirp scan

carried out to find the maximum integraiSHG signals around -60,0002f6:igure68 (b)). Itis
significantly less than the cavity dispers, which is about 2,300,0002f,sindicating something

unusual. With a compensati®&OD of -60,000 fé applied to the output pulses usithe pulse

shaper, the normalized measured SHG signal is arofréom the calculated SHG spem
(Figure 67 (b)) which indicates that there is at least some @ies. Alsowhenthe laser is
switched to CW mode and tloaitput laser beam is focused on the same BBO ¢rysisSHG
signal is detected even m@uch higher average power. This proves that thalsep ce real and
have much higher peak power trCW mode. However, the change of integrated SHG siigr
very small (only ~5 times) compared to a fully camd pulse that can have three « of

magnitude larger changes ($egure68(b)).
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Figure 68: (a)lCalculated and experimental t-dimensional SOD scaifheSOD
range of the calculated plot is 10 timesmaller thanexperimental plo (b)
Calculated and experimer SHG-integrated SOD scan.

The calculated and experimental results of SOD saan shown inFigure 68. The

calculation uses a fully coherent pulse based enfiunhdamental spectrunFigure 67 (a)). A

second order phase dispersiof 60,000 f% is added to the coherent pe to match the

systematic phase distortion in the real gs. In order to see the difference more clearhe
SOD rangeof the calculated tw-dimensional SOD scan is 10 times smaller than dfidghe

experimental results. Bir SHG spectral ranges shoon the yaxis are very simili; while the

SHG of the experimental resutill have significant signal until 1 2 SOD (seeFigure 68 (a)).

This is better illustrated in thBHC-integrated SOD scan results (see Figi€b)). Compared

to the FWHM width of calculate scan, the experimental one 80~times large, which indicates

theexistence of the incoherent puls

Meanwhile,when a sinusoidal phe scan is performednd no convergence the MIIPS
trace is achieved, this alsadicatesthat there is an incoherepart in the laser pulses. Howev

it can be an advantage thags$ie pulses are much less phase sensitive, sinceahde delivere

by a fiber with minimal pulse distortic
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To further characterize the pus, interferometric AC using gulse shaper ar
background-free nonellinear SHG intensitAC are carried out. On the short range (= fs)
interferometric AC traceHigure69(a)) the ratio between the peak and base line isthess8:1.
which indicates the pulse lasts much longer thattime range. A long range backgro-free
intensity AC trace is conducted show thatFigure 69(b)) On the intensity AC trace, there i
~200 fs coherent spike while the whole trace lastr d5 ps. This matches the clcteristics of

noiselike pulses observed in previous w [117, 119].
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Figure 69: (a)lnterferometricAC, peak-to-baséine ratio is less than 8: (b)
background-free nonellinear intensityAC.

The distancebetween collimator and grating is adjusted to vémg spectral filte
bandwidth. No noticeable change of output spectrcimrp scan or autocorrelation result v
observedWith this type of narrow filte, the maximum average outpubwer is about 420 m,
corresponding to 210 nJ pulse ene

In order to further study the filt-bandwidth-dependee of laser performance, the gra-
based spectral filter is replackg ¢ birefringent spctral filter (12 nm or 20 nr The resulting
output spectra areroadened while the coherence of the s stays the same. Since the spec
filter does not play as importaatole as in other laserd is completely removed from the cav

and the laseredup is simplified as shown iFigure 70. Similar mod&cking behavior is still
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achieved witha much broader spectrum and higher output powena&imum output power ¢

640 mW, correspading to 320 nJ, idelivered from this laser. Pump-powdgpendent sptral

changes are shown in Figure. 71

Q\LVP T ‘.Li,c lator ~nll
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Figure 70:Simplified nois«like fiber laser setup without any spectral fi. SMF:
single mode fiber; HWP and QWP: i+ and quartewave plate; PBS: polarizir

beam splittercoll.: fiber collimato.
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Figure 71: Pump-powetependent output spectra. Black: pupgver 1.8 W
Red: pump power 3.9 V

With higher pump power, the output spectribroadensto match the amplifie

spontaneous emission spectrum of the gain fibes also indicates the mechanism behind
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noise-like mode-locking -ence the peak powes clamped, the excess puramplifies the
background noise.
In order to further sade up the pulse energy, an additional 100 m lomegy fwa: added to

SMF-I, modelocking is achieved at «epetition rate of about 1 MHz [Figure]72
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Figure 72:1 MHz pulse train of noi«-like laser with 200 m long Sh-I.
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Figure 73:0Output spectrum of 1 MHz noi-like laser.
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A broad and smooth spectruiFigure 73) wa®btained with a maximum output power
450 mW, corresponding to 450 nJ per pulse. Effartgirther increase the output power did
work. It wasalso noticed that, the change of maximum pulseggnisrnot linearly proportion:
to the inverse of theepetition rateas we obtaine®20 nJ for 2 MHz and 450 nJ for 1 M}
Limited by gain bandwidth, no further broadenincthe output spectrum wadserved eithe

Background-free nowellinear SHGAC measurement is used to charactethe output
pulses, as shown in Figure.14mited by the scan range thedelay stage, only half of the A
trace is scanned to get as much information asige«about the symmetridC trace. It can b
seen that there is a largedestal lasting over more than 180 ps with a varyow spike on to

of the trace. Théase line drops to below 0.1 at . psand it is believed that it will be more th

200 ps before the signal reaches z
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Figure 74: Noreollinear AC trace from 0O ps to +180 ps. Inserg same AC trac
on a small range fromiL-ps to +1 p:

This means thathe output is characterized by multifemtosecondsut-pulses within a
200 ps envelopé he irregular femtosecond s-pulses result ithe narrow spike in the center
AC trace. Another msibility is tha each output pulse is about 200 ps long thiad these pulses
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fluctuate in amplitude and ph: However, according to the mechanism behind thadtion of
noise-like pulses andumerical simulation, the explanation a long pulse envelce with
multiple sub-pulses isore suitable for this ca:

Output pulses from theoise-like fiber oscillator were also tested aseed for a fiber
amplifier. In common ultrashort pulse fibamplifiers, a long prehirp fiber is needed to low:
the peak power to avoid too much nonlinearity dyramplification. Also, a dow-counter is
also used to lower the repdtit rate in order to achieve higher pulse energycesour laser i
mainly designed for LIB&nd higl-repetition pulses are preferred, no dovaunter is used i
our amplifier system. Also, due to tinsensitivephase response of these pulses, n-chirp is

needed before amplification.

lens lens

input output
gain fiber

Tpump

fiber
combiner

Figure 75: Setupfdiber amplifierusing a noise like laser as the s

The amplifier setup is shown Figure 75 A backward pumping scheme is used to ach
better efficiency. The pump laser is coupled into the autpnd of gain fiber using a fib
combiner. A doubleslad 30um core diameter gain fer (Nufern) is used. This lar-mode-area
(LMA) fiber is not purelysingle mode. By coiling it tightly, higher order des can be filterec
The focusing lens and input endthe gain fiber are mounted on a8is stage that is adjusted
optimize the coupling of seed laser into the gaoert

By gradually increasing the pump power, the outpotver increases corresponding
Since the seed laser already ta broad spectrum close to the ghamdwidtl limit, no
significant spectral broadening of the amplifietput is observed. Meanwhile, with the incre
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of pump power, ASE from thgain fiberincreases dut the excessive pump power. A can be
suppressed by adjustinige setup alignmerand optimizing thecoupling efficiency. When th
pump power reaches 15 W, the ASE signal becomesdtmoinant to be suppressed. 1
maximum clean and stable amplifier output is ~3/,7corresponding to 3.8{{J pulse energ)

The output spectrum is showr Figure 76.
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Figure76: Output spectrum of fiber amplifier.
4.4  LIBS using noiselike laser
As described above, the laser can procl-2 MHz repetition rate pulses with high pu
energy and broad spectrum. The picosecond Ipulse envelop consistsf a number of
femtosecond supulses. These characteris of the unamplified lasenatch the requirement fi

an ideal LIBS laser source. It is important to tegt laser for LIBS
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4.4.1 Experimental setup
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Figure 77:LIBS setup using noi-like laser. DM: dichroic miror; Llens; spec
spectrometer; obj: objecti. SMF: single mode fiber; HWP and QWP: I- and
guarterwave plate; PBS: polarizing beam spli

As shown in Figure 77the output beam of the fiber oscillator is colited with &
telescope before being directed to the LIBS detacsetup, without pulse compression. A .
objective (NA =0.4) is used to fcus the beam onto the sample, which is mounted spiraing
wheel (rotation frequency 133z) so that each pulse seef@sh spot for ablation. The scatte
LIBS signal can be directly collected by placingdlection iber next to the ablation s}. The
other end of the collection fiber is coupled a compact spectrometer (nm — 876 nm,
USB4000, Ocean Optics). The advantage of this ds&le collection is to avoid any sigr
filtered by thecollecting optics since the atomic emission caremle bdow 300 nmwavelength
and normal glass optics will greatattenuate those wavelengthidowever, this schemis
susceptible tdarge background scattering in the spectrometertduke strong excitation lase

It is important to filter all noratomic emision signals for ablation threshold measurementa
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backward detection scheme, with a dichroic mirmfilter out the excitation laser, is used

ablationthreshold measurement, though sacrificing the $sgmelow 350 nm

4.4.2 Experimental results
The results discussed below are obtained using MHz cavity output, since its puls
energy is enough to cause ablation and too muctggmell generate more unwanted plas

emission that will mask the atomic emission tra. Several samples westec
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Figure 78.LIBS spectra of brass (top) and copper (bott

LIBS spectra of Cu and brass ces are compared in Figure Hrass typically contain
~30% zinc (Zn) and ~70% Cu. On the brass spectpgaks are visible at 33(nm, 334.3 nm,
472.3 nm and 481.4Am, which are absent in theu spectrum. These peaks matn emission
lines. The other peaks, which are common to Ispectra, correspond to Cu emission lines.
spectra shown above are directly recorded witheintgua gate-spectrometer and the continui
emission signal is insignificant comparedthe atomic emission peaks. The low continu

emission also implies thahere i little thermal emission, which indicatésatthe heat-affected
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zone is limited The simple detection system requirements funtb@uce the complexity and cc
of the LIBS system. The fast repetition rate -2 MHz, comparing to Gwitched laers, also

enhances the accumulation of LIBS sigr
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Figure 79:LIBS spectra of three aluminum all¢, Al1100 (black), Al6061 (red
and Al7075 (blue)Insert: the full LIBS spect.

It is also important to evaluate the system’s gbto qualitatively evalua difference in
composition ancdconcentration. The aluminum alloys, Al7075, Al6C&id Al1100,were used
for this test. In Al1100, there is no magnesium6@d1l and Al7075 have about -1.2% and
2.1-2.9% magnesium, respectively. LIBS spectra of thlesse alloys are comparen Figure 79.
Each spectrum igormalized tcits highest aluminum peak. As expected, there is nopilak
observed on Al1100 LIBS spectra. For spectra of08I6and Al7075, not onlare multiple Mg
peaks (278.3, 285.2, 383.8, .4nm) observed, buihe change of Mg peak magnitude &
gualitatively corresponds to the variation of Mg concentratioth@se two alloysQuantitative
results would require calibrated samples, whicheweat available for these te:

One of the importat LIBS applications is to detect hazardous maleri®ften thesi
hazardous materials occanly in trace amounts surround by large amouwfdtsther materials
which makes the detection extremely hard. To evaloar system’s ability of trace detectior
PbNG;-contaminated Al platevas prepared. This sample was made by applying a fepsdof

6.5 mg/mL PbN@® solution on an aluminum plate d heating until thevater evaporated. Tt
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average concentration of PbRIOn the surface is <15mg/§mCompared to the LIBS spectrt

of Al 1100, Pb peaks are clearly distinguishabl364.0, 368.3, and 405.8nm, Figure 80.

27 | B
R S L
s [0 L0
2, 4l 200 400 600 BO0O| |,

Figure 80:LIBS spectra of pure Al1100 all (black) and PbN@contaminater
Al1100 (red).
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Figure 81:(a) Picture of Galena rock; (b) LIBS spectra ofé&sal roc..

In addition to these smooth metallic samples, ae@al(PbS) roc [Figure 81(a)] with a
rough surface waslso tested. Strong Pb emissions can be observgd 3@4.0, 368.3, ar

405.8nm), as shown in Figugd(b). This clear spectrum shows great potential forsysem’s
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use inthe mining industry, for example, faanalyzing samples in the field withosample

preparation.

4.4.3 Ablation threshold

The experimental threshold measurement is shovFigure 82, whichwas carried out on

Cu. Nonlinear fitting of the experimental data g threshold fluence valuesound 0.25 J/cz.

It wasreported that when using i ns Qswitched Nd:YAG laser the threshold fluence fori€
1.46 J/crr% [111], which is ~6 times larger than our result. The thresi®liso smaller than 0.
J/cm2 obtained using a 150 fs Ti:Sapphire chir-pulse amplifier [116Jor 0.5 J/cr2 obtained

using a 35 fs Tiapphire amplifier in our la[129].
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Figure 82:Threshold measurement. LIBS intensity for copperadsinction of
incident laser fluence.

Lower threshold implies less pulse energy requidLIBS, which results in a lowe

background plasma emission. Plasma emission cak thasLIBS signal and eliminating
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typically requires a time-gated spectrometer. Ascuassed above, the threshold measured from
our laser is lower than the results of both nanmsécand femtosecond lasers. The observed
lower ablation threshold, compared to that of ®nf§ pulses, is probably due to the multiple
femtosecond sub-pulses as indicated by refereride The lower threshold and high repetition-
rate of our laser source results in significantrowements in the efficiency and signal-to-noise
ratio of LIBS spectra. Current portable LIBS syssetypically use Q-switched nanosecond fiber
lasers [113-115]. The laser presented here carebelaped as an ideal source for a portable

LIBS system.

4.5  Conclusion

We have built several noise-like fiber lasers bingisnore than 100 m of fiber inside a
laser cavity. By varying intra-cavity spectraldittbandwidth, laser performance is studied and
the filter does not play as important a role asimilariton fiber lasers. By removing the spectral
filter, broader output spectra are achieved anguiupulses with 320 nJ pulse energy are
delivered at 2 MHz repetition rate. These pulsesnaore than 100 ps long and contain irregular
multiple femtosecond sub-pulses. It is found thase pulses meet the requirements of an ideal
laser source for LIBS. A simple LIBS system hasnblegilt using this laser. Strong LIBS signals
have been generated with low fluence thresholdiasiginificant continuum background. The
system has also been tested to detect the charagenoic concentration in alloys and track trace
contaminant. These results have shown that thes ksl be an ideal source for a low-cost and
portable LIBS system.

The pulse energy of this laser has been scaled 5@ nJ at 1 MHz repetition rate by
extending the cavity fiber length to about 200 nifikker amplifier has also been built to further

increase the pulse energy to 387at 1 MHz repetition rate.
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Chapter 5 Summary and Outlook
This chapter summarizes the work and results ptedehrough this thesis. My work includes
the development of similariton fiber lasers andsedike fiber lasers and some applications

using these developed lasers. Future directionsiofvork are discussed at the end.

5.1 Similariton fiber laser and applications

We have developed ultrafast fiber lasers based llemoamal dispersion cavity design.
Pulses with up to 34 nJ pulse energy and 80 fsepdisation are delivered from one of our
regular all-normal dispersion fiber lasers. Fibardth and intra-cavity spectral-filter bandwidth
are found to be the most important parameters taffpdaser performance. A very narrow
bandwidth intra-cavity spectral filter is used asadtractor for similariton pulse formation, which
is a solution characterized by a wave-breaking-foee in normal dispersion fiber. With a 3 nm
spectral filter, output pulses with about 20 nkpugnergy are delivered and compressed to about
41 fs FWHM pulse duration using a MIIPS-enabledspushaper. Numerical simulations are
conducted to verify the formation of similaritonsdamatch the experimental results very well.

The similariton fiber laser has been successfudiydnstrated for multiphoton microscopy.
The ultrashort pulse durations greatly enhance ama-three-photon induced modalities in both
stained and unstained living tissues such as Dholsofarvae and fruit fly wings. Results of
SHG and THG from living tissue are compared undemilar laser conditions and
complementary results show the full informatioriaihg tissue structures. Due to the high pulse
energy, depth-resolved imaging of Drosophila laawa fruit fly eyes is also achieved. Three-
dimensional constructed imaging based on THG shmwsh better contrast in resolving the
tissue structures than SHG. It shows that this piglse energy ultrafast similariton fiber laser is

a suitable source for deep tissue imaging.
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5.2 Noise-like fiber laser and applications

Also based on all-normal fiber laser cavity desgmpther type of laser has been developed
for laser-induced breakdown spectroscopy (LIBS)isTaser is operated in an unusual mode-
locking regime and produces noise-like pulses, Wwhi@ave mostly been ignored by many
researchers. However, we have found that some aastics of our noise-like laser, such as
broad spectra and picosecond long pulse envelop@ioong multiple femtosecond sub-pulses,
meet the requirements of an ideal laser sourc&I®%. We have built a noise-like fiber laser
using ~200 m long fiber and scaled the output peisgy up to 450 nJ at 1 MHz repetition rate.
The spectral filter does not affect the laser penBince as much as in the similariton lasers and
can be removed from the laser cavity. Due to issphnsensitivity, external pulse shaping is not
necessary for this type of pulses in applications.

A simple LIBS setup using this noise-like laser basn demonstrated on several samples.
Atomic emission spectra with very good signal-taseaatio have been obtained. Abilities, such
as analyzing atomic composition, qualitatively d&tey concentration changes and tracking
trace compounds, have also been tested. The reshdtg that our noise-like fiber laser is an

ideal laser source for a low-cost and portable LgStem.

5.3 Future work

To further improve the pulse energy of a similarilaser while still producing equally
short pulse durations, one option is to use LMAIf& In principle, with the same cavity design,
the maximum output pulse energy delivered is prigpaal to the square of the fiber core
diameter. Currently available single mode LMA fibeare mainly photonic crystal fibers and
chirally coupled core fibers. Their core diametenormally more than 3@m, which can scale

the pulse energy up to 100 nJ. However, these LM&r$ are not as flexible as standard single
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mode fibers and may suffer large losses from bendiihe other drawback is that special fiber
splicing technology is required for them. The otbption to scale up the pulse energy is to use
multiple-stage amplification. This is the most coamly used method for higher-energy
industrial fiber lasers. In terms of pulse duratiepecially designed dispersion-decreasing fiber
can be used to sustain the similariton evolutiaerahe gain fiber and further broaden the output
spectrum. Basically, new fiber technology is higtigsirable for the development of fiber lasers.

For the noise-like fiber lasers, the limit of puleeergy should be further studied using
even longer fiber. It is also important to expenmadly measure the profile of single short pulses
and understand the detailed structure of the silgepuWe have tried cross correlation using
another highly chirped broadband laser source buldcnot get it to work. New measurement
method is required.

To eliminate all the free-space components in ourent fiber laser and modify them to an

integrated all-fiber system will also be desiratolefuture applications.
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Appendix-I Matlab Code

1. Pulse propagation in fibers with second order &ind brder dispersion

%% define basic parameters

T = 1000; % time window, in femtosecond

nt = 2°12; % sampling points

dt = T/nt; % time resolution

t = (-nt/2:1:nt/2-1)"*dt; % time vector

v = (-nt/2:1:nt/2-1)"/(dt*nt); % frequency vector

w = 2*pi*(-nt/2:1:nt/2-1)'/(dt*nt); % angular frequ

dw = w(2)-w(1); % angular frequency resolution
lambda = 2*pi*3e2./(w+2*pi*3e2/1050); % wavelength,
lambda(lambda<0)=nan;

¢ = 3*10"8; % speed of light, m/s

w0 = 2*pi*c/1050*10"9; % carrier frequency

beta2 = 23000; % GVD, fs"2/m

beta3 = 0.1e6; % Third order dispersion, fs"3/m

tau = 50; % FWHM pulse duration of input pulse, fs
tau0 = tau/2/log(2)"0.5; % 1/e”2 pulse duration

Ld = tau0"2/abs(beta2); % second order dispersion |
Ld3 = tau0"3/abs(beta3); % third order dispersion |
u0 = exp(-t.A2/2/tau0”"2); % input intensity field

uw = fftshift(ifft(fftshift(u0)))*dt; % FFT of temp

filed

dispersionl = exp(li*beta2/2.*w."2*3*Ld); % phase d
dispersion2 = exp(li*beta3/6.*w.*3*3*Ld3); % phase
uwl = uw.*dispersionl;

uw?2 = uw.*dispersion2;

uw3 = uw.*dispersionl.*dispersion2;

ul = fftshift(fft(fftshift(uwl)))*1/dt;

u2 = fftshift(fft(fftshift(uw2)))*1/dt;

u3 = fftshift(fft(fftshift(uw3)))*1/dt;

%% make plots

ha=tight_subplot(2,4,[.1 .01]);

axes(ha(1));

plot(t,abs(u0).22,'linewidth',2);

ylim([0 1]);

xlim([-500 500]);
set(gca,'xTick',-500:250:500,'xticklabel’,[],'ytick
axes(ha(2));

plot(t,abs(ul).~2,'linewidth',2);

ylim([0 1]);

xlim([-500 500]);
set(gca,'xTick',-500:250:500,'xticklabel’,[],"ytick

axes(ha(3));

plot(t,abs(u2)./2,'linewidth',2);

ylim([0 1]);

xlim([-500 500));
set(gca,'xTick',-500:250:500,'xticklabel’,[],'ytick
axes(ha(4));

plot(t,abs(u3).*2,'linewidth',2);

ylim([0 1]);
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xlim([-500 500));

set(gca,'xTick',-500:250:500,'xticklabel',[],"ytick label',[]) ;
axes(ha(b));

plot(lambda,abs(uw).*2/max(abs(uw).*2),' linewidth’, 2);
ylim([0 1]);

xlim([950 1150]);

set(gca,'xTick',950:50:1150, 'xticklabel',[],'ytickl abel'\[]) ;
axes(ha(6));

plot(lambda,abs(uwl).A2/max(abs(uw1).72),'linewidth "2);
ylim([0 1]);

xlim([950 1150]);

set(gca,'xTick',950:50:1150, 'xticklabel',[],'ytickl abel'\[]) ;
axes(ha(7));

plot(lambda,abs(uw?2).A2/max(abs(uw?2).72),'linewidth "2);
ylim([0 1]);

xlim([950 1150]);

set(gca,'xTick',950:50:1150, 'xticklabel',[], 'ytickl abel',[]) ;
axes(ha(8));

plot(lambda,abs(uw3).*2/max(abs(uw3).*2),'linewidth "2);
ylim([0 1]);

xlim([950 1150]);

set(gca,'xTick',950:50:1150, xticklabel',[],'ytickl abel'\[]) ;

2. Pulse propagation in fibers with nonlinear coeéiti

T=1000; %fs

nt=2"12;
dt=T/nt; % timestep (dt)
t=(-nt/2:1:nt/2-1)"*dt; % time vector

v=(-nt/2:1:nt/2-1)"/(dt*nt);
w=2*pi*(-nt/2:1:nt/2-1)"/(dt*nt);
dw=w(2)-w(1);
lambda=2*pi*3e2./(w+2*pi*3e2/1050);
lambda(lambda<0)=nan;
lambda2w=2*pi*3e2./(w+2*pi*3e2/1050*2);
c=3*10"8; %m/s
w0=2*pi*c/1050*10"9;
beta2=23000;
tau=50;
tauO=tau/2/log(2)"0.5;
Ld=tau0"2/abs(beta?2);
beta3=0.1e6;
Ld3=tau0"3/abs(beta3);
10=1e11,;
uO=exp(-t."2/2/tau0"2);
uw=fftshift(ifft(fftshift(u0)))*dt;
n2=2.6*10"-16;  %cm”"2/W
%%%gamma=n2*w0/c/Aeff;
Lnl=1/(0.0044*10);
L=Lnl;
nstep=100;
h=L/nstep;
u=uo;
for i=1:1:nstep
u=u.*exp(li*abs(u)."2*h/Lnl);
end
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uwl=fitshift(ifft(fftshift(u)))*dt;

ha=tight_subplot(2,2,[.01 .02)]);

axes(ha(1))

plot(lambda,abs(uw).”2/max(abs(uw).*2), k', 'linewidth' 2);
xlim([950 1150]));

ylim([0 1]);

set(gca, 'xTick' ,950:50:1150, ‘'xticklabel' [, 'yticklabel' 1)
axes(ha(2))

plot(t,abs(u0).2/max(abs(u0).”2), k', 'linewidth' 2);
xlim([-100 100));

set(gca, 'xTick' ,-100:50:100, 'xticklabel' . 'yticklabel 1)
ylim([0 1]);

hold on;

plot(t,[-diff(phase(u0))/dw;0], “r', 'linewidth' ,2)

ylim([-1.1 1.1]);

hold on;

plot(t,0, k')

axes(ha(3))

plot(lambda,abs(uw1l).A2/max(abs(uw)."2), k', 'linewidth’ 2);
xlim([950 1150]));

% ylim([0 1]);

set(gca, 'xTick' ,950:50:1150, 'xticklabel' [, 'yticklabel' 1) ;
axes(ha(4))

% [haxes,hlinel,hline2] =

plotyy(t,abs(u).*2/max(abs(u).”2),t,[diff(phase(u)) /dw;0])
plot(t,abs(u).*2/max(abs(u).”2), k', 'linewidth’ 2);
xlim([-100 100]);

set(gca, 'xTick' ,-100:50:100, 'xticklabel' [, 'yticklabel' 1) ;
ylim([-1.1 1.1]);

hold on;

plot(t,[-diff(phase(u))/dt*tau0;0], “r', 'linewidth’ ,2)
ylim([-1.1 1.1]);

hold on;

plot(t,0, k')

3. Pulse propagation in fibers with second order d&pa and nonlinear coefficient

T=1000; %fs

nt=2"12;
dt=T/nt; % timestep (dt)
t=(-nt/2:1:nt/2-1)"*dt; % time vector

v=(-nt/2:1:nt/2-1)"/(dt*nt);
w=2*pi*(-nt/2:1:nt/2-1)"/(dt*nt);
dw=w(2)-w(1);
lambda=2*pi*3e2./(w+2*pi*3e2/1050);
lambda(lambda<0)=nan;
lambda2w=2*pi*3e2./(w+2*pi*3e2/1050*2);
c=3*10"8; %m/s
wO0=2*pi*c/1050*10"9;

beta2=23000;

tau=50;

tauO=tau/2/log(2)"0.5;
Ld=tau0"2/abs(beta?2);

beta3=0.1e6;

Ld3=tau0"3/abs(beta3);
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[0=1el1l;

uO=exp(-t."2/2/tau0"2);

uw=fftshift(ifft(fftshift(u0)))*dt;

n2=2.6*10"-16;  %cm”"2/W

%%%gamma=n2*wO0/c/Aeff;

Lnl=1/(0.0044*10);

L=pi*Lnl;

nstep=100;

h=L/nstep;

u=u0;

for i=1:1:nstep
u=u.*exp(li*abs(u). 2*h/Lnl);

end

uwl1=fftshift(ifft(fftshift(u)))*dt;

Lnl=1/(0.0044*10);

L=3.5*pi*Lnl;

nstep=100;

h=L/nstep;

u=uo;

for i=1:1:nstep
u=u.*exp(li*abs(u)."2*h/Lnl);

end

uw2=fftshift(ifft(fftshift(u)))*dt;

ha=tight_subplot(1,3,0.02);

axes(ha(1))

plot(lambda,abs(uw).”2/max(abs(uw).*2), k', 'linewidth' 2);

xlim([750 1550));

ylim([0 1.1]);

set(gca, 'xTick' ,750:200:1550, ‘xticklabel' . 'yticklabel 1)

axes(ha(2))

plot(lambda,abs(uwl).”2/max(abs(uw).”2), k', 'linewidth' 2);

xlim([750 1550));

% ylim([0 1]);

set(gca, 'xTick' ,750:200:1550, ‘xticklabel' ., 'yticklabel 1)
axes(ha(3))
plot(lambda,abs(uw2).*2/max(abs(uw).”2), k', 'linewidth' 2);

xlim([750 1550]);
ylim([0 0.17]);
set(gca, 'xTick' ,750:200:1550,  'xticklabel [, ‘yticklabel D

4. Wave-breaking pulse simualtion

T=1000; %fs

nt=2"12;
dt=T/nt; % timestep (dt)
t=(-nt/2:1:nt/2-1)"*dt; % time vector

v=(-nt/2:1:nt/2-1)"/(dt*nt);
w=2*pi*(-nt/2:1:nt/2-1)"/(dt*nt);
dw=w(2)-w(1);
lambda=2*pi*3e2./(w+2*pi*3e2/1050);
lambda(lambda<0)=nan;
lambda2w=2*pi*3e2./(w+2*pi*3e2/1050*2);
c=3*10"8; %m/s

w0=2*pi*c/1050*10"9;

beta2=23000;
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tau=50;
tauO=tau/2/log(2)"0.5;
Ld=tau0"2/abs(beta?2);
uO=exp(-1/2*(t/tau0)."2);
Lnl=Ld/30"2;
ha=tight_subplot(3,2,[.01 .02)]);
L=0.01*Ld;
a=length(L);
nstep=100;
h=L/nstep;
halfstep=exp(1i*1/2*beta2*w."2*h/2);
u=fftshift(ifft(fftshift(u0)))*dt;
specO=abs(u)."2;
u=u*ones(1,a);
for i=1:1:nstep
u=u.*halfstep;
u=fftshift(fft(fftshift(u)))*1/dt;
u=u.*exp(li/Lnl*abs(u).2*h);
u=fftshift(ifft(fftshift(u)))*dt;
u=u.*halfstep;
end
axes(ha(1))
spec=abs(u).*2/max(spec0);
plot(v*tau0,spec, k', 'linewidth’
xlim([-10 10]);
ylim([0 0.2]);

set(gca, ‘xticklabel I, 'yticklabel

axes(ha(2))
u=fftshift(fft(fftshift(u)))*1/dt;
int=abs(u)."2;

plot(t/tau0,int, k', 'linewidth'
xlim([-4.5 4.5]);

ylim([0 1]);

set(gca, ‘xticklabel' . 'yticklabel
hold on;

plot(t/tau0,[-diff(phase(u))/dt/0.6+0.5;0],

ylim([0 1]);

xlim([-4.5 4.5));

L=0.04*Ld;

a=length(L);

nstep=100;

h=L/nstep;

halfstep=exp(1i*1/2*beta2*w."2*h/2);

u=fftshift(ifft(fftshift(u0)))*dt;

specO=abs(u)."2;

u=u*ones(1,a);

for i=1:1:nstep
u=u.*halfstep;
u=fftshift(fft(fftshift(u)))*1/dt;
u=u.*exp(li/Lnl*abs(u).2*h);
u=fftshift(ifft(fftshift(u)))*dt;
u=u.*halfstep;

end

2);

e
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axes(ha(3));
spec=abs(u).*2/max(specO0);
plot(v*tauO,spec, k', 'linewidth’ 2);
xlim([-10 10]);
ylim([0 0.07]);
set(gca, ‘xticklabel' [, 'yticklabel 1) ;
axes(ha(4))
u=fftshift(fft(fftshift(u)))*1/dt;
int=abs(u)."2;
plot(t/tau0,int, k', 'linewidth' 2);
xlim([-4.5 4.5]);
ylim([0 0.6]);
set(gca, ‘xticklabel' ., 'yticklabel 1)
hold on;
plot(t/tau0,[-diff(phase(u))/dt/3+0.3;0], “r', 'linewidth' ,2)
ylim([0 0.6]);
xlim([-4.5 4.5]);
L=0.08*Ld;
a=length(L);
nstep=100;
h=L/nstep;
halfstep=exp(1i*1/2*beta2*w."2*h/2);
u=fftshift(ifft(fftshift(u0)))*dt;
specO=abs(u)."2;
u=u*ones(1,a);
for i=1:1:nstep
u=u.*halfstep;
u=fftshift(fft(fftshift(u)))*1/dt;
u=u.*exp(li/Lnl*abs(u).2*h);
u=fftshift(ifft(fftshift(u)))*dt;
u=u.*halfstep;

end

axes(ha(b));

spec=abs(u).*2/max(spec0);

plot(v*tauO,spec, k', 'linewidth' 2);

xlim([-10 10]);

ylim([0 0.04]);

set(gca, ‘xticklabel' . 'yticklabel 1)
axes(ha(6))

u=fftshift(fft(fftshift(u)))*1/dt;

int=abs(u)."2;

plot(t/tau0,int, k', 'linewidth' 2);

xlim([-4.5 4.5));

ylim([0 0.4]);

set(gca, ‘xticklabel' [, 'yticklabel 1) ;

hold on;

plot(t/tau0,[-diff(phase(u))/dt/15+0.15;0], “r', 'linewidth' ,2)

ylim([0 0.35]);
xlim([-4.5 4.5));

5. Fiber laser simulation
5.1 Pulse propagation function

function  uout=prop(u0,g0,gamma,beta2,beta3,L,alpha,T,nt,Esa t,lambda0)
if L<0.01
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h=0.001;
else
h=0.02;
end
nz=L/h;
u=fftshift(fft(ifftshift(u0)));
% halfstep=exp((gain-alpha).*(h/2)-1i*beta2/2*w."2*
for n=1:1:nz

(h12));

dt = T/nt; % timestep (dt)

w = 2*pi*(-nt/2:1:nt/2-1)"./(dt*nt);

% w=fftshift(w);

% Esat=1500; %pJ

% Esat=2100;%38nJ saturation gain energy used in Si
ue=fftshift(ifft(ifftshift(u)));
Ei=(abs(ue).”2)*dt*10"-3;

EO=sum(Ei);

% Tr=(4.3+0.5)/(3*1078/1.458)*10"15;

% EO=EO*Tr/T;

bw=50; %nm
BW=(2*pi*3*10"8)/(lambda0-bw/2)/(lambda0+bw/2)*bw*1
corresponding to the frequency

% if EO<Esat
gain=g0./(1+E0/Esat+((w+2*pi/2/T)./.BW)."2);

% else gain=g0./(2+(w./BW)."2);

% end

% plot(w,gain)

halfstep=exp((gain-
alpha).*(h/2)+1li*beta2./2.*(w.”2)*(h/2))+1li*beta3/6
u=halfstep.*u;

u=fftshift(ifft(ifftshift(u)));
u=u.*exp(li*gamma*((abs(u)).*2)*(h));
u=fftshift(fft(ifftshift(u)));

u=halfstep.*u;

end

uout=fftshift(ifft(ifftshift(u)));

5.2 Laser cavity function

folder= ;

mkdir(folder);

% prameters for fourier transforms
T=50000; %fs

nt=2"11;
dt = T/nt % timestep (dt)
t = (-nt/2:1:nt/2-1)"*dt; % time vector

w = 2*pi*(-nt/2:1:nt/2-1)'/(dt*nt);
% vs=w./2/pi;
lambda0=1070;
w0=2*pi*3e2/lambda0;
wil=w+w0;
lambda=2*pi*3e2./w1;
lambda_min=max(lambda)
lambda_max=min(lambda)
DATA=rand(1,5);

g0=3.45;

beta3=0;
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Esat=5000; %gain saturation energy, in pJ
L_gain=2.5;

gamma_10um=0.001584;

%setting the maximum value of
L_GVD_max=1.7;

bw_max=1.5;

Esat_max=200;

for nm=1:1:1000

Esat=Esat+100

bw=2.5;
for j=1:1:1000

bw=bw+0.5

L_GVD=1.2;

count_L_GVD=0

for m=1:1:1000
L_GVD=L_GVD+0.5

%--%initial pulse%--%
% u0 = sqrt(p0)*exp(-((1+1i*C)/2)*((t-t0)/T0).~(2*m
uO=wgn(nt,1,-40, ‘complex' );
% uO=fftshift(fft(ifftshift(u0)));
% int_uO=abs(u0)."2;
% plot(t,int_u0);
% ylim([-0.1 1])
% spec_u0 = fftshift(abs(dt*fft(ifftshift(u0))/sqrt
% plot(lambda,spec_u0);
% xIim([960 1100]);
% ylim([-0.1 1]);

iteration=100;

for n=Ll:iteration

%--%the first segment of passive fiber%--%
%prameters for fiber

gammal=gamma_10um;

beta2_1=23*10"3;

beta3;

% gammal=0;

alphal=0;

g1=0;

L1=L_GVD;

%pulse after propagating through the passive fiber
ul=prop(u0,g1,gammal,beta2_1,beta3,L1,alphal,T,nt,E
% specl=fftshift(abs(dt*fft(ifftshift(ul)))/sqrt(2*

% specl=specl./max(specl);%normalized spectrum
% intl=abs(ul)."2;

%--%segment of gain fiber%--%

% prameters for gain fiber
gamma=gamma_210um; %(W*m)"-1

% gamma=0;

% beta2=0;

beta2=23*10"3; %fs"2/m, 23 fs"2/mm
beta3;

alpha=0;
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g0; %small signal gain corresponding to a ~30dB fiber a
30dB/10*In10=6.9, then since the energy is square o
by to get 3.45

% FWHM=rand(1,100);

% for i=1:1:100

% L_gain=i*0.02;

L_g=L_gain;

%pulse after propagating through the gain fiber
u_gain=prop(ul,g0,gamma,beta2,beta3,L_g,alpha,T,nt,
% spec_gain =
fftshift(abs(dt*fft(ifftshift(u_gain))/sqrt(2*pi)).

% spec_gain=spec_gain./max(spec_gain);%normalized s
% int_gain=abs(u_gain)."2;

%--%the second segment of passive fiber%--%
%prameters for passive fiber

% gamma2=gamma_10um,;
gamma2=gamma_10um;

beta2_2=23*10"3;

betag3;

alpha2=0;

92=0;

L2=1,

%pulse after propagating through the passive fiber
u2=prop(u_gain,g2,gamma2,beta2_2,beta3,L2,alpha2,T,
% spec2=fftshift(abs(dt*fft(ifftshift(u2))/sqrt(2*p

% spec2=spec2./max(spec2);%normalized spectrum
int2=abs(u2).”2;

%%%saturable absorber%%%
SA=1-1./(1+int2./max(int2));
u_sa=u2.*(SA.”0.5);

%%%spectral filter%%%

bw; %nm
BW=(2*pi*3e2)/(lambda0-bw/2)/(lambda0+bw/2)*bw/2/((
filter bandwidth

SF=exp(-1/2*(w/BW).*2); %setting up spectral filter
u_sa=fftshift(fft(ifftshift(u_sa)));

u_sf=u_sa.*(SF)."0.5;

u_sf=fftshift(ifft(ifftshift(u_sf)));

u_sf=(0.2"0.5)*u_sf;

% int_sf=abs(u_sf)."2;

% spec_sf = fftshift(abs(dt*fft(ifftshift(u_sf))/sq

% u0=(0.2"0.5)*u_sf;
uO=u_sf;
end

%%input for the last run of cavity%%
int0=abs(u0).”2;
specO=fftshift(abs(dt*fft(ifftshift(u0))/sqrt(2*pi)
% spec0=spec0./max(spec0);
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%%fwhm of pulse%%
fwhm_t=find(int0>(max(int0)/2));
fwhm_t=t(max(fwhm_t))-t(min(fwhm_t));
FWHM_t=fwhm_t;

% %%fwhm of spectrum%%
fwhm_f=find(spec0>(max(spec0)/2));
fwhm_f=lambda(min(fwhm_f))-lambda(max(fwhm_f));
FWHM_f=fwhm_f;

spec_2d=spec0; %initiate the 2D spec database

%%plot the evolution of pulse duration and sepctrum bandwidth%%
%--%the first segment of passive fiber%--%

%prameters for fiber

gammal=gamma_10um;

beta2_1=23*10"3;

beta3;

alphal=0;

g1=0;

% L1=1.5;

%pulse after propagating through the passive fiber

for L1=0.05:0.05:L_GVD
ul=prop(u0,gl,gammal,beta2_1,beta3,L1,alphal,T,nt,E sat,lambda0);
specl=fftshift(abs(dt*fft(ifftshift(ul))/sqrt(2*pi) ).22);
intl=abs(ul).”2;

%%fwhm of pulse%%

fwhm_t=find(int1>(max(int1)/2));

fwhm_t=t(max(fwhm_t))-t(min(fwhm_t));

FWHM _t=horzcat(FWHM_t,fwhm_t);

% %%fwhm of spectrum%%

fwhm_f=find(specl>(max(specl)/2));

% fwhm_f=3e2*2*3.14./(w(min(fwhm_f))+2*3.14*3/1060* le2)-
3e2*2*3.14./(w(max(fwhm_f))+2*3.14*3/1060*1e2);
fwhm_f=lambda(min(fwhm_f))-lambda(max(fwhm_f));
FWHM_f=horzcat(FWHM_f,fwhm_f);

spec_2d=horzcat(spec_2d,specl); %save the spectrum for each position withou
normalization

specl=specl./max(specl); %normalized spectrum

end

%--%segment of gain fiber%--%

% prameters for gain fiber
gamma=gamma_10um; %(W*m)"-1
% gamma=0;

% beta2=0;

beta2=23*10"3; %fs"2/m, 23 fs"2/mm

beta3;

alpha=0;

g0; %small signal gain corresponding to a ~30dB fiber a mplifier

for L_g=0.05:0.05:L_gain;

%pulse after propagating through the gain fiber
u_gain=prop(ul,g0,gamma,beta?,beta3,L_g,alpha,T,nt, Esat,lambda0);
spec_gain = fftshift(abs(dt*fft(ifftshift(u_gain))/ sqrt(2*pi))."2);
int_gain=abs(u_gain)."2;

%%fwhm of pulse%%

fwhm_t=find(int_gain>(max(int_gain)/2));
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fwhm_t=t(max(fwhm_t))-t(min(fwhm_t));

FWHM _t=horzcat(FWHM_t,fwhm_t);

% %%fwhm of spectrum%%
fwhm_f=find(spec_gain>(max(spec_gain)/2));

% fwhm_f=3e2*2*3.14./(w(min(fwhm_f))+2*3.14*3/1060* le2)-
3e2*2*3.14./(w(max(fwhm_f))+2*3.14*3/1060*1e2);
fwhm_f=lambda(min(fwhm_f))-lambda(max(fwhm_f));
FWHM_f=horzcat(FWHM_f,fwhm_f);

spec_2d=horzcat(spec_2d,spec_gain); %save spectrum to the 2d database
spec_gain=spec_gain./max(spec_gain); %normalized spectrum
end

%--%the second segment of passive fiber%--%

%prameters for passive fiber

% gamma2=gamma_10um,;

gamma2=gamma_10um;

beta2_2=23*10"3;

beta3;

alpha2=0;

92=0;

for L2=0.05:0.05:1;

%pulse after propagating through the passive fiber
u2=prop(u_gain,g2,gammaz2,beta2_2,beta3,L2,alpha2,T, nt,Esat,lambda0);
spec2=fftshift(abs(dt*fft(ifftshift(u2))/sqrt(2*pi) ).A2);
int2=abs(u2).”2;

%%fwhm of pulse%%

fwhm_t=find(int2>(max(int2)/2));

fwhm_t=t(max(fwhm_t))-t(min(fwhm_t));
FWHM_t=horzcat(FWHM_t,fwhm_t);

% %%fwhm of spectrum%%

fwhm_f=find(spec2>(max(spec2)/2));

% fwhm_f=3e2*2*3.14./(w(min(fwhm_f))+2*3.14*3/1060* le2)-
3e2*2*3.14./(w(max(fwhm_f))+2*3.14*3/1060*1e2);
fwhm_f=lambda(min(fwhm_f))-lambda(max(fwhm_f));
FWHM_f=horzcat(FWHM_f,fwhm_f);

spec_2d=horzcat(spec_2d,spec2);

spec2=spec2./max(spec?); %normalized spectrum

end

u2_w=fftshift(fft(ifftshift(u2)));
phi=log(u2_w./abs(u2_w))*(-1i);

phi=real(phi);

phi=unwrap(phi);

plot(lambda,phi);

phase=[w,phi];

phase_filename=[folder, '‘phase.dat’ ];
saveascii(phase,phase_filename);

Etot=(abs(u2)./2)*dt*10"-3;
Etot=sum(Etot)

%%%saturable absorber%%%
SA=1-1./(1+int_gain./max(int_gain));
u_sa=u2.*(SA.”0.5);
int_sa=abs(u_sa)."2;
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Ei=(abs(u_sa).”"2)*dt*10"-3;

EO=sum(Ei)

Eout=Etot-EO0

spec_sa=fftshift(abs(dt*fft(ifftshift(u_sa))/sqrt(2 *pi)).~2);
%%fwhm of pulse%%

fwhm_t=find(int_sa>(max(int_sa)/2));
fwhm_t=t(max(fwhm_t))-t(min(fwhm_t));
FWHM_t=horzcat(FWHM_t,fwhm_t);

% %%fwhm of spectrum%%

fwhm_f=find(spec_sa>(max(spec_sa)/2));

% fwhm_f=3e2*2*3.14./(w(min(fwhm_f))+2*3.14*3/1060* le2)-
3e2*2*3.14./(w(max(fwhm_f))+2*3.14*3/1060*1e2);
fwhm_f=lambda(min(fwhm_f))-lambda(max(fwhm_f));
FWHM_f=horzcat(FWHM_f,fwhm_f);

spec_2d=horzcat(spec_2d,spec_sa);

spec_sa=spec_sa./max(spec_sa);

%%%spectral filter%%%

bw; %nm

BW=(2*pi*3e2)/(lambda0-bw/2)/(lambda0+bw/2)*bw/2/(( 2*log(2))"0.5); %spectral
filter bandwidth

SF=exp(-1/2*(w/BW)."2); %setting up spectral filter

u_sa=fftshift(fft(ifftshift(u_sa)));

u_sf=u_sa.*(SF)."0.5;

u_sf=fftshift(ifft(ifftshift(u_sf)));

u_sf=(0.2"0.5)*u_sf;

int_sf=abs(u_sf)."2;

spec_sf = fftshift(abs(dt*fft(ifftshift(u_sf))/sqrt (2*pi)).~2);
%%fwhm of pulse%%

fwhm_t=find(int_sf>(max(int_sf)/2));
fwhm_t=t(max(fwhm_t))-t(min(fwhm_t));
FWHM_t=horzcat(FWHM_t,fwhm_t);

% %%fwhm of spectrum%%

fwhm_f=find(spec_sf>=(max(spec_sf)/2));

% fwhm_f=3e2*2*3.14./(w(min(fwhm_f))+2*3.14*3/1060* le2)-
3e2*2*3.14./(w(max(fwhm_f))+2*3.14*3/1060*1e2);
fwhm_f=lambda(min(fwhm_f))-lambda(max(fwhm_f));
FWHM_f=horzcat(FWHM_f,fwhm_f);

spec_2d=horzcat(spec_2d,spec_sf);

spec_sf=spec_sf./max(spec_sf); %normalized spectrum

%%final fwhm bandwidth and pulse duration%%
% FWHM_t=FWHM_t(1:1,2:length(FWHM_t));
% FWHM_f=FWHM_f(1:1,2:length(FWHM_f));

uO=u_sf;

%configure filename for saving data%

% folder="E:\RESEARCH\Dantus Group\FiberLaser\simul ation\051311\}

filename=strcat( 'Esat’ ,num2str(Esat), 'pJd ", 'bw' ,num2str(bw),  'nm_Lgvd' ,num2str
(L_GVD), 'm_Eout" ,num2str(Eout), 'pJ_Lgain_'  ,num2str(L_gain), 'm_");
specl_file=strcat(folder,filename, 'Specl.dat’ );

intl_file=strcat(folder,filename, 'Intl.dat' );

spec_gain_file=strcat(folder,filename, 'SpecGain.dat' );
int_gain_file=strcat(folder,filename, 'IntGain.dat' );
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spec2_file=strcat(folder,filename,
int2_file=strcat(folder,filename,
spec_sf_file=strcat(folder,filename,
int_sf file=strcat(folder,filename,
FWHM _f _file=strcat(folder,filename,
FWHM _t_file=strcat(folder,filename,
figurel=strcat(folder,filename,
figure2=strcat(folder,filename,
spec_2d_file=strcat(folder,filename,

'Spec2.dat’ );
'Int2.dat’ );
'SpecSF.dat'
'IntSF.dat' );
'FWHMf.dat' );
'FWHMt.dat' );
'PulseEvolution.png’
'FWHM.png' );
'spec_2d.data’

%check whether it is multi-pulsing for the loop usi

%length

delta=max(int2);

delta=delta*0.1;

peaks=peakdet(int2,delta);

[pix val]=size(peaks);

if pix>1

% if max(FWHM_t)>12000

count_L_GVD=count_L_GVD+1

if count_ L _GVD>10

%to check whether this length of GVD segment is not

%to get stable single pulsing, the tolerance is 10
%over 10, then just continute to the next length of

L_GVD;

strcat(
solution )

count_L_GVD=0;

'first segment of '

data=[Esat bw L_GVD Eout 0];
DATA=vertcat(DATA,data);

figure(1);

subplot(421);

plot(lambda,specl);

xlim([900 1200]);

title(
xlim([950 1160]);

ylim([-0.05 1.05]);

subplot(422);

plot(t,intl);

title( '"1st SMF-time'

specl=horzcat(lambda,specl);

intl=horzcat(t,intl);

saveascii(specl,specl _file);

saveascii(intl,intl_file);

subplot(423);

plot(lambda,spec_gain);

xlim([900 1200]);

title( ‘gain-spectrum’
xlim([1000 1120]);

ylim([-0.05 1.05]);

subplot(424);

plot(t,int_gain);

title( ‘gain-time' );

%

%

'1st SMF-spectrum’

);

);

,num2str(L_GVD),

spec_gain=horzcat(lambda,spec_gain);
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%

%

else

int_gain=horzcat(t,int_gain);

saveascii(spec_gain,spec_gain_file);

saveascii(int_gain,int_gain_file);

subplot(425);

plot(lambda,spec?2);

xlim([900 1200]);

title( '2nd SMF-spectrum' );
xlim([1000 1120));

ylim([-0.05 1.05]);

subplot(426);

plot(t,int2);

title( '2nd SMF-time'  );

spec2=horzcat(lambda,spec2);

int2=horzcat(t,int2);

saveascii(spec2,spec2_file);

saveascii(int2,int2_file);

subplot(427);

plot(lambda,spec_sf);

xlim([900 1200]));

title( 'Spectral Filter-spectrum'
xlim([1000 1120]);

ylim([-0.05 1.05]);

xlabel( '‘wavelength(nm)' );
subplot(428);

plot(t,int_sf);

title( 'Spectral Filter-time' );
xlabel( 'time(fs)' );

spec_sf=horzcat(lambda,spec_sf);
int_sf=horzcat(t,int_sf);
saveascii(spec_sf,spec_sf file);
saveascii(int_sf,int_sf_file);

print( “f1' , ‘'-dpng" |, figurel);
figure(2);
position=0:0.05:(L_GVD+L_gain+L2+0.1);
length(position);

subplot(121);

plot(position,FWHM_t);

ylabel( 'pulse duration (fs)' );
xlabel( 'position (m)' );
subplot(122);

plot(position,FWHM_f);

ylabel( '‘bandwidth (nm)' );
xlabel( 'position (m)' );

FWHM_f=horzcat(position',FWHM_f");
FWHM_t=horzcat(position',FWHM_t");
saveascii(FWHM_f,FWHM_f file);
saveascii(FWHM_t,FWHM _t file);

print( “-f2', ‘'-dpng" |, figure2);
saveascii(spec_2d,spec_2d_file);

else
L_GVD=L_GVD-0.5;

end
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L_GVD;

count_L_GVD=0;
bandwidth=max(FWHM_f);

data=[Esat bw L_GVD Eout bandwidth];
DATA=vertcat(DATA,data);

figure(1);

subplot(421);
plot(lambda,spec1l);

title( '"1st SMF-spectrum’ );
xlim([1000 1130));

ylim([-0.05 1.05]);
subplot(422);

plot(t,int1);

title( '"1st SMF-time' );
specl=horzcat(lambda,specl);
intl=horzcat(t,intl);
saveascii(specl,specl_file);
saveascii(intl,intl_file);

subplot(423);
plot(lambda,spec_gain);

title( 'gain-spectrum'’ );
xlim([1000 1130));

ylim([-0.05 1.05]);

subplot(424);

plot(t,int_gain);

title( 'gain-time' );
spec_gain=horzcat(lambda,spec_gain);
int_gain=horzcat(t,int_gain);
saveascii(spec_gain,spec_gain_file);
saveascii(int_gain,int_gain_file);

subplot(425);
plot(lambda,spec?2);

title( '2nd SMF-spectrum' );
xlim([1000 1130));

ylim([-0.05 1.05));
subplot(426);

plot(t,int2);

title( '2nd SMF-time'  );
spec2=horzcat(lambda,spec2);
int2=horzcat(t,int2);
saveascii(spec2,spec2_file);
saveascii(int2,int2_file);

subplot(427);

plot(lambda,spec_sf);

title( 'Spectral Filter-spectrum’
xlim([1000 1130]);

ylim([-0.05 1.05]);

xlabel( '‘wavelength(nm)' );
subplot(428);

plot(t,int_sf);

title( 'Spectral Filter-time' );
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xlabel( 'time(fs)' );
spec_sf=horzcat(lambda,spec_sf);
int_sf=horzcat(t,int_sf);
saveascii(spec_sf,spec_sf file);
saveascii(int_sf,int_sf file);

print( “f1' , ‘-dpng" ,figurel);
figure(2);

position=0:0.05:(L_GVD+L_gain+L2+0.1);
is for two steps of saturable absorber and spectral

length(position);

subplot(121);

plot(position,FWHM _t);

ylabel( 'pulse duration (fs)' );

xlabel( 'position (m)' );

subplot(122);

plot(position,FWHM_f);

ylabel( '‘bandwidth (nm)' );

xlabel( 'position (m)' );

FWHM_f=horzcat(position',FWHM_f");

FWHM_t=horzcat(position',FWHM_t");

saveascii(FWHM_f,FWHM_f file);

saveascii(FWHM_t,FWHM_t file);

print( -f2' , ‘'-dpng" |, figure2);

saveascii(spec_2d,spec_2d_file);

% size(spec_2d)

% size(FWHM_t)

%  size(position)

% size(lambda)

figure(3);

% spec_2d=logl0(spec_2d);
contour(position,lambda,spec_2d,500);
colorbar;

end

%check whether the length of the first segment of p
%desired value
if (L_GVD+0.5)>L_GVD_max
break ;
else
end
end

%  %check whether it is multi-pulsing for the lo
%  %bandwidth

% if max(FWHM_t)>12000

% count_bw=count_bw+1;

% if count_bw>10

% bw;
% strcat('filter bandwidth of ',num2str(bw)
solution’)
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% else

%  bw=bw-1;
% end

% else

% bw;

% end

%
% %check whether the filter bandwith is over the de
if (bw+1)>bw_max
break ;
else
end
end

if (Esat+100)>Esat_max
break ;
else
end
end
DATA_file=strcat(folder, ‘data_051311.dat'
saveascii(DATA,DATA_file);
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Appendix-Il Fiber Laser Setup and Alignment

1. Overview of the whole setup of a similariton fibase

HWPAQWP

«

coliimator
«

QWP

collimator

gain fiber -

A .
fiber combiner fiber

Figure83: Layout of the similartion fiber laser.

2. Fiber laser alignment

Step #1, splice all fiber together and use fibenlsmer to couple the pump laser to gain f
Step #2, put fiber collimators to their mo

Step #3, put in HWP, QWP and F

Step #4, turn opump laser and operate it at low po

Step #5, adjust both collimators, make their outpedm at the same height and propag:
long distance without changing height. Then, bytipgta IR card or a piece of paper in fr(
of one of the collimators, eust the other collimator to overlap its outputihe beam on th
back of the card or paper from the other collimatdce versa. Important. DO NC
COUPLE THEIR OUTPUT INTO EACH OTHER WITHOUT GOINGHROUGH THE

ISOLATOR.

137



Step #6, after the beams overlag at the output of both collimators, put in isolatord
adjust the isolator to pass the light. Up to thepsthe rough alignment is done. Most lik
the cavity is not lasing yet.

Step #7, adjust the wave plates to maximize thputygower after the FS

Step #8, adjust both collimators very carefullyrbgnitoring the output power, once enot
coupling efficiency reaches, the cavity starts ngsiand the output power chang
dramatically.

Step #9, once cavity start lasing, adjust waveesplagjain to laximize the outpi

Step #10, adjust collimators until the output poeamnot be increas

Step #11, adjust the isolator to see if the outpumter can be improvi

Step #12, adjust collimators again to maximizedimgput powe

Step #13, cavity alignmerd done

3. Spectral filter

grating

Spectral
Filter

collimator

Figure84: Layout of the spectral filter.

4. Splicing between gain fiber and Skl
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Different than passive fibdo-passive fiber splicing, splicing between gain fiead SMH-II
fiber needs special care. tmder to remove the excess pump to avoid it mixethe lase
output, the pump light has to be removed at the @ngdain fiber. Index matching gel
applied to the splicing joint between gain fibeda@MF-1l. This index matching gel he¢
refractive inéx larger than cladding, which will cause the |ledkhe gain fiber. After thi
index matching gel is applied, the splicing joiritoald be cover since there is strc

scattering light coming out.

Coverd

BT T

Figure85: Splicing between gain fiber and SMF-II
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