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Abstract

Development of high power/energy ultrafast fiber lasers for scientific research and industrial
applications is one of the most exciting fields in ultrafast optics. This thesis demonstrated new
means to improve two essential properties—which are indispensable for novel applications
such as high-harmonic generation (HHG) and multiphoton microscopy (MPM)—of an
ultrafast fiber laser system: energy scaling capability and wavelength tunability.

High photon-flux extreme ultraviolet sources enabled by HHG desire high power (>100
W), high repetition-rate (>1 MHz) ultrafast driving laser sources. We have constructed from
scratch a high-power Yb-fiber laser system using the well-known chirped-pulse amplification
(CPA) technique. Such a CPA system capable of producing ~200-W average power consists
of a monolithic Yb-fiber oscillator, an all-fiber stretcher, a pre-amplifier chain, a main ampli-
fier constructed from rode-type large pitch fiber, and a diffraction-grating based compressor.
To increase the HHG efficiency, ultrafast pulses with duration <60 fs are highly desired. We
proposed and demonstrated a novel amplification technique, named as pre-chirp managed
amplification (PCMA). We successfully constructed an Yb-fiber based PCMA system that
outputs 75-MHz spectrally broadened pulses with >130-W average power. The amplified
pulses are compressed to 60-fs pulses with 100-W average power, constituting a suitable
HHG driving source.

MPM is a powerful biomedical imaging tool, featuring larger penetration depth while
providing the capability of optical sectioning. Although femtosecond solid-state lasers have
been widely accepted as the standard option as MPM driving sources, fiber-based sources
have received growing research efforts due to their superior performance. In the second
part of this thesis, we both theoretically and experimentally demonstrated a new method of
producing wavelength widely tunable femtosecond pulses for driving MPM. We employed
self-phase modulation to broaden a narrowband spectrum followed by bandpass filters to
select the rightmost/leftmost spectral lobes. Widely tunable in 820-1225 nm, the resulting
sources generated nearly transform-limited, ~100 fs pulses. Using short fibers with large
mode-field-diameter for spectral broadening, we obtained ultrashort pulses with the pulse
energies up to 20 nJ. We applied such an enabling source to drive MPM imaging of both

cancer cells and skin samples.
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Zusammenfassung

Die Entwicklung von Ultrakurzpuls-Faserlasern mit hoher Leistung und Energie fiir An-
wendungen in der wissenschaftlichen Forschung und Industrie ist eines der spannendsten
Gebiete ultraschneller Optik und das Hauptthema dieser Dissertation. Diese Dissertation
zeigt neue Mittel zur Verbesserung von zwei wesentlichen Eigenschaften eines Ultrakurzpuls-
Faserlasersystems: die Energieskalierungsfdahigkeit und Durchstimmbarkeit der Wellenlidnge,
die unentbehrlich fiir neue Anwendungen wie die Erzeugung héherer Harmonischer in
Edelgasen (Englisch: High Harmonics Generation, HHG) und Multiphotonen-Mikroskopie
(MPM) sind.

Ultrakurzpuls-Faserlaser Anwendungen, wie die von HHG erzeugte extreme Ultraviolett-
Strahlungsquelle, erfordern Laserquellen die von hoher Leistung (>100 W) und hoher Pul-
swiederholrate (>1 MHz) gekennzeichnet sind. Um diese Parameter zu demonstrieren
wurde ein Lasersystem basierend auf der Verstirkung mit gechirpten Pulsen (Englisch:
Chirped Pulse Amplification, CPA) und Verwendung von Ytterbium-dotierten Fasern ein
Hochleistungs-Oszillator- Verstéarkersystem (Englisch: Master-Oscillator-Power-Amplifier,
MOPA) aufgebaut. Dieses CPA-System, das ca. 200W Durchschnittsleistung produzieren
kann, besteht aus einem monolithischen Ytterbium-Faser-Oszillator, einem Faserstrecker,
einer Vorverstirkerkette, und einem single-modigen GroB3kernfaser-Hauptverstirker, sowie
einem auf dielektrischen Beugungsgitter basiertem Kompressor.

Fiir viele wissenschaftliche Anwendungen, wie z.B. HHG, erfordern ultrakurze Pulse mit
Dauern <60 fs. Wir haben eine neue Verstirkungstechnik vorgeschlagen und demonstriert,
die wir als Vorchirp gesteuerte Verstarkung (pre-chirp managed amplification, PCMA)
bezeichnen. Mit einem auf Ytterbium-Faser basierten PCMA-System konnten wir 60fs-Pulse
bei 100 W durchschnittlicher Leistung und 75 MHz Pulswiederholungsrate erzeugen. Was
die Laserquelle fiir die Erzeugung von HHG interessant macht.

Im zweiten Teil dieser Dissertation zeigen wir theoretisch und experimentell eine neue
Methode, die Femtosekundenpulse mit breit durchstimmbarer Wellenldnge als Quelle fiir die
Multiphotonen-Mikroskopie nutzbar macht. Die Multiphotonen-Mikroskopie ist ein vielfach
verwendetes biomedizinisches Bildgebungsverfahren zur Untersuchung molecularer und
morphologischer Information. Ein entscheidender Vorteil von MPM ist die Bildgebung mit
grofler Eindringtiefe. Die Entwicklung von angepassten durchstimmbaren faserbasierten
Ultrakurzpulslasern fiihrt zu einer entscheidenden Verbesserung in der MPM. Wir benutzen
Selbstphasenmodulation, um das schmalbandige Spektrum zu verbreiten. Dann wéhlen
wir die im verbreiterten Spektrum ins Blaue und Rote verschobenen Rénder mittels eines
Bandpassfilters. Die entsprechenden Quellen sind von 800-1225nm durchstimmbar und
generieren fast Fourier-limitierte Pulse mit Dauern von ca. 100fs. Mittels kurzen Fasern mit
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groBem Modefelddurchmesser erhalten wir ultrakurze Pulse mit Energien von bis zu 20nJ.

Mit dieser neuen Laserquelle wurden mittels MPM Krebszellen und Hautproben abgebildet.
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Chapter 1
Introduction

Ultrafast lasers have found many important applications such as frequency metrology, high-
harmonic generation (HHG), precision machining, and multiphoton imaging. Among many
ultrafast laser systems, ultrafast Yb-fiber lasers have attracted intensive research efforts
because of their superior power scalability, small footprint, excellent beam quality, and
potential maintenance-free operation. In this thesis, we employ fiber-optic nonlinearities to
expand the capabilities of current Yb-fiber laser technology. In this chapter, I will first briefly
discuss the basics about optical fibers, fiber lasers, and nonlinear fiber optics. Then I will

address the motivation of my thesis work. Finally I will give the structure of this thesis.

1.1 Fiber, fiber lasers, and nonlinear fiber optics

1.1.1 Passive fiber

Optical fibers are the core components of fiber optics. As a type of cylindrical waveguides,
they are usually made of some kind of glass. Optical fibers made of fused silica—the most
commonly used glass material—can be hundreds of kilometers in length.

Most optical fibers used in laser technology have a core with a refractive index higher
than that of the surrounding medium (known as cladding). For step-index optical fibers, the
refractive indices are constant for both the core and the cladding. Light launched into the
fiber is guided by the core; that is, the light propagates mainly in the core region though
the intensity distribution may extend beyond the core. Due to the guidance and the low
propagation losses, the optical power can be maintained in the fiber for long propagation
distance.

The design of a step-index fiber can be characterized with only three parameters: the core
radius and the refractive indices of the core and the cladding. SMFs for guiding light at about
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1.03 um (the Yb-fiber laser wavelength) have a nominal core diameter of a few microns. The
core-cladding refractive index contrast determines the fiber’s numerical aperture (NA), which

is defined as

1
_ 2
NA_n—O\/ngO,e—ndaddmg (1.1)

NA corresponds to the sine of the maximum acceptable angle of an incident beam with
respect to the fiber axis (considering the launch from air into the core in a ray-optic picture).
(ng is the refractive index of the surrounding medium — close to 1 in case of air.) NA also
quantifies the strength of fiber guidance. NA values vary in a relatively large range for SMFs.
Typical NA values are ~0.1 for conventional SMFs while large mode-area SMFs can have
low NA below 0.05.

Photonic crystal fiber (PCF), also known microstructure fiber or holey fiber, is a special
type of optical fiber. A typical PCF consists of only one material (usually fused silica),
containing small air holes with diameters well below 1 um. PCFs are fabricated by drawing
fiber preforms that are prepared by stacking capillary tubes.

By varying the arrangement of air holes, PCFs can be fabricated with customized proper-
ties [1-4]:

» Extremely large or small mode area, leading to extremely weak or strong nonlinearity.

 Single-mode guidance in very large wavelength regions (e.g., endlessly SMFs).

* Guidance with the light field dominantly propagating in an air hole (air-guiding
photonic bandgap fibers).

* Unusual chromatic dispersion properties, €.g. anomalous dispersion in the visible

wavelength region.

PCFs have found many important applications, such as fabrication of extremely nonlinear
fiber devices, high-energy and high-power laser beam delivery, and construction of high-

energy fiber amplifiers, to name a few.

1.1.2 Fiber lasers

If the core of an optical fiber is doped with rare-earth ions, such as ytterbium, erbium, thulium
and so on, the fiber now becomes an active fiber and can work as a gain medium to construct

ultrafast fiber lasers. Single-pass of an Yb-doped fiber can provide small signal gain up
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to >30 dB, which offers large optical alignment tolerance and reduces the complexity of
opto-mechanic system construction. Ultrafast fiber lasers are widely used in many areas of
optical science and technology, including modern ophthalmology, optical microscopy, laser
micromachining, optical communication, and precision metrology [5].

Mode-locked Yb-fiber lasers emit in a typical wavelength range of 1020—-1060 nm. In this
wavelength range, most SMFs exhibit positive group-velocity dispersion (GVD). However,
generation of femtosecond pulses often requires managing the total cavity dispersion, which
in turn demands devices that can provide negative GVD. These devices may be a fiber Bragg
grating or a bulk grating pair. Depending on the sign and the amount of net cavity dispersion,
an Yb-fiber mode-locked laser outputs pulses with the duration ranging from sub-ps to ~
10 ps, corresponding to different mode-locking regimes (i.e. dissipative soliton, similariton,
stretched-pulse, and soliton) [6]. An Yb-fiber laser can be configured with different cavity
structures, such as linear cavity [7], ring cavity [8], figure of eight [9, 10], and figure of nine
[11].

1.1.3 Nonlinear fiber optics

As ultrafast pulses propagate inside the core (with a nominal diameter of several microns) of
an optical fiber, the intense peak power modifies the refractive index of the fiber material
and leads to nonlinear fiber-optic effects. This material response can be represented by an

expansion of the material polarization [12]:
P=yWE+y?PEE+ y®EEE (1.2)

where " is the n'" — order susceptibility at optical frequencies. Glasses are optically
isotropic material and the second-order susceptibility vanishes. The various types of non-
linearities considered here can be expressed in terms of the real and imaginary parts of the
third-order nonlinear susceptibility appearing in Eq. 1.2. The real part of the susceptibility
is associated with the refractive index; the imaginary part corresponds to a time or phase
delay in the material response, giving rise to either loss or gain. For instance, the nuclear
contribution to stimulated Raman scattering (SRS) or the electrostrictive stimulated Brillouin
effect (both resulting in loss or gain) can be expressed in terms of the imaginary part of a j %)
susceptibility, while four-wave mixing (a purely electronic and almost instantaneous effect
resulting in frequency conversion) is associated with the real part of the (3) susceptibility
[13-15].

It might be counter-intuitive that nonlinear effects are so prominent in optical fibers

given a small nonlinear index of silica (1 = 2.6 X 10~ 26¢m? /W). However, two other fiber
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parameters—mode field area (MFA) A, ¢ and effective length L, s — strongly enhance the
light-fiber nonlinear interaction. These two parameters are given by[16]:

oo 2
{ /12 |A(x,y)Pdxdy}
A (x,y) [*dxdy

Agss = (1.3)

Loy = l(1 —e ), (1.4)
o
where A(x,y) is the field distribution and o is the loss coefficient. MFA of conventional
SMFs (such as HI1060) is about 80 um?. L, r 1s the effective propagation length taking into
account loss.
We can compare the nonlinearities in bulk media and silica fibers using the following
ratio [16]:

IfLeff(fiber) o },
LLesp(bulk) — mrio’

(1.5)

where I and I, are the intensity (power per unit area) in the fiber and bulk, respectively.
A is the wavelength, and r( the mode field radius of the fiber. As seen from Eq. 1.5, a small
mode field radius and low loss can greatly enhance the ratio and thus the optical nonlinearities.
For example, if we choose the wavelength to be 1 um and a fiber with a typical loss of 0.2
dB/km, the nonlinear enhancement simply due to the small core can be of the order of 103,

GVD is another critical parameter in nonlinear fiber optics. In particular for nonlin-
ear wavelength conversion, GVD has manifold effects, which can be grouped into three

categories:
1. It determines the phase matching of parametric nonlinear processes.

2. It causes group velocity mismatch (temporal walk-off, limited phase-matching band-

width) and thus limits the effective interaction length for ultrashort pulses.

3. It stretches the propagating pulses, reduces the pulse peak power, and therefore weakens
the nonlinear interaction.

Fiber-optic nonlinear effects can be a serious disadvantage for high-energy pulse amplifi-
cation and delivery in fibers because high peak intensities cause many fiber-optic nonlinear
effects that distort both the optical pulse and the optical spectrum. As a result, suppress-
ing these nonlinearities is crucial in designing ultrafast fiber laser systems. For example,

high-energy (>1 uJ) ultrafast Yb-fiber amplifiers usually employ chirped-pulse amplification
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(CPA) to mitigate the detrimental nonlinear effects. In a typical Yb-fiber CPA system, weak
pulses are temporally stretched to 100-1000 ps before seeding into an Yb-fiber amplifier
followed by a compressor to compress the stretched, amplified pulses to the transform-limited
duration.

However, fiber-optic nonlinearities are extremely useful for many applications, such
as wavelength conversion, spectral broadening and pulse compression, supercontinuum
generation, etc. In fact, development of the next-generation ultrafast sources for clinical
applications strongly relies on fiber-optic nonlinearities in order to implement all-fiber
integrated sources. Realization of these robust and compact fiber-based sources therefore
requires careful investigation of both the advantages and disadvantages of nonlinear effects.

In this thesis, fiber-optical nonlinearities are used to (1) control nonlinear amplification

of ultrafast pulses and (2) generate wavelength-tunable femtosecond pulses.

1.2 Why high power fiber lasers?

Ultrafast laser sources featuring high pulse energy (>1 pJ), ultrashort pulse duration (<100 fs),
and high average power (>100 W) are desired by numerous ultrafast applications, particularly
for those nonlinear optical processes that exhibit low conversion efficiency. For example,
generation of ultrashort pulses at the terahertz range via optical rectification pumped by
a near-IR femtosecond source has a typical efficiency of 107> — 10~3; coherent vacuum
extreme ultraviolet sources enabled by HHG in noble gases require laser intensities of >
10'3W /cm? and feature conversion efficiencies of ~ 10~ or less. The conversion efficiency
can be improved using a passive high-finesse optical cavity pumped by a femtosecond laser
source. If the laser repetition rate matches the FSR of the optical cavity, the laser power
can be efficiently coupled into the passive optical cavity and the resulting power circulating
inside the cavity is much larger than the laser output power; the enhanced factor depends on
the cavity finesse [17, 18]. Driving such an enhancement cavity necessitates the development
a suitable ultrafast laser source with high pulse energy, well-compressed pulse duration, and
preferably a stable carrier-envelope phase for cavity locking.

Among the most promising candidates, high-power Yb-fiber lasers have exhibited supe-
rior power scalability because optical fibers possess large surface-to-volume ratio resulting
in excellent heat dissipation. Other advantages of Yb-fiber lasers over solid-state lasers
include high electrical-to-optical conversion efficiency (>10%), large single-pass gain (30
dB), excellent beam quality (close to diffraction-limited) due to waveguide confinement, and
small footprint, to name a few [19]. High-power ultrafast Yb-fiber laser system can be imple-
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mented using different technologies, such as CPA, self-similar pulse amplification followed

by pulse compression, or CPA plus subsequent pulse compression using hollow-core PCFs.

1.2.1 High-power Yb-fiber CPA system

Due to the rapid advance in developing double-clad Yb-doped fibers and high brightness
pump diodes, ultrafast Yb-fiber lasers with proper thermal management are able to output
sub-kW average power. The achievable pulse energy from an ultrafast Yb-fiber laser system
is mainly limited by fiber-optic nonlinearities inside Yb-fiber amplifiers. To obtain >1-uJ
pulse energy, CPA has become the standard technique to mitigate the accumulated nonlinear
phase. Thanks to the recent progress in fabrication of large-mode-area (LMA) Yb-doped
fiber—such as LMA PCEF, rod-type large-pitch fiber, chirally-coupled core fiber, ultrafast
Yb-fiber laser systems with > 100-uJ (or even mJ) pulse energy and >100-W average power
have been demonstrated.

A typical Yb-fiber CPA system consists of an ultrafast oscillator, a pulse stretcher,
fiber amplifiers, and a pulse compressor. To avoid detrimental nonlinearities, the pulse to
be amplified is strongly stretched to durations in the range of 0.2-2 ns. Limited by gain
narrowing and residual dispersion mismatch, the compressed pulse duration is typically
> 150-fs for Yb-doped amplifiers [5]. Further reduction of the pulse duration to <100 fs
necessitates a subsequent external nonlinear pulse-compression stage, which increases the

system complexity and reduces the throughput efficiency.

1.2.2 Post-stage pulse compression

Post-stage nonlinear pulse compression can overcome the limitation of gain bandwidth and
produce few-cycle pulses [20-23]. Figure 1.1 shows the typical schematic setup. Several
parameters are critical in the nonlinear compression process, including nonlinear strength,
dispersion, pump wavelength, pump intensity and so on. The front-end is typically a high
power CPA laser system with pulse duration of >200 fs, usually limited by the gain bandwidth.

Nonlinear medium

High energy CPA Compressor

Fig. 1.1 Schematic of the nonlinear pulse compression

Nonlinear medium is the most critical element in the architecture. One of the most

important concerns is how to avoid the facet damage of the nonlinear medium and prevent
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self-focusing inside it. Different options exist depending on the pulse energy from the CPA
system. Figure 1.2 illustrates the nonlinear compression techniques suitable for different
pulse energy levels. For mJ-level pulse energy, noble gas-filled glass capillaries with sub-mm
mode field diameter are usually adopted as the nonlinear medium [21-25]. This approach
has been used to generate the compressed pulses with the highest peak power and average
power, and the compressed pulse has a duration of <10 fs, which is less than three optical
cycles. For pulse energy about tens of pJ level, hollow-core Kagome PCFs are commonly
used for nonlinear compression [26—33]. For pulse energy below uJ level, solid-core LMA
fibers are well suited [27, 34]. The physical mechanisms behind spectral broadening in these
nonlinear pulse compression approaches can be divided into two categories: (1) self-phase
modulation (SPM) dominated spectral broadening in a nonlinear medium with positive GVD

and (2) higher-order soliton compression occurring in a nonlinear medium with negative

GVD.

LMA fiber (SPM) LMA fiber (self- >4 cycle
compression) Sub ul
1
i 2-4 cycl
Kegemefiberinafmals LMA fiber + bulk medium cvee
anomalous) ul
v
Sub-2 cycle
I
Hollow capillary OPCPA ( + Synthesizer) Shorter pulse duration

Higher pulse energy

Fig. 1.2 Post-stage pulse compression techniques

1.2.3 Self-similar pulse amplification

Self-similar pulse amplification does not require a stretcher and employs fiber-optic nonlinear
effects [35]. In contrast to fiber-based CPA systems avoiding nonlinearities by strongly
stretching the pulses, self-similar pulse amplification directly amplifies the pulses [36, 37].
Due to the interplay of SPM, positive GVD, and gain, self-similar pulse amplification inside
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an Yb-fiber amplifier gradually reshapes the amplified pulse such that the pulse develops a

parabolic temporal intensity profile and a linear chirp after a characteristic self-similar fiber
length [38]. This amplification scheme has produced sub-50 fs pulses with ~ 20 W average
powers and ~ 300 nJ pulse energy [39—41].

Further increase of pulse-energy is limited by the onset of SRS for a long gain fiber and
limited by finite gain bandwidth for a short gain fiber [ 42—44]. Typically, the characteristic
self-similar length of Yb-doped fiber is several meters. When reducing the gain-fiber length
to ~ 1m the pulse dynamics deviates from self-similar amplification since the parabolic
self-similar solution cannot develop in such a short propagation distance. However, fiber
amplifiers in this operation regime are still attractive because (1) a shorter gain fiber accumu-
lates less nonlinearity and therefore allows higher amplified pulse energy, and (2) amplified
pulse is sub-ps in duration, which can be compressed by loss-free high dispersion mirrors.

In high-gain, short-length fiber amplifiers, the spectrum of an amplified pulse is rapidly
broadened beyond the gain bandwidth (~ 40 nm for Yb-doped fiber), which may impose
nonlinear chirp to the amplified pulses and degrade subsequent pulse compression. Nonethe-
less, by using 0.85 m rod-type fiber amplifier, pulses from an Yb:K'YW ultrafast oscillator
have been directly amplified to around 10 W average power. After pulse compression with
1250 lines/mm gratings, this results in 49 fs pulses with 870 nJ energy. Using a 1740 line/mm
compressor results in 70 fs pulses [45]. However, such direct amplification scheme lacks
flexibility because high-quality compressed pulses can be only produced at an optimum
operating output-power [45]. In this thesis we proposed and demonstrated pre-chirp managed
amplification (PCMA), in which the seeding pulse was nonlinearly amplified such that the am-
plified spectrum was substantially broadened. By properly pre-chirping the seeding pulse, the
amplified pulse can be compressed with a duration much shorter than the transform-limited
duration allowed by the seeding spectrum. Using an Yb-doped rod-type large-pitch fiber as
the power amplifier, PCMA has enabled us to generate 75 MHz, ~ 60 fs, linearly-polarized
pulses with >100-W average power.

1.3 Ultrafast sources with wide wavelength coverage

Multiphoton microscopy (MPM) has been widely used in biomedical imaging due to the
unique features such as capability of optical sectioning, various imaging contrast mechanisms,
and larger penetration depth in tissue imaging [46]. The success of MPM is largely driven
by the rapid advance of femtosecond laser sources in the near infrared wavelength range.
For example, femtosecond pulses in the typical wavelength range 800-1300 nm can excite

most of the important fluorophores employed in two-photon excited fluorescence microscopy.



1.3 Ultrafast sources with wide wavelength coverage 9

Besides causing less potential photo-damage due to less photon energies, the 1200-1300 nm
wavelength range enables deep tissue imaging with 1 mm penetration depth thanks to an
optimal combination of reduced light scattering and low water absorption [ 47]. To date, no
single laser can provide >1 nJ femtosecond (50-150 fs) pulses tunable in the entire 800-1300
nm wavelength range. Conventional solution relies on multiple laser systems each covering
a portion of 800-1300 nm and the stitched spectrum spans the whole wavelength range. A
typical combination is a Ti:sapphire laser tunable from 700 to 1040 nm plus a solid-state
optical parametric oscillator (OPO) that covers the wavelength tuning range of 1040-1300
nm. However, high complexity (e.g., water cooling required), high cost, and large size of
such a solid-state laser solution have spurred intensive development of reliable, cost-effective,
and compact ultrafast sources in fiber format [48, 49].

Two types of femtosecond fiber lasers operate in the wavelength range of 800-1300 nm:
Yb-fiber laser in 1020-1060 nm and Nd-fiber laser in 910-935 nm [50]. Such a narrowband
wavelength coverage can be further expanded using various fiber-optic nonlinear mecha-
nisms, such as dispersive wave generation [51, 52], Raman self-frequency shift [53, 54],
supercontinuum generation (SCG) [55], and four-wave mixing [56], to name a few.

Most of the spectral broadening processes favor certain fiber GVD, which can be engi-
neered for PCFs featuring much smaller mode area and thus stronger nonlinearity compared
with conventional SMFs. Requiring negative GVD at the laser emission wavelength, disper-
sive wave generation normally generates femtosecond pulses at shorter wavelength whereas
Raman self-frequency shift leads to a wavelength-tunable pulse towards longer wavelength.
Limited by strong nonlinearity in PCFs, the resulting wavelength-converted pulses are limited
to <1 nJ in pulse energy. SCG broadens the input optical spectrum into both shorter and
longer wavelength range, spanning the entire range of 800-1300 nm; a subsequent bandpass
(bandwidth of 10-30 nm) filter could select a spectral slice, which after proper phase com-
pensation leads to femtosecond pulses. However, this method has two drawbacks: (1) SCG
distributes input pulse energy in the broadened spectrum, and the selected spectral slice with
10-30 nm bandwidth includes little (<1 nJ) pulse energy. (2) SCG exerts strong nonlinear
phase on the resulting spectrum, and therefore phase compensation of the filtered spectrum
necessitates complex and lossy active devices (e.g., spatial light modulator). At the expense
of complexity, four-wave-mixing-based fiber OPO can generate wavelength tunable pulses
with much higher pulse energy. For example, Ref. [56] reports such a fiber OPO tunable in
867-918 nm for the signal and in 1200-1300 nm for the idler. Pumped by a pJ-level fiber
laser system at 1040 nm, the fiber OPO produces 560-fs pulses after post compression with
30-nJ pulse energy, corresponding to 4.7% energy conversion efficiency from the pump to
the idler [56].
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In the second part of this thesis, we propose and demonstrate a new type of fiber laser
based femtosecond source, which employs fiber-optic nonlinearities (dominated by SPM) in
an optical fiber. Both the simulation and experiments demonstrate that this source is energy
scalable and has a potential to cover the entire wavelength-tunable range of 800-1300 nm in
an all-in-one unit. The resulting filtered spectra correspond to slightly chirped, femtosecond
(70-120 fs) pulses, which might be easily compressed to the transform-limited duration by
chirped mirrors.

1.4 Structure of the thesis

The thesis is divided into two parts. Part I (chapter 2 and 3) discusses the development of
high-power/energy femtosecond fiber laser systems for exploring extremely nonlinear optics
and part II (chapter 4 and 5) describes the development of energy scalable, wavelength
widely tunable ultrafast fiber sources for multiphoton imaging application.

Chapter 2 presents the detailed designs of a high power, high repetition-rate ultrafast
Yb-fiber CPA system. Especially, I discuss how to construct a low noise Yb-fiber oscillator
that can be locked to an enhancement cavity, how to design the monolithic fiber stretcher,
and how to manage the nonlinear effects using large-pitch rod-type gain fiber.

Chapter 3 demonstrates a new type of Yb-fiber amplifier based on pre-chirp managed
amplification. I will show that the amount of pre-chirping group delay dispersion (GDD)
affects the compressed-pulse quality; the optimum pre-chirping GDD that leads to nearly
pedestal-free compressed pulses varies at different amplifier power. We successfully imple-
mented an Yb-fiber laser system using this pre-chirp managed amplification technique and
obtained >100-W, 75-MHz, 60-fs pulses at 1.03 um.

In Chapter 4 we propose a new method of producing wavelength widely tunable fem-
tosecond pulses for multi-photon microscopy. The method employs fiber-optic nonlinearities
(dominated by SPM) to broaden an input optical spectrum, followed by optical bandpass
filters to select the leftmost or rightmost spectral lobes. The filtered spectral lobes correspond
to nearly transform-limited pulses with ~ 100 fs pulse duration. In this chapter, I present
a detailed numerical modeling of the method and discuss the effects of stimulated-Raman
Scattering, self-steepening, dispersion, and nonlinearities.

The simulation results presented in Chapter 4 are confirmed by the experimental results in
Chapter 5. More specific, use of 20-mm fiber NL-1050-ZERO-2 enables us to implement an
Yb-fiber laser based source, delivering femtosecond (70-120 fs) pulses wavelength tunable
from 825 nm to 1210 nm with >1 nJ pulse energy. Then we present another energy scaling

method—using LMA fibers for spectral broadening, which allows us to scale the pulse
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energies up to 20 nJ in the wavelength range of 1070-1220 nm, enabling nonlinear light

excitation even for third-harmonic generation in human skin. Preliminary results of MPM

imaging driven by our novel SPM-enabled source are presented in the end of this chapter.
Finally I use Chapter 6 to conclude my thesis.






Chapter 2

High-power Yb-fiber CPA system for
cavity enhanced ultrafast optics

Using CPA to stretch the pulse prior to amplification and using LMA Yb-fiber to increase the
beam size—both necessary to prevent detrimental nonlinear effects, 640-fs pulses with 830-
W average power were produced from a master-oscillator-power-amplifier (MOPA) system
operating at 76 MHz [57]. Unfortunately, because of long pulse duration (sub-picosecond)
and low pulse energy (~ 12 uJ), such a powerful ultrafast source does not have enough pulse
peak power to directly drive HHG in noble gases. While the pulse duration can be further
reduced via post nonlinear compression, current power scalability of a single Yb-fiber MOPA
system always provides relatively low pulse energy (1 — 10 uJ) as the pulse repetition rate
approaches ~ 100 MHz. Cavity-enhanced nonlinear optics solves this issue via coupling laser
pulses into a resonant cavity with its free-spectral range (FSR) equal to the pulse repetition
rate [18, 17, 58, 59]. Without any active amplification, the circulating pulse inside the cavity
can be constructively enhanced by 2 orders of magnitude. This enhancement technique has
enabled HHG driven by high repetition-rate (136 MHz) lasers, generating microwatt-level
EUYV pulses [60]. It is worth to note that a high repetition rate laser source will not only
make the laser system itself compact but also shrink the size of an enhancement cavity. As a
result, a table-top experimental platform could be realized.

This chapter is structured as follows. Section 2.1 discusses the basic requirements for the
Yb-fiber laser system that is suitable for driving an enhancement cavity. Section 2.2 presents
the design and construction of a low-noise Yb-fiber femtosecond oscillator that can be locked
to the enhancement cavity. The noise suppression technology and locking interface design
will be discussed. In section 2.3, we describe the design and construction of a high-power
Yb-fiber CPA system with a detailed discussion of several critical elements. Finally, the

output parameters from the pre-amplifiers and the main amplifier are given in section 2.4.
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2.1 Laser requirement for driving an enhancement cavity

2.1.1 Design goal

To reach the HHG threshold for the noble gas inside an enhancement cavity, a fundamental
requirement is to scale up the peak intensity /- of the intra-cavity circulating pulse. I ;. is
given by the following formula:

E pulse

-0 2.1

feir = Tpulse " Afocus
E,uise and Ty, 4, are the pulse energy and the pulse duration of the external driving Yb-fiber
laser, respectively. Q is the cavity enhancement factor and A f,¢,s the optical beam area at
focus. Apparently, scaling up I can be achieved by increasing the pulse energy and the
enhancement factor while decreasing the pulse duration and focus size. Since HHG demands
pulse energy of hundreds-of-uJ and an enhancement cavity can provide an enhancement
factor of ~ 100, the desired Yb-fiber driving laser system should provide uJ-level pulse
energy at 10s of MHz repetition-rate.

Table 2.1 Literature survey of pJ-level, fs Yb-fiber laser systems [57, 61-64]

Compre.
pulse
duration

Fiber of last
stage

Seed Stret.
duration

Ave. Rep.

Compressor
Power Rate laser

CELIA 28'W 100k-1 M Yh:KGW, 1.7 W, Offner stretcher Trans. Rod-type PCF
(Ref.61)  (100ul@max) 10 MHz Grating 600 ps 1740/mm 270 fs with 70 um
2.5 nm@1030nm @1740/mm 52% eff. core
lena 230w 78 MHz Yh:KYW Offner stretcher Trans.
(Ref.57) (11w @max) 150 mW Grating 800 ps 1740/mm 650 fs 8m, 27/500
200 fs@1042 nm @1740/mm 88% eff.
DESY kA 60 kHz Ti:sapphire Offner stretcher Trans. Rod-type PCF
(Ref.62)  (530ul@max) 1030 nm Grating 1.5ns 1740/mm 1120 fs with 80 um
@1740/mm core
IMRA Yb-fiber, 380 m of 3 Polymer 9m, NKT DC-
(Ref. 63) 80 W 154 MHz Linear cavity fibers @double 870 ps Trans. 120 fs 200/40 @915
A45nm@1050 nm pass 1590/mm nm
12.4 ps? 74% eff.
@1070nm
Vienna SW Yb-fiber, 100 m OFS fiber Reflection 2m, Nufern
(Ref. 64) (Sul@max) 100 kHz Linear cavity @single pass 350 ps 1480/mm 160 fs 30/250
30nm@1045 nm 12.4 ps2 55% eff. @976 nm
@1040nm

Besides requirements on pulse energy and average power, the driving laser should
exhibit low noise to facilitate the locking to the enhancement cavity. The layout of our
enhancement cavity experimental platform is shown in Fig. 2.1. Occupying an optical

table of 150 cm x 360 cm, the entire system includes a high power Yb-fiber laser system, an
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enhancement cavity, an optical unit to enable mode-matching between the laser output beam
and the resonant mode allowed by the enhancement cavity, cavity diagnostic setup, locking

setup etc. The overall requirements on the Yb-fiber driving laser are following:

* uJ —level pulse energy

short (< 200 fs) pulse duration
* low noise
* variable repetition-rate that can be locked to the enhancement cavity

* small footprint and high stability
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Fig. 2.1 The layout of table top enhancement cavity experimental platform. The platform
is planned to build on a 150 cm x 360 cm optical table, which includes the laser system,
mode-matching unit, enhancement cavity, diagnostic setup and locking setup.
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2.1.2 Design concerns on the high-power Yb-fiber laser system

Current high-power Yb-fiber laser systems rely on LMA fibers to reduce accumulated nonlin-
ear effects and bulky devices (e.g., diffraction-grating pairs) for pulse stretching/compressing
[65—-68]. To retain diffraction-limited beam quality—one of the most important merits for
a fiber laser, special care must be taken to ensure that the LMA Yb-fiber operates at funda-
mental mode though it also accommodates higher-order modes. Despite remarkable success
in implementing high power/energy laser systems, photonic-crystal LMA fibers suffer from

long interaction length compared with bulk gain medium; thus special attention should be
paid on the nonlinear phase accumulated in the laser system, as well as the self-focusing
limitation.

Another pivotal device in high power Yb-fiber lasers (oscillator or MOPA) is the highly
dispersive element that can provide substantial GDD to significantly chirp (or de-chirp)
incident pulses. For example, in a high-power Yb-fiber CPA system, the input pulses
normally are stretched hundreds-to-thousand times longer in order to substantially reduce the
pulse peak power before entering power amplifiers. Dielectric diffraction-gratings configured
at double-pass are widely used for pulse stretching and compressing.

For a HHG source, avoiding over ionization of the gas sample to fulfill the phase-matching
condition and thus achieve better conversion efficiency demands much shorter laser pulses.
However, due to relatively narrow gain bandwidth (~ 40 nm) and the gain narrowing effect
during the power amplification, high-power (> 100 W) Yb-fiber CPA systems usually provide
pulse durations > 200 fs. Avoiding the gain narrowing effect and achieving as short as

possible pulse duration from CPA system is challenging.

2.2 Design and construction of a low-noise Yb-fiber oscil-

lator

Recent experimental study has shown that an Yb-fiber oscillator mode-locked in the stretched-
pulse regime with the net-cavity dispersion close to zero exhibits both low relative intensity
noise and low timing jitter noise [69]. This provides us with general design guidelines on
our Yb-fiber oscillator that will be further amplified to higher average power in a chain of
Yb-fiber amplifiers. To further improve the oscillator’s noise performance such that it can be
conveniently locked to the enhancement cavity, we designed a monolithic Yb-fiber oscillator
with minimal free-space elements. The Yb-fiber oscillator is mode-locked by a saturable
absorber mirror (SAM); the positive GDD of cavity fibers is compensated by a chirped-fiber
Bragg grating (CFBG) to guarantee that the net-cavity dispersion is close to zero.
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2.2.1 Determination of GDD for CFBG

To design a CFBG that provides the right amount of GDD to compensate the positive GDD
accumulated from the cavity elements (e.g., Yb-doped fiber, passive fibers, SAM etc.),
accurate measurement of the net-cavity dispersion is necessary. We first built an Yb-fiber
oscillator with a grating pair (instead of a CFBG) placed inside the oscillator cavity for
dispersion compensation. The schematic setup of the test-oscillator is shown in Fig. 2.2. The
repetition-rate of the final oscillator is designed at 75 MHz to match the cavity length of the
enhancement cavity. However, the beam-path of the present diffraction-grating pair increases
the round-trip time resulting a 68-MHz oscillator. The grating-pair separation can be freely
adjusted to continuously tune the net-cavity dispersion.

The specific parameters of the main components are described in the following list:
* Grating pair: 600 lines/mm (with incident angle at 45 degree)
e L1 and L2: collimators from Thorlabs, f=4.5 mm

* SMFI: passive fiber from WDM, 850 mm (fiber type: HI1060)

YDF: Ytterbium doped fiber, Yb501 from Coractive, 400 mm

e 1.3: Lens f=8 mm

Length A
output < >
N L2 3Pz
: YDF
P HWP L1 SME 1 K )
P S wow—* Y
H _______ ﬂ) PBS SAM

Fig. 2.2 Experimental setup the mode-locked ytterbium-doped fiber oscillator. PZT: piezo
actuator, SAM: saturable absorber mirror, L1-3: lenses, YDF: ytterbium-doped fiber, WDM:
wavelength-division multiplexer, SMF1: passive single-mode fiber, HWP: half-wave plate,
PBS: polarization beam splitter.

To measure the net-cavity dispersion, we adopted the technique developed by Knox [70].

We inserted a slit before the end mirror right after the grating pair such that the spectral
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center of the mode-locked oscillator was determined by the slit position. We then spatially
translated the slit; at each slit position, the spectral center-wavelength was measured by an
optical spectrum analyzer and the oscillator’s repetition rate was measured by a RF spectrum
analyzer. Figure 2.3 plots the repetition rate versus the center wavelength with the grating
pair separated by 36 mm.

67.7855
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Fig. 2.3 Repetition rate vs. spectral center wavelength with the grating pair separated by 36
mm.

We repeated the same measurements with the grating pair separation at 38 mm and 40
mm. Figure 2.4(a) summarizes the repetition rate versus spectral center-wavelength for the
grating pair separated by 36 mm, 38 mm, and 40 mm.

Note that the reciprocal of repetition rate gives the cavity round-trip time, corresponding
to the total group delay when the intra-cavity pulse travels exactly one round-trip. Therefore
we can calculate from Fig. 2.4(b) the total group delay per round-trip as a function of
wavelength, which allows us to further calculate the net-cavity GDD. The calculated GDD is
shown in Fig. 2.5. Clearly as we varied the grating separation from 36 mm to 40 mm, the
positive net-cavity dispersion decreased and approached almost zero. Further increasing the
grating separation beyond 40 mm made the oscillator hard to be mode-locked. Therefore
we decided to use the 40-mm grating separation as the reference to calculate the required
dispersion for the CFBG. The dispersion of a grating pair is given by [71]:
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Fig. 2.4 (a) Repetition rate vs. spectral center-wavelength at different grating separation of 36
mm, 38 mm, and 40 mm. (b) The calculated net-cavity GDD at different grating separation
of 36 mm, 38 mm, and 40 mm.

—A3b

GDDgp(A) = 21e2d?cos? (arcsin(A /d — sinot) )

(2.2)

A is the wavelength, b the grating separation, c the light speed, d the grating period, and
a the incidence angle. For 40-mm grating separation, the calculated GDD is —57 x 1073 ps2,
which means that we can use a CFBG with its GDD at this value to replace the diffraction
grating pair and the resulting net cavity dispersion should be close to zero. The CFBG was
fabricated by Teraxion with the customized GDD of —57 x 1073 ps?. The peak reflectivity
of the CFBG is 7% at 1040 nm with 25-nm bandwidth; see Fig. 2.5.
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Fig. 2.5 Reflective curve of CFBG (Fabricated by TeraXion).

2.2.2 SAM and locking interface

The Yb-fiber oscillator is mode-locked by a SAM (obtained from Batop), which is also used
for actively locking the oscillator to the enhancement cavity. To achieve stable mode-locking,
we tested several SAMs with different modulation depths and found that the SAM with 30%
modulation depth and 500-fs recovery time showed the best performance, leading to the
highest output pulse energy and largest mode-locking range. Because a lighter active locking
load will give higher locking frequency, the SAM was chosen to be of small size (1 x 1 mm?).

(a) (b)

ROIS

cu’
Fig. 2.6 (a) The design of lead-filled copper recoil-body [72]. (b) The picture of SAM
mounted on a recoil-body.

To implement broadband locking stabilization, we need to take account two types of

noises: high-frequency noise (e.g., quantum noise) and low-frequency noise (e.g., technical
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noise due to mirror vibration or temperature fluctuation). High-frequency noise needs to be
compensated by a fast PZT with relatively short travel range (2.2 um). Low-frequency noise
can be removed using a slow PZT actuator with much longer travel range.

For fast active locking, the small SAM was glued onto a bulky recoil body. Figure 2.6
shows the design of the recoil body. It is fabricated with brass filled with lead to allow
effective cooling of the SAM and avoid mechanical resonances of the oscillator at acoustic
frequencies. The fast PZT was sandwiched between the SAM and recoil body by rigid crystal
bound (see Fig. 2.6).

Fig. 2.7 The assemble setup of two locking interfaces. Image courtesy of Jan Schulte.

Figure 2.7 shows the assemble setup of the two locking interfaces. The recoil body was
placed on a linear translation PZT stage. With this properly designed locking device, the
mirror-on-PZT system could achieve a linear bandwidth in excess of 180 KHz.

2.2.3 Monolithic Yb-fiber ultrafast oscillator

Figure 2.8 shows the final version of our monolithic Yb-fiber oscillator, in which the diffrac-
tion grating pair in the original version was replaced by the customized CFBG. With a
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repetition rate of 75 MHz, the oscillator also incorporated two active locking loops at the

free-space segment.

Schematic of the oscillator
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~— laserdiode

Fig. 2.8 The schematic of fiber oscillator with CFBG.

Although the CFBG has the reflection peak at 1040 nm, the oscillator tends to mode
lock at 1030 nm overlapping with the Yb-doped fiber’s gain peak. To enforce the oscillator
mode locked at longer wavelength to avoid gain narrowing during subsequent amplification,
a bandpass filter-polarizer is used to replace the polarization beam splitter inside the cavity

such that the oscillator output spectrum centers at 1034.4 nm as shown in Fig. 2.9.
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Fig. 2.9 Output spectum from the fiber oscillator.

Figure 2.10 shows the picture of our Yb-fiber oscillator. Compact and self-stating, this
oscillator can be easily locked to the enhancement cavity. The only free-space segment is
the SAM-PZT unit. It is worth to point out that if locking interface is unnecessary for other

applications, we can even use a fiber-pigtailed SAM to eliminate the free space segment.
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Fig. 2.10 Picture of fiber mode-locked oscillator.

2.3 Yb-fiber CPA system

Figure 2.11 illustrates the schematic of the Yb-fiber CPA system seeded by our monolithic
Yb-fiber oscillator described in Sec. 2.2. The pulses generated by the oscillator were stretched
to 370 ps in an all-fiber stretcher module with a double-pass configuration. Subsequently, the
chirped pulses were first amplified in a single-clad Yb-fiber (6-um core diameter) amplifier
followed by a double-clad Yb-fiber (12-um core diameter) amplifier, resulting in amplified
pulses with 7.8-W average power. Then these amplified pulses were coupled into the main
power amplifier constructed from 1.2-m Yb-doped large-pitch PCF (80- um core diameter).
The amplified pulses were compressed by a pair of diffraction gratings (1480 lines/mm
groove density), generating ~ 200-fs compressed pulses with > 100-W average power.

Figure 2.12 shows the assemble setup of the whole Yb-fiber MOPA system. Next I will
discuss in detail about the key components in constructing the CPA system.



2.3 Yb-fiber CPA system 25
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Fig. 2.11 Schematic of the experimental setup. ISO: optical isolator; WDM: wavelength
division multiplexer; Yb fiber: yb-doped fiber; HWP: half-wave plate; PCF: photonics crystal
fiber.
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Fig. 2.12 System layout of the high power CPA system. All the optical setup and the electric
drivers for seed and amplifiers are installed on a 60 cm x 120 cm optical table.

2.3.1 Stretcher and compressor

For final pulse compression, the diffraction-grating based compressor is configured at double-
pass. To reduce the throughput loss, diffraction gratings of high diffraction efficiency are
required. We chose the dielectric diffraction gratings from Fraunhofer IOF, which exhibit
extremely high diffraction efficiency of > 99% over 20 nm bandwidth at 1040 nm as shown
in Fig. 2.13. These gratings are reflective gratings, with 1480 lines/mm groove density. The
angle of incidence is designed at 45°. The substrate material is fused silica, which can handle

> 1 kW average power.
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Fig. 2.13 (a) The picture of diffraction grating with dimension of 60mm x 230mm. (b) The
diffraction efficiency of the customized-grating.

To make a compact and stable CPA system, the stretcher is of all-fiber format. Con-
ventional SMFs provide positive GVD, which can be compensated by a pair of diffraction
gratings that provide negative GVD. Unfortunately both conventional SMFs and diffrac-
tion gratings exhibit positive third-order dispersion (TOD). For a CPA system seeded by
highly stretched pulses, the uncompensated TOD is huge and dramatically degrades the
pulse compression quality. Luckily, a stretcher fiber with positive GVD and negative TOD
(B3/B> = —7.7 fs at 1030 nm) has been designed and manufactured. The detailed properties
of the stretcher fiber are listed in Table 2.2. The fiber shows a good dispersion match to a
compressor grating pair for the GVD, TOD, and even the fourth-order dispersion. Further-
more, this stretcher fiber can be low-loss spliced to conventional SMFs. Different length
combination of the stretcher fiber and a conventional SMF allows us to design a fiber stretcher
module to match a grating-pair based compressor. Such an all-fiber stretcher also reduces
loss, improves stability, and downsizes the CPA system.

Table 2.2 The properties of stretcher fiber at 1030 nm [73]

e [ e
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Fig. 2.14 Schematic of all-fiber stretcher.
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Fig. 2.15 The GDD matching between the stretcher fiber module and a grating-pair compres-
sor made of two1480 lines/mm gratings separated by 66.7 cm.

Figure 2.15 demonstrates how the stretcher fiber can be used to compensate a grating-pair
compressor made of two1480 lines/mm gratings separated by 66.7 cm. The optical beam
is incident at 45 degree. A double-pass configuration of the stretcher module is applied to
suppress the detrimental effect of intrinsic birefringence of the stretcher module. 65 m of
stretcher fiber spliced together with 37 m conventional SMF (i.e., fiber HI-1060) can stretch
the output pulse from our Yb-fiber oscillator to ~ 370 ps. Figure 2.15 shows the GDD of
our fiber stretcher module (blue curve) and the targeted ideal GDD (red curve) that can
be exactly compensated by our grating-pair compressor including two diffraction gratings
(1480 lines/mm groove density) separated by 66.7 cm. The two curves nearly overlap in the
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wavelength range of 1030-1055 nm. Table 2.3 illustrates the detailed design parameters of

the stretcher module in our CPA system.

Table 2.3 the detailed design parameters of the stretcher module in our CPA system.

Stretcher fiber length 65m +10%
SMF length 37m +10%
Group delay dispersion @ 1040nm 9.468 ps? +1%
Third order dispersion @ 1040nm -0.08097 ps? +5%
Mode field diameter of stretcher @ 2.9 um
1040nm
Cutoff wavelength of stretcher 945 nm +40
Insertion loss <2.5dB
Proof test level of fiber 100/1.0 kpsi/%
Connector FC/APC
Polarization property Non-polarization

maintaining

2.3.2 Large-pitch rod-type gain fiber

Large-pitch fibers (LPFs) are the first fiber designs exploiting the mode delocalization concept
[74]. They employ a photonic structure consisting of few hexagonally arranged air holes
with large hole-to-hole distances (Fig. 2.16) to achieve the delocalization of higher-order
modes. Because the design method is not based on resonant effects, the mode field area
can be scaled up by increasing the hole-to-hole distance. Using this method, effectively
single-mode LPFs with 130 um core diameter are possible, which significantly improve the

highest output average power and highest pulse energy from Yb-fiber amplifiers.

2.3.3 Technical concerns in the system design

Back reflection of laser pulses may break the mode-locking state of the oscillator, disturb
the pulse amplification, and even cause serious damage to the laser system. To prevent

back reflection, an optical isolator with high isolation is placed after the output of the main
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Fig. 2.16 The geometry of the large-pitch rode-type gain fiber [75].

amplifier. For the enhancement cavity application, protecting the laser system from the back

reflection caused by the enhancement cavity is extremely important.

Inc!dent Field resonant in cavity
field
PZT
High power CPA fiber laser C > )
system 2
Incoupler HR mirror
R=99.6% R=100 %

Fig. 2.17 Schematic setup of enhancement cavity.

Figure 2.17 shows the schematic of the enhancement cavity. The cavity consists of
several high reflective mirrors with more than 99% reflectivity. That means if the cavity
and the high power laser system are not locked, huge back reflection will happen. Thus
an optical isolator with extremely high isolation is a must. But the isolation of nearly all
the commercially available optical isolator is about 20-30 dB, corresponding to ~ 1-W
laser power back-reflected to our laser system when > 100-W power is reflected by the
enhancement-cavity mirror.

Figure 2.18 is the schematic of a home-made optical isolator including two polarizing
filters with extremely high extinction ratio and a Farady rotator. The polarizing filters
(From Semrock) combine a highly efficient polarizer and a bandpass filter in a single optical
component. These excellent linear polarizers have a contrast ratio exceeding 1,000,000 to 1.

We expect that our home-made optical isolator can provide an isolation of > 60 dB.
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Fig. 2.18 The working principle of customized optical isolator with extremly high isolation
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Fig. 2.19 Final version of our high-power Yb-fiber CPA system with detailed information
about the optical components.

Figure 2.19 shows the final version of our high-power Yb-fiber CPA system with detailed
information about the optical components. The system consists of a mode-locked Yb-fiber
oscillator (described in Sec. 2.2), a fiber stretcher module (Sec. 2.3.1), two pre-amplifiers,
one main amplifier based on large pitch Yb-doped PCF (Sec. 2.3.2), and a grating-based
compressor (Sec. 2.3.1). The oscillator delivers slightly chirped 2-ps pulses at 75-MHz
repetition rate with 50-mW average power at 1033-nm center wavelength. After propagating
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through the double-pass configuration fiber stretcher, the pulses were stretched to ~ 370 ps.
Due to the transmission loss of the stretcher module, the average power is reduced to 3 mW.

The stretched pulses were amplified in two preamplifiers, which were constructed from
a single-clad PM Yb-fiber and a double-clad PM Yb-fiber, respectively. The single-clad
Yb-fiber is 40-cm long and commercially available from Coractive. The double-clad Yb-fiber
is 1.2-m long with a core diameter of 12 um pumped by a fiber-coupled multimode diode
laser emitting at 976 nm. After these pre-amplifiers, the stretched pulses were amplified to 7
W average power with >30-dB suppression of amplified spontaneous emission.

The main amplifier, constructed from a 1.2-m air-cladding rod-type LPF, was pumped by
a fiber-coupled, 500-W diode module emitting at 976 nm. By properly matching the input
beam to the LPF fundamental mode, stable excitation of the fundamental mode was achieved.
It is noteworthy that the mode matching was quite sensitive to the launching position of
the seed. A slight position shift will excite more modes, indicating that the rod-type LPF
supports a few transverse modes. Figure 2.20 shows the beam quality measurement and the
near-field beam profile at the LPF output. The M? value of the output beam is ~ 1.31.

In practice, we operated the preamplifiers to output 2-W for seeding the LPF-based
main amplifier because reducing the seed power can mitigate excessive accumulation of

nonlinear phase. With ~ 85% coupling efficiency, we coupled about 1.7-W average power
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Fig. 2.20 Measured beam quality at 20 W compressed output power.
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into the LPF amplifier and we obtain >100-W amplified power at the LPF output. For the
initial optimization of the enhancement cavity, we tuned down the pump power into the
LPF amplifier such that the system produced 20-W average power after the compressor.
Figure 2.21 shows the output spectrum and the corresponding measured autocorrelation trace.
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Fig. 2.21 (a) Output spectrum from the main amplifier. (b) Optimized compression autocor-
relation trace.
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Fig. 2.22 Optimization of compression quality by adjusting the incident angle of grating
COMpressor.

The output spectrum is centered at 1033 nm, the same as the oscillator. As discussed in
Sec. 2.2, our stretcher and compressor were designed for GDD matching in the wavelength
range of 1030-1055 nm. However the experimental spectrum has a large portion below 1030
nm, where the mismatch for higher-order dispersion exists between the stretcher and the
compressor. As a result, the compressed pulse quality was compromised. To solve this issue,
we fine tuned the stretcher GDD by changing stretcher fiber length. We also slightly tuned
the beam incident angle onto the compressor grating to adjust the 3/, ratio. It can be
shown that increasing the incidence angle will decrease the f3/f3; ratio. Figure 2.22 plots
the GDD of the grating pair with different incident angles as well as the stretcher GDD.
Clearly, increasing the incident angle by 1-2 degree shifts the matching central wavelength
to shorter wavelength. With the incident angle set at 47 degree, gradually changing the
grating separation allowed optimizing pulse compression. Figure 2.21 shows the optimized
autocorrelation trace corresponding to 210 fs pulse duration, which is quite close to transform-
limited duration. No significant pedestal appears indicating that the dispersion was managed

and most of the pulse energy was concentrated in the main peak.
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2.5 Conclusion of Chapter 2

To conclude, we have constructed from starch a high-power Yb-fiber MOPA system, con-
sisting of a monolithic Yb-fiber oscillator, an all-fiber stretcher, a pre-amplifier chain, a
LPF-based main amplifier, and a diffraction-grating based compressor. The whole system
was installed on one optical breadboard with the dimension of 60 x 120 mm, as depicted
in Fig. 2.23. To further improve the system stability, the entire laser system is enclosed by

aluminum walls.
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Fig. 2.23 Picture of CPA system,well enclosed by aluminum walls.







Chapter 3
Pre-chirp managed amplification

Yb-doped fiber-laser systems have become the most suitable driving source for cavity-
enhanced HHG due to their superior average- power scalability and excellent beam quality
[76-78]. The photon flux of such an EUV source can be increased by utilizing HHG inside
a femtosecond enhancement cavity driven by a high repetition-rate (in the range of 50-150
MHz) ultrafast laser [59, 76, 77]. Recent experimental results reveal that shorter laser pulses
(< 60 fs) mitigate the ionization induced enhancement limitations, allow higher intra-cavity
optical intensities, and therefore increase the photon energy and EUV yield [78]. Lately we

have both theoretically and experimentally demonstrated that by fine-tuning the pulse chirp

prior to nonlinear amplification, high quality compressed pulses are generated in this new
amplification regime —- which we refer to as pre-chirp managed amplification (PCMA) [79].
Using Yb-doped LMA fibers as the gain medium, two other groups have demonstrated > 20
W pre-chirp managed fiber amplifiers, one producing 23.5 W, 37 {s pulses (pulse energy of
287 nJ) at 82 MHz repetition rate [80] and the other producing 25 W, 55 fs pulses (pulse
energy of 320 nJ) at 78 MHz repetition rate [81].

3.1 Pre-chirp managed amplification: working principle

In this section, we analyze and demonstrate direct amplification in an Yb-doped rod-type
LPF producing high-quality pJ pulses that are as short as ~ 60 fs after final compression.
Design strategies are presented for average power levels of > 100 W at 75 MHz repetition
rate. The laser system results in both high quality and high energy output pulses, hitherto not
reported for direct amplification in fibers. The high quality uJ pulses are obtained by two
key enabling components: (i) the large mode area of large-pitch fibers leads to intrinsically
low fiber nonlinearity resulting in energy scaling; (ii) additionally, introducing a small

amount of GDD (typically between -0.05 and 0.05 ps?) prior to direct amplification results
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in high output pulse quality after final compression [82]. Figure 3.1 shows a schematic of
the experimental setup comprising a fiber-laser front end, a pair of diffraction gratings for

pre-chirp management, a rod-type Yb-doped fiber amplifier, and a compressor.

Prior amplification Large mode area
vary GDD from -0.1 ... +0.1 ps? rod-type fiber amplifier
A
[ |

Up-chirped Ml Negative pre-chirp N
Ultrafast front-end unit

Fig. 3.1 Schematic of pre-chirp managed nonlinear amplification in fibers

I““’

The distinction of PCMA from CPA is illustrated in Fig. 3.2. In Fig. 3.2(a) pulse quality
is plotted in terms of Strehl-ratio, i.e. peak-power of the compressed pulse to peak-power
of the corresponding transform limited pulse, which is as a measure for residual spectral
phase-shifts. Also, the pulse peak-power and the B-integral at the compressed output of the
nonlinear laser system are shown in Fig. 3.2(b) and 3.2(c).
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Fig. 3.2 Transition from CPA to PCMA to CPA: (a) compressed pulse quality in terms of
Strehl-ratio (b) peak power of the compressed pulse and (c) accumulated nonlinear phase
during amplification. The simulation assumes a transform limited 300-fs, 75-MHz input
pulse train with center wavelength 1030 nm, an average power of 1 W, a YDFA small-signal
peak gain of 3.8/m (corresponding to about 100 W at the fiber output).

The results in Fig. 3.2 show that for a small positive chirp there exists an optimum point
at which high pulse-quality and peak-power is simultaneously possible. The CPA regime
corresponds to large stretching or high GDD values, and a high pulse quality is obtained.
A signature of the PCMA regime is massive spectral broadening. The larger bandwidth

allows for shorter pulses as compared to the conventional CPA regime. In this case the pulse
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reduction is about a factor of 8. The nonlinear nature of PCMA manifests itself in high

B-integral values for the PCMA regime, another proof of the nonlinear nature of the method.

3.2 PCMA experimental results: pulse compression using

diffraction gratings
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Pre-Amplifier

Yb fiber
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Fig. 3.3 Schematic of the pre-chirp managed amplification system. SAM: saturable absorber
mirror, QWP: quarter wave plate, POL: polarizer,LD: laser diode, CFBG: chirped fiber Bragg
grating, PC: polarization controller, ISO: isolator, DM: dichroic mirror, LPF: large pitch fiber

Figure 3.3 shows the schematic of the high power PCMA system. It consists of an
Yb-doped fiber-laser front end, a pair of diffraction gratings for pre-chirp management, a
rod-type Yb-doped fiber power amplifier, and a pulse compressor. The fiber-laser front end
including a 75-MHz Yb-doped fiber oscillator (see Sec.2.2 in Chapter 2 for more detail) and
an Yb-doped fiber amplifier produces positively chirped pulses with 1.75 W average power.
A pair of diffraction gratings (1000 lines/mm) in a double pass configuration is employed
to adjust the chirp prior to nonlinear amplification. In this way, we can vary the pre-chirp
from positive to negative values. The front end can produce 300 fs pulses that are very
close to the transform limit. The power amplifier is a 1.2-m Yb-doped rod-type LPF with a
90-um diameter core and a 280-um diameter air cladding for pumping [74]. The mode-field
diameter is 80 um and the pump absorption is 24 dB/ m. The LPF is pumped by a 976 nm
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pump diode. The amplified pulses are compressed by another grating pair (1000 lines/mm)

in a double pass configuration with a total efficiency of 77%.
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Fig. 3.4 Power amplifier output versus absorbed pump power. The inset shows the beam
profile at 130 W output power (before compression)

Figure 3.4 plots the output power from the rod-type LPF amplifier versus the absorbed
pump power. The seed power prior to the last amplification stage is around 1.5 W. Accounting
the coupling loss to the LPF, the launched seed power is estimated to be ~ 1 W. At 220-W
pump power, 130-W amplified pulses are obtained. The slop efficiency is 67%, which is a
reasonable number for Yb-doped fiber amplifier. The beam profile is excellent, as shown in
the inset figure.

Figure 3.5 (a) shows the corresponding optical output spectrum (red curve). The sig-
nificantly broadened spectrum of the amplified pulse is a characteristic of the nonlinear
amplification of PCMA. Figure 3.5 (b) displays the autocorrelation trace of the amplified
pulse prior to compression (blue curve) and after compression (red curve). At the system
output, average power is 100 W. As shown in Fig. 3.5 (b), the compressed pulses are as
short as 60 fs with high pulse quality. To optimize the compressed pulse quality in terms
of residual wing structure, we adjust both the grating-pair separation prior to and after the

fiber amplifier. An optimum GDD of the pre-chirp exists to achieve nearly transform-limited
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Fig. 3.5 (a) Optical spectra before (black curve) and after (red curve) the power amplifier
operating at 130 W output power. (b) Autocorrelation traces of the 130 W amplified pulses
(blue curve), the 100 W compressed pulses (red curve), and the corresponding transform-
limited pulses (black curve).

compressed pulses with negligible pedestal. At 130 W output, the optimum pre-chirping
GDD is around 26000 s> and the output pulses are de-chirped by the grating pair with only
2-3 mm separation distance. To evaluate the quality of the compression, the black curve in
Fig. 3.5 (a) shows the autocorrelation trace of the corresponding transform-limited pulse that
is calculated from the output spectrum, as shown in Fig. 3.5 (a).

As the concept is based on nonlinear amplification, the operation point of high-quality

pulse compression depends on the power level of the amplifier. To illustrate how the pre-chirp
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Fig. 3.6 Autocorrelation measurement (blue curves) of 75-W compressed pulses with dif-
ferent pre-chirp generating GDD: (a) 2074052, (b) 16130£s2, (c) 872552, (d) 4550fs2, (e)
0fs%, and (f) —3840fs>. Black curves denote the calculated autocorrelation traces of the
corresponding transform-limited pulses.

affects pulse amplification and compression, for the example, we fix the compressed pulses
at an average power of 75 W and vary the pre-chirp by different amount of GDD prior
to amplification. Figure 3.6 shows the autocorrelation measurements (blue curves) of the
75-W compressed pulses for different pre-chirp generating GDD. Comparing them with the
calculated autocorrelation traces of the corresponding transform-limit pulses clearly indicates
that an optimum pre-chirping GDD exists around 16130fs%. At this GDD value nearly
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transform-limited compressed pulses are obtained with negligible pedestal. The optimum

pre-chirp generating GDD depends on the output power of the amplifier.
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Fig. 3.7 Compressed pulse duration (black curve) and the optimum pre-chirping GDD (blue
curve) versus the average power of the compressed pulses.

Figure 3.7 shows both the compressed pulse duration and the optimum pre-chirping GDD
as a function of the compressed pulse average power. We find that with increasing output
power the optimum pre-chirp GDD increases from negative to positive and the compressed
pulses become shorter, reaching about 60 fs at around 100 W average power. These results
suggest that negative (positive) pre-chirp is preferred at low (high) gain. It is noteworthy
that this optimum pre-chirp depends on other parameters (e.g., input pulse duration and
energy, fiber length etc.) as well. Reference [83] employed only negative pre- chirp for pulse
amplification and compression of a high-power thin disk laser and achieved 55-W, 98-fs
pulses at 10.6-MHz repetition rate; the system operated for around one hour before damage
occurred [83]. Note that the purpose of introducing negative pre-chirp in Ref. [83] is to
stretch the input pulse prior to amplification in order to avoid damage of the amplifier and

self-focusing; the pre-chirp is not used for optimizing pulse amplification and compression.
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Fig. 3.8 The effect of pre-chirp on spectral evolution. (a) shows the spectral evolution versus
increased power when the pre-chirping GDD was set at -11800 fs2. (b) shows the spectral
evolution versus increased power when the pre-chirping GDD was set at 22000 fs2.

To show how the pre-chirping GDD affects the spectral evolution, we varied the pre-

chirping GDD and then measured the output spectrum at different powers. Figure 3.8(a)

shows the spectral evolution versus increased power when the pre-chirping GDD was set at

-11800 fs2. It can be seen that the spectrum became narrower at low powers (< 40 W) due to

the spectral narrowing effect caused by a negative pre-chirp. For further increased powers,
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the spectrum was broadened rapidly. As for a comparison, we changed the pre-chirping GDD
to 22000 fs? and measured the spectrum at different powers; the results were plotted in Fig.
3.8(b). Clearly for a positive pre-chirping GDD, the spectrum narrowing phenomenon was
absent and the spectrum was broadened dramatically as the power was increased from 10 W
to 40 W. For the power increased from 40 W to 90 W, the spectrum continued to become
broader albeit at a pace much slower than spectral broadening of the seeding pulses with
negative pre-chirping GDD of -11800 fs°.

To verify our experimental results and better understand the physics behind, we performed
a detailed numerical modeling of our Yb-fiber CPA system by solving the generalized
nonlinear Schrodinger equation. The pre-chirping GDD is varied between —1 x 107 fs?
and 1 x 10° fs>. We also vary the gain peak coefficient g¢ in the simulation, to analyze
the output at different output powers (between approx. 20 and 140 W). For each of these
values, the propagating through the fiber amplifier (1.2 m length, 80 um mode-field diameter,
and 25 fs?/mm group-velocity dispersion) is calculated by the split-step Fourier method.
In the simulation, we assume a gain bandwidth of 40 nm and a Gaussian input spectrum
(with transform-limited pulse duration of 300 fs, center wavelength of 1030 nm, repetition
rate of 75 MHz, and average input power of 1 W). The subsequent pulse compression is
modeled such that maximum peak power is obtained. The simulated output pulse is analyzed
in terms of the full-width at half maximum (FWHM) pulse duration and the Strehl ratio,
as shown in Fig. 3.9(a) and (b), respectively. The Strehl ratio of an ultra-short pulse is the
ratio of the peak power of the actual pulse to the peak power of its transform-limit. A Strehl
ratio of 1 corresponds to absent residual spectral phase shifts and to the case of best pulse
quality (for symmetric spectra). It can be seen that high quality pulses as short as 60 fs
can be obtained for certain combinations of input chirp and power levels. The region of
shortest pulse duration and highest pulse quality occurs at a narrow window of input chirps,
as highlighted by the pink line in Fig. 3.9. In principle, two branches should exist for which
short pulses are possible. However, as shown in Fig. 3.5, we find experimentally that only the
branch of increasing GDD results in excellent pulse quality. This observation is supported by
Fig. 3.9(b) showing overall better pulse quality for positive GDD. With increasing power,
shortest pulses occur with increasing pre-chirp. Figure 3.9 also shows that a constant zero
pre-chirp at the input would not produce high quality short pulses at high output power levels;
this is in agreement with Ref. [83].
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Fig. 3.9 (a) Numerical simulation of compressed pulse duration and (b) pulse quality in terms
of Strehl ratio as a function of pre-chirping GDD and gain peak of an assumed Lorentzian
spectral gain profile with bandwidth of 40 nm. The pink line in both figures highlights the
region of interest for operation with 60 fs pulse duration.
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3.3 PCMA experimental results: pulse compression using
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Fig. 3.10 (a) Designed structure of highly dispersive mirrors. (b) Designed (blue curve) and
measured (red curve) group delay of the in-house designed highly dispersive mirrors.

Given the small chirp of the amplified pulses, highly dispersive mirrors (HDMs) can be
applied instead of a grating pair for pulse compression. In addition to increasing the through-
put efficiency and improving the beam-quality, the use of a HDM compressor simplifies the
experimental setup. Figure 3.3.10 (a) shows the coating structure of such a in-house designed
HDM, including 55 alternating layers of Nb,Os and SiO,. The dispersive behavior of this
HDM is shown in Fig. 3.3.10 (b): each bounce provides a dispersion of —2000fs?, four
times larger than the dispersion from typical commercially available chirped mirrors.

To find the best-compressed pulse using HDMs, we adjust the bounces on the mirrors.
Figure 3.11(a) illustrates the compressed pulse duration as a function of number of bounces
at different output power levels. At 120 W, the pulse can be compressed down to ~ 70 fs
using 6 bounces on the HDMs. Figure 3.11(b) shows the autocorrelation traces before and
after compression with the HDMs as well as the compression with the diffraction grating pair.
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Fig. 3.11 (a) Compressed pulse duration by HDMs as a function of number of bounces for
different output power: 120 W (black curve), 103 W (red curve), 90 W (blue curve), 73 W
(pink curve), and 55 W (green curve). (b) Comparison of compressed pulse by HDMs and
transform limited pulse.

Compared with the diffraction grating compressor, the pulse compressed with the HDMs (red
curve in Fig. 3.11(b)) shows a wing structure mainly caused by uncompensated higher-order
dispersion. An accurate characterization of the spectral phase for the amplified pulses allows

precisely designing the dispersion of HDMs to improve pulse compression. Dispersion
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compensating wedges can be employed as well to achieve continuous GDD compensation to
remove the residual pedestals in the compressed pulses.

The pulse compressed with the HDMs (red curve in Fig. 3.11(b)) shows a wing structure
mainly caused by uncompensated higher-order dispersion. An accurate characterization of
the spectral phase for the amplified pulses allows precisely designing the dispersion of HDMs
to improve pulse compression. Dispersion compensating wedges can be employed as well to
achieve continuous GDD compensation to remove the residual pedestals in the compressed
pulses.

3.4 PCMA experimental results: high-power second-harmonic

generation

Recent investigations of the EUV power scaling show that shorter driving wavelengths yield
higher conversion efficiencies. Pumping an enhancement cavity by 5-W, 155-fs pulses at
518 nm has demonstrated a significant improvement of HHG average power [ 84]. To show
applicability of the PCMA system for shorter wavelength generation, we use a 0.5 mm long

BBO crystal to perform a frequency doubling experiment.
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Fig. 3.12 Second harmonic generation (SHG) output power and conversion efficiency for
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different IR power at 60 fs pulse duration.
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Figure 3.12 shows the second-harmonic generation (SHG) output power and conversion
efficiency for different IR power at 60 fs pulse duration (compression with a grating pair).
For IR power levels below 30 W, the conversion efficiency increases dramatically. At 71 W
pump power the conversion efficiency reaches 32% and we obtain 21 W of SHG. To prevent
BBO crystal damaging, we limit the maximum IR power at 71 W; at this power level, the
conversion efficiency is far from saturation. The pulse duration of the SHG is estimated to be
around 40-50 fs. Figure 3.13 shows a picture of the experimental setup achieving high power
SHG.

Fig. 3.13 Picture of high power SHG

3.5 Discussion and conclusion

3.5.1 Self-focusing limitation of PCMA

In PCMA, SPM due to Kerr nonlinearity is utilized to broaden the spectrum that can support
shorter output pulses. However, the same Kerr nonlinearity may cause self-focusing that
places limitations on the peak power for single pulse amplification. Arising from Kerr
nonlinearity with positive x(3), the higher optical intensities on the beam axis, as compared
with the wings of the spatial intensity distribution, cause an effectively increased refractive
index for the central part of the beam. This modified refractive index distribution then acts like
a focusing lens. Consequently an intense optical pulse propagating in a nonlinear medium can
experience nonlinear self-focusing; that is, the beam diameter decreases compared with that

of a weak pulse. When the pulse peak power exceeds a certain critical power, self-focusing
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leads to a catastrophic collapse of the optical and results in high optical intensities, which

can easily destroy the optical medium. Such a critical power is given by [85, 86]

0.14812

n-ny

crit = (3.1)
where n, is the nonlinear index coefficient, A the vacuum wavelength, and n the linear
refractive index.

Note that the critical power does NOT depend on the original beam size. For silica optical
fibers, the critical power given by above equation is about 4 MW in the 1um wavelength
region. No method is known for increasing the self-focusing limit of optical fibers beyond
that value. Self-focusing is the fundamental physical limitation of PCMA technique. At the
output of our pre-chirp managed fiber amplifier, the amplified pulses are ~ 1 ps in duration.
At 130 W output power, the pulse energy is around 1.7 pJ, corresponding to a peak power
close to 2 MW, half of the critical power. This implies that the self-focusing limited pulse
energy is about 4 uJ for a PCMA system using pre-chirped pulse of ~ 1 ps duration.

Such a self-focusing limitation can be alleviated by seeding PCMA with circularly (rather
than linearly) polarized pulses because the nonlinear refraction coefficient for circularly
polarized light is 2/3 of that for linearly polarized light. This fact has been used to reduce
detrimental impact of Kerr-nonlinearity in a fiber CPA system [87]. Fiber PCMA-system
with circularly polarized pulses will generate amplified pulses with 6 uJ pulse energy.

3.5.2 Energy scaling in combination of PCMA and divided pulse am-
plification

To further energy scaling beyond ~ 6 uJ pulse energy level, PCMA can be combined with
divided-pulse amplification [88-91]; that is, the pulse to be amplified is temporally split into
multi-copies before the amplification and then recombined to one single pulse right after the
amplifier. However this method is hard to be combined with CPA because the long stretched
pulse in a CPA system requires a huge delay for the temporal splitting. Such a drawback is
prevented in a PCMA system, in which the amplified pulses are ~ 1 ps in duration; therefore,
it becomes possible to incorporate divided pulse amplification in a PCMA system. If we
divide the seed pulse into N replicas (e.g. 2, 4, 8, 16...), and each replica reaches its
self-focusing limit during PCMA, the total pulse energy is N times the self-focusing limited
pulse energy. The schematic of the divided-pulse amplification is shown in Fig. 3.14. The
seed pulse is divided into two orthogonally-polarized replicas and some time-delay added
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between them prevents their temporal overlap. With more replicas, the system could emit

tens of uJ pulse energy, while the pulse duration is below 60 fs.
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Fig. 3.14 Proposed technique of combing divided-pulse amplification and pre-chirp man-
agement for high energy pulses generation. HWP: half-wave plate; QWP: quarter-wave
plate.

3.5.3 Comparison of CPA and PCMA

The advantages and disadvantages of both the CPA and PCMA techniques are summarized
in Table 3.1. The objectivity of this summary is supported by the use of both techniques in
the identical Yb-doped LPF amplifier.

For pulse energy at several uJ level, PCMA shows much better performance than CPA in
terms of compactness, complexity, and cost. Especially the small amount of amplified-pulse
chirp in a PCMA system makes the compressor much smaller; indeed, such a compact free-
space compressor may be replaced by a hollow-core Kagome PCFE. Figure 3.15 compares the
large dimension and expensive grating pair required by the CPA system described in Chapter
2 and the much smaller and cheaper grating pair for the PCMA system demonstrated in this
chapter.
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Fig. 3.15 (a) Large dimension and expensive grating pair required by the CPA system and (b)
small dimension and cheap grating pair required by PCMA system.

Table 3.1 Comparison between CPA and PCMA

CPA

PCMA

- limited gain bandwidth

+ extended spectra bandwidth by
nonlinearity

- pulse duration typically >200 fs

+ pulse duration < 60 fs

- stretching pulse duration up to 300 ps

+ pre-chirpto ~ 1 ps

- large high order dispersion

+ negligible high order dispersion

- large dimension compression grating
pair

+ small dimension compression grating
pair or chirp mirrors

- spatial chirp induced by misalignment
of compressor

+ spatial chirp could be eliminated by
chirp mirror compressor

- free space + all fiber configuration could be
realized if replace the compressor with
hollow-core fiber

- expensive + cheap

- complicated setup + compact

+ pulse energy could reach up to mJ

- several ul pulse energy limited by self-
focusing

+ linear amplification

- different output power requires the

re-set of pre-chirp and compressor
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3.5.4 Conclusion of chapter 3

We report on PCMA that is a distinct from the conventional CPA technique. By optimizing
the input pulse chirp prior to nonlinear amplification, pedestal-free compressed pulses at
various output power levels can be produced. PCMA allows for highly nonlinear amplifier
operation producing high-quality pulses at the output until the self-focusing limit. LMA
fibers enable uJ pulses as short as 60 fs at output powers >100 W. The PCMA approach is
compact due to operation with moderate stretching and compression. The small amount of
GDD required for the desired pre-chirp and final compression can be easily implemented
with chirped mirrors. Further energy scaling can be achieved by combining PCMA with
circular polarization amplification and divided-pulse amplification; ~ 20-uJ amplified pulse
energy is expected. Such a high repetition-rate PCMA system constitutes a simple and
suitable laser source for several applications, in particular, driving extreme nonlinear optics

in femtosecond enhancement cavities.



Chapter 4

SPM-enabled, wavelength-tunable
ultrafast fiber laser sources: theory

4.1 Introduction

Implemented using various imaging contrast mechanisms, MPM enables optical sectioning
and deeper penetration in biomedical imaging with submicron resolution [46]. For the last two
decades, Ti:sapphire femtosecond lasers have been the typical MPM driving source largely
because their center wavelength can be widely tuned in 700-1000 nm. Recent advances in
MPM, however, reveal that shifting to longer (>1000 nm) driving wavelength causes less
potential photo-damage and offers deeper penetration, which has spurred tremendous research
efforts in developing Yb-fiber laser based MPM driving sources [92-99]. In contrast to bulky,
expensive Ti:sapphire lasers—which are equipped in specialized laboratories, Yb-fiber
lasers operate at about 1030 nm and can be constructed using all polarization-maintaining
fibers without any free-space elements [100—102]. The resulting reliable, cost-effective, and
compact Yb-fiber lasers will undoubtedly offer advantages for deploying MPM systems in
rugged environments for in vivo imaging and clinical applications.

Due to limited gain bandwidth, ultrafast Yb-fiber lasers typically emit femtosecond pulses
in 1020-1060 nm, a wavelength tuning range one order of magnitude less than that offered by
Ti:sapphire lasers. Fortunately such a drawback can be overcome using nonlinear fiber-optic
means to further expand the wavelength coverage. By imaging of human skin based on SHG,
M. Balu et al. compared the performance of a Ti:sapphire laser operating at 800 nm and
an Yb-fiber laser at 1060 nm. They found that use of the Yb-fiber laser improved the SHG
imaging depth by 80% compared with the Ti:sapphire laser [96]. It is therefore expected that
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shifting a MPM driving source towards longer (>1060 nm) wavelength will further improve
the imaging penetration depth.

Continuously wavelength shifting output pulses from an ultrafast Yb-fiber laser can
be readily achieved using soliton self-frequency shift (SSFS) inside an optical fiber—a
phenomenon that originates from stimulated Raman scattering (SRS) [ 103]. SSFES requires
negative GVD and can be realized in standard SMFs if the center wavelengths of input pulses
are larger than 1300 nm—the typical zero dispersion wavelength for the fundamental mode
[104]. In order to achieve SSFS for the excitation wavelengths below 1300 nm, PCFs are
usually employed because their dispersion can be flexibly engineered [105-118]. When
suitable PCFs are pumped by an Yb-fiber laser, SSFS can lead to a soliton pulse with
the center wavelength shifted beyond 1300 nm, even reaching 1700 nm [111, 112, 116].
However, due to strong nonlinearity in these PCFs, the resulting wavelength-converted pulses
are limited to <1 nJ in pulse energy; in the wavelength range of 1070-1200 nm, the pulse
energies are typically less than 0.2 nJ, making these SSFS-based sources unsuitable for
driving MPM systems. SSFS in higher-order mode fibers pumped by Yb-fiber lasers can
result in >1 nJ pulse energies; however the generated soliton pulses are propagating in the
higher-order mode. Mode converting them back to the fundamental mode—a necessary beam
profile for most MPM systems—is challenging [117, 118].

In this chapter and next chapter we propose and demonstrate a new method of producing
wavelength widely tunable femtosecond pulses for MPM. The method employs fiber-optic
nonlinearities (dominated by SPM) to broaden an input optical spectrum, followed by optical
bandpass filters to select the leftmost or rightmost spectral lobes. The filtered spectral lobes
correspond to nearly transform-limited pulses with ~100 fs pulse duration. In this chapter,
we present a detailed numerical modeling of the method and discuss the effects of dispersion

and nonlinearities.

4.2 Generalized nonlinear Schrodinger equation (GNLSE)

for modeling fiber-optic spectral broadening

Nonlinear spectral broadening of ultrashort pulses in an optical fiber can be precisely modeled
by the well-known GNLSE [104]:
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where A(z,1) denotes the pulse’s amplitude envelope. f3, accounts for the n-th order
fiber dispersion. Nonlinear parameter Y is defined as Y = wyna/(cA.rr), where @y is the
pulse center frequency, n, the nonlinear-index coefficient of fused silica with a typical value
of 2.4 x 107 29m2W 1, ¢ the light speed in vacuum, and A, ¢y the mode-field area. A,rr is
connected to mode-field diameter d byA, rr = 7(d/ 2)2. R(r) describes both the instantaneous

electronic and delayed molecular responses (i.e., SRS) of fused silica, and is defined as
R(t) = (1— fR)8(t) + fr(ti + 53)/(11%3) exp(—t/Ty) sin(t /71 (4.2)

where typical values of fg, 71, and 7, are 0.18, 12.2 fs, and 32 fs, respectively [104]. Taking
into account dispersion, SPM, self-steepening (SS), and SRS, Eq. 4.1 has been widely used
to study nonlinear propagation of ultrashort optical pulses inside an optical fiber. Such a
nonlinear propagation can significantly broaden the optical spectrum and, under certain
conditions, lead to supercontinuum generation.
To gain physical insight, we first neglect dispersion and investigate the role of each
nonlinear effect—namely SPM, SS, and SRS—in Section 4.1 and 4.2. In Section 4.3, we
include dispersion in the simulation and show how dispersion affects the nonlinear spectral

broadening.

4.3 Pure SPM

We first consider only SPM and neglect dispersion, self-steepening, and SRS. Consequently
Eq. 4.1 is simplified as

94 _ iy|AlPA (4.3)
dz

Equation 4.3 has an analytical solution:

A(z,1) = A(0,1) exp(iy|A|*2) (4.4)
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Using this solution, we simulate a 200-fs hyperbolic secant-squared pulse (central wavelength
at 1.03 um with 50-nJ pulse energy) propagating inside an optical fiber with a mode-field

diameter of 6 um; the simulation results are summarized in Fig. 4.1.
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Fig. 4.1 Propagation of a 50-nJ, 200-fs pulse inside an optical fiber with a mode-field diameter
of 6 um. In the simulation, only SPM is considered. (a) Spectrum evolution versus fiber
length. (b) Optical spectrum after propagating 6 cm in the fiber.

Figure 4.1(a) shows that the optical spectrum broadens dramatically along the fiber length
and is composed of isolated spectral lobes; the number of these spectral lobes is linearly

proportional to the fiber length—a unique feature of SPM-broadened spectrum. For example,
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Fig. 4.2 Propagation of a 50-nJ, 200-fs pulse inside an optical fiber with a mode-field diameter
of 6 um. In the simulation, only SPM is considered. The corresponding optical pulse (blue
curve) and the calculated transform-limited pulse (red curve) from the filtered spectral are
shown in (a) for the leftmost lobe and in (b) for the rightmost lobe. Insets: filtered optical
spectra. TL: transform-limited.

after propagating 6-cm distance (Fig. 4.1(b)) the optical spectrum develops 24 spectral lobes
and covers the spectral range between 800 nm and 1.4 um—a spectral range highly desired
for MPM imaging.

We numerically filter both the leftmost and the rightmost spectral lobes, and plot them
as the insets of Figs. 4.2(a) and 4.2(b), respectively. The blue curves in these figures are
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the optical pulses corresponding to the filtered spectra; as a comparison, we also plot in
these figures the transform-limited pulses (red curves) calculated from the filtered spectra.
Clearly, both optical pulses are nearly transform-limited with the same pulse duration of
44 fs. Another intriguing feature of the SPM-broadened spectrum is that the leftmost and
rightmost spectral lobes are the strongest; these two spectral lobes have a total energy of
21 nJ (10.5 nJ for each), accounting for >40% of the total energy. Note that other spectral
lobes in Fig. 4.1(b) can also be filtered; however these intermediate spectra possess much
less pulse energies compared with the leftmost/rightmost spectral lobes. In the rest of this
Chapter, we restrict our discussion on these leftmost/rightmost spectral lobes.

Simulation results in Fig. 4.1 suggest a novel method to implement a multi-color ultrafast
source. The filtered two spectral lobes plus the original laser wavelength enable the laser
system producing ultrashort pulses at three different center-wavelengths. More important,
the center wavelength of these filtered spectral lobes can be continuously tuned by adjusting
the power coupled into the fiber for a fixed fiber length.

4.4 Effect of SS and SRS

The results in Fig. 4.1, though informative and impressive, are unpractical since only SPM is
considered. Other nonlinear effects such as SS and SRS take place as well. To investigate
their role in spectral broadening, we redo the simulation in Section 4.3 by further including
SS or both SS and SRS; the resulting spectra after propagating 6 cm are plotted in Fig. 4.3(a).
The spectrum broadened due to SPM and SS (blue curve in Fig. 4.3(a)) is significantly
blue shifted compared with the SPM-broadened spectrum (Fig. 4.1(b)). When SRS is also
included, the resulting spectrum (red curve in Fig. 4.3(a)) becomes slightly narrower due
to the small red shift of those spectral lobes on the left side; the corresponding pulse of this
spectrum is shown as the inset. Nearly maintaining its initial pulse duration of 200 fs, the
optical pulse exhibits a much steeper trailing edge because of SS. It is the SS-induced steep
trailing edge that extends the overall spectrum more into the shorter wavelength range.

We filter the leftmost and rightmost spectral lobes in the spectrum broadened by SPM
together with SS and SRS (red curve in Fig. 4.3(a)), and plot the corresponding optical pulses
in Fig. 4.3(b). The filtered spectral lobes are shown as insets in Fig. 4.3(b). The filtered pulse
centered at 0.7 um has a duration of 19 fs with 5.6-nJ pulse energy; the other pulse centers at
1.23 um with 67-fs duration and 13.2-nJ energy. Both pulses are nearly transform limited
(off by <0.5 fs). We also calculate the peak wavelength and energy conversion efficiency as a
function of propagation distance for the leftmost and right most spectral lobes, respectively;

the simulation results are summarized in Fig. 4.4(a) for the leftmost lobe and Fig. 4.4(b) for
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Fig. 4.3 Propagation of a 50-nJ, 200-fs pulse through 6-cm optical fiber with a mode-field
diameter of 6 um. (a) Optical spectra for simulations including SPM and SS (blue curve)
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the simulation includes SPM, SS, and SRS. (b) Leftmost and rightmost spectral lobes are

filtered, respectively.
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the rightmost lobe. The peak wavelengths for both lobes shift linearly with respect to the

fiber length. Meanwhile, the conversion efficiency continuously drops from 23% to 11% for

the leftmost spectral lobe as the fiber length increases from 2.5 cm to 6 cm. As a contrast,

the conversion efficiency for the rightmost spectral lobe exhibits a slight decrease, from 32%

to 27%. The simulation results in this section reveal the following effects exerted by SS and

SRS on spectral broadening and energy conversion to the leftmost/rightmost spectral lobes:

1. SS extends the broadened spectrum more towards the shorter wavelength.

2. For SPM-broadened spectrum, the leftmost and rightmost spectral lobes share the
same energy. When SS and SRS are included, more energy is converted into the
rightmost spectral lobe, though total conversion efficiency into these two spectral lobes
is comparable for the two cases—40% for SPM-broadened spectrum and 38% if SS
and SRS are considered as well.

3. The effect of SRS is minimal compared with SS.
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4.5 Effect of dispersion

The simulation in Section 4.4 takes into account all the nonlinear effects and serves the
purpose of understanding the physical mechanism underlying the spectral broadening; how-

ever, neglecting GVD makes the simulation inaccurate in predicting experimental results.
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Fig. 4.5 Propagation of a 50-nJ, 200-fs pulse through 6-cm optical fiber with a mode-field
diameter of 6 um. (a) Optical spectra for simulations including SPM, SS, SRS, and GVD (5
fs%/mm). Inset: close-up of the spectral range from 600-800 nm. (b) Corresponding optical
pulse. Inset: close-up of the pulse envelope in the temporal range of 250-300 fs.
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GVD undoubtedly plays an important role in nonlinear fiber optics, and can be flexibly
engineered in a broad range [119]. Various fascinating nonlinear phenomena arise from the
nonlinear pulse propagation inside a fiber with negative GVD, such as modulation instability,
soliton formation, soliton fission, dispersive wave generation, and Raman soliton, to name a
few. Due to complicated nonlinear interaction taking place inside a negative-GVD fiber, the
resulting broadened spectrum features fine structures with reduced phase coherence; gener-
ation of nearly transform-limited pulse from a filtered spectrum becomes challenging and
suffers from poor conversion efficiency. In contrast, spectral broadening in a positive-GVD
fiber avoids involving above mentioned nonlinear phenomena and generates much smoother

optical spectrum. Therefore we restrict our discussion in the context of positive GVD.
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Fig. 4.6 The calculated peak wavelength and energy conversion efficiency as a function of
propagation distance for the leftmost (a) and right most spectral lobes (b), respectively

We redo the simulation in Section 4.4 by further including a GVD of 5 fs?/mm for the
fiber with all other parameters unchanged. Figures 4.5(a) and 4.5(b) plot the optical spectrum
and the pulse after 6-cm propagation distance. Due to the positive GVD, the initial 200-fs
pulse increases its duration along the propagation, leading to a reduced nonlinearity and
thus a narrower broadened-spectrum. As Fig. 4.5(b) shows, the pulse at 6-cm propagation
distance has a duration of ~ 400 fs. Rapid oscillation (inset of Fig. 4.5(b)) appears at the
pulse’s steep trailing edge, indicating onset of optical wave breaking [104], which in the

spectral domain manifests as a pedestal extending to < 650 nm (inset of Fig. 4.5(a)).
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Comparison of Fig. 4.5(a) and Fig. 4.4(a) suggests that positive GVD tends to wash out
the lobe structures in the optical spectrum; that is, the spectral valleys between two adjacent
peaks become shallower when positive GVD is included. We numerically use super-Gaussian
shaped bandpass filters to select the leftmost and the rightmost spectral lobes, and plot them
as the insets of Figs. 4.6(a) and 4.6(b), respectively. Similar to Figs. 4.2(a) and 4.2(b), the
blue curves in these figures are the optical pulses corresponding to the filtered spectra, and

red curves are the transform-limited pulses calculated from the filtered spectra. The filtered
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Fig. 4.7 The evolution of 50 nJ pulses propagating in 6-cm fiber and the evolution of 150 nJ
pulses propagating in 2-cm fiber. (a) spectra evolution. (b) temporal evolution
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spectral lobes peak at ~ 855 nm and ~ 1195 nm, corresponding to a 42-fs, 7.4-nJ pulse
and a 71-fs, 10.3-nJ pulse, respectively. The transform-limited pulses calculated from the
filtered spectra are 30 fs and 67 fs in duration, respectively, showing that the filtered pulses
are slightly chirped.

To better understand the effect of GVD, we perform another simulation with the GVD
increased from 5fs%/mm to 15fs? /mm with all other parameters unchanged. As the blue
curve in Fig. 4.7(a) shows, the resulting optical spectrum becomes much narrower and its
lobe structures tend to wash out. Due to larger GVD, optical wave breaking occurs at the
leading edge of the pulse as well and becomes stronger at the trailing edge (blue curve in
Fig. 4.7(b)), manifesting in the spectral domain as pedestals emerging at both the short- and
long-wavelength edges (blue curve in Fig. 4.7(a)).

Fortunately, the detrimental effects caused by GVD can be prevented by increasing the
input pulse energy and reducing the fiber length. Indeed, Eq. 4.1 remains unchanged if
A(z,t), B, and z are replaced by VNA (z,t), NB,, and z/N, where N is a positive number.
Such a scaling property suggests that increasing the input pulse energy and shortening the
propagation distance can cancel out the unfavorable effects of an increased GVD. To confirm
this scaling property, we numerically propagate a 150-nJ pulse through 2-cm fiber with
15fs% /mm GVD and plot the results as the red curves in Fig. 4.7. As expected, the resulting
spectrum (red curve in Fig. 4.7(a)) and pulse (red curve in Fig. 4.7(b)) share exactly the
same profile as their counterparts shown in Figs. 4.3(a) and 4.3(b) that are obtained from
propagating 50-nJ pulse through 6-cm fiber with 5 fs?> /mm GVD. The filtered spectra and
pulses from the red curve in Fig. 4.7(a) are also the same in profile as those in Figs. 4.6(a)
and 4.6(b), but possess 3 times more energy. More specific, the filtered pulses have 22.2 nJ
(30.9 nJ) pulse energy for the filtered spectral lobe at ~ 855 nm (~ 1195 nm). These results
suggest an energy scalable approach in implementing wavelength tunable ultrafast sources:
increase input pulse energy and shorten fiber length to minimize the GVD effect such that

fiber nonlinearities (mainly SPM) dominate the spectral broadening process.

4.6 Conclusion of Chapter 4

We propose and demonstrate a new method of producing widely tunable femtosecond pulses.
The method employs fiber-optic nonlinearities to broaden an input optical spectrum, followed
by optical bandpass filters to select the leftmost or rightmost spectral lobes. The simulation
results show that the filtered spectral lobes correspond to nearly transform-limited pulses
with ~ 100 fs pulse duration. Fiber dispersion causes optical wave breaking, which slows

down the shift of the leftmost/rightmost spectral lobes and ultimately limits the wavelength
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tuning range of the filtered spectra. A detailed numerical simulation verified by subsequent
experimental results reveal that such a dispersion-induced limitation can be overcome by
shortening the fiber length while increasing the input pulse energy. The benefits are twofold:
(1) optical wave breaking is alleviated leading to larger spectral shift and (2) the filtered
spectral lobes have higher power, indicating a practical approach of power scaling. We
believe that our proposed source represents a cost-effective substitute of the conventional
MPM driving source, i.e., a combination of Ti:sapphire laser plus a solid-state OPO. With
the possibility of implementing our ultrafast source in an all-fiber format (Yb-fiber laser plus
fiber-optic spectral broadening), this energy scalable approach paves an avenue to operate

MPM in rugged environments outside research labs.






Chapter 5

SPM-enabled, wavelength-tunable
ultrafast fiber laser sources: experiment

5.1 Introduction

In Chapter 4, we proposed a new method of producing wavelength widely tunable femtosec-
ond pulses for driving MPM. The method employs fiber-optic nonlinearities (dominated by
SPM) to broaden an input optical spectrum, followed by optical bandpass filters to select
the leftmost or rightmost spectral lobes. The filtered spectral lobes correspond to nearly
transform-limited pulses with 100 fs pulse duration. Optical wave breaking caused by fiber
dispersion slows down the spectral broadening and ultimately limits the wavelength tuning
range of the filtered spectra. Such a dispersion- induced limitation can be overcome by
shortening the fiber length while increasing the input pulse energy. The resulting benefits are
twofold: (1) optical wave breaking is alleviated leading to larger spectral shift and (2) the
filtered spectral lobes have higher power, indicating a practical approach of energy scaling.
In this chapter, we verify the theoretical prediction in Chapter 4 by presenting detailed
experimental results. In particular, we demonstrate that energy scaling of this method can
be achieved by using shorter, LMA fibers for SPM-enabled spectral broadening. In Section
5.2, we present the details of constructing an ultrafast Yb-fiber CPA system of moderate
power level (<10 W) serving as the driving source for SPM-enabled spectral broadening.
Section 5.3 and 5.4 describe experimental results using low-dispersion PCFs and LMA fibers,
respectively. We then use such a source for MPM imaging and present the preliminary results

in Section 5.5. Section 5.6 concludes this chapter.
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5.2 Ultrafast Yb-fiber CPA system of moderate power level
(<10 W)

The 1 um laser system producing the ultrashort pulses for our SPM-enabled wavelength-
tunable source was designed and built using the CPA architecture similar as the laser system
described in Chapter 2, but at a substantially lower power level. We call this laser system as

"mini-CPA" in the following discussion.

5.2.1 Setup of Yb-fiber mini-CPA system

Figure 5.1 depicts the schematic of our mini-CPA system. A home-built Yb-fiber oscillator

based on nonlinear polarization evolution produces 55-MHz ultrashort pulses centered at
1033 nm with 70-mW average power. These pulses were first stretched to ~ 20 ps in a
fiber-based stretcher, and then amplified in a two-stage fiber amplifier using polarization-
maintaining Yb-doped fibers. The first stage was constructed with single- clad gain fiber
(PM Yb-501 from Coractive) and pumped with a 500 mW single-mode butterfly pump diode.
The second stage was built using double-clad Yb-doped fiber (Yb1200-PM from nLight)
and pumped by a 20-W multimode pump diode. The central wavelength of the two pump
lasers was both at 975 nm. After an optical isolator, a compressor including two identical

fused-silica transmission diffraction-gratings (1000 lines/mm groove density) de-chirped the

amplified pulses.

PM Yb 501 45cm Yb fiber 1.05m

12/125um
Sg Z) I:llso (g i) Grating
WDM Beam compressor
combiner

Fig. 5.1 Schematic of Yb-fiber mini CPA system used for SPM-enabled spectral broadening.

Stretcher

Oscillator

5.2.2 [Experimental results

Figure 5.2 demonstrates the output power from the main amplifier and the compressed output
average power depending on the absorbed pump power. The slope efficiency is as high as
74%, which is a typical number for Yb-doped fiber amplifier. With about 14-W absorbed
pump power, we obtained >10 W output power, corresponding to ~200-nJ output pulse
energy. After the transmission grating pair, the maximum output power is 8 W, corresponding
to 170 nJ compressed pulse energy. The compression efficiency is ~ 80%.
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Fig. 5.2 Laser output power and compressed output power versus absorbed pump power.

By varying the distance between the two compressor gratings and changing the length of
fiber stretcher for higher-order dispersion compensation, the output pulse duration can be
de-chirped to the close-to-transform-limited value of 190 fs. Figure 5.3 and Fig. 5.4 show
the optimization process for pulse compression by cutting back the stretcher fiber. Using
32 meters of SMF (PM 980) and 2.6 meters of stretcher fiber (customized from OFS), the
GDD of the system can be well compensated by the diffraction-grating pair. With such a
combination, the pedestal of autocorrelation trace caused by higher-order dispersion was
substantially suppressed. The detailed dispersion of the OFS stretcher fiber can be found in
Chapter 2 ( Sec. 2.3).
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5.2.3 Potential for all-fiber format

Yb-doped fiber lasers exhibit superior performance (such as high optical- to-optical efficiency,
broad gain bandwidth and outstanding thermo-optical behavior, and simplicity of operation)
and have established themselves as one of the most promising candidate for application
in harsh environment. Thanks to the rapid progress in novel fiber fabrication, an all-fiber
configuration CPA system with moderate pulse energy (hundreds of nJ) is possible. For
example, with specific fiber design, a fused-silica fiber can exhibit negative TOD and therefore
can be used to replace the traditional grating stretcher. As for the compressor, the situation
becomes more challenging due to the high peak power obtained in the amplifier. Since the
pulse energy for MPM application is at the level of hundreds of nJ, pulse compression in a
hollow-core (HC) photonic band-gap fiber (PBGF) is an ideal replacement for diffraction
gratings. Such a HC PBGF possesses anomalous dispersion with a significantly reduced
nonlinearity because light propagates inside the air core.

It is noteworthy that commercially available HC PBGFs have considerable transmission

loss, and thus the compression fiber should be short, which limits the stretched pulse duration.
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Fig. 5.5 Proposed routine for using HC-PCF to replacing diffraction grating pair to realize all
fiber CPA system.
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To suppress the accumulated nonlinear phase we could use the gain fiber with larger mode
area.

Figure 5.5 shows a proposed design of replacing the diffraction grating compressor with
commercially available HC PBGF (HC-1060-2 from NKT). To mitigate the detrimental
nonlinear effects, we need to double the mode-field diameter of current gain fiber such that

only 5 meters of HC-1060-2 are required to compress the amplified pulses.

5.3 SPM-enabled tunable source based on low-dispersion
PCF's

To confirm the simulation results in Chapter 4, we carry out a detailed experimental study.
The setup is depicted in Fig. 5.6. The compressed pulses from the mini-CPA system were
coupled into a nonlinear fiber for SPM-enabled spectral broadening followed by optical
bandpass filters to select the rightmost spectral lobe. A half-wave plate and a polarization
beam splitter were used to adjust the powered coupled into the nonlinear fiber. Finally, as a
proof-of-principle, we employed the filtered femtosecond source to drive a laser scanning
microscope to perform MPM imaging of cancer cells and skin samples. The optical spectrum
and the measured autocorrelation trace of the pulse train are shown in Fig. 5.7. As the simu-
lation predicts, use of low-dispersion fibers facilitates SPM-dominated spectral broadening,

leading to further shift for the leftmost and rightmost spectral lobes. As a proof-of-principle
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Fig. 5.6 Schematic setup of the fiber-based SPM-enabled tunable source.ISO: isolator, WDM:
wavelength division multiplexer, LD: laser diode, DM: dichroic mirror, HWP: half-wave
plate, PBS: polarization beam splitter, NL fiber: nonlinear fiber, BP: optical bandpass filter
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demonstration, we choose two PCFs commercially available from NKT Photonics: NL-1050-
ZERO-2 and NL-1050-NEG-1, both featuring low and flat dispersion in the wavelength range
of 850-1250 nm. Their dispersion curves are plotted in Fig. 5.8; also plotted in the same
figure for comparison is the dispersion curve of fiber HI1060—a popular SMF fabricated
by Corning. Indeed, these two PCFs (NL-1050-ZERO-2 and NL-1050-NEG-1) have been
widely used in nonlinear spectral broadening for supercontinuum generation [120-125] and

generation of femtosecond pulses in the 1.3-pum spectral region [126—-129].

Figure 5.9 records the rapid broadening of the output spectra generated from PCF NL-
1050-ZERO-2 and NL-1050-NEG-1 for different input pulse energies of 1 nJ (Fig. 5.9(a)), 3
nJ (Fig. 5.9(b)), 5 nJ (Fig. 5.9(¢)), and 7 nJ (Fig. 5.9(d)). Both fibers are 80 mm in length.
Clearly, for a fixed fiber length, the spectrum broadens with increased pulse energy. Take
PCF NL-1050-ZERO-2 (blue solid curves in Fig. 5.9) as the example: as we increase the
coupled pulse energy from 1 nJ to 5 nJ, SPM dominates the spectral broadening and the
rightmost spectral lobe red-shifts linearly with the increased energy. With 5-nJ pulse energy
coupled into the fiber, optical wave breaking occurs at the pulse’s trailing edge and generates
a noticeable spectral bump at the short-wavelength side peaking at 790 nm (blue solid curve
in Fig. 5.9(c)). Further increasing pulse energy to 7 nJ leads to stronger optical wave breaking

and thus a blue-shifted spectral pedestal reaching 700 nm; meanwhile, a small spectral bump
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Fig. 5.8 Dispersion curves for PCF NL-1050-ZERO-2 (red), NL-1050-NEG-1 (blue), and
SMF HI1060 (green).

emerges at the long-wavelength side peaking at 1300 nm due to the optical wave breaking
taking place at the pulse’s leading edge (blue solid curve in Fig. 5.9(d)). Onset of optical
wave breaking slows down and eventually stops the red-shift (blue-shift) of the rightmost
(leftmost) spectral lobe. Similar features can be found for the optical spectra (red dotted
curves) generated by 80-mm PCF NL-1050-NEG-1.

It is noteworthy that these two PCFs have nearly identical mode-field diameter (MFD)
of 2.2 um (corresponding to nonlinear coefficient of 37 W~ 'km~! at 1064 nm). The huge
difference between the two spectra generated from these two fibers at the same input pulse
energy is thus caused by dispersion. The results in Fig. 5.9 clearly show that PCF NL-1050-
ZERO-2 produces a broader spectrum than PCF NL-1050-NEG-1 at the same pulse energy
because the former fiber exhibits less dispersion than the latter one (Fig. 5.8). Furthermore,
simulation results in Sec. 4.3 suggest that positive GVD tends to wash out the lobe structures
in the optical spectrum and the spectral valleys between two adjacent peaks become shallower.
This is experimentally verified by comparing the five optical spectra obtained from 80-mm
PCF NL-1050-ZERO-2. As we broaden the spectrum by increasing the input pulse energy
form 1 nJ to 5 nJ, both the left and right spectral edges of the broadened spectrum experience
more positive GVD due to the parabolic shape of the dispersion curve. Consequently, the

spectral lobes become less pronounced. The optical spectra generated by 80-mm PCF NL-
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Fig. 5.9 Output spectra from PCF NL-1050-ZERO-2 (blue solid curves) and NL-1050-NEG-1
(red dotted curves) with different input pulse energies of 1 nJ (Fig. 6(a)), 3 nJ (Fig. 6(b)), 5
nJ (Fig. 6(c)), and 7 nJ (Fig. 6(d)). Both fibers are 80 mm long.

1050-NEG-1 share similar features with even shallower spectral valleys due to the larger
dispersion than PCF NL-1050-ZERO-2.

To investigate the energy scaling property offered by shortening the fiber length, we
prepare another 40-mm long PCF NL-1050-ZERO-2 and adjust the coupled pulse energy
such that the resulting rightmost spectral lobes peak at the same wavelength as those obtained
from the 80-mm PCF. Figure 5.10 records the output spectra generated from both fibers at
different input pulse energies. A comparison between the experimental results from 80-mm
(blue solid curves) and 40-mm (red dotted curves) PCFs reveal the following interesting
facts:

1. In order to generate the rightmost spectral lobe peaking at a certain wavelength, using
shorter PCF requires more pulse energy.

2. Results in Figs. 5.10(a)-5.10(c) indicate that, before optical wave breaking becomes
notable, reducing the fiber length by a factor of two (80 mm vs. 40 mm) demands

nearly twice much energy (1 nJ vs. 2.1 nJ, 3 nJ vs. 6 nJ, and 5 nJ vs. 9.8 nJ) to overlap
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the rightmost spectral lobes. It can be expected that if we use proper optical bandpass
filters to select the rightmost spectral lobes, the resulting filtered spectra from the
40-mm PCF have twice power/energy compared with those obtained from the 80-mm
PCF. This proves the power/energy scalability of our proposed method.

3. With 7-nJ pulse energy (Fig. 5.10(d)) coupled into the 80-mm PCF, onset of optical
wave breaking at the pulse’s leading edge slows down the red shift of the rightmost
spectral lobe. As the pulse energy is increased from 5 nJ to 7 nJ, the rightmost spectral
lobe shifts only 15 nm from 1.17 pum to 1.185 pm. For the 40-mm PCEF, optical wave
breaking at the pulse’s leading edge is nearly absent due to less accumulated dispersion;
as a result, only 11.1-nJ (rather than ~ 14 nJ) pulse energy is required to generate the
rightmost spectral lobe peaking at 1.185 um.

T ) l .
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L 40 mm, 2.1 nJ
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- —— 80 mm, 3 nJ (b)
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Fig. 5.10 Output spectra from PCF NL-1050-ZERO-2 at different fiber lengths (80 mm versus
40 mm) and input pulse energies. Blue solid curves and red dotted curves represent optical
spectral generated from 80-mm PCF and 40-mm PCF, respectively. We adjust the input pulse
energies such that the spectra generated by both fibers have their rightmost spectral lobes
peaking at 1.07 um (Fig. (a)), 1.12 um (Fig. (b)), 1.17 um (Fig. (¢)), 1.185 um (Fig. (d)), and
1.20 um (Fig. (e)). Coupled pulse energies for each fiber are presented in each figure as well.



5.3 SPM-enabled tunable source based on low-dispersion PCFs 79

4. Optical wave breaking arises from the interaction between SPM and positive GVD.
Using a shorter PCF reduces the overall positive GVD and consequently mitigates
the effect of optical wave breaking. This is evidenced by the results shown in Figs.
5.10(c)-5.10(d) the spectral bumps become less noteworthy for the spectra obtained
using 40-mm PCF, whereas the leftmost lobes in these spectra experience a larger
blue-shift. For example, the leftmost spectral lobe peaks at 0.83 um when 11.1-nJ
pulse energy is coupled into the 40-mm PCF. In contrast, this spectral lobe peaks at
0.86 um for the 80-mm PCF with 7-nJ input pulse energy.

To demonstrate a wavelength-tunable ultrafast source with >1 nJ pulse energy, we further
shorten PCF NL-1050-ZERO-2 to 20 mm. We vary the average power coupled into the fiber
and use a series of optical bandpass filters to select the leftmost or the rightmost spectral
lobes. The corresponding optical pulses are characterized by an autocorrelator. With average
powers at 820 mW, 605 mW, 550 mW, 760 mW, and 900 mW, we obtain five representative
filtered spectra (left column in Fig. 5.11) peaking at 825 nm, 875 nm, 1100 nm, 1150 nm,
and 1210 nm with average powers of 60 mW, 56 mW, 154 mW, 167 mW, and 180 mW,
respectively. At a repetition-rate of 55 MHz, all the filtered spectra exhibit >1 nJ pulse
energies. The measured autocorrelation traces of the optical pulses corresponding to these
filtered spectra are shown as red curves in the right column of Fig. 5.11. Also plotted in
the right column are the calculated autocorrelation traces of the transform-limited pulses
allowed by the filtered spectra. Clearly these pulses are slightly chirped; the FWHM duration
of their autocorrelation traces is in the range of 96-164 fs. The corresponding pulse duration

is estimated to be 70-120 fs, assuming a deconvolution factor of 1.4.
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Fig. 5.11 (left column) Filtered optical spectra from 20-mm PCF NL-1050-ZERO-2; their
peak wavelength and average power are labeled in the figure. (right column) Measured
autocorrelation traces (red solid curves) and autocorrelation traces calculated from the
transform-limited pulses allowed by the filtered spectra (black dotted curves).

The experimental results show that we can implement a femtosecond (70-120 fs) source
with the peak wavelength tunable from 825 nm to 1210 nm with > 1 nJ pulse energy
(repetition rate of our laser: 55 MHz). Both the wavelength tuning range and pulse energy
can be improved by further shortening the fiber.

5.4 SPM-enabled tunable source based on LMA fibers

In the previous work, the SPM-broadened spectra were obtained inside PCFs with a MFD of
2.2 um. We expect that use of optical fibers with larger MFDs will lead to much stronger
filtered pulses. In this work, we tested three different commercially available fibers: LMA-8,
HI-1060, and LMA-5; see Table 5.1 for information about these fibers. Their MFDs are
7.5 um (LMA-8), 5.8 um (HI-1060), and 4.7 um (LMA-5); the corresponding GVDs at
1030 nm are -21, -42 and -5 ps/km/nm, respectively. The strength of fiber-optic nonlinearity

can be quantified by the well-known nonlinear parameter 7, which is defined as parameter
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Yy =2mny/(AAcs¢). ny is the nonlinear-index coefficient of fused silica with a typical value
of 2.3 x 1072°m?/W. A denotes the wavelength and A, 7 the mode-field area. The last
column of Table 5.1 lists the calculated nonlinear parameter for these three optical fibers.
Apparently fiber LMA-8 has the smallest nonlinear parameter (3.2 W~ 'km~") due to the
largest MFD while fiber LMA-5 has the largest nonlinear parameter (8.1 W~ km~") due to
the smallest MFD.

Table 5.1 Properties of optical fibers used for spectra broadening

Type Azpy D@1030nm MFD @ 1030nm vy @ 1030 nm

nm  ps/(kmnm) pm W kem™!
LMA-8 1160 -21 7.5 3.2
HI-1060 1310 -42 5.8 5.3
LMA-5 1050 -5 4.7 8.1

For a fair comparison of their energy scalability, all the three fibers under test are 70 mm
long. We varied the coupling power into each fiber such that the rightmost spectral lobe peaks
at 1100 nm. Figures 5.12(a-c) show the entire broadened spectra from these three fibers. Also
labeled in these figures are the coupled powers into these fibers: 1.46 W for LMA-8, 1.36 W
for HI-1060, and 0.4 W for LMA-5. Clearly because fiber LMA-8 has the smallest nonlinear
parameter, it requires more coupled power such that the generated rightmost spectral lobe
peaks at 1100 nm. We then use a 50-nm optical bandpass filter centered at 1100 nm to filter
the rightmost spectral lobes of these spectra and record them in Fig. 5.12(d). Clearly, the
filtered spectrum generated from fiber LMA-8 corresponds to the highest average power of
340 mW (6.2-nJ pulse energy) largely because it has a smaller nonlinear parameter due to a
larger MFD than the other two fibers. Furthermore, a larger MFD allows fiber LMA-8 to
handle higher coupled power than fiber HI-1060 and LMA-5 before surface damages take
place. Therefore fiber LMA-8 shows an overall better scaling performance and we carried

out further detailed experimental investigation of this fiber.
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Fig. 5.12 (a-c) SPM-broadened spectra in three different types of optical fibers: (a) fiber
LMA-8, (b) fiber HI-1060, and (c) fiber LMA-5. All the fibers are 70 mm in length. The
coupled powers into each fiber are also given in each figure. (d) Power comparison of the
rightmost spectral lobes filtered from the spectra shown in (a-c). The optical bandpass filter
peaks at 1100 nm with 50-nm bandwidth.

To demonstrate the wavelength tunability, we varied the coupled average power into
70-mm fiber LMA-8; the resulting spectral evolution versus coupled average power is shown
in Fig. 5.13(a). The optical spectrum becomes broader with more coupled power into the
fiber. At 4-W coupled power, the enter spectrum spans from 870 nm to 1220 nm, and the
resulting rightmost spectral lobe redshifts from 1050 nm to 1220 nm. We then used a set
of optical bandpass filters to filter the rightmost spectral lobes and recorded seven typical
filtered spectra in Fig. 5.13(b), with their center wavelength varying in 1080-1200 nm. Figure
5.13(c) plots the measured autocorrelation traces (red curves) for the filtered spectra at 1080
nm, 1140 nm, and 1220 nm. We also plot in the same figure the calculated autocorrelation
traces of the transform-limited pulses allowed by the filtered spectra. Clearly these pulses
are slightly chirped; the full-width-half-maximum duration of their autocorrelation traces
is in the range of 68-90 fs. The corresponding pulse duration is estimated to be 50-65 fs,
assuming a deconvolution factor of 1.4.
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Fig. 5.13 SPM-enabled femtosecond sources using 70-mm fiber LMA-8. (a) Optical spectral
evolution as a function of coupled power. (b) Filtered rightmost spectral lobes for different
coupled powers. (c) Measured autocorrelation traces of the filtered lobes at 1080 nm, 1140
nm, and 1220 nm. The calculated autocorrelation traces of the transform-limited pulses
allowed by the filtered spectra are shown as black dotted curve.
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In addition to managing nonlinearity using fibers with different MFDs, fiber length is
another degree of freedom. To show how fiber length affects fiber-optic spectral broadening,
we coupled 3 W pulses into fiber LMA-8 of four different lengths: 20 mm, 30 mm, 50
mm, and 70 mm. Figure 5.14 shows the resulting broadened spectra from these fibers.
Cleary the distinct, rightmost spectral lobe red shifts with the increased fiber length. The
rightmost spectral lobe peaks at 1080 nm (1170 nm) for 20-mm (70-mm) LMA-8. Apparently
much more powers need to be coupled into the 20-mm fiber LM A-8 such that the resulting
rightmost spectral lobe will be shifted to 1170 nm; in this scenario, the filtered spectrum at
1170 nm should result in much higher pulse energy than can be generated by filtering the
rightmost spectral lobe generated by the 70-mm LMA-8. This constitutes another powerful
energy-scaling means—using shorter fibers for SPM-enabled spectral broadening. We varied
the coupled power into these fibers to generate the filtered spectra at different wavelengths.
Figure 5.15 summarizes the pulse energies given by the filtered spectra peaking at different
wavelengths corresponding to different fiber lengths. As expected, the filtered spectra from
shorter fibers exhibit higher pulse energies at the same peaking wavelength. For example,
the filtered spectrum at 1100 nm has a pulse energy of 6.5 nJ, 8.5 nJ, 14.5 nJ, and 22 nJ for
the fiber length of 70 mm, 50 mm, 30 mm, and 20 mm, respectively. However, due to the
available power from our fiber laser system, using shorter fibers reduces the wavelength-shift
range; that is, the farthest reaching wavelengths are 1215 nm, 1200 nm, 1140 nm, and 1110

Fig. 5.14 The spectrum broadening of LMA-8 with four different lengths: 20 mm, 30 mm,
50 mm, and 70 mm. The coupled power is fixed at 3W.
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nm for the fiber LMA-8 length at 70 mm, 50 mm, 30 mm, and 20 mm, respectively. Using a
more powerful fiber laser source can increase the farthest reaching wavelength. Numerical
simulation shows that, if 11-W average power (200-nJ pulse energy) is coupled into the
20-mm LMA-8, the rightmost spectral lobe peaks at 1200 nm and the filtered spectrum will
exhibit >40 nJ pulse energy, corresponding to >2.2-W average power.
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Fig. 5.15 Pulse energy of the filtered rightmost spectral lobes at different central wavelengths
corresponding to different fiber lengths of 70 mm, 50 mm, 30 mm, and 20 mm.

5.5 MPM bio-imaging using SPM-enabled ultrafast sources

To show that our SPM-enabled ultrafast fiber laser source is well suited for MPM, we use
this source to drive a laser scanning microscope to perform MPM imaging.

First example is to use this energy-scalable femtosecond source in a two-photon excited
fluorescence microscope to study cancer cells. The cancer cells are labeled with green
fluorescence proteins, which can be two-photon excited by the filtered spectrum at 920 nm
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with 1.4 nJ pulse energy and 85 fs pulse duration. Figure 5.16 shows a typical fluorescence

image.

Fig. 5.16 Two-photon excited fluorescence imaging of cancer cells labelled with green
fluorescence proteins.

The second example is to use the filtered 1100-nm source to perform MPM imaging of a
human skin sample. We use SHG and THG as the image contrast. Figure 5.17 shows the
MPM images at different penetration depth; SHG of collagen is colored in green and THG of
basal cell in purple.

(a) )

Fig. 5.17 MPM imaging of a human skin sample driven by the filtered out spectra lobes.
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5.6 Conclusion of Chapter 5

We experimentally demonstrated a new type of fiber-laser based femtosecond source, which
employs SPM in an optical fiber as the dominant spectral-broadening mechanism. Using 20-
mm commercially available PCF to achieve spectral broadening and several optical bandpass
filters to select the leftmost/rightmost spectral lobes, we implemented a femtosecond (70-120
fs) source with wavelength tunable from 825 nm to 1210 nm with >1 nJ pulse energy.

The obtained pulse energy can be further increased using LMA fibers for spectral broad-
ening. LMA fibers with proper dispersion allow us to scale up the pulse energies up to 20 nJ
in the wavelength range of 1070-1220 nm. Such a powerful source is well suited for deep
tissue MPM imaging. A proof-of-principle study of a human skin sample using multiple
imaging modalities demonstrates that such an ultrafast source has the potential for virtual

skin biopsy.






Chapter 6
Conclusion and outlook

In recent years, high—power ultrafast fiber laser systems have become the main workhorse in
many fields in industry and medical applications as well as for scientific research, due to their
main advantages of excellent heat dissipation capability, high single-pass gain, robustness,
compactness and simplicity of operations. Finding new avenues to improve two essential
properties of such laser systems—energy scaling capability and wavelength tunability—is
currently a topic of important research efforts.

High average power ultrafast Yb-fiber laser system driving an enhancement cavity is
one of the most promising methods for HHG with high photon flux. This method relies
on the coherent superposition of ultrashort pulses inside a high-finesse cavity resulting in
an enhancement of peak intensity by a factor of more than 100. In Chapter 2, we have
constructed from scratch a high-power Yb-fiber MOPA system, consisting of a monolithic
Yb-fiber oscillator, an all-fiber stretcher, a pre-amplifier chain, a LPF-based main amplifier,
and a diffraction-grating based compressor. The monlithic Yb-fiber oscillator was carefully
designed with near-zero net-cavity dispersion compensated by CFBG, to reach the lowest
noise state of mode-locking. The oscillator has two locking interfaces to allow the laser sys-
tem easily locked together with the enhancement cavity. In particular, high-order dispersion
compensation by special fiber with negative TOD was carefully described in Chapter 2.

To increase the conversion efficiency to high-energy photons by HHG, it is highly de-
sirable to obtain the ultrafast pulses with duration as short as possible. Due to the limited
gain bandwidth (~ 40 nm) of Yb-doped fiber, the pulse generated from traditional CPA
system (as described in Chapter 2) normally has more than 150 fs pulse duration. Conse-
quently, pulse-shortening techniques play a pivotal role for efficient high-power HHG. In
Chapter 3, we demonstrate a pre-chirp managed nonlinear Yb-fiber amplifier that outputs
75-MHz spectrally broadened pulses with >130-W average power. The amplified pulses

are compressed to ~60-fs pulses with 100-W average power, constituting a suitable driving
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source for cavity-enhanced HHG. The key enabling technique employed in this Yb-fiber laser
system is pre-chirp management; that is, fine tuning chirp of the pulses before seeding into a
nonlinear Yb-fiber amplifier. We have both theoretically and experimentally demonstrated
that such a pre-chirp management method ensures high-quality compression of the amplified
and spectrally broadened pulses. Here we show that, by using an Yb-doped rod-type LPF
as the power amplifier, the pulse energy can be scaled to the pJ-level without the need for
conventional CPA technique. In particular, due to the small GDD of the output put pulses, we
could apply high-dispersion mirrors to compress the pulses, further reducing the complexities
and shrinking the size of the whole system compared with CPA technology.

In Chapter 4, we propose a new type of fiber-laser based femtosecond source, which
employs SPM in an optical fiber as the dominant spectral-broadening mechanism. This
source is energy scalable and has a potential to cover the entire wavelength-tunable range of
800-1300 nm in an all-in-one unit. This chapter presents an in-depth theoretical analysis of
the effects of dispersion, self-steepening and SRS on the novel mechanism. As the simulation
results predict, the resulting filtered spectra correspond to slightly chirped, femtosecond
(70-120 fs) pulses, which can be easily compressed to the transform-limited duration. The
proposed source represents a cost-effective substitute of the conventional MPM driving
source, i.e., a combination of Ti:sapphire laser plus a solid-state OPO. With the possibility
of implementing our ultrafast source in an all-fiber format (Yb-fiber laser plus fiber-optic
spectral broadening), this energy scalable approach paves an avenue to operate MPM in
rugged environments outside research labs.

In Chapter 5, according to the simulation in the last chapter, we experimentally demon-
strated the new method of producing wavelength widely tunable femtosecond pulses for
MPM. The method employs fiber-optic nonlinearities (dominated by SPM) to broaden an
input optical spectrum, followed by optical bandpass filters to select the leftmost or rightmost
spectral lobes. The filtered spectral lobes correspond to nearly transform-limited pulses with
~ 100 fs pulse duration. Using 20-mm commercially available PCF, we can implement a
femtosecond (70-120 fs) source tunable in 825-1210 nm with >1 nJ pulse energy. More
specific, we obtained ~ 3 nJ pulse energies in the wavelength range of 1100-1210 nm. Al-
though these results already represent an order of magnitude improvement in pulse energies
compared with SSFS-based soliton sources in PCFs, higher pulse energies will open more
applications. We present another energy scaling method—using LMA fibers for spectral
broadening, which allows us to scale the pulse energies up to 20 nJ in the wavelength range
of 1080-1220 nm, enabling nonlinear light excitation even for THG in human skin.
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Appendix A

The operation information of high power
pump module in the CPA and PCMA
system
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Fig. A.1 The output power of pump module versus the laser driving voltage.
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Fig. A.2 The output power of pump module versus the laser driving current.
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Fig. A.3 The central wavelength and linewidth stabilization performance of the pump module.






