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Zusammenfassung

Die Multiphotonenmikroskopie (MPM) ist eine zentrale Methode der modernen Lebenswissen-
schaften und ermdglicht hochauflésende Bildgebung tief in streuendem biologischem Gewebe.
Trotz ihres Erfolgs werden weitere Fortschritte und eine breitere Anwendurigzeme durch
Zielkonflikte zwischen Bildgebungstiefe, Gesichtsfeld, Signalstarke und Photodamage sowie
durch laserinduzierte Fluktuationen, spektrales Ubersprechen und begrenzte Muicolor
stimmbarkeit eingeschrankt. Diese Herausforderungen werden dercblee Empfindlichkeit
nichtlinearer Anregungsprozesse gegenuber Umwelteinflissen und die Komplexitat bestehen-
der ultraschneller Lichtquellen verstarkt. Inre Uberwindung erfordert einen integrierten photo-
nischen Ansatz, in dem ultraschnelle Pulserzeuguinbtlineare spektrale Kontrolle, Rausch
Engineering und gezielte Multiphotonenanregung als gekoppelte Elemente eines einheitlichen
Systems behandelt werden.

Diese Dissertation etabliert ein solches plattformorientiertes Rahmenkonzept durch einen
modularen Baukasten ultraschneller, ulmascharmer Faserlasertechnologien und dessen
Uberfuhrung in fortgeschrittene MRMnwendungen. Rauscharn@eneration von Femtose-
kundenpulsemvird in interferometrischen, vollstéandig polarisatiersaltenden Faseroszillato-
ren realisiert und erreicht integriertes relatives Intensitatsrauschen bi$ §cdvie Timing
Jitter von 14,5 fs. Darauf aufbauend werden M2Mgliche Energigkalierung, spektrale Agi-
litat und MulticolorAnregung mittels eines simulationsgestitzten Ytterbiaserlasefrei-
bers in Kombination mit Larg®dlode-AreaFasertechnologie, deterministischer interferomet-
rischer Wellenlangenkonversion und rauschtechnigthmeerter Superkontinuuenzeugung
realisiert. Numerische Systemmodelle ermdéglichen dabei die pradiktive Kontrolle nichtlinearer
Dynamik und des Rauschtransfers.

Diese modularen Technologien werden in anwendungsgetriebene RRfbrmen Utber-
fuhrt, darunter eine abstimmbare disperdiVellenQuelle zur kontrastreichen ZwEhoto-
nenBildgebung neuronaler und vaskularer Strukturen im Mausgehirn in Tiefen von Uber 600
MM sowie ein synchronisiertes DreifarbAnregungssystem fur tbersprechfreie, multiplexe
Bildgebung von Gehirund viszeralem Gewebe. Zusammen vereinen diese Plattformen Bild-
gebungstiefe, spektrale Selektivitat und Langzeitstabilitat innerhalb einetrenZaseropti-
schen Architektur. Gegenuber konventionellen ultraschnellen LasdrMehrquellerAnre-
gungskonzepten stellen sie eine kompakte, justagefreie Alternative dar, die Muf&bigr
keit und Anregungsflexibilitat deutlich erweitert. Insgesamabkert diese Arbeit integrierte,
rauschtechnisch optimierte ultraschnelle photonische Plattformen als neue Leistungsbasis fur

die Multiphotonenmikroskopie und verwandte nichtlineare optische Anwendungen.



Abstract

Multiphoton microscopy (MPM) is a cornerstone of modern life sciences, enablingdsigh
lution imaging deep within scattering biological tissue. Despite its success, further progress and
broader adoption are increasingly constrained by tofidebetweenmaging depth, field of
view, signal strength, and photodamage, as well as byitethéred fluctuations, spectral cross-
talk, and limited multicolor tunability. These challenges are amplified by the sensitivity of non-
linear excitation to environmental perbations and the complexity of existing ultrafast light
sources. Addressing these limitations requires an integrated photonic approach in which ultra-
fast pulse generation, nonlinear spectral control, noise engineanddargeted multiphoton
excitationare treated as coupled elements of a unified system.

This dissertation establishes such a plattewel framework through a modular toolbox of
ultrafast, ultralow-noise fiberlaser technologies and their translation into advanced MPM ap-
plications. Lownoise femtosecond pulse generation is achieved irfendenetric, alpolari-
zationmaintaining fiber oscillators, reaching integrated relative intensity noise as low as 0.04
percent and timing jitter down to 14.5 fs. Building on this foundation, Mfalbkble energy
scaling, spectral agility, and multicolor éation are realized using a simulatigoidedY tter-
bium fiber laser driver combined with largeodearea fiber technology, deterministic interfer-
ometric wavelength conversion, and neggineered supercontinuum generation. Numerical
systemlevel modeling provides predictive control over nonlinear dyica and noise transfer.

Thesemodulartechnologies are translated into applicatisiven MPM platforms, includ-
ing a tunable dispersiweave source for higlbontrast twephoton imaging of neuronal and
vascular structures in mouse brain tissue at depths exceedipg6Ad a synchronized three
color excitation system for crosstdilee multiplexed brain and visceral imaging. Together,
these platforms combine imaging depth, spectral selectivity, anetdomgstability within a
single fiberoptic architecture. Comparéad conventbnal ultrafast laser and mukltburce exci-
tation schemes, they provide a compact, alignrrest alternative that substantially expands
multicolor capability and excitation versatility. Overall, this work establishes integrated, noise
engineered ultrafaghotonic platforms as a new performance baseline for multiphoton micros-

copy and related nonlinear optical applications.
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1 Introduction

1.1 Biomedical Imaging Advances, Limitations and Emerging Demands

Over the past decades, modern life sciences have undergone a profound technological trans-
formation driven by advances in photont$3], computational capabilitigdi 6], and molec-
ular biology [77 9]. These developments are central to addressing the most pressing biomedical
challenges of our timéhatcontinue to limit human longevity and lifelong functional independ-
ence includingneurodegenerative diseases, cancer, and cardiovascular confditioash e i mer 6
and Parkinsond6s disease alone are projected
posing not only a growing burden on the healthcare systems but also deeply affecting patients,
families, and caregivef&0i 12]. In parallel, canceemains a primary cause of worldwide mor-
tality, with more than 10 million deaths annually and globally rising incidence[fi&fs

Gaininga mechanistiaunderstanding of these complex diseas®s their mpacton tissue
morphology and cellular dynamicsitically depends on the ability tdasualizebiological sys-
temsin sity, in realtime andwith subcellular resolutiorj14,15] Consequently, imaging tech-
nologies have become indispensable across nearly all domains of biomedical research and clin-
ical diagnosticsand their continued advancement represents a central focus adjaicent
fields such ashioengineeringphotonics andpplied physicsn general[16i 18]. The funda-
mental importance of advanced imaging technologies is reflected in several recent Nobel Prizes
at the intersectionsf Chemistry Physics, and Medicine, which recognized transformative
breakthroughs in terms of resolution, molecular contrast, and dynamic imaging capabilities.
Notable examples include Stimulated Emission Depletion (STdtipgrresolutionmicros-
copy, pioneered by Stefan W. Hell, Eric Betzig, and William E. Moerner (Nobel Prize in Chem-
istry 2014)[19], cryo-electron microscopy, developed by Jacques Dubochet, Joachim Frank,
and Richard Henderson (Nobel Prize in Chemistry 2{(A0]) and fluorescent proteibased
live-cell and structural imaging, enabled through the discovery and application of green fluo-
rescent protein (GFP) by Osamu Shimomura, Martin Chalfie, and Roger Y. Tsien (Nobel Prize
in Chemistry 2008)21,7,22]

Over the years, a broad spectrum of imaging modalities has emerged to meet the diverse
demands of biomedical applicatiomifferentimaging technologieare thereby characterized
by specific tradeoffs in spatial resolution, imaging deptield-of-view (FOV), acquisition
speed, and compatibility withiological tissueTheir selection isypically dictated by the spe-
cific biological questionthesamplearchitectureandtherequired temporal or spatial scaf@r

a few selected imaging modaliti€sg.11 illustrates the fundamental tradéfs encountered in
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manybiomedicalpplicationsFig.11(a) compares spatial resolution and imaging depth across

a range of modalities, whileig.11 (b) highlights theifFOV limitations as a function of reso-

lution. As shown,magnetic resonance imaginglR1), positron emission tomographPET),

and ultrasoun{US) enabldarge FOVs and imaging depthst are limited in spatial resolution.

MRI for instancea standard imaging technique in both research and clinical diagntstics

utilizes strong magnetic fields and radiofrequency pulses to generate seftcisdgrast, ena-
bleswholecbody i maging with a typical s p B3.ilna | re
contrast, optical imaging methods such as widefield fluorescence imaging, carfdaalul-
tiphotonmicroscopy, and optical coherence tomography (OCT) typically achieve significantly
higher spatial resolutioim the micrometer rangaithin scattering tissue, at the cost of reduced

imagingdepth and FOMypically limited to a few millimeter§l4,24,25]
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Figure 1.1: Performance comparison of biomedical imaging modali{es Spatial resolution vs. imaging depth

for representative biomedical imaging modalities, adapted based on data and layout fi@8] R&katedn part

with BioRendercom MPM: Multiphoton microscopy, LOT: laminar optical tomography, MFMT: mesoscopic
fluorescence molecular tomography, OCT: optical coherence tomography, FDOT: flubck8aea optical to-
mography, FMT: fluorescence molecular tomography, US: ultrasound imaging, PAT: photoacoustic tomography,
PET: positron emission tomography, MRI: magnetic resonance tomography, CT: computed tomdlyalshy.

aging modalities shown for the characterisigtd of view vs. imaging depth, reproduced from Ref7]. OAM:
opto-acoustic microscopy, MSOT: multispectral ojtooustic microscopy, RSOM, rasteran opteacoustic mi-

croscopy, NIR: near infrared fluorescence imaging.

These contrasting performance regimes expose a fundamental limitation in biomedical imag-
ing: no single modality simultaneously delivers the |&@&/sand penetration depths required
for macroscopi@assessmenthile maintaining the sulmicrometer resolution necessary to re-

solve cellulamandsubcellular structuse Consequently, biological insight typically relies on the
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combination of multiple, scalspecific imaging techniques, each optimized for a narrow oper-
ating regime. This intrinsic traeeff motivates thengoingdevelopment of advanceechnol-
ogiesdesigned tdurther push imagingerformanceéoundariesand enable more comprehen-

sive interrogation of living systems.

1.2 Principles and Capabilities of Multiphoton Microscopy

Within the landscape adidvancedmaging modalities multiphoton microscopy (MPM)
stands out akighly innovative and impactful technique in fields such as neuroscjgBte
developmental biologj29], and cancer resear{80]. As a unique characteristivJPM relies
on thenonlinear opticaprinciple of multiphoton excitatigroriginally proposedn the year
1931 byMaria GoepperMayer in her dissertatiorertitled iUber Elementarakte mit zwei
QuantensfEtnghgendBEl ementary procesd3dsinheri t h
work, she described how the neamultaneous absorption of two photons could drive a quan-
tum transition equivalent to the absorption of a single photon at twice the enhergustrate
the difference in signal generation between MPM and conventional fluoregosecehoton)
microscopy (FM), FidL.2 (a) depictsthe respective excitation schembesFM, excitation oc-
curs through the absorptioniaflividual photons with energy matching the electronic transition
from the ground staté to the first excited singlet stat¥ (excitation wavelength ) by flu-
orescent molecules labeling specific tissue structures or functional indigsftersiapid non
radiative relaxation, fluorescence emission occurs at-ahiéed wavelength  as the elec-
tron returns to the ground sta¥with a linear dependence on the excitation intengitgon-
trast, MPM relies on the neamultaneous absorption of two or more phagtohexcitation
wavelength_ to address the sanemergetidransitionof thefluorophore generang a fluo-
rescence signalith _ that scales quadratically with the local excitation intenfgitytwo-
photon excitationgr cubically in the case of thrgdhoton excitation

The nonlinear excitation mechanisof MPM gives rise teseveral fundamentaldvantages
over FM and othehigh-resolutionimaging modalitiesMost notably, adllustratedin Fig.1.2
(b), the fluorescensignalgenerationn MPM is inherentlyconfined to asubfemtoliter volume

around the focal point, rather than being distributed along the entire excitaticaspatkM.

This confinement arises from the requirement of high photon densities for efficient multiphoton

absorption which naturally has its maximum close to the focal §®8f By scanning the

tightly focused excitation volume through the specimen, MPM enables intrinsic optical section-

ing and highresolution threalimensional reconstruction of complex tissue structures, while

t
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simultaneously enhancing contrast and imaging depth by effectively suppressofefanits
fluorescence.

In addition, snce most bimedicallyrelevant fluorophores have absorption transitions in the
visible spectrung~300- 600 nm)[25], multiphoton excitation enables their activation wial-
tiple lower-energynear infrared (NIRphotonsbetween 706 1700 nm [2,14]. This shift to
longer excitation wavelengths offers severddlitionaladvantaged-irst, scattering losseare
significantly reducedas theyscale approximately with , which drastically improves the
achievable imagindepth in highly scattering biological tissue such as brain orf[8RinSec-
ond NIR light experiences lower linear absorption by endogenous chromophores (e.g., hemo-
globin and melanin),which minimizes photothermal effects, phototoxicity, and tissue dam-
age[33,34] These properties collectively enhance tissue vialality imaging depthmaking
MPM highly suitablefor long-term imaging of live specimens, includimg vivo studiesor
chronic experiment429,35,36] Unlike FM, which typically requiresnicrometerscalethin
tissue sectionfor hightresolution imaging37], MPM routinely achieves subcellutegsolu-

tion i maging at evenmhidghlyscaterinderancandrvigcerdlssuadis].
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Sample Holder

Figure 1.2: Working principle and optical configuration of multiphoton microscdjy: Excitation scheme for
standarcdonephotonfluorescence and twphoton microscopy(b): Corresponding fluorescent signal generation
in the sample. (c): Typical experimental setup of a multiphoton scanning microscope. DM: dichroic mirror, BPF:

bandpass filter, PMT: photmultiplier tube.Createdin partwith BioRender.com
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Another important advantage of MPM is its ability to generate parametric;ftabesignals
through secondharmonic generation (SHG) and thindrmonic generation (THG). These non-
linear processes provide intrinsic contrast based on molecular order, syjrandtrefractive
indexvariations enabling the visualization of structural features such as collagen fibers, lipid
rich membranes, crystalline deposits, and tissue interfa@e41]. Because SHG and THG
signals arise without the need for exogenous fluorophores, they can be detected in parallel with
fluorescence emission, offering complementary information and mitigating the reliance of con-
ventionalFM on externally introduced labels or limited endogenous autofluoresfZsde]
This multimodal capabilitycombined with the aforementioned advantabgas established
MPM as a transformative tool fam vivo studies at substantial depths, driving breakthroughs
such as largscale neuronal network mapping to uncover principles of brain connectivity and
function[43,44] thehigh-resolution analysis of tumor microenvironments to investigate cancer
progression antherapeutiaesponsg45], and the visualization of dynamic cellular interac-
tions within developing embryos to study tissue morphogenesis and developmental pro-
cesse$46].

A typical MPM setup, illustrated in Fig. 1.2 (cpnsists o femtosecond laser source, fast
beamscanning optics, a highumericalaperture objective, and highly sensitive detectors such
as photomultiplier tubes (PMTSs). Dichroic mirrors (DMs) and bandpass filters (BPFs) are used
to spectrally separate excitatiand emission channels. During imaging, the focused excitation
spot is rapidly scanned across the sample in theptane to cover the FOV, and the PMTs
record the fluorescence signal at each pixel while a synchronized acquisition system recon-
structs the image in real time

A defining characteristic of MPN& the requirement for femtosecond pulses to enable the
high peak intensities and photon densities in the focal spot required for effiaiéithoton
excitation.To meet the demands of advanced MPM applicatithesdrivingultrashortpulse
laser systems must satisfy stringent requirements regarding wavelength coverage, pulse energy,
pulse duration, and operational stabiliBor instancetfwo-photon fluorescence microscopy
(2PFM)with exogenous fluorophorgwhich is extasively applied throughout this dissertation,
requires broad tunability across roughly 700 to 1200 nm to match the absorption bands of com-
mon fluorophores and fluorescent protgihg]. Efficient excitation further demands pulse en-
ergies in the tens of nanojoules at repetition rates of several tens of megahertz, with pulse du-
rations below approximately 100 fs to generate the high peak intensities needed for nonlinear

excitation while mmimizing average power, thermal load, and phototox[&g}.
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In comparison, threphoton microscopy (3PM) excites the same fluorophores through the
absorption of three photons in the 1300 to 1700 nm spectral window, which provides greater
penetration depth because scattering and absorption in tissue decreaseratdmetengths.
However, 3PM requires substantially higher pulse energies, typically in the microjoule regime,
together with pulse durations belewO fs to compensate for the inherently lower thgheton
excitation probability2,48,49]

1.3 Photonic Requirements and Limitations of Current Ultrafast Sources

The key enabling technology for generatemgrgetidemtosecond pulsegquiredfor effi-
cient multiphoton fluorescence excitation is the mimdked laser. In contrast to the first con-
tinuouswave laser demonstrated by Theodore Maiman in I3®0 which emitted a mono-
chromatic and temporally continuous stream of coherent photons;lowkdel lasers operate
by phasdocking multiple longitudinal cavity modes. This phase coherence compresses the op-
tical field into a periodic train of ultrashort pakswith extremely high peak intensities. First
demonstrated in the 1960s by DeMagiaal. using passive modecking in a Nd:Glass la-
ser[51], this principle underlies all modern femtosecond laser systems and ultimately enabled
the first2PFM experiments by Denkt al.in 1990[52]. Beyond biomedical imaging, mode
locked laserglay a central role irhighly-advanced and transformative applications such as
attosecond science and frequeicoynb metrology, which were recognized through the Nobel
Prizes in Physics 2023 and 2005, respectif&dy55].

For biomedical imaging and for MPM in particular, mddeked titaniumadoped sapphire
(Ti:Sa) lasers have traditionalbheen used abe primary excitation source. These systems pro-
vide wattlevel average power and broad tunability across-7AM0 nm, which is well suited
for two-photon excitation of many established fluoroph¢8€s57] While Ti:Sa lasers have
been essential for advancing the field, their sstate architecture introduces practical con-
straints, including relatively large footprint, alignment sensitivity, and the need for active ther-
mal stabilization[58]. These factors can pose challenges for extended operation, clinical trans-
lation, and integration into compact or turnkey imaging systems.

At the same time, there has been a substangiadltowardnovel red-shiftedfluorophoes
with two-photon absorption peaks between 1000 and 1250 nm, which requires excitation wave-
lengths that extend beyond the intrinsic Ti:Sa gain bantys® 60] Nonlinear vavelength
conversion usingdditionaloptical parametric oscillator (OPOs) or optical parametric amplifi-
ers (OPAs)stagescan access these longer wavelengths, but at the cost of increased system

complexity, higher alignment demands, and greater maintenance ovighpatls a result,
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many stateof-the-art MPM platforms remain predominantly located in specialized optics la-
boratories and are not yet widely deployed in broader biomedical or clinical envirofj6#&nts
64].

These challenges have motivated strong interest in ultrafast fiber lasers, which offer compact
system architectures, intrinsic mechanical stability, align#freetoperation, and straightfor-
ward energy scalabilit}p5i 67]. In fiberbased systems, the optical pulses propagate within a
singlemode waveguideypically composed of fused silicarhich shields the beam path from
environmental perturbations such as vibrations, thermal drift, and air currentslafde sur-
faceto-volume ratio enables efficient passive cooling and eliminates the need forcoaled
laser heads, while amplifier stages can be integrated with minimal additional comj@8kity

The strong confinement of thitrashort and intense laser pulgeshe fiber core, typically
only a few micrometers in diameter, gives rise to a range of nonlighmatterinteractions
including selfphase modulation, sedteepening, and stimulated Raman scattering, together
with dispersion profiles that can be tailored through the fiber d¢g8jnWith modern numer-
ical tools and established nonlinear theory, these effects can be precisely controlled and used
for versatile spectral engineerinfbroadband supercontinua andable pulses far beyond the
nativefiber lasergain bandwidtk [70i 72]. They further enable the precise design of complex
nonlinear systems such as mddeked fiber oscillatorand frequenccombsg[73], fiber-optic
interferometers for squeeztight generation and precision metrold@y,75], or fiberinte-
grated parametric wavelengtionversion stagdd6]. This combination of nonlinear flexibil-
ity, intrinsic stability, coseffectiveness, and alignmeinee operation makes fiber lasers a
highly attractivetechnologyplatform for advanced MPMpplications

However,given theseadvantages of fiber lasethere areseveralpersistent technical con-

straintsthatcurrently limittheir performancée the context of nonlinear biomedical imaging

91 Spectral flexibility and tunability
Standard YHiber gain is restricted to approximately 162080 nm and does not di-
rectly cover important excitation bands in the -B@® nm or 11041250 nm regionsAs
already mentionedchieving broad or continuous tunability requires nonlinear spectral

conversion with carefudesignof dispersion and nonlineaffects

1 Energy-scaling and nonlinearity management
Scaling pulse energy beyond a few nanojoules in standard fibers can lead to excessive
nonlinearmphase accumulatigsoliton breakup, Raman shifes)d associated pulse dis-
tortions. These nonlinearities impose strict constraints on power scaling taleesl

dispersive control or largemodearea specialty fibers are used.



Introduction 16

1 Noise and stability
Intensity noise from pump diodes, cavity fluctuations, and nonlinear phase noise can
degrade fluorescence stability and limit functional imaging contrast. Timing jitter arises
from guidedASE, dispersion fluctuations, and Kenduced phase variationshile en-

vironmental changes can affect polarization and-kengn stability.

1 Multi -color and synchronized excitation
Many imaging applications require two or more synchronized wavelengths. Generating
multiple femtosecond pulsegth sufficient spectral coveragkigh peak power and ul-
traslow noisefrom a single platform is challenging and typically requires additional

nonlinear stages or compleystemdesigngo ensure ideal performance

1 Application-specific constraints in biological imaging
Deeptissue 2PM benefits from tunable wavelengths, low noise, and high peak intensity,
yet achieving all three simultaneously remains technically challenging due to the con-
straints outlined above. Additiongénerafactors such as dispersion management; heat
load control, and compatibility with resonant scanning systems further influence the

practical performance of fibéaserbased excitation sources.

As outlined in the following sectionhése limitations define the central technological chal-
lenges addressed throughout this dissertation, where a combination -¢é$#reengineering,
interferometric noise control, and nonlinear spectral design is used to push the capabilities of
ultrafastfiber lasers toward compact, robust, and highly versatile excital@formsto enable

nextgeneratiorMPM applications

1.4 Objectives andStructure of This Dissertation

Stateof-the-art MPM applicationgncreasingly ref on excitation sources that combine low
noise, spectral agility, muttolor capability, and robust energy delivery within compact, align-
mentstableand highly adaptablarchitectures. These requirements are driven by a broad range
of emerging optical interrogation technigues highly advanced visualization dfiological
structure and function across multiple spatial, temporal, and spectral scales. Prominent exam-
ples include ultrafast voltage and functional imaging of synaptic and elieveit dynam-
ics[771 79], widefield and mesoscopimn vivo recordings across large neuronal popula-
tions[80,81], and miniaturized or heaghounted twephoton systems enabling deggsue im-

aging in freely moving anima[82i 84]. Similar performance demands also arise in advanced
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multiphoton spectroscopy, nonlinear contrast microscopy, and multimodal optical readout
schemes that combine imaging with stimulation or control.

As MPM applicationscontinue to expand in capability and complexity, the limitations of
conventional ultrafast laser technologies become increasingly apparent. Marof-thatart
experimentglepend on costly and complex midtiurce configurations composed of synchro-
nized lasers omultiple OPO/OPA stage$uch approaches inherently restrict spectral reach,
scalability, and longerm stability while posng significant challenges faynchronizeanulti-
color and dynamically reconfigurable excitation soles[85i 87]. These constraints are further
enhancedn demanding experimental environments, particulariy mivo applications, where
optical excitation, optogenetic stimulation, and electrophysiological readout are intrinsically
noisy and highly sensitive to parameter fluctuations, environmental perturbations, and synchro-

nization drifts between laser sources andriieging systeni78,88 90].
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Figure 1.3: High-level overview of the fibepptic photonic technologies developed in this dissertation, spanning
robust femtosecond pulse generation, enasgptable amplification, ultrbow-noise spectral engineering, mullti

color wavelength conversion, and syncheaai multichannel twephoton microscopyCreatedin partwith Bio-

Render.com

Meeting the performance demands of advanced MPM and related nonlinear optical tech-
niqueswould therefore immensely benefit fraashift toward integrated, precisely engineered
photonic platforms, in which ultrafast laser design, nonlinear pulse evolution and energy scal-
ing, noise and drift management, wavelength conversion, and multiphoton excitation are treated

as tightly intercanected elements of a unified, applicatamfaptable systerithis systerdevel
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perspective, treatingovelphotonic technologies as interdependent elements of a ukifdd
platform, forms the conceptual foundation of this dissertatdmle the primary motivation is
rooted in biomedical imaging, the photonic strategies and design principles introduced here are
equally relevant to precision spectroscopy, optical metrology, ultrafast quantum optics, nonlin-
ear wavelength conversion, andchecent control, underscoring their broader applicability be-
yond a single application domain.

To illustrate the technological realization of suhbfs unified imaging platform approach
Fig. 1.3 presents a conceptual overview of an integrateddititer MPM architecture, high-
lighting the complete pathway frommighly-stablefemtosecond pulse generation in perfor-
manceenhanced fiber oscillators, through enesgglable and nonlineariyanaged amplifi-
cation, interferometric noise stabilization with simulatguided spectral engineering, and
multi-color wavelength conversiotg highperformance twgphoton imaging in a mukthan-
nel resonanscanning microscop&uided by this framework, ihdissertation is organized into

the following complementarghapters

1 Chapter 2 establishes the theoretical foundations of ultrafast nonlinear fiber photonics
and multiphoton microscopy. It reviews fundamental noise mechanisms in femtosecond
lasers, including amplitude noise, phase noise, and timing jitter, and formulates a hier-
archy of nonlinear Schrodinger equations (NLSESs) ranging from-geodified and
coupled forms to the full generalized NLSE. The chapter further develops a semiclassi-
cal stochastic framewothk includequantum and technical noise into generalized NLSE
simulations enabling quantitative modeling of coherence degradation and noise transfer
in nonlinear fiber systems. Finally, it summarizes the governing principles of nonlinear
contrast generation iMPM, including twephoton fluorescence and harmonic genera-

tion.

1 Chapter 3 presentdiber-optic modules fowltra-low-noise pulsegeneration, wave-
length-conversion, and noiseontrol that form the core of the photonic imaging plat-
forms. The chapter introduces XRBuppressed femtosecond fiber oscillatosigh
Kerr-type interferometric saturable absorbers and quantitatively analyzes their noise
performance and energy scalability across distinct rhimcleng regimes. Building on
this foundation, a fibemterferometric duatolor source operating at the standgudn-
tum-limited intensity noise floor is demonstrated, and the interferometric concept is ex-
tended to achieve ultlaw-noise supercontinuum generation in dispersgogineered

photonic crystal fibers (PCFs). In addition, an energetic ultrafast Ytterfloanlaser
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systemis developed to drive the subsequent-phomton imaging platforms. Collec-
tively, these systems constitute a modular toolbox fordovge, multicolor, and en-

ergy-scalable femtosecond pulse generation.

1 Chapter 4 translates theevelopedhotonictoolboxinto a tunable deefissue excita-
tion platformdriven by amall-PM Yb-fiber laserdriver for ultrashort, energetic pulse
generation. Using generalized NLSE simulations and dispeesigimeered photonic
crystal fibers, the chapter realizes efficient, phas¢ched dispersivevave excitation
between 880 and 950 nm, producing-&@ fs, nanojole-level pulses with high sta-
bility. Integrated into a resonastanning twephoton microscope, this platform enabl
deeptissue imaging across multipteéological systemincluding EGFRabeled mouse
hippocampus and SYTORrangelabeled cerebellum, resolving neuronal and vascular
structures at depths beyond 600 um. Chapter 4 thus demonsteatgatform-level
deploymenbf the developed fibeoptic subsystemdor tunable deepissue MPM.

1 Chapter 5extends thelevelopeghotonic frameworland laser architectureto a mul-
ticolor excitation platform built on a grouag developed nonlinear fiber laser com-
bined with deterministic spectrahgineeringor efficient multicolor twephoton exci-
tation Guided by numerical design tools developed in earlier chapters, the system gen-
erates three spectrally isolated and temporally synchronized excitation bands at approx-
imately 940 nm, 1080 nm, and 1175 nm. This platform enables simultaneous multi
target exitation across a broad range of biological preparations, including kaipéled
mouse brain, kidney, and liver tissue, and is further validated through a prelinmnary
vivo assay in transgenic. elegandor prospective Alzheimerelated screening. Com-
prehensive analyses of spectral separation, and multicolor imaging performance estab-
lish the resulting threeolor architecture as a compact, scalable, and biologically versa-
tile implementation of the unifétephotonic imaging platform for advanced multiplexed
MPM.
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2 Theoretical Fundamentals

To establish théheoretical foundation for the ultrafgshotonicsubsystems and multiphoton
imaging platforms developed this dissertation, this chapter introduces the core physical con-
ceptsof nonlinear pulse generatiofiher-optic propagationsupercontinuum generatiomgise
dynamics, andnultiphotoncontrast formationTo this endSection 2.1 reviews the fundamen-

tal noise mechanisms tdmtosecondasers, coveringhe general principle of modecking
influenced byquantumlimited and technicahoise contributions explaininghow amplitude

noise, phase noise, and timing jitter degrade the stability and coheresyutecalpulse trains.
Section 2.2 presents the nonlinear Schrodinger equation (NLSE) as the central framework for
modeling ultrashort pulse evolution in passive and active fibers, discussiaggdified, cou-

pled, and generalized forms that enable accurate meahdescriptions of amplification, fiber

laser dynamics, multhannel interactions, nonlinear interferometers, and superaantigen-
eration inPCFs Section 2.3 extends thisimericalframework byincludingsemtclassical sto-
chastic noise, detailing how the epkotorrpermode modebf quantum noiseand Gaussian
technical noise provide a quantitatikescriptiorto simulate quantusmitiated instabilities and

noise transfer in generalized NLSE models. Finally, Section 2.4 outlines the principles of non-
linear contrast generation MPM, including twephoton fluorescence and parametric har-
monic generation, together with the spatedolution considerations relevant to the imaging

applications addressed in later chapters.

2.1 Noiseof Femtosecond.asers

Mode-locked lasergienerate femtosecond pulses throaghstructive interference of longitu-
dinal resonator modest( ), that(i) lay within thegain bandwidth(ii) exceed the net loss per
roundtrig and (iii) fulfill the resonacecondition’ & 6 ¢0, whered is a positive integer,
wthe speed of light, andlthe resonator lengf®1]. In continuouswave (CW) laserdpngitu-
dinal modes oscillate independently, resulting in a narrowband olapert field.In contrast,
modelocking enforces a fixed phase relationship betwettre modesvia implementation of
saturable absorb®(SA); nonlinear elemestwhose transmission increases with intensty
abling ultrashort pulse formation from broadband constructive interfef@2ceCommon SAs
include semiconductor devicg3], dyes[94], and mechanisms such as Kkems mode lock-
ing [95] or nonlinear interferomete(BlLIS) operatingon the optical Kereffect [96].

The difference in CW and modecked laser operation is illustrated in Fig..ZPhnels (a)

and (b)showsimplified resonator configurations for CW and mdodeked lasers, respectively.
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Figure 2.1: Comparison of continuouwsave and modéocked laser operatiorfa). CW laser cavity with gain
medium and independent longitudinal mod®$. Mode-locked cavity including a saturable absorber to lock the
phases of multiple mode&): Temporal output of a modecked laser: a train of femtosecond pulses spaced by

the roundtrip timeY. (d) Frequencydomain output: a comb of phakeked modes with spagrnQ and band-

width 3° . The bidirectional arrow highlights the Fourier relationship between time and frequency domains

In the CW case, only a small number of uncorrelated modes contribaitestaly monochro-
matic outputfield, whereas the inclusion of a saturable absorber in the -fookled cavity
results ina phasdocked, coherentaddition of many modesFig.2.1 (c) shows theesulting
output of the modéocked laseiin frequency and time domain together with its fundamental
Fourierrelation In time-domain, the constructive interference of many sinusoidal longitudinal
laser modes resulis aperiodic train ofopticalpulses with spacing equal to the roundtrip time
“Y. In frequencydomain, this corresponds talescrete comb of equidistant optical frequencies
with spacingQ pjYand bandwi dth @3, governed by th
The stability of such pulse trains is fundamentally limited by noise coupled into the in-
tracavity field, originating from quantum vacuum fluctuations, amplified spontaneous emission
(ASE), pump power instabilities, mechanical vibrations, and environmented [97]. The

complex fieldd o of a noiseperturbed pulse train can be expressed as

50 & 1 80 GO Y 1°YO QoNX‘to &%
2.1)

1 -6

where 0 denotes th@ominalpulse amplitudg, 6 o the amplitude noisg, "Ythe timing

jitter, ” the carrieffrequency %o the carrierenvelope phasshift per roundtrip and] —6
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theresidualphasenoise of theespectivdield [73]. E q 2.1) definesthe three main noise cat-
egories discussed belawgreater detailamplitude noise, phase noise, and timing jitter.

2.1.1 Amplitude and Relative Intensity Noise

Amplitude noise refers to fluctuations in pulse amplitude, affecting instantaneous intensity,
pulse energy, and average power. In nonlinear processes soalitiphoton excitatiorand
supercontinuum generation, where signals scale nonlinearly with intensity, such fluctuations
candirectly degrade the sign#d-noise ratio (SNR)signal coherencand reproducibility.

Therelative intensity noiseRIN) spectrunis a practical means tpuantify amplitude fluc-
tuations In logarithmic form, it is express in uni&é FOdas

YO0 Q pu¢ QYG—Q (2.2

were U is the averagepticalpoweron the photodetectpand™Y "Q the singlesidedpower
spectral densityRSD) of the power fluctuatiorfs 00 in unitsc j 'Oa The PSD is defined

via the WienesKhinchin theorem:

Y "Q & 001 Do T@ Q1 (2.3)

Integraing Eq. (2.2)in linear formyields the RMS RINoften expressed in percentagich
isused as a normalized and comparable performance metric for ultrafast laser [§&8tems

Even in thecompleteabsence of technicalr environmentahoise, direct detection of an
ideal coherent laser field is bounded by the stm$e limit arising from Poissonian photon
statisticg99]. In this case, the detected photocursdmiwsa f | at ( iwhi t eodo) nc
corresponds to a shabiselimited RIN of

vos $2 (24)
0

with'™QP | anc k 6 s ¢ the gptical fredquerscp7. This limit represents the standard
quantum limit for direct power measurements and should be distinguished from quantum noise
sources that seed fluctuations inside the laser cavity, such as spontaneous emission and vacuum

fluctuations coupled through losghich can drive amplitude, phase, and timing instabilities of

the emitted pulses
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2.1.2 Phase Noisend Timing-Jitter

Phase noisdescriberandom fluctuationsf the optical carrier phase andmedeled as a time

dependenphaseperturbation %@ on carrier It is quantifiedby the PSDof] %o :
Y "Q 0 %01 % T @ Qf (25)

IntegratingEq. @.5) overafrequencyrange "OHQ vyields the total phase variangeini & 'Q

represenng the accumulated phase fluctuations within that bandvjt&/98,100] In practice,
phase noise isommonlymeasured via heterodyne detectiBR beatnote analysisor signat
source analyzers (SSAsindexpressed as singgdeband (SSB) phase noise in dBG/Hz

) L.y Q
fl ' Q puce QT (2.6)

where he factor otwo accounts for conversion from doutsiled to singlesided PSD.

In contrastfiming jitter refers to random variations in pulse arrival time relative to an ideal,
equidistant grid defined by the roundtrip tiie It is typically modeled as a stochastic pertur-
batior] “Y0 added to the nominal emission timesYi n  EIQ[100](Timing jitter leads
to autocorrelation and crossrrelation broadening in the time domain, amghase noise on
the repetition rate and its harmonics in the RF spectAsmesult, it is particularly critical for
synchronizationoptical sampling, frequenagomb stabilization, and tiraeesolved measure-
ments [101 104]. ThePSD of the temporal displacement fluctuationsyo is describedy:

Y "Q dYol'Yo t@@ Qt (2.7)

Integrating’Y "Q over "OiQ yields the totatiming variance, . The square roqt , typically
expresseth femtosecondgjenotes the timingjtter of the pulse traifi73]. While phase noise
and timing jitter describe different physical processes, they are often coupikciast laser
systemsthrough dispersion and nonlinear effects [8§jtical carrierphase fluctuations can
convert into timing errors via group delay dispersion, and timing jitter can inducefplcigse

ationsthroughstochastigulsecarrier misalignmeni89].
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2.2 Nonlinear Schrédinger Equation (NLSE)

2.2.1 Standard NLSE and Gain Implementation

TheNLSE s the fundamentahathematicaframework for modeling ultrashort pulse propaga-
tion in optical fiberd69]. Starting fromstandard form, sufficient to describe mosidelocked
fiber oscillators, amplifiers, and interferometric systems|uding additional effectsuch as
higherorder dispersion, Raman scattering, and-stelépeninglead to the generalized NLSE
(GNLSE) used in advanced modeling of strongly nonlinear processes such as supercontinuum
generation(SCG)and dispersivavave conversion iPCFs[71].
First derived by Hasegawa and Tappert in 1973 to describe solitons in dielectric wave-

guides[105,106] the NLSE governs the evolution of the pulse envetog#d along the prop-
agation distanceé and in a cemoving time framed, accounting for group velocity dispersion
(GVD) and the optical Kerreffect f ol | ows from Maxwel |l 6s equ
ying envelope approximatiomssumingnegligible loss and higharder effectsthe NLSE
takes the form:

't

> LLO ogsg 29

Ta ¢t o
Here] istheGVD parameteand’ thenonlinearcoefficient of the dielectric waveguid€he
GVD originates from a Taylor expansion of the propagation coristant around the carrier
frequency [107]:
p Qi
r1 o r.lllln—ll 1nm

A Q]
2.9

Th
¢

p
1 = 1
¢

Here! denotes thgroup velocity] the GVD, andf the thirdorder dispersion (TOD)
Higherorder dispersion termisecome relevant for ultrashort pulses with broad bandwidths.

The sign of determinesvhether the dispersion mormal(f 1T, higherfrequency compo-

nents travel more slow)yor anomalougf mihigher frequencies travel fastethereby in-
fluencing instantaneous f r eq u€Eheooplineacoeffai r p o

cient/ arises from the Kefinduced refractive index change

0 & £0& tDs (2.10
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where¢ is the linear an@ the nonlinear refractive indd22,107] Here, &1 jod
with0  as theeffective mode ared@heunderlaying opticaKerr effect, originang from the
third-order susceptibility , gives rise to important nonlinear effects suckaphase mod-

ulation (SPM), crosphase modulation (XPM), and fourave mixing (FWM)[69].

SPM, central to many applications in this watkscribeghenonlinear phasshift

% [ ®OS (2.19)

accumulatedn Kerr-mediasuch as optical fibermsver the propagation distantg107]. Since
%0 depends on the instantaneous intensityaiites across the pulse envel@mel induces an

instantaneous frequency shift:

o .
110 e u‘% (2.12)

This effect causes spectral broadening of the pulse, since rising and falling edges of the pulse
generate new frequen@pmponentsWith normal dispersio®PMIeads to temporal broaden-

ing, while anomalous dispersion regier@ablegpulse compressioand soliton formatiofi69].

! . (a) r (b)
[32 =5 ps“/km
ogf  (nemab 08}
B, =-5ps/km Time Frequency
';0 Al (anomalous) Domain —_ Domain
a® :
8 )
2 7
Soar P
0.2
0 . ,
-0.5 -0.25 0 0.25 0.5 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

Time [ps] Wavelength [um]

Figure 2.2: Effect of normal and anomalo@&VD on pulse propagation in the time and frequency domains. (a):
Simulated temporal pulse profilésormalized)after propagation witlSPM combined with normal (grey) and

anomalous (blue) dispersipn v N i ¥Qain 33 mm fiber (b): Corresponding normalized output spectra.

Both regimes ardélustrated in Fig.2, where nonlinear propagation of a Foutierited pulse
with durationt ¢ m'RiandpulseenergyO ¢ 1 Us simulatedin a fiber witht
vnijQao p¢ & andd o a@ d&.Toincludeoptical gain and loss, the NLSfan

be modifiedwith an additional term, taking the forfi08]:
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1611
T a ¢f

o0 Q|
o}

0 Qs (213)

Here,"Qdenotes the wavelengtlependent gain factor andthe attenuatiorcoefficient of the
optical waveguideFor doped fibersQis modeled using rate equations for the population dy-

namics, which yield propagation equations for pump and signal g@0@110]

— ., & , &0 0 (2.14)

-, & , &0 D (2.15)

wherg — j aretheoverlap factorbetweerpump/signal modeand the doped fiber corg; h

and, h aretheabsorptioremission cross sections ;, theaverage pumfgignal powers¢

theground and exciteestate population densitiegndd  thetotal dopant concentration

2.2.2 Coupled NLSEs and CrossPhase Modulation

In addition to SPManotherimportantnonlinear effectn this dissertatioms crossphase mod-
ulation (XPM),arisingfrom Kerrinduced refractive index change caused by one optical field
acting on another. This leads to mutually induced nonlinear phase thhlifts particularly
relevant for the nonlinegropagation characteristio$ co-propagating orthogonal polarization
modes (OPMs) in standard, r&M optical fibers.The nonlinear propagation of two such
fields,here denoted 0O ando 0, is described btwo coupled NLSEsn the form[69]:

10 To QT o Q . . .
. - = Y 2.16
T Ik 5 T o co ADs 1o o (2.16)
(Ko, T QT o "Q N i o
O " 2.17
5 ok 5 T o CO Qr O IH s 6 (2.17)

Here! j andl j are thenversegroup velocities of the respective OP&tcounting for linear

phasevelocity differences and wal&ff during propagationThe fields are nonlinearly coupled

through the XPM termll 0 ; , which describe the intensityjependent phase shifts induced

by one mode onto the othdihe total nonlinear phase shift experienced by each mode is:

% - 0 [ 0D o0s 18 o (2.18)
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Thefactorll quantifiesthe nonlinear interaction strength between the QRNh I ¢j o for
orthogonally polarized fieldand Il ¢ in the scalar, cpolarized casg9]. In nonPM fibers,
XPM enables coupling of fluctuations between polarization states, which can lead to enhanced
noise transfer between modes and degradésestability in ultrafast fiber systenj$11,112]

2.2.3 Generalized NLSE Raman Scattering and SelSteepening

The NLSE in Eq. (2.8)lescribesionlinear pulse evolution in fiber systemgh high accuracy
for moderate pulse durations and limited spectral broadeHiogever, br ultrashort pulses
and broadband propagationmore extreme nonlinear regimésr example in fibebased su-
percontinuum generatio(SCG) a more comprehensive modsl required toaccount for
higherorder dispersive and nonlinear effects. This extemdathematicaframework is pro-
vided by the generalized nonlinear Schrodinger equation (GNIZ3E)

T 0O Q T T 0O
T a EAT 1Y
(2.19)
Qrp Ty 0 ah'Y YO O ahY 0 sQ0O

The lefthand sidencludes higheorderdisperson coefficient§ obtainedfrom the Taylor
expansionof the propagation constamt Eq. (2.9). The rightand sidedescribes nonlinear
effects includingSPM, selfsteepening, and stimulated Raman scattering (SRf).Raman
contributionis modeledhrough he nonlinear response functidho , whichaccounts foboth

the instantaneous electronic and delayibdational response of the medium
YO p Q1 0 6 QQO (2.20)

Here"Q denotes the fraction&aman contributio’Q 1 yior fused silica fiberg69]), 0
thesubfemtoseconelectronic response delaagndQ 0 the vibrationaRamanresponséhat
determines the temporal profile and strength of the delayed nonlinearity. An analytical approx-
imation for fused silica is given 4§9]:

0 0
Qo T T tQwn T i Q%_— (2.22)

wheret  pj m, with mk 1 1 denotingthe frequencydifferencebetween pump and

Stokes wavesand T is the vibration dampening time. Throughout this dissertation,
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p & Qiandt o c¢Qiareused according to RgB9]. Through this delayed nonlinear re-
sponse, SRS transfers energy from higheguency pump components to lowsrquency
Stokes components via molecular vibrations. The efficiency of this process is governed by the
Raman gain spectruif2 m, which is proportional to the imaginary part of the Fourier trans-

form of Q 0O.

H (a) r (b)
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Figure 2.3: Effect of selfsteepening ononlineampulse propagation in the time and frequency domé&i)sSim-
ulatedtime-domainpulse profilegnormalized to peak powegt the fiber output with sekteepening disabled
(gray) and enabled (blugp): Corresponding normalized outpsfiectra

Self-steepening describes an additional nonlinear effect that leads to asymmetric temporal
distortion of the pulse envelope as a consequentieointensitydependent group velocity
associated wittheopticalKerr effect. Physically, highantensity regions of the pulse experi-
ence a slightlyeducedgroup velocity, causing the trailing edge to comprelsie the leading
edgestretche$113]. In the GNLSENtroducedin Eqg. (2.19) selfsteepening isccounted for
bythe 2 1T "Wperator

If only the instantaneous Kerr nonlinearity is considered and other effects such as dispersion
and Raman scattering are neglected, the contribution eéteelpening can be isolated and

written in the form of a shock terf@9]:

1o T

— " — 222

o Qt D0 (2.22)
where the shock time constant pj1 defines the temporal scale over which steepening

occurs (~0.4 fs at 1550 nnT)he influence of tima&lomain shock formation and ssltfeepening
is illustrated in Fig. 2.3, which presents numerical GNLSE simulations without dispersion for

atransforrimited Gaussian pulsewith p mTR{O p ® 0O p ¢ & anda prop-
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agation length ob o ™ & 8The simulations show the development of an asymmetric tem-
poral pulse profile and the corresponding asymmetric spectral broadening wistaegadining
is included.

2.3 StochasticModelling of SemiClassicalNoiseand Coherence

2.3.1 Classical Noise, Coherence and Quantum Fluctuations

An important aspect of nonlinear pulse propagation is the emergence and waveépaytt-
ent transfer of parameter fluctuatioms.the form ofEq. (2.19, the GNLSEis deterministic
and thereforeloes notapture thestochastic quantum and technical noise that is present in real
ultrafast laser systenf87,98,100] To realisticallymodel the evolutiomnd influenceof such
fluctuations, particularly in highly nonlinear regimes suchS&< stochastic perturbations
must be introducetb obtain a stochastiBNLSE frameworK71].

In the semiclassical formulation of the stochastic GNLSE, quantum noise is implemented
by adding random complex perturbations to the spectral field, corresponding to one photon of
random phase per mode (that is, per frequency bin) of the discretizedpeptrun® 1 [71].

Numerically, his can bemplemented as

5 1 98] —% & O (2.23)

where® and® are independent Gaussian random variables with zero mean and unit variance,
andy is the size of the discretized frequency Hifts114] This normalizd expressioen-
sures that the added perturbation carries the correct physical noise energy per mode, independ-
ent of the chosen spectral resolutidrechnical noise sources, includifN (seeSection
2.1.1) can be superimposed in either the time or frequency domain using Gaussian statistics
matched to measured experimental values. For example, laser RIN can be modeled by drawing
random values from a Gaussian distribution with a standard deviation egbalreeaisured
RMS RINand applying these fluctuations multiplicatively to the noiseless input pulse realiza-
tions to simulate sheb-shot variation$115]. By runninga large ensemble ofoise realiza-
tions 0 | p), the stochastic GNLSEameworkenablesstatisticalevaluation of keyerfor-
mancemetrics such as spectiid timedomain stability wavelengthdependent RIN, and co-
herence.

Spectral coherence is a particularly important metric for assessing the qudlisyability

of supercontinua, as it quantifies the stesshot reproducibility of both spectral amplitude and
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phaseHigh coherence indicates that different realizations produce nearly identical spectral

fields, whereas low coherence reflects strong noise amplification during nonlinear propaga-

tion [71]. The first order spectral coherence between two independent realizatiefianéxlas

Q ©_0._0 (2.24)
- 60 _s@0 _sO '

whereO _ denotegshe complex spectral field at wavelengthand the brackeiadicateaver-
aging over all realization pair§¥alues of "Q p correspond tdull spectral coherence,

while values approachirngeroindicate complete decohereri@45].

Beyond coherence, the stochastic ensemble framework further ngadbhegative analysis
of noise transfer through nonlinear propagatibmthis endawavelengthresolved noise trans-
fer function (NTF)can bedefined as

YO0 _ 2 %5
Y00 (2.2)

c
(@)

This ratio reveals whether a spectral component experiences net amplifiéatigiO(p) or
suppressiorfd "Y"O p) of RIN during propagationproviding direct insight into the interplay

of dispersion, nonlinearity, and noiseupling mechanismacross the generated spectrum

The stochastic GNLSE provides a powerful numerical framework for investigating intrinsic

noise transfer, spectral coherence, and-spectral noise correlations in supercontinua gener-

ated in photonic crystal fibers (PCFs) and other highly nonlineasf{p&édLFs). To illustrate
the stochastic dynamics 8CGunder different dispersion conditioasd their impact on noise

amplification and coherengc€ig. 2.4 compares numerical GNLSE simulations for a PCF op-

erated near the zerdispersion regime and in tlal-normatdispersion (ANDI) regime, each
evaluated using an ensemble of 100 statistically independent pulse realiwagttongiseThe
simulated pulses havesaci-shapedemporal profileand include bothechnicalnoise, mod-
eled as 0.25% RINgnd quantunamoise implemented as describaobve. The pulses acen-
tered at 1.04 pum with a Fouriémited pulse duration of 100 fs and 13 nJ pulse energy.
Figure2.4 (a) shows the dispersion profile @PCFin the zerodispersion regimewhich
has a MFD of 4.3 um at a wavelength of@lion, aNAof 0.2and odzpmnm & Tw.
Inthiscase,thp ump wavel engt h c oi ndspecsierswawelength (ZDW) e
. In this regime, higheorder dispersion and sghhase modulation jointly initiate soliton

dynamics that rapidly evolve during propagation.

f
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Figure 2.4: Numerical omparison oftochastic SC@oise and coherende different dispersion regimea-c):
Anomalousdispersion regimga):. Dispersionprofile of thePCFwith _ p8t T & (b): Smulated temporal
evolution of the optical pulse along the propagation distén¢e): Resulting output spectra for individual sto-
chastic realizations (gray) together with the mean spectrum (blue) and the corresponding spectral coherence
"Q _ 7 (yellow). (d-f): Simulated SCG in theanmal-dispersion regimgd): CorrespondingANDi-PCF disper-

sion profile. (e). Temporal pulse evolutioalongd. (f): Output spectra and spectral coherence analogous to (c).

Inset: visualization of comparably lopulseto-pulse spectral variance betwekd2-1.44 um.
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Fig.2.4 (b) shows the simulated temporal evolution in 35 mm of this RB{rating the
breakup of the initial pulse into multiple soliton componégatditon fission)accompanied by
the emission of dispersive waves at longer wavelengths. These dynamics result in a strongly
modulated spectral and temporal structure, characteristic of thaaidimearity ZDW regime.

The resulting output spectra, shown in Big.(c), further reveal substantial shad-shot
variation between individual realizations and the ensemmdeaged spectrum. Theorre-

spondingcalculatedspectral coherenceQ " displays pronounced modulation and rapid

decay in regions associated with soliton fission, confirmimigy and low coherence SCG that
is typical for this regime.

In contrast, Fi.4 (d) presents the dispersion profile of a PCF designedNi opera-
tion, with a MFD of 2.6 um at a wavelength of 1.06 um, a NA of 0.2 aad &2
p T & FTw.Here, the monotonic normal dispersion suppresses soliton formatienailes
spectral broadeningominated by SPMand optical wavwbreaking (OBW)71]. The corre-
sponding propagation map in Rgt (e) shows smooth temporal evolution without pulse
breakup, indicating highly deterministic broadening behavior. The resulting output spectrum in
Fig.2.4 (f) showsa nearly flat spectral envelope wittinimal variations betweesingle reali-
zations and the ensemideeraged spectrum, reflectinfjra-low noise performancaue to the
absence of the highly sensitive soliton dynanaied associatedjuantum noise amplification
In addition, he spectral coherence raims close to unity across the entire bandwodthfirm-

ing that the ANDI regime supports ngaerfect reproducibilit and shoto-shot stability

2.3.2 Intra -spectral Noise Distribution and Correlations

While the analysis so far enabled insight into the stability and coherence of the generated su-
percontinuum, it does not reveal how intensity fluctuations are distributed and correlated across
the spectrumlo quantify the intraspectral noise transfer during SCA,116] it is convenient

to consider the energy within a narrow bandpass window centered &or each of the

realizations, the corresponding band energy is then given by the relation
O _ O _N O_ 3_ (2.26

where0 _ I is anormalized bandpass function (e.g., Gaussian) of bandwidth, O _
the spectral intensity of the respective realization,;anthe sgctralsampling interval of the

discrete wavelength grid. The waveleng@pendent RIN is then given by the coefficient
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0_ O 0_ 0

_ "5 6 (2.27

Y00

which is typically expressed as percentfdeb]. By stepwise variation of thélter central
wavelength_ , this approach yields a ommensional map of the local noise amplituligtri-
butionacross the supercontinuum.

To describe how fluctuations at different spectral components are statistically rélated,
intra-spectral noise correlation can be characterized @dfearson correlation coefficient be-

tween the relative intensity deviations

0 60 O

10_ _6'O= ()_ (2.28
The corresponding correlation matrix
- 6 Q1 QO
°-N ; , (2.29
Q0 @ Q9 O

qguantifies the degree of correlated or aatirelated power fluctuations between the spectral

components and_ [117]. The coefficientd _h_ takes valuesintheranggp 0 p,

where

1 O Tmindicates positive arrelation, corresponding to synchronous intensity fluctua-
tions (cegrowth or cedepletion of power in the two bands),

1 0 Tmdenotes antcorrelation, implying an energy exchange or redistribution between
the spectral components, and

1 O Tirepresents statistical independence (no correlation).

Figure2.5 provides a detailed analysis of the wavelengtfolvedRIN and intraspectral noise
correlations of the simulated supercontinua for the ANDi and ZDW regintexiuced in
Fig.24. For the ANDI case, Fig.2.(a) shows the simulated output spectrum together with the
corresponding intrgpectral RIN distribution. The generated ANDi spectrum dasnooth,
monotonic shape typical &M and OBWdominated broadening, accompanied by a low RIN
level of only a few percent acrolssge parts of thepectum, with a steep increase towards the

edges The corresponding intrspectral correlation maghown in Fig.5 (b), reveals a high
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degree of positive correlation along the diagonal, with minimatli@ifonal structurendicat-
ing that noise fluctuations remain spectrally localized and weakly coupled between different
wavelength components. This behavior reflects the deterministic and highly coherent character

of SCG in the normatliispersion regimgL18].
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Figure 2.5: Simulated intrespectral RIN and noise correlations in ANDi and zdigpersion SCG regime&):.
Mean spectrum (blue) and intspectral RIN trace (yellow) for the supercontinuum generated in the AXIBi.
(b): Corresponding intrapectral Pearson noise correlation ndap h_ . (c): Simulated mean spectrum (blue)

with intrarspectral RIN distribution (yellow) and corresponding noise correlation map in (d).

The simulated output spectruamd corresponding wavelengtiesolved RIN distribution
for the ZDW case is shown in Fig.2.5.(f) contrast to the smooth spectral shape of the ANDI
case, the ZDW spectrum exhibits pronounced spectral modulation resulting from soliton fission
as discussed earliefrhe RIN strongly increases across most of the spectrum and exceeds 50 %
in several spectral regions, particularly near the soliton and disperaixe components, re-
flecting the stochastic natuamd efficient quanturmoise amplificatiorof the unddying pulse
dynamics. The corresponding inspectral correlation map, displayed in Fig @l), shows a
complex oscillatory pattern with alternating regions of positive and negative corrglation
datesstrong crossvavelength coupling of noise fluctuatiodse tononlinear interactions be-
tween solitons and dispersive waves during propaggtin
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From the perspective of spectrally versatile MPM platforms, the contrasting noise and co-
herence properties of different SCG regimes have important practical implications. Supercon-
tinuum generation in thEDW regime provides access to highly nonlinear soldomen dy-
namics and efficient energy redistribution across widely separated spectral regions, but these
mechanisms are intrinsically sensitive to quantum and technical noise and therefore require
deliberde, often simulatiorguided system design. Whemoperly engineered, ZDWased
SCG enables targeted energy transfer into spectrally isolated components that are inaccessible
by direct laser emission

In contrastANDi-regimeSCG offers smooth spectral broadening with high coherence and
low wavelengthdependent noise, making it well suited for stable rudior excitation
schemes. As demonstrated in the following chapters, these complementary regimes form the
basis of distint; applicationoptimized ultrafast fibelaser platforms for advanced multiphoton

microscopy.

2.4 Principles of Multiphoton Microscopy

2.4.1 Mechanisms forNonlinear Contrast Generation

As outlined in the introductiorlyIPM relies on femtosecond laser pulses to enable the large
photon densities around the focal spot required to drive efficient multiphoton exciGigjioal.
generation in MPM arises either from multiphoton excitation of fluorescent molecules or from
parametric wavelength conversion within the sample via seemnidthirdharmonic generation
(SHG, THG)[41,57] In the case of twqhoton excitation (TPE) fluorescence, which will be
extensively applied throughout this dissertation, TR& rate of a given fluorescent molecule

in GoepperMayer units (GM)s given by:

Y 1 ﬁ%o (2.29

where] is the twephoton absorption crosection,0  the average esample laser power,

T the pulse duration (FWHM)Q the laser repetition raté, the effective focal area, and

%0 "k the photon energpl19]. As illustrated in Fig. 2.6, &ide range of fluorescent markers

can beutilized for TPE, covering excitation crossections in a broad bandwidth between 700

i 1200 nm. Thesenclude endogenous fluorophores (e.g., NADH, FAD, elastin) that enable
labelfree imaging, and exogenous dyes or genetically encoded fluorescent proteins (e.g., fluo-
rescein derivatives, Alexa Fluor series, GFP, YFP, mCherry) that provide targeted labeling of
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specific cellular or subcellular structur@g®,47,120,121]The choice of marker depends on the
available excitation waveleng#) required photostability, quantum yield, and compatibility

with the biological system under investigatié2,57]
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(a) —— AF488
eGFP
~——Fluo-3
———NADH
Alexa594
———tdTomato
———mCherry

-
1

o
o

Normalized Emission
=} [=}
SN [e)}

Normalized 2P Excitation

400 500 600 700 800 700 800 900 1000 1100 1200
Wavelength [nm] Wavelength [nm]
Figure 2.6: Spectral properties of commoerndogenous and exogenotlsorophores (AF488, eGFP, Fiki
NADH, Alexa594, tdTomato, and mCherrya). Normalized emission speeti(b): Normalized twephoton exci-
tation crosssections versus excitation wavelength. Solid lines represent interpolations of tabulated data; markers
indicate the underlying measured valuHse shaded regions highlight the normalized envelopes (scaled to unity)

to emphasize spectral placemarstead otheabsolute magnitude.

In contrast, SHG and THG contrast generation arises from coherent frequency conversion
of the input pulses in necentrosymmetric media or? media, respectivelfl22]. With

input powerd , the generated parametric second harmonic signal ppwescales with:

1 Q 0 .
———VU
€ € W

(2.27)

0 ©

whereQ s the effective secordrder coefficientp the interaction lengthg, the refractive
indices at the relevant frequenciesthe vacuum permittivity(the speed of light.

The THG signal poweb  scales with:
In tissue, SHG originates from highly ordered structures such as collagen, while THG arises at

refractiveindex interfaces, bottiemonstratinglirectional emission and phasetching sensi-
tivity [119,122]
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2.4.2 Spatial Resolution and PointSpread-Function (PSF)

The spatial resolution of twphoton microscopy is fundamentally governed by diffraction and
i's fully char act e rspreaefdnctionyPSF)hTde BSKF descebesdhe-thigeo 1 n
dimensional intensity distribution produced by the microscopesporese to an infinitesimally
small emitter, and therefore sets the smallest spatial features that can be reliably resolved. In a
high-NA objective, the lateral and axial extents of the PSF are primarily determined by the
illumination wavelength and the focusing geom¢33].

As mentioned before, leey distinction from onghoton fluorescence microscopy lies in
the nonlinear excitation mechanism: because theptwadon absorption probability scales
quadratically with the local intensity, fluorescence is generated almost exclusively within the
centrad high-intensity region of the focus. As a result, the effective pioton PSF is narrower
than its ongohoton counterpart, providing intrinsic optical sectioning and improved back-
ground suppression without the need for a pinfR2e57]

Under ideal diffractiodimited conditions, the lateral and axial resolutions can be approxi-
mated byYi T _j 0 dandYa c&_ §0 0, respectivelywhere_is the excitation wave-
length NA the numerical aperture of the objectimad ¢ the refractive index of the sam-
ple [124]. These relations highlight the main design traffs: shorter wavelengths and higher
NA yield finer resolution, whereas longer wavelendttsnmonly used in biological imaging
to reduce scatteringproaden the PSF. In practice, refractivdex inhomogeneities, aberra-
tions in the optical train, and sampreluced wavefront distortions further influence the PSF,
especially at increasing imaging deptHence the PSF provides a quantitative framework for
analyzing spatial resolution, contrast formation, and the-tireensionakectioning capability
of MPM.



Ultra-low Noise FiberOptic Subsystems 38

3 Ultra-low Noise FiberOptic Subsystems

This chapter presents the conceptual design, experimental realization, and systematic optimi-
zation of ultralow-noise fiberoptic subsystems for femtosecond pulse generation and pro-
cessing forming thetechnological foundatiofor theadvancedVPM platforms implemented
in later chapters. The developments span a broad ramgeeiultrafast fiberoptical technol-
ogies, including environmentally robust,-pthlarizationmaintaining moddocked oscillators
with enhancegerformance metrigsnterferometric seemes for quantusimited multi-color
intensity noise suppression, uH@w-noise supercontinuum generation in dispersngi-
neered photonic crystal fibers, and simulatiprided nonlinear fiber amplification stages ena-
bling energetic ultrashort pulserggation

All subsystems developed in this chapter follow the common guiding principle outlined in
the introduction: the deliberate and predictive engineering of aditer technology toolbox
to control amplitude and phase noise, timing stability, scalable pnégy, and efficient, tun-
able multicolor wavelength conversion. Together, these capabilities enable the integration of
advancedMPM platforms for deeftissue and multicolor optical interrogation of complex bio-
logical systems.

Parts of this chapter are based on results previously published in the followingpeer

viewed articles:

1 M. Edelmannegt al, "Optimized Noise and Stability Regimes in XPBlippressed All
PM Linear ModelLocked Fiber Lasers," J. Lightwave Technol. 43, 88385 (2025).

1 M. Edelmanret al, APerformance enhancement -via >
PMmodel ocked f i b@pt. Lett.49c1RP37-124Q(2D24). 0O

1 M. Edelmanret al, A Lnaodegrea soliton fiber oscillator modecked using NPE
inanallPMseltst abi | i zed AppltOpti6d, B672016Vé&(R023)., 0O
1 M. Edelmanret al, A Hnteldeeometric secortiarmonic generator with duablor

standard quantwth i mi t ed n o i sOpt. Ex@Ees82p103624.08¢260248).

All sections have been revised, expanded, and reformatted to provide a unified presentation and

additional discussion in the context of this dissertation.

3.1 XPM-Suppressed Ultralow NoiseFemtosecond~iber Oscillators

Fiber oscillators areonlinear optical systentlsat enableéhe generation of highly stable optical

femtosecond pulse trains based on the mechanism of-lmcklag (see Section 2.1)This
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makes them aore technology ohdvanced ultrafast lasapplicationdn fields such as nonlin-
ear biomedical imaginfH8], timing-and synchronization of larggcale facilitied125], pho-
tonic microwave generatidi26] and frequency metrolody27]. In the context of MPMfiber
oscillators are widely applidabth asearinfrared (NIR) standalone excitation sources, deliv-
ering intense MHzate, subl00 fs pulses with low RIN and timifgter [128i 130], and as
robust master oscillatoiategrated in complexunablelaserplatformsdesigned for tailored
pulse generatiofe.g.,based orsCGand parametric wavelength conversidnextend spectral
reach and address a broader range of fluoroplame®iomolecular markef$31i 133].

Over the past few decades, a wide range of-féosgr architectures and saturablesorber
(SA) mechanisms have been developed and successfully implemented. Within this landscape,
all-PM fiber oscillators moddocked using Kertypeinterferometerhiave emerged as a partic-
ularly powerfultechnology enabling unprecedented noise performance while simultaneously
offering stateof-the-art robustness, versatility, and broadband generation of ultrashort
pulseq73,96] This enhanced performance is enabled byMIfiber structures, which incor-
porate stressod elements that impose a large and adefined birefringence. When the input
polarization is aligned with a principal fiber axis, the polarization state is preserved and polar-
ization crosstalk is strongly sugssed134]. As a result, environmental perturbations such as
temperature, vibration, or humidity that induce random birefringence fluctuations 4RMon
fibers do not lead to polarization rotation or operafoint drift in alkPM cavities, thereby
reducing intracavy noise transfer and improving lottgrm output stability135].

Anotherimportant technicaleasorfor the superior performance of Kegpe allPM mode
locked laserss the application oNLIs which act asartificial SA mechanisms to initiate and
stabilize moddocked steadystated136]. NLIs converta differential nonlinear phasshift
Ye  between two interferometer arms into saffiplitude modulationia polarizing elements
or direct interferencf6]. Due to theinstantaneous response of the Kerr effect, NLIs are ex-
ceptionally fast SAsvhichsupport broadband, sl®0 fs pulses while simultaneously avoiding
the parameter degradation mfteriatbasedSAs (.9.,dyes semiconductorsor topological
insulator$ [137,138]and the parameter drift and instability common in-Rdh ring-cavities
modelocked via the mechanism nbnlinear polarization evolution (NPE)39].

NLI-type SAs can be realized in a variety of different architectures, most promimently
form of nonlinear amplifying/optical loop mirrors (NALM/NOLNl)asymmetric fiber loops
whereYe is accumulated between counpeppagating pulsgd40,141] AnotherNLI vari-
ant is thdinear selfstabilized interferometer (LS\vhereYs is accumulated between OPMs

in a linear fiber segmeifit42]. In recent years, the ongoing development and optimization of
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LSI oscillators has revealed a series of advantages such as simplified cavity striictGites
and novel adaptation pathways for power scaéind ultralow noise performance, some of
which are subject of this dissertatidri1,144,145]Despite their strong potential to define the
next stateof-the-art in fiber-optic pulse generation, LSI oscillators remain constrained by dis-
tortions in the modéocked statemanifesting as spectral modulations with correspondingtime
domain pulse deformatipas well as sel§tarting difficulties excess nonlinear loss of the SA
and reduced noise performaneead energyscalability compared to NALM/NOLM la-
sers[111,112,146]

In this chapter, novel approaches and modifications are presented to overcome the limita-
tions of LS| moddocked fiber lasers, establishing them as distottier, energyscalable, and
ultra-low-noise femtosecond sources for advanced ultrafast applisattnrst, the working
principle of NLIs as artificial SA is introduced together with a representative experimental
implementation of LSI oscillators. The NLI mechanism is described analytically by deriving
the intensitydependent transmission functiofiye  using the Jones formalism for linear and
nonlinear intracavity polarization evolution. On this basis, and supported by detailed numerical
simulations, it is shown that the distortions previously observed in LSI oscillators originate
from XPM-induced nonhear crosgalk betweerOPMsin the cavity

Building on this insight, a birefringent XP8LUppression concepsingintra-cavity yttrium
orthovanadate (YV@) crystals is introduced and analyzed numerically and experimentally. In
the implemented configuration, a 10 mm YX@ystal introduces a temporal ggeparation of
approximately 6.5 ps between the circulating OPMs, thereby eliminating-iKélted cross
talk. Experimentally, this suppresses the characteristic spectral ripple and pulse distortions, re-
duces nonlinear ks in the artificial saturdd absorber, and lowers the medeking threshold
by more than 45%. Stochastic simulations and comparative measurements further demonstrate
a broadened stable operating window and improved noise performance: in stpatisieeop-
eration, the integrated Rlis reduced from approximately 0.07% to 0.04% and the RMS timing
jitter from about 22 fs to 14.5 fs (3 kM5 MHz), while in the soliton regime the RIN decreases
from roughly 0.08% to 0.06% and the jitter from about 87 fs to 39 fs (9 HHZ).

Finally, a cavity architecture for efficient energy scaling based on spdeMligrgemode
area (LMA) fibers isdevelopedand characterized. An @M LSI oscillator employing a 25
pm-core PLMA fiber at 17.3 MHz is demonstrated to deliver approximately 10 nJ total pulse
energy (about 5.4 nJ at Port T and 4.3 nJ at Port R) and 170 mW average power, corresponding

to a 36fold energy increase over an otherwise matched 5.5cara reference, together with
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up to 58 dB lower highfrequency (>20 kHz) RIN, for example 0.027% versus 0.033% inte-
grated from 20 kHz to 5 MHz at Port T.

Taken together, these results estaldisiew class aKPM-suppressethterferometric fiber
oscillators as flexible and highly adaptable uloe-noise femtosecond pulse generators for
advanced MPM laser drivees dother ultrafast applicatianBeyond providing a robust and
energyscalable master oscillator, the detailed investigation diitHemechanism reveals gen-
eral design principles for controlling nonlinear noise coupling in filzeed interferometric
systems. As demonstrated in the subsequent chapters, this insight is crucial for eafeling
ultra-low-noise nonlinear wavelengttonwersion technologiesand supercontinuurbased

spectral engineering into MPk&levant excitation bands.

3.1.1 Phasebiased Nonlinear Fiber Interferometersas Saturable Absorbers

As an initial step, the fundamental operating principle of LSI fiber oscillators andfie¥a-
tion asartificial SA mechanism are outlinedo this endFig.3.1(a)illustrates a representative
cavity structure,consisting of an alPM fiber segment attached to two frggace arms with
end mirrors M1/2 whicliorm a closedaser resonatoiThe fiber segment contains the active
medium in this case alb-doped fiber (YDF)pumped via a wavelengttivision multiplexer
(WDM) that couples 976im pumplight from a diode laseinto the YDFto ensure coherent
optical amplification (see Section 2.2.Bpth ends of the PM fiber segments are terminated
with fiber collimators C1/2, which collimate the divergent fiber output beam into thebhese
arms. The side of C1 includes a Faradatator (FR, 45° polarization rotation for each single
pass) combingwith end mirror M1. The side of C2 includes a wieniprocal phase bias con-
sisting of a second FR (45° singdass) combined with a tunable halave plate (HWP2)rad
guarterwave plate (QWP1), a polarization beapilitter (PBS), a transmission grating pair for
dispersion compensation, and the second resonator end mirror M2. In addition, QWP2 allows
tunable output coupling to one of the reflected output Port R, whibkedditional HWP1 aligns
one of thePM fibersprincipal axesto the transmission axis of the PBS to ensure a consistent
frame of reference for the subsequent derivation of the SA transmission characteristics.
To understand the modecking mechanism of LS| and other Nbhsed fiber oscillators,
both the linear and nonlineeatra-cavity polarization evolution must be consideféd2,147]
Linear transformations arise from the int@vity polarization modulator.g., QWPs, HWPs
and FRs)while nonlinear polarization modulation result frdive Kerrinducedintensity-de-
pendent differential phasé  between the two interferometer arriige intracavity polari-

zation evolutioris modeled by cascading the Jones matrices of all elements over one round trip
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with additionally inserte&err-induced phase operatd42,148] The resulting roundrip po-
larization transfer matrixenables to computthe intensitydependent transmissidonction
"YYe at the PBS. The sinusoidaf Ye characterizes the artificial SA behaves func-

tion of the tunabl@hasebias waveplatangles— and—, the accumulatetfe and the en-

ergy splitting- between the cpropagating OPMs in the LSI.
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Figure 3.1 LSl oscillatorarchitecture and NLbased SA parameter tunir(@): Typical experimental cavity sche-
matic of an alPM LSI modelocked fiber oscillator. M: mirror, FR: Faradagtator, C: collimator, WDM: wave-
lengthdivision multiplexer, YDF: Ybdoped fiber, HWP: halfvave plate, QWP: quartevave plate, PBS: polar-
ization bearrsplitter. (b): Tunability of the intensitsiependent LS| transmissidanction”YY»  for three dif-
ferent settings of the phabéas waveplate rotation angles (HWP2) and— (QWPL1), with corresponding energy
splitting ratio- . (c): Mapped eergy splittingratio- —h— showing control of the power distribution between

the OPM interferometer arms, corresponding to a control of accumubated

To apply Jones calculus @he cavity shown in Fig.3.1 (a), it is convenient to define the
PBS transmission axis as parallel to ¢thaxis of the PMfiber, and the reflection axis parallel
to thewaxis. In this casethe orthonormal basis defined by fg corresponds tthe PM
fiber axes, with the PBS transmittigg), ensuring a consistent frame of refereniae describe

the influence of the phadmas (PB), one can define the rotation and retarder matrices:
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WeE i — QE —

Y — . e~ ¥
| Qe we 1| —

(3.9

o v P T
01 h— Y g Y (3.2

so that and ideal HWP and QWP at angleand— can be described with the jonesitrices
O 0“h— andd 0“jch— ,respectively. Starting from the PBSdirection of the LS

fiber segmenwith g pT , thephasebiasin forward directioris described ly

6 0 —0 —YT (3.3
where'Y [ with T T vakcounts for a singlpass through the FRhe field launched
into the PM axesan then be expressedsas 6 [ 0 0 , with energy splitting ratio:

SUR
R (3.4)
VS L
and phasdiase @i @j0 . This allows to define a normalized launch vector at the
PM-fiber input:
V-
4 . 3.
Vp -Q (39

Due to the 90° of the Faradagtator mirror (FRM), linear phasshifts, and walkoff effects
between the OPMare compensateut theyaccumulate a Ketinduced differential phase
shifta+ according to Eq. (2.11), resulting in the modified launch vector:
Jod __» (3.6
Np -Q
On the return pass, the phdsas section is traversed in reverse ardesulting in thdackward
operator

5 YT 0 — 0 — 3.7
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Subsequent projection onto the PBS transmission axis (Port T) can be described by the analyzer

row vector= g0 0 0 , so thatthe transmitted field amplitude becomes:

o =4 O o Wp -Q (3.8)

The artificial SA transmission at Port T is then given by:

Y3 0Os Y 0 wEde . (3.9
Here,’Y © s- 0 p - isanoffsettransmission, ¢ - p - 0 0° the mod-
ulation depth, anc . ®i1 ®O° is the effective phaskias after doublpass

through the LSI. These three quantities are jointly tunable via the-plassettings— and
—, which set,» and the analyzer coefficienis ando 8

To quantify the responsiveness of the SA to small4odnaty fluctuations, one can linearize

“Yae  arounds- 1. Differentiation of Eq(3.9) therefore gives the smailgnal slope:
QY 51 6
oY Ui Q¢ (3.10

i

Using the derived model, Fig.3.1 (bBystrates how differengettings of— and— translate to
distinct Y3  curves with specific parameter set consistingYofd ,» and-. Fig.3.1 (c)

maps the parameter space—h— , which is directly related to both modulation depth (via

0 & - p -)and the nonlinear working point (vi# © ¢- p). In practice, reliable

self-starting therefore requires a balance between high sigakl slope given by Eq. (3.10)

with maximum simultaneousto efficiently accumulat®s  in the LSI fiber segment.

3.1.2 XPM-induced Limitations in Standard LS| Oscillators

Although LSI oscillators share the-&M architecture and Keitiype artificial SA concept with
stateof-the-art NALM/NOLM designs, their reported performance has been limited by ele-
vated intensity and timing noise, a reduced stability window, and pronounced spectral rippling
with degraded pulse quality over broad ranges of cavity peteasil11,112,146]drastically
reducing their applicability for many higberformance applications

To investigatethe physical origin of these limitations, the pulse evolution in standard LSI

oscillators is analyzed using numerical simulations. This analysis identifies nonlinear phase
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distortions arising fronXPM betweenOPMsin the PM fiber as the dominant mechanism un-

derlying the observed performance degradation. Understanding this mechanism provides the

foundation for the birefringent XP¥uppression concept introduced and yaed in the fol-

lowing sectionsThe numerical model used to descrihedelocking in LSI oscillators com-

binescomputation of th@hasebiased LS| transfer functioty Ye

, derived inSection 3.1.1,

with coupled NLSEs including gaits€ction 2.2.2) iterated over successive cavity roundtrips.
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Figure 3.2: Influence of XPM on cegpropagating OPMs in standard and XRMppressed LSI oscillator&):

Simplified standard LSI cavity structure with indicated OPM propagalibmirror, FR: Faradayotator, YDF:

Yb-doped fiber, PBS: polarization beasplitter. (b): Simulated temporal pulse profile after isolated roundtrip

parallel to the slow (grey) and fast (blue) fiber akiset: corresponding accumulatéd  with XPM-induced

modulations and singhanging waveform(c): Simplified LSI cavity with implemented YV4xrystal for bire-

fringent XPMsuppression (d): Corresponding simulation of the roundtrip pulse profilse respective fiber

axes together with th&&PM-dominated, singldobed,and positive accumulateéé

(inset).

As an initial step, the origin and impact of XHNMluced distortions are investigated by

simulating nonlinear pulse propagation in a representative LSI cavity operated in the standard

configuration shown in Fig.3(2).In this configurationa linear polarized pulse leaves the PBS

each roundtrip in the direction of the phdsas and fiber segment. Two OPMs are generated

based on the phatgas settingsentering thd®M fiber with full temporal overlap anslbse-

guentlywalk off during propagation due todhgroupvelocity mismatch between the fast and

slow PMfiberaxesP1 ps/ m f or

PM9 80

at 103

O nm). Afte

the polarization by 90°, ensuring that the OPMs recombine aodertap on the return path.
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The overlapwith progressive waloff during propagatiom the fiber segmergnables strong
nonlinear coupling via XPM; a key distinction e.g., from NALM/NOLM oscillators, where the
OPMs countepropagate in &agnaeype interferometridiber loop with minimal overlap and
inherently suppressed nonlinear crte.

Simulation parametersncluding fiber lengths, pump power and phbges settingsareset
to ensure stablmodelocking convergence within 1000 roundtripsgure 3.2(b) shows the
simulated temporal pulse profiles of the OPMs along the fast and slofibBiMaxes for the
final roundtrip, together with the corresponding accumulated nonlinear phase difference
Ye 0 (inset). The fields are evaluated directly after doytales through the fiber and phase
bias section, just before interaction with the PBS. As shown, the accumbated is
strongly modulated and with a sighange close t0 1, which distorts the SA transmission
and pulse shaping characterized by its transmission furitfen . This distortion reduces
modulation efficiency and introduces characteristic temporal and spectral artifacts as a direct
consequence of XPhhduced nonlinear crodalk.

To suppress these phase distortj@isirefringent XPMsuppression concept is introduced.
As illustrated in Fig.3.4c), the approachtilizes a highly birefringent Y\D4 crystal inserted
between the LSI fiber segment and the pkaas. The crystal axes are aligned with the princi-
pal axes of the PM fiber, ensuring that @@Msremain in a consistent reference frame while
acquiring a relative grougelay offsetyt© 0 . The resulting temporagre-separatiorpre-
ventsany directoverlap of the OPMs during nonlinear propagation in the LSI fiber segment,
thereby effectively suppressing XRikMduced crossalk. Upon doublepass propagation the
pre-separations fully compensated by the 90° polarization rotation of the Fareatayor mir-
ror and therefore does not perturb the stestdye laser operation.

The impact of this mechanism is illustratedrig.3.2(d), which showdhe simulated OPM
pulse profilesand the correspondirapcumulated» o obtained using identicaimulation
parameters as before batluding YVOs-inducedpre-separationin contrast to the standard
configuration, the resultinye 0 waveform is SPMdominated, singkobed, and strictly
positive, closely following the pulse envelope. In the following sectibis numerically and
experimentally validated that thiewtechnique fobirefringent XPM suppressiaesultssig-
nificant performance enhancement of this laser structure across multiple domains, making them

an ideal driver for complex MPM laser platforms and other ultrafast applications.
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3.1.3 Impact of XPM Suppression on Spectral Quality and Modd_ocking Threshold

To experimentally investigate the influence of birefringent XPM suppressitimedrs| laser
operation, initially focused on the spectamaltput qualityand generalmodelocking perfor-
mance, a setup is constructed as shown in Fig.3.3{a@)modified setup is designedaiow
switching betweena standard configuration (SC) with XPM, aad enhanced configuration

(EC) with XPM-suppression via implementation of a 20 mm long totreity YVOs-crystal.
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Figure 3.3 Experimental implementation and numerical analysis of birefringent XPM suppression in an LSl fiber
oscillator. (a): Experimental setup including attached modification for OPM monitoring. GP: grating pair, QWP:
quarterwave plate, PBS, polarization beaplitter, EWP: eightvave plate, HWP: halivave plate, FR: Faraday
rotator, C: collimator, WDM: wavelengitiivision multiplexer, YDF: Ybdoped fiber, OC: output coupler, ISO:
isolator, YDFA: Ybdoped fiber amplifier. (b): Simulated evolution¥ © in SC with XPM as function of
propagation distance in the LSl fiber segment with illustrated OPMdietey. (c): Evolution ob/s 0 in the

EC with birefringent XPMsuppression. (d): Steadyate output spectra in SC at Port T (gray) and Port R (blue).
(e): Corresponding Port T and R output spectra in EC.

TheallPM f i ber segment i ncl uddpedfibed (YOF, GorActite hi g
Yb401:-P M) optically pumped by a 9WDd Thenfee 1 W
space arm following collimator C1 contains
sion grating pair (LightSmyth 1048eries) for dispersion managemenBBS and the non



Ultra-low Noise FiberOptic Subsystems 48

reciprocal phaséias section composed of a 45° singéssFR, a HWP, and an eightvave
plate (EWP) with adjustable rotation angles and—, respectivelyThe usage of an EWP
instead of a enables a reduced sensitivity of the phiasetuningmaking it more practical to
find a stable setting for reliable mottecking initiation. The QWP between PBS and GiBnc-
tions as a tunable output couplaitpwing access to the intvity field at PBS Port T.

An additional haHkwave plate (HWP1) is used to align the slow axis of the PM fiber with
the transmission axis of the PBSn the opposite side, a Faraday rotator mirror (FRM, 45°
singlepass) is placed after collimator C2 to compensate linear phase shifts and ensure proper
recombination of the OPMs in baBC and EC of the LSI oscillatokt the FRM side, an output
coupler (OC) serves as second cavity end mirror, coupling out 20% of theawtta field.

After amplification by a Ykdoped fiber amplifie(YDFA), the output at Port Mhenenables
polarizationresolved monitoring of the OPM tinrdelay, allowing direct verification of the
temporal separation introduced when switching f@@to ECof the LSI oscillator

To investigate the impact of XPM on the output pulse characteristics in a realistic cavity
environmentpumerical simulations are performed with parameters matched to this configura-
tion, using the model described in Section 3.Tl& phaséias is sette— v ¢ and—

Y p, dorresponding to a regime with high SA sensitivity and optimal starting behavior, i.e., a
positive slope of the transmission functiorz- nearYe T. Hgures3.3 (b) and (c)

show the simulated evolution of the accumulated o along the PM fiber segment BC

and EQrespectivelywh er e t he propagation distance of
FRM. As illustratedthe temporal waveform o¥s  in SCis strongly distorted due to XPM,
leading to a temporally modulated SA transmissiomontrast, the birefringent XPM suppres-
sion introduc edinthgECensuees sSmddih temparalesautoh of the non-
linear phaseavith strong suppression of temporal modulatidtse corresponding output spec-
train SC and EGre displayed in Figs.3(8) and (e)respectivelyln SC, the distorted nonlin-

ear phase gives rise to pronounced spectral ripple and sidebands at both Ports T and R. By
contrast, the EC spectvarify smooth spectral broadening and are essentially free of sjpple
confirming that the artifacts observed in SC originate from XiRtuced phase distortions.
These resulttherefore numerically demonstrdtes effectiveness of the proposed suppression
scheme under experimentally realistic conditions.

For experimental validatigrcomparative measurements are performed fo6@andEC
of the LSI oscillatoshown in Fig.3.3 (a)To enable a clear comparison of both laser configu-
rations, the oscillators are operated in a stretghase regime with a net intracavity dispersion

of approximately vz p Tt fs?, where the material dispersion of the 20 mm Y\6®ystal
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(203.58 f¢/mm GVD at 1030 nmis compensated with a corresponding adjustment in the grat-
ing distance when switching from Sc to EC. The lasing threshold is measured at ~60 mW in
both SC and EC, confirming that insertion of the antireflective (AR) coated,X¥@tal does
not introduce any significant linear loss or misalignment.

To evaluate the influence of XPM suppression on the onset of-tackieg, Fig.34 (a)
presents the measured slope efficiefcy FQ U at Port T for both SC and EC, whare
denotes the average Port T output powethe average pump power, along with the corre-
spondingd  versusD curves (inset)During this measurement, the pump power is increased
in 25 mW steps up to 1.5 W. A distinct 1 nci
cw to pulsed operation, which occurs more abruptly and at lower pump powers in the EC, high-

lighting improvedself-starting behavior enabled by birefringent XPM suppression.
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Figure 3.4: Experimental comparison of LSI laser operatiorsidand EC with birefringent XPM suppression.
(a): Measured slope efficienc® 0 ¥Q 0 as function of the pump power at Port T of the LSI oscillator in SC
(yellow) and EC (blue). Inset: Corresponding output versus pump power characteristi€ar(e3pondinghC
trace of the OPMs measured at Port M for the SC. (c): Corresponding AC trace of the OPMs inNE€agdjed
output spectra in SC at Port T (purple) and Portyrut). (e): @rrespondingputputspectra in EGneasuredat
Port Tand R
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The transition from cw to the energetically more efficient mlod&ed state is clearly vis-
ible in Fig.34 (a) as a sharp increase in slope efficen€ompared to the SC, whidemon-
stratesa measured modecking threshold at 12W pump power, the EC enables a signifi-
cantly r educed,-cdraspoadng to b €945% lbwerQountp pdier requirement.
This improvement is attributed to the suppression of XRdlliced phase distortions in the EC,
which reduces nonlinear losses in the artificial SA mechanism, as will be further verified below.

Once moddocking is initiated, both configurations support stable shpgilse operation at
pump powerdar below the modéocking thresholda ppr oxi mately 50 mW
55 mW f or urted8.d (b)El.(c) howghe measured autocorrelation (AC) traces of
theOPMsat Port M for both configurations. Inthe SC, atemporalvwatkk f of ~3 ps i ¢
consistent with the birefringence of the PM fiber alone. In contrast, tlile@BOnstratea larger
walkof f of ~13 ps, r easpuelsepag atrom { hduaddi by
crystal, whose fast axis is aligned parallel to the slow axis dfith&ingentPM fiber.

In LSI modelocked oscillators, the output power at Port T is proportional to theaatridy
power, while the power at Port R reflects loss through the artificigll82]. Comparing their
ratio thus provides insight into the nonlinear loss characteristics, independent of pump power.
I n the SC, the measured output power at Pol
to pulse energies of ylL6.l7n pcJonatnrda s5t5 . 66 hped ,EQO
T and 0.9 mW at Port R, with corresponding
power ratio between Port T and R is inverted between the two configurations. Given the previ-
ously confirmed identiddinear losses in SC and EC, this inversion clearly indicates that XPM
suppression not only improves the médeking threshold and starting behavior but also en-
hances the nonlinear transmission efficiency of the artificial SA mechanis

To further assess the overall output pulse quality in both configurations3 . #{@gd.and €)
present the measured output spectra at Ports T and R for the SC and EC, respectively. To verify
the periodic spectral perturbations predicted by simulation, the output spectra are recorded us-
ing a highresolution optical spectrum analyzer (ANDO AQ631%A) 0. 02 nm r eso
shown in Fig3.4 (d), the SC spectra at Ports T andi&nonstratepronounced modulations,
with a spectraFWHM o f 1 3. 8 n mrespactivel\l Bexcellerm agreement with the
numerical predictionghe EC spectra in Fig4 (e) verify significantly reduced spectral mod-
ul ati on, with FWHM values of 13.4 nm at Por
fluence of XPM suppression appears more pronounced in the spectral shape at Port R, poten-
tially due to a phasbiasdependent redtribution of XPMdistorted components, as recently
discussed in Ref146].
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These results clearly confirm that XPM suppression is a critical requirement for achieving
high spectral output quality in LSI oscillators, comparable to established platforms such as
NALM/NOLM or NPE-based designsThe successfuluppression of XPM in aPM LSI
modelocked fiber oscillatorgvidentlyenhances output pulse quality and reduces the -mode
locking threshold by over 45%, as confirmed through experiment and simulation. These results
establish birefringent XPM suppression as a key amatdchnobgy for high-performance LSI
designs, positioning them as competitive alternatives to NALM/N&iaged systas.

3.1.4 EnhancedNoisePerformance AcrossMode-Locking Regimes

The noise performance and parameter stability of rlecled lasers are crucial performance
metrics for many statef-the-art applicationskor ultralow noise fiberoscillators the achiev-
able noise performande largely determined bytrinsic nonlinear dynamics and the technical
architectureincluding thecavity designenvironmental isolatignSA typeand thedispersion
map [97,98,100] A powerful leverto control RIN, timingjitter and phas@oise performance
is themodelocking regime determined primarily by theetcavity dispersionThesenclude
thestretcheepulse(SP) soliton,and seHsimilar (similariton) operation, each characterized by
distinct pulseshaping mechanisms and noise respof¥ds

The SP regimeaccessed at neaero to slightly anomalous net dispersion by balancing the
normal dispersion of the fiber with anomalous dispersion elements such as grating pairs or
chirped mirrors, features strong pulse breathing, the broadest output spectra, ardireduce
linear phase accumulation per roundftig9]. When carefully optimized, this regime yields
some of the lowest reported levels of intensity noise and timing|[jitsrIn contrast, the sol-
iton regime, operating at net anomalous dispersion, supports nearly tratisfded pulses
which are, howevernergylimited by the soliton area theorem, often trading bandwidth and
pulse energy for enhanced robustri@&®]. Finally, the similariton regime, realized in-albr-
malkdispersion cavities with spectral filtering and gain shaping, supports large stretch factors
and selsimilar, highly chirped pulse evolutianth substantially higher pulse energies directly
from the oscillatorat the expense of increased intracavity nonlinear phase accumulation and
reduced noise performanaad stability{151].

The preceding section demonstrated that epbsse modulation (XPM) in standard LSI
oscillators induces nonlinear phase distortions, which manifest as spectral modulations and de-
graded pulse quality. It further introduced birefringent XPM suppressiod lbasatracavity
YV O4 crystals as an effective strategy to eliminate this limitation. Building on these findings,
two key questions naturally emerge. First, does birefringent XPM suppression translate into

measurable improvements in noise performanasiggally in RIN and timing jitter, thereby
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enhancing the suitability of LSI oscillators for uHoav-noise applications such as frequency
metrology, optical synchronization, and nonlinear biomedical imaging? Second; peeftr-
mance gains preserved across distinct rlodeing regimes, which would establish birefrin-
gent XPM suppression as a broadly applicable tool for extending the versatility of performance
enhanced LSI oscillatots the level of statef-the-art NALM/NOLM oscillators?

To address these questions, stochastic numerical simulatiorisachvity noise dynamics
are combined with an extended experimental setup enabling detailed comparative noise meas-
urements between tHeSI oscillator in both configurations (i.e., SC with XPM and EC with
birefringent XPMsuppression)As initial step of this numerical evaluatipthe influence of
XPM on steadystate stability an®IN is investigatedy varying the net cavity dispersion and
pump powerClassical wise is introducedtochasticlly as described in Section 213y adding
energy fluctuations at the LSI fiber input, sampled from a Gaussian distribution with a standard
deviation of 0.1% of the instantaneous pulse endtgyeach parameter set, 800 cavity round-
trips are simulated, and the output RIN is calculated at PofyT@8 1 (0, with] (denoting
the standard deviation aBcthe mean of the peak power calculated over the last 75 roundtrips.
The coupled output fraction at Port T is fixed to 20Phasebias settings arset to— ¢ J
and— X pwith- T ¢and positive slope 6tyYe  atVYe ne

Figure 3.5a) and (bshowthe simulated RIN valuga SC and EC with and without XPM
induced distortionsrespectively as function of the oscillator pump power and grating pair
GDD. As shown, he absence of XPM markedly broadens the parameter space for stable steady
state modéocking with low RIN output over the simulated 800 roundtrips further analyze
the origin of the observed performance degradatiothe LSI oscillator in SCFig.3.5(c)
shows the evolution of the accumulated roundtrip phafed¥sh for a selected working point
(WP, indicated in Fig.3.5 (a) and (b)) at a grating GDD pfy p 1 1] i and a pump power
of x ® & w. At this WP, thesimulatedoscillator operates in a IoRIN state when XPM is
suppressed in E®ut transitions into a higRIN state when XPM is activia SC. In EC, Ye
stabilizes after ~340 roundtrips at a steady valder@®" rad per roundtrip, corresponding to
stable moddocking. In contrast, in SO/  converges to the same mean value but demon-
strates pronounced random fluctuations. Skrce directly determines the SA transmission
via"Y¥Ys , these fluctuations perturb both PBS transmission (and hence the effective cavity
loss, leading to temporal instabilities as illustrated in Fig.3.5 (d)) and the spectral shaping of
the artificial SA mechanism.

To furtherinvestigatehe connection between XRMduced stability degradation and out-

put pulse quality, Fig) 3.5(d) and (e) present the simulated Port T output pulses at the selected
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working point with XPMin SCandEC, respectively, in both the spectral and temporal domains.
The displayed traces correspond to averages over the finat7® total800 simulated round-

trips. Consistent with theesults of the precedirggections, XPMdriven fluctuations of the ac-
cumulated roundtrip nonlinear phae give rise to pronounced spectral modulations and a
clear degradation of the temporal pulse shape. Beyond confirming the presence -ofi-XPM
duced pulse distortions, these results establish a direct correlation with reduced laser stability
and elevated RINnhdicating that effective XPM suppression can systematically improve the

output noise performance of LSI oscillator architectures.
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Figure 3.5 Numerical simulations of stability and RIN in the modeled LS| mlodked fiber laser with and
without XPM suppression. (apteadystate RIN as a function of intracavity gratipgir GDD and pump power
at Port T of the S@vith XPM. (b). Corresponding RINf the ECwith XPM suppression(c): Evolution of the
accumulated nonlinear phase sbift over 800 roundtrips at the marked working point (WP) with XPM on/off
in SC/EC(gray/blue) (d): Corresponding output pulsat Port T. (€) Simulated output spectra at Poraf WP
with XPM on SC,gray) and off EC, blue),averaged over the |1as8b roundtrips. (f) Output pulses corresponding
to the spectra in (e).

To experimentally validate the numerically predicted improvements in noise and stability
arising from suppression &PM, an experimentadetupis constructedas shown in Fig.3.6
The configuration allows dire®IN and timingjitter measurements on a modified LSI oscil-

lator, hereafter referred to as the laser under test (LUT). The LUT can be operate8@ither
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where XPM is present, or ilBC, where XPM is suppresseta optional implementation of a
YVOs-crystal Its design closely follows the simulated system inFig(a) consisting of an
all-PM fiber section with 0.5 m of highly ¥doped fiber (YDF, CorActive Yb4GPM) and a

total fiber length of 2.5 m. The YDF is pumped by a 976 nm, 1 W laser diod&Widva Free

space coupling isealizedthrough collimators C1 and C2. On the C1 side, thespaxe arm

IS built as a Faradamirror arrangement with a 45gjle-passFR and end mirror M1. On the

C2 side, the arm contaitise secon@énd mirror M2, a transmission grating pair for dispersion
compensation (LightSmyth-$eries, 1000 lines/mm), a PBS serving as output coupler, and the

nonreciprocal phaséias section
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Figure 3.6: Experimental setup of the modified LS| oscillateith optional birefringent XPM suppression, to-
gether with thesetupfor comparativemeasurements dime- and frequency domain pulse characteristitidN,
and timingjitter performanceThe inset shows a representative BPC sensitivity trace with 0.56 rW//fsirror,
FR: Faraday rotator, C: collimator, PBS: polarization beam splitter, WDM: wavelehgsion multiplexer, LD:
|l aser diode, ¥warddate, HWP:thalfiave plateg QWFH guartevave plate, GP: grating pair,

BOC: balanced optical cros®rrelator, BS: beam splitter, NLC: nonlinear crystal, PD: photodetector.
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Switching between SC and EC is achieved by inserting a 10 mmy-¢kyGtal, which in-
troduces @6.5 ps walkoff between th®©PMs thereby preventing nonlinear cretsdk in the
fiber. The laser operates at a repetition rat®@®f MHz. To provide a consistent reference for
the orientation of the birefringent crystal and phlises wave plates, the slow axis of the PM
fiber is aligned with the PBS transmission agsnilar to the numerically simulated setup with
resultssummarized in Fig.3.3he phase biasf the experimental setlp realized with a 45°
FR, a haklwave plate (HWP2), and &WP with adjustable rotation angles and—.

To characterize the RIN in both configuratiotise output from Port R of PBS1 is detected
using a lownoise InGaAs photodiode (Coherent ET3010). The fifth harmonic of the detected
RF signal (270 MHz) is isolated by a bandpass filter and amplified with-adise RF ampli-
fier (MiniCircuits ZX60-33LN-S+) powered by a stabilized supply (Toellner TOE8721). The
resulting signal is analyzed with a sigisalurce analyzer (SSA, Keysight E5052B) to obtain
both frequencyesolved singlsideband RIN spectra and integrated RIN values.

Timing-jitter measurements are performed using balanced opticatarosdation (BOC)
against a lownoise reference oscillator (R[352]. The RL is a highly optimized LSI laser with
a piezeactuated end mirror (Thorlabs PA25LEW), providing dbandwidth synchronization
to the LUT. It runs at 54 MHz witB20 mW output an®200 fs pulse duration. A commercial
BOC unit (Cycle GmbH, BO@1D-10) is employed. Because the LUT output power is insuf-
ficient for direct BOC operation, it is first amplified in a layain YDFA (<12 dB) and subse-
guently recompressed by a grating pair (tt®yhyth T-Series, 1000 lines/mm). For consistency,
the YDFA gain andnput power are fixed throughout all measurements.

The BOC sensitivity is calibrated by slightly detuning the repetition rates of LUT and RL
via a piezo offset, recording the frequency differed , and extracting the zewossing
slope[153], which isD0.56 mV/fs at 5 MHz bandwidtim the experiment (Fig.3.6 insefjhis
calibration is repeated for each LUT configuration to ensure a stable electronic noisenféoor.
timing-jitter spectral density is derived from thaseband noise of tlBOC error signal, meas-
uredusing aSSA. Synchronization between RL and LUT pulse trains is maintained by a feed-
back | oop with <9 kHz bartoatowa higlsgeed sanve contrgllert h e
(NewFocus LB1005), and a piezo driver (Thorlabs MDT®R4The measured timinggter
spectrum above the | ocking bandwidth thus r
ables direct comparison between SC and EC operation.

Using this setup e influence of XPM on the RIN performance and output pulse charac-

teristics is investigated in both ti#and the soliton regime, to confirm thamerical results.
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In both regimes, the RIN is first characterized at a stable working point in SC with XPM influ-
ence. Subsequently, the YV©rystal is inserted with its fast axis aligned to the fast axis of the
PM fiber, and the RIN of the EC is measured and compared together with the corresponding
pulse quality in time and frequency domain. The AR coating on the crystal surfaces ensures a
negligible variation in cavity loss between SC and EC, which is further verified through a com-
parison of the respective easing thresbld. To furtheravoid distortions in the RIN compari-
son caused by differences in net disper§idj, the nor mal di spersi on
(203.58 fszfmm groupelocity dispersion at 1030 nm) is compensated by an appropriate ad-
justment of the grating distance when switching between SC and EC. The LUT is operated at
identical pump power in both cogfirations, and the RIN at output Port R is compared in the
soliton andSPregimes. In both cases, melbeking is established by tuning the phase bias,
followed by a pumgpower increase and subsequent reduction to the gaudge threshold.

In the SPregime with a net dispersion B0.05 ps2, modéocking is obtained at a pump
power ofD600 mW in both SC and EC, while the singldse threshold i®100 mW in both
cases, yielding output powers of 1.1 mW and 3.5 mW at Port R, respectively. The correspond-
ing optical spectra and autocorrelation (AC) traces are shown in Fig)&ard (b). Consistent
with earlier studies (e.g., Refd.11,146) and the numerical results in RBg5, suppression of
XPM in EC leads to an improved spectral profile with significantly reduced modulation com-
pared to SC. The compressed pulse durationDad® fs in both configurations, which is
slightly longer than the respective Fourier limits of 110 fs (SC) and 91 fs (EC). Nonetheless,
the measured AC traces confirm an improved temporal pulse quality in EC with strongly sup-
pressed pedestals. To excludeltrapulse operation as the origin of the spectral modulations
observed in SC, the broadband RF spectrum is analyzed (inset of Fip),3hére shown for
the EC output at Port R). The absence of amplitude modulations in higher RF harmonics verifies
singlepulse operation. In addition, the full %8 dynamic range of the autocorrelator is mon-
itored to rule out signatures of mytulsing

In the soliton regime of the LUT with a net dispersion@fL7 ps?, selbtarting mode
locking is initiated at 700 mW and 540 mW pump power in SC and EC, with a corresponding
singlepulse threshold at 92 mW and 80 mW, respectively. The Port R output power is 0.4 mW
in SC and 1.2 mW in EC. Fig.3(€) shows the corresponding output spectra, with a FWHM of
D9.6 nm in both LUT configurations. Spectral measurements and AC traces, shown in Fig.3.7
(c) and (d)yespectively confirm similar suppression of spectral and pulse distortions as in the
SPregime. Singlepulse @eration is again confirmed via the RF spectrum shown in the inset

of Fig.3.7(d) for the EC, and by large dynami@nge AC measurements.
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Figure 3.7: Time- and frequencydomainsoliton and stretchepulse regimeutput of the modified LSI oscillator

in SC and EC(a). Measured Port R spectra in the stretecpatbe regime for SC (blue) and EC (gray), with
FWHMs of 9.6 nm an®20 nm, respectivelyb): Corresponding compressed autocorrelation (AC) traces (FWHM
D140 fs in both cases). The inset shows the broadband RF spectrum of the EC outpratipiftsePort R spectra

in the soliton regime for SC (cyan) and EC (grést). Compressed AC traces in the soliton regime (FWBIMO

fs in both cases) he inset shows again the correspond®iigspectrum of the EC soliton pulse train.

The RIN spectra of SC and EC operation inSReegime are shown in Fig.8(a), together
with the RIN of the reference laser (RL), which is later used for tifjiitgg measurementé\s
shown, sippression of XPM in the EC leads to up to 10 dB lower RIN in the-fnegluency
range abové10 kHz, approaching the noise level of the RL beyD200 kHz. The corre-
sponding integrated RINshownin Fig.3.8 (b), confirms a reduction from 0.062% in SC to
0.040% in EC when integrated over the full measurement bdtidwi

The frequencydependent character of the RIN suppression can be attributed to the distinct
response of XPM and the intracavity gain medium. XPM acts on-fesutbsecond timescale
and inherently exhibits a highass response, as previously demonstratechaalytically de-
scribed by Huiet al. in the context of WDM systenj4$54]. In this regime, XPM generates
stronger phase fluctuatio’¥s  at higher modulation frequencies, which are converted into

amplitude noise by the artificial saturable absorber mechanism, thereby enhancing the high
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frequency RIN contributions. In contrast, the saturation dynamics of th#ojédgain me-
dium act as a lowpass filter with a bandwidth set by the upptate lifetime (typicallyD1 ms).

As discussed by Washbuenal.in Ref.[155], the gain medium is therefore unable to respond
effectively to fast intracavity power fluctuations, whitchther increasethe contrast between

low- and highfrequency noise suppression once XPM is eliminated.
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Figure 3.8: RIN performance of the modified LSI oscillator in SC and EC under strefohied and soliton op-
eration. (a): Measured RIN spectral density from 1 Hz to 5 MHz for the LUT in strepehselregime, comparing

SC (cyan) and EC (blue) to the reference lader(dgray). (b): Corresponding integrated RIN traces. (c): RIN
spectral density for the LUT operated in the soliton regime, again comparing SC and EC to the RL. (d): Corre-
sponding integrated RIN traces

The measured RIN spectra in the soliton regime, together with the RIN of the RL, are shown
in Fig.3.8 (c) for both SC and EGSimilar to theSPregime, suppression of XPM results in
broadband reduction of the RIN spectral density. In the-fiigdluency range above 10 kHz,
the RIN suppression remains nearly constanD&tdB. The corresponding integrated RIN,
shownin Fig.3.8 (d), confirms a reduction fror®»0.08% in SC td)0.06% in EC as a direct
consequence of XPM suppressibmcomparison to both soliton configurations, 8feregime

exhibits overall lower RIN, consistent with theoretical predictions and earlier reports on the
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dependence of noise performance on net cavity dispdi&3otb6] The RL maintains the low-
est integrated RIN of 0.03%serifying its suitability as a lownoise reference in the subsequent
timing-jitter characterization. The experimentally observed improvements in pulse quality and
RIN performance in both regimésrther demonstratexcellent agreement with the numerical
predictions.

To investigatethe influence of XPM suppression on the timjiger performance of the
LUT, comparative measurements relative to the-tmise RL are carried out in both the
stretcheepulse and soliton regimes. To exclude any influence of varying pulse energy or dura-

tion on the results, both parameters are kept constant for all measurgi@sits7]
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Figure 3.9: Influence of XPM suppression on the relative timing jitteEPand soliton operation. (a) Measured
timing-jitter spectral density of the LUT operated in 8feregime for SC (dark gray) and EC (blue) with a locking
bandwidth oD3 kHz. (b): Corresponding integrated timijitger traces (100 Hz5 MHz). (c): Timingjitter spec-

tral density of the LUT operated in the soliton regime for SC (dark gray) and EC (green) with a locking bandwidth
of D9 kHz. (d): Corresponding integrated timijiger traces (100 Hz5 MHz).

Figure 3.9a) shows the measured timijiier spectral densities for SC and EC operation
in the stretchegbulse regime, recorded relative to the RL. Beyond the locking bandwifXB of
kHz, i.e., in the offsetrequency range from 3 kHz to 5 MHz, implementation of XPM suppres-

sion in the EC leads to a broadband reduction of the thjitbeg spectral density up D700
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kHz. AboveD2 MHz, the spectra approach the electronic noise floor set by the BOC sensitivity
(0.56 mV/fs). The corresponding RMS integrated jitter, shown in Fig(d3,%lecreases from
22 fsin SC td14.5 fs in EC, confirming a clear improvement due to XPM suppression.

In the soliton regime, stable jitter measurements require a slightly higher locking bandwidth
of D9 kHz, reflecting the intrinsically higher noise level of this regime, as also evident from the
RIN results. The timingitter spectral densities for soliton operation are presented in Fig.3.9
(c). As in the stretchepulse case, XPM suppression in the EC enables broadband-jittang
reduction across nearly the entire measured dfifeguiency range from 3 kHz to 5 MHz. The
corresponding integrated jitteh@wn in Fig.3.9d), decreases from 87 fs in SC to 37 fs in EC,
corresponding to a relative noise suppressidd35 dB.

Consistent with the RIN analysis, tB®regime exhibits overall lower timingtter in both
configurations compared to the soliton regime, despite the larger integration range. The slightly
stronger relative suppression observed in the soliton regime can be attributed to its higher non-
linear plase shift per roundtrip, which enhances the coupling of RIN to tHitteg via non-
lineareffects, as discussed in RefE00,155,157]

Overall, t he | mpbassandPMtsappressionm in thé LUY XaDonly im-
proves the temporal and spectral pulse quality but also yields a substantial reduction of both

RIN and timingjitter in the soliton and stretchqulilse regimes.

3.1.5 Energy-Scalingwith Large-Mode-Area Fiber Technology

While the preceding sections focused on noise optimization and stability enhancement
through XPM suppression, an equally important objective in the development gidrigin-
mance fiber oscillators, particularly as driving sources for comyleM platforms, is the scal-
ing of pulse energy without compromising environmental stapdityput pulse qualitgr noise
characteristic§65,68] The achievable pulse energy in LSI oscillators is fundamentally con-
strained by the accumulated nonlinear phase shift per cavity roundtrip, which increases with
mode confinement and fiber lend69]. Excessive nonlinear phase accumulation can lead to
multi-pulsing or continuousvave breakthrough, ultimately degraditg overall laser perfor-
mance[158,159] Consequently, the limited pulse energies available directly from the oscilla-
tor often necessitate additional amplifier stages, increasing overall system complexity and sus-
ceptibility to additionalnoiseaccumulatiorf160].

To address these intrinsic limitations, several ensogying strategies have been explored,
including advanced dispersion manageni#6i,162] intra-cavity dividedpulse opera-
tion [144,163] and the use dIMA fibers to reduce nonlinear phase accumulation by expand-
ing the guided mode field64]. However, the implementation of LMA fibers &l-PM LSI
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oscillators hasot been successfully demonstrated spdaing to challenges related to higher
order mode excitation, modecking stability,thermalmanagemen&nd noise control.

This sectionpresents the first demonstration exiergy scaling in an aRM LSI mode
locked oscillator using Ydoloped LMA fiber technologyo drastically enhance achievable out-
put power and pulse energBy integrating 25 pum cordiameter PM LMA fibers into an
adapted higipower LSI cavity design with dedicated higleeder mode suppression, stable
solitonlike modelocking is achieved at pulse energies of up to 10 nJ distributed between two
output ports. This corresponds to af8@l energy increase conmea to a reference LSI oscil-
lator based on standard singi®de fibers, while simultaneously yielding improved high
guencyRIN. Together with théirefringent performance enhancemstiaitegies developed in
the preceding sections, these results establish a viable pathway toward unifying enerlgy scalab
femtosecond pulse generatiand ultralow-noise performance ia new class oénvironmen-
tally stable, alPM LSlI-based fiber laser platforms.

The experimental setup of the LM#dapted LSI oscillator is shown in Fig.3.10 (Bhe
active fibersegment includea pumpbeam combiner that couples pump light from an 18 W
wavelengthkstabilized multimode laser diode operating at 976 nm into the cladding of 2 m Yb
doped polarizatiomaintaining largenodearea (YBPLMA) fiber. The YBPLMA fiber
(Liekki YD1200 25/250DEPM) features a 25 pum core diameter, a numerical aperture of 0.065,
and a peak cladding absorption of 10.6 dB/m at 9763ince the YBPLMA supports multiple
higherorder modes (HOMS), special measures are required to ensure cleamsdgleper-
ation without distortions of the intt@avity pulse evolutionkFollowing numerical simulations
performed witlithe commercial softwa®P Photonicsthe fiber ighereforecoiled on a 30 mm
radius aluminuncylinder, which introducesestimated propagation lossesii? dB andD20
dB for the LP and LP mo d e s HOM eomstgntethet i v e |
LMA segment is spliced to modeld adapters (MFA/2) at both ends, tapering to 0.25 m
sections of 5.5 um cordiametersinglemodePM fiber (SMFL/2, Coherent PM98XP).

In the experiment, seHltarting moddocking of the LSILMA oscillator is achieved for a
configuration of theSA transmission functiodlYYs  with theQWP angle set te— X 11J
and theHWP angle tuned betweer v &And0°. These settings correspond to an intracavity
energy splitting ratic of 0.75 and 0.66, respectively. With a net cavity dispersio®.aR1
ps?, the laser sefftarts into a multpulse soliton regime at a pump power of approximately 6
W. Stable singlgulse operation is then obtained by reducing the pump power by about 63%
to ~2.2 W.As mentioned beforehis behavioiis well known from NALM/NOLM Kerr-type
modelocked oscillators and is generallpssociated with the limited accumulation of small
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signal nonlinear phase shift  below a critical pump threshold [28,29]. The continuaase
lasing threshold is measured at 1.5 W pump power, and the-toprodvity loss, excluding
the nonsaturable contribution of the saturable absorber, is estimated to be ~65%.

Figure 310 (b) shows the measured output spectra in the spghe regime aPorts T and
R; both centered near 1058 nm. The maximum pulse energy at Port T reaches 5.4 nJ with an
average power of 92 mW, adjustable via the output coupling ratio controlled by QWP1. At the
same working point, the Port R output provides up to 4.3 nJARitnW average power.
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Figure 3.10: Setup and output comparison of the LS| mtmitked LMA fiber laser to a standard fiber reference
laser. (a): Experimental setup of the HIWA oscillator. M: mirror, FR: Faradayotator, C: collimator, SMF:
singlemode fiber, MFA: moddield adapter, YBPLMA: Ytterbium-doped polarization maintaining largeode

area fiber, PBC: pumpeam combiner, HWP: halfave plate, QWP: quartevave plate, PBS: polarization beam
splitter. (b): Measured output spectrumPatt T (blue) andPort R (gray) of the LSLMA oscillator in soliton

regime with a FWHM of ~6 nm and ~4 nm, respectively. Inset: Corresponding measured port T AC trace compared
to theFTL. (c): Measured Port T (cyan) and Port R (gray) spectra of the reference oscillator with a FWHM of 6

nm and 5 nm, respectively. The inset shows again the corresponding Port T AC trace compared to its FTL.

Modelocked steady states in the dissipative or dispensianaged soliton regime are ob-
served at pump powers between 7.5 and 8 W when the net dispersion is reduced by decreasing

the grating separation. However, stable operation for durations longer teansaconds is
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prevented by damage occurring at the SMF facetedvlFAS indicating the need for addi-
tional highpower measures such as awfilective coatings, fiber ercaps, or active and pas-
sive cooling strategies.

To evaluate the impact of the largeodearea (LMA) fiber configuration on key laser pa-
rameters, the LSLMA oscillator is compared to a reference oscillator (R@h a structure as
shownFig.31 (a). In contrast to the 25 um core LMA fibers used in the-LBIA design, the
fiber segment of the RO is constructed entirely from standard polarizatoriaining fibers
with a 5.5 um core diameter (Nufern PM9E@). The cavity is pumped by a 1 W singhede
laser diode at 976 nm, coupled into a 0.5 m highlydéped gain fiber (CorActive Yb460RM)
via a wavelengtuivision multiplexer. The fregpace section of the RO is identical to that of
the LSFLMA oscillator, and both systems are matched in repetition rate (17.3 MHz) and net
dispersion{0.121 ps?) by adjusting the passive fiber length. With a total fiber length of approx-
imately 5.5 m, the close parameter matching between both oscillators ensures that any differ-
ences in modéocked operation can be attributed directly to the transition frastandard PM
to a PLMA fiber configuration.

Selfstarting moddocking of the RO occurs at a pump power of 0.75 W in a rpule
soliton regime. The corresponding phésas settings and transmission state of the artificial
SA function”YYe are obtained fo— x m J¢ Jand— between 5° and 0°, similar to
those of the LSLMA oscillator. Transition to stable singfaulse operation requires reducing
the pump power by approximately 70% to ~0.14 W. The output pulse energies in the single
pulse regime, corresponding to the spertrkig.310 (c), are 0.15 nJ and 0.12 nJ at Ports T
and R, respectively. Consequently, increasing the core diameter from 5.5 pm to 25 um results
in a 36fold enhancement in output pulse enefgythe LSILMA oscillator.

Compared to the RO, the L-EMA oscillator generatea slightly distorted Port R spectrum,
likely caused by changes in the accumulaliéférentialnonlinear phase shifte  due to mul-
timode interactions and altered gain dynamics, leading to spectral reshaping thro8gh the
mechanism. Furthermore, both output spectra of theLM&A oscillator are reeshifted by ap-
proximately 20 nm, from ~1034 nm in the RO to ~1058 nm. This eéiftbeattributed to
stronger reabsorption near 1030 nm, resul ti
I 10] 7 c¢cm-PiL)MAi f itbree Y mpared to ~-8MF/Thé 10)]
increased doping is required to compensate for the reducedp or e overl ap f ac
sociated with the multimode pump beam in the LMA fiber.
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The measureAC traces of the LSLMA oscillator at Ports T and R are shown in Figk13.
(a) and (b), respectively, together with the corresponding Fetuaiesformlimited (FTL) pro-
files. Assuming a sech? pulse shape and applying a deconvolution factor of 1.54, the pulse du-
ration (FWHM) at Port T is measured to be 1.2 ps, while the calduféle duration i<D0.6
ps. The temporal shapes and widths of the FTL pulses are derived numerically from the meas-
ured spectra in Fig.B0 (b) using fast Fourier trarmfm (FFT) analysis. The Port T output pulse
therefore shows a slight negatsfeirp, characteristic of an average soliton as described by the
laser master equatigh65,166] in accordance with the cavity configuration shown in Fif)3.
(a). The pulse emitted from Port R, in contrast, is positively chirped with a duration of 1.3 ps
compared to a calculated FTL of 0.36 psr theRO, the output pulse energy is insufficient for
reliable AC measurements. However, based on the output spectra, the corresponding FTL pulse
durations at Ports T and R are estimated to be 0.61 ps and 0.54 ps, respEived\811 (C)
further showshe RF spectrum of the fundamental repetitiondssgy atD17.3 MHzfor the
LSI-LMA oscillator output pulse train at Port With a SNR of 75 dB, which confirms stable,

low-noise moddocked operation.
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Figure 3.11: Characterization of the output pulse duration and RF spectrum of tHeM&bscillator. (a): Meas-
ured output pulse (Port T, bluA)C traceand corresponding Fourier transfetimited (FTL) pulse (shaded) of
the LSFLMA oscillator, with FWHM of 1.2 ps and 0.6 ps, respectivelly): Measured pulse (Port Ryan) and
calculated FTL pulse (shaded) with FWHM values of 1.3 ps and 0.36 ps, respe¢tivedRF spectrum of the
LSI-LMA oscillator (Port T) recorded at the fundamental repetition ratd 6f33 MHz, showing a sign#b-noise
ratio (SNR) of approximately 75 dB.
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An important characteristic of the energgaled LSILMA oscillator is to what extend the
noise and stability is affected by the different cavity configuration, and in particular also by the
usage of a higipower multimode pump.fe frequencyresolved relative intensity noise (RIN)
is therefore characterizexhd compared betwe¢he LSFLMA oscillatorandthe RO.

Similar to the previous chapter, the RIN is characterized via detection pllbe train
from the respective output port using a fast, -levise InGaAs photodetector (Thorlabs
DETO8CFC). The eighth harmonic of the detected RF signal at 139.2 MHz is isolated with a
tunable bandpass filter and subsequently amplified by a 10 dBd®e transimpedance am-
plifier (MiniCircuits ZX60-33LN-S+), resulting in an RF power level -&.5 dBm. This corre-
sponds to a consistent shudise floor of-142.3 dBc. TheAM function of aSSA (Keysight
E552B) is then employed to record the sirgjldeband, frequenesesolved RIN spectral den-
sity. The resulting RIN spectra for the ESWA oscillator and theRO at Ports T and R are
shownin Figs.312 (a) and(b), respectively.

Compared to th&O, the RIN magnitude measured at Port T of the-LIEA oscillator
exhibits similar behavior in the lofvequency range below 50 Hz, which reflects the identical
environmental conditions of both systems in the laboratory. Between 50 Hz and approximately
20 kHz, however, the LSLMA oscillator shows a noticeably higher noise level, with a differ-
ence of up to 12 dB. A characteristic featu
is a series of resonant peaks at the 50 Hz utiktgifency and its higher harmonics. This indi-
cates that the increased RIN is not of optical origin, but rather results from-pop@y inter-
ference due to insufficient electronic filtering and shielding, rather than from intrinsic properties
of the LSILMA cavity or the multimode pump diode.

When integrated over the full measurement bandwtithHz - 5 MHz), the total RIN
reaches upo 0.063% for the LSLMA oscillator and 0.038% for the RO, as shown in FitR3.

(c). In the highfrequency region above 20 kHzominated by the fast intracavity optical dy-
namics the LSFLMA oscillator exhibits a reduced RIN magnitude, improved by up to 5 dB
compared to the RO. The corresponding integrated RIN over the 20 BH4Hz range is
0.027% for the LSLMA and 0.033% for the RO, confirming the superi@tfrequency noise
performance of the LMA configuration.

An almost identicairend is observed in the RIN spectra and corresponding integrated RIN
measured at Port R, as shown in Fig23b) and (c). Between 50 Hz and 20 kHz, the-LSI
LMA oscillator exhibits higher RIN levels compared to the reference oscillator (RO), whereas
at frequencies above 20 kHz, the LMA configuration demonstrates a clear improvement with

noise reduction of up to . When integrated over the full measurement bandwidth (10 Hz
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5 MHz), the total RIN at Port R amounts to 0.148% for thelll8A oscillator and 0.071% for
the RO. In the higlirequency range (>20 kHz), the integrated RIN decreases to 0.045% for the
LSI-LMA oscillator compared to 0.050% for the RO, confirming the enbdmighfrequency

noise performance of the LMA design
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Figure 3.12: FrequencyresolvedRIN performance of the LILMA oscillator compared to th&O. (a). RIN
spectral densities measured at Port T for the y&ofv) and LSH.MA oscillator (blu€). (b): RIN spectral densi-
ties measured at Port R for tR© (gray) andLSI-LMA oscillator (cyan. (c): Corresponding integrated RIN
values over the 10 H5 MHz range: 0.063% (LSLMA) and 0.038% (RO) at Porif, and 0.148% (LSLMA)

and 0.071% (RO) at Port R.

A comparison between the fluctuations measured at Ports T and R reveals that in both laser
systems, the RIN spectral density at Port T is consistently lower than at Port R. This results in
a difference of approximately 3.7 dB between the output porteib$LMA oscillator and
about 2.7 dB in the RO. Ase haveshownin Ref.[167], this characteristic asymmetry is typ-
ical for fiber oscillators mod#cked withNLIs and originates from the dynamic response of
the SA transmissiorfunction"YYe to intracavity intensity fluctuations. In the case of the

LSI-LMA oscillator, additional RIN amplification of the reflected field at Port R, combined
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with enhanced noise coupling from the multimode pump diode, likely contributes to the in-
creased lowfrequency (<100 Hz) RIN observed in the measurement.

In summary, the integration of 25 um catemeter larganodearea (LMA) fibers into an
all-polarizationmaintaining linear sel§tabilized interferometer enables efficient ptésergy
scaling while preserving stable meldeked operation. The resultingli LMA oscillator sup-
ports robust, selétarting solitoAike modelocking with pulse energies of up to 10 nJ and an
average output power of 170 mW distributed between two output ports, corresponding to a 36
fold energy increase compared to an otherwiseinea 5.5 prcore reference oscillator. Im-
portantly, despite the substantially enlarged mode area, the system exhibits improvfeg high
guency noise performance, with relative intensity noise suppressed by up to 8 dB above 20 kHz.
Together with the XPMsuppression concepts developed in the preceding sections, these results
demonstrate that LMA fiber integration in l-B&sed oscillators enables substantial energy scal-
ing without sacrificing intrinsic stability or noise performance, marking a decisive stepdo
robust, highpower, and ultrdow-noise atPM fiber laser platforms.

3.2 Fiber-Interferometric Dual -Color Source with Standard Quantum
Limited Intensity Noise

Derived from the insights of the LSI oscillator dynamitss thapter introduces fiber-inter-
ferometric dualcolor laser system capable of generating simultaneous femtosecond pulse trains
at the fundamental and secelmarmonic wavelengths with standard quardumted (SQL)
intensity noise in both channelBhe systenteveragesntrinsic nonlinear dynamics of the LSI
oscillator architecture introduced above to coherently integratetyy@monlinear polarization
rotation with typel phasematched secondarmonic generation within a common interfero-
metric topology. Precise phab@&s tuning and dispersion engineering enable simultaneous
gain, frequency conversion, and interferometric noise suppression, yieldingrsied high-
frequency RIN performander both the fundamental and seceamarmonicopticalpulse trains.

The underlying concept and its experimental realization were developed and demonstrated

as part of thisloctoral workand reported ithe peeireviewed article:

1 M. Edelmanretal, i Fntelfeeometric secortiarmonic generator with duablor
standard quantuth i mi t ed n o i sOpt. Ex@Ees82p103624.08¢260248).

The demonstrated system delivers eeabr pulse trains at a repetition rate of 42 MHz, with
sub150 fs pulse durations at 1030 nm and 515 nm, and achieves up to 14 dB simultaneous RIN

suppression relative to the input, reaching the SQL beyond offseefregs of 100 kHz. The
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combination of interferometric robustness, coherent nonlinear coupling, and flexiblebdmase
tunability establishes a versatile platform for ulba-noise wavelength conversion, directly

relevant tanulticolor MPM, nonlinear spectroscopy, and quartoptical seeding schemes

3.2.1 Experimental Setup and Physical Mechanism

As first stepthe experimentdhyoutandtheunderlaying physicahechanismsare introduced.

The setup is illustrated in F§13 A homebuilt Yb-doped ultrafast fiber laser serves as the
driving light source, delivering linearly polarized pulses at a repetition rate of 42 MHz with a
maximum average power of 150 mW, corresponding to a pulse energy of approximately 3.5 nJ.

The inset in Fig8.13shows the measured optical spectrum A@drace at full output power.
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Figure 3.13: Experimental setup of the fibénterferometric secontiarmonic generator enabling the simultane-
ous generation of compressed pulse trains at 1030 nm and 515 nm with glianitedhintensity noise. Inset:
Measured optical spectrum (black) ak@d trace (blue) of the modecked Ybfiber laser sourceshowingFWHM
values ofD17 nm and 4.6 ps, respectively. H\MHRlf-wave plate PBS polarizing beam splittetDM: dichroic
mirror, EWP: eightwave plate; FRFaraday rotatqry DF: Yb-doped fiber.

The emitted spectrutmasa FWHM of D17.2 nm centered at 1032 nm. Assuming a Gauss-
ian temporal profile, the positively chirped output pulse features an estimated FWHM duration
of D4.6 psHWP1 is adjusted to maximize transmission throughPB81 The resulting pulse
train is directed into a module for tyyb@hasematchedSHG, consisting ofa 3 mmlong BBO
crystal (cut angle 24.3°), a dichroic mirror (DM), and two broadbana@ded focusing lenses
(Lens 1/2) with 19 mm focal length each.

In the forward propagation direction, HWP2 is rotated such that the linear polarization is

orthogonal to the phaseatching axis of the BBO crystal, thereby suppressing SHG at this
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stage and allowing the fundamental pulse train to pass through the module unaffeloted.
quently, the bearpasses throughtunable phaskias section consisting of an eighave plate
(EWP, rotation angle—) and HWP3 (rotation angle-) combined with a 45° singlpassFR.

The pulse trainthen enters a parallel transmission grating pair (GP, LightSmyiB00 1040
Series, 1000 lines/mm) arranged in a doydass configuration, which provides adjustable dis-
persion managemerttinally, the pulse train is coupled into a nonlinear and reflective fiber
NLI. The NLI can be implemented either ad.&| or aNALM, both of which are widely used
as artificialSAsin ultralow-noise moddocked fiber laseras mentionedh the previous sec-
tions In both configurations, the NLI simultaneopsimplifies the incoming pulse and intro-
duces a nonlinear phase differeiYee between two orthogonally polarized components prop-
agating in separate interferometer arms, leading to an intetepgndent nonlinear polariza-
tion rotation (NPR)Here, andLSI configurationis implementeddue to its straightforward
alignment well-understoodlynamicsand seamless integration with the SHG stage.

TheLSI consists of an alPM fiber segment terminated with a fibesupled Faraday rotator
mirror (FRM). The 8 m fiber section includes 5 m of-Wbped active fiber (YDF, Coherent
PM-YSFLO-HP), which is optically pumped by a 1 W laser diode at 976 nm VitDM,
thereby operating as a dowgass fiber amplifier. The slow axis of the PM fiber is aligned with
both the reflection axis of PBS1 and the phamsching axis of the BBO crystal.

The system utilizes thidenticalworking principle of the LSI which enables meldeked
steadystates in the oscillator designg; &djusting the phadaias angles— and —, two or-
thogonal polarization components are generated from the linearly polarized input field exiting
PBS1. These components couple into the fast and slow axes of the PM fiber inside the LSI.
During propagation, the birefringence of the fiber causesatbgoblarization modes to evolve
independently with different group velocities, leading to the accumulation of a differential non-
linear phase shitye  through the optical Kerr effect, while both components are simultane-
ously amplified in the YDF.

After a single pass, the FRM rotates the polarization state by 90°, thereby compensating for
birefringenceinduced walkoff and ensuring that the two amplified polarization modes recom-
bine upon doublgpass propagation through the LSI. A comprehensive igéiscr of the oper-
ating principles of both the LSl and NALM configurations can be fourchapter 3.1.1The
amplified and nonlinearly modulated output from the LSI then retraces its path back toward the
SHG module, passing again throughththe GP and fhasebias sectionHowever, in contrast
to the forward propagation through the SHG module, the pulses emerging from the LSI now

contain a polarization component parallel to the pimaatehing axis of the BBO crystgl22].
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This component arises from the combined effect of the linear phasgséids/ the angles-
and—) and the nonlinear, intensityependent phase shift induced by the magnitude of nonlin-
ear polarization rotation within the LSI.

Due to the intrinsic working principle of the LSI, any peak power fluctuations in the input
field'O ,expressedas 6 O o | 0 O,whered 0O denotes the average instanta-
neous power arid 0 O a timevariant noise term, are directly mapped onto fluctuations of
the differential nonlinear phase sht  according to the relation:

w (9] 9 ~ ~

Yo 0 Y 0 1Y 0 0 £Q——0 0 10 0 ¢ p (3.2)

Here,_ denotes the center wavelength@f, 6 the effective moddield area of the LSI
fiber segment;Qthe lumped gain factor of the LS, the nonlinear refractive index, the
energy splitting ratio between the OPMs, @and the length of the LSI fib€i69,167]
To evaluate how these fluctuations influence the noise transfer at both the BBO crystal and
PBS1, it is essential to relad®  to the polarization state of the LSI output fi€d . To do

sq, the output field arriving at the BBO can be expressed as a Jones vector in the form

0 0on e 0 -
N wn %= G &y
F O & e . & (3.2.9
O Qowre
o o
where'O p - (D approximates the output electric field amplitude parallel to the
fast axis of the LSI,O - 0 the amplitude parallel to the slow ax¥s, the differ-

ential nonlinear phase shift, and the generalized phase shift from the phbises.

To describe 0 in terms of the experimentally adjustable phbises parameters—
and— in the setup shown in Fi@.13), the Jones formalism can be applied to the system as
outlined in detail irchapter 3.1.1Since both the phaseatching axis of the BBO crystal and
the reflection axis of PBS1 are aligned parallel to the slow axis of the LSI, the instantaneous
rotation angle 0 can be obtained by evaluating the angle betwgen 6 and a unit vector
m parallel to the respective axes, which defines the relevant reference direction for
SHG and reflection. By further considering the transfer of input power fluctuations to fluctua-

tions ofY»  in the LSI, as described by Eq. (3.2.1), one arrives at the relation
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which provides an analytical expression to describe how fluctuations in the input peak power
of the LSI translate into fluctuations of the instantaneous polarization rotation, angh its
output. This angle determines the conversion efficiency and power distribution at both the BBO
crystal and PBS1.

Neglecting potential distortions in the SHG process arising from birefringentoffaliis-

persion, or other crystal effects, the generated selsarmdonic power can be expressed as

6 0097y QF 6 (3.2.9

where] denotes the maximum achievable SHG efficiefi@2]. The reflected power at

PBS1, which is influenced by the preceding SHG process (see Fig.3.13), scales as

0 608 OEJ O JTyi Q& o (3.2.5

By substituting Eqg. (3.2.3) into these relation, the corresponding noise transfer functions for the
second harmonic and fundamental outputs can be obtained through evaluating the derivatives
Q0 FQO andQOTQU , respectivelyFor generalization, it is convenient to express both the
power and noise transfer in terms of the differential nonlinear phas&shiftather than the

input powerd . While the two quantities are directly proportiori, inherentlyconsiders

all systemspecific parameters of the LSI, including the fiber amplifier gain factor, as defined

in Eq. (32.1).

Consequently, the noise transfer behavior for the sebhandonic and fundamental re-
flected output modes can be characterized by the derivaivesTQY» and'Q OFQYe
respectively. At system operating points whexé ; 7. T near the peak of the LSI
output pulse, strondualchannekuppression of input power fluctuations can be achidvigel.
ure 3.4 (a) illustrates the numerically computed power transfer characteristics for both opera-

tional modes in an exemplary LSI configuration with & cande )’ , plotted as a
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function of the powedependent nonlinear phagifferenceYe

and0

. Here, the output powerts

are normalized to the input power , scaled by the lumped LSI gain facttrThe

corresponding noise transfer functions sinewnin Fig.3.14(b). As shown, the purely Q¢

dependent nature of the secdmmonic signal leads to a comparatively larger modulation

depth in its noise transfer response.
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Figure 3.14: Simulated power and noise transfer characteristics of the lineastabilized interferometer (LSI).
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enables effectivdualchannehoise suppression near the LSI pulse peak.

, for -

T®, plotted as a function of the accumulatie

. The shaded region indicates the operation rangeys  ©

For an exemplary LS| output pulse in which the interdégpendenys o varies within

the grayshaded region betweem Y. o m®", an appropriate choice of and e

through the phaskias control enables strong suppression of noise around the pulse peak, where
Ye 6 ", while maintaining nearly maximum power transfer in both output channels.
For smaller phase shift¥s o T®&“, corresponding to the lowdémtensity wings of the

pulse, Fig3.14(b) shows an increase in the noise transfer function.

3.2.2 Experimental Results and Discussion

To validate this mechanism experimentathe dualcolor noise transfer of the setigsystem-

atically characterized to verify the theoretically predicted operating points that enable simulta-
neous noise suppression and efficient power conversion in both the fundamental mode (FM) at
1030 nm and the secoidrmonic mode (SHM) at 515 ni@tartingwith measurements of the
dualcolor power transfer, Fig.15(a) and (b) present the measured average output powers in

the FM and SHM channels, respectively, asrefion of the tunable phad®as angle— with
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— p @ mtTthe corresponding output spectra are shown in Hig(@) and (d). All rotation

angles are defined relative to tR&Sreflection axis according to the standard mathematical
conventionFor precise phasieias control;— is electremechanically adjusted using a digitally
controlled rotation mount. In the experiment, the input pulse tsathenlaunched into the
system with a pulse energy of approximately 0.75 nJ. The total linear loss of the, siystem
cluding the SHG modulé&;P, and LS] is estimated to be about 42%. To compensate for this
loss and simultaneously increase the pulse energy while avoiding nonlinear spectral distortions,
the YDF within the LSlis optically pumped with 500 mW of average power from a 976 nm
laser diode. The separation between the gratings in this & to approximately 42 mm to
pre-compensate the chirp of the input pulse and the dispersion of the LSI fiber segment, thereby

ensuring a compressed pulse with maximum pealepancident on the SHG module.
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Figure 3.15: Experimental characterization of the dwalor power transfer and spectral behavior of the-LSI
based SHG systerta). Measured average output power of the 1030 nm fundamental mode (FM) at the reflected
PBS1 output port as a function of the phbsss rotation angle—. (b): Corresponding average power of the 515
nm seconéharmonic mode (SHM) measured after the dichroic mirror (O0B)).Measured output spectra of the

FM as a function of—. (d): Corresponding SHM spectra recorded under identical conditions.

In agreement with theoretical predictions, the measured power transfer between the funda-

mental (FM) and secordarmonic modes (SHM) exhibits a directly correlated trend, which
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arises from the parallel alignment of the PBS1 reflection axis and the-pladsieing axis of

the BBO crystal. At a phadsas angle of— v, he output powers of the FM and SHM
reach their simultaneous maxima of approximately 165 mW and 50 mW, corresponding to pulse
energies of 3.8 nJ and 1.2 nJ, respectively. The complex interplay between the energy splitting

ratio- between the PMiber axes in the LSI and the phasiase , both of which depend on

the settings of— and—, leads to the appearance of multiple local maxima in the measured
power transfer characteristics.

In the next step, the correlation between the-dokdr power transfer and the corresponding
noise transfers investigated. For this purpose, tR&N spectra of both operational modes
measured as a function ef using the same LSI parameters as before, and compared to the
RIN spectrum of the laser source feeding the LSI.

For the FM and the laser source, the optical pulse isadetected with a fast, lowoise
InGaAs photodiode (Coherent BBD10). The third harmonic of the resulting raliequency
(RF) signal at approximately 126 Mhtzisolated using a suitable bandpass filter and amplified
with a lownoise transimpedance amplifier (MiGircuits ZX6G33LN-S+), powered by a
highly stable supply (Toellner TOE8721). The frequeresolved RIN spectrum of the ampli-
fied signalis then recorded with a signal source analy&$A, Keysight E5052B) over the 1
kHz-20 MHz range. The lower limis chosen to exclude environmental t@quency noise,
while the upper limit was determined by the bandwidth of the RF components.

The measurement procedure for the Skdhientical in principle, except that a biased sili-
con photodiode (Coherent EZ030)is used for efficient detection at the 515 nm center wave-
length. The use of different detector types results in distinct standard quantum limits (SQLS)
for the RIN in the two modes. For the FM and the laser source, an RMS voltage of 5 mV at a
100 q toewr miinnaht ia detector responsivity of O
For the SHM, the measuremeateperformed wthanRM8 ol t age of 11 mV,
nati on, and a responsivity of 0.25 A/ W, co
SQL reference levelsrekept constant across all subsequent RIN measurements to ensure con-
sistency between both detection schemes.

Figures3.16(a) and(b) show the measurdbe integrated RIN values, obtained by integrat-
ing the measured RIN spectral densities over the full 1-Kk-zMHz bandwidth, for both FM
and SHM as a function of the phasias angle—. All other system parameters were identical
to the previous measurements. As shown, the regions areund) v ahd withintt J —

o v, Where local maxima in average power occur for both FM and Sigklelate with local
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minima of the integrated RIN in both modes, confirming the predicted operating points of sim-
ultaneous noise suppression and high conversion effici@heyintegrated RIN reaches mini-
mum values of 0.04% for tHeM and 0.07% for th&HM. Consistent with the theoretical pre-
dictions, the modulation depth of the RIN is significantly higher for the SHM than for the FM,
which can be attributed to the inheréntQ&ependence of its noise transfer function. Moreo-
ver, the overall structure of the RIN traces in both matiesvstrong correlation, further con-

firming the theoretically expected behavior.
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Figure 3.16: Experimental characterization tife RINtransferin the dualcolor LS| system(a). Measured inte-

grated RIN of the 1030 naM over the 1 kHZ20 MHz frequency range as a function of the pHzias rotation
angle—. Theblue-shaded regions indicate local maxima in average output pdiwe&imultaneously measured
integrated RIN of the 515 nm secehdrmonic mode (SHM) as a function-ef. (c): Frequencyresolved RIN

spectra of the FM for differert- settings.(d): Corresponding frequenagsolved RIN spectra of the SHM. The
gray-shaded areas mark regions of insufficient output power where RIN measurements could not be performed

reliably.

Figures3.16(c) and (dshowthe correspondingneasuredrequencyresolved RIN spectra
for the FM and SHM, respectively. Tenabledirect comparison, the RIN spectral density is
expressed as the deviation from tI8QL, defined asYY ; Q Y ; Q

Y R, where"Qdenotes the offset frequency, the frequencyindependent SQL of
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the respective mode as calculated previously,"ang  "Q the frequencydependent RIN
spectral density measured with the SSA. As shoenrdngetJ — o v cbrresponds to a
broad plateau of high average power and low noise for both oatpdes, whereas the region
around— Y viddicatedowerY'Y "Q-values particularly at lower offset frequenci&3

p 1'Oqindicating enhanced noise suppression performanaeimd this working point
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Figure 3.17: Experimental characterization of FM and SHM output at working point with-cheinel standard
quantumlimited RIN suppressiofa). Measured RIN spectral densities in the 1 kB{x MHz range, plotted as the
SQL differenceY"Y , for the laser source/LSI inpugray) compared to the fundamental mode (FM, red) and
secondharmonic mode (SHM, blue) outputs-at Y vahd— p @ 1Thecyantrace represents the RIN spec-
trum of a regular SHG process under ideal ptmaagching conditions— — 11 J (b): Optical spectrum and
AC trace (inset) of the FM at the operating point of maximum noise suppressio Y v J(c): Corresponding

SHM spectrum together with th€l'L pulse shape (inset)

Since the LSI operating pointat (Y uvahd— p ¢ 1prbvides highly promising con-
ditions for generating dualolor pulse trains with both maximum average power and simulta-
neous noise suppression in the FM and SHM, a closer examination of the corresponding output
characteristics igustified. Figure3.17 (a) compares the measured RIN spectra of the laser
source/LSI input with those of the FM and SHM system outputs. As an additional verification
of the underlying mechanism, Fig.17 (a) also includes the RIN trace of the SHM obtained
without any applied phase bias-( — m Pand thus withouNPR and LSlbased noise
transfer representing a conventional phasatched SHG process under otherwise identical
system parameterés shown, the RIN spectral density of the laser source is strongly sup-
pressed over a broad frequency range in both output modes, reaching up to 14 dB reduction
between 100 kHz and 1 MHz. Above 100 kHz, both modes exhibitaqueEamntumlimited noise
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performance, with only minor deviations in the SHM. At lower frequencies (< 100 kHz), the
suppression becomes less effective. In contrast, the conventionalnphizéed SHG without
NPR using linearly polarized light aligned with the BBO phasatching axisleads to an
overall amplification of the RIN compared to the laser source, particularly at higher frequencies
(> 10 kHz). Such RIN amplification is a wédhown effect in standard SHG processayi-
nates in the fundamental square dependence onghepgawerand has been reported in mul-
tiple experimental studig468i 170].

The comparison between the two casesventional typd phasematched SHG and NRR
enhanced SHclearly demonstrates the strong influence of NPR in the-Gpg&c LSI as a
novel underlying mechanism enabling ulloav-noise secontharmonic generation. Figure
3.17(b) shows the FM output spectrum and the corresporfihfyace at the operating point
of maximum noise suppression identified in Bi@7 (a). Compared to the input spectrum of
the laser source ithe inset offFig.3.13, the FM spectrum slightloroadens from 17 nm to
approximately 24 nm due to nonlinear propagation within the LSI. The spectral dip near 1042
nm results from the combined effects of nonlinear broadening anditfRRed polarization
interaction with both the BBO and PBS1. Assumir@aassian pulse shape, the measured AC
corresponds to a pulse duration of approximately 130 fs, yielding a peak power of around 23
kw at the FM output.

The corresponding SHM spectrum is shown in iz (c), with a FWHM bandwidth of
D6 nm centered at 518 nm. Due to experimental constraints, direct AC measurements of the
SHM are not available; instead, the inset displays the Fetnaiesformlimited pulse derived
from the measured spectrum, with a FWHMDAIOO fs, representing the ideal temporal profile
of the SHM output. Under these conditions, the corresponding SHM peak power is estimated
to be approximately 11 kW.

In summary, the presented experiments demonstrate a novel approach to achieving ultra
low-noiseSHG-based duatolor output pulse trainsy exploiting Kerstype NPRin combina-
tion with typel phasematched frequency conversion inside a nonlinear fiber interferometer.
The experimentally verified theoretical framework enables the generation e¢aaglsub
150 fs optical pulse trains at 1030 nm and 515 nm with simedius intensitypoise suppres-
sion and efficient power transfer. Frequemegolved RIN measurements confirm a noise re-
duction exceeding 14 dB in both operational modes, reac®@ig performance at average
powers of up to 165 mW and 50 mW, respectivelyddel establishing a new regime of neise
controlled SHG, the developed dwahvelength fiber system provides a robust and scalable
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platform for precision applications, including multimodal tplooton microscopy, ultratable
frequency conversion, and lemoise seeding of nonlinear and quantum optical processes.

3.3 Fiber-Interferometric Ultra -Low Noise Supercontinuum Generation

Phasebiased NLIs implemented in LSI or NALM/NOLM configurations provide an effective
mechanism for suppressing intensity fluctuations in ultrashort pulse trains, act as stabilizing
saturableabsorber elements in advanced fiber oscillators, and can geogtatal squeezing

under welldefined operating conditiofg4,75] As shown in the preceding sections, this sta-
bilization technology can be extendéal the duaicolor regime, enablingimultanoeusoise
suppression in two independently addressable spectral bands. Having demonstrated wave-
lengthselective interferometric conditioning, a natural question follows: can this approach be
generalized to the highly nonlinear, broadband dynami&C@to achieve improved stability

at wavelengths relevant for biomedical tyeoton microscopy?

As discussed in Chapter 3CG produces ultrbroadband spectra through a cascade of
nonlinear interactions, including the Kerr effect, modulation instability, soliton dynamics, Ra-
man scattering, and dispersiw@ve emission. These processes are intrinsically sensitive to
small inpu fluctuations and strongly amplify both technical and quantum noise in the pump
field [71,116](see Section 2.3As a result, standard SG@thout precise optimization typi-
cally results irsubstantial sheto-shot variability in spectral shape, bandwidth, coherence, and
temporal structurgl17]. Overcoming these noise limitations using MNiased aloptical sta-
bilization would open new capabilities in applications that require stable broadbandssource
including deepgtissue nonlinear microscopy, laklete spectroscopy, frequency metrology, ul-
trafast imaging, and coherent waveform synth|gsidi 175]. This motivates the investigations
presented in this section, which coml@memerical modeling and experimental validation to
evaluate whether thghasebiased, interferometric noise suppressian effectively overcome

longstanding noise limitations &CG across a bandwidth relevant for 2PM applications

3.3.1 Working Mechanism and Numerical Simulations

As an initial step, a numerical model is developed to describe the noise transfer of interfero-
metric SCG, following the schematic shown in Fig.34)8 In this implemented configuration,

an ensemble of input pulsesth stochastic noise contributio{see Section 2.@nters a phase
biased NLI in Sagnageometry through PBS1 and passes a nonreciprocal-plessenit on-
sistingof an achromatic HWP, a QWP, and a wavelemtihendent FR, which together impose

a tunable phase bidisand splitting ratidJ] The polarization rotation introduced byethhase
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bias isnumericallyimplemented using the Jones formalism outlined in Section 3.1. The mod-
ulated field is then divided at PBS2 into two cousiggpagating pulses that propagate through
the PCF inside the Sagnac loop, acquiring distinct nonlinear phase shifts and compeletadl s
broadening modeled by the stochastic GNLSE framework introduced in Sections 2.2 and 2.3.
After completing their propagation in the nonlinear loop, the two fields recombine at PBS2 with
a differential nonlinear phase shMt 0, propagate back through the phasas unit in re-
verse, and are finally separated at PBS1 into Port T and Port R. Analogous to the LSI oscillator
andultra-low noiseduatcolor NLI concepts introduced earlier, the transmission at PBS1 be-
comes a direct function 8f¢ 0, giving rise to the characteristic sinusoidal poivansfer
functions’YYs  and’Y Y»  thatcan be tuned via the phals@as settings

The full numerical pipeline is repeated for an ensemble of 500 pulses; each seeded with
randomized ong@hotonpermode quantum noise and technical RIN sampled from a Gaussian
distribution with a standard deviation corresponding to 0.3 % of the jdae energyThe
mean input pulse is a transfotimited, sechshaped pulse witB0 fs temporal FWHM and0
nJpulseenergy at 1.05 um center wavelength. The PCF inside the NLI has a length of 50 mm,
a zerodispersion wavelength near 1.3 um (positive dispersaaw this wavelength), an ef-
fective modefield diameter ofQ U Ad , aNA of 0.12 at 1064 nm, and a nonlinear

parametef o® w WG W.UA complete set of simulation parameters is listedppendix
Section 8.4
To assess the effect of interferome®CG conditioning, two operating states of the NLI
are considered. The first serves as a reference working(poi)t defined by— m and
— T U, Which results in an energy splitting ratio-of 1@ and an accumulated nonlinear
phase differenci¥e 1. Under these conditions, the two courgespagating fields acquire
identical nonlinear phase, and their recombination at PBS2 is fully constructive toward Port R.
The NLI therefore acts as a passive bypass witmensity-dependent interferencand
the outputRIN is expected tesimply follow the input fluctuations. Thistate (reference WP)
thusprovidesthe baseline against which all subsequent performance metrics are evafuated.
second, slightly detuned operating point is introduceddifing— T & hnd—
¢ Jyielding- ™ and a finiteYe  that shifts the recombination toward a nessgpress-
ing working point (optimized WR)As shown in Fig.3.18 (b)he mean output spectra corre-
sponding to these two stat@sow highlysimilar broadband characteristiconfirming that any
observed differences in noise performance arise from interferometric conditioning rather than

trivial spectral reshaping.
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Figure 3.18: Numerical modeling of noissuppressed nonlinear interferome®iCG (a). Schematic of the asym-
metric Sagnac NLI with adjustable splitting ratio and phase bfas. (b): Simulated PorR spectra for the ref-
erence (Ref. WP) and optimized nesgopressed working point (Opt. WR)): Pulseto-pulse energy fluctuations
from 500 MonteCarlo realizations'Y ‘O0 1@ b ); points show individual shots, lines the movimegrage
trend.(d): Integrated RIN for input, Ref. WP, and Opt. WP, revedlingcQ 6noisesuppression at Port R for the
optimized configuration(e) Reflectance curv&¥ Yo  with both WPs mapped onto the optimiZzRdurve; the
Opt. WP lies on a higklope region enabling efficient noiseamplitude conversior(f): Instantaneou¥s 0
together with the normalized PartR pulse envelope®r the optimized WRtop), and the corresponding instan-
taneous noisgain functionsO 4y 0 (bottom), illustrating how different temporal portions of the pulse expe-
rience noiseamplifying or noisesuppressing interferometric responég Wavelengtkresolved noise transfer

p T & "QY 00 TYOU , showing broadband noise suppression acrossifihgeupercontinuum band.
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Figure 3.18(c) compares theelative pulseenergy fluctuations obtained for the reference
and optimizedVP at Port RAs expected, the reference WP reproduces the input noise level
with no relevantmodification, consistent with the absence of an interferometric response at
Ye TL This trend is quantified in Fig.3.X8), where the RIN integrated over the full SCG
spectrum is extracted from the ensemble and illustrated for both output states alongside the
input. While the reference WP preserves the input niglee~0.2 dB deviation reflects numer-
ical variability), the optimized WP yieldsRIN suppression of more than 22 dB, demonstrating
that even a slight detuning of the splitting ratio and the asso&atedaccumulation is suffi-
cientto drive the NLigenerated SC@to an ultralow noiseregime.

The contrasting behavior of the two working points can be understood by considering their
respective locations on the NLI reflectance clivv¥ , shown in Fig.3.18). The reference
WP sitsat Ye T, where the reflectance function exhibits an extrermith ‘Q "YQYe
T In this regime, th&lLI is effectively insensitive to fluctuatiorsf ¥  (see Section 3.2.1)
and thePort RoutputRIN follows the input noise level, as observed in Fig.3(d8). The
optimized WP, by contrastpversa slopé region of the curve, where fluctuationglie inten-
sity-dependens 0 couple the input RIN to changes in the NLI reflectance and thereby
enable dynamic noise transfé&or this operating point, an increaseimput pulse intensity
generates a more negati¥e , which shifts the effective working point toward lower reflec-
tance and thus counteracts the underlying amplitude varidrom this mechanism, a more

general condition for noise suppression follows, which can be expressed as

i Q%% MDE O 0 T (3.3.])
and identifies the criterion under which the NLI converts S@dbiced amplitudigphase con-
version into net noise suppression

To illustrate how this condition manifests in the time domain, Fig. @)lshowsthe tem-
poral evolution ofYs O together with the Port T and Port R pulse envelopes and the corre-
sponding instantaneous noigain functionsO o (007X "O0. The optimized WP
places the dominant temporal portion of the fifteld in a regimeof 'Y 0 where™O 0
becomes negativgellow marked range in Fig.3.18 (eiheaning that an increase in input in-
tensity produces a compensating reduction in reflected power. This directly fulfills the inequal-
ity in EqQ. (3.3.1) across the full pulse width and explains the strong integrated RIN suppression
observed in Fig.3.1&-d).
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The spectral characteristics of the noise transfer are shown in Fi(gB.ere the wave-
lengthresolved RIN is evaluated using a sliding 50 nm window. The reference WP produces a
RIN trace fluctuating around 0 dB, consistent with the absence of interferometric conditioning.
The optimized WP, by contrast, exhibits a clear 8baad reduction in RIN, with suppression
extending from roughly 0.85 pm to 1.18 um and multiple regions exceedi2@ ti®. While
the fine spectral structure remains characteristic of SCG, the optimizeéddusfitroduces a
pronounced net decrease of noise across the continuum. This broadband suppression reflects
the timedomain mechanism discussed above, where large portions of the pulse satisfy Eq.

(3.3.1) and yield reduced fluctuations after temptwadpectral mapping.

3.3.2 Experimental Validation

To assess the experimental feasibility of the interferometrically controlled SCG concept intro-
duced in the previous section, a prodfprinciple experiment is implementeaiided bythe
numericakesults To this end, &#roadband NLI is constructed in close analogy to the simulated
configuration shown in Fig.3.1@&), includinga nonreciprocal phaséias stage (QWP, HWP,

and Faraday rotator), a nonlinear fiber section incorporating a PCHRBfBdeparating the
output supercontinuum into Port T and PorflRe system is driven by a homebuilt-Yiber

laser operating at 30 MHz repetition rate, delivering pulse energies up to 40 nJ with ~50 fs pulse
duration (see Sectidh4).

To enable a direct comparison between numerical predictions and experimental observa-
tions, a twedimensional scan of the interferometRIN transfer at Port R iperformed by
systematically varying the rotation angles of pfesebias HWP — andQWP —

For each angular setting, the RIN transfer from the input laser to the generated supercontinuum
is measured by detecting the respective pulse trains with a broadband InGaAs photodetector
(Coherent ET2030 andthen measuring the RIN spectral density and integrated RIN (100 Hz

i 5 MHz) usinga SSA(Keysight ES052B Thescanover— and— is fully automated

using resonant piezoelectric rotation mounts for the waveplates (Thorlabs ELL14K) in combi-
nation with custom Pythehased control software, enabling the acquisition of adingen-

sional RIN transfer map that directly corresponds to ithellated parameter space.

Figure 3.19a) shows the simulated RIN transfer map obtained from the stochastic GNLSE
based model described in Section ®ith experimental input parametemhile Fig.3.19(b)
presents the corresponding experimental measureDespite the reduced angular resolution
and increased measurement noise inherent to the experimental scan, a clear qualitative agree-

mentcan beobserved between simulation and experiment. This agreement confirms that the
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dominant features of the nois@nsferis originated in the\LI dynamics captured by theu-
mericalmodel, rather than by implementatispecific artifacts.
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Figure 3.19: Experimental validation of interferometridtra-low noise SCG(a): Simulatedtwo-dimensional
contourmap ofRIN transfer as a function @hasebias HWPandQWP rotation angles— h— , obtained

from stochastic GNLSE simulation®): Corresponding experimentally measured RIN transfer map acquired un-
der comparable operating conditions. (c) Output spectrum of the interferometrically generated supercontinuum at
a representative noiseippressed working poiftl) Measured RIN spectral dens{fy00 HZi 5 MHz) of the input

pulse train (gray) and the interferometrically generated supercontinuum (elu€jorresponding integrated RIN

with 0.19% at the input and 0.05% RIN of the output supercontinuum.
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A representative operating point with dB RIN suppressiois selectedrom the 2D map
for further characterization. The corresponding output spectrum &fditidR supercontinuum
outputis shown in Fig.3.19c), verifying a stronglypbroacenedbandwidthspanningfrom ap-
proximately0.9 umto 1.15 um (FWHM). The corresponding frequesre@golved RIN transfer
is quantified in Fig.3.19d), which compares the measured RIN spectral density of the input
pulse train with that of the generated supercontinbetween 100 Hz to 5 MHz offséte-
quency A pronounced reductiom supercontinuunRIN of up to 15 dBrelative to the input
can be observed across a broad bandwidth >~50@d#zonstrating that tHéL| mechanisms
caneffectively suppressnputintensityfluctuationsfor correctphasebiassettings Integration
of the RIN spectra over the measurement bandwidth yields an integrated RIN reduction from
0.19% at the inpuio ~0.05% for the Port R supercontinuum outparresponding tthe ob-
servedsuppression of6 dB.

All measurements were performed without active phase stabilization, confirming that the
observed RIN suppression arises from the intrinsic interferometric transfer function rather than
external feedback. Despite the absence of-teng drift analysis, theesults provide direct
experimental validation of ultrfeow-noise interferometric SCG in quantitative agreement with
the simulations of Section 3.3.1. These findings establish interferometric noise conditioning as
a viable strategy for stabilizing broadiganonlinear wavelength conversion and directly moti-
vate its application to lomoise, multiwavelength light sources for twghoton microscopin

the green to red spectral window

3.4 Fiber-Optic Ultrafast Ytterbium Laser Driver

Efficient fiberbased wavelength conversionNMPM platformsrelies on ultrashort femtosec-
ond pulses with sufficient pulse energy, wagdifined temporal structure, and high coherence,
as outlined in Section Dueto the strong noise sensitivity 8ICG processes, stringent con-
straints arefurther imposed on the stability and noise performance of the driving laser
sourceg71,116] Consequently, a robust, lemoise, highenergy femtosecondser systens a
fundamental prerequisite drive the advanced, wavelengtéxible MPM systems discussed
in the following sections.

In this secitonan allPM Yb-doped fiber lasefYFL) systemis designed for stable, high
energy pulse delivery around 1.05 um. Guidedbyerical modeling of pulse propagation and
precise nonlinearity management, the laser architecture is optimized to provhiefsylulses

with wattlevel average power at a repetition rate of 30 MHz, while maintaining environmental



Ultra-low Noise FiberOptic Subsystems 85

robustness and reproducible operation. These pulse characteristics enable efficient nonlinear
wavelengthconversiorto efficiently drive multiphoton excitation in complex biological tissue.

3.4.1 Experimental Setupand Numerical Simulations

Figure3.20 summarizes the experimental architecture and input pulse characterization of the
Yb:fiber laser system used as the driving source for the dispessive (DW) generator. The
systemconfiguration is designeda subsequent numerical simulatidnsdeliver stable, line-

arly chirped femtosecond pulses with adjustable dispersion and peak power for efficient non-
linear broadening in théollowing PCF stage. As shown in F&R0 (a), a passively mode
locked Yb:fiber oscillatowith attached preamplifier initially generates an optical pulse train
centered at 1028 nm with 30 MHz repetition rate anaduR0 mW average powérhe optical
spectrum at the PCMA input, shown in BgO0 (b), is centered at Z8nm with ~8 nm FWHM,
corresponding to positively chirped pulses of 0.7 ps FWHM as confirmed #Cheace in

Fig.3.20(c), shown in comparison to the FTL pulse calculated from the spectrum

Figure 3.20: Schematic of the PCMA Yb:fiber laser. (a): Experimental setup consisting of an oscillator with pre
amplifier attached to a PCMatage. ISO: isolator, HWP: halfave plate, PCMA: prehirp managed amplifier,
BPF: bandpass filter. (b): PCMA input spectruengrated by the Yb:fiber oscillator with paenplifier. (c): Cor-

responding positively chirped output pulse AC trace before GP1 with calculated Roamiorm limit (FTL)






























































































































































































