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Zusammenfassung

Die Multiphotonenmikroskopie (MPM) ist eine zentrale Methode der modernen Lebenswissen-
schaften und ermoglicht hochauflésende Bildgebung tief in streuendem biologischem Gewebe.
Trotz ihres Erfolgs werden weitere Fortschritte und eine breitere Anwendung zunehmend durch
Zielkonflikte zwischen Bildgebungstiefe, Gesichtsfeld, Signalstidrke und Photodamage sowie
durch laserinduzierte Fluktuationen, spektrales Ubersprechen und begrenzte Multicolor-Ab-
stimmbarkeit eingeschrénkt. Diese Herausforderungen werden durch die hohe Empfindlichkeit
nichtlinearer Anregungsprozesse gegeniiber Umwelteinfliissen und die Komplexitit bestehen-
der ultraschneller Lichtquellen verstirkt. Ihre Uberwindung erfordert einen integrierten photo-
nischen Ansatz, in dem ultraschnelle Pulserzeugung, nichtlineare 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, ultra-rauscharmer Faserlasertechnologien und dessen
Uberfiihrung in fortgeschrittene MPM-Anwendungen. Rauscharme Generation von Femtose-
kundenpulsen wird in interferometrischen, vollstindig polarisationserhaltenden Faseroszillato-
ren realisiert und erreicht integriertes relatives Intensititsrauschen bis 0,04% sowie Timing-
Jitter von 14,5 fs. Darauf aufbauend werden MPM-taugliche Energieskalierung, spektrale Agi-
litdt und Multicolor-Anregung mittels eines simulationsgestiitzten Ytterbium-Faserlaser-Trei-
bers in Kombination mit Large-Mode-Area-Fasertechnologie, deterministischer interferomet-
rischer Wellenldngenkonversion und rauschtechnisch optimierter Superkontinuumerzeugung
realisiert. Numerische Systemmodelle ermdglichen dabei die pradiktive Kontrolle nichtlinearer
Dynamik und des Rauschtransfers.

Diese modularen Technologien werden in anwendungsgetriebene MPM-Plattformen {iber-
fiihrt, darunter eine abstimmbare dispersive-Wellen-Quelle zur kontrastreichen Zwei-Photo-
nen-Bildgebung neuronaler und vaskulédrer Strukturen im Mausgehirn in Tiefen von iiber 600
um sowie ein synchronisiertes Dreifarben-Anregungssystem fiir ibersprechfreie, multiplexe
Bildgebung von Gehirn- und viszeralem Gewebe. Zusammen vereinen diese Plattformen Bild-
gebungstiefe, spektrale Selektivitdt und Langzeitstabilitdt innerhalb einer einzelnen faseropti-
schen Architektur. Gegeniiber konventionellen ultraschnellen Laser- und Mehrquellen-Anre-
gungskonzepten stellen sie eine kompakte, justagefreie Alternative dar, die Multicolor-Féhig-
keit und Anregungsflexibilitit deutlich erweitert. Insgesamt etabliert diese Arbeit integrierte,
rauschtechnisch optimierte ultraschnelle photonische Plattformen als neue Leistungsbasis fiir

die Multiphotonenmikroskopie und verwandte nichtlineare optische Anwendungen.



Abstract

Multiphoton microscopy (MPM) is a cornerstone of modern life sciences, enabling high-reso-
lution imaging deep within scattering biological tissue. Despite its success, further progress and
broader adoption are increasingly constrained by trade-offs between imaging depth, field of
view, signal strength, and photodamage, as well as by laser-induced fluctuations, spectral cross-
talk, and limited multicolor tunability. These challenges are amplified by the sensitivity of non-
linear excitation to environmental perturbations 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 engineering, and targeted multiphoton
excitation are treated as coupled elements of a unified system.

This dissertation establishes such a platform-level framework through a modular toolbox of
ultrafast, ultra-low-noise fiber-laser technologies and their translation into advanced MPM ap-
plications. Low-noise femtosecond pulse generation is achieved in interferometric, all-polari-
zation-maintaining 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, MPM-capable energy
scaling, spectral agility, and multicolor excitation are realized using a simulation-guided Ytter-
bium fiber laser driver combined with large-mode-area fiber technology, deterministic interfer-
ometric wavelength conversion, and noise-engineered supercontinuum generation. Numerical
system-level modeling provides predictive control over nonlinear dynamics and noise transfer.

These modular technologies are translated into application-driven MPM platforms, includ-
ing a tunable dispersive-wave source for high-contrast two-photon imaging of neuronal and
vascular structures in mouse brain tissue at depths exceeding 600 um, and a synchronized three-
color excitation system for crosstalk-free multiplexed brain and visceral imaging. Together,
these platforms combine imaging depth, spectral selectivity, and long-term stability within a
single fiber-optic architecture. Compared to conventional ultrafast laser and multi-source exci-
tation schemes, they provide a compact, alignment-free alternative that substantially expands
multicolor capability and excitation versatility. Overall, this work establishes integrated, noise-
engineered ultrafast photonic 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 photonics [1-3], computational capabilities [4—6], and molec-
ular biology [7-9]. These developments are central to addressing the most pressing biomedical
challenges of our time that continue to limit human longevity and lifelong functional independ-
ence, including neurodegenerative diseases, cancer, and cardiovascular conditions. Alzheimer’s
and Parkinson’s disease alone are projected to affect over 150 million globally by the year 2050,
posing not only a growing burden on the healthcare systems but also deeply affecting patients,
families, and caregivers [10—12]. In parallel, cancer remains a primary cause of worldwide mor-
tality, with more than 10 million deaths annually and globally rising incidence rates [13].

Gaining a mechanistic understanding of these complex diseases and their impact on tissue
morphology and cellular dynamics critically depends on the ability to visualize biological sys-
tems in situ, in real time and with sub-cellular resolution [14,15]. Consequently, imaging tech-
nologies have become indispensable across nearly all domains of biomedical research and clin-
ical diagnostics and their continued advancement represents a central focus within adjacent
fields such as bioengineering, photonics and applied physics in general [16—18]. The funda-
mental importance of advanced imaging technologies is reflected in several recent Nobel Prizes
at the intersections of Chemistry, Physics, and Medicine, which recognized transformative
breakthroughs in terms of resolution, molecular contrast, and dynamic imaging capabilities.
Notable examples include Stimulated Emission Depletion (STED) super-resolution micros-
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 2017) [20], and fluorescent protein-based
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 applications. Different imaging technologies are thereby characterized
by specific trade-offs in spatial resolution, imaging depth, field-of-view (FOV), acquisition
speed, and compatibility with biological tissue. Their selection is typically dictated by the spe-
cific biological question, the sample architecture, and the required temporal or spatial scale. For

a few selected imaging modalities, Fig.1.1 illustrates the fundamental trade-offs encountered in
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many biomedical applications. Fig.1.1 (a) compares spatial resolution and imaging depth across
a range of modalities, while Fig.1.1 (b) highlights their FOV limitations as a function of reso-
lution. As shown, magnetic resonance imaging (MRI), positron emission tomography (PET),
and ultrasound (US) enable large FOVs and imaging depths but are limited in spatial resolution.
MRI for instance, a standard imaging technique in both research and clinical diagnostics, that
utilizes strong magnetic fields and radiofrequency pulses to generate soft tissue contrast, ena-
bles whole-body imaging with a typical spatial resolution on the order of 0.5 to 1 mm [23]. In
contrast, optical imaging methods such as widefield fluorescence imaging, confocal and mul-
tiphoton microscopy, and optical coherence tomography (OCT) typically achieve significantly
higher spatial resolution in the micrometer range within scattering tissue, at the cost of reduced

imaging depth and FOV, typically limited to a few millimeters [14,24,25].
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Figure 1.1: Performance comparison of biomedical imaging modalities. (a): Spatial resolution vs. imaging depth
for representative biomedical imaging modalities, adapted based on data and layout from Ref. [26]. Created in part
with BioRender.com. MPM: Multiphoton microscopy, LOT: laminar optical tomography, MFMT: mesoscopic
fluorescence molecular tomography, OCT: optical coherence tomography, FDOT: fluorescent diffuse optical to-
mography, FMT: fluorescence molecular tomography, US: ultrasound imaging, PAT: photoacoustic tomography,
PET: positron emission tomography, MRI: magnetic resonance tomography, CT: computed tomography. (b): Im-
aging modalities shown for the characteristic field of view vs. imaging depth, reproduced from Ref. [27]. OAM:
opto-acoustic microscopy, MSOT: multispectral opto-acoustic microscopy, RSOM, raster-scan opto-acoustic 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 large FOVs and penetration depths required
for macroscopic assessment while maintaining the sub-micrometer resolution necessary to re-

solve cellular and subcellular structures. Consequently, biological insight typically relies on the
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combination of multiple, scale-specific imaging techniques, each optimized for a narrow oper-
ating regime. This intrinsic trade-off motivates the ongoing development of advanced technol-
ogies designed to further push imaging performance boundaries and enable more comprehen-

sive interrogation of living systems.

1.2 Principles and Capabilities of Multiphoton Microscopy

Within the landscape of advanced imaging modalities, multiphoton microscopy (MPM)
stands out as highly innovative and impactful technique in fields such as neuroscience [28],
developmental biology [29], and cancer research [30]. As a unique characteristic, MPM relies
on the nonlinear optical principle of multiphoton excitation, originally proposed in the year
1931 by Maria Goeppert-Mayer in her dissertation entitled “Uber Elementarakte mit zwei
Quantenspriingen” (Engl.: “Elementary processes with two quantum transitions™) [31]. In her
work, she described how the near-simultaneous absorption of two photons could drive a quan-
tum transition equivalent to the absorption of a single photon at twice the energy. To illustrate
the difference in signal generation between MPM and conventional fluorescence (one photon)
microscopy (FM), Fig.1.2 (a) depicts the respective excitation schemes. In FM, excitation oc-
curs through the absorption of individual photons with energy matching the electronic transition
from the ground state S, to the first excited singlet state S; (excitation wavelength A.y) by flu-
orescent molecules labeling specific tissue structures or functional indicators. After rapid non-
radiative relaxation, fluorescence emission occurs at a red-shifted wavelength 4., as the elec-
tron returns to the ground state Sy with a linear dependence on the excitation intensity. In con-
trast, MPM relies on the near-simultaneous absorption of two or more photons of excitation
wavelength A,, to address the same energetic transition of the fluorophore, generating a fluo-
rescence signal with 4., that scales quadratically with the local excitation intensity for two-
photon excitation, or cubically in the case of three-photon excitation.

The nonlinear excitation mechanism of MPM gives rise to several fundamental advantages
over FM and other high-resolution imaging modalities. Most notably, as illustrated in Fig.1.2
(b), the fluorescent signal generation in MPM is inherently confined to a sub-femtoliter volume
around the focal point, rather than being distributed along the entire excitation path as in FM.
This confinement arises from the requirement of high photon densities for efficient multiphoton
absorption, which naturally has its maximum close to the focal spot [28]. By scanning the
tightly focused excitation volume through the specimen, MPM enables intrinsic optical section-

ing and high-resolution three-dimensional reconstruction of complex tissue structures, while
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simultaneously enhancing contrast and imaging depth by effectively suppressing out-of-focus
fluorescence.

In addition, since most biomedically relevant fluorophores have absorption transitions in the
visible spectrum (~300 - 600 nm) [25], multiphoton excitation enables their activation via mul-
tiple lower-energy near infrared (NIR) photons between 700 - 1700 nm [2,14]. This shift to
longer excitation wavelengths offers several additional advantages. First, scattering losses are
significantly reduced, as they scale approximately with 17*, which drastically improves the
achievable imaging depth in highly scattering biological tissue such as brain or skin [32]. Sec-
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 viability and imaging depth, making
MPM highly suitable for long-term imaging of live specimens, including in vivo studies or
chronic experiments [29,35,36]. Unlike FM, which typically requires micrometer-scale thin
tissue sections for high-resolution imaging [37], MPM routinely achieves subcellular-resolu-

tion imaging at depths exceeding 1 mm even in highly scattering brain and visceral tissues [38].
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Figure 1.2: Working principle and optical configuration of multiphoton microscopy. (a): Excitation scheme for
standard one-photon fluorescence and two-photon 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: photo-multiplier tube. Created in part with BioRender.com
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Another important advantage of MPM is its ability to generate parametric, label-free signals
through second-harmonic generation (SHG) and third-harmonic generation (THG). These non-
linear processes provide intrinsic contrast based on molecular order, symmetry, and refractive-
index variations, enabling the visualization of structural features such as collagen fibers, lipid-
rich membranes, crystalline deposits, and tissue interfaces [39—41]. 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-
ventional FM on externally introduced labels or limited endogenous autofluorescence [25,42].
This multimodal capability combined with the aforementioned advantages has established
MPM as a transformative tool for in vivo studies at substantial depths, driving breakthroughs
such as large-scale neuronal network mapping to uncover principles of brain connectivity and
function [43,44], the high-resolution analysis of tumor microenvironments to investigate cancer
progression and therapeutic response [45], and the visualization of dynamic cellular interac-
tions within developing embryos to study tissue morphogenesis and developmental pro-
cesses [46].

A typical MPM setup, illustrated in Fig. 1.2 (c), consists of a femtosecond laser source, fast
beam-scanning optics, a high-numerical-aperture objective, and highly sensitive detectors such
as photomultiplier tubes (PMTs). Dichroic mirrors (DMs) and bandpass filters (BPFs) are used
to spectrally separate excitation and emission channels. During imaging, the focused excitation
spot is rapidly scanned across the sample in the x-y plane 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 MPM is the requirement for femtosecond pulses to enable the
high peak intensities and photon densities in the focal spot required for efficient multiphoton
excitation. To meet the demands of advanced MPM applications, the driving ultrashort-pulse
laser systems must satisfy stringent requirements regarding wavelength coverage, pulse energy,
pulse duration, and operational stability. For instance, two-photon fluorescence microscopy
(2PFM) with exogenous fluorophores, which is extensively applied throughout this dissertation,
requires broad tunability across roughly 700 to 1200 nm to match the absorption bands of com-
mon fluorophores and fluorescent proteins [47]. 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 minimizing average power, thermal load, and phototoxicity [32].
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In comparison, three-photon 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 decrease at longer wavelengths.
However, 3PM requires substantially higher pulse energies, typically in the microjoule regime,
together with pulse durations below ~50 fs to compensate for the inherently lower three-photon

excitation probability [2,48,49].

1.3 Photonic Requirements and Limitations of Current Ultrafast Sources

The key enabling technology for generating energetic femtosecond pulses required for effi-
cient multiphoton fluorescence excitation is the mode-locked laser. In contrast to the first con-
tinuous-wave laser demonstrated by Theodore Maiman in 1960 [50], which emitted a mono-
chromatic and temporally continuous stream of coherent photons, mode-locked lasers operate
by phase-locking multiple longitudinal cavity modes. This phase coherence compresses the op-
tical field into a periodic train of ultrashort pulses with extremely high peak intensities. First
demonstrated in the 1960s by DeMaria et al. using passive mode-locking in a Nd:Glass la-
ser [51], this principle underlies all modern femtosecond laser systems and ultimately enabled
the first 2PFM experiments by Denk ef al. in 1990 [52]. Beyond biomedical imaging, mode-
locked lasers play a central role in highly-advanced and transformative applications such as
attosecond science and frequency-comb metrology, which were recognized through the Nobel
Prizes in Physics 2023 and 2005, respectively [53—-55].

For biomedical imaging and for MPM in particular, mode-locked titanium-doped sapphire
(Ti:Sa) lasers have traditionally been used as the primary excitation source. These systems pro-
vide watt-level average power and broad tunability across 700 - 1000 nm, which is well suited
for two-photon excitation of many established fluorophores [56,57]. While Ti:Sa lasers have
been essential for advancing the field, their solid-state 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 substantial trend toward novel red-shifted fluorophores
with two-photon absorption peaks between 1000 and 1250 nm, which requires excitation wave-
lengths that extend beyond the intrinsic Ti:Sa gain bandwidth [59,60]. Nonlinear wavelength
conversion using additional optical parametric oscillator (OPOs) or optical parametric amplifi-
ers (OPAs) stages can access these longer wavelengths, but at the cost of increased system

complexity, higher alignment demands, and greater maintenance overhead [61]. As a result,
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many state-of-the-art MPM platforms remain predominantly located in specialized optics la-
boratories and are not yet widely deployed in broader biomedical or clinical environments [62—
64].

These challenges have motivated strong interest in ultrafast fiber lasers, which offer compact
system architectures, intrinsic mechanical stability, alignment-free operation, and straightfor-
ward energy scalability [65—67]. In fiber-based systems, the optical pulses propagate within a
single-mode waveguide, typically composed of fused silica, which shields the beam path from
environmental perturbations such as vibrations, thermal drift, and air currents. Their large sur-
face-to-volume ratio enables efficient passive cooling and eliminates the need for water-cooled
laser heads, while amplifier stages can be integrated with minimal additional complexity [68].

The strong confinement of the ultrashort and intense laser pulses in the fiber core, typically
only a few micrometers in diameter, gives rise to a range of nonlinear light-matter interactions
including self-phase modulation, self-steepening, and stimulated Raman scattering, together
with dispersion profiles that can be tailored through the fiber design [69]. With modern numer-
ical tools and established nonlinear theory, these effects can be precisely controlled and used
for versatile spectral engineering of broadband supercontinua and tunable pulses far beyond the
native fiber laser gain bandwidths [70—72]. They further enable the precise design of complex
nonlinear systems such as mode-locked fiber oscillators and frequency-combs [73], fiber-optic
interferometers for squeezed-light generation and precision metrology [74,75], or fiber-inte-
grated parametric wavelength-conversion stages [76]. This combination of nonlinear flexibil-
ity, intrinsic stability, cost-effectiveness, and alignment-free operation makes fiber lasers a
highly attractive technology platform for advanced MPM applications.

However, given these advantages of fiber lasers, there are several persistent technical con-

straints that currently limit their performance in the context of nonlinear biomedical imaging:

e Spectral flexibility and tunability
Standard Yb-fiber gain is restricted to approximately 1020-1080 nm and does not di-
rectly cover important excitation bands in the 700-900 nm or 1100-1250 nm regions. As
already mentioned, achieving broad or continuous tunability requires nonlinear spectral

conversion with careful design of dispersion and nonlinear effects.

e Energy-scaling and nonlinearity management
Scaling pulse energy beyond a few nanojoules in standard fibers can lead to excessive
nonlinear phase accumulation, soliton breakup, Raman shifts, and associated pulse dis-
tortions. These nonlinearities impose strict constraints on power scaling unless tailored

dispersive control or large-mode-area specialty fibers are used.
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e 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 guided ASE, dispersion fluctuations, and Kerr-induced phase variations, while en-

vironmental changes can affect polarization and long-term stability.

e  Multi-color and synchronized excitation
Many imaging applications require two or more synchronized wavelengths. Generating
multiple femtosecond pulses with sufficient spectral coverage, high peak power and ul-
tra-low noise from a single platform is challenging and typically requires additional

nonlinear stages or complex system designs to ensure ideal performance.

e Application-specific constraints in biological imaging
Deep-tissue 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. Additional general factors such as dispersion management, heat-
load control, and compatibility with resonant scanning systems further influence the

practical performance of fiber-laser-based excitation sources.

As outlined in the following section, these limitations define the central technological chal-
lenges addressed throughout this dissertation, where a combination of fiber-laser engineering,
interferometric noise control, and nonlinear spectral design is used to push the capabilities of
ultrafast fiber lasers toward compact, robust, and highly versatile excitation platforms to enable

next-generation MPM applications.

1.4 Objectives and Structure of This Dissertation

State-of-the-art MPM applications increasingly rely on excitation sources that combine low
noise, spectral agility, multi-color capability, and robust energy delivery within compact, align-
ment-stable and highly adaptable architectures. These requirements are driven by a broad range
of emerging optical interrogation techniques for highly advanced visualization of biological
structure and function across multiple spatial, temporal, and spectral scales. Prominent exam-
ples include ultrafast voltage and functional imaging of synaptic and circuit-level dynam-
ics [77-79], widefield and mesoscopic in vivo recordings across large neuronal popula-
tions [80,81], and miniaturized or head-mounted two-photon systems enabling deep-tissue im-

aging in freely moving animals [82—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 applications continue to expand in capability and complexity, the limitations of
conventional ultrafast laser technologies become increasingly apparent. Many state-of-the-art
experiments depend on costly and complex multi-source configurations composed of synchro-
nized lasers or multiple OPO/OPA stages. Such approaches inherently restrict spectral reach,
scalability, and long-term stability, while posing significant challenges for synchronized multi-
color and dynamically reconfigurable excitation schemes [85—87]. These constraints are further
enhanced in demanding experimental environments, particularly in in vivo 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 and the imaging system [78,88-90].
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Figure 1.3: High-level overview of the fiber-optic photonic technologies developed in this dissertation, spanning
robust femtosecond pulse generation, energy-scalable amplification, ultra-low-noise spectral engineering, multi-
color wavelength conversion, and synchronized multi-channel two-photon microscopy. Created in part with Bio-

Render.com

Meeting the performance demands of advanced MPM and related nonlinear optical tech-
niques would therefore immensely benefit from a shift 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 interconnected elements of a unified, application-adaptable system. This system-level
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perspective, treating novel photonic technologies as interdependent elements of a unified MPM
platform, forms the conceptual foundation of this dissertation. While 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, and coherent control, underscoring their broader applicability be-
yond a single application domain.

To illustrate the technological realization of such this unified imaging platform approach
Fig. 1.3 presents a conceptual overview of an integrated fiber-optic MPM architecture, high-
lighting the complete pathway from highly-stable femtosecond pulse generation in perfor-
mance-enhanced fiber oscillators, through energy-scalable and nonlinearity-managed amplifi-
cation, interferometric noise stabilization with simulation-guided spectral engineering, and
multi-color wavelength conversion, to high-performance two-photon imaging in a multi-chan-
nel resonant-scanning microscope. Guided by this framework, this dissertation is organized into

the following complementary chapters:

o 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 Schrédinger equations (NLSEs) ranging from gain-modified and
coupled forms to the full generalized NLSE. The chapter further develops a semiclassi-
cal stochastic framework to include quantum 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 in MPM, including two-photon fluorescence and harmonic genera-

tion.

o Chapter 3 presents fiber-optic modules for ultra-low-noise pulse-generation, wave-
length-conversion, and noise-control that form the core of the photonic imaging plat-
forms. The chapter introduces XPM-suppressed femtosecond fiber oscillators with
Kerr-type interferometric saturable absorbers and quantitatively analyzes their noise
performance and energy scalability across distinct mode-locking regimes. Building on
this foundation, a fiber-interferometric dual-color source operating at the standard quan-
tum-limited intensity noise floor is demonstrated, and the interferometric concept is ex-
tended to achieve ultra-low-noise supercontinuum generation in dispersion-engineered

photonic crystal fibers (PCFs). In addition, an energetic ultrafast Ytterbium-fiber laser
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system is developed to drive the subsequent two-photon imaging platforms. Collec-
tively, these systems constitute a modular toolbox for low-noise, multi-color, and en-

ergy-scalable femtosecond pulse generation.

o Chapter 4 translates the developed photonic toolbox into a tunable deep-tissue excita-
tion platform driven by an all-PM Yb-fiber laser driver for ultrashort, energetic pulse
generation. Using generalized NLSE simulations and dispersion-engineered photonic
crystal fibers, the chapter realizes efficient, phase-matched dispersive-wave excitation
between 880 and 950 nm, producing sub-100 fs, nanojoule-level pulses with high sta-
bility. Integrated into a resonant-scanning two-photon microscope, this platform enables
deep-tissue imaging across multiple biological system, including EGFP-labeled mouse
hippocampus and SYTOX-Orange-labeled cerebellum, resolving neuronal and vascular
structures at depths beyond 600 um. Chapter 4 thus demonstrates the platform-level
deployment of the developed fiber-optic sub-systems for tunable deep-tissue MPM.

e Chapter 5 extends the developed photonic framework and laser architecture into a mul-
ticolor excitation platform built on a ground-up developed nonlinear fiber laser com-
bined with deterministic spectral-engineering for efficient multicolor two-photon 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 excitation across a broad range of biological preparations, including triple-labeled
mouse brain, kidney, and liver tissue, and is further validated through a preliminary in
vivo assay in transgenic C. elegans for prospective Alzheimer-related screening. Com-
prehensive analyses of spectral separation, and multicolor imaging performance estab-
lish the resulting three-color architecture as a compact, scalable, and biologically versa-
tile implementation of the unified photonic imaging platform for advanced multiplexed

MPM.
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2 Theoretical Fundamentals

To establish the theoretical foundation for the ultrafast photonic subsystems and multiphoton
imaging platforms developed in this dissertation, this chapter introduces the core physical con-
cepts of nonlinear pulse generation, fiber-optic propagation, supercontinuum generation, noise
dynamics, and multiphoton contrast formation. To this end, Section 2.1 reviews the fundamen-
tal noise mechanisms of femtosecond lasers, covering the general principle of mode-locking
influenced by quantum-limited and technical noise contributions, explaining how amplitude
noise, phase noise, and timing jitter degrade the stability and coherence of optical pulse trains.
Section 2.2 presents the nonlinear Schrodinger equation (NLSE) as the central framework for
modeling ultrashort pulse evolution in passive and active fibers, discussing gain-modified, cou-
pled, and generalized forms that enable accurate numerical descriptions of amplification, fiber-
laser dynamics, multi-channel interactions, nonlinear interferometers, and supercontinuum gen-
eration in PCFs. Section 2.3 extends this numerical framework by including semi-classical sto-
chastic noise, detailing how the one-photon-per-mode model of quantum noise and Gaussian
technical noise provide a quantitative description to simulate quantum-initiated instabilities and
noise transfer in generalized NLSE models. Finally, Section 2.4 outlines the principles of non-
linear contrast generation in MPM, including two-photon fluorescence and parametric har-
monic generation, together with the spatial-resolution considerations relevant to the imaging

applications addressed in later chapters.

2.1 Noise of Femtosecond Lasers

Mode-locked lasers generate femtosecond pulses through constructive interference of longitu-
dinal resonator modes (v, ), that (i) lay within the gain bandwidth, (ii) exceed the net loss per
roundtrip; and (iii) fulfill the resonance condition v = m ¢/2L, where m is a positive integer,
c the speed of light, and L the resonator length [91]. In continuous-wave (CW) lasers, longitu-
dinal modes oscillate independently, resulting in a narrowband output laser field. In contrast,
mode-locking enforces a fixed phase relationship between the modes via implementation of
saturable absorbers (SA); nonlinear elements whose transmission increases with intensity, en-
abling ultrashort pulse formation from broadband constructive interference [92]. Common SAs
include semiconductor devices [93], dyes [94], and mechanisms such as Kerr-lens mode lock-
ing [95] or nonlinear interferometers (NLIs) operating on the optical Kerr-effect [96].

The difference in CW and mode-locked laser operation is illustrated in Fig. 2.1. Panels (a)

and (b) show simplified resonator configurations for CW and mode-locked lasers, respectively.
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Figure 2.1: Comparison of continuous-wave and mode-locked laser operation. (a): CW laser cavity with gain
medium and independent longitudinal modes. (b): Mode-locked cavity including a saturable absorber to lock the
phases of multiple modes. (¢): Temporal output of a mode-locked laser: a train of femtosecond pulses spaced by

the roundtrip time Ty. (d) Frequency-domain output: a comb of phase-locked modes with spacing f;..,, and band-

width Av. The bi-directional arrow highlights the Fourier relationship between time and frequency domains.

In the CW case, only a small number of uncorrelated modes contribute to a nearly monochro-
matic output field, whereas the inclusion of a saturable absorber in the mode-locked cavity
results in a phase-locked, coherent addition of many modes. Fig.2.1 (c) shows the resulting
output of the mode-locked laser in frequency and time domain together with its fundamental
Fourier-relation. In time-domain, the constructive interference of many sinusoidal longitudinal
laser modes results in a periodic train of optical pulses with spacing equal to the roundtrip time
Tg. In frequency-domain, this corresponds to a discrete comb of equidistant optical frequencies
with spacing f,e, = 1/Tg and bandwidth Av, governed by the number of locked modes.

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 environmental drifts [97]. The

complex field A(t) of a noise-perturbed pulse train can be expressed as

+ oo

A(t) = (A + 64,(1)) mzoo a(t —mTg + 8Tx(t)) exp{i(2mv.t + mcg o

+86(t))}

where, A, denotes the nominal pulse amplitude, §A4,(t) the amplitude noise, 6Ty the timing-

jitter, v, the carrier-frequency, ¢y the carrier-envelope phase-shift per roundtrip, and 66(t)
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the residual phase-noise of the respective field [73]. Eq. (2.1) defines the three main noise cat-

egories discussed below in greater detail: amplitude 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 such as multiphoton excitation and

supercontinuum generation, where signals scale nonlinearly with intensity, such fluctuations

can directly degrade the signal-to-noise ratio (SNR), signal coherence, and reproducibility.
The relative intensity noise (RIN) spectrum is a practical means to quantify amplitude fluc-

tuations. In logarithmic form, it is express in units dBc/Hz as

Ssp(f)

0

RINgp(f) = 10logso (2.2)
were, P, is the average optical power on the photodetector, and Ssp (f) the single-sided power
spectral density (PSD) of the power fluctuations 8P (t) in units W2 /Hz. The PSD is defined
via the Wiener-Khinchin theorem:

+ oo

Ssp(f) = f (6P(t)6P(t + 1))e 2™ dr (2.3)

Integrating Eq. (2.2) in linear form yields the RMS RIN, often expressed in percentage, which
is used as a normalized and comparable performance metric for ultrafast laser systems [98].
Even in the complete absence of technical or environmental noise, direct detection of an
ideal coherent laser field is bounded by the shot-noise limit arising from Poissonian photon
statistics [99]. In this case, the detected photocurrent shows a flat (“white”) noise floor, which

corresponds to a shot-noise-limited RIN of

2hv
Py
with h Planck’s constant and v the optical frequency [97]. 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 loss, which can drive amplitude, phase, and timing instabilities of

the emitted pulses.
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2.1.2 Phase Noise and Timing-Jitter

Phase noise describes random fluctuations of the optical carrier phase and is modeled as a time-

dependent phase perturbation §¢ (t) on carrier. It is quantified by the PSD of §¢ (t):

Se(f) = f (6p(t)6p(t + 1))e ™ dr (2.5)

Integrating Eq. (2.5) over a frequency range [f3, f] yields the total phase variance af, in rad?,

representing the accumulated phase fluctuations within that bandwidth [73,98,100]. In practice,
phase noise is commonly measured via heterodyne detection, RF beat-note analysis, or signal-

source analyzers (SSAs), and expressed as single-sideband (SSB) phase noise in dBc/Hz,

SoUf )> (2.6)

L(f) = 10logy, <

where the factor of two accounts for conversion from double-sided to single-sided PSD.

In contrast, timing jitter refers to random variations in pulse arrival time relative to an ideal,
equidistant grid defined by the roundtrip time T. It is typically modeled as a stochastic pertur-
bation 6T (t) added to the nominal emission times nTg in Eq. (2.1) [100]. Timing jitter leads
to autocorrelation and cross-correlation broadening in the time domain, and to phase noise on
the repetition rate and its harmonics in the RF spectrum. As result, it is particularly critical for
synchronization, optical sampling, frequency-comb stabilization, and time-resolved measure-

ments [101-104]. The PSD of the temporal displacement fluctuations 5T (t) is described by:

+ oo

Sr(f) = J (6Tr(t)6TR(t + 1))e 2™ dr (2.7)

Integrating S;(f) over [f;, f»] yields the total timing variance o%. The square root oy, typically
expressed in femtoseconds, denotes the timing-jitter of the pulse train [73]. While phase noise
and timing jitter describe different physical processes, they are often coupled in ultrafast laser
systems through dispersion and nonlinear effects [83]: optical carrier-phase fluctuations can
convert into timing errors via group delay dispersion, and timing jitter can induce phase fluctu-

ations through stochastic pulse-carrier misalignment [89].
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2.2 Nonlinear Schrodinger Equation (NLSE)

2.2.1 Standard NLSE and Gain Implementation

The NLSE is the fundamental mathematical framework for modeling ultrashort pulse propaga-
tion in optical fibers [69]. Starting from standard form, sufficient to describe most mode-locked
fiber oscillators, amplifiers, and interferometric systems, including additional effects such as
higher-order dispersion, Raman scattering, and self-steepening, lead to the generalized NLSE
(GNLSE) used in advanced modeling of strongly nonlinear processes such as supercontinuum
generation (SCG) and dispersive-wave conversion in PCFs [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 envelope A(z, t) along the prop-
agation distance z and in a co-moving time frame t, accounting for group velocity dispersion
(GVD) and the optical Kerr effect. It follows from Maxwell’s equations under the slowly var-
ying envelope approximation. Assuming negligible loss and higher-order effects, the NLSE

takes the form:

0A [, 0%A 5
P 2.8
aZ+ > 382 iy|A|*A (2.8)

Here, 3, is the GVD parameter and y the nonlinear coefficient of the dielectric waveguide. The
GVD originates from a Taylor expansion of the propagation constant §(w) around the carrier

frequency w, [107]:

B = Y = L

k' d(,l)k ((A) - wO)k
k=0

o (2.9)

1 1
= Bo + B1(w — wy) + Eﬁz(w — wp)? +g/33(0) —wp)? + -,

Here, [; denotes the group velocity, [, the GVD, and 5 the third-order dispersion (TOD).
Higher-order dispersion terms become relevant for ultrashort pulses with broad bandwidths.
The sign of 8, determines whether the dispersion is normal (£, > 0; higher-frequency compo-
nents travel more slowly) or anomalous (f, < 0; higher frequencies travel faster), thereby in-
fluencing instantaneous frequency (‘“chirp”) and temporal broadening. The nonlinear coeffi-

cient y arises from the Kerr-induced refractive index change:

n(l) = ng + nyl = ny + ny|A|? (2.10)
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where n, is the linear and n, the nonlinear refractive index [92,107]. Here, y = nywq/cAcfy,
with A, as the effective mode area. The underlaying optical Kerr effect, originating from the
third-order susceptibility x®, gives rise to important nonlinear effects such as self-phase mod-

ulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM) [69].

SPM, central to many applications in this work, describes the nonlinear phase shift

¢n. = YLIAD)I? (2.11)

accumulated in Kerr-media such as optical fibers over the propagation distance L [107]. Since
¢ 1. depends on the instantaneous intensity, it varies across the pulse envelope and induces an

instantaneous frequency shift:

dg __ dIA@F

2.12
dt dt (@12

ow(t) = —

This effect causes spectral broadening of the pulse, since rising and falling edges of the pulse
generate new frequency-components. With normal dispersion SPM leads to temporal broaden-

ing, while anomalous dispersion regime enables pulse compression and soliton formation [69].
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Figure 2.2: Effect of normal and anomalous GVD on pulse propagation in the time and frequency domains. (a):
Simulated temporal pulse profiles (normalized) after propagation with SPM combined with normal (grey) and

anomalous (blue) dispersion 8, = +5 ps?/km in 33 mm fiber. (b): Corresponding normalized output spectra.

Both regimes are illustrated in Fig.2.2, where nonlinear propagation of a Fourier-limited pulse

with duration 7, = 200 fs and pulse energy E, = 20 n/ is simulated in a fiber with g, =
+5 ps?/km, Aerr =16 pum? and L = 33 mm. To include optical gain and loss, the NLSE can

be modified with an additional term, taking the form [108]:
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0A PB,0%A (g—a)
FERN

A= iy]APPA (2.13)

Here, g denotes the wavelength-dependent gain factor and a the attenuation coefficient of the
optical waveguide. For doped fibers, g is modeled using rate equations for the population dy-

namics, which yield propagation equations for pump and signal power [109,110]:

dP,
d_zp =Mp (‘72(210)”2 Ufg)nl)Ntoth (2.14)
dP;
az s (Uﬁ)nz - Uf;)"l)NtotPs (2.15)
where, 1, ; are the overlap factors between pump/signal modes and the doped fiber core; 01(5 5)

(p)

and g,;"" are the absorption/emission cross sections; B, ; the average pump/signal powers; n, ,

the ground- and excited-state population densities; and N;,, the total dopant concentration.

2.2.2 Coupled NLSEs and Cross-Phase Modulation

In addition to SPM, another important nonlinear effect in this dissertation is cross-phase mod-
ulation (XPM), arising from Kerr-induced refractive index change caused by one optical field
acting on another. This leads to mutually induced nonlinear phase shifts that is particularly
relevant for the nonlinear propagation characteristics of co-propagating orthogonal polarization
modes (OPMs) in standard, non-PM optical fibers. The nonlinear propagation of two such

fields, here denoted A, (t) and A, (t), is described by two coupled NLSEs in the form [69]:

04, 04, iB,0%A, g 5
— _ x _ 2 2.16
P 1x 5y > o2 2 —A, +iy (IA |“ + KlAyl ) ( )
aAy aAy lﬁz a A g
vy _ _ v _ 2.17
PP W T2 a2 Y 4 2A + Ly(|Ay| + K|A,| ) ( )

Here, 1, and B, are the inverse group velocities of the respective OPM, accounting for linear

phase-velocity differences and walk-off during propagation. The fields are nonlinearly coupled

through the XPM terms KlAy,x |2, which describe the intensity-dependent phase shifts induced

by one mode onto the other. The total nonlinear phase shift experienced by each mode is:

i (®) =L (14O + x[4, () (2.18)
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The factor k quantifies the nonlinear interaction strength between the OPM, with k = 2/3 for
orthogonally polarized fields and x = 2 in the scalar, co-polarized case [69]. In non-PM fibers,
XPM enables coupling of fluctuations between polarization states, which can lead to enhanced

noise transfer between modes and degraded pulse stability in ultrafast fiber systems [111,112].

2.2.3 Generalized NLSE, Raman Scattering and Self-Steepening

The NLSE in Eq. (2.8) describes nonlinear pulse evolution in fiber systems with high accuracy
for moderate pulse durations and limited spectral broadening. However, for ultrashort pulses
and broadband propagation in more extreme nonlinear regimes, for example in fiber-based su-
percontinuum generation (SCG), a more comprehensive model is required to account for
higher-order dispersive and nonlinear effects. This extended mathematical framework is pro-

vided by the generalized nonlinear Schrodinger equation (GNLSE) [71]:

6A+ Zin_l o"A
0z n! Bn aTn

n=2

(2.19)

+00

i 0
— ! _ £N\|2 !
_l)/(l-i-—wo—aT) A(z,T) f R(tHIA(z, T —t")|%dt

The left-hand side includes higher-order dispersion coefficients f3,, obtained from the Taylor
expansion of the propagation constant in Eq. (2.9). The right-hand side describes nonlinear
effects including SPM, self-steepening, and stimulated Raman scattering (SRS). The Raman
contribution is modeled through the nonlinear response function R (t), which accounts for both

the instantaneous electronic and delayed vibrational response of the medium:

R(t) = (1 — fr)o(t — t.) + frhg(t) (2.20)

Here fz denotes the fractional Raman contribution (fz = 0.18 for fused silica fibers [69]), t,
the sub-femtosecond electronic response delay, and hy (t) the vibrational Raman response that
determines the temporal profile and strength of the delayed nonlinearity. An analytical approx-

imation for fused silica is given by [69]:

her(t) = (72 + 1531 €D {— TL} sin (i) (2.21)

2 T1

where 7; = 1/Q, with Q = w, — w, denoting the frequency difference between pump and

Stokes waves, and 7, is the vibration dampening time. Throughout this dissertation, 7, =
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12.2 fs and 7, = 32 fs are used according to Ref. [69]. Through this delayed nonlinear re-
sponse, SRS transfers energy from higher-frequency pump components to lower-frequency
Stokes components via molecular vibrations. The efficiency of this process is governed by the

Raman gain spectrum gz (), which is proportional to the imaginary part of the Fourier trans-

form of hg ().

1r 1r
a b
- Self-steepening off (a) (b)
- Self-steepening on Fre ,
0.8t 0.8l )L(]llejo)
Domain
c:“g 0.6 'I'ime_ ';:0.6 I
= Domain &,
e a
= 7]
04r 0.4r
& o
0.2r 02}
0 L I 1 J
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.7 0.8 0.9 1 1.1 1.2 1.3

Time [ps] Wavelength [pm]

Figure 2.3: Effect of self-steepening on nonlinear pulse propagation in the time and frequency domains. (a): Sim-
ulated time-domain pulse profiles (normalized to peak power) at the fiber output with self-steepening disabled

(gray) and enabled (blue). (b): Corresponding normalized output spectra.

Self-steepening describes an additional nonlinear effect that leads to asymmetric temporal
distortion of the pulse envelope as a consequence of the intensity-dependent group velocity
associated with the optical Kerr effect. Physically, higher-intensity regions of the pulse experi-
ence a slightly reduced group velocity, causing the trailing edge to compress while the leading
edge stretches [113]. In the GNLSE introduced in Eq. (2.19), self-steepening is accounted for
by the (i/wy) d/0T operator.

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

written in the form of a shock term [69]:

0A 0

E = Y Tshock a_T (lAle) (2.22)

where the shock time constant Tg,,.x = 1/w, defines the temporal scale over which steepening
occurs (~0.4 fs at 1550 nm). The influence of time-domain shock formation and self-steepening
is illustrated in Fig. 2.3, which presents numerical GNLSE simulations without dispersion for

a transform-limited Gaussian pulse with 7, = 100 fs, E,, = 10 nJ, A.sf = 16 um? and a prop-
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agation length of L = 30 mm. The simulations show the development of an asymmetric tem-
poral pulse profile and the corresponding asymmetric spectral broadening when self-steepening

is included.

2.3 Stochastic Modelling of Semi-Classical Noise and Coherence

2.3.1 Classical Noise, Coherence and Quantum Fluctuations

An important aspect of nonlinear pulse propagation is the emergence and wavelength-depend-
ent transfer of parameter fluctuations. In the form of Eq. (2.19), the GNLSE is deterministic
and therefore does not capture the stochastic quantum and technical noise that is present in real
ultrafast laser systems [97,98,100]. To realistically model the evolution and influence of such
fluctuations, particularly in highly nonlinear regimes such as SCG, stochastic perturbations
must be introduced to obtain a stochastic GNLSE framework [71].

In the semi-classical 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 discretized input spectrum A(w) [71].

Numerically, this can be implemented as

Anoisy(w) = A(w) + /hTwAa)[Xw +iY,] (2.23)

where X, and Y, are independent Gaussian random variables with zero mean and unit variance,
and Aw is the size of the discretized frequency bins [71,114]. This normalized expression en-
sures that the added perturbation carries the correct physical noise energy per mode, independ-
ent of the chosen spectral resolution. Technical noise sources, including RIN (see Section
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 equal to the measured
RMS RIN and applying these fluctuations multiplicatively to the noiseless input pulse realiza-
tions to simulate shot-to-shot variations [115]. By running a large ensemble of noise realiza-
tions (N > 1), the stochastic GNLSE framework enables statistical evaluation of key perfor-
mance metrics such as spectral and time-domain stability, wavelength-dependent RIN, and co-
herence.

Spectral coherence is a particularly important metric for assessing the quality and stability

of supercontinua, as it quantifies the shot-to-shot reproducibility of both spectral amplitude and
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phase. High 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 realizations is defined as

(E{(DE; (D)
VUIE: (D IPXIE,(D]?)

95 = (2.24)

where E (1) denotes the complex spectral field at wavelength A, and the brackets indicate aver-
aging over all realization pairs. Values of | gg)| = 1 correspond to full spectral coherence,

while values approaching zero indicate complete decoherence [115].
Beyond coherence, the stochastic ensemble framework further neables quantitative analysis
of noise transfer through nonlinear propagation. To this end, a wavelength-resolved noise trans-

fer function (NTF) can be defined as:

RINoy: (1)

NTF(2) = —2%
mn

(2.25)
This ratio reveals whether a spectral component experiences net amplification (NTF > 1) or
suppression (NTF < 1) of RIN during propagation, providing direct insight into the interplay
of dispersion, nonlinearity, and noise-coupling mechanisms across the generated spectrum.
The stochastic GNLSE provides a powerful numerical framework for investigating intrinsic
noise transfer, spectral coherence, and intra-spectral noise correlations in supercontinua gener-
ated in photonic crystal fibers (PCFs) and other highly nonlinear fibers (HNLFs). To illustrate
the stochastic dynamics of SCG under different dispersion conditions and their impact on noise
amplification and coherence, Fig. 2.4 compares numerical GNLSE simulations for a PCF op-
erated near the zero-dispersion regime and in the all-normal-dispersion (ANDi) regime, each
evaluated using an ensemble of 100 statistically independent pulse realizations with noise.The
simulated pulses have a sech?-shaped temporal profile and include both technical noise, mod-
eled as 0.25% RIN, and quantum-noise implemented as described above. The pulses are cen-
tered at 1.04 pm with a Fourier-limited pulse duration of 100 fs and 13 nJ pulse energy.
Figure 2.4 (a) shows the dispersion profile of a PCF in the zero-dispersion regime, which
has a MFD of 4.3 um at a wavelength of 1.06 um, a NA of 0.2 and n, = 3.1 * 1072 m?/W/..
In this case, the pump wavelength coincides with the fiber’s zero-dispersion wavelength (ZDW)
Azwa- In this regime, higher-order dispersion and self-phase modulation jointly initiate soliton

dynamics that rapidly evolve during propagation.
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Figure 2.4: Numerical comparison of stochastic SCG noise and coherence in different dispersion regimes. (a-c):

Anomalous-dispersion regime. (a): Dispersion profile of the PCF with 4,4, = 1.04 um. (b): Simulated temporal

evolution of the optical pulse along the propagation distance z. (c): Resulting output spectra for individual sto-

chastic realizations (gray) together with the mean spectrum (blue) and the corresponding spectral coherence |

gg) (A) | (yellow). (d-f): Simulated SCG in the normal-dispersion regime. (d): Corresponding ANDi-PCF disper-

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

Inset: visualization of comparably low pulse-to-pulse spectral variance between 1.42-1.44 pm.
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Fig.2.4 (b) shows the simulated temporal evolution in 35 mm of this PCF, illustrating the
breakup of the initial pulse into multiple soliton components (soliton fission) accompanied by
the emission of dispersive waves at longer wavelengths. These dynamics result in a strongly
modulated spectral and temporal structure, characteristic of the high-nonlinearity ZDW regime.

The resulting output spectra, shown in Fig.2.4 (c), further reveal substantial shot-to-shot

variation between individual realizations and the ensemble-averaged spectrum. The corre-

sponding calculated spectral coherence | gg) (A1) | displays pronounced modulation and rapid
decay in regions associated with soliton fission, confirming noisy and low coherence SCG that
is typical for this regime.

In contrast, Fig.2.4 (d) presents the dispersion profile of a PCF designed for ANDi opera-
tion, with a MFD of 2.6 um at a wavelength of 1.06 um, a NA of 0.2 and n, = 2.9 *
10729 m? /W . Here, the monotonic normal dispersion suppresses soliton formation and enables
spectral broadening dominated by SPM and optical wave-breaking (OBW) [71]. The corre-
sponding propagation map in Fig.2.4 (e) shows smooth temporal evolution without pulse
breakup, indicating highly deterministic broadening behavior. The resulting output spectrum in
Fig.2.4 (f) shows a nearly flat spectral envelope with minimal variations between single reali-
zations and the ensemble-averaged spectrum, reflecting ultra-low noise performance due to the
absence of the highly sensitive soliton dynamics and associated quantum noise amplification.
In addition, the spectral coherence remains close to unity across the entire bandwidth confirm-

ing that the AND1 regime supports near-perfect reproducibility and shot-to-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 spectrum. To quantify the intra-spectral noise transfer during SCG [71,116], it is convenient
to consider the energy within a narrow bandpass window centered at A,. For each of the n

realizations, the corresponding band energy is then given by the relation
E,(d) = Z w(Ai; A0)In(4;) A4 (2.26)
i

where w(4;; Ay) is a normalized bandpass function (e.g., Gaussian) of bandwidth Adgpp, I,,(4;)
the spectral intensity of the respective realization, and AA the spectral sampling interval of the

discrete wavelength grid. The wavelength-dependent RIN is then given by the coefficient
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VIE(29)?) — (E(2))? (2.27)

RINpana(d) = (E(Ap))

which is typically expressed as percentage [115]. By stepwise variation of the filter central
wavelength A, this approach yields a one-dimensional map of the local noise amplitude distri-
bution across the supercontinuum.

To describe how fluctuations at different spectral components are statistically related, the
intra-spectral noise correlation can be characterized using a Pearson correlation coefficient be-

tween the relative intensity deviations

L,(A;) — (1(1))

ol,(A) = TIEh) (2.28)
The corresponding correlation matrix
(S1(A)S1(4))
C(A4y) = —— (2.29)
J (61(2)*) (81(%)")

quantifies the degree of correlated or anti-correlated power fluctuations between the spectral
components A; and 4; [117]. The coefficient C(4;, A;) takes values in the range —1 < C < 1,

where

e ( > 0 indicates positive correlation, corresponding to synchronous intensity fluctua-

tions (co-growth or co-depletion of power in the two bands),

e ( < 0 denotes anti-correlation, implying an energy exchange or redistribution between

the spectral components, and
e ( = 0 represents statistical independence (no correlation).

Figure 2.5 provides a detailed analysis of the wavelength-resolved RIN and intra-spectral noise
correlations of the simulated supercontinua for the ANDi and ZDW regimes introduced in
Fig.2.4. For the AND:I case, Fig.2.5 (a) shows the simulated output spectrum together with the
corresponding intra-spectral RIN distribution. The generated ANDi spectrum has a smooth,
monotonic shape typical of SPM- and OBW-dominated broadening, accompanied by a low RIN
level of only a few percent across large parts of the spectrum, with a steep increase towards the

edges. The corresponding intra-spectral correlation map, shown in Fig.2.5 (b), reveals a high
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degree of positive correlation along the diagonal, with minimal off-diagonal structure, indicat-
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 normal-dispersion regime [118].
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Figure 2.5: Simulated intra-spectral RIN and noise correlations in ANDI and zero-dispersion SCG regimes. (a):
Mean spectrum (blue) and intra-spectral RIN trace (yellow) for the supercontinuum generated in the ANDi-PCF.
(b): Corresponding intra-spectral Pearson noise correlation map C (A4, 1,). (¢): Simulated mean spectrum (blue)

with intra-spectral RIN distribution (yellow) and corresponding noise correlation map in (d).

The simulated output spectrum and corresponding wavelength-resolved RIN distribution
for the ZDW case is shown in Fig.2.5 (¢). In contrast to the smooth spectral shape of the ANDi
case, the ZDW spectrum exhibits pronounced spectral modulation resulting from soliton fission
as discussed earlier. The RIN strongly increases across most of the spectrum and exceeds 50 %
in several spectral regions, particularly near the soliton and dispersive-wave components, re-
flecting the stochastic nature and efficient quantum-noise amplification of the underlying pulse
dynamics. The corresponding intra-spectral correlation map, displayed in Fig. 2.5 (d), shows a
complex oscillatory pattern with alternating regions of positive and negative correlation, vali-
dates strong cross-wavelength coupling of noise fluctuations due to nonlinear interactions be-

tween solitons and dispersive waves during propagation [71].
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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 the ZDW regime provides access to highly nonlinear soliton-driven 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
deliberate, often simulation-guided system design. When properly engineered, ZDW-based
SCG enables targeted energy transfer into spectrally isolated components that are inaccessible
by direct laser emission.

In contrast, ANDi-regime SCG offers smooth spectral broadening with high coherence and
low wavelength-dependent noise, making it well suited for stable multi-color excitation
schemes. As demonstrated in the following chapters, these complementary regimes form the
basis of distinct, application-optimized ultrafast fiber-laser platforms for advanced multiphoton

microscopy.

2.4 Principles of Multiphoton Microscopy

2.4.1 Mechanisms for Nonlinear Contrast Generation

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

in Goeppert-Mayer units (GM) is given by:

2
P, avg

Rrpp =86 —5—5—
TpfrzepAgff

¢ (2.26)

where § is the two-photon absorption cross-section, F,,, the average on-sample laser power,
Tp, the pulse duration (FWHM), f,..,, the laser repetition rate, A, the effective focal area, and
¢ = hv the photon energy [119]. As illustrated in Fig. 2.6, a wide range of fluorescent markers
can be utilized for TPE, covering excitation cross-sections in a broad bandwidth between 700
— 1200 nm. These include endogenous fluorophores (e.g., NADH, FAD, elastin) that enable
label-free 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 structures [42,47,120,121]. The choice of marker depends on the
available excitation wavelengths, required photostability, quantum yield, and compatibility

with the biological system under investigation [52,57].
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Figure 2.6: Spectral properties of common endogenous and exogenous fluorophores (AF488, eGFP, Fluo-3,
NADH, Alexa594, tdTomato, and mCherry). (a): Normalized emission spectra. (b): Normalized two-photon exci-
tation cross-sections versus excitation wavelength. Solid lines represent interpolations of tabulated data; markers
indicate the underlying measured values. The shaded regions highlight the normalized envelopes (scaled to unity)

to emphasize spectral placement instead of the absolute magnitude.

In contrast, SHG and THG contrast generation arises from coherent frequency conversion
of the input pulses in non-centrosymmetric media x® or x®® media, respectively [122]. With

input power P,,, the generated parametric second harmonic signal power P, scales with:

2d2 LZ
(O Cefr 2 (2.27)

Py,
® NNy, c3€g ®

where d,fy is the effective second-order coefficient, L the interaction length, n the refractive
indices at the relevant frequencies, €, the vacuum permittivity, c the speed of light.
The THG signal power P, scales with:
2.(3)72
w*x~>L
Py X 5——— P3 (2.28)
NyN3wC€o
In tissue, SHG originates from highly ordered structures such as collagen, while THG arises at
refractive-index interfaces, both demonstrating directional emission and phase-matching sensi-

tivity [119,122].
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2.4.2 Spatial Resolution and Point-Spread-Function (PSF)

The spatial resolution of two-photon microscopy is fundamentally governed by diffraction and
is fully characterized by the system’s point-spread function (PSF). The PSF describes the three-
dimensional intensity distribution produced by the microscope in response 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 geometry [123].

As mentioned before, a key distinction from one-photon fluorescence microscopy lies in
the nonlinear excitation mechanism: because the two-photon absorption probability scales
quadratically with the local intensity, fluorescence is generated almost exclusively within the
central high-intensity region of the focus. As a result, the effective two-photon PSF is narrower
than its one-photon counterpart, providing intrinsic optical sectioning and improved back-
ground suppression without the need for a pinhole [32,57].

Under ideal diffraction-limited conditions, the lateral and axial resolutions can be approxi-
mated by Ar ~ 0.7 A/NA and Az ~ 2.3 An/NA?, respectively, where 2 is the excitation wave-
length, NA the numerical aperture of the objective and n the refractive index of the sam-
ple [124]. These relations highlight the main design trade-offs: shorter wavelengths and higher
NA vyield finer resolution, whereas longer wavelengths (commonly used in biological imaging
to reduce scattering) broaden the PSF. In practice, refractive-index inhomogeneities, aberra-
tions in the optical train, and sample-induced wavefront distortions further influence the PSF,
especially at increasing imaging depths. Hence, the PSF provides a quantitative framework for
analyzing spatial resolution, contrast formation, and the three-dimensional sectioning capability

of MPM.
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3 Ultra-low Noise Fiber-Optic Subsystems

This chapter presents the conceptual design, experimental realization, and systematic optimi-
zation of ultra-low-noise fiber-optic subsystems for femtosecond pulse generation and pro-
cessing, forming the technological foundation for the advanced MPM platforms implemented
in later chapters. The developments span a broad range of novel ultrafast fiber-optical technol-
ogies, including environmentally robust, all-polarization-maintaining mode-locked oscillators
with enhanced performance metrics, interferometric schemes for quantum-limited multi-color
intensity noise suppression, ultra-low-noise supercontinuum generation in dispersion-engi-
neered photonic crystal fibers, and simulation-guided nonlinear fiber amplification stages ena-
bling energetic ultrashort pulse generation.

All subsystems developed in this chapter follow the common guiding principle outlined in
the introduction: the deliberate and predictive engineering of a fiber-optic technology toolbox
to control amplitude and phase noise, timing stability, scalable pulse energy, and efficient, tun-
able multi-color wavelength conversion. Together, these capabilities enable the integration of
advanced MPM platforms for deep-tissue and multicolor optical interrogation of complex bio-
logical systems.

Parts of this chapter are based on results previously published in the following peer-re-

viewed articles:

e M. Edelmann, et al., "Optimized Noise and Stability Regimes in XPM-Suppressed All-
PM Linear Mode-Locked Fiber Lasers," J. Lightwave Technol. 43, 8378-8385 (2025).

e M. Edelmann et al., “Performance enhancement via XPM suppression of a linear all-
PM mode-locked fiber oscillator,” Opt. Lett. 49, 1237 - 1240 (2024).

e M. Edelmann ef al., “Large-mode-area soliton fiber oscillator mode-locked using NPE
in an all-PM self-stabilized interferometer,” Appl. Opt. 62, 1672 - 1676 (2023).

e M. Edelmann et al., “Fiber-interferometric second-harmonic generator with dual-color

standard quantum-limited noise performance,” Opt. Express 32, 10362-10372 (2024).

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 Ultra-low Noise Femtosecond Fiber Oscillators

Fiber oscillators are nonlinear optical systems that enable the generation of highly stable optical

femtosecond pulse trains based on the mechanism of mode-locking (see Section 2.1). This
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makes them a core technology of advanced ultrafast laser applications in fields such as nonlin-
ear biomedical imaging [58], timing-and synchronization of large-scale facilities [125], pho-
tonic microwave generation [126] and frequency metrology [127]. In the context of MPM, fiber
oscillators are widely applied both as near-infrared (NIR) stand-alone excitation sources, deliv-
ering intense MHz-rate, sub-100 fs pulses with low RIN and timing-jitter [128—130], and as
robust master oscillators integrated in complex tunable laser platforms designed for tailored
pulse generation (e.g., based on SCG and parametric wavelength conversion), to extend spectral
reach and address a broader range of fluorophores and biomolecular markers [131-133].

Over the past few decades, a wide range of fiber-laser architectures and saturable-absorber
(SA) mechanisms have been developed and successfully implemented. Within this landscape,
all-PM fiber oscillators mode-locked using Kerr-type interferometers have emerged as a partic-
ularly powerful technology, enabling unprecedented noise performance while simultaneously
offering state-of-the-art robustness, versatility, and broadband generation of ultrashort
pulses [73,96]. This enhanced performance is enabled by all-PM fiber structures, which incor-
porate stress-rod elements that impose a large and well-defined birefringence. When the input
polarization is aligned with a principal fiber axis, the polarization state is preserved and polar-
ization crosstalk is strongly suppressed [134]. As a result, environmental perturbations such as
temperature, vibration, or humidity that induce random birefringence fluctuations in non-PM
fibers do not lead to polarization rotation or operating-point drift in all-PM cavities, thereby
reducing intracavity noise transfer and improving long-term output stability [135].

Another important technical reason for the superior performance of Kerr-type all-PM mode-
locked lasers is the application of NLIs which act as artificial SA mechanisms to initiate and
stabilize mode-locked steady-states [136]. NLIs convert a differential nonlinear phase-shift
Ap,,; between two interferometer arms into self-amplitude modulation via polarizing elements
or direct interference [96]. Due to the instantaneous response of the Kerr effect, NLIs are ex-
ceptionally fast SAs which support broadband, sub-100 fs pulses while simultaneously avoiding
the parameter degradation of material-based SAs (e.g., dyes, semiconductors, or topological
insulators) [137,138] and the parameter drift and instability common in non-PM ring-cavities
mode-locked via the mechanism of nonlinear polarization evolution (NPE) [139].

NLI-type SAs can be realized in a variety of different architectures, most prominently in
form of nonlinear amplifying/optical loop mirrors (NALM/NOLM); asymmetric fiber loops
where A, is accumulated between counter-propagating pulses [140,141]. Another NLI vari-
ant is the linear self-stabilized interferometer (LSI), where A¢,,; is accumulated between OPMs

in a linear fiber segment [142]. 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 structures [143]
and novel adaptation pathways for power scaling and ultra-low noise performance, some of
which are subject of this dissertation [111,144,145]. Despite their strong potential to define the
next state-of-the-art in fiber-optic pulse generation, LSI oscillators remain constrained by dis-
tortions in the mode-locked state, manifesting as spectral modulations with corresponding time-
domain pulse deformation, as well as self-starting difficulties, excess nonlinear loss of the SA
and reduced noise performance and energy-scalability compared to NALM/NOLM la-
sers [111,112,146].

In this chapter, novel approaches and modifications are presented to overcome the limita-
tions of LSI mode-locked fiber lasers, establishing them as distortion-free, energy-scalable, and
ultra-low-noise femtosecond sources for advanced ultrafast applications. First, 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 intensity-dependent transmission function T (A¢,,;) using the Jones formalism for linear and
nonlinear intra-cavity 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 nonlinear cross-talk between OPMs in the cavity.

Building on this insight, a birefringent XPM-suppression concept using intra-cavity yttrium
orthovanadate (YVOs4) crystals is introduced and analyzed numerically and experimentally. In
the implemented configuration, a 10 mm YVOg4 crystal introduces a temporal pre-separation of
approximately 6.5 ps between the circulating OPMs, thereby eliminating XPM-induced cross-
talk. Experimentally, this suppresses the characteristic spectral ripple and pulse distortions, re-
duces nonlinear loss in the artificial saturable absorber, and lowers the mode-locking threshold
by more than 45%. Stochastic simulations and comparative measurements further demonstrate
a broadened stable operating window and improved noise performance: in stretched-pulse op-
eration, the integrated RIN is reduced from approximately 0.07% to 0.04% and the RMS timing
jitter from about 22 fs to 14.5 fs (3 kHz - 5 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 kHz - 5 MHz).

Finally, a cavity architecture for efficient energy scaling based on specialty PM large-mode-
area (LMA) fibers is developed and characterized. An all-PM LSI oscillator employing a 25
um-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 36-fold energy increase over an otherwise matched 5.5 um-core reference, together with
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up to 5-8 dB lower high-frequency (>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 establish a new class of XPM-suppressed interferometric fiber
oscillators as flexible and highly adaptable ultra-low-noise femtosecond pulse generators for
advanced MPM laser drivers an dother ultrafast applications. Beyond providing a robust and
energy-scalable master oscillator, the detailed investigation of the NLI mechanism reveals gen-
eral design principles for controlling nonlinear noise coupling in fiber-based interferometric
systems. As demonstrated in the subsequent chapters, this insight is crucial for enabling novel
ultra-low-noise nonlinear wavelength-conversion technologies and supercontinuum-based

spectral engineering into MPM-relevant excitation bands.

3.1.1 Phase-biased Nonlinear Fiber Interferometers as Saturable Absorbers

As an initial step, the fundamental operating principle of LSI fiber oscillators and their opera-
tion as artificial SA mechanism are outlined. To this end, Fig.3.1 (a) illustrates a representative
cavity structure, consisting of an all-PM fiber segment attached to two free-space arms with
end mirrors M1/2 which form a closed laser resonator. The fiber segment contains the active
medium, in this case an Yb-doped fiber (YDF), pumped via a wavelength-division multiplexer
(WDM) that couples 976-nm pump light from a diode laser into the YDF to ensure coherent
optical amplification (see Section 2.2.1). Both ends of the PM fiber segments are terminated
with fiber collimators C1/2, which collimate the divergent fiber output beam into the free-space
arms. The side of C1 includes a Faraday-rotator (FR, 45° polarization rotation for each single-
pass) combined with end mirror M 1. The side of C2 includes a non-reciprocal phase bias con-
sisting of a second FR (45° single-pass) combined with a tunable half-wave plate (HWP2) and
quarter-wave plate (QWP1), a polarization beam-splitter (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, while an additional HWP1 aligns
one of the PM fibers principal axes to 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 mode-locking mechanism of LSI and other NLI-based fiber oscillators,
both the linear and nonlinear intra-cavity polarization evolution must be considered [142,147].
Linear transformations arise from the intra-cavity polarization modulators (e.g., QWPs, HWPs
and FRs) while nonlinear polarization modulation result from the Kerr-induced intensity-de-
pendent differential phase Ag,,; between the two interferometer arms. The intra-cavity polari-

zation evolution is modeled by cascading the Jones matrices of all elements over one round trip
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with additionally inserted Kerr-induced phase operator [142,148]. The resulting round-trip po-
larization transfer matrix enables to compute the intensity-dependent transmission function
T(A@y,;) at the PBS. The sinusoidal T (A¢,,;) characterizes the artificial SA behavior as func-

tion of the tunable phase-bias waveplate angles 8y and 6, the accumulated A@y,; and the en-

ergy splitting € between the co-propagating OPMs in the LSI.
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Figure 3.1: LSI oscillator architecture and NLI-based SA parameter tuning. (a): Typical experimental cavity sche-
matic of an all-PM LSI mode-locked fiber oscillator. M: mirror, FR: Faraday-rotator, C: collimator, WDM: wave-
length-division multiplexer, YDF: Yb-doped fiber, HWP: half-wave plate, QWP: quarter-wave plate, PBS: polar-
ization beam-splitter. (b): Tunability of the intensity-dependent LSI transmission function T (A¢,,;) for three dif-
ferent settings of the phase-bias waveplate rotation angles 8, (HWP2) and 6, (QWP1), with corresponding energy
splitting ratio €. (c): Mapped energy splitting ratio £(9Q, GH) showing control of the power distribution between

the OPM interferometer arms, corresponding to a control of accumulated Ag,,;.

To apply Jones calculus on the cavity shown in Fig.3.1 (a), it is convenient to define the
PBS transmission axis as parallel to the x-axis of the PM-fiber, and the reflection axis parallel
to the y-axis. In this case, the orthonormal basis defined by {ex, ey} corresponds to the PM-
fiber axes, with the PBS transmitting e,,, ensuring a consistent frame of reference. To describe

the influence of the phase-bias (PB), one can define the rotation and retarder matrices:
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__[cos@ —sinf
R(6) = [sinH cos6 (3-1)
160 =RE=0)[3 %] R (62)

so that and ideal HWP and QWP at angles 6y and 6, can be described with the jones matrices
Ju=J(@m,0y)and Jy =] (r/2, HQ), respectively. Starting from the PBS in direction of the LSI

fiber segment with E;,, = e, = [1 0]7, the phase-bias in forward direction is described by:

By :]H(GH)]Q(GQ)R(wFR) (3.3)

where R(Ypr) with Yrr = 45° accounts for a single-pass through the FR. The field launched

into the PM axes can then be expressed as L = BfE;;, = [Lx Ly], with energy splitting ratio:

|Ly|?

E=—7-——5 (3.4)
ILel? + |Ly|”

and phase-bias ¢,, = arg (Ly / Lx). This allows to define a normalized launch vector at the

PM-fiber input:

i=< ve ) (3.5)

1— ee'®rb

Due to the 90° of the Faraday-rotator mirror (FRM), linear phase shifts, and walk-off effects
between the OPMs are compensated but they accumulate a Kerr-induced differential phase-

shift Agp,,; according to Eq. (2.11), resulting in the modified launch vector:

Lei=< ve ) (3.6)

1—ce i((ppb +A‘Pnl)

On the return pass, the phase-bias section is traversed in reverse order, resulting in the backward

operator:

Bf = R(lpFR)]Q(HQ)]H(HH) (3.7)



Ultra-low Noise Fiber-Optic Subsystems 44

Subsequent projection onto the PBS transmission axis (Port T) can be described by the analyzer

row vector AT = elB, = [Ax Ay], so that the transmitted field amplitude becomes:
Ep = ALy = Ae + AT — gel(pp+ion) (3.8)
The artificial SA transmission at Port T is then given by:
T(Apn) = |Ep|? = To + Mcos(Apy + o) (3.9)

Here, Ty = |A,|%c + |Ay|2(1 — £) is an offset transmission, M = 2,/&(1 — e)|AxA; the mod-

ulation depth, and @ = @, + arg (AxA;) is the effective phase-bias after double-pass
through the LSI. These three quantities are jointly tunable via the phase-bias settings 8y and
8¢, which set €, ¢, and the analyzer coefficients A, and 4,,.

To quantify the responsiveness of the SA to small intra-cavity fluctuations, one can linearize

T (A@y,;) around Ag,,; = 0. Differentiation of Eq. (3.9) therefore gives the small-signal slope:

dT
da d)nl

= —Msing, (3.10)
A =0
Using the derived model, Fig.3.1 (b) illustrates how different settings of 8y and 6, translate to
distinct T(A¢y,;) curves with specific parameter set consisting of Ty, M,¢, and . Fig.3.1 (¢)

maps the parameter space 8(91_1, HQ), which is directly related to both modulation depth (via

M x /(1 — ¢€)) and the nonlinear working point (via A@,; < 2& — 1). In practice, reliable
self-starting therefore requires a balance between high small-signal slope given by Eq. (3.10)

with maximum simultaneous ¢ to efficiently accumulate Ag,,; in the LSI fiber segment.

3.1.2 XPM-induced Limitations in Standard LSI Oscillators

Although LSI oscillators share the all-PM architecture and Kerr-type artificial SA concept with
state-of-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 parameters [111,112,146], drastically
reducing their applicability for many high-performance applications.

To investigate the 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 from XPM between OPMs in the PM fiber as the dominant mechanism un-
derlying the observed performance degradation. Understanding this mechanism provides the
foundation for the birefringent XPM-suppression concept introduced and analyzed in the fol-
lowing sections. The numerical model used to describe mode-locking in LSI oscillators com-
bines computation of the phase-biased LSI transfer function T (A¢,,;), derived in Section 3.1.1,

with coupled NLSEs including gain (Section 2.2.2) iterated over successive cavity roundtrips.
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Figure 3.2: Influence of XPM on co-propagating OPMs in standard and XPM-suppressed LSI oscillators. (a):
Simplified standard LSI cavity structure with indicated OPM propagation. M: mirror, FR: Faraday-rotator, YDF:
Yb-doped fiber, PBS: polarization beam-splitter. (b): Simulated temporal pulse profile after isolated roundtrip
parallel to the slow (grey) and fast (blue) fiber axis. Inset: corresponding accumulated Ag,,; with XPM-induced
modulations and sing-changing waveform. (c): Simplified LSI cavity with implemented YVOs-crystal for bire-
fringent XPM-suppression (d): Corresponding simulation of the roundtrip pulse profiles on the respective fiber

axes, together with the SPM-dominated, single-lobed, and positive accumulated A¢,,; (inset).

As an initial step, the origin and impact of XPM-induced distortions are investigated by
simulating nonlinear pulse propagation in a representative LSI cavity operated in the standard
configuration shown in Fig.3.2 (a). In this configuration, a linear polarized pulse leaves the PBS
each roundtrip in the direction of the phase-bias and fiber segment. Two OPMs are generated
based on the phase-bias settings, entering the PM fiber with full temporal overlap and subse-
quently walk off during propagation due to the group-velocity mismatch between the fast and
slow PM-fiber axes (~1 ps/m for PM980 at 1030 nm). After the forward pass, the FRM rotates

the polarization by 90°, ensuring that the OPMs recombine and re-overlap on the return path.
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The overlap with progressive walk-off during propagation in the fiber segment enables strong
nonlinear coupling via XPM; a key distinction e.g., from NALM/NOLM oscillators, where the
OPMs counter-propagate in a Sagnac-type interferometric fiber loop with minimal overlap and
inherently suppressed nonlinear cross-talk.

Simulation parameters, including fiber lengths, pump power and phase-bias settings, are set
to ensure stable mode-locking convergence within 1000 roundtrips. Figure 3.2 (b) shows the
simulated temporal pulse profiles of the OPMs along the fast and slow PM-fiber axes for the
final roundtrip, together with the corresponding accumulated nonlinear phase difference
A, (t) (inset). The fields are evaluated directly after double-pass through the fiber and phase-
bias section, just before interaction with the PBS. As shown, the accumulated Ag,,;(t) is
strongly modulated and with a sign-change close to ¢ = 0, which distorts the SA transmission
and pulse shaping characterized by its transmission function T'(A¢,,;). This distortion reduces
modulation efficiency and introduces characteristic temporal and spectral artifacts as a direct
consequence of XPM-induced nonlinear cross-talk.

To suppress these phase distortions, a birefringent XPM-suppression concept is introduced.
As illustrated in Fig.3.2 (c), the approach utilizes a highly birefringent YVOj4 crystal inserted
between the LSI fiber segment and the phase-bias. The crystal axes are aligned with the princi-
pal axes of the PM fiber, ensuring that the OPMs remain in a consistent reference frame while
acquiring a relative group-delay offset AT o Lyy¢,. The resulting temporal pre-separation pre-
vents any direct overlap of the OPMs during nonlinear propagation in the LSI fiber segment,
thereby effectively suppressing XPM-induced cross-talk. Upon double-pass propagation the
pre-separation is fully compensated by the 90° polarization rotation of the Faraday-rotator mir-
ror and therefore does not perturb the steady-state laser operation.

The impact of this mechanism is illustrated in Fig.3.2 (d), which shows the simulated OPM
pulse profiles and the corresponding accumulated Ag,,; (t) obtained using identical simulation
parameters as before but including YVOs-induced pre-separation. In contrast to the standard
configuration, the resulting A¢g,,;(t) waveform is SPM-dominated, single-lobed, and strictly
positive, closely following the pulse envelope. In the following sections, it is numerically and
experimentally validated that this new technique for birefringent XPM suppression results sig-
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 Mode-Locking Threshold

To experimentally investigate the influence of birefringent XPM suppression on the LSI laser
operation, initially focused on the spectral output quality and general mode-locking perfor-
mance, a setup is constructed as shown in Fig.3.3 (a). The modified setup is designed to allow
switching between a standard configuration (SC) with XPM, and an enhanced configuration

(EC) with XPM-suppression via implementation of a 20 mm long intra-cavity Y VOy-crystal.
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Figure 3.3: Experimental implementation and numerical analysis of birefringent XPM suppression in an LSI fiber
oscillator. (a): Experimental setup including attached modification for OPM monitoring. GP: grating pair, QWP:
quarter-wave plate, PBS, polarization beam-splitter, EWP: eight-wave plate, HWP: half-wave plate, FR: Faraday-
rotator, C: collimator, WDM: wavelength-division multiplexer, YDF: Yb-doped fiber, OC: output coupler, ISO:
isolator, YDFA: Yb-doped fiber amplifier. (b): Simulated evolution of A¢@,;(t) in SC with XPM as function of
propagation distance in the LSI fiber segment with illustrated OPM time-delay. (c): Evolution of A@,,;(t) in the
EC with birefringent XPM-suppression. (d): Steady-state output spectra in SC at Port T (gray) and Port R (blue).
(e): Corresponding Port T and R output spectra in EC.

The all-PM fiber segment includes 0.7 m of highly ytterbium-doped fiber (YDF, CorActive
Yb401-PM), optically pumped by a 976 nm, 1 W laser diode coupled via a WDM. The free-
space arm following collimator C1 contains the cavity end mirror, a 1000 lines/mm transmis-

sion grating pair (LightSmyth 1040-Series) for dispersion management, a PBS, and the non-
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reciprocal phase-bias section composed of a 45° single-pass FR, a HWP, and an eight-wave
plate (EWP) with adjustable rotation angles 8y and 6, respectively. The usage of an EWP
instead of a enables a reduced sensitivity of the phase-bias tuning, making it more practical to
find a stable setting for reliable mode-locking initiation. The QWP between PBS and GP func-
tions as a tunable output coupler, allowing access to the intra-cavity field at PBS Port T.

An additional half-wave plate (HWP1) is used to align the slow axis of the PM fiber with
the transmission axis of the PBS. On the opposite side, a Faraday rotator mirror (FRM, 45°
single-pass) is placed after collimator C2 to compensate linear phase shifts and ensure proper
recombination of the OPMs in both SC and EC of the LSI oscillator. At the FRM side, an output
coupler (OC) serves as second cavity end mirror, coupling out 20% of the intra-cavity field.
After amplification by a Yb-doped fiber amplifier (YDFA), the output at Port M then enables
polarization-resolved monitoring of the OPM time-delay, allowing direct verification of the
temporal separation introduced when switching from SC to EC of the LSI oscillator.

To investigate the impact of XPM on the output pulse characteristics in a realistic cavity
environment, numerical simulations are performed with parameters matched to this configura-
tion, using the model described in Section 3.1.2. The phase-bias is set to 6 = 52° and 6y =
81°, corresponding to a regime with high SA sensitivity and optimal starting behavior, i.e., a
positive slope of the transmission function T (A¢,,;) near A@,; = 0. Figures 3.3 (b) and (c)
show the simulated evolution of the accumulated Ag,,;(t) along the PM fiber segment in SC
and ED, respectively, where the propagation distance of 0 m is referenced to the position of the
FRM. As illustrated, the temporal waveform of A¢g,,; in SC is strongly distorted due to XPM,
leading to a temporally modulated SA transmission. In contrast, the birefringent XPM suppres-
sion introduced by the YVOu crystal in the EC ensures smooth temporal evolution of the non-
linear phase with strong suppression of temporal modulations. The corresponding output spec-
tra in SC and EC are displayed in Figs.3.3 (d) and (e), respectively. In SC, the distorted nonlin-
ear phase gives rise to pronounced spectral ripple and sidebands at both Ports T and R. By
contrast, the EC spectra verify smooth spectral broadening and are essentially free of ripples,
confirming that the artifacts observed in SC originate from XPM-induced phase distortions.
These results therefore numerically demonstrate the effectiveness of the proposed suppression
scheme under experimentally realistic conditions.

For experimental validation, comparative measurements are performed for the SC and EC
of the LSI oscillator shown in Fig.3.3 (a). To enable a clear comparison of both laser configu-
rations, the oscillators are operated in a stretched-pulse regime with a net intracavity dispersion

of approximately —5 * 103 fs2, where the material dispersion of the 20 mm YVOu-crystal
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(203.58 fs>/mm GVD at 1030 nm) is 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 YVOg4-crystal does
not introduce any significant linear loss or misalignment.

To evaluate the influence of XPM suppression on the onset of mode-locking, Fig.3.4 (a)
presents the measured slope efficiency dP,,;/dP, at Port T for both SC and EC, where Py,
denotes the average Port T output power P, the average pump power, along with the corre-
sponding Py, versus P, curves (inset). During this measurement, the pump power is increased
in 25 mW steps up to 1.5 W. A distinct increase in slope efficiency marks the transition from
cw to pulsed operation, which occurs more abruptly and at lower pump powers in the EC, high-

lighting improved self-starting behavior enabled by birefringent XPM suppression.
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Figure 3.4: Experimental comparison of LSI laser operation in SC and EC with birefringent XPM suppression.
(a): Measured slope efficiency dPy,;/dB, as function of the pump power P, at Port T of the LSI oscillator in SC
(yellow) and EC (blue). Inset: Corresponding output versus pump power characteristics. (b): Corresponding AC
trace of the OPMs measured at Port M for the SC. (c): Corresponding AC trace of the OPMs in EC. (d): Measured
output spectra in SC at Port T (purple) and Port R (cyan). (e): Corresponding output spectra in EC measured at
Port T and R.
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The transition from cw to the energetically more efficient mode-locked state is clearly vis-
ible in Fig.3.4 (a) as a sharp increase in slope efficiency. Compared to the SC, which demon-
strates a measured mode-locking threshold at 1.23 W pump power, the EC enables a signifi-
cantly reduced threshold of 0.7 W, corresponding to a ~45% lower pump power requirement.
This improvement is attributed to the suppression of XPM-induced phase distortions in the EC,
which reduces nonlinear losses in the artificial SA mechanism, as will be further verified below.

Once mode-locking is initiated, both configurations support stable single-pulse operation at
pump powers far below the mode-locking threshold; approximately 50 mW for the SC and
55 mW for the EC. Figures 3.4 (b) and (c) show the measured autocorrelation (AC) traces of
the OPMs at Port M for both configurations. In the SC, a temporal walk-off of ~3 ps is observed,
consistent with the birefringence of the PM fiber alone. In contrast, the EC demonstrates a larger
walk-off of ~13 ps, resulting from the additional pre-separation induced by the 20 mm YVOa4
crystal, whose fast axis is aligned parallel to the slow axis of the birefringent PM fiber.

In LST mode-locked oscillators, the output power at Port T is proportional to the intra-cavity
power, while the power at Port R reflects loss through the artificial SA [142]. Comparing their
ratio thus provides insight into the nonlinear loss characteristics, independent of pump power.
In the SC, the measured output power at Port T and R is 0.6 mW and 2.0 mW, corresponding
to pulse energies of 16.7 pJ and 55.6 pJ, respectively. In contrast, the EC yields 1.4 mW at Port
T and 0.9 mW at Port R, with corresponding pulse energies of 38.9 pJ and 25.0 pJ. Notably, the
power ratio between Port T and R is inverted between the two configurations. Given the previ-
ously confirmed identical linear losses in SC and EC, this inversion clearly indicates that XPM
suppression not only improves the mode-locking threshold and starting behavior but also en-
hances the nonlinear transmission efficiency of the artificial SA mechanism.

To further assess the overall output pulse quality in both configurations, Figs.3.4 (d) and (e)
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 high-resolution optical spectrum analyzer (ANDO AQ6315A) at 0.02 nm resolution. As
shown in Fig.3.4 (d), the SC spectra at Ports T and R demonstrates pronounced modulations,
with a spectral FWHM of 13.8 nm and 18.1 nm, respectively. In excellent agreement with the
numerical predictions, the EC spectra in Fig.3.4 (e) verify significantly reduced spectral mod-
ulation, with FWHM values of 13.4 nm at Port T and 12.2 nm at Port R. Interestingly, the in-
fluence of XPM suppression appears more pronounced in the spectral shape at Port R, poten-
tially due to a phase-bias-dependent redistribution of XPM-distorted components, as recently

discussed in Ref. [146].
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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 designs. The successful suppression of XPM in all-PM LSI
mode-locked fiber oscillators evidently enhances 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 enabling technology for high-performance LSI
designs, positioning them as competitive alternatives to NALM/NOLM-based systems.

3.1.4 Enhanced Noise Performance Across Mode-Locking Regimes

The noise performance and parameter stability of mode-locked lasers are crucial performance
metrics for many state-of-the-art applications. For ultra-low noise fiber oscillators, the achiev-
able noise performance is largely determined by intrinsic nonlinear dynamics and the technical
architecture, including the cavity design, environmental isolation, SA type and the dispersion
map [97,98,100]. A powerful lever to control RIN, timing-jitter and phase noise performance
is the mode-locking regime, determined primarily by the net cavity dispersion. These include
the stretched-pulse (SP), soliton, and self-similar (similariton) operation, each characterized by
distinct pulse-shaping mechanisms and noise responses [73].

The SP regime, accessed at near-zero 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, and reduced non-
linear phase accumulation per roundtrip [149]. When carefully optimized, this regime yields
some of the lowest reported levels of intensity noise and timing jitter [73]. In contrast, the sol-
iton regime, operating at net anomalous dispersion, supports nearly transform-limited pulses
which are, however, energy-limited by the soliton area theorem, often trading bandwidth and
pulse energy for enhanced robustness [150]. Finally, the similariton regime, realized in all-nor-
mal-dispersion cavities with spectral filtering and gain shaping, supports large stretch factors
and self-similar, highly chirped pulse evolution with substantially higher pulse energies directly
from the oscillator, at the expense of increased intracavity nonlinear phase accumulation and
reduced noise performance and stability [151].

The preceding section demonstrated that cross-phase 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 suppression based on intra-cavity
YVO;4 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 performance, specifically in RIN and timing jitter, thereby
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enhancing the suitability of LSI oscillators for ultra-low-noise applications such as frequency
metrology, optical synchronization, and nonlinear biomedical imaging? Second, are the perfor-
mance gains preserved across distinct mode-locking regimes, which would establish birefrin-
gent XPM suppression as a broadly applicable tool for extending the versatility of performance-
enhanced LSI oscillators to the level of state-of-the-art NALM/NOLM oscillators?

To address these questions, stochastic numerical simulations of intracavity noise dynamics
are combined with an extended experimental setup enabling detailed comparative noise meas-
urements between the LSI oscillator in both configurations (i.e., SC with XPM and EC with
birefringent XPM-suppression). As initial step of this numerical evaluation, the influence of
XPM on steady-state stability and RIN is investigated by varying the net cavity dispersion and
pump power. Classical noise is introduced stochastically as described in Section 2.3, by adding
energy fluctuations at the LSI fiber input, sampled from a Gaussian distribution with a standard
deviation of 0.1% of the instantaneous pulse energy. For each parameter set, 800 cavity round-
trips are simulated, and the output RIN is calculated at Port T as RIN = §P /P, with §P denoting
the standard deviation and P the mean of the peak power calculated over the last 75 roundtrips.
The coupled output fraction at Port T is fixed to 20%. Phase-bias settings are set to 8y = 6°
and 6y = 71° with € = 0.66 and positive slope of T (A@,,;) at Ap,; = 0.

Figure 3.5 (a) and (b) show the simulated RIN values in SC and EC with and without XPM-
induced distortions, respectively, as function of the oscillator pump power and grating pair
GDD. As shown, the absence of XPM markedly broadens the parameter space for stable steady-
state mode-locking with low RIN output over the simulated 800 roundtrips. To further analyze
the origin of the observed performance degradation of the LSI oscillator in SC, Fig.3.5 (¢)
shows the evolution of the accumulated roundtrip phase shift Ag,,; for a selected working point
(WP, indicated in Fig.3.5 (a) and (b)) at a grating GDD of —17 * 1073 ps? and a pump power
of 77.5 mW . At this WP, the simulated oscillator operates in a low-RIN state when XPM is
suppressed in EC, but transitions into a high-RIN state when XPM is active in SC. In EC, Ag,,;
stabilizes after ~340 roundtrips at a steady value of ~0.67 rad per roundtrip, corresponding to
stable mode-locking. In contrast, in SC, A¢g,,; converges to the same mean value but demon-
strates pronounced random fluctuations. Since A¢,,; directly determines the SA transmission
via T (A@,,;), 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 further investigate the connection between XPM-induced stability degradation and out-

put pulse quality, Figs. 3.5 (d) and (e) present the simulated Port T output pulses at the selected
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working point with XPM in SC and EC, respectively, in both the spectral and temporal domains.
The displayed traces correspond to averages over the final 75 of the total 800 simulated round-
trips. Consistent with the results of the preceding sections, XPM-driven fluctuations of the ac-
cumulated roundtrip nonlinear phase Ag,,; give rise to pronounced spectral modulations and a
clear degradation of the temporal pulse shape. Beyond confirming the presence of XPM-in-
duced pulse distortions, these results establish a direct correlation with reduced laser stability
and elevated RIN, indicating 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 LSI mode-locked fiber laser with and
without XPM suppression. (a): Steady-state RIN as a function of intracavity grating-pair GDD and pump power
at Port T of the SC with XPM. (b): Corresponding RIN of the EC with XPM suppression. (c): Evolution of the
accumulated nonlinear phase shift A¢@,,; over 800 roundtrips at the marked working point (WP) with XPM on/off
in SC/EC (gray/blue). (d): Corresponding output pulses at Port T. (e): Simulated output spectra at Port T at WP
with XPM on (SC, gray) and off (EC, blue), averaged over the last 75 roundtrips. (f) Output pulses corresponding

to the spectra in (e).

To experimentally validate the numerically predicted improvements in noise and stability
arising from suppression of XPM, an experimental setup is constructed as shown in Fig.3.6.
The configuration allows direct RIN and timing-jitter measurements on a modified LSI oscil-

lator, hereafter referred to as the laser under test (LUT). The LUT can be operated either SC,
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where XPM is present, or in EC, where XPM is suppressed via optional implementation of a
Y VOs-crystal. Its design closely follows the simulated system in Fig.3.1 (a), consisting of an
all-PM fiber section with 0.5 m of highly Yb-doped fiber (YDF, CorActive Yb401-PM) and a
total fiber length of 2.5 m. The YDF is pumped by a 976 nm, 1 W laser diode via a WDM. Free-
space coupling is realized through collimators C1 and C2. On the CI1 side, the free-space arm
is built as a Faraday-mirror arrangement with a 45° single-pass FR and end mirror M1. On the
C2 side, the arm contains the second end mirror M2, a transmission grating pair for dispersion
compensation (LightSmyth T-Series, 1000 lines/mm), a PBS serving as output coupler, and the

non-reciprocal phase-bias section.
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Figure 3.6: Experimental setup of the modified LSI oscillator with optional birefringent XPM suppression, to-
gether with the setup for comparative measurements of time- and frequency domain pulse characteristics, RIN,
and timing-jitter performance. The inset shows a representative BPC sensitivity trace with 0.56 mV/fs. M: mirror,
FR: Faraday rotator, C: collimator, PBS: polarization beam splitter, WDM: wavelength-division multiplexer, LD:
laser diode, YVOa: yttrium ortho-vanadate, HWP: half-wave plate, QWP: quarter-wave plate, GP: grating pair,
BOC: balanced optical cross-correlator, BS: beam splitter, NLC: nonlinear crystal, PD: photodetector.
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Switching between SC and EC is achieved by inserting a 10 mm Y VOs-crystal, which in-
troduces a ~6.5 ps walk-off between the OPMs, thereby preventing nonlinear cross-talk in the
fiber. The laser operates at a repetition rate of ~54 MHz. To provide a consistent reference for
the orientation of the birefringent crystal and phase-bias wave plates, the slow axis of the PM
fiber is aligned with the PBS transmission axis. Similar to the numerically simulated setup with
results summarized in Fig.3.5, the phase bias of the experimental setup is realized with a 45°
FR, a half-wave plate (HWP2), and an EWP with adjustable rotation angles 8 and 6.

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

Timing-jitter measurements are performed using balanced optical cross-correlation (BOC)
against a low-noise reference oscillator (RL) [152]. The RL is a highly optimized LSI laser with
a piezo-actuated end mirror (Thorlabs PA25LEW), providing low-bandwidth synchronization
to the LUT. It runs at 54 MHz with ~20 mW output and ~200 fs pulse duration. A commercial
BOC unit (Cycle GmbH, BOC-MD-10) is employed. Because the LUT output power is insuf-
ficient for direct BOC operation, it is first amplified in a low-gain YDFA (<12 dB) and subse-
quently recompressed by a grating pair (LightSmyth T-Series, 1000 lines/mm). For consistency,
the YDFA gain and input 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 difference Afy..p,, and extracting the zero-crossing
slope [153], which is ~0.56 mV/fs at 5 MHz bandwidth in the experiment (Fig.3.6 inset). This
calibration is repeated for each LUT configuration to ensure a stable electronic noise floor. The
timing-jitter spectral density is derived from the baseband noise of the BOC error signal, meas-
ured using a SSA. Synchronization between RL and LUT pulse trains is maintained by a feed-
back loop with <9 kHz bandwidth, using the RL’s piezo-actuator, a high-speed servo controller
(NewFocus LB1005), and a piezo driver (Thorlabs MDT694B). The measured timing-jitter
spectrum above the locking bandwidth thus reflects the LUT’s intrinsic noise response and en-
ables direct comparison between SC and EC operation.

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

teristics is investigated in both the SP and the soliton regime, to confirm the numerical 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 YVOs-crystal 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 cw-lasing threshold. To further avoid distortions in the RIN compari-
son caused by differences in net dispersion [73], the normal dispersion of the YVOa crystal
(203.58 fs?/mm group-velocity 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 configurations, and the RIN at output Port R is compared in the
soliton and SP regimes. In both cases, mode-locking is established by tuning the phase bias,
followed by a pump-power increase and subsequent reduction to the single-pulse threshold.

In the SP regime with a net dispersion of ~0.05 ps?, mode-locking is obtained at a pump
power of ~600 mW in both SC and EC, while the single-pulse threshold is ~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.3.7 (a) and (b). Consistent
with earlier studies (e.g., Refs. [111,146]) and the numerical results in Fig.3.5, suppression of
XPM in EC leads to an improved spectral profile with significantly reduced modulation com-
pared to SC. The compressed pulse durations are ~140 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 exclude multi-pulse operation as the origin of the spectral modulations
observed in SC, the broadband RF spectrum is analyzed (inset of Fig.3.7 (b), here shown for
the EC output at Port R). The absence of amplitude modulations in higher RF harmonics verifies
single-pulse operation. In addition, the full 150-ps dynamic range of the autocorrelator is mon-
itored to rule out signatures of multi-pulsing.

In the soliton regime of the LUT with a net dispersion of -0.17 ps?, self-starting mode-
locking is initiated at 700 mW and 540 mW pump power in SC and EC, with a corresponding
single-pulse 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.3.7 (¢) shows the corresponding output spectra, with a FWHM of
~9.6 nm in both LUT configurations. Spectral measurements and AC traces, shown in Fig.3.7
(c) and (d) respectively, confirm similar suppression of spectral and pulse distortions as in the
SP regime. Single-pulse operation is again confirmed via the RF spectrum shown in the inset

of Fig.3.7 (d) for the EC, and by large dynamic-range AC measurements.
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Figure 3.7: Time- and frequency-domain soliton and stretched-pulse regime output of the modified LSI oscillator
in SC and EC. (a): Measured Port R spectra in the stretched-pulse regime for SC (blue) and EC (gray), with
FWHMs of 9.6 nm and ~20 nm, respectively. (b): Corresponding compressed autocorrelation (AC) traces (FWHM
~140 fs in both cases). The inset shows the broadband RF spectrum of the EC output pulse train. (c): Port R spectra
in the soliton regime for SC (cyan) and EC (gray). (d): Compressed AC traces in the soliton regime (FWHM ~190

fs in both cases). The inset shows again the corresponding RF spectrum of the EC soliton pulse train.

The RIN spectra of SC and EC operation in the SP regime are shown in Fig.3.8 (a), together
with the RIN of the reference laser (RL), which is later used for timing-jitter measurements. As
shown, suppression of XPM in the EC leads to up to 10 dB lower RIN in the high-frequency
range above ~10 kHz, approaching the noise level of the RL beyond ~200 kHz. The corre-
sponding integrated RIN, shown in Fig.3.8 (b), confirms a reduction from 0.062% in SC to
0.040% in EC when integrated over the full measurement bandwidth.

The frequency-dependent character of the RIN suppression can be attributed to the distinct
response of XPM and the intracavity gain medium. XPM acts on a sub-femtosecond timescale
and inherently exhibits a high-pass response, as previously demonstrated and analytically de-
scribed by Hui ef al. in the context of WDM systems [154]. In this regime, XPM generates
stronger phase fluctuations A¢@,,; 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 the Yb-doped gain me-
dium act as a low-pass filter with a bandwidth set by the upper-state lifetime (typically ~1 ms).
As discussed by Washburn ef al. in Ref. [155], the gain medium is therefore unable to respond
effectively to fast intracavity power fluctuations, which further increases the contrast between

low- and high-frequency 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 stretched-pulse and soliton op-
eration. (a): Measured RIN spectral density from 1 Hz to 5 MHz for the LUT in stretched-pulse regime, comparing
SC (cyan) and EC (blue) to the reference laser RL (gray). (b): Corresponding integrated RIN traces. (¢): 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 (¢) for both SC and EC. Similar to the SP regime, suppression of XPM results in
broadband reduction of the RIN spectral density. In the high-frequency range above 10 kHz,
the RIN suppression remains nearly constant at ~5 dB. The corresponding integrated RIN,
shown in Fig.3.8 (d), confirms a reduction from ~0.08% in SC to ~0.06% in EC as a direct
consequence of XPM suppression. In comparison to both soliton configurations, the SP regime

exhibits overall lower RIN, consistent with theoretical predictions and earlier reports on the
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dependence of noise performance on net cavity dispersion [73,156]. The RL maintains the low-
est integrated RIN of 0.03%, verifying its suitability as a low-noise reference in the subsequent
timing-jitter characterization. The experimentally observed improvements in pulse quality and
RIN performance in both regimes further demonstrate excellent agreement with the numerical
predictions.

To investigate the influence of XPM suppression on the timing-jitter performance of the
LUT, comparative measurements relative to the low-noise RL are carried out in both the
stretched-pulse and soliton regimes. To exclude any influence of varying pulse energy or dura-

tion on the results, both parameters are kept constant for all measurements [100,157].
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Figure 3.9: Influence of XPM suppression on the relative timing jitter in SP and soliton operation. (a) Measured
timing-jitter spectral density of the LUT operated in the SP regime for SC (dark gray) and EC (blue) with a locking
bandwidth of ~3 kHz. (b): Corresponding integrated timing-jitter traces (100 Hz - 5 MHz). (c): Timing-jitter spec-
tral density of the LUT operated in the soliton regime for SC (dark gray) and EC (green) with a locking bandwidth
of ~9 kHz. (d): Corresponding integrated timing-jitter traces (100 Hz - 5 MHz).

Figure 3.9 (a) shows the measured timing-jitter spectral densities for SC and EC operation
in the stretched-pulse regime, recorded relative to the RL. Beyond the locking bandwidth of ~3
kHz, i.e., in the offset-frequency range from 3 kHz to 5 MHz, implementation of XPM suppres-
sion in the EC leads to a broadband reduction of the timing-jitter spectral density up to ~700



Ultra-low Noise Fiber-Optic Subsystems 60

kHz. Above ~2 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. 3.9 (b), decreases from
22 fs in SC to ~14.5 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 ~9 kHz, reflecting the intrinsically higher noise level of this regime, as also evident from the
RIN results. The timing-jitter spectral densities for soliton operation are presented in Fig.3.9
(c). As in the stretched-pulse case, XPM suppression in the EC enables broadband timing-jitter
reduction across nearly the entire measured offset-frequency range from 3 kHz to 5 MHz. The
corresponding integrated jitter, shown in Fig.3.9 (d), decreases from 87 fs in SC to 37 fs in EC,
corresponding to a relative noise suppression of ~3.5 dB.

Consistent with the RIN analysis, the SP regime exhibits overall lower timing-jitter 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 phase shift per roundtrip, which enhances the coupling of RIN to timing-jitter via non-
linear effects, as discussed in Refs. [100,155,157].

Overall, the implementation of YVOas-based XPM suppression in the LUT not only im-
proves the temporal and spectral pulse quality but also yields a substantial reduction of both

RIN and timing-jitter in the soliton and stretched-pulse regimes.

3.1.5 Energy-Scaling with 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 of high-perfor-
mance fiber oscillators, particularly as driving sources for complex MPM platforms, is the scal-
ing of pulse energy without compromising environmental stability, output pulse quality or noise
characteristics [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 length [69]. Excessive nonlinear phase accumulation can lead to
multi-pulsing or continuous-wave breakthrough, ultimately degrading the 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 additional noise accumulation [160].

To address these intrinsic limitations, several energy-scaling strategies have been explored,
including advanced dispersion management [161,162], intra-cavity divided-pulse opera-
tion [144,163], and the use of LMA fibers to reduce nonlinear phase accumulation by expand-

ing the guided mode field [164]. However, the implementation of LMA fibers in All-PM LSI
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oscillators has not been successfully demonstrated so far, owing to challenges related to higher-
order mode excitation, mode-locking stability, thermal management, and noise control.

This section presents the first demonstration of energy scaling in an all-PM LSI mode-
locked oscillator using Yb-doped LMA fiber technology to drastically enhance achievable out-
put power and pulse energy. By integrating 25 um core diameter PM LMA fibers into an
adapted high-power LSI cavity design with dedicated higher-order mode suppression, stable
soliton-like mode-locking is achieved at pulse energies of up to 10 nJ distributed between two
output ports. This corresponds to a 36-fold energy increase compared to a reference LSI oscil-
lator based on standard single-mode fibers, while simultaneously yielding improved high-fre-
quency RIN. Together with the birefringent performance enhancement strategies developed in
the preceding sections, these results establish a viable pathway toward unifying energy scalable
femtosecond pulse generation and ultra-low-noise performance in a new class of environmen-
tally stable, all-PM LSI-based fiber laser platforms.

The experimental setup of the LMA-adapted LSI oscillator is shown in Fig.3.10 (a). The
active fiber segment includes a pump-beam combiner that couples pump light from an 18 W
wavelength-stabilized multimode laser diode operating at 976 nm into the cladding of 2 m Yb-
doped polarization-maintaining large-mode-area (Yb-PLMA) fiber. The Yb-PLMA fiber
(Liekki Yb1200 25/250DC-PM) features a 25 pm core diameter, a numerical aperture of 0.065,
and a peak cladding absorption of 10.6 dB/m at 976 nm. Since the Yb-PLMA supports multiple
higher-order modes (HOMs), special measures are required to ensure clean single-mode oper-
ation without distortions of the intra-cavity pulse evolution. Following numerical simulations
performed with the commercial software RP Photonics, the fiber is therefore coiled on a 30 mm
radius aluminum cylinder, which introduces estimated propagation losses of ~2 dB and ~20
dB for the LPo: and LP:1: modes, respectively. To further suppress residual HOM content, the
LMA segment is spliced to mode-field adapters (MFA1/2) at both ends, tapering to 0.25 m
sections of 5.5 pm core-diameter single-mode PM fiber (SMF1/2, Coherent PM980-XP).

In the experiment, self-starting mode-locking of the LSI-LMA oscillator is achieved for a
configuration of the SA transmission function T'(A¢,,;) with the QWP angle set to 8, = 70°
and the HWP angle tuned between 8 = 5° and 0°. These settings correspond to an intracavity
energy splitting ratio € of 0.75 and 0.66, respectively. With a net cavity dispersion of -0.121
ps?, the laser self-starts into a multi-pulse soliton regime at a pump power of approximately 6
W. Stable single-pulse operation is then obtained by reducing the pump power by about 63%
to ~2.2 W. As mentioned before, this behavior is well known from NALM/NOLM Kerr-type

mode-locked oscillators, and is generally associated with the limited accumulation of small-
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signal nonlinear phase shift A@,,; below a critical pump threshold [28,29]. The continuous-wave
lasing threshold is measured at 1.5 W pump power, and the round-trip cavity loss, excluding
the non-saturable contribution of the saturable absorber, is estimated to be ~65%.

Figure 3.10 (b) shows the measured output spectra in the single-pulse regime at Ports 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 nJ with 72 mW average power.
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Figure 3.10: Setup and output comparison of the LSI mode-locked LMA fiber laser to a standard fiber reference
laser. (a): Experimental setup of the LSI-LMA oscillator. M: mirror, FR: Faraday-rotator, C: collimator, SMF:
single-mode fiber, MFA: mode-field adapter, Yb-PLMA: Ytterbium-doped polarization maintaining large-mode-
area fiber, PBC: pump-beam combiner, HWP: half-wave plate, QWP: quarter-wave plate, PBS: polarization beam-
splitter. (b): Measured output spectrum at Port T (blue) and Port R (gray) of the LSI-LMA oscillator in soliton-
regime with a FWHM of ~6 nm and ~4 nm, respectively. Inset: Corresponding measured port T AC trace compared
to the FTL. (¢): 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.

Mode-locked steady states in the dissipative or dispersion-managed 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 than a few seconds is
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prevented by damage occurring at the SMF facets or he MFAs, indicating the need for addi-
tional high-power measures such as anti-reflective coatings, fiber end-caps, or active and pas-
sive cooling strategies.

To evaluate the impact of the large-mode-area (LMA) fiber configuration on key laser pa-
rameters, the LSI-LMA oscillator is compared to a reference oscillator (RO) with a structure as
shown Fig.3.1 (a). In contrast to the 25 pm core LMA fibers used in the LSI-LMA design, the
fiber segment of the RO is constructed entirely from standard polarization-maintaining fibers
with a 5.5 um core diameter (Nufern PM980-XP). The cavity is pumped by a 1 W single-mode
laser diode at 976 nm, coupled into a 0.5 m highly Yb-doped gain fiber (CorActive Yb401-PM)
via a wavelength-division multiplexer. The free-space section of the RO is identical to that of
the LSI-LMA 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 mode-locked operation can be attributed directly to the transition from a standard PM
to a PLMA fiber configuration.

Self-starting mode-locking of the RO occurs at a pump power of 0.75 W in a multi-pulse
soliton regime. The corresponding phase-bias settings and transmission state of the artificial
SA function T (A¢y,) are obtained for 8, = 70° & 2° and 6y between 5° and 0°, similar to
those of the LSI-LMA oscillator. Transition to stable single-pulse 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 spectra in Fig.3.10 (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 pum results
in a 36-fold enhancement in output pulse energy for the LSI-LMA oscillator.

Compared to the RO, the LSI-LMA oscillator generates a slightly distorted Port R spectrum,
likely caused by changes in the accumulated differential nonlinear phase shift Ag,,; due to mul-
timode interactions and altered gain dynamics, leading to spectral reshaping through the SA
mechanism. Furthermore, both output spectra of the LSI-LMA oscillator are red-shifted by ap-
proximately 20 nm, from ~1034 nm in the RO to ~1058 nm. This shift can be attributed to
stronger reabsorption near 1030 nm, resulting from the higher Yb** doping concentration (~1.4
% 10?" cm™) in the Yb-PLMA fiber compared to ~2.7 x 10* cm™ in the RO’s Yb-SMF. The
increased doping is required to compensate for the reduced pump—core overlap factor (n,) as-

sociated with the multimode pump beam in the LMA fiber.
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The measured AC traces of the LSI-LMA oscillator at Ports T and R are shown in Figs.3.11
(a) and (b), respectively, together with the corresponding Fourier-transform-limited (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 calculated FTL duration is ~0.6
ps. The temporal shapes and widths of the FTL pulses are derived numerically from the meas-
ured spectra in Fig.3.10 (b) using fast Fourier transform (FFT) analysis. The Port T output pulse
therefore shows a slight negative chirp, characteristic of an average soliton as described by the
laser master equation [165,166], in accordance with the cavity configuration shown in Fig.3.10
(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 ps. For the RO, 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, respectively. Figure 3.11 (c)
further shows the RF spectrum of the fundamental repetition frequency at ~17.3 MHz for the
LSI-LMA oscillator output pulse train at Port T, with a SNR of 75 dB, which confirms stable,

low-noise mode-locked operation.
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Figure 3.11: Characterization of the output pulse duration and RF spectrum of the LSI-LMA oscillator. (a): Meas-
ured output pulse (Port T, blue) AC trace and corresponding Fourier transform-limited (FTL) pulse (shaded) of
the LSI-LMA oscillator, with FWHM of 1.2 ps and 0.6 ps, respectively. (b): Measured pulse (Port R, cyan) and
calculated FTL pulse (shaded) with FWHM values of 1.3 ps and 0.36 ps, respectively. (c): RF spectrum of the
LSI-LMA oscillator (Port T) recorded at the fundamental repetition rate of ~17.33 MHz, showing a signal-to-noise
ratio (SNR) of approximately 75 dB.
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An important characteristic of the energy-scaled LSI-LMA 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 high-power multimode pump. The frequency-resolved relative intensity noise (RIN)
is therefore characterized and compared between the LSI-LMA oscillator and the RO.

Similar to the previous chapter, the RIN is characterized via detection of the pulse train
from the respective output port using a fast, low-noise 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 dB low-noise transimpedance am-
plifier (MiniCircuits ZX60-33LN-S+), resulting in an RF power level of -6.5 dBm. This corre-
sponds to a consistent shot-noise floor of -142.3 dBc. The AM function of a SSA (Keysight
E552B) is then employed to record the single-sideband, frequency-resolved RIN spectral den-
sity. The resulting RIN spectra for the LSI-LMA oscillator and the RO at Ports T and R are
shown in Figs.3.12 (a) and (b), respectively.

Compared to the RO, the RIN magnitude measured at Port T of the LSI-LMA oscillator
exhibits similar behavior in the low-frequency 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 LSI-LMA oscillator shows a noticeably higher noise level, with a differ-
ence of up to 12 dB. A characteristic feature of the LMA oscillator’s RIN spectrum in this range
is a series of resonant peaks at the 50 Hz utility frequency and its higher harmonics. This indi-
cates that the increased RIN is not of optical origin, but rather results from power-supply inter-
ference due to insufficient electronic filtering and shielding, rather than from intrinsic properties
of the LSI-LMA cavity or the multimode pump diode.

When integrated over the full measurement bandwidth (10 Hz - 5 MHz), the total RIN
reaches up to 0.063% for the LSI-LMA oscillator and 0.038% for the RO, as shown in Fig.3.12
(c). In the high-frequency region above 20 kHz, dominated by the fast intracavity optical dy-
namics, the LSI-LMA oscillator exhibits a reduced RIN magnitude, improved by up to 5 dB
compared to the RO. The corresponding integrated RIN over the 20 kHz — 5 MHz range is
0.027% for the LSI-LMA and 0.033% for the RO, confirming the superior high-frequency noise
performance of the LMA configuration.

An almost identical trend is observed in the RIN spectra and corresponding integrated RIN
measured at Port R, as shown in Figs.3.12 (b) 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 8 dB. 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 the LSI-LMA oscillator and 0.071% for
the RO. In the high-frequency range (>20 kHz), the integrated RIN decreases to 0.045% for the
LSI-LMA oscillator compared to 0.050% for the RO, confirming the enhanced high-frequency

noise performance of the LMA design.
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Figure 3.12: Frequency-resolved RIN performance of the LSI-LMA oscillator compared to the RO. (a): RIN
spectral densities measured at Port T for the RO (yellow) and LSI-LMA oscillator (blue). (b): RIN spectral densi-
ties measured at Port R for the RO (gray) and LSI-LMA oscillator (cyan). (c): Corresponding integrated RIN
values over the 10 Hz—5 MHz range: 0.063% (LSI-LMA) and 0.038% (RO) at Port T, and 0.148% (LSI-LMA)

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 ports in the LSI-LMA oscillator and
about 2.7 dB in the RO. As we have shown in Ref. [167], this characteristic asymmetry is typ-
ical for fiber oscillators mode-locked with NLIs and originates from the dynamic response of
the SA transmission function T'(A¢,,;) 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 low-frequency (<100 Hz) RIN observed in the measurement.

In summary, the integration of 25 um core-diameter large-mode-area (LMA) fibers into an
all-polarization-maintaining linear self-stabilized interferometer enables efficient pulse-energy
scaling while preserving stable mode-locked operation. The resulting LSI-LMA oscillator sup-
ports robust, self-starting soliton-like mode-locking 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 otherwise matched 5.5 pm-core reference oscillator. Im-
portantly, despite the substantially enlarged mode area, the system exhibits improved high-fre-
quency noise performance, with relative intensity noise suppressed by up to 8 dB above 20 kHz.
Together with the XPM-suppression concepts developed in the preceding sections, these results
demonstrate that LMA fiber integration in LSI-based oscillators enables substantial energy scal-
ing without sacrificing intrinsic stability or noise performance, marking a decisive step toward

robust, high-power, and ultra-low-noise all-PM fiber laser platforms.

3.2 Fiber-Interferometric Dual-Color Source with Standard Quantum-
Limited Intensity Noise
Derived from the insights of the LSI oscillator dynamics, this chapter introduces a fiber-inter-
ferometric dual-color laser system capable of generating simultaneous femtosecond pulse trains
at the fundamental and second-harmonic wavelengths with standard quantum-limited (SQL)
intensity noise in both channels. The system leverages intrinsic nonlinear dynamics of the LSI
oscillator architecture introduced above to coherently integrate Kerr-type nonlinear polarization
rotation with type-I phase-matched second-harmonic generation within a common interfero-
metric topology. Precise phase-bias tuning and dispersion engineering enable simultaneous
gain, frequency conversion, and interferometric noise suppression, yielding SQL-limited high-
frequency RIN performance for both the fundamental and second-harmonic optical pulse trains.
The underlying concept and its experimental realization were developed and demonstrated

as part of this doctoral work and reported in the peer-reviewed article:

e M. Edelmann et al., “Fiber-interferometric second-harmonic generator with dual-color

standard quantum-limited noise performance,” Opt. Express 32, 10362-10372 (2024).

The demonstrated system delivers dual-color pulse trains at a repetition rate of 42 MHz, with
sub-150 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 offset frequencies of 100 kHz. The
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combination of interferometric robustness, coherent nonlinear coupling, and flexible phase-bias
tunability establishes a versatile platform for ultra-low-noise wavelength conversion, directly

relevant to multicolor MPM, nonlinear spectroscopy, and quantum-optical seeding schemes.

3.2.1 Experimental Setup and Physical Mechanism

As first step, the experimental layout and the underlaying physical mechanisms are introduced.
The setup is illustrated in Fig.3.13. A home-built 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 Fig.3.13 shows the measured optical spectrum and AC trace at full output power.
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Figure 3.13: Experimental setup of the fiber-interferometric second-harmonic generator enabling the simultane-
ous generation of compressed pulse trains at 1030 nm and 515 nm with quantum-limited intensity noise. Inset:
Measured optical spectrum (black) and AC trace (blue) of the mode-locked Yb-fiber laser source, showing FWHM
values of ~17 nm and 4.6 ps, respectively. HWP: half-wave plate, PBS: polarizing beam splitter, DM: dichroic
mirror, EWP: eight-wave plate; FR, Faraday rotator, YDF: Yb-doped fiber.

The emitted spectrum has a FWHM of ~17.2 nm centered at 1032 nm. Assuming a Gauss-
ian temporal profile, the positively chirped output pulse features an estimated FWHM duration
of ~4.6 ps. HWP1 is adjusted to maximize transmission through the PBS1. The resulting pulse
train is directed into a module for type-I phase-matched SHG, consisting of a 3 mm-long BBO
crystal (cut angle 24.3°), a dichroic mirror (DM), and two broadband AR-coated 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 phase-matching 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 unaffected. Subse-
quently, the beam passes through a tunable phase-bias section consisting of an eight-wave plate
(EWP, rotation angle 6;) and HWP3 (rotation angle 8) combined with a 45° single-pass FR.
The pulse train then enters a parallel transmission grating pair (GP, LightSmyth T-1000-1040
Series, 1000 lines/mm) arranged in a double-pass configuration, which provides adjustable dis-
persion management. Finally, the pulse train is coupled into a nonlinear and reflective fiber
NLI. The NLI can be implemented either as an LSI or a NALM, both of which are widely used
as artificial SAs in ultra-low-noise mode-locked fiber lasers as mentioned in the previous sec-
tions. In both configurations, the NLI simultaneously amplifies the incoming pulse and intro-
duces a nonlinear phase difference Ag,,; between two orthogonally polarized components prop-
agating in separate interferometer arms, leading to an intensity-dependent nonlinear polariza-
tion rotation (NPR). Here, and LSI configuration is implemented due to its straightforward
alignment, well-understood dynamics, and seamless integration with the SHG stage.

The LSI consists of an all-PM fiber segment terminated with a fiber-coupled Faraday rotator
mirror (FRM). The 8 m fiber section includes 5 m of Yb-doped active fiber (YDF, Coherent
PM-YSF-LO-HP), which is optically pumped by a 1 W laser diode at 976 nm via a WDM,
thereby operating as a double-pass fiber amplifier. The slow axis of the PM fiber is aligned with
both the reflection axis of PBS1 and the phase-matching axis of the BBO crystal.

The system utilizes the identical working principle of the LSI which enables mode-locked
steady-states in the oscillator designs; by adjusting the phase-bias angles 8 and 6y, 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 causes the two polarization modes to evolve
independently with different group velocities, leading to the accumulation of a differential non-
linear phase shift Ag,,; 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
birefringence-induced walk-off and ensuring that the two amplified polarization modes recom-
bine upon double-pass propagation through the LSI. A comprehensive description of the oper-
ating principles of both the LSI and NALM configurations can be found in chapter 3.1.1. The
amplified and nonlinearly modulated output from the LSI then retraces its path back toward the
SHG module, passing again through both the GP and phase-bias section. However, in contrast
to the forward propagation through the SHG module, the pulses emerging from the LSI now

contain a polarization component parallel to the phase-matching axis of the BBO crystal [122].
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This component arises from the combined effect of the linear phase bias (set by the angles 6
and 6) and the nonlinear, intensity-dependent 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 Ej,,, expressed as Py, (t) = Py, (t) + 6P;, (t), where Py, (t) denotes the average instanta-
neous power and 6P;,(t) a time-variant noise term, are directly mapped onto fluctuations of

the differential nonlinear phase shift Ag,,; according to the relation:

/A

Ay (t) = Ay (t) + M@y () = LLSInng s
stte

(P (t) + 6P (1) (2e = 1) (3.2.1)

Here, A denotes the center wavelength of Ej,, Acsf the effective mode-field area of the LSI
fiber segment, g the lumped gain factor of the LSI, n, the nonlinear refractive index, ¢ the
energy splitting ratio between the OPMs, and L;s; the length of the LSI fiber [69,167].

To evaluate how these fluctuations influence the noise transfer at both the BBO crystal and
PBSI, it is essential to relate Ag,,; to the polarization state of the LSI output field E,,;. To do

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

A t) +
EfaStexp {_. ( ‘pnl( % ‘ppb)}

E;(t) = (3.2.2)

A t) +
Eslowexp {i ( §0nl( % (ppb)}

where Efqq = (1 — &)gE;, approximates the output electric field amplitude parallel to the
fast axis of the LSI, Egy = \/@Ein the amplitude parallel to the slow axis, Ag,,; the differ-
ential nonlinear phase shift, and ¢, the generalized phase shift from the phase-bias.

To describe E,,:(t) in terms of the experimentally adjustable phase-bias parameters (65
and @y in the setup shown in Fig. 3.13), the Jones formalism can be applied to the system as
outlined in detail in chapter 3.1.1. Since both the phase-matching 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 &(t) can be obtained by evaluating the angle between E ;. (t) and a unit vector
€suGRrR = (2) 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 of A¢,,; in the LSI, as described by Eq. (3.2.1), one arrives at the relation
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£(t) = &(t) + 8&(t) = cos™! (\/Ecos lmpnz(t) + 80 (1) + (ppr
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= cos™! <\/§cos I Lismyg (P (t) + 6P, () (2 — 1) (3.2.3)

(ppb
+2)

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 angle &(t) at its
output. This angle determines the conversion efficiency and power distribution at both the BBO
crystal and PBSI.

Neglecting potential distortions in the SHG process arising from birefringent walk-off, dis-

persion, or other crystal effects, the generated second-harmonic power can be expressed as

Pgc (1) < 9,5in?(E(t)) (3.2.4)

where 9, denotes the maximum achievable SHG efficiency [122]. The reflected power at

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

Pr(t) « sin (£(t)) — 9xsin?(é(t)) (3.2.5)

By substituting Eq. (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
dPsy/dP;, and dPg/dP;,, respectively. For generalization, it is convenient to express both the
power and noise transfer in terms of the differential nonlinear phase shift A¢,,; rather than the
input power P;,,. While the two quantities are directly proportional, A¢g,,; inherently considers
all system-specific parameters of the LSI, including the fiber amplifier gain factor, as defined
in Eq. (3.2.1).

Consequently, the noise transfer behavior for the second-harmonic and fundamental re-
flected output modes can be characterized by the derivatives dPsys/dA@,; and dPgr/dA@y,,
respectively. At system operating points where dPgyg r/dA@y; = 0 near the peak of the LSI
output pulse, strong dual-channel suppression of input power fluctuations can be achieved. Fig-
ure 3.14 (a) illustrates the numerically computed power transfer characteristics for both opera-

tional modes in an exemplary LSI configuration with € = 0.22 and ¢,;, = 0.8m, plotted as a
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function of the power-dependent nonlinear phase difference Ag,,;. Here, the output powers Py
and Py are normalized to the input power P;,, scaled by the lumped LSI gain factor g. The
corresponding noise transfer functions are shown in Fig.3.14 (b). As shown, the purely sin?-
dependent nature of the second-harmonic 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 linear self-stabilized interferometer (LSI).
(a): Normalized power transfer functions of the amplified LSI output, Pz /(gPs,) and Psy;/(gPin), for € = 0.22,
@pp = 0.8m, and 9, = 0.3, plotted as a function of the accumulated Ag,, for the fundamental (blue) and second-
harmonic (yellow) outputs, respectively. (b): Corresponding absolute noise transfer functions, dPy/dA¢,,; and
dPsyc/dA@y,;. The shaded region indicates the operation range 0 < A, (t) < 0.3w, where dPsyg r/dA@y; = 0

enables effective dual-channel noise suppression near the LSI pulse peak.

For an exemplary LSI output pulse in which the intensity-dependent Ag,,;(t) varies within
the gray-shaded region between 0 < Ay (t) < 0.37, an appropriate choice of € and ¢,
through the phase-bias control enables strong suppression of noise around the pulse peak, where
A@,;(t) = 0.3, while maintaining nearly maximum power transfer in both output channels.
For smaller phase shifts, A@,,;(t) = 0.2m, corresponding to the lower-intensity wings of the

pulse, Fig.3.14 (b) shows an increase in the noise transfer function.

3.2.2 Experimental Results and Discussion

To validate this mechanism experimentally, the dual-color noise transfer of the setup is system-
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 second-harmonic mode (SHM) at 515 nm. Starting with measurements of the
dual-color power transfer, Fig.3.15 (a) and (b) present the measured average output powers in

the FM and SHM channels, respectively, as a function of the tunable phase-bias angle 8 with
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0y = 160°. The corresponding output spectra are shown in Fig.3.15 (c) and (d). All rotation
angles are defined relative to the PBS reflection axis according to the standard mathematical
convention. For precise phase-bias control, 85 is electro-mechanically adjusted using a digitally
controlled rotation mount. In the experiment, the input pulse train is then launched into the
system with a pulse energy of approximately 0.75 nJ. The total linear loss of the system, in-
cluding the SHG module, GP, and LSI, 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 LSI is optically pumped with 500 mW of average power from a 976 nm
laser diode. The separation between the gratings in the GP is set 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 peak power incident on the SHG module.
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Figure 3.15: Experimental characterization of the dual-color power transfer and spectral behavior of the LSI-
based SHG system. (a): Measured average output power of the 1030 nm fundamental mode (FM) at the reflected
PBSI output port as a function of the phase-bias rotation angle 8. (b): Corresponding average power of the 515
nm second-harmonic mode (SHM) measured after the dichroic mirror (DM). (¢): Measured output spectra of the

FM as a function of 65. (d): Corresponding SHM spectra recorded under identical conditions.

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

mental (FM) and second-harmonic modes (SHM) exhibits a directly correlated trend, which
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arises from the parallel alignment of the PBS1 reflection axis and the phase-matching axis of
the BBO crystal. At a phase-bias angle of 8; = 85°, the 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 PM-fiber axes in the LSI and the phase-bias ¢, both of which depend on

the settings of 6z and 8y, leads to the appearance of multiple local maxima in the measured
power transfer characteristics.

In the next step, the correlation between the dual-color power transfer and the corresponding
noise transfer is investigated. For this purpose, the RIN spectra of both operational modes are
measured as a function of 8 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 train is detected with a fast, low-noise
InGaAs photodiode (Coherent ET-3010). The third harmonic of the resulting radio-frequency
(RF) signal at approximately 126 MHz is isolated using a suitable bandpass filter and amplified
with a low-noise transimpedance amplifier (Mini-Circuits ZX60-33LN-S+), powered by a
highly stable supply (Toellner TOE8721). The frequency-resolved RIN spectrum of the ampli-
fied signal is then recorded with a signal source analyzer (SSA, Keysight E5S052B) over the 1
kHz-20 MHz range. The lower limit is chosen to exclude environmental low-frequency noise,
while the upper limit was determined by the bandwidth of the RF components.

The measurement procedure for the SHM is identical in principle, except that a biased sili-
con photodiode (Coherent ET-2030) 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 termination with a detector responsivity of 0.75 A/W yields an SQL of —142 dBc/Hz.
For the SHM, the measurements are performed with an RMS voltage of 11 mV, a 50 Q termi-
nation, and a responsivity of 0.25 A/W, corresponding to an SQL of —137.7 dBc/Hz. These
SQL reference levels are kept constant across all subsequent RIN measurements to ensure con-
sistency between both detection schemes.

Figures 3.16 (a) and (b) show the measured the integrated RIN values, obtained by integrat-
ing the measured RIN spectral densities over the full 1 kHz - 20 MHz bandwidth, for both FM
and SHM as a function of the phase-bias angle 8. All other system parameters were identical
to the previous measurements. As shown, the regions around 8y = 85° and within 0° < 0 <

35°, where local maxima in average power occur for both FM and SHM, correlate 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 efficiency. The integrated RIN reaches mini-
mum values of 0.04% for the FM and 0.07% for the SHM. 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 inherent sin?-dependence of its noise transfer function. Moreo-
ver, the overall structure of the RIN traces in both modes show strong correlation, further con-

firming the theoretically expected behavior.
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Figure 3.16: Experimental characterization of the RIN transfer in the dual-color LSI system. (a): Measured inte-
grated RIN of the 1030 nm FM over the 1 kHz-20 MHz frequency range as a function of the phase-bias rotation
angle 0. The blue-shaded regions indicate local maxima in average output power. (b): Simultaneously measured
integrated RIN of the 515 nm second-harmonic mode (SHM) as a function of 85. (c): Frequency-resolved RIN
spectra of the FM for different 6 settings. (d): Corresponding frequency-resolved RIN spectra of the SHM. The
gray-shaded areas mark regions of insufficient output power where RIN measurements could not be performed

reliably.

Figures 3.16 (¢) and (d) show the corresponding measured frequency-resolved RIN spectra
for the FM and SHM, respectively. To enable direct comparison, the RIN spectral density is
expressed as the deviation from the SQL, defined as ASgopap(f) = Spmsum(f) —

SsoL(Fm,sum)> Where f denotes the offset frequency, Sgq, the frequency-independent SQL of
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the respective mode as calculated previously, and Sgy sy (f) the frequency-dependent RIN
spectral density measured with the SSA. As shown, the range 0° < 8y < 35° corresponds to a
broad plateau of high average power and low noise for both output modes, whereas the region
around 8 = 85° indicates lower ASg,,, (f)-values, particularly at lower offset frequencies f <

10° Hz, indicating enhanced noise suppression performance in around this working point.
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Figure 3.17: Experimental characterization of FM and SHM output at working point with dual-channel standard
quantum-limited RIN suppression (a): Measured RIN spectral densities in the 1 kHz—20 MHz range, plotted as the
SQL difference ASgq,,, for the laser source/LSI input (gray) compared to the fundamental mode (FM, red) and
second-harmonic mode (SHM, blue) outputs at 8; = 85° and 8 = 160°. The cyan trace represents the RIN spec-
trum of a regular SHG process under ideal phase-matching conditions (6; = 6 = 0°). (b): Optical spectrum and
AC trace (inset) of the FM at the operating point of maximum noise suppression (6 = 85°). (c¢): Corresponding

SHM spectrum together with the FTL pulse shape (inset).

Since the LSI operating point at 8 = 85° and 8y = 160° provides highly promising con-
ditions for generating dual-color 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 is justified. Figure 3.17 (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. 3.17 (a) also includes the RIN trace of the SHM obtained
without any applied phase bias (6 = 8y = 0°) and thus without NPR and LSI-based noise
transfer, representing a conventional phase-matched SHG process under otherwise identical
system parameters. As 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 exhibit near—quantum-limited 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 conventional phase-matched SHG without
NPR, using linearly polarized light aligned with the BBO phase-matching axis, leads to an
overall amplification of the RIN compared to the laser source, particularly at higher frequencies
(> 10 kHz). Such RIN amplification is a well-known effect in standard SHG processes, origi-
nates in the fundamental square dependence on the input power, and has been reported in mul-
tiple experimental studies [168—170].

The comparison between the two cases; conventional type-I phase-matched SHG and NPR-
enhanced SHG, clearly demonstrates the strong influence of NPR in the fiber-optic LSI as a
novel underlying mechanism enabling ultra-low-noise second-harmonic generation. Figure
3.17 (b) shows the FM output spectrum and the corresponding AC trace at the operating point
of maximum noise suppression identified in Fig.3.17 (a). Compared to the input spectrum of
the laser source in the inset of Fig.3.13, the FM spectrum slightly broadens 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 and NPR-induced polarization
interaction with both the BBO and PBS1. Assuming a Gaussian 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 Fig.3.17 (c¢), with a FWHM bandwidth of
~6 nm centered at 518 nm. Due to experimental constraints, direct AC measurements of the
SHM are not available; instead, the inset displays the Fourier-transform-limited pulse derived
from the measured spectrum, with a FWHM of ~100 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-noise SHG-based dual-color output pulse trains by exploiting Kerr-type NPR in combina-
tion with type-I phase-matched frequency conversion inside a nonlinear fiber interferometer.
The experimentally verified theoretical framework enables the generation of dual-color, sub-
150 fs optical pulse trains at 1030 nm and 515 nm with simultaneous intensity-noise suppres-
sion and efficient power transfer. Frequency-resolved RIN measurements confirm a noise re-
duction exceeding 14 dB in both operational modes, reaching SQL performance at average
powers of up to 165 mW and 50 mW, respectively. Beyond establishing a new regime of noise-

controlled SHG, the developed dual-wavelength fiber system provides a robust and scalable
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platform for precision applications, including multimodal two-photon microscopy, ultra-stable

frequency conversion, and low-noise seeding of nonlinear and quantum optical processes.

3.3 Fiber-Interferometric Ultra-Low Noise Supercontinuum Generation

Phase-biased NLIs implemented in LSI or NALM/NOLM configurations provide an effective
mechanism for suppressing intensity fluctuations in ultrashort pulse trains, act as stabilizing
saturable-absorber elements in advanced fiber oscillators, and can generate optical squeezing
under well-defined operating conditions [74,75]. As shown in the preceding sections, this sta-
bilization technology can be extended to the dual-color regime, enabling simultanoeus noise
suppression in two independently addressable spectral bands. Having demonstrated wave-
length-selective interferometric conditioning, a natural question follows: can this approach be
generalized to the highly nonlinear, broadband dynamics of SCG to achieve improved stability
at wavelengths relevant for biomedical two-photon microscopy?

As discussed in Chapter 2, SCG produces ultra-broadband spectra through a cascade of
nonlinear interactions, including the Kerr effect, modulation instability, soliton dynamics, Ra-
man scattering, and dispersive-wave emission. These processes are intrinsically sensitive to
small input fluctuations and strongly amplify both technical and quantum noise in the pump
field [71,116] (see Section 2.3). As a result, standard SCG without precise optimization typi-
cally results in substantial shot-to-shot variability in spectral shape, bandwidth, coherence, and
temporal structure [117]. Overcoming these noise limitations using NLI-based all-optical sta-
bilization would open new capabilities in applications that require stable broadband sources,
including deep-tissue nonlinear microscopy, label-free spectroscopy, frequency metrology, ul-
trafast imaging, and coherent waveform synthesis [171-175]. This motivates the investigations
presented in this section, which combines numerical modeling and experimental validation to
evaluate whether the phase-biased, interferometric noise suppression can effectively overcome

longstanding noise limitations of SCG 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.3.18 (a). In this implemented configuration,
an ensemble of input pulses with stochastic noise contributions (see Section 2.3) enters a phase-
biased NLI in Sagnac-geometry through PBS1 and passes a nonreciprocal phase-bias unit con-
sisting of an achromatic HWP, a QWP, and a wavelength-dependent FR, which together impose

a tunable phase bias ¢ and splitting ratio €. The polarization rotation introduced by the phase-
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bias is numerically implemented using the Jones formalism outlined in Section 3.1. The mod-
ulated field is then divided at PBS2 into two counter-propagating pulses that propagate through
the PCF inside the Sagnac loop, acquiring distinct nonlinear phase shifts and correlated spectral
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 shift Ay, (t), propagate back through the phase-bias unit in re-
verse, and are finally separated at PBS1 into Port T and Port R. Analogous to the LSI oscillator
and ultra-low noise dual-color NLI concepts introduced earlier, the transmission at PBS1 be-
comes a direct function of Ag,,;(t), giving rise to the characteristic sinusoidal power-transfer
functions T (A¢,,;) and R(A¢,,;) that can be tuned via the phase-bias settings.

The full numerical pipeline is repeated for an ensemble of 500 pulses; each seeded with
randomized one-photon-per-mode quantum noise and technical RIN sampled from a Gaussian
distribution with a standard deviation corresponding to 0.3 % of the mean pulse energy. The
mean input pulse is a transform-limited, sech-shaped pulse with 80 fs temporal FWHM and 40
nJ pulse energy at 1.05 pm center wavelength. The PCF inside the NLI has a length of 50 mm,
a zero-dispersion wavelength near 1.3 um (positive dispersion below this wavelength), an ef-
fective mode-field diameter of drf = 8.5 um, a NA of 0.12 at 1064 nm, and a nonlinear
parameter y = 3.5 W™ m ™. A complete set of simulation parameters is listed in Appendix
Section 8.4.

To assess the effect of interferometric SCG conditioning, two operating states of the NLI
are considered. The first serves as a reference working point (WP), defined by 8y,p = 0° and
Bowp = 45°, which results in an energy splitting ratio of € = 0.5 and an accumulated nonlinear
phase difference A¢,; = 0. Under these conditions, the two counter-propagating fields acquire
identical nonlinear phase, and their recombination at PBS2 is fully constructive toward Port R.

The NLI therefore acts as a passive bypass without intensity-dependent interference, and
the output RIN is expected to simply follow the input fluctuations. This state (reference WP)
thus provides the baseline against which all subsequent performance metrics are evaluated. A
second, slightly detuned operating point is introduced by setting 64y,p = 43.5° and Oy p =
2°, yielding ¢ = 0.53 and a finite A¢,,; that shifts the recombination toward a noise-suppress-
ing working point (optimized WP). As shown in Fig.3.18 (b), the mean output spectra corre-
sponding to these two states show highly similar broadband characteristics, confirming 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 noise-suppressed nonlinear interferometric SCG. (a): Schematic of the asym-
metric Sagnac NLI with adjustable splitting ratio and phase bias(¢, €). (b): Simulated Port-R spectra for the ref-
erence (Ref. WP) and optimized noise-suppressed working point (Opt. WP). (¢): Pulse-to-pulse energy fluctuations
from 500 Monte-Carlo realizations (RIN;, = 0.3 %); points show individual shots, lines the moving-average
trend. (d): Integrated RIN for input, Ref. WP, and Opt. WP, revealing ~22 dB noise suppression at Port R for the
optimized configuration. (e) Reflectance curve R(A¢,,;) with both WPs mapped onto the optimized R-curve; the
Opt. WP lies on a high-slope region enabling efficient noise-to-amplitude conversion. (f): Instantaneous A¢,,; (t)
together with the normalized Port T/R pulse envelopes for the optimized WP (top), and the corresponding instan-
taneous noise-gain functions Geff g/ (t) (bottom), illustrating how different temporal portions of the pulse expe-
rience noise-amplifying or noise-suppressing interferometric response. (g) Wavelength-resolved noise transfer

10log,o(RINyy: /RIN;,), showing broadband noise suppression across the full supercontinuum band.
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Figure 3.18 (c) compares the relative pulse-energy fluctuations obtained for the reference
and optimized WP at Port R. As expected, the reference WP reproduces the input noise level
with no relevant modification, consistent with the absence of an interferometric response at
A@,; = 0. This trend is quantified in Fig.3.18 (d), 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 noise (the ~0.2 dB deviation reflects numer-
ical variability), the optimized WP yields a RIN suppression of more than 22 dB, demonstrating
that even a slight detuning of the splitting ratio and the associated A¢g,,;-accumulation is suffi-
cient to drive the NLI-generated SCG into an ultra-low noise regime.

The contrasting behavior of the two working points can be understood by considering their
respective locations on the NLI reflectance curve R(A¢y,;), shown in Fig.3.18 (e). The reference
WP sits at Ag,,; = 0, where the reflectance function exhibits an extremum with dR/dA¢@,,; =
0. In this regime, the NLI is effectively insensitive to fluctuations of A¢g,,; (see Section 3.2.1),
and the Port R output RIN follows the input noise level, as observed in Fig.3.18 (c-d). The
optimized WP, by contrast, covers a sloped region of the curve, where fluctuations in the inten-
sity-dependent A¢,,;(t) couple the input RIN to changes in the NLI reflectance and thereby
enable dynamic noise transfer. For this operating point, an increase in input pulse intensity
generates a more negative A@,,;, which shifts the effective working point toward lower reflec-
tance and thus counteracts the underlying amplitude variation. From this mechanism, a more

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

sign ( dR ) - Cov(I1(£), Ay (1)) < 0 (3.3.1)
dApy

and identifies the criterion under which the NLI converts SCG-induced amplitude—phase con-

version into net noise suppression.

To illustrate how this condition manifests in the time domain, Fig. 3.18 (f) shows the tem-
poral evolution of A, (t) together with the Port T and Port R pulse envelopes and the corre-
sponding instantaneous noise-gain functions Grr(t) = 81 (t)/61;,(t). The optimized WP
places the dominant temporal portion of the Port-R field in a regime of R(t) where G, (t)
becomes negative (yellow marked range in Fig.3.18 (e)), meaning that an increase in input in-
tensity produces a compensating reduction in reflected power. This directly fulfills the inequal-
ity in Eq. (3.3.1) across the full pulse width and explains the strong integrated RIN suppression
observed in Fig.3.18 (c-d).
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The spectral characteristics of the noise transfer are shown in Fig.3.18 (g), where the wave-
length-resolved 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 broadband reduction in RIN, with suppression
extending from roughly 0.85 pm to 1.18 pm and multiple regions exceeding 10-20 dB. While
the fine spectral structure remains characteristic of SCG, the optimized WP thus introduces a
pronounced net decrease of noise across the continuum. This broadband suppression reflects
the time-domain mechanism discussed above, where large portions of the pulse satisfy Eq.

(3.3.1) and yield reduced fluctuations after temporal-to-spectral mapping.

3.3.2 Experimental Validation

To assess the experimental feasibility of the interferometrically controlled SCG concept intro-
duced in the previous section, a proof-of-principle experiment is implemented guided by the
numerical results. To this end, a broadband NLI is constructed in close analogy to the simulated
configuration shown in Fig.3.18 (a), including a non-reciprocal phase-bias stage (QWP, HWP,
and Faraday rotator), a nonlinear fiber section incorporating a PCF, and PBS separating the
output supercontinuum into Port T and Port R. The system is driven by a homebuilt Yb-fiber
laser operating at 30 MHz repetition rate, delivering pulse energies up to 40 nJ with ~50 fs pulse
duration (see Section 3.4).

To enable a direct comparison between numerical predictions and experimental observa-
tions, a two-dimensional scan of the interferometric RIN transfer at Port R is performed by
systematically varying the rotation angles of the phase-bias HWP (6yy,p) and QWP (QQWP).
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 ET-2030) and then measuring the RIN spectral density and integrated RIN (100 Hz
— 5 MHz) using a SSA (Keysight ES052B). The scan over Oyyp and 8y pis fully automated
using resonant piezoelectric rotation mounts for the waveplates (Thorlabs ELL14K) in combi-
nation with custom Python-based control software, enabling the acquisition of a two-dimen-
sional RIN transfer map that directly corresponds to the simulated parameter space.

Figure 3.19 (a) shows the simulated RIN transfer map obtained from the stochastic GNLSE-
based model described in Section 3.3 with experimental input parameters, while Fig.3.19 (b)
presents the corresponding experimental measurement. Despite the reduced angular resolution
and increased measurement noise inherent to the experimental scan, a clear qualitative agree-

ment can be observed between simulation and experiment. This agreement confirms that the
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dominant features of the noise-transfer is originated in the NLI dynamics captured by the nu-

merical model, rather than by implementation-specific artifacts.
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Figure 3.19: Experimental validation of interferometric ultra-low noise SCG. (a): Simulated two-dimensional
contour map of RIN transfer as a function of phase-bias HWP and QWP rotation angles (BHWP, GQWP), obtained
from stochastic GNLSE simulations. (b): Corresponding experimentally measured RIN transfer map acquired un-
der comparable operating conditions. (c) Output spectrum of the interferometrically generated supercontinuum at
arepresentative noise-suppressed working point. (d) Measured RIN spectral density (100 Hz — 5 MHz) of the input
pulse train (gray) and the interferometrically generated supercontinuum (blue). (e): Corresponding 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 ~6 dB RIN suppression is selected from the 2D map
for further characterization. The corresponding output spectrum of the Port R supercontinuum
output is shown in Fig.3.19 (c), verifying a strongly broadened bandwidth spanning from ap-
proximately 0.9 um to 1.15 um (FWHM). The corresponding frequency-resolved RIN transfer
is quantified in Fig.3.19 (d), which compares the measured RIN spectral density of the input
pulse train with that of the generated supercontinuum between 100 Hz to 5 MHz offset-fre-
quency. A pronounced reduction in supercontinuum RIN of up to 15 dB relative to the input
can be observed across a broad bandwidth >~500 Hz, demonstrating that the NLI mechanisms
can effectively suppress input intensity fluctuations for correct phase-bias settings. Integration
of the RIN spectra over the measurement bandwidth yields an integrated RIN reduction from
0.19% at the input to ~0.05% for the Port R supercontinuum output, corresponding to the ob-
served suppression of ~6 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 long-term drift analysis, the results provide direct
experimental validation of ultra-low-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 broadband nonlinear wavelength conversion and directly moti-
vate its application to low-noise, multi-wavelength light sources for two-photon microscopy in

the green to red spectral window.

3.4 Fiber-Optic Ultrafast Ytterbium Laser Driver

Efficient fiber-based wavelength conversion in MPM platforms relies on ultrashort femtosec-
ond pulses with sufficient pulse energy, well-defined temporal structure, and high coherence,
as outlined in Section 2. Due to the strong noise sensitivity of SCG processes, stringent con-
straints are further imposed on the stability and noise performance of the driving laser
source [71,116]. Consequently, a robust, low-noise, high-energy femtosecond laser system is a
fundamental prerequisite to drive the advanced, wavelength-flexible MPM systems discussed
in the following sections.

In this seciton, an all-PM Yb-doped fiber laser (YFL) system is designed for stable, high-
energy pulse delivery around 1.05 um. Guided by numerical modeling of pulse propagation and
precise nonlinearity management, the laser architecture is optimized to provide sub-50 fs pulses

with watt-level average power at a repetition rate of 30 MHz, while maintaining environmental
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robustness and reproducible operation. These pulse characteristics enable efficient nonlinear

wavelength-conversion to efficiently drive multiphoton excitation in complex biological tissue.

3.4.1 Experimental Setup and Numerical Simulations

Figure 3.20 summarizes the experimental architecture and input pulse characterization of the
Yb:fiber laser system used as the driving source for the dispersive-wave (DW) generator. The
system configuration is designed via subsequent numerical simulations to deliver stable, line-
arly chirped femtosecond pulses with adjustable dispersion and peak power for efficient non-
linear broadening in the following PCF stage. As shown in Fig.3.20 (a), a passively mode-
locked Yb:fiber oscillator with attached pre-amplifier initially generates an optical pulse train
centered at 1028 nm with 30 MHz repetition rate and up to 120 mW average power. The optical
spectrum at the PCMA input, shown in Fig.3.20 (b), is centered at 1028 nm with ~8 nm FWHM,
corresponding to positively chirped pulses of 0.7 ps FWHM as confirmed by the AC trace in

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

(a) Pump
Yb:fiber Oscillator and
Pre-Amplifier HWP1 PCMA N GP2 BPF
1ISO1 4 ‘
|
|
" ) (©)
PCMA input g€ —AC
D spectrum FTL
0.8
0.8
506 3
S, S06}
()] (0]
%) | =
02 02t
, . 0 , . ,
1020 1030 1040 -2 -1 0 1 2
Wavelength [nm] Time [ps]

Figure 3.20: Schematic of the PCMA Yb:fiber laser. (a): Experimental setup consisting of an oscillator with pre-
amplifier attached to a PCMA-stage. ISO: isolator, HWP: half-wave plate, PCMA: pre-chirp managed amplifier,
BPF: bandpass filter. (b): PCMA input spectrum generated by the Yb:fiber oscillator with pre-amplifier. (c): Cor-
responding positively chirped output pulse AC trace before GP1 with calculated Fourier-transform limit (FTL)
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The pulse train is then isolated (ISO1) and polarization-aligned via HWP1 before passing
through a transmission grating pair (GP1) with 1000 lines/mm grating constant (Coherent
Lightsmyth 1040), which enables fine control of the input group-delay dispersion. The pre-
chirped pulses are then launched into a Yb-doped, pre-chirp-managed amplifier (PCMA),
which consists of a 10 pm core LMA fiber segment with ~2 m highly-doped gain fiber (Coher-
ent PLMA-YSF-10/125) that is optically pumped in backward direction using a pump-beam
combiner (PBC) and an 18-W multimode diode (BWT K976AA2RN-18.00W). The PCMA-
stage provides efficient amplification up to Watt-level average power while maintaining near-
parabolic pulse evolution. After amplification, a second grating pair (GP2) compensates resid-
ual dispersion and compresses the output pulses to the sub-100 fs regime. To suppress weak
spectral sidebands and ensure a smooth spectral phase, a 1050 + 30 nm bandpass filter (BPF)
is at the PCMA output applied prior to nonlinear wavelength conversion.

To achieve broadband, energetic, and compressible femtosecond pulses at the PCMA out-
put, it is essential to maintain pulse evolution within the parabolic amplification regime. For
the fixed experimental configuration shown in Fig.3.20 (a), this regime is accessed by tuning
the input pulse energy E, and the applied group-delay dispersion GDD,, implemented experi-
mentally through the grating pair GP1. The nonlinear propagation inside the Yb-doped fiber is
modeled using the NLSE as described in Section 2.1.1 of this dissertation, which includes GVD
and TOD, SPM, and optical gain via rate equations.

To identify the optimal input conditions for efficient compression, E, and GDD,, are sys-
tematically varied, and the resulting output pulses are numerically compressed to evaluate their
Strehl ratio, defined as the ratio between the peak power of the compressed pulse and the FTL
peak power. Figures 3.21 (a) and (b) show the simulated Strehl-ratio maps for the PCMA output
with and without the implemented BPF (see Fig.3.20 (a), Unfiltered/Filtered), respectively.
Without filtering (Fig. 3.21 (a)), the maximum Strehl ratio reaches approximately 0.7 at an input
average power of ~40 mW (E, ~ 1.3 nJ) and a pre-chirp of GDD, = —0.5 ps?. Introducing the
1050 = 30 nm BPF, modeled as a 4th-order super-Gaussian transmission function, substantially
enhances the temporal quality of the output (Fig. 3.21 (b)), yielding Strehl ratios above 0.9 at
the optimized working point (E, =~ 1.3 nJ, GDD, = —0.02 ps?).

The NLE is solved numerically using experimental parameters corresponding to the PCMA
fiber and pumping scheme (5.8 W pump power at 976 nm) with a gain fiber length of ~2 m. A
complete set of simulation parameters is listed in Appendix Section 8.1. The temporal and spec-

tral pulse characteristics at the optimized working point are illustrated in Fig.3.21 (c-f). Figure
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3.21 (c) shows the amplified pulse in the time domain before spectral filtering, together with its

instantaneous frequency (chirp).
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Figure 3.21: Numerical optimization and output characteristics of the PCMA stage. (a): Simulated Strehl-ratio
map as a function of input average power and applied GDD for the unfiltered PCMA output. (b): Strehl-ratio map
after applying a 1050 + 30 nm super-Gaussian BPF, with marked working point. (c): Temporal intensity and in-
stantaneous frequency (chirp) of the amplified pulse before spectral filtering. (d): Temporal intensity and linearized
chirp of the filtered pulse at the optimized working point. (e): Corresponding spectra of the unfiltered and filtered
pulses. (f): Compressed temporal intensity profile of the filtered pulse (blue) compared to its FTL counterpart
(gray), demonstrating a clean pulse shape with 46 fs FWHM duration.
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As shown, the unfiltered pulse has distinct higher order phase components with an asym-
metric temporal shape, originating from TOD and nonlinear phase accumulation within the
PCMA. In contrast, Fig.3.21 (d) shows the corresponding result after applying the numerical
1050 + 30 nm band-pass filter. In this case, the temporal profile becomes smooth and symmet-
ric, and the instantaneous frequency reveals a nearly linear chirp, confirming the suppression
of higher-order phase distortions with an approximately parabolic output pulse shape.

Figure 3.21 (e) compares the simulated output spectra before and after filtering. As shown,
the spectral wings and fine structure visible in the unfiltered spectrum are effectively removed,
resulting in a clean, single-lobed spectral envelope centered at 1050 nm. The compressed tem-
poral pulse after filtering is shown in Fig.3.21 (f), in comparison to the FTL pulse calculated
form the corresponding spectrum. The compressed pulse duration reaches 46 fs (FWHM), in
excellent agreement with the calculated FTL value and without residual pedestals.

These results numerically confirm that the combination of parabolic amplification and mod-
erate spectral filtering enables the generation of broadband, high-quality pulses with sub-50 fs
duration, and simultaneously provide guidelines for an experimental parameter space to achieve

ideal laser performance to drive efficient PCF-based spectral broadening.

3.4.2 Experimental Laser Characterization

Building on the results of the numerical optimization, the experimental PCMA setup shown
in Fig.3.20 (a) is implemented to match the identified parameter space. Figure 3.22 (a) compares
the measured unfiltered output spectrum with the numerically simulated spectrum at an input
average power of approximately 40 mW and an input pulse duration of 0.4 ps. Both spectra
show similar bandwidth and spectral shape, validating the accuracy of the numerical model and
confirming that parabolic pulse amplification is achieved under the chosen operating condi-
tions.

The measured average output power of the PCMA, shown in Fig. 3.22 (b), reaches up to
1.2 W at maximum pump current, corresponding to pulse energies exceeding 40 nJ at the 30
MHz repetition rate. After applying the 1050 + 30 nm BPF, the measured spectrum shown in
Fig.3.22 (c) closely matches the simulated output, demonstrating effective suppression of re-
sidual sidebands and higher-order spectral components. The corresponding temporal character-
ization, summarized in Fig.3.22 (d), reveals a clean, transform-limited pulse shape with a

FWHM duration of 48 fs, in excellent agreement with the calculated 46 fs from the simulation.
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The strong correspondence between experimental and numerical results confirms the pre-

dictive reliability of the NLSE simulation framework and an undistorted operation of the am-

plifier design. The successful generation of energetic, sub-50 fs pulses establishes optimal driv-

ing conditions for the subsequently developed advanced 2PM platforms.
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Figure 3.22: Experimental characterization of the PCMA stage and comparison with numerical simulations. (a):

Measured (cyan) and simulated (gray) unfiltered output spectra of the PCMA at 40 mW input power and input 0.4

ps pulse duration. (b): Measured output power as a function of pump current for the filtered output, reaching up to

1.2 W average power at 6 A pump current. (c): Comparison between simulated (gray) and measured (blue) spectra

after applying a 1050 £+ 30 nm BPF. (d): Measured AC trace of the filtered and compressed output pulse (blue)

compared to the FTL pulse (yellow) and simulated electric field (gray), with an experimental pulse duration of 48

fs FWHM in excellent agreement with the simulation.
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4 Tunable Deep-Tissue Two-Photon Imaging Platform Based on
Dispersive-Wave Excitation

As described in the introduction of this dissertation, 2PM represents one of the most powerful
tools for sub-cellular resolution, three-dimensional imaging in scattering biological tissue mak-
ing it an essential tool for numerous biomedical disciplines such as embryology [176], oncol-
ogy [177], and neuroscience [28]. The performance of 2PM critically depends on the properties
of the driving ultrafast laser source, in particular its ability to deliver energetic, spectrally
matched, and temporally stable femtosecond pulses that efficiently excite application-specific
fluorophores and biomolecular markers [32,57,124]. In neuroscience, for instance, visualizing
neuronal morphology and activity relies heavily on pulsed laser excitation within the spectral
window between approximately 800 and 1000 nm, which coincides with the two-photon exci-
tation peaks of many key fluorescent proteins and calcium indicators [178]. Prominent neuronal
markers include derivatives of green fluorescent protein (GFP) with two-photon excitation
maxima near 920 nm, widely used for example in GFP-expressing transgenic mouse models,
to investigate neuronal connectivity, synaptic plasticity, and activity dynamics in both healthy
and pathological brain states [179-182]. Likewise, calcium indicators such as the GCaMP fam-
ily or the chemical dye Fluo-4 AM have excitation peaks between 900 nm and 950 nm, allowing
a direct observation of intracellular Ca** transients associated with neuronal action potentials
and signaling [81,183—185]. Additional fluorophores such as Alexa Fluor and Fluorescein de-
rivatives (e.g., AF488 with a peak near 950 nm) are extensively applied for visualizing struc-
tural or vascular components of brain tissue [186—188].

Precise spectral matching between the excitation wavelength and the fluorophore absorp-
tion maximum provides multiple benefits, including enhanced fluorescence signal and contrast,
improved penetration depth, and reduced risk of photodamage due to lower required average
power. Traditionally, Ti:Sa-based femtosecond lasers have been the standard solution for these
tasks, offering watt-level average power and sub-100 fs pulse durations over a broad tuning
range of 700-1000 nm. However, as mentioned in the introduction, these systems are charac-
terized by high cost, large physical footprint, complex alignment, and the need for active cool-
ing and regular maintenance. In contrast, fiber-based ultrafast laser systems have gained in-
creasing attention as compact, cost-efficient, and alignment-stable alternatives. In particular,
Neodymium-doped, and frequency-doubled Thulium-doped fiber lasers have demonstrated
high-power, sub-150 fs operation in the 900-920 nm range, enabling reliable excitation in the
green spectral window relevant for fluorophores such as GFP and GCaMP6. However, their

inherently limited gain bandwidth and the reliance on narrowly defined, highly optimized
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mode-locking conditions typically confine these systems to a single, fixed center wavelength.
This constraint fundamentally limits their applicability to advanced two-photon microscopy
modalities that require tunable or multi-target excitation.

To extend the accessible wavelength range beyond the laser gain bandwidth, nonlinear spec-
tral broadening in PCFs offers a flexible and compact route for versatile wavelength conversion.
Approaches such as SPM-enabled spectral selection (SESS) have demonstrated broad tunability
across several hundred nanometers, but at the expense of low conversion efficiency (typically
10-20 %) and limited pulse energy in the biologically relevant 800 - 1000 nm range [132,189—
191]. Such energy constraints are particularly critical for deep-tissue brain imaging, where pulse
energies above a few nanojoules are typically required to achieve sufficient signal strength
through scattering media [32].

In this context, phase-matched dispersive-wave (DW) generation provides a highly efficient
and controllable nonlinear mechanism for producing tunable ultrashort pulses within the desired
spectral window [192]. DW generation relies on resonant energy transfer from a soliton propa-
gating in the anomalous dispersion regime to a phase-matched frequency component in the
normal dispersion regime, enabling the formation of isolated, spectrally narrow output bands
with high conversion efficiency and excellent temporal coherence [71]. Building on this mech-
anism, this section presents a fiber-optic DW generator designed for high-efficiency, wave-
length-tunable pulse generation between 880 nm and 950 nm, specifically tailored to the re-
quirements of deep-tissue neuronal two-photon imaging. The system is driven by the compact
Yb-fiber laser driver described in Section 3.4 and delivers tunable sub-100 fs pulses with ener-
gies exceeding 6.7 nJ at optical conversion efficiencies of up to 65 %. The output enables se-
lective excitation of neuronal and vascular architectures across the green-to-yellow spectral
window in mouse hippocampal and cerebellar brain tissue at imaging depths up to 650 um. The
developed DW generator thus provides a compact, robust, and alignment-free alternative to
conventional Ti:Sa systems, establishing this platform as a versatile excitation source for ad-
vanced application-specific two-photon microscopy and related biomedical imaging modalities.

Parts of this chapter are based on results previously published by the author in the following
peer-reviewed articles and preprints:

e M. Edelmann ef al., “Deep-tissue two-photon brain imaging enabled by a tunable fiber-
optic dispersive wave generator,” Scientific Reports (Nature Portfolio) 15, 24404
(2025).

e M. Edelmann et al., “Multiplexed brain and visceral two-photon imaging using a simu-

lation-guided ultrafast three-color fiber laser,” bioRxiv, DOI: 10.1101/2025.06.
19.660526 (2025).
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All sections have been revised, expanded, and reformatted to provide a unified presentation and

additional discussion in the context of this dissertation.

4.1 Dispersive Wave Generation: Physical Mechanism and Simulations

To numerically demonstrate the conditions required for wavelength-tunable DW generation and
the underlaying physical mechanisms, comprehensive numerical simulations are applied in the
ZDW regime with the GNLSE-based numerical framework described in Section 2.2.3. Figures
4.4 (a, b) present the simulated pulse evolution in the frequency and time domain, respectively,
for a 40 mm long segment of PCF (NKT LMA-PM-5) with an effective mode area A.rr =

4.4 ym?, nonlinear coefficient y = 10 W~ 1cm™1

at 1064 nm, and a zero-dispersion wave-
length A;p,, near 1060 nm. The input pulse is Fourier-transform-limited with a sech?-shaped
temporal profile, a duration of 100 fs, a center wavelength of 1050 nm, a pulse energy of 12 nJ,
and a corresponding peak power of 105 kW. A complete set of simulation parameters is listed
in Appendix Section 8.2.

As shown, SPM dominates the initial propagation stage, leading to the characteristics sym-
metric spectral broadening up to approximately 20 mm. As the spectrum expands toward longer
wavelengths and enters the PCFs anomalous-dispersion regime, soliton self-compression and
subsequent soliton fission take place, resulting in the breakup of higher-order solitons into fun-
damental solitons. This evolution drives an efficient transfer of energy toward shorter wave-
lengths, giving rise to a distinct spectral peak around 940 nm that progressively blue-shifts to
approximately 880 nm between 20 mm and 32 mm of propagation, as indicated in Fig.4.4 (a,b)
and denoted as the DW generation regime.

To gain further insight into the underlying mechanism of this energy transfer, Fig.4.4 (c)
presents simulated supercontinuum (SC) spectra at selected propagation distances (21-26 mm).
The results show that the blue-shifting spectral peak near 930 nm, located in the normal-disper-
sion regime of the PCF, is accompanied by a concurrent depletion and red-shift of spectral
power between 1.1 um and 1.2 um in the anomalous-dispersion region.

The corresponding spectrogram at a propagation distance of 26 mm, shown in Fig.4.4 (d),
reveals that the power spectral density (PSD) maximum near 930 nm originates partly from
temporally self-compressing solitons at the pulse center and partly from a weak, dispersed ped-
estal at the leading edge of the pulse. These observations confirm that the observed energy
transfer to shorter wavelengths arises from highly efficient DW generation that occurs through

resonant energy transfer from a soliton (centered near 1.15 um) to a phase-matched DW in the
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normal-dispersion regime (around 930 nm in this case) mediated by higher-order disper-

sion [72].
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Figure 4.4: Numerical simulation of DW generation in a PCF. (a): Simulated spectral evolution of the pulse along
the fiber propagation distance, highlighting the DW generation regime. (b): Corresponding temporal evolution of
the pulse. (c): SC spectra at selected propagation distances. (d): Spectrogram of the simulated SC at a propagation

distance of 26 mm, illustrating the temporal and spectral localization of the generated DW.

Mathematical verification and analytical physical insight into the mechanism enabling
wavelength-tunable DW generation can be obtained from the DW phase-matching condition,

which is defined by the relation

(wpw — ws)? yP
Z%Bn(ws) == (4.1)

n22

where wg and wpy, denote the angular center frequencies of the soliton and the generated DW,
respectively; B,,(ws) represents the nt*-order dispersion coefficient at the soliton frequency; y
is the nonlinear coefficient; and Pg is the soliton peak power [193]. According to Eq. (4.1),
phase-matched DW generation at wpy, therefore occurs when the linear phase shift of the DW

equals the combined linear and nonlinear phase shift of the soliton centered at ws.
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Using the numerical parameters described previously, Fig.4.5 (a) shows the calculated
phase-matched DW wavelength as a function of the corresponding soliton wavelength for var-
ying Ps, obtained by solving Eq. (4.1) with the dispersion properties of the PCF. As illustrated,
a red-shift of the soliton results in a corresponding blue-shift of the phase-matched DW wave-
length, consistent with the numerical observations presented in Fig.4.4 (¢). While a decrease in
Ps (as observed, for example, near 1.15 um in Fig.4.4 (c)) leads to a minor additional blue-shift,
its effect on the overall phase-matched DW position remains small compared to the soliton-
induced red-shift, resulting in a net blue-shifting DW.

These results confirm that wavelength-tunable DW generation can be achieved by exploit-
ing the soliton-DW phase-matching condition, where the continuous red-shift of the soliton
dynamically controls the ejection wavelength of the DW. In practical implementation, this tuna-
bility can be realized by adjusting the input pre-chirp and peak power while maintaining a fixed
fiber length and input energy. To illustrate this numerically, Fig.4.5 (b) presents the simulated
output spectra after 35 mm of propagation for varying input GDD, using the same parameters
as before but with a slightly increased input pulse energy of 13 nJ (corresponding to a peak
power of ~114 kW). As shown, tuning the input GDD from 12.5 * 102 fs? to 22.5 * 10? fs?
enables a shift of the ejected DW peak from approximately 880 nm to 940 nm. The conversion
efficiency from the 1050 nm input to a 50 nm spectral band around the DW center wavelength
remains above 40% throughout the tuning range and exceeds 50% near 920 nm, corresponding
to a pulse energy of 6.8 nJ. It is thereby important to note, that for a fixed PCF length, the DW
generation efficiency also depends on the input pulse energy and central wavelength. This de-
pendency provides a practical means for optimizing and fine-tuning the DW conversion effi-
ciency at a targeted center wavelength in the subsequent experimental investigations.

In addition to the available pulse energy within the tuning range, a key performance factor
of the generated DW output, particularly for 2PM applications, is the achievable pulse quality
and duration, as these parameters directly determine the peak power delivered to the sample.
Figure 4.5 (c) shows the simulated output SC for an input group delay dispersion (GDD) of
approximately 20 * 102 fs?2, yielding a DW peak centered around 920 nm.

Applying a 920/50 nm BPF isolates the ultrashort DW pulse shown in Fig.4.5 (d, e) in the
spectral and temporal domains, respectively. The filtered DW exhibits a spectral FWHM of
about 22 nm and a corresponding pulse duration of ~70 fs with a clean temporal profile free of
pedestals or satellite features. This value is close to the Fourier-transform-limited pulse duration
of 64 fs, also shown in Fig.4.5 (e). The small residual chirp originates from DW propagation in

the normal-dispersion regime, which induces a slight positive chirp visible in the spectrogram
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of Fig.4.4 (d). Comparable pulse durations and spectral quality are obtained across the entire
DW tuning range, as later confirmed experimentally. The simulated parameter space of wave-
length-tunable DWs with sub-100 fs pulse durations, clean temporal profiles, and pulse energies

exceeding 5 nJ thus appears well-suited for deep-tissue 2PM applications.
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Figure 4.5: Simulation of DW phase-matching, wavelength-tunability and output pulse quality. (a): Calculated
phase-matched DW wavelength as function of the soliton wavelength for varying soliton peak power. (b): Simu-
lated PCF output spectra as function of the input pre-chirp with highlighted wavelength-tunable DW range. (c):
Output SC spectrum with indicated 920/50 nm BPF to isolate the DW. (d): Spectrum of the filtered DW with a
FWHM of ~ 22 nm. (e): Corresponding filtered DW pulse in time-domain with a FWHM of 76 fs, compared to
the Fourier-limited pulse calculated from the filtered spectrum. (f): Probability density of relative peak power
fluctuations at the PCF input (blue) and the filtered 920 nm DW output (cyan), derived from the stochastic simu-
lation of 1000 pulses. Inset corresponding pulse-to-pulse peak power fluctuations. (g): Corresponding normalized

PCF output spectra from the individual noise realizations (gray) compared to the mean spectrum (blue).
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A crucial requirement for biomedical two-photon imaging is the stability of the generated
DW pulse train, as fluctuations in pulse energy or spectral shape directly affect fluorescence
intensity, image contrast, and signal-to-noise ratio (SNR). To numerically evaluate the robust-
ness of the DW generation process under realistic input noise conditions, stochastic GNLSE
simulations are performed for an ensemble of 1000 pulses, following the numerical approach
outlined in Section 2.3 of this dissertation. Technical input RIN is implemented by randomly
sampling Gaussian-distributed peak power fluctuations with a standard deviation correspond-
ing to the measured RIN of the laser source used in subsequent experiments (0.25%, see Section
4.3). Quantum noise was modeled using the one-photon-per-mode model, adding a single pho-
ton of random phase (uniformly distributed between 0 and 27) per spectral bin.

Figure 4.5 (f) presents the normalized probability density functions of the relative peak
power fluctuations at the PCF input and at the filtered 920 nm DW output (as characterized in
Fig.4.5 (c—e)). The inset shows the corresponding pulse-to-pulse fluctuation traces. As ex-
pected, the DW output has a broader fluctuation distribution, with the relative standard devia-
tion a,,; increasing from 0.25% at the input to approximately 0.73% at the output, indicating
nonlinear noise amplification by a factor of about three. This amplification arises from the ex-
ponential sensitivity of soliton dynamics and phase-matched DW emission to initial conditions,
as discussed in Ref. [71]. Figure 4.5 (g) illustrates the spectral variability across the simulated
ensemble, where the normalized PSD of individual realizations (gray) are compared to the en-
semble-averaged mean spectrum (blue). The grey shaded area thus indicates the range of spec-
tral fluctuations, revealing the regions most affected by noise-induced variability. The DW peak
at 920 nm shows a relative center-wavelength RMS fluctuation of 0.5% and a bandwidth RMS
fluctuation of approximately 1.5%. In the context of 2PM, this stability analysis confirms that
while moderate noise amplification occurs during DW generation, it remains well within a man-
ageable range and can be effectively mitigated through the use of low-noise input pulses and a

mechanically robust experimental setup.

4.2 Technical Implementation and Experimental Characterization

4.2.1 Experimental Laser and Imaging Setup

Guided by the numerical optimization results, an experimental setup was developed to realize
wavelength-tunable DW generation for multicolor deep-tissue two-photon brain imaging. The
overall configuration, illustrated in Fig.4.6 (a), consists of a laser source and a two-photon-
capable scanning microscope. The laser source is the 30 MHz home-built ultrafast YFL de-

scribed in Section 4.1, however, operated at a different working point with further optimized,
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almost 2 W average power and 67 nJ output pulse energy. Figure 4.6 (b) shows the resulting
laser output spectrum together with the filtered PCF input spectrum when the TBPF is posi-
tioned at its default center wavelength of 1050 nm (FWHM = 42 nm). A rotation of the TBPF
enables a fine wavelength tuning of +4 nm, providing an effective means to optimize both the
DW conversion efficiency and the spectral position for a given pre-chirp, as discussed previ-
ously. Under these conditions, the filtered pulses exhibit an average power of 1.3 W, corre-
sponding to pulse energies of approximately 43 nJ. The YFL output is directed through a tuna-
ble bandpass filter (TBPF, 50 nm FWHM) and a transmission-grating pair (1000 lines/mm,
Coherent T-1000-1040 series), which allow independent control of the center wavelength and
the pre-chirp, respectively. The temporal characteristics of the filtered pulses were verified by
AC measurements, as shown in Fig.4.6 (c), verifying a compressed pulse duration of 38 fs
(FWHM, Gaussian fit), in excellent agreement with the corresponding FTL of 36 fs.

Following pre-chirp adjustment by the GP, the filtered pulse train passes a HWP that aligns
the polarization with the fast axis of a 30 mm long polarization-maintaining PCF (NKT LMA-
PM-5) used for DW generation. The beam, with a diameter of approximately 1.5 mm, is mode-
matched to the PCF using a 4 mm focal-length aspheric lens (FL; Thorlabs C340TME-B),
achieving a coupling efficiency of roughly 75%. After propagation through the fiber, the output
is collimated with a 4.5 mm lens (CL; Thorlabs C230TMD-B), resulting in a beam diameter of
about 0.9 mm. A subsequent beam-expander assembly (L1: 75 mm, L2: 200 mm; 2.7% magni-
fication) enlarges the beam to approximately 2.4 mm before entering the scanning microscope.
Finally, a reflective variable neutral-density attenuator (Thorlabs NDC-25C-4M-B) is placed
before the microscope input to enable continuous power control during imaging. This allows
the average power on the sample to be dynamically adjusted, ensuring a stable fluorescence
signal during deep-tissue imaging experiments.

Two-photon brain imaging experiments are performed using a commercial scanning micro-
scope (Thorlabs MPM-2PKIT) equipped with an 8 kHz resonant scanner and a ~30 Hz galva-
nometric mirror for rapid FOV acquisition. The imaging objective was a 25x water-immersion
lens (Olympus XLPLN25XWMP2) with a NA of 1.05, a working distance of 2 mm, and a free
back-aperture diameter of approximately 12.5 mm. With a 5x magnification between the scan
and tube lenses, the input beam diameter of ~2.4 mm was well matched to the objective’s back
aperture, ensuring optimal spatial resolution. The total insertion loss from the microscope input
to the sample plane was measured to be approximately 40%.

A dichroic mirror (DM; Semrock FF665-Di02-25%36) separated the excitation beam from
the epi-collected two-photon fluorescence. The emitted signal is further spectrally filtered by a
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bandpass filter (BPF) matched to the fluorophore’s emission band before detection with an am-
plified photomultiplier tube (PMT; Thorlabs PMT2101), which provides maximum sensitivity
around 580 nm. The sample was mounted on a motorized XY translation stage, while the z-
position was adjusted via a precision translation mount driven by a software-controlled stepper
motor actuator (Thorlabs Z825B). To maintain a compact and technically streamlined system
design, no additional dispersion pre-compensation are implemented in the optical path. Never-
theless, the available pulse parameters provided sufficient peak power for high-quality struc-

tural imaging, as demonstrated in the following Sections.
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Figure 4.6: Experimental realization of the wavelength-tunable DW source and its integration into the two-photon
imaging system. (a): Experimental setup used for wavelength-tunable DW generation and two-photon deep-tissue
neuronal imaging. TBPF: tunable bandpass filter, HWP: half-wave plate, FL: focusing lens, CL: collimation lens,
BPF: bandpass filter, L: lens, ATT: attenuator, DM: dichroic mirror, PMT: photomultiplier tube. (b): Output spec-
trum of the YFL (cyan) together with the 1050/60 nm filtered spectrum used as input to the PCF (blue). (¢):
Measured autocorrelation trace of the filtered PCF input pulse compared to the calculated FTL pulse (gray). (d)

Measured lateral PSF obtained from three sub-resolution fluorescent microspheres, as highlighted in the inset.
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Data and image acquisition were carried out using the commercial control software
(Thorlabs ThorlmageLS) and its integrated data acquisition card (DAQ, AlazarTech ATS9440).
The acquisition timing was internally synchronized to the 8 kHz resonant scanner but not phase-
locked to the 30 MHz repetition rate of the YFL. Consequently, each pixel integrated fluores-
cence signals from approximately three to four excitation pulses, depending on the relative tim-
ing between the scanner-derived pixel clock and the laser pulse train. This asynchronous exci-
tation scheme is typical for resonant-scanning two-photon microscopy systems operating with
high-repetition-rate lasers, where direct synchronization is often impractical due to hardware
limitations. To mitigate pixel-to-pixel intensity variations arising from this effect, a ten-frame
averaging protocol was applied in all subsequent structural imaging experiments, ensuring ef-
fective suppression of temporal noise and high signal consistency, as confirmed in the next
Section.

The spatial resolution of the two-photon microscope was quantified by measuring the PSF
using sub-resolution fluorescent microspheres (Invitrogen PS-Speck Green) with a nominal di-
ameter of 175 nm. The beads were embedded in 2% agarose (1:100 dilution) and imaged at an
excitation wavelength of 920 nm. A representative image of the fluorescent beads is shown in
the inset of Fig.4.6 (d), corresponding to a 23.5 x 23.5 um field of view with a pixel size of
0.046 um. The normalized fluorescence intensity profiles of three beads (A, B, and C) were
analyzed to determine the averaged lateral PSF, as displayed in Fig.4.6 (d). The extracted
FWHM yielded a lateral resolution of 639 = 21 nm (SEM), which is close to the theoretical
diffraction limit of approximately 438 nm. The remaining deviation can be attributed to slight

optical misalignments and chromatic aberrations within the microscope and scanning optics.

4.2.2 Experimental Results and Discussion

The described laser system was employed to generate energetic DWs with tunable center wave-
lengths by adjusting the pre-chirped pulse duration, the average input power P, (including the
75% coupling efficiency), and the center wavelength A, of the pulse launched into the PCF. As
shown in Fig.4.7 (a), together with the corresponding input parameters, this approach enables
SCG within the PCF featuring a continuously tunable DW peak spanning from 880 nm to 950
nm. The pulse duration at the PCF input corresponds to the FWHM of the measured AC trace,
assuming a Gaussian pulse shape, while the center wavelength is determined from the 10 dB
spectral bandwidth. Although the generated SCs extend over more than an octave for each
working point, a pronounced and efficient energy transfer occurs toward the phase-matched

DW wavelength region predicted by the numerical simulations. To spectrally isolate the DW
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peaks, BPFs with 25 nm FWHM and suitable center wavelengths are applied to the PCF output.
The resulting filtered spectra, shown in Fig.4.7 (b) in 10 nm increments, confirm the broad
wavelength tunability of the system across the 880-950 nm range.

The measured output average power and corresponding optical conversion efficiency of the
filtered DWs are presented in Fig.4.7 (c¢) as a function of the coupled PCF input power.
Throughout the full tuning range, the system produced pulses with average powers exceeding
200 mW, corresponding to pulse energies of approximately 6.7 nJ. At a center wavelength of
930 nm, the DW output reached a maximum average power of 380 mW (12.7 nJ), with an
optical conversion efficiency exceeding 45% across the entire tuning range and peaking at 66%
near 920 nm. Fig.4.7 (d) shows the measured temporal FWHM as function for the filtered DW's
across the full tuning range, again in 10 nm steps. Across all center wavelengths, the pulse
durations, extracted from the measured AC traces assuming Gaussian profiles, remained below
100 fs, reaching as short as 60 fs at 890 nm. Representative AC traces for selected DW wave-
lengths are shown in Fig.4.7 (e), confirming clean pulse shapes without pedestals or satellite
features.

To assess the stability of the DW generator, frequency-resolved single-sideband relative
intensity noise (RIN) measurements were performed using the SSA setup described in the pre-
vious chapters. In short, the optical pulse trains were detected with a fast, low-noise InGaAs
photodiode (Coherent ET-3000), and the resulting RF signal at ~64 MHz was filtered and am-
plified before analysis with the AM-noise function of the SSA. All measurements were con-
ducted at a constant RF power of -10 dBm to maintain a fixed shot-noise floor and ensure
comparability across all data sets. Figure 4.8 (a) shows the measured single-sideband RIN spec-
tra of the YFL compare to the output DWs at selected center wavelengths (880 nm, 920 nm,
and 950 nm), together with the corresponding integrated RIN (inset) between 1 Hz to 15 MHz
offset-frequency. The YFL, with an integrated RIN of approximately 0.25% across the full
measurement bandwidth, served as a low-noise reference for comparison.

In contrast, the DW outputs showed increased RIN levels as a result of nonlinear noise
transfer and quantum noise amplification during soliton fission and DW emission (see Section
2.3 of this dissertation), accompanied by broadband amplification of the RIN spectral density
at frequencies above roughly 90 Hz. Among the characterized DW wavelengths, the 920 nm
output showed the lowest integrated RIN of about 1.1%, while the 880 nm and 950 nm outputs
showed slightly higher values of approximately 2.1% and 2.2%, respectively.
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Figure 4.7: Experimental characterization of wavelength tunable DW generation. (a) Measured supercontinuum
spectra generated in the PCF for varying input parameters including coupled average power (with 75% coupling
efficiency), center wavelength, and pulse duration (FWHM assuming a Gaussian pulse shape), showing DW peaks
tunable from 880 to 950 nm in 10 nm steps. (b): Spectra of the filtered DW components extracted from the corre-
sponding SC outputs. (c): Measured DW output average power and optical conversion efficiency as a function of
the coupled PCF input power. (d): Corresponding temporal FWHM of the measured AC traces assuming Gaussian
pulse profiles. (e) Representative AC traces of the filtered DWs at selected center wavelengths.

These experimental results align well with the numerical simulations, which predicted a
relative peak-power fluctuation of ~0.73% for the 920 nm DW (see Fig.4.5 (f)). The slightly

higher RIN observed experimentally can be attributed to additional technical noise sources not
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included in the simulation, such as amplified spontaneous emission from the YFL, which can
increase the effective input noise beyond the shot-noise-limited quantum fluctuations assumed
in the model.

To further assess the pulse-to-pulse intensity stability of the DW generator under realistic
operating conditions, the SHG signal produced in a 3 mm-long, type-I1 phase-matched BBO
crystal (B = 23°) was characterized using the 950 nm DW output. Owing to its nonlinear de-
pendence on peak power, the SHG signal serves as a sensitive probe of pulse energy fluctua-
tions and provides a direct measure of temporal frame-to-frame stability relevant to two-photon
imaging performance.

For comparison, the SHG stability of the driving YFL was also evaluated as a low-noise
reference. At both wavelengths, SHG was performed with an average input power of 50 mW,
focused into the BBO crystal using a 19 mm focal-length lens (Thorlabs AC-127-019-B), yield-
ing approximately 20% conversion efficiency. The relative noise of both sources was quantified
by recording the root-mean-square (RMS) voltage fluctuations (AV/V) of the photo-detected
pulse trains at a 0.1 Hz sampling rate over a 600 s interval using a digital oscilloscope (Rohde
& Schwarz HMO722). The YFL fundamental near 1030 nm was monitored with a fast InGaAs
photodetector (Coherent ET-3010), while the YFL SHG at 515 nm, the DW fundamental at 950
nm, and the corresponding DW SHG at 475 nm were detected using a Si-based photodetector
(Thorlabs PDA10A2).

As shown in Fig.4.8 (b), the SHG spectrum of the YFL reveals a clean and symmetric peak
centered at approximately 515 nm, confirming efficient frequency doubling of the fundamental
emission near 1050 nm. The corresponding temporal stability traces in Fig.4.8 (¢) reveal rela-
tive RMS AV/V fluctuations of about 1.0% in the SHG signal and 0.68% in the fundamental,
demonstrating the excellent stability of the driving laser. In comparison, the SHG spectrum of
the 950 nm DW, shown in Fig.4.8 (d), is centered around 475 nm and maintains a similarly
clean spectral shape. However, as illustrated by the corresponding AV/V traces in Fig.4.8 (e),
the DW output has higher pulse-to-pulse fluctuations, with RMS noise levels of approximately
5% in the SHG signal and 1.8% in the fundamental.

These results indicate that while the DW generation process introduces moderate additional
intensity noise, the overall stability remains sufficient for robust two-photon imaging applica-
tions. Overall, the demonstrated performance with sub-100 fs pulse durations and multi-nJ en-
ergies across a tunable 880-950 nm range highlights the suitability of the developed system as
a versatile source for deep-tissue, wavelength-multiplexed two-photon neural imaging which

will be verified experimentally on multiple samples in the next section.
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Figure 4.8: Frequency- and time-domain stability characterization of the tunable DW generator. (a): Single-side-
band RIN spectra (1 Hz to 15 MHz) of the driving YFL (gray) and the DW outputs centered at 880 nm (blue), 920
nm (green), and 950 nm (yellow). The inset shows the corresponding integrated RIN values of 0.25 % (YFL), 2.1
% (880 nm), 1.1 % (920 nm), and 2.2 % (950 nm). (b): Measured SHG spectrum of the YFL output (~1050 nm
fundamental) centered at 515 nm. (c): Corresponding time traces of the normalized SHG (blue) and fundamental
(gray) signals showing RMS fluctuations of 1.0 % and 0.68 %, respectively. (d): SHG spectrum of the 950 nm
DW output centered at 475 nm. (e): Corresponding time traces of the DW SHG (cyan) and fundamental (gray)
signals, revealing higher RMS fluctuations of ~5 % and 1.8 %, respectively.
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4.3 Application for Advanced Deep-Tissue Two-Photon Microscopy

4.3.1 Neurovascular Deep-Tissue Imaging in GFP-labeled Mouse Hippocampus

As an initial demonstration of the system’s flexible deep-tissue two-photon imaging capabili-
ties, the wavelength-tunable DW generator was applied to visualize neuronal and vascular
structures in the hippocampus of a transgenic mouse model ubiquitously expressing EGFP,
which has an excitation peak near 920 nm [47]. To match the EGFP excitation maximum, the
DW source was tuned to a center wavelength of 920 nm and adjusted for optimal excitation

efficiency while minimizing photobleaching and photodamage.
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Figure 4.9: Deep-tissue two-photon imaging of EGFP-labeled mouse hippocampus using the DW generator tuned
to a 920 nm center wavelength. (a): Depth-resolved imaging of the CA1 (cornu ammonis 1) hippocampal region
in 100 pm steps up to a maximum depth of 600 um, within a 443 x 443 um field of view (1024 x 1024 pixels).
Soma of pyramidal neurons located in the stratum pyramidale (sp) and their dendritic projections in the stratum
radiatum (sr) and stratum lacunosum-moleculare (slm) are clearly resolved together with vascular structures. (b):

Representative images at selected imaging depths, shown in the same FOV.

Under these conditions, the system delivered an average power of 310 mW (corresponding
to ~10 nJ pulse energy) and a pulse duration of ~74 fs, as shown in Fig.4.7. A 520/36 nm
bandpass filter (EO #67-030) was positioned in front of the PMT (see Fig.4.6 (a)) to isolate the
EGFP fluorescence. Detailed information on the animal handling and sample preparation is

provided in the Appendix of this dissertation, Section 8.3.1.
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Figure 4.9 (a) presents a depth-resolved image stack of the mouse hippocampus acquired
up to an imaging depth of 600 um in steps of 100 um. Each frame covers a 443.3 x 443.3 um
field of view (1024 x 1024 pixels) with a pixel size of 0.433 um and a dwell time of 0.122 ps.
To suppress background noise, each image represents the average of ten consecutive frames
acquired at ~10 frames per second, corresponding to an effective acquisition time of approxi-
mately five seconds per depth. To maintain a constant fluorescence level during deeper imag-
ing, the average power on the sample was gradually increased using the attenuator (ATT) from
8 mW at the surface (28 mW at the system input) to 59 mW at the maximum imaging depth of
600 um (168 mW at the input).

To further illustrate the system’s imaging performance, Fig.4.9 (b) shows representative
frames extracted from the depth scan at selected imaging depths. Up to approximately 250 um,
distinct layers of pyramidal neurons in the CA1 region, together with their projections in the
stratum radiatum (sr) and stratum lacunosum-moleculare (slm), are clearly resolved along with
several blood vessels. At larger depths (e.g., z = 400 um), the neuronal projections gradually
lose contrast, while the somata remain discernible. This characteristic degradation in fine-struc-
ture visibility is typical for two-photon microscopy and arises from increased background emis-
sion and scattering-induced blurring at higher excitation powers, particularly near the sample

surface [32,38].

4.3.2 Resolving Neuronal Nuclei in Deep SO-labeled Mouse Cerebellum

To further demonstrate the wavelength-tunable deep-tissue two-photon imaging capability of
the developed system, the DW generator was applied to visualize and distinguish individual
neuronal nuclei within a stained mouse brain cerebellum. The sample consisted of a prepared
slide (SunJin Lab FluoTissue) containing a 550 um-thick mouse brain section, multi-labeled
with Alexa Fluor 488 for blood vessels, SYTOX Orange (SO) for neuronal nuclei, and Alexa
Fluor 647 for dopaminergic neurons. The tissue was mounted using an optical clearing reagent
(SunJin Lab RapiClear 1.52) and sealed between a microscopy slide and a glass cover slip.
Two-photon imaging was performed with the DW generator tuned to a center wavelength of
950 nm, providing efficient excitation of SO-labeled neuronal nuclei [133]. At this working
point, the source delivered a maximum average power of 340 mW (corresponding to ~11 nJ
pulse energy) and a pulse duration of approximately 96 fs, as shown in Fig.4.7. To isolate the
SO fluorescence, a 572/28 nm bandpass filter (EO #84-100) was placed in front of the PMT, as
indicated in Fig.4.6 (a).

To evaluate deep-tissue imaging performance using the 950 nm DW excitation, Fig.4.10 (a)

presents a depth scan of the mouse cerebellum down to 450 pm in steps of 100 um. Each frame



Tunable Deep-Tissue Two-Photon Imaging Platform Based on Dispersive-Wave Excitation
106

was acquired within a 595 % 594 um field of view (1024 x 1024 pixels) with a pixel size of
0.581 um and a dwell time of ~0.2 ps, corresponding to the average of ten consecutive frames
(~10 frames/s, ~5 s total acquisition time). To maintain a consistent fluorescence level on the
detector with increasing imaging depth, the average power on the sample was gradually in-
creased using the ATT, from 23 mW (57 mW at the system input) at the surface (z =0 pm) to
76 mW (190 mW at the input) at the maximum depth (z = 450 pm). As shown, the resulting
depth stack clearly resolves neuronal nuclei and blood vessels in both the molecular and gran-

ular layers of the cerebellum throughout the full sample thickness of 450 pm.
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Figure 4.10: Deep-tissue two-photon imaging of SYTOX Orange-labeled mouse cerebellum using the 950 nm
output of the DW generator. (a): Depth-resolved imaging of a SYTOX Orange—stained cerebellar slice acquired
in 100 pm steps down to a maximum depth of 450 um, within a 595 x 595 um field of view (1024 x 1024 pixels).
(b): Representative images at imaging depths of 50 um and 450 um acquired in the same field of view, with marked
regions of interest (ROIs A and B) magnified by approximately 2.9x to a 208 x 208 um field of view (358 x 358
pixels). The magnified ROIs illustrate the system’s ability to resolve individual cerebellar granule-cell nuclei

across the full imaging depth.

Cerebellar granule-cell nuclei typically have diameters of ~5 pm, well above the lateral
resolution of the two-photon system [194], and thus provide suitable structural references for
assessing imaging performance. Figure 4.10 (b) displays representative images obtained at z =
50 um and z = 450 um, including marked regions of interest (ROIs A and B). These ROlIs are
shown with 2.9% magnification, corresponding to a 208 x 208 um field of view (358 x 358
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pixels). ROI A, acquired near the surface (z =50 pm), reveals clearly resolved individual neu-
ronal nuclei within the granular layer. In contrast, ROI B, imaged at the maximum depth of 450
um, exhibits reduced contrast due to increased background and scattering-induced noise. Nev-
ertheless, the granular nuclei remain distinguishable, confirming that the 950 nm DW excitation

enables stable, high-resolution imaging across the entire accessible depth range.
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Figure 4.11: Effect of frame averaging on image quality and quantitative noise suppression in two-photon fluo-
rescence imaging. (a) Two-photon images of SYTOX Orange—labeled neuronal nuclei in fixed mouse cerebellum
acquired at 950 nm excitation for different numbers of averaged frames (N =0, 3, 6, 10, 12, 15). All images were
obtained under identical excitation and acquisition conditions. (b): Quantitative analysis of the standard deviation
of pixel intensities within four representative regions of interest (ROIs 1-4, shown in the inset). (c): Corresponding

SNR for the same ROIs.

Overall, this experiment highlights the strong deep-tissue imaging performance of the DW-
based excitation source. Compared to the EGFP-labeled hippocampal images shown in Fig.4.9,
the SO-stained sample exhibits noticeably enhanced contrast and overall image quality. This
improvement is attributed to both the optical clearing process and the highly specific labeling

of neuronal nuclei by SO, resulting in a substantially improved signal-to-background ratio.
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To evaluate the influence of temporal noise and frame averaging on image quality, two-
photon fluorescence imaging was performed on fixed mouse cerebellum tissue labeled with SO
to visualize neuronal nuclei, using the DW output centered at 950 nm (corresponding to the
stability characterization in Fig. 4.8). Image stacks were repeatedly acquired at an imaging
depth of 200 um over a 461 x 461 um field of view (1024 x 1024 pixels, 0.45 um pixel size)
while systematically varying the number of averaged frames (N = 0, 3, 6, 10, 12, 15). The
average excitation power on the sample was kept constant at approximately 25 mW for all
measurements.

Magnified ROIs of the acquired images (272x271 pixels, 0.45 pm pixel size) for varying N
are shown in Fig.4.11 (a). Without averaging (N = 0), minor frame-to-frame brightness fluctu-
ations, and reduced contrast can be observed. Increasing the number of averaged frames pro-
gressively suppresses temporal noise and enhances image uniformity, with pronounced im-
provement already observed at N = 3. Quantitative analysis of the pixel intensity statistics
within four representative ROIs, shown in Fig. 4.11 (b) and (c), confirms this trend: the standard
deviation decreases steeply for the first few averages and approaches a stable baseline beyond
N = 3, while the corresponding SNR rises sharply before saturating at higher averaging levels.
These results demonstrate that the DW-based imaging system maintains excellent temporal sta-
bility and achieves high image consistency even under short integration times. Overall, the
noise transfer analysis confirms the suitability of the 950 nm DW source for high-speed and
time-resolved two-photon imaging, particularly when additionally combined with standard

noise-suppression techniques such as active feedback or passive pulse stabilization.

4.4 High-Resolution Structural Imaging Across Diverse Biological Systems

To demonstrate the versatility of the DW-generator for 2PM application beyond the deep-tissue
imaging experiments described previously, a diverse set of biological, crystalline, and synthetic
samples were imaged at excitation wavelengths centered between 920-960 nm (Fig.4.12). To-
gether, these datasets highlight the system’s ability to generate high-resolution structural con-
trast across immunolabeled tissue, genetically encoded fluorescence, coherent nonlinear mate-
rials, and strongly scattering polymer particles.

Imaging parameters (FOV, pixel size, illumination power, etc.) were individually optimized
for each sample to avoid saturation and photodamage while maximizing SNR. Because fluo-
rescence brightness, scattering strength, emission spectra, and nonlinear response differ
strongly between specimens, imaging settings are not identical across the different panels in

Fig.4.12. Typical ranges include FOVs between 700-150 pm?, pixel sizes of 0.72-0.3 um/pixel,
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excitation powers of 8-20 mW at the sample, and frame rates of 15-20 Hz. All images shown
in Fig. 4.12 represent the optimal acquisition conditions for their respective specimens.

The first set of images (Fig.4.12 (b) and (c)) shows 2P fluorescence in AF488-labeled cor-
tical tissue. As illustrated in Fig.4.12 (a), sections of adult mouse cortex were stained using a
MAP?2 primary antibody followed by an AF488-conjugated secondary antibody, resulting in
strong cytoskeletal labeling of neuronal somata and dendritic processes. Under DW excitation
at 920 nm with a spectral FWHM of 20 nm, the system resolves densely packed neuronal cell
bodies, axonal projections, and fine structural detail across FOVs up to ~700 pm?. A zoomed-
in region (A, 5X magnification) reveals individual soma boundaries, axon fibers, and subcellu-
lar features at near-diffraction-limited resolution, consistent with the measured PSF described
in Section 4.2.

A second fluorescence dataset (Fig.4.12 (d-f)) is obtained in GFP-expressing mouse retina
from the same mouse model that provided the hippocampal brain tissue in Fig.4.9. Despite the
inherently high scattering of retinal tissue, the DW generator provides uniform excitation and
high-contrast structural detail across multiple FOVs. Retinal layers, fiber tracts, blood-vessels,
and densely packed photoreceptors are clearly visible in all regions imaged. A high-magnifica-
tion inset (B, 5X magnification) resolves individual photoreceptor somata and fine fiber struc-
tures, demonstrating that the resolution achieved in cortical tissue is preserved across different
biological preparations with substantially different optical properties. The ability to maintain
structural fidelity in retina further underscores the robustness of the excitation pulses and the
stability of the microscope alignment.

To test coherent nonlinear contrast under the same excitation architecture, SHG imaging
was performed on Thaumatin protein crystals (Fig.4.12 (g) and (h)). Thaumatin forms strongly
non-centrosymmetric crystalline arrangements that generate pronounced second-harmonic sig-
nals. The SHG images reveal planar facets, internal crystalline domains, and localized precipi-
tation features. Differences in morphology and crystal orientation across the two FOVs confirm
consistent SHG performance and demonstrate that DW excitation maintains sufficient coher-
ence and peak power for efficient SHG imaging.

Finally, two types of environmental microplastic fragments, polyethylene terephthalate
(PET) and polypropylene (PP), were imaged without fluorescent staining (Fig.4.12 (i) and (j)).
Nonlinear contrast in these materials is achieved through a combination of autofluorescence,
nonlinear luminescence, and structural scattering. The PET fragment displays sharp edges, in-

ternal stress features, and layered morphology, whereas PP shows coarse fragmentation and
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amorphous surface texture. Despite their strong scattering and heterogeneous nature, both ma-
terials are resolved with high contrast and structural clarity. The ability to image non-biological
materials with significantly different nonlinear response demonstrates that the DW source is

not limited to fluorescent tissue and performs reliably in synthetic and environmental samples.
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Figure 4.12: High-resolution and multimodal two-photon imaging enabled by the tunable DW generator. (a):
Workflow of mouse brain sample preparation and MAP2 immunolabeling, together with the excitation DW (~920
nm) used for imaging. Created in part BioRender.com (b) Two-photon fluorescence (2PEF) image of AF488-
labeled cortical neurons showing densely packed somata and axonal processes. (¢) Second cortical region with
zoomed view (A, 5X) highlighting individual neuronal cell bodies. (d—f) Three distinct fields of view of GFP-
expressing mouse retina acquired under identical conditions; high-magnification inset (B, 5X) from panel (f) re-
veals the clearly resolved photoreceptor mosaic and fine fiber structure. (g,h): SHG imaging of Thaumatin protein
crystals, illustrating strong coherent structural contrast and variation in crystalline morphology. (i,j): 2P structural

autofluorescence imaging of environmental microplastic fragments composed of PET and PP.
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Together, the fluorescence, SHG, and label-free datasets in Fig. 4.12 demonstrate that the
dispersive-wave generator enables high-resolution two-photon excitation across a broad range
of biological and non-biological samples. The consistent spatial detail observed in immuno-
labeled neurons, genetically encoded retinal fluorescence, crystalline protein structures, and
synthetic polymer fragments highlights the compatibility of DW-based excitation with diverse
contrast mechanisms and sample classes. These results extend the platforms applicability be-

yond deep-tissue neuroimaging and verifies its suitability for multimodal two-photon imaging.

4.5 Deep-Tissue 2PM Platform: Summary and Discussion

This chapter demonstrates a fiber-optic, wavelength-tunable two-photon excitation platform
realizing the deep-tissue branch of the unified photonic imaging framework developed in this
dissertation. Building on the theoretical foundations of nonlinear pulse propagation and noise
transfer established in Chapter 2, and the low-noise fiber-optic subsystems introduced in Chap-
ter 3, the presented system combines an energetic all-PM Yb-fiber laser with precisely engi-
neered SCG and DW generation in PCFs to enable application-optimized excitation for deep-
tissue two-photon brain imaging across diverse modalities.

The developed DW source provides sub-100 fs pulses with energies exceeding 6.7 nJ over
a continuously tunable spectral range from 880 to 950 nm, achieving optical conversion effi-
ciencies of up to 65 %. Comprehensive numerical simulations elucidate the physical mecha-
nisms governing DW formation, spectral tunability, and noise transfer, enabling a predictive
and reproducible experimental implementation. The resulting wavelength agility supports ex-
citation-matched two-photon imaging across diverse fluorophores and neuronal markers, yield-
ing high-resolution visualization of neuronal and vascular structures at substantial imaging
depths. Imaging at 920 nm enabled detailed reconstruction of neuronal morphology in EGFP-
labeled hippocampal tissue to depths approaching 600 um, while excitation near 950 nm per-
mitted clear resolution of individual neuronal nuclei in SO-labeled cerebellar tissue to depths
of approximately 450 um. Additional imaging in brain and corneal tissue, crystallized proteins,
and polymers demonstrates robust, high-contrast structural imaging across biological and syn-
thetic systems, verifying the platforms versatility and stability under realistic experimental con-
ditions.

In the context of this dissertation, the DW-based deep-tissue two-photon imaging platform

constitutes a concrete realization of a noise-resilient, spectrally agile fiber-optic excitation sys-
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tem tailored to demanding biomedical imaging applications. In the following chapter, this uni-
fied photonic framework is extended toward chromatically multiplexed excitation, enabling

multicolor and multi-target 2PM.
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5 Multicolor Two-Photon Imaging Platform Enabled by
Deterministic Spectral Engineering

The information content and functional versatility of 2PM platforms can be substantially ex-
panded through spectrally multiplexed excitation, enabling the simultaneous visualization of
multiple fluorophores or dynamic processes within a single specimen. This approach, subse-
quently referred to as chromatically multiplexed two-photon microscopy (CtM-2PM), has re-
cently driven major biomedical research advancements. For instance, Rakhymzhan et al. visu-
alized germinal center reactions in living lymph nodes using CrM-2PM with spectral unmix-
ing [195], while Abdeladim et al. achieved subcellular-resolution, whole-brain imaging in
Brainbow-labeled mice, enabling detailed mapping of neuronal connectivity [196].

Despite its transformative potential, realizing high-performance CrM-2PM remains techni-
cally demanding. Efficient multicolor excitation requires the simultaneous availability of spec-
trally distinct, ultrashort, and energetic pulses, each tuned to the absorption maxima of relevant
fluorophores [32]. Three principal strategies have been pursued to achieve this goal: (i) em-
ploying multiple synchronized femtosecond lasers at different wavelengths [86,197], (i) using
nonlinear wavelength conversion to derive multiple colors from a single source [198,199], or
(ii1) generating broadband continua that cover several excitation bands [133,200,201]. Among
these, fiber-based broadband sources offer distinct advantages in compactness, robustness, and
cost-efficiency, key factors for turnkey and clinical systems.

While Ti:Sa-laser based parametric sources have long dominated multicolor excita-
tion [88,202], YFLs have emerged as highly promising alternatives due to their stability, ther-
mal efficiency, and compatibility with newly emerging yellow-shifted fluorophores such as
yellow fluorescent protein (YFP) [130] and the recently developed calcium indicator jYC-
aMP6 [60]. Owing to their relatively narrow gain bandwidth (~1020-1080 nm), broadband YFL
systems typically rely on nonlinear spectral broadening in PCFs to access multiple excitation
bands [71,203]. Combined with the latest advances in ultra-low-noise and self-stabilized mode-
locked fiber oscillators [73], this approach has enabled the first fully fiber-based CrM-2PM
systems.

Several important proof-of-concept demonstrations highlight both the potential and the lim-
itations of this approach. Li et al. realized multicolor CrM-2PM via Cherenkov and Raman gain
processes in PCF [131], while Chou ef al. [133] and Hsiao ef al. [201] employed SPM and sol-
iton dynamics to generate broadband continua enabling four-color excitation in Brainbow-la-
beled mouse brain tissue. However, such broadband continua typically exhibit wide spectral

bandwidths (150-200 nm per channel), dispersing energy across wavelength regions rather than
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concentrating it at specific excitation maxima. This results in reduced excitation efficiency,
higher cross-talk, and increased risk of out-of-band phototoxicity [204,205]. For deep-tissue
applications, the broad spectra further lead to temporal broadening and peak-power loss through
tissue dispersion and scattering [206].

To address these limitations, recent research has focused on spectrally engineered nonlinear
conversion in PCFs, exploiting controlled DW generation (see Section 4 or Ref. [207]) and
tailored SPM [189,208] to produce tunable, spectrally concentrated outputs. Such approaches
have already demonstrated high-performance single-channel 2PM excitation [209—212] and,
more recently, dual-color excitation in auto-fluorescent plant tissue [132]. Nonetheless, these
implementations have remained largely restricted to single-fluorophore excitation or simplified
dual-color imaging outside of mammalian biomedical contexts.

The simultaneous generation of multiple, spectrally isolated, high-energy peaks matched to
the excitation maxima of common fluorophores used in neuroscience and biomedical imaging
has so far remained unexplored. Moreover, no previous study has systematically combined nu-
merical modeling of nonlinear PCF dynamics with experimental realization to produce a fiber-
based system capable of delivering multiple ultrashort, high-energy pulses optimized for effi-
cient, low cross-talk CrM-2PM in complex, multi-labeled tissue.

In this chapter, we present the numerically designed and experimentally validated three-
color wavelength conversion scheme developed for our ultrafast Yb-fiber laser platform. Build-
ing upon the low-noise and high-energy performance of the source introduced in Chapter 4, we
simulate and realize controlled nonlinear broadening in PCF to achieve three spectrally distinct
and energetically concentrated outputs centered at 940 nm, 1080 nm, and 1175 nm, closely
aligned with the excitation bands of major biological fluorophores. The generated sub-115 fs
pulses, each with 2.5-6 nJ of pulse energy, provide efficient three-color excitation without the
need for multiple synchronized lasers or active wavelength tuning. We further demonstrate the
application of this spectrally engineered output for multiplexed three-color two-photon imaging
in triple-labeled mouse brain, kidney, and liver tissues, confirming the platform’s capability to
resolve complex biological structures across distinct fluorophore channels. This chapter thus
integrates numerical design, nonlinear wavelength conversion, and multicolor imaging valida-
tion, establishing a robust and compact fiber-based architecture for next-generation CrM-2PM
and related biomedical imaging modalities.

Parts of this chapter are based on results previously published by the author in the following

preprint:
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e M. Edelmann et al., “Multiplexed brain and visceral two-photon imaging using a simu-
lation-guided ultrafast three-color fiber laser,” bioRxiv, DOI: 10.1101/2025.06.
19.660526 (2025).

All sections have been revised, expanded, and re-formatted to provide a unified presentation

and additional discussion in the context of this dissertation.

5.1 Experimental Laser and Imaging Setup

As a first step, the experimental configuration of the three-color laser source and the integrated
imaging system is presented. Figure 5.1 (a) shows the implemented wavelength-conversion
setup, which builds upon the numerically optimized YFL introduced in chapter 4.1. The laser
delivers a 30 MHz pulse train centered at 1028 nm, providing the input for nonlinear wavelength
conversion in a PCF. The emerging broadband output is subsequently spectrally divided into
three distinct bands using a series of dichroic mirrors (DM 1-DM4) and bandpass filters (BPF2-
BPF4), producing three energetic, temporally synchronized color channels centered at approx-
imately 940 nm, 1080 nm, and 1175 nm. Each channel is individually collimated, compressed,
and recombined using telescopes (T1-T3) and mirrors (M2-M4) to form the multiplexed mul-
ticolor excitation beam delivered to the microscope.

The multicolor two-photon imaging system, shown in Fig.5.1 (b), is based on a resonant-
galvo scanning microscope (Thorlabs MPM-2PKIT) similar to the previous experiments,
equipped with an 8 kHz resonant scanner and a 30 Hz galvo mirror to scan the FOV in the x-y
plane. The multiplexed three-color beam is focused onto the sample using a 25% water-immer-
sion objective (Olympus XLPLN25XWMP2, NA = 1.05, WD = 2 mm) and the resulting two-
photon fluorescence signal is epi-collected through the same objective. For spectral separation
and detection, the emitted fluorescence is sequentially split by a set of dichroic mirrors (DM5-
DMT7; cut-on wavelengths: 532 nm, 635 nm, 775 nm) and directed onto three GaAsP photo-
multiplier tubes (PMT2101, Thorlabs) optimized for a detection range of 300-720 nm with peak
sensitivity at 550 nm. Additional bandpass filters (BPF5: 520 + 12.5 nm, BPF6: 570 + 16 nm,
BPF7: 670 + 12.5 nm) are positioned before each PMT to isolate the emission of Alexa Fluor
488, SYTOX Orange, and Alexa Fluor 647, respectively, minimizing spectral cross-talk be-
tween channels. Image acquisition and system control are performed via ThorlmageLS soft-

ware and an AlazarTech ATS9440 data acquisition card.
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Figure 5.1: Overview of the three-color fiber-laser system and imaging setup. (a): Schematic of the nonlinear
wavelength-conversion module driven by the high-power YFL. YFL: Ytterbium fiber laser, ISO: isolator, BPF:
bandpass filter, HWP: half-wave plate, C: collimator, M: mirror, PCF: photonic crystal fiber, DM: dichroic mirror,
T: telescope. (b) Experimental layout of the custom-built scanning microscope used for multiplexed three-color

two-photon imaging. RS: resonant scanner, PMT: photomultiplier tube.

5.2 Numerical Design and Experimental Implementation

Building on the experimentally obtained ultrashort and energetic output pulses from the devel-
oped PCMA-based YFL driver (see Section 3.4), the subsequent numerical optimization fo-
cuses on broadband nonlinear spectral broadening in a PCF to achieve efficient multicolor pulse
generation for CrM-2PM. The objective is to produce a supercontinuum featuring multiple,
well-defined spectral peaks precisely aligned with the two-photon absorption bands of widely
used fluorophores across the green to red spectral window. At the same time, the generated
pulses must maintain sufficient peak power to drive strong two-photon excitation, requiring a
clean temporal profile, sub-100 fs pulse duration, and adequate pulse energy per channel.

For this purpose, three target wavelength regions are identified around 950 nm, 1100 nm,
and 1200 nm, which collectively cover a broad range of biologically relevant fluorophores
while ensuring sufficient spectral separation to prevent channel cross-talk. The 950 nm band
efficiently excites green-emitting fluorophores such as Alexa Fluor 488 and GFP, commonly
used in GFP-transgenic mice for structural neural imaging without functional interfer-

ence [213]. It also enables excitation of established calcium indicators including Fluo-4 and
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jGCaMP6, supporting live-cell imaging of neuronal activity [81,214]. The 1100 nm region is
well-suited for yellow-to-orange fluorophores such as YFP and SYTOX Orange, facilitating
neuronal labeling and nuclear staining, as well as excitation of next-generation genetically en-
coded calcium indicators (GECls) such as jYCaMP [60]. Finally, the 1200 nm spectral band is
of growing significance for advanced functional imaging, overlapping with the two-photon ab-
sorption of red and far-red dyes including Alexa Fluor 647 and ATTO 647N, both essential for
deep-tissue labeling and immunostaining [215]. Moreover, this spectral range coincides with
the optimal two-photon excitation windows of recently developed far-red GEClIs, such as FR-
GECOlaand FR-GECO1c, which show peak brightness around 1110 nm and retain strong two-
photon efficiency up to ~1200 nm [216]. It also supports high-speed voltage imaging using far-
red genetically encoded voltage indicators (GEVIs) such as the rhodopsin-based Voltron2,
which provides robust two-photon voltage-sensitive signals beyond 1100 nm, a range inacces-
sible to conventional Ti:Sa lasers [217].

To accurately reproduce the targeted spectral features and ensure precise control over the
underlying nonlinear dynamics, the wavelength-conversion process in the PCF was modeled
using the GNLSE-based numerical framework introduced in Chapter 2. As described there in
great detail, the GNLSE accounts for the relevant dispersion and nonlinear effects governing
SCQG, including SPM, self-steepening, and SRS, with included higher-order dispersion terms.
For efficient and controlled spectral broadening in the 900—1,200 nm range, the sub-50 fs, watt-
level pulses from the PCMA were launched into a large-mode-area PCF with normal (positive)
dispersion, which suppresses excessive nonlinear phase accumulation while promoting SPM-
dominated spectral shaping with two symmetric side peaks as discussed in Section 2.3. The
employed fiber (NKT Photonics PM-LMA-10) features a zero-dispersion wavelength near

1,300 nm (normal dispersion below), an effective mode-field diameter of d,rr = 8.5 pm, aNA

of 0.12 at 1,064 nm, and a nonlinear parameter of y = 3.5 W~1m™1. A complete set of simu-
lation parameters is listed in Appendix Section 8.2.

Using the experimentally measured PCMA spectrum (see Fig.4.3) with an average power
of 0.64 W (corresponding to a pulse energy of 21.8 nJ), the PCF output spectra were simulated
for a range of pre-chirp values between -0.02 ps? and 0.02 ps®. The resulting spectral evolution
is summarized in the colormap of Fig.5.2 (a).

To identify the optimal conditions for efficient three-color generation, the integrated pulse
energy within 50 nm spectral windows centered at 960 nm, 1080 nm, and 1175 nm was analyzed

as a function of the applied pre-chirp, as shown in Fig.5.2 (b).
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Figure 5.2: Numerical and experimental characterization of PCF-based three-color pulse generation. (a): Simu-
lated output spectra after 20 mm of PCF for varying input pre-chirp values. (b) Corresponding pulse energies
within 50 nm spectral windows centered at 960 nm, 1,080 nm, and 1,175 nm as a function, with indicated working
point for balanced three-color generation. (c): Simulated spectrum at the working point compared to the measured
spectrum with indicated BPF positions. (d): Measured output spectra after spectral filtering at 960 nm (green),
1080 nm (magenta), and 1175 nm (cyan). (e): Corresponding measured AC traces confirming ultrashort pulse

durations (FWHM, assuming Gaussian pulse shape) of 63 fs (960 nm), 112 fs (1080 nm), and 88 fs (1175 nm).
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A pre-chirp of approximately +0.09 ps? (corresponding to an input pulse duration of ~75 fs)
provides the most balanced energy distribution across the three bands, yielding approximately
5.2 nJ at 960 nm, 3.5 nJ at 1080 nm, and 2.5 nJ at 1175 nm. The simulated output spectrum at
this condition is shown in Fig.5.2 (c) alongside the experimentally measured spectrum obtained
under equivalent parameters (0.64 W input power, ~66 fs pulse duration). In both cases, three
well-defined peaks emerge at the target wavelengths, confirming excellent agreement between
simulation and experiment.

Using appropriately selected dichroic mirrors in combination with the bandpass filters
(BPFs) indicated in Fig.5.2 (c), i.e., 960 £ 25 nm (BPF1), 1080 £ 12.5 nm (BPF2), and 1175 +
25 nm (BPF3), the three target spectral bands were separated according to the experimental
layout shown in Fig.5.1. After accounting for the insertion losses of all optical components,
including filters and telescopes, the measured pulse energies at the microscope input were 3.1
nJ at 960 nm, approximately 2.6 nJ at 1080 nm, and 2.8 nJ at 1175 nm. The corresponding
filtered spectra are displayed in Fig.5.2 (d), while the autocorrelation traces in Fig.5.2 (e) con-
firm ultrashort pulse durations below 115 fs with clean temporal profiles across all three color-
channels. This combination of high pulse energy, distinct spectral separation, and sub-115 fs
pulse duration defines an optimal operating regime for efficient and versatile biomedical CrM-

2PM applications.

5.3 Three-Color Two-Photon Imaging in Mouse Brain Tissue

To demonstrate the versatility of the simulation-guided fiber-laser platform for advanced
biomedical imaging, three-color CrM-2PM was performed on triple-stained mouse hippocam-
pal tissue. Neuronal cytoskeletons and astrocytes were visualized using antibodies against Mi-
crotubule-Associated Protein 2 (MAP2) and Glial Fibrillary Acidic Protein (GFAP), conjugated
to Alexa Fluor 647 and Alexa Fluor 488, respectively, with efficient two-photon excitation at
1175 nm and 940 nm. MAP2 highlights the neuronal cytoskeleton, primarily labeling dendrites
and axons, whereas GFAP selectively marks the intermediate filaments of astrocytic processes.
A third imaging channel was introduced using the cell-impermeant nucleic acid stain SYTOX
Orange (SO), which labels the nuclei of all cells within the tissue, including neurons, astrocytes,
microglia, and endothelial cells, and is efficiently excited at 1080 nm via the central spectral
lobe of the PCF-broadened output. The applied staining protocol was designed to enable com-
prehensive, high-resolution, and simultaneous visualization of neuronal (MAP2-positive), glial
(GFAP-positive), and nuclear (SO-positive) components within a single imaging volume using

the three-color output of the developed fiber-laser system. The ability to resolve these cellular
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structures simultaneously provides an effective tool for neuroscientific studies requiring the
correlated analysis of cellular morphology and interactions, such as investigations of neuro-
glial coupling or the structural reorganization of hippocampal circuits in healthy and diseased

brain states.
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Figure 5.3: Multiplexed three-color two-photon imaging of the hippocampal region in triple-stained mouse brain
tissue. (a-d): Single-channel fluorescence images of the hippocampal CA1 region showing AF647-labeled neu-
ronal cytoskeletons (MAP2, cyan), SYTOX Orange-labeled nuclei (magenta), and AF488-labeled astrocytes
(GFAP, green), together with the corresponding composite overlay. (e-h): Equivalent channel sequence acquired
from the CA3 region, with highlighted regions of interest (ROIs A and B) marked in the composite image. (i):
Magnified view of ROI A, illustrating the spatial arrangement and partial colocalization of astrocytes, neuronal
nuclei, and MAP2-labeled dendritic processes. The yellow line (A1) indicates the position of the extracted fluo-
rescence intensity profile. (j): Magnified view of ROI B, showing isolated astrocytes and neuronal nuclei within a
less densely populated region. (k): Normalized fluorescence intensity profile along line A1, confirming well-sep-
arated and distinct signal distributions for all three fluorescent markers. sp, s, and s/m denote the stratum pyram-

idale, stratum radiatum, and stratum lacunosum-moleculare, respectively.
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Imaging was performed in the CA1 region of the dorsal hippocampus, a structure critically
involved in memory encoding, spatial navigation, and synaptic integration within the hippo-
campal network [218,219]. Details on the sample preparation and the animal handling are pro-
vided in the appendix, Section 8.3.2, of this dissertation. The optical power incident on the
sample was maintained at 10 mW per color channel (corresponding to 0.33 nJ pulse energy) to
ensure a high SNR and signal strength while minimizing photobleaching. Figures 5.3 (a-c) show
the individual fluorescence channels recorded from the CAl region, obtained by averaging
three consecutive frames over a 751 x 751 pm? field of view (FOV) consisting of 818 x 818
pixels (0.918 pum/pixel). Figures 5.3 (e-g) present the corresponding channels acquired in a
posterior CA1 region under identical imaging conditions within a 532 X 532 pm? FOV (580 x
580 pixels, 0.918 um/pixel). The resulting composite images for both regions are shown in
Figs.5.3 (d) and (h), respectively.

The displayed FOV's were extracted from the original image stacks of 940 x 940 um? (1024
x 1024 pixels, 0.918 pm/pixel) and rescaled to 1024 x 1024 pixels for visualization using Im-
ageJ. As illustrated, the combination of three-color laser excitation with the applied staining
strategy enables clear and spectrally separated visualization of pyramidal neuronal cell bodies
in the stratum pyramidale (sp) and their dendritic projections in the stratum radiatum (sr)
(cyan). In addition, individual neuronal nuclei (magenta) and surrounding astrocytes (green)
are distinctly resolved and spatially well separated within the imaged volumes.

In the composite image of the dorsal CA1 region shown in Fig.5.3 (h), two regions of inter-
est (ROIs A and B) are highlighted and displayed in Figs.5.3 (i) and (j), respectively. ROI A
corresponds to a 340 x 340 um? sub-region (333 x 333 pixels, 0.918 um/pixel) containing a
densely packed pyramidal layer with strongly aligned neuronal somata, associated nuclei, and
dendritic extensions. The surrounding astrocytes are clearly visualized between the neuronal
structures, revealing their complementary spatial organization within the hippocampal archi-
tecture. ROI B, covering a less densely populated area (187 x 187 um?, 204 x 204 pixels, 0.918
um/pixel), shows isolated astrocytes interspersed between sparsely distributed nuclei and neu-
ronal fibers, highlighting the system’s capability to resolve fine subcellular details and poten-
tially also local interactions and dynamics across all three spectral channels.

To quantitatively evaluate the three-color imaging performance of the system, Fig.5.3 (k)
shows the fluorescence intensity profile extracted along line A1 within ROI A (see Fig. 5.3 (1)).
The profile reveals distinct spatial distributions corresponding to the three labeled structures:

SYTOX Orange identifies densely packed neuronal soma as sharp peaks, MAP2 delineates sur-
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rounding dendritic and axonal structures as broader intensity regions, and GFAP exhibits local-
ized peaks adjacent to or between neuronal layers, consistent with the known spatial organiza-
tion of astrocytes enveloping neuronal elements. The minimal overlap between channels and
the high signal-to-background ratio confirm effective spectral separation, negligible cross-ex-
citation, and robust target specificity, thereby validating the developed laser system’s capability
for simultaneous CrM-2PM imaging of multiple, spatially distinct cellular structures within

complex brain tissue.

5.4 Three-Color Two-Photon Imaging in Mouse Kidney and Liver Tissue

To further demonstrate the versatility and broad applicability of the developed three-color
fiber-laser system across different biological samples, three-color CrM-2PM was next applied
to structurally labeled mouse liver and kidney tissues. The reference samples (FluoTissue, Sun-
Jin Lab) were mounted on prepared microchamber slides using the aqueous tissue-clearing
agent RapiClear 1.52 (SunJin Lab) and stained with Alexa Fluor 488 and SYTOX Orange to
label blood vessels and nuclei, respectively. In addition, anti-TUJ1 (anti-BIII-tubulin) antibod-
ies conjugated with Alexa Fluor 647 were used to label neurons of the peripheral nervous sys-
tem. Imaging was performed using the three-color fiber-laser system with an average optical
power of ~10 mW per channel at the sample plane, ensuring strong two-photon fluorescence
signals while avoiding photobleaching.

Figure 5.4 presents representative images of the triple-stained mouse liver and kidney tissue
sections, acquired over a 940 x 940 um? field of view (1024 x 1024 pixels at 0.918 pm/pixel)
and averaged over three consecutive frames. In the liver tissue images shown in Figs.5.4 (a-d),
individual fluorescence channels correspond to neuronal fibers (anti-TUJ1/AF647, cyan), nu-
clei (SYTOX Orange, magenta), and vasculature (AF488, green), with the merged composite
in Fig.5.4 (d) illustrating the spatial organization of these structural components. Similarly,
Figs.5.4 (e-h) show images of kidney tissue obtained using the same three-color excitation and
detection scheme, with single-color channels presented in Figs.5.4 (e-g) and the combined com-
posite image in Fig.5.4 (h).

Two magnified regions of interest (ROIs A and B) marked in Figs.5.4 (e) and (h) are shown
in Figs.5.4 (1) and (j), respectively. ROI A, corresponding to a digitally enlarged 323 x 323 pm?
field of view (352 x 352 pixels, 0.918 um/pixel), reveals intricate nerve fiber networks, clearly
demonstrating the ability of the system to resolve fine neuronal structures with high spatial
fidelity. ROI B, shown as a digitally zoomed 330.5 % 330.5 um? region (360 % 360 pixels, 0.918

um/pixel), provides a detailed view of an individual glomerulus, where the spatial relationship
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between vasculature, nuclei, and nerve fibers is distinctly visualized, highlighting the system’s

capacity for high-resolution, multi-channel imaging in densely structured tissue environments.

anti-TUJI/AF647 SYTOX Orange AF488 Composite

— Nervous system (anti-TUJI)
—Nulcei (SYTOX) (k)
| —Blood vessels (AF488) "

Position [um]

Figure 5.4: Multiplexed three-color two-photon imaging of triple-stained mouse liver and kidney tissues.
(a-d): Single-channel fluorescence images of mouse liver tissue showing AF647-labeled peripheral nerve fibers
(anti-TUJ1, cyan), SYTOX Orange—labeled nuclei (magenta), and AF488-labeled blood vessels (green), together
with the corresponding composite overlay. (e-h): Equivalent channel sequence acquired from mouse kidney tissue,
with marked regions of interest (ROIs A and B) in the anti-TUJ1 and composite images, respectively. (i): Magni-
fied view of ROI A, illustrating the clear visualization of fine neuronal projections. (j): Magnified view of ROI B,
highlighting an isolated glomerulus with spatially resolved vasculature, nuclei, and associated nerve fibers. The
yellow line (B1) indicates the position of the extracted fluorescence intensity profile. (k): Normalized fluorescence

intensity along line B1, demonstrating distinct and well-separated signal peaks for all three fluorophore channels.

To quantitatively analyze the spatial distribution of the labeled components, Fig.5.4 (k)
shows the fluorescence intensity profile extracted along the yellow line Bl in Fig.5.4 (j), cor-
responding to ROI B. The profile reveals well-separated intensity peaks associated with the
three fluorophore channels, analogous to the performance observed in the hippocampal imaging

experiments. The minimal spectral overlap and high contrast confirm the system’s excellent
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spectral separation, sensitivity, and channel specificity, enabling clear differentiation of ana-
tomical structures in situ across multiple tissue types.

In summary, this chapter presents the development and experimental validation of a com-
pact, simulation-guided ultrafast fiber-laser system capable of efficient three-color two-photon
excitation through tailored nonlinear spectral broadening in a PCF. By numerically engineering
both the spectral shaping dynamics, three spectrally distinct, temporally synchronized, and en-
ergetically balanced ultrashort pulses were generated at 960 nm, 1080 nm, and 1175 nm, each
providing pulse energies above 2.5 nJ and durations below 115 fs. These parameters are ideally
suited for high-contrast, multichannel two-photon microscopy.

The resulting turnkey fiber-based laser platform enables simultaneous and spectrally iso-
lated excitation of multiple fluorophores without requiring multiple laser sources, parametric
conversion stages, or active wavelength tuning. Experimental demonstrations in triple-stained
mouse brain, kidney, and liver tissues confirmed the system’s capability to resolve neuronal,
glial, vascular, and nuclear structures with high spatial resolution and minimal spectral cross-
talk, underscoring its robustness and versatility.

Overall, the presented work establishes a powerful and scalable fiber-laser platform for
multiplexed multicolor two-photon microscopy, offering a practical and cost-efficient alterna-
tive to traditional multi-laser or Ti:Sa-based solutions. Its demonstrated flexibility and imaging
performance highlight its potential impact across a broad range of biomedical applications, in-
cluding neuroscience, cancer research, and systems biology, marking an important step toward

the widespread adoption of fiber-optic multicolor laser systems in advanced optical imaging.

5.5 Towards in vivo Alzheimer’s drug screening in transgenic C. Elegans

To explore the applicability of the developed three-color fiber-laser system in living model
organisms in the context of Alzheimer-related screening assays, preliminary in vivo two-photon
imaging experiments were performed in transgenic Caenorhabditis elegans [220,221]. This
work is embedded within an ongoing interdisciplinary seed-grant (PIER Seed Projects 2025)
aimed at implementing a multicolor, high-throughput 2PM platform for quantifying the for-
mation and dynamics of Alzheimer’s disease-associated protein condensates in vivo.

Tau protein is a microtubule-associated protein that, under pathological conditions, under-
goes liquid-liquid phase separation and subsequent aggregation into neurofibrillary tangles, rep-

resenting a hallmark of Alzheimer’s disease and strongly correlates with synaptic dysfunction,
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neuronal loss, and cognitive decline [222-224]. Increasing evidence suggests that tau conden-
sates form early in the disease cascade, prior to the appearance of aggregates, and may consti-
tute a key intermediate state linking molecular-scale misfolding to cellular toxicity [225-227].

In this ongoing experiment, C. elegans strains are engineered to express human tau protein
in defined neuronal populations, enabling direct visualization of these early condensation and
aggregation processes within an intact organism [228]. To increase the information density and
biological contextualization of these readouts, multicolor fluorescent labeling will be employed
to map tau aggregates relative to additional protein markers that may undergo co-condensation,
as well as to structural components such as the neuronal cytoskeleton or surrounding tissue
morphology. Ideally, this should allow the aggregation state of tau to be traced over time in the
context of local cellular architecture, potential interaction partners, and organism-wide physio-
logical state. The developed multicolor 2PM platform is chosen for these studies due to its
intrinsic optical sectioning capability, minimal out-of-focus fluorescence, and high imaging fi-
delity across the full spatial extent of the worm, all of which are essential for detecting and

tracing small, spatially confined tau condensates at the earliest possible stages [32,57,204].
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Figure 5.5: Schematic overview of the three-color excitation platform and its application to in vivo C. elegans
imaging. (a): Three-color femtosecond pulse generation: a YFL is phase- and power-conditioned and spectrally
broadened in a PCF, yielding synchronized excitation bands at 940, 1080, and 1175 nm as shown in Fig.5.2. (b):
Measured output spectrum with representative excitation windows for GFP (morphology reporter), YFP (co-con-
densing protein marker), and RFP-tagged human tau. (c): Experimental concept for three-color two-photon imag-
ing of immobilized C. elegans, enabling targeted protein and structural staining and supporting in sifu drug deliv-
ery. The multicolor scheme permits simultaneous visualization of morphology, co-condensing proteins, and human

tau condensates within the intact organism.
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To illustrate the experimental workflow and underlying metrology, Fig.5.5 summarizes the
complete three-color imaging strategy used for the preliminary C. elegans experiments. Figure
5.5 (a) outlines the routing and spectral separation of the three excitation bands generated by
the fiber-laser system introduced in Chapter 5.1, highlighting their delivery into the microscope
for simultaneous multicolor excitation at 940 nm, 1080 nm, and 1175 nm. The measured output
spectrum together with representative excitation windows for GFP-based morphology report-
ers, YFP-labeled co-condensing proteins, and RFP-tagged human tau is shown in Fig.5.5 (b),
illustrating the spectral assignment underlying the multiparametric fluorescence readout. The
in vivo imaging workflow (Fig.5.5 (c)), includes the three-color two-photon excitation geome-
try, the chemical immobilization and targeted staining of transgenic C. elegans, and the optional
in situ drug-delivery configuration for perturbation studies. Together, these elements provide a
concise overview of the optical implementation, spectral targeting strategy, and biological con-
text of the preliminary multicolor C. elegans imaging assay.

With this optical and biological framework established, preliminary in vivo imaging exper-
iments in transgenic C. elegans were performed as initial step of the project to evaluate signal
stability, multicolor excitation feasibility, and the robustness of GFP-based morphological
tracking under native locomotion with excitation using the output band at 950 nm. Figure 5.6
summarizes the workflow and key locomotion-related metrics extracted from these datasets.

Figures 5.6 (a) and (b) show the extracted trajectories of a slow-moving and a fast-moving
worm, respectively. Each trajectory represents the time-stamped centroid position (x;, y;) ob-
tained from the fluorescence images, after segmentation of the worm body, skeletonization, and
frame-to-frame selection of a stable tracking point under a maximum-jump con-
straint [229,230]. The positions were converted to physical units using a calibrated pixel size
and FOV (1024x1024 pixels, 0.72 pm/pixel) and smoothed across a five-frame window. For
visualization, each position is color-coded by its absolute time stamp, using the continuous 25-
s colormap shown at the top of the figure. The slow worm shows a smooth, low-amplitude
undulatory trajectory with limited net displacement (Fig.5.6 (a)), whereas the fast worm dis-
plays large and frequent movement with strong curvature and rapid accelerations (Fig.5.6 (b)).

The resulting cumulative path lengths are plotted in Fig.5.6 (c). The contrast between the
two behavioral regimes is pronounced: over the 25-s recording, the slow worm travels only a
few hundred micrometers, whereas the fast worm exceeds 2 mm of net path length, with a
nearly linear increase in time. These distinct locomotor signatures demonstrate that the multi-
color imaging platform and processing workflow can faithfully capture subtle kinematic differ-

ences, a prerequisite for quantitative phenotyping in the planned Alzheimer-related drug-
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screening assays. Moreover, the same numerical framework readily extends to tracing the spa-
tial evolution of fluorescently labeled protein aggregates, such as RFP- or YFP-tagged tau spe-

cies, providing a unified analytical basis for both behavioral and molecular readouts.
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Figure 5.6: Quantitative locomotion tracking and time-resolved GFP imaging of slow and fast C. elegans. (a,b):
Time-coded centroid trajectories of a slow (a) and fast (b) GFP-expressing worm extracted from two-photon image
sequences. Positions were obtained by segmentation, skeletonization, and maximum-jump-constrained tracking,
and are shown in physical units and color-coded by recording time (top bar). (¢): Cumulative path length recorded
over the full 25-s window, highlighting the pronounced difference in locomotor activity: the slow worm travels
only a few hundred micrometers, whereas the fast worm exceeds 2 mm. (d-g): Four representative frames
(1024x1024 pixels, 0.72 pm/pixel) of the slow worm over a 2-s interval, demonstrating stable morphological con-
trast and consistent body definition during movement. (h-k): Corresponding frames for the fast worm. Despite
rapid displacement and posture changes, structural features remain well resolved, enabling robust tracking. Scale

bars: 200 pm.
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5.6 Multicolor 2PM Platform: Summary and Discussion

In summary, this chapter demonstrates a compact, simulation-guided ultrafast fiber-laser plat-
form enabling efficient chromatically multiplexed two-photon microscopy through tailored
nonlinear spectral broadening in photonic crystal fibers. Building on the low-noise, high-energy
Yb-fiber laser foundation introduced in Chapter 4, controlled nonlinear dynamics were ex-
ploited to generate three spectrally distinct, temporally synchronized, and energetically bal-
anced ultrashort pulse trains centered at 960 nm, 1080 nm, and 1175 nm. Each channel deliv-
ered pulse energies exceeding 2.5 nJ with pulse durations below 115 fs, meeting the stringent
requirements for high-contrast multichannel two-photon excitation.

The resulting integrated 2PM platform enables simultaneous and spectrally isolated excita-
tion of multiple fluorophores without the need for multiple synchronized laser sources, para-
metric conversion stages, or active wavelength tuning. Multicolor imaging experiments in tri-
ple-labeled mouse brain, kidney, and liver tissue confirmed robust excitation of neuronal, glial,
vascular, and nuclear structures with minimal spectral cross-talk and high spatial resolution,
validating the platform’s suitability for complex, multi-labeled biological samples.

As a final pilot demonstration of in vivo compatibility, the platform was applied in prelim-
inary two-photon imaging experiments in transgenic Caenorhabditis elegans. Here, GFP-based
2PM was used to validate signal stability under organismal motion and to establish quantitative
tracking of organism-level dynamics, including locomotion behavior. While multicolor excita-
tion in vivo remains ongoing work, these experiments primarily serve to verify the experimental
robustness, motion tolerance, and analysis workflow required for future high-content in vivo
assays combining chromatically multiplexed excitation with fluorescence-based readout of dis-
ease-relevant protein markers, including early aggregation and condensation processes associ-
ated with tau-related Alzheimer’s disease models.

In the context of this dissertation, the three-color excitation platform constitutes a comple-
mentary realization of the unified photonic framework for advanced two-photon microscopy,
extending the wavelength-agile deep-tissue excitation approach of Chapter 4 toward parallel,
multi-target imaging at both tissue and whole-organism scales. Together, these results establish
simulation-guided spectral engineering in photonic crystal fibers as a deterministic and scalable
route to compact, low-noise multicolor excitation sources when driven by energetic, dispersion-
engineered Yb-fiber lasers, directly addressing key performance requirements of advanced mul-

tiphoton microscopy.
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6 Conclusion and Outlook

Ultrafast fiber lasers have evolved into highly capable platforms for nonlinear optics, advanced
microscopy, and precision measurement, yet achieving simultaneous control over noise, spec-
tral flexibility, and pulse energy to address complex biomedical imaging applications remains
a central challenge in the field. This dissertation develops a cohesive photonic framework that
addresses these requirements through a combination of theoretical modeling, fiber-laser engi-
neering, nonlinear spectral design, and biological imaging validation. In doing so, this work
advances the state-of-the-art of the underlying fiber-optic technologies across multiple perfor-
mance dimensions, including intensity noise and timing stability, wavelength tunability, multi-
color waveform generation, and nonlinear conversion efficiency, resulting in compact, robust,
and highly versatile excitation sources for next-generation multiphoton microscopy.

A first major achievement lies in the development and advancement of environmentally
stable, all-PM mode-locked oscillators and their integration with interferometric noise-suppres-
sion mechanisms. Through birefringence-engineered XPM reduction, phase-biased nonlinear
interferometry, and optimized cavity dispersion, these systems achieve quantum-limited RIN
across broad spectral regions, reduced timing jitter, and enhanced spectral purity, properties
that are essential for ensuring coherence and reproducibility in downstream nonlinear pro-
cesses. Together with energy-scalable amplifier architectures, these oscillators form a robust
platform for high-power, low-noise femtosecond pulse generation.

Building on these foundations, the dissertation introduces several nonlinear spectral-engi-
neering strategies that extend the accessible wavelength range far beyond the native Yb:fiber
gain bandwidth. These include highly efficient dispersive-wave generation in PCFs, interfero-
metric noise-reshaping for ultra-low-noise supercontinuum generation, and computationally
guided multi-band spectral shaping for passively synchronized three-color excitation. The re-
sulting systems deliver sub-100 fs pulses with nanojoule-level energies across widely tunable
spectral bands, enabling tailored excitation of diverse fluorophores while maintaining low noise
and compact, alignment-free operation.

The biological imaging demonstrations presented in Chapter 5 highlight the direct impact
of these photonic technologies on the performance of advanced multiphoton microscopy. Deep-
tissue two-photon imaging using dispersive-wave sources achieves high contrast and subcellu-
lar resolution at depths exceeding 600 um, while multi-channel imaging using the three-color
platform enables simultaneous visualization of neuronal structures, nuclei, and astrocytes with

excellent spectral separation and minimal cross-talk. These results underscore the translational
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potential of engineered fiber-laser sources for neuroscience, pathology, developmental biology,
and other domains that require high-resolution imaging in complex or scattering media.
The photonic architectures developed in this dissertation open several promising directions

for future research:

a) Deep-Tissue Functional Neuroimaging

The combination of ultra-low-noise Yb oscillators, the tunable DW generator, and the
three-color conversion platform provides a foundation for next-generation deep-tissue
two-photon imaging. Building on the demonstrated penetration depths in ex vivo tissue,

future directions could include:

e [n vivo cortical and hippocampal imaging between 950-1250 nm with reduced
phototoxicity (enabled by low RIN and stable, energetic multi-color excitation)

e Large-volume population imaging in scattering brain regions using color-multi-
plexed excitation

o Fast functional mapping in deep layers (CA1l, CA3, dentate gyrus) using opti-
mized DW excitation at 880 - 950 nm

e Motion-robust deep imaging when combined with adaptive optics, resonant

scanning, and pixel-clock synchronization

Together, these avenues exploit the stability, spectral matching, and multi-band pulse

delivery established in this dissertation.

b) Functional and Hyperspectral Biomedical Two-Photon Microscopy

The three-color architecture, interferometric dual-color SHG source, and numerical
spectral-design framework create new pathways for functional, hyperspectral, and
multi-channel 2PM without the requirement for multiple, individually synchronized

femtosecond laser systems. Future applications could include:

e Simultaneous functional imaging with multiple indicators (e.g., Ca** + gluta-
mate + structural/morphological channels)

e Hyperspectral excitation sweeps for in vivo characterization of fluorescent pro-
tein dynamics

e Triple-band or phase-encoded functional imaging, using synchronized colors
(940/1080/1175 nm)

e Spatially multiplexed functional imaging, where different tissue regions or cell-

types are excited with different bands
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¢) Low-Noise Supercontinuum Platforms for Metrology and Coherent Imaging

The thesis introduced interferometric input conditioning for SCG and validated it

through dual-color SQL-limited sources and a stochastic NLI+GNLSE model. This en-

ables several future SCG-based technologies:

Ultra-low noise SCG modules for coherent Raman, SRS, and multiphoton con-
trast

Broadband frequency combs with reduced RIN and enhanced long-term perfor-
mance

Dual-comb spectroscopy using interferometrically stabilized SCG bands

Ultra-stable white-light continua for coherent imaging in scattering tissue

These applications leverage one of the dissertation’s key insights: temporal noise shap-

ing via NLI-dynamics can directly influence octave-spanning RIN distributions.

d) Extension to Mid-IR and UV Spectral Regions

The stochastic GNLSE framework, dispersion-engineered DW design, and interfero-

metric noise control established in this dissertation can be transferred to fluoride, chal-

cogenide, and hollow-core platforms. This could open new routes toward:

Mid-IR label-free vibrational microscopy (CH stretch, amide bands, lipid con-
trast)

Mid-IR supercontinuum sources for deep brain and pathology imaging

UV multiphoton microscopy targeting intrinsic fluorophores (NADH, FAD, col-
lagen, elastin)

UV-VIS multi-color sources coupled to genetically encoded metabolic sensors
Hybrid mid-IR / NIR excitation for combined structural and chemical con-

trast.

These directions extend the spectral reach of the fiber-based architectures developed

here far beyond the gain bandwidths of available laser materials.

Overall, this dissertation establishes a unified and experimentally validated photonic toolbox

that combines ultrafast fiber-laser engineering, nonlinear spectral control, and advanced imag-

ing applications. The demonstrated performance and versatility highlight strong potential for

further technological advancement and broad scientific impact across ultrafast optics, biopho-

tonics, neuroscience, and precision measurement.
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8 Appendix

8.1 Simulation Parameter for PCMA Simulations

Parameter Symbol Value

Input Pulse (Measured from YDF):

Pulse energy E, Variable as shown in Fig. 2 (a) and (b)
Repetition rate frep 30 MHz
S}fﬁgﬁ) -delay dispersion (Pre- GDD, | Variable as shown in Fig. 2 (a) and (b)
Center wavelength Ac 1050 nm
Spectral bandwidth (FWHM) AL ~30 nm
PCMA Parameters:
Passive fiber length at C1 Ly 0.8 m
Passive fiber length at C2 Ly, 0.5m
Gain fiber length L, 1.1 m
Mode-field diameter MFD 10.5 um @ 1060 nm (both gain and passive fiber)
Nonlinear refractive index n, 2.6 x 10720 m¥W
Group-velocity dispersion B 23 fs*/mm
Third-order dispersion Bs 46 fs?’/mm
Doping concentration - 1.1 * 108 pm?

R. Paschotta, et al, IEEE Journal of quantum electronics,
Vol.33, p 1049 (1997).

Pump loss - Y. Hua, et al., Opt. Express 26, 6427-6438 (2018).

Cross-sections -

Grating compressor

Angle of incidence - 31.3°

Line density - 1000 lines/mm

Grating distance dg Variable to optimize Strehl-ratio
Bandpass filter

Center wavelength AcPF 1048 nm

Spectral bandwidth (FWHM) Adgpr | 60 nm

Super-Gaussian order - 4

8.2 Simulation Parameter for Multicolor Wavelength Conversion

Parameter Symbol Value

Input Pulse (Measured from filtered PCMA output):

Pulse energy E, 21.8nJ
Repetition rate frep 30 MHz
Temporal FWHM At 62 fs

Group-delay dispersion (pre-

2 2
chitp) GDD, | 9x10%fs
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Third order dispersion TOD, —0.6 * 10* fs°
Center wavelength Ae 1048 nm
Spectral bandwidth (FWHM) AL ~50 nm
PCF Parameters
Mode field diameter desr 8.5 um @ A,
Fiber length Lpcr 20 mm
Nonlinear refractive index n, 33.8 % 10720 m¥W
Dispersion profile - Imported from datasheet (NKT, PM-LMA-10)
Numerical aperture NA 0.12 @ 1064 nm
Zero dispersion wavelength Azaw 1300 nm

8.3 Imaging Methods: Animals and Sample Preparation

8.3.1 Deep-Tissue Imaging with Tunable DW-Generator

Animal Handling: The mouse model is an adult wild-type C57BL/6 J male mouse (~ 6 months
old, P180—-P210) with ubiquitous EGFP expression. No experiments with living animals were
performed. The animal breeding and euthanasia to obtain the tissue were approved by the ethi-
cal research committees of respective national/local authorities: Freie und Hansestadt Hamburg,
Behorde fiir Gesundheit und Verbraucherschutz, Hamburg, Germany (ORG1108). Sampling
was performed following the protocols and guidelines of the Ethical Committee and the direc-

tives of the European Union Council 86/609 and 2010/63.

Sample Preparation: The brain of the EGFP mouse model was quickly extracted from the
skull and fixed with 4% paraformaldehyde for 24 h in the fridge. The following day, the tissue
was washed with phosphate buffer 1 M three times. Subsequently, the brain was sliced coro-
nally (~ 2 mm thick) with a scalpel, and then, under the microscope the hippocampus area was
separated and mounted in a compartment of a glass-bottom p-slide microscopy chamber (Ibidi,
#80427-90) using Fluoromount (Invitrogen, #00-4958-02). Imaging was performed through the
~ 0.5 mm thin undersurface of the slide, to enable the insertion of a purified water droplet

between the sample and the water immersion objective.

8.3.2 Multiplexed Three-Color Imaging

Animal Handling: The mouse model used for the brain imaging is an adult wild-type
C57BL/6J male mouse (~6 months old, P180—-P210). No experiments with living animals were
performed. The animal breeding and euthanasia to obtain the tissue were approved by the ethi-

cal research committees of respective national/local authorities: Freie und Hansestadt Ham-
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burg, Behorde fiir Gesundheit und Verbraucherschutz, Hamburg, Germany (ORG1108). Sam-
pling was performed following the protocols and guidelines of the Ethical Committee and the

directives of the European Union Council 86/609 and 2010/63.

Sample Preparation: The brain of the adult mouse model was quickly extracted from the skull
and fixed with 4% paraformaldehyde for 24h in the fridge. The following day, the tissue was
washed with 1 M phosphate buffer (PBS) three times. Subsequently, the brain was sliced coro-
nally (~2 mm thick) with a scalpel, and then, under the microscope the hippocampus area was
separated and placed in a compartment of a glass-bottom p-slide microscopy chamber (Ibidi,
#80427-90). Then, the tissues were impermeabilized with 0.2% Triton (in PBS) for 1h. After-
ward, after 2 washes with PBS, the primary antibodies were applied in PBS for 4 days at 4°C
(shaking smoothly): MAP-2 (1:300, #188002, Synaptic Systems) and (1:300, #173011, Synap-
tic Systems). Then, after two long PBS washes, the secondary antibodies were applied in PBS
(+ 10 % Goat Serum) for 3 days: Alexa anti-Rabbit 488 (1:300, #A21202 Invitrogen) and Alexa
anti-Mouse 647 (1:300, #A21443 Invitrogen). The nuclei dye SYTOX Orange (1:10,000,
#S11368, Thermo Fisher) was applied together with the secondary antibodies. Finally, 3 washes
with PBs were applied, and the sample was mounted using Fluoromount (Invitrogen, #00-4958-
02). Imaging was performed through the ~0.5 mm thin undersurface of the slide, to enable the

insertion of a purified water droplet between the sample and the water immersion objective.

8.4 Simulation parameters for Interferometric SCG

Parameter Symbol Value

Input Pulse and Noise Parameters

Pulse shape - Sech (transform-limited)

Pulse energy E, 40 nJ

Center wavelength Ae 1050 nm

Temporal FWHM At 80 fs

Number of realizations N 500

Technical RIN (std) ORIN 0.3% of the mean pulse energy
Quantum noise model - One-photon-per-mode (Section 2.3)

PCF Parameters

Mode field diameter dess 8.5 um @ A,

Fiber length Lpcr 50 mm

Nonlinear refractive index n, 33.8% 10720 m¥W

Dispersion profile - Imported from datasheet (NKT, PM-LMA-10)
Numerical aperture NA 0.12 @ 1064 nm

Zero dispersion wavelength Azaw 1300 nm



