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Abstract

As a powerful tool for bio-imaging, multiphoton microscopy (MPM) integrates two
advanced technologies—ultrafast lasers and scanning microscope. The essence of
MPM relies on the nonlinear interactions between ultrafast pulses and samples.
Conventionally, the burden to drive MPM mainly falls on solid-state mode-locked
lasers, e.g., Ti:sapphire lasers plus synchronously pumped optical parametric oscilla-
tors (OPOs), which operate at tens of MHz and generate ~100-fs pulses with~10-nJ
pulse energy. However, these expensive solid-state solutions are bulky and sensitive
to environmental fluctuations, and demand water cooling, which limit their further
prevalence in biomedical applications.

Despite the limited emission wavelength, ultrafast fiber lasers exhibit robustness,
compactness, and cost-effectiveness, which make them a potential alternative to
driving MPM. Together with nonlinear fiber-optic wavelength conversion, femtosec-
ond pulses at new wavelength can be readily generated for MPM. Recently, we
demonstrated a new approach to achieve widely tunable energetic pulses desired by
MPM applications. The method—self-phase modulation enabled spectral selection
(SESS)—employs self-phase modulation (SPM) dominated spectral broadening in
optical fibers to broaden an input narrowband spectrum. The broadened spectrum
features well-isolated spectral lobes; filtering the leftmost or the rightmost spectral
lobes results in nearly transform-limited pulses. For example, SESS based on an
Yb-doped fiber laser (YDFL) centered at 1030 nm, allows us to generate ~100-fs
pulses tunable from 825 nm to 1210 nm. The resulting spectrum supports driving
two-photon excitation fluorescence (2PEF) of many important fluorophores and
harmonic generation microscopy (HGM) including second-harmonic generation
(SHG) and third-harmonic generation (THG).

Inspired by the success of SESS enabled by 1-um YDFLs, we further explored the
wavelength coverage allowed by other fiber-based SESS sources. In this thesis, we
implemented SESS based on a home-built Er-doped fiber laser (EDFL) centered at
1.55 pm—a unique wavelength right between two important biological transmission
windows at 1.3 pm and 1.7 pm for deep-tissue imaging. We numerically and
experimentally investigated SESS operating in optical fibers exhibiting different
dispersions. With a 31-MHz EDFL emitting 160-nJ, 290-fs pulses, SESS generated
~100-fs pulses widely tunable between 1.15 ym and 1.7 pgm with up to >15-nJ
pulse energy. We also demonstrated that SESS is feasible in optical fibers with
anomalous dispersion, in which the spectral broadening is still dominated by SPM
and one benefits from higher-order soliton compression, as long as one stays away
from soliton fission. SESS exhibits outstanding energy scalability. With a pJ pump
source, one can achieve femtosecond pulses at 1.3 ym or 1.7 pm with pulse energies
exceeding 100 nJ, corresponding to a pulse peak power at the MW level.

We integrated this EDFL-based SESS source with a scanning microscope and
demonstrated various MPM applications. For example, we conducted optical virtual
biopsy in human skin enabled by HGM excited by 1.25-um femtosecond pulses. We
also investigated the effect of excitation wavelength within the transmission window
of 1.15-1.35 pum on the resulting HGM imaging. Conventionally, the wavelength



coverage is provided by solid-state OPOs or Cr:forsterite lasers. By frequency
doubling part of the beam to 775 nm, the EDFL constitutes a two-color ultrafast
source enabling multimodal MPM. Besides HGM demonstrated in human skin,
2PEF from the intrinsic fluorophores is available under 775-nm excitation, which
allows 3-channel (SHG, THG, and 2PEF) label-free skin imaging. It is noteworthy
that 775-nm excitation can also lead to three-photon excitation fluorescence (3PEF)
from the amino aromatic acids of proteins. Combining with SHG together, the
SHG/3PEF modality enabled us to detect and distinguish protein crystals from
salt crystals.

In conclusion, we demonstrate an EDFL-based ultrafast source harnessing
nonlinear fiber-optics enabling widely tunable femtosecond pulses for versatile
MPM. Such a fiber-based source constitutes an alternative to solid-state lasers and
has a great potential for clinical applications.
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Zusammenfassung

Multiphotonen-Mikroskopie (MPM) ist eine der wichtigsten Anwendungen von
Ultrakurzpuls-Lasern und ein leistungsfahiges Werkzeug fiir die biomedizinische
Bildgebung. Die Essenz von MPM beruht auf der Wechselwirkung zwischen den
ultraschnellen Laserimpulsen und der Probe, die auf unterschiedlichen Mechanis-
men beruht. Herkémmlicherweise wird MPM hauptsachlich mittels Festkorper-
lasern betrieben, z. B. Ti:Saphir-Laser plus einen synchron gepumpten optischen
parametrischen Oszillator (OPO), die bei einigen-zehn-MHz Pulswiederholrate
betrieben werden, Impulse mit etwa 10-nJ Impulsenergie und etwa 100-fs Impuls-
dauer erzeugen, und eine bestimmte Wellenlangenabstimmbarkeit besitzen. Diese
Festkorperlosungen sind jedoch sperrig, bendtigen Wasserkiihlung, sind empfindlich
gegeniiber Umweltschwankungen und teuer, welches die weitere Verbreitung von
MPM in biologischen Studien und in der klinischen Anwendung begrenzt.

Trotz der begrenzten Emissionswellenlange sind faserbasierte Ultrakurzpulslaser,
die Robustheit, Kompaktheit und kosteneffektives Merkmal aufweisen, in letzter Zeit
zu einer potentiellen Alternative zum Antreiben von MPM geworden. Durch den
Einsatz verschiedener nichtlinearer faseroptischer Methoden kénnen neue Spektren
fiir MPM erzeugt werden. Vor kurzem haben wir einen neuen Ansatz demonstri-
ert, um weit abstimmbare hochenergetische Impulse fiir eine solche Anwendung
zu erreichen. Das Verfahren—durch Selbstphasenmodulation Spektralselektion
(SESS)—verwendet eine von der Selbstphasenmodulation (SPM) dominierte spek-
trale Verbreiterung in der optischen Faser, gefolgt von einer Filterung der am
weitesten links oder der am weitesten rechts liegenden spektralen Keulen der
daraus resultierenden Spektren. Zum Beispiel ermoglicht die Verwendung eines
Yb-dotierten Faserlasers (YDFL), der bei 1030 nm als Pumpquelle zentriert ist,
SESS zur Erzeugung von nahezu transform-limitierten Impulsen, die von 825 nm
bis 1210 nm abstimmbar sind. Das resultierende Spektrum ist vergleichbar mit
dem von Ti: Saphir-Lasern und unterstiitzt die Zwei-Photonen-Fluoreszenz (2PEF)
vieler wichtiger Fluorophore und die harmonische Generationsmikroskopie (HGM),
einschlieflich Frequenzverdopplung (SHG) und Frequenzverdreifachung (THG).

Inspiriert durch den Erfolg von SESS mit 1-ym YDFLs erforschen wir hier die
weitere Wellenlangenabdeckung, die mittels anderer faserbasierter SESS-Quellen
moglich ist. In dieser Doktorarbeit implementieren wir SESS basierend auf einem
selbst gebauten Er-dotierten Faserlaser (EDFL), der bei 1,55 pm zentriert ist—eine
einzigartige Wellenldnge genau zwischen zwei wichtigen biologischen Transmissions-
fenstern bei 1,3 um und 1,7 pm fiir die Tiefengewebe-Bildgebung. Wir untersuchen
numerisch und experimentell SESS, das optische Fasern mit unterschiedlicher Dis-
persion benutzt. Mit einer 31-MHz-EDFL-Pumpquelle, die Pulse mit 160 nJ
Pulsenergie und 290 fs Pulsdauer erzeugt, kann SESS zu Pulsen fiihren, die ab-
stimmbar zwischen 1,15 gm und 1,7 pgm sind, >15 nJ Pulsenergie und Pulsdauern
kiirzer als 100 fs haben. Wir zeigen auch, dass SESS in optischen Fasern mit
anomaler Dispersion machbar ist, in denen die spektrale Verbreiterung immer noch
durch den SPM-Effekt dominiert wird und durch Soliton-Kompression héherer
Ordnung begiinstigt wird, solange man Soliton-Spaltung vermeidet. SESS weist
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eine herausragende Energie-Skalierbarkeit auf. Mit einer puJ-Pumpquelle kann man
Femtosekundenpulse bei 1,3 ym oder 1,7 pm mit einer Pulsenergie von mehr als
100 nJ erreichen, was einer Pulsspitzenleistung im MW-Bereich entspricht.

Wir integrieren diese EDFL-basierte SESS-Quelle mit einem Scanning-Mikroskop
und demonstrieren ihre Anwendung fiir MPM. Zum Beispiel fithren wir eine op-
tische virtuelle Biopsie der menschlichen Haut durch, die durch HGM aktiviert
wird, und Femtosekundenimpulse bei 1,25 um verwendet. Wir untersuchen auch
den Einflu} der Anregungswellenldnge im Transmissionsfenster von 1,15-1,35 pum
auf die resultierende HGM-Bildgebung. Herkommlicherweise werden in diesem
Wellenlangenbereich Festkorper-OPOs oder Cr:Forsterit-Laser benutzt. Durch die
Frequenzverdopplung eines Teils des Pumpstrahls auf 775 nm bildet der EDFL eine
zweifarbige ultraschnelle Quelle, die ein multimodales MPM ermdoglicht. Neben
HGM, das in der menschlichen Haut demonstriert wurde, steht 2PEF aus den
intrinsischen Fluorophoren unter 775-nm Anregung zur Verfligung, was 3-Kanal
(SHG, THG und 2PEF) markierungsfreie Hautbildgebung erméglicht. Es ist be-
merkenswert, dass eine 775-nm Anregung zu einer Drei-Photonen-Fluoreszenz
(3PEF) von den aminoaromatischen Séuren des Proteins fithren kann. Durch die
Kombination mit SHG erméglicht die SHG/3PEF-Modalitat die Erkennung und
Unterscheidung von Proteinkristallen und Salzkristallen.

Zusammenfassend demonstrieren wir eine EDFL-basierte ultraschnelle Quelle,
die nichtlineare Faseroptiken nutzt und breit abstimmbare Femtosekundenpulse
fiir vielseitige MPM ermoglicht. Eine solche faserbasierte Quelle stellt eine ro-
buste und kostengtinstige Alternative zu Festkorperlasern dar und ist fiir klinische
Anwendungen geeignet.
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Chapter 1

Introduction

Multiphoton microscopy (MPM), also known as nonlinear optical microscopy
(NLOM), demands ultrafast pulses as the driving source, and the conventional
solution mainly relies on solid-state lasers. In recent years, fiber lasers are becoming
more and more important because they are robust, compact, and cost-effective. In
this thesis, we demonstrate novel fiber-based tunable ultrafast sources for driving
MPM. Before we present the results, we first introduce in this chapter common
modalities of MPM and the requirements for the driving source. Then we review
the current commercially available solutions and the development of fiber-optic
approaches to drive MPM.

1.1 Multiphoton microscopy

Optical microscope featuring sub-pm optical resolution is a powerful tool for bio-
imaging. The Rayleigh criterion, which sets the standard of lateral resolution of an
optical microscope, is defined by

122X 0.61A

" T onsing ~ NA

where r is the minimum distance between resolvable points, A the illumination

wavelength, n the refractive index of the media surrounding the radiating points, ¢

the half angle of the pencil of light that enters the objective, and NA the numerical
aperture of the objective.

As a result, the lateral resolution can be improved either by employing illumina-
tion with shorter wavelength or by using objectives with higher NA. However, the
actual performance usually cannot reach such level since the conventional wide-field
optical microscope lacks for sectioning ability. The imaging is not background
free—light scattered from the non-focal plane contributes to the background and
blurs the image, thus degrades the lateral resolution.

In 1957, Marvin Minsky demonstrated confocal microscopy that can improve
the lateral resolution by integrating pinholes into the microscope system. In this
scheme, pinholes as a spatial filter are aligned to select only the light reflected
from the same focal plane and block those scattered from the non-focal plane. The

(1.1)
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lateral resolution can be improved by using smaller pinholes, but the associated
signal-to-noise ratio (SNR) becomes lower because the pinhole blocks part of the
signal light as well. A trade-off between the resolution improvement and SNR is
a drawback for confocal microscopy. Increasing the illumination power seems a
straightforward solution to this issue; however, it also increases the risk of damaging
the sample, especially for biological tissues.

The invention of laser and the development of ultrafast sources have stimulated
the progress of nonlinear optics, which provides an alternative to confocal microscopy
to achieve intrinsic 3D sectioning ability without using pinholes. The nonlinear
dependence of dielectric polarization P on the electric field E of light can be
expressed as [1]

where x(™ is the ny,-order susceptibility. Compared with the linear term (Y £, the
second-order term Y® EE and the third-order term y® EEE are proportional to
the square and the cubic power of the electric field, respectively. These higher-order
terms are sensitive to the variation of light intensity. This feature can be utilized to
realize 3D sectioning ability by combing an ultrafast laser and a high-NA objective.
The sectioning ability is automatically achieved without using pinholes because
the nonlinear optical process can only occur efficiently in a small volume near the
objective focus where the light intensity reaches the maximum. Depending on the
interaction between ultrafast pulses and the samples, different mechanisms are
applicable to MPM and lead to three common modalities:

1. Harmonic generation (HG) is related to the sample’s geometric structure.
For example, second-harmonic generation (SHG) is due to optical non-
centrosymmetry, and third-harmonic generation (THG) comes from optical
inhomogeneity.

2. Multiphoton excitation fluorescence (MPEF)—e.g., 2-photon excitation fluo-
rescence (2PEF) and 3-photon excitation fluorescence (3PEF)—is the fluo-
rescence emission induced by the absorption of multiple photons. They are
related to the electronic states of the fluorophores.

3. Coherent Raman scattering (CRS) employs the vibration of molecular bonds.
They can be conducted either by coherent anti-Stokes Raman scattering
(CARS) or stimulated Raman scattering (SRS).

In this thesis, we discuss only HG and MPEF, which can be realized by a single
excitation beam. To conduct CRS, one requires two beams—one as the pump beam
and another one as the Stokes beam, of which the energy difference corresponds to
the vibrational states of the molecular bond.



1.1. Multiphoton microscopy

1.1.1 Harmonic generation

Optical HG is the nonlinear process that n photons with the same frequency w
(wavelength \) interact with a sample and generates one photon with new frequency
nw (wavelength A/n). Different from MPEF, HG involves no photon absorption by
the sample and electron transition between real energy states. SHG (n = 2) and
THG (n = 3) are the most common HG processes.

e e E - -----
o
o
o
Y- -
(a) SHG (b) THG

Figure 1.1: Jablonski diagrams of (a) SHG and (b) THG process.

In Fig. we depict the Jablonski diagrams of SHG and THG process. The
thick black lines are the electronic energy states, thin black lines the vibrational
states, and dashed black lines the virtual energy states. Mainly depending on the
sample’s intrinsic geometric structure, SHG and THG can serve as contrast agents
for harmonic generation microscopy (HGM).

SHG. Assuming an electric field of a laser beam can be described as [1]
N 1 A .
E(t) =5 [E(w)e™™ + E(—w)e™'| (1.3)

Then the resulting second-order nonlinear polarization is

PR(t) = eox P E(t)?

(2) * 1 (2) 2 —i2uwt (1‘4)
=ex7(0:w,—w)EE" + 760X (2w : w,w)E%e + c.c.
According to the wave driven equation
0 0%\ = 9*P
v2_ =~ — |\ E = yp—— 1.5
( Moaat M060t2> Ho 912 (1.5)

The first term x®(0 : w, —w) on the right-hand side of Eq. contributes to zero
frequency, and generates no electromagnetic field since its second derivative is zero.

3



Chapter 1. Introduction

This process is also known as optical rectification, which leads to a static electric
field. The second-order term y?) (2w : w,w) contributes to 2w frequency, which is
related to the process of SHG. When SHG occurs, one photon of frequency 2w is
generated while two photons of frequency w vanishing simultaneously. The intensity
of the induced SHG is proportional to the square power of the excitation light.

If we change the sign of the electric field in Eq. [1.4] the sign of the induced
polarization will also change, leading to

— PRI1) = eon® [~ B(1] = cx @ B(1) (1.6)
In comparison with Eq. again, then

P@(t) = — P (1) (1.7)

This validates only when P® (t) vanishes, indicating that y(?) is zero. As a result,
SHG can not be observed in the material with centrosymmetry (possessing center
of inversion). It is allowed only in material with non-centrosymmetry.

The first observation of SHG was in 1961, just one year after the invention of laser,
by focusing a 694-nm ruby laser beam into a quartz sample and resulting in light
with wavelength of 347 nm [2]. The first SHG imaging was from polycrystalline
ZnSe demonstrated in 1974 [3]. In 1986, SHG imaging was used to study the
orientation of collagen fibers in rat tail tendon [4]. Since then, SHG microscopy
had been applied to various biological studies, e.g., membrane potentials [5, [0, [7, §],
microtubule polarity [4, O, [10], extracellular matrix structure [11, 12} 3], and
cellular structure [14].

THG. The third-order nonlinear polarization is

PO(t) = eox W E(t)?

1 . 4
=3 [eox(g)(i’)w L w,w, w)EPe 3 4 333w w, 0, 0)E2E*e’“"t} + c.c.
(1.8)
Considering only the real part leads to
1 3
160X(3)(3w ' w,w,w)E? cos 3wt + ZEOX(S) (w:w,0,0)|E* E coswt (1.9)

The first term x® (3w : w,w,w) on the right hand side of Eq. contributes to
3w frequency, which is related to the THG process. Unlike SHG, THG intensity
is proportional to the cubic power of the excitation light. When it occurs, one
photon of frequency 3w is generated while three photons of frequency w vanishing
simultaneously.

The term x®(w : w,0,0) contributes to w frequency the same as the incident
light, which leads to a third-order contribution to the refractive index experienced
by a wave of frequency w, known as optical Kerr effect.

4
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x®) does not vanish when we change the sign of the electric field. This allows
THG observed in materials with all kinds of structure, including centrosymmetry.
However, for a strongly focused laser beam we have to consider the Gouy phase
shift, which introduces a 7 phase shift to the beam after passing the focus and
renders a destructive interference between the THG before and after the focus. As
a result, THG can not occur for a laser beam focused in a homogeneous sample.
This explains why THG is sensitive to optical inhomogeneity and able to detect
interfaces.

THG from a simple air-dielectric interface was demonstrated in 1995 [15]. It was
also found in animal tissues [16]. The first THG imaging was performed in 1997 from
an optical fiber [I7]. THG microscopy were widely applied to morphological studies
and interfacial imaging of cellular and subcellular organelles [18] 19} 20, 211, 22].

1.1.2 Multiphoton excitation fluorescence

The process of fluorescence is related to the photon absorption and electron tran-
sitions between real states. Common one-photon excitation fluorescence (1PEF)
can be described in three steps shown in Fig. First, a single excitation
photon is absorbed by a fluorophore, resulting in its electron from the electronic
ground state to an excited state. After the non-radiative vibrational relaxation
accompanying part of the excitation energy dissipated as heat, the fluorophore
returns to the ground state and emits a photon with longer wavelength compared
with the incident beam. For MPEF, the process in the first step can be replaced
by the absorption of multiple photons with less energy as long as the total amount
of photon energy exceeds the energy gap between the ground state and the excited
state of the fluorophore.

i — T T Ea—
— = =~z
o
o
o
a 2 a 2 a &
(a) 1IPEF (b) 2PEF (c) 3PEF

Figure 1.2: Jablonski diagram of MPEF processes.

2PEF. The process of 2PEF is depicted in the Jablonski diagram in Fig. [1.2(b)|
The discussion in section about HG and optical Kerr effect relates to only
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virtual state transitions and the real part of Eq. [[.3] However, we should also
consider the imaginary part in real state transitions, such as absorption. Considering
x®) and the constitutive law, then we can derive

D=¢E
= EoE + ]5
= eE + PY 4+ p©®

- _ 3 N 3 2\ ~
= el + ¢ (Rex(l) + iImX(1)> E + ¢ <4Rex(3) ‘E‘z + Zlmx(?’) ‘EV) E (1.10)
= W 4 3pan® 72 7o W 31 @72 7
=6+ ¢ | Rex'’/ + ZRGX ’E’ E + ey | ImyY + ZImX )E‘ E

= €o(1 + Rex + Imx)E

3 ~
where Rey = Rexy® + ZReX(?’) ‘E

Assuming the electric field of a propagating plane wave is

2, Imy = Imy™ + ilmx(?’) )E‘Z

E = Eyetze it (1.11)

where 2 direction is the propagation direction.
The relation between the wave number k£ and the susceptibility y can be
presented as

k= w\/1e
= wy/peo (Rey + Imy)

1 1/2
ZmX> (1.12)

w 1/2
=—(1+ R 1
c( + Rex) ( +1+Rex

wn w

~ — +i—Imy
c 2cn

= Rek + i{Imk

where n = (1 + Rey)"? is the optical refractive index.
After substitution, the electric field becomes:

E — EoeiRekz—wte—Imk‘z (113)

where Imk corresponds to absorption.

Considering Eq. and Eq.[1.13] then we can get:
dE 3
7 & (iRek — Imk) = iRek — % (Imx(l) + 4Imx(3)[) (1.14)

where [ = 5 /< |E|? is the intensity of excitation. The term Imy® and Tmy®
contribute to linear and nonlinear absorption respectively. If we introduce Es, as
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the two-photon absorbed electric field strength, the nonlinear contribution can be
shown as

dEgp 3 W o
== Tmy®, /=2 1.15
| dz 4 |enng X €0 ( )
If the intensity of nonlinear absorption is
Igp = Egp X E;p (]_]_6)

then we can get

dly, 9

— I 1.17

i (1.17)

The resulting 2PEF intensity is proportional to the square power of the excitation
light (so is SHG).

The concept of 2PEF was first proposed by Maria Goppert-Mayer in 1931
[23], almost thirty years before the invention of lasers. The phenomenon was
first observed by Kaiser and Garrett while illuminating CaFy with red light and
generating blue fluorescence in 1961 [24]. The realization of 2PEF microscopy was
demonstrated by Denk in 1990 [25].

1.2 Ultrafast source to drive MPM

The performance of MPM highly depends on the ultrafast driving source, which
is quantified by the four parameters: excitation wavelength A\, pulse energy £,
pulse duration 7, and repetition rate f. The selection of excitation wavelength is
of particular importance especially for MPEF. Fluorophores are selective to the
excitation wavelength and the fluorescence emission becomes more efficient as the
fluorophore is illuminated at its peak absorption band. These bands differ from
each other for different fluorophores. For common fluorophores emitting visible
light (400-700 nm), the corresponding 2PEF excitation wavelength varies from 700
nm to 1200 nm. For 3PEF, longer excitation wavelength between 1000 nm and 1700
nm is required. As a result, driving sources that can be wavelength tuned within
near-infrared (NIR) region are highly desired for MPEF. Although the excitation
of HG exhibits no such wavelength selectivity, it is still recommended to employ
longer wavelength (i.e., >800 nm for SHG, and >1200 nm for THG) because the
resulting HG falls within the range of visible light, and therefore suffers less optical
attenuation and can be efficiently detected.

The optical attenuation in biological tissues is mainly due to light scattering
and absorption. In general, longer-wavelength beams scatter less in comparison
with the shorter-wavelength one. The optical absorption spectra can differ from
tissue to tissue due to the existence of different endogenous chromophores, such as
lipids (fat), protein, blood (oxy- and deoxyhemoglobin), and melanin. However,

7
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Figure 1.3: Optical attenuation in a brain tissue and possible excitation bands for
3PEF imaging.

the main absorption is due to water [135], which usually constitutes 60-80% of
biological samples.

Considering both light scattering and water absorption, the total effective
attenuation curve features several transmission windows within NIR range [26, 27].
We plot in Fig. the wavelength-dependent optical attenuation in the brain tissue.
Deep-tissue imaging is allowed by conducting MPM within these transmission
windows [28] 29, B0]. For example, 3PEF functional imaging of GCaMP6s-labeled
neurons can reach ~1-mm depth in mouse brain excited by 1300-nm femtosecond
pulses within the window in the range of 1100-1350 nm (light green band in Fig.
[30]. 3PEF imaging of Texas-Red-labeled vasculature and red-fluorescent-protein
(RFP)-tagged neurons in mouse brain can also reach similar depth while using
1675-nm excitation within the window between 1600 nm and 1870 nm (light red
band in Fig. [28].

For the process of n-photon excitation fluorescence, the photon flux <F (n) (t)>
of the emitted fluorescence can be described as [31]

1 (VAP (P(1))"
o (fry e

(F™ (1)) o (1.18)

where N A is the numerical aperture of the objective, and (P(t)) the average power

of the illumination. With the relation (P(t)) = fE,, Eq. can also be written
as

" 1 (NA)* 4fE,"
<F( )(t)> < (7)n—1A2n-=3 (1.19)
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Apparently, using objectives with higher NA improves the optical resolution and
increases the emitted n-photon excitation fluorescence when n>2 (e.g., 3PEF).
Once the excitation wavelength and the objective are decided, Eq. becomes

. L(P(t))"
<F( )<t>> x n(<f7—()7)zzl

For most of the modalities, the pulse energy required at the objective focus is at
nJ level to achieve fine imaging contrast, and the pulse duration after the objective
is ~100 fs. The applied average power might vary from several mW to tens of
mW depending on the laser repetition rate. To increase the signal photon flux,
one usually uses higher-power illumination with shorter pulse duration. However,
higher illumination power increases the risk of photodamage or photobleaching
in the biological sample. The cross-section of three-photon absorption (3PA) of
fluorophores is much smaller than that of two-photon absorption (2PA) such that
the pulse energy required to induce 3PEF is higher than 2PEF. For deep-tissue
3PEF imaging, tens of nJ pulse energy is necessary. To avoid sample damage while
increasing the pulse energy, ultrafast lasers operating at low repetition rate (~1
MHz) are desired [28] [30].

(1.20)
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Figure 1.4: Optical attenuation and wavelength coverage of common ultrafast
lasers.

Many ultrafast lasers are developed and applied to nonlinear optics. These
sources normally consist of a mode-locked laser producing femtosecond pulses
at different wavelength depending on the gain media. Normally, their center
wavelengths are fixed and with limited optical bandwidth. For better comparison,
we mark their wavelength coverage with the optical attenuation curve in Fig.
We briefly introduce their basic features in the following paragraph.
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Ti:sapphire laser. First demonstrated in 1982 [32], nowadays Ti:sapphire lasers
have become one of the most important ultrafast driving sources for MPM. The
center wavelength is at ~800 nm with the highest efficiency. The outstanding
wavelength tunability over a wide range of 700-1100 nm covers the 2PA band of
most of the important fluorophores and fluorescent proteins [33], 34, [35]. Besides
2PEF imaging, Ti:sapphire lasers are suitable to drive SHG modality.

Cr:forsterite laser. The center wavelength is around 1250 nm [36], which can
induce fluorophores emitting red light. Despite the lower gain, poorer thermal
property, and narrower optical bandwidth compared with Ti:Sapphire lasers [37], the
direct emission within the transmission window of 1100-1350 nm makes Cr:forsterite
lasers an ideal source to drive HGM [211, 38, [39]. Under this excitation, the resulting
SHG and THG are both visible light, which suffer from less optical attenuation in
the biological tissue.

Yb:fiber laser. The center wavelength of Yb-doped fiber lasers (YDFLs) is
typically in the range of 1020-1060 nm, which is within the wavelength coverage
of Ti:sapphire lasers. They are normally pumped by 975-nm laser diodes, which
allows a high optical-to-optical conversion efficiency. This feature is in favor of the
development of high-power sources. Ultrafast YDFLs are able to drive SHG and
2PEF imaging of limited fluorophores emitting yellow or orange light.

Er:fiber laser. Er-doped fiber lasers (EDFLs) can be pumped by 1480-nm or
975-nm diodes, and generate pulses of center wavelength between 1530 nm and
1610 nm [40]. The lack of high-power 1480-nm diodes makes the development
of high-power EDFLs relying on 975-nm pump diodes, which results in a low
optical-to-optical conversion efficiency. Ultrafast EDFLs can drive THG modality
[41], 142], but they are not commonly adopted due to the higher water absorption
at this wavelength range. On the other hand, they are widely used in optical
communications because the wavelength range 1530-1565 nm (C-band) exhibits
the lowest transmission loss in optical fibers made of fused silica.

In general, the conventional solution to ultrafast driving sources for MPM still
relies on solid-state Ti:sapphire lasers due to the excellent wavelength coverage.
The gaps in Fig. can be solved by integrating the source laser with additional
nonlinear optical devices to extend the wavelength coverage. An exemplary com-
bination is a mode-locked laser plus a synchronously pumped optical parametric
oscillator (OPO) or an optical parametric amplifier (OPA). Pumped by 800-nm
femtosecond pulses, the resulting signal and idler beams are tunable in the range of
1-2 pm. However, the configuration of such a solid-state laser system usually con-
tains much free space; the cavity requires accurate beam alignment and is sensitive
to environmental fluctuations. In some cases, the beam quality is compromised. For
a high-power source, water-cooling is inevitable to cope with the heat dissipation.
These issues limit the application of MPM to specialized laboratories and thus spur
the development of fiber-based driving sources.

10



1.3. Fiber-optic methods for wavelength conversion

Compared with solid-state lasers, the most distinct feature of fiber lasers is to
employ optical fibers for light transmission, thus makes them robust and insensitive
to environmental fluctuations. Optical fibers are flexible and can be coiled to
reduce the laser footprint. When doped with different rare earth elements, optical
fibers can work as gain media. They also exhibit outstanding heat dissipation
ability compared with bulk materials due to their geometric structure has a high
surface-to-volume ratio. The scheme of master oscillator power amplifier (MOPA)
allows further power scaling. The fiber output has a nearly Gaussian spatial profile
since only the fundamental mode experiences the lowest loss during the transmission.
In addition, optical fibers and their related components are cost-effective compared
with bulk optics. These advantages make fiber lasers a potential candidate to be
the ideal source for driving MPM in clinical applications.

1.3 Fiber-optic methods for wavelength conver-
sion

In spite of the advantages mentioned above, fiber lasers can only emit at a few
wavelengths with narrow optical bandwidth. Common wavelength conversion
devices such as OPO and OPA rely on second-order nonlinearity in nonlinear crystals;
in contrast, due to the centrosymmetric structure, optical fibers host third-order
nonlinearities for wavelength conversion. Several fiber-optic nonlinear mechanisms—
such as four-wave mixing (FWM) [43], [44], dispersive wave (DW) generation [or
so-called Cherenkov radiation (CR)| [45, 406, 47, 48, 49, 50, B, 52], and soliton
self-frequency shift (SSFS) [45], (53] 46, b4} 551 28, 29] 56l 57, B8], 591 60, 61, 51 62]—
were demonstrated for producing wavelength tunable pulses. They can significantly
expand the wavelength coverage of an input narrowband spectrum. We summarize
the representative results in Table [I.1] including the wavelength tuning range A,
the resulting pulse energy FE),, pulse duration 7,, and the repetition rate f,., of the
fiber laser pump source.

FWM method normally results in sub-picosecond or picosecond pulses. For
example, a fiber OPO enabled by FWM pumped by a pJ-level fiber laser system at
1040 nm produces 560-fs pulses after post compression with up to 27-nJ pulse energy
[43]. DW can generate pulses below 100 fs. However, the wavelength tunability is
limited to ~100 nm due to the phase matching requirement between the DW and
the soliton that emits it. The resulting DW pulses are normally positively chirped
and require post compression for later applications. SSF'S can continuously red-shift
the center wavelength of a femtosecond pulse propagating inside an optical fiber
with negative group-velocity-dispersion (GVD). Although the amount of wavelength
shift is tunable by varying the input pulse energy, SSEF'S can only lead to tunable
pulses with their center wavelength longer than the pump wavelength. This implies
that use of EDFLs as the pump source can only generate SSFS beyond 1550 nm.
Wavelength coverage at shorter wavelength can be achieved via frequency doubling
of SSFS pulses [63], 64, [65, [66].
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Chapter 1. Introduction

SSF'S-enabled wavelength tunable pulses are optical fundamental solitons. Its
pulse energy needs to satisfy the well-known soliton area theorem [67]; which is

_ AMesr | 5o

E
7T77,2T0

p

(1.21)

where A is the pulse center wavelength, A.ss the effective mode-field area (MFA),
B2 the GVD at the wavelength of A\, and ny the nonlinear-index coefficient of
optical fibers. Tj is connected to the full-width-at-half-maximum (FWHM) pulse
width by Ty ~ Trwma/1.763. Among all the parameters, A is the most flexible
one and can vary in a large range. For conventional single-mode fibers (SMFs),
Aepy is typically less than 100 pm?, which limits the soliton energy to below 1 nlJ.
Apparently, use of large-mode-area (LMA) fibers can lead to higher soliton energy.
For example, SSFS in a photonic crystal rod with a MFA of 2300 zm? can generate
67-nJ pulses at 1675 nm [28, 29].

SEFSS works successfully for generating high soliton energy in LMA fibers
pumped by EDFLs (with a typical center wavelength around 1550 nm), since
the requirements of large MFA and negative GVD are simultaneously achievable.
However, these LMA fibers exhibit positive GVD for wavelength <1300 nm, which
prevents the use of YDFLs (with a typical center wavelength around 1030 nm) as
the pump source. By utilizing higher-order modes (LPgm ), which exhibit negative
GVD between 1 ym and 1.3 pum, energetic solitons can be generated in LMA higher-
order-mode (HOM) fibers pumped by YDFLs [68, 69, [70, [71]. Although soliton
with MW level peak power can be achieved at 1300 nm, the system complexity is
also increased, since an additional spatial light modulator to generate HOMs is
required. For succeeding applications, an axicon is used to convert the beam to
Gaussian-like one with better spatial coherence.

12
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Table 1.1: Nonlinear fiber-optic approaches for wavelength conversion.

A E, T frep | Pump Ref.
nm nJ fs MHz | laser
FWM 1200-1300 | max 27 | min 560 | 0.785 | Yb [43]
1040-1305 | max 8 n.a. 1 Yb [44]
1130-1300 <0.23 <25 67 Er [45]
600-700 <0.03 n.a. 41.3 Yb [46]
750-950 <0.13 14 3000 | Yb [47]
DW 370-850 max 2.3 25 50 Er [48]
600-800 >4 min 404 | 54.77 | Yb | [49] 51]
1200-1300 | max 1.05 125 52.4 Er [50]
1300 0.076 29 42.4 Er [52]
up to 1950 | <0.23 40%* 67 Er [45]
1030-1330 | 0.1-0.5 <100 60 Yb [53]
1050-1690 | max 0.24 | 100-150 | 41.3 Yb [46]
1580-2130 | max 45 70 1 Er [54]
1160-1260 | max 6.4 | 82 50 | Yb | [59]
1675 67 65 1 Er [28, 29]
SSFS | 1100-1700 n.a. n.a. 54.77 | Yb | [56, BI]
1250 0.6 26 61 Yb [57]
1150-1350 | max 0.3 136 3000 | Yb [58]
1700 0.55 137 110 Er [59]
1200-1285 | max3 | na. | 396 | Yb | [60]
1650 21 86 100 Er [61]
1600-1700 9 75 50 Er [62]
SSFS 850-1100 0.08 n.a. 50 Er [63]
775-950 7.2-14 88-245 1 Er [64]
SHG 1150 6.5 86 11.25 | Er [65]
950-1260 max 21 | 77-180 | 0.66 Er [66]
SSFS 1064-1200 0.8 49 80 Yb [68]
1085 6.3 216 n.a. Yb [69]
HOMF 1030-1317 | max 30 53.6 0.12 Yb [70]
1317 80 74 0.12 Yb [71]
825-1210 1.1-3.3 70-120 55 Yb [72]
SPM | 1030-1215 | max 22 50-90 55 Yb [73]
920-1030 | 4.9-10.1 | 80-117 37 Yb [74]
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Chapter 1. Introduction

Among many nonlinear fiber-optic phenomena, self-phase modulation (SPM)
can also broaden an optical spectrum to generate new wavelengths [75]. In 1998,
Mamyshev proposed to use SPM-induced spectral broadening followed by offset
spectral filtering for optical data regeneration [76]. The resulting optical pulse
reshaping can be used in optical communications to suppress the noise in "zeros"
and the amplitude fluctuations in "ones" [77, [78]. In these applications, long (more
than tens of meters) optical fibers are required because the input pulses are several
picosecond in duration with ~1-W level peak power. In recent years, the idea of
Mamyshev regenerator has been revived in the field of femtosecond pulse generation.
For example, it allows the generation of femtosecond pulses using picosecond Q-
switched lasers [79] or gain-switched lasers [80]; it is also used to enhance the
temporal contrast of mJ femtosecond pulses [81]. Incorporation of Mamyshev
regenerator inside a laser cavity has resulted in a new type of mode-locked lasers
[82, [83]. In all above applications, SPM-induced spectral broadening increases the
input spectral bandwidth by ~50 nm at most, such that the regenerated pulse after
optical filtering has a center wavelength close (<30 nm) to the initial pulse prior to
the spectral broadening. This ensures that the regenerated pulse can be further
amplified by the same gain medium that is used to amplify the initial pulse.

Recently the idea underlying Mamyshev regenerator was extended and applied
to implementing wavelength widely tunable (~400 nm) femtosecond sources [72, [73].
The essence of the idea is to employ SPM-dominated nonlinearity to dramatically
broaden an input narrowband optical spectrum to a spectral width of hundreds of
nm. The resulting broadened spectrum features well-isolated spectral lobes with a
considerable portion of power contained by the leftmost and the rightmost lobes.
Using optical filters to select the leftmost and the rightmost spectral lobes produces
nearly transform-limited femtosecond pulses with the center wavelength widely
tunable. We dub this methodology as SPM-enabled spectral selection (SESS).

This new application is clearly distinct from the conventional Mamyshev regen-
erator in that the filtered pulses may have the center wavelength far from the initial
pulses’ center wavelength and beyond the gain bandwidth, leading to a wide tuning
range of hundreds of nm. For example, based on an ultrafast YDFL centered at 1030
nm, SESS allows us to generate ~100-fs nearly transform-limited pulses (without
external compression), tunable from 825 nm to 1210 nm with >1-nJ pulse energy
[72]. SESS exhibits superior energy scalability; the resulting pulse energy can be
scaled up by using shorter fibers with larger MFA. While SESS is implemented in
2-cm LMA fiber pumped by an ultrafast YDFL, we can achieve energetic pulses
with up to >20-nJ pulse energy tunable in the range of 1030-1215 nm [73]. Such
a powerful source enabled us to drive a video-rate laser scanning microscope to
study human skin tissue based on HGM [73]. Unlike SSF'S that always red-shifts an
input spectrum, SPM-enabled spectral broadening can generate both blue-shifted
and red-shifted spectral lobes. For example, employing SESS in a tapered PCF for
dispersion management pumped by an ultrafast YDFL leads to femtosecond pulses
at 920 nm with 10-nJ pulse energy [74]. This wavelength corresponds to the 2PA
peak of one of the most important bio-markers—green fluorescent protein (GFP).

Indeed MPM can be driven by fiber-based ultrafast sources. Inspired by the
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1.4. Structure of this thesis

success of SESS employed by YDFLs, ultrafast EDFLs are also potential for such a
application. It is noteworthy that GFP and RFP can be excited by 1.3-um and
1.7-pm femtosecond pulses through 3PA respectively. Ultrafast sources tunable in
this wavelength range are crucial for 3PEF microscopy [84], which offers increased
penetration depth for deep-tissue imaging [28] 29, 30]. Though compared with
YDFLs, EDFLs exhibit lower quantum efficiency, the uniqueness of the direct
emission at 1.55 pum right between two transmission windows (i.e., 1.3 pm and 1.7
pm) serves as a strong motivation to develop such SESS sources based on EDFLs.
Another attractive thing is the versatile options of optical fibers for implementing
SESS within this wavelength range. By engineering the waveguide dispersion,
optical fibers are allowed to exhibit different GVD at 1.55 ym. For example, there
exist dispersion-compensating fibers (DCFs), dispersion-shifted fibers (DSFs), and
highly nonlinear fibers (HNLFs) besides standard SMFs. They are widely applied
in optical communications and commercially available.

1.4 Structure of this thesis

In this thesis, we develop fiber-based ultrafast sources for MPM. We implement
SESS in different optical fibers based on a home-built EDFL to generate energetic
femtosecond pulses beyond the wavelength coverage of conventional Ti:sapphire
lasers. The resulting SESS source are able to drive multimodal MPM. The thesis
is composed of 6 chapters. The first part (Chapter 2 and Chapter 3) describes
the development of an EDFL system that serves as the pump source and SESS
in different optical fibers for later applications. The second part (Chapter 4 and
Chapter 5) presents the MPM bio-imaging results enabled by such a powerful SESS
source.

In Chapter 2 we first numerically study the SPM-dominated spectral broadening
between 1.3 ym and 1.7 um in optical fibers featuring different GVD and evaluate
their potential for SESS. We then describe the construction of an EDFL that
operates at 31-MHz repetition rate and generates 290-fs pulses centered at 1.55 pum
with 160-nJ pulse energy (corresponding to 5-W average power).

Besides the excitation wavelength, the available pulse energy and average power
that can be provided by a SESS source are also important for MPM. In Chapter 3
we demonstrate two energy-scaling approaches for SESS, i.e., shortening the fiber
length and using fibers with larger MFA. Typically, SESS based on our EDFL pump
source generates ~100-fs pulses continuously tunable between 1.3 ym and 1.7 pm
with ~10-nJ pulse energy, corresponding to 100-kW level peak power. We further
show that MW-level peak power is achievable by optimizing both the pumping
laser source and the SESS process.

We dedicate Chapter 4 to our first MPM application driven by an EDFL-based
SESS source. The developed SESS source is tuned to the transmission window of
1.15-1.35 pum and integrated with a scanning microscope. We carry out optical
virtual biopsy enabled by HGM in human skin ex vivo and study the effect of
different excitation wavelengths on the HGM performance.
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Chapter 1. Introduction

In Chapter 5, we incorporate frequency doubling into our SESS source and
generate femtosecond pulses at the Ti:sapphire laser wavelength. As a result, our
EDFL-based source constitutes a two-color ultrafast source and allows us to perform
3-channel multimodal imaging. We apply this powerful MPM imaging platform
to label-free human skin imaging (SHG, THG, and 2PEF) and protein crystal
detection (SHG, THG, and 3PEF).

Finally we conclude our work with an outlook in Chapter 6.
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Chapter 2

SESS based on EDFLs

In this chapter, we demonstrate an EDFL-based femtosecond source tunable between
1.3 pm and 1.7 pm. Before we present the experimental results, we first present
a theoretical study of nonlinear porpagation of ultrafast pulses inside an optical
fiber under the situation that SPM dominates the spectral broadening. We then
construct a high-power EDFL system and use it to implement SESS generating
wavelength widely tunable femtosecond pulses

2.1 SPM-dominated spectral broadening
For an ultrashort pulse with a Gaussian shape and constant phase, the intensity at
time t is given by

I(t) =1y - exp (—) (2.1)
where [ is the peak intensity, and 7 is half of the pulse duration. If the pulse

propagates in an optical fiber, the optical Kerr effect leads to a refractive index
change with respect to its intensity.

n(l)=mng+ny-1 (2.2)

where ng is the linear refractive index, and ns is the second-order nonlinear refractive
index of the medium. As the pulse propagates, the intensity in the fiber rises and
then falls following the pulse, which produces a time-varying refractive index

dn(I dI —2t t?
d<t> =na :ng-Io-?-eXp <—> (2.3)

This refractive-index variation exerts a shift in the pulse phase

o(t) = wot — kz = wot — iﬂ -n(l)L (2.4)

where wy is the carrier frequency, A\g the wavelength of the pulse in vacuum, and L
the propagation distance (fiber length). The phase shift results in a frequency shift.
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Chapter 2. SESS based on EDFLs

The instantaneous frequency w; is given by

as(t) _ 2xLdn(l)

= - = 2.5
D V7 (25)
Plugging Eq. in Eq. leads to
A Lo t2
wy = wo + )\077_;0 -t-exp (—72> (2.6)

wy describes the frequency shift of each part of the pulse. The leading edge (¢ < 0)
shifts to lower frequencies, whereas the trailing edge (¢t > 0) shifts to higher
frequencies. The very peak of the pulse (t = 0) remains the same. For the central
portion of the pulse (between t = F7/2), the frequency shift varies linearly with
time resulting in

we=wp+a-t (2.7)
where « is J trLnad
W TLNo Ly

= —| = ———— 2.8

CT Ay T T a2 (28)

It is clear that SPM broadens the pulse spectrum symmetrically and the pulse
envelope in the time domain remains unchanged. However, in real optical fibers
the effects of dispersion simultaneously affect the pulse. For example, in the region
of positive GVD, low-frequency part of the pulse has a higher velocity than the
high-frequency part; that is, the front of the pulse moves faster than the back, and
the pulse is temporally broadened.

Nonlinear spectral broadening of ultrashort pulses in an optical fiber can be
precisely modeled by the well-known generalized nonlinear Schrodinger equation

(GNLSE) [67]
2dt’>

aA n=2 ,L'nfl an . 7 8 +o00 ,
@,Z'+(E Bnn!aTn)A—Z’Y <1+woaT> <A<27T)/_OO R(t')
(2.9)

where A(z,t) is the amplitude envelope of the pulse, 3, the n-th order fiber GVD.
The nonlinear parameter 7 is defined as v = wons/(cAcsf), where wy is the pulse
center frequency, n, the nonlinear-index coefficient of fused silica with a typical
value of 2.4 x 1072% m2W !, ¢ the speed of light in vacuum, and A.s; the effective
MFA. A,y is connected to the mode-field diameter (MFD) d by A.s; = m(d/2)>.
R(t) describes both the instantaneous electronic and delayed molecular responses
(i.e., stimulated Raman scattering) of fused silica, and is defined as

Az, T —t)

R(t) = (1 — fr)d(t) + fr(n® + 12)/(mim?)exp(—t/m) sin(t/11) (2.10)

where typical value of fg, 7, and 7 are 0.18, 12.2 fs, and 32 fs, respectively.
Taking into account dispersion, SPM, self-steepening (SS), and stimulated Raman
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2.1. SPM-dominated spectral broadening

scattering (SRS), Eq. has been widely used to study the nonlinear propagation
of ultrashort optical pulses inside an optical fiber. Such a nonlinear propagation
can significantly broaden the pulse spectrum and, under certain conditions, lead to
supercontinuum generation [85].

To gain physical insight, we first neglect the dispersion effect and investigate
the role of each nonlinear effect—namely SPM, SS, and SRS. In Sec. 2.1.3] we
include the dispersion term into the simulation and show its effect on the nonlinear
spectral broadening.

2.1.1 Pure SPM effect

We first consider only SPM and neglect the effect of dispersion, SS, and SRS.
Consequently Eq. is simplified as

0A | 9
5 7| Al A (2.11)

Equation has an analytical solution A(z,t) = A(0,t)exp(iy|A|*z). Using
this solution, we simulate a 300-fs hyperbolic secant-squared pulse (center wave-
length at 1.55 pm with 40-nJ pulse energy) propagating inside an optical fiber with
a MFD of 4 um. Figure [2.1(a)| shows that the optical spectrum broadens dramat-
ically along the fiber length and is composed of well-isolated spectral lobes; the
number of these spectral lobes is linearly proportional to the fiber length—a unique
feature of SPM-dominated spectral broadening. For example, after propagating
4-cm distance the optical spectrum develops 13 spectral lobes with the leftmost
one peaking at 1374 nm and the rightmost one at 1776 nm [Fig. [2.1(b)|, which
covers the spectral range between 1.3 pm and 1.9 ym —a wavelength range highly
desired by MPM.

We then numerically filter both the leftmost and the rightmost spectral lobes,
and plot them as the insets of Fig. [2.2(a)|and [2.2(b)| respectively. The blue curves
in these two figures are the corresponding pulses due to spectral lobe filtering and
the red curves are the transform-limited (TL) pulses calculated from the leftmost
and the rightmost spectral lobes [i.e., the spectra shown as the black curves in the
insets of Fig. and [2.2(b)]. More specific, the filtered leftmost spectral lobe
produces 79-fs, 10-nJ pulses and the rightmost spectral lobe produces 89-fs, 9.9-nJ
pulses. The transform-limited pulses calculated from the filtered spectra are 76
fs and 88 fs in duration, respectively, showing that the filtered pulses are nearly
transform-limited.

Another interesting feature of the SPM-broadened spectrum is that the leftmost
and the rightmost spectral lobes are the strongest; these two spectral lobes have a
total energy of ~20 nJ (~10 nJ for each), accounting for 50% conversion of the
total energy. Note that other spectral lobes in Fig. can also be filtered;
however, these intermediate spectra possess much less pulse energies compared with
the leftmost and the rightmost spectral lobes.
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Figure 2.1: Spectral broadening enabled by pure SPM. (a) Spectral evolution along
the propagation length. (b) Final output spectrum.

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

fiber with a fixed fiber length.
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Figure 2.2: Filtered pulses of (a) the leftmost and (b) the rightmost spectral lobes.

2.1.2 Effect of SS and SRS

The results in Fig. 2.1 and Fig. 2.2 though informative and impressive, are unprac-
tical since only SPM is considered. Other nonlinear effects such as SS and SRS take
place as well. To investigate their role in the nonlinear spectral broadening, we redo
the simulation by further including SS or both SS and SRS; the resulting spectra
after 4-cm propagation are plotted in Fig. . The spectrum broadened due to
SPM and SS [blue curve in Fig. [2.3(a)| is significantly blue shifted compared with
the pure SPM-broadened spectrum [Fig. [2.1(b)]. When SRS is also included, the
resulting spectrum [red curve in Fig. [2.3(a)| almost overlaps the blue curve. If we
let the pulse propagate 2 cm more, the resulting spectrum [red curve in Fig. [2.3(b)|
becomes slightly narrower due to the small red shift of those spectral lobes on the
left side in comparison with the result considering only SPM and SS [blue curve in
Fig. [2.3(b)|.

Figure [2.4(a)| shows the spectral evolution of a pulse propagating in 4-cm fiber
considering SPM, SS, and SRS. The initial condiction is same as in Sec. 2.1.1, We
numerically filter the leftmost and the rightmost spectral lobes from the broadened
spectrum at the fiber output, and plot the corresponding optical pulses in Fig. [2.4]
The filtered spectral lobes are shown as insets in Fig. and Fig. . The
filtered pulse at the shorter wavelength centered at 1320 nm has a duration of 56 fs
with 7.6-nJ pulse energy; the other filtered pulse with longer wavelength centers
at 1722 nm with 107-fs duration and 11.7-nJ pulse energy. Both pulses are nearly
transform-limited (off by <10 fs).

The simulation results in this section reveal the following effects exerted by
SS and SRS on the nonlinear spectral broadening and energy conversion to the
leftmost and the rightmost spectral lobes:

1. SS extends the broadened spectrum more towards the shorter wavelength
[comparison between Fig. [2.1(b) and blue curve in Fig. [2.3(a)|.

2. For pure SPM-broadened spectrum, the leftmost and the rightmost spectral
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Figure 2.3: Spectral broadening considering SS and SRS in (a) 4-cm and (b) 6-cm

optical fibers.

lobes share the same energy (Fig. . When SS and SRS are included, more
energy is converted into the rightmost spectral lobe, though total conversion
efficiency into these two spectral lobes is comparable for the two cases—~50%
for pure SPM-broadened spectrum and if SS and SRS are considered as well

[Fig. [2.4(b)] and Fig. [2.4(c)].

3. The effect of SRS is minimal compared with SS [Fig. [2 and Fig. 2.3(b)].

Wavelength (um)
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Figure 2.4: (a) Spectral broadening in 4-cm fiber considering SPM, SS, and SRS;
and the filtered pulses from (b) the leftmost and (c¢) the rightmost spectral lobes at
the fiber output.

2.1.3 Effect of dispersion

To illustrate the effect of dispersion, including GVD (denoted by /35) and third-
order dispersion (TOD) (denoted by f3), we redo the simulation for three different
dispersion combinations: (s = 40 fs?*/mm, 83 = 0), (3, = 40 fs*>/mm, B3 = 200
fs?/mm), and (B = 40 fs?/mm, B3 = -200 fs*/mm). We keep all other parameters
unchanged and plot the broadened spectra in Fig. [2.5] The blue curve shows the
broadened spectrum using the fiber with constant GVD of 40 fs?/mm (33 = 0).
Comparison of this curve and the blue curve in Fig. indicates that positive
GVD has two consequences:

1. The broadened spectrum becomes narrower.
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2. The spectral-lobe structures tend to wash out manifesting as shallower spectral

valleys.
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Figure 2.5: Simulation results of different dispersion combinations.

TOD leads to frequency-dependent GVD and plays an important role as well.
For positive TOD (8, = 40 fs?/mm, 83 = 200 fs3/mm), GVD decreases with an
increased wavelength and the resulting optical spectrum is broadened more towards
longer wavelength (red dotted curve in Fig. . Compared with the constant
GVD case (blue curve in Fig. [2.5)), positive TOD generates deeper (shallower)
spectral valleys on the long (short) wavelength side. In contrast, negative TOD (S,
= 40 fs?/mm, (3 = -200 fs®/mm) causes the spectrum broadened more towards
shorter wavelength, with the shallower (deeper) spectral valleys on the long (short)
wavelength side [black dashed curve in Fig. [2.5]. The simulation results in Fig.
suggest that the spectral broadening and formation of clear spectral lobes benefit
from a smaller positive GVD.

2.2 EDFL pump source

The development of high-power and high-pulse-energy ultrafast EDFLs mainly
faces two challenges: the low quantum efficiency and the fiber nonlinearity. The
low quantum efficiency originates from the huge wavelength difference between the
pump and the signal emission. Though 976-nm diodes are commonly used as the
pump for YDFLs and EDFLs, the wavelength difference between the pump and the
emitted signal results in quite different slope efficiency for these two lasers. The
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2.2. EDFL pump source

typical slope efficiency (pump conversion efficiency) for Yb-doped fiber amplifiers
(YDFAS) can easily reach 70% even under high-power amplification, while Er-doped
fiber amplifiers (EDFAs) have ~30% slope efficiency.

The issue that nonlinearity might distort the pulse while amplification can be
solved by chirped-pulse amplification (CPA) [86]. Several works on developing
high-power and high-pulse-energy ultrafast EDFLs are reported. The parameters
are listed in Table [2.1} including the average output power F,,,, the repetition rate
frep, the pulse energy F),, the pulse duration 7,, and the pulse peak power P,. The
pulse peak power P, is defined as

P, ~ 0.88& (2.12)
Tp
assuming a hyperbolic-secant temporal shape for a soliton pulse. For a Gaussian-
shaped pulse, the constant 0.88 is replaced by 0.94. P, listed in Table is
calculated assuming a hyperbolic-secant pulse.

Most demonstrated ultrafast EDFLs work at tens-of-MHz repetition rate [87,
88, 189, 90, 9T]. Most of them generate pulses with the duration limited to >450 fs,
except the one in Ref. [91], which introduces SPM-induced spectral broadening to
overcome the gain narrowing during the amplification. Ultrafast EDFLs operating
at lower repetition rate of only hundreds of kHz to several MHz are able to generate
pulses with ~2-MW peak power [92, [93]. The reported pulse duration is in the
range of 0.6-1 ps. Using LMA and high efficiency media (HEM) fibers, impressive
experimental results are obtained in Ref. [94] in terms of pulse energy, peak power,
and pulse duration. However, the extremely low repetition rate (<5 kHz) is not
suitable to drive laser scanning microscopy (LSM).

Table 2.1: High-power and high-pulse-energy EDFLs based on CPA.

Pasg (W) | frep (MHz) | E, (nJ) | 7, (£5) | P, (MW) | Ref.
8.65 50 173 | 835 | 0182 | [87]
8 35 229 | 850 | 0237 | [88]
10 165 61 450 | 0.119 | [R9]
3.4 75 45 765 | 0.052 | [O0]
35 43 80 175 | 0409 | [o1]
0.45 0.3 1.5k | 605 2.18 | [92]
2 1 2k 880 2 93]
1.07 0.5 2.14k | 880 214 | [93]
0.425 0.2 2.125k | 950 1.968 | [03]
0.208 0.1 2.08k | 1050 | 1.743 | [03]
4.4 0.0048 913k | 485 | 1.657k | [94]

The parameters of the desired EDFL for implementing SESS should be similar
to the YDFL system reported in Ref. [72, [73]. Repetition rate of tens of MHz is
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suitable for driving LSM. >100-nJ pulse energy allows the resulting SESS source
that can be tuned between 1.3 pm and 1.7 pm with considerable pulse energy (10
nJ) later for MPM. The SESS pulse duration is ~1/3 of the input pulse. Thus,
the pulse duration of this pump source is aimed to be 300 fs in hope of producing
~100-fs pulses by SESS.

Besides these desired parameters, we build the EDFL system following the
principles below:

1. To reduce the detrimental effect of environmental fluctuations and maintain
a small footprint, the system should contain as little free space for beam
alignment as possible. Or namely, use as much fiber for configuration as
possible. If free-space alignment is inevitable, then make it compact.

2. The system should employ polarization-maintaining (PM) devices to ensure
a stable pulse generation.

The oscillator is mode-locked by a semiconductor saturable absorber mirror
(SAM) (from Baptop). Fig. shows the picture of the seed oscillator, which is
compact due to the use of optical fibers and in-line fiber-optic components. This
seed oscillator operates at 31-MHz repetition rate and generates ~100-pJ pulses
centered at 1550 nm. The repetition rate is intentionally chosen to be ~30 MHz in
order to enable video-rate (i.e., 30 frames/s) imaging in a laser scanning microscope,
assuming that each image consists of 512 x 512 pixels with 4 pulses per pixel or
1024 x 1024 pixels with 1 pulse per pixel on average.

Figure 2.6: Picture of the seed oscillator.

Figure depicts the total setup of the Er:fiber CPA system. A PM fiber
stretcher exhibiting positive GVD at 1550 nm stretched the pulse duration from the
oscillator output to ~15 ps, which were then amplified to 8-nJ pulse energy by two
stages of EDFA. The main EDFA was constructed using a PM Er:Yb co-doped fiber
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2.2. EDFL pump source

pumped by two 976-nm laser diodes. The amplified 200-nJ pulses were dechirped
by a transmission diffraction-grating pair with 966.2-lines/mm groove density. The
grating pair was set in a double-pass configuration with 80% transmission efficiency.
The oscillator, the fiber stretcher, and two stages of EDFA are constructed on a 600
mm X 600 mm breadboard; the main power amplifier and the grating compressor
are mounted on another breadboard with the same size. The nearly all-fiber
configuration enables the system compactness. The all-PM configuration assures a
stable linearly polarized output spectrum with 23-dB polarization extinction ratio
(PER).

Home-built all-fiber 1SO Fiber stretcher

Er-fiber oscillator
WDM
1SO giWDM SO

Pump
combiner

L LpF

HWP ISO HWP Grating compressor

Figure 2.7: Schematic setup of the Er:fiber CPA system. ISO: isolator, WDM:
wavelength-division multiplexing, EDF: erbium-doped fiber, EYDF': erbium yt-
terbium co-doped fiber, L: lens, LPF: long pass filter, HWP: half-wave plate, M:
mirror.

To generate high-quality pulses, the total dispersion (especially the TOD) of
the CPA system must be carefully managed. In Fig. we plot the group-delay
dispersion (GDD) contribution from the optical fiber and the gratings in the CPA
system. The diffraction grating-pair as the pulse compressor provides negative GVD
and TOD (blue curve in Fig. . Our fiber stretcher consists of PM dispersion-
compensating fiber (denoted as PM-DCF) and conventional PM-SMF (denoted as
PM1550). The PM-DCF provides positive GDD and negative TOD (black curve
in Fig. 2.8), whereas PM1550 provides negative GVD and TOD (red curve in
Fig. . An optimal length combination of these two kinds of fiber allows us for
the dispersion management.

Figure shows the measured autocorrelation trace (red curve) of the com-
pressed pulse. The pulse duration is estimated to be 290 fs assuming a hyperbolic-
secant pulse profile. Inset of Fig. records the optical spectrum of the compressed
pulse. Black dashed curve in Fig. indicates the calculated autocorrelation trace
of the transfom-limited pulse allowed by the optical spectrum. Apparently the
compressed pulse is close to be transform-limited.
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Figure 2.8: GDD contribution from optical fibers and gratings.
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Figure 2.9: Measured (red) and calculated (black dashed) autocorrelation traces of
the compressed pulse.
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2.3 Spectral broadening in common optical fibers

In this section, we tested six commercially available optical fibers to evaluate their
potential for implementing SESS. These optical fibers include standard SMFs,
dispersion-shifted fibers (DSFs), highly nonlinear fibers (HNLFs), and dispersion-
compensating fibers (DCFs). They exhibit different GVD and TOD at the 1.55-um
pump wavelength. Their optical parameters are listed in Table [2.2]

Table 2.2: Properties of common optical fibers.

Fiber D Ba B3 MFD v
Type ps/nm/km fs?/mm fs*/mm pm W-lkm™!
SMF 18 -23 + 10.4 1.6
DSF 8 -10 + 9.6 1.88
HNLF1 0.32 -0.408 + 4 10.8
HNLF2 2 -2.55 + 4.2 9.8
DCF3 -3 3.83 + 8 2.7
DCF38 -38.5 48.5 - 6 4.8

We first compare the spectral broadening in different fibers with the same 4-cm
length. Figure [2.10| shows the schematic setup, which consists of an EDFL pump
source and a fiber coupling module.

Home-built all-fiber ISO  Fiber stretcher

Er-fiber oscillator @
EDF epr | 4WPM
1ISO WDM 1SO

Pump
. EYDF M
combiner
=%
Loy

M
",
PF HWP SO HWP Grating compressor

n q = “ e
u L Fiber L M
Optical filter HWP
Beam block

Figure 2.10: Schematic setup for SESS.

The EDFL pump source operates at 31-MHz repetition rate and generates
290-fs pulses centered at 1550 nm with 160-nJ pulse energy. The 1550-nm beam is
coupled into an optical fiber for nonlinear spectral broadening followed by optical
filters to select the leftmost or the rightmost spectral lobe. The fiber coupling
module includes a fiber holder (HFV002, Thorlabs), a 3-axis stage (MAX313D/M,
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Chapter 2. SESS based on EDFLs

Thorlabs), and an aspheric lens. A half-wave plate (HWP) and a polarization beam
splitter (PBS) are used to adjust the pulse energy coupled into the fiber. The fiber
output is collimated by another aspheric lens.

2.3.1 Fibers with negative GVD

Figure shows the spectral broadening in 4-cm standard SMF with coupled
pulse energy varied from 30 nJ to 80 nJ. As the coupled pulse energy increases, the
spectrum gradually broadens towards both the shorter and the longer wavelength.
With 80-nJ coupled pulse energy, the leftmost spectral lobe peaks at 1.43 um
with a long tail extending to 1.3 um [Fig. 2.12(a)]. The well-isolated spectral
lobes disappear at the shorter wavelength for the coupled pulse energy at 85 nJ

[Fig. 2.12|(b)] and 90 nJ [Fig. 2.12{c)].
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Figure 2.11: Spectral broadening in 4-cm standard SMF.
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Figure 2.12: Washout of well-isolated spectral lobes in 4-cm standard SMF.

To show the effect of fiber length, we prepare another 10-cm standard SMF.
The spectral broadening with respect to the coupled pulse energy varied from 10 nJ
to 30 nJ is shown in Fig. 2.13] Apparently, the spectral broadening is dominated
by SPM when the coupled pulse energy less than 18 nJ. Figure depicts the
spectral-lobes-washout as we change the coupled pulse energy from 17.7 nJ to 21.3

nJ. Comparison between Fig. and Fig. shows that the spectrum spans
narrower before the spectral-lobes-washout for a longer optical fiber.
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Figure 2.13: Spectral broadening in 10-cm standard SMF.

Power (a.u.)

A
//’UU

b + 1 1
125 13 135 14 145 15 155 16 165 17
Wavelength (um)

Figure 2.14: Washout of well-isolated spectral lobes in 10-cm standard SMF.

32



2.3. Spectral broadening in common optical fibers

Indeed the interplay between negative GVD and SPM allows SSF'S to generate
wavelength red-shifted femtosecond pulses. We demonstrate this in Fig. by
using 75-cm standard SMF with coupled pulse energy varied from 2 nJ to 6 nJ.
In contrast to SPM-dominated spectral broadening that extends the spectrum to
both the shorter and the longer wavelength, SSEF'S generates red-shifted spectral
lobes at the longer wavelength. Using a longpass filter (LPF) with 1.65-pm cut-on
wavelength to select the isolated spectral lobe peaking at 1.7 um, the resulting
pulse energy is at 1-nJ level (~30 mW).
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Figure 2.15: SSFS in 75-cm standard SMF.
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Figure[2.16|shows the spectral broadening in 4-cm DSF with coupled pulse energy
also varied from 30 nJ to 80 nJ. Although DSF has higher nonlinear parameter,
the spectrum broadens less compared with in 4-cm standard SMF (Fig. [2.11]), since
dispersion plays an important role here. Ultrafast pulses experience higher-order
soliton compression while propagating inside an optical fiber with negative GVD
[67]. In comparison with standard SMF, DSF exhibits lower GVD at the pump
wavelength (1.55 um) leading to a less compressed pulse with lower peak power for
SPM-dominated spectral broadening.
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Figure 2.16: Spectral broadening in 4-cm DSF.

2.3.2 Fibers with nearly zero GVD

The two HNLFs exhibit nearly zero GVD and large nonlinear parameter (~10
Wtkm™!) due to the smaller MFD (~4 pm) at 1.55 pm, which favors SPM-induced
spectral broadening. Figure shows the spectral broadening in 4-cmm HNLF'1
with coupled pulse energy varied from 10 nJ to 30 nJ. With 30-nJ coupled pulse
energy, the leftmost and the rightmost spectral lobes of the broadened spectrum
peak at 1.3 pm and 1.7 pm, respectively. Similar to HNLF1, the broadened
spectrum spanning from 1.3 pum to 1.7 pum is also achievable in 4-cm HNLF2 with
24-nJ coupled pulse energy (Fig. . The less required pulse energy for the same
spectral broadening can be explained by the difference of GVD. Pulse propagating
in HNLF2 accumulates more negative GDD and experiences more higher-order
soliton compression, leading to higher peak power for spectral broadening.
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2.3.3 Fibers with positive GVD

The two DCFs exhibit different amount of positive GVD and opposite TOD sign at
1.55 pm. Figure and Fig. show the spectral broadening in 4-cm DCF3 and
DCF38 with coupled pulse energy varied from 20 nJ to 80 nJ, respectively. The
leftmost /rightmost spectral lobe from 4-cm DCF3 with 80-nJ coupled pulse energy
peaks at 1.42/1.65 um (Fig. [2.19), whereas the spectral lobe from 4-cm DCF38
peaks at 1.36/1.67 pm (Fig. [2.20). Compared with fibers with negative GVD, SPM
mainly dominates the spectral broadening in fibers with positive GVD. Contrary to
higher-order soliton compression, the input pulse is gradually stretched along the
propagation length. The stretched pulse reduces its peak power, and thus mitigates
the SPM-induced spectral broadening. Further increasing the coupled pulse energy
can hardly broaden the spectrum. This effect can be observed in 4-cm DCF3 with
>60-nJ coupled pulse energy (Fig. and in 4-cm DCF38 with >65-nJ coupled

pulse energy (Fig. [2.20)).
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Figure 2.19: Spectral broadening in 4-cm DCF3.

Besides GVD, spectral broadening is also affected by TOD. To illustrate this
effect, we plot the spectra from 4-cm DCF3 (red dashed curve) and 4-cm DCF38
(blue curve) in Fig. 2.21] To have a fair comparison, both of the rightmost spectral
lobes peak at 1.625 um with 42-nJ coupled pulse energy in DCF3 and 31-nJ pulse
energy in DCF38. The inset of Fig. shows the dispersion parameter of the
two DCFs. As we expect from the simulation result in Sec. 2.1.3] negative TOD
allows DCF38 to shift the leftmost spectral lobe at a wavelength shorter than that
obtained from DCF3 with positive TOD.
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Figure 2.20: Spectral broadening in 4-cm DCF38.
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Figure 2.21: Effect of TOD on spectral broadening.
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2.3.4 Tunable source between 1.3 ym and 1.7 ym

The experimental results of spectral broadening in optical fibers exhibiting different
GVD at 1.55 ym can be summarized as follows:

1. Pulses propagating in fibers with negative GVD experience higher-order
soliton compression. Fibers with high negative GVD are not suitable for SPM
spectral broadening.

2. HNLFs featuring nearly zero GVD at the pump wavelength (1.55 pm), enables
spectral broadening between 1.3 pym and 1.7 pum with well-isolated spectral
lobes.

3. Pulses undergo stretching in DCFs with positive GVD, which mitigates the
SPM effect.

For the application of MPM, the pulse energy and the average power are also
important as well as the excitation wavelength. Figure represents the output
spectra from 4-cm HNLF1 with different coupled pulse energy of 11 nJ, 16 nJ, 22
nJ, 26 nJ, and 30 nJ. To characterize the average power of this tunable source
between 1.3 pm and 1.7 pum, we use bandpass filters (BPFs) with 50-nm bandwidth
(from Edmund Optics) centered at 1.3 pm, 1.35 pm, 1.4 pm, 1.45 pm, 1.6 pm,
and a LPF with 1.65-um cut-on wavelength (from Edmund Optics) to select the
leftmost and the rightmost spectral lobes.

Power (a.u.)

1.25 13 1.35 14

1
145 15 155 16 165 1.7
Wavelength (um)

Figure 2.22: Tunable source between 1.3 ym and 1.7 pym from 4-cm HNLF1.

The corresponding filtered spectrum has an average power of 72 mW, 70 mW,
84 mW, 90 mW, 90 mW, and 122 mW, respectively, corresponding to pulse energy
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of 2.3 nJ, 2.3 nJ, 2.7 nJ, 2.9 nJ, 2.9 nJ, and 3.9 nJ. Typically, the microscope
system will introduce >50% transmission loss (most comes from the objective),
which means the available average power generated by the current source would be
<50 mW (pulse energy at 1-nJ level) after the objective.

2.4 Conclusion of Chapter 2

In this chapter we numerically and experimentally studied SPM-dominated spectral
broadening in optical fibers pumped by an EDFL. We first modeled ultrafast pulses
propagating inside an optical fiber considering the effect of SPM, SS, SRS, and
dispersion. An EDFL system was constructed under the CPA scheme with ~5-W
average output power as the pump source. This laser operates at 31-MHz repetition
rate and generates 290-fs pulses centered at 1.55 ym with 160-nJ pulse energy.

We tested the spectral broadening in six optical fibers that exhibit different GVD
at 1.55 pum to evaluate their potential for implementing SESS. Tunable sources in
the range of 1.3-1.7 pum targeting the biological transmission window are achievable
from 4-cm HNLFs. Using optical filters to select the leftmost or the rightmost
spectral lobes, the resulting SESS source has an average power of 70-122 mW,
corresponding to 2.3-3.9 nJ pulse energy. Considering the foreseeable microscope
transmission loss while applied to MPM, the current SESS source requires further
energy scaling up, which is presented in Chapter 3.

39



Chapter 2. SESS based on EDFLs

40



Chapter 3

Energy scalability of SESS

Besides the wavelength, the available pulse energy of the excitation pulses is as
well important for MPM. In this chapter we focus on how to efficiently improve
the SESS pulse energy. We also investigate the feasibility of generating SESS
pulses with MW-level peak power, which is crucial for deep-tissue 3PEF imaging
[28, 29, [30]

3.1 Energy scaling method for SESS

In this section we introduce two approaches to scale up the pulse energy allowed
by SESS. From Eq. 3.1} we can find that the frequency shift Aw due to SPM is
proportional to the nonlinear phase accumulated along the propagation length L.
This can be further expressed as

EP
Aery

Aw x ¢y, ox Iy L - L (3.1)

where [j is the pulse peak power, L the fiber length, E, the pulse energy, and
Acsy the effective MFA of the fiber. It is clear that in order to achieve the same
wavelength (frequency) shift, higher pulse energy is required to accumulate enough
nonlinear phase for a pulse propagating in an optical fiber with a reduced fiber
length or a larger MFA. Consequently the broadened spectrum has higher pulse
energy distributed in each spectral lobe, thus generating SESS pulses with increased
pulse energy.

3.1.1 By shortening the fiber length

We first investigate the energy scaling of SESS by shortening the fiber length. Fig-
ure 3.1 shows the simulation result of the broadened spectra for three combinations
of input pulse energy (E) and fiber length (L): (blue curve, E =40 nJ, L = 4 cm),
(black dashed curve, E = 80 nJ, L, = 2 cm), and (red dotted curve, E = 160 nJ, L
= 1 cm). The fiber has a constant GVD of 40 fs?/mm (33 = 0) and a MFD of 4
pm at 1.55 pm, and the input hyperbolic-secant pulse has a duration of 300 fs.
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Although the product of the input pulse energy and the fiber length is fixed at
160 nJ-cm, the combination of shorter fiber and higher input pulse energy produces
more spectral broadening with deeper spectral valleys due to less GDD accumulated
during the pulse propagation. Indeed the detrimental effect caused by dispersion
can be reduced by using shorter fibers since dispersion is distributed along the
fiber. More important, the resulting leftmost and rightmost spectral lobes account
for more pulse energy. For example, the leftmost and the rightmost spectral lobes
peak at 1.37 pm and 1.7 pm for 1-cm fiber with 160-nJ input pulse energy (red
dotted curve in Fig. . Filtering these two spectral lobes generates ~100-fs,
nearly transform-limited pulses with 32-nJ (40-nJ) pulse energy for the leftmost
(rightmost) spectral lobe. Clearly using shorter fiber and higher input pulse energy
for spectral broadening constitutes an efficient and energy scalable approach to
obtain high-energy, wavelength widely tunable femtosecond pulses.
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Figure 3.1: Simulation of the spectral broadening comparison among different
combinations of input pulse energy and fiber length.

To experimentally demonstrate the energy scaling property offered by shortening
the fiber length, we prepared another 2-cm long HNLF1 and compared its spectral
broadening with those achieved in 4-cm HNLF1 (Fig. [2.17)). Figure [3.2 shows the
spectral broadening in 2-cm HNLF1 with coupled pulse energy varied from 10 nJ
to 56 nJ. With 56-nJ coupled pulse energy, the spectrum spans from 1.3 pym to
1.7 pm featuring well-isolated spectral lobes. Except the coupled pulse energy, the
spectral broadening in 2-cm HNLF1 shown in Fig. looks almost the same with
the result from 4-cm HNLF1 (Fig. 2.17).

To have a better comparison, we plotted in Fig. the spectrum from 2-cm
HNLF1 (red dotted curves) with the adjusted coupled pulse energy such that the
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Figure 3.2: Spectral broadening in 2-cmm HNLF1.

resulting rightmost spectral lobes peak at the same wavelength as those obtained
from 4-cm HNLF1 (blue curves the same with Fig. [2.22]).
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Figure 3.3: Comparison of spectral broadening in 4-cm (blue curves) and 2-cm
HNLF1 (red dotted curves).

The red dotted (blue) curves in Fig. record these output spectra with
different coupled pulse energy of 18(11) nJ, 30(16) nJ, 40(22) nJ, 46(26) nJ, and
56(30) nJ. These curves almost overlap perfectly with each other. Since shortening
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the fiber length reduces the accumulated dispersion effect—as demonstrated by the
simulation result, the ratio of pulse energies coupled into 2-cm and 4-cm HNLF1 is
slightly less than two to achieve the same amount of spectral broadening.

To characterize the pulse energy and the pulse duration of the wavelength
tunable source from 2-cm HNLF1, we used the same optical filters described in
Sec. to select the leftmost and the rightmost spectral lobes of the broadened
spectrum. The left column in Fig. [3.4] presents six representatively filtered spectral
lobes. They peak at 1.3 pym, 1.35 pm, 1.4 pm, 1.45 pm, 1.6 pum, and 1.7 pm with
the corresponding pulse energy of 4.5 nJ, 4.8 nJ, 4.9 nJ, 5.2 nJ, 5.2 nJ, and 7.1 nJ,
respectively. In contrast, the pulse energies at these six wavelengths using 4-cm
HNLF1 are 2.3 nJ, 2.3 nJ, 2.7 nJ, 2.9 nJ, 2.9 nJ, and 3.4 nJ, respectively. As
expected, the available pulse energies are about doubled by shortening the length
of HNLF1 to its half. At 31-MHz repetition-rate, this tunable femtosecond source
enabled by 2-cm HNLF1 has an average power between 140 mW and 220 mW.
The corresponding pulse durations were measured by an intensity autocorrelator
and the measured autocorrelation traces are shown as the red curves in the right
column of Fig. [3.4 The FWHM duration of these autocorrelation traces is in the
range of 149-280 fs. The pulse duration is estimated to be 97-182 fs, assuming
a hyperbolic-secant pulse with a deconvolution factor of 1.54. The black dashed
curves in the right column of Fig. plot the calculated autocorrelation traces
of the transform-limited pulses allowed by the filtered spectra, showing that the
filtered spectra correspond to nearly transform-limited pulses.
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Figure 3.4: SESS between 1.3 pm and 1.7 ym from 2-cm HNLF1.
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3.1.2 By using fibers with larger MFA

Besides energy scaling by shortening the fiber length, using fibers with larger MFA
is another option. Larger MFD d corresponds to larger effective MFA A.;f, which

can be described as
d\2
Aeff =T <2> (32)

In addition, larger MFA makes the free-space power coupling into the fibers less
environmentally sensitive. DCFs exhibit positive GVD at 1.55 pym with their MFD
larger than HNLFs. For example, DCF38 has 6-um MFD, which is 1.5 times of
the MFD of HNLF1 (4-pm), and 2.25 times of the MFA. According to Eq. 3.2
implementing SESS in DCF38 suggests an approach to double the resulting pulse
energy compared with the same long HNLF1. Based on the previous result shown
in Fig. [2.20, we further increased the coupled pulse energy from 80 nJ to 95 nJ in
4-cm DCF38. The spectral broadening is shown in Fig. [3.5] With the additional
15-nJ coupled pulse energy, the rightmost spectral lobe shifts to 1.7 um, whereas
the leftmost spectral lobe still remains at around 1.35 pm due to the dispersion
effect.

Coupled pulse energy (nJ)
s 3 & 5 3

oo

13 135 14 145 15 155 16 165 17
Wavelength (um)

Figure 3.5: Spectral broadening in 4-cmm DCF38.

With the coupled pulse energy at 96 nJ, 63 nJ, 21 nJ, and 96 nJ, 4-cm DCF38
allows us to produce a wavelength tunable source with its leftmost or rightmost
spectral lobes peaking at 1.35 ym, 1.4 pm, 1.6 pm, and 1.7 pm (left column of
Fig. . We used shortpass filters (SPFs) to select the spectral lobes peaking at
1.35 pm and 1.4 pum to obtain broader spectra than can be achieved by optical
BPFs. As a result, the filtered spectra at these two wavelengths exhibit larger
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spectral bandwidth than those shown in Fig. 3.4l The corresponding pulses have
the pulse energy of 10.3 nJ, 8.8 nJ, 7.4 nJ, and 10.6 nJ, respectively. The red curves
in the right column of Fig. plot the measured autocorrelation traces. Compared
with the calculated autocorrelation traces of the transform-limited pulses (black
dashed curves), the resulting pulses deviate considerably from transform-limited
pulses mainly caused by the large GVD of DCF38. Since both positive GVD and
SPM exert positive chirp to the propagating pulse, bulk materials with negative
GVD can be used to dechirp the pulses given by the filtered spectra. We employed
several fused-silica plates to dechirp these pulses. The measured autocorrelation
traces of the dechirped pulses are shown as the purple curves in the right column
of Fig. They nearly overlap with the black dashed curves showing that the
dechirped pulses are nearly transform-limited. The pulse duration is estimated to
be 52-143 fs, assuming a hyperbolic-secant pulse with a deconvolution factor of
1.54.
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Figure 3.6: SESS between 1.35 ym and 1.7 pm from 4-cm DCF38.

Apparently SESS in 4-cm DCF38 produces wavelength tunable femtosecond
pulses with higher pulse energy than in 4-cm HNLF1. For example, the 1.35-pum
pulses generated by 4-cm DCF38 possess 10.3-nJ pulse energy and 53-fs pulse
duration, while 2-cm HNLF' produces the 1.35-pum pulses with 4.8-nJ pulse energy
and 110-fs pulse duration. This means that the pulse peak power differs by a factor
of 4 for these 1.35-um sources. Use of a femtosecond source with higher pulse
energy and shorter pulse duration is of particular importance to increase the signal
strength in MPM. According to Eq. the signal for 3PEF becomes 32 times
stronger if the driving pulse duration is reduced by a factor of 2 while the pulse
energy is doubled [95].
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3.2. SESS implemented in fibers with negative GVD

3.2 SESS implemented in fibers with negative
GVD

SESS implemented in 4-cm DCF38 allows us to generate ~10-nJ, <100-fs pulses
at 1.35 pym and 1.7 pgm. In order to further scale the pulse energy up to >100 nJ
and therefore achieve ~1-MW peak power—a power level required by applications
such as deep-tissue 3PEF imaging [28], 29, [30], the fiber length should be reduced
to ~4 mm, which becomes challenging for experimental handling. In addition, the
small MFD (6 pm for DCF38) also degrades the system robustness when free-space
coupling is adopted.

As we have shown, besides shortening the fiber length, energy scaling can be also
achieved by employing optical fibers with larger MFA. SESS implemented in LMA
fibers has been successfully demonstrated by using YDFL pump sources [73] [74].
Most of the conventional optical fibers—especially fused silica LMA fibers—exhibit
positive GVD at the YDFL wavelength (i.e., ~1.03 um), but negative GVD at
the EDFL wavelength (i.e., ~1.55 um). Though specially designed fibers at the
expense of the fiber MFA may possess close-to-zero or even positive GVD at the
EDFL wavelength. At 1.55 um, however, increasing the fiber MFA normally leads
to negative GVD that complicates the nonlinear propagation of an ultrashort pulse
inside the fiber, shown as the result from standard SMFs demonstrated in Sec. 2.3.1]
Negative GVD and strong SPM can reshape the input pulse into a higher-order
optical soliton. Due to higher-order effects such as TOD, SS, and SRS, this higher-
order soliton breaks into multiple fundamental solitons and emits dispersive waves;
further propagation leads to wavelength red-shifted Raman solitons [85].

Ultrashort pulse propagating inside an optical fiber with negative GVD has been
extensively investigated under the context of higher-order soliton pulse compression,
supercontinuumm generation, and SSFS [67]. At first glance, optical fibers with
negative GVD are not suitable for implementing SESS because efficient SESS
requires the formation of well-isolated spectral lobes with a considerable portion of
power concentrated in the leftmost/rightmost spectral lobes. However, it is still
feasible to implement SESS in fibers exhibiting negative GVD since the spectral
broadening is dominated by SPM prior to soliton fission. Before we present the
experimental results, we first use numerical simulations to illustrate this assumption
and study the effect of different sign of dispersion on the spectral broadening at
the pump wavelength of 1.55 pm.

3.2.1 Higher-order soliton compression and fission

Similar to Sec. we solve the GNLSE to investigate the effect of GVD on
the spectral broadening at the pump wavelength of 1.55 pm. Without loss of
generality, we propagate an ultrashort pulse inside three fibers featuring positive
(10 fs*/mm), zero (0 fs*/mm), and negative (-10 fs?/mm) GVD, respectively. To be
more practical, we assume constant TOD of 100 fs*/mm at 1.55 um for all three
cases. The input pulse (center wavelength at 1.55 pm) has a hyperbolic-secant
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Chapter 3. Energy scalability of SESS

shape with 300-fs pulse duration and 95-nJ pulse energy. We assume that these
three fibers have the same MFD of 10 gm. The simulation results of the spectral
and temporal evolution along the fiber length are shown in Fig. and Fig. [3.8
respectively.

For pulses propagating inside the fiber with 10 fs?/mm GVD, SPM dominates
the spectral broadening and forms well-separated spectral lobes [Figure[3.7(a)]. Due
to the positive GVD, the input pulse is gradually stretched along the propagation
distance [Fig. [3.8(a)]. In contrast, for propagation in the fiber with zero GVD, the
pulse duration remains almost constant [Fig. [3.8(b)]; consequently the broadened
spectrum [Fig. 3.7(b)] spans a little wider than the spectrum achieved in the fiber
with positive GVD.

Figure (c) depicts the spectral evolution of the input pulse propagating in
the fiber with negative GVD of -10 fs? /mm. Its corresponding temporal evolution
is shown in Fig. [3.8(c). Due to higher-order soliton pulse compression arising from
the interaction between SPM and negative GVD, the input pulse becomes shorter
along the propagation length. It reaches the shortest pulse duration at the fiber
length of 5.2 cm, which is defined as the soliton fission length and denoted by
white dashed lines in Fig. [3.7(c) and [.§|(c). Further propagation leads to soliton
fission that ejects multiple pulses, which starts to destroy the spectral structure
of well-separated lobes that originates from SPM-dominated spectral broadening
[Fig. |3.7(c)]. The washout process is experimentally observed in standard SMFs
presented in Sec. [2.3.1]
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Figure 3.7: Simulation of the spectral evolution in fibers with different GVD at
1.55 pum. (a) 10 fs?/mm. (b) 0 fs?/mm. (c) -10 fs?/mm.
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Figure 3.8: Simulation of the temporal evolution in fibers with different GVD at
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Figure 3.9: Simulation of the spectral evolution after different propagation distance.

To visualize more details, we plot in Fig. the evolved spectra at the propaga-
tion lengths of 4.6 cm (blue curve) and 5 cm (red dashed curve). For a comparison,
we plot in the same figure the spectrum at the fiber input (black curve). Clearly
the input narrowband spectrum is substantially broadened and extended towards
both the shorter and the longer wavelength side.
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Figure 3.10: Simulation of the temporal evolution after different propagation
distance.

The corresponding temporal pulses at these three propagation distances are
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shown in Fig. [3.10] In the time domain, the pulse experiences an accelerated pulse
compression; the peak power increases from 279 kW to 530 kW after propagation
of 4.6 cm (black and blue curves in Fig. [3.10). Then after further propagation
of 0.4 cm, the peak power reaches 893 kW (red dashed curve in Fig. [3.10)). The
results suggest that when implementing SESS in optical fibers with negative GVD,
fiber length should be less than the soliton fission length to ensure SPM-dominated
spectral broadening. The soliton fission length can be estimated as [67]

L Ty? Ty?
Lf’iss ~ 7D — M — 0 (33)

N\ JNET,/ |5 |Ba| VE

where Lp is the characteristic dispersive length scale, N the soliton order, Tj is
related to the FWHM pulse duration by Ty ~ Trw g /1.763 assuming a hyperbolic-
secant pulse. [y is the GVD, v the nonlinear parameter of the optical fiber, and F
the input pulse energy. In our simulation, these parameters are Ty gy = 300 fs,
By = -10 fs?/mm, v = 1.73 /W /km, and E = 95 nJ, which results in L;ss = 5.5
cm and agrees well with the soliton fission length of 5.2 cm obtained by numerical
simulation.

Equation suggests that the soliton fission length is inversely proportional to
the square root of the input pulse energy—a relation that favors SESS energy scaling.
For example, as we quadruple the input pulse energy, the corresponding soliton
fission length is reduced by half. Then we intuitively expect more accumulated
nonlinear phase and a wider broadened spectrum. To numerically confirm such a
speculation, we increase the input pulse energy from 95 nJ to 380 nJ, propagate
the pulse in the fiber with -10 fs?>/mm GVD, and plot the spectral evolution in
Fig. [3.11b) for a fiber length up to 2.6 cm. For a clear comparison, Fig. [3.11|a)
shows the spectral evolution for the input pulse with 95-nJ pulse energy and the
fiber length is set to be 5.2 cm.
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Figure 3.11: Simulation of the spectral evolution from different combinations of
input pulse energy and fiber length. (a) 95 nJ, 5.2 cm. (b) 380 nJ, 2.6 cm.

Except the similar spectral evolution shown in Fig. increasing the input
pulse energy leads to a much wider SPM-dominated spectral broadening. To
illustrate this point, we plot the spectra in Fig. [3.12](a) and the pulses in Fig. [3.12|b)
from different combinations of pulse energy and fiber length. For 95-nJ pulse energy
and 4.6-cm fiber length, the leftmost and the rightmost spectral lobes peak at 1.45
pm and 1.64 pm, respectively [blue curve in Fig. [3.12|a)]. As we increase the pulse
energy to 380 nJ and reduce the fiber length to 2.3 c¢m, these two lobes peak at
1.34 pm and 1.74 pm, respectively [red dashed curve in Fig. [3.12{a)]
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Figure 3.12: Simulation of the (a) spectral broadening and (b) evolved pulses from
different combinations of input pulse energy and fiber length.

The blue curve and the red dashed curve in Fig. [3.12(b) clearly show the
higher-order soliton compression. For a better understanding of energy scaling, we
also plot in Fig. [3.12(b) the simulation results corresponding to 190-nJ input pulse
energy and 2.3-cm fiber length. From Eq. [3.3] we can estimate that the soliton
fission length for the 190-nJ pulse is about 3.9 cm. As a result, the propagation
of 190-nJ pulses inside 2.3-cm fiber introduces negligible pulse compression [black
dashed curve in Fig. [3.12(a)]. This explains why the resulting spectrum [black
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3.2. SESS implemented in fibers with negative GVD

dashed curve in Fig. [3.12(a)] is narrower than the one generated from the 95-nJ
pulse propagating in 4.6-cm long fiber [blue curve in Fig. [3.12(a)]. Such behavior
contrasts with SPM-dominated spectral broadening in optical fibers with positive
GVD, for which reducing the fiber length by a factor of two and doubling the input
pulse energy leads to wider broadened spectrum due to less pulse stretching as
discussed in Sec. B.1.1l

To demonstrate SESS, we numerically filter the leftmost and the rightmost
spectral lobes from the broadened spectrum given by the 380-nJ pulse propagating
through 2.3-cm fiber; the resulting pulses are plotted as the blue curves in Fig. [3.13
The filtered spectral lobes are shown as the insets (black curves). More specific,
the filtered leftmost spectral lobe produces an 87-fs, 117-nJ pulse [blue curve in
Fig.[3.13(a)] and the rightmost spectral lobe produces a 102-fs, 121-nJ pulse [blue
curve in Fig. 3.13|(b)]. Both pulses exhibit >1-MW peak power. The transform-
limited pulses [red curves in Fig. calculated from the filtered spectra have a
duration of 78 fs and 98 fs, respectively, showing that the SESS pulses are nearly
transform-limited. These two spectral lobes have a total pulse energy of 238 nJ,
which accounts for >60% of the 380-nJ input pulse energy, representing an efficient
wavelength conversion process.
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Figure 3.13: Numerically filtered pulses from (a) the leftmost and (b) the rightmost
spectral lobe.

3.2.2 SESS in DSF

To verify our assumptions, we tested DSFs exhibiting GVD and MFD similar to
the simulation parameters. Limited by the available pulse energy, we compare
the spectral evolution at two fiber lengths (14 cm versus 7 cm) that are longer
than those discussed in Sec. Figure shows the spectrum at the output
of 14-cm DSF for the coupled pulse energy varied from 10 nJ to 100 nJ. As the
coupled pulse energy increases from 10 nJ to 35 nJ, the spectrum gradually broadens
towards the shorter and the longer wavelength forming several isolated spectral
lobes. Further increasing the coupled pulse energy leads to soliton fission, washout
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of the well-isolated spectral lobes, and supercontinuum generation spanning from
1.1 pm to 1.7 pm.

Coupled pulse energy (nJ)

1001 1.1 1.2

1.5

1.3 1.4
Wavelength (um)

Figure 3.14: Spectral broadening in 14-cm DSF.

Figure[3.15[shows the output spectrum from 7-cm DSF. Obviously, SPM-induced
spectral broadening dominates almost the whole process as the coupled pulse energy
varied from 10 nJ to 115 nJ.
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Figure 3.15: Spectral broadening in 7-cm DSF.

The well-isolated spectral lobes indicate that the soliton fission has not occurred
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3.2. SESS implemented in fibers with negative GVD

yet compared with the result from 14-cm DSF (Fig.|3.14)). Besides the spectral lobes
spanning from 1.3 um to 1.7 um, optical wave breaking happens and contributes
to the spectrum generated in the shorter wavelength range of 1.1-1.2 pm.

To investigate the energy scaling in DSF exhibiting negative GVD by shortening
the fiber length, we obtain the spectra at different combinations between fiber length
and coupled pulse energy shown in Fig. [3.16] The blue curve in Fig. [3.16] plots the
broadened spectrum of 28-nJ pulses propagating in 14-cm DSF'; the leftmost and
the rightmost spectral lobes peak at 1.42 ym and 1.64 um, respectively. As we
reduce the fiber length to 7 cm and increase the coupled pulse energy to 56 nJ, the
resulting spectrum (red curve) broadens less compared with the blue curve; the
leftmost and the rightmost spectral lobes peak at 1.44 ym and 1.62 pum, respectively.
Due to the less pulse compression experienced during the propagation in a shorter
fiber, 7-cm DSF requires 65-nJ (more than the double of 28 nJ) pulses to achieve
similar spectral broadening (green curve). It is noteworthy that even though the
blue curve and the green curve peak at similar wavelength, the shape of their
spectral lobes and the energy distribution in the spectra are quite different due to
the GDD accumulated and the temporal shape of the evolved pulse. As we further
increase the coupled pulse energy to 112 nJ (4 times of 28 nJ), spectral broadening
in 7-cm DSF shifts the leftmost spectral lobe to 1.32 um and the rightmost one to
1.69 pm (purple curve). Clearly the results shown in Fig. qualitatively agree
with the simulation results presented in Fig. [3.12(a).

—14cm, 28 nJ
— 7cm,56nJ
— 7cm,65nd
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Figure 3.16: Output spectra from DSF of different length and coupled pulse energy.

The experimental results in Fig.|3.16[show once again that energy scaling can be
achieved by increasing the input pulse energy and meanwhile shortening the fiber
length. Reducing the fiber length to its half allows quadrupled input pulse energy
for wider spectral broadening, even in optical fibers with negative GVD, as long as
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it is operating prior to the soliton fission. With the help of higher-order soliton
compression, SPM-dominated spectral broadening in 7-cm DSF occurs effectively,
which constitutes a tunable femtosecond source between 1.3 ym and 1.7 pm.

To characterize the pulse energy of this SESS source, we use the same optical
filters as in Sec. and Fig. to select the leftmost/rightmost spectral lobes
peaking at 1.3 pm, 1.35 pym, 1.4 pm, 1.45 pm, 1.6 pm, and 1.7 pum, respectively.
The six representative filtered spectral lobes are plotted in the left column of
Fig. [3.17. The corresponding pulse energies are 15.8 nJ, 11.9 nJ, 7.4 nJ, 6.6 nJ,
11.3 nJ, and 15.5 nJ. At 31-MHz repetition rate, this tunable femtosecond source
has an average power of 205-490 mW. The corresponding pulse duration given
by these six spectra is measured by an intensity autocorrelator and the measured
autocorrelation traces are shown as the red solid curves in the right column of
Fig. The FWHM duration of these autocorrelation traces is 149-234 fs, so the
pulse duration is estimated to be 97-152 fs assuming a hyperbolic-secant pulse with
a deconvolution factor of 1.54. The black dashed curves in the right column plot
the calculated autocorrelation traces of the transform-limited pulses allowed by the
filtered spectra, showing that the filtered spectra generate nearly transform-limited
pulses.
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Figure 3.17: SESS between 1.3 ym and 1.7 pym from 7-cm DSF.

3.2.3 SESS source with MW peak power

It is noteworthy that 1.3 pm and 1.7 um correspond to two important optical
transmission windows for biomedical imaging [26, 27, 06]. Femtosecond pulses
at these two wavelengths are regarded as the best choice for deep-tissue imaging
[28, 29, 30]. Depending on the biological sample and the imaging modality, ultrafast
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sources generating femtosecond pulses with MW peak power are highly desired
[28, 29, B0]. Limited by the available pulse energy of 160 nJ provided by our
current EDFL, the SESS source based on 7-cm DSF produces ~100-fs pulses with
~16-nJ pulse energy at both 1.3 ym and 1.7 um. The resulting peak power is at
the 0.1-MW level. To show the feasibility of further energy scaling, we replace
the EDFL by a home-built OPA system that is pumped by a Ti:sapphire laser
operating at 3-kHz repetition rate.

The signal pulse from the OPA is tunable between 1.2 ym and 1.6 pym with
~40-fs pulse duration. To match the pulse parameters of our EDFL system, we
intentionally tune the signal wavelength to 1.55 um and use a BPF to select a
narrowband spectrum that supports ~300-fs pulses. We couple this narrowband
pulse into 1.3-cm DSF. By varying the input pulse energy, we can fine tune the
peak wavelength of the leftmost /rightmost spectral lobes.

T
(@ -

- =

> :
s z

5 0.5+ 2 .

0 200

% Delay (fs)

o
0
1
(b) P

- S 1y

> S '

5 205 [

AL z H

5 0.5- 2 IR 8

= 505 “9 500

@) Delay (fs)
(a R

| | | |

9.1 1.2 1.3 1.5 1.6 1.7 1.8

1.4
Wavelength (um)
Figure 3.18: SESS source with MW peak power at (a) 1.3 ym and (b)1.7 pm.

At the 760-nJ coupled pulse energy, the leftmost spectral lobe peaks at 1.3 pm
[Fig. [3.18|(a)]; we use an optical filter to select this spectral lobe and obtain 130-nJ
pulse energy. The resulting pulse is measured by an intensity autocorrelator. The
measured autocorrelation trace—shown as the red curve in the inset of Fig. [3.18(a)—
suggests a 94-fs pulse duration assuming a deconvolution factor of 1.54. The black
dashed curve represents the calculated autocorrelation trace for the transform-
limited pulse. Given 130-nJ pulse energy and estimated pulse duration of 94 fs,
the pulse peak power should exceed 1 MW. To shift the rightmost spectral lobe to
1.7 pm [Fig. B.18|(b)], we increase the coupled pulse energy to 830 nJ. The filtered
pulse at 1.7 um has 110-nJ pulse energy and an estimated pulse duration of 150 fs
[red curve in the inset of Fig. [3.18|b)]. The resulting peak power is also at the MW
level. It is worth noting that the leftmost spectral lobe in Fig. [3.1§(b) peaks at
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1.2 pm. Filtering this spectral lobe should also lead to femtosecond pulses with
~100-nJ pulse energy and MW peak power.

3.3 Conclusion of Chapter 3

In this chapter we first introduce two approaches—either by shortening the fiber
length or by using fibers with larger MFA—to scale up the available pulse energy
generated by SESS. For example, implementing SESS in 4-cm DCF38 results in
ultrafast sources widely tunable from 1.35 pm to 1.7 pm with up to >10-nJ pulse
energy and pulse duration as short as ~50 fs.

Then we present a detailed numerical and experimental study on SESS operating
in optical fibers with negative GVD. Although spectral broadening inside optical
fibers with negative GVD involves higher-order soliton compression and soliton
fission, our results show that SPM dominates the spectral broadening prior to soliton
fission. Before soliton fission occurs, higher-order soliton compression increases the
peak power and accelerates the spectral broadening. Implementing SESS in 7-cm
DSF leads to a femtosecond source that can be tuned between 1.3 pm and 1.7 pym
with up to ~16-nJ pulse energy and ~100-fs pulse duration. At 31-MHz repetition
rate, the available average power is almost half Watt, which is quite sufficient for
most of the MPM applications. By further increasing the input pulse energy to
~1-uJ (offered by a home-built OPA) and reducing the DSF length to 1.3 cm, we
significantly scale up the pulse energy of such a SESS source. More specific, we
achieve >100-nJ femtosecond pulses at 1.3 ym and 1.7 um while the peak power
reaches the MW level.

This wavelength widely tunable energetic femtosecond source constitutes a
powerful tool to drive MPM. We demonstrate such applications driven by an
EDFL-based SESS source in the following two chapters.
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Chapter 4

Ultrafast SESS source for HGM
imaging in human skin

Biopsy is an important technique for pathology, morphology, and disease diagnostics.
In this chapter, we demonstrate HGM as a tool for optical virtual skin biopsy
driven by an EDFL-based ultrafast SESS source.

4.1 Optical virtual skin biopsy

Forming the boundary that separates the organism and the environment, human skin
covers nearly the whole body and provides many significant functions. It consists
of three layers. The outermost layer—epidermis—mainly consists of keratinocytes
which are built from epidermal stem cells in the basal membrane between epidermis
and dermis. The epidermis can be subdivided into four different stratums from
its surface to the bottom, i.e., stratum corneum (SC), stratum granulosum (SG),
stratum spinosum (SS), and stratum basale (SB). Each of them is characterized by
different cell shapes. Also located in the basal membrane are the melanocytes, which
produce the pigment melanin. The melanin is then transported to surrounding
keratinocytes to give color to the epidermis. The dermis makes up the bulk of
human skin and provides physical protection. The main cellular components of the
dermis are fibroblast. Deeply embedded in the dermis are the hair follicles and skin
glands, which are derived from the epidermis. The so-called buldge region of the
hair follicle is an important stem cell reservoir for melanocytes. The last layer—the
subcuits—is a subcutaneous fat layer beneath the dermis. It supplies nutrients to
the other two layers and insulates the body.

Human skin is steadily exposed to types of external factors (e.g., solutions,
chemicals, and most critically UV-radiation). UV-radiation can lead to the induction
of UV-specific mutations, which are known to be involved in the development of skin
cancer. Skin cancer can emerge from keratinocytes [e.g., basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC)] as well as from melanocytes [e.g., malignant
melanoma (MM)]. MM has a high tendency to metastasize and is the most deadly
skin cancer (20-30% mortality). In 2012, more than 20k cases were newly diagnosed
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in Germany, constituting 4% of all new cases of cancer in that year [97]. Taken
together BCC, SCC, and MM, skin cancer is one of the most frequent cancer in
the white population worldwide. Although therapy of skin cancer (especially for
MM) has been dramatically improved (e.g., immune checkpoint therapies), early
detection of MM is still the most promising strategy because in the early growth
phase (when the tumor is still thin and has not grown beyond the basal membrane),
MM is nearly 100% curable just by excision of the tumor. MM can develop from
benign nevi (pigmented lesions) or de novo in human skin. In the former case, early
detection of cellular signs of a tumor in a nevus would be of great importance.

Accurate diagnosis of skin diseases relies on the pathohistological microscopic
analysis of the skin biopsies, which normally involves removal of the suspected skin
lesion, fixing, embedding, sectioning, staining, etc. Ideally, such highly invasive
method should be avoided especially for early skin cancer diagnosis, which has
stimulated tremendous research efforts on developing noninvasive virtual biopsy
tools that can distinguish benign from malignant lesions. Common noninvasive
optical techniques include optical coherence tomography [98, 99, [100], confocal
microscopy [101, 102 [103], 104], and MPM [105].

As one of the most important label-free techniques to conduct optical virtual skin
biopsy, MPM features submicron optical resolution, intercellular information, and
intrinsic sectioning ability. Mainly depending on the interaction between ultrafast
pulses and tissues, various mechanisms are available to visualize epidermis and upper
dermis, e.g., 2PEF [106, (107, 08, 109, [0, [TTT, 112, 113], SHG [114] (15, (116} 117,
39, 118, [119], and THG [115, 116}, 117, 118, [119]. Common 2PEF contrast agents
in human skin rely on the molecular resonance of endogenous fluorophores, e.g.,
keratin, melanin, or reduced nicotinamide adenine dinucleotide (NADH) [106, 107,
108, 109, 110, 111, 112l 113]. In contrast, optical harmonics originates from tissue
structures. Non-centrosymmetric fibrous tissue leads to SHG, which enables the
visualization of collagen or elastin fibers [114 [1T5] 1T6], 117, [39, 118, 119]. Arising
from interfaces and optical inhomogeneity, THG can reveal the cell outline and thus
differentiates SC, SG, SS, and SB in epidermis [I17], 118, 119]. These modalities are
powerful tools of bio-imaging for histopathology, morphology, and disease diagnosis.
For example, 2PEF microscopy can alone quantify tumor fluorescence of cancer
tissue [120]. 2PEF combined with SHG imaging enables more studies on various
issues, e.g., local invasion at tumor-stromal interface [121, 122], BCC [123] [124],
orientation and polarization dependence of collagen fibers [125] 126 127, 128], MM
[129], and SCC [130]. THG can not only image tumors [I31], 132], but also enable
the measuring of nuclear-cytoplasmic (NC) ratio, serving as an index for scoring
skin aging [133].

4.1.1 Driving source requirement for HGM

The selection of excitation wavelength is crucial while conducting MPM in the
biological tissue because the optical attenuation is highly wavelength dependent.
Mlumination at the wavelength featuring lower attenuation allows the effective
emission of the nonlinear signal without damaging the sample. For example, mainly
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4.1. Optical virtual skin biopsy

caused by light scattering and water absorption, the curve of optical attenuation
exhibits four transmission windows within the NIR region in favor of deep-tissue
imaging in brain [20, 27]. The first transmission window is 650-950 nm, a wavelength
range that can be covered by Ti:sapphire lasers. However, the corresponding
THG (217-317 nm) falls within UV region and suffers from strong water/protein
absorption, low objective transmittance, and low sensitivity of photomultiplier tube
(PMT). Though the third transmission window (1600-1870 nm) supports 3PEF of
RFP, it exhibits stronger water absorption compared with the second transmission
window (1100-1350 nm), and gallium arsenide (GaAs) PMTs have lower sensitivity
for the corresponding SHG (800-935 nm) [134]. The same issue is also confronted
by the fourth transmission window centered at 2200 nm.
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Figure 4.1: Optical attenuation and the second NIR transmission window in the
skin tissue.

In Fig. we plot the optical attenuation curve considering water absorption
[135] and scattering in the skin tissue [136]. The curve has a similar transmission
window in the range of 1100-1350 nm as in the brain tissue [26, 27]. Excitation
within this wavelength range leads to several advantages for HGM (combining SHG
and THG):

1. The excitation light experiences less overall optical attenuation considering
both water absorption and light scattering in the tissue [96].

2. Compared with the window at 650-950 nm, the illumination tolerance is
increased due to the reduced photon energy [137].

3. It provides better penetrability and benefits deep-tissue imaging.
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Chapter 4. Ultrafast SESS source for HGM imaging in human skin

4. Most of the resulting SHG and THG signals fall within the region of visible
light, which can be efficiently detected by gallium arsenide phosphide (GaAsP)
PMTs.

5. It allows resonant enhancement of THG from endogenous molecules (e.g.,
melanin [117, [118], hemoglobin [138], and lipid [139]).

Several ultrafast laser sources have been implemented to produce femtosecond
pulses in this wavelength range to drive HGM. For example, passively mode-
locked Cr:forsterite lasers can directly emit femtosecond pulses at ~1250 nm
[21], 140, 14T, 38, [142]. Broadly tunable femtosecond pulses can be obtained from
solid-state synchronously pumped OPOs [20] 143], 117, [144] or OPAs [30], 18, [19].
Despite their success, however, these solid-state lasers demand precise cavity-
alignment and environmental control (i.e., water cooling, temperature and humidity
feedback loop, vibration isolation etc.), which limits the use of HGM to specialized
laboratories.

In contrast, fiber-based femtosecond sources based on ultrafast fiber lasers
followed by fiber-optic nonlinear wavelength conversion offer a simple and robust
solution as we reviewed in Sec. [[.3] Indeed, they have been demonstrated in the
1.15-1.35 pum wavelength range by several groups. Normally the driving sources are
derived from EDFLs emitting 1.55-pum pulses, which can be converted to pulses at
1.2-1.3 pm via DW generation [45], [50, 145] 65, 52]. Due to the use of HNLFs, the
1.2-pm pulses delivers only 1.07-nJ pulse energy [50]. Another fiber-optic nonlinear
wavelength conversion mechanism is SSF'S, which can redshift the output pulse from
YDFLs to the wavelength range of 1.15-1.35 pm [53), 46, [56, [57]. It is noteworthy
that the resulting Raman soliton energy is limited by the soliton-area-theorem
[67]. To increase the soliton pulse energy, HOM fibers are employed to excite SSE'S
[68, 69, 70 [71]. Another approach is to employ SSFS in LMA fibers pumped by an
EDFL, which generates Raman soliton pulses beyond 2.3 pm followed by frequency
doubling to 1.15-1.25 pm [65], [66]. However, strong absorption in fused silica beyond
2.3 pm prevents effective achieving femtosecond pulses with wavelength longer than
1.25 pm.

4.2 HGM driven by an EDFL-based SESS source

Besides the approaches mentioned above, wavelength widely tunable femtosecond
pulses in this range can be generated by SESS [72, [73]. For example, SESS
implemented in an LMA fiber pumped by a YDFL allows us to derive up to >20-nJ,
~100-fs pulses tunable in the range of 1030-1215 nm [73]. In Sec. 3.2.2] we also
applied SESS to a DSF pumped by an EDFL and obtained pulses tunable from
1.3 pym to 1.7 pum with >15-nJ pulse energy and ~100-fs pulse duration at 1.3
pm. In this section, we improve the EDFL-based SESS source to obtain ~10-nJ
femtosecond pulses tunable between 1.15 pym and 1.35 pym. This source is then
integrated with a scanning microscope for HGM imaging in human skin ex vivo.
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4.2. HGM driven by an EDFL-based SESS source

4.2.1 Schematic setup

Figure illustrates the schematic setup for HGM driven by an EDFL-based
SESS source. The setup consists of an EDFL pump source, a nonlinear wavelength
converter employing SESS, and a scanning microscope.
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Figure 4.2: HGM driven by an EDFL-based SESS source.

The EDFL is the same one that we used in Sec. and Sec. [3.2.2] It operates
at 31-MHz repetition rate and produces 160-nJ, 290-fs pulses centered at 1550 nm.
To implement SESS, we couple the 1550-nm pulses into 8.5-cm DSF. The coupling
module is described in Sec. 2.3} and the DSF is longer than those used in Sec.
for more spectral broadening. We use a HWP and a PBS to vary the pulse energy
coupled into the DSF. As the coupled pulse energy is increased from 75 nJ to 100
nJ, the peak wavelength of the leftmost spectral lobe of the broadened spectrum
shifts from 1350 nm to 1150 nm. Then we use optical BPFs to select these spectral
lobes for HGM.

The left column in Fig. shows the spectra filtered by different BPFs with
50-nm bandwidth centered at 1.15 pym, 1.2 pm, 1.25 pm, 1.3 pgm, and 1.35 pm,
respectively. The resulting SESS tunable femtosecond source has an average power
of 224-362 mW, corresponding to pulse energy of 7.2-11.7 nJ, which meets the
requirement (>5 nJ before the microscope system) to achieve fine THG contrast
[65]. After reaching the thermal equilibrium, the power fluctuation of the filtered
spectral lobes from the tunable source between 1.15 ym and 1.35 um is a couple of
percent. Due to the transmittance loss of the microscope, the maximum available
average power after the objective is 83-210 mW (parentheses in the left column of
Fig. , corresponding to pulse energy of 2.7-6.8 nJ. The red curves in the right
column of Fig. show the autocorrelation traces measured after the objective.
The FWHM duration of these traces is 142-168 fs. The pulse duration is estimated
to be 92-109 fs, assuming a hyperbolic-secant pulse profile with a deconvolution
factor of 1.54. The pulses are slightly chirped after passing through the microscope
and the objective compared with the calculated transform-limited pulses allowed
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Chapter 4. Ultrafast SESS source for HGM imaging in human skin

by the filtered spectra (black dashed curves in the right column of Fig. . The
characterized average power and pulse duration measured at different wavelength
after the objective are later used to calibrate the pulse peak power after the objective.
It is noteworthy that we use the term "after the objective" instead of "at the sample
surface." The objective is water immersive; however, the characterizations are
carried out without water immersion.
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Figure 4.3: Fiber-based SESS source tunable between 1.15 ym and 1.35 pm.

We use a telescope before the excitation beam entering the scanning microscope
(MPM-2PKIT, Thorlabs) to match the beam size to the objective (XLPLN25XWMP2,
Olympus) clear aperture. The scanning microscope consists of a resonant scanner (8
kHz) and a mirror galvanometer (up to 30 Hz). The 25x water immersive objective
has 1.05 NA and 2-mm working distance (WD). The emitted signal is epi-collected
by the same objective and reflected by a dichroic mirror (DM1) (Di02-R1064-25
x 36, Semrock). DM2 with different edge wavelength (FF562-Di03-25 x 36 or
Di02-R405-25 x 36, Semrock) further separates SHG and THG from different
excitation. A motorized stage provides vertical movement with adjustable velocity
to observe the sample at the different depth from the surface, which ensures that
imaging can be continuously recorded.

Figure [4.4a) depicts the cathode radiant sensitivity of the PMTs for signal
detection, with the voltage-dependent gain shown in Fig. 4.4{(b) [146]. For the
excitation wavelength in 1.15-1.35 pm, we use PMT1 (H7422P-40, Hamamatsu)
with the peak sensitivity at 580 nm [green curve in Fig. [4.4(a)] to detect the
corresponding SHG (575-675 nm). The THG (383-450 nm) is detected by PMT2
(H10721-210, Hamamatsu) with the sensitivity peaking at 420 nm [magenta curve
in Fig. 4.4(a)]. The control voltage is set between 0.5-0.7 V for linearly approximate
small gain to avoid signal saturation. Signal photons are collected by PMTs and
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4.2. HGM driven by an EDFL-based SESS source

converted to electric signal, which is further amplified by transimpedance amplifier
with 30200 V/A (TIAG60, Thorlabs). A data acquisition card (PCle-6321, National
Instruments) acts as an analog-to-digital converter.

10°
250 ‘ ‘ 45829 ‘ ‘
@ —H10721-210 (b) —H10721-210
=—H7422P-40 4 = H7422P-40
200
2
e 150-
P
>
£ 100/
c
(b))
)
50r
5o ‘ ‘ goo O

0.6 0.8 1
Control voltage (V)

400 600
Wavelength (nm)

Figure 4.4: (a) Cathode radiant sensitivity and (b) gain of the PMTs.

4.2.2 SHG/THG imaging of human skin

We first demonstrate that the EDFL-based SESS source tuned to 1.25-um is able
to drive HGM imaging in human skin. Then we compare the imaging excited
by different wavelength in the range of 1.15-1.35 um. Figure shows four
representative HGM images of ex vivo human skin tissue from the back part. Each
image has a field of view (FOV) of 270 pm x 270 um. The excitation wavelength
is tuned to 1.25 pm—the typical center wavelength of Cr:forsterite lasers. The
excitation power after the objective is 50 mW, corresponding to 1.6-nJ pulse energy.
The resulting SHG at 625 nm is colored in green, and the THG at 417 nm colored
in magenta. We use the same pseudocolor for SHG and THG in the following of
this chapter.

The THG signal exhibits a strong contrast from cells in epidermis [Fig. [4.5(a-c)].
Different stratums and cells in epidermis can be differentiated by the THG contrast.
For example, SC can be easily recognized by its nucleiless feature, and granular
cells have a relatively lower NC ratio compared with spinous cells and basal cells.
At 20-pm depth, SC and SG can be simultaneously observed shown in Fig. 4.5(a).
At 39-um depth, the major cells are spinous and basal cells [Fig. [1.5(b)]. SHG
originating from collagen fibers starts to appear as the imaging depth increase to
62 pm. These fibers are surrounded by basal cells, showing the uneven region of
dermal papilla (DP) at the edge between epidermis and dermis [Fig. 4.5 c)]. For
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Chapter 4. Ultrafast SESS source for HGM imaging in human skin

the imaging depth increased to 113 um, THG signal vanishes and is replaced by
SHG from abundant collagen fibers in dermis [Fig. [4.5(d)].

(a) )

SS SB

Figure 4.5: HGM imaging of ex vivo human skin from the back part at different
penetration depth excited by 1.25-um femtosecond pulses. Scale bar: 50 pum.

Figure shows the HGM imaging (FOV: 270 pm x 270 pm) similar to
Fig. [4.5] but the skin sample is from the inguinal part. The excitation power after
the objective is also 50 mW. Both the red blood cells and lipids can be observed in
the capillaries surrounded by collagen fibers [Fig. [£.6(c) and [£.6(d)]. They can be
easily distinguished by the size.
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4.2. HGM driven by an EDFL-based SESS source

)

SS

Figure 4.6: HGM imaging of ex vivo human skin from the inguinal part at different
penetration depth excited by 1.25-um femtosecond pulses. Scale bar: 50 pm.
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Chapter 4. Ultrafast SESS source for HGM imaging in human skin

THG signals are also related to the endogenous molecules (e.g., melanin
[T17, 118], hemoglobin [138], and lipid [I39]), and can be resonantly enhanced
by excitation in the 1.15-1.35 um wavelength range. To emphasize the molecule-
induced resonance enhancement, we reserve only the THG contrast in Fig. [4.6e)
and (f), and change the colormap from "magenta" to "Jet." Consequently, the
melanin-induced resonant enhancement in SB can be used to distinguish melanocytes
from keratinocytes by the THG contrast. Strong THG colored in red indicates
the melanocytes and melanin distribution among the surrounding keratinocytes
indicated by black arrows in Fig. [4.6[e) and [4.6[f), as well as red blood cells (white
arrows) and lipids (yellow arrows).

The HGM imaging excited by 1.25-um EDFL-based SESS source shows similar
penetrability and subcellular resolution to differentiate cells and tissues in human
skin, comparable to those achieved from Cr:forsterite lasers [117, [11§].

4.3 Effect of excitation wavelength on HGM

Excitation wavelength selection is an important issue while conducting MPM in
biological tissues, since the emitted nonlinear signal is highly dependent on and
sensitive to the peak intensity of the pulse. Excitation at wavelength suffered from
strong optical attenuation can not generate the signal efficiently, and also increase
the risk of damaging the sample. Unlike MPEF, the excitation wavelength of HGM
is not limited to certain absorption bands of fluorophores, so one can choose the
desired excitation wavelength at will to avoid strong optical attenuation, which
also lowers the risk of photodamage.

To compare the performance of different excitation wavelengths, we observed
the skin sample irradiated by 5 different wavelengths peaking at 1.15 pym, 1.2 pm,
1.25 pm, 1.3 pm, and 1.35 pm. The region of interest (ROI) is scanned back and
forth within the penetration depth up to 300 pm. Considering both the microscope
transmittance and the pulse duration, we use a neutral density wheel to adjust the
illumination power at these wavelengths to maintain the same pulse peak power
after the objective. The excitation power of 1.15-pum, 1.2-pym, 1.25-pym, and 1.3-pum
pulses is 60 mW after the objective. For 1.35-um pulses, the applied power is 70
mW.

Figure shows the HGM imaging (FOV: 500 pm x 500 pm) of ez vivo human
skin from the back part excited by different wavelengths at four representative
penetration depths. Figure (a—e) shows the SS and SB at 50-pum depth in
epidermis, Fig. [1.7(f-j) the collagen fibers at 90-um depth, Fig. [1.7(k-0) the collagen
fibers and arrector pili muscles at 120-pm depth, and Fig. [1.7|(p-t) the arrector pili
muscles at 170-ym depth. The images at the same penetration depth are presented
in the sequence starting from the shorter excitation wavelength, namely: 1.15 pum,
1.2 pm, 1.25 pm, 1.3 pm, and 1.35 pm.
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Figure 4.7: HGM imaging of ez vivo human skin from the back part excited by 5
different wavelengths at 50-pym depth. Scale bar: 100 pm.
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Figure 4.7: HGM imaging of ez vivo human skin from the back part excited by 5
different wavelengths at 90-pm depth.
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Figure 4.7: HGM imaging of ez vivo human skin from the back part excited by 5
different wavelengths at 120-um depth.
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Figure 4.7: HGM imaging of ez vivo human skin from the back part excited by 5
different wavelengths at 170-um depth.
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At first glance, the resulting HGM images excited by different wavelengths seem
similar. However, the image details reveal significant difference. Besides the strong
THG contrast from epidermal cells in Fig. |4.7(a-e) as predicted, air bubbles appear
at the lower left corner of Fig. [1.7(d) and [4.7](e) for 1.3-ym and 1.35-um excitation,
indicating strong water absorption as the excitation wavelength becomes close to a
local peak absorption at 1.45 pm [135]. We attribute the generation of air bubbles
to water vaporization at the local volume. Since the refractive index difference
between air and water or air and skin is larger [I47], the air-water or air-skin
interface can result in strong THG, and thus suppresses the THG contrast of the
cells. These air bubbles also degrade the NA of the water immersive objective in the
local area, resulting in weak SHG in deeper layers [Fig. [1.7)i) and [4.7)j)], compared
with Fig. 4.7(f-h). Although the outline of the thick arrector pili muscles is still
clear in Fig. [4.7(n) and Fig. [4.7(0), the contrast is worsened especially compared
with Fig. [4.7(k-m). In addition, the fine structure of collagen fibers excited by
1.35-pum femtosecond pulses [Fig. 4.7(j)] is apparently vaguer than others achieved
by pulses of shorter excitation wavelength.

To quantify the effect of excitation wavelength, we plot the signal intensity
distribution along the penetration depth in Fig. 4.8 The signal intensity is defined
as the pixel intensity summation of the image at each depth. Although the intensity
peak of THG [Fig. [1.§(a)]/SHG [Fig. [4.§[b)] excited by different wavelength is all
at 20-um/90-pm depth, their relative intensities are substantially different. The
signal intensity is much lower for those excited by 1.3-um and 1.35-pm femtosecond
pulses caused by the increased water absorption. Besides the conventional 1.25-pm
excitation (which is traditionally offered by Cr:forsterite lasers or OPOs), 1.15-pum
and 1.2-pm excitations enable similar imaging quality given the same peak power
after the objective.
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Figure 4.8: Signal intensity distribution along the penetration depth depending on
different excitation. (a) THG. (b) SHG.

Indeed, femtosecond pulses in the range of 1.15-1.25 um can be also generated
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by a YDFL-based SESS source [72], [73]. However, optical fibers usually exhibit
higher positive GVD at this pump wavelength (~1 pm), which leads to stretched
pulses and reduced spectral broadening. Additionally, the self-focusing threshold
is ~4 MW at the YDFL wavelength (~9 MW for EDFLs) [148]. Therefore SESS
based on EDFLs exhibit better energy scalability.

A local minimum of water absorption around 1.1 pm is also attractive to HGM.
However, shorter wavelength signifies higher photon energy and increases the risk of
photodamage. For long-term observation, power tolerance study (e.g., experimental
investigation in [149} 137]) is inevitable. Another issue is whether the resulting THG
signal in the UV range is harmful to cell or not. UVA (320-400 nm) accounts for 95%
of the UV radiation reaching the Earth surface. It has higher penetrability than
UVB (290-320 nm). Although UVA does not directly harm the skin surface, it may
damage keratinocytes and contribute to the initiation of skin cancer development
[150].

In our current implementation, femtosecond pulses in the range of 1.15-1.35 pum
are obtained by optically filtering the leftmost spectral lobe of an SPM-broadened
spectrum. If the rightmost spectral lobe is selected by suitable BPFs, we can obtain
femtosecond pulses tunable between 1.6 pm and 1.7 pm, which falls into another
transmission window for bio-imaging (1.6-1.87 pm). However, excitation for HGM
in this wavelength range exhibits stronger water absorption, and gallium arsenide
PMTs have lower sensitivity to the corresponding SHG signal (800-935 nm) [134].

4.4 Conclusion of Chapter 4

In this chapter, we demonstrate a HGM microscope driven by an EDFL-based SESS
source for optical virtual skin biopsy. Employing SESS in 8.5-cm DSF pumped by
an EDFL results in spectrum continuously tunable between 1.15 ym and 1.35 pm—
covering one of the most important transmission windows for bio-imaging—with
up to >10-nJ pulse energy and ~100-fs pulse duration.

The HGM imaging can differentiate stratums (e.g., SC, SG, SS, and SB) and
tissues (e.g., DP and collagen fibers) in epidermis and upper dermis of human
skin. We also compare the HGM imaging of human skin tissue ex vivo by different
excitation in the range of 1.15-1.35 ym with the same pulse peak power after the
objective. Besides 1.25 um (typical center wavelength of Cr:forsterite lasers), our
result suggests a ~100-nm wide sub-window between 1.15 pym and 1.25 pum also
suitable for conducting HGM in human skin.
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Chapter 5

Multimodal MPM platform
enabled by a two-color ultrafast
source

In this chapter, we demonstrate an EDFL-based two-color ultrafast source to drive
multimodal MPM. Besides wavelength tunable femtosecond pulses in 1150-1350
nm for HGM, frequency doubling of the EDFL output leads to pulses at the
conventional Ti:sapphire laser wavelength, which covers the 2PA band of many
important fluorophores. This versatile two-color femtosecond source constitutes an
ideal solution to many applications, e.g., multimodal label-free skin imaging and
protein crystal detection.

5.1 Multi-color ultrafast source for MPM

In general, a single-color ultrafast source allows one to drive either 2PEF/SHG or
SHG/THG modalities at the same time. For example, ultrafast Ti:sapphire lasers
generating pulses between 700 nm and 900 nm are commonly implemented to excite
2PEF of intrinsic chromophores, such as keratin, melanin, NADH, retinol, folic acid,
and lipofuscin [106}, 133 [34] (107, 108, 109, 110, 111, 112, 113]. Excitation within this
wavelength regime (700-900 nm), the accompanying SHG (350-450 nm) serves as
another modality to visualize collagen and elastin fibers with non-centrosymmetric
structures. However, the corresponding THG (233-300 nm) is ultraviolet, which
suffers from strong optical attenuation and lacks for high-sensitivity detectors.
Although ultrafast pulses at the wavelength range of 1150-1350 nm are ideal source
to drive HGM (including both SHG and THG modalities), they are not suitable
for 2PEF of most common intrinsic fluorescent emitters.

Apparently, a two-color ultrafast source that can provide femtosecond pulses
in both the wavelength range of 1150-1350 nm and 700-900 nm is required to
implement multimodal MPM that incorporates 2PEF, SHG, and THG. In principle,
a Ti:sapphire laser plus an OPO can meet such wavelength requirements. In this
scenario, a small portion of the Ti:sapphire laser output is employed to drive 2PEF
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imaging and the rest of the output pumps the OPO to provide femtosecond pulses
at longer wavelength for driving SHG and THG microscopy. This type of two-color
sources has been applied to implement multimodal MPM platforms for imaging
different biological samples, e.g., mouse liver tissues [I17], human cornea [I51],
mouse brain tissues [I52], and mouse skin [I53].

In this Chapter, we develop an EDFL-based two-color ultrafast source. In
Sec. [£.2.1] we have demonstrated that femtosecond pulses in 1150-1350 nm are
achievable by an EDFL-based SESS source. To generate pulses at the Ti:sapphire
laser wavelength, we employ frequency doubling in nonlinear materials [2]. When
applied to femtosecond pulses generated by EDFLs (center wavelength in 1530-1610
nm [40]), the resulting SHG pulses fall in the range of 760-805 nm, constituting a
substitute of Ti:sapphire lasers [154, 155, 63 156 [157].

5.1.1 EDFL-based two-color ultrafast source

Figure [5.1] illustrates our multimodal MPM platform. Compared with the setup de-
picted in Sec. [£.2.1] we integrate another nonlinear wavelength converter—{requency
doubling in a magnesium-doped periodically poled lithium niobate (MgO:PPLN)
crystal—and an additional PMT for 2PEF detection. The system now consists
of an EDFL pump source, two nonlinear wavelength converters (i.e., frequency
doubling and SESS), and a scanning microscope. A HWP and a PBS split the
EDFL output into two beams to obtain two-color pulses via nonlinear wavelength
conversion.
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Figure 5.1: Schematic setup of the multimodal microscope driven by an EDFL-based
two-color source.
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We use a 0.3-mm long MgO:PPLN crystal (MSHG1550-0.5-0.3, Covesion) for
frequency doubling. Figure[5.2|a) shows the spectrum of the EDFL. The frequency-
doubled pulses are centered at 775 nm [inset of Fig. [5.2(b)] with 208-mW average
power (6.7-nJ pulse energy). Given 760-mW input power, the frequency doubling
has a conversion efficiency of 27%, which can be further improved by using longer
crystals at the expense of phase-matching bandwidth. The measured FWHM
duration is 292 fs [red curve in Fig. [5.2(b)], and the pulse duration is estimated to
be 190 fs assuming a hyperbolic-secant pulse with a deconvolution factor of 1.54.
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Figure 5.2: (a) Filtered spectrum centered at 775 nm. (b) Autocorrelation traces
calculated from the transform-limited pulses allowed by the filtered spectrum (black
dashed curve) and measured after the MgO:PPLN crystal (red curve).

To generate pulses at 1250 nm for SHG/THG microscopy, we employ SESS in
9-cm DSF that has been used in Sec. 2.3 Sec. and Sec. [£.2.1] Figure [5.3|(a)
shows the broadened spectrum that spans more than 500 nm for 85-nJ pulses
coupled into the DSF. The spectral lobe at 1150 nm can be attributed to optical
wave breaking [I58]. We use a 1300-nm SPF (#89-676, Edmund Optics) and a
1200-nm LPF (#89-662, Edmund Optics) to select the spectral lobe peaking at 1250
nm [inset of Fig.|5.3|(b)]. The filtered power amounts to 365 mW, corresponding
to 11.7-nJ pulse energy and a conversion efficiency of 14%. The red curve in
Fig. [5.3(b) shows the measured intensity autocorrelation trace of the filtered pulses
at 1250 nm. The FWHM duration is 72 fs, thus the pulse duration is estimated
to be 47 fs assuming a hyperbolic-secant pulse with a deconvolution factor of
1.54. Also plotted in the same figure is the calculated autocorrelation trace (black
dashed curve) of the transform-limited pulse allowed by the filtered spectrum. The
transform-limited pulse has a duration of 41 fs, showing that the filtered pulses are
nearly transform-limited.
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Figure 5.3: (a) Spectral broadening from 9-cm DSF. (b) Measured autocorrelation
trace of the filtered pulses at 1250 nm (red curve) and calculated autocorrelation
trace of the transform-limited pulse allowed by the filtered spectrum (black dashed
curve). Inset: filtered spectrum centered at 1250 nm.

These two beams are combined by DM1 (Di02-R1064-25x 36, Semrock) as the
excitation before entering the scanning microscope (MPM-2PKIT, Thorlabs). The
25x objective (XLPLN25XWMP2, Olympus) is water immersive with 1.05 NA
and 2-mm WD. The transmittance is >70% at 1250 nm and >80% between 400
nm and 1000 nm. The emitted signal is epi-collected by the same objective and
reflected by DM2 (FF665-Di02-25x36, Semrock). Table [5.1{ shows the two-photon
excitation and emission peak wavelengths of common endogenous chromophores
[105]. The emission peak ranges from 420 nm to 575 nm. As a result, we can use
DM3 (FF435-Di01-25x36, Semrock) and DM4 (FF562-Di03-25x 36, Semrock) to
separate the resulting SHG, THG, and most of the 2PEF into three PMTs. SHG
and 2PEF are detected by two identical PMTs (H7422P-40, Hamamatsu), and
THG by a different PMT (H10721-210, Hamamatsu). The sensitivity of these two
kinds of PMT peaks at 580 nm and 420 nm, respectively. Their cathode radiant
sensitivity and voltage-dependent gain are shown in Fig. [4.4]
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Table 5.1: Two-photon excitation and emission of common endogenous chro-
mophores.

Chromophore | Excitation wavelength (nm) | Emission wavelength (nm)
Retinol 700-830 450
NADH 690-730 450-470
Vitamin D <700 450
Flavins 700-730 430
Melanin 720-860 450, 520, 575
Keratin 720-780 480-500
Elastin 700-740 420-460
Collagen 700-740 420-460
FAD 800-850 935
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5.2 Multimodal label-free skin biopsy

In this section, we demonstrate multimodal label-free MPM imaging in human skin
enabled by an EDFL-based two-color source, which generates energetic femtosecond
pulses at 775 nm and 1250 nm. Thus we are able to conduct SHG/THG microscopy
excited by 1250-nm femtosecond pulses and 2PEF microscopy excited by 775-nm
femtosecond pulses, simultaneously. During the experiment we use two ex vivo
human skin tissues: the trunk part is shown in Fig. and the head part shown in
Fig. and Fig. [5.6l A comparison between THG and 2PEF imaging in epidermis
shows that both these two modalities can reveal different stratums. We use the
following pseudo-colors to present the imaging results in this section: SHG is colored
in red hot, THG in cyan hot, and 2PEF in yellow hot.

Figure shows the SHG/THG imaging of human skin in epidermis from
the trunk part excited by 1250-nm femtosecond pulses ex vivo. The maximum
excitation power after the objective is 80 mW, corresponding to ~2.6-nJ pulse
energy. The FOV is 270 pm x 270 pm. As we increase the imaging depth, different
stratums in epidermis can be visualized. The imaging results in Fig. obtained
at 25-pm depth indicate three different structures close to the skin surface: SC,
stratum lucidum (SL), and SG. SC can be found at the top left, middle left, and
right of Fig. [5.4(a)| while SL is at the top of Fig. [5.4(a)] SL is a thin stratum
composed of only a few (3-5) layers of keratinocytes, and another thin structure is
SG. Their cells look flat and have the lowest NC ratio in epidermis. SC and SL
are both nucleiless, but SC is much thicker than SL. At 30-pm depth, SC can still
be found at the top left corner, while SL vanishes, and the main structures here
are SG and SS [Fig. [5.4(b)|. Spinous cells can be commonly found in epidermis
[Fig. 5.4(b-f)]. Collagen fibers revealed by SHG start to appear as the imaging
depth reaches 55 pm [Fig. 5.4(d)|. The fibrous structure surrounded by basal cells
is DP, which is located at the junction of epidermis and dermis [Fig. [5.4|(d-f)].
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Figure 5.4: SHG/THG imaging of ez vivo human skin from the trunk part excited
by 1250-nm femtosecond pulses at different penetration depth. (a) 25 ym. (b) 30
pm. (c) 45 pm. (d) 55 pm. (e) 60 pm. (f) 65 pm. Scale bar: 50 pm.
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Fibroblasts that support epidermis are the main components in dermis. The
fiber network mainly consists of collagen and elastin. Figure shows the SHG
imaging revealing this structure beneath epidermis in human skin from the head
part ex vivo. The excitation power after the objective is also 80 mW, corresponding
to ~2.6-nJ pulse energy. The FOV is 500 um x 500 pum. The fiber network
gradually changes along the imaging depth from 130 pm to 170 pum. It features
fine and curvy fibers at 130-pm depth [Fig. [5.5(a)|, in comparison with the thick
straight ones at 170-pm depth [Fig. [5.5(c)|.

Figure 5.5: SHG imaging of the fiber network in dermis of ez vivo human skin

from the head part excited by 1250-nm femtosecond pulses at different penetration
depth. (a) 130 gm. (b) 150 pum. (c) 170 pm.
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Figure [5.6] shows the 2PEF imaging of human skin from the head part excited
by 775-nm femtosecond pulses ex vivo. The maximal excitation power after the
objective is 30 mW, corresponding to ~ 1-nJ pulse energy. The FOV is 270 pm X
270 pm.

The imaging contrast of 2PEF is provided by intrinsic chromophores in the
cytoplasm, which can be used to distinguish different stratums in the same FOV.
For example, nucleiless SC appears in the right part of Fig. |5.6(a)|at 30-pm depth,
whereas SG occupies the middle and the left area. Granular cells are named due to
their cytoplasm containing keratohyalin granules. Their shape also looks flatter
compared with the subsequent SS. SS constitutes most of the epidermis besides SC.
Spinous cells in the upper SS also exhibit granular features within their cytoplasm
[Fig. and Fig. [5.6(c)]. The NC-ratio of spinous cells gradually rises as the
imaging depth increases from 40 pum to 65 pm [Fig. |5.6((b-e)]. Basal cells with the
highest NC-ratio are shown at the top left corner of Fig. [5.6(e){and [5.6(f)} Under
775-nm excitation, keratin, melanin, NADH, and collagen all can contribute to
autofluorescence [IT1]. We observed this fluorescence crosstalk between epidermal
cells and collagen fibers at the DP shown in Fig. |5.6(f).
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Figure 5.6: 2PEF imaging of ex vivo human skin from the head part excited by
775-nm femtosecond pulses at different penetration depth. (a) 30 pm. (b) 40 pm.
(¢) 50 pm. (d) 60 pm. (e) 65 pm. (f) 70 pm. Scale bar: 50 pm.
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Figure[5.7/shows the imaging of ex vivo human skin from the head part visualized
by different modalities. The contrast agent in Fig. [p.7(a-c) is mainly THG excited
by 1250-nm femtosecond pulses, and the one in Fig. m(d—f) originates from 2PEF
excited by 775-nm femtosecond pulses. Figure [5.7(a) and (d) are SG at 30-pym
depth. Figure[5.7(b) and (e) are SS at 50-um depth. Figure [5.7|(c) and (f) are DP
at 70-um depth. The fluorescence crosstalk between epidermal cells and collagen
fibers are still observed in Fig. (f), but can be easily distinguished by SHG
and THG in Fig. [5.7(c). Both THG and 2PEF modalities are able to differentiate
stratums in epidermis. However, these epidermal cells look different even at the
same imaging depth, since the 2PEF contrast comes from intrinsic chromophores
in the cytoplasm and the THG contrast originates from optical inhomogeneity of
the cell membrane.
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Figure 5.7: Fz vivo human skin from the head part visualized by different modalities.
(a-c) HGM imaging excited by 1250-nm femtosecond pulses. (d-f) 2PEF imaging
excited by 775-nm femtosecond pulses. Scale bar: 50 pm.
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5.3 Protein crystal detection

X-ray diffraction crystallography is a widely used technique to study and determine
the three-dimensional molecular structure of proteins [159, [I60]. The diffraction
pattern can indicate the space group of protein crystals and provide vital information
for the design of new drugs leading to new therapies.

In recent years, many synchrotron facilities have been developed, and femtosec-
ond nano-crystallography has become an optimized route in structural research
particularly in the study of membrane proteins that have limited abilities to form
large crystals. In the meantime, the size of protein crystals required for diffraction
data collection illuminated by these highly brilliant X-ray sources is continuously
decreasing. Ideally, nanometer-sized crystals can be utilized to provide diffraction
patterns. Thus, accurate detection of protein crystals and differentation from salts
in situ are essential for nano-crystallography prior to the X-ray diffraction to avoid
false-positive signals.

5.3.1 Imaging protein crystals

In general, during the protein crystallization the sample usually contains not only
pure protein crystals, but also accompanying random clusters of protein and salt
crystals. The latter two components might contribute to false-positive signals
and thus affect the resulting X-ray diffraction pattern, resulting in an inaccurate
determination of the sample structure. Thus, how to distinguish these components
becomes an important issue for the structure analysis while implementing X-ray
diffraction, and stimulates the development of various techniques to detect protein
crystals based on different mechanisms, e.g., bright-field detection under the normal
optical microscope, fluorescence detection, and SHG detection.

SHG is only allowed in materials that do not possess centrosymmetry as ex-
plained in Sec. [L.1.1] An estimated 84% of the protein crystals in the Protein
Data Bank (PDB) are non-centrosymmetric [161], 162 [163], therefore they can be
visualized by SHG modality. However, some of them generate only weak SHG
signal. Also, there might exist false-positive signal resulted from salt crystals also
with non-centrosymmetry. To distinguish salt from protein crystals under this
circumstance, one can employ fluorescence imaging. For example, proteins contain
aromatic amino acids (AAAs) are able to emit autofluorescence by the UV illumi-
nation, whereas salts exhibit no such feature. Figure [5.8] shows the absorption and
emission spectra of common AAAs, including Tryptophan (Try), Tyrosine (Tyr),
and Phenylalanine (Phe). Tryptophan and Tyrosine have much higher absorbance
compared with Phenylalanine. Their absorption wavelength peaks between 258 nm
and 280 nm corresponding to the emission wavelength peaking between 280 nm
and 354 nm. Conventionally, fluorescence imaging utilizes a 280-nm light source to
excite Tryptophan in most proteins and detects the UV fluorescence emission at
~350 nm.

As a result, the three major components (protein crystals, protein random
clusters, and salt crystals) during the protein crystallization can be distinguished
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Figure 5.8: Absorption and emission spectra of common AAAs.

by SHG and UV fluorescence modalities without additional bio-markers. We
summarize the flow process in Fig.[5.90 First, SHG detection allows the exclusion of
random protein clusters. Followed by the UV fluorescence detection we can further
distinguish protein from salt crystals.

The absorption band of AAAs is in the range of UVC (100-280 nm), which
exhibits poor objective transmittance. In addition, one-photon UV excitation
fluorescence presents practical challenges with respect to the background suppression
(due to the overlap of the absorption and emission spectra), and can induce
photochemical damage [164]. To cope with this issue, an alternative is to excite
the autofluorescence via multi-photon absorption, e.g., 2PA at 516-560 nm or 3PA
at 774-840 nm.

Many instruments are designed and implemented to identify protein crystals,
which usually consist of a multiphoton microscope driven by an ultrafast laser
incorporating two modalities—SHG and 2PEF. Since SHG relates to only the
virtual state energy transition, one can choose the excitation wavelength at will.
For 2PEF, the excitation wavelength must be corresponding to the real state energy
transition in the targeting chromophore. Although ~530-nm excitation allows 2PEF
of protein, the resulting SHG (265 nm) is in the UVC range, which is hard to be
detected due to its low transmittance and lack of efficient detectors. Thus, a second
excitation beam with longer wavelength is usually employed, so the resulting SHG
can fall into the visible range. Ultrafast lasers (e.g., Nd:YAG lasers and YDFLs)
generating pulses at 1064 nm serve as such two-color driving sources for this purpose
[165], 166]. The fundamental 1064-nm illumination supports not only SHG imaging.
After frequency doubling in a nonlinear crystal, the 532-nm illumination can be
used for 2PEF modality.
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Figure 5.9: Identification of protein crystals by SHG and UV autofluorescence.

In principle, a driving source at ~800 nm can also fulfill the requirement provided
by a Ti:sapphire laser or by our versatile EDFL-based source shown in Sec. [5.1.1]
The 775-nm beam can alone excite SHG and 3PEF for protein crystal detection.
Besides these modalities, THG imaging driven by a wavelength tunable SESS source
is also available as a complementary technique to investigate the sample.
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5.3.2 EDFL-based ultrafast source for protein crystal de-
tection

In this section we demonstrate protein crystal detection enabled by an EDFL-based
source. The system depicted in Fig. is similar to the setup in Fig.[5.1] The
two-color ultrafast source is based on an EDFL pumped nonlinear wavelength
converters (frequency doubling and SESS). Compared with Sec. , we employ
1550-nm femtosecond pulses with higher input power (1160 mW) focusing into the
0.3-mm long MgO:PPLN crystal (MSHG1550-0.5-0.3, Covesion), which results in
frequency doubled pulses at 775 nm with 360-mW average power, corresponding
to 11.6 nJ pulse energy and a slightly increased conversion efficiency of 31%. By
implementing SESS in 9-cm DSF we obtain femtosecond pulses peaking at 1300
nm with 290-mW average power (corresponding to 9.4-nJ pulse energy) filtered by
a BPF with 50-nm spectral width.

Scanning microscope
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Figure 5.10: Schematic setup of the multimodal microscope for protein crystal
detection.

A flip mirror is used to select 775-nm or 1300-nm excitation according to
SHG/3PEF or SHG/THG detection. DM1 (F665-Di02-25 x 36, Semrock) allows
the transmission of 775-nm and 1300-nm excitation, and reflects the emitted signals
epi-collected by the 25x objective (XLPLN25XWMP2, Olympus). We use different
set of DM2 and BPFs according to the modalities. Under 1300-nm excitation
for SHG/THG detection, we use DM (FF562-Di03-25 x 36, Semrock) and BPFs
(#84-786, #86-949, Edmund Optics). Under 775-nm excitation for SHG/3PEF
detection, we use DM (Di01-R355-25 x 36, Semrock) and BPFs (FF-387/11-25,
FF01-355/40-25, Semrock).
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Figure 5.11: PDMS chip for crystal growth and storage.

We use polydimethylsiloxane (PDMS) microfluidic chips to grow and store the
protein crystals. Precipitant solutions are usually used to grow and make the
crystalization of protein easier. For example, thaumatin can be grown in sodium
tartrate (C4H4OgNay) solution. However, this inevitably leads to a mixture of
protein and salt in the final product. Figure shows the PDMS chip observed
under the conventional white-light microscope. The wells labeled with numbers
from F31 to F34 are full of the mixture of protein (thaumatin) and salt (sodium
tartrate) crystals. For the succeeding X-ray diffraction experiment, it is crucial to
distinguish these two components to avoid the possible false-true signals.

We use our multimodal microscope to investigate this PDMS chip. Excited by
1300-nm femtosecond pulses, the SHG/THG imaging is shown in Fig. [5.12] The
FOV is 500 um x 500 pum. Both crystals can emit SHG [Fig. 5.12(a)|. Also, the
difference of SHG contrast indicates that these two kinds of crystal possess different
degree of non-centrosymmetry. The THG imaging originated from interfaces depicts
the outline of the crystals and also the labeled numbers from F32 to F34 on the

chip [Fig. F-12(b).
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Figure 5.12: PDMS chip visualized by (a) SHG and (b) THG. Scale bar: 100 pm.

To demonstrate that protein and salt crystals can be distinguished by SHG/3PEF
detection, we change the illumination wavelength to 775 nm. Figure [5.13] shows
the resulting SHG/3PEF imaging. The FOV is 270 um x 270 pm. The SHG
imaging in Fig. [5.13(a)| and [5.13(c)| presents two kinds of crystals—the one with
needle-like shape emitting strong SHG and the one with small size emitting weak
SHG. A preliminary speculation suggests that the needle-like crystal is sodium
tartrate because its space group is P 2,22, which is less centrosymmetric than
thaumatin (space group: P 4;2;2), and thus leads to stronger SHG. To confirm
this assumption, we compare these two crystals visualized by 3PEF in Fig.
and [5.13(d)l As expected, the part emitting strong SHG shows almost no 3PEF
compared with the smaller crystals. The outline of sodium tartrate can still be
visualized by 3PEF, indicating some aggregation of thaumatin on the surface of
sodium tartrate.
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Figure 5.13: SHG/3PEF imaging of the mixture of protein and salt crystals. Scale
bar: 50 pm.
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Besides thaumatin and sodium tartrate, the multimodal microscope is also able
to detect many other different crystals. Figure [5.14] shows the multimodal imaging
(THG, SHG, and 3PEF) of protein crystal lysozyme (space group: P 432;2) with
different size. The size of the crystal ranges from more than 100 ym to less than
10 pm.

Figure 5.14: Multimodal imaging of protein crystal lysozyme with different size.
Scale bar: 100 pm.
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Figure 5.14: Multimodal imaging of protein crystal lysozyme with different size.
Scale bar: 100 pm.
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Figure shows the multimodal imaging (THG, SHG, and 3PEF) of different
protein crystals, including proteinase K (space group: P 432,2) [Fig. [p.15(a-c)],
glucose isomerase (space group: I2 2 2) [Fig. p.15(d-f)], and bovine serum albumin
(BSA) (space group: C 12 1) [Fig. [5.15{g-1)].

Figure 5.15: Multimodal imaging of different protein crystals proteinase K, glucose
isomerase, and BSA. Scale bar: 50 pm.
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We use BPFs with wavelength centered at the half of the excitation wavelength
for SHG detection. To avoid the possible false-positive SHG due to fluorescence
crosstalk, once can employ the polarization-dependent feature of SHG. Figure. |5.16
shows the SHG/THG imaging of protein crystal glucose isomerase excited by
1300-nm femtosecond pulses. The THG imaging shows the crystals aggregating
inside the tunnel and well of the PDMS chip [Fig. [5.16(a)]. We use an HWP
to adjust the polarization of the excitation beam. The resulting SHG imaging
shown in Fig. [5.16{b-k) are excited, while the HWP is tuned from 0° to 90° with
10° polarization difference each time. Due to the random crystal orientation, the
polarization leading to strong SHG for one crystal might not be suitable for another
one. For example, the two crystals at the top right corner of the FOV.
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Figure 5.16: SHG/THG imaging of protein crystal glucose isomerase excited by
1300-nm femtosecond pulses with different polarization. Scale bar: 50 pm.
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Figure [5.17] shows the multimodal imaging (THG, SHG, and 3PEF) of different
salt crystals, including NaCl (space group: F m-3m) [Fig. [5.17(a-c)], Li»SO, - H,O
(space group: P 2,) [Fig. [5.17(d-f)], and Na,SO, [Fig. p.17|(g-1)]. Obviously, the
3PEF channel shows no signal compared with protein crystals. It is noteworthy
that the SHG signal appears even from crystals with highly centrosymmetry, e.g.,
NaCl in Fig. and Na,SO, in Fig. [5.17(h)] This does not contradict that
SHG is only allowed in structures with non-centrosymmetry because the SHG can
originate from edges and interfaces, where the symmetry is broken [167]. The

surface SHG [Fig. [5.17(b)| and Fig. |5.17(h)| can also depict the sample outline and

almost overlaps with the THG imaging [Fig. and Fig. [5.17(g)] in comparison
with the bulk SHG in LSO, - H,O [Fig. B.17(c)].

Figure 5.17: Multimodal imaging of different salt crystals NaCl, Li;SO, - HoO, and
NaySQy. Scale bar: 100 pm.
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5.4 Conclusion of Chapter 5

In this chapter we demonstrate an EDFL-based two-color ultrafast source to
drive multimodal MPM. Besides the tunable source generated by SESS, frequency
doubling in a MgO:PPLN crystal allows us to generate femtosecond pulses at
775 nm within the conventional Ti:sapphire laser wavelength range, which can
drive MPEF microscopy of many endogenous fluorophores. We apply this two-
color source to two applications—multimodal label-free human skin imaging and
protein crystal detection. Different modalities (SHG, THG, 2PEF, and 3PEF)
are available, and up to 3-channel (SHG, THG, and 2PEF) detection is possible.
Though demonstrated here only for human skin and protein crystal imaging, this
platform can be flexibly used for various multiphoton imaging applications using
other bio-markers [35] [169].

As we have demonstrated in Sec. and Sec. [£.2.1] our SESS source can
generate femtosecond pulses with the center wavelength tunable in 1150-1700
nm. Using a proper fanout PPLN crystal for frequency doubling, we can obtain
femtosecond pulses in the wavelength range of 575-850 nm covering the two-photon
excitation wavelength for many other important fluorophores [33, [34] and fluorescent
proteins [35]. For example, the rightmost spectral lobe peaking at 1700 nm of
the broadened spectrum from 9-cm DSF also contains much pulse energy (>10
nJ) [Fig. [5.2(a)]. Filtering this part followed by frequency doubling can produce
femtosecond pulses at 850 nm, suitable for 2PEF of flavin adenine dinucleotide
(FAD) [33]. Similar to NADH, FAD plays an important role in cell metabolism.
Functional contrast of both indicators can be distinguished by fluorescence-lifetime
imaging microscopy (FLIM) [I68], and the fluorescence intensity of FAD/NADH
serving as the optical redox ratio can be used to differentiate precancerous cells
[168].

Such a multimodal microscope driven by an EDFL-based source constitutes
a low-cost, miniaturized, flexible solution to biological study and exhibits high
potential for clinical applications compared with conventional solid-state lasers.
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Chapter 6

Conclusion and outlook

MPM is one of the most important applications of ultrafast lasers. Depending
on the interaction between ultrafast pulses and tissues, various modalities (e.g.,
MPEF and HGM) are available for bio-imaging. The performance of MPM highly
relies on the driving source generating energetic femtosecond pulses with flexibly
tunable wavelength in the range of NIR. For example, Ti:sapphire lasers have
been long serving as the workhorse to drive MPM. However, high complexity, high
cost, and the bulky size of such a solid-state solution has spurred the intensive
development of other alternatives. In this thesis, we demonstrate a new fiber-optic
technology—SESS—to derive wavelength widely tunable femtosecond pulses based
on an EDFL to drive MPM.

In Chapter 2, we first numerically modeled ultrafast pulses propagating inside
an optical fiber and studied the SPM-dominated spectral broadening. To experi-
mentally demonstrate a SESS source, we constructed a 31-MHz high-power EDFL
system that generates 290-fs pulses centered at 1.55 ym with 160-nJ pulse energy
(corresponding to ~5-W average power). We then employed this laser source to
evaluate SESS in six types of optical fibers (e.g., standard SMFs, DSFs, DCFs, and
HNLFs) that exhibit different dispersions at the pump wavelength.

In Chapter 3, we explored the energy scalability of SESS. In general, the
resulting pulse energy of SESS can be scaled up either by shortening the fiber
length or by using fibers with larger MFA. We also investigated the feasibility of
SESS implemented in fibers with negative GVD and found that SPM dominates
the spectral broadening prior to soliton fission. The associated higher-order soliton
compression can increase the pulse peak power, thus benefits the spectral broadening.
Employing SESS in 7-cm DSF pumped by an EDFL resulted in ~16-nJ femtosecond
pulses at 1.3 um and 1.7 pm simultaneously. To further demonstrate the superior
energy scalability of SESS, we pumped 1.3-cmm DSF by a home-built OPA and
achieved >100-nJ femtosecond pulses at 1.3 pm and 1.7 ym. The resulting pulse
peak power corresponds to MW level and constitutes a solution to deep-tissue
3PEF imaging.

We applied the EDFL-based SESS source to drive HGM for optical virtual
skin biopsy in Chapter 4. The SESS source generates femtosecond pulses with
up to >10-nJ pulse energy tunable between 1.15 pm and 1.35 um covering the
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biological transmission window. We integrated this ultrafast source with a scanning
microscope and conducted HGM in human skin ex vivo. The resulting SHG/THG
imaging is able to differentiate stratums and tissues in epidermis and upper dermis.
We compared the performance of different excitation in the range of 1.15-1.35 pum
with the same peak power after the objective. The experimental results suggest
that excitation between 1.15 pm and 1.25 pm is suitable for HGM in human skin.

By frequency doubling a small portion of the EDFL output in a MgO:PPLN crys-
tal, we obtained femtosecond pulses at 775 nm within the conventional Ti:sapphire
laser wavelength range, which support MPEF of many endogenous fluorophores.
Combing with SESS, the two-color source is able to drive multimodal MPM (i.e.,
SHG, THG, 2PEF, and 3PEF). In Chapter 5, we demonstrated two examples—label-
free human skin imaging (SHG, THG, and 2PEF) and protein crystal detection
(SHG, THG, and 3PEF).

In conclusion, we presented an EDFL-based ultrafast source for MPM. By
implementing SESS in optical fibers pumped by an EDFL at 1.55 um we can generate
energetic, nearly transform-limited femtosecond pulses continuously tunable between
1.15 ym and 1.7 um. SESS exhibits excellent energy scalability. With a low-
repetition-rate, uJ-level EDFL pump source, >100-nJ widely tunable femtosecond
pulses with MW peak power is feasible in a fiber format, constituting a compact,
robust, and cost-effective solution compared with solid-state lasers. Besides MPEF
and HGM application demonstrated in this dissertation, the two-color scheme can
also be applied to CRS microscopy with a fixed pump beam at 775 nm and a
tunable Stokes beam enabled by SESS to induce different molecular vibrations.
Not restricted only to MPM, similar scheme can be used to the generate mid-
infrared pulses by difference frequency generation for the application of spectroscopy,
metrology, and pump-probe experiment. We believe that such a powerful fiber-based
SESS source will open many new applications.
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Appendix A

Nomenclature

Table A.1: Definitation of notations used in the dissertation.

Notation Definition
1PEF one-photon excitation fluorescence
2PA two-photon absorption
2PEF two-photon excitation fluorescence
3PA three-photon absorption
3PEF three-photon excitation fluorescence
BCC basal cell carcinoma
BPF bandpass filter

CARS coherent anti-Stokes Raman scattering
CPA chirped-pulse amplification

CR Cherenkov radiation

CRS coherent Raman scattering

DCF dispersion-compensating fiber

DFG difference frequency generation

DM dichroic mirror

DP dermal papilla

DSF dispersion-shifted fiber

DW dispersive wave

EDF erbium-doped fiber
EDFA erbium-doped fiber amplifier
EDFL erbium-doped fiber laser

Er erbium

EYDF erbium ytterbium co-doped fiber
FWHM full-width at half-maximum

Continued on next page
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Appendiz A. Nomenclature

Table A.1: Definitions of notations used in this dissertation

Notation Definition
FWM four-wave mixing
GDD group-delay dispersion
GFP green fluorescent protein
GNLSE generalized nonlinear Schrodinger equation
GVD group-velocity dispersion
HG harmonic generation
HGM harmonic generation microscopy
HNLF highly nonlinear fiber
HWP half-wave plate
ISO isolator
LMA large mode-area
LPF longpass filter
LSM laser scanning microscope
MFA mode-field area
MFD mode-field diameter
MM malignant melanoma
MOPA master oscillator power amplifier
MPEF multi-photon excitation fluorescence
MPM multi-photon microscopy
NADH reduced nicotinamide adenine dinucleotide
NA numerical aperture
NC nuclear-cytoplasmic
NIR near-infrared
NLOM nonlinear optical microscopy
OPA optical parametric amplifier
OPO optical parametric oscillator
PBS polarization beam splitter
PCF photonic-crystal fiber
PER polarization extinction ratio
PM polarization-maintaining
PMT photomultiplier tube
QWP quarter-wave plate
RFP red fluorescent protein
SAM saturable absorber mirror

Continued on next page
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Table A.1: Definitions of notations used in this dissertation

Notation Definition
SB stratum basale
SC stratum corneum
SCC squamous cell carcinoma
SESS self-phase modulation enabled spectral selection
SG stratum granulosum
SHG second-harmonic generation
SL stratum lucidum
SMF single-mode fiber
SONICC second-order nonlinear imaging of chiral crystals
SPF shortpass filter
SPM self-phase modulation
SRS stimulated Raman scattering
SS stratum spinosum
SS self-steepening
SSE'S soliton self-frequency shift
THG third-harmonic generation
TOD third-order dispersion
Uuv ultraviolet
WD working distance
WDM wavelength-division multiplexing
Yb ytterbium
YDFA ytterbium-doped fiber amplifier
YDFL ytterbium-doped fiber laser
ZDW zero-dispersion wavelength
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Appendix B

Space Group of Common Crystals

Table B.1: Space group of common protein crystals.

Protein Space group
Lysozyme P 452,2
Proteinase K P 4522
Thaumatin P 4,2,2
Thermolysin P 6,2 2
Glucose isomerase 1222
Bovine serum albumin (BSA) Cl121

Insulin 12,3
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Anhang B. Additional Proofs

Table B.2: Space group of common salt crystals.

Protein Space group
NaCl F m-3m
Ca(CH3COO0)2-H,O P-1
NaKC,H,O4-H,O P 2,2,24
Li,SO,4 - H,O P2,
CaCl,-2H,0O Pnnm
KCl F m-3m
NazCgH507-2H,0 P 2/m
KH,;POy, I-42d
NH,CI P m-3m
MgCl, R -3m
Na,HPO, P 2;/m
NaH,PO, P2, /c
NaNO; R -3c
(NHy4)2S04 Pnma
NH4H5POy4 I-42d
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