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Abstract

Nonlinear microscopy techniques developed over the past two decades have provided dramatic
new capabilities for biological imaging. The initial demonstrations of nonlinear microscopies
coincided with the development of solid-state femtosecond lasers, which continue to dominate
applications of nonlinear microscopy. Fiber lasers offer attractive features for biological and
biomedical imaging, and recent advances are leading to high-performance sources with the
potential for robust, inexpensive, integrated instruments. This article discusses recent advances,
and identifies challenges and opportunities for fiber lasers in nonlinear bioimaging.

Introduction

Optical microscopy offers well-established techniques for imaging with sub-micron spatial
resolution. In the last two decades, researchers have found that ultrashort light pulses can be
exploited in a variety of new biomedical imaging modalities. Several techniques exploit the
high peak power that is possible with ultrashort pulses, which can be focused to high
intensity to drive nonlinear-optical processes such as multiphoton absorption in molecules
used as fluorescent labels.

Since the initial demonstration in 1990 [1], two-photon microscopy (2PM) has been
increasingly applied to cell biology and the neurosciences [2,3,4,5]. A number of variations,
including three-photon microscopy (3PM) [6,7,8], second- and third-harmonic generation
imaging [9,10,11,12], near-field enhanced multiphoton excitation [13], multiphoton
endoscopic imaging [14], and super-resolution imaging using stimulated-emission-depletion
[15] have significantly broadened the field. The development of various fluorescent
indicators, and in particular, geneticallyengineered probes based on fluorescent proteins
[16], further enhances the capabilities of multiphoton microscopy (MPM). Current
microscope technology is summarized in [17]. Efficient multiphoton excitation requires
peak intensities of 0.1 to 1 TW (1 TW = 1012 W). In addition to tight spatial focusing, MPM
typically requires pulsed excitation sources so that efficient excitation can be obtained at a
practical average power. For example, a femtosecond laser with 100-fs pulse duration (<) at
100 MHz pulse repetition rate (f) will enhance the 2-photon excitation probability by the
inverse of the duty cycle (ft), which is a factor near 10°.

Multiphoton and harmonic-generation microscopies are based on electronic transitions. A
number of biologically-important substances (lipids, nucleic acids, sugars, e.g.) have
characteristic vibrational spectra, which allows them to be distinguished easily. The

Correspondence and requests for materials should be addressed to C.X. (chris.xu@cornell.edu) or F.W.W (frank.wise@cornell.edu).

Author contributions
C.X. and F.W.W. co-wrote the paper.

Competing Financial Interests
The authors declare no competing financial interests.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu and Wise

Advances

Page 2

combination of microscopy with vibrational spectroscopy thus allows the generation of
images with chemical contrast, and this is the basis of coherent Raman scattering (CRS)
microscopies. Coherent anti-Stokes Raman scattering (CARS) microscopy is a sensitive
nonlinear technique that offers chemical selectivity [18,19] without the use of exogenous
dyes. The CARS signal is complicated by the presence of an electronic contribution, and
stimulated Raman scattering (SRS) microscopy [20,21] was developed largely to isolate the
vibrational response.

A dye laser supplied the femtosecond pulses for the first multiphoton fluorescence images
[1], but the power was low and dye lasers required expert operators. The discovery of Kerr-
lens modelocking in titanium-doped sapphire lasers [22, 23] was critical to the proliferation
of nonlinear microscopy. Commercial Ti:sapphire lasers became available in the early
1990’s. Other solid-state laser media, such as Nd:glass [24], Yb:glass [25], Yb:tungstate
[26], and Cr:forsterite [27] have also been developed. These sources have enabled the
dramatic growth of multiphoton and harmonic-generation imaging. Standard Ti:sapphire
lasers are tunable between 700 and 1000 nm, with pulse energies of 20-30 nJ, pulse
durations under 100 fs, repetition rates around 100 MHz, and average powers of 2 W.
Existing solid-state lasers are outstanding laboratory tools. At least one commercial
instrument covers the range of 680—-1300 nm, which is remarkable [28]. The infrastructure to
support 2PM within this spectral window is wellestablished. However, stable, user-friendly
instruments that are less expensive and more compact should allow multiphoton
fluorescence microscopy to find application in a range of new settings. The development of
appropriate short-pulse sources will also facilitate the expansion of CRS microscopies. The
continued demonstration of new microscopy techniques further motivates the development
of appropriate short-pulse sources.

in high-energy femtosecond fiber oscillators
Fiber lasers have attractive properties for imaging applications:

e The waveguide medium largely eliminates the need for precise optical alignment,
enables long cavity length (i.e., low repetition rate), and ensures good beam quality.

»  Fiber gain media are efficient and can easily supply the power needed for
bioimaging.

»  Fiber lasers are naturally suitable for integration with endoscopic instruments.

Short-pulse fiber lasers have attracted substantial research attention, and progress has been
reviewed in a number of papers [29,30,31,32]. However, fiber lasers have historically lagged
behind the performance of solid-state lasers. Amplifier systems have been required, with
attendant complexity and cost. In addition, fiber lasers are not broadly wavelength-tunable.
As a result, solid-state lasers still dominate the field of nonlinear microscopy.

Recently-demonstrated femtosecond fiber lasers can match, and even exceed, the
performance of solid-state lasers, albeit at one wavelength. Work will be needed to extend
the wavelength range, but the power levels will allow efficient frequency-conversion to new
wavelengths. Thus, short-pulse fiber sources will continue to improve, and offer new
alternatives to existing solid-state lasers in many nonlinear bioimaging applications.
Although this will have substantial impact, we believe that fiber lasers should be capable of
much more than simply matching existing capabilities. Fiber lasers offer design flexibility
that will allow creation of new combinations of performance parameters, which can be
customized to specific bioimaging applications.
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Since the first demonstrations of reliable instruments in the 1980’s [33], femtosecond lasers
have been based on cavities with anomalous-dispersion segments. Soliton pulses form by the
balance of nonlinear refraction and anomalous dispersion. The soliton energy in a fiber laser
is 10-100 times lower than in a solid-state laser, which highlights the challenge that arises in
the design of fiber lasers for photophysical applications. The first step in increasing the peak
power of fiber lasers was the demonstration of lasers with segments of normal and
anomalous dispersion with nearly-equal magnitudes. The resulting “breathing” of the pulse
temporal profile reduces the intracavity peak power, and disrupts the resonant production of
dispersive waves that occurs with ordinary solitons and ultimately limits their energy.
Femtosecond fiber lasers based on this “stretched-pulse” technique [34,35] have reached
nanojoule energy and 10-kW power levels.

The demonstration of femtosecond fiber lasers without any anomalous-dispersion
components [36] countered two decades of accumulated understanding of short-pulse
generation. Pulses in these lasers form by balancing nonlinear gain and loss as well as
nonlinear refraction and dispersion. They are called dissipative solitons because dissipative
processes such as nonlinear gain and loss play a key role in their formation [37,38,39]. The
important point for applications is that dissipative solitons can be stable at energies at least
an order of magnitude larger than ordinary or dispersion-managed solitons. This is partly
because dissipative solitons are chirped to 10-100 times the transform-limited duration
throughout the laser cavity; the pulse does not breathe much. Intuitively, pulse-shaping is the
result of filtering of the chirped pulse: cutting the edges of the spectrum corresponds to
cutting the leading and trailing wings of the pulse in time.

A dissipative-soliton laser was the first fiber laser to reach the power of a standard
Ti:sapphire laser [40]. This laser (Fig. 1) consists mostly of Yb-doped gain fiber. The filter
dominates the steady-state pulse-shaping. The wave plates and polarizing beam splitter
implement a saturable-absorber function through nonlinear polarization rotation, which is
needed to start the mode-locking from noise. The laser generates 20-nJ and 80-fs pulses
(Fig. 1) after dechirping. Chichkov et al. reported further scaling of dissipative-soliton
lasers, to 80-nJ and 30-fs pulses [41]. The cat-ear spectrum is characteristic of the
dissipative-soliton lasers, and the steep sides imply some secondary structure in the time-
domain pulse (Fig. 1). For the nonresonant processes that are exploited in nonlinear
microscopy, the pedestals have little consequence beyond reducing the peak power by ~10%
compared to a gaussian pulse, e.g. For applications that place a premium on temporal pulse
contrast, it is possible to take the output of a dissipative-soliton laser after the filter [42].
This produces a smoother spectrum and cleaner pulse, with some sacrifice in pulse energy.
A normal-dispersion laser based on self-similar pulse evolution in the gain segment would
be an alternative approach to high-energy pulses with clean profiles [43].

The high peak power and 1050-nm wavelength of Yb-based dissipative soliton lasers are
attractive for nonlinear microscopy. As an early example, images of the neurons and
vasculature at depths of nearly 1 mm in living mouse cortex (Fig. 2) have been produced
[44]. A similar laser was integrated with a delivery fiber and hand-held probe to produce a
compact, portable system capable of 2PM and second-harmonic images [45].

The stable pulse energy in a laser is determined primarily by the nonlinear phase
accumulated by the pulse, so it scales with mode-field area. Fibers with larger mode area
[46,30] can be used to enhance lasers based on any pulse evolution. Lefrancois et al.
reported a dissipative-soliton laser with Yb-doped photonic-crystal fiber (PCF) with a 40-um
core diameter replacing the ordinary gain fiber [47]. The laser generated 100-nJ and 100-fs
pulses, for a peak power of 1 MW, while the average power was 8 W. By use of a photonic
crystal (PC) rod with even larger mode area, Baumgartl et al. achieved 850-nJ pulses, 6 MW
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peak power, and over 60 W average power from a dissipative-soliton laser [48]. These
remarkable performance levels currently require sacrificing some of the benefits of standard
fiber, but they highlight the potential of mode-locked fiber lasers. Another possible approach
for increasing the mode-field area is based on higherorder mode (HOM) fiber [49], which
retains the mechanical flexibility of a large-mode-area fiber, but requires two mode
conversions in order to propagate in the HOM and then return to the fundamental mode.
HOM fibers with mode-field area similar to that of PC rod have been demonstrated [50].

Emerging trends in multiphoton microscopy

Tissue generally scatters light effectively, and this creates a challenge to imaging structures
deep in tissue. Optical imaging has been limited to thin (typically ~0.5 mm) samples or
superficial tissue. Non-invasive imaging techniques that deliver sub-micron spatial
resolution and millimeter tissue penetration depth will have major impact in bioimaging.
Applications that require imaging deep in scattering tissues [5], particularly in vivo,
showcase the unique advantages of MPM. 2PM has been successfully applied to a variety of
deep tissue imaging applications, such as direct visualization of neuronal activity [51] and
anatomy [52], developing embryos [53], and tissue morphology and pathology [54,55]. 2PM
offers 2 to 3 times greater penetration depth than linear confocal microscopy [56].

The imaging depth for high-resolution 2PM is limited by the signal-to-background ratio
(SBR) of the fluorescence distribution in scattering tissue [57]. This depth limit for 2PM is
approximately 5 to 6 effective attenuation lengths (l¢) [58,59] (e.g., ~700 um in the mouse
neocortex with 775-nm excitation). The use of longer excitation wavelengths is effective in
reducing the impact of tissue scattering [60, 61, 62]; however, there is a trade-off between
tissue scattering and absorption. This trade-off defines the optimum excitation wavelength
for tissue penetration. Figure 3 shows the water absorption length (I5) and the calculated
scattering length (I5) of mouse brain tissue. The combined effect of absorption and scattering
is represented by |=(1/1:+1/1)~1 [63]. The validity of Fig. 3 for brain imaging is confirmed
by previous measurements of the effective attenuation coefficient (indicated by red stars).
Fig. 3 clearly indicates that the optimum wavelength windows for deep tissue imaging are
near 1300 nm and 1700 nm.

With longer-wavelength excitation, particularly ~1700 nm, many endogenous fluorophores
(e.g., NADH) become inaccessible, even by three-photon excitation (3PE). While this may
limit clinical applications involving human subjects, the longer excitation wavelengths are
beneficial for imaging extrinsic indicators by eliminating the intrinsic fluorescence
background, and therefore improving the image contrast.

The depth limit imposed by the SBR of 2PM can be overcome by 3PM. In the 1990s, several
groups demonstrated the feasibility of 3PM [6,7,8], which was mainly used to expand the
spectral coverage of the excitation source [64]. Although it was realized in the early
demonstrations that 3PE provides significant improvement in excitation confinement [6],
such an advantage is largely inconsequential in imaging non-scattering samples or
superficial layers of tissue. The SBR is mainly determined by the long range behavior of the
fluorescence generation (i.e., fluorescence generation far away from the focal plane), which
varies as 1/7* and 1/72 (zis the distance away from the focal plane) for 3PE and two-photon
excitation (2PE), respectively. Orders of magnitude improvement in SBR can be achieved
by 3PE when imaging deep into scattering tissue. Furthermore, 3PE makes a number of
existing fluorophores accessible in the 1700-nm spectral window (e.g., fluorophores with
one-photon absorption ~560 nm). This is particularly important since currently there is no
biologically-relevant fluorescent indicator for 2PE in the 1700-nm spectral window. To
make 3PE a practical contrast mechanism for biological imaging, however, a source with
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high pulse energy and low duty cycle is needed, so that adequate signal (inversely
proportional to the square of the duty cycle) can be obtained at average powers that do not
cause tissue heating.

The ideal sources for deep-tissue MPM will deliver energetic (>> 10 nJ) femtosecond pulses
in the 1300- or 1700-nm windows, with repetition rates matched to the imaging speed
without causing excessive sample heating. However, wavelength tunability of fiber lasers is
limited by the gain bandwidth of the dopants to tens of nanometers, and this significantly
limits their application to biological and medical imaging.

A soliton can continuously transfer energy from shorter to longer wavelength via intrapulse
stimulated Raman scattering; this is the soliton self-frequency shift (SSFS) [65]. Continuous
tuning to longer wavelengths is achieved by simply increasing the input power [66]. In
addition, soliton pulses generated through SSFS typically have superb pulse quality and
femtosecond pulse duration. The combination of fiber lasers and SSFS is ideal for MPM
applications. A variety of nonlinear media have been used to demonstrate SSFS in the past,
ranging from highly-nonlinear PCF [67,68,69] to air-core photonic bandgap fibers (PBF)
[70]. The soliton energy is proportional to the effective mode area Agy. Increasing the soliton
energy by increasing the mode area is particularly effective for soliton wavelengths beyond
1300 nm, where silica glass has anomalous dispersion. SSFS at wavelengths beyond 1300
nm can be achieved in a variety of large-core fibers where the waveguide contribution to the
dispersion is insignificant. Such design freedom allows the generation of wavelength-
tunable, energetic solitons over the range 1600 to 2200 nm [71]. The soliton energy in large
mode area fiber or PC rod is 10 to 100 times higher than that of single-mode fiber. When
combined with an energetic fiber based source at 1550 nm, SSFS in these structures
provides a convenient mechanism for generating energetic femtosecond pulses in the 1700-
nm spectral window for deep-tissue imaging. Indeed, megawatt peak power solitons near
1700 nm were demonstrated using SSFS in a PC rod. This source was used to image neurons
labelled with red fluorescent protein in a mouse brain using 3PE (Fig. 4) [63]. In vivo
imaging of sub-cortical structures in an intact mouse brain was achieved for the first time
with this approach. Although a fiber CPA system at 1550 nm was used as the pump source,
the required pulse energy is within the range of a dissipative-soliton fiber laser. Deep-tissue
MPM in the long-wavelength spectral windows presents significant motivation for new
development of fiber-based sources.

Fiber sources for coherent Raman microscopy

The requirement of two synchronized trains of ultrashort pulses for Raman microscopies
presents a serious technical challenge. A practical light source for CRS imaging needs to
meet these performance requirements: (1) The source must deliver two excitation
wavelengths, with at least one wavelength tunable in order to selectively excite the specific
molecular vibration. (2) The two pulse trains must be synchronized and temporally
overlapped. The relative timing jitter should be a small fraction of the pulse width. (3) The
spectral width of the excitation pulse should be narrower than that of the vibrational
resonances. A transform-limited pulse with pulse duration of several picoseconds is
typically ideal. (4) The output power must be sufficient for both wavelengths. Because of
the losses of microscope optics and overfilling of the objective lens, pulse energies of a few
nanojoules are required. Therefore, an average power of at least 100 mW at a repetition rate
of 10 — 100 MHz is desired.

The source most commonly used in CRS microscopy is a picosecond Nd-doped vanadate

laser that is frequency-doubled to synchronously pump an optical parametric oscillator
(OPO) based on a quadratic nonlinear crystal [72]. Commercial versions exist [73] and offer
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excellent performance, but the cost, complexity, and limited potential for integration of the
bulk solid state lasers have impeded the widespread applications of Raman imaging in
biomedical research. The need for a robust, fiber-based, and cost-effective source is even
more urgent for clinical environments.

Several fiber-based sources for CRS imaging have been reported in the past few years. An
early optical parametric amplifier (OPA) generated picosecond and femtosecond pulses with
an allfiber design [74]. One recent approach is based on frequency-shifting the output from a
picosecond Er-doped fiber laser in nonlinear fiber and then using second harmonic
generation to reach the desired wavelengths [75]. Another uses the output from an Er-doped
fiber laser to generate the higher-frequency light through second harmonic generation and
the lower frequency light by filtering a supercontinuum [76]. These sources are integrated,
but higher output powers will be desirable for many biological imaging applications.

Four-wave mixing (FWM) in fiber, typically dispersion-engineered PCF, is the basis of
several OPAs designed for CRS imaging. FWM in the normal-dispersion regime can
produce the spectrally-narrow but widely-spaced frequency bands desired for CRS
microscopy [77]. An allfiber OPA was successfully used to perform CARS imaging, but it
generates long (~140 ps) pulses, which yield much lower peak powers than are available
from solid-state sources [78]. Spontaneous FWM naturally produces a highly-fluctuating
output. Lefrancois et al. showed that seeding the FWM process not only reduces the
fluctuations, which was well-known, but also allows the generation of high-energy,
transform-limited picosecond pulses by suppressing continuum generation and Raman
scattering [79]. This led to the first fiber source to match the pulse parameters of the solid-
state OPO [72,73]. A Yb-doped fiber laser drives the FWM process, which produces 3-nJ
and 2-ps pulses tunable around 800 nm (Fig. 5). These pulses are combined with 1050-nm
pulses from the fiber laser to excite vibrational modes between 2650 and 3200 cm™L. High-
quality CARS images (Fig. 5) of mouse ear and brain, as well as fibroblast cells, were
produced with this source.

Attention has recently turned to the development of OPOs based on FWM. A fiber OPO
with a femtosecond seed laser has been demonstrated [80]. Multimodal CARS imaging was
performed with this instrument, but the pulse energy is fairly low (0.1-0.5 nJ). Very
recently, an OPO based on FWM at normal dispersion reached the performance levels of the
corresponding OPA [79] — at least twice the peak power and three times the average power
of other fiber sources -- with major reduction in the intensity fluctuations [81]. This enables
faster imaging with better signal-to-background ratio. As practical advantages, the OPO is
more efficient than an OPA and eliminates the need for a tunable, narrowband (i.e.,
expensive) seed laser.

A fiber laser can be used to provide one of the two wavelengths for CRS imaging, which
requires it to be synchronized to a wavelength-tunable source. In free-space lasers or OPOs,
phase-locked loops and mechanical cavity adjustments are used to dynamically match the
cavity lengths for synchronization. In an all-fiber laser, adjustment of the cavity over a
macroscopic length is more difficult. Thus, mode-locked fiber lasers typically are used as
master clocks to which other pulsed sources are synchronized, making a fiber-based
synchronized source difficult to realize.

The time-lens approach [82, 83] explores a new route to generation of energetic picosecond
pulses in an all-fiber configuration, where, in contrast to mode-locking, ultrafast pulses are
directly "synthesized" from CW light. By electro-optic phase modulation (i.e., the time-
lens), a broad spectral bandwidth is generated, and this is subsequently compressed into a
short pulse by dispersive elements (e.g., chirped fiber Bragg grating). Picosecond time-lens
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sources have been realized with telecom components [84]. Video-rate CRS imaging of
mouse tissues [85] and close to shot-noise limited SRS imaging sensitivity [86] have been
demonstrated using time-lens sources synchronized to Ti:sapphire lasers. Since the
repetition rate of a time-lens source is entirely determined by an electrical drive signal, an
all-fiber time-lens source can synchronize to a mode-locked laser (solid-state or fiber-based)
at any repetition rate. In addition, electronic delay is used to adjust the relative time delay
for temporal overlap of the excitation pulses, eliminating the mechanical optical delay line
and its effect on spatial alignment. Compared to pulses from lasers, pulses from time-lens
sources have some secondary structure in the time domain.

Summary and perspective

In summary, recent advances in short-pulse fiber sources will impact several aspects of
bioimaging. Femtosecond oscillators that can match the performance of solid-state lasers
will find applications, and higher-power versions will offer some wavelength versatility
through nonlinear optics. Sources in the long-wavelength excitation windows, combined
with 3-photon excitation, will enhance deep-tissue imaging capabilities. Coherent Raman
microscopies should benefit substantially from recent developments in fiber sources of
synchronized picosecond pulses with high energy.

Priorities for future development include the following:

Femtosecond sources at new wavelengths

Although 3PM at 1700-nm has yielded record imaging depth in mouse brain, some of the
most commonly-used fluorophores, such as GFPs, cannot be excited in this window.
Excitation on the short-wavelength side of the water absorption, near 1300 nm, will allow
much higher excitation power at the focus due to lower tissue absorption. Development of a
high-energy femtosecond source in the 1300-nm window is thus desirable. Shifting of the
output of Yb-doped sources at 1050 nm via the SSFS faces major challenges. Both PCF and
air-core PBF can provide anomalous dispersion in the range 1050 — 1300 nm. However, the
soliton energy in PCF (a fraction of 1 nJ) is nearly two orders of magnitude smaller than the
desired pulse energy, while the bandgap of air-core PBFs is not broad enough to support the
entire tuning range. HOM fibers may be an alternative for SSFS below 1300 nm.
Experiments have demonstrated that launching 1064-nm pulses into an HOM fiber with A
= 70 um? produces 1-nJ solitons at wavelengths to 1300 nm. However, it is difficult to
design and fabricate HOM fibers with anomalous dispersion below 1300 nm and large mode
area [87].

Custom pulse energies and repetition rates

The pulse energy and repetition rate of the excitation source are ultimately constrained by
the fluorophore cross section and tissue photodamage. Theory and experiment show that
2PE cross-sections and 3PE cross-sections of standard dyes are on the order of 1074° cm#*-(s/
photon) and 10782 cmB-(s/photon)?, respectively [6]. Under short-pulse excitation,
fluorescence saturates at the limit of one transition per pulse per fluorophore. The pulse
energies for saturation of fluorescence excitation under 2PE and 3PE are then approximately
1 nJand 5 nJ, respectively, assuming 1700-nm excitation with 100-fs pulses and a numerical
aperture NA = 1.0. These pulse energies are significantly below the breakdown threshold for
biological tissues [88] for wavelengths greater than 1000 nm. Thus, linear absorption (i.e.,
the average power) is likely the leading concern when imaging deep into tissue using the
1300-nm or 1700-nm windows. The optimum excitation source should provide pulses with
approximately the saturation pulse energy at the focus at various depths in the tissue, and at
average power (i.e., repetition rate) levels that are tailored to avoid significant sample
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heating. The required pulse energy (hundreds of nJ) and repetition rate (on the order of 1
MHz) are challenging for bulk solid-state systems [89]. The use of fiber will greatly simplify
the long cavity lengths required for low repetition rates, and new pulse evolutions allow
stable high-energy pulses to be generated.

Fiber sources for Raman microscopy

To date, there is still not an all-fiber source with low enough intensity fluctuations to record
SRS images without balanced detection. Sources with the pulse parameters stated above and
fluctuations near the fundamental limits are needed.

All-fiber, environmentally-stable sources with high performance

The best-performing devices generally include some bulk optical components, which detract
from the benefits of fiber to some degree. The ideal solutions would be completely fiber-
integrated instruments made with polarization-maintaining fiber. The goal is to construct
integrated instruments that do not sacrifice too much of the performance attained by lasers
with bulk components. This will be particularly challenging with new large-mode area fibers
such as PCF and chirally-coupled-core fibers [90].

The development of these fiber-based lasers has the potential to transform nonlinear
microscopy. By providing compact, robust and cost-effective excitation sources, fiber lasers
will deepen the penetration of nonlinear imaging techniques into the biological and
biomedical communities, and accelerate their clinical translation. Furthermore, fiber-based
excitation sources have the potential to provide new performance parameters that are
challenging for bulk solid state systems. The needs of nonlinear microscopy provide ample
motivation for continued development of short-pulse fiber sources, and in turn, new fiber
sources will undoubtedly expand the boundaries of bioimaging.
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Figure 1. Dissipative soliton laser and pulses

(a) Schematic of dissipative-soliton laser cavity. QWP: quarter wave plate, HWP: half wave

plate, PBS: polarizing beam splitter, DDL.: dispersive delay line. Spectrum
autocorrelation (c) of 80-fs pulse from dissipative-soliton laser. From [40].
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Figure 2. Two-photon fluor escence images excited by dissipative-soliton fiber laser

Images of the cortex of a live, anesthetized mouse with a glass-covered craniotomy,
recorded in the laboratory of Prof. C. Schaffer at Cornell University. Pyramidal neurons are
labeled by yellow fluorescent protein (green) and blood vessels are labeled by
intravenously-injected Texas Red dextran (red). The top row shows surface vessels and
dendritic processes in the top 150 pm; the bottom row shows arterioles, venules and
capillaries as well as neuron cell bodies at depths of 450-650 um. Yellow boxes (left)
delineate areas of higher magnification (right). From Ref. 44.
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Figure 3. Attenuation length in brain tissue as a function of wavelength

The water absorption length (blue line), the scattering length of mouse brain cortex (red
line), and the effective attenuation length (green line). Note the logarithmic scale of the
vertical axis. The scattering length is obtained by numerical simulation using Mie theory for
a tissue-like phantom that resembles the scattering property of the cortex. The phantom
contains 1 mm diameter polystyrene beads at a concentration of 5.4x10%ml. The red stars
indicate the reported attenuation lengths for mouse cortex in vivo from previous work. From
Refs. 58 and 61.
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Figure4. SSFSin aPC rod and in vivo 3PM of subcortical structuresin a mousebrain

(a) Experimental setup of SSFS in a PC rod pumped by a fiber CPA system. The measured
spectrum (b) and the corresponding second-order autocorrelation trace (c) of the input pulse
(red) and the 1,675-nm soliton generated in the PC rod (black). The soliton energy,
integrated from 1,617 nm, is 67 nJ. Inset in (c) shows the cross section of the PC rod. (d) 3D
reconstruction of in vivo 3PM images in the brain of a mouse, which contains RFP-labelled
pyramidal neurons. The external capsule extends from approximately 840 to 976 um below
the surface of the brain, and the stratum pyramidale extends from approximately 1,060 to
1,120 pm below the surface. Normalized x-y frames of the fluorescence (e) and THG (f)
signal at various depths. The scale bar is 50 yum.
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Figure5. Fiber sourcefor CARS microscopy and imaging of mouse tissue

Top: schematic of fiber source based on FWM in PCF. Middle: spectra of generated pulses.
Bottom: CARS images at the 2850 cm~ mode of CHy: (a) mouse brain, (b) sebaceous gland
40 um deep in mouse ear and (c) isolated rat fibroblast cells. From Ref. 79.
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