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Abstract: A simple and completely all-fiber Yb chirped pulse amplifier that uses a dispersion
matched fiber stretcher and a spliced-on hollow core photonic bandgap fiber compressor is
applied in nonlinear optical microscopy. This stretching-compression approach improves
compressibility and helps to maximize the fluorescence signal in two-photon laser scanning
microscopy as compared with approaches that use standard single mode fibers as stretcher.
We also show that in femtosecond all-fiber systems, compensation of higher order dispersion
terms is relevant even for pulses with relatively narrow bandwidths for applications relying
on nonlinear optical effects. The completely all-fiber system was applied to image green
fluorescent beads, a stained lily-of-the-valley root and rat-tail tendon. We also demonstrated
in vivo imaging in zebrafish larvae, where we simultaneously measure second harmonic and
fluorescence from two-photon excited red-fluorescent protein. Since the pulses are
compressed in a fiber, this source is especially suited for upgrading existing laser scanning
(confocal) microscopes with multiphoton imaging capabilities in space restricted settings or
for incorporation in endoscope-based microscopy.
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1. Introduction

Since its first demonstration in 1990 [1], multiphoton microscopy (MPM) has been
established as an indispensable tool for fluorescence imaging in living cells, tissues and living
animals with high spatial and temporal resolution [2—4]. The main advantage of nonlinear
optical microscopy approaches such as MPM over other imaging approaches is its ability to
study cellular processes deeply inside dense tissues and organs in live animals [5]. Efficient
multiphoton (MP) excitation requires high peak intensities and therefore typically pulsed
excitation sources are required for efficient MP excitation at practical average power levels.
Solid state lasers, especially femtosecond Ti:sapphire systems, have dominated the field of
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MPM in the spectral wavelength range between 680 and 1300 nm. Despite the remarkable
properties and outstanding performance of femtosecond solid state laser sources, there is a
fundamental need for easier-to-handle, lower cost and more compact and robust excitation
sources to tackle technological barriers towards clinical translation of MPM techniques and
for its more widespread use in the world of biological imaging.

Femtosecond fiber lasers are very attractive alternatives to solid state lasers as excitation
sources for MPM [6-12]. They can be designed to be environmentally stable, in an all-fiber-
integrated architecture, are intrinsically suitable for integration with endoscopic
instrumentation and can enable access to new operation parameters that are very challenging
to realize with solid state laser sources, such as e.g. higher average power, or high pulse
energies at MHz repetition rate. MPM would strongly benefit from the implementation of
robust all-integrated fiber based concepts that allow for truly turn-key maintenance-free
operation and that at the same time can deliver sufficiently short pulses with high pulse
fidelity even to a remote target if required. Flexible fiber-based nonlinear optical endoscopy is
of relevance to allow cellular imaging within hollow tissues or solid organs which are
typically not accessible to a conventional optical microscope. A fiber delivery concept based
on a hollow core fiber offers a flexible means of delivering distortion-free high-peak power
pulses on target, which is very attractive for developing instrumentation for high resolution in
vivo imaging, like multiphoton endoscopes and miniaturized multiphoton microscopes
[13,14].

In nonlinear fluorescent microscopy, especially in living tissue, optimizing the MP
fluorescent yield is very important for developing highly efficient microscope systems. It has
been shown that the time averaged fluorescence photon flux in multiphoton microscopy
depends not only on the temporal pulse width but also on the temporal pulse shape at the
focus of the excitation source [15-17], therefore appropriate dispersion compensation is
relevant to optimize the multiphoton fluorescent yield. In Ref [16]. it was shown that
excitation with a transform-limited pulse significantly increases the efficiency of excitation
(and thus improves the signal-to-noise ratio of two-photon imaging) as compared to the
signal-to-noise ratio obtained using an uncompensated or partially compensated pulse. From
the practical point of view, another big advantage of using (close to) Fourier transform-
limited pulses for MPM can be seen as follows: since a non-transform-limited pulse of a
certain pulse duration has a broader spectrum than a transform-limited pulse of the same
duration, the non-transform-limited pulse will broaden faster than the transform-limited pulse
when dispersive elements are added or changed in the beam path. This has important practical
consequences for the development of compact and simple laser systems for nonlinear optical
microscopy because once the system is optimized for highest fluorescence yield, when
changing the microscope objective for one with a different design (different dispersion
parameters, for example using a higher or lower magnification, or a water immersion
objective instead of a ‘dry’ objective) the pulse with the broadest bandwidth (which originally
was not transform-limited) will be affected more than the spectrally narrower transform-
limited pulse, and the fluorescence yield drop will be more dramatic. Furthermore, in
applications such as high speed volumetric calcium imaging, where the goal is to image a big
volume in the shortest possible time [12], in order to minimize the rise in tissue temperature,
transform limited pulses should be preferred.

When developing highly integrated, high-peak power all-fiber sources delivering high-
fidelity pulses for multiphoton microscopy it is important to keep the amount of nonlinearities
in the system low and to implement suitable fiber based stretching and compression schemes
that will not trade-off pulse duration and pulse fidelity for all-fiber integration. Ideally the
pulse duration from such an all-fiber source should be independent of the output pulse energy,
to allow a fast change of the excitation power without the use of expensive electro-optic
modulators. In standard single mode fibers femtosecond pulses are severely broadened,
particularly due to intensity dependent nonlinear effects which start being significant even at
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energy levels below 1 nJ. Hollow-core photonic band gap fibers (HC-PBF) are very attractive
for the delivery of energetic femtosecond pulses. As most of the optical power is confined in
an air-filled core, the amount of nonlinearities experienced by the propagating pulsed are
dramatically reduced as compared to pulse propagation through solid core fibers, which
makes HC-PBF very attractive for applications in nonlinear optical microscopy, especially in
vivo nonlinear optical endoscopy.

Previously, a fiber-delivered Yb-femtosecond fiber laser was used for multiphoton
imaging [18]. That system uses a piece of HC-PBF to compensate the positively chirped
pulses delivered by the amplifier, and delivers 150 fs pulses with 200 mW output at 40 MHz
repetition rate. It was noted that the compressed pulses are not transform-limited due to
uncompensated residual chirp (higher order dispersion of the fibers). This is expected and
similar to other Yb-fiber system realizations using standard single mode fiber (SMF)
stretchers combined with HC-PBF compressors, where the highest pulse energy achievable
without compromising pulse quality and pulse duration will be limited because of the small
stretching ratio imposed by dispersion compensation issues, e.g. the fact that the HC-PBF
does not compensate for higher order dispersion terms of the fibers typically used in Yb-fiber
amplifiers. In general, there will be a trade-off between the stretching ratio (which determines
the achievable pulse energy) and the quality of pulse compression (amount of uncompensated
residual chirp) [19-21].

We have previously demonstrated an all-fiber Yb laser operating at a central wavelength
of approximately 1060 nm, that uses a 10 um core large mode area (LMA) Yb-doped fiber as
main amplification stage and a dispersion compensating fiber (DCF) [22] stretcher that
matches the dispersion of a 25 m long HC-PBF compressor [21] as well as a pigtailed
acousto-optical modulator for pulse downcounting. With this configuration, amplification in
the linear regime yielded up to 80 nJ, 220 fs pulses at a repetition rate of 2 MHz. This shows
that this approach allows achieving higher pulse energies without having to compromise on
pulse quality and pulse duration compared to when only standard SMF is used to stretch the
pulses.

In this paper, we compare the performance of two different single mode Yb-fiber
amplifiers, with a flexible spliced-on HC-PBF compressor operating at the oscillator full
repetition rate of 76 MHz for MPM: system I, with a stretcher comprising of SMF in
combination with a DCF; and system II, with a simple polarization maintaining (PM) SMF
stretcher. With both systems, we have optimized the fluorescent signal from green-fluorescent
beads by adjusting the stretcher length and we compare the fluorescent yield (measured
fluorescence signal) obtained with the two systems. We further demonstrate the multiphoton
imaging capabilities of the system that uses a DCF stretcher by imaging two-photon
fluorescence from a stained lily-of-the-valley root, second harmonic generation from ex vivo
rat-tail tendon, and in vivo two-photon fluorescence and second harmonic generation in
zebrafish larvae.

2. Experimental setup
2.1 Laser source

A schematic of the laser source is shown in Fig. 1. The seed source is a dispersion managed
Yb-fiber oscillator operating at a repetition rate of 76 MHz. A 10-nm full-width at half-
maximum (FWHM) portion of the seed spectrum is transmitted through a tunable filter before
being amplified in a SMF pre-amplifier. Because of the use of SMF-pigtailed components
connecting the oscillator to the pre-amplifier, the pulses at the input of the pre-amplifier are
pre-stretched to a duration of approximately 2 ps. A second filter is inserted after the pre-
amplifier to suppress amplified spontaneous emission. Before the second amplification stage,
the pulses are further stretched to ~30 ps duration in ~10 m of SMF and 4.8 m of DCF [21]
(system I) or ~60 m of PM SMF (system II). Design and integration of DCFs is discussed in
Refs [22-24]. The seed central wavelength of the amplifier is tuned to be around 1060 nm,
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where the (higher-order) dispersion of the compressor is best matched to the accumulated
chirp in system 1. The final amplifier stage consists of standard PM SMF components and a
short length of core-pumped Yb-doped PM fiber (Coractive YB-401P), followed by a low-
insertion loss pigtailed Faraday isolator and a ~25 m long HC-PBF (HC-1060-02, NKT
Photonics) compressor. The compressor fiber is as flexible as standard SMF and allows for
easy handling. Due to the higher NA of the core-pumped Yb-doped fiber compared to the
cladding pumped 10-um core active LMA fiber used in [21], direct angle-splicing of the
active fiber to the HC-PBF was not enough for providing sufficient isolation for stable
amplifier operation and for suppressing parasitic lasing at all pump powers. The output of the
isolator is spliced to the HC-PBF using a Vytran FFS2000 fusion splicer, taking care to
achieve a linearly polarized output (as described in detail in [21,25,26]) and to ensure single
mode excitation of the fundamental mode. No additional coiling was needed to ensure single
mode operation. At the output of the compressor fiber we obtain single-mode linearly
polarized pulses with up to 100 mW of average power (~1.3 nJ pulse energy, limited by the
available pump power) with an M* of <1.2. The output of the compressor fiber is collimated
and guided to a fluorescence microscope (Zeiss Axioplan) which we have adapted for laser
scanning multiphoton imaging (see Fig. 1). The stretching ratio of the system warrants that
the pulse duration at the HC-PBF compressor output is independent of the pump power of the
second amplifier stage, and allows further scaling of the output power or pulse energy to
several Watts or tens of nJ [21], which can be achieved by replacing the core-pumped second
amplifier stage by a cladding-pumped amplifier.
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Fig. 1. System layout. The Yb-fiber chirped pulse amplifier is designed to operate with
negligible nonlinear phase accumulation, such that the pulse duration at the output of the HC-
PBF compressor is independent of the pump power of the second amplifier stage, and thus
output pulse energy. The collimated output beam is guided to the laser scanning two-photon
microscope (leftmost part of the image). The x-y-position of the focus in the sample plane of
the microscope is controlled by two galvanometric mirrors in the beam path. PMT:
photomultiplier tube. LD: laser diode. Dashed box inset: measured beam profile with x- and y-
projections (full lines) and respective Gaussian fits (dashed lines).

Pulse compression was first optimized for system I by tuning the bandpass filters
preceding each of the two amplifier stages together with adapting the length of (passive)
SMF, while measuring the output pulse duration using second harmonic frequency resolved
optical gating (SH FROG) and maximizing the two-photon excitation induced fluorescence
from fluorescent beads. By adapting the length of SMF in the system, the group velocity
dispersion of the stretcher is matched to the group velocity dispersion (GVD) of the HC-PBF
compressor. Since the amplifier operates in a regime where the accumulated nonlinear phase
is negligible, the higher-order phase mismatch can be minimized by tuning the wavelength or
changing the ratios between the lengths of DCF, SMF and compressor fiber. Since the DCF
stretcher was used as a fixed module with SMF pigtails, and the length of the HC-PBF
compressor should also be kept constant, once GVD has been optimized we use wavelength
tuning to minimize the third-order dispersion (TOD). The HC-PBF length of 25 m is chosen
because the losses in the compressor for that length are roughly 3 dB (50%). A larger
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stretching ratio, and consequently longer HC-PBF will therefore not allow to obtain a higher
pulse energy at the output. The measured compressed pulses have a duration (258 fs) which is
only about 5% longer than the Fourier limited duration (250 fs) corresponding to the spectrum
from the laser (see Fig. 2), and ~92% of the energy is contained in the main pulse.

To realize system II, we removed the pigtailed DCF module, and the fiber polarization
controller and polarizer directly behind it and replaced them by PM SMF. The optimum
length of the PM SMF stretcher was found by measuring the SH FROG trace for best
compression and monitoring the fluorescent signal from the green fluorescent beads. The
measured compressed pulses for optimum compression are 310 fs long. The maximum output
power of system II was 110 mW. No measurable changes in the recorded fluorescent signal
are detected for small changes in the stretcher length ( = 50 cm) away from optimum. The
measured compressed pulses have a duration (310 fs, see Fig. 2) which is about 24 percent
longer than the Fourier limited duration (250 fs) corresponding to the spectrum from the laser,
and about 70% of the energy is contained in the main pulse.
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Fig. 2. SH FROG characterization of the compressed pulses from our Yb-fiber CPA. Left
panel: laser output spectrum, together with the reconstructed spectral phase of system I (solid
red curve) and system II (dotted red curve). Center panel: reconstructed temporal intensity
profile (black) and intensity autocorrelation (blue) of system I. The measured pulse duration is
258 fs FWHM, and corresponds well to the expected pulse duration taking into account the
amplified spectrum and residual (uncompensated) higher-order chirp calculated for system I
(red). Right panel: reconstructed temporal intensity (black) and intensity autocorrelation (blue)
of system II. The measured pulse duration is 310 fs FWHM, corresponding well to the
expected pulse duration taking into account the amplified spectrum and residual
(uncompensated) higher-order chirp calculated for system II (red).

2.2 Multiphoton laser scanning microscope

The two all-fiber Yb chirped pulsed amplifiers described in the previous sections were used
as master sources for a laser scanning multiphoton fluorescence microscope (see Fig. 1). A
Leica PlanFluotar 40x objective with a numeric aperture (NA) of 0.7, specified to optimally
perform with 0.17 mm thin cover glass slips was used for all images. By varying the pump
power delivered to the second amplification stage, the laser power at the sample can be varied
from ~2 mW up to ~55 mW. Backwards propagating fluorescence (or second harmonic) light
is detected in two different color channels using two photon-multiplier tubes (PMT). The light
incident on the PMTs is separated from the excitation path using a dichroic beamsplitter
(highly reflective in the wavelength range from 1010 to 1080 nm, with high transmission of
visible wavelengths), and light detected in the green and red channels is split using a second
dichroic beamsplitter (long-pass filter with 590 nm cut-off wavelength). Right in front of each
PMT a bandpass filter is inserted (‘red’ 645/75, ‘green’ 535/50 — central wavelength/width,
nm) It is important to note that the combination of the excitation wavelength (~1060 nm) and
the detection bandwidth in the green channel is such that it is not very well suited for
detection of two-photon excitation induced fluorescence. This is easily explained since
fluorescence at wavelengths shorter than 530 nm cannot be induced by 1060-nm pulses
through two-photon excitation, just because of energy conservation. Considering typical
absorption and emission spectra of natural fluorophores, two-photon excitation using 1060
nm wavelength pulses can induce fluorescence at wavelengths longer than 540 nm, and the



Research Article Vol. 8, No. 8 | 1 Aug 2017 | BIOMEDICAL OPTICS EXPRESS 3532 I

Biomedical Optics EXPRESS .

bandpass filter in the green channel only transmits light at wavelengths between 510 and 560
nm. However, our green channel is optimally suitable for the detection of second harmonic
light generated in the sample.

Using the 0.7 NA objective in combination with the pulses from our fiber laser with the
beam overfilling the back-aperture we estimate a spatial resolution of 0.6 um. Thus, when
imaging with our system, the pixel size should not be larger than about 0.6 pm. The imaging
system allows scanning a 300x300 um? field-of-view (FOV). For this FOV, raster scanning
with our galvanometric scanners can be achieved at a speed of 5 ms per line including 950 ps
flyback time. Faster scanning leads to imaging artifacts, due to nonlinear behavior of the
galvanometric mirror used for the fast scan axis. Considering the resolution of 0.6 um, each
300x300 pm?* frame should consist of at least 500x500 pixels®, which can be acquired at a
frame rate of 0.4 Hz with a pixel dwell time of 8 us.

3. System imaging performance
3.1 Comparing imaging capabilities

In order to compare the imaging performance of the two all-fiber chirped pulsed amplifiers
presented here, we have imaged fluorescent beads (Dragon Green fluorescent polymer, mean
& 15.45 um, Bangs Laboratories Inc) and determined the total fluorescence signal achieved
with each system after being optimized for best compression as described in section 2.1. After
having optimized the dispersion of both systems, we imaged 25 frames of a fixed 300x300
um’ area of a sample of the green fluorescent beads fixed between a microscope slide and
0.17 mm thin cover slip at a series of 9 different output powers from both systems, first with
system II, and then with system I. Since the fluorescence yield with system II is expected to
be lowest, measuring with system II first reduces possible artefacts due to photo-darkening.
To illustrate that the same FOV was imaged for all 450 frames, the left panel of Fig. 3 shows
a composite image where the red channel corresponds to the average of 25 frames taken with
system II at 0.17 nJ pulse energy (~13 mW) on the sample, the green channel corresponds to
the average of 25 frames taken with system II at 0.6 nJ pulse energy (~45 mW) on the sample,
and the blue channel corresponds to the average of the last 25 frames taken with system I (at
0.6 nJ pulse energy on the sample). The image appears greyscale because the images used for
the three color channels exactly overlap, which proves that the same FOV was imaged for all
450 frames. The average signal in the FOV for each image of the series was computed and the
results are plotted in the right panel of Fig. 3. Both the signal vs. pulse energy curve for
system I and system II are fitted to a power-law (y = a x°). For both curves the fitted value for
b is 1.97, indicating we observed no saturation of the fluorescence nor significant
photodarkening. For the same pulse energy, the signal obtained when using system I was
always ~80% higher than the signal obtained when using system I1.

It is worth noting that even at these relative long pulse durations (>200 fs), higher order
dispersion compensation plays a significant role for maximizing the fluorescence yield. The
main reason for this is that in all-fiber systems consisting of several (tens of) meters of fiber
the amount of dispersion is quite considerable (GDD and TOD of 1 m of SMF are ~20,000 fs
and ~60,000 fs® respectively, and GDD and TOD of 1 m of HC-PBF are ~ 60,000 fs* and
~400,000 fs’; note that while the sign of GDD introduced by the HC-PBF is negative, SMF
and HC-PBF both introduce positive TOD) as compared to the amount of dispersion
introduced by the microscope system and other optical elements in the optical imaging path
(typically ~1,000 fs* and ~3,000 fs* respectively). In contrast, for typical microscope systems
seeded by free space solid state lasers that provide near Fourier transform-limited pulses at
their output the effect of higher order dispersion compensation (for optimizing the
fluorescence signal) starts to be more relevant at much shorter pulse durations (approximately
50 fs) as reported in [16].
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Imaging the fluorescent beads also serves to calibrate the FOV of our system. The beads
have a diameter of 15.45 um, and the steep edges of the beads in the image indicate that our
setup focuses to a diffraction-limited spot size of ~1 um diameter. A scan angle of + 2.5
degrees of the galvanometric mirrors corresponds to a FOV of 300x300 pm’. Smaller scan
angles lead to a proportionally smaller FOV. As noted before, green fluorescence is only very
inefficiently excited and detected in our setup, but the ability to detect fluorescence (which is
detected clearly in the green detection channel, and only very weakly in the red detection
channel) from the Dragon Green beads demonstrates also that one can detect and distinguish
fluorescence from different fluorophores, i.e. with our source one can excite green (or yellow)
and red fluorescent fluorophores at the same time through two-photon excitation, and
distinguish them with high contrast. Because of the superior performance of system I, we
used system I for all further measurements.
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Fig. 3. Left: a 300x300 pm? image (500x500 pixels) of Dragon Green fluorescent beads (15.4
um diameter) between a microscope slide and 0.17 mm thin coverslip. The image is a
composite of three images that are the result of averaging 25 frames at low laser power with
system II (red image channel), full laser power with system II (green image channel) and full
laser power with system I (blue image channel). The size of the beads is used to calibrate the
field-of-view of the microscope, and the steep edges of the beads in the image indicate a
diffraction limited ~1 pm diameter of the excitation volume at the focus of the microscope, and
a ~0.6 um spatial resolution of our imaging system. Brightness and contrast of the three color-
channels of the image are adjusted manually for good visibility of all beads. The excellent
overlap of all three color-channels illustrates that no sample movement occurred during the 18
measurements at different laser powers with the two systems. Right: average fluorescence
signal versus laser power for the two different laser systems: System I, using SMF and DCF
stretcher, black symbols (measurement) and line (fit); System II, using only PM-SMF
stretcher, red symbols (measurement) and line (fit).

3.2 Stained lily-of-the-valley root

Lily-of-the-valley (Convallaria majalis) root is known for its distinct structure and fine
details, and staining with different dyes yields strong fluorescence in various colors from
distinct features. Because of these features fixed samples of the lily-of-the-valley root are
widely used as test or training samples for fluorescence and confocal microscopy. The same
features make such a sample ideal to demonstrate the imaging capabilities of our system.
Figure 4 shows an image that is composed of six 300x300 pm? (500x500 pixel) frames, each
shifted from the other (in the x and/or y direction) by 150-200 pm. Each frame consists only
of a single acquisition, obtained in 2.5 s. The laser power delivered to the sample was about
20 mW. The individual frames have been slightly cropped in the region of overlap, to reduce
visual artifacts such as the pincushion effect caused by the 1 cm separation between the x-
and y-galvanometric mirrors and relatively large scan angles. Strong red fluorescence is
observed from the cell-wall regions throughout the image, that are stained with fast green dye.
Additionally, a weak signal is also observed in the green channel from several distinct, lignin-
rich, regions in the root that are visualized with safranin. Safranin has its peak (1-photon)
excitation wavelength at 530 nm, and a broad emission spectrum ranging from 545 to 670 nm
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with its peak at about 590 nm. This explains that fluorescence from lignin-rich regions is
observed in both the green and red channels.

Fig. 4. Image of a fixed stained lily-of-the-valley root. The scale bars correspond to 100 pm.
Manual adjustment of the brightness and contrast of the green and red channels in the image
make the lignin rich region stained with safranin appear mainly green, although the signal due
to fluorescence of safranin is observed in both channels.

3.3 Second harmonic imaging of rat-tail tendon

Rat-tail tendon consists of long aligned strands of collagen fibers. The non-centrosymmetric
nature of these fibers causes a large nonzero second order susceptibility, which in a strong
enough light field gives rise to second harmonic generation. The dense structure of the tendon
makes for strong scattering of the generated second harmonic radiation, which aids efficient
detection in the back-propagating direction. We have imaged the second harmonic radiation
generated from a rat-tail tendon placed between a microscope slide and 0.17 mm thick cover
slip, as show in Fig. 5. Individual strands of collagen fiber can be easily recognized in the
300x300 pm® image (500x500 pixels), and the sharp contrast at the edge of the tendon
highlights the sub-micrometer resolution obtained with our system.
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Fig. 5. Left panel: image of a rat-tail tendon mounted between a microscope slide and 0.17 mm
thick cover slip. The scale bar corresponds to 100 um. The steep edges of the tendon and
individual collagen fiber strands in the image illustrate the diffraction limited <1 pm resolution
of our imaging system. A single 500x500 pixel frame was acquired in 2.5 s, and to improve the
image quality (the 5 times higher signal-to-noise ratio allows resolving individual collagen
strands even in regions with low signal with good fidelity) 25 frames are averaged. Center
panel: cross-section through the image at the location indicated by the yellow dotted line in the
left panel. Right panel: zoomed in portion of the center panel.

3.4 In vivo imaging of zebrafish larvae

Finally, we demonstrate the applicability of our all-fibered laser source with DCF stretcher
and spliced-on HC-PBF-compressor for in vivo multiphoton imaging in relevant biological
samples. For this we imaged zebrafish larvae in vivo. Transgenic Et(sp8b:KalTA4GI-
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UAS:mcherry) zebrafish larvae, which show expression of mCherry in the central nervous
system, the notochord and in some skin cells, were anesthetized and mounted in low melting
agarose onto a 0.17 mm thin cover class in a petri dish as described previously [27, 28].
Figure 6 shows the detected red fluorescence throughout the entire length of a 5 days old
larva. The image is composed of 20 frames of 500x500 pixels covering 300x300 pm?, each
shifted in the x and/or y direction from the previous frame. The brightness and contrast are
manually adjusted (for each frame equally). For the upper left image, the brightness is set
such that only the brightest pixels are slightly saturated, such that fluorescence from the
mCherry labeled cells in the central nervous system (blue arrows) is visible. The brightness is
increased for the lower left image such that the weak fluorescence from the notochord cell
walls (red arrows) is just visible. The upper and lower right images show a zoom of the
dashed boxes indicated in the respective left images. Each frame was acquired in 2.5 s.

Fig. 6. Two-photon mCherry (red) fluorescence from a 5 days old zebrafish larva. The left
images are composed of 20 frames of 300x300 pm® each. The scale bars correspond to 100
pm. The upper left image shows the red fluorescence from mCherry-labelled cells, with the
contrast set such that only the brightest cells (central nervous system cells, blue arrows) are
slightly saturated. The lower left image has the brightness setting increased, such that finer
structures with weaker fluorescence, for example from the cell walls of the notochord (red
arrows), just below the bright spinal cord, can be seen. The upper and lower right images show
a zoom of the dashed boxes indicated in the respective left images.

At an age of around 2 days post fertilization or older, collagen fibers, found for example
in the tail fin and muscles of the zebrafish can be detected by imaging the second harmonic
light generated from the collagen fibrils. The left part of Fig. 7 shows a 300x300 um’ image
of the tail of a 5 days old zebrafish larva, with the fluorescence from mCherry labeled skin-
cells in the tail fin and nerve cells in the spinal cord (red), and second harmonic generated
from collagen fibers in the tail fin (green). A bright green spot is visible from a pigmented
cell with stronger scattering. The right part of Fig. 7 shows a 300x300 pm?” image of a central
part along the body of a 2 days old zebrafish larva with second harmonic generated from
collagen fibrils in the muscle (green), and fluorescence from mCherry labeled axons (red).

Fig. 7. Image of a 5 days old zebrafish larva’s tail (left) and 2 days old larva’s muscle tissue
(right). The FOV of both images is 300x300 um?’, the images are composed of 100 and 77
frames respectively. The green line structures are resulting from second harmonic radiation
generated from collagen fibrils. The red structures are due to two-photon fluorescence from
mCherry labelled cells. The (large) bright green/yellow structures visible are pigmented cells
with stronger scattering.
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4. Conclusions

We have implemented two simple single mode all-fiber Yb doped amplifiers with spliced-on
HC-PBF compressor in laser scanning two-photon microscopy. We have optimized both
systems for best pulse compressibility and maximum fluorescence yield. The two systems
differ only in the stretcher approach used, which was either a hybrid stretcher consisting of
SMF and DCF or a stretcher consisting of only PM SMF. The fluorescent signal from green
fluorescent beads obtained with the system using a hybrid SMF/DCF stretcher was 80%
higher than for the system with an only PM SMF stretcher. This result shows that in all-fiber
Yb laser systems consisting of several (tens of) meters of fiber, phase correction beyond
second order dispersion has a strong impact in pulse compressibility and consequently on the
two-photon excitation efficiency of the targeted fluorophore even for pulses as long as 250 fs.
Therefore, adequate compression schemes that can compensate for higher order dispersion
terms need to be implemented for maximizing the signal yield. The dispersion matched
strategy implemented through the DCF stretcher — HC-PBF compressor approach used in this
work allows for building compact and robust all-fiber integrated systems delivering high
quality near transform limited pulses on target. The HC-PBF is very flexible, allows for single
mode pulse propagation and good polarization extinction ratio, and it allows for pulse
delivery on target with minimized intensity dependent pulse distortions. We expect this
approach to prove itself very useful for developing key instrumentation for in vivo nonlinear
multiphoton endoscopy. In addition, our system offers flexibility when upgrading laser
scanning microscope systems with multiphoton capabilities in labs that are not equipped with
a big optical bench. Furthermore, the robustness of an all-fiber design facilitates turn-key,
maintenance-free operation. The pulses from our laser are compressed to almost Fourier
transform limited duration, with very little secondary structure which aids to reduce
detrimental effects such as sample heating, and to optimize the multiphoton fluorescent yield.
The presented system delivers low energy but the stretching ratio and dispersion-matched
stretcher-compressor approach allows to increase the output pulse energy to ~100 nJ by
increasing the pump power delivered to the final amplifier stage without compromising the
pulse duration and pulse fidelity. Compared to other Yb-fiber systems delivering much higher
pulses energies and/or shorter pulses and featuring free space-compressors, our stable all-fiber
integrated source offers a more robust design compatible with the development of all-fiber
sources with integrated fiber based platforms for flexible multiphoton endoscopes. Since the
system operates at 1060 nm, due to the reduced scattering it allows for deeper penetration into
tissue than what is typically possible with Ti:Sapphire lasers emitting between 700 and 900
nm. As a proof-of-concept, we have imaged fluorescent beads, a multi-color-stained lily of
the valley root as well as second harmonic from rat-tail tendon ex vivo and second harmonic
and mCherry-fluorescence from zebrafish larvae in vivo.

In this system, we were limited by the spectral bandwidth imposed by the two bandpass
filters we used for wavelength tuning and ASE suppression. In previous realizations, we have
demonstrated shorter pulses (approximately 220 fs). Dispersion compensation becomes more
challenging as the bandwidth increases for the DCF stretcher scheme presented here.
Nonetheless, it will be possible to compress larger bandwidths to almost Fourier limited
durations (yielding shorter pulses), e.g. by using higher-order-mode fibers [29,30] in addition
to the DCF, giving additional degrees of freedom to compensate higher order dispersion
terms. Also, DCF and HC-PBF can be designed and produced with matching dispersion
curves over a broader bandwidth or to target a different central wavelength.
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