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We report ultrashort pulse delivery through a hypocycloid-
core inhibited-coupling Kagome hollow-core photonic crys-
tal fiber (HC-PCF). Undistorted 10 fs and 6.6 nJ pulses were
launched through 1 m long fiber without fiber dispersion
pre-compensation and 80% efficiency. The performance of
this technology for biomedical imaging is demonstrated on
a biological sample by incorporating the fiber into a two-
photon excited fluorescence (TPEF) laser scanning micro-
scope (LSM) achieving a pulse width of 15 fs at the sample
location. To the best of our knowledge, this is the first report
on undistorted TPEF imaging in a LSM with 15 fs pulses
delivered through a 1 m long Kagome HC-PCF with high
throughput. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.001588

Nonlinear optical imaging (NLOI) has become a powerful
modality in the biomedical field for high-resolution in vivo im-
aging of physiologic and molecular distribution in biological
tissue by virtue of its subcellular resolution and biochemical
specificity [1]. Two-photon excited fluorescence (TPEF) pro-
viding signals either from endogenous (nicotinamide adenine
dinucleotide, elastin, and flavins) or exogenous fluorophores
is the most powerful variant [2]. Ultrafast lasers, in combina-
tion with high numerical aperture (NA) objectives, enable tight
confinement in space and time and, thus, enhance the two-
photon excitation probability due to the quadratic increase in
signal intensity with respect to the excitation laser power. The
result is intrinsic localized excitation with inherent three-
dimensional sectioning. Ti:sapphire lasers providing high
powers and single-digit femtosecond pulse durations have
proven to be versatile light sources for NLOI in the near-
infrared regime (NIR). They induce high nonlinear signals with
reduced scattering, photo-bleaching and photo-damage, as well
as improved imaging depth.

However, there are still some key challenges, which have
to be addressed for in vivo and in situ imaging when fiber
delivery is required. Already when using short laser pulses (usu-
ally with pulse widths shorter than 200 fs), constraints arise
from pulse broadening in optical elements, especially from
high NA objective lenses and fiber delivery systems. Self-phase
modulation (SPM) and other nonlinear effects broaden the

spectral and temporal shape of the laser pulses and normal
group-velocity dispersion (GVD) restricts an undistorted pulse
propagation [3]. Proper management of chromatic material
dispersion is crucial to optimize the nonlinear signals, which
becomes especially important for label-free functional in vivo
applications where high-detection sensitivities are required in
order to probe endogenous fluorophores that exist only in low
abundance and have small two-photon action cross sections.
It has been demonstrated that an increase in pulse spectral
bandwidth, from 10 to 80 nm, results in an up to eight-fold
TPEF signal increase [4]. In addition, the sample penetration
depth and signal-to-noise ratio can be increased by these means
while reducing photo-bleaching due to lower incident average
powers on the sample, but only when ultrashort pulse durations
(sub-20 fs) are preserved at the same time [5,6]. Furthermore,
broadband excitation probes the entire bandwidth of many in-
vestigated fluorophores (∼50 to 100 nm) and allows for simul-
taneous selective excitation without wavelength tuning and the
advantage of intrinsic co-localization. Hence, the pulse width
conservation of sub-20 fs pulses has important implications for
applications employing NLOI and endoscopes. In particularly,
for long-term sample viability, an imaging system that requires
very low average light power to minimize any kind of photo-
bleaching is required. On the other hand, free-space beam guid-
ing is prone to misalignment, drifts, and vibrations, and is often
disadvantageous regarding safety regulations. Great advances in
optical fibers, micro-optics, and micro-mechanics have been
achieved, but innovations for an optical fiber delivery lag be-
hind and get mainly stuck in the 100 fs regime [3,7]. Therefore,
one primary key challenge for wide-spread biomedical NLOI
poses the delivery and preservation of ultrashort laser pulses
with high fidelity through several meters of optical fibers in the
NIR suitable for a clinical environment. Many methods have
been proposed over the last decade, but technical challenges for
the ultrashort pulse regime and for signal collection have hin-
dered a widespread breakthrough. Single-mode fibers (SMFs),
multi-mode fibers (MMFs), and photonic crystal fibers (PCFs)
have been proposed to deliver nanojoule pulses. SMFs are
most widely used, since they perfectly preserve the spatial beam
profile making them ideal candidates for diffraction-limited
focusing [8,9]. However, conventional SMFs experience large
chromatic material dispersion in the 800 nm regime, where
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two-photon absorption bands of most intrinsic fluorophores
are located [10,11]. Furthermore, even longer pulses with
sub-200 fs pulse duration experience severe temporal and spec-
tral broadening due to GVD, SPM, and self-steepening leading
to significant reductions of nonlinear signals and sample pen-
etration depths [12,13]. Hence, ultrashort optical pulses re-
quired for NLOI are easily affected in bulk optical fibers,
resulting in reduced pulse peak powers and a weak two-photon
excitation at the distal end of the fiber. This is mainly due to
two-photon excited photocurrent which is reduced from quad-
ratic intensity dependence to a linear, even at low average out-
put powers [14]. Additionally, low NA (∼0.1) and small core
sizes (∼3 μm) make these fibers prone to optical aberrations in
imaging systems. Nonlinearities can be reduced by launching
the beam through large-core fibers, thereby minimizing peak
intensities over a large area. However, broadening still occurs
at higher intensities and, typically, several modes are supported
[11,14]. Approaches to shape the input or recompress the out-
put pulses severely increase complexity and losses [8,15–17].
MMFs have larger NAs and core sizes, but prevent focusing
to a near-diffraction-limited spot due to multiple spatial modes.
Up to now, the best alternative has been to use large-mode-area
PCFs that have large mode field diameters (>10 μm) and guide
light at any wavelength transparent for silica in single-mode
operation. The SPM effect is reduced, but accurate dispersion
compensation for silica is still required limiting its applicability
for NLOI.

For less than two decades, low-loss optical fiber technology
has emerged that guides light in a hollow core surrounded by
a two-dimensional periodic cladding. A pulse propagating in
such a hollow air core experiences really low dispersion and
nonlinear effects. Light can be guided in a fiber by total internal
reflection; a higher refractive index of the core is required com-
pared to the cladding. This refractive index difference can be
realized by a so-called Bragg photonic bandgap fiber guidance
[18–20]. These fibers are suitable for high power delivery, but
support a limited bandwidth while having rather small hollow-
core (HC) sizes. Usually, there is a large spatial overlap between
the core and the silica core wall, limiting the coupled power
level for high power applications [21]. By introducing a clad-
ding structure that consists of fine silica webs arranged in a
Kagome lattice surrounded by air, thus facilitating low spatial
overlap with silica, pulses with high peak intensities are guided
without relying on photonics bandgap [22]. In this type of
fiber, the GVD is much lower, and the wavelength range with
good transmission becomes much broader [23]. Ultrashort
light pulses up to microjoule level can be delivered using an
air-filled Kagome fiber [21,24]. Inhibited coupling (IC)
Kagome HC PCFs are a versatile means for transporting high
power ultrashort laser pulses with low losses, as well as low tem-
poral, spectral, and modal pulse distortion due to negligible
dispersion and optical overlap with the silica cladding. Due
to low waveguide dispersion and nonlinearity, advanced pre-
compensation schemes become obsolete [25]. Hence, the de-
livery of ultrashort laser pulses over long distances covering a
broad spectral range with intrinsic guidance properties, high
damage thresholds, and low losses over wide transmission win-
dows with ultra-low GVD can be achieved [26].

This Letter presents an investigation of a recently developed
ultra-large-core hypocycloid-core IC Kagome HC-PCF for
undistorted delivery of nanojoule femtosecond pulses from a

broadband Ti:sapphire laser. The use of ultrashort pulses is
a practical way to improve the excited nonlinear signal, e.g., in
TPEF microscopy. TPEF imaging of a fixed biological sample
using 10 fs pulses from an ultrafast Ti:sapphire laser delivered
via 1 m long IC Kagome HC-PCF is demonstrated with no
fiber dispersion compensation via prism or grating compressor.

The setup, as shown in Fig. 1, is composed of a mode-locked
Ti:sapphire laser oscillator, a dispersion pre-compensation unit
including chirped mirrors and a pair of wedges (BK7) and the
1 m long IC Kagome HC-PCF with its coupling optics. Both
chirped mirrors and wedges could be translated to change
dispersion continuously between 100 fs2 and 5000 fs2. The
compensation unit is used to obtain transform-limited pulses
after re-collimation of the distal fiber output and at the focal
plane of the laser scanning microscope (LSM). We compen-
sate for the dispersion introduced by the power control
unit consisting of a half-wave plate and polarization beam
splitter, the coupling, and re-collimation lenses (L1, L2), as well
the optics, including microscope objective in the LSM. The
hypocycloid-core-contour IC Kagome HC-PCF (PMC-C-
TiSa_Er-7C, GLOPhotonics, France) with optimized perfor-
mance in two spectral regions (800 nm and 1600 nm) showed
nearly single-mode guidance of the output of our broadband
Ti:sapphire laser. The 63 μm core was surrounded by a 300 μm
diameter micro structured cladding. Within its two large sep-
arated transmission windows with more than 300 nm in the
800 nm and 1600 nm wavelength regions the dispersion of this
fiber was virtually constant around 1 ps/nm/km with an attenu-
ation of less than 80 dB/km. The light travelled through 1 m
long piece of this fiber with a mode field diameter of 44 μm and
bending loss of 3 dB at a bending radius of less than 50 mm.
The in-house built Ti:sapphire laser oscillator generated optical
pulses with a bandwidth at full width at half maximum
(FWHM) of ∼150 nm at a repetition rate of 75 MHz and a
pulse energy of 6.6 nJ. A half-wave plate in combination with
a polarization beam splitter installed in front of the focusing
element (L1) was used to attenuate the output power of the
oscillator and to prevent the fiber facet being burned during
the coupling process. The total transmission, including cou-
pling and guiding losses was measured as 80% showing
no power dependence. The near-field intensity distribution

Fig. 1. Experimental setup used for characterization of the Kagome
HC fiber and for imaging. CM1 and CM2, chirped mirror (CM2
is used to compensate for dispersion introduced by the LSM);
W, wedges; λ∕2, half-wave plate; PBS, polarization beam splitter;
L1-2, lenses; GS, galvanometric scanning mirrors; 4f , scan and tube
lenses in a 4f telecentric configuration; DM1-2, dichroic mirror;
BPF1-2, bandpass filters; PMT1-2, photomultiplier tubes. Inset, out-
put spectrum of Ti:sapphire laser. A and B indicate the points where
the laser pulse duration has been measured.
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showed a hexagonal shape pattern according to the core
geometry and verified our findings that the intensity was
mostly confined in the central core [27]. At the distal end
of the fiber the beam was re-collimated (L2) and sent to the
LSM where the diagnostic instruments, i.e. the spectrometer
and autocorrelator were implemented in the focal spot of the
sample. An ultrathin beam splitter was used to enable spectral
and temporal characterization of the pulse from the laser (A)
and at the sample plane (B) as indicated in Fig. 1. For char-
acterization purposes the fiber was either inserted into the beam
path or circumvented on the way to the custom-made upright
LSM described elsewhere [28].

Higher-order modes were only observed with poor fiber
coupling. Coupling between the low-loss mode and higher or-
der modes was not seen. The autocorrelation and the spectrum
of the pulses at the input and output facets were measured from
5 mW to 500 mW average output power, respectively, revealing
stable quasi-fundamental mode propagation. Hence, all inter-
ferometric autocorrelation (IAC) traces were taken with power
levels relevant to the sample. The IC Kagome HC-PCF showed
only little material dispersion in the 800 nm regime and no
nonlinear effects since the ultrashort pulses travelled through
the HC, where the refractive index was uniform everywhere.
The measured IAC trace of the free-space laser pulses revealed
10 fs pulse width as is shown in Fig. 2(c). The IAC after in-
sertion of the 1 m long IC Kagome HC-PCF after the output of
the Ti:sapphire laser as shown in Fig. 1 is depicted in Fig. 2(d).
The pulse duration was basically preserved independently from
the average transmitted power proving the preservation of the
fundamental mode propagation. Only bulk optics as λ∕2 half-
wave plate and polarization beam splitter, coupling and re-
collimation lenses as well as air had to be pre-compensated for
with 5 bounces on a chirped mirror pair as part of the pre-
compensation unit (∼500 fs2). Nonlinear effects were not vis-
ible in the IAC traces of Figs. 2(c) and 2(d) in the operating
region up to 500 mW corresponding to pulse energies of
∼6.6 nJ. Minor wings in the interferometric autocorrelation
trace could be caused by small nonlinear frequency chirp due
to uncompensated higher order dispersion (HOD). Assuming
a sech2 shape, we calculated the fiber output pulse duration to
be ∼10 fs. Dispersion of bulk optics of the LSM (achromatic
lenses, dichroic beam splitter, microscope objective) were
accounted for by adding 8 bounces on a second pair of high
negative dispersive mirrors (2800 fs2). Hence, 10 fs pulses were
launched into the LSM and a ∼15 fs IAC trace was measured at
the focal plane of the sample as indicated in Fig. 2(b). These are
to our knowledge the shortest pulses ever measured with
a throughput of 80% transmitted through a 1 m long optical
fiber without pre-compensation usually done with a prism or
grating pre-compressor. Figure 2(b) indicates that the pulses
were stretched, which is likely caused by the strong residual
HOD of the microscope objective. Again, the pulse duration
of 15 fs was obtained by using a sech2 profile for deconvolution
of the autocorrelation data. All IAC traces were optimized indi-
vidually by optimizing the pre-compensation unit for the re-
spective amount of dispersion. Figure 2(a) compares the
power spectral density of the input pulse (gray area) and the
output pulse (black dotted line) of the IC Kagome HC-PCF
revealing that the spectral width and shape was perfectly pre-
served throughout the fiber which confirm that no fiber non-
linearities were involved.

Using 15 fs laser pulses delivered to the sample location
in the LSM, the imaging capability of the tested fiber was veri-
fied on a biological sample. TPEF signals were generated from
a stained tissue sample from a mouse intestine section
(Molecular Probe FluoCells #4, Thermo Fischer Scientific,
U.S.) labeled with a combination of two different fluorescent
stains. The mucus of goblet cells and the filamentous actin
prevalent in the brush border were marked with AlexaFluor350
and AlexaFluor560, respectively. The peaks of the two-photon
excitation spectra of these two dyes fall within the excitation
bandwidth enabling simultaneous excitation of TPEF signals
[1]. The generated fluorescence signals of the dyes were col-
lected simultaneously since the emission fluorescence spectra
were well separated to each other, as well as from the excitation
pulse bandwidth. Figure 3 shows the merged TPEF image
where the red and green colors represent the mucus of goblet
cells and the brush border of a 100 μm thick mouse intestine

Fig. 2. (a) Measured spectra before (gray) and after propagation
through 1 m of IC Kagome HC PCF (black dotted). (b) IAC indicat-
ing the pulse duration at the sample plane in the LSM (position B in
Figure 1). (c) and (d) IAC traces from Ti:sapphire laser measured at
position A in Fig. 1 without (c) and with inserted fiber (d).

Fig. 3. Mouse intestine section: merged TPEF image (256 × 256
pixels) showing the mucus of goblet cells (AlexaFluor350, red) and
the filamentous actin prevalent in the brush border (AlexaFluor560,
green).
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section, respectively. We simultaneously collected the generated
fluorescence signals in the backward direction using a combi-
nation of bandpass filters and dichroic mirrors (ET455/50 m,
ET609/34 m, T613 spxr, T560l pxr, Chroma Technology,
U.S.). The image was recorded with a pixel dwell time of
6.4 μs for a field of view (FOV) of 320 μm2, and recorded
at 1.25 fps. The maximum average power used at the sample
was 60 mW. With this fiber technology multiple fluorophores
with well-spaced excitation spectra were excited simultaneously.
The excited signal was both proportional to the overlap of the
TPEF spectra of the investigated fluorophores and to the two-
photon excitation spectrum achievable with the broadband la-
ser. There is no need to tune the wavelength of the excitation
laser source to match the two-photon excitation spectra peaks.
Multicolor two-photon excitation is allowed since the entire
laser bandwidth contributes to enhancement of the TPEF in-
tensity with different “multicolor” combinations. This becomes
a key factor in environments where the applicable optical power
on the sample is limited by cell-damage or photo-bleaching.

In summary, we demonstrated a high throughput almost
undistorted 10 fs pulse fiber delivery through a 1 m–long
IC Kagome HC-PCF without bulk fiber pre-compensation.
The Kagome HC-PCF is found to be favorable as an ultrashort
pulse delivery for multicolor TPEF imaging. 15 fs laser pulses
are successfully recorded at the sample plane of a LSM, whereas
pulse duration was only limited by the HOD of the objective.
To the best of our knowledge, this is the first report on TPEF
imaging with 15 fs pulses sent through a 1 m fiber delivery.
This implication has significant impact in enhancing the
NLOI intensity by using optical pulses in the sub-20 fs regime.
Moreover, the performance of the Kagome HC-PCF imple-
mented for NLOI is evaluated and validated by TPEF multi-
spectral imaging of stained mouse tissue demonstrating its
potential for biomedical applications. Fiber based alignment-
free integration of an ultrafast laser excitation into a LSM poses
the first step towards an endoscopic approach which might en-
able further wide-spread adoption and application of biomedi-
cal imaging with the fusion of a wealth of complementary
imaging modalities. The described fiber delivery is highly
versatile and fully compatible with existing nonlinear imaging
techniques, including TPEF, SHG, and intrapulse coherent anti-
Stokes Raman scattering (CARS) [28]. In particular, for CARS
that is usually sensitive to nonlinear four-wave mixing induced
by strong parasitic background coming from two pulses co-
propagating [29], this technology can pose a big step towards
real-world applications. Due to its large transmission window,
it can also be used for other techniques, e.g., ultrahigh resolution
optical coherence tomography. Simple fiber patch-cord for var-
iable dynamic delivery [30] and the possibility for fusion splicing
can help to facilitate taking this direction. Moreover, the fiber
technology enables a combination of complementary techniques
and implementation into endoscopes with novel double-clad col-
lection concepts [31]. Hence, this delivery system opens novel
perspectives, e.g., for intra-operative real-time histopathology
where lasers can be kept outside the sterile environment since
ultrashort light pulses can finally be delivered over long distances
to the point of investigation.
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