Applied Physics B (2025) 131:177
https://doi.org/10.1007/500340-025-08540-w

RESEARCH

®

Check for
updates

Efficient delivery of sub-ps laser pulses with pulse energies exceeding
100 pJ at average powers of up to 95 W through a hollow-core fiber

Tim Kiihlthau' - Bowen Chen'? - Thomas Graf' - Marwan Abdou Ahmed'

Received: 17 April 2025 / Accepted: 4 August 2025
© The Author(s) 2025

Abstract

We report on the efficient delivery of sub-picosecond laser pulses with high peak and high average powers through a
home-made 7.5 m long tubular inhibited-coupling guiding hollow-core photonic-crystal fiber (IC-HCPCF). The experi-
ments were performed using an ultrafast laser generating pulses with durations between 430 fs and 560 fs at a central
wavelength of 1030 nm. Pulses with an energy of either 263 pJ or 150 pJ were coupled into the fiber at average powers
of either 48 W or 95 W, respectively. In both cases, the transmittance through the fiber was measured to exceed 85%
without detectable distortion of the temporal pulse shapes or damage to the fiber.

1 Introduction

Recent progresses in ultrafast laser technology have led to
the availability of industrial laser systems capable of emit-
ting pulses with durations between a few 100 fs and several
ps, energies of several mJ, and average powers exceeding
100 W. This makes them very attractive to improve the pro-
ductivity of corresponding laser-based materials processing
applications such as drilling [1, 2] or surface structuring
[3-8] either directly or through parallelization [7, 9, 10] of
the processing.

However, the solid-core glass fibers that are commonly
used today for cw beam delivery in laser-based manufactur-
ing cannot withstand the high peak powers and intensities of
the ultrashort laser pulses typically used for materials pro-
cessing. To flexibly guide ultrashort laser pulses with high
peak powers, the concept of hollow-core fibers has been
developed over the past decade. In contrast to their solid-
core counterpart, hollow-core fibers confine light within an
evacuated or gas-filled core rather than guiding it through
glass.
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To this end, two main fiber concepts have been proposed,
one being fibers using photonic band gaps [11] and the other
consisting of fibers using the “inhibited coupling” effect. In
the latter approach, different design principles resulting in
fibers with varying complexity in their microstructure have
been proposed. Most of which have a hypocycloid core
shape [12], which has been shown to reduce the confine-
ment loss of the core-guided modes. Mainly fibers with a
Kagomé lattice [13] and after the demonstration, that mainly
the innermost layer of the Kagomé lattice is crucial for pro-
viding good confinement and low loss to the core-guided
modes [14], several variations of fibers with one [12], two
[15, 16], or three [17, 18] layers of (nested) capillaries have
been discussed. Also several variations of the tubular or
nested designs have been proposed. Among which there are
fibers with an “icecream cone”- [19] and lotus [20] shaped
cladding structure, as well as fibers with more complex
structures such as conjoined tubes [21], capillaries within a
Kagomeé lattice [22] or designs with capillaries and an addi-
tional Bragg mirror in the cladding [23].

In inhibited-coupling guiding hollow-core photonic-crys-
tal fibers (IC-HCPCFs), the power-weighted spatial overlap
between the core-guided modes and the glass can be as low
as 107°[13]. Because most of the light does not interact with
the glass of the fiber’s cladding, hollow-core fibers provide
a higher threshold to laser-induced damage than solid-core
fibers. This theoretically enables hollow-core fibers to guide
high-power ultrashort laser pulses without being damaged.

Most studies on the transmission of ultrashort laser pulses
through IC-HCPCFs with lengths exceeding 1 m so far were
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Fig. 1 Overview of published results for the delivery of ultrashort laser pulses in the IR spectral range with pulse durations shorter than 5 ps
through hollow-core fibers longer than 1 m. The asterisks indicate data points, where no information on the length of the fiber used was given
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Fig. 2 a micrograph of the cross-section of the fiber used. The core
of the fiber with a diameter of 58.43 pm is surrounded by 8 capillar-
ies with an average diameter of 23.96 um. The wall-thickness of the
capillaries is about 750 nm. b dispersion of the fiber used, measured

limited to average powers of less than 40 W as summarized
in Fig. 1 which shows the current state of the art in the deliv-
ery of ultrashort laser pulses in the IR spectral range and
with pulse durations shorter than 5 ps through hollow-core
fibers with lengths of>1 m [24-26].

To enable high-throughput laser machining, beams with
high pulse energy and high average power are necessary [4].
With the present work we therefore investigate the capabil-
ity of tubular hollow-core fibers to guide high-power and
high-energy laser beams. For the experimental study we
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according to Lee and Kim [32] using a 20 cm long piece of the unpack-
aged air-filled fiber. The three curves correspond to three individual
measurements of the dispersion

used a hollow-core fiber with a length of 7.5 m and a proto-
type of an industrial ultrafast laser (Tangor 100) delivering
ultrashort laser pulses with durations ranging from 430 fs
to 10 ps, an average power of up to 95 W, and a maximum
pulse energy of approx. 270 pJ.

1.1 The fiber under test

A micrograph of the cross-section of the fiber used in the
experiment is shown in Fig. 2a. The large mode area tubular
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IC-HCPCF was designed and produced using in-house facil-
ities [27]. It was designed to deliver ultrashort laser pulses
with high average power and high peak-power. Its core
was therefore designed with a comparably large diameter
of 58.43 um to reduce the intensity of the electromagnetic
field of the core-guided modes in the glass of the capillar-
ies forming the cladding. It is worth mentioning that typi-
cal core diameters of tubular IC-HCPCEF, designed to guide
light with wavelengths in the 1 um range, range between 25
pm and 45 pm [28-31]. The cladding of our fiber consists of
eight capillaries with an average diameter of 23.95 pm and a
wall thickness of about 736 nm.

The loss of the fundamental core-guided mode of the
fiber was measured to be about 7.4 dB/km at the targeted
wavelength of 1030 nm measured at a bending radius of
0.5 m. The low-loss transmission band with losses below
20 dB/km spans from about 850 nm to about 1200 nm.
At a bending radius of 0.16 m, the loss at a wavelength of
1030 nm was measured to be 19.3 dB/km. Minor varia-
tions in the diameters of the capillaries resulted in a slight
increase in the propagation loss of the core-guided LP,
mode. Numerical simulations using COMSOL Multiphys-
ics indicate that, when maintaining the same average capil-
lary diameter, the presence of capillary diameter variations
leads to an increase in loss of 0.1 dB/km, from 7.0 dB/km
(ideal geometry) to 7.1 dB/km (as-fabricated geometry).

It is worth noting that the fiber does support the trans-
mission of not only the fundamental mode, but also higher
order modes. However, the higher order modes experience
higher losses than the fundamental mode. By launching a
laser beam with a beam propagation factor M? of close to
1, and a diameter matched to the mode-field diameter of
the fundamental core-guided mode, with optimal alignment
into the fiber, the transmitted laser beam can be essentially
single-mode.

Further information about the designing and character-
ization of the fiber, including a study of the modal content
using the S? technique can be found in Debord et al. [26].

Figure 2b shows the dispersion of the fiber measured
according to Lee and Kim [32] for three measurements.
The dispersion of the fiber was measured using a 20 cm
long straight, non-connectorized, air-filled piece of fiber.
Light from a supercontinuum source (NKT Photonics, 450—
2400 nm) was split into two beam paths. In the measurement
arm, the light was coupled into the fiber and collimated at
the output using two identical lenses. The reference arm was
identical to the measurement arm but without the fiber. The
lenses were soley used to focus and recollimate the laser
beam. Both beam arms were recombined and directed into
a spectrometer, where the resulting spectral interference
pattern was recorded. The dispersion of the fiber was then

retrieved by applying a phase-delay reconstruction algo-
rithm as described in Lee and Kim [32].

The dispersion at the targeted wavelength of 1030 nm
was measured to be less than 1 ps/nm/km. This value is low
enough to ensure a negligible change in the spectral phase
of the pulses propagating through our 7.5 m long fiber,
thus ensuring low distortions on the pulse shape and pulse
duration.

To highlight the suitability of our fiber for the transmis-
sion of high-power ultrashort laser pulses over distances
practically useful in laser laboratory and industrial envi-
ronments, a fiber length of several meters was used in the
experiments. The fiber length was limited to 7.5 m due to
damage sustained during shipment of the original 12 m
long bare fiber piece. Future work will explore the integra-
tion and performance of longer fiber lengths (e.g., several
tens of meters) to further assess scalability for industrial
applications.

The fiber was integrated into an industrial-grade protec-
tive assembly, similar to what is commonly applied in indus-
try for high-power cw laser beam delivery with solid-core
fibers. The fiber was protected by a jacket and fitted with
water-cooled connectors at both ends which allowed the
interior of the fiber to be evacuated. During the experiments,
the pressure inside the fiber was reduced to below 1 mbar. A
lens with a focal length of f=60 mm was integrated into the
connectors. The fiber was loosely coiled on an optical table
with a bending radius between 25 cm and 30 cm.

2 Experimental setup

The experimental setup is schematically shown in Fig. 3.
The laser used was an industrial prototype of the Tangor 100
from Amplitude, emitting ultrashort laser pulses at a central
wavelength of 1030 nm with a spectral bandwidth (FWHM)
of 2.74 nm. This laser can deliver up to 95 W of average
power at repetition rates ranging from 357 kHz to 40 MHz,
with a maximum pulse energy of 266 pJ. It also allows the
picking of individual pulses and adjustable repetition rates,
enabling the emission of pulses with high energy at a low
average power. Furthermore, the pulse duration is adjust-
able from 430 fs (time-bandwidth product (TBP) of 0.333)
to over 10 ps (TBP of 7.74).

An adjustable telescope consisting of three lenses with
focal lengths of f; =250 mm, f,=—75 mm, and f;=200 mm
was used to reduce the diameter of the laser beam from ini-
tially 2.65 mm to 1.85 mm to set the conditions for a proper
coupling into the fiber by the focusing lens in the fiber
connector. This adjustment ensured an optimum power-
weighted spatial overlap between the incident beam and the
fundamental core-guided mode of the fiber. Active beam
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Fig. 3 Experimental setup, the solid red lines indicate the laser beam
coupled into and out of the fiber. The dashed red lines indicate the
alternative path of the laser beam used to characterize it without injec-
tion into the fiber. The dotted red lines indicate the path of the beam
leaking through an HR mirror. The beam characterization setup con-
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sisted of a beam profiler (Beamsquared, Spiricon), an autocorrelator
(PulseCheck, APE), and a spectrometer (HR4000, OceanOptics). The
7.5 m long fiber was loosely coiled on the optical table with a bending
radius of 25 cm to 30 cm
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Fig. 4 Measured energy (and transmittance) of the ultrashort laser pulses transmitted through a 7.5 m long tubular IC-HCPCF fiber at average

incident powers of 48 W (a) and 95 W (b)

stabilization was implemented using two servo- and piezo-
actuated mirrors, along with two detectors measuring the
position of the beam, thus ensuring stable alignment of the
beam reaching the fiber. For the analysis of the main prop-
erties of the laser beam, we used an autocorrelator (APE
PulseCheck), a beam profiler (Spiricon BeamSquared), and
a free-space-coupled spectrometer (OceanOptics HR4000).
Two flip mirrors were used to compare the laser beams
before and after the fiber. The delivery of sub-ps laser pulses
through the fiber was investigated with average powers of
either 48 W or 95 W. During the experiments, the pulse
energy was increased incrementally while decreasing the
repetition rate to keep the average power constant.

@ Springer

3 Experimental results

Figure 4 shows the energy of the transmitted pulses and the
corresponding transmittance as a function of the incident
pulse energy. The transmittance is calculated by the ratio
of the power of the beam launched into the fiber and the
power of the beam transmitted through the fiber. It there-
fore contains both, coupling and transmission losses. In all
experiments, the pulse duration was set to the shortest pos-
sible value for each pulse energy (always less than 600 fs),
by adjusting the dispersion in the internal compressor of the
laser.

With an average laser power of 48 W (a), pulses with
energies of up to 263 pJ (maximum pulse energy available
from the laser system at this average power) were coupled
into the fiber without causing damage. At this energy the
pulse duration was 554 fs. The transmittance through the
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fiber always exceeded 85.5% and increased to almost 90%
with decreasing pulse energy.

At the maximum available average power of 95 W (b),
pulses with energies of up to 150 pJ were launched into the
fiber without causing damage. The transmittance was also
measured to exceed 85%, again increasing with decreasing
pulse energy.

No damage to the fiber was observed during the experi-
ments. The theoretical laser-induced damage threshold
(LIDT) of the fiber can be approximated [33] to about 767 uJ
of pulse energy by taking into account a mode field diameter
of the fundamental core-guided LP; mode of 41.0 um. This
is achieved by assuming the LIDT of fused silica irradiated
by laser pulses with durations of 500 fs at a wavelength of
1030 nm of approx. 2 J/em? according to Douti et al. [34].

Figure 5 shows the beam propagation factor Fig. 4 of
both the incident and transmitted laser beams at both power
levels. The beam propagation factor of the transmitted beam
was always higher than the one of the incident beam and
increased slightly with increasing pulse energies. In experi-
ments not shown here, using 7 ps long pulses with a pulse
energy of 5 uJ, the lowest measured beam propagation fac-
tor of the transmitted beam was 1.22.

At the maximum pulse energy and an average power of
48 W, the beam propagation factor of the transmitted beam
was measured to be M?=1.38, while it was M?>=1.23 for
the incident beam. At an average incident power of 95 W
and a pulse energy of 150 pJ, the beam propagation factor
was measured to be increased from M?=1.24 of the incident
beam to M? = 1.42 of the transmitted beam. For pulse ener-
gies exceeding 150 pJ, a strong increase in the beam propa-
gation factor of the transmitted beam was observed. This
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Fig. 5 Beam propagation factor of the beam incident on (red) and
transmitted through the fiber (blue) as a function of the pulse energy
for average incident powers of 48 W in (a) and 95 W (b). As insets:
Intensity distributions of the incident (red frame) and transmitted (blue

is attributed to the excitation of higher-order core-guided
modes. These modes, having a higher power-weighted
spatial overlap with the glass, reduce the fiber’s damage
threshold when excited. Therefore, to avoid damage, the
maximum pulse energy at an average power of 95 W was
limited to 150 pJ in this experiment.

The cause of the excitation of higher-order modes at
pulse energies exceeding 150 uJ at 95 W of average power,
is expected to be a thermal effect in the beam launching
optics leading to an increasing spatial overlap of the laser
beam with the fiber’s higher-order core modes. A thermal
origin is suspected because at an average power of 48 W,
the transmission of pulses with higher peak powers and flu-
ences was achieved without a significant increase in M? or
decrease in transmittance.

The insets in Fig. 5 show the focal intensity profiles of
the incident and transmitted beams at the highest pulse ener-
gies used in each experiment. The transmitted laser beam
exhibited a slightly asymmetric intensity distribution in the
nearfield. This is likely attributed to imperfect alignment
between the tips of the fiber and the focusing lens in the fiber
connectors or a slight deformation of the fiber’s facets due
to a compression by the connectorization. Since the fiber
does not only support the fundamental core-guided mode,
those factors are also likely to be the reason for the increase
in beam propagation factor of the transmitted beam due to
an excitation of higher-order core-guided modes. Neverthe-
less, the transverse intensity distribution of the transmitted
beam did not change significantly across different pulse
energies, average powers, and peak powers.

Figure 6 presents the measurements of the pulse dura-
tions as calculated from autocorrelation traces assuming a
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frame) laser beam in the near field. Parameters of incident beam: pulse
energy of 263 pJ and pulse duration of 554 fs for 48 W and pulse
energy of 150 pJ and pulse duration of 414 fs for 95 W
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were obtained by assuming a sech? temporal pulse shape. The power
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Fig. 7 Power spectral density (PSD) of pulses incident on (red) and transmitted through (blue) the fiber at the highest pulse energy investigated
for both average powers used
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sech? temporal shape. No significant differences between
the durations or autocorrelation traces of the incident and
the transmitted pulses were observed across all investigated
pulse energies.

Figure 7 shows the spectra of the pulses with the high-
est energies launched into and transmitted through the fiber.
At an incident average power of 48 W, this corresponds to
a pulse energy of 263 uJ and 225 pJ, respectively. At the
maximum pulse energy provided by the laser system (cor-
responding to a peak power of approximately 421 MW), the
spectra of both pulses showed signs of moderate self-phase
modulation but remained mainly undistorted. Similarly, at
an incident average power of 95 W and pulse energies of
150 pJ (corresponding to a peak power of approximately
247 MW) and 127 pJ, respectively, the spectra of the trans-
mitted pulses did not change significantly by the transmis-
sion through the fiber. The difference between the spectrum
of the beam launched into and transmitted through the fiber
at an incident power of 95 W is likely caused by a slightly
different alignment of the two beams on the spectrometer.

4 Conclusion

To conclude, we have successfully demonstrated the deliv-
ery of laser pulses at high average power with durations in
the order of 500 fs through a 7.5 m long tubular hollow-core
fiber. The transmittance was 85% or higher and neither dis-
tortion of the pulses nor damage to the fiber was observed.
At an incident average power of 48 W, the maximum
pulse energy was limited by the laser system to approxi-
mately 260 pJ. At an incident average power of 95 W, the
pulse energy had to be limited to 150 pJ, presumably due
to thermal degradation of the launching optics leading to
a decreased transmittance and increased M? of the beam
transmitted through the fiber.

Future work will focus on further investigating the limits
of tubular IC-HCPCFs to guide ultrashort laser pulses with
high peak-power at high average power, including the anal-
ysis of the behavior of longer fibers. Achieving a vacuum
within fiber cores over several tens of meters is expected to
be essential for minimizing nonlinear effects arising from
residual gas in the core region. In addition, precise control
of the dispersion of the fiber will be critical to preserve pulse
integrity throughout transmission, requiring careful struc-
tural design and tight manufacturing tolerances.
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