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Abstract—Ultrafast laser science witnesses a transformative
change due to the introduction of robust, high repetition rate Yb
based solid state lasers. We prove the ability of hollow-core fiber
(HCF) post compression to keep pace with the constantly raising
average powers and pulse energies provided by state-of-the-art
lasers. Over a wide range of input parameters, HCFs can provide
high transmissions in the 80 %—-90 % range with greater than 10-fold
compression. First, we describe a double stage HCF setup that
compresses 80 W, 2 m]J, 338 fs pulses centered at 1030 nm down to
sub-two optical cycles (6 fs FWHM) with 56 W output power. This
56-fold pulse compression is paired with an overall throughput
of 70% and very good long term stability (1.5% StDev over 8
hours). Next, power scaling to 300 W with variable pulse energy
and repetition rate (from 100 kHz, 3 mJ to 25 kHz, 12 m]) is
presented. We compressed 1.3 ps pulses of down to 100 fs in a single
HCEF at 300 W level. Finally, we reveal the potential of utilizing the
ultrabroadband HCF output as a spectroscopy platform that can
provide various, simultaneous outputs covering a wavelength range
from 430 nm up to 12 pm.

Index Terms—Few-cycle, hollow-core fiber, infrared pulse
generation, laser, nonlinear optics, optical frequency conversion,
optical parametric amplifiers, optical pulse compression, self-phase
modulation, spectral broadening, ultrashort pulse.
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1. INTRODUCTION

ASER technology based on ytterbium doped gain media
L is enjoying increasing popularity due to its multiple un-
precedented advantages as compared to customary TiSa lasers.
Kilowatt-level average powers [1] in a rugged and compact
format, crowned by excellent stability seems to not leave much
to be desired, if it weren’t for the only scarcity - the limited gain
bandwidth. This deficiency gave a huge push to the development
of pulse post compression schemes. All popular schemes rest
upon a two-step process firstly employing a nonlinear spectral
broadening prior to a subsequent phase compensation. In almost
all cases phase compensation is carried out with chirped mirrors
(CM) [2]. Differences exist in the spectral broadening step. The
longest traditions have HCFs whose energy level was boosted
to the sub-mJ level for the first time in 1996 [3], [4] by using
hollow fused silica capillaries. Very recent alternatives arose
through the use of multi-pass cells (MPC) [5], and multiple thin
plates [6]. The current record performances of the MPCs include
demonstrations of sub-50 fs pulses with 200 mJ, 1 kW [7],
1 mJ, 1 kW [8] and 112 mJ with 500 W average power [9].
When it comes to few-cycle pulses, MPCs have reached 9.6 fs
at 6.7 mJ however with only 6.7 W of average power [10], 5.8 fs
were reached at 1 mJ with 107 W with 60% transmission in
Ref. [11]. Even though the repetitive beam folding in MPCs is a
very successful strategy for accumulating self-phase modulation
(SPM), it leads to excessive optical path lengths thereby making
optical synchronization much more challenging. With its order
of magnitude shorter optical beam path, HCFs have also proven
to be scalable in terms of average power and peak power. Thanks
to the invention of long, stretched HCF [12], significant power
scaling became possible. Recently, 70 mJ of input energy at
1030 nm [13] and 580 W average power with 5.8 mJ energy [14]
have been demonstrated. In terms of transmission efficiency,
HCFs still denote the best option for efficient few-cycle pulse
generation, especially at elevated energies and at the 100 W level
of average power. Besides spectral broadening for pulse-post
compression, HCF provides a versatile platform for ultrafast,
nonlinear experiments. the broad bandwidth of the spectrum
after the HCF enables unprecedented overall optical efficiencies
of intrapulse mid-infrared difference frequency generation [15].
Extreme pulse self-compression to sub-cycle pulses (1.2 fs)
with 43 GW of peak power was demonstrated in HCF [16],
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[17]. Generation of high-energy UV pulses in HCF through
emission of dispersive waves [16] or through four-wave mixing
of ultrashort pump and seed pulses in HCF with conversion
efficiencies reaching 50% [18], [19], [20] was demonstrated.
Broadband output of the HCF is used for applications in coher-
ent spectroscopies [21]. HCF is a key technology for efficient
attosecond pulse generation via the high-harmonic process in
noble gases [22], [23].

The goal of this work is to report our progress using the
stretched HCF technique to upscale the average power and pulse
energy of HCF pulse compression systems. Firstly, double-stage
pulse compression of a 100 cycle (340 fs), 80 W, 2 mJ input
beam down to 1.7 optical cycles with 70% overall efficiency
is presented in Sections II and III. In Section IV, we continue
with the demonstration of peak and average power scaling to
the 12 mJ, 300 W input level in a single stage where 1.3 ps
pulses are shortened to 100 fs. A single HCF setup supports
variable input repetition rate between 100 kHz (3 mJ) and 25 kHz
(12mJ)at 300 W level. We conclude with an outlook in Section V
showing how the ultra-broadband HCF output can be utilized to
drive different frequency mixing stages that yield simultaneous,
optically synchronized outputs in the UV and up to the far
IR range at 12 pum. In general, we prove that effects due to
the beam pointing drifts can be eliminated with an economical
stabilization system, hence enabling constant operation over
many months at a few-hundred watts of average power level.

II. PULSE COMPRESSION OF A 2 MJ, 80 W, 338 FS YB-LLASER
DOWN TO 28 FS WITH 86% TRANSMISSION

The starting point is Yb:KGW regenerative amplifier (Car-
bide, Light Conversion) delivering 80 W, 2 mJ pulses at 40 kHz
repetition rate with a pulse duration of 338 fs. The laser beam is
focused with alens to 65% of the fiber diameter to reach optimum
coupling into the fundamental mode of 700 pm inner diameter
(ID) HCF (few-cycle Inc). The choice of the 700 psm inner diam-
eter for the HCF was made based on an empirically determined
compromise between highest transmission (achieved with larger
cores) and optimum mode quality. While large cores of 750um
or even 1000 pm enable higher transmission, we observed slight
mode degradation when pushing for all three aspects combined:
i) a high nonlinearity required for compression ratios greater
than 8-10 paired with ii) high peak and iii) high average power.
If one of the three aspects is not required, larger cores than
700 pm become relevant again. A fourth optimization parameter
iv) is the fiber length. While a longer propagation length allows
operation at lower gas pressure to achieve the same compression
factor it might lead to space conflicts. A fiber that is too short,
on the other hand, causes a fast accumulation of the nonlinear
phase, leading to higher-order chirps and, thus, higher pedestals
in the compressed pulse. To achieve cleaner compressed pulses,
one has to balance SPM with GVD [24], [25]. This, in turn, is
increasingly difficult with larger cores where the GVD becomes
almost negligible. To find a good balance between the different
and partially opposing requirements, we experimentally tested
80, 160, and 210 cm long HCFs with different IDs of 500 pum
and 700 pm. Under the given input laser parameters and desired
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Fig. 1. Sketch of the experimental setup. The light blue sections denote
vacuum chambers filled with noble gas to reduce propagation effects in air. The
inner diameter of both hollow-core fibers (HCFs) is 700 zm and their respective
lengths are 2 m and 1 m. CMs — chirped mirrors; SHG, DFG — second harmonic
generation and difference frequency generation addons.
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Fig. 2.  Spectral characterization. The input spectrum (gray) versus the broad-
ened spectrum (magenta) out of a 2.1 m long, 700 pm ID fiber with close to
90% transmission. HCF is filled with 2.4 bar of absolute pressure of argon.

compression factor, a 2-meter long HCF with a 700 ym ID
was the best choice to achieve fairly clean compressed pulses
with minimal pedestals and maximum throughput. The choice
of the gas type and pressure was made based on the nonlinear-
ity required to achieve desired spectral broadening and input
beam parameters. For the given input laser parameters and fiber
diameter, 2.4 bar of Argon or 1 bar of Krypton is suitable.

To avoid beam propagation issues in air, the beam travels
inside a vacuum beam delivery system right after the focusing
lens, as shown in Fig. 1. Because of the high average power,
which causes heating of the optical mounts and components,
and temperature variations in the lab, the beam is susceptible
to thermal drifts over the day. To compensate for the slow drift
of the beam position, we have developed a compact beam sta-
bilization system consisting of a CMOS camera and motorized
mirror mount. The feedback loop of the beam drift compensation
system operates at 1 Hz repetition rate, which is fully sufficient
to compensate thermal drifts.

The HCEF is filled with argon at 2.4 bar absolute pressure
(1.4 bar relative) and the broadened spectrum after 2.1 m of
propagation in the HCF is shown in Fig. 2 as the magenta
curve and is overlapped with the input spectrum (gray). The
more than 10-fold broadened spectrum exhibits the typical, fairly
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Fig. 3. Temporal characterization. Autocorrelations show the 12-fold pulse

compression after the first HCF stage (magenta) versus the input pulse duration
(gray).
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Fig. 4. Spatial homogeneity (spatial chirp) of spectral broadening in the first
HCF. Data points are taken at X, mm and Y, mm corresponding to 100%, 50%,
25%, 12% and 6% of the beam intensity.

symmetric features of SPM. The sharp remaining central peak
is attributed to uncompensated higher order phases of the laser
source and may be connected to the small deviation from a
purely Gaussian temporal pulse envelope as it is shown as the
gray curve in Fig. 3. With a fiber transmission close to 90%,
the total transmitted power after the chirp mirrors and transport
optics is 68 W, which corresponds to 1.7 mJ of pulse energy at
40 kHz repetition rate, denoting a total transmission of the pulse
compression setup of 86%.

To investigate the presence of spatial chirp, we quantified
the spatial homogeneity of the spectrum by scanning a small
fiber coupled to a spectrometer (Avantes AvaSpec-Mini4096CL-
UVI10) across the beam profile. The results in Fig. 4 show the
spectral shape along the vertical (dotted blue) and horizontal
(orange) directions of the beam profile at different points as
indicated by the legend. The absence of spatial chirp is ac-
companied by a good focus, shown in the inset in Fig. 5. The
corresponding M? measurements reveal values of 1.2 and 1.3,
respectively, which are slightly higher than the ones of the laser
(1.15) at full power. The temporal characterization is carried out
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Fig.5. Beam shape and M? measurements after the first HCF. Inset shows the
beam shape at the focus.

by performing autocorrelation measurements which are shown
in Fig. 3. The plot of the input pulse duration of 338 fs at Full
Width at Half Maximum (FWHM) (gray curve) is overlaid with
the one of the compressed 28 fs at FWHM pulse (magenta curve).
The phase compensation required for this 12-fold compression is
performed with 10 bounces off the chirped mirrors (—200 fs? at
960-1100 nm, few-cycle Inc). From the magenta curve in Fig. 3,
one can see that the main pulse is flanked by pedestals. Their
origin has yet to be identified. To investigate this, as a first test,
we reduced the repetition rate from 40 kHz to 4 kHz by a pulse
picker, i.e., the average power was reduced by a factor of 10
without changing any other parameter. Since we did not observe
any change, this confirms that the pedestals are not related to
the average power. In turn, this means that even though the HCF
setup is only passively cooled, 80 W of the incident power has no
effect on the temporal pulse quality. On the other hand, reducing
the gas pressure and increasing the pulse duration does lead to
cleaner pulse shapes with less pedestals.

Besides the 10-fold increase in pulse power, stability of the
system, both, on a shot-to-shot basis and on the long term is a
key factor for many applications. The shot-to-shot stability was
measured over an extended time span of 30 minutes. Every shot
was analyzed at 40 kHz repetition rate of the laser. The result,
which is shown in Fig. 6, reveals an extremely low standard
deviation of 0.27% over about 7.2 x 107 individual pulses.
The HCF compression system marginally increased the standard
deviation by adding only 0.17% of shot-to-shot noise to the laser
fluctuations. This could be caused by such effects around the
laser focus in the vicinity of the fiber entrance as micro-ablation,
heat convection, and mechanical vibrations. The presented HCF
stabilities compare well to that of state-of-the-art MPC com-
pression systems at comparable power levels, which can be as
low as 0.247% standard deviation of energy fluctuations [11]. We
believe that one key element for reaching this record shot-to-shot
stability is the implementation of a tapered ceramic protection
which is directly attached to the hollow fused silica waveguide.
We hypothesize that the grazing incident angle, as compared to
a perpendicular hit in case of a straight ceramic protection cap,
helps to reduce unavoidable micro ablations in the vicinity of
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Fig.6.  Shot-to-shot power stability taken with a photodiode after the first HCF

reveals 0.27 % RMS Deviation averaged over 30 min.

the laser focus. These micro ablations are probably causing an
increasingly stronger impact as the peak power or average power,
respectively, rises. Further detailed investigations on these subtle
aspects of the fiber coupling under extreme conditions are on
the way. Certainly, another key prerequisite for this excellent
stability was the remarkable performance of the input laser. The
Yb lasers shot-to-shot stability, evaluated in the same manner,
yielded a standard deviation of less than 0.1%.

Due to this highly stable performance, the compressed pulses
are ready to be applied to other challenging nonlinear optical ex-
periments. In our case, the application was to drive a subsequent
HCF with the goal to achieve mJ-level few-cycle pulses. In view
of applications, it is worth stressing that at this combination of
peak -and average -power (60 GW and 60 W) pulse propagation
in air is likely to cause spatial beam distortions. One way
to circumvent this is to increase the beam size to reduce the
intensity. The amount of spatial beam distortion depends on
many factors: the average power, the pulse energy, the pulse
duration and the propagation length in air.

III. SuB-2 CYCLE (6.1 FS) PULSE COMPRESSION OF A 2 MJ,
80 W, 338 FS YB-LASER WITH 72% TRANSMISSION

Because we wanted to minimize the overall optical beam path
of the two-stage HCF setup, we decided to keep the beam diam-
eter small, about 5 mm at 1/e? of intensity at the largest point.
This requires performing pulse compression under vacuum or
low-pressure inert gas atmosphere. The beam path between chirp
mirrors and the second HCF was kept under a low pressure argon
atmosphere. The pressure was defined by the nonlinear operation
conditions for the 2nd HCF and ranged between 0.4 - 0.7 bar
of absolute pressure. Different combinations of fiber lengths
(0.8 m, 1 m, and 1.6 m) and fiber diameters were tested to
find the most compact compromise between high throughput,
maximum operational energy (1.7 mJ), and sufficient spectral
broadening to support 2-cycle pulses while keeping the HCF
length minimal.

We settled on a design employing a 1 m long, 700 um ID
HCEF. It enabled a fiber throughput of 85% at maximum peak
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Fig. 7. 8 h long pointing stability after the first HCF.

and average power. With this combination, the total setup length
including input coupling and output collimation was 3.6 m which
is the same as for the first HCF. In comparison, the 1st HCF,
which does the heavy lifting of >10-fold compression, has the
same ID but is twice as long. But since the peak power is lower
in the first stage, the in — and out coupling arms can be more
compact. Employing a smaller ID HCF in the 2nd stage would
lead to a more compact design but so far only enabled us to
reach 80% transmission at full power. To reach our target of
70% overall transmission of the double stage compressor, we
chose the larger core option of 700 pm.

Like in the case of the 1st HCF, the beam pointing into the
2nd fiber was actively stabilized with a slow drift compensation.
Fig. 7 shows the pointing stability of the beam coupled into
the 2nd HCF. While the tiny fluctuations of 2 urad along the
horizontal are insignificant, larger fluctuations are visible in
the perpendicular direction. The origin of this effect is not yet
fully confirmed but we believe it is due to the readout noise of
our CMOS camera. Although we do not think it contributes
significantly to the fiber stability, since the data for the first
pointing system is similar, we aim to eliminate this presumably
electronically-caused noise in future.

The output beam was characterized in a manner similar to the
case of the first HCF. Rather symmetric broadening reaching
from 700 nm up to 1250 nm was observed. All spectra are
overlaid for comparison in Fig. 8 (cyan color for 2nd HCF
output). To detect full bandwidth of the broadened spectrum
two spectrometers were used. One is sensitive in the range 200—
1100 nm (Avantes AvaSpec-Mini4096CL-UVI10) and another
one is sensitive in the range 900-1700 nm (Avantes AvaSpec-
NIR256-1.7-HSC-EVO). Spectra from both spectrometers were
matched in the region of overlap and stitched together to demon-
strate continuous output of the second HCF. Even though an M?
measurement was not yet available, a first test of the spatial chirp
indicated a nicely uniform distribution of the ultra-broadband
output, asis seenin Fig. 9. The horizontal and vertical scans show
no sign of the spatial chirp. Due to the limited spectral range
of the silicon detector (Avantes AvaSpec-Mini4096CL-UVI10),
only the blue spectral part is well represented in this measure-
ment. The curves correspond to the center of the beam, 50, 25,
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Data point are taken at X, mm and Y, mm corresponding to 100%, 50%, 25%,
12% and 6% of the beam intensity.

12 and 6% of the maximum intensity level and demonstrate
excellent spatial quality of the spectral broadening. Spectra
shown through out the manuscript have rough corrections for the
spectrometer sensitivity, which might be more inaccurate closer
to the end of the sensitivity range of the spectrometer. That is
why spectral peaks in Fig. 9 have very different amplitudes. On
the contrary, Fig. 8 shows well-corrected spectra obtained from
two spectrometers having different spectral ranges, which are
stitched together.
After compression with chirped mirrors (—58 fs? at 600
1250 nm, few-cycle Inc) FWHM pulse duration of 6.1 fs is
obtained (Fig. 10, cyan colored). To avoid beam propagation
issues, the temporal characterization was carried out with a
wedge reflection, instead of the full beam. Considering the losses
on the chirped mirrors, windows, fiber, and guiding optics we
achieved 56 W, 1.4 mJ pulses at 40 kHz. It was demonstrated that
an equal (minimal) compression factor per stage could improve
a temporal contrast of the generated pulses by minimizing the
higher-order chirp [26]. Such optimization of the double stage
pulse contrast enhancement will be carried out in future. For
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this experiment, however, our goal was to demonstrate > 10-fold
single stage compression yielding sub-30 fs pulses, which is not
readily available from other compression techniques, such as
MPCs, at comparable input energies.

Preliminary data for the long term power stability for the
entire double stage HCF setup is presented in Fig. 11. The power
recorded over 8 hours with a power meter exhibits a standard
deviation of 1.5%. A slight drop of 1% is noticeable. One
reasonable explanation is, that for both HCFs, the corresponding
fiber entrances and exits are placed on different optical tables that
are only weakly connected. Regardless of these small technical
shortcomings, the double stage HCF system is stable enough
to serve as the starting point to drive secondary sources. In
Section V, we give an outlook and apply the ultra-broad band
output for subsequent frequency mixing.

IV. PULSE COMPRESSION OF 300 W, 12 MJ WITH 83%
TRANSMISSION IN AIR COOLED HOLLOW-CORE FIBER

In this section we take advantage of the versatility our
stretched HCF setup offers by means of two examples: power
scaling and repetition rate switching. Regarding the first, we



5100310

demonstrate that by utilizing largely the same hardware as in the
80 W experiment, it is possible to raise both the input average
power to 300 W as well as the pulse energy to 12 mJ. While high
energy is required to drive extreme light matter interactions on
the one hand, itis unavailing in many other cases like for instance
angular resolved photo electron spectroscopy [27]. Thus, to
drive very different types of ultrafast experiments, high power
lasers and the successive compression stages should support
repetition rate switchable outputs. In the ideal scenario, higher
repetition rate can be traded against lower energy and vice versa
by keeping the average power constantly high. To facilitate
the power scaling, an Yb:YAG InnoSlab (Amphos) was used.
This laser can deliver a variable combination of pulse energy
and repetition rate while keeping the average power constant at
300 W. The maximum energy at 25 kHz is 12 mJ with a pulse
duration of 1.26 ps. With this input we achieved simultaneous
upscaling of average power and pulse energy to 250 W and 10 mJ
at the HCF output. This denotes to date the highest energy pulse
compression in HCFs at the multi-hundred-Watt level.

The beam was coupled in a loose focusing condition (2.8 m
focal length lens). Behind the lens, all beam routing was carried
out under the same noble gas pressure that the HCF was operated
with. The HCF is 3.1 m long, which is the minimum length
necessary to achieve desired broadening and clean compressed
pulses. To have less heat deposited to the fiber tip we chose
a high throughput - large mode fiber of 1 mm inner diameter.
This type of HCF has proven to enable up to 97% transmission
with a low power Yb regenerative amplifier delivering 1 mJ
input with 6 W average power [28]. Because we used a longer
fiber and due to the challenging average power and focal spot
behavior of the InnoSlab laser (discussed in more details in the
end of this section) we achieved a reduced HCF transmission of
about 83% with 300 W input. Before achieving this result, we
had to carefully characterize the small but noticeable changes
of the focal spot when ramping up the average power and when
switching the repetition rate. Aside from the large core, the main
difference compared to the 80 W setup is that the entrance fiber
tip (not the entire fiber) was actively cooled with a low flow of
ambient air only. Water cooling is not required at this average
power level.

In the first experiment, we operate the HCF at 100 kHz,
3 mJ of input energy keeping the power at 300 W. The broad-
ened spectrum after propagation in 2.5 bar of krypton absolute
pressure (1.5 bar relative) the broadened spectrum is shown in
Fig. 12 as magenta curve overlapped with the input spectrum
(gray). SPM-like spectral broadening has a central peak which
we attribute to the input pulse pedestals of the Yb laser, which
doesn’t contribute to SPM. The pedestals reach out to 7 ps
which is not seen in Fig. 13 (gray curve) due to the selected
region. Pulse compression was performed using 40 bounces on
chirped mirrors (—500 fsZ at 1010-1060 nm, few-cycle Inc).
The temporal characterization by autocorrelation shows that the
pulse was compressed down to 99 fs at FWHM (Fig. 13 ma-
genta curve), which corresponds to 12-fold pulse compression
at 300 W of input average power. To prove the versatility, we
elevated input energy to 12 mJ (25 kHz, 300 W) as the next step.
To achieve similar spectral broadening as in 100 kHz, 3 mJ case
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the gas pressure in the HCF was reduced to 1.17 bar of krypton
absolute pressure (0.17 bar relative pressure). Since, the focusing
conditions (size, ellipticity, z-position) of the input beam slightly
differ between 12 mJ and 3 mJ laser operation we had to choose
an optimum compromise that still supports good fiber coupling
at both situations reasonably well. The broadened spectrum after
propagation in the HCF is shown as magenta curve in Fig. 14.
While similar SPM-like broadening is observed, one can also
recognize a higher remaining central peak, as compared to the
3 ml case, seen in Fig. 14. We attribute this to an increase of pulse
pedestals when the laser is operated at lower repetition rate with
12 mlJ. Nonetheless, the pulse compression ratio is similar to
the lower input energy case. To reach the shortest pulse duration
a reduced number of bounces (36 instead of 40) off the same
chirped mirrors (—500 fs2 at 1010-1060 nm, few-cycle Inc)
was necessary. Autocorrelation shows pulse duration of 103 fs
at FWHM (magenta curve in Fig. 15). We note that only a 3.5%
fraction of the power was sent over the chirp mirrors in the high
energy case. For the later experiment, the large aperture (25 mm
x 85 mm) chirp mirrors will be placed inside a vacuum chamber.
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Fig. 14.  Spectrum after broadening in the same 3.1 m long 1 mm diameter
HCEF versus the input spectrum at the repetition rate of 25 kHz and input energy
of 12 mJ. Inset demonstrates the beam refocused to the focal spot with diameter
of 700 pm by 800 pm.
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Fig. 15.  Autocorrelation showing compressed pulse duration after the HCF,

103 fs (magenta), versus input pulse duration of 1.26 ps (gray) at 25 kHz.

The broadened spectra presented in Fig. 12 for 3 mJ input and
in Fig. 14 for 12 mJ input show different bandwidth necessary to
compress the pulses down to 100 fs. This might be caused by a
larger B-integral and/or higher-order chirp already accumulated
in the laser before the HCF in the 12 mJ case. Furthermore,
broadening with the 12 mJ input is closer to the gas ionization
in the HCF than in the 3 m]J case, which might cause the
beginning of blue shifting of the spectrum. These effects might
explain the slightly higher pedestals visible in the autocorre-
lation in Fig. 15 (12 mJ) compared to Fig. 13 (3 mJ) and the
slight asymmetry of the focus after the HCF in the high-energy
case.

The spatial quality of the beam after the HCF was verified
by refocusing the beam after the HCF. The beam was refocused
with a lens of 1 m focal length to a focal spot with the diameter
of 750 pm by 750 pm in the case of the 3 ml input (inset
in Fig. 12) and to 700 pum by 800 pm focal spot in the case
of 12 mJ (inset in Fig. 14). Visible halo around the focused
beam could be originating from two sources. i) contribution
from the miscoupling of the astigmatic focus of the input laser
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Fig. 16. One hour power stability of the HCF output revealing Standard

Deviation of 0.58%. Data is taken with 300 W, 12 mJ, 25 kHz input to the
HCFE.

beam to the HCF: beam coming directly from the laser has its
X and Y axes focus at different distances after the lens with
X axis being ~ 25% smaller than the Y axis. ii) contribution
from the higher order modes of the large core hollow-core
fiber.

Fig. 16 shows a stable 1-hour long power measurement with a
remarkably low standard deviation of 0.58% at 250 W of average
power at 25 kHz.

V. VIS 1O IR FREQUENCY SHIFTING

In this section we briefly outline how ultra-broadband spectra
of the sub-two cycle pulses described in Section III can be
further exploited. Pump-probe type of experiments denote the
very foundation of ultrafast science. Besides changing the pulses
arrival time on the sample, spectroscopists also appreciate the
ability to change the pulse frequencies. To realize this with a
typical 50 fs time resolution, optical parametric chirped-pulse
amplifiers (OPCPAs) or non-collinear optical parametric am-
plifiers (NOPAs) have been used. If pump and probe pulses
require different frequencies, one has to implement and syn-
chronize different OPAs. However, this challenge could be
approached differently. In this case, the ultrabroadband output
serves as the steppingstone for subsequent difference frequency
(DFG) and second harmonic generation (SHG) stages. The
SPM spectral sidebands naturally exhibit a linear phase. Thus,
spectrally selecting sidebands of the spectrum shown in Fig. 8
in the ranges 700-960 nm and 1080-1250 nm yields close to
transform-limited sub-40 fs pulses. Therefore, their frequency
mixing directly produces short pulses across the spectral tuning
range. Subsequent chirp compensation is not required like in the
case of OPCPAs or NOPAs.

To access visible, UV and IR wavelengths with two sep-
arately tunable channels, the ultra-broadband HCF spectrum
(Fig. 17 cyan colored) is separated by means of a dichroic
beam splitter into wavelengths shorter and longer than 1030 nm.
The separation is done before the chirped mirrors as the pulse
compression for this purpose is not necessary. Two beams after
the dichroic with the spectral ranges between 700960 nm and
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Fig. 17. Frequency tuning of the HCF output by generating SH (rainbow
colored) and DFG (shaded red) between spectral components of the fundamental
spectrum around 1 pm wavelength (cyan). Log scale is used for the horizontal.

1080-1250 nm were sent onto two BBO crystals for SHG. The
two independently frequency tunable outputs provide sub-50 fs
pulses in the visible range from 400 nm to 600 nm (Fig. 17,
violet, blue, green, and orange colored). A full characterization
of the UV-VIS light source characteristics is currently underway.
The total conversion efficiency calculated as the laser output into
a single VIS beam is about 3-5 % at the peak wavelengths of
450 nm and 560 nm, yielding 2.5 W and 4 W of average power,
respectively. The results demonstrate first attempts on creating
ultra-broadband frequency tunable platform and efficiency of
conversion would be improved. To extend the range further
into UV, another SHG step could be implemented that will
upconvert the 50 fs visible pulses to a range from 225-280 nm.
Wavelengths between 300 nm and 430 nm could be accessed
through sum frequency mixing of the broadband HCF output and
its SH. Numerical calculations show that it should be possible to
frequency double most of the full sub-3 cycle pulse spectrum at
1030 nm at once to achieve sub-10 fs at 515 nm in a 30-50 pm
thick BBO crystal.

To fully exploit the opportunities given by the ultra-broadband
HCF output spectrum with its flat spectral phases across the
two spectral sidebands, we performed DFG between the side-
bands. About 2% of the HCF output was split off for this
purpose. The same dichroic beam splitter as above was used
to separate 700-960 nm and 1080-1250 nm spectral ranges
into two separate beams. After dichroic beam splitting and
colinear recombination, about 800 mW of power was incident
on the IR-DFG crystals. Fig. 17, depicted in red, shows the
normalized spectra of the DFG output between 2 and 12 pm.
Different crystals were tested for the generation of DFG. The
best conversion efficiencies were achieved with an AGS crystal
in the range of 6-12 pm, LilO3 in the range of 4-5 pm, and
LiNbO3 for the 2-4 pm range (shown by shaded red colors
in Fig. 17). Noteworthy, despite the ultrabroadband spectrum,
about 0.15-0.2% of DFG conversion efficiency was measured
into the mid-IR range from 6-12 pum from the 800 mW pump
beam with at least two times better efficiencies in the 25 yum
range. Since 12 pm is the current limit of our IR spectrometer
(ARCoptix FT-IR Rocket), we are not able to tell if the spectrum
could be extended further. Since, only 2% of the HCF output was
used for the generation of the IR pulses, their power could be
boosted by using a larger fraction of the beam.

Following this approach one could obtain universal platform
with simultaneous outputs at UV, VIS, NIR and far IR ranges
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with sub-100 fs pulse durations whose time synchronization is
facilitated by short optical distances to the laser source.

VI. CONCLUSION

We report on the average power and energy scaling with
hollow-core fibers. First, we demonstrate 12-fold compression
of 80 W, 2 mJ, 338 fs pulses down to 28 fs with 86% efficiency.
A remarkable shot-to-shot stability of 0.27% was measured over
7 x 107 individual laser shots (30 min at 40 kHz). This output
was sent to a subsequent HCF. Both cascaded HCFs together
yielded 55-fold compression down to 6.1 fs with 70% of the
total transmission, which corresponds to 1.4 mJ pulse energy at
56 W of average power. No active fiber cooling is necessary at
the 100 W level. Further, power upscaling to 300 W, 12 mJ was
demonstrated with more than 80% transmission. Employing a
single fiber setup a high degree of user flexibility was realized.
The setup, allowed to vary the repetition rate between 100 kHz
(3mlJ) and 25 kHz (12 mJ) at 300 W level with constant 10-fold
pulse compression from 1.26 ps to 100 fs. Thanks to the high
transmission through the HCF, thermal effects at 300 W level
are kept at a minimum. Additionally, the design of the fiber
tip allows for auxiliary active heat dissipation with a minimum
flow of ambient air. Further average power scaling to 1 kW
would denote potential loss of 150 W for the fiber with 85%
transmission. To simulate this situation we detuned the fiber
coupling to increase transmission losses and successfully tested
the evacuation of 150 W with an upgraded fiber cooling setup.
The thermal stress tests indicate feasibility of average power
scaling to the 1 kW level.

In addition to pulse compression, we introduce the double
stage HCF broadening of a narrowband Yb laser as a versatile
platform for the simultaneous generation of tunable visible to
mid-infrared wavelengths, with the work in progress to extend
it to ultraviolet.
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