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High-average power laser sources delivering intense few-cycle
pulses in wavelength regions beyond the near infrared are
promising tools for driving the next generation of high-flux
strong-field experiments. In this work, we report on nonlinear
pulse compression to 34.4 pJ-, 2.1-cycle pulses with 1.4 GW
peak power at a central wavelength of 1.82 pm and an average
power of 43 W. This performance level was enabled by the
combination of a high-repetition-rate ultrafast thulium-
doped fiber laser system and a gas-filled antiresonant hollow-
core fiber. © 2017 Optical Society of America

OCIS codes: (320.0320) Ultrafast optics; (320.5520) Pulse compres-
sion; (140.3070) Infrared and far-infrared lasers.
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Ultrafast laser sources emitting at around 2 pm wavelength
have become important tools for numerous applications in
spectroscopy [1], metrology [2], and material processing [3].
More recently there has been a tremendous effort aimed at scal-
ing the performance of these laser systems to transform them
into mature drivers for strong-field experiments and nonlinear
frequency conversion processes, which require considerably
high peak intensities.

Such laser systems enable the generation of high-order har-
monics (HHG) with high photon energy cutoff [4], owing to
the fact that the ponderomotive potential scales with the square
of the laser wavelength. One essential requirement for a laser to
efficiently drive high cutoff HHG is to deliver few-cycle pulses,
because this allows reaching high peak intensities (leading to a
high conversion efficiency and a high photon energy cutoff [5])
without degrading the phase matching by undesired ionization.
Furthermore, a few-cycle driver facilitates the generation of iso-
lated attosecond pulses [6]. Resulting from the recent progress
in laser development, HHG sources driven by few-cycle 2 pm
laser systems have led to cutting-edge results, such as the time-
resolved observation of light-induced chemical reaction paths
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[7] and x-ray absorption edge spectroscopy of organic mole-
cules [4].

Similarly, high-power 2 pm laser systems with few-cycle
pulse durations are extremely interesting drivers for generating
ultra-broad mid-infrared (mid-IR) phase-stable frequency
combs via intra-pulse difference frequency generation (DFG)
[8,9]. Here, it is important to start with very short pulses com-
ing from the driving laser to provide chirp-free frequency com-
ponents with wide spectral separation, such that the generated
mid-IR DFG spectra can extend to short wavelengths. With
respect to the mid-IR bandwidth and power, it is very beneficial
to drive the DFG at around 2 pm wavelength, as this allows
using non-oxide nonlinear crystals that offer high nonlinearity,
broad phase matching, and, most importantly, excellent spec-
tral transmission up to 20 pm wavelength. A source covering
the whole mid-IR with powerful, phase-stable ultrafast emis-
sion is extremely interesting for high-sensitivity and high-pre-
cision fingerprint absorption spectroscopy.

Certainly, the ever-growing number of applications that
greatly benefit from intense few-cycle laser sources emitting be-
yond the well-explored near-IR wavelength region leads to a
strongly increasing demand for these sources to deliver higher
and higher average powers. In particular, the above-mentioned
applications can be significantly improved (e.g., in terms of
signal-to-noise ratio and data acquisition times) if higher
HHG photon-flux or mid-IR power can be reached.

The traditional approach for the generation of intense few-
cycle laser pulses at around 2 pm wavelength relies on nonlinear
parametric amplification [10,11]. However, scaling this concept
to tens of watts has so far remained challenging because of the
complexity of the pump sources, as well as due to the transmis-
sion and the thermal properties of the oxide-based crystals in use.
On the other hand, we have recently introduced an alternative
approach that is based on nonlinear post compression of ultra-
short pulses delivered by high-repetition-rate thulium-doped fiber
laser systems [12,13]. To date, these laser systems are capable of
generating ultrashort pulses with more than 100 W average power
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[14] and a few GW pulse peak power with about 200 fs pulse
duration [15]. In fact, nonlinear pulse compression (NPC) in the
2 pm wavelength region also has been investigated starting from
solid-state and nonlinear parametric amplifiers [16,17]. However,
as mentioned above, the available average power was limited to a
few watts by the driving laser.

In this Letter, we report on nonlinear self-compression of
ultrashort pulses from a thulium-doped fiber laser using a
gas-filled antiresonant hollow-core fiber (ARHCEF). The key fea-
tures to the pulse evolution in the experiment presented herein
are the broad gain bandwidth of the active medium [18],
allowing for clean 110 fs pulses from the laser system itself,
as well as the excellent transmission and weak anomalous
dispersion of the ARHCEF, leading to self-compression of the
spectrally broadened pulses. We have generated 34.4-pJ pulses
with a FWHM duration of only 13 fs and a pulse peak power of
1.4 GW at a central wavelength of 1.82 pm. The combination of
two average power scalable concepts for the generation and the
post compression of ultrashort pulses in this wavelength region is
the key to high-power operation, allowing for an average power
of 43 \W. This is, to the best of our knowledge, the highest aver-
age power reported for any 2 pm few-cycle laser source to date.

A schematic of the experimental setup can be seen in Fig. 1.
The laser source, which enabled the experiments presented
herein, was a thulium-doped fiber chirped-pulse amplification
system (Tm:FCPA) with an architecture similar to the one de-
scribed in Ref. [15]. As compared to this earlier reported work,
we have increased its spectral bandwidth to about 140 nm,
which was possible thanks to an improved stretcher and com-
pressor design, as well as the broad gain-bandwidth of thulium-
doped silica. The spectrum was centered around 1920 nm
wavelength, which ultimately means that detrimental propaga-
tion effects arising from the absorption lines of atmospheric
water vapor have to be circumvented [19]. Regarding the ther-
mal lens arising from water vapor absorption in a gaseous
atmosphere, also described as thermal blooming, it was found
that the best mitigation is to reduce the pressure of the medium
in which the beam propagates [13]. Hence, the high-power sec-
tions of the laser system were enclosed in a vacuum chamber
that was held at a pressure below 0.1 mbar. When adapted
for the nonlinear compression experiments, the Tm:FCPA
delivered 51 W of average power, corresponding to 41 pJ of
pulse energy at a repetition rate of 1.25 MHz. Its output pulse
duration (FWHM) was 110 fs. The measured pulse spectrum
as well as an intensity autocorrelation trace are depicted in
Figs. 2 and 3, respectively (black line).

Tm:FCPA | Input coupling

@ ..............

Pressure chamber

Fig. 1. Experimental setup for the nonlinear pulse compression
experiments comprising the laser output and two separate
chambers filled with gas at pressures p, and p; (connected by the
ARHCEF).
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Fig. 2. Measured pulse spectra at the NPC stage input (black) and

its compressed output (Comp., blue) together with simulation results
(Sim., red). Inset: image of the collimated output beam profile.

Our NPC stage consisted of two separate gas-filled pressure
chambers that were connected by the ARHCEF. The first one,
which we denote as the input coupling chamber, was filled
with neon gas at a pressure p, = 0.4 bar. This pressure is
a compromise between two opposing requirements. On the
one hand, low particle densities, providing a small thermo-
optical coefficient, are desirable for the mitigation of thermal
blooming, which otherwise reduces the coupling efficiency
to the hollow fiber [13]. On the other hand, though, it is im-
portant to perform the input coupling in a medium that pro-
vides enough thermal conductivity, such that the small but
inevitable coupling-losses and the associated heat load close
to the fiber tip have no effect on the stability and robustness
of the fiber mode excitation at high-average power. As it is
known, a higher gas pressure provides a higher thermal conduc-
tivity [20]. We successfully found a balanced operation regime
that addresses both opposing requirements simultaneously by
choosing a light noble gas with a relatively low pressure. The
fiber itself was a node-less 7-capillary ARHCF [21,22]. It was
fabricated in-house at the University of Central Florida using
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Fig. 3. Measured intensity AC traces at the input (black) and com-
pressed output (Comp., blue) of the NPC stage together with simu-
lation results (Sim., red). Inset: interferometric AC measurement
(blue) and simulation results (red).
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OH-reduced silica glass. A cross-section of the fiber is depicted in
Fig. 1. It had an inner core diameter of 53 pm and a core wall
thickness of 535 nm. For the experiments presented herein,
we used a length of 42 cm. The fiber design provides low-
loss broadband transmission, especially at wavelengths spanning
from 1.5 pm to 3.0 pm. Consequently, we have achieved >90%
transmission through the ARHCEF, including coupling losses.
The output of the ARHCEF was located within a second pressure
chamber that was filled with argon gas at a pressure p; = 3 bar,
which is close to the maximum pressure-handling capabilities of
the mechanical components in use. In order to circumvent chro-
matic aberrations and undesired dispersive effects, we used a
spherical gold mirror to collimate the light emerging from the
fiber output. Before characterization, the shortened pulses went
through a 1 mm thick OH-reduced fused silica piece of glass,
which served as an output window of the pressure chamber.

In analogy to previously reported experiments [16,23], the
pulse evolution along the ARHCF was dominated by the inter-
play of self-phase-modulation-induced spectral broadening and
simultaneous temporal compression due to the anomalous wave-
guide dispersion. Thus, strong spectral broadening with a 20 dB
width of about 800 nm was observed after the NPC stage, as can
be seen in Fig. 2 (blue line). The compressed pulse spectrum
features a sharp edge at around 1300 nm, which corresponds
to the short wavelength boundary of the ARHCF transmission
window. Furthermore, Fig. 2 shows that the spectral center of
mass was blue-shifted (to about 1820 nm). We found that the
reason for this observation was the onset of ionization within the
last few cm of the ARHCEF, where the pulses are almost fully
compressed, leading to a significant spectral blue shift [24].
This behavior and the fact that the spectral guidance of the
ARHCEF was clamped to >1300 nm caused a slight decrease in
the overall transmission to about 84% in high-power operation.
The NPC output average power was 43 W, corresponding to
34.4 pJ of pulse energy. An image of the collimated output beam
profile showing no sign of thermal blooming at this performance
level is depicted in the inset of Fig. 2.

The temporal characterization of the NPC output was per-
formed using two different autocorrelation (AC) techniques.
As can be seen in Fig. 3, we have achieved a significant tem-
poral pulse compression of the NPC input (black line) as com-
pared to the compressed output (blue line). The FWHM
duration of the intensity AC trace measured after the NPC
stage was <20 fs, which indicates a few-cycle pulse duration.
In order to confirm this result, we have also performed an in-
terferometric AC measurement using a different autocorrelator.
The result of this measurement can be seen in the inset of
Fig. 3. The blue curve shows exactly five maxima and, thus,
four fringe periods within the FWHM time span of the main
temporal feature. The duration of one fringe period corre-
sponds to the duration of the electric field cycle, which is in
our case 6.1 fs (as can be calculated from the central wavelength
of 1820 nm). As in the case of the intensity AC measurement,
an appropriate deconvolution factor has to be found before the
FWHM pulse duration or the number of electric field cycles
within this time span can be accurately determined.

In order to gain a deeper understanding of the undetlying
physical processes and to derive the output pulse duration as well
as the pulse peak power, we have performed a numerical simula-
tion of the pulse evolution along the NPC stage. In the following,
the important features of our simulation tool based on the
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split-step Fourier method will be summarized. This model de-
scribes the pulse evolution in the slowly evolving wave approxi-
mation [25], and it includes ionization effects that can cause a
sudden change of the temporal nonlinear refractive index across
the pulse introduced by the behavior of free carriers, as described
by the Drude model [24,26]. The ionization rates are calculated
using the Ammosov—Delone—Krainov model [27]. To describe
the fiber dispersion across the very broad spectrum, we use the
wavelength-dependent refractive index distribution (rather than
a Taylor expansion to a few orders), which is approximated based
on the capillary model [28]. Additionally, we approximate the
ARHCEF resonance present at <1300 nm with a super
Gaussian absorption band, and we calculate the associated refrac-
tive index change according to the Kramers—Kronig relations. Of
course, complete knowledge of the spectral refractive index distri-
bution for the fundamental fiber mode requires finite-element
simulations, but we believe that the model used in this work de-
scribes the experiments very well, especially because of the large
core diameter. It reproduces our experimental observations, as can
be seen when comparing the measurements (blue line) and the
simulation results (red line) in the spectral and temporal domains
in Figs. 2 and 3, respectively. The FWHM duration of the simu-
lated intensity AC is 16.3 fs, which is slightly shorter than our
measurement. However, because of the good agreement between
the simulation and the experiment, it is a safe estimation to use the
numerically found AC deconvolution factors and energy content
within the main temporal feature to retrieve the pulse duration
and peak power obtained in the experiment. Hence, an accurate
evaluation of our experimental measurements is not based on an
assumption of the pulse profile but on the understanding of the
pulse evolution along the ARHCF and its numerical simulation,
which provide important information. Following this approach,
we have retrieved a FWHM pulse duration of 19.6 fs/1.51 =
13.0 fs from the intensity AC, which corresponds to 2.1 optical
cycles. Similarly, the interferometric AC measurement showed
four fringe periods within the FWHM duration, which yields
4/1.84 = 2.2 optical cycles. We believe that the difference in
the temporal measurements arises from the slightly different
propagation distances through air within our characterization
setup. In the simulation result, 60% of the pulse energy is con-
fined within the main temporal feature of the pulse. Hence, we
estimated that a pulse peak power of about 1.4 GW was reached
in the experiment described herein. Such peak power levels imply
that the peak intensity at the end of the fiber was approaching
10 W /cm?, which agrees well with the fact that we have clearly
observed ionization effects. These effects prevent further spectral
broadening and temporal pulse shortening by increasing the non-
linear phase accumulation in our case, because they lead to a
breakup of the pulse [29]. We have observed such pulse breakup
in both experiment and simulation when the pulse energy or the
fiber length was further increased, respectively.

Figure 4 depicts the simulated pulse profile (red line) to pro-
vide an impression of the temporal power envelope of the pulses
available for subsequent experiments (i.c., after the pulses have
left the pressure chamber at the NPC-stage output). The few-
cycle pulse is located on top of a weak pedestal, which is inherent
to temporal self-compression. In fact, the modulation of this
pedestal extending from a delay of 20 fs up to 60 fs after the
intense main feature arises from the aforementioned edge of
the fiber transmission window and its impact on the spectral
phase as governed by the Kramers—Kronig relations. The input
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Fig. 4. Simulation result of the temporal pulse profile after the NPC
stage (Sim., red), together with the simulated temporal phase (Phase
sim., green dashed) and a comparison with the input pulse (black).

pulse envelope for the simulation is represented by the black line
and shows the significant peak power enhancement after the
NPC stage. We have also retrieved the temporal phase from
our simulation results, which can be seen in Fig. 4. It is well
behaved and almost linearly decreasing across the intense main
feature. We found that the pulse duration of our simulated pulse
is almost identical to the duration of the transform-limited pulse
that can be expected from the measured spectrum.

In conclusion, we have demonstrated a 2.1-cycle laser source
with GW-class pulse peak power and a record average power of
43 W spanning the spectral region between 1.3 pm-2.4 pm
wavelength. The performance reported in this Letter was enabled
by a Tm:FCPA operated at 1.25 MHz repetition rate and
a gas-filled ARHCEF. The low-loss and broad transmission win-
dow of the ARHCEF, as well as the fact that the laser system
directly provides 110 fs pulses, significantly facilitated the experi-
ments. We have shown that ARHCFs feature excellent power-
handling capabilities, which is an important result regarding the
immense power-scaling prospects for ultrafast thulium-doped
fiber laser systems. The results reported in this work suggest that
even shorter pulses approaching the single-cycle regime can be
achieved by an optimization of the ARHCF transmission win-
dow. Additionally, our findings imply that the next steps will
include optimized, larger hollow-core fibers and lighter noble
gases at higher pressures, which will allow us to use more pulse
energy and to reach even shorter pulse durations, paving the way
towards a 100 W-class laser source with sub-2-cycle pulses and
m]-level pulse energy at around 2 pm wavelength.

Aside from these performance-scaling prospects, we have—to
the best of our knowledge—demonstrated the highest average
power GW-class few-cycle laser source in the 2 pm wavelength
region. This source is capable of driving strong-field experiments
at high-average power, as tunnel ionization was already observed
during the few-cycle pulse generation. Additionally, the achieved
GW-class peak power makes this laser source exceptionally in-
teresting for driving broadband intra-pulse DFG with high effi-
ciency and high-average power.
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