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Few-cycle lasers are essential for many research areas such as
attosecond physics that promise to address fundamental
questions in science and technology. Therefore, further
advancements are connected to significant progress in the
underlying laser technology. Here, two-stage nonlinear
compression of a 660 W femtosecond fiber laser system is
utilized to achieve unprecedented average power levels of
energetic ultrashort or even few-cycle laser pulses. In a first
compression step, 408 W, 320 μJ, 30 fs pulses are achieved,
which can be further compressed to 216 W, 170 μJ, 6.3 fs
pulses in a second compression stage. To the best of our
knowledge, this is the highest average power few-cycle
laser system presented so far. It is expected to significantly
advance the fields of high harmonic generation and attosec-
ond science. © 2016 Optical Society of America
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lasers; (140.3510) Lasers, fiber.

http://dx.doi.org/10.1364/OL.41.004332

Intense ultrashort and few-cycle pulses have become available
and have rapidly found numerous applications in science and
technology [1]. Their short pulse duration, for example, allows
us to study ultrafast processes in atoms, molecules, and more
complex physical systems [2]. Another very prominent example
is the use of such lasers to generate coherent extreme ultraviolet
(XUV) radiation via the process of high harmonic generation
(HHG) [3,4]. Since HHG can be achieved with a table-top
laser system, these XUV sources are particularly interesting
as complementary sources to large-scale facilities such as syn-
chrotrons and free-electron lasers, and have found numerous
applications [5–11]. Furthermore, the process of HHG is
inherently linked to the generation of attosecond pulses,
allowing us to study even faster processes, i.e., on the timescale
of electronic motion, than accessible with the ultrashort

infrared driving pulses alone [2]. In a gas phase, attosecond
pulses are emitted during each half-cycle of the driving electrical
field. When the pulse duration of the laser pulse is reduced to
less than two cycles in duration and the electrical waveform can
be controlled, i.e., a stabilized carrier envelope phase (CEP) is
achieved, an isolated attosecond pulse is generated when spec-
trally filtering the cutoff harmonics [12]. With the availability
of CEP-stabilized few-cycle lasers, attosecond science has
emerged as a complete new research field, which addresses
many fundamental questions in physics, chemistry, biology,
medicine, material science, and many others. Despite impres-
sive progress in the afore-mentioned field, not only are signifi-
cant advancements in laser technology required to push the
frontiers, but also this technology has to be made available to
a large user community. This is elucidated by the mission goals
of the extreme light infrastructure attosecond light pulse source
(ELI-ALPS), which is currently under construction and aiming
to provide a unique source of attosecond pulses for users. One
of the beam lines, the high repetition rate laser system that will
be operated, requires a 1 mJ, sub-2 cycle laser running at a
100 kHz repetition rate (100 W average power) [13], which
is well beyond the current state-of-the-art.

Intense few-cycle laser pulses are mainly achieved via optical
parametric chirped pulse amplification (OPCPA) or nonlinear
compression in gas-filled capillaries. OPCPA relies on the non-
linear interaction of a strong pump laser and a weak broadband
signal to amplify the latter one [14]. Commonly used nonlinear
crystals allow for an extremely broad amplification bandwidth,
as required for few-cycle pulses [15,16]. The pump laser
dictates the performance of an OPCPA system in terms of
achievable pulse energy, repetition rate, and average power.
Advancements in picosecond pump laser technology have made
available kilowatt level pump lasers that, in principle, should
allow for high average power OPCPA systems [17]. However,
the average power of such systems has not exceeded 22 W so far
[18]. This limitation is mainly due to linear absorption in the
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nonlinear crystals, inducing thermo-optical effects or eventually
damaging the crystals via heat-induced tension [19]. There
have been efforts to mitigate this effect, e.g., by sandwiching
the crystals with highly conducting materials [20], but further
average power scaling is severely challenged by the thermal
effects. Nonlinear compression, on the other hand, has been
the standard approach to compress 20–30 fs Ti:sapphire lasers
to sub-5 fs and is considered to be the workhorse for attosecond
science so far [21,22]. However, the employed laser technology
has limited the repetition rate and average power to a few
kHz and Watt, respectively. In recent years, fiber lasers have
successfully been used to significantly increase both of these
parameters and have even achieved few-cycle pulses [23,24].
Furthermore, tests with kilowatt continuous wave lasers prom-
ised excellent power-scaling capabilities of this approach [25],
which makes it a viable alternative to OPCPA systems.

Here, we present results on two-stage nonlinear compres-
sion of a 660 W, 0.52 mJ, sub-300 fs fiber laser systems,
allowing us to achieve the highest average power few-cycle laser
system to date, to the best of our knowledge. It provides
216 W, 170 μJ, 6.3 fs (sub-2 cycle) pulses, which can be
employed for a great variety of applications.

Figure 1 shows the schematic of the setup used for nonlinear
compression. The front end is a fiber-chirped pulse amplifica-
tion (FCPA) system incorporating coherent combination of
up to 8 main amplifier channels. A detailed description of the
laser system and the addressable laser pulse parameter range can
be found in [26]. For the experiments presented here, this
system delivers up to 660 W of average power at a repetition
rate of 1.27 MHz, corresponding to a pulse energy of 520 μJ.
The compressed pulse duration is 240 fs, leading to a peak
power of approximately 2 GW.

As shown in Fig. 1, the laser beam traverses a telescope
for adaption of the spatial beam size and a combination of the
half-wave plate (HWP) and thin-film polarizer (TFP). This
combination allows us to arbitrarily change the laser power
transmitted through the TFP to the nonlinear compression ex-
periment. A lens is used to couple the laser beam to a 1 m long
capillary with an inner diameter of 250 μm and an outer
diameter of 2 mm, which sits on a water-cooled V -groove
in a pressure chamber [25]. In a first step, the whole laser power
is directed toward the power meter by appropriately turning
the HWP to measure the average power. Then, a small fraction
is sent to the experiment to optimize the coupling. A focus

monitor installed into the leakage of one of the input beam
steering mirrors (Fig. 1) allows us to precisely adapt the focal
spot size at the entrance of the capillary in stage 1. This is cru-
cial to achieve the best possible coupling and highest transmis-
sion efficiency through the capillary. Note that the experiments
are done without additional beam pointing stabilization after
the FCPA system. Subsequently, the average power is gradually
increased up to the full available value of 660 W. When filling
the capillary with argon gas at a pressure of 3.5 bar, significant
spectral broadening is achieved via self-phase modulation in the
noble-gas-filled capillary, as shown in Fig. 2(a). Temporal com-
pression is achieved with a chirped mirror compressor (CMC)
that has a group delay dispersion (GDD) of −1400 fs2. Due to
the efficient coupling the average power after the CMC is as
high as 408 W, corresponding to a pulse energy of 320 μJ.
Figure 2(b) shows the autocorrelation of the compressed pulses,
which indicates a pulse duration of around 30 fs.

Owing to the spatial filtering occurring during the propa-
gation in the capillary, the beam profile emerging from the first
stage is excellent [inset of Fig. 2(b)]. Although not measured
here, previous experiments have already shown that beam
quality factors on the order ofM 2 � 1.1 can be obtained when
using capillaries [27]. Additionally, the process of spectral
broadening and subsequent temporal compression is simulated
using a commercially available tool based on a split-step Fourier
transform method to solve the extended nonlinear Schrödinger
equation [28]. The simulation includes self-phase modulation,

Fig. 1. Generic setup of the two-stage nonlinear compression experi-
ment. FCPA, fiber-chirped pulse amplification system; HWP, half-wave
plate; TFP, thin film polarizer; CMC, chirped mirror compressor.

Fig. 2. Experimental results of the first nonlinear compression stage.
Propagating the FCPA pulses in a capillary filled with 3.5 bar of argon
gas leads to spectral broadening, as shown in the blue curve in (a). An
autocorrelation of the compressed pulses is shown in the blue curve in
(b). The inset in (b) shows the intensity profile of the collimated beam
measured after the chirped mirror compressor. The orange curve in
(a) and (b) corresponds to a numerical simulation of the compression
experiment (see the text for details).
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self-steepening, and four-wave mixing processes, but no
dispersion, since it is negligible for the bandwidth in the first
stage. The input pulses for the simulation are obtained from a
measurement of the spectrum and the spectral phase of the
FCPA system, which is not shown here. The results are in good
agreement with the measured data, for both the spectrum and
the autocorrelation, as indicated by the orange curves in Fig. 2.
Please note that in the simulation the nonlinear refractive index
n2 is adapted so as to match the measured broadened spectrum
(n2 � 3.4 · 10−23 m2∕W). The good agreement with the auto-
correlation trace strengthens the deduced pulse duration of
30 fs. From the temporal pulse shape simulation, a peak power
of 7.7 GW is obtained. This high peak power ultrashort laser
pulses already constitute an average power record and could be
readily applied to frequency conversion into the XUV spectral
range via HHG [29].

Further reduction in pulse duration requires a second com-
pression stage, as shown in Fig. 1. The pulses emerging from
the first compression stage are coupled into a second capillary
with the same inner diameter of 250 μm, but with a shorter
length of ∼0.6 m. Due to the large spectral bandwidth, all
the optics after the exit of the second capillary are reflective.
After passing through a thin anti-reflection coated window, the
beam is collimated with a spherical mirror (f � 500 mm) that
is used in combination with a flat mirror (Fig. 1). These mirrors
are specially designed dielectric mirrors to steer high average
power few-cycle pulses. They not only exhibit a high reflectivity
(730–1250 nm) over a broad spectral range, but they are also
designed to have a flat GDD across the same bandwidth. This
is achieved by using mirror pairs, in that case the spherical and
the flat mirrors that have opposite GDDs that compensate for
each other similar to the concept applied to double-angle
chirped mirrors. The major benefit is that they have already
demonstrated excellent average power capability compared to
conventional metal mirrors [25], which have shown thermal
effects at average power levels of 30 W [24]. The final temporal
compression is achieved by two reflections on broadband
chirped mirrors with a total GDD of −100 fs2 and a 1 mm
piece of anti-reflection coated fused silica substrate (GDD of
19 fs2). When filling the second capillary with 7.5 bar of neon
gas, additional spectral broadening covering the range between
700 and 1250 nm [the blue curve in Fig. 3(a)] is achieved. The
spectral dip at approximately 720 nm is due to a transmission
dip of the GDD optimized broadband mirrors. After the sec-
ond CMC, a small fraction of the beam is sent to a SPIDER
device (Venteon Spider) to measure the spectral phase [the red
curve in Fig. 3(a)]. This allows us to obtain the pulse profile
shown in Fig. 3(b) that indicates a pulse duration of only 6.3 fs,
which is less than 2 cycles at a 980 nm central wavelength and
is significantly shorter than our previous demonstration [24].
In addition, the average power is as high as 216 W after the
compressor, corresponding to a pulse energy of 170 μJ at
1.27 MHz. This few-cycle laser system delivers about one order
of magnitude higher average power, as compared to OPCPA
systems [18], and a factor of four more than previous demon-
strations with hollow fiber compressors [24]. Although the
SPIDER measurement allows for a measurement of the spectral
phase, an additional simulation is performed to gain more in-
formation on the temporal pulse profile. For that purpose, the
simulation output from stage 1 (the orange curves in Fig. 2)
is used as input for the second stage. The calculation is done

similar to the one before, but with the dispersion of a gas-filled
capillary included. Following the model introduced by Travers
et al. [30], the dispersion terms are deduced for a 250 μm
capillary filled with 7.5 bar of neon: β2 � −3.4 fs2∕m,
β3 � 6.0 fs3∕m, and β4 � −2.7 fs4∕m for a 1030 nm central
wavelength. Furthermore, the n2 value is adapted (n2 �
1 · 10−23 m2∕W) to qualitatively reproduce the spectral broad-
ening [the orange curve in Fig. 3(a)]. Compared to the simu-
lation performed for stage 1, there is a small deviation in the
spectral shape at long wavelengths, which could be caused
by the measurement itself or by a slightly different temporal
pulse shape from stage 1. (The stage 2 calculation is seeded
by the stage 1 simulation, not the real pulse). The latter one
affects the final spectral shape through the process of SPM
significantly [31]. Furthermore, the reflectivity of the GDD
optimized mirrors changes significantly in the wings of the
spectrum, which could lead to the differences between experi-
ment and simulation.

The compressed pulse shapes of the simulation [the orange
curve in Fig. 3(b)] and the experiment [the blue curve in
Fig. 3(b)] agree fairly well in the main part of the pulse, both
leading to a pulse duration of 6.3 fs. The experiment seems to
lack the missing pre- and post-pulses predicted by the model.
This can be attributed to rapid phase modulations occurring
around the central part (∼1030 nm) that are not resolved
by the SPIDER measurement leading to further side pulses.

Fig. 3. Experimental results of the second nonlinear compression
stage. The compressed output from stage 1 (Fig. 2) is propagated
in a second capillary filled with 7.5 bar of neon gas to achieve further
spectral broadening, as shown in the blue curve in (a). A SPIDER
measurement is used for temporal pulse characterization [the blue
curve in (b)]. The inset in (b) shows the collimated beam profile
measured after the CMC. The orange curve in (a) and (b) corresponds
to a numerical simulation of the compression experiment (see the text
for details).
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Since the SPIDER measurement seems to overestimate the
actual energy in the main peak, the temporal waveform given
by the simulation is used to estimate a minimal peak power of
17 GW (60% of the energy in the main pulse) in this case. It
must be noted that the pulse compression can be significantly
improved by employing customized chirped mirrors to com-
pensate for higher-order phase terms in both compression
stages. The beam profile is excellent, as indicated by the inset
in Fig. 3(b). However, it has to be noted that this profile only
accounts for the spectral content below 1100 nm, since it has
been measured with a silicon-based CCD camera. Consequently,
the system delivers a high average power sub-2 cycle pulses with
a high peak power and good beam quality.

In summary, two-stage nonlinear compression of a 660 W
femtosecond FCPA system is successfully demonstrated.
Combining this high average power laser system with a power
scalable compression approach allows for unprecedented aver-
age levels for ultrashort to few-cycle laser systems. The first
compression stage delivers 408 W, 30 fs with a pulse energy
of 320 μJ. Similarly, compressed pulses from FCPA systems
have recently been successfully used for a number of experi-
ments in HHG and subsequent applications [29,32–34].
Therefore, it can be expected that the system presented here
can readily boost the available photon flux in HHG up to
one order of magnitude, paving the way for novel experiments,
e.g., in time-resolved coincidence studies of inner-shell ioniza-
tion processes in molecules [32], photoemission spectroscopy,
[8,9] or nano-scale imaging [10,33]. The subsequent compres-
sion to sub-2 cycle pulses, 170 μJ pulses with 17 GW of peak
power, and 216 W of average power constitutes a significant
increase as compared to OPCPA [18] and previous nonlinear
compression experiments [24]. This opens up a plethora of new
research possibilities. For example, such a laser system could
be used for high photon flux soft x-ray generation up to the
water window [24]. Additionally, the validation of nonlinear
compression as a power scalable concept for few-cycle pulse
generation is an important step for realizing the next generation
sources as envisioned by the ELI-ALPS facility. Regarding the
latter, future work will focus on increasing the average power, as
well as the energy scaling to achieve similar performance param-
eters at up to 1 mJ of pulse energy and beyond after the second
compression stage. Obviously, the need for carrier envelope
phase stabilization has to be addressed in upcoming work,
finally unraveling the full potential of such high average power
energetic few-cycle laser systems.
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