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Compression of 250-fs, 1-μJ pulses from a KLM Yb:YAG thin-disk oscillator down to 9.1 fs is demonstrated. A
kagomé-PCF with a 36-μm core-diameter is used with a pressure gradient from 0 to 40 bar of krypton. Compression
to 22 fs is achieved by 1200 fs2 group-delay-dispersion provided by chirped mirrors. By coupling the output into a
second kagomé-PCF with a pressure gradient from 0 to 25 bar of argon, octave spanning spectral broadening via the
soliton-effect is observed at 18-W average output power. Self-compression to 9.1 fs is measured, with compress-
ibility to 5 fs predicted. Also observed is strong emission in the visible via dispersive wave generation, amounting
to 4% of the total output power. © 2015 Optical Society of America
OCIS codes: (320.5520) Pulse compression; (060.5295) Photonic crystal fibers; (190.5530) Pulse propagation and

temporal solitons; (190.7110) Ultrafast nonlinear optics.
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The latest generation of Yb-based solid-state oscillators,
such as those based on thin-disk (TD) geometries, can
provide pulses with multi-μJ-level energies at MHz repeti-
tion rates, resulting in more than 250 W of average power
[1,2]. However, no currently available Yb-doped gain ma-
terials are capable of generating few-cycle pulses. There-
fore, external pulse compression seems to be the best
approach for scaling the high-repetition-rate output to
higher peak-power, allowing extreme nonlinear optics
such as the generation of high-harmonics and attosecond
pulses to be scaled to higher average power. Examples of
systems used in external compression include those
based on bulk material [3,4], conventional step-index
solid glass fiber [5], and gas-filled hollow capillaries [6,7].
The lack of optical guidance in bulk material limits the
nonlinear interaction length, and transverse spectral var-
iations across the beam profile can also be an issue. On
the other hand, in a solid-core fiber, the maximum peak
power is limited to a few MW by material damage and the
self-focusing threshold. In contrast, the core diameter of
capillaries needs to be greater than ∼150 μm for accept-
able optical losses of <3 dB∕m. Consequently, peak
powers of over 1 GW are necessary in gas-filled capilla-
ries to attain sufficient nonlinear spectral broadening,
limiting their application with current generation TD
lasers.
Kagomé-structured hollow-core photonic crystal fibers

(kagomé-PCFs) present a unique solution for nonlinear
spectral broadening. Light is tightly confined within
the hollow core and overlaps very weakly with the clad-
ding glass. Consequently, peak powers of over 2 GW can
be supported without damage [8]. In addition, transmis-
sion losses of ∼1 dB∕m over bandwidths of 100 nm can
be obtained with core diameters of a few 10 μm. This
loss is several orders of magnitude lower than in simple

capillary fibers with the same core diameter. Thus, sig-
nificant intensities and sufficient nonlinearities can be
obtained using much lower peak powers without
dramatic propagation loss.

While bandgap-guiding hollow-core PCFs have been
used for dispersion compensation in pulse compression
systems [9] and in soliton self-compression [10], their
narrow transmission bandwidth and strongly varying
dispersion limit their usefulness in the transmission or
generation of few-cycle pulses. Kagomé-PCF, in contrast,
offers substantially broader guidance windows, with a
waveguide dispersion that is weakly anomalous over the
entire wavelength range, so that it can be balanced by the
normal dispersion of numerous noble gases at pressures
of a few atmospheres [11].

Kagomé-PCFs have previously been used in fiber-
mirror compression systems. For example, ∼10 μJ pulses
from a 1-kHz Ti:sapphire laser system were compressed
from ∼100 to 10 fs [12], and 18-μJ pulses from a 7 MHz
TD oscillator were spectrally broadened to support
88-fs pulses [13]. An average power of over 76 W can
be reached using such schemes [14]. Alternatively, soli-
ton self-compression, utilizing the weak anomalous
dispersion uniquely offered by kagomé-PCF, has also
been used to compress ∼7 μJ pulses from a Ti:sapphire
amplifier from 24 fs down to 6.8 fs at 790-nm at 1-kHz
repetition rate [12], and 35-μJ pulses generated at
1800 nm from an optical parametric amplifier from 80 fs
down to 4.5 fs at 2-kHz repetition rate [15].

Here we demonstrate compression of 250 fs pulses
from a Kerr-lens mode-locked TD oscillator to sub-10 fs
at 38 MHz repetition rate using two gas-filled kagomé-
PCF stages as the only nonlinear medium.

The two-stage compression setup is shown in Fig. 1. It
is pumped with the Yb:YAG TD oscillator described in
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detail in [16]. The oscillator delivers 1-μJ, 250-fs pulses at
a repetition rate of 38 MHz, corresponding to 40 W of
average power. The first stage involves a fiber plus mir-
ror configuration based on self-phase modulation (SPM)
under normal dispersion, while the second stage utilizes
anomalous-dispersion-assisted self-compression. In each
stage, a kagomé-PCF is sealed between two gas cells with
independent pressure control. To reduce potential ion-
ization or self-focusing effects and improve coupling into
the fiber [17], the input gas cell was continuously evacu-
ated while the filling gas was supplied through the output
gas cell. This creates a pressure gradient along the fiber.
The input power was controlled using a half-wave

plate and a thin-film polarizer. The transmitted portion
from the thin-film polarizer passes through a polarizer
cube to increase the polarization extinction ratio (PER)
to 25 dB. Light was focused onto the fiber core, through
the 3-mm-thick fused-silica (FS) window of the gas cell,
using a FS plano–convex lens (f � 30 mm). Only the
very first input lens and window were anti-reflection
(AR) coated for 1030 nm, while the further three win-
dows and two lenses were uncoated. This led to avoid-
able Fresnel reflection losses of about 30%. Alignment
of the input polarization with respect to the eigen-axes
of the fiber (which was slightly birefringent) was accom-
plished using a half-wave plate, thus minimizing coupling
between different polarization components and main-
taining high intensity along the fiber.
Figure 2(a) shows the numerically-simulated propaga-

tion through the first stage, based on the unidirectional
full-field nonlinear wave equation [18]. The waveguide
dispersion of an evacuated kagomé-PCF is anomalous
at all wavelengths, and can be compensated by the nor-
mal dispersion of the filling gas. For the kagomé-PCF
with 36-μm core diameter used in the experiment, 40 bar
of krypton was applied to the output gas-cell, yielding a
zero-dispersion wavelength (ZDW)—indicated by the
dashed-black-line in Fig. 2(a)—at 1100 nm at the output.
The pressure gradient along the 70-cm-long fiber causes
the ZDW to shift to higher frequency as one moves closer
to the fiber input. Nevertheless, as seen in Fig. 2(a), much
of the continuously expanding spectrum is situated in the
normal dispersion regime for the section of the fiber

beyond 20 cm—where the substantially broadened spec-
trum is most sensitive to dispersion. Figure 2(b) shows
the numerically compressed temporal profile obtained
by compensating the output spectrum in Fig. 2(a) using
only group-delay dispersion (GDD) compensation, with a
pulse duration of 21 fs, and 70% of energy situated within
the main peak (defined here as the full-width at the 1∕e2
points).

The output of the first stage was collimated using an
uncoated FS plano–convex lens (f � 35 mm). A broad-
band half-wave plate was used to rotate the polarization
back to p-polarization for pulse compression in the
double-angle chirped mirrors [19]. The mirrors provided
−1200 fs2 total GDD and no higher-order dispersion com-
pensation. A home-built SHG FROG with a 10-μm-thick
BBO crystal and an optical spectrum analyzer were used
for pulse characterization. The experimental FROG trace
was retrieved well [Figs. 3(a) and 3(b)], and both the di-
rectly measured and retrieved spectra extended over
150 nm [Fig. 3(c)]. The retrieved pulse duration was 22 fs
[Fig. 3(d)], with 65% of the pulse energy situated within
the main peak, in good agreement with the predictions of
the numerical simulations and close to the Fourier trans-
form limit of the spectrum [Fig. 3(d), gray circles]. The
effects of minor residual 3rd-order dispersion is evident
from the asymmetric oscillations at the pulse edge. The
output spatial profile was in the fundamental mode
[Fig. 1(ii)]. The average power behind the compressor
was 28 W. Excluding reflection losses, this corresponds
to a transmittance of 80% of the input power.

At full power, the PER was measured to be 16 dB in
the case of an evacuated fiber, and 14 dB in the fully
pressurized case. The input polarization that yielded op-
timum extinction ratio differed by up to 15° between the

Fig. 1. Schematic of the experimental setup, showing the two
fiber stages. Inset (i) scanning electron microscope image of the
cross-section of the kagomé-PCF used. Inset (ii) measured
transverse profile of output beam.

Fig. 2. (a) Numerically simulated propagation of a 250-fs,
0.84-μJ pulse along a 70-cm-long kagomé-PCF with 36-μm core
diameter filled with 40 bar Kr at the output gas-cell, and evacu-
ated at the input. The dashed black line indicates the ZDW.
(b) Simulated compressed pulse shape based on (a) after
70-cm propagation with GDD optimally compensated. (c) Nu-
merically simulated propagation of (b) through a second
25-cm-long kagomé-PCF filled with 26 bar of Ar from the output
end (the front gas cell was also evacuated) at 0.51 μJ, taking
account of the dispersion of the window and in-coupling lens.
(d) Simulated temporal profile after 23.5 cm of propagation.
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evacuated and the pressurized fiber; we attribute this to
nonlinear polarization rotation.
The 22-fs output pulse from the first stage was coupled

into a second kagomé-PCF, identical to the one used in
the first stage, but shorter at 25 cm. It was filled with ar-
gon at 26 bar so as to place the ZDW at 808 nm at the fiber
output [Fig. 2(c)]. This creates an anomalous dispersion
landscape for a pump situated at 1030 nm. Numerical
simulations, shown in Figs. 2(c) and 2(d), predict signifi-
cant soliton-effect self-compression of the input pulse
down to a FWHM duration of 3.5 fs directly at the fiber
output, with 41% of the energy concentrated within the
main peak [Fig. 2(d)]. Due to self-steepening and optical
shock formation, a strong spectral extension to shorter
wavelengths was also expected.
With the fiber sealed inside a gas cell, the output light

must pass through a final gas-cell window (2.3 mm FS).
There is also a 2.1-m path through air to the FROG crys-
tal. The resulting extra GDD was compensated using
chirped mirrors designed to cancel out the dispersion
of fused-silica from 700 to 1300 nm (each bounce com-
pensates for 2 mm of FS). A pair of wedges (∼1 mm of
fused silica glass in total) was used for fine adjustment.
Figures 4(a) and 4(b) show the measured and retrieved
FROG traces of the second stage, and (c)–(i) the output
spectra, spanning from 1300 nm to at least 700 nm after
six bounces off chirped mirrors.
This spectrum (after the chirped mirrors) supports

a Fourier-transform-limited pulse of duration ∼5 fs.
Figure 4(d) shows the corresponding temporal shape
of the output pulse, with a retrieved pulse duration of
9.1 fs and 37% of its energy lying within the main peak.
The longer pulse duration is likely to be caused by the
limited phase-matching available from the 10-μm BBO
crystal used, sub-optimal phase compensation by the

chirped mirrors at the wings of the spectrum, and incom-
plete retrieval of the spectral blue tail [Fig. 4(c)(i)].
Coupling efficiencies of around 80% (similar to those ob-
tained in the first stage) were achieved after accounting
for reflections from the 6 uncoated surfaces.

The output power at optimal self-compression was
18 W in front of the bare-gold parabolic mirror and
14.5 W after the chirped mirrors. The compression effi-
ciency was about 30%, and could be increased to 45%
by AR coating the ten currently uncoated optical surfaces
in the system. The PER measured at the second stage
output was 13 dB when the fiber was evacuated or
pressurized.

The power fluctuations were recorded with a fast pho-
todiode and an oscilloscope. The RF power spectral den-
sity (PSD) was calculated by integrating from 10 kHz
down to 1 Hz (Fig. 5) and normalizing to the oscillator
noise detected in front of the first stage fiber. It shows
that the major noise contribution comes from acoustic
frequencies at ∼100 Hz. An additional peak can also be

Fig. 3. (a) Experimental SHG-FROG trace at the output of the
first stage after −1200 fs2 chirped mirror GDD compensation
and (b) the retrieved SHG-FROG trace. (c) Corresponding mea-
sured (blue line) and retrieved (gray line) spectra. (d) Retrieved
intensity profile (solid-blue line), phase (solid-green line), and
transform-limited pulse profile corresponding to the measured
spectrum (gray dots).

Fig. 4. (a) Experimental SHG-FROG trace of the second fiber
output after −210 fs2 chirped mirror compensation at 26 bar fill-
ing pressure and (b) the retrieved SHG-FROG trace. (c)(i) Cor-
responding measured (blue line) and retrieved (gray line)
spectra after the chirped mirrors. (c)(ii) Experimental output
spectrum before the chirped mirrors when the Ar pressure is
increased to 29 bar so as to enhance the dispersive wave emis-
sion. (d) The retrieved intensity (solid-blue line) and phase
(solid-green line) profiles corresponding to (c)(i). The Fou-
rier-transform-limited pulse duration for the retrieved spectrum
is represented by the gray dots. (e) Experimental tuning of dis-
persive wave emission via pressure in fibers with 34- and 36-μm
core diameters.
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observed at 4 kHz in the case of slight misalignment. The
fluctuations are the strongest when both full power and
high pressure are present (28 W output power, in 40 bar
of Kr). In contrast, the noise remains low when high
power is coupled into an evacuated fiber (0.1 bar), and
is only moderately increased when low power (7 W) is
coupled into a fiber filled with 40 bar Kr. As in the first
stage, the intensity noise increased after propagation
through the second fiber (Fig. 5).
A negative-pressure gradient could also be used for

soliton self-compression [12], which would allow a win-
dow-free output beam path, obviating the need for
chirped mirror re-compensation. Light in-coupling would
however be hindered at high pressures (26 bar of Ar) and
input powers (>20 W).
A characteristic dispersive wave peak at ∼500 nm was

also present [Fig. 4(c)(ii)] [20]. Since the wavelength of
this peak is a function of dispersion and pulse energy, it
can be continuously shifted by adjusting the filling gas
pressure and input power [Fig. 4(e)]. Dispersive waves
at ∼400 nm can also be easily obtained by using a
kagomé-PCF with a smaller core-diameter of 34 μm
[Fig. 4(e)]. The pulse duration of these waves is predicted
to be some tens of femtoseconds, depending on the input
parameters [20]. To measure the conversion efficiencies,
the output light was reflected off four filtering mirrors
99.9% reflective between 370 and 420 nm. At 420 nm [cor-
responding to the curve with 28 bar Ar in Fig. 4(e)],
∼0.5 W was measured, which amounts to 4% of total out-
put power after the second stage. Since the transfer effi-
ciency is higher when the dispersive wave lies closer to
the pump in wavelength, the power of dispersive waves
near 500 nm should be even stronger.
In summary, 250-fs pulses from a 38-MHz TD oscillator

can be compressed in a two-stage kagomé-PCF system,
first, using fiber-mirror compression, to 22-fs at 28-W
average output power, corresponding to 0.74-μJ pulse en-
ergy, and secondly to 9.1 fs (2.7 optical cycles) at 14.5-W
average power, using soliton-effect compression. By re-
moving the final chirped mirrors and increasing the gas
pressure, a bandwidth spanning 450–1300 nm was also
obtained at 18-W average power, with ∼4% of the total
power concentrated within a tunable emission peak.
The scheme presented is compatible with the rapidly
increasing power and pulse energies expected from

next-generation TD and fiber lasers. Further technical de-
velopments, such as improving the thermal stability of
the fiber mounts, will be required to maintain the excel-
lent noise properties of the KLM TD oscillator and stabi-
lize the carrier-envelope-phase of the compressed pulses.
Numerical modeling suggests that single-cycle pulse du-
rations could be achieved using this approach.
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