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Ultrafast lasers with high repetition rate, high energy, and ultrashort pulse duration have enabled numerous applications in
science and technology. One efficient route to generate such pulses is postcompression of high-power Yb-doped lasers.
Here, we report on the generation of 24.5 fs pulses with an output energy of 1.6 ) and a repetition rate of 500 kHz. The pulses
are obtained by using a hybrid cascaded nonlinear compression of the pulses delivered by a Yb-based fiber chirped pulse
amplification (CPA) system. In the first stage, the initial 390 fs laser pulses are compressed to 1007 fs based on spectral
broadening in three fused silica plates. In the second stage, the pulses have been shortened to sub-30 fs by means of
nonlinear compression in a hollow-core fiber. Overall, we could achieve ~16 times temporal shortening with the proposed
approach. The results show that our system can effectively generate few-cycle pulses at a relatively high repetition rate and
high energy, which can benefit future possible applications.
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1. Introduction

Sub-30 fs laser sources have attracted much attention due to
their potential applications in the fields of attosecond pulse
generation'"), extreme ultraviolet pulse generation!?), terahertz
sensing®!, lightwave sculpting'*), nonlinear imaging'®!, and
femtosecond time-scale spectroscopy'®. On the other hand,
they are important platforms for exploring electron dynamics
inside atoms, molecules, and solids””~*! or in nanostructures!'®’.
Particularly, the increase in repetition rate could effectively
increase the photon flux and the signal-to-noise ratio of
such laser sources, which will further benefit the application.
Therefore, there is a growing demand for high-energy, high rep-
etition rate, sub-30 fs lasers. At present, laser systems that can
directly generate high-energy few-cycle pulses are dominated
by chirped-pulse-amplified mode-locked Ti:sapphire laser sys-
tems. Nevertheless, due to the limitation of factors such as the
thermal effect of the laser crystal, the repetition rates of the
Ti:sapphire laser systems are mostly a few kilohertz. Yb-based
lasers could achieve a high repetition rate and high energy at
the same time. To this end, the broadband Ti:sapphire lasers
are gradually being replaced by Yb-based lasers. However, the
pulse duration of the Yb lasers is at least a few hundred femto-
seconds, determined by the emission bandwidth of the gain
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medium. In order to generate high-energy, high repetition rate
pulses with sub-30 fs pulse duration or even few cycles, the non-
linear compression of Yb-based laser pulses has become a
research hotspot.

In general, nonlinear pulse compression of a Yb fiber laser can
be achieved in a variety of ways. Among all demonstrations,
spectral broadening in bulk materials is the most concise and
effective method to achieve nonlinear compression of pulses.
When intense laser pulses are focused on a solid medium such
as fused silica, it will cause a variety of nonlinear effects such as
self-phase modulation (SPM), self-focusing, and self-steepening,
thereby achieving pulse spectral broadening. However, in overly
thick media, the strong self-focusing effect will induce the
generation of ionization and filaments, which causes damage
to the media!'"!. Fortunately, in 2000, a paper presented the
theory that self-phase modulated pulses with good beam quality
can be obtained after repetitive passes through an extended non-
linear medium!'?. In 2014, the multiple-plate supercontinuum
generation was experimentally demonstrated!"*). The research-
ers used multiple thin fused silica plates well positioned near
the beam focus, balancing this destructive self-focusing through
the divergence of the beam in the air. The technique of pulse
compression by multiple-plate spectral broadening and phase
compensation is called multiple-plate compression (MPC).
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Since then, a number of research groups have made efforts to
use MPC technology to obtain few-cycle pulses. For example,
Lu et al. achieved the compression of 1030 nm laser pulses
with pulse duration of 170 fs to 3.21 fs in a single cycle by a
two-stage MPC system!"*); He et al. obtained a continuum cov-
ering 460 to 950 nm using seven thin solid plates and com-
pressed the pulses to 5.4 fs''*); Beetar et al. compressed 280 fs
laser pulses to 18 fs using the MPC technique!'®’; Tamming et al.
obtained 3.3 fs pulses by a single MPC system and further used
the pulses in a transient absorption spectroscopy experiment''”),
However, in order to meet the spectral broadening condition,
which is high nonlinearity in bulk material, a high-energy
pump laser source is required. At the energy of a few micro-
joules, it is difficult to obtain significant spectral broadening
with this method.

In this regard, gas-filled hollow-core photonic crystal fibers
(HC-PCFs) are another reliable pulse compression platform.
In HC-PCFs, the beam is bound in the gas-filled fiber core
due to the antiresonance effect of the cladding walls. The overlap
between the propagation mode and the surrounding solid struc-
tures is very low, which avoids the problem of damage to solid
materials and achieves high damage thresholds!"*2°!. In addi-
tion, by adjusting the type of filling gas and the gas pressure,
the HC-PCF can provide sufficient nonlinearity to support the
spectral broadening of the pulses. Currently, great efforts have
been made to invest pulse compression in HC-PCFs. Using
a five-bar Xe-filled HC-PCF with a bore radius of 100 pm,
Alencious et al. successfully achieved temporal compression
from 320 to 61 fs!*'); Kéttig et al. reported a two-stage sys-
tem for compressing pulses from 320 to 3.8 fs with two HC-
PCFs!?; Schade et al. studied the scaling of soliton dynamics
in noble gas-filled HC-PCFs and compressed 250 fs pulses at
1030 nm to ~5 fs duration in an 80-cm-long HC-PCF*?).

In this work, we explore how to compress the pulses of a
chirped pulse Yb-doped fiber amplifier with moderate pulse
energy and intermediate repetition rate. In this paper, a hybrid
cascading spectral broadening is realized by using MPC and HC-
PCF. The initial pulse duration of 390 fs is compressed to 24.5 fs
at a useful, intermediate repetition rate of 500 kHz, and the cor-
responding compression ratio is calculated to be ~16. This tech-
nique may extend the prospects of realizing ultrashort pulse
compression at moderate energy levels.

2. Experimental Setup

The experimental setup is shown in Fig. 1. The laser source is a
commercial Yb-based laser system (BWT, BFL-1030-20L) with
the output of 1030 nm, 12 pJ, 390 fs pulses at a repetition rate of
500 kHz. The right inset in Fig. 1 shows the autocorrelation trace
of the pump source. A half-wave plate (HWP) is used to control
the polarization of the pump beams to meet the high transmis-
sion orientation of the chirped mirrors. In the first stage, the
laser pulses are focused to a beam waist of 0.25 mm with a
300 mm focal length lens (F1) to yield an intensity of
295 GW /cm?. Three pieces of 2 mm thick fused silicon plates
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Fig. 1. Schematic of the experimental setup showing the two compression
stages. F1-F4, lenses; M1, M2, reflective mirrors; CM1-CM4, chirped mirrors;
HWP, half-wave plate; PBS, polarizing beam splitter. The right inset shows
the autocorrelation trace of the laser source; the left inset in the setup rep-
resents the scanning electron micrograph of the HC-PCF with a core diameter
of 68 pm and a wall thickness of ~0.3 pm.

are placed near the focal point to broaden the spectrum. A spec-
trum analyzer (Yokogawa, AQ6315A) is used to characterize the
spectrum. The position of the silica plates is determined empiri-
cally to be the position that results in the maximum spectral
broadening and avoids optical damage or filament formation
inside the fused silicon plate. To this end, the first fused silicon
piece is placed before the focus, and the other two fused silicon
plates are placed behind the focal point. The spacing between
adjacent plates is measured to be 4.5 and 3 mm, respectively.
Then, the beam is filtered with an iris aperture, leaving only
the central part of the beam. As much as 8 pJ pulse energy is
obtained, and the corresponding efficiency is calculated to be
67%. The remaining beam is collimated with a 100 mm focal
length lens (F2). The spectrally broadened pulses are dechirped
by a pair of chirped mirrors (Ultrafast Innovations, HD-65),
which yield a total group delay dispersion (GDD) of —12,000 fs.
We characterized and optimized the compressed pulses with an
autocorrelator (APE GmbH, PulseCheck50).

In the second stage, we use an HWP and a polarizing beam
splitter to control the pulse energy incident into the HC-PCF.
The left inset of Fig. 1 represents the scanning electron micro-
graph of the HC-PCF with a core diameter of 68 pm and a wall
thickness of ~0.3 pm. The fiber is placed inside of the enclosed
homemade gas chambers. Both chamber windows are sapphire
plates, allowing the chambers to be filled with high-pressure
gases without any damage. Using a lens (F3) with a focal length
of 60 mm, the laser pulses are coupled into the fiber. In terms of
coupling losses and Fresnel reflections at the uncoated windows
of the gas chamber, a total transmission efficiency of about 53%
is achieved for this 45-cm-long HC-PCF. In our experiment, the
chambers are filled with high-purity argon gas to generate suf-
ficient nonlinearity. With a focal length of 35 mm lens (F4), the
beam is collimated, and the pulse duration of the output beam is
further compressed by two chirped mirrors of the same type as
those used in the first stage. Finally, the compressed laser pulses
are diagnosed with the spectrum analyzer and autocorrelator.
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3. Experimental Results and Analysis

In the first stage, nonlinear compression in the MPC is investi-
gated. First, we consider the influence of different thicknesses of
fused silica plates. In 3 mm fused silica plates, the spectrum is
broadened to be wider. However, the conical emission becomes
stronger due to the self-focusing effect, which causes the iris-
filtered beam to retain only 30% of pump energy. In 1 mm thick-
ness fused silica plates, the spectral broadening after passing
through each fused silica plate is insignificant, and it is difficult
to judge the appropriate position of the fused silicon plates by
the spectrum displayed on the spectrum analyzer. To this
end, we finally used 2 mm thick fused silicon plates in this stage.
The spectra in a log scale are shown in Fig. 2(a). As can be seen,
the spectrum of the pump gradually broadens by accumulating
more plates. Finally, the generated spectrum covers from 1007 to
1053 nm at the —30 dB intensity level after passing through three
plates. The spectral broadening in the three plates is basically
symmetric to the pump spectrum, which indicates that the spec-
tral broadening is determined by SPM. Thus, the resulting
dispersion can be compensated for by the chirped mirrors men-
tioned above. The beam profile after the iris is shown in the inset
of Fig. 2(a).

The compressed intensity autocorrelation trace is shown in
Fig. 2(b), which has a full width at half-maximum (FWHM)
duration of 153 fs. The intensity envelope and temporal phase
of the pulse retrieved from the phase and intensity from corre-
lation and spectrum only (PICASO) algorithm!**) are shown
in Fig. 2(c), which reveals a 100.7 fs pulse. In addition, the
transform-limited (TL) pulse for the first stage is calculated to
be 91.6 fs, which is also plotted in Fig. 2(c). The reconstructed
temporal pulse envelope is a little larger than that of the TL
pulse, and possesses a residual tail. This is reasonable, consider-
ing the high-order dispersion of the pump laser pulses, which
results in large pedestals of the pump pulses (as can be seen
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Fig. 2. Diagnosis results of the first stage. (a) Spectral broadening in log scale
with different numbers of plates in the first stage; the inset is the beam profile
after the iris. (b) Intensity autocorrelation trace after phase compensation in
the first stage; (c) retrieved temporal intensity envelope and phase after
phase compensation in the first stage by PICASO algorithm and the TL pulse.
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in the inset of Fig. 1). The high-order dispersion can be compen-
sated by the chirped mirrors in the first stage.

In the second stage, we use an argon-filled HC-PCF for fur-
ther pulse compression. The pump energy to this stage is con-
trolled using a combination of HWP and polarizing beam
splitter (PBS) cube. To avoid the accumulation of more nonlin-
ear chirps that cannot be compensated for and to obtain a good
pulse quality, the injection energy is adjusted to be 3 pJ. The HC-
PCF used in our experiment is 45 cm long with core diameters of
68 pm. To understand the propagation dynamics within the HC-
PCF, we first conduct a numerical model using the unidirec-
tional pulse propagation equation (UPPE)!*>?°!. Considering
that the peak intensity of the pulses in the HC-PCF is about
207 GW /cm?, only weak multiphoton ionization can occur?”,
so the ionization term is neglected in the simulation. The
dispersion of the fiber is approximated by the antiresonant tube
model®®!. The group velocity dispersion (GVD) of an evacuated
HC-PCF is anomalous at all wavelengths of the input pulses and
can be compensated for by the normal dispersion of the filling
gas. As the gas pressure increases, the zero-dispersion wave-
length continues to redshift. At a gas pressure of 26 bar, the
dispersion at the center wavelength is raised to 1fs?>/cm and
the zero-dispersion wavelength point is moved to 1116 nm,
which makes the whole spectral range of the output pulses of
the first stage lie in the normal dispersion region. The dispersion
curve of the HC-PCF is shown in Fig. 3(b). To be more precise,
the experimental results of the first stage are used as input data
in the simulation. Figure 3(a) shows the nonlinear pulse dynam-
ics in the fiber. As can be seen, strong spectral broadening is
observed. The output spectrum in a log scale is shown in
Fig. 3(b). The modulations in the central part of the spectrum
can be associated with spectral features of the input spectrum.
The experimental results are also presented in Fig. 3(b), which
match the simulation well. The difference between the simula-
tion and experiment is mainly due to the fact that the dispersion
model cannot perfectly match the actual dispersion of the fiber.
The broadened spectrum in our experiment covers from 900 to
1120 nm at the —30 dB intensity level. In the process of spec-
tral broadening, SPM plays a major role. Additionally, self-
steepening also affects spectral broadening, which makes a
stronger spectral extension to shorter wavelengths. Almost the
entire spectral range of the pulse output from the fiber lies in
the normal dispersion region. To this end, we use a pair of
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Fig. 3. (a) Simulated spectral evolutions in the 45-cm-long HC-PCF; (b) exper-
imental and simulated spectral outputs are compared. The red line indicates
the GVD.
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Fig. 4. (a) Intensity autocorrelation trace of the 1.6 ) pulses after phase com-
pensation in the second stage; (b) retrieved temporal intensity envelope and
phase of the 1.6 pJ pulses after phase compensation in the second stage by
PICASO algorithm and the TL pulse.

negatively chirped mirrors to compensate for the chirp. The
dispersion provided by the two chirped mirrors not only com-
pensates for the positive chirp introduced by spectral broaden-
ing, but also by all the optical elements after the fiber, which
enables the detection of sub-30 fs pulse duration.

Figure 4(a) shows the autocorrelator measurement of the
pulses after the second compression stage, which has an inten-
sity FWHM of 41.6 fs. Figure 4(b) shows the corresponding tem-
poral shape and phase of the output pulse retrieved by the
PICASO algorithm, with a pulse duration of 24.6 fs. The
16.5 fs TL pulse calculated from the experimentally measured
spectrum is also shown in Fig. 4(b). Both the autocorrelation
trace and the retrieved pulse have pedestals, which are mainly
caused by the residual higher-order dispersion that cannot be
compensated for by the chirped mirrors. At higher output pulse
energies, the pedestal of the compressed pulse will be larger. We
increased the output pulse energy to 2 pJ; the autocorrelation
trace obtained after compression is shown in Fig. 5. The pedestal
becomes so large that the pulse duration of the main peak
becomes hard to read out. The nonlinear chirp which is difficult
to compensate for partly originates from the initial pulse, and
the other part originates from the complex nonlinear effects
in the HC-PCF. As the energy of the input pulses increases,
the nonlinear effects in the HC-PCF increase, which also leads
to the increase of the nonlinear chirp accumulated in the
HC-PCF, forming a larger pedestal. To this end, injection pulse
energy of the second stage is controlled, and the output pulse
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Fig. 5. Intensity autocorrelation trace of the 2 pJ pulses after phase compen-
sation in the second stage.
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energy is measured to be 1.6 uJ. However, it is possible to further
expand the broadened pulse spectrum and obtain shorter pulse
duration at the output of the HC-PCF by adopting well-designed
chirped mirrors.

4. Conclusions

In summary, we demonstrated an efficient hybrid cascaded
compression system combining an MPC and HC-PCF setup.
Pulse shortening from 390 fs duration to less than 30 fs at
500 kHz repetition rate and 1.6 pJ of pulse energy has been real-
ized. In our system, the output power of initial laser source is
limited to be 12 pJ. Neither a single MPC stage nor an HC-
PCF stage is sufficient to compress the pulse down to sub-
30 fs pulse duration. A two-stage HC-PCF method could solve
this problem by sacrificing the simplicity and compactness of the
system. For the goal of producing sub-30 fs pulses, we find our
solution, a hybrid cascaded system, is a very good compromise,
since the first stage does not need complex optical path align-
ment. Given more suitable dispersion compensation devices,
shorter pulses down to few cycles or even single cycle could
be expected. Our system demonstrates the potential of the pro-
posed hybrid compression stage to efficiently generate broad
supercontinuum and few-cycle pulses from a high repetition
rate and moderate pulse energy Yb-based laser source.
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