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A multi-pass cell (MPC) serves as a highly effective post-
compression solution; however, conventional solid MPC can
only accept incident laser pulses with relatively low energy
and moderate power. In this Letter, an improved water-
cooled solid MPC is introduced for pulse compression of a
186 W high-power femtosecond Yb fiber laser at a 1 MHz
repetition rate. Pulse duration of 225fs is compressed down
to 28.3fs with 161 W output power, which corresponds to a
peak power of 5.35 GW. Due to the high peak power, the sys-
tem was applied to drive high-order harmonics generation
(HHG), the XUYV light spanned from 20.47 eV to 46.95¢eV,
with a maximum photon flux up to 1.07 x 10! photons/s,
which is conducive to the application of time-resolved pho-
toemission spectroscopy. © 2026 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(Al) training, and similar technologies, are reserved.
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Time-resolved angle-resolved photoemission spectroscopy (Tr-
ARPES) has a unique time-resolved and momentum-resolved
ability to study the electronic structure in materials [1]. It is now
widely applied to the study of unconventional superconductors
[2], topological materials [3], charge-density-wave systems [4],
and other quantum materials [5]. In recent years, with the great
progress of high-order harmonic generation (HHG) driven by
fs laser pulse, it has been proven to be a very suitable extreme
ultraviolet (XUV) light source for photoemission spectroscopy
[6], which has extensive applications in the research of materi-
als containing crucial electronic structures at the point of large
momentum [7]. The XUV light source based on high repetition
rate (MHz) HHG has many advantages, such as increasing XUV
photon flux, improving signal-to-noise ratio [8], and avoiding
the space-charge effect [6].

0146-9592/26/051335-04 Journal © 2026 Optica Publishing Group

Compared with the Ti:Sapphire laser, Yb-doped laser can op-
erate with average power of kilowatt-level at high repetition
rate by adopting both thin-disk amplification scheme [9] and
fiber amplification [10]. Therefore, high-power Yb lasers are one
of the best driving lasers for achieving high-flux HHG. Driv-
ing HHG requires a laser focal intensity exceeding 10'3 W/cm?.
Achieving this threshold necessitates either higher pulse energy
or a shorter pulse duration. Increasing pulse energy typically
requires multi-stage amplifiers or coherent beam combination
in fiber systems, which adds complexity and cost [11,12]. In
contrast, reducing the pulse duration is often a more effective ap-
proach. Consequently, achieving a tenfold compression in pulse
duration is typically easier than obtaining a tenfold increase in
pulse energy.

Efficient pulse compression of high-power Yb-doped fiber
lasers is now a major research topic. The basic idea of post-
compression is to first broaden the laser spectrum via self-phase
modulation (SPM) when the pulse propagates through a trans-
parent nonlinear medium, then the spectrally broadened pulse
is compressed by chirped mirrors, resulting in a significantly
shorter pulse. Common post-compression schemes include mul-
tiple thin plates (MTP) [13,14], hollow-core fiber (HCF) [15,16],
and multi-pass cell (MPC) [17-29]. Among these schemes,
MPC is particularly effective because it can tolerate high-power
and high-energy of incident pulses while also offering high
transmission efficiency and excellent beam-pointing tolerance.
A typical MPC is configured as a Herriott cell, which consists of
two concave mirrors and transparent nonlinear medium placed
inside the cavity.

Gas-filled MPC utilizes noble gases such as Neon, Argon,
Krypton, and Xenon as nonlinear media. This configuration
enables more homogeneous SPM process, minimizes the op-
tical losses, and allows nonlinear compression at high pulse
energy. The gas-filled MPC was first introduced in 2018 [17],
where 7bar of Argon was used to compress 275fs pulses
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Fig. 1. Overview of the solid-state and solid-gas hybrid MPC
compression results at 1030nm with pulse duration <50fs and at
repetition rate >50kHz.

down to 33fs, which corresponds to a 3.25GW peak power.
Promising progress has been made using first-order helical La-
guerre—Gaussian mode to compress the pulses from Yb:YAG
thin-disk amplifier (112mlJ, 1.3 ps) to 37fs at 5kHz repetition
rate [18]. Few-cycle pulses were demonstrated using double-
stage gas- filled MPC, where 260fs were compressed to 5.8 fs
(1.7 cycles), corresponding to 173 GW peak power [19].

In 2016, the solid MPC was demonstrated for the first time by
Schulte, et al. [20]. Since then, much shorter pulses with higher
peak power have been realized with solid MPC. For instance, a
single stage solid MPC compressed 300fs 170 uJ Yb laser down
to 31fs, 150uJ at 200kHz repetition rate, corresponding to a
peak power of 4.5GW [21]. In 2023, a peak power of 2.9GW
was achieved at 1 MHz using a double-stage solid MPC, which
compressed 128 uJ pulses from 1 ps to 8.2 fs with an efficiency of
44% [13]. Similarly, a hybrid scheme comprising a solid MPC
followed by an 8.6-bar argon-filled MPC was demonstrated [22].
This system compressed 230fs pulses to 6.9fs, delivering 10 uJ
of energy at a | MHz repetition rate, which corresponds to a peak
power of 1 GW. In single Yb rod-fiber amplifier configuration,
a gas-filled MPC with 3bar of Krypton was used to achieve a
compression from 240fs to 35fs with a pulse energy of 186 uJ
at 1 MHz repetition rate [30]. Solid-state MPC still holds great
potential for further power scaling, with a good beam quality and
system simplicity.

Figure 1 summarizes solid-state and solid-gas hybrid MPC
compression results for Yb lasers with pulse duration <50 fs and
repetition rate >50kHz.

In this Letter, we demonstrate a compact, cost-efficient laser
system that delivers sub-30-fs, high-power 1030 nm laser based
on an improved solid plate MPC and a home-made rod-fiber am-
plifier at repetition rate of 1 MHz, which was used to generate
high flux HHG XUV light source for ARPES. The complete sys-
tem layout is illustrated in Fig. 2. The amplifier delivers 186.3 W
of average power with pulse duration of 225 fs at 1 MHz. A novel
water-cooled solid MPC is employed to compress pulses from
225fs to 28.3 fs, corresponding to a compression ratio of 8, while
maintaining the output power of 161 W, with a total transmis-
sion efficiency of 86%. The compressed laser pulses attain a
peak power of 5.35 GW. To our knowledge, this represents the
highest peak power reported for only one stage of solid MPC
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Fig. 2. Schematic setup of the fiber laser system and the solid-
plate MPC. (HR, high-reflection mirror; PBS, polarizing beam
splitter). The MPC concave mirrors are coated with >99.9% reflec-
tivity at wavelength 950 nm to 1150 nm, and the fused-silica plates
are coated with high transmission at the same wavelength range.
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Fig. 3. The characterization measurement of rod-fiber amplifier
and compressed pulses. (a) Amplified output power (left axis) and
beam quality factor M? (right axis) as functions of the pump power.
(b) Temporal measured by autocorrelator.

published at such a high repetition rate, as shown in Fig. 1. The
HHG spectral spans from 20.47eV to 46.95eV, and maximum
flux of single order harmonic reaches 1.07 x 10'! photons/s.
The laser system is a typical fiber chirped-pulse amplification
(FCPA) architecture, as shown in Fig. 2. The front end (Huaray
laser) provides laser pulses with power of 10 W at repetition rate
of 1 MHz. These pulses are stretched to 500ps by dispersion-
tunable chirped fiber Bragg grating (CFBG) and serve as seed
pulses for rod-fiber amplifier. The rod-fiber amplifier employs
Yb-doped large-mode-area photonic crystal fiber (NKT, aero-
GAIN ROD 3.1), whose mode-field diameter exceeds 65um
(1/¢2). A wavelength-stabilized pump laser operating at 976 nm
provides up to power of 530 W. The pump laser is coupled into
the rod fiber using a fused silica lens with a focal length of
20 mm. Figure 3(a) plots the amplified output power (left axis)
and beam quality under 7.6 W seed (right axis) against pump
power. The output power increases linearly with pump power un-
til it approaches saturation for pump powers exceeding 400 W.
With increase of pump power, the beam quality (M?) maintains
<1.2, which is good due to the rod fiber operating consistently
in a single mode. However, when the pump power was further
increased beyond 424 W, the thermal effect ultimately limited
further power scaling by deteriorating the laser spot quality.
Thus, the maximum pump power was set at 424 W, resulting in a
maximum amplified output power of 202 W. The amplified laser
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pulses, after polarization optimization through a combination
of half-wave plate and PBS, are injected into the compressor.
The compressor is typically Treacy grating-pair configuration,
which has one single transmission grating with line density
of 1740line/mm, and the compression is achieved for input
laser passes through the grating four times by right-angle re-
flective mirrors. After optimization of dispersion compensation
between the grating compressor and CFBG stretcher, the com-
pressed pulses were measured to be 225fs by an autocorrelator
(APE-pulsecheck NX50), as shown in Fig. 3(b). The measured
autocorrelation trace was fitted by sech® function and the side-
band of autocorrelation pulse is due to high order dispersion that
has not been fully compensated. The compressor delivered an
output power of 186.3 W for the 202 W input, which corresponds
to a transmission efficiency of 92%.

The post-compression, which is based on the solid plate
Herriott-type MPC, is employed for the laser from grating
compressor described above. The laser beam is mode-matched
through a concave mirror and a convex mirror to the Herriott
cell. The MPC consists of two highly reflective mirrors (300 mm
radius of curvature) separated by 590 mm. Two 1-mm-thick AR-
coated fused silica (Edmund, 11-742) plates serve as nonlinear
medium. The two plates are respectively located on both sides
about 70mm away from the focal point of cavity and installed
at both ends of a vacuum tube. In order to eliminate thermal
effect of plates, the plates are mounted to copper flange, water-
cooling is introduced to eliminate the thermal effect of plates.
This improved MPC design—featuring in-vacuum plates with
active water cooling—effectively mitigates heat accumulation
and prevents air-induced filamentation at the intracavity focus.

By optimization of the position of fused silica plates and
distance between the cavity of MPC, both strong nonlinear ef-
fect and good beam quality are obtained. The radius of spot
on the plate is calculated to be 147 um, the intensity in plate
is 2.3x10'2W/cm?, which is below the critical threshold of
self-focusing. The beam mode matching in the cavity must be
carefully adjusted by measuring the uniformity and size of leak-
age laser beam from the concave mirror, 14 round trips are
chosen for sufficient spectral broadening. The resulting broad-
ened spectrum spans from 980 nm to 1080 nm (Fig. 4(a)), which
corresponds to a Fourier-transform-limited pulse duration of
22fs. Crucially, the nonlinear spectral broadening process did
not degrade the beam quality; the output beam maintained a
profile with an M? factor < 1.3. For dispersion compensation,
we used chirped mirrors (UltraFast Innovations, CM39), pro-
viding —500fs? of group delay dispersion per bounce over the
980-1080nm band. By providing —3500fs?> compensation, the
pulses from the MPC were compressed to a duration of 28.3fs,
as measured by an autocorrelator (APE PulseCheck NX50) and
fitted with a sech? function (Fig. 4(b)). The system delivers an
output power of 161 W, as measured by a high-precision power
meter (Ophir FL1100A-BB-65), which corresponds to an overall
transmission efficiency of 86%. The measured power exhibited a
long-term stability of 0.29% over 6 hours (Fig. 4(c)), which also
shows a good stability of pulse energy for HHG.

The specifications from fiber amplifier and MPC are shown
in Table 1, and the results show that the compression factor of 8
is realized, and the peak power of laser is enhanced by 7 times,
reaching 5.35 GW. This high peak power makes the source an
excellent driver for efficient high-harmonic generation.

Figure 5(a) shows the schematic layout of the high-harmonic
generation and propagation of XUV beam, including XUV
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Fig. 4. Characterization of compressed pulse from MPC. (a) The
broadening spectral distribution (Log) measured with optical spec-
trum analyzer (Ando AQ6315A); the inset figure is the incident laser
spectrum. (b) Temporal intensity (black solid line) measured by
commercial autocorrelator (APE-pulsecheck NX50), sech? fit result
(red solid line). The main peak includes 90% of the pulse energy.
(c) Output power stability in 6 h.

Table 1. Experimental Performance of the Rod-Fiber
Laser and Post-Compression

Amplifier MPC
Tewim (F9) 225 28.28
E (u)) 186.3 161
P (W) 186.3 161
P (GW) 0.78 5.35

spectrum distribution measurement and monochromator for se-
lecting of each harmonic. The driving laser (described above) is
attenuated by a half-wave plate and a thin-film polarizer (TFP),
and focused by a concave mirror (f=400mm) into a gas jet to
generate HHG. The effective power at the gas target is 134 W.
With a measured focal spot diameter of 68.2 um, the resulting
peak intensity is calculated to be 2.44 x 10'* W/cm?. The HHG
beam is collinear with driving laser. A 200 nm-thick Al filter is
used to block the driving laser and transmit the HHG to spec-
trometer. An insertable mirror directs the HHG beam alternately
to the XUV flat-field spectrometer or the monochromator. The
XUV flat-field spectrometer consists of a gold-coated grating
with variable line density and a microchannel plate (MCP) with
phosphor screen detector.

By optimization of the gas pressure and gas jet position, the
best photon flux was achieved at 1.5 Bar for Kr. The HHG
spectrum distribution was measured by an XUV flat-field spec-
trometer, the typical recorded 2D spectral distribution is pre-
sented in Fig. 5(b), and the corresponding intensity profile is
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Fig. 5. (a) Schematic setup of the high-harmonic generation and
propagation of XUV beam switched to flat-field spectrometer (light
blue part) and monochromator (light yellow part) for detecting of
each harmonic (MCP, microchannel plate; PD, photodiode; TM,
toroidal mirrors). (b) The XUV spectrum 2D distribution measured
by flat-field spectrometer. (¢) XUV intensity distribution obtained
by the spectrometer. (d) XUV spectrum measured by scanning of
monochromator with PD.

shown in Fig. 5(c). It spans from 20.47¢eV (17th) to 46.95eV
(39th), which is consistent with those of the monochromator, as
shown in Fig. 5(d). The strongest flux harmonic is at 30.1eV
(25th). The flux of 25th harmonic was selected by monochro-
mator, collimated by a toroidal mirror, and detected by XUV
PD. According to the calibration of the XUV PD, transmis-
sion efficiency of the aluminum filter, and the efficiency of the
diffraction grating in monochromator (Supplement 1), the max-
imum photon flux of single harmonic at 30.1eV is calculated to
be 1.07 x 10'! photons/s.

In conclusion, we have developed a home-made, high-power
Yb rod-fiber laser system to drive a high-flux tabletop HHG
source. The Yb rod-fiber laser delivers an average power of
186 W, corresponding to 225fs pulses at a repetition rate of
1 MHz. Based on the high-power fs laser, an improved solid
plate MPC was developed for spectrum broadening. The MPC
design effectively balances strong nonlinear spectral broaden-
ing with the preservation of good beam quality. The spectrum
was broadened from 980 to 1080 nm and then compressed down
to 28.3fs, which corresponds to a compression factor of 8, and
peak power is enhanced to be 5.35 GW. This represents the high-
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est peak power from a single solid plate MPC at 1 MHz repetition
rate. Driven by this high peak power laser, the high-order har-
monics spanning from 20.47¢eV to 46.95eV are generated. The
flux of the isolated 25th harmonic at 30.1eV was measured to
be 1.07 x 10'! photons/s. The results provide an ideal XUV light
source for time resolved photoelectron spectrometer.
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