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High-repetition-rate sub-optical-cycle synthesis based on
two-color Yb lasers requires few-cycle pulses from both the
fundamental wave (FW) and its second harmonic (SH). Yet
generating few-cycle SH pulses remains challenging. Here,
we demonstrate a 3.1 W few-cycle green source at 50 kHz us-
ing a strategy that first compresses the FW pulses, followed
by frequency doubling and subsequent post-compression of
the SH pulses in an argon-filled gas cell. The system derived
pulses of 6.3 fs with 62-µJ pulse energy with 0.3% RMS
power stability over 6 h, enabling strong-field electron dy-
namics control within sub-cycle regime and its applications
at high signal-to-noise ratio. © 2026 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(AI) training, and similar technologies, are reserved.
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Synthesizing a fundamental wave (FW) with its second har-
monic (SH) breaks the temporal symmetry of the electric field.
The resulting two-color asymmetric waveform enhances strong-
field electron dynamics, e.g., tunnel ionization at favorable
phases, increases the kinetic energy gained by electrons in the
continuum, and modifies their return dynamics [1–3]. Compared
with multi-channel synthesis based on a shared supercontinuum
originating from the FW [4,5], two-color synthesis using the FW
and its SH provides greater flexibility in controlling the relative
phase and intensity ratio, thereby enabling more versatile ma-
nipulation of electron trajectories, quantum-path interference,
and phase matching [6]. Recently, two-color synthesizer gain in-
creasing importance for efficient high-harmonic generation [7,8]
and terahertz emission [9,10]. Further compressing the FW and
its SH both into few-cycle regime enables tailored sub-cycle
electric field for precisely coherent control of electron dynamics
in atomic, molecular, and solid-state systems [11,12].

To date, two-color configurations delivering few-cycle FW
and SH pulses have merely been realized by kHz-level lasers
[13–15]. For applications such as pump–probe spectroscopy
[16] and angle-resolved photoemission spectroscopy [17],
100 kHz-level two-color few-cycle sources are highly desirable
to achieve a high signal-to-noise ratio and more efficient data

acquisition. Based on high-repetition-rate, Ytterbium laser of-
fers an alternative, as few-cycle FW has been demonstrated
through extensive spectral broadening and efficient compression
[18–21]. However, compressing SH pulses further into the few-
cycle regime remains challenging because of the lower damage
threshold of the nonlinear media for stable spectral broadening
and the more demanding dispersion management required for
efficient pulse compression compared with the FW [22].

The conventional strategy places a frequency-doubling crys-
tal directly after the Yb-laser output to generate near-200-fs
SH pulses with high conversion efficiency, followed by post-
compression to achieve sub-20-fs pulse duration [23–26]. How-
ever, a moderate SH conversion efficiency is more favorable
for preserving the residual FW, thereby facilitating its recycling
and compression for subsequent two-color synthesis [27]. To
overcome these challenges, we propose a practical approach
for generating a high-repetition-rate two-color few-cycle source
from a Yb-based laser (Fig. 1). The strategy consists of three
key ingredients:

1) Efficiently compress the Yb-laser output to 21.7 fs while
maintaining high throughput using an optimized multi-
pass-cell compressor (MPC).

2) Generate SH pulses directly after the MPC output with
moderate conversion efficiency, resulting in 17.3-fs SH
pulses and the 16-fs residual FW (FW1) while preserving
sufficient energy and compressibility in both channels.

3) Further broaden the spectra of both the FW and SH pulses
via gas-filled single-pass cell and subsequently compress
them to the few-cycle regime.

Beyond demonstrating high-power, single-cycle FW through
a cascaded MPC and single-pass scheme [28], this Letter
presents a high-performance, two-color pulse compression ar-
chitecture featuring a 6.3-fs SH output. In the initial stage, a
high-efficiency MPC-based compressor reduces the pulse dura-
tion of a 400-μJ, 50-kHz Yb-laser from 180 fs to 21.7 fs while
maintaining an exceptional energy throughput exceeding 97%.
Subsequent SH generation yields 88-μJ, 17.3-fs green pulses;
notably, this process simultaneously shortens the residual FW
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Fig. 1. Schematic diagram of the experimental setup. The phase-
locking modules are currently under development (combination
stage, indicated by the semi-transparent sections). DCM, double
chirped mirror; HS, harmonic separator; HWP, half-wave plate.

from 21.7 fs to 16 fs. Furthermore, the residual FW is com-
pressed to 4.6 fs (FW2). By focusing the SH pulses into an
argon-filled gas cell for further spectral broadening, we achieved
a supercontinuum spanning from 350 nm to 620 nm (at the
−30 dB level). These broadened pulses were compressed to 6.3
fs with a pulse energy of 62 μJ, utilizing only group delay disper-
sion (GDD) compensation. The compressed pulses are near the
transform-limit (TL) duration of 4.6 fs, achieving a total com-
pression efficiency of over 70%. Approximately 60.4% of the
pulse energy is contained within the main lobe, resulting in a
peak power of 5.9 GW. Furthermore, the system exhibits excel-
lent long-term robustness, with power fluctuations of less than
0.3% (RMS) over a 6-hour period.

Our experimental setup consists of an MPC for FW compres-
sion and a gas cell for two-channel pulse compression separately
(Fig. 1). The details of the MPC configuration are provided in
[28]. Following the MPC, a set of chirped mirrors is employed to
introduce a pre-chirp of −200 fs2 (Layertec GmbH, −100 fs2 per
bounce over the 950–1120 nm range). Subsequent SH pulses are
generated using a 0.2-mm anti-reflection-coated (AR-coated)
beta-barium borate (BBO) crystal, which is cut at 23.4° along
the S-polarization direction. Two harmonics separators (HS)
(Layertec GmbH, high reflectance at 480–550 nm, high trans-
mittance at 925–1150 nm) and an achromatic half-wave plate
(HWP) are used to filter the FW to a level of −50 dB, as verified
by an optical spectrum analyzer (OSA, AQ6374E, Yokogawa),
and rotate the SH pulses to P-polarization. To broaden the spec-
trum of SH pulses, a single-pass configuration is applied with
pulses focused in an argon-filled gas cell (2 m × 0.3 m × 0.3 m).
The collimated beam is compressed by two sets of customized
DCMs (Ultrafast Innovations GmbH, −30 fs² per bounce at
350 − 700 nm with reflectivity >96%) and 20 cm of air for
dispersion fine-tuning.

The temporal and spectral characteristics of the FW1 follow-
ing the SH process were characterized using a SPIDER (FC
SPIDER IR, APE GmbH). To isolate FW, an HS was placed
before the characterization stage (Fig. 1), yielding an average
power of 13.0 W. The FW1 duration was measured at 16.0 fs
(Fig. 2(a)), which is notably shorter than the 21.7-fs pulses ini-
tially output from the MPC. This temporal profile corresponds
to an energy fraction of 70% within the main lobe, resulting in
a peak power of 11.4 GW. The broadened spectrum spans from
approximately 900 nm to 1200 nm (Fig. 2(b)). The shortening
of the FW is attributed to a combination of nonlinear spec-
tral broadening within the BBO crystal and subsequent spectral
shaping. Specifically, the BBO crystal was slightly detuned to

 
Fig. 2. Characterization of FW1 after HS. (a) Temporal intensity
(blue line) along with the transform limit. (b) Retrieved spectral in-
tensity (blue line) and phases (orange line).

 
Fig. 3. Characterization of FW2. (a) Measured and (b) retrieved
D-scan trance. (c) Spectral intensity (blue line) and the correspond-
ing phase (red line). (d) Temporal intensity. Inset figure: far-field
beam profile.

maximize SH conversion efficiency. In this configuration, the
optimum phase-matching wavelength is located above 1070 nm,
which reduces the spectral weight of longer wavelengths and in-
duces a blue-shift of the center wavelength. The FW1 is focused
into the argon-filled gas cell, yielding 4.6-fs pulses (TL: 4.5 fs)
corresponding to 1.4 optical cycles, with more than 90.5% of
the peak power concentrated in the main pulse (Fig. 3). The av-
erage output power is 10.2 W, corresponding to a peak power of
40.2 GW and an overall efficiency of 78%, the compressor and
temporal characterization methods is detailed in [28]. The far-
field beam profile, measured to be 35 μm in 1/e² diameter at the
focus using a 50-mm off-axis parabolic mirror, corresponds to a
peak intensity of approximately 8.3 PW/cm².

The average power of the SH pulses following two HS was
measured at 4.4 W, corresponding to a conversion efficiency
of 22.6%. The temporal and spectral characteristics of the SH
pulses were characterized using a transient-grating frequency-
resolved optical gating (TG-FROG) system. The TG signal
was captured by a CMOS-based spectrometer (YIXIST, YSM-
8106), while the reference spectrum was recorded using an
OSA. The reconstructed TG-FROG trace (Fig. 4(b)) achieved
a low retrieval error of 0.004 compared to the measured trace
(Fig. 4(a)). The SH pulse duration was determined to be 17.3
fs, closely approaching the transform-limited (TL) duration of
16.5 fs (Fig. 4(c)). A comparison between the retrieved and mea-
sured spectra is provided in Fig. 4(d), revealing a slight residual
high-order dispersion that is induced during the SH generation
process. This temporal profile features an energy fraction of
83.8% within the main lobe, resulting in a peak power of 4.3 GW.
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Fig. 4. Characterization of SH pulses after HS. (a) Measured and
(b) reconstructed FROG trace. (c) Temporal intensity (blue line)
along with transform limit. (d) Retrieved spectral intensity (blue
line), phases (orange line), and measured spectral intensity (gray
shadow).

The spectral broadening in the single-pass gas cell is finely ad-
justed by tuning the filled argon pressure from 1.0 bar to 2.0 bar,
where the critical power Pcrit varied from 3.6 GW to 1.8 GW,
where the propagation length of the self-focusing beam until
collapse Lc is rather well approximated by a semi-empirical
formula:

𝐿𝑐 =
0.367𝐿DF

√[(𝑃in/𝑃cr)
1/2 − 0.852]

2
− 0.0219

, (1)

where Pin is the peak power of the input pulses, and LDF is the
Rayleigh length of the beam. Utilizing a focusing mirror with a
1500 mm radius of curvature for free-space propagation within
the gas cell, the Rayleigh length is estimated to be ∼5 mm. This
yields a collapse length Lc varied from ∼9.6 mm to 2.7 mm.
Since Lc is comparable to or shorter than the Rayleigh length,
it indicates that self-focusing and subsequent ionization occur
during propagation.

The evolution of the SH spectrum was recorded using an OSA
at 0.2-bar intervals, ranging from 1.0 bar to 1.8 bar (Fig. 5(a)).
As the gas pressure increases, the spectrum broadens signif-
icantly; notably, the extension on the short-wavelength side
is more pronounced than on the long-wavelength side. This
asymmetry indicates that the spectral broadening is driven
by a combination of self-phase modulation, self-steepening,
and ionization-induced frequency blue-shifting effects. Spectral
broadening begins to saturate at an argon pressure of 1.8 bar,
with no further significant extension observed at 2.0 bar and
2.2 bar. Further increases in pressure led to degradation of both
transmission efficiency and long-term stability. To maintain a
stable output, the pressure was optimized at 1.6 bar, yielding
a green-pulse supercontinuum spanning 350–620 nm (at the
−30 dB level). The average power was measured at 3.9 W before
the compression stage, with a long-term stability of 0.3% (RMS)
over 6 hours (Fig. 5(b)). This minor degradation in stability,

 
Fig. 5. (a) Pressure-dependent spectral broadening in an argon-
filled gas cell. (b) Power stability of uncompressed output pulses
after gas cell for over 6 hours.

compared to the FW, is attributed to the nonlinear amplifi-
cation of power and pointing jitters during the SHG process,
which is highly sensitive to both input intensity and the angle of
incidence.

To better verify the ionization behavior, simulations were
performed by solving the unidirectional pulse propagation equa-
tion (UPPE) based on the numerical model reported in [29].
Assuming radially symmetric free-space propagation, the cal-
culated beam radius at the focus is 88 μm. The discrepancy
from the vacuum focusing condition indicates a non-negligible
self-focusing effect within the Rayleigh length. Consequently,
a weak ionization region is formed approximately 670–770 mm
from the focusing mirror, corresponding to an advanced focal
position relative to its vacuum focus. Using the Ammosov–
Delone–Krainov (ADK) ionization model, the maximum ion-
ization rate in this region is estimated to be 2.80 × 10−3 for argon
at a pressure of 1.6 bar in the gas cell.

The average power following compression is 3.1 W, corre-
sponding to an overall throughput efficiency of 70%. The pri-
mary energy losses are attributed to the silver-coated mirrors
and the DCMs positioned after the gas cell. The temporal and
spectral characteristics of the compressed SH pulses were also
characterized using TG-FROG and an OSA, respectively. The
reconstructed TG-FROG trace (Fig. 6(b)) exhibits a retrieval
error of 0.007 relative to the measured trace (Fig. 6(a)), con-
firming a high-fidelity reconstruction. The compressed SH pulse
duration was measured at 6.3 fs, corresponding to 3.7 opti-
cal cycles at the center wavelength with TL duration of 4.6 fs
(Fig. 6(c)). This temporal profile features an energy fraction of
60.4% within the main lobe, resulting in a peak power of 5.9 GW.
The far-field beam profile, measured to be 80 μm in 1/e² di-
ameter at the focus using a 50-mm off-axis parabolic mirror,
corresponds to a peak intensity of approximately 0.2 PW/cm².
This result confirms the high spatiotemporal quality required
for strong-field applications under tight focusing. The oscilla-
tions observed in the retrieved spectral phase (Fig. 6(d)) are
ascribed to the inherent trade-off between maximizing the ef-
fective bandwidth and achieving precise group delay dispersion
(GDD) control during the DCM coating design process. Conse-
quently, these residual phase fluctuations lead to the emergence
of side lobes in the temporal profile. The compression results are
summarized in Table 1. Here, FW1 and FW2 denote the residual
FW after SH generation and the FW after the single-pass cell,
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Fig. 6. Characterization of final compressed SH pulses. (a) Mea-
sured and (b) reconstructed FROG trace. (c) Temporal intensity
(blue line) along with transform limit, inserted figure is the far-field
beam profile. (d) Retrieved spectral intensity (blue line), phases (or-
ange line), and measured spectral intensity.

Table 1. Summary of Compression Results

Laser MPC FW 1 SH 1 FW 2 SH 2

Average power (W) 20 19.4 13.0 4.4 10.2 3.1
Pulse duration (fs) 180 21.7 16.0 17.3 4.6 6.3
Pulse energy (μJ) 400 388 260 88 204 62
Peak power (GW) 2.2 15.9 11.4 4.3 40.1 5.9

 
Fig. 7. Simulation of waveform synthesis using few-cycle SH and
FW pulses. (a) Temporal synthesis of the FW and SH pulses. (b)
Effective spectral ranges of the SH channel (green shading) and FW
channel (orange shading) used for synthesis, together with their rel-
ative spectral intensities.

respectively, while SH1 and SH2 denote the SH pulses before
and after the single-pass compressor, respectively.

In summary, we have demonstrated a high-power, two-color
architecture capable of delivering 3.1-W, 62-μJ, 6.3-fs SH pulses
at a 50-kHz repetition rate. The system exhibits exceptional
long-term reliability, with a 6-hour power stability of better than
0.3% (RMS). Furthermore, we compressed the residual FW to
4.6 fs (1.4 cycle) via nonlinear process simultaneously.

We foresee that, with the active phase-locking modules cur-
rently being implemented based on our previous work [30]
and the use of customized ultra-broadband dichroic mirrors
optimized for both high spectral selectivity and dispersion

control (Ultrafast Innovations GmbH, high reflectance at
350–590 nm, high transmittance at 610–1500 nm, both GDD op-
timized), this system provides a clear route toward controllable,
high-power two-color synthesis. Simulations further indicate
that combining the few-cycle SH pulses demonstrated here with
a near-single-cycle FW can support 2.3-fs pulses, correspond-
ing to 0.8 optical cycle at ∼840 nm center wavelength (Fig. 7).
We believe that such light source will serve as a powerful
platform for efficient high-harmonic generation, broadband ter-
ahertz generation, and coherent control of attosecond electron
dynamics.
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