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Lasers with high average and high peak power as well as ultrashort pulse width have been all along demanded by
nonlinear optics studies, strong-field experiments, electron dynamics investigations, and ultrafast spectroscopy.
While the routinely used titanium-doped sapphire (Ti:sapphire) laser faces a bottleneck in the average power up-
scaling, ytterbium (Yb)-doped lasers have remarkable advantages in achieving high average power. However, there is
still a substantial gap of pulse width and peak power between the Ti:sapphire and Yb-doped lasers. Here we dem-
onstrate a high-power Yb:CaAlGdO4 (Yb:CALGO) regenerative amplifier system, delivering 1040 nm pulses with
11W average power, 50 fs pulse width, and 3.7 GWpeak power at a repetition rate of 43 kHz, which to some extent
bridges the gap between the Ti:sapphire and Yb lasers. An ultrabroadband Yb-doped fiber oscillator, specially de-
signed spectral shapers, and Yb:CALGO gain medium with broad emission bandwidth, together with a double-end
pumping scheme enable an amplified bandwidth of 19 nm and 95 fs output pulse width. To the best of our knowl-
edge, this is the first demonstration of sub-100 fs regenerative amplifier based on Yb-doped bulk medium without
nonlinear spectral broadening. The amplified pulse is further compressed to 50 fs via cascaded-quadratic compres-
sion with a simple setup, producing 3.7 GW peak power, which boosts the record of peak power from Yb:CALGO
regenerative amplifiers by 1 order. As a proof of concept, pumped by the high-power, 50 fs pulses, 7.5–11.5 μmmid-
infrared (MIR) generation via intrapulse difference-frequency generation is performed, without the necessity of
nonlinear fiber compressors. It leads to a simple and robust apparatus, and it would find good usefulness in
MIR spectroscopic applications. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.425149

1. INTRODUCTION

High-peak-power and average-power lasers with ultrashort pulse
width are the enablers for a number of important applications
such as wavelength conversions into deep ultraviolet [1], mid-
infrared (MIR) [2,3], and terahertz bands [4]; strong-field experi-
ments including high-harmonic generation [5], attosecond pulse
generation [6]; and two-dimensional spectroscopy [7]. While ti-
tanium-doped sapphire (Ti:sapphire) lasers with high peak
power and sub-50 fs pulse width have been routinely employed
as the unanimous driving sources, upscaling the average power to
the scale > 10 W is technically challenging. However, for some
typical applications, such as high-harmonic generation, attosec-
ond pulse generation, and intrapulse difference-frequency gen-
eration (IPDFG), driven by Ti:sapphire lasers, a good average
power is highly demanded for the required photon flux. Thus
it is heavily desired to have a new driving laser source with hun-
dreds of microjoules (μJ) or millijoule (mJ)-level pulse energy,

> 10 W or multi-10 W average power, and sub-50 fs pulse
width. On the other hand, in the last decade, ytterbium
(Yb)-doped lasers have attained dramatic progress for a number
of advantages. First, much smaller quantum defects pumped at
∼980 nm lead to significantly less heat accumulation. Second,
Yb gain media could be pumped by widely available and less
expensive high-power laser diodes. Moreover, the smaller ther-
mal-optic coefficient (∼8 × 10−6 K−1 [8] for Yb versus
∼13 × 10−6 K−1 [9] for Ti:sapphire) means the reduced thermal
sensitivity at a high power operation. Thus, ∼1 ps pulses with
joule-level pulse energy and kilowatt (kW) average power have
been generated in Yb:YAG lasers with thin disk [10], cryogenic-
cooling [11], or InnoSlab [12] techniques. However, there is still
a substantial gap of pulse width and peak power between the
Ti:sapphire and Yb-doped lasers.

To bridge the gap, a number of Yb gain media such
as Yb:CaF2 (emission bandwidth Δλe ∼ 70 nm) [13,14],
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Yb:KGW (Δλe ∼ 20–25 nm) [15–17], Yb:CaAlGdO4 (Yb:
CALGO) (Δλe ∼ 80 nm) [18–20], Yb:CALYO (Δλe ∼
80 nm) [21,22], and Yb:Lu2O3 (Δλe ∼ 12 nm) [23,24] with
broad emission bandwidth have been explored. Among all the
aforementioned Yb gain media, the thermal conductivity of
Yb:CALGO [6.3 W/(m·K)] [25] is only lower than that of
Yb:Lu2O3 [12 W/(m·K)] [23], whereas Yb:CALGO has a
much broader emission bandwidth. Thus Yb:CALGO emerges
as a promising candidate for the sub-100 fs or even sub-50 fs
pulse generation with high peak power and average power.
Kerr-lens mode-locked Yb:CALGO oscillators with sub-100 fs
pulse width and < 3 MW peak power at a repetition rate of
40–80 MHz have been demonstrated [18,19]. To achieve
higher pulse energy and peak power, the regenerative amplifier
is adapted. An Yb:CALGO regenerative amplifier with 27 W
average power, 54 μJ pulse energy, and 140 fs pulses at a rep-
etition rate of 500 kHz has been demonstrated with 330 MW
peak power [20]. With the aid of nonlinear spectral broadening
in the Yb:CALGO regenerative amplifier cavity, a pulse dura-
tion down to 97 fs is obtained with an output power of 1.2 W
at 50 kHz repetition rate, corresponding to a peak power of
218 MW [26]. However, sub-50 fs pulses with multigigawatt
peak power, which are demanded by applications like strong-
field experiments and parametric downconversions have not yet
been realized.

One typical application of the sub-50 fs near-infrared driv-
ing source with high peak power is the MIR pulse generation
via IPDFG. Driving lasers with the pulse width < 30 fs have
been routinely used in MIR IPDFG [2,27–30]. Nonlinear fiber
compressors accompanied with chirped mirrors [31] or multi-
pass compressors [32] are thus required for the additional non-
linear compression with a high compression factor, but to some

extent make the setup complex and increase the cost of the
whole system too.

In this paper, we report a high-power Yb:CALGO regenerative
amplification system, delivering 50 fs pulses centered at 1040 nm
with 11W average power and 3.7 GW peak power at a repetition
rate of 43 kHz. Combining the ultrabroadband Yb-fiber oscilla-
tor, seed spectral shaper, double-end pumping scheme, and
Yb:CALGO gain media, 95 fs pulses with 12.5 W average power
are output directly from the regenerative amplifier. To the best of
our knowledge, this is the first demonstration of sub-100 fs re-
generative amplifier based on Yb-doped bulk medium, without
nonlinear spectral broadening. In the normal dispersive regime,
cascaded-quadratic compression has been a simple and cost effec-
tive technique that averts the necessity of expensive chirp mirrors
and fine alignment [33,34]. The 95 fs output pulse is further
compressed to 50 fs via cascaded-quadratic compression, with
11 W average power and 3.7 GW peak power. Subsequently,
MIR emission tuning from 7.5 to 11.5 μm is generated through
IPDFG in a long LiGaS2 (LGS) crystal, which provides sufficient
spectral broadening, serving as the signal of IPDFG. This is a
proof-of-concept demonstration of MIR IPDFG driven by rela-
tively long pulses without the necessity of nonlinear fiber com-
pressors. It not only to a large extent simplifies the apparatus but
also enhances the power efficiency, which could find good use-
fulness in MIR spectroscopic applications.

2. EXPERIMENTAL SETUP

As shown in Fig. 1, the experimental setup consists of four
blocks, namely, front end, regenerative amplifier, cascaded-
quadratic compressor, and MIR IPDFG stage, with the details
presented as follows.

Fig. 1. Schematics of (a) front end, (b) regenerative amplifier, (c) cascaded-quadratic compressor, and (d) mid-infrared (MIR) intrapulse differ-
ence-frequency generation (IPDFG) stage. The front end consists of an Yb-fiber oscillator and a designed spectral shaper. The regenerative amplifier
employs an Yb:CALGO crystal. HR, high reflection mirror; PBS, polarization beam splitter; L, lens; FR, Faraday rotator; HWP, half-wave plate; PC,
Pockels cell; QWP, quarter-wave plate; DM, dichroic mirror; LD, laser diode; LPF, low-pass filter; G, high-efficiency transmission grating with
1600 lines/mm; LGS, LiGaS2 crystal.
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A. Front End
In the front end, a customized broadband Yb-fiber oscillator
(Yacto-FL-Ultra) with the center wavelength of 1040 nm
and −10 dB bandwidth of ∼70 nm is built to provide a seed
pulse with broadband spectrum. Seed pulse trains with 1 nJ
pulse energy are counted down to a repetition rate of
43 kHz with a high-contrast acoustic optical modulator. A
Martinez stretcher with a group delay dispersion (GDD) of
3.5 × 106 fs2 is employed to stretch the seed pulses to a width
of ∼140 ps with an overall efficiency of ∼80%. To compensate
for the strong gain narrowing in the regenerative amplifier, a
notched spectral shaper is specially designed and employed after
the stretcher to preshape the seed spectrum. The reflectivity of a
single dielectric spectral shaper has a dip of 20% centered at
1040 nm, spanning in the spectral range of 1025–1055 nm.
Seven-bounces reflection is designed in the seed spectral shaper.
Finally, 80% of attenuation is achieved in the spectral center as
depicted by the blue dotted curve in Fig. 2(a). A ∼0.2 nJ seed
pulse is thus transmitted through the spectral shaper and in-
jected into the regenerative cavity.

B. Regenerative Amplifier
A 1.5%-doped Yb:CALGO crystal with a-cut orientation and
8 mm thickness is mounted on a water-cooled copper holder
with four surrounding cooling surfaces. Double-end pumping
is adopted by using a fiber-coupled (core diameter of 200 μm)
laser diode with a maximum output power of 240 W and the
wavelength locked at 980 nm. In the cavity of the regenerative
amplifier, which is 2 m in length, telescopes are used to pre-
cisely adjust the beam sizes at different optics and to ensure
a stable operation. The beam diameters of pump and signal
on the Yb:CALGO crystal are designed as ∼400 μm and
∼380 μm, respectively, to ensure a good gain performance
and mitigate the risk of damage. The beam diameter is enlarged
to ∼600 μm on the Pockels cell with double beta-barium bo-
rate (BBO) crystals (overall length of 40 mm) to avoid any non-
linear modulation. After amplification, the amplified pulse is
then sent to a Treacy compressor providing a GDD of
−4.5 × 106 fs2 with an overall efficiency of 80%. The difference
in GDD between the stretcher and compressor is mainly attrib-
uted to the accumulated dispersion of the Yb:CALGO crystal
(0.7 × 106 fs2) and 40 mm thick BBO (0.3 × 106 fs2) in the
Pockels cell, after 90 round trips. The amplified laser is char-
acterized by an optical spectral analyzer (Yokogawa
AQ6370D), a power meter (Ophir FL250A-BB-50), and a
beam profiler (Dataray WinCamD).

C. Cascaded-Quadratic Compression
To further compress the amplified pulse, an antireflection
(AR)-coated BBO crystal with the type I phase-matching angle
of 23.5° and 20 mm thickness is used for the cascaded-
quadratic compression. The beam size of the output pulse from
the Treacy compressor is expanded to 2.6 mm on the BBO
with another telescope, generating a peak intensity of
∼115 GW∕cm2. Two 9 mm thick sapphire crystals placed
at the Brewster angle are carefully chosen to compensate for
the negative GDD from the cascaded-quadratic compression
process. The overall efficiency of the cascade nonlinear com-
pression is 88%. The temporal profiles of the compressed

pulses are characterized by a commercial second-harmonic gen-
eration frequency-resolved optical gating (SHG-FROG) setup
(Mesa Photonics).

Fig. 2. (a) Comparison of the seed spectrum with (red) and without
(black) the spectral shaper. The single reflection (blush dash) and over-
all response (blue dot) of the spectral shaper as a function of the wave-
length are also included. (b) Comparison of the amplified spectrum
with (red) and without (black) spectral shaping. The spectra corre-
spond to the output power of ∼15.5 W with 90 round trips.
(c) The amplified spectral bandwidth with (red) and without (black)
the spectral shaper, and the output power (blue) as a function of the
round trips in the regenerative amplifier, with the absorbed pump
power of 150 W. (d) The amplified output power in the regenerative
amplifier as a function of the absorbed pump power with 90 round
trips.
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D. MIR IPDFG
With the high-power ultrashort driving pulses, MIR downcon-
version via IPDFG is also investigated. An AR-coated 8 mm
thick LGS crystal with the transparency range covering
0.32–11.6 μm and a bandgap energy of ∼3.7 eV, which sup-
presses the two-photon absorption when pumped by the strong
near-infrared pulses, is used. The type I phase-matching angle
of 51° in the x−z plane is chosen for a broad phase-matching
bandwidth, pumped at ∼1040 nm wavelength, and small tem-
poral walk-off between the pump and signal wavelengths. A
half-wave plate (HWP) is employed to divide the pump beam
into two orthogonally polarized components serving as the
pump and signal beams. The beam diameter on the LGS
crystal is 1.6 mm, corresponding to a peak intensity of
∼230 GW∕cm2, which is below the measured damage thresh-
old of 350 GW∕cm2 and 1000 GW∕cm2 reported in
Ref. [27] and [2], respectively. It is to be noted that the power
of the 50 fs driving laser used for the MIR IPDFG is limited to
5 W, to avoid any damage of the LGS crystal. The generated
MIR pulses are separated from the residual near-infrared pump
and signal using a long-pass filter with the cutoff wavelength at
3.6 μm. The long-wavelength MIR spectrum is then measured
by using a scanning-grating monochromator with a liquid-ni-
trogen-cooled mercury cadmium telluride detector.

3. EXPERIMENT RESULTS AND DISCUSSION

A. Sub-100 fs Pulses from Yb Regenerative
Amplifier
The seed spectra before and after the spectral shaper are char-
acterized as presented in Fig. 2(a). The seed spectrum from the
customized broadband Yb-fiber oscillator spans from 1000 to
1070 nm, which matches well with the emission bandwidth of
the Yb:CALGO gain media. With seven bounces from the
spectral shaper, the seed spectrum is shaped, forming a spectral
hole with ∼20% residual intensity centered at 1040 nm. The
gain narrowing during amplification in the regenerative ampli-
fier is significantly suppressed with the implementation of the
spectral shaper and double-end pumping scheme, which in-
creases the averaged inversion along the thick Yb:CALGO crys-
tal [35] as compared in Fig. 2(b). The bandwidth of the
amplified spectrum is increased from 9 to 19 nm with the
aid of the spectral shaper, when 150 W pump power is ab-
sorbed. The spectral narrowing with respect to the amplifica-
tion round trips is also characterized as presented in Fig. 2(c). It
is observed that the amplified bandwidth is doubled with the
spectral shaper at large round trips (> 60), indicating its crucial
role in achieving the broad lasing bandwidth at high-gain op-
eration. It is worth mentioning that the spectral shaper has neg-
ligible effect on the output power thanks to the high gain of the
regenerative amplifier. With an absorbed pump power of
150 W and 90 round trips, the output power is saturated at
15.5 W at 43 kHz repetition rate, corresponding to 360 μJ
pulse energy as shown in Figs. 2(c) and 2(d). A perfect
Gaussian beam is manifested as shown in Fig. 3(a), indicating
good thermal management of the regenerative amplifier.

The amplified pulses from the regenerative amplifier are
compressed by a Treacy grating compressor with ∼80% effi-
ciency, generating 12.5 W, 290 μJ output pulses. The temporal

profile of the output pulse characterized by SHG-FROG is
shown in Fig. 4. The measured and retrieved spectra have a
relatively good agreement as presented in Fig. 4(d), with a
bandwidth of 19 nm which supports a transform-limited
(TL) pulse of 86 fs, assuming a Gaussian profile. The retrieved
temporal profile shows a pulse width of 95 fs as presented in
Fig. 4(c). The unsuppressed pedestals, which hold ∼14% of the
total energy from the measured pulse, account for the uncom-
pensated third-order dispersion originated from the regenera-
tive amplifier cavity. It is worth mentioning that this is the
first demonstration of sub-100 fs output from an Yb-bulk re-
generative amplifier without nonlinear modulation, to the best
of our knowledge.

B. 50 fs Pulses from Cascaded-Quadratic
Compression
More advanced applications such as MIR pulse generation via
IPDFG require even shorter pulses from high-power regener-
ative amplifiers. With the cascaded-quadratic compression
technique, a long BBO crystal with 20 mm thickness is em-
ployed to provide the required phase mismatch in an SHG con-
version. The 12.5 W, 290 μJ, 95 fs pulses are incident on the
BBO crystal with a peak intensity of ∼115 GW∕cm2, which is

Fig. 3. Measured output beam profiles from (a) the Yb:CALGO
regenerative amplifier and (b) the cascaded-quadratic compressor.

Fig. 4. SHG-FROG measurement of the 95 fs pulses from the re-
generative amplifier. The (a) measured and (b) retrieved FROG traces
of the 95 fs pulse. The FROG error is 0.8%. (c) The retrieved tem-
poral profile and the transform-limited temporal profile. (d) The re-
trieved FROG spectral intensity and phase of the 95 fs laser pulse,
compared to the spectrum independently measured using a spectral
analyzer.
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designed to generate a negative nonlinear phase shift for a two-
fold pulse compression. It is worth mentioning that higher
compression ratio is attainable, but incurable strong pedestals
may emerge, which are caused by the uncompensated higher-
order dispersion and could hold more than 30% of the total
pulse energy. The GDD raised in the cascaded-quadratic com-
pression process is calculated as −1500 fs2. With 840 fs2 GDD
accumulated in the 20 mm thick BBO, two 9 mm thick sap-
phire crystals placed at the Brewster angle are carefully chosen
to compensate the excess GDD. The temporal profile of the
pulse after the cascaded-quadratic compressor is characterized
by SHG-FROG as shown in Fig. 5. The spectrum is signifi-
cantly broadened with modulations as presented in Fig. 5(d),
which supports a TL pulse width of 48 fs, assuming a Gaussian
temporal profile. As shown in Fig. 5(c), a 50 fs pulse width is
measured with some weak pedestals emerging, which agrees
well with our design. The pedestals contain ∼23% of the total
energy, which are caused by the nonuniform phase of the
modulated spectrum. As a result, 11 W, 255 μJ, 50 fs pulses
are obtained from the cascaded-quadratic compressor with an
efficiency of 88%, which enhances the output peak power from
2.45 to 3.7 GW. The beam profile is also characterized as
shown in Fig. 3(b). A uniform beam with a super-Gaussian
shape is measured, which is attributed to the self-defocusing
nonlinearity in the cascaded-quadratic compressor. It also indi-
cates that there is no obvious spatial chirp generated in the
compression process.

C. MIR Generation in LGS Crystal
For MIR generation via IPDFG, short pulses with a duration of
10–30 fs, compressed by a noble gas filled hollow-core fiber or
photonic crystal fiber together with chirp mirrors, have been
routinely used as the driving sources. To explore a simpler tech-
nique without the necessity of fiber compressors, MIR IPDFG
driven by the 50 fs pulses is investigated for the first time to the
best of our knowledge. The LGS crystal is chosen for its broad

phase-matching bandwidth pumped at ∼1 μm wavelength,
and more importantly, large bandgap energy (3.7 eV) to elimi-
nate the strong two-photon absorption. The 50 fs driving laser
is divided into two orthogonally polarized pulses on the e and o
axes by an HWP, serving as the pump and signal pulses, respec-
tively. The length of the LGS crystal is chosen as 8 mm to allow
sufficient self-phase modulation and spectral broadening of
both the pump and signal pulses. The near-infrared spectrum
after the LGS crystal (blue curve) is measured as shown in
Fig. 6(a). Compared to the incident spectrum (red curve), there
is substantial spectral broadening in the wavelength range of
1100–1180 nm, which has a crucial contribution as the signal
components to the MIR IPDFG. It is worth mentioning
that the type I phase match generates less temporal walk-off
between the pump and signal [36]. In addition, the spectral
broadening and dispersion also contribute beneficially to the
temporal overlap between the pump and signal pulses in a long
crystal [27].

As measured in Fig. 6(b), by fine-tuning the internal phase-
matching angle of the LGS crystal from 51.3° to 49.1°, the
MIR emission in the range of 7.5–11.2 μm is generated.
The short-wavelength MIR spectrum has broader bandwidth
than that of the long-wavelength side, which is attributed to
the optimum phase-matching condition centered at ∼8 μm.
The further extensions to the short and long wavelengths are
hindered by the lack of signal component beyond 1200 nm and
the absorption edge of LGS, respectively. The dips at 9.1 μm,

Fig. 5. SHG-FROG measurement of the 50 fs pulses from the cas-
caded-quadratic compressor. The (a) measured and (b) retrieved
FROG traces of the 50 fs pulse. The FROG error is 0.95%.
(c) The retrieved temporal profile and the transform-limited temporal
profile. (d) The retrieved FROG spectral intensity and phase of the
50 fs laser pulse, compared to the spectrum independently measured
using a spectral analyzer.

Fig. 6. (a) Measured spectra of driving pulses plotted in logarithmic
scale from the regenerative amplifier (black), after the BBO cascaded-
quadratic compressor (red), and after the 8 mm thick LGS crystal
(blue). (b) The measured MIR spectra with different phase-matching
angles tuning in the wavelength range of 7.5–11.2 μm.
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9.3 μm, 9.56 μm, and 9.8 μm are associated with the self-
phase modulation dips of the signal spectrum at 1.174 μm,
1.171 μm, 1.167 μm, and 1.163 μm, respectively, while the
signal is propagating inside the LGS crystal. IPDFG conversion
from 1 to 9 μm has a power efficiency of 0.03% and a quantum
efficiency of 0.27%. This is a proof-of-concept demonstration
that the MIR IPDFG could be driven by the relatively long
pulses, which avoids using the hollow-core fiber or photonic
crystal fiber compressors. It simplifies the setup significantly
and could find good applications in MIR spectroscopy. The
milliwatt (mW)-scale output power also suits the spectroscopic
applications well.

4. CONCLUSION

In conclusion, we demonstrate a high-power Yb:CALGO re-
generative amplifier system with 11 W average power, 255 μJ
pulse energy, and 50 fs pulse width at 43 kHz repetition rate.
The customized Yb-fiber oscillator, specially designed spectral
shaper, and Yb:CALGO gain medium with broad emission
bandwidth, combined with the cascaded-quadratic compressor,
enable ultrashort pulse width and 3.7 GW peak power, which
to some extent bridges the gap between the Yb-doped laser and
Ti:sapphire laser. It is suggested that there is still large head-
room for the power upscaling with the readily available high-
power laser diode, large aperture and good thermal conductivity
of Yb:CALGO crystal, as well as the self-defocusing nature of
the cascaded-quadratic compression. Further amplification of
sub-50 fs pulses with> 50 W average power and> 1 mJ pulse
energy would be expected in the near future, which could serve
as an alternative to the Ti:sapphire laser with higher average
power. In addition, with a long LGS crystal providing sufficient
seed spectral broadening, and a phase-matching condition with
smaller temporal walk-off, a proof-of-concept demonstration
of MIR IPDFG tuning in the range of 7.5–11.2 μm is per-
formed driven by the 50 fs laser. Without the necessity of the
sophisticated fiber compressors, the MIR IPDFG is signifi-
cantly simplified, and more MIR spectroscopic applications
could be pursued based on the demonstrated technique.
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