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Kerr-lens mode-locked, diode-pumped
Yb,Gd:YAP laser generating 23 fs pulses
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Abstract: We report on the generation of sub-30 fs pulses from a diode-pumped Yb,Gd:YAP
laser. Using soft-aperture Kerr-lens mode-locking, soliton pulses as short as 23 fs were achieved
at 1082.3 nm, with an average output power of 45 mW at a repetition rate of 67.25 MHz. The
mode-locked laser also produced a maximum average output power of 101 mW at 1056.5 nm
with a slightly longer pulse duration of 34 fs, corresponding to a peak power of 38.9 kW. To the
best of our knowledge, this is the first demonstration of Kerr-lens mode-locked operation in a
diode-pumped Yb,Gd: YAP laser, with the shortest pulses ever reported from any Yb3*-doped
perovskite-type crystal.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Few-optical-cycle lasers operating in the 1-um spectral range at high repetition rates are essential
for applications such as time-resolved molecular spectroscopy, pump/seed sources for parametric
frequency down-conversion, and seed sources for ultrafast regenerative laser amplifiers. The
development of mode-locked (ML) solid-state lasers based on the ytterbium (Yb**) ion has
greatly benefited from the rapid advancements in cost-effective, low-power, spatially single-mode
InGaAs laser diodes operating near 980 nm, which were originally designed for Erbium-fiber
amplifiers in telecommunications [1-8]. When these laser diodes are used as pump sources
for ML Yb lasers, they provide maximum gain per watt of absorbed power compared to multi-
transverse mode pumping, owing to their near-diffraction-limited beam quality. This feature
helps in achieving the highest possible optical efficiency, minimizing thermo-optic effects
and thermal stress caused by nonuniform temperature distribution in the laser gain medium,
which could otherwise compromise the ML regime stability [9,10]. Laser diodes exhibiting a
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near-fundamental Gaussian mode spatial intensity distribution enable the use of a tight focusing
pumping scheme, enhancing the Kerr-lens effect and supporting the generation of ultrashort
pulses by soft-aperture Kerr-lens mode-locking (KLM) [11-17]. With a broadband Yb-doped
gain medium, e.g., Yb:CALGO crystal, sub-20 fs pulses could be generated directly from such a
diode-pumped KLM laser [18]. Moreover, using high-brightness laser diodes, the pulse repetition
rate of femtosecond ML YD lasers can easily reach the multi-gigahertz (GHz) range [19-23].
Additionally, the reduced thermal effects eliminate the need for active cooling of the laser gain
medium, thereby simplifying the setup and making such ML lasers more compact. Consequently,
misalignment-free, space-qualified, GHz repetition-rate, femtosecond Yb lasers and amplifiers
with minimal size are now feasible [24,25]. These advances have also enabled the generation of
low-noise, fully stabilized optical frequency combs with a minimized footprint [26,27]. Thus, for
applications requiring compact femtosecond Yb lasers at ~1 um, where high peak power, e.g.,
tens of kilowatts (kW), is prioritized over high average power, it is advantageous to use these
low-power but spatially single-mode InGaAs laser diodes near 980 nm as pump sources [28-31].

Recently, we demonstrated the potential of a Yb*>*-doped rare-earth orthoaluminate crystal
with perovskite structure, namely Yb:YAIO3 (abbreviated as Yb:YAP) for generating sub-30 fs
pulses. Pumping by a high-power Yb fiber laser with near-diffraction-limited beam quality, a
SEmiconductor Saturable Absorber Mirror (SESAM) ML Yb:YAP laser delivered 29 fs pulses at
1091 nm, with an average output power of 156 mW at a repetition rate of 85.1 MHz [32]. Yb:YAP
is a structurally ordered laser crystal featuring excellent thermo-mechanical and spectroscopic
properties. As an orthorhombic crystal, it exhibits anisotropic properties but this is weakly
pronounced in the relatively high thermal conductivity (k, = 7.1, k; =8.3 and k. = 7.6 Wm™'K~!,
Pnma notations used), measured for 5 at.% Yb3* doping [33].

Adding an optically passive rare-earth ion to the YAP host (resulting in a solid-solution
compound) can introduce inhomogeneous spectral line broadening due to compositional disorder.
By partially substituting Y>* with Gd>* (up to about 10 at.%), we grew a compositionally
disordered crystal with a stoichiometric formula of Y g447Gd 0983 Ybo.0565A103 (5.65 at.%
Yb>* doping), abbreviated as Yb,Gd: YAP. Continuous-wave (CW) and femtosecond ML laser
operation of such Yb,Gd:YAP crystal were reported in our previous works [34,35]. Pumped
by a single-transverse-mode, fiber-coupled InGaAs laser diode at 976 nm, the SESAM ML
Yb,Gd: YAP laser generated 43 fs pulses at 1052.3 nm, with an average output power of 103 mW
at 70.8 MHz, corresponding to a peak power of 29.8 kW [34]. Soliton pulses as short as 32 fs
at 1067 nm were produced by a KLM Yb,Gd: YAP laser, pumped by a 10-W Yb fiber laser at
979 nm, achieving an average output power of 328 mW at 84.6 MHz [35].

Compared to using a high-power, single-transverse-mode Yb fiber laser as the pump source,
low-power, spatially single-mode, fiber-coupled InGaAs laser diodes enable a much more compact,
cost-effective, and passively cooled Yb laser design without the need for active cooling. The
excellent mode-locking performance of the Yb,Gd: YAP crystal inspired us to explore sub-30 fs
pulse generation with kW-level peak power by soft-aperture KLM.

2. Laser set-up

A schematic of the diode-pumped KLM Yb,Gd: YAP laser is depicted in Fig. 1. A 3-mm-thick
uncoated laser element was cut along the crystallographic c-axis (c-cut in Pnma notation) with an
aperture of 4 x 4 mm? and an Yb>* doping level of 5.65 at.%. It was mounted in a copper holder
without active cooling and positioned at Brewster’s angle between two plane-concave mirrors, M
and M, (radius of curvature: RoC =-100 mm) in an X-folded astigmatically compensated linear
cavity. The pump source was a low-power (1.39-W) fiber-coupled InGaAs laser diode delivering
unpolarized CW output with a near diffraction-limited beam quality (M? = 1.02) at 976 nm. Its
emission wavelength was stabilized by a fiber Bragg grating (FBG), ensuring a narrow spectral
linewidth of 0.2 nm (full width at the half maximum, FWHM). The pump beam was collimated by
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Fig. 1. Schematic of the diode-pumped KLM Yb,Gd:YAP laser. LD: fiber-coupled InGaAs
laser diode; L;: aspherical lens; L: spherical lens; M| - M3: plane-concave mirrors; My:
flat rear mirror; DM — DMs: flat dispersive mirrors; OC: output coupler.
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Fig. 2. Diode-pumped KLM Yb,Gd:YAP laser with a 2.5% OC. (a) Optical spectrum;
(b) Interferometric autocorrelation trace. The red curve in (b) corresponds to the intensity
autocorrelation profile.

an aspherical lens L; (focal length: f =25.4 mm), and focused in the crystal with a spherical lens
L, (f =75 mm) through the pump mirror My, resulting in beam waist radii of 15 um and 30.4 um
in the sagittal and tangential planes, respectively. For KLM operation, flat dispersive mirrors
(DMs) with negative group delay dispersion (GDD) were employed, compensating for material
dispersion and balancing the self-phase modulation (SPM) induced by the Kerr nonlinearity of
the laser crystal. The laser polarization was selected to be E || b by the orientation of the crystal.
The physical cavity length of the KLM Yb,Gd: YAP laser was ~2.23 m, corresponding to a pulse
repetition rate of ~67 MHz.

3. Kerr-lens mode-locked laser performance

Initially, the KLM performance of the diode-pumped Yb,Gd:YAP laser was studied using a 2.5%
output coupler (OC) and two flat DMs, DM; and DM,, each of GDD =-150 fs2 per bounce, see
Fig. 1 (config. 1). By applying three bounces on each DM, the total round-trip negative GDD
amounted to -1800 fs?. To enable KLM operation, the laser cavity was aligned near the edge of
the stability region by incrementally translating the folding mirror M, away from the pump mirror
M;. This adjustment resulted in a notable reduction of the CW output power. After precise cavity
alignment, KLM operation was initiated by gently tapping the OC or slightly translating the flat
rear mirror My.
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Upon mode-locking, the Yb,Gd: YAP laser exhibited an abrupt increase in output power from
71 mW (CW) to 101 mW (KLM). The optical spectrum of the laser pulses, shown in Fig. 2(a),
revealed a bandwidth of 35.9 nm (FWHM), with emission centered at 1056.5 nm, assuming a sech?
spectral shape. The recorded second-harmonic-generation (SHG) interferometric autocorrelation
trace, displayed in Fig. 2(b), was fitted with a sech?-pulse duration (FWHM) of 34 fs. The
corresponding time-bandwidth product (TBP) was 0.328, slightly exceeding the Fourier-transform
limit for soliton pulses (0.315). These results were achieved at an absorbed pump power of
1.07 W, corresponding to an optical efficiency of 9.4%. The calculated peak output power reached
38.9 kW.

The pulse duration could be further shortened by decreasing the transmittance of the OC and
reducing the overall amount of intracavity negative GDD. Sub-30 fs pulses were directly generated
by employing a 1.6% OC and applying two bounces on each DM (DM, and DM,), resulting
in a total round-trip negative GDD of -1200 fs?, see Fig. 1(conFig. 2). The optical spectrum
of the KLM Yb,Gd: YAP laser was centered at 1073.6 nm with a sech?-shape spectral width of
47.6 nm (FWHM), as shown in Fig. 3(a). The envelope of the interferometric autocorrelation
trace, recorded in Fig. 3(b), could be again well fitted using a sech?-shape temporal profile,
yielding a deconvolved pulse duration of 27 fs, equivalent to 8.4 optical cycles. The resulting
TBP was 0.334, indicating a slight residual chirp. Under these conditions, the ML laser produced
an average output power of 57 mW at an absorbed pump power of 1.03 W, corresponding to an
optical efficiency of 5.5% and a calculated peak power of 27.8 kW.
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Fig. 3. Diode-pumped KLM Yb,Gd:YAP laser with a 1.6% OC. (a) Optical spectrum;
(b) Interferometric autocorrelation trace. The red curve in (b) corresponds to the intensity
autocorrelation profile.

The shortest pulses with ultimate stability were achieved using the same 1.6% OC further
reducing the cavity negative GDD. Three additional flat DMs (DM3 -DM5) with GDD =-50 fs?
per bounce were incorporated into the laser cavity. By applying one bounce on each of DM, and
DM3,, two bounces on each of DM3 and DMy, and replacing M4 by DMs, the total round-trip
negative GDD of the KLM Yb,Gd: YAP laser was reduced to -1050 fs2, see Fig. 1(conFig. 3).
The measured laser spectrum, shown in Fig. 4(a), exhibited a broader bandwidth of 54.8 nm,
with emission centered at 1082.3 nm, assuming a sech?-shaped spectral profile. The satellite
peak observed above 1150 nm arises from the uncontrollable intracavity GDD at the long-wave
spectral wing and the non-optimized spectral reflectivity of the cavity mirrors. The sech?-shape
pulse duration, estimated from the recorded interferometric autocorrelation trace, was as short
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as 23 fs (~6.4 optical cycles). The corresponding TBP was 0.323, slightly above the Fourier-
transform-limit value. The inset in Fig. 4(b) displays the SHG-based background-free intensity
autocorrelation trace over a 50-ps time span, confirming single-pulse steady state ML operation
free of multiple pulse instabilities. The average output power for the shortest pulses was 45 mW
at an absorbed pump power of 1.02 W, corresponding to an optical efficiency of 4.4% and a
calculated peak power of 25.6 kW.
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Fig. 4. Shortest pulses from the diode-pumped KLM Yb,Gd:YAP laser. (a) Optical
spectrum; (b) Interferometric autocorrelation trace. The red curve in (b) corresponds to the
intensity autocorrelation profile. Inset: intensity autocorrelation trace measured on a time

span of 50 ps.
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Fig. 5. RF spectra of the diode-pumped KLM Yb,Gd:YAP laser with 1.6% OC: (a)
Fundamental beat note at 67.25 MHz recorded with a resolution bandwidth (RBW) of
200 Hz, and (b) harmonics on a 1-GHz frequency span recorded with a RBW of 100 kHz.

To confirm the ultimate stability of the ML operation across different frequency span ranges,
the radio-frequency (RF) spectra of the shortest pulses were recorded, as shown in Fig. 5. The
fundamental beat note located at 67.25 MHz exhibited a high extinction ratio exceeding 77 dBc
above the carrier, as shown in Fig. 5(a). Additionally, the harmonics displayed uniformity over a
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1-GHz frequency span, as illustrated in Fig. 5(b). These results indicate excellent single-pulse
stability without any signs of Q-switching modulations or multiple-pulse operation, further
validating the robustness of the KLM mechanism. The measured beam propagation factor (M?)
for the shortest pulses was 1.02.

The observed beam shrinking is a direct manifestation of the Kerr nonlinearity in the laser
crystal, where the intensity-dependent refractive index modifies the intracavity mode. This effect
enhances the mode overlap with the pump beam and facilitates self-focusing, a key mechanism in
achieving and stabilizing soliton pulses. This phenomenon was verified by observing the far-field
beam profiles in both CW and KLM regimes with the shortest pulses. An infrared (IR) camera
was positioned approximately 0.6 m from the 1.6% OC to record the beam profiles. The transition
from CW to dominating soft-aperture KLM regime was marked by a notable reduction in the
beam diameter, from 3.39 mm (x) X 1.70 mm (y) in the CW regime to 2.17 mm (x) X 1.68 mm (y)
in the KLM regime, as shown in Fig. 6.

Fig. 6. Measured far-field beam profiles of the diode-pumped KLM Yb,Gd: YAP laser with
a 1.6% OC: (a) CW and (b) KLM regimes of operation.

4. Conclusion

In summary, we demonstrated the first sub-30 fs diode-pumped mode-locked Yb laser using
a “mixed” rare-earth orthoaluminate crystal with perovskite structure as the gain medium. By
employing a low-power, spatially single-mode, fiber-coupled InGaAs laser diode at 976 nm as
the pump source, soliton pulses as short as 23 fs were directly generated from the Yb,Gd:YAP
laser at 1082.3 nm via soft-aperture Kerr-lens mode-locking, with an average output power of
45 mW. Utilizing an output coupler with higher transmission, the average output power increased
to 101 mW at the cost of a slightly longer pulse duration (34 fs), corresponding to a peak power
of 38.9 kW. To the best of our knowledge, these results represent the shortest pulses ever reported
from any Yb>*-doped perovskite-type crystal.
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