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Kerr-lens mode-locked Yb:SrLaAlO4 laser
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Abstract: We report on the first Kerr-lens mode-locked laser based on the Yb3*-doped disordered
strontium lanthanum aluminate crystal, Yb:SrLaAlO4 (Yb:SALLO), pumped by a high-brightness
YD fiber laser at 976 nm. Nearly Fourier-limited pulses as short as 44 fs were achieved at 1051 nm
with an average output power of 277 mW and a pulse repetition rate of ~66 MHz via soft-aperture
Kerr-lens mode-locking. A higher average output power of 459 mW, corresponding to an optical
efficiency of 33.8%, was obtained at the expense of a slightly longer duration (52 fs).

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Disordered crystals represent an important class of materials for the design of tunable and ultrafast
solid-state lasers. The dopant ions in such crystals experience significant inhomogeneous spectral
broadening leading to smooth and very broad gain profiles. As structure disorder normally leads
to deterioration of thermal properties, it is important to identify disordered gain media with high
thermal conductivity. Among the disordered laser host crystals, the compounds with the chemical
formula ABCOy, (A** =Ca or Sr, B** =Y, Gd, La, etc., and C** = Al or Ga) crystallizing in the
tetragonal system class with a K,NiF4 type structure (SG: I4/mmm) have recently come to the
attention of researchers [1]. The structure disorder of these crystals originates from a random
distribution of A>* and B3* cations over the same lattice sites; the inhomogeneous spectral
broadening for the dopant ions is determined by their second coordination sphere [2]. Well-known
examples of tetragonal ABCOy crystals are the rare-earth calcium aluminates CaREA1O4, where
RE** is an optically passive Y or Gd ion, abbreviated as CALYO or CALGO, respectively [3,4].
When doped with an active rare-earth ion, e.g., ytterbium (Yb>*), they exhibit a “glassy-like”
spectroscopic performance but relatively high thermal conductivity and attractive thermo-optical
properties (“athermal” behavior) [5]. This makes Yb-doped CALGO or CALYO crystals very
suitable for power-scalable [6,7], broadly tunable and ultrafast lasers operation at ~1 pum [8—14].
In the mode-locked (ML) regime of operation, sub-20 fs pulses were generated from such crystals
[15,16].
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The search for other compounds in the ABCOj crystal family with improved thermo-mechanical
properties is still ongoing. Very recently, an Yb**-doped strontium lanthanum aluminate crystal,
Yb:SrLaAlOy4 (abbreviated: Yb:SALLO), was grown by the Czochralski method [17]. This
crystal belongs to the same S. G. of the tetragonal system [lattice constants: a=3.7562(1)
A, ¢=12.6351(2) A]. It is optically uniaxial and possesses high refractive index: n,=1.916,
ne =1.934 at 670 nm [18,19]. Yb:SALLO exhibits high thermal conductivity (k, = 6.1, k. =4.3
W/mK) for a disordered crystal together with broadband emission properties.

According to the quasi-three-level nature of the Yb laser, gain cross-section, o g,in, spectra of
Yb:SALLO were calculated for w-polarized light [17], as shown in Fig. 1. The extremely broad,
flat and smooth spectral gain profiles indicate the high potential of Yb:SALLO for generation of
sub-100 fs pulses from mode-locked lasers.
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Fig. 1. Gain cross-section, 0 g,in, spectra of Yb3+

B is the inversion ratio.

in the SALLO crystal for m-polarization,

The excellent spectroscopic and thermo-mechanical properties of the Yb:SALLO crystal are
attractive for passively ML operation in the 1 um spectral region. In this work, pumping with a
high-brightness fiber laser at 976 nm, Yb:SALLO laser delivered pulses as short as 44 fs at 1051
nm via soft-aperture Kerr-lens mode-locking. To the best of our knowledge, this represents the
first demonstration of ML operation of the Yb:SALLO laser.

2. Experimental configuration

Kerr-lens mode-locked (KLM) operation of the Yb:SALLO laser was investigated in a X-folded
astigmatically compensated linear resonator, as shown in Fig. 2.

As a laser element, we used an a-cut Yb:SALLO crystal. This crystal orientation was selected
to provide access to the desirable s-polarization which corresponds to stronger absorption at
976 nm and broader gain profiles (as compared to the o-polarization). The actual doping level in
the crystal was 1.18 at.% (the Yb3* ion concentration Ny, = 1.36 x 10?° cm™3). The sample had
an aperture of 3 mm X 3 mm and thickness of 3.1 mm. It was mounted in a water-cooled Cu
holder (coolant temperature: 20°C) and placed at Brewster’s angle between two dichroic folding
mirrors, M; and M, (radius of curvature, RoC = —100 mm). The crystal was polished from both
sides and remained uncoated, and its orientation determined the m-polarized laser output.

The pump source was a 976 nm narrow-linewidth continuous-wave (CW) Yb fiber laser
emitting a nearly diffraction-limited beam profile (beam propagation factor, M? of ~1.03) and
linear polarization corresponding to E || ¢ (xr) in the crystal. A spherical lens (focal length, f =75
mm) focused the pump beam into the laser crystal yielding a beam waist radius of 16 um x 29
um in the sagittal and tangential planes, respectively. The cavity was completed by an additional
folding mirror M3 (RoC =—-100 mm) and a flat rear mirror M. The intracavity group delay
dispersion (GDD) was managed by implementing a set of flat dispersive mirrors (DMs) with
different negative GDD per bounce (DM; and DM;: —250 fs2, DM3 and DMy: —100 fs2). The
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Fig. 2. Experimental setup of the KLM Yb:SALLO laser. Lens: spherical focusing lens
(f =75 mm); M - Mj3: dichroic concave mirrors (RoC = —100 mm), My: flat rear mirror;
DM; — DMy: dispersive mirrors; OC: output coupler.

total negative GDD introduced by the DMs was varied by the number of bounces to balance the
material dispersion, and the positive frequency chirp introduced by self-phase modulation (SPM)
in ML operation. The group velocity dispersion (GVD) of the Yb:SALLO crystal was estimated
from the dispersion curves [18] to be GVD =220 + 50 fs*/mm at 1.05 um for m-polarization.

3. Experimental results

Initially, the Yb:SALLO laser was aligned for maximum output power in the CW regime when
applying only four additional flat DMs (DM; — DMy) which provided a total round-trip negative
GDD of —2400 fs>. The maximum CW output power amounted to 1.03 W for a 4% OC at
an absorbed pump power of 1.4 W. The measured single-pass pump absorption was around
29.8% due to the low Yb3* doping level. Such low value originates from the non-optimum
pump wavelength, away from the absorption maximum (980.2 nm), which would be one of the
reasons for limiting the further scaling of the average power of the KLM Yb:SrLaAlOy4 laser. To
discriminate the CW in favor of the ML regime of operation, the resonator was aligned towards
the edge of the stability region through translating the folding mirror M, by several hundreds of
micrometers away from the laser crystal. As a result, the CW output power dropped to 150 mW.
The corresponding far-field laser beam profile captured using a CCD camera placed at 1.1 m
from the OC was extended along the horizontal direction, see Fig. 3(a).

Fig. 3. Measured far-field beam profiles of the Yb:SALLO laser: (a) CW and (b) KLM
regimes.

The transition from the CW to KLM regime was realized by applying a slight translation /
knock of the flat rear mirror M4. The average output power experienced an abrupt increase up
to 271 mW. A considerable change in the far-field beam profile was observed especially along
the horizontal direction leading to a nearly symmetrical fundamental mode, see Fig. 3(b). The
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recorded beam diameters changed from 2.6 (x) mm X 2.2 (y) mm (CW regime) to 2.0 (x) mm
x 2.1 (y) mm (KLM regime), where x and y stand for the horizontal and vertical directions,
respectively.

The measured optical spectrum and the SHG-based intensity autocorrelation trace of the KLM
Yb:SALLO laser are shown in Fig. 4. The optical spectrum of the soliton pulses was centered at
1067.2 nm with a sech?-shaped spectral profile (full width at half maximum, FWHM) of 17.5 nm,
see Fig. 4(a). The recorded intensity autocorrelation trace was well fitted with a sech?-shaped
temporal profile yielding a pulse duration of 70 fs, see Fig. 4(b). The corresponding time-
bandwidth product (TBP) was 0.322, slightly higher for Fourier-transform limited sech?-shaped
pulses. The average output power amounted to 271 mW at an absorbed pump power of 1.4 W.
The single-pass pump absorption was 29.7% which corresponded to an optical efficiency of
19.4%. The peak on-axis laser intensity in the Yb:SALLO crystal in this situation was calculated
to be 258.2 GW/cm?. The pulse repetition rate was ~80.4 MHz. The pulse duration could not be
shortened by reducing the OC transmission, i.e., by applying a 2.5% OC, which indicates the
round-trip intracavity GDD of —2400 fs> was insufficient at increased SPM.
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Fig. 4. KLM Yb:SALLO laser with a total negative GDD of —2400 fs?> and Toc =4%. (a)
Optical spectrum and (b) SHG-based intensity autocorrelation trace of the output pulses.

Pulse shortening was then realized by removing DM3 and DM, and applying six bounces on
DM; and DMy, yielding a total round-trip negative GDD of —3000 fs?, as shown in Fig. 2. Using
the 4% OC, a single-pulse KLM operation with ultimate stability was achieved after careful
cavity alignment. The spectrum of the KLM laser experienced a considerable broadening while
displaying a slight deviation from the ideal sech?-shaped spectral profile with two sharp satellite
peaks at 1100.3 nm and 1120.5 nm, as depicted in Fig. 5(a).

The appearance of these satellite peaks may originate from the unmanageable intracavity
GDD at the long-wave spectral wing above 1100 nm and the non-optimized reflection bands
of individual cavity mirrors. The laser operated at a central wavelength of 1057.7 nm with an
emission bandwidth of 25 nm by assuming a sech?-shaped spectral profile. Figure 5(b) shows the
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Fig. 5. KLM Yb:SALLO laser with a round-trip GDD of —3000 fs? and Toc =4%. (a)
Optical spectrum and (b) SHG-based intensity autocorrelation trace of the shortest pulses.
Inset in (b): simultaneously measured long-scale (50-ps) autocorrelation trace. RF spectra
of the KLM Yb:SALLO laser: (c) fundamental beat note at 82.17 MHz measured with a
resolution bandwidth (RBW) of 220 Hz, and (d) harmonics on a 1-GHz span (RBW =330
kHz).

measured intensity autocorrelation trace of the generated laser pulses. Assuming a sech’-shaped
temporal profile, the extremely good fit gives a deconvolved pulse duration of 52 fs (FWHM),
which leads to a TBP of 0.353, slightly above the Fourier-transform limit for sech?-shaped pulses.
A long-scale intensity autocorrelation scan of 50 ps is shown in the inset of Fig. 5(b) confirming
single-pulse KLM operation without any pedestals or multi-pulses. The maximum average output
power amounted to 459 mW at an absorbed pump power of 1.36 W. The cavity length of the
KLM Yb:SALLO laser was 1.83 m which corresponded to a pulse repetition rate of 8§2.17 MHz.
The peak on-axis laser intensity in the Yb:SALLO crystal was estimated to be ~576 GW/cm?.
The measured single-pass pump absorption was 26.6% in this condition, which resulted in an
optical efficiency of 33.8%. Although the initiation of the ML operation required an external
perturbation, the KLM Yb:SALLO laser exhibited ultimate stability once locked. To confirm this,
radio-frequency (RF) spectra were recorded, see Figs. 5(c) and (d). The fundamental beat note at
82.17 MHz exhibited a high extinction ratio of >70 dBc above the noise level. This, together
with the recorded uniform harmonic beat notes on a 1-GHz span is an evidence for stable CW
ML operation without any Q-switching or multi-pulsing instabilities.

The pulse duration could be further reduced by increasing the cavity length from 1.83 to
2.27 m which corresponded to a pulse repetition rate of ~66 MHz. After careful alignment,
self-starting KLLM operation could be achieved with an average output power of 277 mW at an
absorbed pump power of 1.07 W. The single-pass pump absorption was 19.4% which resulted in
an optical efficiency of 25.9%. The measured optical spectrum and the corresponding intensity
autocorrelation trace are shown in Fig. 6(a) and (b), respectively. The soliton pulses had a central
wavelength at 1051 nm with a spectral FWHM of 27.6 nm by assuming a sech® shaped [see
Fig. 6(a)]. Nearly Fourier-limited pulses as short as 44 fs were measured, see Fig. 6(b). The
on-axis peak intensity inside the crystal was 511 GW/cm?. A long-scale autocorrelation scan of
50 ps was also recorded as can be seen in the inset of Fig. 6(b). Figure 6(c) shows the recorded
fundamental beat note at ~66 MHz with an even higher extinction ratio of >78 dBc above the
noise level. The harmonic beat notes measured on a 1-GHz span remained uniform as can be
seen in Fig. 6(d).
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Fig. 6. KLM Yb:SALLO laser with a round-trip GDD of —3000 £s2 and Toc =4%. (a)
Optical spectrum and (b) SHG-based intensity autocorrelation trace of the shortest pulses.
Inset in (b): simultaneously measured long-scale (50-ps) autocorrelation trace. RF spectra
of the KLM Yb:SALLO laser: (c) fundamental beat note at ~66 MHz measured with a
resolution bandwidth (RBW) of 300 Hz, and (d) harmonics on a 1-GHz span (RBW = 100
kHz).

4. Conclusion

In conclusion, we demonstrate the first KLM operation of the Yb:SALLO laser in the sub-100
fs time domain. Using a 4% OC, nearly Fourier-transform limited pulses as short as 44 fs
were generated at 1051 nm from the Yb:SALLO laser pumped by a high-brightness fiber laser
via soft-aperture Kerr-lens mode-locking. A higher average output power of 459 mW was
obtained at the expense the pulse duration (52 fs) for a pulse repetition rate of ~82.17 MHz. This
corresponded to a relatively high optical efficiency of 33.8% in the ML regime. Our results
indicate the possibilities of further power scaling and pulse shortening in ML Yb:SALLO lasers
through optimized pump absorption, i.e., zero-phonon line pumping, fine control of the intracavity
GDD over the entire spectral bandwidth, and optimized reflectivity bands of the cavity mirrors.
This new material is expected to develop into a viable alternative to the CALGO/CALYO hosts
studied in ML Yb lasers for more than 15 years.
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