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Abstract: We present a sub-50-fs diode-pumped Kerr-lens mode-locked laser employing a
novel “mixed” monoclinic Yb:Cas(Gd,Y)O(BO3); (Yb:GdYCOB) crystal as a gain medium.
Nearly Fourier-limited pulses as short as 43 fs at 1036.7 nm are generated with an average power
of 84 mW corresponding to a pulse repetition rate of ~70.8 MHz. A higher average power
of 300 mW was achieved at the expense of the pulse duration (113 fs) corresponding to an
optical-to-optical efficiency of 35.8% representing a record-high value for any Yb-doped borate
crystal. Non-phase-matched self-frequency doubling is observed in the mode-locked regime
with pronounced strong spectral fringes which originate from two delayed green replicas of the
fundamental femtosecond pulses in the time domain.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Yb**-doped calcium rare-earth oxoborate crystals having a chemical formula Ca;REO(BO3)3
(where RE =Y or Gd, abbreviated Yb:YCOB or Yb:GdCOB), are representatives of a disordered
crystal family that exhibits monoclinic symmetry and belongs to the acentric Cm space group.
They feature (i) extremely broad and smooth gain profiles supporting sub-50-fs pulses in the
1-pum spectral range [1], which is related to their local structural disorder due to the random
distribution of Gd** and/or Y3* and Ca®* ions over two distorted octahedral sites leading to
inhomogeneous broadening of the spectral lines [2], (ii) one of the largest splitting of the ground
(*F; /2) manifold (>1000 cm™ 1), which is favorable for high efficiency and low threshold laser
operation without significant temperature sensitivity [3], (iii) high absorption cross-section at
~976 nm allowing for direct excitation by commercialized high-power InGaAs diode lasers into
the zero-phonon-line yielding very low quantum defect (~7%), (iv) weak concentration quenching
permitting high doping levels of Yb3* ions in the host matrix (>20 at.%), (v) natural birefringence
of the biaxial host crystals inducing anisotropic absorption and emission, which offers more
flexibility in pumping and spectral bandwidth utilization, (vi) attractive thermo-optical properties
[3,4] and (vii) one of the longest fluorescence lifetimes (2F5/2, >2 ms) among Yb>*-doped
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oxide crystals, which is beneficial for energy storage in Q-switched lasers and laser amplifiers
[5]. All above-mentioned advantageous for high peak/average power ultrashort pulse generation
with passive mode-locking technology. SEmiconductor Saturable Absorber Mirror (SESAM)
mode-locked (ML) thin-disk Yb:YCOB lasers produced average output powers of 4.7 and 2 W
for pulse durations of 455 and 270 fs, respectively [6]. The first sub-100 fs pulse generation using
Yb:GdCOB crystal was reported in 2000. Mode-locking by a SESAM generated 90 fs pulses with
an average power of 40 mW at a central wavelength of 1045 nm [7]. Subsequently, 73 fs pulses
with an average power of 70 mW were directly generated from a Kerr-lens mode-locked Yb: YCOB
oscillator [8]. The shortest pulse duration was demonstrated in a SESAM ML Yb:YCOB laser
delivering 35 fs pulses with an average power of only 44 mW [9].

Further expansion of the gain bandwidth of Yb3*-doped Ca4REO(BO3); crystals can be
achieved by developing novel “mixed” crystals with compositional disorder leading to additional
inhomogeneous spectral broadening, smoothing and flattening of the gain profiles. This is possible,
e.g., by mixing GdACOB and YCOB and/or by Lu-codoping, i.e., Yb:Gd,Y;-,COB (Yb:GdYCOB),
Yb:Gd;_,Lu,COB (Yb:GdLuCOB) and Yb:Gd,Y|_x—yLu,COB (Yb:GdYLuCOB) [10-13].
Despite featuring both structural and compositional disorder, mixed Yb**:Ca4REO(BO3);
crystals still exhibit very good potential for high-power operation both in continuous-wave
(CW) and Q-switched regimes [14,15]. The first ML operation of a “mixed” Yb3+—doped
CayREO(BO3)3 crystal was reported in 2017. With the implementation of a SESAM as a mode
locker, soliton-like pulses were generated using an Yb:GdYCOB crystal yielding a pulse duration
of 161 fs at an average power of 20 mW [16].

Finally, we note that in addition to their excellent spectroscopic properties, monoclinic
oxoborates are among the most efficient self-frequency-doubling (SFD) crystals due to their
monoclinic m point group and the relatively high nonlinear coefficients dj [17-19].

In the present work, a high-quality Yb:GdYCOB crystal was grown by the Czochralski method.
The measured concentrations of the rare-earth ions amount to 9.3 at.% Yb>*, 23.5 at.% Gd>* and
67.2 at.% Y>*. The compositional disorder is due to the presence of both Gd** and Y>* as passive
host ions and Yb** as an active dopant, corresponding to a stoichiometric chemical formula of
CasGdo235Y0.672Yb0.0930(BO3)3. Yb:GAdYCOB crystallizes in the monoclinic crystal system,
and its optical properties are characterized in the frame of three mutually orthogonal (principal)
optical indicatrix axes denoted as X, Y and Z. The corresponding refractive indices follow the
setting n, < n, < n;. The maximum absorption cross-section o s for the zero-phonon-line
of Yb3* in the GAYCOB crystal at ~976 nm is 0.638 x 1072 cm?. We measured a FWHM
of ~3.5 nm for this absorption line (for light polarization E || Z), large compared to other
Yb**-doped Ca4,REO(BO3); crystals (e.g., 2.2 nm for Yb:GdCOB, 2.5 nm for Yb:YCOB, 2.3
nm for Yb:GdYLuCOB [10], and 2.4 nm for Yb:GdLuCOB [11]) which facilitates pumping by
high-power InGaAs diode lasers. The calculated gain cross-section spectra for light polarization
E || Z and different Yb inversion levels 8 are shown in Fig. 1, revealing relatively flat and very
broad gain profiles.
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Fig. 1. Gain cross-section spectra, o gain, for Yb3* ions in the “mixed” Yb:GdYCOB crystal
for light polarization E || Z, 8 is the inversion ratio.
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The promising spectroscopic features of the Yb:GdYCOB crystal motivated us to study further
the mode-locking regime towards achieving shorter pulse durations. Employing a SESAM
for starting and stabilizing the ML operation, in this work, we present a diode-pumped Kerr-
lens mode-locked (KLM) laser using a “mixed” Yb:GdYCOB crystal. The laser exhibits also
non-phase-matched SFD in the KLM femtosecond regime.

2. Experimental setup

The experimental configuration is shown in Fig. 2. CW and ML operation were investigated in
a linear X-folded astigmatically compensated cavity. An uncoated 3.5-mm thick Y-cut sample
with an aperture of 4 mm X 4 mm was mounted on a copper block without active cooling and
placed between two dichroic folding mirrors M and M, (radius of curvature, RoC =-100 mm)
at Brewster’s angle for Z-polarization. The unpolarized pump source was a single-transverse
mode, fiber-coupled diode laser which delivered up to 1.29 W of incident power at 976 nm. The
measured emission bandwidth of the pump laser was 0.2 nm which is well below the bandwidth
of the zero-phonon-line of the Yb:GdYCOB. The diode laser had a Fiber Bragg Grating (FBG) for
wavelength locking over the entire operating range. It emitted a nearly diffraction limited beam
with a beam propagation factor M? of ~1.02. The pump beam was collimated by an aspherical
lens L; (f =26 mm) and focused into the laser crystal with a waist radius of ~19 pm by using an
achromatic doublet L, (f = 100 mm).

Yb:GdYCOB

M1 L2 L1 LD

Fig. 2. Experimental arrangement of the CW and KLM Yb:GdYCOB laser. LD: fiber-
coupled laser diode; L;: collimating aspherical lens; Ly: focusing achromatic doublet;
M;i-Mj: concave dichroic mirrors; Ms: flat rear mirror in CW operation; DM;-DMs:
dispersive mirrors; OC: output coupler; SH: second-harmonic output.

3. Continuous-wave operation

The CW laser performance of the Yb:GdYCOB crystal was evaluated with a four-mirror cavity
including a flat rear mirror M3 and a plane-wedged output coupler (OC). Using the ABCD
formalism, we estimated the radii of the laser mode inside the crystal as 21.4 and 37 pm in the
sagittal and tangential planes, respectively. Five OCs having transmissions at the laser wavelength
Toc in the range 0.4%. . . 10% were used, as shown in Fig. 3(a). The measured single-pass pump
absorption under lasing conditions only slightly varied with the OC being between 65% and 71%.
The lowest laser threshold for CW operation amounted to 25.3 mW of absorbed pump power
(for the smallest Toc = 0.4%). The maximum output power of 328.5 mW was achieved for the
4.5% OC at an absorbed power of 628.5 mW, corresponding to a slope efficiency of 56.6%. The
laser wavelength in CW regime experienced a blue-shift with increasing the transmission of the
OC from 1052.5 to 1031.1 nm, as shown in Fig. 3(b). The total resonator round trip losses &
(reabsorption losses excluded) as well as the intrinsic slope efficiency 7¢ (accounting for mode
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matching efficiency and quantum efficiency) were estimated with the Caird analysis by fitting the
measured slope efficiency as a function of the OC reflectivity 1 - Toc [20]. The fitting results
and best fit curve are shown in Fig. 3(c), giving the values of 9 =71.1% and 6 =0.83%. This
result suggests a well-optimized resonator design and good quality of the laser crystal. A SF10
Brewster prism was inserted close to the OC for wavelength tuning in the CW regime. With the
0.4% OC, a broad tuning range of ~92 nm was achieved as shown in Fig. 3(d).

g 500 a @ Toc = 10%, 1= 62.4% v ToC = 0.8%, 7= 35.6% b A Toc=10%
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Fig. 3. CW laser performance of the Yb:GdYCOB crystal for different OCs (a); measured
laser spectra in the CW regime (b), slope efficiency as a function of the OC reflectivity
1-Toc (c), and spectral tuning obtained with a SF10 prism in the CW regime for Toc = 0.4%
(d).

4. Mode-locked operation

For ML operation, M3 was replaced by a concave mirror M4 (RoC =-100 mm) to create a second
beam waist in one of the cavity arms where the SESAM was implemented. A SESAM (Batop
GmbH) having a modulation depth of 1.2% and a relaxation time of ~1 ps, was used for starting
and stabilizing the ML operation. The intracavity group delay dispersion (GDD) was managed by
a set of flat dispersive mirrors (DMs) having different negative GDD (-250 fs2, -100 fs? and -55
fs? per bounce) for compensation of the material GDD and balancing the self-phase modulation
(SPM) to form steady-state soliton-like pulses, cf. Figure 2 [21]. The total roundtrip material
GDD due to the 3.5-mm thick crystal amounted to ~585 s at 1036 nm (for E || Z), estimated by
averaging the refractive indices of YCOB and GdCOB [22,23].

ML operation was initially investigated by applying eight bounces (single pass) on the flat
DMs (DM;-DM,, DM, = DM, =-250 fs?, DM3 = DMy =-100 fs?) giving a total round-trip
GDD of -2800 fs. Stable and self-starting soliton ML operation was initiated and stabilized by
the SESAM with a 4.5% OC. The maximum average output power amounted to 252 mW for an
absorbed power of 882 mW. The optical spectrum was centered at 1036.4 nm with a sech’-fitted
spectral FWHM of 7.4 nm, as shown in Fig. 4(a). Figure 4(b) shows the corresponding intensity
autocorrelation trace which was well fitted by assuming a sech” pulse profile giving a duration of
161 fs (FWHM). Excellent sech? shaped spectral and temporal profiles indicating soliton-like
ML pulses were achieved, as well as near Fourier-limited pulses with a time-bandwidth product
of 0.333. Subsequently, soft-aperture Kerr-lens effect was introduced by gradually enlarging the
laser mode size inside the Yb:GdYCOB crystal through changing the separation between the
pump mirror M; and M, while keeping the same level of absorbed power (882 mW) [24]. A
significant spectral broadening was observed when translating the folding mirror M, away from
the pump mirror M;. The FWHM of the ML spectrum increased from 7.4 to 17.7 nm with the
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central wavelength experiencing a red-shift of 3.3 nm, i.e., from 1036.4 to 1039.7 nm, as shown
in Fig. 4(c). Assuming a sech? temporal profile, the measured intensity autocorrelation trace
gave a pulse duration of 70 fs, see Fig. 4(d). The average power dropped to 192 mW at a pulse
repetition rate of ~75 MHz. The spectral broadening and pulse shortening in the ML regime
indicates that the KLM became the dominant pulse shaping mechanism, and the SESAM simply
played the role of a starter and stabilizer. The corresponding on-axis peak intracavity intensity in
the Yb:GdYCOB crystal amounted to ~123 GW/cm?.
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Fig. 4. Characterization of the transition of the ML Yb:GdYCOB laser from SESAM ML
to KLM with Toc =4.5%. ML optical spectra with sech? fit indicating soliton pulses: (a)
SESAM ML and (c) KLM; autocorrelation traces with sech? fit: (b) SESAM ML and (d)
KLM.

Soft-aperture KLM was further confirmed by monitoring the changes in the output beam
profile, as shown in Fig. 5. An IR Camera (DataRay, WinCamD) was placed at ~1.8 m from
the OC for recording the far-field beam profiles. When mode-locking was initiated by the
SESAM without assistance from Kerr lensing, cf. Figures 4(a) and 4(b), the beam profile in the
far-field had a diameter of 4.2 mm X 4 mm, as shown in Fig. 5(a). The transition to dominating
soft-aperture KLM, i.e., strong self-focusing inside the Yb:GdYCOB crystal with soft-aperture
Kerr-lens effect, cf. Figures 4(c) and (d), is confirmed by the shrinking of the beam diameter in
the far-field to 4.2 mmx 2.9 mm, Fig. 5(b).

Fig. 5. ML Yb:GdYCOB laser transition from SESAM ML to KLM by changing the mirror
separation M| - My (Toc =4.5%). Far-field beam profiles: (a) SESAM ML and (b) KLM.

Even shorter pulse durations could be realized by reducing the OC transmission to 2.5%
at the expense of the average power. KLM pulses had a sech? fitted spectral FWHM of 18.5
nm at 1039 nm. The deconvolved FWHM of the pulse duration was 66 fs from the measured
intensity autocorrelation trace, at an average output power of 127 mW for an absorbed power
of 912 mW. The corresponding time-bandwidth product amounted to 0.339. In this case, the
on-axis intracavity intensity on the Yb:GdYCOB crystal reached ~157 GW/cm?. Power scaling
of the KLLM laser was achieved by using the 10% OC with a maximum average output power
of 300 mW for an absorbed power of 837 mW. The corresponding optical-to-optical efficiency
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reached to 35.8% with respect to the absorbed power. To the best of our knowledge, this
represents the highest ML conversion efficiency from any Yb-doped borate crystal. The ML
pulses had a duration of 113 fs (FWHM) by assuming a sech” temporal profile. The sech?-fitted
FWHM of the KLM spectrum was 10.4 nm and the central wavelength was 1034.1 nm. The
resulting time-bandwidth product was 0.329 and the calculated on-axis intracavity intensity in
the Yb:GdYCOB crystal amounted to 24.7 GW/cm?.

The shortest pulses could be achieved by applying six bounces (single pass) on the flat DMs
(DM, =DM, =-250 fs?>, DM3 =-100 fs?>, DM =-55 fs?) giving a total round-trip GDD of
-1620 fs? and using a 2.5% OC. Pulses as short as 50 fs were directly generated from the KLM
Yb:GdYCOB laser with a sech? fitted spectral FWHM of 26.5 nm and spectrum centered at
1036.7 nm, as shown in Fig. 6(a). The corresponding time bandwidth product was 0.37. The
slightly chirped pulses were subjected to externally linearly chirped compensated with two DMs
of -200 fs? in a single pass. This resulted in a deconvolved duration with a sech?-fitted temporal
profile of 43 fs (FWHM) from the intensity autocorrelation trace, as shown in Fig. 6(b). The
long-span autocorrelation scan (40-ps) which is shown at the inset in Fig. 6(b) is an evidence for
single-pulse operation without any pedestals or multi-pulses. An average output power of 84
mW was obtained for an absorbed pump power of 912 mW. The corresponding time-bandwidth
product amounted to 0.318, very close to the value for transform-limit pulses of sech?-shape
(0.315). In this case, the on-axis intracavity peak intensity in the Yb:GdYCOB crystal amounted
to 228 GW/cm?. The CW-ML pulse train was characterized by a radio-frequency (RF) spectrum
analyzer. The recorded RF spectra for the fundamental beat note at ~70.8 MHz with a resolution
bandwidth (RBW) of 250 Hz and a 1-GHz-wide span (RBW: 100 kHz) proving the stability of
the KLM Yb:GdYCOB laser are shown in Figs. 6(c) and 6(d). The very high signal-to-noise
ratio above 77 dBc of the fundamental beat-note and the absence of any spurious modulation
confirm the stable CW-ML operation of the Yb:GdYCOB laser for the shortest pulse durations.
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Fig. 6. Measured ML spectrum of the Yb:GdYCOB laser with Toc =2.5% (a) and intensity
autocorrelation trace with a sech?-fit (b). Inset: autocorrelation trace in the time span of 40
ps; RF spectra of the ML Yb:GdYCOB laser: fundamental beat note (c) and 1-GHz span (d).

Due to the non-centrosymmetric structure of the Yb:GdYCOB crystal, non-phase matched self-
frequency doubling of femtosecond pulses was observed during the KLM operation. Applying a
0.8% OC, a second-harmonic (SH) spectrum with strong interference fringes was recorded for a
pulse duration of the fundamental radiation of 47 fs at 1036.6 nm obtained directly from the laser
and a sech? fitted spectral FWHM of 25.6 nm, as shown in Fig. 7. The ML laser generated an
average power of 32 mW for an absorbed power 921 mW. The well-defined spectral fringes in the
SH spectrum with 1.07 nm fringe spacing originate from the interference of two green pulses in
the Yb:GdYCOB crystal under the non-phase matching conditions and strong group velocity
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mismatch (GVM) with the fundamental [25]. This value is in fair agreement with the calculated
one of 0.77 nm from the GVM between the fundamental and SH using the Sellmeier equations
for undoped YCOB. The measured average green power behind M, amounted to 265 pW. Having
in mind the transmission of this mirror the calculated conversion efficiency is about 10~* which
is rather high for a non-phase matched process. Similar SH powers were reported in [7] but
the Yb:GdCOB sample employed was cut for phase-matching and although the wavelength was
not optimum for this the strong narrowing of the SH spectrum indicates that the process was
partially phase-matched and the SH pulses were broadened due to spectral acceptance limitations.
In our case the SH had the same polarization as the fundamental and the spectral narrowing
factor corresponds exactly to the expected 4-fold reduction in nanometers and the increase due
to the pulse shortening effect in low-signal SH generation (e.g. +/2 times for Gaussian pulse
shape giving). This indicates a purely non-phase-matched nonlinear process leading preserved or
shorter pulse durations at the SH. No spectral narrowing of the SH was observed on the other
hand also in [26] with a ML Yb:YCOB laser. While the polarization specifications in this work
seem erroneous which precludes the explanation of the unrealistically high SH power obtained,
in our case the high conversion efficiency can be attributed to the utilization of the highest
nonlinear coefficient ds3 of this family of crystals [27]. The coherence length for SH generation
based on d33 and dy3 is similar and amounts to ~8 um. The linear polarization along the Z axis
observed for the SH can be attributed then to the higher coefficient d33 (exceeding d3 two times
or more according to the literature) whose value is above 1 pm/V and the reflection losses for the
s-polarization at the exit crystal face which is at Brewster’s angle only for p-polarization.

1.5
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Fig. 7. Measured non-phase matched self-frequency doubling spectrum after the folding
mirror (M) during the KLLM operation of the Yb:GdYCOB laser.

5. Conclusion

In conclusion, we demonstrated the first soft-aperture KLM operation of the “mixed” calcium
rare-earth oxoborate crystal, Yb:GdYCOB. Almost Fourier-transform limited pulses as short as
43 fs at 1036.7 nm were generated with an average power of 84 mW for a pulse repetition rate
of 70.8 MHz. Power scaling was realized using 10% OC. A maximum average power of 300
mW was achieved for a conversion efficiency of 35.8% in the KLM regime with respect to the
absorbed pump power. The non-phase-matched self-frequency doubling of femtosecond pulses
was also observed in the KLM regime with pronounced spectral fringes.
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