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Abstract: We present a detailed comparative investigation of the continuous-wave and mode-
locked laser performance of a mixed rare-earth calcium oxoborate crystal, Yb:(Gd,Y)CasO(BO3)3,
abbreviated as Yb:(Gd,Y)COB, for all three principal optical polarizations. Pumped by a low-
power, single-transverse-mode, fiber-coupled laser diode at 976 nm, the Yb:(Gd,Y)COB laser
generated soliton pulses as short as 32 fs at 1052.4 nm via soft-aperture Kerr-lens mode-locking,
delivering an average output power of 51 mW at ~66.2 MHz for light polarization E || Z. For
light polarization E || Y, slightly longer (34 fs) pulses were directly generated at 1053.7 nm, with
a higher average output power of 86 mW at ~66.7 MHz. To the best of our knowledge, these
results represent the shortest pulses ever achieved from any Yb**-doped borate crystal.

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

1. Introduction

Ytterbium (Yb**)-doped rare-earth calcium oxoborates, Yb3*:RECa;O(BO3)3, where RE>*
denotes Y3* [1], Gd3* [2], or La3* [3], represent a family of structurally disordered laser
crystals characterized by relatively broad gain profiles, enabling sub-50 fs pulse generation in
passively mode-locked (ML) lasers [4,5]. The Y-based compound is abbreviated as Yb:YCOB,
and the Gd-based one as Yb:GdCOB. Both crystallize with monoclinic structure with the
non-centrosymmetric space group Cm. Each RE3* ion is coordinated by six O~ anions, forming
a distorted octahedron. The relatively large spacing between RE>* ions and the similarity
of ionic radii of VI-fold oxygen-coordinated RE** and Yb** allow for high doping levels in
Yb:RECasO(BO3); crystals with minimal concentration quenching. The host crystals are optically
biaxial and exhibit local structural disorder due to the random distribution of RE3* and Ca’*
ions over two distorted octahedral sites. This disorder leads to inhomogeneous broadening of the
dopant spectral lines in absorption and emission. Such crystals exhibit one of the largest splitting
of the ground-state (*F7/2) Yb*" manifold (>1000 cm™"), which facilitates high-efficiency and
low-threshold laser operation with minimal temperature sensitivity [6].

The non-centrosymmetric structures of the GACOB and YCOB host crystals determine excellent
second-order optical nonlinear properties [7], making them highly attractive for applications
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in second-harmonic generation (SHG) [8] and optical parametric chirped pulse amplification
(OPCPA) [9] especially due to the availability of larger sizes compared to other nonlinear borate
crystals. Additionally, GACOB and YCOB possess very high values of nonlinear refractive
indices, measured at 11.4 cm2/GW for GACOB and 9 cm?/GW for YCOB at 1.3 pum [10], which
are particularly advantageous for ultrashort-pulse generation via Kerr nonlinearity in mode-locked
(ML) lasers. The YCOB and GdCOB crystals also feature attractive thermo-optic properties
[6,11]. When used as laser gain media for generating sub-100 fs pulses via passive mode-locking,
Yb:GdCOB and Yb:YCOB have demonstrated remarkable performance. Using a high-finesse
SESAM as a saturable absorber, a diode-pumped Yb:GdCOB laser has generated 90 fs pulses
at 1045 nm with an average output power of 40 mW at 100 MHz [12]. The shortest pulses
reported to date were achieved using an Yb:YCOB crystal: A diode-pumped laser employing a
SEmiconductor Saturable Absorber Mirror (SESAM) as the mode-locking element generated
35 fs pulses at 1055 nm with a moderate average output power of 36 mW at ~95 MHz [13].

The structural disorder inherent to the RECasO(BOs3)3 compounds can be further enhanced by
introducing compositional disorder, leading to additional inhomogeneous spectral broadening,
smoothing, and flattening of the gain spectral profiles of the Yb>* ion. This effect has been
demonstrated by mixing GdACOB and YCOB, where partial substitution of Y>* by Gd** was
realized in a composition with measured concentrations of 9.3 at.% Yb**, 23.5 at.% Gd3*,
and 67.2 at.% Y3*. The resulting crystal, Ybg 093Gdo235Y0.6720CasO(BO3)3, abbreviated as
Yb:(Gd,Y)COB, exhibited excellent laser properties in both continuous-wave (CW) and ML
regimes [14—16]. Using a SESAM to facilitate soft-aperture Kerr-lens mode-locking (KLM), a
diode-pumped Yb:(Gd,Y)COB laser generated near Fourier-limited soliton pulses as short as
43 fs at 1036.7 nm with an average output power of 84 mW at ~70.8 MHz [17].

Motivated by these promising spectroscopic properties and ML laser results, we further
investigated the potential of Yb:(Gd,Y)COB for sub-40 fs pulse generation via soft-aperture
KLM for the three principal optical polarizations. Employing a low-power, spatially single-mode,
fiber-coupled laser diode at 976 nm as the pump source, we evaluated its CW laser performance,
spectral tuning range, and KLLM laser characteristics. The experimental results confirm the
potential of this mixed crystal for generating ultrashort pulses with durations shorter than 40 fs
and peak powers on the order of several tens of kilowatts.

2. Experimental setup

The layout of the diode-pumped Yb:(Gd,Y)COB laser employing an X-shaped, astigmatically
compensated standing-wave cavity, as depicted in Fig. 1.
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Fig. 1. Experimental setup of the diode-pumped Yb:(Gd,Y)COB laser. LD: fiber-coupled
laser diode; L;: aspherical lens; Ly: spherical lens; M|, My and My: concave mirrors; M3:
flat rear mirror for CW laser operation; DM — DMy: flat dispersive mirrors; OC: output
coupler; SESAM: SEmiconductor Saturable Absorber Mirror.
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The pump source was a single-transverse-mode, fiber-coupled InGaAs laser diode that emitted
unpolarized radiation with a maximum incident power of 1.29 W at 976 nm. The emission
wavelength was stabilized using a fiber Bragg grating (FBG), ensuring a spectral linewidth of
~0.2 nm (full width at half maximum, FWHM). The laser diode delivered a nearly diffraction-
limited beam with a propagation factor (M?) of ~1.02 at maximum power. The pump beam
was collimated by an aspherical lens (L, focal length: f =26 mm) and then focused into the
laser crystal through the pump mirror (M;) using a spherical lens (L,, f =75 mm). This setup
produced a beam waist (radius) of 18.9 um in the sagittal plane and 36.8 um in the tangential
plane (on the crystal). The optical and spectroscopic properties of the biaxial Yb:(Gd,Y)COB
crystal are characterized in the frame of the optical indicatrix, which defines three mutually
orthogonal principal axes: X, ¥, and Z, with refractive indices satisfying the relation n,<n,<n..
Two uncoated samples, each with an Yb** doping concentration of 9.3 at.%, a thickness of
3.5-mm, and an aperture of 4 x 4 mm?, were cut from the same as-grown bulk crystal for light
propagation along the Y-axis (Y-cut) and Z-axis (Z-cut). By appropriately orienting the samples
at Brewster’s angle, the diode-pumped Yb:(Gd,Y)COB laser emitted linearly polarized radiation
along the three principal axes. The crystals were mounted in copper holders without active
cooling and positioned between two concave folding mirrors (M; and M) with a radius of
curvature (RoC) of -100 mm.

The CW laser performance of the Yb:(Gd,Y)COB crystals was evaluated using a four-mirror
cavity without saturable absorber and dispersive mirrors (DMs), and characterized for the three
principal polarizations (see Fig. 1). The cavity design incorporated a flat rear mirror (M3) in one
arm and a plane-wedged output coupler (OC) in the other, with selectable OC transmission (Toc)
ranging from 0.6% to 10%. Using the ray transfer matrix (ABCD) formalism, the cavity mode
within the crystal was calculated, yielding beam waist (radius) of 21 um in the sagittal plane and
37 um in the tangential plane. This indicates a well optimized mode-matching efficiency.

For ML laser operation, four flat DMs (DM, - DMy4) were used to compensate for the material
dispersion and balance the self-phase modulation (SPM) induced by the Kerr nonlinearity of
the laser crystal. A total negative round-trip group delay dispersion (GDD) of -1620 s> was
introduced by applying two bounces on DM; (GDD =-55 fs?> per bounce) and DM, (GDD = -
100 fs? per bounce), along with one bounce on DM3 (GDD =-250 fs? per bounce) and DMy
(GDD =-250 fs? per bounce). A commercial SESAM (BATOP, GmbH), featuring a modulation
depth of 1.2%, a relaxation time of ~1 ps, and a non-saturable loss of ~0.8% at ~1 pm was
employed to initiate and stabilize KLM operation. The second cavity beam waist was created on
the SESAM by a concave mirror, M4 (RoC =-100 mm), resulting in a beam radius of ~80 um.
The physical cavity length for the ML laser configuration was ~2.25 m, corresponding to a pulse
repetition rate of ~66.5 MHz.

3. Continuous-wave laser performance

The Y-cut sample was first used to investigate the CW laser performance of the Yb:(Gd,Y)COB
crystal for light polarization with E || X. The CW output power as a function of absorbed pump
power for different Toc values is shown in Fig. 2(a). Under lasing conditions, the measured
pump absorption exhibited a slight reduction from 65.9% to 60% as the OC transmission (Toc)
increased from 0.6% to 10%. This reduction was attributed to the diminishing population
recycling effect at lower intracavity intensity. Using a 4% OC, the diode-pumped Yb:(Gd,Y)COB
laser produced a maximum CW output power of 481 mW for light polarization E || X at an
absorbed pump power of 846 mW, corresponding to a slope efficiency (17) of 62.2% and a laser
efficiency of 7jager = 56.9%. The maximum 1 = 65.8% was obtained with a 10% OC at 1032.6 nm,
corresponding to a CW output power of 429 mW at an absorbed pump power of 772 mW. The
laser threshold in the CW regime increased with Toc, ranging from 26 mW (Toc =0.6%) to
112 mW (Toc = 10%). The emission wavelength of the diode-pumped Yb:(Gd,Y)COB laser
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exhibited a gradual blue-shift with Toc, shifting from 1083.3 to 1032.6 nm as Toc increased
from 0.6% to 10%. This behavior is characteristic of quasi-three-level Yb lasers with intrinsic

reabsorption at the laser wavelength.
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Fig. 2. Diode-pumped CW Yb:(Gd,Y)COB laser: (a,c,e) power transfer curves for different
Toc; (b,d,f) laser spectra. Crystal cut and laser polarization: (a,b) Y-cut, E || X; (c,d) Y-cut,
E || Z; (ef)Z-cut,E || Y.

The same Y-cut sample was then oriented to ensure that the laser polarization was E || Z.
The measured pump absorption under lasing conditions showed a similar dependence on Toc,
varying from 71.4% to 64% as Toc increased from 0.6% to 10%. The input-output characteristics
of the diode-pumped CW Yb:(Gd,Y)COB laser for E || Z are presented in Fig. 2(c). Using a
2.5% OC, the maximum CW output power reached 588 mW at an absorbed pump power of
908 mW, corresponding to a 17 =68.2% and 1jyser = 64.8%. The laser threshold increased with
Toc, ranging from 22 mW (Toc =0.6%) to 67 mW (Toc = 10%). The laser emission wavelength
in the CW regime, shown in Fig. 2(d), exhibited a similar monotonic blue shift with increasing
Toc, ranging from 1086.1 nm (Toc =0.6%) to 1031.9 nm (Toc = 10%).

Finally, the Z-cut sample was used to investigate the CW laser performance of the Yb:(Gd,Y)COB
crystal for light polarization E || Y. The measured pump absorption under lasing conditions,
varied from 73.4% to 62.9% as Toc increased from 0.6% to 10%. The input-output characteristics
for E || Y are presented in Fig. 2(e). Using a 2.5% OC, a maximum CW output power of
587 mW was achieved at an absorbed pump power of 919 mW, corresponding to n = 69% and
Maser = 03.9%. The laser threshold increased with Toc, ranging from 24 mW (Toc =0.6%)
to 142 mW (Toc =10%). The laser wavelength exhibited again blue shift from 1085.5 nm
(Toc = 0.6%) to 1031 nm (Toc = 10%), as shown in Fig. 2(f).

Following the Caird analysis [18], the total round-trip loss (&) and the intrinsic slope efficiency
(n0), which accounts for the mode-matching efficiency and the quantum efficiency, were
determined by fitting the measured slope efficiency 7 as a function of Roc, where Roc =1-Toc
denotes the reflectivity of the OC, as shown in Fig. 3. The analysis revealed high intrinsic
slope efficiencies of 79 = 75.5 + 1% [see Fig. 3(a)], 78.7 + 3% [see Fig. 3(c)], and 76.7 + 2% [see
Fig. 3(e)], along with low resonator losses of 6 =0.6 +0.06% [see Fig. 3(b)], 0.4 +0.1% [see
Fig. 3(d)], and 0.2 £ 0.04%% [see Fig. 3(f)] for light polarizations E || X, E || Z,and E || Y,
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Fig. 3. Diode-pumped CW Yb:(Gd,Y)COB laser: Caird analysis for assessing the total
round-trip cavity losses (0) and the intrinsic slope efficiency (179). Crystal cut and laser
polarization: (a) Y-cut, E || X; (c) Y-cut, E || Z; (e) Z-cut, E || Y; and laser wavelength
tuning curves obtained using a quartz-based Lyot filter and a 0.2% OC. Crystal cut and laser
polarization: (b) Y-cut, E || X; (d) Y-cut, E || Z; (f) Z-cut, E || Y.

respectively. The low values of § indirectly confirm the excellent optical quality of the laser
crystal.

The CW wavelength tuning of the diode-pumped Yb:(Gd,Y)COB laser was investigated by
inserting a quartz-based Lyot filter at Brewster’s angle near the OC (Toc =0.2%), as shown in
Fig. 3. The emission wavelength of the laser was continuously tunable between 1008 - 1099 nm
[E || X, see Fig. 3(b)], 1007 - 1105 nm [E || Z, see Fig. 3(d)] and 1008 - 1111 nm [E || Y, see
Fig. 3(f)] covering a range of 91 nm, 98 nm and 103 nm, respectively, at the zero-power level and
at the maximum incident pump power. Thus, light polization E || Y showed the broadest tuning
range in the CW regime among all three principal light polarizations.

The results of CW laser operation for the three principal light polarizations using 3.5 mm thick
samples are summarized in Table 1.

Up to the maximum applied pump power, corresponding to an absorbed power of 919 mW
for E || Y, see Fig. 2(e), the output power remained linearly proportional to the absorbed pump
power, indicating no thermal issues. A maximum output power of 588 mW was achieved with
Toc =2.5% for E || Z at an absorbed pump power of 908 mW. The maximum slope efficiency
of 69.1%, with respect to the absorbed pump power, was obtained for E || Y using a 7.5% OC,
while the highest laser efficiency of 64.8% was achieved for E || Z with a 2.5% OC. Compared
to the parent Yb:YCOB crystal [4], the mixed Yb:(Gd,Y)COB crystal exhibits significantly
broader spectral tuning curves for all three principal polarizations, making it highly promising
for sub-40 fs pulse generation in different configurations.
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Table 1. Characteristics? of the diode-pumped CW Yb:(Gd,Y)COB
laser for the three principal polarizations

Yb:(Gd,Y)COB E||lX E||lY E||Z
Pine. [W] 1.29 1.29 1.29
Paps [mW] 846 919 908
Pour [mW] 481 587 588
Py, [mW] at Toc =0.6% 26 24 22
Toc for max. power 4% 2.5% 2.5%

n 62.2% 69% 68.2%
Niaser 56.9% 63.9% 64.8%
170 75.5%=+1% 76.7%+2% 78.7%+3%
d 0.6%=+0.06% 0.2%=0.04% 0.4%2=0.1%
Tuning range [nm] 91 103 98

4Pine. — maximum incident pump power, P, — maximum absorbed pump power,
P,y — maximum output power, Py, — laser threshold, Toc — transmission of output
coupler, 17 — slope efficiency, 77,45, — laser efficiency, 779 — intrinsic slope efficiency,
0 — total round-trip loss.

4. Kerr-lens mode-locked laser performance

For ML laser experiments, we used the same crystal cuts and the corresponding laser polarizations
as described above. The diode-pumped Yb:(Gd,Y)COB laser was initially characterized at the
maximum pump level for light polarization E || X using the Y-cut sample and a 4% OC. By
implementing a SESAM to stabilize and sustain soliton-like pulse shaping, soft-aperture KLM
without any intracavity hard aperture could be readily achieved by adjusting the laser toward the
edge of the cavity stability region. KLM operation was established by a slight knock on the OC
or translating the SESAM. This led to an abrupt increase of the output power from 75 mW (CW
regime) to 147 mW (ML regime). Under these situations, the optical spectrum of the laser pulses
was centered at 1051.3 nm with a linewidth of 31.3 nm (FWHM) by assuming a sech’-shaped
spectral profile, see Fig. 4(a). The recorded background-free second-harmonic generation SHG-
based intensity autocorrelation trace was almost perfectly fitted with a sech?-shaped temporal
profile, giving an estimated pulse duration of 39 fs (FWHM), see Fig. 4(b). The corresponding
time-bandwidth product (TBP) of 0.330 was only slightly above the Fourier-transform-limited
value (0.315). The measured absorbed pump power was 846 mW which corresponded to a
laser efficiency of 17.4%. The calculated peak power was 49.1 kW at a pulse repetition rate
of 67.6 MHz. The observed satellite peak around 1120 nm originated from the unmanageable
intracavity GDD at the long-wave spectral wing and the non-optimized spectral reflectivity of the
cavity mirrors. This phenomenon has already been observed in Yb:CALGO [19], and already
explained by F. Druon et al. [20]. The effect could be suppressed by properly managing the total
intracavity GDD over the full spectral bandwidth of the ML laser.

Soft-aperture KLM was further confirmed by monitoring the modification of the far-field beam
profiles at transition from CW to the ML regime. An IR camera was placed at ~1 m from the
OC. The transition from CW to dominating soft-aperture KLM was accompanied by a significant
shrinking of the beam diameter of the far-field, namely from 1.852 mm x 1.791 mm (CW) to
1.582 mm x 1.791 mm (ML), which is an evidence for a strong soft-aperture Kerr-lens effect and
self-focusing inside the laser crystal, as shown in Fig. 5.

The shortest pulse duration for this polarization direction was obtained using a 1% OC. In this
case, the Yb:(Gd,Y)COB laser emitted ultrashort pulses at a central wavelength of 1053.2 nm,
with a spectral emission bandwidth of 35.2 nm (FWHM), assuming a sech’-shape spectral
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Fig. 4. Diode-pumped KLM Yb:(Gd,Y)COB laser with Toc =4%. (a) Optical spectrum
(dashed curve — sech? fit); (b) Intensity autocorrelation trace (dashed curve - sech? fit).
Laser polarization: E || X.

Fig. 5. Measured far-field beam profiles of the diode-pumped Yb:(Gd,Y)COB laser with
4% OC. (a) CW and (b) KLM regimes of operation.

profile, see Fig. 6(a). The recorded SHG-based intensity autocorrelation trace indicated a
deconvolved pulse duration of 34 fs (FWHM), again assuming a sech?-shaped temporal profile,
see Fig. 6(b). The corresponding time-bandwidth product (TBP) was 0.323, still slightly above the
Fourier-transform-limit (0.315), suggesting the presence of minimal residual chirp. A long-term
autocorrelation scan (50 ps) confirmed steady-state single-pulse ML operation, as shown in the
inset of Fig. 6(b). The shortest pulses were generated with at an average output power of 46 mW
for an absorbed pump power of 844 mW, corresponding to a laser efficiency of 5.5% and a peak
power of 17.6 kW.

Using the same Y-cut sample with the same total round-trip negative GDD, KLLM operation for
E || Z delivered the shortest pulses also with a 1% OC. The measured optical spectrum exhibited
an emission bandwidth of 39.8 nm (FWHM) and was centered at 1052.4 nm, see Fig. 6(c). The
estimated pulse duration, derived from the recorded SHG-based intensity autocorrelation trace,
was 32 fs (FWHM), see Fig. 6(d). The corresponding TBP of 0.345 was somewhat higher than
the Fourier-transform limit, indicating some residual chirp. The shortest pulses were emitted
at an average output power of 51 mW for an absorbed pump power of 902 mW, corresponding
to a laser efficiency of 5.7% and a peak power of 21.2 kW. Although a narrow spectral feature
appears near 1120 nm, long-range (50 ps) autocorrelation measurements showed no evidence
of temporal pedestals or background emission. This confirms that the spectral feature does not
translate into time-domain pulse degradation and is most likely a result of intracavity dispersion
and mirror reflectivity characteristics at the spectral edge.

As in the CW regime, to access the light polarization E || Y, we used the Z-cut sample.
The shortest pulses for this polarization were achieved with a 1.6% OC and the same GDD
of -1620 fs?, see Fig. 6. The emission spectrum was centered at 1053.7 nm and exhibited a
bandwidth of 35 nm (FWHM), see Fig. 6(e). The deconvolved pulse duration was 34 fs (FWHM),
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Fig. 6. Diode-pumped KLM Yb:(Gd,Y)COB laser. (a,c,e) optical spectra (dashed curves -
sech? fits); (b,d,f) SHG-based intensity autocorrelation traces (dashed curves - sech? fits).
Insets: autocorrelation traces measured over a time span of 50 ps. Crystal cut and laser
polarization: (a,b) Y-cut, E || X, (c,d) Y-cut, E || Z; (e,f) Z-cut, E || Y. Output coupling:
(a,b) 1%; (c,d) 1%; (e,f) 1.6%.

see Fig. 6(f), and the TBP of 0.321 was similar to that for E || X. The average output power
in this case was 86 mW at an absorbed pump power of 932 mW, corresponding to an optical
efficiency of 9.2% and a peak power of 33.4 kW.

The radio frequency (RF) spectra of the shortest pulses were recorded to verify the stability of
KLM operation across different frequency spans, as shown in Fig. 7. The fundamental repetition
rate exhibited a high signal-to-noise ratio (SNR) of more than 76 dBc, with uniformly distributed
harmonics recorded over a 1-GHz frequency span. These results confirm the high stability of
the single-pulse ML operation, free from Q-switch instabilities, validating the robustness of the
KLM mechanism.

For all three principal polarizations, sub-40 fs pulse durations were achieved from the KLM
diode-pumped Yb:(Gd,Y)COB laser using 3.5 mm-thick samples and Toc =4% or less, as
summarized in Table 2. This is an evidence for the excellent spectroscopic properties of this
compositionally and structurally disordered crystal. The shortest pulses, with a duration of 32 fs,
were generated at 1052.4 nm for light polarization with E || Z. For the same polarization, the
average output power of the diode-pumped KLM Yb:(Gd,Y)COB laser was scaled to 189 mW
by employing a 4% OC, albeit at the cost of slightly longer pulse duration (35 fs). Our strictly
comparative results for all polarizations confirm previous observations with Yb:YCOB [4,13] that
for this family of crystal hosts polarization E || Z yields the best results. It should be outlined that
this situation is optimum for self-frequency doubling operation based on the non-centrosymmetric
nature of the lattice because phase-matching in the X-Y plane is possible for the fundamental
wavelength in the 1-um range based on 0o-e negative type synchronism which means that the gain
properties of the Yb3*-ion will not be affected by the crystal cut satisfying the phase-matching
condition.

Currently, Kerr-lens mode-locking is recognized as a principal tool for routinely generating
sub-50 fs pulses directly out of an Ytterbium mode-locked oscillator. This progress was to a
great extent enabled by the material engineering of crystalline gain media, namely, the control of
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Table 2. Kerr-lens mode-locked performance? of the diode-pumped Yb:(Gd,Y)COB laser

Toc [Jo]  Pout [MW]  Pyps [mMW] Ppeak [KW]  11aser [%0] 7 [fs] A [nm] AA[nm] TBP Laser polarization
1.0 46 844 17.6 5.5% 34 1053.2 35.2 0.323 E||X
4.0 147 846 49.1 17.4% 39 1051.3 31.3 0.330 E||X
1.6 86 932 33.4 9.2% 34 1053.7 35.0 0.321 E|lY
4.0 141 891 47.7 15.8% 39 1053.4 324 0.341 E|lY
1.0 51 902 21.2 5.7% 32 1052.4 39.8 0.345 E||Z
4.0 189 891 71.8 21.2% 35 1050.8 34.9 0.332 E|lZ

“Toc — transmittance of the output coupler, Pyt — average output power, Pyps — absorbed pump power, Ppeqr —
peak power, 17,45 — laser efficiency, T — pulse duration (FWHM), TBP — time bandwidth product, A — central
emission wavelength, A2 — emission bandwidth (FWHM).

inhomogeneous spectral line broadening via compositional and / or structure disorder, resulting
in smooth, structureless and flat gain profiles above 1 um closely resembling those of laser glasses
while maintaining reasonably good thermal properties of crystals (considering an inevitable drop
in thermal conductivity in disordered compounds). Based on the model developed by Gaumé et
al. [21], the thermal conductivity of the Yb:(Gd,Y)COB crystal used in this study (9.3% Yb,
23.5% Gd, 67.2% Y) is estimated to be reduced by approximately a factor of two compared to
pure YCOB, i.e., from ~2 W/m-K to ~1 W/m-K. This decrease is an expected consequence of
compositional disorder, which enhances spectroscopic broadening at the cost of thermal transport
efficiency. Recently, we have achieved sub-40 fs pulses from KLM ytterbium lasers employing
different crystals. In this regard, it is worth discussing the specific advantages of Yb>*-doped
oxoborates and in particular the studied mixed Yb:(Gd,Y)COB crystal. The parent compounds
provide a unique combination of i) very high nonlinear refractive index n,, ii) extremely large
Yb** ground-state Stark splitting; iii) self-frequency doubling potential; iv) excellent thermal
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Fig. 7. RF spectra of the diode-pumped KLM Yb:(Gd,Y)COB laser: (a,c,e) Fundamental
beat note, recorded with an RBW of 300 Hz; (b,d,f) Harmonics over a 1-GHz frequency
span, recorded with an RBW of 100 kHz. Crystal cut and laser polarization: (a,b) Y-cut, E
|| X, (c,d) Y-cut, E || Z; (e,f) Z-cut, E || Y.
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and thermo-optic properties; v) unlike many other Yb-doped gain media, the rare-earth calcium
oxoborates belong to the class of non-centrosymmetric crystals, enabling direct self-frequency
doubling. This makes them particularly attractive for applications requiring ultrashort pulses
in the green part of the spectrum. These crystals seem unique with respect to short pulse
durations in the green because they provide larger spectral gain bandwidths compared to the
ordered Yb:YAB type non-centrosymmetric borate crystals [22-24]; vi) a strong electron-phonon
interaction and vii) high Yb3* doping levels enabling short interaction lengths. In this regard,
lasers based on Yb**-doped parent and mixed (with additional spectral broadening) oxoborates
can develop in two directions being unique among other Yb>*-doped laser crystals employed so
far (fluorides, sesquioxides, aluminates, efc.), namely, i) by exploiting their nonlinear properties
for addressing femtosecond light sources in the visible and ii) by utilizing the long-wavelength
vibronic (phonon-assisted) emission for pulse shortening at the fundamental wavelength and
addressing the spectral range above 1.1 um. The material engineering by admixing the Y3+,
Gd>* and La3* cations in the host matrix to tailor the spectral gain profiles, electron-phonon
interaction and nonlinear properties is also promising.

5. Conclusion

In conclusion, we demonstrated sub-40 fs pulse generation from a diode-pumped Yb:(Gd,Y)COB
laser via soft-aperture Kerr-lens mode-locking. In the present work, a commercial SESAM
was employed to initiate and stabilize the mode-locked operation. Using a low-power, spatially
single-mode, fiber-coupled InGaAs diode laser as the pump source, the Yb:(Gd,Y)COB laser
generated soliton pulses as short as 32 fs at 1052.4 nm with an average output power of
51 mW for light polarization E || Z. The maximum average output power of the sub-40 fs
diode-pumped Yb:(Gd,Y)COB laser reached 189 mW with a slightly longer pulse duration of
35 fs, corresponding to a peak power of 71.8 kW and a laser efficiency of 21.2%. Thanks to the
favorable thermo-mechanical and spectroscopic properties of the crystal, sub-40 fs pulses were
directly generated from the diode-pumped KLM Yb-laser for all three principal polarizations.
These results highlight the potential of Yb3*-doped mixed oxoborate crystals, particularly with
optimized Y3*/Gd>* ratios, for further power scaling and pulse shortening using the Kerr-lens
mode-locking technique.
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