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Abstract: We report on the investigation of continuous-wave (CW) and SEmiconductor
Saturable Absorber Mirror (SESAM) mode-locked operation of a Yb:GdScO; laser. Using
a single-transverse-mode, fiber-coupled InGaAs laser diode at 976 nm as a pump source, the
Yb:GdScOs3 laser delivers 343 mW output power at 1062 nm in the CW regime, which corresponds
to a slope efficiency of 52%. Continuous tuning is possible across a wavelength range of 84 nm
(1027-1111 nm). Using a commercial SESAM to initiate mode-locking and stabilize soliton-type
pulse shaping, the Yb:GdScOj3 laser produces pulses as short as 42 fs at 1065.9 nm, with an
average output power of 40 mW at 66.89 MHz. To the best of our knowledge, this is the first
demonstration of passively mode-locking with Yb:GdScOs crystal.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Rare-earth orthoscandates with the chemical formula REScOs3, where RE is a rare-earth element
such as Y or Ln =La - Tm can crystallize with the orthorhombic GeFeOs-type crystal symmetry
(sp. gr. Dég — Py Ot Pppy) [1] which is a distorted modification of the cubic perovskite
structure known from the established YA1O3; (YAP) laser host crystal [2]. The heavier of them
(Y and Ln=Er — Tm) do not form perovskites at ambient conditions [3] while some of the
perovskites melt congruently and therefore can be grown by the conventional Czochralski (Cz)
technique resulting in large volume and high optical quality single crystals for Ln =Nd - Dy [4].
Gadolinium scandate, GdScOs3, with lattice constants a = 5.7499 A, b=7.9345 A and ¢ =5.4862
A (sp. gr. Puma) [3], being optically passive, is an important representative of this family that is
suitable as a laser host crystal [4]. It exhibits relatively low phonon energies among oxide host
crystals, similar to the related cubic sesquioxides [5]. The linear thermal expansion coefficients
of GdScOz amount to @, =6.7, ap = 11.5 and ae = 14.5x 107K~ [6].

The first investigation on GdScOj as a laser host material focused on Nd** doping [7,8]. The
GdScOj; crystal is optically biaxial and the average refractive index at 1064 nm was estimated
to be 2.0710 [8]. Its intrinsic birefringence leads to naturally polarized and suppresses thermal
induced depolarization losses. More recently, the GdScO; crystal has been studied as a host
matrix for other laser-active RE dopants such as Dy>* [9,10], Tm3* [11-14], Er** [15,16], Ho**
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[17], Pr3* [18,19] and Yb3* [20,21]. The dopant ions replace the host-forming Gd3* cations in
sites with VIII-fold oxygen coordination and large variation of metal-to-oxygen bond lengths and
angles. In contrast to YAP, doped GdScOj3 exhibits rather broad absorption and emission bands
at room temperature. The nature of the exact spectral broadening mechanism is still unclear.
Laser operation has been demonstrated so far for Nd** [7,22], Er** [15,16], Tm3* [11,12] and
Yb3* [21] doped GdScOs.

For example, GdScO3 doped with Tm>* exhibits untypically broad and smooth gain profiles,
with a spectral bandwidth exceeding 200 nm. This unique feature renders it highly suitable for a
wide range of applications, including tunable lasers and femtosecond mode-locked (ML) laser
operation. In the continuous-wave (CW) regime, pumping by a single-transverse-mode Raman
shifted Er-fiber laser at 1700 nm, a tuning range of 321.3 nm was achieved with Tm:GdScO3
laser using a Lyot filter [23]. Employing a SEmiconductor Saturable Absorber Mirror (SESAM),
the ML Tm:GdScOj3 laser delivered pulses as short as 44 fs at 2042 nm with an average output
power of 188 mW [24].

For laser emission near 1 um, Yb-doped materials benefit from a simple energy-level scheme
of the Yb®*ion consisting of just two multiplets (°F; /2: ground-state, 2F; /2: excited-state).
Combined with efficient in-band pumping by commercial high-power InGaAs diode lasers
emitting at 980 nm this enables higher output powers at weaker heat load as compared to Nd3*
lasers. Yb3*-doped GdScOs is attractive for ~1 um lasers due to its good thermo-mechanical
and spectroscopic properties. The thermal conductivity for a 2.22 at.% Yb3*-doped GdScO;
is kp =5.54 and k. =5.33 W/mK at 50°C [21]. The room-temperature fluorescence lifetime of
the upper laser level (°Fs /2) of Yb** in GdScO3 was measured to be 551 ps [21]. Pumping
with a fiber-coupled multi-mode diode laser at 976 nm, the maximum CW output power of the
Yb:GdScOj3 laser reached 13.45 W at 1063.9 nm with an optical efficiency of 63.3% [21].

Given the aforementioned characteristics and previous CW laser studies, Yb:GdScOj3 appears
highly promising for sub-100 fs passively ML lasers. We are not aware of any previous ultrashort
pulse generation experiments performed with Yb:GdScOj crystals. In this study, we present
diode-pumped, passively ML operation of Yb:GdScOs, achieving pulse duration below 50 fs.

2. Experimental setup

2.1. Crystal growth and spectroscopy

The Yb:GdScOs crystal employed was grown by the conventional Cz method, using RE
sesquioxide powders, Gd, O3, Sc,O3 and Yb, O3, with a purity level of 99.99%. The polycrystalline
precursor for the crystal growth was synthesized by a solid-state reaction. For this purpose, the
raw materials were weighed assuming a stoichiometric composition with a nominal Yb content
of 5 at.%. After mixing them for 10 hours to achieve homogeneity, the mixture was pressed into
disks and subjected to a 10-hour heating process in air at 1500°C. The growth was carried in
argon atmosphere using an iridium crucible with ZrO, as an isolator. The rotation speed and the
pulling rate were 10 rpm and 1.5 mm/h, respectively. The as grown bulk was gradually cooled to
room temperature at a rate of 80°C/h. The resulting boule had dimensions of 40 x 30 mm? and
exhibited a yellow tinge, as shown in Fig. 1.

The actual crystal composition was measured by the inductively coupled plasma atomic
emission spectrometry (ICP-AES) yielding an Yb** doping level of 4.1 at.% (ion density: Ny,
=6.3 x 10?° cm™3, segregation coefficient for Yb incorporation in GdScO3: Ky, =0.82).

Yb:GdScO3 samples can be oriented in the crystallographic frame a, b, ¢ because for
orthorhombic symmetry it coincides with the frame of the optical ellipsoid. According to the
quasi-three-level Yb laser scheme with reabsorption (>Fs e ’F, /2), the potential gain bandwidth
for tunable or ML operation and the central wavelength can be estimated by calculating the
gain cross-sections, o gain = B0 sg — (1 — B)0ans, Where 5= N»/Nyyp, denotes the inversion ratio,
i.e., the ratio of the number of ions excited to the upper laser level N. »(3F;5 /2) to the total Yb3*
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Fig. 1. A photograph of the as-grown 5 at.% Yb:GdScOs crystal.

ion density. The broad, smooth and flat gain spectra of Yb:GdScO3 shown in Fig. 2 for light
polarization E || ¢ and inversion ratios in the 0.05-0.3 range indicate a high potential for broad
wavelength tuning and sub-50 fs pulse generation in passively ML lasers.
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Fig. 2. Calculated gain cross-section, 0" gain = SoSE — (1 — B)0 aps, spectra of Yb:GdScO3
for different inversion ratios 8 = No/Nyyp, and light polarization E || c.

2.2. Laser set-up

The laser element used was 3-mm thick along the b-axis (b-cut) and had a rectangular shape with
an aperture of 4 mm (a) x4 mm (c¢). The two faces were polished to laser-grade quality and
left uncoated sample was inclined at Brewster’s angle for polarization along the c-axis (E || ¢).
Figure 3 shows the experimental configuration of the Yb:GdScOs3 laser.

Mz  Yb:GdScOs My L2 L1 LD

Fig. 3. Experimental setup of the Yb:GdScOj3 laser. LD: fiber-coupled 976-nm laser diode;
L: aspherical lens; L;: spherical focusing lens; M, M, and My: concave mirrors; Ms:
flat rear mirror for CW laser operation; DM and DMj;: flat dispersive mirrors; OC: output
coupler; SESAM: SEmiconductor Saturable Absorber Mirror.

An X-folded linear resonator with astigmatically compensation was employed to access the CW
and ML laser performance. The Yb:GdScOj crystal was placed between two dichroic concave
mirrors, M and M;, both with a radius of curvature (RoC) of -100 mm. It was mounted in a
copper holder but no active cooling was applied. The pump source was a single-transverse-mode,
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fiber-coupled InGaAs laser diode (Connet, VENUS) with an almost diffraction-limited spatial
intensity distribution (beam propagation factor M? = 1.07). Its emission wavelength was locked
to 976 nm resulting in a spectral linewidth (full width at half maximum, FWHM) of 0.2 nm. The
unpolarized pump source provided a maximum incident power on the crystal of 1.3 W. The pump
beam was reimaged into the laser crystal using an aspherical collimating lens L; with a focal
length of 26 mm and a spherical focusing lens L, with a focal length of 75 mm. A beam waist
(radius) of 13.7 um x 16.8 um in the sagittal and tangential planes, respectively, was estimated in
the position of the crystal.

The CW Yb:GdScOs laser utilized a four-mirror cavity with a flat end mirror M3 and a flat
output coupler (OC). Different OC transmission Toc ranging from 1 to 7.5% was used. The
cavity mode size in the crystal can be calculated by the ABCD formalism. The result for the
beam radii in the sagittal and tangential planes was 19 um x 41 um, respectively. The dependence
of the single-pass pump absorption on 7oc measured under lasing conditions was weak, with
values in the 63.3% to 64.6% range.

A commercial SESAM (BATOP, GmbH) was employed to initiate and stabilize passive
mode-locking of the Yb:GdScOs laser. Its modulation depth of 0.9% was 1.5 higher than the
nonsaturable losses of ~0.6% measured near 1 um whereas the specified recovery time amounted
to 10 ps. To effectively bleach the SESAM, a beam waist on it was created by replacing the
flat end mirror M3 by a concave mirror My (RoC =-100 mm). This secondary beam waist had
a radius of 40 um. The resonator material dispersion was compensated by inserting two flat
dispersive mirrors (DMs) in the cavity arm containing the OC which simultaneously facilitates
soliton-like pulse shaping in the presence of self-phase modulation (SPM) due to the crystal Kerr
nonlinearity. They exhibited a negative group delay dispersion (GDD) of -250 fs? per bounce.
The pulse repetition rate calculated from the physical cavity length of the ML (2.24 m) is roughly
66.9 MHz.

3. Continuous-wave laser operation

The maximum output power of the CW Yb:GdScOj; laser reached 343 mW at 1062 nm at an
absorbed pump power of 849 mW using a 1.6% OC. The laser threshold in this case was 202 mW
and the slope efficiency 52%, as illustrated in Fig. 4(a). For the maximum T oc = 7.5% the slope
efficiency was only slightly higher (52.9%) but the output power dropped to 197 mW. The laser
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Fig. 4. CW diode-pumped Yb:GdScOj3 laser: (a) Input-output dependence versus Toc, 17 —
slope efficiency; (b) Typical laser emission spectra, laser polarization: E || c.



Research Article Vol. 32, No. 5/26 Feb 2024/ Optics Express 7869 |

Optics EXPRESS , NN

1.0
08 (8) pgestiit 7,=58.5¢1%; § = 0.10.04%

0.6
-® - cec@eeccccccan- ®

04l ,-0-®"®
’
]

0.2

0.0 ‘ ‘ ‘ ; : ; :
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

In(Ry.)

>
]
c
Q2
9
b=
3
0]
(o}
ke
7

300
2501 (b)
200}
150
100

50|

0
1020 1040 1060 1080 1100 1120
Wavelength [nm]

Power [mW]

Fig. 5. CW diode-pumped Yb:GdScOs laser: (a) Caird analysis for assessing the total
round-trip cavity losses ¢ and intrinsic slope efficiency 7q; (b) Tuning performance using a
Lyot filter for Toc = 0.4%. The output polarization is E || c.

threshold gradually increased with the OC transmission from 162 mW (T'oc = 1%) to 462 mW
(Toc =7.5%). In the same time, the emission wavelength of the laser experienced a monotonic
blue-shift in the 1061-1068 nm range, as depicted in Fig. 4(b). This behavior is explained by the
reabsorption effect at the laser wavelength, characteristic of quasi-three-level Yb>* lasers.

The total cavity losses (reabsorption losses excluded) were evaluated by the Caird analysis,
plotting the experimental laser slope efficiency versus -In(Roc) where Roc =1 - Toc [25]. This
gave round-trip cavity losses of 8 =0.1 +0.04%. The result for the intrinsic slope efficiency 7o,
involving mode-matching and the quantum efficiencies, was 58.5 + 1%, as shown in Fig. 5(a).

Wavelength tuning of the CW Yb:GdScO3 laser was investigated at the maximum pump level
and minimum OC transmission (7oc = 0.4%). The tuning element was a 2-mm thick quartz plate
acting as a Lyot filter. It was inserted at Brewster angle close to the OC. The laser supported
continuous wavelength tuning from 1027 to 1111 nm, coving a range of 84 nm at the zero-power
level, as illustrated in Fig. 5(b).

4. Mode-locked laser operation

With the SESAM and two DMs (DM, — DM,) providing a total round-trip GDD of -2000 fs?,
as shown in Fig. 3, stable and self-starting ML operation of the Yb:GdScOj3 laser was readily
achieved after a careful cavity alignment. Optimum results were obtained for Toc = 1.6%.

Figure 6 shows the characteristics of the shortest pulses directly generated from the diode-
pumped Yb:GdScOs laser. As can be seen in Fig. 6(a), the optical spectrum was centered at
1065.9 nm with a spectral width of (FWHM) of 31 nm assuming a sech?-dependence. The
intensity autocorrelation function recorded using second harmonic generation (SHG) could be also
almost perfectly fitted assuming a sech?-shaped pulse temporal profile, as shown in Fig. 6(b). The
estimated pulse duration (FWHM intensity) was 42 fs. No satellites or multi-pulsing are seen in
the long-scale autocorrelation trace shown in the inset of Fig. 6(b). The resulting time-bandwidth
product (TBP) of 0.344, which exceeds only slightly the value for Fourier-transform-limited
pulses (0.315), and the excellent fits are strong indications of soliton-like pulse shaping in this ML
laser. The shortest pulses from the SESAM ML Yb:GdScOj laser corresponded to a maximum
average output power of 40 mW or a peak power of 12.5 kW. The absorbed pump power in this
case amounted to 833 mW. Such relatively low average output
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Fig. 6. Diode-pumped SESAM ML Yb:GdScO3 laser (Tgc = 1.6%): (a) Optical spectrum

and (b) intensity autocorrelation (AC) trace. Inset: AC trace on a 50 ps time scale.

To ascertain the dominant mode-locking mechanism, we captured the far-field output beam
profile of the Yb:GdScOj laser at 0.6 m from the OC using an infrared (IR) camera. Figure 7
shows them in the CW and ML modes of operation for Toc =1.6%. In the CW regime, the

(a)
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.

Fig. 7. Measured far-field beam profiles of the Yb:GdScOj3 laser: (a) CW and (b) ML
regimes of operation. Tgc = 1.6%.
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Fig. 8. RF spectra of the SESAM ML Yb:GdScO3 laser: (a) Fundamental beat note at
~66.89 MHz measured with a resolution bandwidth (RBW) of 300 Hz, and (b) harmonics
recorded on a 1-GHz frequency span with a RBW of 100 kHz.
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laser beam diameter was 1.59 x 1.55 mm?. Upon initiating mode-locking with the SESAM, the
measured beam diameter decreased to 1.39 x 1.43 mm?. This observation suggests a primary
mode-locking mechanism due to soft-aperture Kerr-lensing, stabilized by the SESAM, which
can be attributed to the high-brightness of the pump source. However, one cannot rule out some
pulse-shaping effect by the SESAM given the rather wide stability zone.

To confirm the stability of the ML Yb:GdScO3 laser, we recorded the radio frequency (RF)
spectra for the shortest output pulses in different frequency span ranges. Figure 8(a) shows
the fundamental beat note for Toc = 1.6%, located near 66.89 MHz. It exhibits a rather high
extinction ratio above carrier of more than 75 dBc and no satellites are seen. Stable single-pulse
ML operation free Q-switching instabilities can be also inferred from the uniform harmonics
observed over a 1-GHz frequency span, as shown in Fig. 8(b).

5. Conclusion

In summary, we achieved sub-50 fs pulse durations from a SESAM ML Yb:GdScOj3 laser, using a
spatially single-mode, fiber-coupled InGaAs diode laser as a pump source at 976 nm. Employing
a commercial SESAM to initiate and stabilize the mode-locking, this laser produced soliton-like
pulses as short as 42 fs at 1065.9 nm. The average output power was 40 mW for a pulse repetition
frequency of 66.89 MHz. This represents the first demonstration of passively ML operation with
the Yb:GdScOs crystal. Our results indicate that this new material is promising for power scaling
and pulse shortening through the application of Kerr-lens mode-locking techniques which we
plan for the future experiments.
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