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Abstract: We report on the polarized spectroscopy, continuous-wave laser operation, and
mode-locked laser performance of an ytterbium-doped disordered tetragonal rare-earth strontium
aluminate crystal, Yb’*:Gd,SrAl,O7. In the continuous-wave regime, the diode-pumped
Yb:Gd;,SrAl, Oy laser generated a maximum output power of 487 mW at 1064 nm (st-polarization),
with a slope efficiency of 61%. By employing a commercial SESAM to initiate and stabilize
soliton-like pulse formation, the mode-locked Yb:Gd,SrAl,O7 laser generated transform-limited
pulses as short as 38 fs at 1065.7 nm, with an average output power of 87 mW at a repetition rate
of ~66.5 MHz. The average output power was further scaled to 131 mW for slightly longer pulse
duration of 43 fs, corresponding to a peak power of 40.3 kW and a laser efficiency of 15.5%. To
the best of our knowledge, this is the first demonstration of mode-locked laser operation of the
Yb:Gd,SrAl,O7 crystal.

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

1. Introduction

Ytterbium (Yb**) doped, structurally disordered laser crystals with relatively high thermal
conductivity and broad, flat and smooth gain profiles are highly promising for the development
of high-power, femtosecond lasers via passive mode-locking [1,2]. One well-known example is
the family of Yb?*-doped calcium rare-earth aluminate (Yb:CaREAIOy) crystals, where RE>*
represents Gd?* or Y3+, such as Yb:CaGdAlO4 (Yb:CALGO) and Yb:CaYAIO4 (Yb:CALYO).
These crystals exhibit “glassy-like” spectral behavior while maintaining excellent thermo-optic
and thermal properties [3,4], making them highly suitable for power-scalable, sub-100 fs, mode-
locked (ML) laser operation in the ~1 um spectral range [5—7]. In combination with Kerr-lens
mode-locking (KLM), oscillators based on Yb:CaREAIO; crystals have directly generated sub-30
fs [8—10] and even sub-20 fs pulses [11,12].

Yb3+-d0ped gadolinium strontium double aluminate (Yb:Gd;SrAl,O7, abbreviated as
Yb:SALGO) belongs to another family of disordered rare-earth aluminate crystals. It crystallizes
in the pseudobinary Gd; O3 — SrAl,O4 system and belongs to the Ruddlesden — Popper phase,
characterized by an alternating block structure formed by perovskite (P) and rock salt (RS) layers
[13]. Yb:SALGO exhibits a tetragonal symmetry (sp. gr. I4/mmm, Sr3Ti;O7 structural type)
and is an optically uniaxial crystal. Thanks to its relatively low melting point of 1780°C and
congruent melting character, growth in large volumes is possible by the Czochralski method.
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The structural disorder in SALGO originates from the random occupation of two non-equivalent
lattice sites in the P and RS layers by the Gd** and Sr>* cations. As a result, Yb>* dopant ions in
the SALGO crystal experience significant local crystal field variations, leading to substantial
inhomogeneous spectral line broadening and “glassy-like” spectroscopic behavior, with broad
absorption and emission bands [14]. The broadband emission is particularly favorable for
generating ultrashort (sub-50 fs) pulses via passive mode-locking. Yb:SALGO also exhibits
reasonably high thermal conductivity (4.84 Wm™'K~! at room temperature, RT) [14], making
it suitable for power-scalable operation. Indeed, a continuous-wave (CW) Yb:SALGO laser
pumped by a spatially multimode fiber-coupled InGaAs laser diode generated 7.35 W of output
power at ~1066 nm, with a reasonably high slope efficiency of 53.7% [14].

The combination of broadband spectral gain, good thermal properties, and moderate lumi-
nescence lifetime (0.358 ms in powder samples eliminating the reabsorption effect) makes
Yb:SALGO an attractive candidate for developing high-power tunable and femtosecond lasers
and amplifiers operating in the ~1 um spectral range when pumped by commercially available
InGaAs laser diodes at ~980 nm. The relatively large Stark splitting of the Yb** ground-state
(3F; /2) manifold (747 cm™!) in SALGO facilitates low-threshold laser operation. Additionally,
the relatively broad zero-phonon line (ZPL) with a full width at half maximum (FWHM) of
23 nm at 981.2 nm for ;t-polarization (E || ¢) at room temperature, relaxes the requirements for
precise wavelength stabilization of high-power InGaAs pump lasers.

In this work, we study the polarized spectroscopy of Yb:SALGO. Using a commercial SESAM
as a saturable absorber (SA), we demonstrate passively ML operation of a diode-pumped
Yb:SALGO laser for the first time, generating sub-40 fs soliton pulses.

2. Optical spectroscopy

The factor group analysis for the primitive cell of the D}J1 symmetry predicts the follow-
ing set of irreducible representations at the center of the Brillouin zone (k=0): I'=2A;,
+ 2E; + 4Ag, + SE, + Boy [15,16]. Among these, the Raman-active modes (2A1; + 2E) belong
to even-parity species and primarily involve the vibrations of specific atomic groups, particularly
Sr/Gd and O atoms. Specifically, the A; ; +E; modes associated with Sr/Gd vibrations appear
at 195cm™! and 225 cm™!, while those related to O vibrations contribute to the high-frequency
band, exhibiting a complex structure. The remaining vibrational modes are classified as follows:
infrared (IR)-active modes (3A,, +4E,), acoustic modes (A, +E,), and silent modes (By,)
[16]. The polarized Raman spectra of an a-cut Yb:SALGO crystal in a(jj)a geometries using
Porto’s notations [17] with i, j denoting the 7t (E || ¢) and o (E L ¢) polarization, exhibit strong
polarization effects, as shown in Fig. 1. All Raman-active modes are clearly observed. In the
a(mm)a geometry, the Aj, mode appears at 225 cm™!, while in the a(no)a geometry, the E,
mode is detected at 195 cm™~!. The dominant band at 195/225 cm™! is therefore attributed to
Sr/Gd vibrations along the ¢-axis, whereas the high-frequency band at 637 cm™! is assigned to O
vibrations.
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Fig. 1. RT polarized Raman spectra of Yb:SALGO crystal: (a) a(ij)a, where i, j=mt (E || ¢)
and o (E L ¢) geometries (Porto’s notations); dexc =514 nm.
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Figure 2 presents the RT polarized absorption cross-section (0 »ps) and stimulated-emission
(SE) cross-section (o-sg) spectra of Yb:SALGO, measured for the two principal light polarizations,
o (E L ¢)and t (E || ¢). The maximum oy for the 2F7/, < 2Fs), transition, corresponding to
the ZPL of Yb3*, is 5.31 x 1072° cm? at 981.2 nm, with a FWHM of 23 nm for -polarization.
For o-polarization, the o, peak value is lower, 4.37 X 10729 cm? at 981.3 nm, with a FWHM of
15 nm. The RT o sg spectra were calculated using a combination of the Fiichtbauer—Ladenburg
(F-L) formula and the reciprocity method, as shown in Fig. 2 by the blue lines. In the spectral
range where laser operation can be expected due to reabsorption, at wavelengths longer than the
ZPL, osg reaches 1.27 X 1072¢m? at ~1057 nm for o-polarization, whereas for st-polarization,
it is 0.93 x 1072°cm? at ~1066 nm. The inherent anisotropy observed in o"sg suggests that
Yb:SALGO lasers based on a-cut crystals are likely to naturally emit linearly polarized light.

F Elc

-20 2
Gabs,SE [10 cm ]
WO =N WP U1IO
%)
m

900 950 1000 1050 1100 1150
Wavelength [nm]

- (b) Tass

a
o

o
Elle SE

-20 2
O-abs,SE [10 cm ]
WO =N WAoo

50 900 950 1000 1050 1100 1150
Wavelength [nm]

Fig. 2. RT polarized spectroscopy of Yb:SALGO: absorption (04, ) and stimulated-emission
(osg) cross-sections for light polarizations (a) E L ¢ (o) and (b) E || ¢ ().

Figure 3 presents the RT luminescence decay curves measured for both a bulk sample (blue
color) and a finely powdered sample (red color). The decay follows a single-exponential
dependence, with a luminescence lifetime (71, ) of 529 ps for the bulk sample and 358 ps for
the powder. The longer Ty, observed in the bulk sample, compared to the powdered one, is
attributed to the effect of radiation trapping [18].
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Fig. 3. RT luminescence decay curves of 1.97 at.% Yb:SALGO for bulk (blue) and powdered
(red) samples, dexc =978 nm, Ay, = 1030 nm, black lines — single-exponential fits.
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The polarized gain cross-sections, given by 0gin =B0sg — (1 — B)0 avs, Were obtained for the
two principal polarizations, w and o, based on the quasi-three-level nature of the Yb laser scheme,
which inherently includes reabsorption, as illustrated in Fig. 4. Here, 8 =N»/Nyy is the inversion
ratio, where N, corresponds to the population of the upper laser level (*Fs /2). The local structure
and compositional disorder leads to inhomogeneous broadening of the spectral lines, resulting in
a “glassy-like” spectroscopic behavior. The gain spectra extend significantly beyond the range
of electronic transitions, which can be attributed to substantial phonon sidebands caused by
vibronic interactions in Yb:SALGO. As the inversion ratio increases, the spectral peak undergoes
a blue-shift, from 1070 nm at §=0.03 to 1066 nm at 5=0.18, the gain bandwidth (FWHM)
reaches ~38 nm for ;-polarization and ~57 nm for o-polarization. The broad gain spectrum of
Yb:SALGO highlights its potential for wide wavelength tuning and generation of sub-50 fs pulses
from ML lasers.
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Fig. 4. RT polarized gain cross-section (07 gqiy) spectra of Yb:SALGO, o gain = o sg — (1 -

B)T abss B= N2(2F5 /2)/Nyyp — population inversion ratio. The light polarization is (a) 7 and
(b) o.

The low-temperature (LT, 12 K) unpolarized absorption and emission spectra of Yb** in
SALGO were measured to analyze the crystal-field splitting, as shown in Fig. 5.

In Yb:SALGO, the host-forming Gd>* and Sr”>* cations are statistically distributed across two
identical lattice sites, 2b and 4e, with D4 1, symmetry, and are IX-fold coordinated by oxygen
[19]. The 2F), and ?Fs, manifolds of the Yb** ion are split by the crystal field into four and
three Stark components, respectively, which are labeled in this work as 0-3 (CF, ,2) and 0" —
2’ (°Fs /2). The LT spectra of Yb:SALGO exhibit a significant inhomogeneous spectral line
broadening, attributed to the varying composition of the second coordination sphere around the
active ions, which consists of both Sr>* and Gd** cations. For the SALGO host crystal, the Yb>*
ZPL (corresponding to the 0<>0’ transition) has an energy Ezp;. of 10181 cm™', while the total
splitting of the ground state, AE(CF, /2), amounts to 747 cm™'. The experimental crystal-field
splitting of the Yb>* levels in this crystal is presented in Fig. 5(c).
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Fig. 5. LT (12K) (a) absorption and (b) luminescence spectra of Yb:SALGO. “+” mark the
electronic transitions; (c) crystal-field splitting for the Yb3* levels in SALGO.

3. Laser set-up

The schematic of the diode-pumped Yb:SALGO laser is shown in Fig. 6. The pump source
was a spatially single-mode, fiber-coupled InGaAs laser diode emitting 1.3 W of unpolarized
radiation. This laser diode featured a fiber Bragg grating (FBG) for wavelength locking and
spectral narrowing, resulting in a spectral linewidth of 0.2 nm (FWHM) at 976 nm. The nearly
diffraction-limited pump beam (beam propagation factor, M? = 1.02) was collimated by an
aspherical lens L; (focal length, f =26 mm) and then focused into the crystal using a spherical
lens L, (f =75 mm). This arrangement yielded a beam waist (radius) of 16 ym X 35 pm in the
sagittal and tangential planes, respectively.

The laser crystal was an a-cut Yb:SALGO with an actual doping level of 1.97 at.%. The
sample had an aperture of 3 mm X 3 mm and a thickness of 3 mm. Both surfaces were polished
to laser grade but remained uncoated. The crystal 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 standing
wave cavity to minimize optical losses at the laser wavelength. The Brewster angle was adjusted
to support m-polarization for maximized pump absorption efficiency in the ZPL although the
Yb:SALGO gain cross-section for this polarization is lower.

The CW laser performance of the Yb:SALGO crystal was investigated using a simplified
four-mirror cavity without the SASAM and the dispersive mirrors (DMs). One cavity arm was
terminated by a flat rear mirror M3, while the other ended with a plane-wedged output coupler
(OC) providing variable transmission at the laser wavelength (Toc) in the range of 0.6% to 7.5%.
The cavity mode size in the laser crystal was calculated using the ray transfer matrix formalism,
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Fig. 6. Schematic of the diode-pumped Yb:SALGO laser. LD: fiber-coupled laser diode; L :
aspherical lens; Ly: spherical lens; M, M, and My: plane-concave mirrors (RoC = -100
mm); M3: flat rear mirror; DM; and DM,: flat dispersive mirrors; OC: plane-wedged output
coupler; SESAM: SEmiconductor Saturable Absorber Mirror.

yielding a beam waist (radius) of 21 um x 40 um in the sagittal and tangential planes, respectively.
This method enabled precise determination of the beam size, optimizing the overlap between the
laser mode and the gain region within the crystal. Under lasing conditions, the measured pump
absorption varied slightly with Toc, from 68% to 70%.

In the ML regime, the flat rear mirror M3 was replaced with a third plane-concave mirror My
(RoC = —-100 mm), forming a secondary intracavity beam waist with a radius of ~80 um at the
SESAM, to ensure its efficient bleaching. The SESAM, used as a rear reflector, was a commercial
device (BATOP, GmbH) with a modulation depth of ~0.6% at ~1 um, a non-saturable loss
of ~0.4%, a saturation fluence of 70 uJ/cm?, and a recovery time of ~1 ps. In the extended
cavity arm, two flat DMs (DM; and DM;) were implemented to manage the intracavity group
delay dispersion (GDD), each providing a GDD of —100 fs> per bounce. This configuration
introduced a total round-trip negative GDD of —1600 fs?, effectively compensating for the
material dispersion of the laser crystal and balancing the self-phase modulation (SPM) induced
by the Kerr nonlinearity of the gain medium. The geometric cavity length of the ML laser was
~2 m, resulting in a pulse repetition rate of ~66.5 MHz.

4. Laser performance
4.1. Continuous-wave laser operation

The CW laser performance of the Yb:SALGO laser is illustrated in Fig. 7. A maximum output
power of 487 mW was achieved at 1064 nm using a 4% OC at an absorbed pump power of 931
mW, corresponding to a laser efficiency (77;45.-) of 52.3% and a slope efficiency () of 61.0%, as
shown in Fig. 7(a). The laser threshold increased with Toc, from 45 mW (Toc = 0.6%) to 197
mW (Toc =7.5%). A slight blue-shift in the laser wavelength was observed in the CW regime
as Toc increased, from 1072 to 1063 nm, as shown in Fig. 7(b). This behavior is characteristic
of quasi-three-level Yb lasers, where reabsorption at the laser wavelength plays a role, and is
consistent with the gain spectra of Yb:SALGO shown in Fig. 4.

Figure 8(a) presents a Caird analysis, used to estimate the passive losses of the diode-pumped
Yb:SALGO laser in the CW regime. The measured slope efficiency i was fitted as a function of
—In(Roc), where Roc = 1 — Toc represents the OC reflectivity [20]. This analysis yielded total
round-trip cavity losses of 6 =0.7 + 0.14% (reabsorption losses excluded) and an intrinsic slope
efficiency of 79 =75.5 = 1%.

To investigate the wavelength tuning capability of the diode-pumped CW Yb:SALGO laser,
a quartz-based Lyot filter was inserted at Brewster’s angle near the OC. Using a 1% OC and
an incident pump power of 800 mW, a broad wavelength tuning range of 86 nm was achieved,
spanning from 1019 to 1105 nm.
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Fig. 7. Diode-pumped CW Yb:SALGO laser: (a) input - output dependences for different
OCs, 17 — slope efficiency; (b) laser emission spectra (st-polarization).
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Fig. 8. Diode-pumped CW Yb:SALGO laser: (a) Caird analysis: laser slope efficiency
plotted vs. —-In(Rgc); (b) laser tuning curve obtained with a 1% OC and a quartz-based Lyot
filter.

4.2. Mode-locked laser operation

ML operation was initiated and stabilized using a commercial SESAM. Soliton-like pulse shaping
using a 2.5% OC was realized for the total negative GDD of —1600 fs? and resulted in stable and
self-starting ML operation.

The spectral and temporal characteristics of the diode-pumped ML Yb:SALGO laser are
presented in Fig. 9. The Yb:SALGO laser generated soliton pulses centered at 1065.3 nm with a
spectral bandwidth of 28.3 nm (FWHM), assuming a sech? spectral shape, as shown in Fig. 9(a).
The recorded second-harmonic generation (SHG)-based intensity autocorrelation trace was well
fitted with a sech?-shaped temporal profile, yielding an estimated pulse duration of 43 fs (FWHM),
as depicted in Fig. 9(b). The corresponding time-bandwidth product (TBP) was calculated to
be 0.321, close to the value for Fourier-transform-limited pulses (0.315). A long-range (50 ps)
SHG-based intensity autocorrelation scan confirmed the steady-state, single-pulse mode-locking
operation, as shown in the inset of Fig. 9(b). The maximum average output power was 131 mW
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at an absorbed pump power of 0.847 W, corresponding to a laser efficiency of 15.5% and a peak

power of 40.3 kW.

1.5
> (a)

= 10 I ”~

@ ' 7/ \ A =1065.3 nm
[J] h* fit / \

g 05 TN Ak=2830nm

0.0 ‘ . : ‘
950 1000 1050 1100 1150 1200
Wavelength [nm]

15
= (b)
g 1.0+ ,I—\‘
8 o5 worm /N ||
= _ ’ -2
T=43fs / o Time delay [ps]

0.0 \ ‘ : ‘
-300 -200 -100 0 100 200 300
Time delay [fs]

Fig. 9. Diode-pumped ML Yb:SALGO laser with Toc =2.5%. (a) Optical spectrum;
(b) SHG-based intensity autocorrelation trace, dashed curves - sech? fits. Inser: intensity
autocorrelation trace measured on a time span of 50 ps.

The shortest pulses with optimal stability were obtained using a 1.6% OC. The measured laser
spectrum is shown in Fig. 10(a). Assuming a sech’-shaped spectral profile, the Yb:SALGO laser
delivered soliton pulses with a spectral bandwidth of 31.5 nm (FWHM) at a central wavelength of
1065.7 nm. The pulse duration was estimated from the SHG-based intensity autocorrelation trace,
as shown in Fig. 10(b). The curve was well fitted with a sech?-shaped temporal profile, yielding
an estimated pulse duration of 38 fs (FWHM). The corresponding TBP was 0.316, almost equal
to the Fourier-transform-limited value. The inset of Fig. 10(b) presents the SHG-based intensity
autocorrelation trace over a long-time span of 50 ps, confirming stable single-pulse CW ML
operation free from multiple-pulse instabilities. The average output power for the shortest pulses
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Fig. 10. Diode-pumped ML Yb:SALGO laser with Toc = 1.6%. (a) Optical spectrum;
(b) SHG-based intensity autocorrelation trace, dashed curves - sech? fits. Inset: intensity
autocorrelation trace measured on a time span of 50 ps.



Research Article Vol. 33, No. 7/7 Apr 2025/ Optics Express 15065 |

Optics EXPRESS i N

was 87 mW at an absorbed pump power of 883 mW, corresponding to a laser efficiency of 9.9%
and a peak power of 30.3 kW. The measured beam propagation factor (M?) of the shortest pulses
was 1.02.

To further verify the stability of the ML operation for the shortest pulses, a radio-frequency
(RF) spectrum analyzer was used to record the beat note in different frequency ranges. The
fundamental beat note at 66.51 MHz exhibited a high extinction ratio of >76 dBc above the
carrier, cf. Figure 11(a). Additionally, the uniform harmonics recorded over a 1-GHz frequency
span provided strong evidence of highly stable CW ML operation, free from any Q-switching or
multi-pulsing instabilities, as shown in Fig. 11(b).
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Fig. 11. RF spectra of the diode-pumped ML Yb:SALGO laser with Toc = 1.6%: (a)
fundamental beat note at 66.51 MHz recorded with a resolution bandwidth (RBW) of 300
Hz, and (b) harmonics on a 1-GHz frequency span recorded with a RBW of 100 kHz.

5. Conclusion

In conclusion, this work presents the spectroscopic characterization and the first demonstration of
passively mode-locked laser operation using the disordered Yb:SALGO crystal. The “glassy-like”
spectroscopic properties of Yb:SALGO highlight its potential for ultrashort pulse generation in a
mode-locked lasers. In CW operation regime, the diode-pumped Yb:SALGO laser generated
a maximum output power of 487 mW at 1064 nm, with a slope efficiency of 61% and a laser
efficiency of 52.3%. A broad wavelength tuning range from 1019 to 1105 nm (spanning across
86 nm) was realized using a Lyot filter. Under mode-locked operation, the diode-pumped
Yb:SALGO laser delivered soliton pulses as short as 38 fs at 1065.7 nm, with an average output
power of 87 mW and a pulse repetition rate of 66.51 MHz. Mode-locking was initiated and
stabilized using a commercial SESAM. Further pulse shortening and power scaling could be
achieved through soft-aperture Kerr-lens mode-locking.
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