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Abstract: We present the growth, spectroscopy, continuous-wave (CW) and passively mode-
locked (ML) operation of a novel “mixed” tetragonal calcium rare-earth aluminate crystal,
Yb3+:Ca(Gd,Y)AlO4. The absorption, stimulated-emission, and gain cross-sections are derived
for t and o polarizations. The laser performance of a c¢-cut Yb:Ca(Gd,Y)AlO4 crystal is studied
using a spatially single-mode, 976-nm fiber-coupled laser diode as a pump source. A maximum
output power of 347 mW is obtained in the CW regime with a slope efficiency of 48.9%. The
emission wavelength is continuously tunable across 90 nm (1010 — 1100 nm) using a quartz-based
Lyot filter. With a commercial SEmiconductor Saturable Absorber Mirror to initiate and maintain
ML operation, soliton pulses as short as 35 fs are generated at 1059.8 nm with an average output
power of 51 mW at ~65.95 MHz. The average output power can be scaled to 105 mW for slightly
longer pulses of 42 fs at 1063.5 nm.

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

1. Introduction

Ytterbium (Yb3+) doped tetragonal rare-earth calcium aluminates, denoted as Yb:CaREAI1Oy,
where RE represents either Gd or Y, have gained prominence as exceptional laser materials.
These crystals exhibit remarkable capabilities for power-scalable, broadly tunable and ultrafast
lasers operating at ~1 um [1-3]. In the literature, the Gd and Y compounds are frequently
abbreviated as Yb:CALGO and Yb:CALYO, respectively. The CaREAIO, crystals are optically
uniaxial and belong to the family of compounds with a general chemical formula of ABCOy,
where A = Ca or Sr, B=Y or lanthanide (Ln) ion, and C = Al or Ga. When Yb3+ replaces for the
RE3* host-forming cations in a crystallographic site exhibiting point symmetry Cy4, and IX-fold
oxygen coordination, this site is statistically occupied by both Ca®* and Yb>*|RE3* ions [4]. The
ease of Yb** doping in CaREAIQy crystals is attributed to the availability of passive RE sites.
The inhomogeneous spectral broadening in these crystals stems from the second coordination
sphere of the dopant Yb>* ions, influenced by the random distribution of Ca>* and RE** ions.
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It is due to the charge disparity between these ions and varying cation-cation distances within
this coordination sphere. Consequently, the Yb** ions in Yb:CaREAIOy display a “glassy”-like
spectroscopic behavior, characterized by rather broad absorption and emission bands [4]. The
broad, smooth and flat gain profiles of the Yb:CaREAIOy crystals are particularly advantageous
for widely tunable laser operation and achieving sub-50 fs pulse generation through passive
mode-locking [5—14]. In combination with the Kerr-lens mode-locking technique, even sub-20
fs pulses can be generated using such crystals [15,16]. In contrast to the widely recognized
disordered cubic garnets, another material family attractive for femtosecond mode-locked (ML)
laser at ~1 um, whose thermal conductivity is comparable to that of glasses, the disordered
CaREAIQy crystals exhibit relatively high thermal conductivity, particularly noteworthy in the
case of CaGdAlO, with an average value of ~6.7 Wm™'K~! for 2 at.% Yb [17]. Significantly,
this thermal conductivity exhibits a moderate dependence on the Yb3* doping level [17]. The
Yb:CaREAIOy crystals also feature attractive thermo-optical properties, namely, positive thermal
lensing with a weak refractive power and astigmatism (a nearly athermal behavior) owing to
negative dn/dT coefficients [17,18]. It is worth noting that the emission of Yb:CaREAIO;, lasers
is linearly polarized due to their strong intrinsic birefringence [19] and the noticeable anisotropy
of the gain cross sections.

Furthermore, the structural disorder present in the CaREAIO4 compounds can be augmented
by compositional disorder, resulting in additional inhomogeneous spectral broadening. This
contributes to smoothing and flattening of the gain profiles of the Yb>* dopant. The engineering
of compositional disorder in the passive host can be accomplished by mixing Gd** and Y3*
in the growth melt [20] (as there exists an isostructural series of solid-solution compositions
CaGd;_,YAlOy4 for the entire range of 0 <x < 1) or by introducing Lu3* to either of these
compounds [21-23] (there exists a limit for Lu** solubility, as the tetragonal compound CaLuAlQy
is not stable [22,24]). ML Yb-laser operation based on such a calcium aluminate crystal with
additional compositional disorder was reported for the first time in [21]. However, Lu-doping
of CALGO as low as 2.6 at.% [21] is comparable with the active ion (Yb) concentration and is
not expected to contribute significantly to the compositional disorder. It is similar to the effect
of the active ion doping in any laser crystal where the term disorder is not used because of the
smallness of the effect.

The CaREAIOy crystals feature congruent melting, simplifying the process of large crystal
growth by the conventional Czochralski (Cz) method [25,26]. In the present work, our objective
was to explore the polarized spectroscopic properties, and continuous-wave (CW) and ML laser
operation of a newly developed Yb>*-doped “mixed” tetragonal rare-earth calcium aluminate,
Ca(Gd,Y)AIlQy, representing a solid-solution between CALGO and CALYO. Mixing host crystals
containing the optically passive Gd3* and Y>* ions provide more flexibility for engineering the
compositional disorder and the resulting spectral gain profiles compared to doping with Lu’*
which is limited to relatively low levels [21].

2. Crystal growth

The Yb:Ca(Gd,Y)AIOy crystal was grown using the conventional Cz method with 5 at.% Yb>*
content in the melt. Yb3*-doped Ca(Gd,Y)AlO4 polycrystalline tablets were first synthesized
through the solid-state reaction method. The raw materials used were CaCO3, Gd;03, Yb,03,
Y,03 and Al,O3, each possessing a purity level of 99.999%. The corresponding equation for the
solid-state reaction is as follows:

CaC03+0.025Yb,03+0.165Gd;03+0.31Y,03+0.5A1,03 — CaGdy33Ybg.05Y0.62A104+CO» T

The powders were weighed and stirred for 48 h to ensure their uniform mixing, then pressed
into tablets with a diameter of 60 mm. A muffle furnace was used for sintering at 1350°C for 36 h
in air. After that, the synthesized polycrystalline charge was transferred into an Ir crucible with a



Research Article Vol. 32, No. 3/29 Jan 2024/ Optics Express 3223 |

Optics EXPRESS

diameter of 70 mm. The single crystal was grown using an [001] oriented seed from an undoped
CALYO crystal under nitrogen atmosphere. The pulling rate and the rotation speed of the seed
were set to 0.6 - 1.0 mm/h and 12 - 18 rpm, respectively. The grown crystal was slowly cooled
down to room temperature (RT) at a rate of 30 ~ 50°C/h. Figure 1 shows a photograph of the
as-grown Yb:Ca(Gd,Y)AlO; crystal with dimensions of ®40 x 60 mm?3. No cracks, inclusions,

or bubbles are seen.

Fig. 1. A photograph of the as-grown Yb:Ca(Gd,Y)AlOy crystal boule, the growth direction
is along the [001] axis.

The actual composition was determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) to be CaGdg445Ybg 032 Y0.520A104, where the Yb3* doping concentration is 3.2
at.% (Yb3* ion density: Nyp=3.6x1072°cm™), corresponding to a segregation coefficient
of 0.64. According to an X-ray powder diffraction study, the grown crystal is of single-phase
nature. Yb:Ca(Gd,Y)AlO4 belongs to the tetragonal class (sp. gr. th - I4/mmm, No. 139)
exhibiting a K,NiF, type structure and it is isostructural to the parent compound, Yb:CaYAIOj.
Yb:Ca(Gd,Y)AIO; is optically uniaxial (the optical axis is parallel to the c-axis) and the two
principal light polarizations are E || ¢ (;t) and E L ¢ (0).

3. Optical spectroscopy

The factor group analysis for the primitive cell of the th symmetry predicts the following set of
irreducible representations at the center of the Brillouin zone (k=0): I' =2A; g + 2E, + 4A,, +
SE, + Bay [27,28]. Out of them, four modes are Raman active (2A g + 2Eg), seven modes are
IR active (3A;, +4E,), two modes (Aj, + E,) are acoustic and one (Bj,) is silent [28]. The
polarized Raman spectra of an a-cut Yb:Ca(Gd,Y)AlO4 crystal measured in the a(ij)a, i and j =xt
and o, geometries are shown in Fig. 2(a) (here, we use Porto’s notations [29]).

The Raman spectra are strongly polarized. For the studied geometries, all the Raman-active
modes appear: the a(rm)a geometry selects the Aj g phonons at 321 and 525/556cm™!, and in
the a(mo)a one, the E, modes appear at ~160 and 317 cm™!. The dominant band at 321 cm™
is thus assigned to Ca|RE vibrations along the [001] axis and the high-frequency band at
525/556 cm™!with a complex structure — to O vibrations. The bands at ~618 and 651 cm™" are
probably due to defect-induced modes.

The Raman spectra of the “mixed” Yb:Ca(Gd,Y)AlO4 and parent Yb:CaYAIlO, crystals
measured in the a(n)a geometry are very close, Fig. 2(b), indicating a small red-shift in the
peak position for the solid-solution crystal composition.

The RT absorption and emission properties of the Yb:Ca(Gd,Y)AlO4 crystal were studied for
the two principal light polarizations, m and o and compared with those for the parent compound,
Yb:CaYAIQO,. Figure 3(a) shows the absorption cross-section (o-,ps) spectra for the g, 2= 2p, 2
transition of Yb3* ions. For the “mixed” crystal, the maximum value of o aps reaches 4.46 x 10720
cm? at 979.7 nm (zero-phonon line, ZPL) with a bandwidth (full width at half maximum, FWHM)
of the absorption peak of 9.4 nm for wt-polarized light. In the case of o-polarization, the peak o ps
value is lower, 1.85 x 10720 cm? at 979.8 nm, while the absorption bandwidth is similar, 9.1 nm.
The broad ZPL absorption bandwidth for both light polarizations mitigates the restrictions on
the use of commercially available high-power InGaAs laser diodes emitting at ~980 nm. This
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Fig. 2. RT polarized Raman spectra of Yb:Ca(Gd,Y)AlOy: (a) a(ij)a, where i, j=m and ¢
geometries (Porto’s notations); (b) a comparison of Raman spectra of Yb:Ca(Gd,Y)AlO4
and Yb:CaYAIOy [a(n7)a geometry]. Adexc =514 nm.

is particularly relevant in addressing potential temperature-induced drift in the diode emission
wavelength.

The luminescence spectra of both the “mixed” Yb:Ca(Gd,Y)AlIO4 and parent Yb:CaYAIO4
crystals are presented in Fig. 3(b). The spectra are strongly polarized. The effect of Gd3* addition
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Fig. 3. RT polarized absorption and emission properties of Yb3* ions in the Ca(Gd,Y)AlO4
and CaYAIQqy crystals: (a) absorption cross-section (0 4p¢) spectra; (b) luminescence spectra,
Aexe =922 nm; (c) stimulated-emission (ogg) cross-sections, Yb:Ca(Gd,Y)AlO4. Light
polarizations: E || ¢ () and E L ¢ (0).
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to the crystal composition is revealed by an additional spectral broadening and a red shift of the
Yb3* emission band. The stimulated-emission (SE, o-sp) cross-sections were calculated using a
combination of the Fiichtbauer—Ladenburg (F-L) formula and the reciprocity method (RM). A
satisfactory agreement between the two methods was achieved for a radiative lifetime of the *Fs 2
Yb** excited manifold of 0.41 +0.03 ms. The refractive indices of the “mixed” crystal were
calculated based on the Sellmeier equations [30] assuming a linear variation of the refractive
index in the CaY;_,Gd,AlO4 substitutional solid-solution yielding n, = 1.902 and n. = 1.925 at
~1 um for the ordinary and extraordinary rays, respectively.

The resulting osg spectra are depicted in Fig. 3(c). In the spectral range where positive gain
and lasing are expected (i.e., at wavelengths significantly above the ZPL), the SE cross-section is
0.25x 1072 ¢cm? at ~1057 nm for m-polarization. Conversely, for o-polarization, the peak osg
is 0.61 x 1072° cm? at ~1049 nm. The inherent anisotropy observed in the SE cross-sections
suggests that Yb:Ca(Gd,Y)AlO4 lasers based on a-cut crystals are likely to emit linearly polarized
light without the need for additional polarization-selective elements.

The RT luminescence lifetime of the upper laser level (*Fs /2) of Yb>* ions in Ca(Gd,Y)AlO,
was determined by studying a finely powdered crystalline sample to reduce the impact of radiation
trapping (reabsorption) on the measured kinetics, Fig. 4. The Yb3* ion luminescence shows
a single-exponential decay with a characteristic lifetime 7y, of 705 ps. For Yb>* ions in the
parent crystal CaYAIOy, Tum. = 675 ps. These values exceed the estimate of the radiative lifetime
most probably due to the residual effect of reabsorption.

10%
= . Yb:Ca(Gd,Y)AIO,
2 107E Tum = 705 18
Q 2[ Yb:CaYAIO
107, e o
- 10° F 2= 980 nm Gym = 675 us
0 1 2 3 4

Time [ms]

Fig. 4. RT luminescence decay curves of the 3.2 at.% Yb:Ca(Gd,Y)AlO4 and 3.7 at.%
Yb:CaYAIOy crystals, dexc =922 nm, Ay, =980 nm, circles — experimental data, lines —
single-exponential fits.

Adhering to the quasi-three-level nature of the Yb laser scheme with reabsorption, the polarized
gain cross-sections, o gain = S0 sg — (1 — 5)0 abs, Of Yb3*:Ca(Gd,Y)AIO4 were determined for
the two principal polarizations, m and o, as illustrated in Fig. 5. Here, 8= N2/Nyy represents
the inversion ratio, where N, corresponds to the population of the upper laser level (°Fs /2)-
The “glassy-like” gain profiles stem from pronounced inhomogeneous spectral line broadening
induced by both the structural and compositional disorder, as well as homogeneous temperature
broadening. The gain spectra extend well beyond the range of electronic transitions, which
is attributed to a significant phonon sideband related to a strong lattice-orbit interaction in
CaREAIQy crystals. As the inversion ratio increases, the spectral maximum undergoes a blue
shift, from ~1055 nm at low (8=0.07) to 1017 nm at a higher (8 = 0.3) inversion ratio for -
polarization, and from ~1053 nm to 1034 nm for o-polarization. For 8 =0.3, the gain bandwidth
(FWHM) is about 67 nm for ;-polarization, and ~62 nm for o-polarization. This broadband gain
behavior underscores the high potential of Yb:Ca(Gd,Y)AlO, for wide wavelength tuning and
the generation of sub-50 fs pulses via passive mode-locking.

The low-temperature (LT, 12 K) absorption and emission spectra of Yb>* ions in the “mixed”
Yb:Ca(Gd,Y)AIO4 and parent Yb:CaYAIO, crystals were measured with polarized light to
determine the crystal-field splitting, see Fig. 6(a) and (b). In Yb:Ca(Gd,Y)AIlQy, the host-forming
Ca”* and Gd>*|Y?* cations are statistically distributed over the same lattice sites (Wyckoff: 4e)
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Fig. 5. RT polarized gain cross-section (0 g4;,) spectra of Yb:Ca(Gd,Y)AlOy4, 0 gain = B0 SE
— (1= B)oabs, B=N2(3Fs /2)/Nyp — population inversion ratio. The light polarization is (a)
E || ¢ () and (b) E L ¢ (0).

of the C4, symmetry and they are IX-fold oxygen coordinated. The ?F; /2 and %F5 /2 manifolds of
Yb?* ions will be split by the crystal-field into 4 and 3 Stark components, respectively, which are
numbered in the present work as 0 — 3 (°F; ;2)and 0" -2’ (*Fs /2)- The LT spectra of Yb>* ions
reveal a strong inhomogeneous spectral line broadening arising from the varying composition of
the second coordination sphere around the active ions composed of both Ca’* and Gd**|Y3*
cations [23].

For the Ca(Gd,Y)AIOQy crystal, the Yb** zero-phonon line (the 0 <> 0’ transition) has an energy
Ezpr of 10190cm™! and the total splitting of the ground-state, AE(*F75), is 631cm™'. The
experimental crystal-field splitting of Yb3* ions in this crystal is shown on the inset of Fig. 6(b).
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Fig. 6. Low-temperature (12 K) polarized (a) absorption and (b) luminescence spectra of
Yb3* jons in the Yb:Ca(Gd,Y)AlO, and Yb:CaYAIOy crystals. Light polarizations: &t and
0. “4+” mark the electronic transitions. Inset in (b) — experimental crystal-field splitting for
Yb3* jons in the “mixed” crystal. X5 means that the luminescence spectra in the range of
10250 - 15000 cm™! are multiplied by a factor of 5.
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Here, for the assignment of electronic transitions, we followed the theoretical crystal-field
calculation by Hutchinson et al. [31]. The partition functions for the lower (/) and upper () Yb3*
manifolds are Z; = 1.680 and Z,, = 1.419 and their ratio Z;/Z,, is 1.184 (at RT). The effect of Gd>*
addition to the crystal composition is relatively weak but is clearly observed in the additional
broadening of electronic transitions and a slight shift of the ZPL peak position.

4. Laser set-up

The schematic of the Yb:Ca(Gd,Y)AIlOy laser is depicted in Fig. 7. An 3-mm thick uncoated
laser sample with 3.2 at.% Yb3* dopant was cut from the as-grown bulk to facilitate light
propagation along the crystallographic ¢-axis (c-cut). It had an aperture of 4 x 4 mm?, and
was polished both sides to laser-grade quality with good parallelism and left uncoated. The
sample was mounted in a copper holder without active cooling and positioned at Brewster’s
angle between two concave folding mirrors, M| and M, (radius of curvature, RoC =-100 mm),
in an astigmatically compensated X-folded linear cavity. The pump source was a fiber-coupled
InGaAs laser diode, providing a maximum incident power of 1.33 W at 976 nm (unpolarized
radiation). Its emission wavelength was stabilized by a fiber Bragg grating (FBG), resulting in an
emission linewidth (FWHM) of ~0.2 nm. The measured pump beam quality factor (M?) at the
maximum output power was ~1.02. Collimation and focusing into the laser crystal through the
pump mirror (M;) were realized using an aspherical lens L; (f =26 mm) and a spherical lens
L, (f =75 mm). This resulted in a beam waist (radius) of 14.3 um X 32.3 um in the sagittal and
tangential planes, respectively.

oc A\

Mz Yb:Ca(Gd,Y)AIOs M: L L+ LD

Fig. 7. Schematic of the diode-pumped Yb:Ca(Gd,Y)AlOy laser. LD: fiber-coupled laser
diode; L1: aspherical lens; Ly: spherical lens; M1, M, and My: curved mirrors (RoC =-100
mm); M3: flat rear mirror for CW laser operation; DM and DM,: flat dispersive mirrors;
OC: output coupler; SESAM: SEmiconductor Saturable Absorber Mirror.

The CW laser performance was assessed in a four-mirror cavity configuration without
incorporating the SEmiconductor Saturable Absorber Mirror (SESAM) and the dispersive mirrors
(DMs). One arm of the cavity was terminated by a flat rear mirror, M3, while the other arm ended
with a plane-wedged output coupler (OC) with a transmission at the laser wavelength (Toc)
ranging from 0.4% to 7.5%. Using the ABCD matrix method, the radius of the fundamental
laser cavity mode within the Yb:Ca(Gd,Y)AIO; crystal was estimated to be 21 pm X 38 um in the
sagittal and tangential planes, respectively. The single-pass pump absorption, measured under
lasing conditions, exhibited a marginal reduction from 69.6% to 65% with increasing Toc due to
the decreasing recycling effect.

A curved mirror My (RoC =-100 mm) replaced the flat rear mirror M3 so as to create a
secondary beam waist on the saturable absorber (SA) with a beam radius of ~81 um for efficient
bleaching. A commercial SESAM (BATOP, GmbH) was implemented as SA to initiate and
stabilize ML operation. Its parameters at ~1 um were as follows: modulation depth of 0.6%,
non-saturable loss of 0.4%, saturation fluence of 70 pJ/cm2 and time constant of ~1 ps. In order
to compensate for the material dispersion from the laser crystal and to balance the self-phase
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modulation (SPM), two flat dispersive mirrors (DM, =-250 fs?> and DM, =-150 fs?) were
implemented in the other cavity arm for soliton-like pulse shaping. The physical cavity length
of the ML Yb:Ca(Gd,Y)AIO4 laser was 2.27 m, corresponding to a pulse repetition rate of
~65.9 MHz.

5. Continuous-wave laser operation

The maximum CW output power of the diode-pumped Yb:Ca(Gd,Y)AlOy laser reached 347 mW
at 1052.5 nm with a 4.5% OC at an absorbed pump power (Pgps) of 887 mW, corresponding to an
optical efficiency of 39.1% and a slope efficiency (n7) of 48.9%, see Fig. 8(a). The laser threshold
gradually increased with Toc, from 102 mW (Toc =0.4%) to 239 mW (Toc =7.5%). The laser
wavelength experienced a monotonous blue-shift with increasing Toc in the range of 1033.3 —
1062.7 nm, as shown in Fig. 8(b). This represents a typical quasi-three-level laser behavior with
inherent reabsorption at the laser wavelength.

500

g Too = 0.4%,77= 13.2%;
c 400+ (a) Too=25% n=44.1%
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Fig. 8. Diode-pumped Yb:Ca(Gd,Y)AlOy4 laser in the CW regime: (a) input - output
dependences for different OCs, 1 — slope efficiency; (b) Laser spectra measured well above
the laser threshold. The laser polarization is E L ¢ (o).

The Caird analysis [32] was employed by fitting the measured laser slope efficiency as a
function of the OC, Roc =1 - Toc. This method allows an estimation of the total round-trip cavity
losses & (excluding reabsorption losses) and the intrinsic slope efficiency 79, considering the
mode-matching and quantum efficiencies. The fit yielded 79 = 68.2 + 0.25% and 6 = 1.33 + 0.15%,
as illustrated in Fig. 9(a).

The wavelength tuning of the Yb:Ca(Gd,Y)AlO;4 laser in the CW regime was studied by
introducing a 2-mm thick quartz plate as a Lyot filter at Brewster’s angle in the cavity arm
terminated by the OC. The laser wavelength was continuously tunable in the range of 1012
-1097 nm, spanning 85 nm at the zero-power-level, for Toc = 1.1% at an incident pump power of
1.33 W. A slightly broader tuning range of 88 nm (1012 — 1100 nm) was observed for Toc = 0.4%
at the same pump level. Finally, the maximum tuning range of 90 nm (1010 — 1100 nm) was
achieved using a yet lower 0.2% OC, as shown in Fig. 9(b).
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Fig. 9. CW diode-pumped Yb:Ca(Gd,Y)AlOy4 laser: (a) Caird analysis: slope efficiency vs.
the OC reflectivity Roc =1 — Toc; (b) wavelength tuning curves obtained with a Lyot filter
and three OCs (0.2% - 1.1%). The laser polarization is E L ¢ (o).

6. Mode-locked laser operation

Self-starting ML operation was initiated and stabilized by implemented a SESAM. Two DMs
were introduced into the laser cavity, providing an overall negative GDD of -1600 fs* for
soliton-like pulse shaping, refer to Fig. 7. The spectral and temporal characteristics of the ML
Yb:Ca(Gd,Y)AIO;4 laser are depicted in Fig. 10. Using a 2.5% OC, the ML laser delivered pulses
with a spectral bandwidth of 31.3 nm (FWHM) at a central wavelength of 1063.5 nm, assuming
a sech’-shaped spectral profile, see Fig. 10(a). The second-harmonic generation (SHG)-based
background-free intensity autocorrelation trace (AC) was well-fitted with a sech?-shaped temporal
profile, resulting in an estimated pulse duration of 42 fs (FWHM) and a time-bandwidth-product
(TBP) of 0.348, slightly higher compared to the Fourier-transform-limited value (0.315), see
Fig. 10(b). Excellent sech’-shaped spectral and temporal profiles indicating soliton-like ML
pulses were achieved. An average output of 105 mW was achieved at 60 MHz for a Py of
827 mW, corresponding to a peak power of 36.7 kW. The inset in Fig. 10(b) displays the measured
SHG-based background-free intensity AC over a long-time span of 50-ps, indicating single-pulse
CW-ML operation free of multiple pulse instabilities.

The generation of shortest pulses with optimal stability was achieved using the 1.6% OC. The
self-starting nature of the ML Yb:Ca(Gd,Y)AlO, laser was reaffirmed. The characterization of
these shortest pulses is succinctly presented in Fig. 11. The measured optical spectrum of the
shortest pulses exhibited an emission bandwidth (FWHM) of 38.3 nm, assuming a sech?-shaped
spectral intensity profile at a central wavelength of 1059.8 nm, see Fig. 11(a). The measured
intensity autocorrelation trace yielded a deconvolved pulse duration of 35 fs (FWHM) when
assuming a sech?-shaped temporal profile; see Fig. 11(b). The corresponding TBP of 0.358
was above the Fourier-transform-limited value (0.315) indicating a certain chirp. The inset in
Fig. 11(b) shows the measured intensity autocorrelation trace over a long-time span of 50 ps,
indicating single-pulse CW-ML operation free of multiple pulse instabilities. An average output
power of 51 mW was obtained for an absorbed pump power of 845 mW, with a pulse repetition
rate of 65.95 MHz, corresponding to a peak power of 19.4 kW.

The confirmation of ML operation stability was achieved by recording the radio-frequency
(RF) spectra of the shortest pulses over various frequency ranges, as illustrated in Fig. 12.
The fundamental beat note at 65.95 MHz displayed a substantial extinction ratio, exceeding 75
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Fig. 10. Diode-pumped SESAM ML Yb:Ca(Gd,Y)AlOy4 laser with Toc =2.5%. (a) Laser
spectrum and (b) Recorded SHG-based autocorrelation trace. Inset in (b) simultaneously
measured long-scale (50 ps) autocorrelation trace.
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Fig. 11. Diode-pumped SESAM ML Yb:Ca(Gd,Y)AlOy4 laser with Toc = 1.6%. (a) Laser
spectrum and (b) Recorded SHG-based autocorrelation trace. Inset in (b) simultaneously
measured long-scale (50 ps) autocorrelation trace.
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dBc above the carrier, see Fig. 12(a). Furthermore, the measured uniform harmonics across a
1-GHz frequency span emphasized the remarkable stability of the single-pulse ML operation, see
Fig. 12(b).
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Fig. 12. RF spectra of the SESAM ML Yb:Ca(Gd,Y)AlOy laser: (a) Fundamental beat note
at 65.95 MHz recorded with a resolution bandwidth (RBW) of 200 Hz, and (b) Harmonics
on a 1-GHz frequency span recorded with an RBW of 100 kHz. Toc = 1.6%.

To validate the pulse shaping mechanism, the far-field beam profiles of the diode-pumped
Yb:Ca(Gd,Y)AIlO4 laser were recorded using an infrared (IR) camera positioned at approximately
0.8 m from the OC. The transition between the CW and ML regimes was easily achieved through
a slight cavity misalignment. Notably, minimal changes in the far-field beam diameter were
observed during such a transition, as depicted in Fig. 13. This observation, coupled with the
almost perfect sech’-shaped spectral and temporal profiles of the shortest laser pulses, indicates
that soliton mode-locking stabilized by the SESAM was the dominant pulse shaping mechanism.

Fig. 13. Measured far-field beam profiles of the diode-pumped SESAM ML
Yb:Ca(Gd,Y)AlO4 laser: (a) CW and (b) SESAM ML operation regimes.

7. Conclusion

In summary, this work reports on the growth, spectroscopic characterization, and the first
continuous-wave and passively mode-locked laser operation of a novel “mixed” disordered calcium
aluminate crystal, Yb**-doped Ca(Gd,Y)AlOQy. The tetragonal structure of the stoichiometric
compounds is preserved but the mixed host induces additional spectral broadening for the Yb3*
absorption and emission bands. Consequently, it becomes an appealing material for generating
sub-50 fs pulses from mode-locked lasers at ~1 um. The laser performance was studied using
a c-cut Yb:Ca(Gd,Y)AlOy4 crystal pumped by a spatially single-mode, 976-nm fiber-coupled
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laser diode. In the continuous-wave regime, a maximum output power of 347 mW was achieved
at 1052.5 nm with a slope efficiency of 48.9%. Continuous wavelength tuning across 90 nm
(1010 — 1100 nm) was obtained using a quartz-based Lyot filter. By employing a commercial
SESAM to start and sustain the mode-locked operation, the Yb:Ca(Gd,Y)AlO4 laser generated
soliton pulses as short as 35 fs at 1059.8 nm with an average output power of 51 mW, operating at
~65.95 MHz. The average output power can be scaled to 105 mW with a slightly longer pulses of
42 fs at 1063.5 nm. Further pulse shortening and average output power scaling could be achieved
by soft-aperture Kerr-lens mode-locking.
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