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We report on, to the best of our knowledge, the first
fs-laser-written waveguide laser in Yb3*:CaGdAlO,
(Yb:CALGO). With Yb:CALGO crystals grown in our
labs, we obtained a slope efficiency of 69% and up to 2.4 W
of continuous wave (cw) output power in a waveguide-
laser configuration. Moreover, bulk laser experiments with
Yb:CALGO were performed, and slope efficiencies up to
73%, optical-to-optical efficiencies of 65%, and maximum
cw output powers of 3.3 W were reached. These are
the highest efficiencies in the laser configuration with
Yb:CALGO. © 2015 Optical Society of America

OCIS codes: (140.3570) Lasers, single-mode; (230.7380)
Waveguides, channeled.
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The disordered crystal Yb:CALGO is a unique material for
the generation of ultrashort pulses. It provides wide emission
bands comparable to those of Yb’T-doped glasses combined
with much better thermo-mechanical properties [1]. Since its
first demonstration as a laser material [2], pulses as short as 32 fs
have been realized with a Kerr-lens mode-locked Yb:CALGO
oscillator [3], and pulse durations of 40 fs were obtained
with semiconductor saturable absorber-mirror (SESAM) mode
locking [4].

Recently, Yb:CALGO crystals grown in our labs allowed for
significantly higher efficiencies in the thin disk laser setup than
previously reported [5] for this material and a wide wavelength
tuning range [6].

The femtosecond-laser (fs-laser) writing of waveguides into
crystalline materials has been shown to be a very versatile
method for the fabrication of efficient waveguide lasers in dif-
ferent materials [7,8]. Similar waveguides in ion-exchanged
glass have been utilized for GHz-mode-locked fs-waveguide
lasers [9]. Cw mode-locked laser operation in fs-laser-written
waveguides was first realized in a fiber-extended cavity [10].
Very recently, the first mode-locked Nd:YAG fs-laser-written

0146-9592/15/153552-04$15/0$15.00 © 2015 Optical Society of America

waveguide laser operating at 11-GHz repetition rate, an aver-
age output power of 12 mW, and 16-ps pulse duration was
realized utilizing graphene as the saturable absorber [11]. Our
approach is to combine the unique features of Yb:CALGO for
the generation of ultrashort pulses with the benefits of the
waveguide geometry. With a fs-laser-written mode-locked
Yb-doped CALGO waveguide laser it should be possible to
achieve fs pulses at repetition rates in the order of GHz, too.
However, lower thresholds and higher output power can be
expected due to the higher gain cross sections and better
thermo-mechanical properties of Yb>* in CALGO compared
to Yb-doped glasses.

In this Letter, we report on the realization of the first (to
the best of our knowledge) fs-laser-written waveguide laser
in Yb:CALGO and on the spectroscopy and highly efficient
bulk laser operation of this material under pumping with an
optically pumped semiconductor laser (OPSL).

The Czochralski growth of the Yb:CALGO crystals used
in the experiments is described in [6]. The doping concentra-
tion of Yb3* in the melt was 10%. An Ir-wire was used as
seed. Laue measurements revealed an angle of ~72° between
the growth direction of the crystal and the ¢ axis. In earlier
growth runs, crystal growth was also observed perpendicular
to the optical axis. By energy-dispersive x-ray spectroscopy
(EDX), the Yb3T-concentration was determined to be
(6.6 £0.8) x 10*° cm™ at the top and (9.0 £ 0.4) x 10** cm™
at the bottom of the boule. At a cation density of
1.25 x 10?2 ¢cm™ in Yb:CALGO with respect to the Gd sites,
this corresponds to a doping concentration of (5.3 & 0.6)%
and (7.2 &£ 0.3)%, respectively, and results in a segregation
coefficient of ~0.5.

Due to this low segregation coefficient, there was some am-
biguity about the cross-section values for Yb:CALGO in the
past, as possibly the doping concentration in the melt was taken
for their determination [2,12,13]. For this reason, we thor-
oughly refined the absorption and emission cross sections.

Yb:CALGO has a uniaxial tetragonal crystal structure.
Hence the cross sections were determined for electrical field
vectors parallel and perpendicular to the optical axis. The
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Fig. 1. (a), (b) Polarized absorption (o,,,) and emission (0.y,)
cross sections of Yb:CALGO. (c), (d) Corresponding gain cross
sections (0,,,) for different inversion levels f3, as a function of wave-

length A.

gain

absorption cross sections were determined from transmission
measurements utilizing the Beer-Lambert law and the mea-
sured doping concentrations. The resulting peak values of
3.8 x 102" cm? in #- and 1.4 x 1072° cm? in o-polarization
were observed at a wavelength of 979.6 nm (cf. Fig. 1). The
peak values in o-polarization are about 11% higher than
the values in [12], and the anisotropy between 7z- and
o-polarization of 2.7 is somewhat smaller than the value of
3 reported there. It should be noted that only the first deviation
may arise from the error in the determination of the doping
concentration. However, as our crystals were oriented by
Laue-diffraction, and the doping concentration was determined
by EDX resulting in segregation coefficients that are in good
agreement with our previous measurements, we are very con-
fident that our values are precise.

Due to the quasi-three-level scheme of Yb>", the fluores-
cence spectra are biased by reabsorption in the respective wave-
length range. Therefore, we used a combination of the
McCumber-relation [14] and the Fiichtbauer-Ladenburg
method (FL) as described in [15] for the determination of the
emission cross sections. Because of the disordered nature of
the CALGO host, where Yb®" occupies the Cyy site shared
by Ca?" and Gd’" ions [16], the energetic position of the
Stark levels cannot be measured properly. Hence the spectra
resulting from the McCumber relation were calibrated with
the FL-emission cross sections at 1050 nm, where no reabsorp-
tion is expected. The absorption, emission, and gain cross-
section spectra are shown in Fig. 1. It should be noted that
the cross sections, in particular in z-polarization, are much
higher than the values reported in [2] and differ significantly
from those in [12]. We determined an emission cross section
of 5.5x 1072 cm? in z-polarization and 2.0 x 102° cm? in
o-polarization for the zero-phonon line transitions around
980 nm. For inversion levels >0.025, the gain cross sections
are higher in o-polarization in the range of possible laser action
around 1040 nm [see Figs. 1(c) and 1(d)]. In this range, the
emission cross-section spectra are very broad and nearly un-
structured in both polarizations. This property favors the broad
tunability and short pulse duration in mode-locked laser oper-
ation [4-6,17]. The fluorescence lifetime was determined by
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Fig. 2. Laser characteristics and linear fits (straight lines) of an
OPSL-pumped 1.5-mm Yb(5.4%):CALGO crystal. The cw laser
output power P, is plotted against the absorbed pump power
P, for different output coupler transmissions 7 .

the pinhole method [18,19]. For different crystals with doping
concentrations between 4.9% and 10%, it did not change sig-
nificantly and was always in the order of (445 £ 10) ps, com-
parable to the results in [12].

Bulk laser experiments were performed with a 1.5-mm-long
~5.4% Yb®"-doped sample in a near-concentric resonator with
a length of 190 mm and radii of curvature of 100 mm of input
coupling and output coupling mirrors. The laser crystal was
placed on a water-cooled copper heat sink. A pump source,
an OPSL with ~6 W of maximum output power at the pump-
ing wavelength of 980.4 nm, was applied. The pump beam was
polarized parallel to the optical axis and focused with a lens of a
focal length of 75 mm into the crystal. The cw laser output was
o-polarized in all experiments, corresponding to the higher gain
cross sections in this polarization. For output coupling, differ-
ent mirrors with transmissions for the laser wavelength between
0.2% and 18% were used. The best laser performance was ob-
tained at an output coupler transmission of 3.4%. In this case,
the laser delivered a maximum output power of 3.3 W at 5.0 W
of absorbed pump power and a slope efficiency of 73%. This is,
to the best of our knowledge, the highest slope efficiency
reached with Yb:CALGO in a bulk laser configuration. The
optical-to-optical efficiency was as high as 60% with respect
to the incident pump power. The fraction of absorbed pump
power was assumed to be constant from the laser threshold on.
Factoring in a double-pass of the pump light and the Fresnel
reflection at both crystal end faces resulted in an absorption
efficiency of 92% and thus 65% of optical-to-optical efficiency
with respect to the absorbed pump power for the laser with the
highest slope efficiency. In all other bulk experiments, the frac-
tion of absorbed pump power exceeded 75%. The laser wave-
length varied between 1095 nm with a highly reflective output
coupling mirror and 1043 nm at 18% transmission. This is
consistent with the spectroscopic investigations (cf. Fig. 1).
Laser characteristics for four different output couplers are de-
picted in Fig. 2. It should be noted that the laser thresholds are
comparably high for a laser in this resonator configuration. This
is attributed to the length of the crystal. It corresponds to ~5
absorption lengths, leading to a higher pump power needed to
bleach the reabsorption at the laser wavelength. For thinner
crystals, we could observe lower laser thresholds at somewhat
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Fig. 3. Schematic of the waveguide laser setup.

lower laser efficiencies. However, the large thickness of our
samples is advantageous for future bulk-mode-locking experi-
ments in a configuration similar to the ones in [20,21]. These
results show that the Yb:CALGO crystals grown in our labo-
ratory have very good properties as laser materials in bulk laser
configuration. Therefore, we performed further experiments on
fs-laser-written waveguides.

The femtosecond-laser writing technique for the fabrication
of waveguides is based on modification of the crystal material in
the laser focus due to nonlinear absorption effects [22].

In crystalline materials, often so-called type II modifications
are employed, in which waveguiding is enabled by stress-
induced refractive-index change in the material surrounding
the modifications [7,8]. In this way, efficient waveguiding is
possible, for example, between two parallel tracks. To produce
such waveguides, a chirped-pulse amplification femtosecond-
laser system was used. The system provides 150-fs pulses at
a repetition rate of 1 kHz and pulse energies up to 1 mJ at
a wavelength of 775 nm. The setup and preparation of the
waveguides is described in detail in [7]. For the writing process,
the pulses were focused ~340 pm below the surface of the crys-
tal with a fully illuminated aspheric lens of a focal length of
4.51 mm and a numerical aperture of 0.55. The sample was
moved transversally to the incident beam by a motorized three-
dimensional positioning system with a velocity of 25 pm/s.

We inscribed tracks in three different samples with track
orientations parallel and perpendicular to the growth direction
[black arrow in Fig. 4(a)]. The lengths of the samples were
about 1 cm, and the doping concentration was 7.2% with re-
spect to the Gd sites. Various double tracks with track distances
between 18 and 28 pm were inscribed into all samples using
pulse energies between 0.45 and 2.3 pJ. Tracks were also writ-
ten with the fs laser being polarized in the writing direction,
perpendicular to the writing direction, or circularly polarized.

The induced refractive-index change apparently depends on
the orientation of the tracks with respect to the crystallographic
axes. Good waveguiding could only be obtained for the orien-
tation of the waveguides shown in Fig. 4(a).

According to further Laue measurements, the waveguides
are perpendicular to the set of symmetrically equivalent lattice
planes (1 1 14), which is in good agreement with the unex-
pected angle of ~72° between the ¢ axis and the growth direc-
tion mentioned previously. A minor deviation from the angle of
90° between (1 1 14) and the other planes in Fig. 4(a) is attri-
buted to inaccuracies during the preparation of the sample.
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Fig. 4. (a) Schematic of the orientation of waveguide laser crystal.
(b) Characteristics of the waveguide laser with the mode-profile mea-
sured at 96 mW as inset. The cw output power P, and optical effi-
ciency fp, are plotted against the incident power 2.

The induced refractive-index change also depended on the
polarization of the fs-laser beam with respect to the waveguide.
A polarization of the fs-laser beam perpendicular to the writing
direction allowed for the best results. The writing parameters
that proved to be best were a track distance of 25 pm and a
pulse energy of 1.5 pJ. With these waveguides, we achieved
good light confinement and losses of ~1.1 dB/cm (22% for
the 9-mm-long waveguide) at 633 nm.

As often observed in such type II double track waveguides,
only one polarization direction is guided. However, in this case,
the polarization of the guided light was tilted by ~10° with
respect to the normal vector of the writing plane (i.e., the
growth direction). Such a behavior has previously not been ob-
served in fs-laser-written waveguides and is attributed to the
unusual orientation of the waveguides with respect to the crys-
tallographic axes.

Laser operation could not be obtained without any external
mirrors, as was reported for waveguide lasers in other crystals
[7]. Therefore, a highly reflective mirror was attached to the
end facet of the waveguide crystal. The laser setup is depicted
schematically in Fig. 3. Similar performance could also be ob-
tained with the mirror attached to the incoupling facet of the
waveguide. The pump beam was focused with a lens with a
focal length of 30 mm onto the entrance face of the waveguide.
The same OPSL was used as a pump source. The waveguide
laser characteristics are depicted in Fig. 4(b).

In this configuration we achieved a maximum cw output
power of 2.4 W at an incident pump power of 4.4 W. The
laser threshold was 0.76 W. This results in an optical efficiency
of 55%. The slope efficiency was as high as 69% with respect to
the Fresnel-corrected incident pump power. Considering the
incoupling efficiency of the pump into the waveguide, which
is about 90% for this setup, the slope efficiency of 76% is even
higher than in the bulk laser experiments. The laser wavelength
varied between 1029.6 and 1041.5 nm depending on the align-
ment of the mirror on the end facet, i.c., the Fabry—Perot-type
effect due to the air gap between waveguide and mirror. These
short wavelengths point toward a higher inversion level in the
waveguide compared to the bulk laser experiments (cf. Fig. 1),
which is reasonable regarding the high output coupling and
losses. We measured a decreasing mode diameter with increas-
ing laser output power. The 1/e* diameter of the mode
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changed from 19 x25.4 pm at 96 mW to 17 x 23 pm at
1.84 W of output power in the waveguide presented here.
An even stronger effect was observed in a slightly longer wave-
guide with similar fabrication parameters. This is attributed to
an increased refractive-index gradient due to thermal effects,
which at this extent has not been observed in other fs-laser-
written waveguides. The mode-profile for an output power of
96 mW is shown exemplarily in the inset of Fig. 4. The mea-
sured M?-value was 1.1. The high slope efficiency of 69%
makes this Yb:CALGO waveguide laser one of the most effi-
cient fs-laser-written solid-state waveguide lasers. In terms of
maximum output power, it was only surpassed by Yb:YAG
waveguides [7].

In conclusion, we refined the absorption and emission cross
sections of Yb:CALGO. With crystals grown in our lab, we
realized a bulk laser with a very high slope efficiency of 73%
and, to the best of our knowledge, the first waveguide laser
with a slope efficiency of 69% and 2.4 W of output power in
Yb:CALGO. The broad wavelength range of the wave-
guide laser should be advantageous for future mode-locked

Yb:CALGO waveguide lasers.
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