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Laser experiments were performed on buried, ridge-type channel waveguides in 8 at.% thulium-doped, yttrium–
gadolinium–lutetium co-doped potassium double tungstate. By pumping with a Ti:sapphire laser at 794 nm, 1.6 W
of output power at 1.84 μm with a maximum slope efficiency of ∼80% was obtained in a laser resonator with a high
output-coupling degree of 89%. To the best of our knowledge, this result represents the most efficient 2-μm channel
waveguide laser to date. © 2014 Optical Society of America
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Channel waveguide lasers benefit from high optical
intensities and excellent overlap between the pump and
laser mode, which allow for very efficient power conver-
sion. Output-coupling efficiencies up to 99% have been
exploited [1,2], thereby diminishing the detrimental ef-
fect of rather high waveguide propagation losses on the
laser slope efficiency. Utilizing gain from rare-earth ions,
resonantly (in-band) pumped, highly efficient and high-
power planar and channel waveguide lasers have been
demonstrated. Examples of these are planar waveguide
lasers in KY�WO4�2:Yb3� and KY1−x−yGdxLuy�WO4�2:
Yb3� with slope efficiencies exceeding 80% [3,4], a
YLF:Yb3� planar waveguide laser with 76% slope effi-
ciency and 2.8 W of output power [5], and a YAG:Er3�

channel waveguide laser with 9.1 W of output power and
92.8% (49%) slope efficiency versus absorbed (launched)
pump power [6].
The potential for highly efficient waveguide lasing at

2 μmwas demonstrated in a YAG:Tm3� planar waveguide
that produced a slope efficiency of 68% [7]. In Tm3�-
doped potassium double tungstates [8], optimization of
dopant level has enabled channel waveguide lasers at
2 μm with slope efficiencies reaching 70% and output
powers of several hundreds of milliwatts in cavities with
butt-coupled dielectric mirrors [2]. Recently, a planar-
waveguide YLF:Tm3� laser was demonstrated with 76%
slope efficiency and 560 mW of output power [9],
whereas a femtosecond-written channel waveguide laser
in bulk ZBLAN with a lower Tm3� concentration deliv-
ered a slope efficiency of 50% [10].
The slope efficiency of a Tm3� laser at 2 μm that is

pumped around 800 nm hinges on the efficiency of its
cross-relaxation (CR) process �3H4;

3H6� → �3F4;
3F4�,

where one Tm3� ion in the 3H4 manifold transfers part
of its energy to an adjacent Tm3� ion in the 3H6 manifold,
resulting in both ions occupying the 3F4 upper laser mani-
fold [11,12]. Thereby, each pump photon can be con-
verted to a maximum of two laser photons, leading to a
quantum efficiency ηq of up to 2. As the CR efficiency
strongly depends on the dopant concentration, we
determined the optimum Tm3� concentration in double

tungstate channel waveguides to be at least 8 at.%
(Nd � 5.07 × 1020 cm−3) for efficient lasing [2]. On the
other hand, since the Tm3� laser transition at 2 μm ter-
minates in the ground-state multiplet, at higher Tm3�

concentrations this laser exhibits residual reabsorption
losses in the wings of the pump mode [13,14] that can be
overcome only at higher pump intensities. In this Letter,
we demonstrate a channel waveguide laser in a Tm3�-
doped potassium double tungstate operating at 1840 nm,
with 1.6 W of output power and a slope efficiency
of ∼80%.

Designing channel waveguides for fundamental-mode
propagation at both the pump and laser wavelength re-
quires careful control of the channel geometry and the
refractive-index contrast between guiding and cladding
regions. Therefore, the refractive indices n of polished,
planar KY1−x−y−zGdxLuyTmz�WO4�2 layers, with x, y,
and z denoting the varying fractions of Gd3�, Lu3�, and
Tm3� ions on the Y3� site, respectively, were measured
by dark m-line spectroscopy, using a Metricon 2010 M
film prism coupler, in TE and TM polarization for light
propagating along the Ng and Nm optical axes at wave-
lengths of 633, 830, 1300, and 1550 nm. The measurement
accuracy was better than 2 × 10−4. The single-term
Sellmeier coefficients B and C were extracted from
the measured data for the different optical axes as a func-
tion of the wavelength λ in μm according to [15,16]

n�λ� � �1� Bλ2∕�λ2 − C��1∕2: (1)

Results are presented in Table 1. Since no data were mea-
sured at 2 μm, the calculated refractive index at this
wavelength suffers from uncertainties introduced by
extrapolation. However, we estimate that the uncertainty
of the refractive-index contrast between the calculated
data of the different compositions at this wavelength is
better than 1 × 10−3.

The channel waveguides were fabricated by growing a
co-doped layer of KY0.40Gd0.29Lu0.23Tm0.08�WO4�2 onto a
pure KY�WO4�2 substrate by liquid-phase epitaxy at
920°C–923°C [17]. The layer was lapped and polished
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