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Multi-watt continuous-wave operation is reported for what is believed to be the first time for an in-band-pumped
Ho : KLu(WO4)2 laser emitting at 2078 nm in Nm polarization. The slope efficiency reached 33.5% with respect
to the incident unpolarized pump radiation near 1959 nm, without pronounced roll-off effects. The total tuning
range with a 1.5% output coupler covered 117 nm.
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1. INTRODUCTION

As laser host materials, the monoclinic potassium double
tungstates with the chemical formula KM(WO4)2, where
M= Y, Gd, or Lu, exhibit some exceptional features that ensure
the lowest lasing thresholds and highest efficiencies. These
include (i) the highest absorption and emission cross-sections
for trivalent rare-earth dopant ions; (ii) the largest dopant site
separation among chemically simple crystals, leading to min-
imal interactions and concentration quenching; and (iii) the
anisotropy of the spectroscopic properties, alleviating a fun-
damental limitation due to the relationship between radiative
lifetime and integral emission cross-sections. On the negative
side, they offer only modest thermal conductivity, ∼ 3 W/mK
on the average, e.g., for KLu(WO4)2 (KLuW) [1], which makes
them more suitable for low to medium laser power levels. The
above advantages have been widely utilized in Nd, Yb, and Tm
lasers but not fully exploited in Ho lasers operating on their
main 5I7 →

5I8 transition slightly above 2 µm. This can be
attributed to the poor availability of suitable pump sources
(laser diodes or Tm-fiber lasers) at the corresponding absorp-
tion maximum (∼ 1961 nm) for in-band excitation to the
5I7 Ho3+ electronic state, the only way of resonant pumping
the Ho3+ active ion, leading to minimum thermal load due to
non-radiative relaxation processes.

In particular, for passively mode-locked (ML) lasers, Nd-
doped and Yb-doped KM(WO4)2 crystals performed very
well due to their relatively broad gain bandwidths. In the
2 µm range, however, due to the relatively weak ligand fields,
Tm-doped KM(WO4)2 crystals emit below 2 µm, and the
structured water vapor air absorption prevents operation in the
sub-100 fs regime. The shortest pulses of 141 fs were obtained
from a Tm:KLuW laser ML by single-walled carbon nanotubes
(SWCNTs), by shifting the central wavelength to 2037 nm
using a selective output coupler (OC), which inevitably restricts
the actual gain bandwidth [2]. Attempts to mode-lock the
codoped Tm,Ho:KLuW laser emitting above 2 µm using
SWCNTs [3] or semiconductor saturable absorber mirrors
(SESAMs) [4] produced only picosecond pulses. Therefore, the
study of singly Ho-doped KM(WO4)2 crystals for ML lasers is
justified by the expected higher intracavity intensities at reduced
thermal load under in-band excitation into the upper laser level,
which will favor the realization of soliton-like regimes.

In the case of the Ho3+ ion, matching of the ionic radii with
the passive rare-earth host component, necessary for effective
active ion doping and high optical quality of the grown crystals,
is best for M= Y and equally good for M=Gd and Lu. A direct
comparison employing the same pump sources (fiber-coupled
GaSb-based laser diodes at 1941 nm and a diode-pumped
Tm:KLuW laser emitting at 1946 nm) showed similar per-
formance of 3 at. % doped crystals [5]. The maximum output
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power achieved from a continuous-wave (CW) Ho:KLuW laser
reached 648 mW at 2078 nm under 1946 nm pumping [6].
With a quantum defect of only 6%, the efficiency in this short
near-hemispherical cavity laser reached 31.6% with respect to
the absorbed pump power. Slope efficiency as high as 84% was
achieved with Ho:KLuW in a microchip configuration, the
highest for an in-band-pumped Ho laser [7]. However, CW out-
put powers exceeding 1 W have been demonstrated only with a
special design, a thin-disk 3 at. % Ho :KY(WO4)2/KY(WO4)2
epitaxial laser: in this case, the 250 µm thick active layer was
pumped in four passes (simple retroreflection) by a Tm-fiber
laser near 1960 nm, emitting 1.57 W at 2057 nm [8].

In the present work, we studied 3.9 at. % Ho:KLuW in a
standard, long and folded cavity with tight focusing suitable for
the integration of mode-locking elements under in-band pump-
ing by an unpolarized Tm-fiber laser. By employing double-pass
pumping, we demonstrate, for the first time, a multi-watt
output power level in the true CW regime.

2. EXPERIMENTAL SETUP

The absorption and emission cross-sections for the main Ho3+

transition to the ground level in KLuW are shown in Fig. 1(a)
for the strongest E//Nm polarization [9]. Here, Nm denotes the
principal optical axis corresponding to the medium refractive
index. This transition corresponds to a quasi-three-level laser
scheme with reabsorption. The maximum absorption cross-
section amounts to σa = 1.44× 10−20 cm2 near 1961 nm,
with a bandwidth (FWHM) of ∼ 10 nm [5]. The maximum
emission cross-section amounts to σe = 2.45× 10−20 cm2 near
2059 nm [5].

Due to the high cross-sections, the Ho3+ lifetime in KLuW
is relatively short. At a doping level of 3% in the growth charge
(corresponding to an actual concentration of 3.9% or an
ion density of N = 2.54× 1020 cm−3 in the grown crystal),
the measured fluorescence lifetime of 8.4 ms was obviously
affected by reabsorption, while the radiative lifetime calcu-
lated by averaging the emission cross-sections for the three
polarizations, 5.38 ms, was rather close to the 5.8 ms mea-
sured for 1% Ho-doping in the charge (1.4% actual doping or
N = 9.31× 1019 cm−3) [9].

The product of the maximum emission cross-section near
2059 nm and the radiative lifetime, often used as a figure
of merit when comparing different materials, amounts to
∼ 1.32× 10−19 cm2

·ms for E//Nm , and is exceptionally high,
partly due to the strong anisotropy of this monoclinic crystal.
The high cross-sections normally result in bleaching of the
absorption in cavities with tight focusing, as those used for ML
lasers. Relatively short lifetimes are, on the other hand, advan-
tageous in mode-locked lasers since this increases the stability
against parasitic Q-switching.

In quasi-three-level laser systems, the oscillation wavelength
is predicted by the gain cross-section σg = βσe − (1− β)σa ,
where β is the population inversion rate. We have calculated
this cross-section for E//Nm in Fig. 1(b) for realistic values
of the inversion rate. As can be seen, oscillation wavelengths
near 2078 nm are expected at low inversion rates, experiencing
some blue shift at higher output coupling, which will corre-
spond to a higher inversion rate in the steady-state CW regime.

For β > 0.22, the main maximum near 2059 nm becomes
dominant.

The cuboid sample of Ho:KLuW used in the present exper-
iment had dimensions of 2.97 mm (Ng )× 2.86 mm (Nm)×

3.01 mm (Np) along the orthogonal axes of the optical ellip-
soid, with all six faces polished to laser quality. Light polarization
parallel to Ng and Np corresponds to the maximum and min-
imum refractive indices, respectively. The actual doping level
in the crystal was 3.9%. The sample was inclined at Brewster’s
angle for Nm polarization, which exhibits the highest absorption
and emission cross-sections (see Fig. 2). The beam propaga-
tion was close to the Np direction, which coincides with the

Fig. 1. (a) Absorption (σa ) and emission (σe ) cross-sections for
Ho:KLuW in the strongest Nm-polarization, and (b) calculated gain
cross-sections for the same polarization at different inversion ratesβ.

Fig. 2. Experimental setup of the in-band-pumped Ho:KLuW
laser. L1, aspherical anti-reflection (AR)-coated collimating lens
(focal length: f = 11 mm); L2, best form AR-coated focusing lens
( f = 75 mm); M1, M2, and M3, pump bending mirrors; M4 [high
reflection (HR) laser, high transmission (HT) pump] and M5 (HR
laser and pump), folding focusing mirrors; M6 (HR laser, HT or HR
pump), plane mirror; and OC, plane output coupler.
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monoclinic b axis of KLuW, being normal to one of the natural
crystal faces. Thus, although the ∼ 1959 nm pump beam was
unpolarized, the horizontal component parallel to Nm was pre-
dominantly absorbed due to the strong reflection of s -polarized
light and the lower absorption cross-section for Ng polarization
[9].

The Ho:KLuW sample was mounted using indium foil for
better thermal contact on all four lateral surfaces in a stand-
ard copper holder with water cooling at 12◦C. The latter was
placed between two concave folding mirrors, M4 and M5, with
a radius of curvature, RoC = −100 mm, as shown in Fig. 2.
The pump beam in the laser crystal had a waist (radius) of
∼15 µm× 30 µm in the sagittal and tangential planes, respec-
tively, smaller than the corresponding calculated values for the
laser waist (radius) of∼28 µm× 48 µm.

Different OCs with a transmission at the laser wavelength
TOC in the range of 0.2%–5% were available. A Lyot filter
(2 mm thick quartz plate) could optionally be inserted at
Brewster’s angle close to the OC for wavelength tuning. A
spatially single-mode, narrowband (<1 nm), Tm-fiber laser
(Model IFL15, LISA Laser Products, OHG), delivering a maxi-
mum power of 11.5 W, was used as a pump source. Its emission
wavelength varied between 1958 and 1959 nm with increasing
power. In view of the close pump and laser wavelengths, we
opted for an M5 mirror reflecting both of them for easier cavity
alignment. Using plane rear mirrors M6 reflecting only the laser
or both the laser and pump beams, it was possible to compare
single- and double-pass pumping while maintaining operation
in the fundamental transversal mode. Double-pass pumping
helps increase the absorption in the presence of bleaching and
ensures a more homogeneous distribution of the thermal load to
avoid crystal fracture.

We measured the low-signal transmission of the Ho:KLuW
sample with an unfocused pump beam at normal incidence
and obtained 23.7% for E//Nm and 38.9% for E//Ng . This
is in very good agreement with the ∼ 25% calculated from the
spectroscopic data for E//Nm , taking into account the Fresnel
reflections of the uncoated sample.

3. EXPERIMENTAL RESULTS

It is well known that the Ho-doping level in crystals or ceramics
is limited for laser applications due to a few factors. In-band
pumping, in the absence of Tm-codoping, alleviates some of
the resonant interactions in the excited states; however, energy
transfer upconversion remains as a detrimental limiting fac-
tor, further increasing the heat load at higher doping levels, in
addition to the expected concentration quenching, which has
not been quantified for KLuW [9]. Both effects are expected
to be somewhat suppressed in KLuW due to the relatively
large ion–ion separations, and the optimum doping levels are
expected to be higher compared to other host crystals. Thus,
the conclusion in Ref. [10] was that actual doping levels of
4%–6%, depending on the thickness, are optimum for KLuW
under in-band pumping. The limited doping level and the
non-optimum pump wavelength (commercial Tm-fiber lasers
are mostly adapted for pumping Ho:YAG or Ho:YLF lasers)
may lead to low absorption efficiency, even for the KM(WO4)2
hosts. Thus, double-pass pumping by retroreflecting the pump

beam has been widely used in such lasers, not only in the thin-
disk design [8] but also in most of the short-cavity mini or
microchip lasers employing bulk crystals at normal incidence
[5–7,9–11]. In contrast to 800 nm pumping of codoped crystals
[3,4], this could be realized without additional mirrors, using
the same cavity mirrors, basically the OC. Since feedback to
the Tm:KLuW pump laser was observed in some cases, also
intracavity pumping of Ho:KLuW has been suggested as a viable
alternative for microchip lasers [12].

We established that using an optimized pump wavelength,
close enough to the oscillation wavelength, double-pass pump-
ing without an additional retroreflecting pump mirror is also
possible in long cavities with Brewster angle geometry for the
laser crystal, which are suitable for mode-locking. In the present
setup, we did not observe any feedback to the Tm-fiber pump
laser as a result of such a retroreflection (easily detectable by the
weak feedback from L2 or M4 in Fig. 2).

The pump power incident on the crystal could be measured
in front of L2 because the transmission of this lens and the pump
mirror M4 was close to 100% due to AR coatings. Reliable
estimation of the absorbed pump power was, however, virtually
impossible in the double pump-pass configuration due to the
combined effects of bleaching, population recycling under
lasing conditions, and anisotropic reflection and absorption
of the unpolarized pump radiation in the Brewster-inclined
Ho:KLuW sample. Thus, we present the main results below
versus incident pump power instead of absorbed pump power,
as in most of the previous work [5,6,9,10]. To evaluate some of
these effects and to make a comparison, we first replaced the rear
reflector M6 in Fig. 2 by a similar total reflector transmitting the
pump radiation.

For an output coupler with TOC = 1.5%, the residual pump
power measured behind M6 in the case of single-pass pump-
ing increased from 1.5 W under lasing conditions to 1.95 W
when lasing was interrupted near the OC, for the same incident
pump level of 3.3 W. Having in mind the strong reflection of
the s -polarized component of the pump light from the Brewster
surfaces (roughly 40% per surface), this indicates both a strong
bleaching effect under the tight focusing and a strong popula-
tion recycling effect due to the intracavity laser power, which
recovers the absorption toward its small-signal value.

Using the same 1.5% OC, we compared the output power at a
pump level of 3.3 W for the two different M6 rear plane mirrors.
While with double-pass pumping we obtained 820 mW, in
the case of single-pass pumping, the output power dropped to
520 mW. Thus, all further measurements were performed under
double-pass pumping, employing the M6 mirror that highly
reflects both the laser and pump radiation.

The dependence of the input–output characteristics on TOC

with double-pass pumping is shown in Fig. 3 for incident pump
powers up to 4 W. A maximum output power of 1.31 W was
obtained with the 5% OC. The maximum slope efficiency with
respect to the incident pump power (32.7%) was obtained for
the same OC. The linear dependences in Fig. 3 indicate that
effects related to the anisotropic reflection and absorption are
somehow balanced under double-pass pumping. This is not
unexpected since less absorption for a given polarization in the
first pass will result in more absorbed power in the second one.
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Fig. 3. Input–output characteristics of the in-band-pumped
Ho:KLuW laser for E//Nm and different output couplers. η is
the slope efficiency with respect to the incident pump power at
∼ 1959 nm.
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Fig. 4. Tuning performance of the in-band-pumped Ho:KLuW
laser with double-pass pumping at an incident pump power of 3.3 W.

The emission wavelength was almost constant for all OCs,
decreasing only from about 2080 to 2078 nm when increasing
the output coupling, which increases the inversion level under
CW operation.

Figure 4 shows the tuning performance obtained at a pump
power of 3.3 W with the Lyot filter for the 1.5% OC. After
careful alignment of the birefringent filter, the maximum output
power was almost the same as without it (cf. Fig. 3). The tuning
range extended from 2003 to 2120 nm, i.e., roughly 117 nm at
the zero output level. The tuning curve behavior correlates with
the emission and gain cross-sections. This can be clearly seen
from the maximum in Fig. 4, which is at the same position as the
free oscillation wavelength without the Lyot filter in the cavity.
The power drop near 2050 nm corresponds to a local minimum
in the emission cross-section in Fig. 1(a), but there is no such
minimum in the gain cross-section in Fig. 1(b).

The power scaling performance of the crystal was studied
using a chopper for the pump beam with a rotation frequency
of 50 Hz and an aspect ratio of 1:1. This ensures that the pump
period is longer than the fluorescence lifetime. We used the opti-
mum output coupler of 5%. The maximum output power in
quasi-CW operation reached 2.82 W. Without using the chop-
per, it dropped only slightly to 2.7 W at 2078 nm for the same
maximum level of 8 W for the incident pump power. The slope
efficiencies were also very close, reaching 33.5% with respect to

Fig. 5. Power scaling using double-pass pumping with TOC = 5%
in the quasi-CW (circles and line) and true CW (squares and line)
regimes. η is the slope efficiency relative to the incident pump power.

the incident pump power in true CW operation. Once thermal
equilibrium was established, the long-term stability in the true
CW regime at maximum power was better than±1%.

Even at such pump levels, no damage was observed in the laser
crystal after long-term operation. Also, almost no roll-off is seen
in Fig. 5. The marginal difference between quasi-CW and true
CW performance indicates negligible thermal effects. From the
residual pump power measured without double-pass pump-
ing, we can estimate that the slope efficiency calculated versus
absorbed pump power in the case of double-pass pumping
will be at least 2 times higher compared to the values presented
versus incident power.

4. CONCLUSION

To conclude, we demonstrated a true CW output of 2.7 W from
an in-band-pumped 3.9 at. % Ho :KLu(WO4)2 laser. This
doping level seems optimum to suppress unwanted processes in
the Ho3+-ion energy level scheme and simultaneously ensures
sufficient absorption and reduced risk of fracture. Double-
pass pumping has the potential to increase the absorption and
the laser efficiency, and simultaneously homogenize the ther-
mal load, possibly helping to suppress optical damage effects.
Further improvement of the present results is expected using
polarized pump sources near 1960 nm. The high intracavity
powers achieved are promising for the realization of Kerr-lens
soliton-type mode-locking by adding cavity elements with neg-
ative group-velocity dispersion. Mode-locking using saturable
absorbers, such as SESAM for self-starting, is also feasible in the
present setup since double-pass pumping can be realized also
by the OC due to the close pump and laser wavelengths. We
also tested that the incorporation of dispersive mirrors for neg-
ative group-velocity dispersion is compatible with double-pass
pumping since they also reflected the pump light.
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