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Abstract A compact intracavity-pumped microchip Ho
laser is realized using stacked Tm:KLuW/Ho:KLuW crys-
tals pumped by a laser diode at 805 nm; both crystals are
cut for light propagation along the Ng optical indicatrix
axis and emit with polarization along the Nmaxis. Maxi-
mum CW output power of 285 mW is achieved at a wave-
length of 2080 nm for 5.6 W absorbed pump power in the
Tm:KLuW crystal with a maximum slope efficiency of
8.3 %. Maximum total (Tm3+ and Ho3+ emission) output
of 887 mW with a slope efficiency of 23 % is achieved.
Laser operation is obtained in the 1867-1900 nm spectral
range corresponding to the Tm emission, while Ho emits
at 2078-2100 nm, depending on the output coupling. The
microchip Ho laser generates a near-circular output beam
with M2 < 1.1. The compact laser setup with plane-plane
cavity provides automatic mode-matching condition for the
Tm and Ho laser modes.

1 Introduction

Holmium (Ho) lasers emitting slightly above 2 “m in the
eye-safe spectral range are important for remote sensing,
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metrology and medical applications, as well as pumping of
mid-IR optical parametric oscillators (OPOs). In the latter
case, they are preferable compared to their thulium (Tm)
counterparts emitting below 2 “m, because of the weaker
residual absorption in the non-oxide nonlinear crystals
employed in such OPOs [1]. Both Tm and Ho lasers exhibit
a wide tunability range for laser emission on their ~2-pm
transitions, around 200 nm at zero level, depending on the
host.

Since Ho3+ ions do not absorb in the emission range
of powerful laser diodes, sensitizing with Tm3+ is a com-
mon approach leading to strong absorption at ~800 nm
(3H6 34 transition) suitable for pumping with com-
mercial AlGaAs diodes [2]. The energy transfer takes place
between the 3F4 state of Tm and the 97 state (upper-laser
level) of Ho. This scheme suffers from the heat release
related to up-conversion processes and the finite efficiency
of the energy transfer. Thus, power scaling capability and
achievable slope efficiency are limited. An alternative
approach is the so-called resonant (inband) pumping of the
Ho laser by bulk or fiber Tm lasers [3, 4]. In this case, the
low quantum defect helps to suppress detrimental thermal
effects and achieve high slope efficiency in room tempera-
ture operation. Such a scheme enables independent optimi-
zation of both lasers, including host selection and doping
levels. A very similar approach is the so-called intracavity
resonant pumping [5]. It enables a more compact design
and mode matching of the Tm and Ho laser modes.

The concept of intracavity-pumped Ho lasers was
proposed in [5] for Ho:YAG. The pump source was a
Tm:YAG laser pumped in turn by a continuous-wave (CW)
Ti:Sapphire laser. Both crystals were stacked together and
placed in a common two-mirror cavity. The maximum out-
put power was 125 mW in the CW regime at 2090 nm with
a slope efficiency of 42 % (with respect to the absorbed
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Ti:Sapphire laser power). Using a diode-pumped Tm:YAG
laser, 2.1 W of CW output at 2097 nm were obtained from
Ho:YAG in [6], with a slope of 25 % with respect to the
incident diode power but relatively low beam quality
(M2 = 1.6). Later on, with a similar setup, these results
were improved in terms of output power up to 7.2 W, albeit
at reduced slope efficiency, 17.5 %, as well as strongly non-
Gaussian beam profile, M2~ 6 [7]. A theoretical analysis of
such lasers was presented in [8].

In [9], an Ho:YAG crystal was placed inside the cav-
ity of a Tm:YLF diode-pumped laser; however, it had its
own cavity and was transversally pumped. With such a
special design, 14 W of CW Ho emission at 2.09 *m was
obtained with a slope efficiency of 16 %. A typical coupled
cavity approach was used in [10] for a Ho:YAG intracav-
ity pumped by a Tm:YLF diode-pumped laser. In this case,
pulsed laser operation was detected for both Tm and Ho
lasers, with typical pulse durations of 2-3 s and 200 ns,
respectively, and maximum average output of 1.6 W at
2090 nm with a slope efficiency of ~21 %. This temporal
behavior was explained by the fact that Ho:YAG can act
as a saturable absorber to Q-switch the Tm laser [11], with
subsequent gain-switching effect on the Ho laser.

In this study, we present the first realization of a CW
intracavity inband-pumped microchip Ho laser with
a nearly perfect beam quality, M2 < 1.1. To this aim, we
employed a monoclinic potassium lutetium double tung-
state crystal, KLu(WO4)2 or shortly KLuW, doped with
Ho3+ ions. For intracavity pumping, a similar Tm:KLuW
crystal was used. The selection of a monoclinic double
tungstate as a laser host is due to their beneficial spectro-
scopic properties, namely wide and intense absorption and
emission bands, as well as high achievable doping levels
[12]. The possibility of microchip operation is due to a
special crystal cut, as shown recently for Tm-doped mono-
clinic double tungstates [13- 15].

2 Experimental

The Ho crystal used in the present study was a 3 at.%
Ho:KLuW grown by the top-seeded solution growth
(TSSG) slow-cooling method using a seed with its h-axis
oriented perpendicular to the solution [16]. The actual
Ho ion density measured by electron probe microa-
nalysis (EPMA) was 2.54 x 102 at/cm3. For the as-
grown crystal, a rectangular sample with dimensions
2.67(Ng) X 2.95(Nm) x 3.04(Np) mm3along the indicated
(orthogonal) optical indicatrix axes. This sample was ori-
ented for light propagation along the Ng axis (further Ng
cut), and the input and output m x p crystal faces were
polished to laser quality and antireflection (AR) coated
for the range of 1820-2075 nm. For intracavity pumping,
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we employed an uncoated 3 at% Tm:KLuW crystal
(NTm= 2.15 X 1020 at/cm3) cut along the Ngaxis (2.33 mm
thick) with an aperture of 2.95(Nm) x 3.01(Np) mm2. Both
crystals were mounted in single copper holder water-cooled
to 14 °C. Indium foil was used to improve the thermal con-
tact between crystals and cooling holder. The m x p faces
of the two crystals were in contact with identical orienta-
tion of the Nmand Npprincipal optical axes.

The pump mirror (PM) of the microchip laser cav-
ity was flat; it was AR coated for 770-1050 nm, and high
reflection (HR, R > 99.9 %) coated for 1820-2075 nm. It
was attached directly to the back face of the crystal stack.
A flat output coupler (OC) had a nominal transmittance,
TAC= 0.2, 1.5, 3 or 5 %, for the range 1820-2075 nm. For
the actual transmittances of the OCs at laser wavelengths,
please refer to Table 1. The air gap between the output face
of the crystal stack and OC was <200 pm. The Tm:KLuW
crystal was pumped with a fiber-coupled (NA = 0.22, fiber
core diameter: 200 pm) laser diode emitting at ~805 nm
with a maximum output power of 25 W. The output of the
diode was reimaged into the crystal by a lens assembly with
1:1 imaging ratio. Thus, the pump spot radius in the crystal
amounted to 100 pm. The total average absorption of the
unpolarized pump in the Tm:KLuW crystal was 59 %, no
absorption saturation or any dependence on the pump level
was observed.

Table 1 Wavelengths of the Tm and Ho emissions from the intra-
cavity-pumped Ho:KLuUW microchip laser (ATmand AHo) and actual
transmittances of output couplers, TOC, at the laser wavelengths

Nominal TOC flHo, nm Actual TOC ATm, nm Actual TOC
(%) (%) (%)

0.2 2095/2100 0.4 1888 <0.05

15 2081 21 1877-1900 1.5

3 2080 3.3 1867-1900 2.8

5 2078 5.4 1873-1900 5.0

Fig. 1 Scheme of the Ho:KLuUW microchip laser intracavity pumped
by a diode-pumped Tm:KLuW laser; PM pump mirror, OC output
coupler, LD laser diode



Ho:KLuW microchip laser intracavity pumped by a diode-pumped Tm:KLuW laser 125

The scheme of intracavity-pumped Ho:KLuW laser is
shown in Fig. 1. According to previous studies [17, 18], the
main feature of a microchip setup is a plano-plano laser
cavity with at least one mirror attached to the gain medium
(for instance, even directly coated on its face). If there are
no air gaps in the setup and both PM and OC are directly
coated on the crystal, a monolithic microchip setup is pro-
duced. In our case, we can talk about quasi-monolithic
microchip setup that is eligible for the demonstration of
future prospects of such kind of lasers.

3 Results and discussion

Ho laser operation was obtained for all studied Tog
Tm emission as a precondition for the Ho emission was
also detected. The laser output for both ions was linearly

Fig. 2 Input-output curves

of the Ho:KLuW microchip
laser intracavity pumped by a
Tm:KLuW laser: Squares rep-
resent the total output, circles
and triangles correspond to the
Ho and Tm emission, respec-
tively, a-d plots correspond

to Toc= 0.2, 1.5, 3 and 5 %,
respectively

polarized, along the Nmaxis. In order to separate the con-
tributions from Tm and Ho emission, we used a special
dichroic mirror. The corresponding input-output curves
are shown in Fig. 2 with respect to the absorbed diode
laser pump power in the Tm:KLuW crystal. Here, circles
and triangles correspond to Ho and Tm laser contributions,
squares represent total output, and lines represent the slope
fitting. The output characteristics of the intracavity-pumped
Ho:KLuW microchip laser are also summarized in Table 2.

The total output of the laser  and the total slope effi-
ciency e increase with Toc. Maximum P = 887 mW is
obtained for Toc = 5 %; the corresponding maximum
value is 23.3 %; the absorbed pump power is 5.1 W; and
the optical-to-optical efficiency is 18 %. The laser thresh-
old in this case is at 1.1 W. The total input-output depend-
ences are clearly linear; no detrimental influence of thermal
effects is observed even for high pump levels.

Table 2 Output characteristics® of the intracavity-pumped Ho:KLuW microchip laser, intracavity pumped by a Tm:KLuW laser

Toe (%) M (%) PE,mW Nro (%) NHoME Pho, MW P, W
0.2 55 202 55 0.99 202 17
15 14.1 510 8.3 0.59 257 2.1
3 19.4 782 8.3 0.43 285 2.3
5 233 887 6.1 0.26 168 24

a and nHo are the slope efficiencies for total output and Ho emission; P Ho and Pth are the maximum output power and the threshold for Ho
laser; P Eis the maximum total output power of the Tm:KLuW and Ho:KLuW laser
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The maximum Ho laser output PH of 285 mW and the
maximum slope efficiency "Hb of 8.3 % are achieved for
TAC = 3 %, the optimal TQC for Ho laser operation. This
corresponds to 5.6 W of absorbed diode laser power and
5 % optical-to-optical efficiency. The Ho laser threshold is
2.3 W. For lower and higher output coupling, reduction in
both PHband ~Hbis observed.

The ratio of the slopes of Ho and Tm emissions, show-
ing the efficiency of the intracavity pumping, is maxi-
mum for TOQC = 0.2 %. In this case, the Tm laser output
power is <1 % of the total power, thus nHINT. ~0.99. With
the increase in TQC this ratio continuously decreases, and
it equals only nHIn™ ~0.26 for TQC = 5 %. As expected,
the threshold of the Ho laser increases with output cou-
pling, from 1.7 W for TQC= 0.2 % to 2.4 W for TOC= 5 %
(again in terms of absorbed diode laser pump power in the
Tm:KLuW crystal). The ratio nH/nE amounted to ~0.9
in the intracavity-pumped Ho:YAG laser described in [5].
Lower values are associated with the leakage of Tm power
through the broadband OC (see Table 1). In our experiment,
the difference in the OC transmission for the two lasers is

Fig. 3 Spectra of the emission from the Ho:KLuW microchip laser
intracavity pumped by a Tm:KLuW laser for different TOC
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significant only for the 0.2 % OC. Thus, much higher Ho
laser efficiency and output power can be expected with
dichroic mirrors, providing negligible output coupling for
the Tm laser also at higher transmission for the Ho laser.

Spectra of laser emission of the intracavity-pumped
Ho:KLuW microchip are shown in Fig. 3. Ho laser opera-
tion occurs at 2095/2100 nm (two peaks) for TOC= 0.2 %.
For higher output coupling, the wavelength of Ho emis-
sion is in the 2078-2081 nm range. This can be explained,
considering the gain cross-sectional (ag) spectrum of
Ho:KLuW for the laser polarization, £1INm see Fig. 4a,
absorption and stimulated-emission cross-sectional spec-
tra of Ho:KLuW were taken from [16]. For low TCC (and,
hence, small inversion ratio B), laser oscillation up to
2100 nm is possible, while the increase in B (associated
with higher TQQ results in the formation of a local maxi-
mum in the gain spectrum, around 2079 nm. For a further
increase of B laser operation at ~2058 nm is also expected.

Thulium laser operation is observed in the range of
1867-1900 nm for all OCs. It is shorter than the laser wave-
length of the Tm:KLuW microchip laser described in [14],
~1946 nm. We attribute this to the increased losses for Tm
emission associated with the absorption by the Ho:KLuw
crystal. Also, this is consistent with the gain cross-sectional
spectrum of Tm:KLuW [12] for laser polarization, EIINm
and high B, see Fig. 4b. Table 1 summarizes the Tm and
Ho laser wavelengths as well as the actual values of TOC at
these lines.

Thus, intracavity pumping of the Ho:KLuW crystal
mainly takes place into the short-wavelength tail of the
absorption band corresponding to the 518 87 transition,
see Fig. 4c with a black rectangle representing the wave-
lengths from Tm emission. Although the absorption of
Ho:KLuW at such wavelengths, which plays the role of
a loss, is higher for £1INm (ads ~ 0.2 x 10-20 cm2) com-
pared to EINp (ads ~ 0.05 x 10-20 cm2), see Fig. 4c, the
Tm:KLuW laser still oscillates with EIINm This is due to a
significant anisotropy of gain cross sections in Tm:KLuwW

Fig. 4 Gain cross-sectional ag spectra of Ho:KLuW (a) and Tm:KLuW (b) crystals for light polarization EIINm; anisotropy of the absorption
band corresponding to the 518~ 5I7transition of Ho:KLuW (c); black rectanglein (c) part represents the wavelengths of Tm laser emission
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for large inversion ratios (fi ~ 0.4), with ag(m) being at
least two times higher than a (p). As for the absolute
value, aglm) ~0.5 x 10-20 cm2 for the above-mentioned
wavelengths exceeds the losses due to the absorption in
Ho:KLuW crystal. Note that in an anisotropic material
such as KLuW, absorption losses in an intracavity-pumped
laser may in principle lead not only to wavelength shifts as
discussed for the YAG laser in [5] but also to polarization
switching of the Tm laser [19].

The stabilization of the resonator mode in the intracav-
ity-pumped Ho:KLuW microchip laser is provided by a
positive thermal lens induced in the diode-pumped Ng-cut
Tm:KLuW crystal. For the pump spot radius wp = 100 pm,
the sensitivity factor M = dD/dPas was determined to be
+12.9 m-1/W [20]. The contribution of the lens in the
Ho:KLuW crystal (which is also positive) is weak. Indeed,
in the latter case, the fractional heat loading is determined
as quantum defect, nh= 1 —"Tm”Hb= 0.1 + 0.02 in our
case, compared with nh = 0.25 = 0.05 [21] for Tm:KLuW.
The latter value is related to the efficient two-for-one cross-
relaxation scheme for Tm3+ ions that reduces the heat load-
ing. Also, the absorbed pump power for the Ho:KLuwW
crystal is much lower. Finally, the so-called thermal mecha-
nism of mode stabilization is observed. The calculated radii
of the laser mode for Tm and Ho emission are 70 + 5 pm
(for “hot” cavity). The intracavity pumping scheme auto-
matically produces optimal mode matching for Tm and Ho
laser modes.

The studied microchip laser generates a near-circular
output beam. To illustrate this, we captured the spatial
profile of the Ho laser mode at 15 cm from the OC (for
TAC= 3 % and Pas = 5W), see Fig. 5a. In addition to the
2D plot, the intensity distributions along Nmand Np direc-
tions, as well as Gaussian fits, are shown (the goodness of

Fig. 5 a Intensity distributions along Nm and Np directions for Ho
laser mode of Ho:KLuW microchip laser (symbols—experimen-
tal data, curves— Gaussian fits, R2 > 0.98), inset shows a spatial
profile of the beam; as measured at 15 cm from the output coupler;

fits > 0.98). For this measurement, a FLIR SC7210 ther-
mal imaging camera was used. To measure M2 factors of
the Ho laser mode, we used an I1SO standard method [22],
with a focusing (f = 5 cm) lens positioned at 10 cm from
the OC, see Fig. 5b. The beam radii were measured with
the optical knife method [22]. The M2 factors along Nmand
Np directions are both below 1.1. Very similar beam charac-
teristics were also detected for Tm laser mode; this is due
to the automatic mode matching, as mentioned above.

Thus, an improvement of the quality of the output beam
is achieved, as compared with the previous Ho intracav-
ity-pumped lasers [6- 10] although isotropic or uniaxial
crystals were employed in these works. We attribute this
progress partially to the simple laser setup with a com-
mon cavity for the Tm and Ho lasers and the longitudinal
pumping. Even more important is that the chosen cut of the
Tm:KLuW crystal, along the Ngaxis, possesses a relatively
weak and low-astigmatic thermal lens. It is even weaker
compared to Tm:YAG. Indeed, the “generalized” thermo-
optic coefficient x that determines the optical power of
the thermal lens, equals XTmYAG~16 x 10-6 K—%[23] and
XTImKLUW = 8.8 x 10-6 K—1 [14]. Finally, this moderated
thermal lens effects lead to low distortions in the spatial
profile of the output beam in our case.

Recently, we studied Ho:KLuW microchip lasers also
with the two standard schemes of pumping of Ho3+ ions.
In [24], a co-doped Tm, Ho crystal was pumped by a com-
mercial AlGaAs diode at 805 nm, and 450 mW of CW
output was extracted at 2081 nm with a slope efficiency
of 31 % with respect to the absorbed diode power. Strong
up-conversion in the Tm3+-Ho3+ system was recognized
to be a limitation for further power scaling of Ho output
due to a significant heat loading. Later in [25], we studied
singly doped Ho:KLuW microchip laser inband pumped

TOC= 3 % and Pas = 5W; b Evaluation of M2 factors for Nmand Np
directions for Ho laser mode, wl is the mode radius (symbols— experi-
mental data, curves—parabolic fits)
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by a Tm:KLuW laser. In that experiment, only 201 mW
was achieved at 2105 nm with a record slope efficiency of
84 % with respect to the absorbed Tm laser power. How-
ever, the relatively low absorption in the Ho crystal due
to imperfect matching of Tm laser wavelength with the
absorption spectrum of Ho:KLuW limits its optical-to-
optical efficiency to ~12 %. The scheme of pumping stud-
ied in the present paper presents an intermediate situation,
as it is free of up-conversion losses and imply low heat
load due to the use of inband pumping. It also utilizes a
simple laser setup. However, in this scheme, it is diffi-
cult to reach high slope efficiencies as for “pure” inband
pumping. In particular, the improvement of the slope
efficiency and output power for the presented Ho:KLuW
microchip will require reduction in the losses via AR
coatings on the Tm:KI.uW crystal, resulting in the shift of
Aty to longer wavelengths and, hence, higher absorption
in the Ho:KLLuW crystal, as well as optimization of the
Tm/Ho doping ratio and the OC characteristics for mini-
mum outcoupling of the Tm laser radiation and optimum
outcoupling of the Ho laser.

4 Conclusions

A compact Ho:KLLuW microchip laser intracavity inband
pumped by a diode-pumped Tm:KLuW laser and operat-
ing at room temperature is realized, representing the first
intracavity-pumped microchip Ho laser. The maximum CW
output power of 285 mW is obtained at the wavelength of
2080 nm (Ho emission) for 5.6 W of absorbed diode laser
power in the Tm:KLuW crystal with a maximum slope
efficiency of 8.3 %. Maximum total (Tm>" and Ho>" emis-
sion) output of 887 mW with a slope efficiency of 23 %
is achieved. Tm laser operation corresponds to the 1867-
1900 nm spectral range, while Ho emits at 2078-2100 nm,
depending on the output coupling. The positive thermal
lens for the selected cut of the Tm:KLuW and Ho:KLuW
crystals, along the Ng axis, ensures mode stabilization in
the microchip cavity, as well as automatic mode-matching
conditions for the Tm and Ho laser modes. The chosen
geometry of both, the Tm:KLuW and the Ho:KLuW crystal
cuts, is also responsible for the excellent quality of the laser
beam.
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