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Abstract— We demonstrate the suitability of monoclinic
double tungstates (MDTs), KRE(WOs)2 where RE = Gd, Y or Lu,
doped with Nd%, Yb3*, Tm® or Ho® ions and co-doped with
Yb3*-Tm3* or Tm®-Ho®" ion couples, for highly-efficient micro-
lasers at ~1 pm and at ~2 pm. This is facilitated by the use of high
rare-earth doping levels (up to 15 at.% for Tm, 10 at.% for Nd
and 25 at.% for Yb) and a special crystal cut along the Ng-axis
providing the thermal guiding. Record slope efficiencies for bulk
MDT lasers are achieved for each studied ion. A 15 at.%
Tm:KLu(WOa): laser generated 785 mW at 1957...1965 nm with
a slope efficiency # = 77%. The quantum efficiency for Tm3* ions
amounted to nq = 1.98+0.02. With a 0.9 mm-thick 25 at.%
Yb:KLuW micro-laser, # = 919% is achieved, approaching the
theoretical limit set by the Stokes shift.

Index Terms— Solid-state lasers, Monoclinic double

tungstates, Micro-lasers, Yb, Tm, Ho, Nd.

I. INTRODUCTION

microchip laser consists of a solid state active medium
(AM) placed in a compact plano-plano cavity without air
gaps [1]. Optionally, a saturable absorber (SA) can be
integrated for pulsed operation [2]. The cavity mirrors can be
directly deposited on the surfaces of the optical elements
resulting in a monolithic set-up [3-5]. The microchip concept
typically provides low intracavity losses, a robust and

Manuscript received December X, 2016. This work was supported by the
Spanish Government under projects MAT2016-75716-C2-1-R,
(AEI/FEDER,UE), MAT2013-47395-C4-4-R and TEC2014-55948-R, and by
the Generalitat de Catalunya under project 2014SGR1358. F.D. acknowledges
additional support through the ICREA academia award 2010ICREA-02 for
excellence in research. This work is part of a project that has received funding
from the European Union’s Horizon 2020 Research and Innovation Program
under the Marie Sklodowska-Curie grant agreement No 657630. P.L.
acknowledges financial support from the Government of the Russian
Federation (Grant 074-U01) through ITMO Post-Doctoral Fellowship scheme.

X. Mateos, J.M. Serres, M. Aguilé6 and F. Diaz are with Fisica i
Cristal-lografia de Materials i Nanomaterials (FICMA-FICNA), Universitat
Rovira i Virgili (URV), Campus Sescelades, ¢/ Marcel-li Domingo, s/n., E-
43007 Tarragona, Spain (e-mail: xavier.mateos@urv.cat; jserrese@gmail.com;
magdalena.aguilo@urv.cat, f.diaz@urv.cat).

P. Loiko is with ITMO University, Kronverkskiy pr., 49, Saint-Petersburg,
197101, Russia (e-mail: kinetic@tut.by).

K. Yumashev is with the Center for Optical Materials and Technologies,
Belarusian National Technical University, 65/17 Nezavisimosti Ave. 220013
Minsk, Belarus (e-mail: k.yumashev@tut.by).

X. Mateos, V. Petrov and U. Griebner are with the Max-Born-Institute for
Nonlinear Optics and Short Pulse Spectroscopy, 2A Max-Born-Str., D-12489
Berlin, Germany (e-mail: mateos@mbi-berlin.de; petrov@mbi-berlin.de;
griebner@mbi-berlin.de).

insensitive to misalignment set-up and, hence, high laser
efficiency. Passively Q-switched microchip lasers are capable
of generating very short (sub-ns) pulses [6-8] due to greatly
reduced cavity roundtrip time and easy bleaching of the
saturable absorber at the small size of the laser mode.

According to the theory of laser resonators, a plano-plano
cavity is unstable unless it contains an intracavity focusing
element [9]. Because optical pumping of the AM results in the
formation of a thermal lens, it can stabilize the microchip laser
cavity if the lens is positive (focusing) [10]. This mechanism
is called thermal guiding and it is dominant for the microchip
design. Other mechanisms, e.g. gain (index) guiding, thermal
curvature of the crystal surfaces (end-bulging, which can be
treated as a partial effect of the thermal lensing), or shaping of
the crystal surfaces, exist but they are less common. The
pump intensity dependence of the thermal lens [11] is
typically a drawback in long laser cavities which can become
unstable at a certain pump level. However, with the increase
of pump power and, hence, optical (refractive) power of the
positive thermal lens, the microchip cavity becomes even
more stable [10]. Thus, besides the high absorption and
stimulated-emission cross-sections required to achieve low
laser threshold and high pump efficiency, an important
criterion for the AM choice in microchip lasers is that it
shows positive thermal lens.

From the point of view of the spectroscopic properties, the
monoclinic double tungstates [12] (MDTs) with chemical
formula KRE(WO,), or shortly KREW where RE stands for
optically “passive” ions like Gd*, Y3 or Lu®", doped with
laser-active trivalent rare-earth ions (RE®*"), Yb%, Nd3*, Tm3*
or Ho®*, are very suitable for microchip lasers at ~1 and ~2
um. They exhibit strong optical anisotropy due to their low-
symmetry structure [13] which results in high cross-sections
of the optical transitions for selected polarizations [14,15].
This leads to linearly polarized laser output [16] and
depolarization losses are absent. MDTs can be doped with
RE®** ions with relatively high concentration without
significant luminescence quenching [17] due to the relatively
large RE®*-RE®* ion separation. The resulting short absorption
lengths enable compact laser designs like the thin disk
concept [18]. As it was recently shown, when cut along the
special “athermal” directions [19], MDTs exhibit a positive
and nearly spherical thermal lens [20,21]. This is relevant for
the development of microchip lasers based on thermal guiding
generating nearly-circular output beams.

In recent years, MDT microchip-type lasers based on Yh3*
[22], Tm3* [10,23] and Ho®* [24,25] ions were reported under


mailto:xavier.mateos@urv.cat
mailto:magdalena.aguilo@urv.cat
mailto:mateos@mbi-berlin.de
mailto:petrov@mbi-berlin.de

JQE-134541-2016

diode-pumping. These lasers generated multi-watt output (Yb
and Tm) in the continuous-wave (CW) mode and short (even
sub-ns) pulses by passive Q-switching [26,27]. However, they
utilized gain crystals with low RE®** doping (3-5 at.%) as used
in extended cavities. Thus, the potential of RE**-doped MDTs
offering high transition cross-sections and high doping levels
was not fully exploited. In the present paper, we aimed to
prove the suitability of highly RE3*-doped (up to 15 at.%
Tm®, 10 at.% Nd** or 25 at.% Yb®) MDTs for efficient laser
operation in the near-IR, as well as exploit the potential for
boosting the laser efficiency in the coupled ion systems (Yh*-
Tm?3* and Tm3*-Ho%*). For this, we have employed the micro-
laser geometry with a plano-plano cavity and used laser-
pumping to ensure proper mode-matching. As a result, record
slope efficiencies for bulk MDT lasers based on Tm®*, Ho%,
Nd3*, and Yb® ions, as well as Yb3*-Tm3 and Tm3*-Ho%* ion
couples are demonstrated. Consequently, this study provides a
material characterization basement for the further design of
efficient ultrathin monolithic MDT microchip lasers.

Il. EXPERIMENTAL

MDTs are centrosymmetric crystals (space group C2/c =
CS8n, point group 2/m) [13]. The crystallographic b-axis
coincides with the two-fold axis (C2). The non-orthogonal a
and c-axes are located in the mirror plane (m) and the angle
a™c is 130.7°. MDTs are optically biaxial [12]. Their optical
properties are described in the frame of the optical indicatrix
with three principal orthogonal axes Np, Nm and Ng
(corresponding to the refractive indices, np < Nm < Ng). The Np-
axis is parallel to the b crystallographic axis. The axes
corresponding to the medium and the largest refractive indices
(Nm and Ng) are thus located in the a-c plane (in particular, the
angle c"Ng = 18.5° for KLuW).

TABLE |
IoNIC RADII OF VIII-FOLD O? COORDINATED “PASSIVE” AND “ACTIVE” IONS
FOR RE**-DOPED MDTS

“Passive” “Active”

lon R, A lon R, A

Gd* 1.053 N3+ 1.109

Y3 1.019 Yb3* 0.985

Lu®* 0.977 Tm3* 0.994
Ho®* 1.015

All MDT crystals studied in the present work have been
growth by the Top-Seeded Solution Growth (TSSG) Slow-
Cooling method using b-oriented seeds and potassium
ditungstate, K;W-0v, as a solvent. The choice of host-doping
combination is determined by better matching of ionic radii
between the “passive” Gd*, Y3 or Lu** ions and “active”
Nd®, Yb%*, Tm® or Ho® ions. The latter replace the
“passive” ions in the same sites (Cz) with VIII-fold O%
coordination [12]. Matching of ionic radii reduces lattice
distortions and, thus, minimizes passive losses in the laser
elements. Table | summarizes the ionic radii of the considered
“passive” and “active” ions. With respect to the best lattice
matching we selected KLuW as a host for Tm and Yb doping,
KYW for Ho doping and KGdW for Nd doping. The list of
samples with the actual doping levels is presented in Table II.

The laser elements were polished to laser quality and
remained uncoated. The Ho:KYW and Yb,Tm:KLuW
samples were antireflection (AR) coated for 1.8-2.1 um.

All studied laser samples were cut for light propagation
along the Ng-axis of the optical indicatrix. This cut is chosen
because of the positive sign of the thermal lens in MDT
crystals with this orientation; see Table Ill, where the relevant
parameters of thermal lens (sensitivity factor, M, astigmatism
degree, S/M, and fractional heat loading, #n) are listed,
according to the previous experimental studies of Tm [10],
Tm,Ho [24], Yb [22], Yb,Tm [28], Nd [29] and Ho [25]
doped MDTs. In those papers, the thermal lens in the strongly
anisotropic MDTs was characterized using the measurements
of the divergence of the elliptic linearly polarized output laser
beam and a modelling using the ray transfer matrix (ABCD)
formalism [29]. The concept of the “generalized” thermo-
optic coefficient [11] was also involved to predict the thermal
lens parameters. The data from Table Il were used for
calculating the radius of the laser mode wy_ in the micro-lasers.
For this, we used the above-mentioned ABCD formalism. The
thermal lens was considered as an ideal thin astigmatic lens
located in the center of the crystal. All lasers studied in this
work emitted linearly polarized radiation (E || Nm). The
polarization was naturally-selected by the anisotropy of the
gain.

TABLE Il

RE®**-DoPED MDTS USED IN THE MICRO-LASER EXPERIMENTS
Crystal Jp, NM Doping t, mm

Tm:KLuwW 802 5at.% Tm 4.0

8at% Tm 2.9

15at.% Tm 25

Tm,Ho:KLuw 803 7 at.% Tm, 0.25 at.% Ho 3.0

Yb:KLuw 976 5at.% Yb 2.6

976 25at.% Yb 0.9

Yb, Tm:KLuwW 978 5at.% Yb, 6 at.% Tm 3.0

Nd:KGdW 808 10 at.% Nd 0.9

Ho:KYW 1946 3 at.% Ho 3.0

*1» pump wavelength, t thickness.
TABLE Il
THERMO-OPTIC PARAMETERS* OF THE STUDIED RE**-DOPED MDTS**

Crystal 17h,%0 M, mYW SIM, % Ref.
Tm:KLuwW 255 12.9(p); 8.1(m) 37 [10]
Tm,Ho:KLuwW ~45 24.9(m); 24.0(p) 4 [24]
Yb:KLuW 7+1 3.5(m); 2.8(p) 20 [22]
Yb, Tm:KLuw 4515 positive - [28]
Nd:KGdW 24+1 7.6(m); 7.1(p) 7 [29]
Ho:KYW 6+1 ~3.2(m,p) - [25]

* nn — fractional heat loading; M- sensitivity factor of the thermal lens (w, =
100 pm), S/M — astigmatism degree.
**Cut along the Ng-axis, light polarization E || Ny.

All laser crystals were passively-cooled. They were
mounted in a simple holder with a mechanical support from
one side. The laser cavity was composed by a flat pump
mirror (PM) and a flat output coupler (OC). Both PM and OC
were placed as close as possible to the crystal minimizing air
gaps. The total geometrical length of the cavity was thus equal
to the thickness of the crystal. We used two sets of laser
mirrors, designed for the ~1 and ~2 um spectral ranges. For
~1 um wavelength Nd and Yb lasers, the PM was AR-coated
for 0.78-0.99 um and high-reflection (HR) coated for 1.01-
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1.23 pm. The OCs provided a transmission of Toc = 1%, 5%
or 10% at 1.0-1.23 pm. They also exhibited partial reflectivity
at ~0.98 um (R ~85%), so that the pump at this wavelength
double passing the active media. For ~2 um wavelength
lasers, two different pump mirrors were used: PM #1, AR-
coated for 0.77-1.05 um and HR-coated for 1.8-2.08 um, was
used for the Tm, Yb-Tm and Tm-Ho lasers while the specially
designed for inband-pumping of the Ho laser PM #2 was AR-
coated (T >94%) for 1.9-1.99 um and HR-coated for 2.0-2.1
pm. The OCs were specified with a transmission of Toc =
0.2%, 1.5%, 3%, 5% or 9% at 1.8-2 um. However, for
oscillation wavelengths >2 um the exact transmission was
slightly different (it will be specified in the text below). These
OCs had partial reflectivity at ~0.8 pm (R ~35%) and at 1.95
pm (R = 1-Toc), resulting in a double pass pumping.

The pump absorption for each studied crystal under lasing
conditions was determined from a combination of the small-
signal pump-transmission measurements and a rate-equation
modelling accounting for bleaching of the ground-state. The
double-pass pumping geometry and the Fresnel reflections at
the crystal faces were also taken into account.
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Fig. 1. Energy level schemes, pump and laser transitions and relevant
interionic interactions (CR — cross-relaxation, ET — energy-transfer) for single
Yb®*, Nd®*, Tm®* and Ho®" ions as well as Tm**-Ho®* and Yb**-Tm?* pairs.

The energy level schemes of Yb®*, Nd®, Tm?*, Ho® ions
and Tm3*-Ho* and Yb*-Tm?" codoped systems are shown in
Fig. 1. The relevant transitions corresponding to pump and
laser emission are indicated together with the processes
responsible for the excitation transfer between the active ions.

TABLE V
EMISSION CHARACTERISTICS* OF THE RE® IONS IN THE STUDIED MDTSs
lon Crystal ~ Transition Aemis OsE, 7, ms Ref.
nm 10 cm?
Tm®*  KLuW  °F,—°He 1946 13 1.34 [12]
Ho* KYW  SI,-°%g 2075 1.2 4.80 [30]
Yb¥*  KLuW  2Fsp—%Fy, 1027 2.6 0.275 [14]
Nd* KGAW  “*Fszp,—*ly, 1067 214 0.115 [31]

TABLE IV
ABSORPTION CHARACTERISTICS* OF THE RE®* IONS IN THE STUDIED MDTS
lon Crystal ~ Transition Apeaks AA, Oabs: Ref.
nm nm 1020 cm?
Tm®*  KLUW  3He—3H, 801.9 4.1 5.1 [15]
Ho*  KYW S1g—°I, 1960.7 118 14 [30]
Yb¥*  KLUW  2F7p—?Fs; 981.0 3.6 11.8 [14]
Nd3+ KGdW 4|9/2—>4F5/2+2Hg/z 8105 1.7 29 [31]

*Apeak — Peak absorption wavelength; 44 — full width at half maximum of the
absorption peak, a5 — absorption cross-section (light polarization E || N).

*Jemi — emission wavelength; osg — stimulated-emission cross-section (light
polarization E || Ny); = — reabsorption-free lifetime of the upper laser level.

For pumping of Yb, Nd, Tm, Yb-Tm and Tm-Ho lasers, we
used a tunable Ti:Sapphire laser (Coherent MIRA 900)
providing up to 1.7 W of CW output at ~0.8 um and up to 0.7
W at ~0.98 um. The pump beam was focused into the crystal
through the PM with a spherical lens (f = 60 mm). The mean
radius of the pump beam in the crystal w, was 705 um. For
inband-pumping of the Ho laser, we used diode-pumped
Tm:KLuW laser generating up to 3 W at 1946 nm. The output
of this laser was collimated and focused with a pair of lenses
(fcw = 150 mm and fr. = 60 mm) providing a wp of 110+5 pm.
The output of both pump lasers corresponded to an excellent
circular TEMgo mode with M2, < 1.05. The polarization of
the pump lasers was linear and adjusted to be parallel to the
Nm-axis of the laser crystal.

The absorption and emission characteristics of the RE®*
ions in MDTs relevant for the laser operation are listed in
Table IV and Table V (for the pump and laser transitions).

I1l. RESULTS AND DISCUSSION

A. Thulium Micro-Lasers

Three uncoated Tm:KLuW crystals doped with 5, 8 and 15
at.% Tm have been studied. They were pumped by the
Ti:Sapphire laser at 802 nm (®Hs—>H, transition of Tm3*).
The laser emission corresponds to the 3F,—3Hs transition. The
best output performance was achieved with the 15 at.% Tm
doped crystal when using Toc = 9%, Fig. 2(c). The laser
generated 785 mW at 1957...1965 nm (multi-peak emission
arising from the etalon effects due to the small separations
between the optical elements of the cavity) with a slope
efficiency n = 77% with respect to the absorbed pump power
Pabs. The laser threshold was at Pas = 105 mW. Due to the
relatively high absorption in the crystal, ~83% (double pass
pump), the optical-to-optical efficiency with respect to the
incident power 7o was 69%. The laser performance
deteriorated at lower output coupling, with » = 70, 63 and
51% for Toc = 5%, 3% and 1.7%, respectively. In the last
case, the laser threshold was as low as 55 mW.

For the 3F;—®Hs electronic transition of Tm3®* ions in
KLuW, the longest possible emission wavelength is 1948 nm.
It corresponds to the transition from the lowest Stark level of
the 3F4 multiplet (5663 cm™) to the highest Stark level of the
3Hs multiplet (530 cm™) [15]. However, for 15 at.%
Tm:KLuW, laser emission wavelengths for all OCs used were
longer than 1948 nm, see Fig. 2(f). Such wavelengths are
indicative of vibronic transitions [32], i.e. they occur due to
the coupling with intense low-energy phonon modes of the
KLuW host [33]. This effect is more pronounced for low
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output coupling (Toc < 2%). The very low passive loss in the
microchip-type cavity also facilitates multi-peak emission. For
Toc = 1.7% spectral emission in the range 2005...2045 nm
was detected. With the increase of Toc, the emission spectrum
shifted to shorter wavelength which is in accordance with the
gain spectra for Tm:KLuW [15] and the quasi-three level laser

scheme.
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Fig. 2. Input-output dependences (a-c) and laser emission spectra at the

maximum pump level (d-f) for 5, 8 and 15 at.% Tm:KLuW micro-lasers:
Ti:Sapphire laser pump at 802 nm, numbers on the graphs correspond to the
output coupling (Toc), 7 is the slope efficiency.

For Tm:KLuUW crystals doped with 5 and 8 at.% Tm, the
maximum slope efficiencies were lower, Fig. 2(a,b). The 5
at.% Tm:KLuW laser generated 525 mW at 1950...1961 nm
with 7 = 73% (for Toc = 3%). The laser threshold was at Paps
= 80 mW and #qp Was 30% mainly due to the relatively low
absorption of 42% in the sample. The 8 at.% Tm:KLuW laser
provided slightly higher slope efficiency, # = 74% with an
output power of 419 mW at 1944 nm (for Toc = 9%). The
laser threshold was at Pans = 435 mW. In the emission spectra
of both lasers, see Fig. 2(d,e), a tendency to shorter laser
wavelengths is seen with the increase of Toc. In this sense, by
varying the doping level and output coupling, we were able to
generate laser emission in the spectral range from 1944 to
2045 nm (~100 nm-wide). From the emission spectra of the
Tm:KLuW lasers in Fig. 2(d-f) a more efficient vibronic
interaction is deduced with the increase of the Tm content.

The slope efficiency of the 15 at.% Tm:KLuW micro-laser
(n = 77%) is higher compared to all previously reported bulk
Tm MDT lasers and close to the record value achieved with
Tm:KYW channel waveguides (n = 79-82%) [34]. # can be
expressed as:

17 = ThmodeTTst T Tout @)

where 7mode 1S the mode-matching efficiency, st = A/ L is the
Stokes efficiency (4, and A_ are the pump and laser
wavelength, respectively), #q is the quantum efficiency of the
excitation of Tm®* ions (the number of emitted photons at ~2
um per one pump photon) and #o is the cavity output-
coupling efficiency, the relation of useful losses to total cavity

losses, 7out = IN[1-Toc)/IN[(1-Toc)-(1-L)] where L is the
roundtrip passive loss.

The most interesting conclusion from Eq. (1) is the
possibility of derivation of #q for the highly-doped Tm:KLuW
crystal. We calculated the remaining terms of #moge, #st and
Nout. FOr @ 2.5 mm-long Tm:KLuW crystal, the radius of the
laser mode determined by the thermal lens is wi. = 71£5 pum,
which is very close to the average radius of the pump beam,
W, = 7045 um, resulting in an excellent mode-matching (#7mode
> 0.99). The Stokes efficiency #s; for 15 at.% Tm: KLUW is
0.41. The passive loss in the cavity can be estimated from the
Caird plot [35], i.e. plotting the inverse of the slope efficiency
vs. the inverse of the output coupling. This dependence is
expressed as 1/5 = 1/no+(L/no)-(1/Toc) where 7, is an intrinsic

slope efficiency. We estimated L ~ 0.0071, thus 7o, = 0.93.
250 2
200 a
2150 |
00 =

3

Nrp, (10203T/cm

)

Fig. 3. (a) Lifetime of the *H, state of Tm* ions in KLUW z (symbols —
experimental data from [15], curves — modelling with Egs. (2-3), ng: quantum
efficiency of the excitation); (b) calculated average of the Tm®-Tm®
distances and critical interaction range Rc (symbols — data from [15], dashed
line — their average).

From Eq. (1) we determine 4 = 1.98+0.02 for 15 at.%
Tm:KLuW. This means that the cross-relaxation (CR) process
for two adjacent Tm3* ions denoted as A and B, 3H(A) +
SHg(B) — 3F4(A) + 3F4(B) [36] is very efficient, leading to the
emission of two laser photons at ~2 um after the absorption of
one pump photon at ~0.8 um. To support this conclusion, we
have also estimated #q from spectroscopic data [34]:

2
g =14+ —ScRNTm )
U7y +Cer Nt

Here, Ccr is the microscopic concentration-independent CR
parameter, Nty is the Tm concentration and 7o is the intrinsic
lifetime of the 3H, state in the absence of CR. This expression
is derived under the assumption of weak ground-state
bleaching. According to Eq. (2), 1 < 59 < 2. Taking into
account the CR effect, the lifetime of the 3H, state will be
shortened according to [34]:

Uz =17y +CegNZ,. 3)

By fitting the experimental data on z [15] with this expression,
see Fig. 3(a), we can estimate the value of Ccr as 2.7x10%
cm®/s with 7o = 240 ps. Thus, the quantum efficiency of a 15
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at.% Tm:KLuW crystal (Ntm = 9.8x102° at/cm?) is 5q = 1.984
which is very close to the value determined from the slope
efficiency.

To complete the discussion about CR in Tm:KLuW, we
have compared the averaged interionic Tm**-Tm?* distances,
estimated as <r> = (4zNtm/3)3, with the characteristic
critical interaction range Rc estimated from the Inokuti-
Hirayama model in [15], see Fig. 3(b). The mean value of Rc
is 1.3 nm and <r> for 15 at% Tm is only ~0.63 nm
(comparable with the smallest Lu®*-Lu®* separation in the
KLUW lattice, 4.045 A [12]). Thus, this crystal doping
facilitates a very efficient CR.

sola 1.0[p
E GOL® 1.5% n=27% (30 0.8 3%
= ® 3%n=19% g 0.6 1.5%
= 40} ‘@
= c 04
a° 20} 5at.%Yb 2
Bat.%Tm =02
0 3.0mm

0.0 4
0 200 400 600 1950 1975 2000 2025 2050
Absorbed power (mW) Wavelength (nm)

Fig. 4. Input-output characteristics of Yb,Tm:KLuW micro-laser; inset typical
laser emission spectra. The pump is a Ti:Sapphire laser at 978 nm, the values
inserted correspond to output coupling Toc, 7 is the slope efficiency.

Another scheme for excitation of the ~2 um Tm*" emission
is the codoping of the host with Yb?* ions and pumping into
2F7; — 2Fs)p absorption band of Yb?®* [37]. For the Yb%-Tm?*
pair, several energy-transfer (ET) processes populate the
upper laser level of Tm3* (3F,) as well as higher-lying excited
states [38,39]. The latter are, however, efficiently depopulated
by the CR process described above favoring the ~2 um laser
emission and partially suppressing unwanted up-conversion.
For the laser experiment, we used a 5 at.% Yb, 6 at%
Tm:KLuW crystal, AR-coated for 1.8-2.1 pm. The crystal
was pumped at 978 nm by a Ti:Sapphire laser. With Toc =
1.5%, this laser generated 82 mW at 1995...2010 nm with » =
27%, Fig. 4. The laser threshold was at Paps = 235 mW and
nopt = 13% (absorption in the crystal was 86%). For Toc = 3%,
the slope efficiency was lower (7 = 19%) due to increased up-
conversion losses and laser emission occurred at 1975...1991
nm. As in the case of Tm:KLuW, the observed long emission
wavelengths in  Yb,Tm:KLuW are related to vibronic
coupling. As it is difficult to determine the passive losses in
the Yb, Tm:KLuW crystal due to a strong impact of up-
conversion, we have only estimated 74 for this crystal to be
~0.7+0.1.

B. Holmium Micro-Lasers

The simplest scheme of excitation for the Ho®* ions is
codoping with Tm** ions [40]. Tm ions pumped at 0.8 pm
(®Hs—3Hy transition) transfer efficiently the excitation to the
3F, state due to the CR process. As the °F, state of Tm** and
the SI; state of Ho®" are almost resonant in energy and the
barycenter of the °F, multiplet is lying slightly higher than
that of the ®I; one, efficient and predominantly unidirectional
Tm**—Ho®* ET may occur, followed by the desired 51;—5Ig
Ho%* emission at ~2 pm. Indeed, the position of the
barycenters for Tm® and Ho®** ions in KLUW are 5851 cm

and 5187 cm?, respectively, and the ratio of the
microparameters that account for Ho—Tm and Tm—Ho ETs
for Tm,Ho-codoped KLuW, called equilibrium constant ©,
equals 0.089+0.003 [41]. For Tm,Ho:KLuW, the combination
of high Tm concentration and high Tm/Ho codoping ratio
(typically from 5:1 to 10:1) provides efficient Tm absorption,
high ET probability and low up-conversion losses.
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Fig. 5. 7 at% Tm, 0.25 at.% Ho:KLuW micro-laser (a) Input-output
dependences; (b) fraction of Ho emission with respect to the total emitted
power Pyo/Ps and slope efficiency for the Ho emission 7, vs. output coupling
(Toc); (c) laser emission spectra at the maximum pump level. The pump source
is a Ti:Sapphire laser at 803 nm, numbers on the graphs in (a) and (c)
correspond to Toc, # is the total slope efficiency.

For these reasons, we selected a 7 at.% Tm, 0.25 at.%
Ho:KLuW crystal for the laser experiments. The crystal was
uncoated. It was pumped at 803 nm by a Ti:Sapphire laser.
The best output performance was observed with Toc = 1.9%,
Fig. 5(a), which is attributed to the reduction of up-conversion
loss due to low population inversion [24]. The Tm,Ho:KLuwW
micro-laser generated 320 mW with 74, = 58% at 2061 nm
(pure Ho emission). The laser threshold was at Pas = 240
mW. The optical-to-optical efficiency was 22% (with respect
to the incident pump power) which was limited by the 52%
crystal absorption. For higher Toc, the laser performance
deteriorated and Tm,Ho colasing [42] was observed.
Moreover, the fraction of Ho emission with respect to the total
output power Pyo/Px decreased with the increase of Toc, from
>0.99 for the 1.5...1.9% OC to 0.15 for the 9% OC, Fig. 5(b).
This reduction correlates with the drop of the slope efficiency
of pure Ho emission, #wo, to 8% for Toc = 9% while the drop
in the total slope efficiency was less profound (y = 53%).
Tm?3" emission was detected at 1947-1948 nm and Ho®" ions
emitted at 2055-2061 nm, Fig. 5(c), with weak dependence of
the emission wavelengths on the output coupling.

With Eg. (1), we have also estimated the quantum
efficiency #q for Tm® Ho®" codoped KLuW. Due to the
strong thermal lens related to high heat load in Tm,Ho:KLuW
(cf. Table IlI), the radius of the laser mode in the crystal wy
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was 685 um, so #mede > 0.98. The Stokes efficiency #st was
0.39 (4p = 803 nm and A_ = 2061 nm). Assuming the intrinsic
loss to be slightly lower than that of Tm:KLuW due to lower
doping (L = 6x10®), #oux amounted to 0.76. Finally, 54 was
found to be 1.95+0.02 (at low inversion ratios). However, at
high inversion ratios, the 3F, state was mainly depopulated by
the Tm®* emission but not by Tm—Ho ET and Ho emission.
This can be explained as follows: Although at
thermodynamical equilibrium the fractional populations of
Tm?3* and Ho®* ions in their upper laser levels (°F4 and °I-,
respectively) are frm =~ 30% and fio = 70% for Tm,Ho:KLuW
[41], the gain cross-sections oy at the corresponding laser
wavelengths are higher for Tm3* than for Ho%* [15,43],
consequently, at a certain level of inversion both Tm3* and
Ho®* emission is possible.

Another way of excitation of the Ho®* ions is their resonant
(in-band) pumping to the °I; upper laser level [44], i.e. by a
Tm laser. This scheme provides high laser slope efficiencies
due to the low quantum defect and almost vanishing up-
conversion. For laser experiments, a 3 at.% Ho:KYW crystal
AR-coated for 1.8-2.1 um was employed. It was pumped at
1946 nm by a Tm:KLuW laser. With Toc = 0.5%, the
Ho:KYW laser generated 206 mW at 2100 ...2105 nm with #
= 85%, see Fig. 6. The laser threshold was at Pa,s = 190 mW
and the optical-to-optical efficiency (with respect to the
incident power) amounted to 13%, limited mainly by the low
absorption of the Ho crystal, 26%. For Toc = 2.1%, the laser
performance was slightly inferior, with an output power of
161 mW at 2077...2079 nm and 5 = 79%.
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Fig. 6. Input-output characteristics of the 3 at.% Ho:KYW micro-laser; inset
typical laser emission spectra. The pump source is a Tm:KLuW laser at 1946
nm, numbers correspond to Toc, 7 is the slope efficiency.

2120

The radii of the pump and laser beams for the Ho:KYW
laser were calculated to be w, = w. = 1105 pm, meaning
nmode > 0.99. The Stokes efficiency for this laser was 5st =
0.93 (4 = 1946 nm and <A.> = 2102 nm). The output-
coupling efficiency was determined as 7ot = 0.96 assuming L
= 0.2x1073. The losses were estimated from the background
absorption of the MDTs measured by laser calorimetry in
their transparency range (unpublished data) and considering
the AR-coatings on both crystal faces. Thus, 7q > 0.99 which
is consistent with the five times larger energy gap between the
lowest Stark level of the I, state of Ho®*" in KYW (5100 cm™?)
and highest level of the 5l ground-state (281 cm™) than the
maximum phonon frequency of the host (vmax = 907 cm™)
leading to almost vanishing non-radiative relaxation
probability from this multiplet.

C. Yiterbium Micro-Lasers

We studied two Yh:KLuW crystals, doped with 5 and 25
at.% Yb. The uncoated crystals have thicknesses of 2.6 and
0.9 mm, respectively. They were pumped at 976 nm by a
Ti:Sapphire laser (?F7,—?Fs, transition of Yb3*). The highly-
doped Yb:KLuW crystal generated 308 mW at 1059...1061
nm (?Fs;;—2F7p transition) with a slope efficiency of 91% for
Toc = 5%, Fig. 7(b,d). The laser threshold was at Paps = 90
mW and the optical-to-optical efficiency amounted to 41% (as
the absorption in the crystal was 54%). For Toc = 1% and
10%, the laser performance was slightly inferior, however,
still with very high slope efficiency. With the increase of the
output coupling, the laser wavelength shortened from
1084...1086 nm (for Toc = 1%) to 1043...1046 nm (for Toc =
10%), Fig. 7(d), in accordance with the gain curves for
Yb:KLuW [14].

The performance of the 5 at.% Yb:KLuW crystal was
inferior, with a maximum extracted output power of 201 mwW
at 1943...1946 nm corresponding to n = 83% (for Toc = 5%),
Fig. 7(a,c). The shorter laser wavelengths, higher threshold
(Paos = 160 mW) and lower optical-to-optical efficiency (#opt =
29%) were mainly due to higher internal losses in the longer
(2.6 mm) crystal.
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Fig. 7. Input-output characteristics (a,b) and laser emission spectra (c,d) for
the 5 and 25 at.% Yb:KLuW micro-lasers. The pump source is a Ti:Sapphire
laser at 976 nm, the numbers on the graphs correspond to the output coupling
(Toc), 7 is the slope efficiency.

For the Yb® ion in KLUW, the energy gap between the
lowest Stark level of the 2Fs;, excited-state and the highest
Stark level of the 2F7;, ground-state (9628 cm™) is ~9 times
larger than the maximum phonon frequency of the host.
Consequently, one can expect 54 to approach unity. Thus, the
conditions of good mode-matching (wp = 69£5 pum, w = 705
pum) and low passive losses were satisfied for the 0.90-mm-
thin 25 at.% Yb-doped crystal. The Stokes efficiency of the
laser amounted to #st = 0.92 (4, = 978 nm and <A.> = 1060
nm) and it is the main factor that determines the slope
efficiency # which approached the theoretical limit in the case
of the highly-doped Yb:MDT micro-laser.

D. Neodymium Micro-Lasers

The typical doping concentration for Nd in KGdW is 3
at.%. However, doping of this crystal with up to ~10 at.% Nd
is possible keeping the desirable monoclinic phase, still at
relatively low optical losses. For the laser experiment, we
have used a 0.9-mm-thick 10 at.% Nd:KGdW crystal. The
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uncoated sample was pumped by a Ti:Sapphire laser at 808
nm (*lo, — *Fsi2+2Hgy transition of Nd3*).
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Fig. 8. Input-output characteristics of the 10 at.% Nd:KGdW micro-laser. The

pump source is a Ti:Sapphire laser at 808 nm, numbers on the graph

correspond to the output coupling (Toc), # is the slope efficiency, inset typical

laser spectrum.

With Toc = 10%, the maximum output power was 340 mW
at 1068 nm (*Fs2 — “li12 transition) corresponding to # =
74%, Fig. 8. The laser threshold was at Pa,s = 80 mW and #opt
= 25%. The latter value was limited mainly by the low
absorption in the crystal (39%) required to avoid thermal
fracture under passive cooling conditions. With the decrease
of Toc, the slope efficiency dropped while the emission
wavelength remained almost unchanged which is typical for
4-level Nd® lasers. For low output coupling, the laser
threshold of the Nd:KGdW micro-laser was as low as 25 mW.
The use of a thin crystal provided good mode-matching (w, =
7045 pm and Wi = 6645 pm, S0 7mode = 0.94) and relatively
low losses (L = 1.5x103, as estimated from the Caird plot, see
above, so not = 0.99). As a consequence, the quantum
efficiency for Nd® in KGdW is 74 > 0.98.

E. Discussion

As already mentioned, at ~2 pm, the achieved slope
efficiencies of the different Tm:KLuW micro-lasers (5 >
70%) is superior compared to the previously reported Tm-
doped MDT micro- and bulk lasers and the best value =
77% is close to the record value for Tm:KYW waveguide
lasers (n = 79-82%) [34]. This is due to very efficient CR for
highly-doped (15 at.% Tm) crystal, as expressed by the
quantum efficiency 74 almost approaching its theoretical limit
of 2, as well as low losses and good mode-matching in the
microchip-type set-up. We have also achieved high optical-to-
optical conversion efficiency with respect to the incident
power (nopt = 69%), almost 1.5 times higher than in previous
reports [23]. Further work on Tm lasers shall be focused on
further increase of the Tm doping level and reduction of
cavity length to few hundreds of pum.

A significant improvement is demonstrated also for the Tm-
Ho laser by increasing the Tm doping and Tm/Ho codoping
ratio (28:1) which helped to increase the maximum slope
efficiency of the Tm,Ho:KLuW micro-laser by a factor of ~2
(n = 58%) with respect to a previous work [24] and prevent
Tm/Ho colasing [42]. This indicates the possibility of efficient
laser operation at ~2.1 um in properly codoped Tm-Ho MDT
waveguide lasers which have not been reported to date. For
the in-band-pumped Ho laser, our results with Ho:KYW are
similar to those for Ho:KLuW [25] still showing relatively

low optical-to-optical efficiency (op: = 13%) due to the weak
absorption of Ho3* ions. Thus, studies of highly-doped
crystals, as well as pump sources emitting around 1961 nm
are required.

For the Yb-Tm laser, although we have achieved the
highest value of slope efficiency ever reported for this type of
lasers (3 = 27%), further improvement of the Yb/Tm
codoping ratio is required in order to suppress or minimize
up-conversion losses.

At ~1 pum, the most significant achievement is the highly-
efficient micro-laser operation (7 = 91%) with a passively-
cooled highly-doped sub-mm thick 25 at.% Yhb:KLuW crystal.
The achieved slope efficiency is higher compared to previous
reports of a Yb:KYW waveguide laser [45] and a Yb:KLuW
bulk laser [12] (y = 78% for both lasers). This record value
confirms the potential of highly Yb-doped MDTs for ultrathin
highly efficient lasers, questioned after a previous work with
250 pm-thin 10 at.% Yb:KYW diamond-bonded microchip
laser [46] and stoichiometric KYbW [17] both showing a 7
limited to 41%. Although we have achieved reasonable
optical-to-optical efficiency in the 25 at.% Yb:KLuUW laser
(nopt = 41%) it can be further improved by optimizing the
doping and thickness of the sample.

With the Nd laser, we successfully tested the laser
operation of 10 at.% Nd:KGdW which almost corresponds to
the stability limit of the monoclinic phase. The achieved slope
efficiency (y =74%) is approaching the theoretical limit for
this type of lasers and it is comparable with the best bulk
Nd:KGdW lasers containing conventional Nd-doping levels
of about 3 at.% [47]. Future work on Nd:KGdW shall be
focused on in-band-pumping of Nd** ions into the “Fs, upper
laser level at ~0.88 um which could lead to > 80% as well
as better heat management. Other laser transitions of Nd%*
ions in KGdW at ~0.91 and 1.35 um may be studied as well.

Efficient vibronic laser operation with highly Tm-doped
MDTs indicates the potential of these materials for CW
vibronic lasers emitting above 2 pm with a proper
wavelength-selective manipulation of losses in the laser cavity
[48]. CW self-Raman conversion in MDTs has been realized
only at ~1 pm with Nd® doping [49] and the poor thermo-
optic behavior of the material (Nd:KGdW) was identified as
the main limitation for power scaling. As highly Tm3*-doped
MDTs exhibit very efficient CR, heat loading can be even
lower as compared with Nd lasers. Vibronic Tm lasers can
compete with the Tm,Ho ones suffering from up-conversion
losses [50].

Previously, it was experimentally demonstrated that Yb and
Tm microchip-type MDT lasers generated sub-ns pulses when
passively Q-switched by “slow” SAs, namely Cr:YAG and
Cr:ZnS, respectively [26,51]. The suitability of RE**-doped
MDTs showing high stimulated-emission cross-sections for
this type of lasers was also confirmed by numerical
modelling. In [26,27,51], relatively long (few mm) and low-
doped crystals were used. The results achieved in the present
paper with highly-doped MDTs together with the above-
mentioned modelling indicates that the concept of ultrathin
highly-doped Yb and Tm microchips is promising for
generation of sub-ns and even sub-100 ps high-energy pulses
at pulse repetition frequencies of few kHz when inserting
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