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Abstract— Cubic sesquioxides, RE2O3, where RE = Y, Lu or Sc, 

are attractive host crystals for thulium (Tm3+) doping. A 
comparison of the spectroscopic properties of Tm3+:RE2O3 
crystals in terms of transition cross-sections and cross-relaxation 
(CR) efficiency required for efficient upconversion pumping is 
presented. Thermo-optic properties of Tm3+:RE2O3 crystals 
(thermal lensing, fractional heat loading and thermo-optic 
coefficients) are described. The positive thermal lens, broadband 
emission and efficient CR of the Tm:RE2O3 crystals enable the 
development of compact, highly-efficient and power-scalable 
lasers operating above 2 μm, based on thermal guiding. Nowadays, 
Tm:Lu2O3 microchip lasers are capable of generating nearly 5 W 
of output power at ~2.06 µm with a slope efficiency η of 67% and 
in a rod geometry - up to 47.5 W with η of 59%. For multi-watt 
output at even longer wavelengths around 2.15 µm, Tm:Sc2O3 is 
an interesting candidate. 
 

Index Terms— Solid-state lasers, sesquioxide crystals, thulium 
doping, thermal lensing. 

I. INTRODUCTION 

are-earth (RE) sesquioxides, RE2O3, represent a well-
known family of crystals. Depending on the RE element 
and the growth conditions, there exist several structural 

modifications: hexagonal (A-type, for RE = La…Nd), 
monoclinic (B-type, for RE = Sm, Eu, Gd) or cubic (C-type, for 
RE = Sm...Lu, Sc, and Y). In particular the last one, or the 
bixbyite structure (the mineral bixbyite, (Mn,Fe)2O3, possesses 
the space group 3Ia ) [1], is attractive for laser applications [2]. 
The cubic crystals of Lu2O3 (Lutetia), Sc2O3 (Scandia), and 
Y2O3 (Yttria) have been recognized as excellent host matrices 
for doping with laser-active RE3+ ions, such as Yb3+ [3,4], Tm3+ 
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[5,6], Ho3+ [7,8], Nd3+ [9] or Er3+ [10]. These crystals will be 
referred in this paper as “cubic sesquioxides”. It should be noted 
that there also exist cubic “mixed” sesquioxide crystals. Any 
solid solution of the above 3 obviously will exhibit cubic 
structure, e.g. (Lu,Sc)2O3 [11]. 

The interest in RE3+-doped cubic sesquioxides is mostly due 
to their superior thermal properties and spectroscopic features. 
The RE2O3 crystals possess high thermal conductivity (12.8 
W/mK for undoped Lu2O3, higher than that of YAG) with 
weaker dependence on the RE3+ doping level [6,12], and weak 
thermal expansion [13,14]. These crystals have high melting 
temperature (2450 °C for Lu2O3 [15]), underlying good 
mechanical and chemical stability, and wide band-gaps. The 
cubic sesquioxides exhibit a broad transparency range (0.22 – 8 
µm) [2] and moderate maximum phonon frequency for oxide 
materials [16]. 

There are two crystallographic sites in the bixbyite structure 
that can be occupied by the RE3+ dopant ions (C2 and C3i 
symmetry, 24d and 8b Wyckoff positions, respectively) [17] 
but the optical properties are largely determined by doping ions 
on C2-sites [2]. This is because for the C3i site, the electric-
dipole transitions are forbidden due to inversion symmetry. For 
both sites, the RE3+ ions have a VI-fold O2- coordination. This 
coordination is lower than e.g. for RE3+ in YAG and features 
short RE3+-O2- distances leading to a strong crystal field and 
correspondingly broad absorption and emission spectral bands 
[2]. The latter enables very broad laser wavelength tuning 
ranges [18,19] and the generation of ultrashort pulses in the 
mode-locked (ML) regime [20-24]. Due to the good thermal 
properties of the host, power-scaling of bulk and thin-disk 
continuous-wave (CW) [12,18] and ML [25-28] sesquioxide 
lasers is feasible. 
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The thulium (Tm3+) ion (electronic configuration: [Xe]4f12) 
is well-known for its eye-safe broadband emission at ~2 μm due 
to the 3F4 → 3H6 transition [29], Fig. 1. Tm lasers are widely 
used in remote sensing, spectroscopy and medicine. They can 
be excited at ~0.8 µm (to the 3H4 level) by commercial AlGaAs 
laser diodes. Moreover, an efficient cross-relaxation (CR) 
process for adjacent Tm3+ ions, Tm1(3H4) + Tm2(3H6) → 
Tm1(3F4) + Tm2(3F4) can lead to a quantum efficiency of 2 [31] 
resulting in weak heat load and allowing for a high slope 
efficiency despite the large energetic difference between pump 
and laser photons. Promising output characteristics have been 
demonstrated with Tm:RE2O3 crystals to date [5,6]. Owing to a 
large splitting of the ground-state multiplet, 3H6, of the Tm3+ ion 
in RE2O3 (e.g. for Lu2O3: 792 cm-1), laser emission at 
wavelengths >2 μm is possible [6,24] which is typically not the 
case for other well-known Tm3+-doped laser materials, e.g. 
YAG or LiYF4. Sub-200 fs pulses were achieved in the ML 
regime utilizing Tm3+:Lu2O3 crystals [23]. 
 

 
Fig. 1.  Scheme of energy levels of the Tm3+ ion (on the example of 
Tm3+:Lu2O3, C2 site) showing relevant processes (CR – cross-relaxation, ETU 
– energy-transfer upconversion, ESA – excited-state absorption, UCL – 
upconversion luminescence, NR – non-radiative relaxation). The grey 
rectangles correspond to the total Stark splitting [30]. 
 

Tm3+-doped sesquioxides have also been studied in the form 
of transparent ceramics. In particular, Tm:Lu2O3 ceramics have 
been employed in CW and ML bulk lasers [32,33]. 

The thermo-optic behavior of cubic Tm:RE2O3 crystals has 
not been addressed to date. However, this information is of key 
importance for the design of Tm:RE2O3 bulk and thin-disk 
lasers. In this work, we present a detailed comparative study of 
the thermo-optic effects in the three Tm3+-doped cubic 
sesquioxides, Lu2O3, Y2O3 and Sc2O3 for wavelengths around 2 
μm under lasing conditions. Moreover, we employ the 
measured positive thermal lens (TL) for thermal stabilization of 
the laser mode in compact plano-plano laser cavities [34] 
including the microchip design. 

The microchip laser concept means an active element (AE) 
and (optionally) a saturable absorber (SA) for the passively Q-
switched (PQS) operation placed in a compact plano-plano 
cavity without air gaps [35,36]. For a monolithic design, the 
cavity mirrors can be directly deposited on the optical surfaces 
of the AE (or SA). For a micro-laser design, all optical elements 
can be placed next to each other. Such compact, robust and low-
loss laser design can provide high laser efficiency in CW regime 

and generation of short (down to sub-ns) pulses in PQS 
operation [36]. 

II. SPECTROSCOPY OF THE TM3+ ION 

Various 1.8 at.% Tm and 4.0 at.% Tm:Lu2O3 and 2.0 at.% Tm: 
Sc2O3 crystals were grown by the heat-exchanger method 
(HEM) [37] and a 2.5 at.% Tm:Y2O3 crystal by the Nacken-
Kyropoulos (NK) method [5]. The corresponding calculated 
Tm3+ doping concentrations NTm are listed in Table I together 
with the measured crystal density ρ. 
 

TABLE I 
STUDIED TM3+-DOPED CUBIC SESQUIOXIDE CRYSTALS 

Crystal Doping NTm, 1020 cm-3 Growth method ρ, g/cm3 
Tm:Y2O3 2.5 at.% 6.6 NK 5.01 
Tm:Lu2O3 1.8 at.% 5.1 HEM 9.40 
 4.0 at.% 11.2 HEM 9.33 
Tm:Sc2O3 2.0 at.% 6.4 HEM 3.69 

 
Prior to the presentation of the laser experiments, we 

compare the spectroscopic properties of Tm3+ in cubic Lu2O3, 
Y2O3 and Sc2O3 [30,38]. 
 

 
Fig. 2.  Absorption cross-sections, σabs, for Tm3+ doped Lu2O3, Y2O3 and Sc2O3 
for the (a) 3H6 → 3H4 and (b) 3H6 → 3F4 transitions [30,38]. 

A. Transition Cross-Sections 

Figure 2(a) shows the absorption cross-sections, σabs, for the 
3H6 → 3H4 transition of Tm3+. For all Tm:RE2O3 crystals, a 
broad and structured absorption band spanning from 0.76 to 
0.83 µm is observed. The maximum σabs = 3.25, 3.77 and 
4.19×10-21 cm2 are found at 796.5, 796.2 and 795.8 nm for RE 
= Y, Lu and Sc, respectively. The full width at half maximum 
(FWHM) of the corresponding absorption peaks amounts to 
7.1, 6.2 and 2.4 nm, respectively. The absorption cross-section 
spectra for the 3H6 → 3F4 transition are shown in Fig. 2(b). 

The Stark splitting of the lower and upper laser levels, 3H6 
and 3F4, of Tm3+ in cubic Y2O3, Lu2O3 and Sc2O3 crystals (for 
the C2 sites) is shown in Fig. 3. The crystal field strength tends 
to increase with decreasing cation radius r. Therefore, the Stark 
splitting of both multiplets increases from Y3+ (rY = 0.90 Å, 
E(3H6) = 792 cm-1) via Lu3+ (rLu = 0.861 Å, E(3H6) = 892 cm-

1) to Sc3+ (rSc = 0.745 Å, E(3H6) = 955 cm-1). In contrast, the 
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energy of the transitions between the lowest Stark sub-levels of 
the two multiplets is nearly identical and at ~5610 cm-1, giving 
rise to pure electronic transitions at wavelengths between 1.8 
µm and up to 2.15 µm in Sc2O3. 
 

 
Fig. 3.  Stark splitting of the ground-state, 3H6, and the upper laser level, 3F4, 
for Tm3+ in cubic Y2O3, Lu2O3 and Sc2O3 (C2 sites) [30,38]. Numbers are the 
energies of Stark sub-levels in wavenumbers (cm-1), arrows indicate the 
electronic transitions between the lowest Stark sub-levels of the two multiplets 
and the one corresponding to the longest wavelength. 
 

The stimulated-emission (SE) cross-sections σSE for the 3F4 
→ 3H6 transition calculated with the Füchtbauer-Ladenburg 
equation [39] are presented in Fig 4. The maximum σSE are 8.8, 
10.7 and 10.2×10-21 cm2 at 1933, 1943 and 1972 nm for Tm3+ 
doped Y2O3, Lu2O3 and Sc2O3, respectively. 
 

 
Fig. 4.  Stimulated-emission (SE) cross-sections, σSE, for the 3F4 → 3H6 
transition of Tm3+ in cubic Lu2O3, Y2O3 and Sc2O3 [30,38]. 
 

Tm3+ represents a quasi-three-level laser scheme. To 
conclude about expected laser wavelengths, the gain cross-
sections, σg = βσSE – (1–β)σabs, where β = N(3F4)/NTm is the 
inversion ratio, are typically calculated. The gain spectra for 
Tm:RE2O3 crystals are shown in Fig. 5(a-c). For Tm:Lu2O3, at 
small inversion ratios (β < 0.06), the laser operation is expected 
at wavelengths beyond 2 µm (at 2066 and 2093 nm) and for 
higher β, the maximum shifts to shorter wavelengths around 
1965 and 1933 nm. A similar behavior is observed for Tm:Y2O3 
and Tm:Sc2O3. The position of all local peaks in the gain 
spectra is red-shifted in the sequence RE = Y – Lu – Sc. 
 

 
Fig. 5.  Gain cross-sections, σg = βσSE – (1–β)σabs, for (a) Tm:Y2O3, (b) 
Tm:Lu2O3 and (c) Tm:Sc2O3 crystals, β = N(3F4)/NTm is the inversion ratio. 

B. Emission Lifetimes and Cross-Relaxation 

Table II shows a comparison of calculated radiative lifetimes, 
τrad, and measured luminescence lifetimes, τlum, of the upper-
laser-level (3F4) of Tm3+ in cubic sesquioxides [30,38]. Here, 
τrad was determined with the standard Judd-Ofelt (J-O) theory 
(the corresponding J-O (intensity) parameters are also listed in 
Table II) or estimated from the integrated σSE spectra [38]. The 
luminescence lifetime of the emitting level 3F4 for cubic 
Tm:RE2O3 crystals is ~3.5 ms and it is only slightly shorter than 
the radiative one. This is due to weak non-radiative (NR) 
relaxation for these hosts determined by the relatively low 
maximum phonon frequency, hνph = 592, 612 and 669 cm-1 for 
RE = Y, Lu and Sc, respectively [16,40]. 

Quantification of CR in Tm3+-doped materials is based on 
the analysis of the luminescence lifetime of the 3H4 pump level 
which is shortened with increasing doping concentration NTm 
according to [31]: 
 

 3 3 2
lum 4 lum0 4 CR Tm1/ ( H ) 1/ ( H ) .C N    (1) 

 
Here, CCR is the microscopic concentration-independent CR 
parameter and τlum0 is the intrinsic luminescence lifetime of the 
3H4 state (in the absence of CR). The quantum efficiency of the 
excitation of Tm3+ ions, i.e., the number of emitted photons at 
~2 µm per one pump photon, ηq is then [31,41]: 
 

 
2

CR Tm
q 3 2

lum0 4 CR Tm

1 ,
1/ ( H )

C N

C N



 


 (2) 



JSTQE-CON-SSL2018-07087-2017 
 

4

 
so that 1 ≤ ηq ≤ 2. Eq. (2) is derived under the assumption of 
weak ground-state (3H6) bleaching and the lack of parasitic 
processes, energy-transfer upconversion (ETU), e.g. Tm1(3F4) 
+ Tm2(3F4) → Tm1(3H4) + Tm2(3H6), and excited-state 
absorption (ESA), 3H5 → 1G4, see Fig. 1. 
 

TABLE II 
JUDD-OFELT PARAMETERS AND UPPER-LASER-LEVEL LIFETIMES OF TM3+ 

IONS IN CUBIC SESQUIOXIDES [30,38] 
Crystal Ωk, 10-20 cm2 τrad(3F4), ms τlum(3F4)*, ms 
 Ω2 Ω4 Ω6 J-O Int. σSE**  
Tm:Y2O3 3.169 1.433 0.482 4.98 4.00 3.54 
Tm:Lu2O3 2.874 1.384 0.456 5.22 3.79 3.38 
Tm:Sc2O3 2.577 0.879 0.669 6.12 4.59 3.57 
*Measured for crystals with <0.3 at.% Tm3+ doping. 
**Estimated from the integrated σSE spectrum. 

 

 
Fig. 6.  (a) Luminescence lifetimes of the 3H4 state of Tm3+ in cubic RE2O3 
crystals (symbols – experimental data [30,38], curves – their fitting by Eq. (1)); 
(b) calculated quantum efficiency of the excitation of Tm3+ ions ηq for the cubic 
Tm:RE2O3 crystals vs. NTm. 
 

TABLE III 
PARAMETERS OF CROSS-RELAXATION IN TM3+-DOPED CUBIC SESQUIOXIDES 
Crystal τrad(3F4) [38],  

µs [38] 
τlum0(3F4), 
µs 

CCR,  
10-37 cm6/s 

ηq* (Tm doping) 

Tm:Y2O3 670 280 0.5±0.1 1.86 (2.5 at.%) 
Tm:Lu2O3 690 350 1.25±0.05 1.91 (1.8 at.%) 
Tm:Sc2O3 640 130 0.8±0.1 1.81 (2.0 at.%) 

*Calculated with Eq. (2). 
 

In Fig. 6(a), we have plotted the reported [30,38] values of 
τlum(3F4) for cubic Tm:RE2O3 crystals with different Tm3+ 
concentrations. These points were fitted by Eq. (1) to extract 
τlum0(3F4) and CCR, see Table III where the radiative lifetimes of 
the 3H4 state determined with the J-O theory are also shown. 
For Tm:Lu2O3, τlum0(3F4) = 350 µs and CCR = (1.25±0.05) × 10-

37 cm6/s, cf. with Tm:KLu(WO4)2, a well-known crystal 
featuring efficient cross relaxation, τlum0(3F4) = 240 µs and CCR 
= 2.7×10-37 cm6/s [42]. For the same NTm, the cross relaxation 
efficiency decreases in the sequence RE = Lu – Y – Sc. For 1.8 
at.% Tm3+ doping, the value of ηq calculated with Eq. (2) 
reaches 1.91 for Tm:Lu2O3 and it is slightly lower, ηq = 1.86 for 
2.5 at.% Tm:Y2O3 and 1.81 for 2 at.% Tm:Sc2O3. Thus, the 
doping concentrations selected for the laser experiments (cf. 
Table I) are adequate for efficient cross relaxation. 

III. THERMO-OPTICAL PROPERTIES 

A. Thermal Lensing 

Thermal lensing was studied in 2.5 at.% Tm:Y2O3, 1.8 at.% 
Tm:Lu2O3 and 2.0 at.% Tm:Sc2O3 crystals by analyzing the 
divergence of the laser beam with the ABCD formalism. The 

dimensions of the studied crystals were the same as specified in 
Section IV A. A hemispherical laser cavity with the laser 
operating in TEM00 mode was used, see Fig. 7. The thermal lens 
(TL) was considered as an ideal thin lens located close to the 
input face of the active element. This method allowed us to 
study the TL under lasing conditions at the laser wavelength λL. 
More details can be found elsewhere [43]. 

The Tm:RE2O3 crystals were mounted in a Cu-holder, water-
cooled to 12 °C, using indium foil to improve the thermal 
contact with all 4 lateral sides. The laser cavity consisted of a 
flat pump mirror (PM) with high transmission (HT) at 0.8 μm 
and high reflection (HR) at 1.8-2.1 μm, and a concave output 
coupler (OC) with a radius of curvature of 50 mm and a 
transmission of TOC = 3% at 1.8-2.1 μm. In the cavity with a 
geometrical length Lcav of 49 mm the crystal was placed at a 
distance of 1 mm from the pump mirror. It was pumped by a 
fiber-coupled (fiber core diameter: 200 μm, numerical aperture, 
N.A.: 0.22) AlGaAs laser diode which emitted up to 25 W of 
unpolarized output at λp = 802 nm (diode #1); the emission 
wavelength was controlled by water-cooling. The pump 
radiation was collimated and focused into the crystal through 
the pump mirror by a lens assembly (imaging ratio: 1:1, focal 
length: 30 mm) resulting in a pump spot radius wp of 100 μm in 
the focus and a confocal parameter 2zR of 1.73 mm (in the 
crystal). The position of the pump waist was adjusted for each 
crystal until a TEM00 output mode was observed. The radius of 
the output laser beam was measured at 26 cm from the OC by 
the optical knife edge method (according to the ISO 11146-1-
2005 standard). 
 

 
Fig. 7.  Scheme of the Tm:RE2O3 laser used for the thermal lens (TL) 
measurements: LD – laser diode, PM – pump mirror, OC – output coupler. 
 

 
Fig. 8.  Measurement of the TL in a 1.8 at.% Tm:Lu2O3 crystal: (a) radius of the 
output laser mode measured at 26 cm from the OC (circles – experimental data, 
curve – ABCD-modelling); (b) calculated optical (refractive) power of the TL 
(circles – experimental data, line – linear fit for the determination of the 
sensitivity factor, M) and the corresponding input-output dependence of the 
laser, η – slope efficiency (λp = 802 nm and wp = 100 μm). 
 

The characterization of the thermal lensing in the 1.8 at.% 
Tm:Lu2O3 crystal is shown in Fig. 8. With increasing Pabs, the 
divergence of the laser beam decreases indicating a positive, 
focusing TL effect, see Fig. 8(a). The corresponding optical 
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power D of the TL is plotted in Fig. 8(b). The dependence of D 
on Pabs is close to linear. Its slope is called the sensitivity factor 
[44]: 
 

 
abs

d
.

d

D
M

P
  (3) 

 
In Fig. 8(b), we also show the input-output dependence of the 
1.8 at.% Tm:Lu2O3 laser. 

In Table IV, we have listed the M-factors, the corresponding 
laser wavelengths λL and the root mean square (rms) pump spot 
radii in the crystal 〈wp〉 for the cubic Tm:RE2O3 crystals. Here, 
〈wp〉 is averaged geometrically and does not account for the 
absorption coefficient. The thermal lens is positive (focusing) 
in all three Tm:RE2O3 crystals. Tm:Lu2O3 shows the lowest 
sensitivity factor. 
 

TABLE IV 
SENSITIVITY FACTORS OF THERMAL LENS IN TM3+-DOPED CUBIC 

SESQUIOXIDE CRYSTALS 
Crystal Doping M, m-1/W 〈wp〉, µm λL, nm 
Tm:Y2O3 2.5 at.% 6.9 116 2055 
Tm:Lu2O3 1.8 at.% 3.5 133 2070 
Tm:Sc2O3 2.0 at.% 8.3 112 1995 

B. Fractional Heat Load 

The fractional heat load ηh is an important parameter for laser 
materials. It determines the part of the absorbed pump power 
dissipated as heat, ηh = Pheat/Pabs. The ηh value for the 2.5 at.% 
Tm:Y2O3, 1.8 at.% Tm:Lu2O3 and 2.0 at.% Tm:Sc2O3 crystals 
was determined by an ISO-standard laser calorimetry (pulsed 
method) which is based on the analysis of the heating and 
cooling rates of a thermally isolated material [45]. The 
measurements were carried out under non-lasing conditions. 

As an example, Fig. 9 shows the evaluation of ηh for the 2.5 
at.% Tm:Y2O3 and 1.8 at.% Tm:Lu2O3 samples pumped at λp = 
802 nm. ηh was calculated as [45]: 
 

 p
h

p abs

,
T mC

t P
   (4) 

 
where tp is the duration of the pump pulse, Tp is the temperature 
at the time tp/2 extrapolated from the cooling curve, and m and 
C are the mass and specific heat of the crystal, respectively. The 
calculation of ηh is presented in Table V. ηh is slightly lower for 
Tm:Lu2O3 (0.34±0.05) as compared to Tm:Y2O3 and Tm:Sc2O3 
(0.37±0.05). 

Typically, ηh can be estimated as 1 – ηSt, where ηSt is the 
Stokes efficiency determined as ηSt,L = λp/λL (under lasing 
conditions) and ηSt,NL = λp/〈λlum〉 (non-lasing conditions, 〈λlum〉 
is the mean luminescence wavelength). As mentioned in the 
previous section, the quantum efficiency in Tm3+ doped 
materials is >1 due to cross relaxation. Therefore, the actual 
laser efficiency can be higher than the Stokes efficiency, 
resulting in a lower fractional heat load of ηh < 1 - ηStηq. 

For Tm:Lu2O3, 〈λlum〉 = 1927 nm, which yields ηSt,NL = 0.416. 
With this value and the measured ηh, the quantum efficiency ηq 
can be estimated to be at most 1.59. This is lower than the value 
obtained from the spectroscopic data, ηq = 1.91, cf. Fig. 6(b), 

indicating parasitic processes (ETU and ESA) at the high 
inversion densities under non-lasing conditions. 
 

 
Fig. 9.  Evaluation of the fractional heat load ηh in (a) 2.5 at.% Tm:Y2O3 and 
(b) 1.8 at.% Tm:Lu2O3 crystals by an ISO-standard laser calorimetry (pulsed 
method), red and blue circles – measured temperature rise in the crystal when 
the pump is on (t = 0...tp) and off (t > tp), respectively, solid curves – exponential 
fits. Tp is the temperature at the moment t = tp/2 extrapolated from the cooling 
curve. 
 

TABLE V 
EVALUATION OF THE FRACTIONAL HEAT LOAD IN TM3+-DOPED SESQUIOXIDE 

CRYSTALS 
Crystal Doping Pabs, W m, g C, J/gK tp, s Tp, °C ηh 
Tm:Y2O3 2.5 at.% 0.17 0.0814 0.457 90 146.1 0.37 
Tm:Lu2O3 1.8 at.% 0.24 0.2407 0.24 90 126.8 0.34 
Tm:Sc2O3 2.0 at.% 0.21 0.0771 0.70 90 108.9 0.37 

C. Thermo-Optic Coefficients 

The simultaneous measurement of the sensitivity factor M of 
the thermal lens and the fractional heat load ηh allowed us to 
evaluate relevant thermo-optic parameters of the cubic 
Tm:RE2O3 crystals from the following formula [46]: 
 

 h
2

p

,
2

M
w

 
 


 

 (5) 

 
where 〈wp〉 is the rms pump spot radius in the crystal, κ is the 
thermal conductivity, and χ is the so-called “generalized” 
thermo-optic coefficient (TOC) [44]. For cubic crystals, the 
latter can be approximated as [46]: 
 
    d /d 1 – ,1n T n      (6) 

 
where dn/dT is the TOC under zero strain, ν is the Poisson ratio, 
n is the refractive index, and α is the thermal expansion 
coefficient. In Eq. (6), the two terms represent the temperature 
dependence of the refractive index (dn/dT) and macroscopic 
end-bulging of the crystal surfaces due to non-uniform thermal 
expansion (Qdist = (1 + ν)(n – 1)α), respectively. The third 
possible effect, namely the photo-elastic term (PPE), is omitted 
in Eq. (6) as it is typically small for cubic crystals [46].  

TABLE VI 
EVALUATION OF THERMO-OPTIC PARAMETERS OF TM3+-DOPED SESQUIOXIDE 

CRYSTALS AT ~2 µm 
Crystal κ, [2] 

W/mK 
χ,  
10-6 K-1 

α, 
10-6 K-1 

ν n [51] dn/dT, 
10-6 K-1 

Tm:Y2O3 8.6 13.6 6.56 [13] 0.30 [48] 1.873 6.1 
Tm:Lu2O3 12.3 13.9 5.88 [14] 0.29 [49] 1.895 7.1 
Tm:Sc2O3 8.2 14.5 6.3 [47] 0.29 [50] 1.946 6.8 
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The results on the thermo-optic parameters (χ and dn/dT) for 
the cubic Tm:RE2O3 crystals are shown in Table VI. An 
important conclusion is that all studied Tm:RE2O3 crystals are 
characterized by a positive dn/dT coefficient (6...7×10-6 K-1) 
which slightly decreases in the sequence RE = Lu – Sc – Y. 

In Table VII, we have compared the dn/dT coefficients for 
cubic RE2O3 crystals and ceramics reported so far. Our data are 
in good agreement with the direct measurements from [51] 
taking into account the dispersion of the TOCs. The negative 
sign of the dn/dT coefficient for Sc2O3 ceramics reported in [47] 
(taking into account the similarity of TOCs for crystals and 
ceramics [47]) is not confirmed in the present work. 
 

TABLE VII 
THERMO-OPTIC COEFFICIENTS OF SESQUIOXIDE CRYSTALS AND CERAMICS 

REPORTED SO FAR 
Material Form dn/dT, 10-6 K-1 λ, µm Method* Ref. 
Y2O3 crystal 6.1 2.06 TL ** 
 crystal 6.6 1.1 MD [51] 
 ceramics 5.5 1.06 IF [52] 
 ceramics 8.3 0.63 IF [53] 
 ceramics 8.1 0.63 IF [47] 
Lu2O3 crystal 7.1 2.07 TL ** 
 crystal 5.8 1.03 TG [14] 
 crystal 7.6 1.1 MD [51] 
 ceramics 8.2 0.63 TG [47] 
Sc2O3 crystal 6.8 2.00 TL ** 
 crystal 6.9 1.1 MD [51] 
 ceramics -21.5 0.63 IF [47] 

*TL – thermal lens study, MD – minimum deviation, IF – interferometry, TG 
– thermal gradient method. **This work. 
 

The positive thermal lens in cubic Tm:RE2O3 crystals 
enables laser operation of these materials in a plano-plano laser 
cavity, i.e., microchip Tm:RE2O3 lasers can be realized. A 
“cold” plano-plano cavity, meaning an unpumped crystal, is 
unstable. Pumping a laser crystal characterized by D > 0 (and, 
accordingly, χ > 0) leads to an increase of the total optical path 
length in the pumped volume [35] with respect to the 
surrounding regions. This effect provides mode confinement 
(thermal guiding) in the resonator [34,54]. 

IV. MICROCHIP TM3+:RE2O3 LASERS 

A. Laser Set-up 

At first, we studied microchip laser operation with the four 
crystals of Table I in the laser set-up shown in Fig. 10. The 
crystal dimensions (thickness and aperture) are listed in 
Table VIII. 
 

 
Fig. 10.  Scheme of Tm:RE2O3 microchip lasers: LD – laser diode, PM – pump 
mirror, OC – output coupler, TL – thermal lens. 
 

The laser cavity consisted of a flat pump mirror coated for 
HT at 0.8 μm and HR at 1.8-2.1 μm and different flat output 
couplers with transmission between 1.5% and 9% in the laser 
wavelength range of 1.8-2.1 μm. The crystal holder described 

in Section III A was used. Both surfaces of the laser crystal were 
polished to laser-grade quality and remained uncoated. 
 

TABLE VIII 
ACTIVE ELEMENTS FROM TM3+-DOPED CUBIC SESQUIOXIDE CRYSTALS 

Crystal Doping t, mm Aperture, 
mm2 

ηabs, 
% 

Tm:Y2O3 2.5 at.% 3.03 2.72×3.10 33 
Tm:Lu2O3 1.8 at.% 1.73 1.92×3.02 28 
 4.0 at.% 2.28 2.62×2.72 36 
Tm:Sc2O3 2.0 at.% 2.18 3.08×3.11 20 

 
The pump and output coupling mirrors were placed close to 

the crystal, so the cavity length was close to its thickness. The 
crystal was pumped by the same laser diode as for the thermal 
lens experiments (diode #1, with λp = 802 nm, and wp = 100 μm) 
using the lens assembly described in in Section III A. The pump 
waist was in the center of the laser crystal. As all the output 
couplers provided a partial reflection (~40%) at the pump 
wavelength, the crystal was pumped in a double-pass. The 
pump absorption efficiency ηabs is listed in Table VIII. 

Stable microchip laser operation was achieved with all four 
crystals. The laser emission was unpolarized. 

B. Laser Performance 

The output characteristics of the 2.5 at.% Tm:Y2O3, 1.8 at.% 
Tm:Lu2O3 and 2.0 at.% Tm:Sc2O3 microchip lasers are shown 
in Fig. 11(a,c,e). 
 

 
Fig. 11.  (a-f) Microchip lasers based on cubic Tm:RE2O3 crystals (cf. 
Table VIII): (a,c,e) input-output dependences (η – slope efficiency) and (b,d,f) 
typical laser emission spectra (measured at the maximum Pabs); λp = 802 nm and 
wp = 100 μm. 
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The 1.8 at.% Tm:Lu2O3 microchip laser generated an output 
power of 3.24 W. It operated at wavelengths between 2063 and 
2066 nm with a slope efficiency of η = 58% (vs. Pabs) for TOC = 
3%, Fig. 11(c). The laser threshold was at Pth = 0.41 W. No 
thermal roll-over or crystal damage were observed up to the 
maximum absorbed pump power of 6.1 W. For TOC = 1.5%, the 
laser output was slightly higher, 3.35 W at 2061-2075 nm, at a 
lower slope efficiency of 57%. 

The 2 at.% Tm:Sc2O3 microchip laser operated with only 
slightly lower slope efficiency of 53% (for TOC = 1.5%) while 
the output power was limited to 1.12 W at 1991-2002 nm due 
to the lower pump absorption efficiency ηabs. The latter is due 
to a mismatch of the pump wavelength and the peak in the 
absorption spectrum, and possibly lower average Tm3+ doping 
(see Section V A). For the 2.5 at.% Tm:Y2O3, further drop of 
the laser slope efficiency (η = 30%) was observed and the 
maximum output power was 2.04 W at 2049-2065 nm (for the 
best TOC = 5%). The inferior laser performance of the Tm:Y2O3 
crystals as compared to that of the Tm:Lu2O3 and Tm:Sc2O3 
ones is related to the lower optical quality of yttria crystals, 
namely the intrinsic scattering centers [30,55]. 

A deterioration of the laser output at highest TOC was detected 
for all Tm:RE2O3 microchip lasers and attributed to increased 
upconversion losses (see Section V B). This effect was more 
evident for Tm:Sc2O3 and Tm:Y2O3 crystals. It can be explained 
by the increasing inversion which is needed to compensate for 
the losses which are introduced by the higher TOC. The higher 
inversion leads to a higher probability of the ETU process 
Tm1(3F4) + Tm2(3F4) → Tm1(3H4) + Tm2(3H6), counteracting 
the CR process, see Fig. 1. Thus, the population of the 3H4 
manifold is increased and ESA and other ETU processes which 
terminate in higher-lying manifolds, are enhanced. This effect 
can be seen from an increasing intensity of the blue (~480 nm) 
Tm3+ upconversion luminescence (UCL), 1G4 → 3H6, with the 
output coupling. Indeed, the 1G4 manifold can only be 
populated via ESA and ETU processes. 

The typical spectra of output laser emission from the 2.5 at.% 
Tm:Y2O3, 1.8 at.% Tm:Lu2O3 and 2.0 at.% Tm:Sc2O3 
microchip lasers are shown in Fig. 11(b,d,f). For all crystals and 
OCs, multi-peak spectra are observed due to etalon (Fabry-
Perot) effects. 

The 1.8 at.% Tm:Lu2O3 microchip laser operated at 2063–
2075 nm for small TOC of 1.5% and 3%, Fig. 11(d). For TOC = 
5%, emission at two distinct wavelengths (1972 and 2060 nm) 
was observed and for TOC = 9%, the laser emitted at 1960–1973 
nm. This behavior is well in line with the values expected from 
the gain spectra, Fig. 5(b). A similar spectral behavior was 
observed also for the 2.5 at.% Tm:Y2O3 laser. For the 2.0 at.% 
Tm:Sc2O3 laser, only emission at ~2 µm was detected and the 
emission spectra were weakly dependent on TOC. 

As expected from the gain spectra in Fig. 5, the laser 
emission wavelengths experience a red shift in the sequence RE 
= Y – Lu – Sc, Fig. 11(b,d,f). 

The microchip laser performance of the four cubic 
Tm:RE2O3 crystals from Table VIII is compared in Fig. 12. The 
performance of the 4.0 at.% Tm:Lu2O3 crystal was inferior both 
in terms of the output power and slope efficiency (with a 
thermal roll-over at Pabs > 6.5 W) compared to the 1.8 at.% 
Tm:Lu2O3 crystal. This is attributed to the increasing 
upconversion losses for higher Tm3+-doping.  

 

 
Fig. 12.  Comparison of the output performance of the microchip lasers based 
on cubic Tm:RE2O3 crystals (cf. Table VIII): η – slope efficiency, λp = 802 nm 
and wp = 100 μm. 
 

TABLE IX 
COMPARISON OF OUTPUT CHARACTERISTICS OF TM3+ SESQUIOXIDE 

MICROCHIP LASERS* 
Crystal Doping TOC, % Pout, W η, % λL, nm Pth, W 
Tm:Y2O3 2.5 at.% 5 2.04 30 2049-2065 0.44 
Tm:Lu2O3 1.8 at.% 3 3.24 58 2063-2066 0.41 
 4.0 at.% 1.5 2.17 35 2066-2076 0.49 
Tm:Sc2O3 2.0 at.% 1.5 1.12 53 1991-2002 0.33 
*λp = 802 nm and wp = 100 μm. Cf. Table VIII for crystal dimensions. 

 
A summary of the microchip laser parameters of the cubic 

Tm:RE2O3 crystals is presented in Table IX. 
The spatial profile of the laser output from the 1.8 at.% 

Tm:Lu2O3 microchip laser was studied in the far-field, see 
Fig. 13. This laser generated nearly circular TEM00 beam with 
a measured M2 < 1.2. 
 

 
 

Fig. 13.  2D (a) and 3D (b) profiles of the output laser beam from the Tm:Lu2O3 
microchip laser, λp = 802 nm, Pabs = 6.1 W. 

C. Effect of Mode-Matching 

As the best results were obtained with Tm:Lu2O3, the further 
microchip laser studies were performed with this crystal. 

The slope efficiency η can be expressed as: 
 
 mode St,L q out ,      (7) 

 
where ηmode, ηSt,L and ηq were defined above and ηout is the cavity 
output-coupling efficiency, the relation of useful losses to total 
cavity losses, ηout = ln[1-TOC]/ln[(1-TOC)·(1-L)] wherein L is the 
roundtrip passive loss.  

Assuming αloss < 0.001 cm-1 [30] and ηq = 1.91 (cf. Fig. 6), 
the mode overlap efficiency of the best 1.8 at.% Tm:Lu2O3 laser 
with η = 58% (see previous section) can be estimated to be in 
the order of only 80%. To investigate this in more detail, we 
calculated the radius of the laser mode wL in the laser crystal. 
We used the ABCD-formalism and the determined sensitivity 
factor of the thermal lens, cf. Table IV, as well as the mode 
overlap efficiency ηmode [56]: 
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For the considered 1.8 at.% Tm:Lu2O3 microchip laser (Lcav = 
1.73 mm) pumped by the diode #1, the mean pump spot size 
〈wp〉 = 105 µm. The sensitivity factor of the thermal lens is 
strongly dependent on 〈wp〉, and using Eq. (5) it is calculated to 
be 5.6 m-1/W. The results on laser mode radius wL and the 
overlap efficiency ηmode are shown in Fig. 14 vs. the absorbed 
pump power. Due to the increased optical power at higher pump 
powers, cf. Eq. (3), the mode radius and thus the overlap 
efficiency decrease. For a real laser, one needs to account for 
the variation (typically increase) of the M2 parameter for the 
laser mode with the absorbed pump power. This can slightly 
affect the real ηmode value and explain the linear input-output 
dependences observed in Fig. 11(c) despite the varying ηmode in 
Fig. 14. 

The sensitivity of the laser mode diameter in the crystal can 
be improved by pumping with a smaller pump spot size. For 
this purpose, we employed a fiber-coupled (fiber core diameter: 
105 μm, N.A.: 0.22) AlGaAs LD (diode #2). It emitted up to 30 
W of randomly polarized output at λp = 792 nm. With the same 
lens assembly (see Fig. 10) the pump spot radius was reduced 
to wp = 52 μm and the confocal parameter accordingly changed 
to 2zR = 0.90 mm. To enhance the absorption efficiency, we 
used a longer 1.8 at.% Tm:Lu2O3 crystal (t = 5 mm, aperture: 
3×3 mm2). It was polished to laser-grade quality and uncoated. 
The pump waist was in the center of the laser crystal and 〈wp〉 
amounted to 98 µm. The same laser set-up as depicted in Fig. 10 
was used. 
 

 
Fig. 14.  Mode-matching analysis of the 1.8 at.% Tm:Lu2O3 microchip laser: 
calculated radius of the laser mode wL and the mode overlap efficiency for the 
pump and laser beams ηmode vs. Pabs. Orange curves: Lcav = 1.73 mm, diode #1 
(λp = 802 nm, wp = 100 µm), violet curves: Lcav = 5.0 mm, diode #2 (λp = 791.8 
nm, wp = 52 µm). 
 

The sensitivity factor of the thermal lens for this pump source 
was estimated to be 6.4 m-1/W. The resulting dependences of 
wL and ηmode on the pump power are shown in Fig. 14. Also for 
this set-up, the laser mode radius wL is strongly reduced to 84 
µm, however, the mode overlap efficiency is close to unity 
within the entire range of applied pump powers. 

The input-output characteristics for the 5 mm-thick 1.8 at.% 
Tm:Lu2O3 micro-laser pumped with the diode #2 are shown in 
Fig. 15(a). The laser emission was unpolarized. This laser 
generated a maximum output power of 4.89 W at 2058-2070 
nm with a maximum slope efficiency of 67% (vs. Pabs) for TOC 
= 3%. It should be noted that this value is in good agreement 

with the value of 69% resulting from Eq. (7). The laser 
threshold was at 0.29 W. The output dependence was linear up 
to the highest absorbed pump power of 7.6 W. For TOC of more 
than 3%, the laser efficiency deteriorated. For TOC > 9%, even 
a thermal roll-over was observed at Pabs > 5.5 W. This is 
attributed to upconversion losses at the high inversion levels 
required. 
 

 
Fig. 15.  (a,b) 5 mm-thick 1.8 at.% Tm:Lu2O3 micro-laser: (a) input-output 
dependences, η – slope efficiency; (b) typical laser emission spectra (measured 
at Pabs = 6.6 W); λp = 791.8 nm and wp = 52 μm. 
 

In Fig. 15(b), the typical spectra of laser emission from this 
laser are presented. For TOC < 10%, the emission is at 
wavelengths around 2060 nm and for larger TOC, it is observed 
in two bands at ~1940 and 1960 nm in agreement with the gain 
spectra, Fig. 5(b). 

D. Discussion: Thulium Microchip Lasers 

In Table X, we compare the output parameters of the Tm 
microchip / micro-lasers reported so far. A broad variety of 
Tm3+-doped crystals has been studied for this type of lasers.  
To date, the highest output power from a Tm microchip laser 
was achieved using a 4 at.% Tm:YAlO3 crystal, namely 6.2 W 
at a laser wavelength of 2008 nm with η = 46%. The highest 
slope efficiencies were obtained with monoclinic double 
tungstate (MDT) crystals: η = 74% for 5 at.% Tm:KY(WO4)2 
(diode-pumping) and η = 77% for 15 at.% Tm:KLu(WO4)2 
(Ti:sapphire laser pumping). 

The advantage of Tm3+-doped cubic RE2O3 crystals is the 
possibility to achieve multi-watt laser output with relatively 
high slope efficiencies at wavelengths well above 2 µm, the 
longest wavelengths for any Tm microchip laser, see Table X. 

For cubic Tm:RE2O3 crystals, the absorption cross-sections 
at ~0.8 µm are moderate (Section II A), and the onset of 
deterioration of the laser output limits the Tm3+ doping 
concentrations to values below 4 at.% (11.4×1020 cm-3) (Section 
IV B). Nevertheless, it should be noted that this concentration 
corresponds to 8 at.% in YAG or 18 at.% in KY(WO4)2 due to 
the high cation density in Lu2O3. Moreover, the thermal and 
thermo-optic properties are rather advantageous for power 
scaling, favoring the application of the cubic Tm:RE2O3 
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crystals in compact high-power lasers at >2 µm. Such lasers 
will be described in Section V. 
 

TABLE X 
COMPARISON OF OUTPUT CHARACTERISTICS OF TM3+ MICROCHIP AND 

MICRO-LASERS REPORTED SO FAR 
Crystal Doping Pout, W η, % λL, nm Ref. 
Tm:Y2O3 2.5 at.% 2.04 30 2049-2065 * 
Tm:Lu2O3 1.8 at.% 4.89 67 2058-2070 * 
Tm:Sc2O3 2 at.% 1.12 52 1991-2002 * 
Tm:KLu(WO4)2 3 at.% 3.2 50 1946 [54] 
 15 at.% 0.79 77 1957-1965 [42] 
Tm:KY(WO4)2 5 at.% 2.57 74 1946 [57] 
Tm:MgWO4 0.89 at.% 3.09 50 2022-2034 [58] 
Tm:LiYF4 8 at.% 3.1 72 1904 [59] 
Tm:LiLuF4 12 at.% 2.65 52 1916 [59] 
Tm:LiGdF4 8 at.% 1.87 65 1902 [59] 
Tm:YAlO3 4 at.% 6.2 46 2008 [60] 
Tm:CaGdAlO4 3 at.% 1.16 32 1883-1893 [61] 
Tm:Y3Al5O12 10 at.% 0.45 32 2013 [62] 
Tm:YVO4 5 at.% 0.40 25 1920 [63] 
Tm:GdVO4 6.9 at.% 0.11 47 1950 [64] 
*This work. 

V. COMPACT HIGH POWER TM3+:RE2O3 LASERS 

A. Laser Set-up 

A power scaling concept maintaining the high efficiency of 
compact diode-pumped Tm:Lu2O3 and Tm:Sc2O3 lasers was 
investigated utilizing the plano-plano laser cavity geometry. Its 
set-up is shown in Fig. 16. 

Here, the laser crystal was prepared as a rod (diameter: 3 mm, 
length: 15 mm). The barrel-polished rod was directly water-
cooled to 18 °C. It was pumped by the focused beam of an 
AlGaAs laser diode emitting up to 140 W at 795-798 nm 
(spectral bandwidth: 2.7 nm) depending on the output power 
(diode #3). The diode emission was directly focused into the 
rod by a f = 80 mm spherical lens resulting in an asymmetric 
pump spot of 400×750 μm2 (1/e2). The barrel polishing was not 
essential to assure guiding of the pump light, since its beam 
quality was high enough to pass the laser rod without striking 
its borders. The flat input mirror was coated for HT at ~0.8 µm 
and for HR at 1.9-2.2 µm. Different flat output couplers with 
transmission between 1% and 23% at 1.9-2.1 µm and HT 
(>90%) at the pump wavelength were tested. For the Tm:Sc2O3 
laser due to the emission at >2.1 µm, for some OCs, the actual 
transmission at the laser wavelength was higher. The 
geometrical length of the cavity was ~18 mm. The transmitted 
pump light was separated from the laser beam by a dichroic 
plate coated for HR at ~0.8 µm and HT at ~2 μm under an angle 
of 45°. Thus, direct measurement of the transmitted pump 
power (and calculation of Pabs) was possible under lasing 
conditions. 
 

 
 
Fig. 16.  Scheme of the high-power diode-pumped compact Tm:Lu2O3 and 
Tm:Sc2O3 lasers using a plano-plano laser cavity. 

 
Rods from 1.0 at.% and 1.2 at.% Tm:Lu2O3, as well as 1.0 at.% 
and 1.5 at.% Tm:Sc2O3 crystals were prepared (not listed in 
Table I). These crystals were grown by the HEM method [37]. 
Due to less than unity distribution coefficient of Tm3+ in Sc2O3, 
a small gradient of the Tm3+ concentration was present in the 
Tm:Sc2O3 rods. According to the measured absorption spectra, 
the average doping concentration was (0.9 at.%)av and 
(1.1 at.%)av, respectively [30]. 

B. Laser Performance 

The best results were achieved for the 1.2 at.% Tm:Lu2O3 and 
(1.1 at.%)av Tm:Sc2O3 laser rods. The corresponding input-
output dependences are shown in Fig. 17. 
 

 

 
Fig. 17. Input-output dependences for the high-power diode-pumped compact 
(a) 1.2 at.% Tm:Lu2O3 and (b) (1.1 at.%)av Tm:Sc2O3 lasers using a plano-plano 
laser cavity, η – slope efficiency [30]. 
 

The 1.2 at.% Tm:Lu2O3 laser, Fig. 17(a), generated up to 
47.5 W at 2065 and 2093 nm at η = 59% (for TOC = 2.1%). The 
corresponding Pabs amounted to 85.1 W, so that the optical-to-
optical efficiency ηopt reached 56% (vs. Pabs). At this point, the 
incident pump power was 122 W. The laser threshold was at 1.9 
W in this case. For all OCs, the input-output dependences were 
clearly linear indicating weak detrimental thermal effects. The 
wavelength of the laser emission experienced a blue-shift from 
2093 nm (TOC = 1%) to 2065 nm (TOC = 4 – 13%) and finally to 
1965 nm for TOC = 23%. This agrees with the gain spectra, 
Fig. 5(b). With output coupler transmissions above 2.1%, the 
slope efficiency decreased. This behavior is similar to the 
microchip experiments, Fig. 11. 

The (1.1 at.%)av Tm:Sc2O3 laser generated a maximum 
output power of 25.4 W at 2115 nm with η = 45%, Fig. 17(b). 
A slight thermal roll-over was observed for Pabs > 50 W at high 
TOC. The highest pump power incident to the Tm:Sc2O3 laser 
was limited to 94 W since for higher powers, the temperature 
drift of the emission wavelength of the diode resulted in strong 
decrease of the absorption efficiency. The laser thresholds were 
similar to those for the Tm:Lu2O3 laser. A similar blue-shift of 
the emission wavelength with TOC was observed for Tm:Sc2O3, 
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however, the laser wavelengths were 2148, 2115 and 1994 nm. 
The wavelength of 2148 nm is remarkably long for a Tm3+-
based CW laser and even longer than the value of 2131 nm 
achieved recently in a “vibronic” Tm:KLu(WO4)2 laser [65]. It 
should be noted that even longer wavelengths up to 2164 nm 
were obtained with Tm:Sc2O3 in wavelength tuning 
experiments [30]. The decrease of the slope efficiency with 
increasing TOC is more pronounced for Tm:Sc2O3. ETU 
processes are more likely to occur in Tm:Sc2O3 compared to 
Tm:Lu2O3 because of the broader spectra and greater overlap of 
absorption and emission bands, as well as higher cation density, 
which enhance the ETU probabilities. 

In Table XI, we have compared the best output parameters 
achieved with all four studied laser rods. An increase of Tm3+ 
doping concentration led to a higher slope efficiency for both 
Tm:Lu2O3 and Tm:Sc2O3. This is attributed to more efficient 
cross relaxation (see Fig. 6(b)). Indeed, the lifetime of the 3H4 
pump level for Tm:Lu2O3 decreases from 83 to 50 μs when the 
Tm3+ concentration is increased from 1 to 1.2 at.% [30]. 
 

TABLE XI 
COMPARISON OF OUTPUT CHARACTERISTICS OF HIGH-POWER TM3+ 

SESQUIOXIDE LASERS USING A PLANO-PLANO CAVITY 
Crystal Doping Pout, W η, % λL, nm ηabs, % 
Tm:Lu2O3 1.0 at.% 36.8 56 2065 59-75 
 1.2 at.% 47.5 59 2065&2093 67-81 
Tm:Sc2O3 (0.9 at.%)av 21.3 41 2115 57-75 
 (1.1 at.%)av 25.4 45 2115 63-84 

VI. CONCLUSION 

We reported on a detailed comparative study of the 
spectroscopic, thermo-optic and laser properties of three Tm3+-
doped cubic sesquioxide crystals, Lu2O3, Y2O3 and Sc2O3, 
concerning their potential for compact, highly-efficient and 
power-scalable eye-safe lasers. Tm3+ ions in the RE2O3 crystals 
feature large splitting of the ground-state, 3H6, and the upper 
laser level, 3F4, leading to broadband absorption and emission 
properties and, in particular, the possibility of laser operation 
well above 2 µm. Efficient cross relaxation is featured in the 
Tm:RE2O3 crystals at Tm3+ doping levels of ~2 at.%. A 
combination of high thermal conductivity, weak thermal 
expansion and weak and positive thermal lensing arising from 
positive dn/dT coefficients, opens the possibilities for power 
scaling of compact Tm:RE2O3 lasers based on thermal guiding, 
e.g. in microchip geometry from few watts up to tens of watts 
of output power at >2 µm. Passive Q-switching of compact 
Tm:RE2O3 lasers, e.g. by Cr2+:ZnS or Cr2+:ZnSe crystals or 
ceramics, is promising because the generation of high-energy 
pulses will benefit from the relatively long storage time of the 
Tm:RE2O3 crystals of ~3.5 ms while short pulse durations will 
be possible due to the compact cavity design. 
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