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high-phonon-energy crystal: evidence of
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We report on highly efficient1 and power-scalable laser operation in a thulium-doped high-phonon-energy crystal
[monoclinic double tungstate, KLu(WO4)2] on the 3H4→

3H5 Tm3+ transition giving rise to the short-wave
infrared emission at∼2.3 µm. A 3 at. % Tm-doped crystal generated a maximum continuous-wave output power
of 1.12 W at∼2.22 and 2.29 µm with a record-high slope efficiency of 69.2% (versus the absorbed pump power),
a slightly multimode beam (M2

x, y = 2.2 and 2.6), and a linear laser polarization. The∼2.3 µm laser outperformed
the one operating on the conventional 3F4→

3H6 transition (at∼1.95 µm). The effect of the Tm concentration on
the∼2.3 µm laser performance indicates a gradually increasing pump quantum efficiency for the 3H4 upper laser
level with the Tm doping. For the 3 at. % Tm-doped crystal, it reached 1.8±0.1 (almost two-for-one pump process),
which is attributed to efficient energy-transfer upconversion. We discuss the physical nature of the laser emissions
occurring at intermediate wavelengths between the electronic 3H4→

3H5 and 3F4→
3H6 transitions and highlight

the role of electron-phonon coupling (vibronic processes) in the appearance of such laser lines. This allowed us to
better understand the near- and mid-infrared emission from thulium ions, which can be used in broadly tunable
and fs mode-locked 2–2.3µm lasers. © 2020 Optical Society of America
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1. INTRODUCTION31

2 In recent years, coherent light sources emitting near 2.3 µm32
in the short-wavelength infrared (SWIR) spectral range have33
attracted increasing attention. Such emission falls into the34
atmosphere transparency window with weak water vapor35
absorption containing at the same time absorption lines of36
atmospheric pollutants, i.e., hydrogen fluoride (HF), carbon37
monoxide (CO), methane (CH4), or formaldehyde (H2CO).38
Consequently, ∼2.3 µm lasers find applications in gas sensing39
in the atmosphere [1,2] and optical metrology of combustion40
processes [3]. They are also promising for non-invasive glucose41
(C6H12O6) blood measurements [4]. Potentially, ultrafast42
∼2.3 µm lasers can be used for further frequency conversion43
into the mid-IR [5].44

There exist several possibilities to obtain emission near45
2.3 µm from solid-state lasers. Cr2+-doped II–IV group46
materials—zinc chalcogenides (ZnS, ZnSe)—give rise to a47

broadly tunable laser emission covering the desired wavelength 48
[6]. Sorokina et al. reported on a continuous-wave (CW) 49
Cr2+
:ZnS laser delivering 100 mW at ∼2.35 µm with a slope 50

efficiency of 16%, tunable between 2.19 and 2.47 µm [7]. 51
Further power scaling reaching multi-watt regime at improved 52
slope efficiency was demonstrated later on [6,8]. Mode-locked 53
(ML) Cr2+

:ZnS and Cr2+
:ZnSe lasers generating femtosecond 54

(fs) pulses are also known [9,10]. However, the fabrication of 55
high-optical quality zinc chalcogenide crystals and ceramics is 56
complex. Moreover, such lasers require special pump sources, 57
such as Co2+ lasers at∼1.67 µm or Tm3+ fiber or bulk lasers at 58
∼1.9 µm. 59

Another possibility is the use of semiconductor structures 60
(GaInAs on InP or GaInAsSb on GaSb), e.g., in diode lasers 61
[11] or vertical-cavity surface-emitting lasers (VECSELs) [12]. 62
Besides the relatively complex design and fabrication methods, 63
the power scaling capabilities of such lasers (single-emitters) 64
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Fig. 1. Energy level scheme of the Tm3+ ion in the high-phonon-
energy monoclinic double tungstate crystal KLu(WO4)2 (after [14]),
showing the pump transition (green arrow), laser transitions (red
arrows), cross-relaxation (CR), and energy-transfer upconversion
(ETU). NR is the non-radiative decay. The equally separated horizon-
tal dashes show the average number of high-energy phonons (hνph)
needed to bridge the energy-gaps between the multiplets involved in
laser emission.

are limited. Geerlings et al. presented a GaSb-based diode laser65
generating 16.5 mW at∼2.23 µm with a wavelength tunability66
between 2.21 and 2.39 µm [11]. The output power can be67
scaled reaching watt-level in array configuration, however, with68
a trade-off on spatial quality [13]. In addition, the ultrafast69
operation of such lasers has been poorly studied.70

Finally, ∼2.3 µm emission can be obtained using thulium71
(Tm3+)-doped materials based on the 3H4→

3H5 quasi-72
four-level transition, Fig. 1(a). This laser scheme has been long73
known both for bulk [15] and fiber [16] lasers. However, it was74
considered to be inefficient, and the 3F4→

3H6 transition at75
∼2 µm received much more attention [17]. At a glance, there76
are several difficulties in realizing ∼2.3 µm Tm lasers, i.e., (i)77
relatively short radiative lifetime of the upper laser level (3H4)78
and low luminescence branching ratio for the 3H4→

3H5 tran-79
sition [15], (ii) multi-phonon non-radiative (NR) relaxation80
from this state in high-phonon energy (oxide) host materials,81
(iii) strong self-quenching of the luminescence lifetime with82
Tm doping due to an efficient cross-relaxation (CR) proc-83
ess, 3H4(Tm1)+

3H6(Tm2)→
3F4(Tm1)+

3F4(Tm2), for84
neighboring Tm3+ ions [18], (iv) energy-migration to impu-85
rities from the 3H4 state at high Tm3+ doping levels [19], and86
(v) highly probable colasing on the high-gain 3F4→

3H6 tran-87
sition. The advantage of ∼2.3 µm lasers based on Tm3+ ions88
(as compared to other sources emitting in this spectral range)89
is the availability of pump sources (e.g., AlGaAs laser diodes90
[20] whose emission at ∼0.8 µm well overlaps with an intense91
and broad 3H6→

3H4 Tm3+ absorption band) and laser gain92
media (e.g., Tm:LiYF4 single-crystals [21] or Tm:ZBLAN glass93
fibers [22]).94

The above considerations, however, greatly limited the selec-95
tion of active gain media for bulk ∼2.3 µm Tm lasers from96
the point of view of the host matrix (only low-phonon energy97
crystals, e.g., fluorides) and the Tm doping level (preferably low,98
to prevent self-quenching of the 3H4 lifetime). Thus, in most of99
the previous studies, mainly Tm:LiYF4 crystals with relatively100
low doping levels were studied (see, e.g., [20,21]).101

Pinto et al. reported on a CW Tm : LiYF4 laser delivering 102
0.22 W at 2.30 µm with a slope efficiency of 15% and achieved 103
a wavelength tuning between 2.20 and 2.46 µm [21]. ML 104
Tm:LiYF4 lasers operating on the 3H4→

3H5 transition 105
were reported in [23,24]. The shortest pulses were achieved by 106
Canbaz et al. (514 fs at 2.30µm) from a Kerr-lens ML laser oper- 107
ating at a repetition rate of 41.5 MHz [24]. The slope efficiency 108
in such lasers has been rather low, well below the Stokes (S) limit 109
of ηSt,L ≈ 34% for Tm:LiYF4. Only recently, we showed theo- 110
retically [25] and reported experimentally using fluoride crystals 111
[25,26] that the slope efficiency of Tm lasers operating on the 112
3H4→

3H5 transition can overcome the S limit and potentially 113
approach 2ηSt,L owing to energy-transfer upconversion (ETU), 114
3F4(Tm1)+

3F4(Tm2)→
3H6(Tm1)+

3H4(Tm2), which 115
becomes efficient at moderate Tm doping levels and acts against 116
the CR by refilling the upper laser level. We also suggested that 117
this mechanism may act in other Tm3+-doped crystals. 118

Note that other pumping schemes for ∼2.3 µm Tm lasers 119
relying on the photon avalanche mechanism were also proposed, 120
still leading to a relatively low laser efficiency [27,28]. 121

Recently, we revisited well-known Tm3+-doped oxide crys- 122
tals (Tm : Y3Al5O12, Tm : YAlO3) regarding their potential 123
for efficient 2.3 µm lasers [29,30]. We demonstrated a watt- 124
level output from a Tm : Y3Al5O12 laser operating on the 125
3H4→

3H5 transition: 1.07 W at ∼2.19 and 2.32 µm with 126
a slope efficiency of 46.3% [29]. However, both crystals are 127
known for their relatively long radiative lifetimes of the 3H4 128
state and moderate multi-phonon NR relaxation from this level. 129
Interestingly, the use of Tm : Y3Al5O12 (highest phonon energy 130
of 857 cm−1) raised the question of the role of vibronic emission 131
for wavelengths between 2 and 2.3µm. 132

In the present work, we demonstrate power-scalable and 133
highly efficient operation on the 3H4→

3H5 transition of a Tm 134
laser based on another high-phonon energy oxide host, mono- 135
clinic double tungstate, and reveal the effect of the Tm doping 136
concentration on the laser performance. As a material under 137
study, we selected Tm3+-doped KLu(WO4)2 [31]. So far, this 138
crystal has been extensively studied for CW [32], Q-switched 139
[33], and fs ML [34] lasers emitting at∼2 µm. Its spectroscopic 140
features are high absorption and stimulated-emission (SE) cross 141
sections for polarized light, broad and intense emission bands, 142
high quantum yield, and weak concentration-quenching of the 143
luminescence from the 3F4 state, and efficient CR [14]. The 144
host matrix also provides nearly athermal behavior for certain 145
crystal cuts, thus allowing for power scaling [32]. KLu(WO4)2 146
is known as a Raman-active material [35] with yet higher maxi- 147
mum phonon energy hνph of∼907 cm−1. Thus, the energy-gap 148
law for the multi-phonon NR relaxation postulating that 149
the rate of NR relaxation is weak if 1E > 4 hνph (1E is the 150
energy-gap to the lower-lying multiplet) [36] is valid for both 151
the 3H4 and 3F4 states [Fig. 1(a)]. So far,∼2.3 µm lasing from 152
Tm :KLu(WO4)2 or its Tm3+-doped isomorphs KGd(WO4)2 153
and KY(WO4)2 has never been demonstrated. 154

2. CRYSTAL GROWTH 155

The growth of Tm :KLu(WO4)2 crystals was addressed before 156
[31]. Here, we briefly mention the key details. The crystals 157
were grown by the top seeded solution growth slow-cooling 158
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Table 1. Parameters of the Thulium-Doped Laser
Elements

Doping, at. % NTm, 1020 cm−3 t, mm Aperture, mm2

0.5 0.35 9.30 (Ng ) 2.56(Nm)× 3.12(Np)

1.5 1.14 5.97 (Ng ) 3.72(Nm)× 4.10(Np)

3.0 2.41 4.91 (Ng ) 3.73(Nm)× 4.09(Np)

(TSSG SC) method from the flux using potassium ditungstate159
(K2W2O7) as a solvent [31]. An undoped seed oriented along160
the [010] direction was used to start the growth. The growth161
was performed in Pt crucibles using K2CO3, WO3, Lu2O3,162
and Tm2O3 reagents. The concentration of Tm3+ ions was 0.5,163
1.5, or 3.0 at. %. The temperature gradient in the solution was164
∼1 K/cm, the rotation speed of the seed was 40 rpm, and the165
cooling rate was 0.1-0.3 K/h. The crystals had a slight pale-166
yellow coloration due to the Tm3+ doping. The actual Tm3+167
doping concentration NTm in the crystals was determined by168
electron probe microanalysis (EPMA); see Table 1.169

Tm :KLu(WO4)2 belongs to the monoclinic crystal class170
(sp. gr. C6

2h −C2/c , No. 15). The lattice constants for 3 at. %171
Tm doping are a = 10.576 Å, b = 10.215 Å, c = 7.487 Å, and172
the monoclinic angle β = 130.68◦ [14]. This crystal is optically173
biaxial. Its optical indicatrix was deeply characterized before174
[31,37]. Briefly, the three optical indicatrix axes (Np , Nm and175
Ng ) are selected according to the convention n p < nm < ng for176
the principal refractive indices, and are oriented as follows: the177
Np axis is parallel to the b axis (the C2 symmetry axis), and the178
Nm and Ng ones are lying in the a−c plane (⊥C2, the mirror179
plane). The angle Nc

g = 18.5◦, measured outside the mono-180
clinic angleβ [31]. At the wavelength of∼2.3 µm, the principal181
refractive indices calculated using the Sellmeier equations [37]182
are n p = 1.984, nm = 2.014, and ng = 2.061.183

The rectangular laser elements were all oriented for light184
propagation along the Ng axis (Ng cut). This is because of two185
reasons. First, this crystal cut provides attractive thermo-optic186
properties (weak, positive, and nearly spherical thermal lens187
[32]). Second, it gives access to the polarizations E ||Nm and188
E ||Np corresponding to intense spectral bands both in absorp-189
tion and emission [14]. The sample thickness (t) and aperture190
are listed in Table 1. Both input and output facets (Nm × Np )191
were polished to laser quality and remained uncoated.192

3. NEAR- AND MIR-INFRARED EMISSIONS193

A. Stimulated-Emission Cross sections194

The SE cross sections for the 3F4→
3H6 transition (at195

∼1.9 µm) of Tm3+ ions in KLu(WO4)2 were reported196
before [31]. Here, we mainly focus on thulium emission197
originating from the 3H4 state and suitable for laser operation,198
i.e., 3H4→

3F4 (at ∼1.5 µm) and 3H4→
3H5 (at ∼2.3 µm).199

We also briefly characterize the 3F4→
3H6 transition as it200

spectrally partially overlaps with the desired SWIR one.201
First, polarized luminescence spectra Wi (λ), where202

i = p,m, g represents the polarization index, were mea-203
sured. As an excitation source, we used a Ti:sapphire laser tuned204
to∼802 nm. The spectra at∼1.5 µm and∼1.9 µm were mea-205
sured using an optical spectrum analyzer (OSA, AQ6375B,206
Yokogawa, spectral bandwidth, SBW= 1 nm). To measure207

Fig. 2. Stimulated-emission (SE) cross sections, σSE, for
(a) 3H4→

3F4, (b) 3F4→
3H6, and (c) 3H4→

3H5 transitions of
Tm3+ in monoclinic KLu(WO4)2 for light polarizations E ||Np , Nm

and Ng , calculated using the F–L formula, Eq. (1). Vertical dashes
indicate all possible purely electronic transitions between the Stark
sub-levels of the involved multiplets.

the spectra at ∼2.3 µm, we used a 0.6 m monochromator 208
(HRS2, Jobin-Yvon, resolution: 4.5 nm), a lock-in amplifier 209
(SR810 DSP, Stanford Research Systems), and an InSb photo- 210
detector (J10D series, Judson Infrared) cooled by liquid N2. 211
A Glan–Taylor polarizer was employed for polarized studies. 212
The wavelength calibration was performed using an Hg lamp 213
(Schwabe), and the response of the setup was calibrated using 214
a 20 W quartz iodine lamp so that the measured spectra Wi (λ) 215
could be calibrated for the spectral response of the setup for the 216
specific polarization yielding the calibrated spectra W ′i (λ). 217

The SE cross sections, σSE, were calculated using the 218
Füchtbauer–Ladenburg (F–L) formula [38], 219

σ i
SE(λ)=

λ5

8π〈n〉2τradc

W ′i (λ)B(J J ′)

(1/3)
∑

j=p,m,g

∫
λW ′j (λ)dλ

, (1)

where λ is the light wavelength, 〈n〉 is the mean refractive 220
index at the mean emission wavelength 〈λem〉, c is the speed 221
of light, τrad is the radiative lifetime of the emitting state (3H4 222
or 3F4), and B(JJ′) is the luminescence branching ratio. We 223
used the transition probabilities for Tm3+ determined by 224
the Judd–Ofelt theory according to the intensity parame- 225
ters �2 = 9.01, �4 = 1.36, and �6 = 1.43 [10−20 cm2

], 226
namely τrad(

3F4)= 1.483 ms, τrad(
3H4)= 0.203 ms, and 227

B(3H4→
3F4)= 7.86%, B(3H4→

3H5)= 3.29% [14]. The 228
refractive indices were calculated from the Sellmeier equations 229
[37]. The results are shown in Fig. 2. 230

The Tm :KLu(WO4)2 crystal exhibits a strong polarization- 231
anisotropy of the SE cross sections for all the studied transitions. 232
For the peak σSE values, the following relation is observed: 233
σSE(m) > σSE(p) > σSE(g ). This anisotropy stems from the 234
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low symmetry of the rare-Earth site in the KLu(WO4)2 host235
matrix (C2). For each of the considered transitions, we cal-236
culated the wavelengths of all the possible purely electronic237
transitions between the Stark components of the involved mul-238
tiplets using the reported crystal-field splitting [14]. They are239
shown as dashes in Fig. 2 and facilitate the assignment of the240
observed emissions.241

For the 3H4→
3F4 transition, the emission band spans from242

1.38 to 1.52 µm (according to the calculated electronic transi-243
tions) and the maximum σSE = 2.11× 10−20 cm2 at 1483 nm244
for the light polarization E ||Nm .245

For the 3F4→
3H6 transition, the emission band is much246

broader due to the relatively large total Stark splitting of the247
ground-state (3H6), and it spans from 1.67 to 1.95 µm (the248
electronic transitions), while the vibronic tail of the emission249
band extends beyond ∼2 µm. The maximum σSE reaches250
3.57× 10−20 cm2 at 1842 nm for E ||Nm . The 3F4→

3H6251
transition represents a quasi-three-level laser scheme with252
reabsorption. Thus, the laser emission is typically achieved at253
longer wavelengths. In particular, σSE = 0.91× 10−20 cm2254
at 1946 nm for E ||Nm . At this emission wavelength, the255
anisotropy of the SE cross sections is expressed by the ratios256
σSE(m) : σSE(p)= 3.7 andσSE(m) : σSE(g )= 11. This imposes257
the emission to be linearly polarized in Tm :KLu(WO4)2 lasers.258
The determined σSE values agree with those calculated by the259
reciprocity method [31].260

Finally, for the transition of interest in this work, namely261
3H4→

3H5, the emission band is also rather broad and262
spans from 2.14 to 2.53 µm (the electronic transitions).263
The laser wavelength for this quasi-four-level laser scheme264
is simply determined by the SE cross section spectra. The265
maximum σSE is 1.78× 10−20 cm2 at 2289 nm, and the cor-266
responding emission bandwidth 1λem (determined as the267
full width at half-maximum, FWHM) is 32.1 nm for E ||Nm .268
The anisotropy of the SE cross sections is weaker than for269
the 3F4→

3H6 transition, i.e., σSE(m) : σSE(p)= 1.7 and270
σSE(m) : σSE(g )= 2.5; however, it is enough to ensure natural271
selection of the laser polarization. The determined SE cross272
section for the 3H4→

3H5 transition is higher than in any273
previously studied Tm3+-doped fluoride or oxide crystal, and274
is assigned to the strong polarization-anisotropy of the optical275
properties in Tm :KLu(WO4)2, and in part, to the relatively276
short radiative lifetime of the emitting state (3H4). Indeed, for277
the most widespread crystal for∼2.3 µm lasers, Tm:LiYF4, σSE278
reaches 0.57× 10−20 cm2 at 2305 nm, and 1λem is 25.8 nm279
for π -polarized light [25]. Considering the relatively broad280
emission band, Tm :KLu(WO4)2 appears to be attractive for281
ML lasers at∼2.3 µm.282

B. Vibronic Contribution283

As can be seen from Figs. 2(b) and 2(c), the spectral ranges of284
purely electronic 3F4→

3H6 and 3H4→
3H5 transitions do285

not overlap. However, it is known that all Tm3+-doped materials286
exhibit strong electron-phonon (vibronic) interaction leading287
to the broadening of their emission bands. For Tm3+, this is288
determined by its location almost in the end of the lanthanide289
series [39,40]. Besides the broadening of the emission peaks290
corresponding to the particular Stark-to-Stark transitions, the291

Fig. 3. Electron-phonon coupling bridges the gap between
the 3F4→

3H6 and 3H4→
3H5 electronic transitions of Tm3+ in

monoclinic KLu(WO4)2 crystal: a semi-logarithmic plot of the
stimulated-emission, σSE, and absorption, σabs, cross sections for the
3F4↔

3H6 and 3H4→
3H5 transitions for light polarization E ||Nm .

Symbols, experimental data; lines, exponential fits to the phonon side-
bands of the spectral bands, Eq. (2). Vertical dashes indicate the purely
electronic transitions between the Stark sub-levels of the involved
multiplets. Black vertical dashed line indicates the wavelength of equal
σSE for the two transitions.

electron-phonon coupling determines the shape of the vibronic 292
tails of the emission bands corresponding to S and anti-Stokes 293
(AS) processes [41]. The AS vibronic tail is the one observed 294
at wavelengths below the shortest wavelength of the pure elec- 295
tronic transition (occurring between the highest sub-level of the 296
emitting multiplet and the lowest sub-level of the terminating 297
one). The S vibronic tail is observed at wavelengths above the 298
longest wavelength of the pure electronic transition (occurring 299
between the lowest sub-level of the emitting multiplet and the 300
highest sub-level of the terminating one). The S vibronic tail of 301
the 3F4→

3H6 transition and the AS one of the 3H4→
3H5 302

transition may overlap. This raises the question of attributing 303
the emission occurring at intermediate wavelengths. 304

The analysis of the possible overlap of the 3F4→
3H6 305

and 3H4→
3H5 emissions of Tm3+ ions in KLu(WO4)2 is 306

performed in Fig. 3 in terms of the SE cross section spectra 307
plotted in a semi-log scale. For the 3F4→

3H6 transition, the 308
longest wavelength of the electronic transition is 1948 nm 309
(occurring between the Stark sub-levels 5663 cm−1(3F4) and 310
530 cm−1(3H6) [14]). For the 3H4→

3H5 one, the shortest 311
wavelength of the electronic transition is 2139 nm (occur- 312
ring between the Stark sub-levels 12906 cm−1(3H4) and 313
8231 cm−1(3H5) [14]). The vibronic tails are well fitted with 314
the exponential law [42], 315

σS = σ0 exp(−αS1E ), (2a)

316
σAS = σ0 exp(−αAS1E ), (2b)

where 1E is the energy mismatch between the vibronic and 317
the electronic transition, σ0 is the transition cross section at 318
the photon energy corresponding to the electronic transition, 319
and the factors αS and αAS depend on the host material. For 320
Tm :KLu(WO4)2, we obtain the material-dependent fac- 321
tors αS = 10.0± 0.7× 10−3 cm−1 and αAS = 14.5± 1.5× 322
10−3 cm−1. The wavelength at which the SE cross sections for 323
both transitions are equal isλeq = 2104± 10 nm. 324
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Thus, the gap between the 3F4→
3H6 and 3H4→

3H5325
electronic transitions of Tm3+ in KLu(WO4)2 is bridged by326
vibronic transitions. The performed analysis allowed us to327
propose a criterion for the attribution of emissions within this328
gap. All the emissions with wavelengths exceeding λeq will be329
assigned as such related to the 3H4→

3H5 transition (either of330
electronic or vibronic nature), and all the emissions at shorter331
wavelengths to the 3F4→

3H6 one.332
Let us discuss previously obtained results on Tm :333

KLu(WO4)2 lasers in light of this criterion. Typically, bulk lasers334
based on this crystal operated at a wavelength of ∼1.94 µm,335
e.g., Serres et al. reported on a diode-pumped 3 at. % Tm-doped336
laser delivering multi-watt output at 1946 nm [32]. This wave-337
length is close to the longest wavelength of the 3F4→

3H6338
purely electronic transition.339

Longer wavelengths were achieved under two circumstances.340
First, highly doped crystals provided emission above 2 µm341
using low output coupling and without any spectrally selec-342
tive elements: Mateos et al . reported a 0.59 W output power343
at 2005–2045 nm with a slope efficiency of 51% for 15 at. %344
Tm doping [43]. Such wavelengths clearly represent vibronic345
emission. This behavior was mainly induced by the high Tm3+346
doping concentration as a lower inversion ratio was needed347
to ensure the gain needed to compensate for the losses. For348
small inversion ratios, the gain spectra for the quasi-three-level349
3F4→

3H6 transition are flat and broad extending beyond350
2µm.351

Second, long laser wavelengths were achieved in bulk Tm352
lasers employing a spectrally selective output coupler (OC) pro-353
viding high transmission (HT) at<2 µm: Loiko et al. reported354
on a diode-pumped 3 at. % Tm :KLu(WO4)2 laser deliver-355
ing 1.17 W with a slope efficiency of 39% at 2109–2133 nm356
[44], the longest wavelength achieved so far with this material.357
Besides the assignment of this emission to the vibronic mecha-358
nism, the authors suggested a resonant mechanism involving359
low-frequency Raman modes of the host matrix (a possible360
contribution of CW self-Raman conversion). Note that the use361
of a similar cavity mirror allowed the authors in [34] to operate a362
ML Tm :KLu(WO4)2 laser above 2 µm (at 2037 nm) avoiding363
the unwanted structured water vapor atmospheric absorption364
and achieving fs pulse duration.365

According to the proposed criterion, the emission at 2109–366
2133 nm observed in [44] can be in part assigned to the367
3H4→

3H5 transition (the vibronic contribution). Probably368
because of the limited reflection band of the cavity mirrors369
in [44], the authors were unable to achieve laser emission at370
longer wavelengths corresponding to the electronic 3H4→

3H5371
transition.372

C. Lifetime of the 3H4 Multiplet: An Overview373

The luminescence dynamics for Tm3+ ions in KLu(WO4)2374
was studied previously. In this section, we aim to summarize the375
reported results and to analyze them concerning the targeted376
3H4→

3H5 transition, i.e., by focusing on the 3H4 multiplet.377
The intrinsic lifetime τ30 determined in the limit of a very378
low Tm concentration (thus not being affected by the CR and379
energy-migration) is in general shorter than the radiative one380
because of the multi-phonon NR relaxation [45,46],381

Fig. 4. (a) Rate constants of multi-phonon non-radiative relaxation
WNR versus the energy-gap to the lower-lying state 1E for various
excited states of rare-Earth ions in monoclinic double tungstate crys-
tals: circles, data from [14,47–49]; red line, fit using Eq. (3b); red circle,
estimation for the 3H4Tm3+ state. (b) Luminescence lifetimes of the
3H4Tm3+ state in monoclinic double tungstate crystals: symbols, data
from [14,50,51]; red curve, fit using Eq. (4a); horizontal dashed lines,
estimations of the radiative lifetime (this work and [14]).

1

τ30
=

1

τ3rad
+WNR, (3a)

382
WNR =Ce−α1E , (3b)

where WNR is the rate constant (expressed in [s−1]) of the multi- 383
phonon NR relaxation, which depends on the energy-gap to 384
the lower-lying state 1E and the maximum phonon energy 385
hνph, and C and α are characteristic constants for the material. 386
C has the meaning of a NR rate3 constant in the limit of zero 387
energy-gap (1E→ 0), and α =−ln(ε)/(hνph), where ε is the 388
ratio between the probabilities of m-phonon and m–1-phonon 389
relaxation. 390

In Fig. 4(a), we analyzed the WNR values calculated by com- 391
paring the radiative and intrinsic lifetimes of various excited 392
states of several rare-Earth ions in several KRE(WO4)2 393
crystals [14,47–49] considering their very close phonon 394
spectra. The experimental data on WNR are well fitted with 395
Eq. (3b) yielding the following best-fit material parameters: 396
C = 2.14± 2× 108 s−1 and α = 2.90± 0.1× 10−3 cm. 397
These parameters reasonably agree with those estimated by de 398
Mendivil et al . [47]. 399

Regarding the 3H4 Tm3+ state, according to the Judd– 400
Ofelt analysis by Silvestre et al. [14], the radiative lifetime 401
τ3 rad = 0.203 ms. This obviously contradicts the lumines- 402
cence lifetime measured by the same authors for the low doped 403
sample (0.5 at. % Tm), τ3lum = 0.230 ms [14], which can 404
be approximately taken as the intrinsic one. The application 405
of Eq. (3b) with the material parameters determined above 406
yields WNR = 2.2± 1× 103 s−1 and, accordingly, τ3 rad about 407
0.47 ms. The difference between this value and the one obtained 408
from the Judd–Ofelt calculations can be explained by the error 409
in the latter. At the moment, we are unable to clarify this dis- 410
crepancy, and further analysis is needed (e.g., by employing the 411
modified Judd–Ofelt theory accounting for the configuration 412
interaction). 413

The luminescence lifetime of the 3H4 state can be represented 414
as a function of the Tm doping concentration (neglecting the 415
energy-migration) [18,52], 416

1

τ3lum
=

1

τ30
+WCR, (4a)
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417
WCR =CCR N2

Tm. (4b)

Here, WCR is the CR rate constant (expressed in [s−1]), and CCR418
is the concentration-independent CR parameter (expressed419
in [cm6s−1]). In Fig. 4(b), we summarize the luminescence420
lifetimes of the 3H4 multiplet of Tm3+ ions reported for421
KLu(WO4)2 and its isomorph crystals [14,50,51]. In this422
analysis, we accounted for the different cation density per423
1 at. % doping in different crystals. As can be seen, for differ-424
ent host-forming cations in the monoclinic double tungstate425
crystals, the 3H4 lifetime of the dopant ones (Tm3+) follows426
nearly the same trend. The fitting of the experimental data using427
Eq. (4) yields the following parameters: τ30 = 0.24± 0.01 ms428
and CCR = 2.70± 0.15× 10−37 cm6s−1. These values are in429
reasonable agreement with those published in [18].430

The use of Eq. (4a) with the determined best-fit τ30 and CCR431
parameters yields τ3lum = 222, 130, and 50 µs for the 0.5, 1.5,432
and 3.0 at.%Tm3+-doped KLu(WO4)2 crystals, respectively.433

4. LASER PERFORMANCE434

A. Laser Setup435

The scheme of the laser setup is shown in Fig. 5(a). A sim-436
ple linear nearly hemispherical cavity was used. It comprised437
a flat pump mirror (PM) coated for HT (T = 95.3%) at438
0.77-0.81 µm and for high reflection (HR, R > 99.9%) at439
2.12–2.50 µm, and a set of concave OCs all having the same440
radii of curvature (RoC) of 100 mm and a measured transmis-441
sion TOC at 2.18–2.35 µm of 0.1% (±0.05%), 0.7%, 1.3%,442
or 4.0% (±0.2%). The OCs, except the 0.1% one, provided443
high reflectivity (R > 97%) at the pump wavelength. In order444
to suppress the unwanted 3F4→

3H6 transition, all the OCs445
provided HT (T > 90%) at 1.80–1.98µm. Note that no special446
requirements were applied for the PM, and its reflectivity at447
∼1.95 µm was R ∼ 93%. The total geometrical cavity length448
was∼100 mm.449

Three laser crystals with Tm doping levels of 0.5, 1.5, and450
3.0 at. % were employed (see Table 1). All of them were Ng451

Fig. 5. (a) Scheme of the Tm laser operating on the 3H4→
3H5

transition: λ/2, half-wave plate; P, Glan–Taylor polarizer; FL and CL,
focusing and collimating lenses, respectively; PM, pump mirror; OC,
output coupler; F, bandpass filter. (b) and (c) Total (double-pass) pump
absorption under non-lasing conditions ηabs,NL(2−pass) for the studied
laser crystals. The pump polarization is (b) E P ||Np and (c) E P ||Nm .

cut. The crystals were mounted on a massive passively cooled 452
Cu-holder using a silver thermal paste for better heat removal. 453
The laser crystals were placed close to the PM leaving only a 454
small air gap (less than 1 mm). 455

As a pump source, we employed a CW Ti:sapphire laser 456
(3900S, Spectra Physics) delivering up to 3.6 W at the wave- 457
lengths of 770–810 nm (tunable output) in the fundamental 458
mode (M2

≈ 1). The pump wavelength thus corresponded to 459
the 3H6→

3H4 Tm3+ transition. The incident pump power 460
was adjusted using a half-wave plate and a Glan–Taylor polarizer 461
oriented in such a way that the pump polarization corresponded 462
to E P ||Np or E P ||Nm in the crystal. The pump beam was 463
expanded using a homemade telescope (reimaging ratio, 1:2) 464
and focused into the crystal using an achromatic lens (focal 465
length, f = 60 mm). A mechanical chopper (frequency, 20 Hz; 466
duty cycle, 1:2) was introduced in the beam path to ensure 467
quasi-CW pumping reducing the heat loading in the crys- 468
tal. The pump spot radius in the focus wP was 40± 10 µm 469
(at the 1/e 2 level, as measured by the optical knife method), 470
and the calculated confocal parameter of the pump beam 2zR 471
exceeded 10 mm (in the crystal). The radius of the laser mode 472
in the crystal was calculated by the ABCD-method account- 473
ing for the positive thermal lens to be wL = 40−44± 5 µm 474
(slowly decreasing with the pump power). Thus, relatively good 475
mode-matching was observed. 476

For each crystal, first, we measured pump absorption under 477
non-lasing (NL) conditions in a single-pass. The measurements 478
were done for the pump wavelengths of 793.8 and 802.1 nm 479
corresponding to the polarizations E P ||Np or E P ||Nm , 480
respectively. Then, the second pass of the pump was taken into 481
account leading to the total value ηabs,NL(2−pass) (it does not 482
include Fresnel losses at the uncoated crystal surfaces). The 483
decreasing ηabs,NL(2−pass) value with the incident pump power, 484
as shown in Figs. 5(b) and 5(c), represents the effect of ground- 485
state bleaching (absorption saturation). The absorption under 486
lasing (L) conditions was estimated from the ηabs,NL(2−pass) value 487
for each OC at the threshold pump power. 488

To separate the 3H4→
3H5 laser emission from the residual 489

(non-absorbed) pump, we used a bandpass filter (FB2250-500, 490
Thorlabs). The spectra of the laser emission were measured 491
using an OSA (AQ6375B, Yokogawa; resolution, 0.2 nm). The 492
pump wavelength was determined using another OSA (Ando 493
AQ6315-E; resolution, 0.1 nm). The laser beam profile in the 494
far-field was captured using a pyroelectric camera (PY-III-HR- 495
C-A, Ophir). The beam quality factors M2

x ,y were measured 496
by an ISO-standard method using a single spherical CaF2 lens 497
( f = 100 mm) placed after the OC. 498

In addition to the laser experiment on the 3H4→
3H5 tran- 499

sition, we studied the performance of the 3.0 at. % Tm-doped 500
crystal on the 3F4→

3H6 transition. For this, the same setup 501
was used, only the cavity mirrors were replaced. The flat PM 502
provided HT (T = 97.4%) at ∼0.79 µm and HR at 1.87– 503
2.30 µm, and the concave OCs (RoC=−100 mm) provided 504
TOC of 0.5%–15% at 1.90–2.08 µm. The OCs provided rel- 505
atively HT of T > 70% at the pump wavelength, so that the 506
pumping was in a single-pass in this case. 507
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Fig. 6. Input-output dependences for the Tm laser pumped at
793.8 nm (E P ||Np ) and operating on the 3H4→

3H5 transition in
the quasi-CW mode (duty cycle, 1:2); η, slope efficiency. Tm doping,
3 at. %. The asterisk indicates the maximum power obtained in true
CW regime (TOC = 1.3%).

B. 3H4→
3H5 Transition: Best-Performing Crystal508

At first, we report the results achieved with the best-performing509
crystal (3 at. % Tm doping), the optimum pump polarization510
(E P ||Np ), and the corresponding pump wavelength λP of511
793.8 nm. We will specify the peak output power obtained by512
multiplying the average output power by a factor of ×2. This513
factor was confirmed in experiments in true CW regime per-514
formed at low pump powers. For the specified pump conditions,515
the pump absorption under lasing conditions ηabs,L(2−pass)516
decreased with the output coupling from 96.9% (TOC = 0.1%)517
to 89.4% (TOC = 4%). For all OCs, no colasing at wave-518
lengths below 2 µm (the 3F4→

3H6 electronic transition) was519
observed, verified by spectral measurements in the 1.7–2.4 µm520
range.521

The power characteristics of the laser are shown in Fig. 6. It522
generated a maximum peak output power of 1.12 W at ∼2.22523
and 2.29 µm (multi-color emission) with a slope efficiency η of524
69.2% (determined with respect to the absorbed pump power525
Pabs). The laser threshold was at Pth = 0.45 W, and the optical-526
to-optical efficiency, calculated with respect to the pump power527
incident on the crystal, ηopt, reached 44.4% (all characteristics528
are specified for TOC = 1.3%). The laser threshold gradually529
increased with TOC, from 0.28 W for the 0.1% OC up to 0.58 W530
for the 4% OC. The input-output dependences were nonlinear531
near the laser threshold. No thermal roll-over or fracture of the532
crystal was observed up to at least Pabs ∼ 2 W.533

The true CW laser performance was studied only for the opti-534
mum TOC of 1.3%. The input-output dependence was almost535
identical to that for quasi-CW pumping indicating relatively536
weak thermal effects for the particular Tm doping level (3 at. %537
Tm) and output coupling. For the maximum available absorbed538
pump power Pabs of 2.12 W, the CW output power amounted539
to 1.12 W, as shown by the asterisk in Fig. 6.540

The laser generated a linearly polarized output (E ||Nm) with541
a polarization degree P exceeding 99%. The polarization state542
was naturally selected by the anisotropy of the gain in agreement543
with the SE cross section spectra, cf. Fig. 2(c). The laser emission544
spectra were dependent both on the output coupling and the545
pump power, Fig. 7. At low pump powers near the threshold,546
the laser operated at ∼2.29 µm for all the studied OCs. This547
corresponds to the main maximum in the SE cross section548

Fig. 7. Emission spectra from the thulium laser (3 at. % Tm) oper-
ating on the 3H4→

3H5 transition at different absorbed pump powers
Pabs. Output coupling: (a) 0.1%, (b) 0.7%, (c) 1.3%, and (d) 4.0%.
The laser polarization is E ||Nm .

spectra of Tm :KLu(WO4)2. This laser line was maintained 549
with increasing pump power only for the highest studied output 550
coupling (TOC = 4%). For lower TOC, other emission lines 551
appeared at shorter wavelengths (2.14–2.22 µm). A similar 552
behavior was recently observed in another oxide laser crystal, 553
Tm : Y3Al5O12 [29]. 554

As pointed out above, the assignment of Tm3+ emissions 555
at the intermediate wavelengths of 2.0–2.2 µm may be com- 556
plicated due to the partial overlap of the 3F4→

3H6 and 557
3H4→

3H5 emission bands. The first step is to assign the 558
laser lines to electronic transitions. This was possible for all the 559
observed emission wavelengths assuming transitions between 560
the Stark components of the 3H4 and 3H5 multiplets, as shown 561
in Fig. 8, where the transitions are sorted out in the order of 562
increasing wavelength (2139, 2150, 2194, 2214, 2216, 2223, 563
2287, and 2300 nm). All these emission wavelengths are longer 564
than the λeq one (2104 nm) defined in Section 3.B. Thus, the 565
observed laser emission can be unambiguously assigned to the 566
3H4→

3H5 transition. Now let us discuss the physical reasons 567
for the multi-color emission at low output couplings. Note that 568
our OCs were supporting laser operation at 2.18–2.35 µm. 569
One reason is the highly probable etalon effect at the PM/crystal 570
interface. This was verified by varying the pump power, which, 571
due to the positive thermal expansion of the crystal in the longi- 572
tudinal direction, affected the laser spectrum. Another possible 573
reason is the additional gain arising from the vibronic tail of the 574
3F4→

3H6 transition. At such wavelengths, the reabsorption 575
losses are almost negligible. Note that for any Tm laser operating 576
on the 3H4→

3H5 transition, a notable fraction of ions is accu- 577
mulated in the metastable intermediate state (3F4). If no special 578
attention is paid to suppress the emission at∼1.9 µm, colasing 579
at∼1.9 µm and 2.3 µm will be observed. In our case, the spec- 580
tral component below 2 µm is suppressed by the appropriate 581
coatings of the OCs. The third reason is the resonant electron- 582
phonon coupling with the low-frequency Raman modes of the 583
host matrix [44]. 584

The mode profile of the Tm laser in the far-field is shown 585
Fig. 9(a). The output beam was nearly circular, which agrees 586
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Fig. 8. Crystal-field splitting of the 3H4 and 3H5 multiplets of
Tm3+ in KLu(WO4)2 crystal (after [14]) and the assignment of the
observed laser transitions.

Fig. 9. Spatial characteristics of the output of the Tm laser oper-
ating on the 3H4→

3H5 transition. (a) 1D intensity profiles in the
horizontal (x , ||Nm) and vertical (y , ||Np ) directions: symbols, exper-
imental data; curves, Gaussian fits; inset, 2D mode profile in the
far-field. (b) Evaluation of the beam quality factors M2

x ,y . Tm doping,
3 at.%. TOC = 1.3%; Pabs = 0.8 W. The laser polarization (E ||Nm) is
horizontal.

with the weak astigmatism of the thermal lens in Ng -cut587
Tm :KLu(WO4)2 [32]. The 1D intensity profiles in the hori-588
zontal (x , ||Nm) and vertical (y , ||Np ) directions were fitted589
with a Gaussian distribution revealing weak mode wings and590
probably slightly multimode behavior. To clarify that, the591
beam quality factors M2

x ,y were evaluated as shown in Fig. 9(b).592
They amounted to 2.2± 0.1 and 2.6± 0.1, respectively.593
Thus, despite the high beam quality of the pump radiation594
(M2
≈ 1), the Tm laser generated a slightly multimode output.595

We attribute this to two reasons: (i) quasi-four-level nature of596
the 3H4→

3H5 transition with no reabsorption and (ii) strong597
positive (focusing) thermal lens in the Tm :KLu(WO4)2 crys-598
tal. As the thermal lens is pump-dependent, with increasing the599
pump power, the size of the fundamental mode in the crystal is600
decreased with respect to the pump spot size and higher-order601
modes are supported. Note that for Tm :KLu(WO4)2 lasers602
operating on the 3F4→

3H6 transition, an additional mode603
filtering is provided by reabsorption losses in the wings of the604
higher-order modes spatially overlapping with unpumped605
regions of the crystal [18]. This is, however, not the case for the606
quasi-four-level 3H4→

3H5 lasing. The possible reabsorption607
arising from the vibronic sideband of the 3H6→

3F4 transition608
is very weak and exponentially decreases with the wavelength,609
cf. Fig. 3.610

C. 3F4→
3H6 Transition: A Comparison 611

CW laser operation of Tm :KLu(WO4)2 crystal on the 612
3F4→

3H6 transition was addressed before [31,32]. Here, 613
we studied this laser channel only to provide a direct comparison 614
with the targeted 3H4→

3H5 transition (such a comparison is 615
performed for the first time). 616

We implemented the same 3 at. % Tm :KLu(WO4)2 crys- 617
tal in a similar cavity with the mirrors coated to support the 618
emission at ∼1.9 µm. The results are shown in Figs. 10(a) and 619
10(b). The laser generated a maximum output peak power of 620
0.95 W at 1942–1950 nm with a slope efficiency of 49.8%. 621
The laser threshold was at Pth = 0.13 W, and ηopt was 38.9% 622
(for TOC = 10%). The laser threshold increased with the out- 623
put coupling, from 0.05 W for TOC = 0.5% up to 0.19 W for 624
TOC = 15%. The input-output dependences were close to 625
linear. The laser output was linearly polarized (E ||Nm), and 626
the spectra were weakly dependent on the pump power. With 627
increasing output coupling, the emission wavelength experi- 628
enced a slight blueshift, from 1954–1992 nm for TOC = 0.5% 629
to 1941–1946 nm for TOC = 15%. This behavior is well-known 630
for quasi-three-level Tm lasers and is related to decreasing reab- 631
sorption losses at higher inversion in the gain medium associated 632
with higher TOC. Even without spectrally selective mirrors, we 633
were able to observe vibronic emissions for the lowest output 634
coupling (wavelengths above 1948 nm; see Section 3.B). 635

Previously, a compact (microchip-type) CW 3 at. % 636
Tm :KLu(WO4)2 laser generated 3.2 W at 1946 nm with a 637
slope efficiency of 50.4% [32]. Better power scaling capabilities 638
as compared to the present work are mainly due to the use of 639
diode-pumping and active (water) cooling of the laser crystal. 640

In Fig. 10(a), we directly compare the 3 at. % Tm : 641
KLu(WO4)2 lasers operating on the 3F4→

3H6 and 642
3H4→

3H5 transitions (for the best OC). Surprisingly, the 643
laser operating on the latter transition provides higher peak 644
output power and slope efficiency, albeit at greatly increased 645
laser threshold. The difference in Pth is mainly due to the great 646
difference in the intrinsic lifetimes of the upper laser levels, 647
τ30(

3H4)= 0.24 ms (this work) and τ10(
3F4)= 1.34 ms [31]. 648

The slope efficiency of Tm lasers operating on the 3F4→
3H6 649

transition is primarily governed by the pump quantum effi- 650
ciency ηq1 indicating the number of excitations to the upper 651
laser level (3F4) per number of absorbed pump photons 652

Fig. 10. Tm laser pumped at 793.8 nm (E P ||Np ) and operat-
ing on the 3F4→

3H6 transition in quasi CW mode (duty cycle,
1:2): (a) input-output dependences; η, slope efficiency; the output
dependence for the laser operating on the 3H4→

3H5 transition is
given for comparison; (b) typical laser emission spectra measured at
Pabs = 0.5 W. The laser polarization is E ||Nm . Tm doping, 3 at. %.
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at ∼0.8 µm. This parameter depends on the Tm doping653
level due to the CR process, 3H4(Tm1)+

3H6(Tm2)→654
3F4(Tm1)+

3F4(Tm2) [18,52],655

ηq1 = 1+
WCR

(1/τ30)+WCR
. (5)

Here, WCR is the CR rate constant defined by Eq. (4b), and656
CCR is the concentration-independent CR parameter. For657
high Tm doping, efficient CR may result in ηq1 approaching658
2 (two-for-one pump process). Thus, the laser slope efficiency659
may exceed the S limit under lasing conditions setting the upper660
limit of η < 2ηSt,L , where ηSt,L = λP /λL and λP and λL are661
the pump and laser wavelengths, respectively. Indeed, very high662
ηq1 value of 1.98± 0.02 was observed in a highly doped 15 at.663
% Tm :KLu(WO4)2 laser emitting at ∼1.9 µm [43]. For the664
case of 3 at. % Tm doping, Eq. (5) yields ηq1 = 1.79, which also665
explains the high slope efficiency observed in the present work.666

For the 3 at. % Tm-doped crystal, the round- rip passive cav-667
ity losses were estimated from the Caird analysis [53] to be L =668
0.58± 0.2%.669

The higher slope efficiency for the laser operating on the670
3H4→

3H5 transition is due to another energy-transfer process,671
namely ETU (see Section 4.E).672

D. 3H4→
3H5 Transition: Effect of Pump Polarization673

The strong anisotropy of the spectroscopic properties of674
Tm :KLu(WO4)2 allows one to select the pump polarization675
along different principal optical directions. In Fig. 11, we com-676
pare the performance of the same crystal (1.5 at. % Tm-doped)677
pumped with E P ||Np and E P ||Nm polarizations. Note the678
difference in the corresponding pump wavelengths, 793.8 nm679
and 802.1 nm, respectively, corresponding to different local680
peaks in the absorption spectra. Physically, this difference arises681
from different polarization selection rules for light polarized682
along the C2 symmetry axis (|| Np ) and for light polariza-683
tions lying in the mirror plane (⊥C2, ||Nm) of the monoclinic684
KLu(WO4)2 crystal. Pumping in E P ||Np gives access to much685
higher peak absorption cross sections σabs = 10.0× 10−20 cm2686
while smaller absorption bandwidth 1λabs = 1.6 nm, as com-687
pared to pumping in E P ||Nm (σabs = 5.95× 10−20 cm2 and688
1λabs = 4.0 nm) [31].689

Fig. 11. Effect of the pump polarization (E P ||Nm and E P ||Np ) on
(a) 3H4→

3H5 laser performance; η, slope efficiency. (b) Laser emis-
sion spectra captured at Pabs = 1.1 W for 1.5 at. % Tm :KLu(WO4)2.
Quasi-CW operation (duty cycle, 1:2). The laser polarization is
E ||Nm .

Fig. 12. Laser excitation spectra (output power versus pump
wavelength) for the Tm laser operating on the 3H4→

3H5 transition
for pump polarization (a) E P ||Nm and (b) E P ||Np . The absorption
cross sections, σabs, for the 3H6→

3H4 Tm3+ transition are shown for
comparison. Quasi-CW operation (duty cycle, 1:2). Pinc = 1.8 W. Tm
doping, 1.5 at. %.

Slightly better laser performance was observed for pump- 690
ing with E P ||Np : the laser generated 0.42 W at ∼ 2290 nm 691
with η= 25.9% and a laser threshold of Pth = 0.30 W. For 692
the second studied pump polarization, the laser threshold 693
slightly increased to Pth = 0.32 W, and the output dependence 694
was more nonlinear above it. This led to lower output power 695
(0.35 W) at ∼2292 nm. However, the slope efficiency was 696
almost unchanged (η= 24.7%). All the characteristics are 697
specified for TOC = 1.3%. The pump absorption when pump- 698
ing in E P ||Np was slightly higher. The total (double-pass) 699
pump absorption at the threshold pump power ηabs,L(2−pass) 700
for TOC = 1.3% was calculated to be 96.2% and 92.3% for 701
E P ||Np and E P ||Nm , respectively. 702

In Fig. 12, we present the laser excitation spectra for the 703
1.5 at.% Tm :KLu(WO4)2 pumped in two polarizations, 704
E P ||Np and E P ||Nm , i.e., plots of the (peak) output power 705
versus the pump wavelength λP . The incident pump power was 706
fixed to Pinc = 1.8 W, and it was weakly dependent (within a 707
measurement error of±5%) on λP in the 770–820 nm spectral 708
range. The coatings of the PM and OC exhibited flat spec- 709
tral profiles at these wavelengths. Independent of the pump 710
polarization, the laser polarization was naturally selected to be 711
E ||Nm . In Fig. 12, for comparison, we also show the polarized 712
absorption cross section spectra for the 3H6→

3H4 Tm3+ tran- 713
sition. For E P ||Np , laser emission was observed when varying 714
the pump wavelength in the 781.2–807.6 nm range and for 715
E P ||Nm–in the 773.1–812.7 nm range. The shape of the laser 716
excitation spectra matched well that of the polarized absorption 717
spectra. 718

E. 3H4→
3H5 Transition: Effect of the Doping 719

Concentration 720

A summary of the laser experiments on the 3H4→
3H5 Tm3+ 721

transition with the 0.5, 1.5, and 3.0 at. % Tm3+-doped crystals 722
performed with polarized pump (E P ||Np and E P ||Nm) is 723
presented in Table 2. The input-output dependences mea- 724
sured using the same output coupling (TOC = 1.3%) and 725
pump polarization (E P ||Np ) are compared in Fig. 13(a). With 726
increasing the Tm doping concentration, the slope efficiency 727
of the laser η greatly increased from 10.7% (0.5 at. % Tm) to 728
69.2% (3.0 at. % Tm), so that the maximum slope efficiency 729
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Table 2. Output Characteristics
a
of Thulium Lasers at

∼2.3 µm

Tm, at. % λP , nm Pout, W η, % Pth, W λL , nm ηopt, %

0.5 793.8 (Np ) 0.17 10.7 0.28 2290–2293 6.9
1.5 793.8 (Np ) 0.42 25.9 0.30 2288–2290 17.6

802.1 (Nm) 0.35 24.7 0.32 2291–2292 14.4
3.0 793.8 (Np ) 1.12 69.2 0.45 2218–2223, 44.4

2290–2294
802.1 (Nm) 1.02 67.7 0.44 2214–2219, 40.5

2289–2293
aλP , pump wavelength (polarization given in brackets); Pout, peak output

power; Pth, laser threshold; η, slope efficiency versus Pabs; λL , laser wavelength;
ηopt, optical-to-optical efficiency. TOC = 1.3%.

Fig. 13. Effect of doping concentration on the performance of
Tm lasers operating on the 3H4→

3H5 transition: (a) input-output
dependences, η, slope efficiency. (b) Pump quantum efficiency ηq2:
symbols, data calculated using Eq. (6); violet curve, empirical fit.
(c) Output power and slope efficiency for 3 at. % Tm-doped crystal:
circles, experimental data on the output power; green line, their linear
fit yielding experimental η; red dashed curve, extrapolated output
power calculated using Eq. (6); blue curve, dPout/dPabs, Eq. (7);
dashed blue line, the intrinsic slope efficiency η0, Eq. (8). TOC = 1.3%;
λP = 793.8 nm; pump polarization, E P ||Np . Quasi-CW operation
(duty cycle, 1:2).

well exceeded the S limit, ηSt,L = 35.8%. Let us discuss this730
behavior.731

Recently, we developed a model describing Tm lasers732
operating on the 3H4→

3H5 transition [25]. It is based on733
accounting for two key energy-transfer processes affecting734
the population of the upper laser level (3H4), namely the735
CR, 3H4(Tm1) +

3H6(Tm2)→
3F4(Tm1) +

3F4(Tm2),736
and the reverse process of ETU, 3F4(Tm1) +

3F4(Tm2)→737
3H6(Tm1) +

3H4(Tm2). The CR depopulates the upper laser738
level while the ETU brings the ions back using the metastable739
3F4 state as a “reservoir” of electronic excitations. Thus, contrary740
to the∼1.9 µm laser transition, ETU plays a positive role for the741
∼2.3 µm lasers, while the CR is a detrimental effect. The pump742
quantum efficiency ηq2, defined as the number of electronic743
excitations to the 3H4 level per number of absorbed pump pho-744
tons at ∼0.8 µm, can thus vary in the range of 0 < ηq2 < 2,745

where values below unity are governed by CR (assuming no 746
ETU) and values above unity indicate efficient ETU. 747

The pump quantum efficiency ηq2 can be evaluated from the 748
input-output dependence according to the following analytical 749
equation [25]: 750

Pout =
hνL

hνP

w2
L

w2
P

TOC

TOC + L
ηq2 Pabs −

TOChνLπw
2
L

2σ L
SEτ30

. (6)

where Pout and Pabs are the output laser power and the absorbed 751
pump power, respectively, h is the Planck constant, and νL and 752
νP are the laser and pump frequencies, respectively. The results 753
on ηq2 obtained using a round trip loss L = 0.3± 0.2% are 754
shown in Fig. 13(c). The L value was taken to be slightly smaller 755
than that estimated in Section 4.C because of the longer laser 756
wavelength and the lack of reabsorption. For all the studied 757
Tm concentrations, the pump quantum efficiency gradually 758
increases with the pump power, and this dependence saturates 759
well above the laser threshold. This can be explained as follows. 760
In laser operation on the 3H4→

3H5 transition, the inversion 761
rate is clamped by the condition “gain equals losses.” However, 762
the absolute population density of the 3F4 state is not fixed and 763
grows with the pump power. Indeed, direct measurements of 764
the pump absorption under lasing conditions in ∼2.3 µm Tm 765
lasers indicate ground-state bleaching above threshold [25]. 766
Thus, the rate of the ETU process, which is proportional to the 767
squared population density of the 3F4 state, increases with the 768
pump power. This may be partially responsible for the nonlinear 769
input-output dependences of the laser (another reason is the 770
spatially non-uniform gain). At high pump powers well above 771
the laser threshold, ηq2 reaches a pump-independent value 772
determined by a counteraction of CR and ETU leading to a 773
linear output dependence. 774

Another observation is that for small Tm doping levels (0.5– 775
1.5 at. %), ηq2 is below unity. For the medium doping of 3 at. % 776
Tm, it approaches 1.8± 0.1, which explains the observed high 777
laser efficiency. Moreover, with increasing Tm concentration, 778
the maximum pump quantum efficiency gradually increases. 779
It seems that the positive effect of ETU on the performance of 780
∼2.3 µm lasers based on Tm :KLu(WO4)2 crystals is enhanced 781
with the Tm doping concentration faster than the negative effect 782
of CR. 783

Let us discuss the definition of the slope efficiency of a 784
Tm laser operating on the 3H4→

3H5 transition. By defi- 785
nition, η= dPout/dPabs. If the input-output dependence is 786
linear within a certain range of pump powers, this will lead to 787
a constant η value. By applying this definition to Eq. (6), we 788
achieve 789

dPout

dPabs
= ηSt,LηmodeηOC

(
ηq2(Pabs)+

dηq2

dPabs
Pabs

)
. (7)

Here, ηmode is the mode overlap efficiency, and ηOC is the output 790
coupling efficiency. As the pump quantum efficiency for the 791
3H4→

3H5 transition ηq2 is pump-dependent, cf. Fig. 13(b), 792
dPout/dPabs is not constant. For high pump powers well exceed- 793
ing the laser threshold, the power dependence of ηq2 is saturated 794
(ηq2→ ηq2,0), so that 795

η0 =
dPout

dPabs

∣∣∣∣
Pabs�Pth

= ηSt,LηmodeηOCηq2,0. (8)
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Table 3. Summary
a
of Laser-Pumped Thulium Lasers Operating on the 3H4→

3H}5 Transition Reported So Far

Crystal
b

Tm, at. % hνph, cm−1 σSE, 10−20 cm2 τ30, ms λP , nm Pth, W Pout, W η, % λL ,µm M2 Polariz. Ref.

Tm:LiYF4 3.5 446 0.57 2.30 780 0.39 0.73qCW 47.3 2.31 — E ||c (π) [25]
Tm :KY3F10 5.0 495 0.34 1.90 773 0.82 0.84CW 53.8 2.34 2.1–2.3 unpolarized [26]
Tm : BaY2F8 3.0 421 0.49 [57] 1.10 779 ∼0.12 0.10CW 12 2.29 1.1 E ||X [55]
Tm : YAlO3 1.8 552 0.78 0.70 776 0.41 0.96CW 61.8 2.27 — E ||b [56]
Tm : Y3Al5O12 3.2 857 0.35 0.79 781 0.86 1.07CW 46.3 2.19, 2.32 3.4 unpolarized [29]
Tm :KLu(WO4)2 3.0 907 1.78 0.24 793 0.45 1.12CW 69.2 2.22, 2.29 2.2–2.6 E ||Nm

c

ahνph, highest phonon energy of the host matrix; σSE, peak stimulated-emission cross section at ∼2.3 µm; τ30, intrinsic lifetime of the 3H4 state; λP , pump wave-
length; Pth, laser threshold; Pout, output power; η, slope efficiency; λL , laser wavelength.

bBest results selected from multiple publications on the same crystal.
cThis work.

This equation gives a well-known definition of the laser slope796
efficiency.797

In Fig. 13(c), we extrapolated the output power of798
the Tm laser using Eq. (6) and fitted the data on the799
pump quantum efficiency using an empirical formula800
ηq2 = ηq2,0 ∗ exp[−(Pabs − Pth)/P0], where P0 is a free param-801
eter, as shown in Fig. 13(b). The result of this extrapolation802
is shown by the red dashed curve. Accordingly, we determine803
dPout/dPabs using Eq. (7), as shown by the blue solid curve.804
dPout/dPabs first increases above the laser threshold and then805
decreases asymptotically reaching the value ofη0, which is deter-806
mined by Eq. (8). For the considered laser, η0 = 54.9± 3%.807
Note that this value is almost not sensitive to the round trip808
passive loss used for the calculations. η0 can be further improved809
under the condition of ηmode and ηOC both approaching unity810
(excellent mode-matching and very low round trip intracavity811
losses), so that812

η0 ≤ 2ηSt,L. (9)

This equation represents an upper limit for the slope efficiency813
of a Tm laser operating on the 3H4→

3H5 transition and repre-814
sents an ideal two-for-one pump process.815

F. 3H4→
3H5 Transition: Comparison with Other816

Hosts817

So far, CW laser operation on the 3H4→
3H5 transition has818

been achieved in very few Tm3+-doped fluoride (LiYF4 [25],819
KY3F10 [26,54], BaY2F8 [55]) and oxide (Y3Al5O12 [29],820
YAlO3 [30,56]) crystals. Among these results, we selected only821
those relying on laser-pumping at ∼0.8 µm (to the 3H4 state,822
conventional pump scheme). For this, typically, a Ti:sapphire823
laser has been used as a pump source. The best results selected824
from publications on the topic are summarized in Table 3 high-825
lighting the Tm doping level, the maximum phonon frequency826
of the host matrix hνph, the spectroscopic properties at the laser827
wavelength, and the CW laser performance.828

The Tm :KLu(WO4)2 crystal features the highest maximum829
phonon frequency (907 cm−1) among the crystals intended for830
∼2.3 µm Tm lasers. It also provides the highest SE cross section831
for the 3H4→

3H5 transition in polarized light, owing to the832
strong polarization-anisotropy of spectroscopic properties of833
this monoclinic crystal, and relatively short radiative lifetime of834
the upper laser level. Moreover, we report on the highest output835
power and slope efficiency ever achieved from a laser-pumped836

∼2.3 µm Tm laser using a 3.0 at. % Tm :KLu(WO4)2 crystal. 837
The slope efficiency (69.2%) almost approaches the limit set by 838
2 times the S efficiency, highlighting the very efficient ETU in 839
this material. 840

An important parameter of the laser host crystal to be 841
included in the comparison is the thermal conductivity κ . 842
Its mean value for KLu(WO4)2 is 〈κ〉 = 3.12 Wm−1 K−1 843
[58]. This value is lower than for other crystals considered in 844
Table 3. Thus, thermal management of Tm lasers based on this 845
crystalline host is very important. 846

Note that for pumping in the same absorption band of 847
Tm3+ (3H6→

3H4), AlGaAs laser diodes can be also used 848
[59,60]. The main issues for diode-pumped∼2.3 µm Tm lasers 849
(as compared to those pumped by high-brightness sources such 850
as bulk or fiber lasers) are the following: (i) higher laser thresh- 851
olds, (ii) the key role of optimized mode-matching between the 852
pump and laser radiation preventing the appearance of higher- 853
order modes and colasing at ∼1.9 µm, and (iii) more serious 854
thermal effects in the active element. 855

5. CONCLUSION 856

To conclude, solid-state lasers based on Tm3+-doped materials 857
and operating on the 3H4→

3H5 transition are excellent candi- 858
dates for highly efficient coherent light sources in the short-wave 859
infrared spectral range and, in particular, at∼2.3 µm. Contrary 860
to well-established models, they are rather tolerant to such key 861
parameters of the gain media as their phonon spectra and Tm 862
doping levels. This is due to the relatively complex physical 863
nature of the 3H4→

3H5 laser scheme affected by both CR and 864
ETU between neighboring Tm3+ ions. We prove that highly 865
efficient lasing at ∼2.3 µm (with a slope efficiency exceeding 866
the S limit) can be achieved even in high-phonon energy Tm3+- 867
doped crystals at moderate doping levels leading to a notable 868
self-quenching of the upper laser level by CR. An evidence of 869
a two-for-one pump process associated with the ETU refilling 870
the upper laser level and probably with the gain at the vibronic 871
sideband of the 3F4→

3H6 transition has been provided. A 872
compact Tm :KLu(WO4)2 laser generated a watt-level output 873
at ∼2.22 and 2.29 µm (multi-color emission) with a slope 874
efficiency of 69.2%—a record-high for this type of lasers. Thus, 875
it can be expected that other Tm3+-doped oxide crystals may be 876
also of practical importance for ∼2.3 µm lasers by providing 877
better power scaling or other laser wavelengths. 878
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We also extend the understanding of the physical nature879
of emission at wavelengths lying between the 3H4→

3H5880
and 3F4→

3H6 electronic transitions. First, we determined881
the SE cross sections for Tm3+ ions in KLu(WO4)2, which882
reached 1.78× 10−20 cm2 at 2289 nm for the former transi-883
tion representing the highest value among all the Tm3+-doped884
materials (crystals, ceramics, and glasses) studied so far. We885
were able to assign multiple observed laser lines lying between886
2.14 and 2.30 µm to electronic transitions occurring between887
the Stark sub-levels of the 3H4 and 3H5 multiplets. We also888
showed that vibronic transitions bridge the gap between the889
3H4→

3H5 and 3F4→
3H6 electronic transitions leading890

to a non-vanishing SE cross section and, potentially, optical891
gain within this spectral range. Based on these studies, we were892
able to explain previous findings on vibronic Tm lasers. Our893
results indicate that Tm3+-doped monoclinic double tungstate894
crystals may provide a continuously tunable laser emission over895
an ultra-broad spectral range of about 1.7–2.5µm.896

We highlight the suitability of Tm3+-doped monoclinic dou-897
ble tungstates for fs ML lasers at∼2.3 µm based on their broad898
emission spectra (bandwidth exceeding 30 nm, not affected by899
the inversion rate). Another relevant conclusion of our work900
is the possible contribution of 3H4→

3H5 and 3F4→
3H6901

related vibronic emissions to the very broad emission spectra902
of ML thulium lasers extending beyond 2 µm, observed so903
far in several crystals [61,62]. This should be clarified further,904
e.g., by comparing the resonant Raman and vibronic gain in905
such materials.906

Further power scaling of monoclinic double tungstate-based907
∼2.3 µm Tm lasers can be realized in several ways, i.e., (i) by908
using other pump sources, such as laser diodes at ∼0.8 µm909
(for the conventional pump scheme), Er Raman fiber lasers910
emitting at∼1.6 µm (in-band pumping [63]) or Yb fiber lasers911
at ∼1 µm (upconversion pumping [64], which would require912
the measurements of the excited-state absorption spectra); or913
(ii) by using short highly doped samples (5–15 at. % Tm) for914
better pump absorption, pump and laser mode overlap, and915
high slope efficiency. The latter approach will require a rate-916
equation modeling of the Tm3+ system involving the ETU and917
energy-migrations rate constants, which are still unknown for918
monoclinic double tungstates. The power scaling will raise the919
question of the fractional heat loading under laser operation on920
the 3H4→

3H5 transition. Finally, as Tm3+-doped monoclinic921
double tungstates provide a positive thermal lens for certain922
crystal cuts, microchip∼2.3 µm lasers should be feasible.923
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