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Abstract: We report on Czochralski growth, detailed ground- and excited-state absorption and
emission spectroscopy and highly-efficient mid-infrared (~2.3 um) laser operation of a cubic
potassium yttrium fluoride crystal, Tm:KY3F;o. The peak stimulated-emission cross-section for
the 3Hs — 3H; transition is 0.34x10720 cm? at 2345 nm with an emission bandwidth exceeding
50 nm. The excited-state absorption spectra for the *F4 — 3F, 3 and *F; — *H, transitions are
measured and the cross-relaxation is quantified. A continuous-wave 5 at.% Tm:KY3F( laser
generated 0.84 W at 2331-2346 nm by pumping at 773 nm, with a record-high slope efficiency
of 47.7% (versus the incident pump power) owing to the efficient action of energy-transfer
upconversion leading to a pump quantum efficiency approaching 2. The first Tm:KY3F( laser
with ESA-assisted upconversion pumping (at 1048 nm) is also demonstrated. Due to its broadband
emission properties, Tm:KY3Fjq is promising for ultrashort pulse generation at ~2.3-2.4 um.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrafast laser sources emitting in the “molecular fingerprint” near-mid-infrared spectral range of
2-3 um are attractive for molecular spectroscopy, environmental sensing, medicine, multi-photon
imaging and pumping of nonlinear frequency converters accessing emission wavelengths up to
20 um [1,2]. In particular, the emission around 2.3 um falls into the atmospheric transparency
window and spectrally overlaps with absorption lines of carbon monoxide (CO), formaldehyde
(H>CO), methane (CHy) and glucose (C¢H1,0¢) molecules [3,4]. A well-known approach to
generate femtosecond (fs) pulses at such wavelengths is to employ Cr>*-doped II-VI chalcogenides
(ZnS, ZnSe) in mode-locked lasers [5,6]. However, the fabrication of these crystals of good
optical quality is complicated.

Recently, another type of mode-locked lasers delivering fs pulses at ~2.3 um directly out of
the oscillator was proposed based on thulium (Tm>*) ions [7,8]. Tm3* (electronic configuration:
[Xe]4f!2) provides near-mid-infrared emission due to the 3Hy — 3Hs 4f-4f transition [9]. The
main difficuly here is that the upper laser lifetime (*H,) may be quenched due to different reasons
such as multiphonon non-radiative (NR) relaxation, cross-relaxation (CR) among adjacent Tm**
ions, *Hy + *Hg — 3F4 + 3Fy, or energy-migration (EM) to defects and impurities. The rate of
NR relaxation strongly depends on the maximum phonon energy of the host. Both CR and EM
are dependent on the Tm>* doping level. Thus, a proper material (and the doping level) should
be found for efficient 2.3 pm laser operation. This goal has not been reached yet.
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Among the low-phonon host crystals, fluorides are excellent candidates for rare-earth ion
(RE**) doping leading to near-mid-infared emissons. They exhibit better thermal properties and
chemical stability as compared to their chloride and sulphide counterparts. They possess a low
refractive index and good transparency. The RE3* ions can be easily incorporated in fluoride
crystals in high concentrations and they exhibit long excited-state lifetimes [10] and weak NR
relaxation rates, while EM becomes significant at really high doping levels [11]. According to
this argumentation, Tm3*-doped fluoride crystals are attractive laser hosts for emission on the
3H, — 3Hs transition.

Indeed, so far, the main activity on bulk ~2.3 ym Tm lasers focused on fluoride laser crystals
and, in particular, Tm:LiYF, [12—15]. Pinto et al. reported on room-temperature continuous-wave
(CW) Tm:LiYF, laser generating 0.22 W at 2.30 um with a slope efficiency n of 15% and a
continuous wavelength tuning in the range 2.20-2.46 um [12]. Loiko et al. demonstrated power
scaling of a similar laser up to 0.73 W with an increased 1 = 34.6% owing to energy-transfer
upconversion (ETU), 3F4 + 3Fg — 3Hg + >Hy, refilling the upper laser level [13]. Guillemot et al.
recently showed the possibility of upconversion pumping of ~2.3 um Tm:LiYF, lasers [15].

Note that bulk ~2.3 um lasers based on low-phonon energy Tm>*-doped glasses are also
known [16].

Pulsed laser operation of Tm:LiYF4 at ~2.3 um was also achieved [7,8,17,18]. Soulard et al.
reported on SESAM mode-locked laser delivering 94 ps pulses at PRR = 100 MHz [7]. Canbaz
et al. employed a Cr’*:ZnSe saturable absorber in a passively Q-switched laser however with
moderate pulse characteristics, 1.2 pus/ 13 pJ (duration / energy) at a pulse repetition rate (PRR) of
2.1 kHz [17]. Later on, fs pulses were generated in a similar laser using Kerr-lens mode-locking
and a graphene saturable absorber [8]. In the former case, the pulses were as short as 514 fs with
an emission bandwidth of 15.4 nm at a PRR of 41.5 MHz.

Another fluoride crystal which seems very promising for mode-locked lasers around 2.3 pm is
cubic potassium yttrium fluoride, KY3Fo. It has a structure similar to that of CaF, (fluorite)
while it offers a rare-earth substitutional site facilitating its doping [19]. KY3F¢ crystallizes
in the KF — YFj3 binary system, it melts congruently at relatively low temperature allowing for
Czhochraski growth and it tolerates high RE3* doping levels. However, KY3F|o has been poorly
studied for near-mid-infrared emissions of RE3* ions. Regarding Tm>* doping, the spectroscopic
properties including Judd-Ofelt and crystal-field analysis and the first laser operation at ~1.9 pm
(at the *F4 — 3Hg transition) were reported [19,20]. Recently, thermo-optical properties and
diode-pumped laser performance of a highly-doped crystal were studied. An 8 at.% Tm:KY3Fjg
laser generated 1.85 W at 1891 nm with 7 =26.1% [21]. Braud et al. studied theoretically [22]
and Muti ez al. achieved laser operation on the *H; — 3Hjs transition yielding 0.12 W at 2343
nm with a low 77 = 18% [23]. Ho3*-doped KY3F( crystals have also been employed for lasing at
~2.1 pm [24].

Despite these results, the potential of Tm:KY3Fj( to generate near-mid-infrared emissions
has not been revealed so far. This may originate from the lack of key spectroscopic data, such
as stimulated-emission cross-sections for the >Hy — 3Hs transition, the spectra of excited-state
absorption or the rates of cross-relaxation governing the upper laser level lifetime. In the present
work, we aimed to prove the unique ability of cubic Tm:KY3Fq crystal for highly-efficient and
power-scalable operation at ~2.3 um, based on a deep study of its spectroscopic features.

2. Crystal growth and spectroscopy

2.1. Crystal growth

The KY3F;9 compounds melts congruently at ~1030 °C. The Tm:KY3Fjg crystal was grown
by the Czochralski (Cz) method using an induction heating furnace. The growth charge was
prepared from KF, YF3 and TmF3 powders (4N purity) taken in a stoichiometric ratio. They
were well mixed and put into a glassy carbon crucible. The chamber was evacuated to 10> mbar
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and the crucible was heated to 450 °C for 24 h to remove oxygen impurities. Then, the chamber
was filled with high-purity Argon and CF, gases until atmospheric pressure and the crucible was
heated up to the melting temperature for few hours. This helped to avoid formation of unwanted
oxyfluoride phases. The crystal growth was carried out using an [100]-oriented seed of undoped
KY3Fjp; the growth rate was 2—4 mm/h. After the growth, the crystal was removed from the
melt and slowly cooled down to room-temperature (RT). The as-grown crystal was transparent
and colorless. It was doped with 5.0 at.% Tm (in the crystal), resulting in a Tm3* concentration
N1m =7.63%10%° cm™3. The doping concentration was measured by inductively coupled plasma
mass-spectrometry (ICP-MS).

Potassium triyttrium decafluoride (KY3F¢) is a cubic (sp. gr. Fm3™m — 0%, No. 225)
crystal. It represents an anion-excess 2 X 2 X 2 superstructure of fluorite (CaF,) [25]. KY3Fjg
is a representative of a series M, X510 (M=K, Y, X =F) for n=4. In the structure of KY3F,
two ionic groups [KY;Fs]*" and [KY3F2]* alternate in the directions of three cubic axes
[26]. It exhibits a single crystallographic site for Y3* ions (local symmetry: Cyy, VIII-fold F’
coordination) [19]. The Tm3* ions substitute to Y3 in distorted square antiprisms [Y|TmFg].
The crystal exhibits natural (111) cleavage planes.

For laser experiments, we cut a cylindrical sample (diameter: 6 mm, thickness #: 3.3 mm). Its
input and output faces were polished to laser quality and remained uncoated.

2.2. Ground- and excited-state absorption

The scheme of energy-levels of Tm3* ions in KY3Fjo [19] is shown in Fig. 1. The bandgap of
the host crystal Eg is ~10eV [21]. All the spectroscopic studies were performed at RT (20 °C).

304

51 3 ESAINR

laser laser
NR [2.31um NR| [2.3um
3,:4 Y PR R

CRT ETU
laser
GSAl | 3im GSA

Tm3+

Fig. 1. The scheme of energy-levels of Tm>3* ions in cubic KY3F¢ [19] showing the
relevant spectroscopic processes: GSA and ESA — ground- and excited-state absorption,
respectively, NR — non-radiative relaxation, CR — cross-relaxation, ETU — energy-transfer
upconversion. Black and red arrows — pump and laser transitions, respectively.

The ground-state absorption (GSA) cross-sections, o-gsa, were determined from absorption
spectra measured using a spectrophotometer (Lambda 1050, Perkin Elmer) with a resolution
of 0.1 nm. The GSA spectra for transitions *Hg — *Hy, >Hs and *Hy are shown in Fig. 2. For
the 3Hg — *H, transition (conventional pumping), the maximum ogsa is 6.6x1072! cm? at
778.4nm and the full width at half maximum (FWHM) of the absorption peak is 3.8 nm.

The excited-state absorption (ESA) cross-sections, o-gsa, were determined using a pump-probe
technique [27]. A homemade color center laser tunable between 1.5-1.7 um was used as
pump source to excite Tm>* ions at 1650 nm into the 3F4 level. The pump power was 1 W. A
tungsten-halogen lamp (Oriel, model 68830) was used to probe the absorption transitions from
the *F, excited state. The laser pump and the broadband light probe were modulated at a different
frequencies (10 Hz and 1 kHz, respectively) and the transmitted probe beam was processed by
a cascade of two lock-in amplifiers [28] enabling to record simultaneously the GSA and ESA
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Fig. 2. Ground-state absorption (GSA) and excited-state absorption (ESA) cross-sections,
ogsa and ogsa, respectively, for Tm3* ions in KY3Fjg.

spectra. The GSA was used to calibrate the ESA spectra in cross-sections. The measurements
were done in unpolarized light. The spectral resolution was 0.2nm. A photomultiplier tube
(Hamamatsu 5108) was used to detect the transmitted light at 0.8—1.2 um and an InGaAs chip
(Hamamatsu G5832) was implemented for the range of 1.2—1.6 pm.

The first studied ESA band (1.05-1.22 um) is related to the *F4 — 3F,3 transition and it
spectrally overlaps with the GSA band *Hg — 3Hs. The maximum ogsa = 8.3x1072! cm? at
1067.5nm (FWHM =4.3nm). There is another intense peak at slightly shorter wavelength
(1048.1 nm) with ogsp = 6.5%1072! cm? and FWHM = 4.8 nm selected for ESA-assisted pumping
(Section 3.4). The corresponding GSA cross-section is below 0.01x1072! ¢cm? corresponding to
a phonon sideband.

The second studied ESA band (1.38—1.52 um) is related to the *F; — 3Hy transition and it
overlaps with the 3Hg — 3F4 absorption band. This ESA band is less intense, with a maximum
ogsa of 5.5x1072! cm? at 1461.0 nm (FWHM = 9.6 nm), and its overlap with the GSA transition
is less pronounced.

According to the Judd-Ofelt analysis of GSA transitions, the intensity parameters are Q) = 1.907,
Q4 =1.531 and Qg = 1.565 [in 10720 cm?] [19].

2.3. Stimulated-emission

The stimulated-emission (SE) cross-sections, osg, for the >F4; — *Hg and Hy — 3Hj transitions
were calculated using the Fiichtbauer-Ladenburg formula [29] from the measured luminescence
spectra. The refractive index of KY3Fg 7 is ~1.49 [30]. The radiative lifetimes of the excited-
states Tr,g Were determined using samples with low doping (0.1 at.% Tm) as TradCF4) = 15.4 ms
and Tr,gCHs) = 1.9 ms [20] and the luminescence branching ratio B(JJ”) for the 3H, — 3H;
transition was taken from the Judd-Ofelt analysis, B(JJ) =2.9% [19].

The osg spectra are shown in Fig. 3. For the 3F, — 3Hg transition, the maximum o-sg equals
3.8x1072! cm? at 1845nm. Compared to Tm:LiYFy, the SE cross-sections are slightly lower and
the emission band is blue-shifted. Thus, Tm:KY3F; is not suitable for achieving fs pulses in
mode-locked lasers operating on the *F4—>Hg transition as its emission is spectrally located
well below 2 um (overlapping with the structured water vapour absorption). Here and below, we
use Tm:LiYF;, as a reference material as it was mainly used for bulk ~2.3 um lasers.

For the 3Hy — 3H; transition, o-sg reaches 3.4x1072! cm? at 2345 nm. The emission bandwidth
Aldey (FWHM) is 53.8 nm. Compared to Tm:LiYF4 (Adeym =26.3 nm, centered at 2305 nm for
m-polarization), Tm:KY3F;y provides much broader emission spectra on this transition whilst
with lower SE cross-sections. Thus, it is attractive for ultrashort pulse generation at ~2.3 um.
Previously for Tm:KY3Fg, osg was estimated from the laser threshold as 8.1 + 0.3x1072! cm?
[23] which is higher than the value determined in the present work.
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Fig. 3. Stimulated-emission (SE) cross-section, o-sg, spectra for (a) 3F4 - 3H6 and (b)
3H4 — 3H5 transitions of Tm>* ions in KY;3Fg. The spectra for Tm:LiYF, are given for
comparison (for m-polarization). The values in (b) indicate emission bandwidth.

2.4. Luminescence decay

For luminescence decay studies, we used a nanosecond (ns) optical parametric oscillator (OPO,
Horizon, Continuum) tuned to 778 nm as excitation source. The luminescence was detected
using a 1/4 m monochromator (Oriel 77200), an InGaAs detector and a digital oscilloscope. To
avoid radiation trapping, the pinhole method was used. The luminescence decay curves were
measured at 1850nm and 810 nm (luminescence from the *F4 and >Hy states, respectively).

The luminescence lifetime 7y, of the 3Fy state is 9.13 ms which is shorter than the value at
low Tm3* doping (15.4 ms) [20]. The luminescence decay curve, Fig. 4(a), is well fitted with a
single-exponential law in agreement with a single Tm>* incorporation site. For the *Hy state, Tjum
equals 24 ps, Fig. 4(b). It is notably quenched with respect to the intrinsic lifetime (in the limit
of low doping), 79 = 1.9 ms [20], due to the efficient CR process. This quenching is described as
with (1/7ym) = (1/79) + WcRr, where Weg is the CR (self-quenching) rate, showing a quadratic
dependence on the Tm>* concentration, Wcg = Ccr-Ntm>. By fitting the experimental points on
T]um(3H4) (from this work and [20,23]), Fig. 4(c), we estimated the concentration-independent
CR parameter Ccr =0.28 + 0.1x10737 s~lem®, being similar to that of Tm:LiYF4 [13].
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Fig. 4. Lifetime studies for Tm3* ions in KY3Fj¢: (a) luminescence decay from the 3R,
state, dexc =778 nm, Ajym = 1850nm. The measurement using the smallest pinhole (0.5 mm);
(b) luminescence decay from the 3H4 state, dexc =778 nm, Ay = 810 nm; (c) luminescence
lifetime 71,y of the 3Hy state vs. the doping concentration: circles — experimental data (this
work and [20,23]), curve — their fit.

3. Laser operation
3.1. Laser set-up

The laser performance of Tm:KY3F¢ at ~2.3 pym was studied in a linear plano-concave cavity,
Fig. 5, composed of a flat pump mirror (PM) coated for high reflection (HR, R > 99.7%) at
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1.85-2.35 pm and having a transmission 7 of 77.7% at 0.77 um and 94.3% at 1.05 pm and a set
of concave (radius of curvature (RoC): —100 mm) output couplers (OCs) having a transmission
Toc of 0.7%, 1.3% and 4.0% at the laser wavelength (2.34 um). To suppress the unwanted ~1.9
um emission (the 3F4 — 3Hg transition), the OCs provided high transmission (7 > 90%) at this
wavelength. The laser crystal was placed near the PM separated by ~1 mm at normal incidence.
It was mounted on a passively-cooled Cu-holder using a silver paste to optimize heat removal.
The geometrical cavity length L.,y was ~100 mm.

Telescope Crystal
0.77um . PM ocC
1.05um )iZ :_.___1_;?__....; ‘ IFIaser
F p Yo 1 N
Ti:Sapphire =150 RoC=
lager o Rilider 100mm

Fig. 5. Scheme of the Tm:KY3F) laser: P — Glan-Taylor polarizer, 4/2 — rotatory half-wave
plate, TL — telescope, FL — focusing lens, PM — pump mirror, OC — output coupler, F —
band-pass filter.

As pump source, we used a Ti:Sapphire laser (3900S, Spectra Physics) delivering up to 3.9 W
at 773 nm and 1.2 W at 1048 nm in the fundamental mode (M? ~ 1). The incident pump power
was varied using a Glan-Taylor polarizer and a rotatable A/2 plate. The pump beam was first
expanded using a telescope containing two AR-coated spherical lenses (focal lengths: f=50 mm
and 100 mm) and then focused into the crystal through the PM using an achromatic CaF; lens
(f=150 mm). The measured pump spot radius at the focal point wp was 60 + 10 um. Due to the
reflectivity of the OCs at the pump wavelength (R =98% at 0.77 pm and 20% at 1.05 pum), the
pumping was in a double-pass. The thermal lens in Tm:KY3Fjg is negative (its optical power
D = 1/f < 0), determined by the so-called “generalized” thermo-optic coefficient y =—4.1x107°
K lat~2 pum [21]. The radius of the fundamental laser mode in the crystal wy, was calculated
using the ABCD method accounting for the thermal lens. As the thermal lens is pump-dependent,
wy is expected to decrease slowly with the pump power in the range 65-58 +5 um. Here, we
used the value of L.,y =99.9 mm.

For the pump wavelength Ap of 773 nm, the pump absorption was taken at the small-signal limit.
For a single pass of the pump, 77ab50(1-pass) = (1 = Rp)[1 — exp(—o-gsaNtm?)] = 75.6%, where R is
the Fresnel loss at the uncoated surface, so that for 2-passes we calculated 7,4ps0(2—pass) = 88.7%.
This approach does not overestimate the slope efficiency which may be slightly higher due to
the ground-state bleaching leading to decreased pump absorption. For Ap = 1048 nm, the pump
absorption was determined under lasing conditions by monitoring the residual (non-absorbed)
pump after the OC. It increased gradually with the pump power reaching 17,ps 1(2-pass) =66.5 = 1%
above the laser threshold.

For comparison, we also studied the laser performance of Tm:KY3Fg at ~1.9 um. For this,
the same PM was used while the OCs (RoC =-100mm) had a transmission Toc = 5%, 8% or
10% at the laser wavelength (~1.88 pm). Their reflectivity at the pump wavelength (0.77 um)
was ~46%. The estimated pump absorption 7,,502—pass) Was 80.2%.

The laser output was filtered from the residual pump using a band-pass filter (FB2250-
500, Thorlabs). The laser emission spectra were measured with an optical spectrum analyzer
(resolution: 0.1 nm, AQ6375B, Yokogawa). The profile of the laser beam was captured in the
far-field using a pyroelectric camera (PY-III-HR-C-A, Ophir). The beam quality factors sz’y
were measured using an ISO-standard method employing a CaF; lens (f = 150 mm) placed after
the OC. The oscilloscope traces of laser output were captured using a fast InGaAs photodetector
(UPD-5N-IR2-P) and an 8 GHz digital oscilloscope (DSA70804B, Tektronix). The spectra of
visible emission were measured using a CCD-based spectrometer (HR2000+, Ocean Optics).
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For both studied laser transitions, *F4 — *Hg and Hs — 3Hs, the Tm:KY3Fq laser operated
in CW regime, Fig. 6. In the former case, weak relaxation oscillations were observed, which are
typical for Tm lasers based on fluoride crystals with long upper laser level (°Fy) lifetimes [31].
For the ~2.3 um laser, intensity instabilities in the ms time scale were observed being suppressed
well above the laser threshold.

" pump

’ (b)
‘ Toc=0.7%

Pinc=1-8W

% 30 e 90 120 150 "0 30 60 80 120 150
Time (ms) Time (ms)

Fig. 6. Typical oscilloscope traces of incident pump and laser emission for the Tm:KY3Fyq

laser: operation at (a) 3F4 — 3H6 and (b) 3H4 - 3H5 transitions. Ap =773 nm.

3.2. 3F, — 3H;, transition

First, we studied the laser operation at the 3F, — 3Hg transition (Ap =773 nm). With conventional
pumping, the laser scheme is as following. GSA of pump photons (*Hg — *Hy) populates the
pump level (*Hy). Then, there exist two options. First, the excited Tm>* ion may relax down to
the metastable state (upper laser level) *H4 by multiphonon NR relaxation via the short-living *Hs
state (the most intense Raman vibration of KY3F¢ has the energy hv,y, of 378 cm~! [21]). This
process leads to one excitation in the 3F; state (part of the pump photon energy is lost as heat).
Secondly, the excited Tm>* ion may exchange its energy with another one in the ground-state via
the CR process (*Hy + 3Hg — 3F4 + 3Fy) leading to 2 Tm3* ions in the 3F4 upper laser level and
a reduced heat loading. The probability of the second process increases with Tm>* doping.

The laser performance is summarized in Fig. 7. The Tm:KY3Fq laser generated a maximum
output power of 1.38 W at 1884-1896nm with a slope efficiency 17 = 59.4% (vs. the incident pump
power Pjy, fitting the output dependence well above the laser threshold, for Toc = 5%). The
threshold pump power was as low as 60 mW and the optical-to-optical efficiency 7op = 58.7%
(Toc =5%). No thermal roll-over was observed. The performance for other OCs (Toc = 8% and
10%) was similar, the laser threshold increased to ~130 mW.
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Fig. 7. Tm:KY3Fj laser operating at the 3y — 3H6 transition: (a) input-output
dependences, 1 — slope efficiency; (b) typical spectra of laser emission. The laser emission
is unpolarized, Ap =773 nm.

The laser emission was unpolarized (as cubic KY3F is optically isotropic). It appeared
at ~1.88 pum corresponding to the long-wavelength peak in the SE cross-section spectra, Fig.
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3(a). Note that the 3F; — 3Hg Tm?>* laser transition exhibiting reabsorption corresponds to a
quasi-three-level laser scheme. The multi-peak spectral behavior, Fig. 7(b), was due to etalon
effects at the PM / crystal interfaces.

Accounting for 17,bs 1.(2—pass)» the slope efliciency vs. the absorbed pump power was 74.4%
(for Toc =5%). This value is well above the Stokes limit, 17s; = Ap/Ar. =40.9% (Ay is the laser
wavelength), confirming the efficacy of CR. According to the concentration-independent CR
parameter, the CR rate Wcg = 1.63x10% s~ and the pump quantum efficiency nq1 =1.94£0.02
(see [32] for the details about the calculation). Thus, assuming a roundtrip intracavity loss
2L =0.5%, we calculated the upper limit for the laser slope efficiency, 77 < 17s¢'77q1 ' 70C Tmode ~
73%, where noc =In[1 — Tocl/In[1 — Toc)-(1 — 2L)] is the output-coupling efficiency and 17moge
~ 1 is the mode overlap efficiency. This value is in good agreement with the experimental result.

The results from the present work on the ~1.9 pm laser operation surpass those reported by
Braud et al. with Ti:Sapphire pumping (0.27 W at 1846nm with  =42.5% [20]) and by Chen
et al. with diode-pumping (1.85 W at 1891nm with 7 =65.2% [21], specified vs. the absorbed
pump power in both cases), in terms of slope efficiency. Lower output power as compared to [21]
is due to the limited available pump in our case.

3.3. 3H,; — 3H;s transition: Conventional pumping

Furthermore, we studied the laser performance at the SHy — 3H5 transition. With conventional
pumping (dp =773 nm), the laser scheme is the following. After GSA (®*Hg — 3Hy), the Tm3*
ions are excited to the upper laser level (*Hy). The lower laser level (*Hs) is fast depopulated by
the NR relaxation thus avoiding the “bottleneck™ effect like that observed in ~2.8 um Er lasers.
However, the excitations are accumulated in the metastable state (°F4) and may relax via the
radiative or NR path (e.g., through energy-migration) towards the ground state. Thus, there is a
certain fraction of the pump photon energy lost as heat. Moreover, CR is a detrimental effect for
~2.3 um lasers with conventional pumping. Indeed, CR depopulates the *H, upper laser level
and quenches its lifetime leading to an increased laser threshold.

The results on the input-output characteristics and the laser emission spectra are shown in
Fig. 8. For Toc =1.3%, the laser generated 0.84 W at 2331-2346 nm with =47.7%. The
laser threshold was at Pj,c =0.93 W and the maximum 7y reached 27.5%. The input-output
dependences were nonlinear near to the laser threshold. With an increase of the output coupling,
the threshold notably increased (from 0.66 W for Toc =0.7% up to 1.64 W for Toc =4%). The
laser emission was unpolarized. Spectrally, it was centered at ~2.34 um for Toc > 1% and
for small output coupling (0.7%), additional lines at 2.270 ym and 2.319 um were observed.
This broadband emission behavior agrees well with the SE cross-section spectra, Fig. 3(b). It
can be also understood considering the Stark splitting of the upper and lower laser manifolds,
Fig. 8(c). Note that for the Cy4, site symmetry, the number of sub-levels is 7 and 8 for J =4
and 5, respectively [19]. The feature of KY3Fq is that for majority of Tm>* multiplets, the
lower-lying Stark sub-levels are separated by a notable energy gap from a group of closely located
higher-lying sub-levels. The emission wavelengths for transitions between sub-levels from the
groups belonging to different multiplets are rather close and have a similar probability.

By tuning the pump source through the *Hg — 3H4 Tm>* absorption band and measuring the
laser output, we obtained the laser excitation spectrum, Fig. 9. The ~2.3 pm laser operation was
achieved for a broad range of Ap, namely 760—-811 nm. The optimum pump wavelength was
at the second peak of the *Hg — *Hy absorption band (773 nm). This is probably due to the
double-pass pumping scheme.

The beam profile of the ~2.3 um laser was measured in the far-field, Fig. 10(a). The mode
was nearly-circular with 1D intensity profiles well fitted with a Gaussian function. The beam
quality factors M? along the horizontal (x) and vertical (y) directions were 2.1 +0.1 and 2.3 + 0.1,
respectively. This is attributed to the action of negative thermal lens [21]. The increase of the
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Fig. 9. Laser excitation curve for the Tm:KY3F( laser: operation at the 3Hy — 3H5
transition by conventional pumping. Circles — output power of the laser (T'oc =0.7%), red
curve — absorption cross-section spectrum for the 3Hg — 3Hy transition. The incident pump
power is nearly constant over the studied range of pump wavelengths, Pj,c =2.30 +£0.05 W.

pump power leads to a size reduction of the laser mode (wy) in the crystal, so that there is an
increased probability for higher-order modes to be supported.
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Fig. 10. Output laser beam of the Tm:KY3F( laser operating at the *Hy — 3Hs transition:
(a) 1D intensity profiles along the horizontal and vertical directions (symbols) and their
Gaussian fits (curves), inset — 2D mode profile, far-field; (b) evaluation of the beam quality
factors M2y y. Ap =773 nm, Pinc = 1.7 W, Toc =0.7%.

Accounting for the pump absorption, the maximum 7 vs. P,y reached 53.8% (for the output
coupling of 1.3%). This value well exceeds the Stokes efficiency, ns; = 33.0%. Let us discuss
the physical nature of this behavior. Assuming only one energy-transfer process for Tm>* ions,
namely CR, the pump quantum efficiency for the H; — *Hs transition Nq2 < 1 because CR
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depopulates the upper laser level (*H,). However, there is another energy-transfer process which
compensates CR and refills the *Hy multiplet at the expense of the metastable state 3Fy, i.e., ETU:
3F4 +3F4 — 3Hg + *Hy. Accouting for both CR and ETU, 774, can exceed unity.

Using the model of 2.3 um Tm lasers described in [13], we calculated the 174> values from the
measured output power of the Tm:KY3F laser, Fig. 11. With the pump power, 74> increases
almost linearly and reaches beyond 1.5. For high Pj,c > 2.5 W, a saturation of this dependence is
observed (g2 = 1.6 for Toc =0.7%). This value agrees well with the determined laser slope
efficiency vs. the absorbed pump power. ng, increases with the pump power due to the fact that
the CR effect is attenuated (due to ground-state bleaching) and ETU is magnified (due to the
accumulation of ions in the >Fy4 level).
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Fig. 11. Calculated pump quantum efficiency 74, for the Tm:K'Y3F( laser operating at the
‘Hy — 3H5 transition (Ap =773 nm). Intracavity roundtrip losses: 2L =0.7%.

3.4. 3H, — 3H;s transition: Upconversion pumping

Another approach to pump the ~2.3 ym Tm lasers is the so-called upconversion (UC) pumping
recently demonstrated [15]. In the present work, laser action is achieved for Ap = 1048 nm. Its
mechanism is the following. First, very few pump photons are absorbed by a non-resonant
GSA transition *Hg — *Hs). The excitation to the 3Hs multiplet is followed by an efficient NR
relaxation down to the metastable 3F;, state. Then, a resonant ESA1 process (CF; — 3F2,3) takes
place again followed by NR relaxation ending in the upper laser level (*H,). This process may
become a photon avalanche [33] since the CR process refills the intermediate metastable state
(®F4) now acting as an efficient ground-state for the ~2.3 um laser. In such a way, high absorption
efficiencies can be reached despite a vanishing o-gsa as shown in Fig. 2. Thus, for UC pumping,
CR plays a positive role. Similarly to the case of conventional pumping, ETU has a positive
effect as well.

The output performance of UC-pumped Tm:KY3Fg laser is shown in Fig. 12(a). The
laser generated a maximum output power of 92 mW at 2270 & 2326-2344 nm with 1 = 14.0%
and a laser threshold of 0.34 W. The laser slope efficiency vs. the absorbed pump power was
21.1%. Further power scaling was limited by the available pump. The broadband emission
behavior was similar to the case of conventional pumping. UC pumping provides a similar slope
efficiency (considering the same range of pump powers) and lower laser threshold as compared to
conventional pumping. One can expect gradual increase of the slope efficiency for pump powers
well exceeding the laser threshold, cf. Figure 8(a).

The laser excitation curve was also measured for UC pumping. Above 1052 nm, we were
limited by the tuning range of the pump source (Ti:Sapphire laser). The results are shown in
Fig. 12(b) together with the part of the cross-section spectra of GSA (®*Hy — 3Hs) and ESA (°Fy4
— 3F,3) transitions spectrally overlapping with Ap. The measured curve matches well with the
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Fig. 12. Upconversion-pumped Tm:KY3F g laser operating at the H; — 3Hjs transition:
(a) input-output dependence, n — slope efficiency, Ap = 1048 nm. The results for conventional
pumping (Ap = 773 nm) are given for comparison. Toc =0.7%; (b) laser excitation curve:
circles — output power of the laser (Pipc =0.92 W, Toc =0.7%), blue and red curves — parts
of the ESA and GSA cross-section spectra for the 3F4 - 3F2,3 and 3H4 - 3H5 transitions,
respectively.

ESA local peak at 1048.1 nm (note the almost zero and flat cgsa spectrum in the studied spectral
range), confirming the key role of ESA in reaching population inversion.

In Table 1, we summarize the results on continuous-wave bulk thulium lasers operating at
the 3H; — 3Hjs transition. Note that some previous studies focused on codoped crystals, e.g.,
with Yb>* Tm3* or Tm3* Ho>* ions [35,36], which is outside the scope of the present work. We
report on the highest slope efficiency extracted from a ~2.3 um Tm laser, and the highest output
power achieved under Ti:Sapphire laser pumping. Watt-level output was generated recently by
Wang et al. in a diode-pumped Tm:LiYF, laser [18].

Table 1. Output characteristics? of continuous-wave ~2.3 um thulium lasers reported so far

Crystal Doping Pumpb Ap, nm Py, W Pout, W 17, % AL, pm Ref.
TS 780 ~0.1 0.22 15 ~2.30 [12]
1.5 at.% TS 780 0.10 0.15 19 ~2.31 [17]
Tm:LiYF4 LD 785 1.2 1.15 19 2.306 [18]
3.5 at.% TS 780 0.40 0.73 34.6 2.306 [13]
TS 1040 0.20 0.10 14.6 2.302 [15]
8 at.% TS 778 0.34 0.12 18 2.343 [23]
Tm:KY3F9 5 at.% TS 773 0.93 0.84 47.7 2.331-2.346 This work
TS 1048 0.34 0.09 14.0 2.326-2.344 This work
Tm:YAIO3 1.5 at.% TS 776 0.44 0.25 17.8 2.273 [34]

4 p — pump wavelength, Py, — output power, Py, — laser threshold, 77 — slope efficiency (both vs. the incident pump
power), A1, — laser wavelength.
bTS — Ti:Sapphire laser, LD — laser diode.

4. Conclusions

To conclude, cubic Tm:KY3Fq crystals are promising for highly-efficient (slope efficiency ~50%)
and power-scalable (watt-level) near-mid-infrared lasers emitting at ~2.3 um due to the *Hy —
3Hs Tm>* transition. This is because of (i) good thermal and thermo-optical properties allowing
for power-scaling, (ii) long lifetimes of the excited-states and low-phonon nature of the host
matrix minimizing the NR path, (iii) efficient ETU at moderate Tm>* doping levels enhancing
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the pump quantum efficiency for the *Hy — 3Hj transition up to 2, (iv) intense ESA facilitating
upconversion pumping. We report on the record slope efficiency for any ~2.3 um Tm laser (cf.
Table 1) being comparable with that for the well-known 3F; — 3Hg laser transition [Fig. 7(a)],
using a Tm:KY3Fq crystal.

Further power scaling in CW regime is expected when applying other pump sources, e.g.,
AlGaAs laser diodes emitting at ~0.8 um (for conventional pumping) or Yb fiber lasers emitting
at ~1.05-1.07 um (for UC pumping), both being commercially available. In this way, multi-watt
output is expected from ~2.3 um Tm:KY3Fg lasers. In particular for UC pumping, further
work is required to determine the upper limit for the slope efficiency. In the present work, this
approach leads to n7 of only 21.1% (compare with n = 53.8% for conventional pumping, both vs.
the absorbed pump power). However, this difference may originate from the different level of
pump intensity above the laser threshold. Moreover, for UC pumping, more intense ESA peak at
1067.5 nm can be used. Further work on CW power scaling should also focus on the thermal lens
measurements under ~2.3 pm lasing conditions.

The Tm:KY3Fq crystals are also promising for pulsed lasers. The relatively long upper laser
level (*Hy) lifetime (for doping levels <5 at.% Tm) is favorable for passive Q-switching, e.g.,
with Cr?*:ZnSe crystals. The broadband emission properties at ~2.34 um (emission bandwidth
>50nm) are also rather attractive for femtosecond mode-locked oscillators.
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