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Abstract: We report on the first laser operation of a disordered Tm:CaGdAlOy crystal on the
3H, — 3H; transition. Under direct pumping at 0.79 um, it generates 264 mW at 2.32 um with a
slope efficiency of 13.9% and 22.5% vs. incident and absorbed pump power, respectively, and a
linear polarization (o). Two strategies to overcome the bottleneck effect of the metastable *Fy
Tm?3* state leading to the ground-state bleaching are exploited: cascade lasing on the Hy —
3Hs and 3F,4 — 3Hg transitions and dual-wavelength pumping at 0.79 and 1.05 um combining
the direct and upconversion pumping schemes. The cascade Tm-laser generates a maximum
output power of 585 mW at 1.77 um (°F; — *Hg) and 2.32 um (*Hy4 — 3Hs) with a higher slope
efficiency of 28.3% and a lower laser threshold of 1.43 W, out of which 332 mW are achieved
at 2.32 um. Under dual-wavelength pumping, further power scaling to 357 mW at at 2.32 um
is observed at the expense of increased laser threshold. To support the upconversion pumping
experiment, excited-state absorption spectra of Tm3* ions for the *F, — 3F2,3 and 3Fy — 3H,
transitions are measured for polarized light. Tm3* ions in CaGdAlQ, exhibit broadband emission
at 2.3 - 2.5 um making this crystal promising for ultrashort pulse generation.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Thulium ions (Tm>*) possess an electronic configuration of [Xe]4f!> with a ground-state 3Hj.
There are two laser transitions of Tm>* ions falling into the short-wave infrared spectral range,
3F4 — 3Hg (at ~1.9 um) and *Hy — 3Hs (at ~2.3 um), Fig. 1. Laser sources emitting at 2.3
um find applications in atmosphere gas sensing, pollutant detection, combustion studies and
non-invasive glucose blood measurements [1,2]. They are also noteworthy for pumping of
mid-infrared optical parametric oscillators [3]. Tm-lasers operating on the 3H; — 3Hj transition
offer a good opportunity to cover this wavelength range [4].

So far, two main pumping schemes for Tm lasers operating on the *H; — 3Hj transition were
implemented: direct and upconversion pumping. Direct pumping at 0.8 um relying on the *Hg
— 3H, ground-state absorption (GSA). This scheme leads to a direct excitation of Tm3* ions to
the upper laser manifold (*Hy); the laser emission at 2.3 um is followed by a fast NR relaxation
from the short-living 3H; state and electronic excitations are accumulated in the metastable >Fy4
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Fig. 1. A partial energy-level scheme for Tm3* ions in CaGdA1Oy ([32—42]) showing the
direct and UC pumping schemes for achieving 3H, — 3Hs laser emission: GSA / ESA —
ground / excited state absorption, CR — cross-relaxation, ETU — energy-transfer upconverison,
NR — multiphonon non-radiative relaxation.

level. The ETU process, 3Fy +3F, — 3H6 +3H,, can assist in emptying the metastable manifold
and refilling the upper laser level increasing the pump quantum efficiency up to 2 (a one-to-two
process) [5]. Direct pumping is realized using AlGaAs laser diodes [6,7] or Ti:Sapphire lasers
[8—10]. Guillemot et al. reported on a Tm:KY3F¢ laser with direct pumping delivering 0.84 W
at 2.34 ym with a slope efficiency of 47.7% exceeding the Stokes limit [8].

Upconversion (UC) pumping [11,12] relies on a weak phonon-assisted 3Hg — 3Hs + hvpn or
3H6 —3Fy+ hvpn ground-state absorption, and a resonant 3F, — 3F2,3 (at 1 um) or 3F, — 3Hy
(at 1.45 um) excited-state absorption, respectively. The ESA efficiency is boosted by the photon
avalanche effect [13] which is driven by a combination of a resonant ESA and a cross-relaxation
(CR) process, *Hy + *Hg — 3F4 +3F4, and it recycles the population of the 3F; level in favor
of the upper laser level (*Hy). UC pumping can be realized using commercial Yb bulk and
fiber lasers featuring high brightness and high-power output. Upconversion pumping of bulk
Tm3*-doped crystals using Yb-fiber lasers was studied [11,14—16]. There are also reports on
Tm-fiber lasers employing such a pumping scheme [12,17-19]. In particular, Tyazhev et al.
reported on a Tm:ZBLAN fiber laser with UC pumping by an Yb-fiber laser generating 1.24 W
at 2.28 um with a slope efficiency of 37% [19].

The two pump schemes can also be combined for dual-wavelength pumping [20,21]. It was
shown that even a small addition of direct pump can populate the metastable >F; Tm>* state
resulting in a seeding effect for the *F4 — 3F, 3 excited-state absorption and leading to enhanced
pump absorption at ~1 um [20].

Another strategy to purge the metastable level consists in using cascade laser operation.

2. Cascade laser strategy

Cascade (or cooperative) lasing is a phenomenon when laser operation on one transition of
an active center can facilitate lasing on another (desirable) laser transition [22-24]. It can
be observed for centers with a metastable lower-lying excited-state |1 >. Transitions from
higher-lying excited-states terminating at this long-living intermediate level |2> — |1 > can be
of self-terminating nature [25]: if the lifetime of the terminal laser level is longer than that of
the emitting state (71 > 77), electronic excitations will be accumulated in the former manifold,
and laser action will only be possible within a short period of time until the |1 > level is strongly
populated so that the population inversion is no longer possible (the bottleneck effect). The laser
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will then only operate in a pulsed regime (transient lasing). By allowing the gain medium to
simultaneously operate on the |1> — |0 > transition (|0 > is the ground-state), the intermediate
manifold |1 > will be efficiently depopulated, Fig. 2(a).
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Fig. 2. Different approaches to avoid the bottleneck effect for laser-active centers: (a)

cascade lasing, (b) codoping with a quenching center, (c) energy-transfer upconversion
(ETU) and (d) excited-state absorption (ESA).

Other possibilities to overcome the bottleneck effect include codoping of the gain medium
with a different type of optical centers causing quenching of the |1 > level lifetime due to a
non-radiative energy-transfer followed by a multi-phonon non-radiative (NR) relaxation [26],
the use of high doping levels triggering efficient energy-transfer upconversion (ETU) from the
metastable level |1 >emptying it [27], or the use of excited-state absorption (ESA) from the
|1 > level for the same purpose, see Fig. 2(b-d).

Cascade lasing was described for several rare-earth ions (RE3*) with a metastable lower-lying
excited-state, acting as a reservoir for electronic excitations, namely Er* [22], Tm3* [24], Ho**
[23,28] and Dy>* [29], Fig. 3. Besides the main purpose of allowing the population inversion for
the desirable [2> — |1 > transition, cascade lasing also helps to avoid excessive bleaching of the
ground-state (by preventing accumulation of electronic excitations in the |1 > manifold) which
could potentially reduce the pump absorption efficiency.
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Fig. 3. Cascade lasing schemes for trivalent rare-earth ions: (a) thulium, (b) holmium, (c)
erbium and (d) dysprosium. Red arrows —laser transitions subject to the bottleneck effect,
blue arrows — assisting transitions from a metastable state.

3. CaGdAlO, laser host crystals

One of the key limitations for the development of broadly tunable or femtosecond mode-locked
Tm lasers operating on the *Hy — 3Hj transition [30,31] is the need of gain media featuring
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broadband emission properties. Such behavior can be achieved for structurally disordered crystal
with a strong inhomogeneous broadening of Tm>* spectral bands.

Calcium gadolinium aluminate CaGdAlO4 (shortly CALGO) is a well-known laser host
crystal [32-37]. It crystallizes in the tetragonal class (sp. gr. D'74y, - I4/mmm, lattice constants:
a=3.66052(9) A, c=11.986(5) A [38]) possessing a KoNiFy-type structure and exhibits a
structure disorder due to a random distribution of Ca?* and Gd** cations over the same lattice
sites (Wyckoff: 4e, C4, symmetry) with an IX-fold oxygen coordination. The dopant RE**
ions replace for the Gd** ones. The inhomogeneous spectral broadening originates from the
second coordination sphere of the RE3* ions composed of nine cations (Ca>*|Gd>*) in 4e sites,
namely the charge difference between Ca>* and Gd**, as well as a notable difference in the
metal-to-metal distances [32].

CaGdAlO4 melts congruently and can be growth by the conventional Czochralski method.
As a host matrix, CaGdAlOy4 features good thermal properties, i.e., high thermal conductivity
despite its disordered nature with a moderate dependence on the RE3* doping level, negative
dn/dT coefficients leading to an athermal behavior, and a weak anisotropy of thermal expansion
[33]. Such properties favor high-power laser operation [34]. The relatively low phonon energy of
CaGdAlO, (among oxide crystals) leads to reduced NR path from the RE3* excited states. A
summary of physical properties of the CaGdAlO, host crystal is given in Table 1. RE3* ions in
CaGdAlOy feature extremely broad and smooth emission spectra for polarized light which is
attractive for the development of broadly tunable and especially few-optical-cycle mode-locked
lasers [35-37].

Table 1. Structural, Thermal, Vibronic and Optical Properties of the CaGdAlO, Host Crystal

Parameter Notation Units Value Ref.
. A o 3.66052(9)
Lattice constants [A] [38]
¢ 11.986(5)
L no 1.918
Refractive index (at ~1 um) - [42]
ne 1.941
. . dno/dT -7.6
Thermo-optic coefficient (at ~1 pm) [107°K~1] [33]
dne/dT -8.6
. @, 10.0
Thermal expansion [107°K~1 [33]
a; 16.0
. Ka 6.9
Thermal conductivity (2 at.% Yb) [Wm~'K™1] [33]
K¢ 6.3
Maximum phonon energy hvph [em™ 650 [39]

So far, Yb**-doped CaGdAIOQ, crystals have been recognized as excellent gain media for
high-power ultrafast lasers at ~1 pum [35-37]. More recently, the interest shifted to Tm>* doping
with the goal of achieving laser emission around 2 um [39-41].

In the present work, we aimed to further explore the broadband emission properties of Tm3*
ions in the CaGdAlQy crystal by looking at the *H; — 3Hs transition. First, we studied the
emission and absorption (including excited-state absorption) properties of Tm>* ions in this
material. Then, laser operation at 2.3 um was achieved for the first time using direct and
dual-wavelength pumping. Finally, we studied the effect of cascade lasing on the *H; — *Hs and
3F, — 3Hg transitions on the 2.3 um laser performance.
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4. Spectroscopy of Tm** ions

4.1. Ground- and excited-state absorption

Tetragonal CaGdAlQy is optically uniaxial (the optical axis is parallel to the c-axis) [42] and the
two principal light polarizations are 7t (E || ¢) and o (E L ¢).

The polarized ground-state absorption (GSA) cross-sections, o"gsa, for the 3Hg — 3Hy Tm3*
transition (direct pumping) are shown in Fig. 4(a) [39]. The maximum o gsa is 1.59 x 10720 ¢cm?
at 792.4 nm and the absorption bandwidth (full width at half maximum, FWHM) is 16.3 nm for
n-polarization. For o-polarization, ogsa is lower, 0.68 x 1072 ¢cm? at 797.8 nm.

1.8

45 (a) ump Tm.CaGdAIO4_
E - 3
S 12| He ",
! o 3. 3 *He—H,
5) Fyi—="Fo3 e
06f falas —
¢ pumpi — n
<0.3} Na
o ’ N
tlsLIOO p r;";,/’ .\) T
760 800 840 1000 1040 1080 1120 1160 1200
Wavelength (nm)
0.7 O . . . |
o
g 0.6/
8 0.5¢ F4—>3H4
© 0.4l 4
< —
%0.3_ H693F4
0.2 Ho e
> N\ —
501} NN _/
5 0.0 -

1300 1350 1400 1450 1500 15I50 1660
Wavelength (nm)

Fig. 4. Polarized absorption properties of Tm3* ions in CaGdAlOy: (a) GSA cross-sections,
oGsa» for the 3H6 - 3H4 transition and ESA cross-sections, ogga, for the 3F4 — 3F2’3
transition; (b) ESA cross-sections, 0gga , for the 3F4 — 3Hy transition, for light polarizations
mt and 0. The short-wave sidebands of spectrally overlapping GSA transitions essential for
seeding the photon avalanche effect are also shown for comparison. Arrows indicate the
pump wavelengths.

The polarized ESA spectra of Tm3* ions in the near-infrared are measured in the present work
by the pump-probe method and polarized light [43]. Two ESA transitions originating from the
metastable Tm>* manifold (*F,) relevant for upconversion pumping of 2.3 um Tm-lasers are
considered, namely 3F, — 3F2,3 and *F4 — 3H,. The ESA cross-sections, OESA, are given in
Fig. 4(a,b). The spectra are smooth and broad owing to a significant inhomogeneous spectral line
broadening caused by the local structure disorder in the CaGdAlOy crystal.

For the *F4 — 3F, 3 transition which can be addressed by Yb lasers, the maximum o gsa
reaches 0.40 x 10729 cm? at 1045.9nm corresponding to a large peak width (FWHM) of
25.2 nm for o-polarization, see Fig. 4(a). For m-polarization, ESA is weaker, as expressed by
ogsa =0.31x 1072° ¢cm? at 1073.1 nm also corresponding to a narrower peak width of 19.2 nm.
This ESA band spectrally overlaps with the short-wave phonon sideband of the Hg — 3Hs GSA
transition. At the peak ESA wavelength of 1045.9 nm, the corresponding ogsa is as low as
0.07 x 10722 cm? for o-polarization. Despite the very weak GSA, it is sufficient to initiate the
photon avalanche mechanism underlying the upconversion pumping scheme of 2.3 um Tm-lasers.
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For the second considered 3Fs — 3H4 ESA transition, ogsa is 0.40 x 10720 cm? at 1405.9 nm
with a peak FWHM of 26.5 nm for m-polarization, see Fig. 4(b). For o-polarization, two weaker
ESA peaks are found at 1405.2 and 1443.6 nm corresponding to ogsa of 0.15-0.16 x 1072 cm?.
This ESA band overlaps with the short-wave phonon sideband of the *Hg — *F, GSA transition.

4.2. Emission (spectra and lifetimes)

The stimulated-emission (SE) cross-sections, o-sg, for the >F4 — 3Hg and >Hy — 3Hj transitions
are shown in Fig. 5(a). The osg spectra are smooth and broad extending in the spectral ranges of
1.6-2.1 ym and 2.15-2.65 um, respectively, and they show a polarization anisotropy which is a
prerequisite for linearly polarized laser emission.
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Fig. 5. Emission properties of Tm3* ions in CaGdAIOy: (a) SE cross-sections, o-gg, for the

3Fy — 3H6 and 3Hy — 3H5 transitions for light polarizations &t and o; (b) the luminescence

lifetime of the Hy level as a function of the Tm3* doping level (symbols — experimental

data, curve — their fit accounting for the cross-relaxation among adjacent Tm3* ions, see the

explanations in the text). Arrows in (a) indicate the laser wavelengths.
For the 3F4 — 3Hg transition, the peak stimulated emission cross-sections are 0.91 x 10720 cm?
at 1812nm for o-polarization, and 0.87 x 10720 cm? at 1774nm for m-polarization [34]. Due to
the quasi-three-level nature of the >F4 — 3Hg Tm>* transition with intrinsic reabsorption, when
using cavity mirrors with broadband coatings, the laser operation usually occurs at the long-wave
part of the osg spectrum, and the laser wavelength is determined by a local maximum in the
gain profile for a particular inversion ratio determined by the total (passive and output-coupling)
losses. For Tm3* ions in CaGdAlQy, for small inversion ratios, this corresponds to a local peak
at 1948nm (osg = 0.50 x 10720 ¢cm?, o-polarization).

For the quasi-four-level *H; — 3Hj transition, the SE cross-sections are derived in the present

work via the Fiichtbauer—Ladenburg (F-L) equation [44]:

2 By - Wi(2)

2 "1 , )]
87 (1) Traac 3 Zj:Zo',rr f/lij(/l)d/l

0'§E(/l) =

where W;(4) the luminescence spectrum for each light polarization (i = o, ), <n > the average
refractive index at the mean emission wavelength, 7,4 the radiative lifetime of the emitting
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state (*Hy), and Biy the luminescence branching ratio. Pan et al. reported on the Judd-Ofelt
analysis for Tm3* ions in CaGdAlO4 yielding TradCHy) = 0.42 ms and ,8(3H4 — 3Hs) =3.0%
[39]. For o-polarized light, the maximum SE cross-section is 1.14 x 1072 cm? at 2324 nm
and the emission bandwidth (FWHM) reaches 128 nm. For s-polarization, around 2.3 pm, the
peak osg is 1.08 x 10720 cm? at 2358 nm while at longer wavelengths, an intense peak appears
at 2478 nm corresponding to osg is 1.35 x 1072 cm? and an emission bandwidth as broad as
100 nm.

We also studied the luminescence lifetimes 7y,m of the 3Hy and 3F, states of Tm3* ions in
CaGdAlOQy as a function of the doping level (0.05-7 at.% Tm). The samples are finely powdered
to avoid the effect of reabsorption (radiation trapping). The intrinsic lifetime of the >F; Tm3* level
is 3.08 ms (for 0.05 at.% Tm). For the studied laser crystal with 3.5 at.% Tm, almost negligible
luminescence quenching was observed. The concentration-dependence of 7y, for the 3Hy Tm3*
level (the upper laser level for the 2.3 um laser transition) is shown in Fig. 5(b). With increasing
the Tm** doping level, 71, gradually decreases from 418 to 21 ps indicating an enhanced effect
of cross-relaxation (self-quenching) among adjacent Tm>* ions, 3Hy + *Hg — 3F4 + 3Fy, Fig. 1.
The luminescence lifetime of the Hy state can be expressed as (1/71ym) = (1/Tum,0) + Wcr, where
Wer = CorNtm? is the cross-relaxation rate and Ceg is the concentration-independent parameter
[45]. The best fit of the experimental lifetimes with this equation, see the curve in Fig. 5(b),
yields Tjumo =420+ 5 ps and Ccg =0.45+0.05x 10737 s~ 1em®,

5. Laser operation at 2.3 um
5.1. Laser set-up

A 3.5 at.% Tm:CaGdAlO4 (Tm:CALGO) crystal is used as a gain medium. The Tm>* ion density
Nt is then 4.31 x 10%° at/cm?. A rectangular sample is cut from the annealed crystal. The
crystal is oriented for light propagation along the a-axis (a-cut) and has an aperture of 3.0 x 3.0
mm? for a thickness of 6.0 mm. Both its faces are polished to laser-grade quality with good
parallelism and left uncoated. The crystal is mounted in a passively-cooled copper-mount using
indium foil to insure good thermal contact.

The layout of the laser set-up is depicted in Fig. 6. A nearly hemispherical laser cavity uses a
flat dichroic pump mirror transmitting the pump radiation (HT, 7 > 95% at 0.77-0.81 ym and
1.03-1.06 um) and reflecting the laser emission (HR, R > 99.9% at 2.15-2.55 um), and concave
output couplers (OCs) with a radius of curvature (RoC) of -100 mm and a transmission Toc in
the range 0.5% - 4% at 2.20-2.45 um. The crystal is placed close to the pump mirror at normal
incidence with a small separation (~1 mm). The geometrical cavity length is ~99 mm.

Dichroic Output

Polarizing mirror coupler
beamsplitter cube

z :
Ti:Sapphire laser t 2.3 um
@ 792 nm
_ = » ’
4/2 plates @

Yb:CaF, laser L Lens
@ 1048 nm

Fig. 6. Scheme of the dual-wavelength-pumped 2.3 pm Tm:CaGdAlOy laser.

In order to select laser action uniquely the 3Hg — 3Hy transition or cascade laser operation,
two sets of mirrors are used. First, to avoid the competitive high-gain *F4 — 3Hg transition, both
the pump mirror and the output couplers are coated for HT (7 > 70%) at 1.9 um. Second, to
specifically study cascade laser operation, cavity mirrors allowing for dual-band operation are
employed comprising a flat dichroic pump mirror coated for HR at 2.1-2.5 ym and 1.76-1.88 pm
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and an output coupler with still RoC =-100 mm and a transmission Toc of 2.5% at 2.32 um and
10% at 1.77 um.

For direct pumping, as a pump source, we use a CW Ti:Sapphire laser (model 3900S, Spectra
Physics) delivering up to 3.9 W at 792.2 nm (with a FWHM linewidth of 0.1 nm) addressing
the *Hg — *H,; GSA transition with a linear polarization and a nearly diffraction limited beam
(M? =~ 1). Its output is focused into the crystal through the pump mirror using an antireflection
(AR) coated lens (focal length: f=75 mm) resulting in a pump spot radius of 31 + 5 um. The
polarization of the direct pump corresponded to 7 in the crystal.

For dual-wavelength pumping, we additionally employ a home-made diode-pumped tunable
Yb:CaF; laser delivering up to 1.8 W at 1048 nm (with a FWHM linewidth of 3 nm) and with
M2 ~ 1 to address the 3F, — 3F2,3 ESA transition. The output of the Yb-laser is also linearly
polarized. The polarization is adjusted to correspond to o in the crystal. The two pump beams
can be combined using a polarizing beam-splitter cube (PBS252, Thorlabs). The pump radiation
is focused into the crystal through the pump mirror using an AR-coated lens (f = 80 mm) resulting
in a waist radius of 35 + 5 ym.

The residual pump after the OC is filtered out using a band-pass filter (FB2250-500 or
FB1750-500, Spectrogon). The laser emission spectra are measured using an optical spectrum
analyzer (AQ6375B, Yokogawa). The polarization state of laser emission is studied using a
Glan-Taylor prism.

5.2.  Direct pumping: pure 2.3 um laser

At first, we study laser operation uniquely on the *Hg — *Hy transition with pure direct pumping
at 792 nm (addressing the 3Hg — 3H, GSA transition), Fig. 7(a). The output couplers coated for
high transmission around 1.9 um are used and no simultaneous laser action on the *F; — 3Hg
Tm3* transition is observed.

The Tm:CaGdAlOy laser generates up to 264 mW of output power at 2301-2325 nm for the
output coupler with a transmission of 2.5%. The corresponding slope efficiency 7 is 16.2%
vs. the pump power incident on the crystal and the laser threshold is 1.77 W (for Toc =2.5%),
Fig. 7(a). This corresponded to a maximum incident pump power of 3.60 W and an optical
efficiency of 7.3%. Further power scaling seems to be limited by the available pump power. No
signs of thermal effects are observed within the studied range of pump powers. Accounting
for the measured pump absorption under lasing conditions (see below), the slope efficiency vs.
the absorbed pump power is 31.3% (i.e., close to the Stokes efficiency under lasing conditions,
nsiL = Ap/AL =34.1%). This indicates that the effect of ETU on refilling the upper laser level is
relatively weak in Tm:CaGdAlOy.

The input-output dependences are slightly nonlinear above the laser threshold. The latter
gradually increases with the output coupling, from 1.03 W (T'oc =0.5%) to 2.49 W (T'oc =4%).
The laser threshold as a function of the output coupler transmission was simulated numerically
using a rate-equation model accounting for the energy-transfer processes for Tm3* ions, cf.
Figure 1. The spectroscopic parameters of Tm>* ions in CaGdAlOy described above were used in
these calculations. The results are shown in Fig. 7(c) and they agree well with the experimental
data. The relative high laser thresholds (e.g., as compared to Tm-lasers operating on the SHy —
3Hj; transition and based on fluoride crystals) mainly originate from the relatively short lifetime
of the 3Hy4 upper laser level, as well as weak ETU.

The typical spectra of laser emission measure well above the laser threshold are shown in
Fig. 7(b). They are weakly dependent on the output coupling in accordance with the quasi-four-
level *Hy — 3Hs Tm3* laser scheme. The laser emission occurs around 2.32 um according to
the stimulated-emission cross-section spectra, Fig. 5(a). The laser spectra are relatively broad
due to the broadband emission properties of Tm>* ions in the disordered CaGdAlOy crystal; the
multiple laser lines can be attributed to Fabry-Perrot effects at the mirror / crystal interfaces.
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Fig. 7. Tm:CaGdAIQ, laser operating on the H; — 3Hj transition at 2.32 um, direct
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slope efficiency; (b) typical spectra of laser emission, the laser polarization is o; (c) laser
threshold as a function of output coupling, circles - the experimental points, curve — result
of the modeling based on rate-equation formalism.

This was confirmed by slightly changing the distance between the pump mirror and the crystal,
as well as by changing the pump power which caused thermal expansion of the crystal (in both
cases, the individual laser lines slightly shifted). This behavior is typical for free-running CW
Tm:CaGdAlQq lasers [46]. Narrow-linewidth operation can be achieved by inserting a thin etalon
into the laser cavity. The laser emission is linearly polarized (o) since the polarization state is
naturally selected by the gain anisotropy.

5.3.  Direct pumping: effect of cascade laser

Cascade laser operation on the Hy — 3Hs and F4 — 3Hg Tm>* transitions can be beneficial for
power scaling of 2.3 um Tm-lasers [47]. Indeed, it can help to drain the metastable intermediate
3F4 Tm>* state accumulating electronic excitations and causing bleaching of the ground-state
(*Hp) leading to a reduced pump absorption (GSA) efficiency. At the same time, simultaneous
lasing on the *F; — 3Hg transition may also cancel the positive effect of the energy-transfer
upconversion process (°F4 + 3F4 — 3Hg + 3Hy) refilling the upper laser level for the 2.3 um laser
transition CHy).
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To demonstrate cascade laser operation, cavity mirrors allowing for dual-band operation are
employed. We use a flat pump mirror coated for HT at 0.79 um and HR around 1.8 pm and
2.1-2.5 ym and a concave (RoC =-100 mm) output coupler with a transmission Toc of 2.5% at
2.32 um and 10% at 1.77 um. To measure the total output power after the OC, a long-pass filter
(LP1400, Thorlabs) is used, and to separate the power fraction of the 3H4 — 3H5 laser emission,
we employ a bandpass filter (FB2250-500, Spectrogon).

The cascade Tm:CaGdAlO4 laser generated a maximum output power of 585 mW at 1760-
1772nm (°F4 — 3Hg) and 2297-2335nm (*H; — 3Hs) with a slope efficiency of 28.3% and a
laser threshold of 1.43 W, Fig. 8(a). For the 3F, — 3Hg transition at 1.77 um, the maximum
output power reaches 181 mW for a slope efficiency of 7.7%. The laser emission on the SHy —
3Hs emission at 2.32 um corresponds to 332 mW and a slope efficiency of 16.3%. Compared to
the case of laser operation solely on the *Hy — 3Hs transition, cf. Figure 7(a), the laser threshold
notably decreases leading to a higher output power.
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Fig. 8. Effect of cascade laser operation on the 3Hy — 3Hs and 3F4 — 3Hj transitions at
2.32 um and 1.77 um, respectively, on the output performance of a Tm:CaGdAlOy4 laser
with a pure direct pumping at 792 nm: (a) input-output dependences for Toc =2.5% / 10%
at 2.32 um/ 1.77 um; (b) laser emission spectra at different incident pump powers Pjy¢: the
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for lasing and non-lasing conditions.
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The typical spectra of emission from the cascade laser are shown in Fig. 8(b). They are weakly
dependent on the incident pump power. The emission corresponding to the *F; — 3Hg and
3H4 — 3Hs transitions are under orthogonal laser polarizations, & and o, in agreement with the
anisotropy of SE cross-sections, Fig. 5(a).

The pump absorption as a function of the incident pump power is studied under lasing and
non-lasing conditions, Fig. 8(c). In the latter case, it gradually dropped upon increasing the
pump level representing the ground-state (*F4) bleaching. A similar tendency is observed for the
Tm-laser operating solely on the *H; — *Hs transition because of accumulation of electronic
excitations in the intermediate 3F, Tm3* state. For the cascade laser, the pump absorption is
nearly clamped well above the laser threshold due to the positive effect of the laser action on the
3F4 — 3Hg transition emptying the F4 manifold. This leads to a lower threshold pump power
for the cascade laser, as well as a higher 2.3 um output power, as shown in Fig. 8(a).

5.4. Upconversion pumping

Another approach to avoid the accumulation of electronic excitations in the intermediate long-
living 3F4 Tm>* state affecting the pump absorption is to employ pure UC pumping at 1.05 um
or dual-wavelength pumping at 0.79 and 1.05 pm combining both the direct and UC pumping
schemes. The F4 — *F, 3 ESA transition helps to recycle the population of the *F4 manifold in
favor of the upper laser level for the 3H; — Hjs transition.

First, we try to achieve laser operation at 2.3 um under pure UC pumping but the laser threshold
is not reached up to at least the incident pump power of 2 W.

Consequently, we proceed with the dual-wavelength pumping. The cavity mirrors supporting
cascade laser emission are then implemented. The input-output dependences for the cascade
Tm:CaGdAlOy4 laser with pumping simultaneously at 0.79 and 1.05 pm are shown in Fig. 9.
First, the P o5 um value is fixed and P79 um is varied, Fig. 9(a). By adding more UC pump,
the output power at 2.32 um (the *H; — *Hj transition) gradually increases while that at 1.77
um (the 3F, — 3H, transition) remains almost unchanged. For example, when Pg 79 um was
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Fig. 9. Cascade (the "Hy — °Hs and °F4 — "Hg Tm”* transitions) Tm:CaGdAlOy4 laser

with dual-wavelength pumping at 0.79 and 1.05 pm: output powers at 1.77 pm and 2.32 ym:
(a) Pg79 um — varied, P g5 um — fixed; (b) P79 um — fixed, Py o5 pm — varied.
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fixed at 2.5 W (direct pump), by adding 1.78 W of P g5 um (UC pump), the output power of the
Tm-laser at 2.32 um increases from 183 mW to 360 mW. At the same time, the laser threshold in
terms of Py 79 um decreases from 1.45 W to 0.50 W (while considering the total incident pump
power, Py79 um + Pj o5 um, the laser threshold increases). In other words, the reduction of the
laser threshold in terms of Py 79 pum (the positive effect) is lower than the additional pump power
added at 1.05 pm, so that the UC pump des not help the direct pump to be more efficient.

Then, the opposite case is investigated: the P79 um value is fixed and P s um is varied,
Fig. 9(b). A similar effect is observed: the co-pumping at 0.79 um has a positive effect on the
output power at 2.32 um and almost did not affect that at 1.77 um. In this way, it is possible to
tune the power fraction between the two laser emissions. The following explanation is suggested:
the 3F, — 3F2,3 ESA transition drains a part of the population of the metastable 3F, Tm3* level
in favor of the *Hy — 3Hs emission. Under these conditions, the maximum output powers are
357mW at 2.32 ym and 117 mW at 1.77 pm (total output: 474 mW) at an incident pump power
of 4.24 W (total, at 0.79 and 1.05 um).

6. Conclusions

To conclude, we report on the first laser operation of the thulium-doped calcium gadolinium
aluminate crystal (Tm:CaGdAlOy) on the 3Hy — 3Hs Tm3* electronic transition, at 2.3 um. The
main results can be summarized as follows:

Tm>* ions in CaGdAlQ, feature structureless and broad emission bands due to a significant
inhomogeneous broadening arising from the structure disorder, together with a polarization
anisotropy which is a prerequisite for linearly polarized laser emission. For o-polarized light, the
maximum stimulated emission cross-section is 1.14 x 1072° cm? at 2324 nm and the emission
bandwidth is as broad as 128 nm. This makes Tm:CaGdAlO, very suitable for broadly tunable
and femtosecond mode-locked lasers. Moreover, this compound appears attractive for laser
emission at yet longer wavelengths, at ~2.48 ym. Due to its low-phonon energy behavior,
Tm>* ions in CALGO exhibit a relatively long intrinsic lifetime of the 3Hy state, 418 s, being
advantageous for low-threshold laser operation.

Another spectroscopic advantage arises from the broad and relatively intense ESA spectra of
Tm?3* ions slightly above 1 um (corresponding to the F4 — 3F, 3 transition), in the spectral
range well covered by high-power and high-brightness commercial ytterbium fiber lasers. This
determines the suitability of this compound for ESA pumping. The first Tm:CaGdAlOy4 laser
with dual-wavelength pumping at 1.05 pm is realized in the present work.

The first Tm:CaGdAlOy laser operating on the *H; — 3Hj transition with a pure direct
pumping at 0.79 um generated 264 mW at 2301-2325 nm with a slope efficiency of 16.2% with
respect to the incident pump power and 31.3% with respect to the absorbed pump power. The
laser emission is linearly polarized (o). Further improvement of the slope efficiency is expected
via optimizing the Tm>* doping level and power scaling for this pumping scheme is envisioned
via diode-pumping by commercial spatially multimode AlGaAs laser diodes.

Finally, we have revealed the role of cascade laser on the *H; — 3Hs and 3F; — 3Hg Tm>*
transitions on the 2.3 um laser performance of Tm-lasers. Under pure direct pumping, by
allowing the cascade laser at 1.77 ym and 2.32 um, the bottleneck effect related to accumulation
of electronic excitations in the intermediate long-living *F4 Tm>* state was efficiently avoided
(the 3F4 — 3Hg laser transition drained the *F4 manifold) thus avoiding the excessive ground-state
(*Hg) bleaching and increasing the pump absorption. Under dual-wavelength pumping at 0.79
and 1.05 um combining both the direct and UC pumping schemes, it was possible to tune the
power ratio between the 1.77 and 2.32 pm laser emissions by varying the UC pump power. The
latter was because of the recirculation of the 3F4 population in favor of the *Hy one by the 3F; —
3F2,3 ESA process.
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We believe that the different experiments described in this article would help in the future
development of 2.3 um Tm:CALGO lasers whose interest consists in having a broad emission
favorable to tunable and ultrashort-pulse laser development in this spectral range.
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