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Abstract: We present an intra-cavity upconversion pumping scheme for Thulium lasers operating
on the Hy — 3Hs transition. It is based on detuning the pump wavelength from the resonance
of excited-state absorption, 3By - 3F2,3, around 1 um. This scheme is validated using a
Tm:LiYF4-based laser. The pump source consists of a diode-pumped Nd:YVOy laser emitting at
1.064 um. This architecture permits for power scaling of 2.3-um Tm-lasers. An output power
of 2.7 W is generated in the continuous-wave regime for 62.3 W of intracavity pump power at
1.064 um corresponding to 21 W of primary laser-diode power, making this kind of pumping
competitive in terms of power, laser gain and efficiency with direct diode pumping at 0.78 um.
We also describe the heat management in this double-cavity laser benefiting from the intra-cavity
pumping architecture allowing to share the thermal load between two gain crystals. The low
absorption caused by the non-resonant 3F4 — 3F, 3 Tm?>* transition allows the Nd pump laser
to reach higher intracavity power compensating for the low pump absorption efficiency in the
Tm-crystal. The proposed off-resonance pumping scheme opens a new paradigm that holds great
promise for high-power, high-gain 2.3 um solid-state lasers based on thulium ions.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Coherent sources emitting around 2.3 um find numerous applications, which explains the recent
surge of interest for such lasers. Indeed, these sources are ideally placed in the K transmission
band of the atmosphere, making them excellent candidates for LIDAR applications [1]. Such
lasers are also used to study combustion processes, as well as to perform non-invasive glycemia
testing [2]. Different types of sources have been developed around 2.3 um, using optical
parametric oscillators or amplifiers [3], semiconductor lasers [4], or solid-state lasers based on
transition-metal or rare-earth ions directly emitting at this wavelength. Indeed, Cr>*:ZnSe and
Cr>*:ZnS lasers cover the spectral range around 2.3 pum [5]. Furthermore, thulium (Tm3*) doped
materials operating on the 3H4 — 3Hs electronic transition can address this wavelength [6,7].
Thulium lasers operating at 2.3 um present a variety of pumping schemes. To date, pumping
from the ground state (*Hg) directly to the upper laser level (*H,) using commercial Ti:Sapphire
lasers tuned to 0.78 um offered high laser slope efficiencies surpassing the Stokes limit [8,9].
Generation of multi-watt laser output powers using fiber-coupled, spatially multimode 0.78-um
AlGaAs laser diode modules as pump sources was further demonstrated [10-12]. In recent
studies, the upconversion pumping schemes also showed promising results [13,14]. After an
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off-resonant ground-state absorption (GSA) relying on a short-wave phonon sideband of the
3H¢ — >H; transition and a non-radiative relaxation (NR) step to populate the intermediate
metastable level 3F4 (luminescence lifetime: Tjy;m = 11 ms for the Tm:LiYF, crystal (shortly
Tm:YLF)), a resonant excited-state absorption (ESA) 3F, — 3F2,3 followed by another NR step
fills the upper laser level *Hy. Upconversion pumping is further promoted by the cross-relaxation
(CR) process for adjacent Tm>* ions, *Hy + *Hg — 3F4 + 3F4, even although it depopulates the
3H, level, as at the same time this phonon-assisted process helps to populate the F4 metastable

level seeding ESA from this manifold, Fig. 1(a).
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Fig. 1. (a) Energy-level scheme of thulium ions. GSA and ESA: ground- and excited-state
absorption, respectively, ETU: energy-transfer upconversion. CR: cross-relaxation. (b) ESA
cross-sections for the 3F, — 3F2,3 transition of Tm3* ions in LiYF, for light polarizations
o and & [30]. The output spectrum of the Nd:YVOy laser is shown for comparison.

Upconversion pumping has been successfully demonstrated in 2.3-pm Tm-lasers based on glass
fibers [13] and bulk crystals [14—16] taking the advantages of the well-established technology
of 1-um laser sources, notably, their power scalability and near diffraction-limited output beam
quality. One of the key limitations of upconversion pumping schemes stems from the fact that the
pump absorption is strongly dependent of the pump intensity, so that high-brightness pumping is
required. Moreover, the pump absorption is often limited (measuring about 10% - 40% in single
pass [14,15,17]) and it cannot be easily boosted as this would require too long active elements
and critically high Tm** doping levels. Recently, Dupont et al. proposed an intracavity pumping
architecture to address the low absorption issue intrinsic to upconversion pumping [18].

For the particular case of the Tm:YLF laser crystal which is currently considered as the main
candidate for efficient and power-scalable 2.3-um lasers owing to a combination of its appealing
thermo-optic and spectroscopic properties, the main challenge is to identify the pump laser whose
emission wavelength correctly matches one of the relatively narrow ESA peaks slightly above 1
um. Employing a Nd:ASL pump laser emitting at 1.05 um enabling intracavity upconversion
pumping of a Tm:YLF crystal, an output power of 1.81 W at 2.3 pm has been demonstrated for
an intracavity pump power of 30 W at 1.05 um [18] corresponding to a power of the primary
pump diode of 42 W at 790 nm. Similar intracavity pumping schemes have also been reported
for other laser transitions of rare-earth ions [19-22].

One interesting question to raise concerning the intracavity pumping scheme is its remarkable
adaptability with respect to absorption. By absorbing less pump power at ~1 um, the Tm-crystal
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introduces less losses inside the pumping cavity thereby allowing the intra-cavity power to be
higher. This observation motivated us to focus on pump wavelengths detuned not only from
the GSA lines, but also from the narrow ESA absorption peaks of Tm>* ions, leveraging the
requirements for the choice of the pump laser.

In this work, we report on a proof-of-concept of off-resonance intracavity upconversion
pumping relying on the well-developed technology of diode-pumped Nd:YVO;, lasers emitting
at 1.064 pm, benefiting from the high efficiency and high gain of these sources. Using an
off-resonance pump laser, Fig. 1(b), it is expected that the intrinsic feedback of the double-cavity
laser will compensate for the lack of pump absorption by having higher intracavity power favored
by the high gain of the Nd:Y VO, crystal. By combining this high gain with the relatively weak
absorption of the Tm-crystal in the case of off-resonance pumping, the intracavity pumping
presents a great opportunity to develop a novel approach for high-power, efficient 2.3 um lasers
that are competitive with the direct diode-pumping scheme.

2. Laser setup

The primary pump source consists of a high-power fiber-coupled (numerical aperture, N.A. = 0.22,
fiber core diameter: 200 um) AlGaAs laser diode delivering up to 40 W at 0.8 um with a spatially
multimode output. This laser diode is used to pump a 5 mm-long, 1 at.% Nd:YVOy laser crystal.
The input face of the Nd-crystal is coated to achieve high transmission (HT) at 0.8 um and high
reflection (HR) at 1.064 nm thus serving as a pump mirror. Another surface of this crystal
is antireflection coated for both the pump and laser wavelengths. The Nd-crystal is placed in
a V-shaped cavity. The concave folding mirror, placed at 20 cm from the crystal, (radius of
curvature: RoC =-300 mm) provides HT at 0.8 um and HR at 1.064 pm thus removing the
residual (non-absorbed) pump. Another cavity arm is terminated by a plane highly reflective
mirror with the goal of optimizing the intracavity power at 1.064 um.

Furthermore, we nest the 2.3 pm V-shaped Tm-laser cavity inside the pumping cavity, as
depicted in Fig. 2(a). To realize this, inside the 1.064-um cavity, we use two dichroic mirrors
coated for HT at 1.064 um and HR at 2.3 pm. One of them is flat, placed at approximately 1
m from the 1.064 um folding mirror, and acts as a rear mirror, while the other one is concave
(RoC =-200 mm), placed at roughly 8 cm from the first one, acting as a folding mirror. The
intracavity dichroic mirrors allow for circulation of the 1.064-um pump radiation through the
Tm-crystal. A secondary beam waist for the 1.064-um laser is created using a pair of antireflection
coated intracavity lenses (focal lengths: f =80 mm and 100 mm). The Tm:YLF crystal is placed
in this secondary beam waist at normal incidence. The estimated waist size for the 1.064-um
laser mode is 45 um. The Tm-laser cavity is terminated by a plane output coupler (OC) allowing
for extraction of the 2.3-um radiation. We study multiple a-cut Tm:YLF laser crystals, allowing
us to explore a range of Tm** doping concentrations from 2 at.% to 6 at.% Tm, and different
output coupler transmissions ranging from 0.85% to 3.1%. To extend the range of the available
effective output coupling rates, we adapt the 2.3-um laser cavity by allowing multiple bounces on
different couplers as shown on the inset in Fig. 2(b). This setup allows oscillations, of both the
Nd:YVO, and Tm:YLF lasers, in the continuous-wave regime without instabilities.

The stimulated-emission cross-section of Nd* ions in YVOy is 12 x 1071 cm™2 at 1.064 um
for light polarization s, and due to a strong intrinsic gain anisotropy of the Nd:YVOy crystal,
the 1.064 um laser emission has linear polarization being independent of the absorption loss
anisotropy of the Tm:YLF crystal. The ESA cross-sections of Tm** ions in LiYF; at 1.064 um
amount to 0.08 X 1072 cm=2 and 0.04 x 1072’ cm 2 for o and m light polarizations, respectively,
see Fig. 1(b). As the pump radiation is linearly polarized, one can choose the pump polarization
of the Tm:YLF crystal by simply rotating it at 90°.
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Fig. 2. 2.3-um Thulium laser based on a Tm:LiYFy crystal with off-resonance intracavity
upconversion pumping by a 1.064-um diode-pumped Nd:YVOy laser: (a) layout of the laser
setup; (b,c) optional configurations of the collimated arm of the 2.3-um laser cavity: (b)
adding bounces on different couplers to explore higher output coupling rates; (c) introducing
losses via an uncoated plate of sapphire, CaF, or germanium to measure the small-signal
gain.

We also perform the measurements of small-signal gain for the 2.3-um Tm-laser. To do so,
since the gain is high, the applied output couplers are not sufficient, and an uncoated plate is
inserted in the cavity to vary the Fresnel losses by rotating it, as shown in Fig. 2(c).

3. Polarization anisotropy of 1.064-um upconversion pumping

The initial experiments have been performed using a 1 cm-thick 2 at.% Tm:YLF crystal and
a conventional 3.1% output coupler. Since the selected pump wavelength is not in resonance
with any of the discrete and narrow ESA peaks of Tm>* ions in LiYFy, it is interesting to figure
out what is the effect of the 1.064-um pump polarization in the Tm-crystal on its 2.3-um laser
performance. Indeed, as shown in Fig. 1(b), the ESA cross-section at 1.064 um is higher for
o-polarized light. When operating at pump intensities being sufficiently high to enable the photon
avalanche process seeding the ESA from the intermediate 3F4 manifold, the measured pump
absorption at 1.064 um in the Tm-crystal is about 5% per pass for ¢ polarization and 1.8% per
pass for m polarization, Fig. 3(a).

We employed a steady-state rate-equation model that accounts for cross-relaxation driving
the photon avalanche mechanism to simulate the dependence of single-pass pump absorption
on pump power, as shown by the curves in Fig. 3(a). This approach is similar to that described
in [18]. The spectroscopic data were taken from [30]. In addition, we measured the round-trip
absorption of the 1.064-um radiation in the Tm:YLF crystal by monitoring the residual pump
after the highly reflective mirror with a radius of curvature of -300 mm. Due to its transmission
at 1.064 um being only 0.16%, this measurement unfortunately resulted in a large error. From
these data, we extracted the experimental single-pass absorption shown by the points in Fig. 3(a)
along with the error bars. Despite a large r.m.s. deviation of the measured data, they reasonably
agree with the model, especially at high pump levels, considering also the precision of the ESA
spectral measurements by the pump-probe method.

This difference of absorption naturally leads to a difference in the output power at 2.3 um
which is lower for it polarization pumping than that for o polarization pumping, measuring 0.7
W and 1.67 W, respectively, for a fixed diode pump power of 14.5 W, Fig. 3(c). Given the lower
pump absorption, pumping into 7 polarization leads to a higher intracavity pump power at 1.064
um as compared to pumping into orthogonal polarization, reaching 120 W (st) versus 55 W (o)
for a fixed diode pump power of 14.5 W, see Fig. 3(d). However, this significant increase of the
intracavity pump power does not fully compensate for the lower pump absorption and, as a result,
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Fig. 3. Effect of the 1.064-um pump polarization (corresponding to 7 or ¢ in the Tm-
crystal) on the laser performance for a 1 cm-thick, 2 at.% Tm:YLF crystal: (a) single-pass
pump absorption vs. intracavity pump power at 1.064 um: symbols — experiment, curves —
rate-equation modeling; (b) measured temperature difference between the pump spot and
the edge of the crystal vs. intracavity pump power, with and without laser action at 2.3
um; (c) output power at 2.3 um vs. laser-diode power; (d) intracavity power at 1.064 um vs.
laser-diode power.

the output power at 2.3 um is lower. For the rest of the study, we will consequently focus on
pumping into o polarization which provided the best results in terms of the power scalability at
2.3 um.

We also compared thermal effects in the Tm-crystal when pumping into both polarization
eigen-states. In the absence of laser emission at 2.3 pm (under non-lasing conditions), the
dependences of the measured temperature difference on the intracavity power at 1.064 um are
similar for both pump polarizations, and the temperature rise is relatively low (about 10 K at the
maximum intracavity pump power). However, when the 2.3-um Tm-laser is allowed to operate,
the heating is more significant. This effect can be explained by the fact that after emission of a
laser photon according to the 3Hy— 3Hj transition at 2.3 um, the *Hs — 3F, de-excitation is
non-radiative and contributes to heat generation. Without laser emission at 2.3 um, the *H; —
3Hs path has very low probability, as the corresponding luminescence branching ratio is only
4% [23]. The de-excitation occurs via radiative transitions *Hs — *Hg and 3F4 — 3Hg, and
the corresponding heat generation is much weaker. Consequently, thermal management of the
Tm-crystal is essential for power scaling of 2.3 um lasers. In the next Section, we will study and
try to limit the effect of heating due to the laser emission at 2.3 um.
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4. Output power and thermal load optimization

We are now going to optimize the laser performance by choosing the optimal output coupling
for a 1 cm-thick 2 at.% Tm:YLF crystal, and managing thermal issues. Experimentally, we
monitored the output power and the temperature of the crystal surface with a mid-IR thermal
camera. We limited the temperature elevation in the Tm-crystal to 100 K to prevent any risk of
its thermal fracture. In this case, a temperature difference of 40 K between the central pumping
zone and the edge of the crystal is observed.

In this experiment, we show that it is possible to reduce the thermal load by increasing the
output coupler transmission at 2.3 um, see Table 2 summarizing the results. This phenomenon can
be explained by the fact that the temperature elevation is primary correlated with the intracavity
power at 2.3 um, Fig. 4(a). To model crystal heating, we assume that the thermal load is uniformly
distributed along the entire length of the crystal. This strong assumption is nevertheless justified
by the very low absorption of the pump by the crystal and the double-side pumping. In this way,
we can model our system with a thermal load uniformly distributed longitudinally and localized
within the pumped material volume. In this case, we can express the temperature difference
between the crystal center and the periphery using the formula:

X (In (&) +1
Wp
where P, is the absorbed power, k =5.8 Wm'K! is the thermal conductivity of the material,

L =1 cmis the crystal length, 7., = 1.5 mm is the crystal radius, and w, =45 pm is the pump
waist.
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Fig. 4. Temperature difference in the 2 at.% Tm:YLF crystal under intracavity upconversion
pumping at 1.064 um for different output coupler (OC) transmissions: (a) versus the
intracavity power at 2.3 pm; (b) versus the intracavity power at 1.064 um.

Ultimately assuming that all the absorbed pump power is converted into heat, we obtain an
upper estimate of the crystal heating. For an intracavity pump power of 42.3 W, this yields
a maximum temperature difference 47, of 61 K. Table 1 compares the various thermal
measurements made, giving an estimate of the fractional heat loading 7, for each coupler at a
given diode power.

Therefore, when the output coupling rate increases, the intracavity power at 2.3 um decreases
for the same output at this wavelength. Consequently, it is possible to decrease the heating of the
Tm-crystal while maintaining the same output power at 2.3 um simply by increasing the output
coupling (at the expense of an increased laser threshold). To maintain the same laser output at
2.3 um, one needs to rise the pump power. Since a given intracavity power at 2.3 um mainly sets
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Table 1. Thermal Load Ratio for Different Output-Coupling Rates in the Intracavity Pumped
Thulium Laser

Toc (%) 0.85 2.2 3.1 43 52 73 0
Pinp3—pym (W) 73 57 41 32 26 18 0
171 (%) 66.2 42.5 31.9 22.4 20.7 15.6 9.4

Table 2. Output Performance of Upconversion Intracavity Pumped Tm:YLF Laser at 2.3 um

Doping Toc Output power at | Temperature Laser-diode AT/P Efficiency
(at.%) (%) 2.3 um (W) difference AT (K) power P (W) (K/W) (%)
2 0.85 0.62 40.5 11.6 3.49 54
2 22 2.03 42 18.1 2.32 12.8
2 3.1 2.23 41 19 2.15 12.9
2 43 2.4 25.5 19.6 1.30 14.4
2 52 2.7 28 20.4 1.37 16.8
2 7.3 2.53 24 21.3 112 13
2.5 3.1 1.68 20 18.2 1.10 10.6
3 3.1 1.52 26 18.2 1.42 9.6
6 3.1 0.85 50 16 3.13 8

the temperature elevation, increasing the output coupler transmission will permit one to increase
the output power (for a given intracavity power) and push forward the temperature limitations.
This point is illustrated in Fig. 4(b). For small output coupling rates, we rapidly reach the heating
limit of the Tm-crystal, which restricts the pump power at low levels. On the other hand, the use
of higher transmissions of the output coupler allows for accessing much higher pump levels. Of
course, further increase of the output coupler transmission would involve finding a compromise
between an increased laser threshold and deteriorated slope efficiency.

To validate the selection of the optimum output coupler, we also inserted an uncoated CaF,
plate in the Tm-laser cavity. By rotating it, we could introduce continuously tunable Fresnel losses
(with the minimum value corresponding to the Brewster angle). For adequate comparison and to
avoid any risk of thermal fracture, we limit the laser diode power to 10 W. By measuring the four
Fresnel reflections versus the angle of plate orientation (converted in equivalent output coupler
transmission), we find that the best performances are obtained for an output coupling of 6%, as
shown in Fig. 5(d). By extrapolating the obtained curve, we estimate that the Tm-laser could
operate using much higher output coupler transmission meaning an important small-signal-gain.
However, due to the relatively small refractive index of CaF,, the angle of the plate corresponding
to the laser threshold was not accessible without creating diffraction losses at the plate edges. To
resolve this problem, we replaced the CaF, plate with a germanium one, and we adjusted the
pump power to its maximum (for large angles). We measured a round-trip small-signal gain
of 2.9 which is, to our best knowledge, the highest value ever reported in the literature for any
Tm:YLF laser operating at 2.3 pm. Table 3 overviews the key achievements in the development
of 2.3 um Tm:YLF lasers reported so far.
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Fig. 5. Optimization of the output performance of an intracavity upconversion pumped 2.3-
um Tm laser employing a 1 cm-thick 2 at.% Tm:YLF crystal: (a) power transfer curves plotted
versus laser-diode power at 0.8 um; (b) intracavity power at 1.064 um versus laser-diode
power; (c) an example M? measurement for 2.3-um laser emission with the corresponding
beam profile; (d) total output power at 2.3 um and the corresponding intracavity power at 2.3
um for a fixed laser-diode power of 10 W versus the equivalent output coupler transmission
(varied via Fresnel reflections on the plate); (e) a typical output spectrum of the 2.3 um laser.

Table 3. An Overview of Continuous-Wave Tm:YLF Lasers at 2.3 pm Reported so Far

Doping Pump wavelength, Toc Output power at ~ Pump power — Optical-to-optical Ref.
(at.%) Tm crystal (nm) (%) 2.3 um (W) laser diode (W) efficiency (%)

35 789 (LD%) 1.3 1.68 19.1 8.8 [10]
3 790 (LD) 2 31 34 9.1 [28]
1.5 780 (TiSa) 2 0.22 - 11 [31]
1.5 780 (TiSa) 1 0.12 - 124 [32]
1.15 685 (LD) and 1.2 0.5 Sat685nm,20at 2 [33]

960 (LD) 960 nm

3.5 1040 (TiSa) 0.7 0.102 11.7 [14]
3 1055 (Yb-SSL) 1 0.35 30 1.2 [28]
3 1050 (Yb-SSL) 3 0.11 21 0.5 [29]
2.5 1051 (Nd-SSL) 2.5 1.81 42 43 [18]
2 1064 (Nd-SSL) 52 2.7 20.4 13.2 This work

“Pump sources: LD — laser diode, TiSa — Ti:Sapphire laser, Yb- and Nd-SSL — Ytterbium and Neodymium solid-state
laser, respectively.

5. Influence of the Tm doping level

The doping level of the Tm:YLF laser crystal was also varied to enhance understanding and
complete the optimization process. We used four different crystals with the doping levels of 2
at.%, 2.5 at.%, 3 at.%, and 6 at.% and respective thicknesses of 10 mm, 8 mm, 8 mm, and 5 mm
(all crystals were a-cut).
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First, we observe that for the doping levels above 3 at.%, laser oscillations at 1.9 pm on the
3F, — 3Hg transition could be achieved. Indeed, as one can observe in Fig. 6(b) representing
the 2.3-um laser performance with and without cascade laser operation (i.e., with and without
colasing at 1.9 um [24]), the cascade laser regime is obtained at the expense of the 2.3 um laser.
Consequently, it is better to insert in the cavity a plane mirror coated for high transmission at 1.9
um to suppress the cascade laser operation. The 1.9 pm emission sinks some of the population of
the metastable 3F, level, thus reducing the exited-state absorption at 1.064 um from this level

and consequently deteriorating the efficiency of the 2.3 um laser.
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Fig. 6. Effect of the Tm doping level on the output performance and heating of an intracavity
upconversion pumped Tm:YLF laser: (a,b) power transfer curves plotted versus laser-diode
power: (a) effect of the Tm doping level; (b) effect of the cascade laser operation at 1.9 um
and 2.3 um on the output performance, 3 at.% Tm-doped crystal; (c) temperature difference
between the central pumping zone in the crystal and its edge versus laser-diode power.
Output coupling: 3.1%.

The laser performance at 2.3 um for different active elements was then compared without
cascade laser emission, as shown in Fig. 6(a). The 2 at.% Tm-doped crystal provided the best
results in terms of slope efficiency and output power. This trend can be easily explained by the
dependence of the rate of energy-transfer processes between the active ions on the doping level.
By increasing the doping level, we reduce the distances between neighboring ions inside the
matrix and, as a main consequence for Tm?3* ions, the cross-relaxation effect becomes more
significant. In our case, the cross-relaxation process empties the upper level of the laser transition
3H,; — 3Hs, thus reducing the gain at 2.3 pm.

The deteriorated performance of heavily doped crystals can be partially assigned to more
severe thermal issues. We monitored the heating of each crystal during the experiment to reveal
the effect of Tm doping on the temperature elevation. We observe that on increasing the doping
level, the heating of the crystal substantially increases. In particular, for the 6 at.% Tm-doped
crystal, the temperature difference is as high as 50 K for 15 W of laser-diode power, see Fig. 6(c).
More generally, for the same intracavity power, the higher the doping level of the crystal, the
greater the temperature difference. This phenomenon can be explained by the drop of thermal
conductivity of the crystal with rare-earth doping [25-27]. In conclusion, increasing the doping
level tends to reduce the performances due to both the cross-relaxation (self-quenching) effect
and thermal issues.

6. Conclusion

In conclusion, our study demonstrates a record-high output power at 2.3 um for any Tm:YLF laser,
using an off-resonance intracavity upconversion pumping scheme, achieving 2.7 W at 2.3 um for
20.5 W of laser-diode power. Indeed, even although the pump absorption of the Tm-crystal at
1.064 um was only around 5%, it was largely compensated by the intracavity pumping architecture
and the use of a high-gain and efficient Nd:YVOy laser crystal. By monitoring the temperature
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of the Tm:YLF crystal, we showed that the crystal heating is mainly caused by the 2.3 um
intracavity power. The intracavity pumping scheme allowed us to split the overall thermal load
between the Nd:YVO,4 and Tm:YLF crystals which was beneficial for power scaling. Moreover,
by optimizing the output coupler transmission, it was possible to operate the laser at higher pump
powers avoiding the risk of crystal fracture. After examining the effect of pump polarization
on the 2.3-um laser performance, we conclude that further decreasing absorption would not
benefit laser performance. Finally, by studying different doping levels for the Tm:YLF crystal,
we showed that lower doping seems more adapted for power scalable laser operation. Moreover,
with Tm doping above 3 at.%, even when an upconversion pumping scheme is used, which is
conceptually unfavorable for cascade laser operation, a detrimental 1.9 pm laser emission can be
observed at the expense of the 2.3 pm laser emission. Finally, we demonstrate that higher doping
concentrations also tend to increase the thermal issues in the laser crystal.
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