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Dual-wavelength-pumping of mid-infrared Tm:YLF laser at 2.3 µm: demonstration of pump seeding and recycling processes

Upconversion pumping of thulium lasers emitting around 2.3 μm (the 3 H4 → 3 H5 transition) has recently attracted a lot of attention as it is compatible with the mature Yb-laser technology. To explore this possibility, we built a mid-infrared Tm:LiYF4 laser pumped by an Yb:CaF2 laser at 1.05 μm delivering an output power of 110 mW at 2.31 μm for a maximum incident pump power of 2.0 W. A strong absorption issue appeared in the Tm laser: the slope efficiency vs. the incident pump power was 7.6% while that vs. the absorbed pump power reached 29%. To overcome this issue, a dual-wavelength pumping at 0.78 μm and 1.05 μm was explored (combining both the direct and upconversion pumping schemes). The reciprocal interplay between the two pumps was studied to evaluate their benefits in terms of the pump absorption and laser efficiency. We observed an interesting decrease of the laser threshold for upconversion pumping when adding a small fraction of the direct pump revealing a seeding effect for the excited-state absorption from the metastable 3 F4 level. A recycling process of this manifold by excited-state absorption in the 3 F4 → 3 F2,3 loop was also observed. The pump absorption seeding is a viable route for the development of low-threshold upconversion pumped thulium lasers.

Introduction

Mid-infrared (MIR) lasers emitting at the wavelengths around 2.3 μm (falling into the 2.0-2.4 µm atmospheric window, the K band) are of practical importance for spectroscopy of various atmospheric and biological species such as HF, CO, CH4, H2CO and C6H12O6 leading to applications in the atmosphere gas sensing and pollutant detection, combustion studies and non-invasive glucose blood measurements [START_REF] Mcaleavey | Narrow linewidth, tunable Tm 3+ -doped fluoride fiber laser for optical-based hydrocarbon gas sensing[END_REF][START_REF] Taylor | Photon counting LIDAR at 2.3 µm wavelength with superconducting nanowires[END_REF]. Such laser sources are also interesting for pumping of mid-infrared optical parametric oscillators (OPOs) [START_REF] Petrov | Frequency down-conversion of solid-state laser sources to the mid-infrared spectral range using non-oxide nonlinear crystals[END_REF].

There exist several approaches to address this spectral range, namely by using lasers based on zinc chalcogenide crystals (ZnS, ZnSe) doped with Cr 2+ ions [START_REF] Moskalev | Ultrafast middle-IR lasers and amplifiers based on polycrystalline Cr:ZnS and Cr:ZnSe[END_REF]; semiconductor (GaInAs / InP or GaInAsSb / GaSb) Vertical-Cavity Surface-Emitting Lasers (VCSELs) [START_REF] Geerlings | Widely tunable GaSb-based external cavity diode laser emitting around 2.3 µm[END_REF]; Ramanshifted pulsed Tm or Ho lasers with a fundamental emission at 2 μm [START_REF] Sheintop | Two-wavelength Tm:YLF/KGW external-cavity Raman laser at 2197 nm and 2263 nm[END_REF] or (iv) OPOs [START_REF] Petrov | Frequency down-conversion of solid-state laser sources to the mid-infrared spectral range using non-oxide nonlinear crystals[END_REF].

Finally, the thulium ions (Tm 3+ ) themselves can provide a direct generation of the 2.3 μm radiation [START_REF] Caird | Characteristics of room-temperature 2.3-µm laser emission from Tm 3+ in YAG and YAlO3[END_REF][START_REF] Pinto | Tm 3+ :YLF laser continuously tunable between 2.20 and 2.46 μm[END_REF] according to the 3 H4 → 3 H5 electronic transition, Fig. 1(a). Note that Tm 3+ ions can be efficiently pumped at 0.78-0.8 μm (directly to the 3 H4 state) using commercial highpower AlGaAs laser diodes [START_REF] Kifle | Watt-level diode-pumped thulium lasers around 2.3 µm[END_REF]. The main advantages of 2.3 μm bulk Tm lasers are the developed growth technology of high optical quality Tm 3+ -doped fluoride and oxide crystals, the availability of cheap ; simple and high-power pump sources (e.g., fiber-coupled AlGaAs diode lasers and Yb fiber lasers, see below) ; direct laser emission at 2.2-2.4 μm avoiding any frequency conversion steps ; the possibility to operate both in the continuous-wave and pulsed regimes and high quality of the laser beam. In this way, Tm lasers operating on the 3 H4 → 3 H5 transition may represent a simple and cheap alternative to Cr 2+ -ion-based lasers at the expense of much narrower gain bandwidth. The emission range of such Tm lasers is also filling the gap between other direct emission of rare-earth-ions in the near-mid-IR, namely Ho 3+ ( 5 I7 → 5 I8, ~2.1 μm) and Er 3+ ( 4 I11/2 → 4 I13/2, ~2.8 μm).

During the last years, a great progress in developing continuous-wave (CW) [START_REF] Loiko | Efficient Tm:LiYF4 lasers at ~2.3 μm: Effect of energy-transfer upconversion[END_REF][START_REF] Yorulmaz | Low-threshold diode-pumped 2.3-µm Tm 3+ :YLF lasers[END_REF][START_REF] Guillemot | Close look on cubic Tm:KY3F10 crystal for highly efficient lasing on the 3 H4 → 3 H5 transition[END_REF][START_REF] Loiko | Highly efficient 2.3 µm thulium lasers based on a high-phonon-energy crystal: evidence of vibronic-assisted emissions[END_REF][START_REF] Guillemot | Continuous-wave Tm:YAlO3 laser at ~2.3 μm[END_REF] and mode-locked (ML) [START_REF] Soulard | 2.3 μm Tm 3+ :YLF mode-locked laser[END_REF][START_REF] Canbaz | Kerr-lens mode-locked 2.3-μm Tm 3+ :YLF laser as a source of femtosecond pulses in the mid-infrared[END_REF] Tm lasers operating on the 3 H4 → 3 H5 transition has been demonstrated using various (both fluoride and oxide) laser crystals. Guillemot et al. reported on a CW Tm:KY3F10 laser directly pumped at 0.78 μm and generating 0.84 W at 2.34 μm [START_REF] Guillemot | Close look on cubic Tm:KY3F10 crystal for highly efficient lasing on the 3 H4 → 3 H5 transition[END_REF]. Loiko et al. showed that the slope efficiency of such a laser may exceed the Stokes limit owing to the efficient energy-transfer upconversion (ETU) process for adjacent Tm 3+ ions, 3 F4 + 3 F4 → 3 H6 + 3 H4, Fig. 1(a), refilling the upper laser manifold [START_REF] Loiko | Efficient Tm:LiYF4 lasers at ~2.3 μm: Effect of energy-transfer upconversion[END_REF]. Soulard et al. reported on a SESAM ML Tm:LiYF4 laser delivering 94 ps pulses at 2.31 μm [START_REF] Soulard | 2.3 μm Tm 3+ :YLF mode-locked laser[END_REF]. Canbaz et al. achieved femtosecond pulses (514 fs) from a similar laser using the Kerr-lens mode-locking technique [START_REF] Canbaz | Kerr-lens mode-locked 2.3-μm Tm 3+ :YLF laser as a source of femtosecond pulses in the mid-infrared[END_REF]. Note that both ML lasers were pumped by a Ti:Sapphire laser at 0.78 μm.

Later, alternative upconverison (UC) pumping schemes at 1 μm and 1.5 μm were proposed for such lasers [START_REF] Guillemot | Thulium laser at ∼2.3 μm based on upconversion pumping[END_REF][START_REF] Morova | Upconversion pumping of a 2.3 µm Tm 3+ :KY3F10 laser with a 1064 nm ytterbium fiber laser[END_REF]. Among them, the first one is more attractive as it is compatible with the mature Yb-bulk and Yb-fiber laser technologies. It is based on a weak (non-resonant) groundstate absorption (GSA) corresponding to the short-wave vibronic sideband of the 3 H6 → 3 H5 Tm 3+ absorption band and a strong (resonant) excited-state absorption (ESA) from the metastable Tm 3+ state, 3 F4 → 3 F2,3, Fig. 1(a). The population of the intermediate level 3 F4 is mainly provided by the photon avalanche effect [START_REF] Joubert | Model of the photon-avalanche effect[END_REF] relying on both the above-mentioned resonant ESA channel and the well-known cross-relaxation (CR) process for Tm 3+ ions, 3 H4 + 3 H6 → 3 F4 + 3 F4. Note that due to the non-resonant nature of the GSA transition, the population of the 3 F4 state via the non-radiative path from the short-living 3 H5 state is almost negligible.

The photon avalanche process recycles the populations of Tm 3+ multipets in favor of the 3 H4, and 3 F4 ones acting as the upper laser level and the "effective" ground-state, respectively.

Tyazhev et al. reported on a watt-level Tm fluoride fiber laser generating 1.24 W at 2.28 μm with a slope efficiency of 37% based on a single-wavelength UC pumping at 1.05 μm using an Yb-fiber laser [START_REF] Tyazhev | Watt-level efficient 2.3 µm thulium fluoride fiber laser[END_REF].

So far, the main disadvantages of the UC pumping scheme for bulk MIR Tm lasers are the limited pump absorption and relatively high laser threshold. This is explained by the need of populating the intermediate 3 F4 Tm 3+ state via the photon avalanche mechanism which becomes efficient only at high pump intensities. It would be attractive to combine both pump schemes (direct and UC pumping) to improve these performances. Wang et al. studied dual-wavelength pumping at 0.79 and 1.47 μm: a diode-pumped Tm:LiYF4 laser delivered 1.8 W at 2.31 μm for a total incident pump power of 70 W [START_REF] Wang | GSA and ESA dual-wavelength pumped 2.3 μm Tm:YLF laser on the 3 H4→ 3 H5 transition[END_REF]. Besides the low optical-to-optical efficiency of only 2.5%, the output power of the Tm laser saturated while increasing the pump power at 1.47 μm and no lasing under single UC pumping was achieved. Thus, the potential of dual-wavelength pumping was not clearly revealed.

In the present work, we report on a mid-infrared thulium laser operating on the 3 H4 → 3 H5 transition with a dual-wavelength (direct and upconversion) pumping at 0.78 and 1.05 μm (i.e., relying on the Yb-laser technology). As a gain material, we have selected Tm 3+ -doped lithium yttrium fluoride crystal (LiYF4) which currently appears as a state-of-the-art material for this type of lasers.

Experimental

Spectroscopy of Tm:LiYF4: An overview

Prior to the laser experiments, let us briefly describe the relevant spectroscopic parameters of Tm 3+ ions in the LiYF4 crystal. The stimulated-emission cross-section for the 3 H4 → 3 H5 transition reaches σSE = 0.52×10 -20 cm 2 at 2303 nm for π-polarization, Fig. 1(b). The intrinsic lifetime of the upper laser level 3 H4 τlum,0 = 2.3 ms and for 3.5 at.% Tm doping, the selfquenching via CR leads to a reduced value of τlum ~155 μs [START_REF] Loiko | Efficient Tm:LiYF4 lasers at ~2.3 μm: Effect of energy-transfer upconversion[END_REF]. For the 3 H6 → 3 H4 GSA transition, the peak cross-section σGSA = 0.85×10 -20 cm 2 at 779.9 nm for π-polarization (bandwidth at FWHM: 7.6 nm), see Fig. 1(c). For the 3 F4 → 3 F2,3 ESA transition, the peak cross-section σESA = 0.63×10 -20 cm 2 at 1042.0 nm and at longer wavelengths, another less intense peak appears with σESA = 0.32×10 -20 cm 2 at 1051.6 nm (for σ-polarization), Fig. 1(d).

The FWHMs of these peaks are 2.5 nm and 4.3 nm, respectively. The 3 H6 → 3 H5 GSA is weak between 1000 nm and 1100nm (σGSA ≈ 0.01×10 -20 cm 2 in this region) since it is located in the tail of the peak at 1.20 µm (for 𝜋-polarization) that has a value of σESA = 0.62×10 -20 cm 2 . 

Laser set-up

The scheme of the dual-wavelength-pumped MIR thulium laser is shown in Fig. 2. As a gain medium, we use an a-cut 3.5 at.% Tm:LiYF4 crystal (Ф=8.5 mm, thickness=8.14 mm). Its faces are polished to laser-quality with good parallelism and left uncoated. The crystal is glued to a Cu-holder and it is passively cooled. A hemispherical laser cavity is composed of a flat pump mirror (PM) coated for high transmission (HT) at the pump wavelengths (T = 95% at 1.05 μm and 0.78 μm) and high reflection (HR, R > 99.9%) at 2.3 μm, and a concave (radius of curvature: RoC = -100 mm) output coupler (OC) having a transmission at the laser wavelength TOC = 2%.

The OC also provides HT at 1.9 μm to suppress the laser on the 3 F4 → 3 H6 transition. The geometrical cavity length is 99 mm. The second pump source is designed to address the 3 F4 → 3 F2,3 ESA transition (the UC pumping scheme). A home-made tunable Ytterbium-bulk laser is based on a 2 at.% Yb:CaF2 crystal pumped by a fiber-coupled InGaAs laser diode at 979 nm. A V-shaped laser cavity is composed of a flat pump mirror, a concave (RoC = -200 mm) HR mirror and a plane OC (TOC = 5%). The wavelength tuning is realized by inserting an SF10 prism close to the OC. The maximum of the output power of the tunable Yb:CaF2 laser is observed at ~1.05 μm, thus, we select the thulium ESA peak at 1051.6 nm for UC pumping, cf. Fig. 1(b), even though another ESA peak at 1042.0 nm is more intense. The tunable Yb-laser delivers up to 1 W at λP,UC = 1050 nm (linewidth: ~3 nm) with a linear polarization corresponding to σ in the Tm-crystal.

Without the prism, in the free-running regime, the Yb-laser can be scaled up to 2 W (after the polarizer Fig. 2) at a central wavelength of 1050 nm. The size of the pump beam from the Yblaser is adjusted using an afocal telescope system composed of two lenses (L2: f = 75 mm, L3: f = 100 mm) and the polarization stateusing a half-wave plate. For this pump source, the measured pump spot size in the crystal 2wP is 30±5 µm (for L1 lens with a focal length of f = 50 mm, being the optimum one for pure UC pumping). The two pump beams are combined using a polarizing beam-splitter cube (Thorlabs PBS252). The pumping is in double-pass because of the partial reflectivity of the OC at the pump wavelengths (R0.78μm = 64% and R1.05µm = 28%). The residual (non-absorbed) pump after the OC is filtered out using a band-pass filter (Thorlabs, FB2250-50).

Results and discussion

The wavelength of the Yb:CaF2 laser is continuously tuned from 1032 to 1054 nm, Fig. 3(a).

To justify the selection of the pump wavelength, we have studied the single-pass pump absorption as a function of λP,UC and the incident pump power, Fig. 3(b). The highest pump absorption is observed at 1050 nm in agreement with the ESA spectra of Tm 3+ ions in LiYF4 for σ-polarization, cf. Fig. 1(d). A certain pump level is needed to reach a kind of plateau for pump absorption (~30%). Thus, tuning the pump wavelength to match precisely one of the ESA peaks is indeed critical as otherwise we are not able to reach reasonably high pump absorption even for high pump levels. Due to the different physical processes involved in the pump absorption between the cases of direct pumping (the GSA 3 H6 → 3 H4 transition following a classical Beer-Lambert absorption law) and UC pumping (the ESA 3 F4 → 3 F2,3 transition based on a photon avalanche effect), it is found that different focal lengths of the L1 focusing lens lead to optimum laser performances in these two cases. Indeed, shorter focal length (f = 50 mm) is preferable for pure UC pumping as it leads to higher incident pump intensity and, thus, stronger photon avalanche effect and higher pump absorption. In contrast, for pure direct pumping, an L1 lens with f = 150 mm provides better mode matching with a relatively good absorption efficiency since the absorption coefficient is independent of the pump intensity.

First, we study single-wavelength UC pumping. As explained above, an L1 lens with a focal length of f = 50 mm is used, Fig. 4(a). Pumping at λP,UC = 1.05 μm (the 3 F4 → 3 F2,3 ESA transition), the output power of the MIR Tm-laser reaches 110 mW at 2.31 μm with a slope efficiency 𝜂 of 7.6% (vs. the incident pump power P1.05μm) and a laser threshold of 0.51 W.

However, the slope efficiency vs. the absorbed pump power is relatively high, 29%, which then rises the interest of using the Yb-laser technology for pumping Tm 3+ -doped materials emitting at 2.3 µm. A typical spectrum of the laser emission is shown in Fig. 4(b). The laser emitted linearly polarized radiation (π) and its polarization state is naturally selected by the anisotropy of the gain medium. To illustrate the superiority of the short focal length L1 lens for pure UC pumping, both the input-output dependences of the Tm-laser for f = 50 mm and f = 150 mm are given in Fig. 4(a). Using the latter lens, the maximum output power of the MIR Tm-laser was only 80 mW corresponding to an increased threshold of 1.2 W. The dual-wavelength pumping is studied by fixing the power level of one pump source and varying that of the second one. The laser output powers are plotted versus the total incident pump power, PΣ = P0.78μm + P1.05μm and the slope efficiency and the laser threshold are determined with respect to PΣfor fair comparison. To assist UC pumping, the P0.78μm value is fixed at several different levels and P1.05μm is varied, as shown in Fig. 5(a). With increasing the added P0.78μm power up to 2.0 W, both the maximum output power of the Tm-laser and its slope efficiency 𝜂 gradually increase reaching 500 mW and 15.0%, respectively, Fig. 5(a,b). In all the experiments, the Tm-laser operates solely on the 3 H4 → 3 H5 transition and no laser at 1.9 μm is observed.

For completeness, we have also studied pure direct pumping using an L1 lens with a focal length f = 150 mm. As the goal of the present work is the observation of the mutual interplay between the two pumps, the laser cavity and the pump focusing optics are not separately optimized for direct pumping as in the previous studies [START_REF] Loiko | Efficient Tm:LiYF4 lasers at ~2.3 μm: Effect of energy-transfer upconversion[END_REF][START_REF] Yorulmaz | Low-threshold diode-pumped 2.3-µm Tm 3+ :YLF lasers[END_REF]. Pumping at λP,GSA = 0.78 μm (the 3 H6 → 3 H4 GSA transition), the MIR Tm-laser generates a maximum output power of 480 mW at 2.31 μm with a slope efficiency η of 20.9% (vs. the incident pump power P0.78μm) and a laser threshold of 0.47 W, Fig. 6(a). Then, we have again implemented dual-wavelength pumping: the added P1.05μm pump power is fixed at different levels and P0.78μm varies, Fig. 6(a).

With a maximum added P1.05μm pump power of 0.86 W, the maximum output power of the Tmlaser increases to 664 mW, its slope efficiency 𝜂 increases to 24.5%, whilst the laser threshold also increases up to 0.85 W, Fig. 6(b). In this way, an addition of a small fraction of upconversion pump to the direct one has much weaker effect on the laser performance. Let us discuss the observed laser behavior. The pumping at 0.78 μm leads to a direct excitation of Tm 3+ ions to the upper laser level ( 3 F4). It can result in an emission of a laser photon at 2.3 μm followed by a non-radiative (NR) relaxation step to the intermediate metastable level 3 F4 or in its population via the CR process for adjacent Tm 3+ ions, 3 H4 + 3 H6 → 3 F4 + 3 F4. Thus, for direct pumping, the metastable 3 F4 Tm 3+ state accumulates the electronic excitations. The UC pumping at 1.05 μm is based on a weak (non-resonant) GSA, 3 H6 → 3 H5, followed by a NR relaxation step to the 3 F4 state, and a resonant ESA, 3 F4 → 3 F2,3, again followed by a NR relaxation step terminating at the upper laser level, 3 H4. For low incident pump intensities, the ESA process is very weak because of the non-resonant GSA channel and, thus, negligible population of the metastable 3 F4 state. With increasing the incident pump intensity at 1.05 μm, both the 3 H4 and 3 F4 states accumulate electronic excitations owing to the photon avalanche mechanism based on a combination of the ESA and CR.

The population of the metastable 3 F4 state is crucial for boosting the efficiency of the ESA process 3 F4 → 3 F2,3 which is a prerequisite for efficient laser operation under pure UC pumping and the population of this state could be easily increased by direct pumping representing a seeding effect on the UC pump absorption. It is indeed priming the UC pumping. Thus, dualwavelength pumping relying mainly on the UC pump with a small addition of the direct pump could lead to reduced laser thresholds and boosted laser efficiencies of MIR Tm-lasers as compared to the case of pure UC pumping.

To illustrate this, we have plotted the measured laser thresholds of the dual-wavelengthpumped Tm laser for different combinations of the incident pump powers P0.78μm and P1.05μm, Fig. 7. The L1 lens with a focal length of 50 mm was chosen as it corresponded to the best performance in the case of pure UC pumping. In Fig. 7, each point represents a threshold pump power, Pth = P0.78μm + P1.05μm, then showing a combination of both pumps needed to reach the laser threshold. The intersections of this curve with the horizontal and vertical axes represent the two extreme cases of single-wavelength pumping: pure direct pumping with λP,GSA = 0.78 µm on the abscise axis, and pure UC pumping with λP,UC = 1.05 µm on the ordinate axis, respectively. Compared to single-wavelength UC-pumping, an addition of even a small contribution of the direct pump (P0.78μm < 0.2 W) helps to notably reduce the laser threshold in terms of the total pump power. This is due to the seeding effect of the direct pump on the population of the intermediate 3 F4 state as explained above. To highlight this effect, we also plotted the isopower lines in order to clearly see that this process is more pronounced for a small fraction of the direct pump revealing then a seeding effect. Another way to express the seeding effect of the added direct pump is to monitor the output power of the MIR Tm-laser as a function of the ratio between the added P0.78µm power and the total incident pump power PΣ, namely X = P0.78µm/PΣ. Figure 8 illustrates such analysis for a fixed value of PΣ = 2.0 W and for a focal length for L1 of f = 50 mm. Here, the cases of X = 0 and X = 1 correspond to pure UC pumping and pure direct pumping, respectively. As can be seen from Fig. 8, the main effect of adding the direct pump on the output power is observed for small X values and for X > 0.5, the dependence saturates, therefore indicating an area of interest towards lower X values. We have studied the total pump absorption in the Tm:LiYF4 crystal at both wavelengths (0.78 μm and 1.05 μm) under singleand dual-wavelength pumping and non-lasing conditions, Fig. 9. To assist UC pumping, the added P0.78µm power is fixed at several different levels and P1.05µm varies. For this experiment, the focusing lens L1 with a focal length of f = 50 mm is selected. One can then observe a strong effect of the dual-wavelength pumping on the pump absorption. This effect is also more impacting at lower level of λP,GSA = 0.78 μm For pure UC pumping, Fig. 9(a), the pump absorption at 1.05 μm increases with the incident pump power and saturates at ~34% for P1.05μm > 0.4 W. By adding more pump at 0.78 μm, this tendency changes first to almost pump-independent absorption (at P0.78μm = 0.19 W) and then it is even reversed representing an absorption saturation effect. The saturated pump absorption slightly increases with the added P0.78μm power, from 34% to 40%, as shown in Fig. 9(a), representing a positive effect of the dual-wavelength pumping. These observations are in line with the laser behavior, and they are explained by the increased population of the metastable 3 F4 state acting as an "effective" ground-state for the 3 F4 → 3 F2,3 ESA channel. It is for the first time that we observe a recycling process of the population of the metastable 3 F4 state by ESA in the 3 F4 → 3 F2,3 loop favoring the 2.3 µm laser. Despite the fact that the measurements are performed under non-lasing conditions, as the main effect of the dual-wavelength pumping on the pump absorption is observed below the laser threshold, so that the obtained conclusions held true for the lasing regime as well. The observed rapid increase of the pump absorption at 1.05 μm under co-pumping at 0.78 μm (even for relatively low added pump powers) is responsible for the useful decrease of the laser threshold of the dual-wavelength-pumped Tm:LiYF4 laser, cf. Fig. 7. It is also partially responsible of the increase of the laser slope efficiency, as shown in Fig. 5(b). Another possible reason is the nonlinearity of the input-output dependences of Tm lasers operating on the 3 H4 → 3 H5 transition [START_REF] Guillemot | Close look on cubic Tm:KY3F10 crystal for highly efficient lasing on the 3 H4 → 3 H5 transition[END_REF] due to the enhanced effect of ETU from the metastable 3 F4 state refilling the upper laser level.

Conclusion

To conclude, we have studied in detail the dual-wavelength (combining direct and upconverison) pumping of a Tm:LiYF4 laser operating on the 3 H4 → 3 H5 transition corresponding to an emission in the MIR, at 2.3 μm. As an UC pump source, we used a Yb:CaF2 laser tuned to one of the ESA ( 3 F4 → 3 F2,3) peaks of Tm 3+ ions at 1.05 μm. Such fine matching of the ESA peak was critical to reach a reasonably high pump absorption via the photon avalanche mechanism. This particular matching between the Yb:CaF2 pump and Tm:YLF laser technologies was experimentally demonstrated for the first time, in our best knowledge.. For pure UC pumping, the MIR Tm laser delivered 110 mW at 2.31 µm for 2.0 W of incident pump power corresponding to a slope efficiencies of 7.6% and 29% versus the incident and absorbed pump power, respectively. Furthermore, we found that the co-pumping at 0.78 μm helps to notably reduce the laser threshold due to the seeding effect on the population of the intermediate 3 F4 Tm 3+ state. We also observed a recycling process of this long-lifetime-manifold population by resonant ESA that goes in favour of the 2.3 µm laser. Considering the availability of highpower and high-brightness pump sources at 1 μm based on the Yb-fiber laser technology, and low-to moderate-power single-mode fiber-coupled 0.8 μm AlGaAs laser diodes, a combination of these two pump sources could serve as a viable way for the development of MIR Tm lasers, especially those for which a high-brightness pumping and / or a compatibility with the fiber laser technology are required, such as fiber and waveguide lasers and bulk femtosecond oscillators and amplifiers. This is especially relevant for the latter type of laser sources which are currently pumped by tunable Ti:Sapphire lasers thus strongly limiting their applications.
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 1 Fig. 1. (a) The scheme of energy levels of thulium ions relevant for MIR laser operation: GSA and ESAground-and excited-state absorption, respectively, NRnon-radiative relaxation, CRcross-relaxation, ETUenergy-transfer upconversion; (b-d) Spectroscopy of Tm 3+ ions in LiYF4: (b) simulated-emission (SE) cross-sections, σSE, the 3 H4 → 3 H5 transition; (c) GSA crosssections, σGSA, the 3 H6 → 3 H4 transition; (d) ESA cross-sections, σESA, the 3 F4 → 3 F2,3 transition. The light polarizations: π and σ. In (d), the spectrum of the Yb:CaF2 laser is shown for comparison.

Fig. 2 .

 2 Fig. 2. Set-up of the dual-wavelength-pumped MIR thulium laser: PMpump mirror, OCoutput coupler, HRhighly-reflective mirror, L1, L2, L3 -aspherical lenses, λ/2half-wave plates, LDlaser diode, Fband-pass filter. Two pump sources are used. The first one addresses the 3 H6 → 3 H4 GSA transition (the direct pumping). It is a Ti:Sapphire laser (Spectra Physics, model 3900J) delivering up to 3.0 W at λP,GSA = 780 nm (linewidth at FWHM: 0.1 nm) with a beam quality factor M 2 ≈ 1 and a linear polarization aligned to correspond to π in the Tm-crystal. Its output is focused into the laser crystal using a lens (L1). Several L1 focusing lenses with a focal length in the range of 50 -150 mm are tested. For f = 150 mm (the optimum one for single wavelength pumping at λP,GSA = 0.78 μm), the measured pump beam waist 2wP is 61±5 µm.

Fig. 3 .

 3 Fig. 3. (a) Wavelength tuning curve of the Yb:CaF2 laser, arrowthe selected laser wavelength; (b) A 2D plot of single-pass pump absorption in the Tm:LiYF4 crystal (σ-polarized pump) vs.the pump wavelength and the incident pump power.

Fig. 4 .

 4 Fig. 4. Tm:LiYF4 laser emitting at 2.3 µm with pure UC pumping by an Yb:CaF2 laser emitting at 1050 nm: (a) input-output dependences for different focal lengths of the focusing lens (L1): f = 50 mm and f = 150 mm; (b) a typical spectrum of laser emission.
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 5 Fig. 5. Dual-wavelength-pumped MIR Tm:LiYF4 laser, P0.78μmfixed, P1.05μmvaried: (a) input-output dependences, L1 focusing lens: f = 50 mm; (b) laser slope efficiencies vs. the total incident pump power (PΣ) plotted against the added P0.78µm pump power

Fig. 6 .

 6 Fig. 6. Dual-wavelength-pumped MIR Tm:LiYF4 laser: P0.78μmvaried, P1.05μmfixed: (a) input-output dependences; (b) the corresponding laser slope efficiencies plotted against the added P1.05μm pump power. L1 lens: f = 150 mm.

Fig. 7 .

 7 Fig. 7. Analysis of the threshold behavior of the dual-wavelength pumped MIR Tm:LiYF4 laser: thresholds for different combinations of the incident pump powers P0.78μm and P1.05μm. Grey lines isopower lines drawn as guides for eyes.

Fig. 8 .

 8 Fig. 8. Output power of the dual-wavelength pumped MIR Tm:LiYF4 laser as a function of the fraction of the direct pump to the total incident pump power, P0.78μm/PΣ. PΣ = 2.0 W, L1 lens: f = 50 mm. Blue rectangle: the zone of interest.

Fig. 9 .

 9 Fig. 9. Total pump absorption for a dual-wavelength-pumped MIR Tm:LiYF4 laser under nonlasing conditions measured at: (a) λP,UC = 1.05 µm, (b) λP,GSA = 0.78 μm, P0.78μmfixed, P1.05μmvaried. L1 lens, f = 50 mm. A very different behavior is observed for the pump absorption at 0.78 μm. With increasing the pump power at 1.05 μm, it decreases marginally due to a slight decrease of the ground-state population since a part of the 3 F4 population is directly recycled in the upper loop instead of fluorescing back to the ground level. This recycling effect explains the increase of the laser
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