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Abstract

:

We describe comparatively cryogenically cooled Tm, Ho: GdVO4 lasers with an emission wavelength of 2.05 μm under continuous wave and pulse operating mode. By varying the transmittance of output couplers to be 0.40 for a continuous wave laser, the maximum output power of 7.4 W was generated with a slope efficiency of 43.3% when the absorbed pump power was increased to 18.7 W. For passively Q-switched lasers, the output characteristics were researched through altering pump mode radius. When the pump mode radius focused into the Tm, Ho: GdVO4 center equaled near 600 μm, the peak power was increased to be the maximum value of 9.9 kW at the absorbed pump power of 11.8 W. The pulse energy of 0.39 mJ was achieved at the same absorbed pump power with repetition of 5.7 kHz.
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1. Introduction


Solid-state pulse lasers at a ~2 μm wavelength band from Tm: 3F4→3H6 and Ho: 5I7→5I8 energy levels are attractive due to the extensive application of laser lidar systems to achieve environmental detection and for medical instruments to conduct surgical treatment [1,2]. In addition, the pulse lasers at ~2 μm can also be utilized as pump sources of OPOs to obtain the mid-IR laser [3,4,5]. Tm/Ho ions doped into different hosts can generate laser emitting at ~2 μm. The vanadate crystal hosts possess large phonon coupling energy, low crystal symmetry, and great thermal conductivity [6]. Especially compared with the YVO4 crystal, the GdVO4 crystal exhibits higher thermal conductivity and lower thermal expansion coefficient that is beneficial for weakening thermal effects [7]. Rare earth ions such as Tm3+ and Ho3+ doped into vanadate hosts exhibit a broadly spectral band at a pump wavelength of ~800 nm and great absorption/emission cross sections [8] which facilitate the laser crystal to efficiently absorb pump light, thus improving laser performances. Tm-doped vanadate laser [9] pumped by laser diodes with ~800 nm wavelength, Ho-doped vanadate laser [10] in-band pumped by Tm-lasers or laser diodes, and Tm, Ho-codoped vanadate lasers [11,12] pumped by laser diodes have been extensively investigated under continuous wave or pulse operating modes. Tm, Ho-codoped lasers with sensitization ions Tm3+ and activation ions Ho3+ can be pumped by laser diodes with ~800 nm wavelengths and simultaneously exhibit excellent Q-switching performance due to the strong stored energy capability of Ho3+ ions. Besides, the performances of Tm, Ho-codoped vadanate lasers depend strongly on the temperature of active media. At cryogenic temperature, Tm, Ho-codoped lasers operate under the quasi-four level system which is beneficial to reduce upconversion losses (5I7, 3F4→5I5, 3H6) of the Tm, Ho-codoped crystals. Furthermore, the positive energy transfer process between Tm3+(3F4) and Ho3+(5I7) was significantly strengthened which obviously increases the population proportion reserved in 5I7 energy level.



Passively Q-switched lasers with saturable absorbers usually exhibit some advantages of compact, simple geometry, and low cost. The Cr-doped ZnS crystal is one of the typical SAs with a large optical damage threshold [13] that enables it to undertake strong oscillating laser intensity. The Cr:ZnS crystal also has great absorption/emission cross-sections at ~2 μm [14] which facilitate to get excellent Q-switching performances for the Tm3+/Ho3+ doped lasers with an emitting wavelength of ~2 μm [15,16,17]. Based on Cr2+:ZnS SA, Tm, Ho-codoped laser with different hosts such as LLF [18], YLF [19], and KLu (WO4)2 [20] have been presented. At cryogenic temperature, we also had demonstrated PQS Tm, Ho-codoped vanadate lasers with Cr:ZnS SA [21,22]. The highest peak power of ~9.1 kW was achieved with the pulse duration of 32.7 ns [23]. In this paper, to improve the peak power, the comparative research for the PQS lasers with different pump mode radius was experimentally conducted.




2. Experimental Setup


The laser (shown in Figure 1) was designed to be a U-shape resonator that makes it possible to pump a laser crystal from each end of the crystal. The pump beams from two fiber-coupled (400 μm diameter, 0.22 numerical aperture) LDs emitting at ~800 nm were collimated and focused by plano-convex lens (F1, F2) into the active crystal from each end of it. The focused beam radius was 400 μm or 600 μm depending to the focus length of focus len (F1). The output mirror (M2) was a plane mirror with different transmittance (Toc) of 0.20, 0.25, and 0.40 at ~2 μm. The mirror (M1) with the 2000 mm curvature was coated in anti-reflective film at ~800 nm and coated in high-reflective film at ~2 μm. The dichroic mirrors (M3, M4) placing at 45° relatively to the oscillating light path were anti-reflective at ~800 nm and high-reflective at ~2 μm. The distances between M2 and M4, M4 and M3, and M3 and M1 were 35 mm, 60 mm, and 45 mm, respectively. The total cavity length is at 140 mm. To improve the absorbed pump power without crystal fracture, an 8 mm long Tm, Ho: GdVO4 crystal (a-cut) with a 4 × 4 mm2 cross section was chosen as the gain medium with 4at.% Tm3+ and 0.4at.% Ho3+ concentration. The Tm, Ho: GdVO4 was wrapped in indium foil and held in copper heat-sinks connected with a small dewar. During the operating of the laser, the dewar was full of liquid-N2 to effectively remove the heat generated in the crystal for high power operation. The M5 and M6 in Figure 1 denoted the plane windows with anti-reflective film at ~800 nm and ~2 μm. The distance between M5 and M6 is 22 mm. Under the pump laser beam radius of 400 μm or 600 μm, the actual measured absorption efficiency of the Tm, Ho: GdVO4 crystal was over 90%. A Cr:ZnS SA (2 mm thickness, 9 × 9 mm2 cross section) with the unsaturated transmission of ~82% was used as Q-switch crystal placed in a brass heat-sink filled with flowing water. It was inserted between the dichroic mirror M3 and the end mirror M1 with 15 mm distance from the mirror M1.




3. Experimental Results and Discussion


At first, focusing the pump laser beam into Tm, Ho: GdVO4 crystal with a near 400 μm mode radius, we conducted experimental research on Tm, Ho: GdVO4 lasers. Through changing output couplers with different transmittance, the CW and PQS lasers were characterized. To avoid the fracture of gain crystal, the total absorbed pump power did not exceed 18.7 W. The output powers for the CW and PQS lasers were shown in Figure 2 with fitted lines. When the transmittance of OC equals 0.40, the maximum output power for CW and PQS operating mode were achieved to be 7.4 W (η = 43.3%) and 5.4 W (η = 32.8%), η denoted the slope efficiency.



Since the high transmittance of OC caused the large resonator loss, the oscillating laser intensity in the resonator was too weak to enable the SA bleached to generate stable Q-switching phenomenon at low pump power. The stable Q-switching for the laser with 0.40 transmittance OC was not achieved until the absorbed pump power was up to 10.7 W. In comparison with this case, the PQS laser with OC transmittance of 0.20 can only generate stable Q-switched pulse trains at the absorbed pump power of less than 10.1 W. The PQS laser with transmittance of 0.25 can achieve a stable pulse operating within the entire range of absorbed pump power (3.5–18.7 W). Furthermore, the laser generated moderate CW output power of 6.2 W (η = 35.6%) and average output power of 4.5 W (η = 26.5%) at the absorbed pump power of 18.7 W.



The minimum pulse duration of ~36 ns was achieved for the PQS lasers with a transmittance of 0.20 and 0.25 when the absorbed pump power was increased to the respective maximum value of 10.1 W and 18.7 W, as shown in Figure 3a. The PQS lasers with transmittance of 0.25 and 0.40 generated approximate pulse energy, 0.26 mJ and 0.28 mJ, when the absorbed pump power was increased to 18.7 W, as shown in Figure 3b. The roughly equivalent repetition rates (shown in Figure 4a) were almost increased linearly with the increase of pump power. In comparison, the peak power of ~7.3 kW was achieved for the PQS laser with transmittance of 0.25 at 18.7 W absorbed pump power (shown in Figure 4b), larger than that of other two cavities. Compared with reference [23] with an approximate geometry, the pulse performance was slightly inferior due to the oscillating mode in the resonator.



The energy and duration of PQS lasers, and then peak power, are relative to some parameters determined by the geometry of resonator and the pump laser intensity. To improve the pulse peak power, we increase the pump laser-mode radius focused into the gain crystal to ~600 μm by replacing the focus lens F1 with the other lens with a focus length of 75 mm for the laser with the 0.25 transmittance of OC. These experimental results were shown in Figure 5, Figure 6. For comparison, the results from the laser with ~400 μm pump mode radius were simultaneously plotted in the figures. The output power and slope efficiency declined slightly due to the slight mode-mismatch between laser-mode and pump-mode (shown in Figure 5).



In addition, the maximum absorbed pump power that can exhibit stable Q-switching phenomenon did not exceed 11.8 W which may attribute to the changing of the oscillating laser-mode in the cavity due to thermal effect of laser crystal. The pulse properties of the PQS laser were shown in Figure 6. It is obvious from Figure 6a that the pulse duration is narrower than that of the laser with 400 μm pump mode radium within the total range of absorbed pump power (3.6–11.8 W). The pulse repetition was significantly low varying from 0.8 kHz to 5.7 kHz with the increase of pump power (shown in Figure 6b). The narrowest pulse duration of 39 ns was obtained at the absorbed pump power of 11.8 W with the repetition rate of 5.7 kHz. The maximum energy of 0.39 mJ was achieved at absorbed pump power of 11.8 W (shown in Figure 6c). The maximum peak power is up to 9.9 kW (shown in Figure 6d), evidently greater than that of the laser with 400 μm pump mode radium. At the maximum absorbed pump power of 11.8 W, the single pulse trace were recorded through scattering the laser into a fast PIN photodiode connected to a Lecroy digital oscilloscope (600 MHz bandwidth), as shown in Figure 7. We also measured the emission wavelength of the CW and Q-switched lasers with various output couplers. The output laser wavelength kept in about 2.05 μm.




4. Conclusions


In brief, we have researched the properties of the diode-pumped PQS Tm, Ho: GdVO4 lasers with U-shaped resonator geometry at cryogenic temperature. With the pump mode-radius of near 400 μm and OC transmittance of 0.25, the PQS laser exhibited stable Q-switching performance within the greatest range of absorbed pump power (3.5–18.7 W), though output power was less than that of the laser with OC transmittance of 0.40. At the 18.7 W absorbed pump power, the PQS laser generated the maximum peak power of ~7.3 kW with the pulse duration of ~36 ns. Increasing the pump mode-radius to ~600 μm, the repetition rate was obviously low, changing from 0.8 kHz to 5.7 kHz, in comparison with the laser with transmittance of 0.25 and 400 μm pump mode-radium, though the stable Q-switching can only be realized within the range of 3.6 W–11.8 W. The largest pulse peak power of 9.9 kW was achieved with the maximum energy of 0.39 mJ at absorbed pump power of 11.8 W. The future work will focus on narrowing the pulse duration and enhancing the pulse peak power through optimizing the resonator geometry.







Author Contributions


Conceptualization, Y.D. and B.Y., methodology, B.Y., Y.D. and T.D.; software, Y.D., J.T., X.C. and T.D.; validation, Y.D., H.S. and H.K.; formal analysis, T.D., Y.D., H.S., H.K. and H.X.; investigation, Y.D. and T.D.; resources, B.Y.; data curation, J.T. and X.C.; writing—original draft preparation, Y.D.; writing—review and editing, B.Y. and T.D.; visualization, Y.D., H.S., H.K. and H.X.; supervision, B.Y.; project administration, Y.D. and B.Y.; funding acquisition, Y.D. and B.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China, grant number 61805074, and Natural Science Foundation of Heilongjiang Province of China, grant number LH2019F034.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


This work was supported by China Postdoctoral Science Foundation (2016M601415).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, Y.; Ju, Y.; Dai, T.; Yan, D.; Chen, Y.; Fang, X.; Duan, X.; Yao, B. Continuously tunable high-power single-longitudinal-mode Ho:YLF laser around the P12 CO2 absorption line. Opt. Lett. 2020, 45, 6691–6694. [Google Scholar] [CrossRef]

	



Pyo, H.; Kim, H.; Kang, H.W. Evaluations on laser ablation of exvivo porcine stomach tissue for development of Ho:YAG-assisted endoscopic submucosal dissection (ESD). Laser Med. Sci. 2020. [Google Scholar] [CrossRef]

	



Wang, R.X.; Yao, B.Q.; Zhao, B.R.; Chen, Y.; Liu, G.Y.; Dai, T.Y.; Duan, X.M. Single-longitudinal-mode Ho:YVO4 MOPA system with a passively Q-switched unidirectional ring oscillator. Opt. Express 2019, 27, 34618–34625. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Yang, X.; Yang, Y.; Zhou, L.; Wang, W.; Yu, X.; Wang, Y. A high-power, long-wavelength infrared ZnGeP2 OPO pumped by a Q-switched Tm, Ho: GdVO4 laser. J. Russ. Laser Res. 2017, 38, 305–310. [Google Scholar] [CrossRef]

	



Goldberg, L.; King, V.; Cole, B.; Hays, A. Passively Q-switched 10 mJ Tm:YLF laser with efficient OPO conversion to mid-IR. In Proceedings of the SPIE, San Francisco, CA, USA, 21 February 2020; p. 11259. [Google Scholar]

	



Loiko, P.A.; Yumashev, K.V.; Matrosov, V.N. and Kuleshov, N.V. Dispersion and anisotropy of thermo-optic coefficients in tetragonal GdVO4 and YVO4 laser host crystals. Appl. Opt. 2013, 52, 698–705. [Google Scholar] [CrossRef]

	



Nadimi, M.; Waritanant, T.; Major, A. High power and beam quality continuous-wave Nd:GdVO4 laser in-band diode-pumped at 912 nm. Photon. Res. 2017, 5, 346–349. [Google Scholar] [CrossRef]

	



Ryba-Romanowski, W.; Lisiecki, R.; Jelínková, H.; Šulc, J. Thulium-doped vanadate crystals: Growth, spectroscopy and laser performance. Prog. Quant. Electron. 2011, 35, 109–157. [Google Scholar] [CrossRef]

	



Loiko, P.; Boguslawski, J.; Maria Serres, J.; Kifle, E.; Kowalczyk, M.; Mateos, X.; Sotor, J.; Zybala, R.; Mars, K.; Mikula, A.; et al. Sb2Te3 thin film for the passive Q-switching of a Tm:GdVO4 laser. Opt. Mate. Express 2018, 8, 1723–1732. [Google Scholar] [CrossRef]

	



Duan, X.M.; Ding, Y.; Yao, B.Q.; Wang, Y.Z. High power acousto-optical Q-switched Tm:YLF-pumped Ho:GdVO4 laser. Optik 2018, 163, 39–42. [Google Scholar] [CrossRef]

	



Yu, X.; Kang, J.; Zhou, L.; Xu, C.; Li, L.; Li, S.; Yang, Y. Passive Q-switched operation of a c-cut Tm, Ho:LuVO4 laser with a few-layer WSe2 saturable absorber. J. Russ. Laser Res. 2019, 40, 288–292. [Google Scholar] [CrossRef]

	



Li, L.; Li, T.; Zhou, L.; Fan, J.; Yang, Y.; Xie, W.; Li, S. Passively Q-switched diode-pumped Tm, Ho:LuVO4 laser with a black phosphorus saturable absorber. Chin. Phys. B 2019, 28, 094205. [Google Scholar] [CrossRef]

	



Simanovskii, D.M.; Schwettman, H.A.; Lee, H.; Welch, A.J. Midinfrared optical breakdown in transparent dielectrics. Phys. Rev. Lett. 2003, 91, 107601. [Google Scholar] [CrossRef]

	



Mirov, S.; Fedorov, V.; Moskalev, I.; Martyshkin, D.; Kim, C. Progress in Cr2+ and Fe2+ doped mid-IR laser materials. Laser Photonics Rev. 2010, 4, 21–41. [Google Scholar] [CrossRef]

	



Cole, B.; Goldberg, L. Highly efficient passively Q-switched Tm:YAP laser using a Cr:ZnS saturable absorber. Opt. Lett. 2017, 42, 2259–2262. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.H.; Yao, B.Q.; Dai, T.Y.; Gao, Y.C.; Yu, J.; Sun, J.H. High peak power, high-repetition rate passively Q-switching of a holmium ceramic laser. Laser Phys. 2020, 30, 035004. [Google Scholar] [CrossRef]

	



Zhao, B.R.; Chen, Y.; Yao, B.Q.; Cui, Z.; Bai, S.; Yang, H.Y.; Duan, X.M.; Li, J.; Shen, Y.J.; Qian, C.P.; et al. Repetition-frequency-controllable double Q-switched Ho:LuAG laser with acousto-optic modulator and Cr2+:ZnS saturable absorber. Opt. Eng. 2016, 55, 4. [Google Scholar] [CrossRef]

	



Zhang, X.L.; Zhang, S.; Xiao, N.N.; Zhao, J.Q.; Li, L.; Cui, J.H. Diode-pumped passivelyQ-switched dual-wavelengthc-cut Tm, Ho:LLF laser at 2 μm. Laser Phys. Lett. 2014, 11, 035801. [Google Scholar] [CrossRef]

	



Zhang, X.L.; Bao, X.J.; Li, L.; Li, H.; Cui, J.H. Laser diode end-pumped passively Q-switched Tm, Ho:YLF laser with Cr:ZnS as a saturable absorber. Opt. Commun. 2012, 285, 2122–2127. [Google Scholar] [CrossRef]

	



Serres, J.M.; Loiko, P.; Mateos, X.; Jambunathan, V.; Yasukevich, A.S.; Yumashev, K.V.; Petrov, V.; Griebner, U.; Aguilo, M.; Diaz, F. Passive Q-switching of a Tm, Ho:KLu(WO4)2 microchip laser by a Cr:ZnS saturable absorber. Appl. Opt. 2016, 55, 3757–3763. [Google Scholar] [CrossRef]

	



Du, Y.Q.; Yao, B.Q.; Duan, X.M.; Cui, Z.; Ding, Y.; Ju, Y.L.; Shen, Z.C. Cr:ZnS saturable absorber passively Q-switched Tm,Ho:GdVO4 laser. Opt. Express 2013, 21, 26506–26512. [Google Scholar] [CrossRef]

	



Du, Y.Q.; Yao, B.Q.; Cui, Z.; Duan, X.M.; Dai, T.Y.; Ju, Y.L.; Pan, Y.B.; Chen, M.; Shen, Z.C. Passively Q-switched Tm, Ho:YVO4 Laser with Cr:ZnS Saturable Absorber at 2 μm. Chin. Phys. Lett. 2014, 31, 064209. [Google Scholar] [CrossRef]

	



Du, Y.Q.; Yao, B.Q.; Liu, W.; Cui, Z.; Duan, X.M.; Ju, Y.L.; Yu, H. Highly efficient passively Q-switched Tm, Ho:GdVO4 laser with kilowatt peak power. Opt. Eng. 2016, 55, 046112. [Google Scholar] [CrossRef]








[image: Crystals 11 00798 g001 550] 





Figure 1. Sketch of experimental setup. 
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Figure 2. Output power of CW and PQS lasers vs. absorbed pump power. 
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Figure 3. (a) Pulse duration and (b) energy vs. absorbed pump power. 
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Figure 4. (a) Pulse repetition rate and (b) peak power vs. absorbed pump power. 
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Figure 5. Output power vs. absorbed pump power (Toc = 0.25). 
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Figure 6. Pulse characteristics of the PQS laser (Toc = 0.25), (a) duration, (b) repetition, (c) energy, and (d) peak power. 
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Figure 7. Single pulse trace at the maximum absorbed pump power of 11.8 W. 
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