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Abstract

:

The InnoSlab laser has the advantages of excellent thermal management and high overlapping efficiency. In this work, we report an InnoSlab laser with high efficiency at 1319 nm end-pumped 0.6at.% Nd:YAG by 808 nm. The hybrid stable–unstable resonator was adopted. For a cavity length of 17.9 mm and absorbed pumped power of 423.5 W, the output power of 81 W was obtained at T = 5%, exhibiting an optical conversion efficiency of 19.13% and a slope efficiency of 29.80%.
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1. Introduction


High-power diode pump solid-state lasers operating at 1319 nm have plenty of applications in the fields of sodium beacons, optical communication, and laser medical treatment, owing to the minimum dispersion for silica optical fiber and good absorption of water molecules [1,2]. Generally, the Nd:YAG laser pumped by 808 nm laser diode (LD) is an efficient alternative to achieving 1319 nm laser output due to the transitions between stark sub-levels corresponding to 4F3/2→4I13/2 energy levels of Nd3+ ions [3]. There are various transition ways between energy levels of Nd3+ in Nd:YAG crystal. The 4F3/2→4I13/2 transition has two overlapped stark transitions irradiating 1319 nm and 1338 nm wavelength, respectively, with approximate effective stimulated emission cross sections and only one-fifth that of the 1064 nm wavelength. Therefore, it is challenging to directly obtain the high-power 1319 nm single-wavelength laser output, attributed to the mode competition effect. In recent years, the exploration of 1319 nm laser output was accelerated by the reasonable design of the laser-cavity mirror coating [1], utilizing the dichroic mirror technology [4,5] or inserting the solid etalon [6,7], suppressing the oscillations of undesired laser lines to realize single wavelength operation.



In the past, most research at 1319 nm was carried out using Nd:YAG crystal rod [8], which would limit the power scaling influenced by the thermal effect of gain media. Such an effect originating from the quantum defect causes the thermal lens effect and thermal depolarization [9]. In order to achieve an efficient output, researchers have tried various methods, such as using an intracavity lens [6] and crystal with a concave end face, decreasing the Stokes shift between the pump and the laser photon energies [7,10], even adopting the double gain host with 90° quartz polarization rotators [6], etc. Moreover, studies about crystal configurations, such as planar waveguides and slabs, provided a new way of improving the 1319 nm output quality [11,12,13]. A quasi-continuous wave Nd:YAG planar waveguide 1319 nm laser amplifier was reported first in 2019, obtaining optical–optical efficiency of 15.4% [4]. Furthermore, an end-pumped 1319 nm Nd:YAG slab amplifier laser with an output power of 51.5 W was obtained [13], which was ascribed to the excellent heat conductivity mechanism of the slab laser.



The LD partially end-pumped slab laser (InnoSlab) with hybrid resonator combines the outstanding thermal management of a slab and the high overlapping efficiency of end-pumping [14,15]. It is effectively used to generate a high-power laser with good beam quality. However, few studies at 1319 nm resonator using Nd:YAG have been reported based on the InnoSlab structure. Zhang’s group obtained 23.2 W of continuous output power using a stable plano-concave resonator in 2022 [16]. Further, higher output of 109.4 W was obtained by Zhang, in which 1 at.% doping Nd:YAG was adopted and beam quality was limited in the horizontal direction of gain media [17]. Moreover, an output pulse energy of 8.24 mJ long-pulse quasi-continuous wave laser at 1319 nm was realized by the InnoSlab amplifier in 2020 [18].



Herein, we report an Nd:YAG InnoSlab laser at 1319 nm using a hybrid stable–unstable resonator. The maximum continuous output power of 81 W at 1319 nm was obtained with an absorbed pump power of 423 W and the transmission T = 5% at a cavity length of 17.9 mm, exhibiting an optical conversion efficiency of 19.13%.




2. Materials and Methods


The experimental schematic of the 1319 nm InnoSlab oscillator is shown in Figure 1. The slab crystal Nd:YAG of the dimension of 24 mm × 12 mm × 1 mm was end-pumped by a commercial pump source with two vertical stacks of six collimated LD bars. The LD stacks can provide 6 W/A peak power at 808 nm. The maximum pump power is about 500 W at the pump current of 80 A. Each LD bar was individually collimated in the fast-axis direction with a micro-lens. Then, the pump output passed through the shaping system, which mainly consisted of two sets of cylindrical lenses, a rectangular waveguide, and a set of spherical lenses. As shown in the schematic in Figure 1, the pump beam was coupled into a waveguide (4 mm in width and 80 mm in length) through the first set of cylindrical lenses. The two large surfaces of the waveguide were adopted to fully homogenize the beam using repeated total reflection. Then, the output from the waveguide was imaged 1:6 on the end face of the crystal in the unstable cavity direction by the second set of cylindrical lenses in company with spherical lenses. In the stable cavity direction, the beam was focused by the last cylindrical lens. Finally, the pump beam was formed into a rectangular pump line (size approx. 0.45 mm × 24 mm) matching the width of the crystal. The beam shaping system possessed a transfer efficiency of 87%.



For 1319 nm laser operation, a hybrid stable–unstable resonator was adopted. The resonator was stable in the plane of small dimension, and the positive-branch off-axis confocal was unstable in the plane of large dimension of the media. The doping level of gain media Nd:YAG was 0.6at.%. A concave mirror, M1, with a radius of 500 mm and a cylindrical mirror, M2, with a radius of −475 mm, were used as cavity mirrors. M1 and M2 were both coated for high transmission at 808 nm and 1064 nm and high reflection at 1319 nm, which increased losses and suppressed oscillations at 1064 nm. Based on the 500 nm/−475 nm lens combination, the transmission of the output coupler was 5%. The length of the cavity was 17.9 mm. As for thermal management, two large surfaces of Nd:YAG were welded tightly with Indium with the water-cooled copper micro-channel heat sink, series connection with LD stacks, and the temperature of the cooling water was kept at 24.5 °C.




3. Results and Discussion


3.1. Shaping System


A pump beam shaping system based on LD was designed and experimentally validated. The pump beam profile and intensity distribution on the end face of the crystal were simulated, as shown in Figure 2. It can be seen that the pump line has a uniform intensity distribution in the horizontal direction with a top-hat of approximately 24 mm in length and a Gaussian distribution with a radius of 227.68 μm in the vertical direction. The output of the beam shaping system was exposed with beam size of ωx ≈ 23,950 μm, ωy ≈ 450 μm, which is pretty close to the simulation results. The shaping coupling efficiency of the shaping system was about 87%.




3.2. Characteristics of 1319 nm Nd:YAG InnoSlab Laser


The output power was recorded with an air-cooled power meter. The 1319 nm output power of 81 W was achieved for a cavity length of 17.9 mm and absorbed pumped power of 423.5 W. The system exhibited an optical conversion efficiency of 19.13%. Furthermore, the output was measured in relation to the absorbed pump power, as shown in Figure 3, indicating a slope efficiency of 29.80%. Though saturation of output power was not observed, higher output was limited by pumping power here. The spectrum of the output beam was studied using a spectrum analyzer, demonstrating the laser operation at 1319 nm. It was confirmed that no other lines, including 1338 nm, were output in the range from 1294 nm to 1344 nm, as shown in Figure 4.



We characterized the beam quality factors with a WinCamD CCD and hyperbola fitting method, as shown in the schematic in Figure 5a. A spherical lens, L1, with a focal length of 100 mm, was used to focus the output beam. The results indicated that the output laser possessed the quality of   M x 2   = 11.59 and   M y 2   = 5.46 in the two orthogonal directions at the output power of 81 W. The inset of Figure 5c is the output beam profile. The generation of higher-order modes in the x-axis was due to the parasitic oscillations originating from the short cavity length, which were not suppressed. Additionally, waist positions on the x-axis located outside the focused position of the lens indicate imperfect collimated output in the x-axis, which provided another access to optimize beam quality. The different waist positions on the X and Y axes were attributed to the focusing lens L1 being out of the Rayleigh length range of the output in the y-axis direction as well as the imperfect collimated output.



In addition, the fluctuation of the output power was measured, and the results are shown in Figure 6. We recorded the output power every 30 s for 15 consecutive minutes at the output of 81 W. The fluctuation of power was less than 0.1%, indicating that the output of the InnoSlab laser was quite stable.




3.3. Theoretical Analysis


In theory, the beam quality and stability were affected by the thermal effects inside the gain media and in a defined resonant cavity. With regard to the InnoSlab laser, the thermal lens effect only occurred in the vertical direction (fast-axis) of the crystal, while an approximately uniform thermal distribution appeared in the horizontal direction due to the uniform intensity distribution of the pump line. According to the ref. [19], the optical thermal lens of the end-pumped slab can be calculated by the combination of the temperature and stress distributions. The thermal lens focal length of slab gain media was determined with different pumped power:


   f t     − 1   =   P  (  1 −  λ p  /  λ s   )    k d w   ×  {    d n   d T   ×  [  1 − exp  (  − α L  )   ]  + 2 α  α z ′  d  (   n 0  − 1  )  +  ε s   }     



(1)




where k is the thermal conductivity of the Nd:YAG along the z-axis, d and w indicate the dimensions of the pumped beam in the fast and slow axis, respectively, P is the pumped power, (dn/dT) is the thermal-optic coefficient of YAG, λp and λs are the pump and laser wavelengths, respectively, α is the absorption coefficient at 808 nm, and    α z ′    is the thermal expansion coefficient along the z-axis. Here, the focal length of the thermal lens was determined by a combination of the temperature gradient, thermal stress, and thermal deformation of the end face bulge. To simplify the expression, we used    ε s    to represent the component of the thermal lens introduced by the change in refractive index due to the stress distribution, which was related to the pump polarization direction and always used to employ 3D finite element analysis to achieve an accurate numerical solution. However, according to the results of Koechner’s study [20], for Nd:YAG gain media, the temperature-dependent variation of the refractive index constitutes the major contribution of the thermal lens. The stress-dependent variation of the refractive index modifies the focal length by about 20%. The effect of the bulging of end faces is less than 6%. Therefore, in this work, we only discuss the thermal lens as an expression related to the temperature gradient:


   f T  =   k d w   P  (  1 −  λ p  /  λ s   )  ( d n / d T )    1  1 − exp  (  − α L  )       



(2)







We introduced the appropriate materials parameters for Nd:YAG into expression (2). The variation of the thermal lens with absorbed pump power is shown in Figure 7a. The absorbed power corresponded to the product of pump power P and 1 − exp(−αL), and the fractional thermal loading ηh was adopted the theoretical lower limit as ηh = 1 − λp/λs = 0.39. It was observed that the focal length of the thermal lens decreases in the range of 540~120 mm as the pumped power increases within 100~450 W. The thermal length was 126 mm at a maximum output of 81 W.



In addition, the thermal lens caused by the bulging of end faces was simulated according to expression (3) [19].


   f 1  =   k w   P  (  1 −  λ p  /  λ s   )  α  α z ′   (   n 0  − 1  )       



(3)







As shown in Figure 7b, the results indicated that the focal length of the thermal lens induced by the bulging of end faces was distributed in the range of 2500~500 mm, which was negligible compared to the component introduced by the temperature gradient.



Further, we performed experimental measurements on the thermal lens. A collimated probe light was injected into the gain media in the presence of pump light, and then the focal length of the thermal lens was determined by measuring the focused position. The results are plotted in Figure 7a. It was shown that the experimental and simulation results were mostly consistent, indicating the rationality of the approximation of Equation (2). This approximation also resulted in an overall slightly higher simulation curve than the measured results. The significant difference under low pump power was attributed to the fact that the fractional thermal loading ηh under nonlasing conditions was larger than 1 − λp/λs [20].



Figure 7c shows the simulation results for the fundamental mode radius at the cavity mirrors M1, M2, and end of slab crystal as a function of thermal focal length, represented by ω1, ω2, and ω3, respectively. The results demonstrated the significant variation of the radius of TEM00 with thermal focal length under high pumped power. The poor mode matching resulted in a beam quality of 5.46 at the maximal output power. Therefore, optimization of beam quality in the y-axis requires a reasonable design of the cavity parameters to improve the mode-matching of the resonator. Meanwhile, the unstable cavity should ensure collimated output while suppressing the generation of parasitic oscillations.





4. Conclusions


A single-wavelength 1319 nm InnoSlab laser operation pumped by 808 nm was achieved with a hybrid resonator. Through the reasonable design of cavity mirror coating, laser oscillation of other lines was simultaneously suppressed. We obtained as much as 81 W of output power by pumping a slab Nd:YAG doping of 0.6at.%, performing a high optical conversion efficiency of 19.13% and a slope efficiency of 29.80%. The beam quality with   M x 2   = 11.59 and   M y 2   = 5.46 was obtained. Further increases in beam quality should be possible by increasing the mode-matching of the resonator and suppressing the generation of parasitic oscillations. The laser will be valuable for many applications, such as frequency conversion to red and blue wavelengths, as well as laser therapeutics.
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Figure 1. The schematic representation of the experimental setup. 
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Figure 2. The simulated pump beam profile after shaping system. 
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Figure 3. Output power against the absorbed pump power at T = 5%. The blue line represents the linear fitting line. 
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Figure 4. The spectrum of output laser. 
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Figure 5. M2 measurements of 1319 nm beam under the maximal output power: (a) The schematic of M2 measurements; (b) Results of M2 measurements in the x-axis direction and (c) y-axis direction. 
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Figure 6. Stability of the output laser power. 
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Figure 7. (a) Simulated and experimental thermal lens focal lengths at different absorbed pump powers. (b) Simulated thermal lens focal length originating from bulging of end faces. (c) Fundamental mode radius against the thermal focal length. 
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