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      Abstract


      Simple approach for achieving high efficiency of solar pumped laser performance on the base of alexandrite active medium is proposed. Performance analyses have been conducted by simulating solar pumped alexandrite laser with core-doped parabolic shape composite active medium, using ray-tracing Monte-Carlo techniques. It is shown that the overall efficiency of alexandrite laser can be about 15% which is much higher than that of existing solar pumped lasers.


      Introduction


      One of the perspective ways of solar energy utilization is the solar-to-laser power conversion with the potential applications in diversity branches of industry [1-4]. However, while the other ways, such as solar-electric, solar-thermal power conversion technologies are rapidly progressing, the solar-laser power conversion still is not far from its initial stage [5]. The main problem probably is that the lasing is threshold process and requires certain conditions [6]:


      - The first of such conditions is minimum concentration rate of solar radiation flux that sometimes exceeds the maximum concentration achievable, depending on laser materials used. The higher the minimum concentration required the higher the threshold power.


      - The second is solving the problem connected with low-level overlap of absorption spectrum of many of existing laser materials with broadband solar spectrum.


      - The third is maintenance of effective cooling, to avoid undesirable thermal effects that require the use of laser materials with high thermal conductivities.


      All the enumerated conditions lead to limiting the possibility of use many of laser materials commonly used in electrical pumped lasers and are the crucial reasons why the efficiency of solar pumped lasers is still low. The maximum result for the overall solar-to-laser power conversion efficiency achieved does not exceed 5% at present [7].


      To support the development of solar pumped lasers today, it is necessary to search for the new approaches, and the ideas based on recent progresses in materials science, and in other relevant topics and to demonstrate their reliability by extensive studies theoretically, experimentally, or by simulation calculations using huge resources of modern computers. The simulation calculations is often the best choice in the beginning of the technology development when it is hard to solve the problem analytically if it is necessary to determine the optimal design and performance parameters, and especially when the financial resources are limited. As described below the problem we are going to solve in this paper is the case when the simulation calculation is preferred.


      In this paper we would like to share with the idea how to increase the efficiency of solar pumped lasers by the example of alexandrite as an active medium. Omitting the literature review, the whole history of solar pumped lasers, we refer to only research works that concern the alexandrite Cr: BeAl2O4. The first laser operation at room temperature from the vibronic bands of single-crystal of alexandrite (chromium-doped chrysoberyl, Cr3+:BeAl2O4) under Xe-flashlamp excitation has been obtained in 1979 [8]. Since then, this material became one of the important laser materials due to its very favorable properties. The alexandrite crystal is mechanically rigid and presents a high thermal conductivity (23 W/(mK) [9]). Its wide emission bandwidth enables broadband wavelength tuning of Alexandrite lasers in the 700-800 nm wavelength range [10,11]. Furthermore negligible concentration quenching of fluorescence [12], low passive losses (0.06%/cm [13]), high intrinsic laser slope efficiency of 65% [13], a broad absorption band around 600 nm (FWHM ~100 nm) [14], as well as a long room-temperature fluorescence lifetime (260 μs [9]) were other advantages for the efficient flashlamp or diode pumping [15]. Thus, alexandrite has been one of the most popular tunable lasers sources and used for many applications ranging from medicine [16] to differential absorption lidar [17-20]. Nevertheless, there were only a few research works on solar pumped alexandrite lasers [6,21]. In [6] 14% slope efficiency of solar-to-laser power conversion for alexandrite laser was reported based on theoretical analysis. However, the absolute minimum solar intensity that must fall on the surface of the laser material to initiate a laser was as high as 626 W/cm2, which is slightly below the maximum concentration limit of primary parabolic concentrators on the earth surface. Consequently, overall efficiency of such lasers could not be high enough. In [21] highly concentrated solar energy was obtained by a 3-stage concentrating system and an output power of up to 12 W was obtained from the alexandrite laser. But there was not any information regarding the efficiency probably because it was too low.


      Thus, the main problem to solve for the alexandrite is the maintenance of high concentration conditions (the first condition above). The second and third conditions are not so critical because the factor of overlap (the fraction of solar spectrum that lies within the laser materials’ absorption bands) for the alexandrite is about 0.40 according to [6], and the thermal conductivity is as high as 23.5 W/mK, which is in 2 times higher than that for Nd:YAG. Therefore, this paper is concerned with the problem related to the first condition only.


      It has been proposed different 2, 3-dimensional (2D, 3D) compound parabolic concentrators (CPC) (in particular, high refractive index CPC) for the additional increase of concentration rate of primary concentrators to provide best performance of solar pumped lasers [22-24]. The use of them would allow higher-efficiency solar-pumped lasers to be built, but the main problem was difficulty with extracting and delivering the high flux created inside the high refractive index CPC to the active medium without changes. To overcome this problem in this paper we propose to use the core doped composite active medium of parabolic shape which serves simultaneously as an active medium and CPC (Figure 1).


      The laser cavity is composed of two mirrors surrounding the composite active medium, a 100% reflecting mirror to the right of the figure and a partially reflecting output mirror in the center of the parabolic concentrator. For performance analyses a MATLAB© ray-trace simulation model specific for the laser system considered was developed. The inputs to this model are "rays" chosen by a Monte-Carlo procedure [25] to characterize the focal plane spatial and directional distribution for a particular set of primary concentrator parameters. In contrast to commonly used ray trace models each ray in our model consists of one single photon that simplifies the model by eliminating the use of weighting factors when modeling of multiple reflection and refraction processes. For more the details of the model used we refer to [24-26].


      Simulation Results


      Simulation calculations have been conducted for 1m diameter parabolic- dish concentrator (Figure 1) with the focal length of 0.5 m. The active medium used has truncated parabolic shape as shown in Figure 1. The diameter of front end of active medium is chosen equal to the size of focal spot of the concentrator which is less than 10 mm. The length and diameter of active core of composite active medium are varied to optimize the performance parameters so that the pumping efficiency and laser output power were maximal.


      In Figure 2 is presented the absorption spectrum of alexandrite and solar spectrum at the Earth surface we used in the model for determining the absorption efficiency. It was supposed that the active medium is cooled by circulating cooling water along its side surface, coated with silver with a reflectance of 97%, by commonly used ways. The cooling system does not shown in the figure. It was also supposed that both ends of an active medium are AR coated at the lasing wavelengths range 720-800 nm.


      The performance efficiency tested via a Monte Carlo ray-tracing algorithm indicates that the maximum pumping efficiency of an axially symmetric parabolic shape composite active medium is 20%. Figure 3 illustrates the obtained distribution of absorbed photons inside the active core of composite active medium (black dots in the figure). The optimal diameter of an active core was 2 mm, for which we obtained about 19% pumping efficiency.


      On the base of these results in the next stage we estimated the output laser power versus input solar power using well-known expression for the four-level lasers [27]:


      P out  = ( γ 2 /2γ) η p (P− P thr )                                                                        (1)


      Where γ 2 is logarithmic output mirror transmission loss, 2 γ - total round-trip loss, η p - pumping efficiency, Р out , P, Р thr - output laser, pump and threshold powers respectively. The calculations have been conducted for the output mirror reflectance of 90%. Stimulated emission cross section of 0.5 × 10-20 cm2 and the fluorescence lifetime of 260 μs [28] are used. The result is presented in Figure 4.


      As it can be seen from the figure the slope efficiency is 17.5% and the overall efficiency is more than 14.5% which is several times higher than that of existing solar pumped lasers. We hope the results of this study will play important role in advancement of solar pumped lasers if they will be used in experimental studies in the future.
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