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Abstract

:

Low-cost, lightweight, and easily available Fresnel lenses are a more alluring choice for solar laser power production, when compared to the costly and complex heliostat-parabolic mirror systems. Therefore, a seven-rod solar laser head was designed and numerically studied to enhance the efficiency in TEM00-mode laser power production, employing six Fresnel lenses with 10 m2 total collection area for collection and concentration of sunlight. Six folding mirrors redirected the solar rays towards the laser head, composed of six fused silica aspheric lenses and rectangular compound parabolic concentrators paired together for further concentration, and a cylindrical cavity, in which seven Nd:YAG rods were mounted and side-pumped. With conventional rods, total TEM00-mode laser power reached 139.89 W, which is equivalent to 13.99 W/m2 collection efficiency and 1.47% solar-to-TEM00-mode laser power conversion efficiency. More importantly, by implementing rods with grooved sidewalls, the total laser power was increased to 153.29 W, corresponding to 15.33 W/m2 collection and 1.61% conversion efficiencies. The side-pumping configuration and the good thermal performance may ensure that the seven-grooved-rod system has better scalability than other previously proposed schemes.
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1. Introduction


The global energy crisis triggered an increasing interest in the adoption of renewable power, potentially making it surpass coal as the predominant source of electricity production in the near future, while helping to limit global warming to 1.5 °C [1]. Amid a multitude of renewable energy resources, solar is one of the most exploitable ones, with its field experiencing extensive development in recent years, mainly in photovoltaics [2]. Since the 1960s [3,4], natural sunlight has also been used to produce narrowband, collimated laser radiation in an efficient, simple, and reliable way, obviating the need for artificial pumping sources and their electrical power consumption and conditioning equipment. Solar laser is an emerging technology for both renewable energy and laser-based research and has been investigated as an instrument for materials processing [5] and optical communications [6], while showing great promise for space-based applications, such as wireless power transmission [7], deep-space optical data transmission and networking [8], laser propulsion [9], and asteroid deflection [10].



Even though solar laser emission is possible without any focusing optics [11], collectors and concentrators are normally employed to excite the active medium and obtain high efficiency. However, when using these components, the laser crystal is subjected to high power radiation, running the risk of experiencing significant thermal lens and thermal stress effects [12]. This has sparked researchers to look for ways to ameliorate the conditions for solar laser power production and reduce the probability of rod fracture, while being mindful of the laser efficiency. For example:




	
Nd:YAG proved to be a great rod material for highly intense solar pumping due to its availability, reasonably low cost, good thermomechanical properties [13], and spectroscopic properties of the dopant [14]. Sensitizers of the Nd3+ ion emission, such as Cr3+ and Ce3+ ions, can also be added as co-dopants in the doped YAG host to increase the laser efficiency through the higher sunlight absorption and subsequent transfer of the excitation energy to the Nd3+ ions [15,16].



	
Better heat dissipation and lessening of the thermal lens effect can be achieved through grooved rods, rather than the conventional rods with smooth sidewalls, since the area of contact between the laser medium and the cooling water is increased due to the shape of its sidewall, improving the laser efficiency and beam quality [17].



	
Multi-rod solar laser systems can facilitate an equal distribution of the total amount of concentrated radiation among the several rods [18,19,20]. This way, substantial improvement of the thermal performance can be achieved, in comparison with the single, thicker rod systems. The coordination of multiple laser beams, with each one being optimized to perform a part of the overall procedure, has also produced results that were unobtainable with a single beam in various laser-based applications [21,22,23,24,25].



	
Designing a solar laser system in side-pumping configuration can be constituted as a solution to provide alleviation of the thermal loading issue owed to the non-uniformity of the pump light distribution along the rod axis that is ubiquitous in the end-side-pumping approach, despite the latter being the configuration that has also led to record-breaking efficiencies [15,20,26,27,28,29,30,31,32]. Furthermore, the free access to both rod ends enables the optimization of more laser resonator parameters, permitting an efficient extraction of laser at low-order modes with improved beam quality [33,34,35,36,37]. This is of great significance for many laser-based applications in which the operation in TEM00-mode is desired due to the low divergence of the laser beam, allowing for a small, focused spot [38]. Damage in the resonator optics could also be prevented as a result of its smooth profile, avoiding the appearance of hot sites inside the laser medium [39].








The most significant results were achieved through heliostat-parabolic mirror systems. In 2017, 9.30 W continuous-wave (cw) TEM00-mode laser power was obtained by using a 1.18 m2 effective collection area and a solar laser head composed of a fused silica aspheric lens and a conical pump cavity, in which a single Nd:YAG rod was mounted and end-side-pumped [30]. This corresponded to 7.88 W/m2 collection and 0.79% solar-to-TEM00-mode-laser power conversion efficiencies. For multimode operation, the current record values were established in 2022 with the production of 16.50 W cw laser power from a 0.40 m2 effective collection area and a similar laser head, this time with three Ce:Nd:YAG rods within the single pump cavity, with collection and conversion efficiencies reaching 41.25 W/m2 and 4.64% [20], respectively. Nevertheless, using heliostat-parabolic mirror systems comes with a few drawbacks: namely, the need for complex and expensive installations to accommodate heavy components, and the blockage of sunlight redirected from the heliostat through the placement of the laser head and its supporting mechanics in front of the primary concentrator.



Albeit having inherent chromatic aberration properties, the collection and concentration of solar rays can be done through low-cost, lightweight, and easily available Fresnel lenses. In 2013, 2.30 W cw TEM00-mode laser power was obtained with a 1.00 m diameter Fresnel lens to side pump a single Nd:YAG rod, fixed inside a laser head comprised of a fused silica aspheric lens, a two-dimensional compound parabolic concentrator (CPC), and a V-shaped pump cavity [40]. The collection and conversion efficiencies were only 2.93 W/m2 and 0.33%, respectively. In total, 26.93 W cw multimode laser power was produced in 2023 by end-side pumping a grooved Ce:Nd:YAG/YAG bonded crystal rod in a system that takes advantage of a 0.94 m diameter Fresnel lens and a laser head that consists of a conical cavity and a quartz tube, within which the rod was fixed [41]. This was equivalent to a 38.81 W/m2 collection efficiency and a 3.88% conversion efficiency.



Due to all the reasons mentioned above, the lack of experimental works regarding TEM00-mode solar laser power production through Fresnel lenses (the most recent one being the aforementioned from 2013 [40], to the best of our knowledge) and the importance of studying the scalability of these systems, a seven-rod, side-pumping concept is presented here. Six Fresnel lenses with 10 m2 total collection area, with the help of six folding mirrors, collected and concentrated sunlight towards a laser head composed of six aspheric lenses, six rectangular CPCs and a cylindrical pump cavity, within which seven grooved Nd:YAG rods were mounted and pumped. The design parameters were optimized using Zemax® (Kirkland, EA, USA) ray tracing in non-sequential mode and LASCAD™ software (Munich, Germany). Efficient production of 153.29 W total TEM00-mode laser power could be achieved, corresponding to a 15.33 W/m2 collection efficiency and a 1.61% solar-to-TEM00-mode-laser power conversion efficiency.




2. Description of the Seven-Rod TEM00-Mode Solar Laser Concept


The collection and first-stage concentration of solar rays were done by six Fresnel lenses, each with 0.73 m diameter and approximately 3.5 m focal length, totaling 10 m2 of collection area. They were made of polymethylmethacrylate, which is a lightweight, clear, and stable polymer that has sunlight resistance, thermal stability up to at least 80 °C, and spectral transmissivity that matches the solar spectrum [42]. Six elliptical folding mirrors, with 1.5 m height, 1.0 m width, and 95% reflectivity, were tilted 45° to redirect the concentrated solar rays towards the laser head. Figure 1 depicts how the Fresnel lenses (FL1–FL6) and folding mirrors (M1–M6) were positioned in relation to it. The six pairs were divided into two groups: one was responsible for the concentration of solar rays towards the upper section of the laser head, while the other did the same for the lower section. In the upper-section group, the Fresnel lenses FL1, FL3, and FL5 and folding mirrors M1, M3, and M5 were positioned 1799.25 mm away from the optical axis of the laser head, with FL1, FL3, and FL5 being 1637.50 mm above the middle of the laser head while M1, M3, and M5 were only 6.75 mm above (=1630.75 mm below the corresponding Fresnel lens). In the lower-section group, the Fresnel lenses FL2, FL4, and FL6 and folding mirrors M2, M4, and M6 were positioned 1785.75 mm away from the optical axis of the laser head, with FL2, FL4, and FL6 also being 1637.50 mm above the middle of the laser head, whereas M2, M4, and M6 were 6.75 mm below (=1644.25 mm below the corresponding Fresnel lens).



Both the upper and lower sections of the laser head had three aspheric lenses and three rectangular CPCs that further concentrated the solar rays towards seven grooved Nd:YAG rods mounted inside a cylindrical pump cavity (Figure 2). The six aspheric lenses, each positioned on the same plane as the center of the corresponding folding mirror and 22 mm away from the optical axis of the laser head, had an input face of 110.0 mm diameter and −59 mm radius of curvature, and a plane output face of 25.4 mm diameter and 111 mm thickness. They were designed with fused silica material, which is transparent over the absorption spectrum of Nd:YAG and acts as a filter of undesired radiation, aside from having low thermal expansion coefficient and high resistance to scratching and thermal shock [43]. A rectangular CPC was placed below each aspheric lens, with its 21.4 × 16.2 mm2 input face being 1.8 mm away from the lens’s output face. The CPCs had an output face with 12.2 × 7.8 mm2 area, 13.4 mm length, and inner mirrored walls with 95% reflectivity. The walls connecting the output edges of 12.2 mm with the input edges of 21.4 mm had an acceptance angle of 30°, whereas the walls perpendicular to those had a 26° acceptance angle.



The cylindrical pump cavity was a mirrored pipe with 15.7 mm diameter, 27.0 mm length, and 95% reflectivity. It had six 13.5 × 7.8 mm2 area openings for the entrance of solar rays, with the 7.8 mm edges being connected with those of the CPCs. Each end of the cavity was closed with a rod holder of the same diameter and reflectivity for the mechanical fixation of 4 mm of the corresponding ends of the seven 2.7 mm diameter, 35 mm length grooved Nd:YAG rods (Figure 2b). The rods, apart from the 4 mm at each end reserved for the holder, had grooves along their length (Figure 2c) akin to those on the active media utilized in previous experimental works performed by our research group [36,44]: with 0.6 mm pitch and 0.1 mm depth. Additionally, the end faces of each rod presented a coating that is antireflective (AR) to the 1064 nm laser emission wavelength. As shown in Figure 2, one rod was positioned at the center of the pump cavity (RC), while the other six were grouped into three pairs (R1 and R2, R3 and R4, and R5 and R6). Each pair was placed 5 mm away from the center of the cavity, while the optical axes of the grooved rods were 5.4 mm away from each other.



The plane output face of the aspheric lenses, the CPCs, the cylindrical pump cavity and the seven grooved rods were in direct contact with cooling water, entering from the CPCs of the upper section (CPC1, CPC3, and CPC5) and exiting from the ones at the lower section of the pump cavity (CPC2, CPC4, and CPC6) to help diminish the heat generation within the rods and the optical components.



Each of the seven laser resonators was comprised of two opposing mirrors aligned with the optical axis of the grooved rod, both with different coatings: highly reflective (HR) and partially reflective (PR) to the 1064 nm laser emission wavelength, through which the solar laser was emitted (Figure 3).




3. Numerical Modeling


3.1. Modeling of the Design Parameters of the TEM00-Mode Solar Laser System through Zemax®


Preparations to the Zemax® file prior to the design parameter optimization were done. A 950 W/m2 terrestrial solar irradiance and the 16% overlap that the Nd:YAG absorption spectrum has with the solar spectrum [45] were considered when calculating the effective pump power for each of the six light sources. After consultation of the direct standard solar spectrum for one-and-a-half air mass [46], 22 spectral irradiance values at the peak absorption wavelength for the 1.0 at.% Nd:YAG material, as well as the absorption coefficient for each of those wavelengths [47], were used as reference data for the light sources and in the glass catalog data for Nd:YAG, respectively. Both the absorption spectra and the wavelength-dependent refractive indices of fused silica and water [32] were also added to the glass catalog data to account for the absorption losses that occur in those media.



The numerical information from each rod was obtained using a detector volume. The absorbed pump power in each rod was calculated by summing up the power in each of the 87,500 voxels that the detector volume was comprised of. This number of voxels, along with 6 × 106 analysis rays, enabled the acquisition of accurate results and good image resolution from each detector. The absorbed pump flux distribution in five transversal cross-sections of the seven grooved Nd:YAG rods and in the longitudinal cross-section of rods RC and R1 is presented in Figure 4. Longitudinal profiles for rods R2–R6 were not included, as they are similar to that of rod R1. The maximum pump flux is represented in red, whereas the blue color identifies the areas of the rods where there was little or no absorption.



Each time the ray tracing finished performing, the absorbed pump flux data were exported from Zemax® to be used in the LASCAD™ software afterwards. The quantification of the thermal effects applied to the active media and the highest solar laser output power provided by the optimal resonator beam parameters in each case determined what modifications were to be made to the design parameters to possibly lead to further enhancements in TEM00-mode laser power and beam quality.




3.2. Modeling of the Laser Resonator Parameters through LASCAD™ for TEM00-Mode Laser Beam Extraction


In LASCAD™, the data analysis was done while considering a temperature-dependent stimulated emission cross-section given by:


  σ   T   = 2.8 ×   10   − 19   − 3.9 ×   10   − 22     T − 300   ,  



(1)




where 2.8 × 10–19 cm2 is the stimulated emission cross-section at 300 K [39], −3.9 × 10–22 cm2/K is the slope of the linear relationship between stimulated emission cross-section and temperature for the 1.0 at.% Nd:YAG medium [48], and   T   the maximum temperature that the rod achieved. The 230 μs fluorescence lifetime [39], the 0.002 cm–1 absorption and scattering loss for the 1.0 at.% Nd:YAG medium, and the 660 nm mean-absorbed and intensity weighted solar pump wavelength [13] were also considered.



Each laser resonator was comprised of the two mirrors with the HR and PR 1064 nm coatings (reflectivity of 99.98% and 90–99%, respectively), whose optical axes were aligned with that of the rod. The resonator length plays a crucial role in the extraction of the TEM00-mode laser beam. In short resonators, the TEM00-mode poorly matches the active region, and the laser oscillates in multiple modes, leading to high beam quality factors (    M   x   2    ,     M   y   2    ). By increasing its length, the TEM00-mode beam size within the rod also increases, along with the diffraction losses at the rod edges, leading to the elimination of higher order modes. Long resonators were chosen so that only the TEM00-mode could oscillate, improving the beam quality [39]. To facilitate the oscillation of the TEM00-mode, small diameter laser rods were used due to their behavior as apertures. The separation length and radius of curvature (RoC) of the resonator mirrors were also optimized.



Figure 5 and Figure 6 show the laser resonator design for the extraction of a TEM00-mode laser beam from the rods RC and R1, respectively. It is worth pointing out that the laser resonators for rods R2–R6 are similar to that of R1. To extract the most efficient TEM00-mode laser beam from rod RC, HR and PR 1064 nm mirrors with an 8000 mm RoC and a 305.6 mm separation length on each side were used; this enabled the emission of a 27.11 W laser beam with good quality factors of     M   x   2     = 2.25,     M   y   2     = 1.00. On the other hand, the laser resonators for rods R1–R6 were longer, with 850 mm RoC mirrors and 423.8 mm separation lengths, resulting in six 21.03 W laser beams with even better quality factors (    M   x   2     = 1.09,     M   y   2     = 1.00) than those from rod RC.





4. Numerical Analysis of the Seven-Rod TEM00-Mode Solar Laser System


4.1. Laser Power Analysis


The optimization process was firstly conducted for a scheme in which conventional rods were used. After finding the parameters with which the maximum TEM00-mode laser power could be achieved, the rods were substituted by ones with grooved sidewalls. Figure 7 presents the total TEM00-mode laser power as a function of the rod length using rods with the optimal diameter of 2.7 mm for both the conventional and the grooved rod schemes. In the conventional rod scheme, the maximum total laser power was 139.89 W (=25.53 + 6 × 19.06), attained with 2.7 mm diameter and 35 mm length rods, corresponding to collection and solar-to-TEM00-mode-laser power conversion efficiencies of 13.99 W/m2 and 1.47%, respectively. However, the adoption of grooved rods of the same dimensions increased the laser power that each of the seven rods would produce, totaling 153.29 W (=27.11 + 6 × 21.03). Collection efficiency, in this case, was 15.33 W/m2, whereas the conversion efficiency reached 1.61%.




4.2. Thermal Analysis


The thermal-induced effects—heat load, temperature, and stress intensity—on rods RC and R1 from the conventional and the grooved rod schemes were analyzed through LASCAD™ and are presented in Figure 8.



Due to opting for the side-pumping configuration and how small their diameter was, the grooved rods ended up not playing a very relevant role in heat dissipation. For rod RC, the grooved sidewall provided a modicum of alleviation when compared to the conventional one, registering decreases in the maximum heat load, temperature, and stress intensity of only 8.62%, 0.37%, and 3.48%, respectively. For rod R1, the opposite scenario transpired, with the difference between values being even lower: heat load was 3.59%, temperature 0.13%, and stress intensity 3.17% higher with the grooved rod. Nevertheless, in both case studies, the stress intensity was always substantially lower than the stress fracture limit of 200 N/mm2 for the Nd:YAG material [49], reflecting a potential good performance of the rods under highly intense solar pumping.





5. Discussion


In the proposed seven-rod TEM00-mode solar laser scheme, opting for rods with grooved sidewalls instead of the conventional ones proved to be an added value to increase its efficiency, despite not being sufficiently pertinent in providing better heat dissipation. This constituted improvements in comparison to other numerical works in which Fresnel lenses were used as the collectors and primary concentrators. Table 1 summarizes the results of the present work and those from two other numerical studies of highly efficient TEM00-mode laser power production schemes by Liang et al. [50,51]:




	
A single-rod scheme, in which four Fresnel lenses with 4 m2 total collection area, with the help of folding mirrors, collected and concentrated the solar rays towards a laser head composed of four fused silica aspheric lenses with long rectangular light guides for solar flux homogenization, four hollow rectangular CPCs, and four V-shaped pump cavities, where a 3 mm diameter and 76 mm length conventional Nd:YAG rod was mounted [50].



	
A seven-rod scheme, where a single 4 m2 collection area Fresnel lens collected and concentrated the solar rays, being then received by a laser head comprised of a fused silica aspheric lens, a conical pump cavity, and seven 2.5 mm diameter and 15 mm length conventional Nd:YAG rods [51].








The proposed seven-grooved-rod scheme is 1.04 times more efficient than the single-rod scheme by Liang et al. [50], as well as being able to produce six laser beams of better quality. Moreover, thermal lens and thermal stress effects can be more pronounced in the single-rod scheme than in the one proposed here. On the other hand, the seven-rod scheme by Liang et al. produced seven laser beams of overall better quality [51]; however, not only is the proposed scheme 1.12 times more efficient, but a 4 m2 collection area Fresnel lens is also not easily available on the market, which is a major deterrent for experimental testing, as opposed to six smaller Fresnel lenses with a 10 m2 total collection area.



Due to the disposition of the rods and the side-pumping configuration, a laser beam merging could be performed in the proposed scheme to combine the six individual TEM00-mode laser beams from the external rods, with the help of folding mirrors [52], enabling the extraction of a single laser beam with higher power and better quality. However, this laser beam merging technique cannot be employed in the seven-rod scheme by Liang et al. [51], since the rod tilting and the end-side-pumping configuration do not make it possible for the folding mirrors to be mechanically fixed.




6. Conclusions


A seven-rod solar laser concept was proposed here to improve the efficiency in TEM00-mode laser power production, employing six Fresnel lenses with 10 m2 total collection area for collection and concentration of sunlight. Six folding mirrors redirected the solar rays towards the laser head comprised of six aspheric lenses, six rectangular CPCs, and a cylindrical cavity, in which seven Nd:YAG rods were mounted and side-pumped. With 2.7 mm diameter and 35 mm length conventional rods, 139.89 W total TEM00-mode laser power was numerically achieved, which is equivalent to a 13.99 W/m2 collection efficiency and a 1.47% solar-to-TEM00-mode-laser power conversion efficiency. By adopting grooved rods of the same dimensions, the total laser power was increased to 153.29 W, corresponding to 15.33 W/m2 collection and 1.61% conversion efficiencies. Regarding TEM00-mode laser power production through the usage of Fresnel lenses, the proposed seven-grooved-rod scheme is 1.04 times more efficient than the one that held the previous numerical record, in which a single conventional rod was side-pumped [50]. It is also 1.12 times more efficient than another seven-conventional-rod concept, designed in the end-side-pumping configuration [51]. Furthermore, the side-pumping configuration paired with the good thermal performance may ensure the seven-grooved-rod system has better scalability than these previously proposed schemes, as well as opening the possibility for the application of a laser beam merging technique.



The implementation of Cr:Nd:YAG [15] or Ce:Nd:YAG [16] rods could lead to further improvements in efficiency, depending on how well the absorption spectra of these materials match with the solar spectrum. The use of easily available Fresnel lenses and the possibility of producing multiple TEM00-mode laser beams of high efficiency reinforce the importance that solar lasers could have in many laser-based applications.
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Figure 1. Collection and first-stage concentration system composed of six Fresnel lenses (FL1–FL6), with collection area totaling 10 m2, and six folding mirrors (M1–M6) that redirected the concentrated solar rays towards the laser head. FL1, FL3, and FL5, and M1, M3, and M5 were responsible for the concentration of solar rays towards the upper section of the laser head; FL2, FL4, and FL6, and M2, M4, and M6 had the same role for the lower section. 
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Figure 2. (a) Three-dimensional and (b) side views of the solar laser head. The rod holder from the upper section in (a) and fused silica aspheric lenses AL1, AL2, AL4, and AL5 in (b) were hidden for better visualization of the pump cavity. AL1, AL3, and AL5, and CPC1, CPC3, and CPC5 were responsible for the further concentration of solar rays in the upper section of the pump cavity; AL2, AL4, and AL6, and CPC2, CPC4, and CPC6 had the same role in the lower section. (c) End of one of the grooved rods designed in Zemax®. 
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Figure 3. Three-dimensional view of the laser head with the laser resonators for rods RC and R1–R6. 
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Figure 4. Absorbed pump flux distribution in five transversal cross-sections of the seven 2.7 mm diameter, 35 mm length, grooved Nd:YAG rods, as well as in the longitudinal cross-section of the rods RC and R1. L represents the position where each transversal cross-section profile was obtained. 
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Figure 5. (a) Laser resonator design in LASCAD™ for the extraction of a TEM00-mode laser beam from rod RC, with (b) the respective beam profile. (c) LASCAD™ window in which the laser beam quality factors     M   x   2    ,     M   y   2     are presented. (d) Laser beam waist radius obtained at the PR 1064 nm output mirror, through the LASCAD™ beam propagation method. 
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Figure 6. (a) Laser resonator design in LASCAD™ for the extraction of a TEM00-mode laser beam from rod R1, with (b) the respective beam profile. (c) LASCAD™ window in which the laser beam quality factors     M   x   2    ,     M   y   2     are presented. (d) Laser beam waist radius obtained at the PR 1064 nm output mirror, through the LASCAD™ beam propagation method. 






Figure 6. (a) Laser resonator design in LASCAD™ for the extraction of a TEM00-mode laser beam from rod R1, with (b) the respective beam profile. (c) LASCAD™ window in which the laser beam quality factors     M   x   2    ,     M   y   2     are presented. (d) Laser beam waist radius obtained at the PR 1064 nm output mirror, through the LASCAD™ beam propagation method.



[image: Photonics 10 00620 g006]







[image: Photonics 10 00620 g007 550] 





Figure 7. Total TEM00-mode laser power as a function of rod length, for the conventional and the grooved Nd:YAG rod schemes while using rods with 2.7 mm diameter. 
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Figure 8. Heat load, temperature, and stress intensity for rods RC and R1 from both the conventional and the grooved Nd:YAG rod schemes. 
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Table 1. Comparison between the results of the present work and those from [50,51].
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	Parameter
	Liang et al. (2014) [50]
	Liang et al. (2021) [51]
	Present Work





	Type of rod
	Conventional
	Conventional
	Grooved



	Number of rods
	1
	7
	7



	Configuration
	Side-pumping
	End-side-pumping
	Side-pumping



	Number of Fresnel lenses
	4
	1
	6



	Collection area (m2)
	4
	4
	10



	Solar irradiance (W/m2)
	950
	950
	950



	Total TEM00-mode laser power (W)
	59.10
	54.64

(=7.85 + 6 × 7.80)
	153.29

(=27.11 + 6 × 21.03)



	Collection efficiency (W/m2)
	14.78
	13.66
	15.33



	Conversion efficiency (%)
	1.56
	1.44
	1.61



	     M   x   2        ,     M   y   2     
	1.08, 1.43
	1 × (1.36, 1.00)

6 × (1.00, 1.04)
	1 × (2.25, 1.00)

6 × (1.09, 1.00)
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