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Abstract


The mid-infrared band is the last major observational window for the ground-based large solar telescopes in the 21st century. Achieving ultra-narrowband filter imaging is a fundamental challenge that all solar telescopes encounter as they progress towards the mid-infrared spectrum. The guided-mode resonance filtering (GMRF) technology provides a promising solution to this critical issue. This paper describes in detail the fundamental principles and calculation procedure of guided-mode resonance filtering. Building upon this foundation, a preliminary design and simulation of a mid-infrared guided-mode resonance filter are carried out. The results show that when the thickness of the sub-wavelength grating is an even multiple of the half-wavelength, it is feasible to attain ultra-narrowband filtering with a bandwidth below 0.03 nm by increasing the grating thickness and decreasing the grating fill factor. Nevertheless, the high sensitivity of the resonant wavelength to the angle of incidence still stands as a formidable obstacle that demands further investigation and resolution.
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1. Introduction


The Sun is the only star that can be meticulously observed in great detail. Its imaging observations, characterized by high time resolution, high spatial resolution, high spectral resolution, and high polarization precision, serve as the cornerstone for in-depth research and understanding in astrophysics. The Sun’s high-temperature plasma environment provides a huge magnetohydrodynamic laboratory that cannot be simulated on Earth. Delving into and comprehending this unique environment can significantly propel our understanding of related fundamental physical phenomena. In addition, the Sun is the main driver and source of space weather. Solar activities like solar flares and coronal mass ejections can potentially bring about catastrophic consequences for modern civilization, affecting aerospace operations, navigation systems, communication networks, and even global economic stability. Hence, the observation and study of the Sun hold significant scientific and practical significance.



So far, solar observation has mainly focused on X-rays (0.01–10 nm) [1], ultraviolet (10 nm–400 nm) [2], visible light (400 nm–700 nm) [3], near-infrared (700 nm–2.5 μm) [4], and radio bands [5]. By contrast, owing to constraints in observational technology, the mid-infrared band (2.5 μm–25 μm) has mainly been observed on the McMath telescope at the NSO/Kitt Peak in the United States [6,7,8,9,10], the new 30 THz solar Telescope in Brazil [11,12,13,14], and a solar mid-infrared telescope in Mexico [15] in recent years. It is crucial to note, however, that the mid-infrared band is the last observation window yet to be fully exploited for ground-based solar telescopes. Observations in the mid-infrared band offer several unique advantages. These include minimal atmospheric scattered light, low instrumental scattered light, weak instrumental polarization, and high sensitivity to the solar magnetic field [16]. As a result, mid-infrared solar observations present abundant scientific opportunities and are expected to be a major competitive frontier in ground-based astronomical observations in the 21st century.



In recent years, a new generation of solar telescopes has gradually begun to work in the mid-infrared band. For instance, the Goode Solar Telescope (GST) at the Big Bear Solar Observatory in the United States is equipped with a mid-infrared cryogenic grating spectrograph (CrYogenic solar spectrogRAph, CYRA). CYRA has the ability to measure double-beam polarization in the 1–5 μm band and cryogenic spectral detection in the 3–5 μm band. It focuses on the identification and observation research of molecular spectral lines and magnetic-sensitive spectral lines near 4 μm [17]. The Daniel K. Inouye Solar Telescope (DKIST) in the United States, which is the world’s largest aperture optical solar telescope with a 4 m aperture, extends its observation band to the infrared band, reaching up to 30 μm. Its first-generation focal plane devices, Cryo-NIRSP and DL-NIRSP, will provide polarized spectral imaging observations in the 1–5 μm band [18]. Moreover, the Mid-Infrared System for the Accurate Measurement of Solar Magnetic Field (AIMS) is China’s first mid-infrared solar observation equipment. The AIMS telescope will observe the solar magnetic field at Mg I 12.32 μm, which is the most sensitive spectral line to solar magnetic fields discovered so far [19].



Unlike other types of astronomical observations, ultra-narrowband observation is a basic requirement for solar telescopes. The measurement of solar magnetic fields can be achieved by analyzing the splitting or polarization of spectral lines produced by the Zeeman effect. However, these magnetic signals are usually weak and mixed with the thermal Doppler broadening of the lines, making their detection and interpretation challenging. Ultra-high spectral resolution is critical to distinguish the polarization information from the Doppler-broadened profiles, enabling more precise and reliable extraction of magnetic field information. Figure 1 simulates the Stokes parameters of different observed spectral lines under the same solar magnetic field, where the transverse and the longitudinal magnetic field strengths are both 1000 G. The first column shows the simulation results of the observed spectral line Fe I at 617.3 nm, with a spectral resolution of 0.01 nm. The remaining four columns present the simulation configurations of the observed spectral line Mg I at 12.32 μm. Different columns represent different spectral resolutions, which are 0.02 nm, 0.1 nm, 0.2 nm, and 0.3 nm, respectively. For solar magnetic field measurement in the visible band, the filtering bandwidth of the telescope needs to be about 0.01 nm [20]. For example, for The Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics Observatory (SDO), its observed spectral line is the absorption spectral line Fe I 617.3 nm in the photosphere, and the instrument bandwidth is 0.0076 nm (FWHM) [3]. The results in the first column of Figure 1 also indicate that for visible light observations, a spectral resolution of 0.01 nm is appropriate. By contrast, in the mid-infrared band, although the Doppler broadening is greater, the spectra splitting distance is also larger due to the Zeeman effect. Therefore, a spectral line resolution above 0.1 nm cannot meet the precise measurement of the Stokes parameters’ profiles. Thus, in the mid-infrared band, it is generally required that the observation bandwidth be below 0.03 nm, with 0.01 nm being the optimal value.



In the visible and infrared bands, the narrow bandwidth requirement can be fulfilled through various filtering technologies, such as Lyot birefringent filters, Fabry–Perot interferometers, and echelle spectrographs [21,22,23]. However, for longer wavelengths within the mid-infrared range (2.5 μm–25 μm), the available filtering technologies are severely limited. Currently, the primary equipment for narrowband filtering in the mid-infrared is the Fourier Transform Infrared Spectrometer (FTIR). Nevertheless, the spectral resolution of the FTIR is closely intertwined with its time resolution. Taking the AIMS telescope as an example, the spectral resolution of FTIR is 0.06 nm, and the acquisition time of the imaging is 30 s, far from the observation requirements of fast polarization modulation. Therefore, it is a crucial challenge for the new generation of solar telescopes to achieve rapid narrowband filter imaging in the mid-infrared band.



The guided-mode resonance filter (GMRF) is a special resonant subwavelength grating developed in recent years [24,25]. When the guided wave mode of the grating waveguide structure is in phase-matching with the higher-order diffraction wave of the grating, the guided wave mode will exhibit a strong coupling reaction with the external incident wave. Subsequently, resonance occurs, enabling 100% reflection or transmission of light at a specific wavelength. Theoretically, its reflection/transmission bandwidth can reach as narrow as 0.01 nm. Furthermore, the period of the subwavelength grating is smaller than the wavelength of the incident light. Both the transmitted and reflected waves possess only zero-order diffraction waves, which effectively avoids the energy loss caused by higher-order diffraction. Therefore, the guided-mode resonance filter offers a promising solution for achieving ultra-narrowband filtering in the mid-infrared band.



The discovery of guided-mode resonance can be traced back to 1902. In that year, Wood first experimentally observed the “Wood’s anomaly” phenomenon, where the diffraction efficiency of metal reflection gratings changed abruptly. This phenomenon could not be explained by the existing grating theories at that time [14]. For several decades thereafter, the “Wood’s anomaly” remained unexplained by a reasonable physical model. It was not until 1965 that Hessel and Oliner, during their study of the guided-mode resonance phenomenon in reflection gratings, proposed using waveguide theory to interpret the “Wood’s anomaly” [25]. They established a mathematical model from a physical perspective for the first time. However, the model at that time was still an approximation. Subsequently, with the continuous development of vector diffraction theory, S. S. Wang et al. proposed that the rigorous coupled-wave analysis (RCWA) can be used to analyze, design, and control the characteristics of guided-mode resonance gratings [26]. Their research successfully reproduced various output characteristics of guided-mode resonance gratings, laying a theoretical foundation for the optimization design and practical application of GMRF [27].



Despite significant progress in GMRFs over the past three decades, the research has predominantly been centered on the visible and near-infrared bands [28,29,30,31,32,33]. By contrast, the exploration of the mid-infrared band remains severely limited. Based on the publicly accessible literature, only the U.S. Army Research Laboratory, led by N. Gupta, has consistently conducted research on guided-mode resonance filter technology in the 8–12 μm mid-infrared band since 2014 [34,35,36,37,38,39]. In 2016, they designed mid-infrared guided-mode resonance filters based on germanium and zinc selenide materials using rigorous coupled-wave analysis and analyzed the effect of angle tilt on tuning the transmission wavelength. In 2020, they extended the design from one-dimensional to two-dimensional, reducing polarization sensitivity, and designed a set of detection equipment based on FTIR for detecting the filtering performance of guided-mode resonance gratings. However, due to different research objectives and application scenarios, their filter bandwidth is around 20 nm, failing to meet the ultra-narrowband filtering requirements of solar telescopes.



Based on this, this paper describes in detail the fundamental principles and calculation procedure of guided-mode resonance filtering in Section 2. On this basis, a preliminary design and simulation of a mid-infrared guided-mode resonance filter are carried out in Section 3, where more analysis is performed to study how to realize an ultra-narrowband. In Section 4, a discussion about current issues and key research contents is given.




2. Theory


In this section, we provide a brief overview of the theoretical foundation for the calculation of guided-mode resonance filtering developed in [27,40,41,42], including resonance range, the resonance location in wavelength, grating thickness, and materials’ refractive index.



As shown in Figure 2, the basic structure of a GMRF is a waveguide composed of a planar grating [27]. GMRF consists of a cover layer (Region 1), a waveguide layer (Region 2), and a substrate layer (Region 3). The relative permittivity of the cover and substrate layers are    ε 1    and    ε 3   , respectively. The waveguide layer is a rectangular grating with a period of  Λ , a groove depth of d (grating thickness), and a fill factor of f. The relative permittivity of the grating ridges and grooves are    ε  r d     and    ε  g r    , respectively. Taking the z-axis perpendicular to the boundary direction, with the grating vector in the x-direction, the periodic relative permittivity within the grating region (0 < z < d) can be expanded into the following Fourier series form


   ε 2  = ε ( x  ) =    ∑ h    ε h      e x p ( j    2 π h x  Λ   ) =   ∑ h    ε h      e x p ( j h K x ) ,  



(1)




where    ε h    is the h-th component of the relative permittivity in the grating region, and is given by


   ε h  =   1 Λ   [    ∫  −  Λ 2    −   f Λ  2      ε  g r    e  −   2 j π h x  Λ       d x +    ∫  −   f Λ  2      f Λ  2      ε  r d    e  −   2 j π h x  Λ       d x +    ∫    f Λ  2     Λ 2      ε  g r    e  −   2 j π h x  Λ       d x ] = (  ε  r d   −  ε  g r   )    sin ( π h f )   π h     



(2)




which is complex in the presence of lossy or non-uniform media. The average relative permittivity of the grating region is    ε 0  =  ε  r d   f +  ε  g r   ( 1 − f )  . Since Region 2 is equivalent to a waveguide, it requires    ε 0  >  ε 1  ,  ε 3   .



When a TE plane wave (the electric field vector perpendicular to the plane of incidence) is incident on a waveguide grating, the wave equation of grating is


   ∇ 2    E ^  y  ( x , z ) +  k 2  ε ( x )   E ^  y  ( x , z ) = 0 ,   k =   2 π  / λ  .  



(3)







The expression     E ^  y  ( x , z )   represents the total electric field inside the grating and can be expressed as


    E ^  y  ( x , z ) =   ∑  i = − ∞   + ∞      S ^  i  ( z ) ⋅ exp [ − j (  k  1 x   − i K ) x ]    



(4)




where     S ^  i  ( z )   is a function of z only, and    k  1 x   = k  ε 1  1 / 2   sin θ   [40].



Substituting Equations (4), (1), and (2) into Equation (3), it gives for each i-th order diffracted wave


      d 2    S ^  i  ( z )   d  z 2     + [  k 2   ε 0  −   (  k  1 x   − i K )  2  ]   S ^  i  ( z ) +  k 2  (  ε  r d   −  ε  g v   )   ∑  h = 1  ∞     sin π h f   π h   [   S ^   i + h   ( z ) +   S ^   i − h   ( z ) ]   = 0 .  



(5)







Equation (5) is the coupled-wave equation of waveguide grating. It is seen that the wave corresponding to each value of i is coupled to its adjacent (i + h and i − h) space harmonics. But as    ε  r d   −  ε  g v   → 0  , the coupling term becomes negligibly small, and the coupled-wave equation reduces to


      d 2    S ^  i  ( z )   d  z 2     + [  k 2   ε 0  −   (  k  1 x   − i K )  2  ]   S ^  i  ( z ) = 0 .  



(6)







This equation has the same form as the wave equation with a homogeneous slab waveguide, given by


      d 2    S ^  i  ( z )   d  z 2     + [  k 2   ε 0  −  β 2  ]   S ^  i  ( z ) = 0 ,  



(7)




where  β  is the propagation constant of the mode supported by the waveguide. By direct comparison of Equations (6) and (7), the grating layer can be approximated with an equivalent homogeneous-slab waveguide with its refractive index equal to the average of the refractive index of the grating layer. The effective mode propagation constant    β i    corresponding to the i-th order evanescent diffracted wave is given by


   β i  =  k  1 x   − i K = k (    ε 1    sin θ − i  λ / Λ  ) .  



(8)







For homogeneous-slab waveguide, a guided wave can be excited if the effective waveguide index of refraction   β / k   is in the range of   max {    ε 1    ,    ε 3    } ≤   β / k   <    ε 0     . Therefore, in the waveguide grating, for the i-th order diffracted wave corresponding to a leaky guided mode, the effective refractive index of the waveguide    β i  / k   has to be in the range of


  max {    ε 1    ,    ε 3    } ≤    β i  / k   =      ε 1    sin θ − i  λ / Λ    <    ε 0    .  



(9)







This condition approximately defines the resonance regime within which the resonance corresponding to the i-th diffraction order occurs.



Like as a homogeneous slab waveguide, the eigenvalue equation of GMRF can be given as


  tan ( k  η 2  d ) =    j  η 2  (  η 1  +  η 3  )    η 2 2  +  η 1   η 3     .  



(10)




where    η 1  =    ε 1  −   (  β i  / k )  2     ,    η 2  =    ε 0  −   (  β i  / k )  2     , and    η 3  =    ε 3  −   (  β i  / k )  2      [41].



Moreover, the GRMF can obtain an ideal or near ideal filtering line shape and low sideband only when its refractive index and thickness are chosen such that it works as an AR coating. The AR conditions require that the grating thickness be a multiple of half-wavelength [42], i.e.,


  d =    m λ   2    ε 0  −  ε 1    sin  2  θ      , m = 1 , 2 , 3 , … .  



(11)







The Equations (9)–(11) can approximately constrain resonance range, the resonance location in the wavelength, grating thickness, the materials’ refractive index, etc. The exact resonance wavelength with the line width and efficiencies of GMRF have to be determined by the rigorous coupled-wave analysis theory (RCWA).




3. Preliminary Design and Simulation


Figure 3 presents the design process of the GMRF. First, the dielectric materials for the cover layer, substrate layer, and grating layer are chosen, along with the central wavelength, grating fill factor, angle of incidence, and incident wave mode. Next, Equation (9) is utilized to determine the range of the grating period. Subsequently, based on Equation (11), the initial grating thickness is founded. With that completed, Equation (10) is solved to obtain the grating period. At this stage, all of the parameters necessary for the RCWA calculation are set. In this study, we employ the DiffracMod module in the Rsoft software. This module uses RCWA to precisely calculate the transmission and reflection efficiencies. We assess whether the FHWM meets the requirements according to the calculation results. If it does not, we adjust the grating thickness and reuse Equation (10) to obtain a new grating period. Then, DiffracMod recalculates and re-evaluates the FWHM until the requirements are satisfied. Finally, the grating period is finely adjusted so that the reflection peak is at the central wavelength.



Table 1 presents the current commonly used and under-researched mid-infrared optical materials, which mainly include the following: group IV semiconductor materials such as Ge and diamond; II-V group compounds like GaAs, GaP, etc.; III-VI group compounds such as ZnS, ZnSe, CdTe, etc.; alkali halide compound crystals (NaCl, KRS-5); and chalcogenide glass GASIR. The practical infrared optical materials suitable for the 8–13 μm band are mainly Ge, ZnS, ZnSe, GaAs, diamond, and chalcogenide glass. Among them, Ge, ZnS, ZnSe, and chalcogenide glass are currently being used in large quantities. Wavefront detection of devices in the mid-infrared band is extremely challenging. To reduce the difficulty of wavefront detection for the guided-mode resonance filter, it is better to select optical materials that are also transmissive in the visible—near infrared band. Based on this, ZnS, ZnSe, and chalcogenide glass are preferred as the basic materials for the filter in mid-infrared.



In this case, as depicted in Figure 4, ZnS is chosen as both the covering layer and the base layer (n1 = n3 = 2.1585). The sub-wavelength grating consists of ZnS (ngr = 2.1585) and ZnSe (nrd = 2.3858). The GMRF we aim to design is of the reflective type, with a central wavelength of 12.32 μm and an incident angle of 45 degrees (  θ =   45  ∘   ). The range of the period Λ of the sub-wavelength grating is computed using Formulas (8) and (9), and is presented as Figure 5. The pink-colored area indicates the range of grating periods for different values of fill factor f, where    ε 1  =  n 1 2  = 4  . 6591   ,    ε 3  =  n 3 2  = 4.6591  ,    ε  r d   =  n  r d  2  = 5  . 6920   ,    ε  g r   =  n  g r  2  = 4.6591  , and    ε 0  =  ε  r d   f +  ε  g r   ( 1 − f ) = 4.6591 + 1.0329 f  . Notably, the smaller the fill factor f, the narrower the available range for the selection of the grating period Λ.



According to the design procedure of the GMRF depicted in Figure 3, the thickness of the grating is derived from Equation (11),


  d =    m × 12.32 μ m   2   4.6591 + 1.0329 f − 4.6591 ×   sin  2    45  ∘       =    m × 6.16 μ m     2.3296 + 1.0329 f      , m = 1 , 2 , 3 , …  








where m denotes the number of half-waves. By utilizing Equation (10) in conjunction with Rsoft software, the grating period Λ and the reflectivity line shape R(λ) can be precisely computed.



Figure 6 illustrates the grating period Λ, the reflectivity R(λ), and the full width at half maximum (FWHM) of the GMRF under various values of m when the grating filling factor f is set to 0.2 (as shown in Figure 6a and Figure 6b, respectively). It is revealed that the bandwidth of the GMRF exhibits an approximate bilinear relationship with m. Specifically, as m increases, the bandwidth decreases in an approximately linear fashion, and also the linear coefficient varies depending on whether m is odd or even. Additionally, the bandwidth when m = 2k (k being a positive integer) is about 1/62 of that when m = 2k + 1. When m = 2 and f = 0.2, the FWHM reaches 0.098 nm; when m = 6 and f = 0.2, the FWHM attains 0.034 nm.



In Figure 7a,b, the reflectivity profiles R(λ) under different grating filling factors f are calculated for m = 1 and m = 2, respectively. It is evident that the bandwidth decreases as f decreases. Figure 7c,d present the corresponding relationships between the FWHM and f. It can be observed that the FWHM approximately has a linear relationship with f. When f = 0.1 and m = 2, the FWHM reaches 0.0092 nm.



By synthesizing the information from Figure 6 and Figure 7, we conclude that to obtain a narrower bandwidth, the thickness of the grating d should be an even multiple of the half-wavelength. Moreover, achieving an ultra-narrowband filtering can be realized by increasing the thickness of the grating and reducing the grating filling factor. In addition, Figure 8 presents the reflectivity R(λ) and FWHM of GMRF with different grating thickness error Δd in It= 2, f = 0.2, and Λ = 3.328 μm. it is shown that FWHM varies approximately linearly with the thickness error, and an error of 0.05 μm is acceptable.



Figure 9 shows the calculated reflectivity curves at different incident angles when f = 0.2, m = 2, and Λ = 3.328 μm. Different colors represent different incident angles, and the incident angle varies from 44.5 degrees to 45.5 degrees with an interval of 0.25 degrees. It is clearly evident that the peak wavelength shifts rapidly towards the longer wavelength direction as the incident angle increases. It means that the resonant wavelength is highly sensitive to the incident angle under this design.




4. Discussion and Conclusions


The mid-infrared band is the last observational window for the new generation of ground-based large solar telescopes in the 21st century. However, how to achieve ultra-narrowband filter imaging in the mid-infrared band is a fundamental issue faced by all solar telescopes when developing for the mid-infrared band. The guided-mode resonance filtering technology provides a possibility for solving this fundamental problem. Moreover, GMRF represents an inevitable trend in the development of optical technology. Physically, it has evolved from the scalar diffraction theory to the vector diffraction theory, significantly reducing the geometric size and weight of narrowband filtering devices. For example, the length of a traditional visible light birefringent filter is approximately 0.4 m, and it weighs about 25 kg; the length of a mid-infrared Fourier spectrometer is approximately 1.5 m, and it weighs about 600 kg; the thickness of a GMRF is only in the millimeter range, and it weighs about 0.3 kg. In the future, it will greatly enhance the flexibility of terminal devices and be widely applied in fields such as astronomy, the military, remote sensing, and biology, showing very broad application prospects.



In this paper, we carried out the preliminary design and simulation of the mid-infrared ultra-narrowband guided-mode resonance filter (GMRF). The results show that when the thickness of the sub-wavelength grating is an even multiple of the half-wavelength, ultra-narrowband filtering below 0.03 nm can be achieved by increasing the grating thickness and reducing the grating fill factor, which meets the scientific observation requirements of solar telescopes in the mid-infrared band.



Nevertheless, the high sensitivity of the resonant wavelength to the angle of incidence remains a substantial challenge. Researchers such as M. G. Moharam and A. Sen-tenac have carried out extensive fundamental theoretical investigations aimed at reducing this sensitivity to the angle of incidence [43,44,45,46,47]. In the next step, it is necessary and important to enlarge the observable field of view of the ultra-narrowband GMRF. Additionally, the fabrication process of mid-infrared GMRF and the tuning of its center wavelength will also be the key research focuses in the future.
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Figure 1. Profile simulation of Stokes parameters with different observation spectral lines (Fe I at 617.3 nm and Mg I 12.32 μm) under the same solar magnetic field. Column 1: Fe I 617.3 nm with spectral resolution of 0.01 nm. Columns 2–5: Mg I 12.32 μm with spectral resolution of 0.02 nm, 0.1 nm, 0.2 nm and 0.3 nm, respectively. 
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Figure 2. Sketch of GMRF [27]. It consists of a cover layer (Region 1), a waveguide layer (Region 2), and a substrate layer (Region 3). 
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Figure 3. The design procedure of a GMRF. 
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Figure 4. Schematic illustration for the design of mid-infrared GMRF. Purple and red represent ZnS and ZnSe respectively. 
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Figure 5. The correlation between the period of sub-wavelength gratings and the filling factor f. Pink represents the period range under different f. 






Figure 5. The correlation between the period of sub-wavelength gratings and the filling factor f. Pink represents the period range under different f.



[image: Universe 11 00170 g005]







[image: Universe 11 00170 g006] 





Figure 6. Reflectivity R(λ) and FWHM of GMRF in different grating thickness d calculated by RCWA. (a) Reflectivity R(λ); (b) FWHM. 
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Figure 7. Reflectivity R(λ) and FWHM of GMRF in different grating fill factors. (a) R(λ) in m = 1; (b) R(λ) in m = 2; (c,d) correspond to the FWHM of the reflectivity profiles R(λ) in (a,b), respectively. 
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Figure 8. Reflectivity R(λ) and FWHM of GMRF with different grating thickness error. Δd is calculated by RCWA in m = 2, f = 0.2, and Λ = 3.328 μm. (a) Reflectivity R(λ); (b) FWHM. 






Figure 8. Reflectivity R(λ) and FWHM of GMRF with different grating thickness error. Δd is calculated by RCWA in m = 2, f = 0.2, and Λ = 3.328 μm. (a) Reflectivity R(λ); (b) FWHM.



[image: Universe 11 00170 g008]







[image: Universe 11 00170 g009] 





Figure 9. Reflectivity R(λ) at different incident angle θ. 
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Table 1. Basic properties of mid-infrared optical materials.
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	Materials
	Ge
	Diamond
	ZnS
	ZnSe
	CdTe
	GaAs
	GaP
	GASIR
	NaCl
	KRS-5





	Melting point °C
	937
	3770
	1830
	1520
	1047
	1238
	1470
	292
	1074
	688



	   Density   g /   c m   − 3     
	5.32
	3.51
	4.09
	5.27
	5.85
	5.32
	4.13
	4.40
	2.16
	7.38



	Transmittance range μm
	2–12
	5–100
	0.6–13.0
	0.5–20.0
	0.5–18.0
	1–15
	0.6–11.0
	0.8–15.0
	0.3–15.0
	0.5–40.0



	Refractive index @10 μm
	4.00
	2.38
	2.16
	2.39
	2.68
	3.28
	2.96
	2.49
	1.50
	2.37
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