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The compound refractive lens (CRL) is a commonly used X-ray optical component for photon beam conditioning and focusing on the beamlines of the X-ray facilities. The normal preparation materials are beryllium, aluminum, silicon of current lenses, and they all suffered from high heat load fatigue and short pulse damage risks. Hard materials based CRL is engaged attention for the advanced X-ray application. Sapphire crystal has the advantages of high density, high melting point, low thermal expansion coefficient. In this paper, properties of the refraction and absorption ratio of Sapphire and parameters of Sapphire lenses of effective aperture, transmittance, resolution, number of lenses needed for a certain focus, are taken into account for the CRL design, comparing with those of several common materials as well. The calculation results show that the performance of the sapphire lens is better than that of the aluminum lens and silicon lens, and inferior to that of the beryllium lens and diamond lens, but the number of lenses used is less. In the meantime, performances of sapphire lenses focusing are simulated and thermal effects on lenses are analyzed. Analysis and discussion are carried out under the same conditions as the metal Aluminum ones. The focusing simulation shows that the sapphire lenses can obtain a smaller spot with more intensity. The thermal analysis indicates that the temperature during use of the sapphire lens is much lower than the melting point of sapphire, and the thermal deformation is negligible.
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INTRODUCTION
With the development of the forth-generation synchrotron radiation sources and X-ray free electron lasers facilities, beamlines with high energy, high intensity, low divergence have been produced, and X-ray analysis technology has been more widely used in material structure and material dynamics, biophysics and protein crystallography, geophysics and environmental science and the research in other subject areas [1]. With the deepening of these researches, the requirements for X-ray resolution are getting higher and higher. At the same time, higher standards are put forward for X-ray optical devices, and X-ray nano-focusing devices have also caused more and more focus.
Since the refractive index of material for X-rays is less than 1, the focusing of X-rays could only be done employing reflection and diffraction. Until 1996, researchers such as Snigirev demonstrated focusing capabilities of the refractive optics, so called compound refractive lens (CRL) [2]. They machined 30 circular holes with a diameter of 600 μm on an aluminum plate, focused X-rays with an energy of 14 keV at 1.8 m, and obtained a spot of 8 μm. Compared with other X-ray optics, compound refractive lenses have many advantages. CRL has low requirements on the surface roughness of the lens, does not change the direction of the optical path, can work at high temperature, and is easy to align. Therefore, CRL has developed rapidly. Therefore, it has been developed rapidly. At present, compound refractive lenses include cylindrical, parabolic [3], planar [4], saw-tooth [5], spherical [6], etc. Among them, the parabolic lens is the most widely used due to its small aberration.
At present, the most commonly used X-ray compound refractive lenses are made from elements of beryllium (Be) [7], diamond (C) [8], aluminum (Al) [2], silicon (Si) [9]. Be is the earliest applied lens material and is widely used in wide-spectrum X-rays ranging from 3 to 60 keV. However, Be is highly toxic. And after processing and manufacturing, the single crystal Be will be transformed into polycrystalline, and the single crystal Be lens cannot be obtained. Imperfections of Be leads to the increase of small-angle scattering, which is easy to produce spots, and spoil the focusing. The resolution of Be lens is only about 100 nm [10]. In addition, the thermal expansion coefficient of Be is relatively large, and the long-term high thermal load operation makes the Be lens prone to recrystallization behavior, resulting in fatigue damage and thermal deformation [11].
Diamond has the advantages of high density, low X-ray absorption, low thermal expansion coefficient, high thermal conductivity coefficient, and high thermal damage threshold [12]. Therefore, diamond has been the material of choice for several crucial high-heat component applications in X-ray optics, including double-crystal monochromators [13] and high-reflectivity Bragg mirrors [14]. Using single crystal diamond to prepare a composite refractive lens can improve the uniformity of electron density, small angle scattering signal, less speckle, and more conducive to focusing. A resolution of about 40 nm can be obtained [15]. However, the hardness of the diamond is relatively high, and the processing is complex. At present, diamond composite refractive lenses can be manufactured by ion beam lithography [15] and laser pulse technology [8] can be used to manufacture diamond composite refractive lenses at present. The surface roughness of the processed diamond lens can currently reach about 20 nm [16].
Another popular material for compound refractive lenses are polymer materials, such as polymethyl methacrylate (PMMA). Lenses are often prepared in combination with 3D printing technology [17]. A resolution of around 100 nm can be obtained [18]. It has many advantages. However, the lens made of this material has low thermal conductivity, low melting point, strong small-angle scattering signal, and poor resistance to thermal damage and radiation.
Alumina is a compound material of Aluminum Oxide (Al2O3) with high hardness, high density, high temperature resistance and low thermal expansion coefficient. In the past, alumina was not used for compound refractive lenses due to the limitation of processing techniques, since that it was difficult to manufacture a lens with sub-nanometer surface roughness and sub-microradian shape errors of hard materials. But at present, advanced processing techniques, such as ultrafast laser ablation, offers a higher level of surface quality (that is, low surface roughness values). Alumina has a variety of structures, commonly alpha-alumina (α-alumina) and gamma-alumina. Among them, α-alumina has the densest structure and the highest density, and at high temperature, all crystalline aluminas will be converted into α-alumina. Sapphire is α-alumina, doped with a small amount of titanium and iron, has been increasingly used in optical components for high heat load optics of light sources like powerful lasers, bright synchrotron radiation, etc.
In this article, we analyze the optical parameters, machinability, uniformity, etc. of sapphire material for X-ray compound refractive lenses, and the focusing simulation of the sapphire X-ray compound refractive lenses as designed is carried out compared to the ones made of metal Aluminum. As an addition, we also considered the thermal stability of the sapphire lenses proposed to be used for high heat load X-ray source as free electron lasers as well.
MATERIAL SELECTION CONSIDERATION
The refractive index of X-rays in the material is:
[image: image]
where [image: image] is the refractive indices, which is positively related to the atomic number and density. And [image: image] is the absorption coefficient, which is also positively related to the atomic number and density [7, 19]. In the process of using the lens, it is hoped that the refraction effect of the material is good and the absorption is small. Therefore, the higher the ratio of the refractive index to the absorption coefficient [image: image] of the material, the better. That is, it is better that the atomic number of the material is small. At the same time, the higher the density of the material, the stronger the refracted electromagnetic wave, so it is hoped that the material has a lower atomic number and a higher density to achieve a better focusing effect. And [image: image], so [image: image] can be also used to represent the refraction absorption ratio. Figure 1 shows the [image: image] value of several common compound refractive lens materials within 5–100 keV (the calculation data and the following are from the website [20]). As shown in Figure 1, below 50 keV, compared with beryllium and diamond, the refractive absorption of sapphire is relatively small. Still, it is better than that of materials such as silicon and aluminum. Above 50 keV, the refraction and absorption ratios of several materials are not much different. Although the refractive absorption ratio of beryllium and diamond is relatively large, as we mentioned in the Introduction, beryllium and diamond have limitations. Beryllium lenses are always polycrystalline, and diamond lenses are difficult to process, so we choose sapphire as the material of the lens.
[image: Figure 1]FIGURE 1 | The [image: image] ratio of several common materials at 5–100 keV.
The focal length of the lens is:
[image: image]
where R is the radius of curvature at the vertex of the lens (Figure 2), and N is the number of lenses. The number of lenses used can be determined after determining the required focal length, working energy, and materials used. Calculate the number of lenses as are necessary for several common materials within 5–100 keV. The radius of curvature is set to 50 μm. The focal length is set to 10m, and the calculation results are shown in Figure 3 (The result is not rounded). Compared with other materials, under the condition of achieving the same focusing effect, the number of sapphire lenses used is the least, even half the number of lenses required by other materials. Then, in the process of actual engineering use, can reduce the cost of the lenses. Certainly that, it can reduce alignment errors caused by the many-groups lenses stacks.
[image: Figure 2]FIGURE 2 | Geometrical scheme of a single lens.
[image: Figure 3]FIGURE 3 | The number of lenses required for several common materials at 5–100 keV.
Considerations of sapphire lenses will be discussed from the following aspects.
i) Consideration of the effective aperture of the sapphire lens. Due to the absorption and scattering effects of X-rays in materials, only part of the photons of X-rays can pass through the lens. Assuming that the intensity of the transmitted X-rays is evenly distributed on a circle, the diameter of the circle is the effective diameter of the lens. The effective aperture of the lenses is:
[image: image]
where [image: image]. Calculate the effective aperture of several common materials within 5–100 keV. Refer to Figure 3 for the setting of the number of lenses. The radius of curvature is set to 50 μm. The effective aperture is set to 1000 μm. The focal length is set to 10m. The calculation results are shown in Figure 4. Compared with beryllium and diamond, the effective aperture of sapphire is smaller under the same conditions, but compared with materials such as silicon and aluminum, the sapphire lens has advantages.
ii) Consideration of the transmittance of the sapphire lens during use, it is the ratio of the total light intensity passing through the lens to the full light intensity that the lens can receive. The transmittance of the lens is:
[image: image]
[image: Figure 4]FIGURE 4 | Effective aperture of several common materials at 5–100 keV.
It can be clearly seen from the formula that the transmittance. It is related to the choice of material and the distance between the two vertices of the lens. The transmittance of several common materials in the range of 5–100 keV is calculated. The distance between the two paraboloids is set to 50 μm. Other settings are the same as Figure 3 and Figure 4. The calculation results are shown in Figure 5. In the range of low energy, the transmittance of sapphire is higher, even better than that of the diamond; in the middle energy range, the transmittance of sapphire is lower than that of diamond, etc. In the high energy range, there is little difference between several materials.
iii) Consideration of the resolution of the sapphire lens. Resolution is divided into horizontal resolution and vertical resolution, which refers to the distance between the smallest two points that can be distinguished through the lens. That is to say, when the distance between two points is smaller than the resolution, it cannot be discerned. The resolution of the lens is [image: image] in the horizontal direction and [image: image] in the vertical direction, where [image: image] is the object distance. Both lateral and vertical resolution are negatively related to the effective aperture. The larger the effective aperture, the smaller the resolution of the lens. The lateral resolution of several common materials within 5–100 keV is calculated. The parameter settings are the same as before. The calculation results are shown in Figure 6 (For comparison purposes, we log the results). The results are similar to the refraction and absorption ratio and the effective aperture. Compared with beryllium and diamond, sapphire is weaker, but compared with materials such as silicon and aluminum, the sapphire lens has advantages.
[image: Figure 5]FIGURE 5 | Transmittance of several common materials at 5–100 keV.
[image: Figure 6]FIGURE 6 | 5–100 keV lateral resolution for several common materials.
Consideration of the uniformity of the lens. The uniformity of the material will affect the wavefront of the X-ray, which will affect the refraction and focusing effect of the lens. The better the uniformity of the material, the better the refraction and focusing effect of the lens. Density variations, stacking faults, dislocations, inclusions, and voids affect the uniformity of the material. These cause intensity variations across the beam cross-section, halos from small-angle X-ray scattering, and different phase shifts in the beam’s wavefront, all expressed as wavefront distortion. To evaluate the uniformity of the material, it can be measured by small-angle scattering [21]. For the same material, the small-angle scattering signal of single-crystal is smaller than that of polycrystalline material. Sapphire crystal has two forms of single-crystal and polycrystalline. Single-crystal sapphire will not be transformed into polycrystalline after mechanical processing or special processing, which can reduce the small-angle scattering signal, reduce the wavefront distortion, and is more conducive to focusing. A lens made of a single crystal material may cause Bragg diffraction when specific incident photon energies are satisfied, resulting in a decrease in the transmission intensity. Still when only one set of crystal planes is met, the diffraction can be ignored [22]. In addition to single crystal polycrystals affecting the uniformity of sapphire, the growth method of the sapphire also affects the uniformity. Tsai et al. [23] found that optical-grade sapphire grown by the heat exchange method (HEM) had a much lower dislocation density than sapphire grown by the Kylopoulos method (KYM). Obviously, the sapphire grown by the HEM method has better uniformity and is more suitable as a material for sapphire lenses.
iv) Consideration of the machinability of the sapphire lenses. The material of the lens needs to be capable of mechanical processing or special processing, and the properties of the material remain basically unchanged before and after processing. Lenses need to have a good surface profile and surface roughness but are much less demanding than mirrors. This is because the beam propagates almost perpendicular to the interface, rather than at grazing incidence, so high surface precision is not required [7]. Due to the advantages and characteristics of high-resolution processing capability, arbitrary designability, and a wide range of processing materials, femtosecond laser micro-nano processing technology has been widely used in micro-mechanics, micro-optics, optical sensing, and bionic devices. Any complex three-dimensional micro-nano structures preparation. Using femtosecond laser processing technology can realize the preparation of the micro-nano structure of the sapphire crystal. After fabrication, the surface roughness of sapphire can reach several tens of nanometers. The surface roughness of the sapphire-based Fresnel zone plate prepared by Li et al. achieved 12 nm [24]; Wang et al. found that the surface roughness can reach about 15 nm in the anisotropy study of sapphire [25].
SAPPHIRE LENS FOCUSING SIMULATION AND THERMAL ANALYSIS
Focusing Performance Simulation
After comprehensively considering optical performance parameters of the sapphire lenses, the SRW (Synchrotron Radiation Workshop) code [26] is used to perform a case of focusing simulation. The parameter settings are the same as the previous calculation. The simulation layout is shown in Figure 7. The simulation results are shown in Figure 8.
[image: Figure 7]FIGURE 7 | Optical configuration for Simulation.
[image: Figure 8]FIGURE 8 | (A) Intensity distribution of ∼10 keV X-ray focused with aluminum lens. (B) Intensity distribution of ∼10 keV X-ray focused with sapphire lens. (C) The intensity after propagation at x = 0. (D) The intensity after propagation at y = 0.
Simulations were performed at 10 keV for sapphire and aluminum lenses. The radii of curvature of the sapphire lens and the aluminum lens were both set to 250 μm, and the geometric apertures were both set to 1000 μm. To obtain the same focal length, the number of sapphire lenses is set to 2. And the number of aluminum lenses is set to 3. The calculated focus of the sapphire lens is about 7.66 m and the effective aperture is 279 μm. The calculated focus of the sapphire lens is about 7.64 m and the effective aperture is 221 μm. Figure 8A is the simulation result of the aluminum compound refracting lens, which is the light spot near the focal point. Figure 8B is the simulation result of the sapphire compound refracting lens, which is the light spot near the focal point. Figure 8C is the aluminum lens and the sapphire lens at x = The intensity at 0, Figure 8D is the intensity of the aluminum lens and the sapphire lens at y = 0. It can be seen from Figures (A) and (B) that the light spot formed by the aluminum lens is slightly smaller than that formed by the sapphire lens. The focal spot formed by the sapphire lens is significantly smaller than that formed by the aluminum lens. From Figure (C), the light spot passing through the sapphire lens has a longitudinal half-width of about 50 μm; the light spot passing through the aluminum lens has a longitudinal half-height width of about 47 μm. From Figure (D), the light spot passing through the sapphire lens has a lateral half-height width of about 54 μm; the light spot passing through the aluminum lens has a lateral half-height width of about 38 μm. Under the condition of obtaining the same focal length, the effective aperture of the sapphire lens is larger, and the required number is smaller, and the obtained beam intensity is higher.
Thermal Effects Analysis
The brightness of the third-generation synchrotron radiation source is significantly improved, and the thermal load is also considerably increased, which may cause related deformation. Therefore, the compound refractive lens material needs to have good thermal properties, high-temperature resistance, and low thermal expansion coefficient. For refractive parabolic lenses, the change of focal length with temperature is [image: image] [9], where α is the thermal expansion coefficient. So the thermal expansion coefficient is too large, which will affect the focusing effect. The melting point of sapphire is higher, reaching 2050°C, the thermal expansion coefficient is small, the deformation at high temperature is small, and the influence on the refraction is also tiny. Therefore, it can maintain relatively good working performance at high temperatures. In order to observe the temperature distribution of the sapphire lens under illumination, the finite element thermal analysis of the sapphire lens was carried out using ANSYS software [27]. During the simulation, the thermal load range is 0–200 [image: image], and the cooling coefficient of water cooling is around 2000–10,000 w/m2/°C [11]. A simple preliminary simulation is carried out according to this condition. Figure 9 shows the thermal analysis results of the sapphire lens and the aluminum lens. Under the same conditions, the temperature of the sapphire lens is always higher than that of the aluminum lens. But aluminum is a metal with a melting point of 660°C. When the temperature reaches about 200°C, recrystallization begins to occur. And the higher the purity of aluminum, the lower the recrystallization start temperature. Therefore, when the thermal load reaches 110, the aluminum lens will recrystallize, affecting the uniformity inside the lens, and even leading to the formation of cracks. Simulation calculations also show that, due to the small thermal expansion coefficient of sapphire, the stress and strain caused by temperature gradients in the lens are small and can be ignored.
[image: Figure 9]FIGURE 9 | Thermal analysis temperature comparison of sapphire lens and aluminum lens.
CONCLUSION
The parameters of several commonly used X-ray compound refractive lens materials are calculated and compared, including refraction and absorption ratio, number of lenses, effective aperture, transmittance, resolution, etc. Most calculations show that sapphire is superior to materials such as aluminum and silicon and inferior to materials such as beryllium and diamond. However, in the case of reaching the same focal length, the number of sapphire lenses used is the least, which can reduce the error caused by the length of the lens group. At the same time, the possible cost of the lens during actual use is reduced. Through the lens simulation, it can be found that under the same focal length, the number of sapphire lenses is less, and the transmitted X-ray light is stronger. Through thermal analysis of sapphire, it is found that the highest temperature that may be generated is much lower than the melting point of sapphire, and the resulting thermal stress can also be ignored. In actual use, the processing difficulty of sapphire lens is far less than that of diamond. Considering these factors, the use of sapphire lenses is feasible in future X-ray optics engineering.
In future work, we will conduct further simulations and calculations on the sapphire lens, including the phase defect of the sapphire lens based on X-ray wave optics for diffraction-limited synchrotrons and free-electron lasers [28]. Currently, Sapphire lenses are being fabricated by ultra-fast laser ablation. Experiments will be conducted soon for quality characterization of the sapphire lenses and focusing performances as well.
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