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Abstract

Multilayer optics for X-rays typically consists of hundreds of periods of alternating sublayers coated on a silicon substrate. The thickness of one period of sub-layers is a few nanometers. The silicon substrate is typically a block of 60 mm large, 60 mm wide and 60 to 300 mm long. The high aspect ratio (~10 7 ) between the size of the optics and the thickness of the multilayer can lead to a very large number of elements (~10 16 ) for the numerical simulation (by FEA). Some special layer-functioned elements have been developed recently (in 2011) in ANSYS, which means the properties of each layer can be explicitly defined. In this work, the thermal-structural analysis model has been implemented for multilayer optics by use of these layer-functioned elements. The number of meshed elements is considerably reduced by a factor of more than 30 and the number of sub-layers feasible for the present computers is increased significantly. Based on the finite element model of multilayer optics, the non-uniform three-dimensional temperature distribution can be simulated with variable heat load parameters, cooling conditions, material properties and geometries of the substrate and the coating films. The thermal stress and deformation can be solved quantitatively.

Single layer coated mirrors and multilayer monochromators cooled by water or liquidnitrogen are studied with typical parameters of heat-load, cooling, and geometry. The effects of cooling-down of the optics and the X-ray beam heat-load are described. It is shown that the influences from the coating on temperature and deformation are negligible. The stress in the substrate is only slightly increased (<0.1%). However, large layer stresses are induced due to the different thermal expansion coefficients (CTE) between the layer and substrate materials, which are the critical issues for the survival of the optics. For the water cooling condition, the layer is under compressive stress of tens of MPa which is normally less than the strength of the layer material. For the liquid-nitrogen cooling condition, however, large tensile stress of several hundreds of MPa is formed in the layer as the optics is cooled more than 200 K down to the liquid-nitrogen temperature (80K). This tensile stress can exceed the ultimate tensile strength (UTS) for some kinds of layer materials. The thermal stress in multilayer optics depends on the difference in CTE between the layer material and the substrate material, but it is independent on the CTE difference between different sub-layers. In principle, to minimize the thermal stress, the coating material should have a CTE closer to that of the substrate, smaller Young's modulus and Poisson's ratio. Moreover, a higher strength of the layer material is beneficial for its ability to withstand the thermal stress.

To acquire appropriate information about the behaviour of thin multilayer films under the influence of thermal loading, material properties such as Young's modulus, Poisson's ratio and CTE, of thin multilayer films are determined indirectly by measuring the curvature change due to uniform temperature change. B 4 C, Pd and Cr single layers and [Pd/B 4 C] multilayers of thicknesses in the nanometer range are prepared and measured. The experimental results show that all of the studied materials exhibit lower CTE and/or Young's modulus than expected from bulk data in the literature. This is particularly true for the thin B 4 C films. Therefore, the real thermal stress and strain in the coating layers of a mirror or multilayer optics are significantly smaller than the calculated results with bulk material properties.

Résumé

Les optiques multicouches pour rayons-X sont généralement constituées de centaines de périodes de couches alternées. L'épaisseur d'une période est de quelques nanomètres. Une multicouche est souvent déposée sur un substrat de silicium avec une taille typique de 60 × 60 × (60~300) mm 3 . Le rapport de dimensions (~10 7 ) entre la taille de l'optique et de l'épaisseur de l'empilement est très élevé et il peut conduire à un très grand nombre d'éléments (~10 16 ). Certains éléments spéciaux avec fonctions de couche sont disponibles dans ANSYS (de 2011), ce qui signifie que les propriétés de chaque couche peuvent être définies. Par l'utilisation des éléments nommés « layer-functioned », le modèle d'analyse thermiquestructurelle a été mise en oeuvre pour les optiques multicouches. Le nombre d'éléments est réduit par un facteur supérieur à 30 et le nombre effectif de sous-couches gérables par les ordinateurs actuels augmente beaucoup. Basé sur la modèle d'éléments finis de l'optique multicouche, la distribution tridimensionnelle non-uniforme de température peut être simulée avec des paramètres variables de charge thermique, de conditions de refroidissement, de propriétés des matériaux, de géométries du substrat et des films de revêtement. Les contraintes et déformations thermiques peuvent être résolues quantitativement.

Des miroirs à réflexion totale et des monochromateurs multicouches refroidis à l'eau et à l'azote liquide ont été étudiés avec des paramètres typiques de charge thermique, de refroidissement et de géométrie. Les effets de refroidissement de l'optique et de la charge thermique du faisceau de rayons-X ont été décrits. Il est montré que les influences de la température sur le revêtement et la déformation sont négligeables. La contrainte dans le substrat n'est que légèrement augmentée (<0.1%). Cependant, des fortes contraintes sont induites dans les couches en raison de la différence de coefficient dilatation thermique (CTE) entre les matériaux du revêtement et du substrat, ce qui peut être critique pour la survie de l'optique. Pour la condition de refroidissement à l'eau, la couche est sous contrainte de compression de plusieurs dizaines de MPa, ce qui est normalement inférieur à la résistance du matériau de la couche. Pour la condition de refroidissement à l'azote liquide, cependant, une grosse contrainte de traction de plusieurs centaines de MPa apparait dans la couche lorsque l'optique est refroidie jusqu'à la température de l'azote liquide (80 K). Cette contrainte de traction peut dépasser la résistance à la traction (UTS) pour certains types de matériaux de couche. La contrainte thermique dans l'optique multicouche dépend de la différence de CTE entre le matériau de la couche et le matériau du substrat, mais elle est indépendante de la différence des CTE entre les différentes sous-couches. En principe, pour minimiser la contrainte thermique, le matériau de revêtement doit avoir un CTE proche de celle du substrat, un module de Young et un coefficient de Poisson plus petits. En outre, une grande résistance du matériau de la couche est bénéfique pour sa capacité à résister à la contrainte thermique.

Pour obtenir des informations appropriées sur le comportement des multicouches sous l'influence de la charge thermique, des propriétés telles que le module de Young, le ratio entre CTE et module de Poisson des multicouches sont déterminés indirectement en mesurant la variation de la courbure due au changement de température. Des couches simples de B 4 C, Pd et Cr et des multicouches [Pd/B 4 C] d'épaisseurs de l'ordre du nanomètre sont préparées et mesurées. Les résultats expérimentaux montrent que tous les matériaux étudiés présentent un CTE et/ou un module de Young inférieur par rapport aux données dans la littérature. Cela est particulièrement vrai pour les couches minces de B 4 C. Par conséquent, la contrainte thermique réelle et la contrainte dans les couches de revêtement d'un miroir ou de multicouches optiques sont sensiblement plus petites que les résultats calculés avec les propriétés des matériaux massifs.
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Chapter 1 Introduction

The development of third-generation synchrotron light sources has been continuously creating unprecedented progresses in X-ray applications and X-ray optics. 67 synchrotrons, both small and large, are currently in operation all over the world [START_REF]Lightsources[END_REF]. Among them, the European Synchrotron Radiation Facility (ESRF) is the first third-generation light source, characterized by the use of numerous insertion devices and typically high power densities. The ESRF, located in Grenoble, France, was built in 1989 and has been providing high quality Synchrotron Radiation (SR) light, particularly high energy X-rays, for almost 25 years. The ongoing ESRF Upgrade Program (2009Program ( -2015)), including the design and construction of new beamlines, the refurbishment of existing beamlines, and the upgrade of the planned storage ring, will significantly improve the beamline performances. Nano-focused beams will be routinely used owing to advances in undulator sources and beamline optics technologies [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF]. During the last ten years, more than half of all ESRF beamlines were equipped with multilayer based X-ray optics. The most demanded application would be focusing optics and multilayer monochromators.

Summing up the literature, a general overview of X-ray multilayer optics, including the topics of fabrication, characterization, application, and recent developments will open this Chapter. The introduction to the ESRF Multilayer Laboratory will follow. To clarify the heat load issue of SR white beam optics, the thermal management, such as liquid-nitrogen cooling method and geometry optimization for water cooling, will be presented in the third part. As the stress is a critical point for white beam multilayer optics, the theoretical solution for thermal stresses of multilayer system with uniform temperature change will be explained at the end.

X-ray multilayer optics 1.Fundamentals and principles

The difficulty in producing efficient reflective X-ray optics is due primarily to the fact that at incidence angles much larger than the critical angle for total external reflection, the X-ray reflectance at the interface between any two materials is very low, perhaps one part in 1000 or even much less [START_REF] Windt | Multilayer films for figured x-ray optics[END_REF]. However, in the 1990s, the development of multilayer thin films has partially circumvented this problem. A multilayer is a stack of (usually) two types of alternating thin sub-layers deposited up to several hundreds of times on each other. Due to different optical indices, the whole stack acts like a one-dimensional artificial reflector when it is exposed to X-ray beams. The reflections from each interface add in phase, giving rise to high reflectance over a limited range of incidence angles and photon wavelengths [START_REF] Windt | Multilayer films for figured x-ray optics[END_REF]. The achievable peak reflectivity can exceed 90% [START_REF] Barrett | X-ray optics at the ESRF[END_REF]. Usually the multilayer is deposited on a substrate which is much thicker. A diagram of a typical periodic multilayer structure is shown in Figure 1.1, where Λ is the d-spacing (thickness of a bi-layer), sub-layer A is functioned as spacer and sub-layer B is absorber. The interaction of high-energy photons with matter is commonly very weak as described by the complex optical index Eq.(1.1):
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where δ describes the dispersion and β describes the absorption in the material. In the case of a crystal or single layer coated mirror which makes use of the total external reflection, the range of grazing angle is limited to the upper side by the critical angle θ c given by Eq.(1.2) for in vacuum condition.

sin 2 c   (1.2)
Since δ is a small quantity for hard X-rays, the achievable optical aperture is quite limited and the mirror must be physically long when approaching the minimum angle of incidence. From single surface reflection to multiple reflections, a multilayer can considerably increase the grazing angle by making use of the Bragg reflection. The relation between the d-spacing of a reflective multilayer and the Bragg angle θ is given by the corrected Bragg equation Eq.(1.3):
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where λ is the photon wavelength and n is the optical index. Figure 1.2 shows a comparison of the simulated reflectivity between a Pt coated mirror and a 200-period W/B 4 C multilayer at a photon energy of 50 keV [START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF]. The Bragg angle of a reflective multilayer can be several times bigger than the critical angle of a total reflective mirror, which increases the optical aperture and reduces the footprint length and so the length of the mirror. The Bragg angle of a multilayer can be further increased by decreasing the d-spacing. For a constant Λ, the filling factor Γ of the sub-layer thicknesses is defined as Eq.(1.4):

abs t   (1.4)
where t abs is the thickness of the absorber (sub-layer B in Figure 1.1). As shown in Figure 1.3, the filling factor can be properly chosen to suppress the harmonics and enhance the reflectivity of certain peaks. For example, the even number harmonics will be suppressed and the peak reflectivity of the fundamental wavelength is enhanced if the sub-layer thicknesses equal to each other (Γ=0.5). The reflection and refraction of one interface is described by the Fresnel equation. The reflectivity of a multilayer stack with multiple interfaces can be obtained by recursively calculating the Fresnel coefficients and propagation. In X-ray optics, the Parratt formalism [START_REF] Parratt | Surface Studies of Solids by Total Reflection of X-Rays[END_REF] is widely used for this recursive calculation. Starting at semi-infinite substrate surface (no reflection from back side), amplitudes and phases are recursively constructed from layer to layer. Practically, the multilayer is always fabricated with imperfections such as roughness, crystallinity and interface diffusion. They can be taken into account by the simulation to complement the X-ray measurement. As shown in Figure 1.4b, the density profile of a 10period Ir/Al 2 O 3 multilayer indicates the inter-diffusion between Ir sub-layer and Al 2 O 3 sublayer [START_REF] Ch | Multilayers in synchrotron optics[END_REF]. The simulated reflectivity agrees well with the X-ray measurement by considering the inter-diffusion as shown by Figure 1.4a. Inversely, the structural parameters of a multilayer can be determined from the reflectivity by performing fitting algorithms. But from the application's point of view, the structural parameters can usually be decided from experience as there are only limited choices. The basic rules of choosing sub-layer materials are: select low-Z spacer material with lowest absorption, select high-Z absorber material with highest reflectivity with the spacer. In case of multiple choices, select high-Z material with lowest absorption. More importantly, both materials must be able to form stable and sharp interfaces especially for lower d-spacing multilayer. Elements such as Pt, W, Pd, Rh, Ru, Ni, Cr, Si and compounds such as Al 2 O 3 , B 4 C are found to be suitable for the fabrication. The selection of materials is more critical for the application in the soft X-ray region as most materials strongly absorb the photons within this energy range (i.e. E=280~550 eV for "water window" in soft X-rays).

Application

The period of a multilayer stack is typically a few nanometers. They have traditionally found applications in the soft X-ray region, where they can replace natural Bragg reflecting crystals to provide monochromatic radiation. However, an increasing range of experiments in the hard X-ray region seeks to exploit the advantages offered by synthetic multilayer structures. The Bragg angle of a multilayer for hard X-rays (5~100 keV) is in the range from 0.2° to 2.0°. As shown in Figure 1.5, the energy resolution (ΔE/E) of single crystals is well below 0.1%. The energy resolution of traditional multilayers is in the range of 1~10%, which is two orders of magnitude lower than that of single crystals. The energy resolution can be further decreased by using depth-graded mulitlayers. So they are particularly suited to produce beams of high flux and moderate energy resolution, which is required for some experiments such as microscopy and photolithography. Multilayer structures have been used as monochromators in a variety of synchrotron applications. [START_REF] Bilderback | Design of doubly focusing, tunable (5-30 keV), wide bandpass optics made from layered synthetic microstructures[END_REF] have demonstrated the suitability of a double multilayer monochromator for wide bandpass energy selection in the energy range 5-30 keV [START_REF] Bilderback | Design of doubly focusing, tunable (5-30 keV), wide bandpass optics made from layered synthetic microstructures[END_REF]. Their work also suggested the possibility of such a monochromator enabling the harmonic rejection and focusing of a monochromatic X-ray beam from a silicon crystal. Time-resolved X-ray scattering using a multilayer monochromator with 6 keV photons at the National Synchrotron Light Source (NSLS) in the USA has been attempted by Stephenson in 1988 [10]. [START_REF] Baron | Multilayer monochromator for synchrotron radiation angiography[END_REF] have described the use of small period W/C and W/B 4 C multilayers for synchrotron radiation angiography at 33keV [START_REF] Baron | Multilayer monochromator for synchrotron radiation angiography[END_REF]. At ESRF, a double-reflection Ru/B 4 C multilayer monochromator has been developed at BM5 in order to provide a higher bandwidth and a higher photon flux [START_REF] Bigault | Double multilayer monochromator to tailor bending magnet radiation spectrum[END_REF]. And in combination with the crystal monochromator, it rejects harmonics and the beam exit can be kept fixed. An additional aim of this multilayer monochromator is to preserve the beam coherence. The fabrication of a multilayer can be tailored to meet the specific requirements. The bandwidth of a multilayer monochomator can be further reduced using low-contrast materials, and broadband can be achieved by nonperiodic layered structures like depth-graded multilayers. Undesired harmonics from the source spectrum can be declined by selecting the appropriate thickness ratio of the sub-layers [START_REF] Ch | Multilayers in synchrotron optics[END_REF][9] [START_REF] Erko | Book: Modern Developments in X-Ray and Neutron Optics[END_REF].

For hard X-rays, the Bragg angle of a reflective multilayer can be much bigger than the grazing angle of a single layer coated mirror which takes use of the total reflection. For instance, as shown in Figure 1.2, the first order Bragg angle of [W/B 4 C] 200 with Λ=2nm is θ=0.37° at 50keV, while the critical angle of a Pt single layer coated mirror is smaller than 0.1° at 50keV [START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF]. The multilayer significantly enlarges the incident beam aperture and reduces the footprint length such that the size of the mirror is also reduced. Focusing with multilayers can be achieved through the use of figured substrates, such as Wolter or Schwarzchild objectives. Meridional or in-plane focusing is most convenient by the use of bent multilayers. In particular, elliptically bent optics can ensure the reduction of aberrations [START_REF] Ice | Focusing optics for a synchrotron x-radiation microprobe[END_REF]. As hard X-rays with very small grazing angle require a large footprint, the Bragg condition is not fulfilled along the entire length of a bent multilayer with a uniform thickness. This can be overcome by the use of laterally graded multilayer. More details about non-period multilayers such as laterally graded multilayer and depth-graded multilayer will be explained in Chapter 1.1.5. More efficient nano-focusing can be gained by constructing curved mutlilayers in a Kirkpatrick-Baez configuration [START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF].

Potential damage due to radiation and heat load in the intense white beam of a thirdgeneration light source is a critical issue that has to be taken into consideration for the design of white beam multilayer optics. Multilayer pre-monochromators are useful in reducing the total X-ray power incident on the first crystal optics of a high heat load beamline [START_REF] Barrett | X-ray optics at the ESRF[END_REF]. Additional to synchrotron radiation, hard X-ray applications of multilayers are widespread in other fields, such as for collimating laboratory X-ray sources. In X-ray astronomy, suppermirrors are of particular interest as they provide a wider bandpass than conventional multilayers.

Fabrication

Most X-ray multilayers are made up of high-Z and low-Z elements. Multilayers consisting of compounds or alloys, such as B 4 C, are also quite common and can often be deposited with higher quality. The development of such multilayer optics has in turn enabled a variety of new and exciting applications in the instrumentation for synchrotron radiation. Historically, the earliest known attempts to prepare synthetic thin film multilayer structures were done by Koeppe in 1923, who used electrolysis to grow Cd/Ag multilayers. And Deubner prepared Au/Ag multilayers in 1930. However, both attempts were unsuccessful since X-ray diffraction scans of the multilayers revealed no well defined Bragg peak structure [START_REF] Lingham | Plasma-Assisted Sputter Deposition of Multilayer Mirrors for Hard X-Ray Synchrotron Applications[END_REF]. Thermal evaporation was then used by DuMond (1935) and Youtz (1940) to deposit Au/Cu multilayers with a period of 10 nm. Diffraction peaks were observed, but the layers were found to completely inter-diffuse within a week. They also proposed a technique for estimating the inter-diffusion coefficients of the layers by observing the decrease in the intensity of the first order peak. The next reports of successful deposited multilayers were by Dinklage and Frerichs in 1963. And Dinklage fabricated Pd/Mg, Fe/Mg and Au/Mg multilayers using thermal evaporation in 1967. The multilayers had period thicknesses in the range of 3-5 nm, but only the Fe/Mg multilayers were observed to have long term stability. Multilayers for UV radiation were fabricated by Spiller in 1972 [START_REF] Spiller | Low-Loss Reflection Coatings Using Absorbing Materials[END_REF]. The first real X-ray multilayer structures, however, were C/Au and C/Cu multilayers deposited by Haelbich and Kunz in 1976 using thermal evaporation method [START_REF] Haelbich | Multilayer interference mirrors for the XUV range around 100 eV photon energy[END_REF]. The deposition of thin films and multilayers has diversified into a broad range of techniques since then and long term stability of many multilayer structures can now be guaranteed under room temperature and up to 500°C.

Nowadays, sputter deposition is the most common technique for the fabrication of high quality X-ray multilayer structures, which is usually performed in high or ultra-high vacuum. Sputtering refers to the removal of material from the surface of a solid through the impact of energetic particles [START_REF] Lingham | Plasma-Assisted Sputter Deposition of Multilayer Mirrors for Hard X-Ray Synchrotron Applications[END_REF]. It has become the main technique for multilayer fabrication because it can provide more precise thickness control than the thermal evaporation method, and the deposition can run unattended. In a typical sputtering process, substrates are scanned or rotated passing the material ejected from separate targets. The sputtering process involves limited thermal events which makes it advantageous from other deposition techniques. Especially the plasma-assisted magnetron sputtering method combines a stable operation with a high deposition rates. The sputtered particles possess high kinetic energies which help to achieve both smooth and dense thin layers [START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF].

Characterization

The most common technique for characterizing multilayer structures is through X-ray reflectivity, in which θ-2θ scans are performed as a function of the grazing angle. The reflective properties can be directly measured and the sub-layer thicknesses can be extracted from the reflectivity data. Cu-K α radiation at 8048 eV (0.154 nm) is most frequently used in the Lab. The characterization by use of higher energy X-rays or energy scanning reflectivity at a fixed grazing angle can be performed at SR beamlines.

Fitting the calculated reflectance of a multilayer stack to experimental data is the basis of X-ray reflectance analysis of thin films, in which one uses the measured reflectance to determine film thicknesses, densities, and roughness and to determine the optical constant from reflectance versus incidence-angle data. The multilayer coating parameters can be extracted from the reflectivity data by means of computer codes based on several algorithms. The Pythonic Program for Multilayers (PPM), developed by A. Mirone at ESRF, has proven to be very effective in fitting structured XRR curves [START_REF] Spiga | Fitting X-ray multilayer reflectivities by means of the PPM code[END_REF] [START_REF] Spiga | Multilayer coatings for x-ray mirrors: extraction of stack parameters from xray reflectivity scans and comparison with transmission electron microscopy results[END_REF]. The application of PPM to the analysis of X-ray reflectivity data returns very detailed fits and a realistic description of the multilayer stack. This technique is effective, quick, nondestructive, and provides in-depth probing of the thickness distribution throughout the stack.

Another powerful computer program with similar functions is IMD (by David L. Windt at Bell Laboratories, US) [START_REF] Windt | IMD-Software for modeling the optical properties of multilayer films[END_REF], which is developed for modelling the optical properties, such as reflectance, transmittance, absorption, phase shifts and electric-field intensities, of multilayers consisting of any number of layers of any thicknesses. Furthermore, IMD's flexibility enables many new and unique types of computations. It is available free via the internet.

Transmission electron microscopy (TEM) can provide direct visual information of the vertical structure of a multilayer stack [START_REF] Bertero | TEM analysis of Co-Gd and Co-Gd multilayer structures[END_REF]. But part of the sample has to be destroyed to extract the image. The sub-layer thickness, roughness, interface properties can also be measured quantitatively. Various surface sensitive techniques, such as Auger electron spectroscopy [START_REF] Argile | Adsorbed layer and thin film growth modes monitored by Auger electron spectroscopy[END_REF], X-ray photoelectron spectroscopy [START_REF] Powell | Precision, accuracy, and uncertainty in quantitative surface analyses by Auger-electron spectroscopy and x-ray photoelectron spectroscopy[END_REF], and Rutherford backscattering [START_REF] Le Boité | Characterization of ion-beam mixed multilayers via grazing x-ray reflectometry[END_REF], can be used to detect the coating properties. The surface morphology of a multilayer can be investigated by scanning electron microscopy, atomic force microscopy, scanning tunneling microscopy [START_REF] Green | Scanning tunneling microscopy of x-ray optics[END_REF] and visible light interferometry. Real time observation of multilayer growth using in situ monitoring systems, such as optical ellipsometry [START_REF] Houdy | Kinetic ellipsometry applied to soft X-ray multilayer growth control[END_REF], permits a direct assessment of the growth of a multilayer. In particular, in situ observations enable an analysis of the interfacial diffusion and have also been used to control the growth of multilayers [START_REF] Barrett | X-ray optics at the ESRF[END_REF].

Synchrotron Soleil and Company Imagine Optic have developed in partnership a Shack-Hartmann long trace profiler (SH-LTP) which performs the bidimensional surface figure measurement of X-ray mirrors with nanometer precision and an increased dynamic range compared to earlier instruments [START_REF] Erko | Book: Modern Developments in X-Ray and Neutron Optics[END_REF]. The SH-LTP offers a more complete diagnostic for highly curved surfaces compared to standard LTPs. For multilayers, it can be used to measure the curvature change in-situ during the deposition process, and ex-situ to compare the surface shape before and after coating. The layer stress information can be extracted from the curvature measurement. The surface properties under synchrotron white beam exposure can also be measured in-situ conveniently by the Shack-Hartmann wavefront sensor.

Recent developments

Various imperfections, such as the interfacial roughness, interdiffusion, and thickness errors, will affect the performance of multilayer optics. An optimization of the composition of the structure and the fabrication condition has been widely studied recently to make more precise multilayer structures. For some particular applications such as mirrors for water-window X-ray microscopy and gamma-ray telescopes, multilayers with ultra-short periods (less than 2nm) are extremely required. Replacement of elemental by compound layers, as Ni/C to Ni/B 4 C, was found to allow multilayer periods of less than 2nm to be produced, with enhanced thermal stability up to 500°C [START_REF] Erko | Book: Modern Developments in X-Ray and Neutron Optics[END_REF] [START_REF] Ivan | Hard x-ray multilayers: a study of different material systems[END_REF].

Virtually all metallic and inorganic compound films are in a state of stress. This behaviour is independent of the method of deposition [28]. The total stress in multilayer optics is composed of a thermal stress and a so-called intrinsic stress. The thermal stress is due to the difference in the thermal expansion coefficients of the coating and substrate materials. The intrinsic stress is due to compounded effects from the deposition process, such as the accumulating effect of the crystallographic flaws [START_REF] Thornton | Stress-related effects in thin films[END_REF], the defects that are built into the coating during deposition and the implementation of deposited materials. The intrinsic stress level depends on the deposition conditions like the gas pressure. Understanding and ultimately controlling the stresses in X-ray multilayer coatings is of critical importance for many applications since large residual stresses (or large stress changes over time) can have a deleterious effect on film adhesion and cause unwanted substrate deformation, which is a particular concern in the case of diffraction-limited X-ray optics. Previous efforts to understand the stresses in multilayer films have largely focused on the variations in stress with the deposition conditions, i.e., working gas species and pressure, substrate bias, substrate temperature, and so forth [START_REF] Windt | Variation in stress with background pressure in sputtered Mo/Si multilayer films[END_REF], on the mechanisms governing the stress changes as a function of temperature [START_REF] Kola | Stress relaxation in Mo/Si multilayer structures[END_REF], or on the evolution of stress during growth [START_REF] Freitag | Stress Development in Mo/Si and Ru/Si Multilayers[END_REF].

Both laterally graded and depth-graded multilayers have been designed and fabricated recently. Comparing with periodic multilayers, laterally graded multilayers allow reflection of divergent beams [START_REF] Morawe | Design and performance of graded multilayers as focusing elements for x-ray optics[END_REF] and depth-graded multilayers provide broad angular or wavelength range [START_REF] Morawe | Design and fabrication of depthgraded X-ray multilayers[END_REF]. Double-graded multilayers combining both types of grading provide fixed focus optics over broad energy intervals [START_REF] Morawe | Design and fabrication of depthgraded X-ray multilayers[END_REF].

Most multilayer-based synchrotron optics, including focusing and collimating devices using curved or flat multilayers [START_REF] Morawe | Graded Multilayers For Synchrotron Optics[END_REF], require lateral thickness gradients to fulfil the Bragg condition along the entire footprint length for a fixed photon energy. Different lateral gradients need to be applied depending on the surface geometry of the optics, such as elliptical, parabolic, and flat. In practice, lateral thickness gradients are obtained by differential coating techniques. In a static setup, masks are used to modify the particle fluxes while dynamic approaches by moving masks or the relative motion between source and substrate. In the sputter deposition system at the ESRF, for example, the substrate is moved with variable speeds while the sources are fixed. The thickness profile of a laterally graded parabolic W/B 4 C multilayer is illustrated in Figure 1.6, in which broken lines indicate the ideal case deduced from the given geometry, solid lines show a simulation based on realistic parameters of the coating system, the symbols are experimental data obtained from X-ray reflectivity measurements [START_REF] Morawe | Design and performance of graded multilayers as focusing elements for x-ray optics[END_REF]. The concept of depth-graded multilayers was first introduced in the design of supermirrors for neutron optics by F. Mezei in 1976 [START_REF] Mezei | Very High Reflectivity Supermirrors And Their Applications[END_REF]. For X-rays, the stronger absorption complicates the design. However, different mathematical models have been developed, leading to nonperiodic layer structures. Figure 1.7a shows the reflectivity spectrum of a depth-graded multilayer [START_REF] Morawe | Design and fabrication of depthgraded X-ray multilayers[END_REF], in which circles indicate the experimental data points and the line is a simulation based on the bi-layer structure of The concepts of laterally graded and depth-graded multilayers may be combined into single structures, which is capable of broadband focusing with fixed focal distance. An example is shown in Figure 1.8, in which thick solid lines represent the periodic multilayers either with or without lateral thickness gradient [START_REF] Morawe | Application of double-gradient multilayers for focusing[END_REF]. A purely depth-graded multilayer covers the area limited by the thin curves. A combination of both is indicated by the zone between the straight lines. The lighter shaded areas show the responses of two Ru/B 4 C Kirkpatrick-Baez mirrors. Periodic multilayers without lateral gradient are characterized by the curved thick solid lines. With a lateral period thickness gradient, the energy response becomes constant (thick horizontal solid line in Figure 1.8). In practice, this has the advantage that the multilayer reflects at the same energy over the whole mirror length. energy bands against the distance q from the focal spot along the multilayer surface [START_REF] Morawe | Application of double-gradient multilayers for focusing[END_REF] Additionally, the ability to make multilayers that are efficient at longer wavelengths where materials are absorbing will widen the range of applications. Reflective multilayer coatings for the wavelength range in the EUV region (50-105 nm), have not been developed previously because all conventional materials are strongly absorbing. Radiation would be mostly absorbed in the few outermost layers of a multilayer and only single layer coatings are useable. A new concept, sub-quarter-wave multilayers (SQWMs), has been recently developed [37][38]. According to this new multilayer concept, enhancements in reflectivity can be obtained by the superposition of thin films of two or more materials when certain material selection rules are satisfied. For wave-lengths shorter than 50nm, the intrinsic absorption decreases but remains moderately high. An optimized layer-by-layer design method for both layer material type and layer thickness may provide multilayer coating with the highest possible reflectivity at a given wavelength.

The multilayer Laue lens (MLL), a novel diffractive optic for 1D focusing, has been shown in theory to be able to focus X-rays to well below 1 nm with very high efficiency [START_REF] Kang | Nanometer Linear Focusing of Hard X Rays by a Multilayer Laue Lens[END_REF]. MLLs can be treated as special 1D zone plates which consist of thousands of alternating layers grown by the magnetron sputter deposition technique [START_REF] Liu | Depth-graded multilayers for application in transmission geometry as linear zone plates[END_REF]. The structure is optimized for dynamical diffraction. It overcomes two difficulties encountered in the fabrication of diffractive optics for focusing hard X-rays: (1) small outmost zone width and (2) high aspect ratio. A schematic of four different types of MLLs is shown in Figure 1.9 [START_REF] Yan | Takagi-Taupin Description of X-ray Dynamical Diffraction from Diffractive Optics with Large Numerical Aperture[END_REF]. The MLL is mainly fabricated in the Advanced Photon Source (APS) [START_REF] Conley | Multilayer growth in the APS rotary deposition system[END_REF] and the National Synchrotron Light Source-II (NSLS-II) [START_REF] Conley | Advanced multilayer Laue lens fabrication at NSLS-II[END_REF] in the U.S. Corresponding simulation and characterization methods for MLLs have also been developed. A line focus of 16nm with a focusing efficiency over 30% has been achieved by a partial MLL structure at energy of 19.5 keV [START_REF] Kang | Focusing of hard x-rays to 16 nanometers with a multilayer Laue lens[END_REF]. For real applications to produce a 2D focus, similar to K-B mirrors, two MLLs focusing in orthogonal directions have to be assembled. A 2D imaging resolution of sub-30 nm has been demonstrated [START_REF] Yan | Two dimensional hard x-ray nanofocusing with crossed multilayer Laue lenses[END_REF]. With the continued development, hard X-ray microscopy with true nanometer resolution is on the horizon [START_REF] Yan | Multilayer Laue Lens: A Path Toward One Nanometer X-Ray Focusing[END_REF]. 

ESRF Multilayer laboratory 1.2.1 Equipment

The Multilayer Laboratory at the European Synchrotron Radiation Facility is part of the ESRF X-ray Optics Group and was constructed with the intention of providing high quality multilayer optics for the requirements of synchrotron radiation beamlines. The initial fabrication system installed in the laboratory was based on sputter deposition with microwave generated plasma, which was sustained through the technique of Distributed Electron Cyclotron Resonance (DECR) [START_REF] Lingham | Plasma-Assisted Sputter Deposition of Multilayer Mirrors for Hard X-Ray Synchrotron Applications[END_REF]. This method had not been used previously by other researchers to coat multilayers. And a particular challenge was to extend the capability of the system to achieve multilayer depositions on large size substrates.

The ESRF Multilayer Laboratory was upgraded in 2007. The new magnetron sputtering setup allows for uniform depositions of thin films with layer thickness in the nanometer range [START_REF] Morawe | The New ESRF Multilayer Facility: Progress and Perspectives[END_REF]. Using masks and programmable velocity variations of the sliding carriage carrying the mirror substrate, gradients in lateral direction and depth direction are possible [START_REF] Morawe | Thickness control of large area x-ray multilayers[END_REF] [START_REF] Morawe | Graded multilayers for focusing hard x-rays below 50 nm[END_REF]. The deposition machine holds four targets that can be used for sputtering. Most multilayers are built using alternating layers of a metal and boron carbide (B 4 C), with typical single-layer thickness of 1-2 nm, and 25 to 200 bi-layers in total. Substrates of sizes up to 1000×150×100 mm³ can be treated. An image of the machine can be found in Figure 1.10. To facilitate existing multilayer characterization procedures and to extend them to new techniques, the ESRF Multilayer Laboratory upgraded part of its instrumentation recently [START_REF] Morawe | Progress at the ESRF multilayer facility[END_REF]. A curvature monitor was purchased from the company WinlightX (France) and installed on a free viewport of the deposition machine. Stress in the growing film can be calculated from the measured sample curvature change. The system allows for quasi in-situ stress studies during the deposition process. The laboratory X-ray reflectometer was upgraded with a Cu K α micro-focus source and a Montel ML collimator optic purchased from the company Incoatec (Germany). Its small beam enables scans with high spatial resolution while maintaining the overall flux of a traditional X-ray tube. A Shack-Hartmann wave front analyzer was purchased from the company Imagine Optics (France).

In-situ stress measurements

The most common way to study mechanical stress in a thin film coating on a substrate is to measure the sample curvature change before and after the deposition process. As shown in Figure 1.11, in order to characterize stress in a growing film or multilayer in a nearly in-situ mode, a dedicated monitor was installed on the ESRF multilayer deposition system [START_REF] Morawe | In-situ stress measurements of sputtered multilayers[END_REF]. It is based on an autocollimator that measures the curvature change of a sample after subsequent coating steps while keeping it in the vacuum environment. Based on the theory of elasticity (Stoney's equation), the corresponding stress levels in the coating can be derived from the curvature measurement. As an example, stress studies during the growth of Ru and B 4 C based sputtered thin films and mulitlayers are carried out at variable Ar pressures. At low Ar pressure that is usually required to produce thin films and mulitlayers with sharp interfaces, both Ru and B 4 C single films develop strong compressive stress. Ru/B 4 C mulitlayer contains a considerable tensile component from the Ru sub-layer attributed to the Ru/B 4 C interface. It enables the growth of low d-spacing Ru/B 4 C multilayers while maintaining the average stress on an acceptable level. The in-situ data are in good agreement with the ex-situ measurement. 

Hard X-ray focusing with curved reflective multilayers

The KB geometry consisting of two perpendicularly oriented curved mirrors is often used as nanofocusing device at the endstation of a synchrotron beamline. Being an off-axis system the device produces a clean spot with low background and does not require beam stops or protecting apertures. The Bragg angle of a reflective multilayer (RML) can be several times bigger than the critical angle of a single layer coated total reflective mirror (TRM) (Figure 1.2). The numerical aperture of a RML based KB system can be considerable increased comparing with the TRM system. At the ESRF, the multilayer structure is coated on flat mirror and the mirror is integrated into dynamical benders to approach the optimum curvature. The initial performance of a RML KB system at the ESRF ID22NI end station are presently demonstrating routine focusing of 17 keV X-rays to sub-60 nm resolution [START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF]. The schematic design and a picture of the horizontal focusing mirror are shown in Figure 1.12. 

White beam stability evaluation

During the last ten years more than half of all ESRF beamlines were equipped with multilayer based X-ray optics. Their application as white beam monochromators is increasingly important. To guaranty a good performance of multilayer monochromators, it is necessary to study their resistivity to high photon flux and high thermal load from the white beam. The possible degradation mechanisms of a multilayer under SR white beam exposure include: deformation inducing stress, inter-diffusion of different layer materials, structure or phase transformation, and so on.

To appreciate the impact of synchrotron radiation on MLs some simple irradiation tests were performed at the ESRF high energy beamline ID15 [START_REF] Friedrich | Multilayer white beam study[END_REF]. Two test samples of [W/B 4 C] 30 with Λ=~2 nm have been exposed without cooling to the white beam for 4 weeks. The incident spectrum is composed of undulator peaks ranging from 20 to 120 keV with a total power of 10 W/mm 2 . The samples are irradiated to the white beam with normal incidence (θ inc =90°) and the upstream slits make the irradiated area 1×1 mm 2 . The ex-situ reflectivity results are shown in Figure 1.13. It is indicated that the multilayer structure is heavily damaged when it was exposed in air and the reflectivity stays stable when it was exposed in nitrogen. The multilayer is most probably damaged by the chemical reaction with oxygen induced by photon effect or thermal effect. The ESRF X-ray Optics Group has developed a new multilayer white beam test bench (Figure 1.14) which allows for investigating a possible degradation during the exposure. The multilayers are irradiated under grazing incidence at a vacuum pressure in the range of 10 -6 mbar. The X-ray reflectivity as well as the surface figure can be measured in-situ. Irreversible radiation induced modifications are analyzed by means of Bragg reflectivity imaging and X-ray reflectivity measurements before and after the white beam exposure. Various long-term irradiation tests using a high power undulator source with an incoming load up to 200 W have been performed. It is noted that for the in-situ surface figure, no obvious difference has been found between the multilayer sample and the FEA result for the non-coated substrate as shown in Figure 1.15, which is in agreement with the FEA result for multilayer model performed in Chapter 3. The power density is increased by tuning the multilayer pitch and the surface shape is detected by the Shack-Hartmann wavefront sensor. The high power and high power density generated by insertion devices at third generation synchrotron radiation facilities continuously create new challenges for the design of the first optical beamline components which are directly exposed to the white beam. For example, the ESRF operates at electron beam energy of 6 GeV and nominal beam currents of 200 mA. The power absorbed by the monochromator or first mirror varies between a few hundred watts on undulator beamlines, and a few kilowatts on wiggler beamlines [START_REF] Zhang | Cryogenic cooled silicon-based x-ray optical elements: heat load limit[END_REF]. The power density may reach several hundred W/mm² which represents a challenge for the design of beamline optics, especially for monochromators with relatively high incidence angles [START_REF] Zhang | The performance of a cryogenically cooled monochromator for an in-vacuum undulator beamline[END_REF]. High heat-load induced thermal deformation in X-ray optics (white beam mirrors, crystal monochromators, and multilayers) has been well investigated in the synchrotron community.

From the physical point of view, the heat-load process can be divided according to the following scheme: radiation heat absorption in the matter; heat transfer and temperature field; mechanical deformations from thermal expansion [START_REF] Hoszowska | Performance of synchrotron X-ray monochromators under heat load Part 1: finite element modeling[END_REF]. The thermal deformation of the crystal broadens its rocking curve, which leads to a loss of monochromatic flux. Furthermore, the change of shape of the reflecting surface deforms the wave front and thus has a negative impact on coherent and micro-focusing experiments [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF]. Additional deformations may also be introduced by the mechanical mounting of the optics.

The thermal deformation can be calculated using finite element analysis (FEA by using the code ANSYS or others). In the finite element modelling (FEM) procedure, different parameters can be varied systematically such as the beam footprint, the reflection order and the slit sizes. Moreover, the influence of various cooling parameters such as the cooling coefficient, the cooling temperature and cooling geometry parameters can be studied. And the cooling condition can be optimized to meet the requirement of deformation or others. By carefully optimizing the finite element meshing, the deformation output can be easily read by the diffraction simulation code [START_REF] Hoszowska | Performance of synchrotron X-ray monochromators under heat load Part 1: finite element modeling[END_REF].

FEA simulations can determine the strain field in a heat-distorted crystal. Most heat-load experiments, however, measure the rocking-curve widths. In order to compare the FEA predictions with the experimental results, it is necessary to solve the Takagi-Taupin equations (Takagi, 1962(Takagi, , 1969;;Taupin, 1964Taupin, , 1967) ) including the FEA strain field. This approach has been successfully applied to water-cooled and liquid-nitrogen-cooled monochromators by L. Zhang, V. Mocella, J. Hoszowska et al in 2001 [START_REF] Hoszowska | Performance of synchrotron X-ray monochromators under heat load Part 1: finite element modeling[END_REF] [56][57]. These studies clearly show that it is necessary to solve the Takagi-Taupin equations for large distortions. For small distortions on the other hand, a simple geometrical approach is sufficient, in which the crystal is assumed to behave as a mirror with a narrow angular acceptance [START_REF] Zhang | The performance of a cryogenically cooled monochromator for an in-vacuum undulator beamline[END_REF].

The comparison between FEA results in thermal deformation and measurement results in the rocking curve broadening is indirect. The measured rocking curve broadening is balanced between two important facts. On one hand, the shape of the crystal surface changes owing to the thermal deformation. On the other hand, the thermal load produces a distortion of the diffracting crystal volume (thermal stress) that may, in cases of high thermal load, significantly modify the diffracting properties of the crystal from dynamic diffraction (no distortion or small distortion) to kinematical diffraction. Simultaneous heat load experiments on liquid-nitrogen-cooled Si crystal monochromators on several ESRF beamlines under various heat load conditions have been performed by L. Zhang, M. S. Rio, et al. to provide a direct comparison between the FEA and experiments on the thermal deformation of the Si crystals [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF].

To minimize this thermal deformation, the routinely adopted methods at ESRF and many other light sources are: liquid-nitrogen cooling for silicon crystal monochromators and some multilayer optics on silicon substrates; water cooling combined with smart-cut geometry for white beam mirrors and some multilayer optics.

Cryogenic liquid-nitrogen cooling

The temperature distribution of the white-beam crystal optics depends on the power distribution of the impinging beam, the thermal conductivity k of the crystal material, the optics geometry and cooling conditions. The temperature gradient induces non-uniform thermal deformation of the crystal, which changes the shape of the reflecting surface and induces slope errors. The related material property for deformation is the thermal expansion coefficient α. For materials with constant coefficients k and α, the thermal deformation is inversely proportional to the thermal conductivity k and proportional to the thermal expansion coefficient α. The ratio α/k is often used to estimate the thermal deformation. For silicon, these two material properties are strongly temperature dependent (Figure 1.16) [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF]. The ratio α/k of silicon at Liquid-nitrogen (LN 2 ) temperature (77 K at 1 atm) is much lower than that at room temperature. Therefore, LN 2 cooling can significantly reduce the thermal deformation of the silicon crystal compared with water cooling. LN 2 cooling is an effective way to limit the thermal deformation of the silicon based optics. LN 2 -cooled silicon crystals have been used widely and successfully at many synchrotron light sources [START_REF] Zhang | The performance of a cryogenically cooled monochromator for an in-vacuum undulator beamline[END_REF][58] [START_REF] Zhang | Liquid nitrogen cooled Si crystal monochromator: X-ray focusing by controlled heat load[END_REF]. The performance limits of a cryogenically cooled silicon monochromator have been studied theoretically by [START_REF] Zhang | Cryogenic cooled silicon-based x-ray optical elements: heat load limit[END_REF] Generally, the relationship between the thermal slope error and the absorbed power has been indentified into three regions by FEA analysis: the linear region, the transition region and the non-linear region [START_REF] Zhang | The performance of a cryogenically cooled monochromator for an in-vacuum undulator beamline[END_REF]. These studies spread throughout the synchrotron radiation community the idea that the LN 2 -cooled silicon crystal has zero thermal deformation at 125 K where the thermal expansion coefficient of silicon is zero. However, this idea is incorrect and it is corrected by L. Zhang and co-workers recently in 2013.

For silicon, the thermal expansion coefficient α is zero at 125 K, but the integral of α which represents the thermal strain is not zero when the temperature of the crystal varies from the LN 2 temperature (77 K for example) to 125 K. For finite element analysis performed by ANSYS code, the strain should be calculated by replacing α with the secant coefficient of thermal expansion, α se (Chapter 2.1.3 of the ANSYS documentation Theory Reference) which depends on both the temperature of the optics and the reference temperature. The data for the thermal expansion coefficient given in the literature are usually the values of the so-called 'instantaneous' α in the ANSYS documentation. The secant coefficient of the thermal expansion α se is calculated by the integration of the 'instantaneous' α from the reference temperature T ref . The thermal strain for silicon is shown as a function of temperature in Figure 1.17. It is noticeable that the instantaneous coefficient of thermal expansion α is zero at T= 125 K, but the secant coefficient of thermal expansion α se and the thermal strain are zero at T= 165 K for a reference temperature of T ref =77K [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF]. Therefore, for a LN 2 -cooled silicon crystal under X-ray power, the temperature of the crystal is increased from the initial LN 2 temperature to a higher temperature but not uniform. The maximum temperature of the crystal is located in the region that is illuminated by the Xray beam. When this maximum temperature is near 165 K, the thermal deformation of the crystal reaches a local minimum (but not zero deformation since the temperature in the crystal is not uniform). At T=125 K, the thermal deformation of the silicon crystal is not minimum but mostly thermally contracted [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF].

Geometry optimization for water cooling

The implementation of the cryogenic liquid-nitrogen cooling is much more expensive than water cooling and presents additional complexity for the mechanical design. Consequently, water cooling remains to be the technique of choice for white beam optics. White beam mirror and, in certain cases, multilayer optics can be water cooled along the top side of the substrate. It is possible to limit the thermal slope error to sub-μrad by optimizing the optics geometry (dimension and cross section), fully illuminating the optics length and using secondary slits downstream of the optics. The thermal slope error in an optimized water-cooled white beam mirror can be reduced by two to three orders of magnitude compared to a non-optimized mirror [START_REF] Zhang | Thermal distortion minimization by geometry optimization for water-cooled white beam mirror or multilayer optics[END_REF].

The indirect water-cooling scheme is used by the majority of white beam mirrors at 3 rd generation light sources. As shown in Figure 1.18 (cross-sectional views), it has evolved from bottom cooling to side cooling, then to top side cooling, and an ideal case of the top face cooling [START_REF] Zhang | Thermal distortion minimization by geometry optimization for water-cooled white beam mirror or multilayer optics[END_REF]. The temperature distribution in the cross section of the mirror is also shown under the condition that the mirror is fully illuminated (overfilled) in the meridional direction. In such a condition, the thermal deformation of the mirror is essentially caused by the temperature gradient in the vertical direction (depth). If there is no gradient in depth, i.e. the temperature averaged over the width is independent of the depth, the thermal slope error is then zero. Thus, minimizing the temperature gradient in the depth of the mirror is the key to minimize the thermal slope error. In Figure 1.18, the temperature gradient in the depth is slightly decreased from bottom cooling to full side cooling, but remains high. In the case of top side and top face cooling, the temperature gradient is essentially from the centre to edges in horizontal direction and in the upper part of the mirror. The temperature gradient in vertical direction is significantly reduced. The average temperature over the width in case of top side cooling is much less than the bottom or the full side cooling. It can be demonstrated that the average temperature over the width in the top face cooling is constant and independent of the vertical position. Since there is no temperature gradient in depth, the thermal slope error in the meridional direction is zero. The results are from the finite element modelling (FEM). An analytical solution for these 2-D schemes may also be obtained by using the mathematical methods such as separation of variables to solve the partial differential equations for steadystate thermal transfer with specific boundary conditions. In practice, the top face cooling is not used because the small cooling area leads to high temperature and it should avoid introducing heat exchangers close to the active mirror surface. Based on the top side cooling geometry (Figure 1.18c), introducing a cut area just below the cooled area can modify the temperature distribution. This cut area can be optimized to reach minimum thermal distortion. As plotted in Figure 1.19, the thermal distortion induced displacement normal to the mirror surface along the centre of the footprint in meridional direction for the 4 cross sections (start from the left-bottom and in a counter clockwise order): without cut area, with smaller cut area, with larger cut area, and with optimized cut area [START_REF] Zhang | Thermal distortion minimization by geometry optimization for water-cooled white beam mirror or multilayer optics[END_REF]. It shows that the deformed mirror shape under heat load is convex for the cross section without cut area and with smaller cut area. It can be concave for the cross section with larger cut area, and therefore can be flat with optimized cut area. This technique is routinely used to minimize the thermal distortion of water-cooled white beam mirrors and most multilayer optics for ESRF upgrade beamlines. 

Analytical formulation for thermal stresses of a multilayer system

For the multilayer optics, the thickness of the coating is well below one micrometer (tens or hundreds of nanometers). The influences of these coatings on the temperature distribution and thermal deformation are usually negligible. However, the thermal stress within the coated layers can be very significant due to the different thermal expansion coefficients between the layer materials and the substrate material. To get a general idea about the values of the thermal stresses and to validate the FEA results, an analytical approach for the thermal stresses of multilayer system is presented in this section. This model is mainly from the work of C.H. Hsueh in 2002 [START_REF] Hsueh | Thermal stresses in elastic multilayer systems[END_REF], in which the complexity in obtaining a closed-form solution is independent of the number of layers. The uniform temperature change is assumed here. An exact closed form solution is concisely formulated. Also, the first-order and the zero-order approximations for "thin" layers are formulated based on the exact closed-form solution. The solution can be used for arbitrary layers with arbitrary thicknesses.

As shown in Figure 1.20a, n layers of film with individual thickness ti are bonded sequentially to a substrate with thickness t s . The subscript i denotes the layer number and ranges from 1 to n with layer 1 being the bottom layer which is in direct contact with the substrate. The one dimensional coordinate system is defined such that the interface between the substrate and layer 1 is located at z=0. So the substrate's free surface is located at z=-t s , the free surface of the outer-most film layer is located at z=h n , and the interface between layers i and i+1 is located at h i . The relation between h i and t i is described by: 1 ( 1) The multilayer system is heated from T 0 to T 1 uniformly, and the temperature change ΔT is defined as ΔT=T 1 -T 0 >0 for the heating process. It is assumed that initially the stress state of
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the multilayer structure is zero, which means all the layer stresses and the substrate stress are zero at T 0 . The thermal expansion coefficients (CTEs) of the substrate and the layer i are α s and α i respectively. To determine the stress distribution in the system, firstly, the system experience an unconstrained differential shrinkage due to the temperature change ΔT such that thermal strains, α s ΔT and α i ΔT, exist in the substrate and films (Figure 1.20b). Secondly, to achieve displacement compatibility, uniform tensile/compressive stresses are then imposed on the individual layers, such that the total strain in the system is a constant c and the total force of the system remains zero (Figure 1.20c). Finally, the system is bended due to the symmetric stresses (Figure 1.20d). The bending curvature is expressed as 1/r. Based on this logic, the strain in the multilayer ε can be decomposed into a uniform component and a bending component. The uniform component is dictated as the constant strain c in Figure 1.20c, for which the total force is zero as Eq.(1.6). So c is expressed as Eq.(1.7).
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Concerning the bending component, in Figure 1.20d, defining the bending axis as the line in the cross-section of the system where the bending strain component is zero, the bending strain component is proportional to the distance from the bending axis and inversely proportional to the radius of curvature. The total strain is formulated as Eq.(1.8) for the whole system, where z=t b dictates the location of the bending axis.
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By using Eq.(1.8) to describe the strain in the system, the strain continuity conditions at the interfaces between layers are automatically satisfied. It is noticeable that the bending axis defined here is different from the conventional neutral axis, which has been defined in classical beam bending theory as the line in the cross-section of the system where the normal stress is zero. Here, at the bending axis, the total strain equals to the uniform strain component c, which does not equal to the thermal strain of the substrate or the layer and induces non-zero stress.

The normal stresses in the substrate and the films, σ s and σ i , are related to strains by Eq.(1.9) and Eq.(1.10):
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where E is Young's modulus, and the subscripts s and i denote the substrate and layer i of the film, respectively. If the system has a planar geometry rather than a strip, E should be replaced by the biaxial modulus, E/(1-v), with v the Poisson's ratio. In this definition, a positive value of stress means the layer/substrate is under compressive stress, and a negative value means the layer/substrate is under tensile stress. The stress distribution in the multilayer system depends upon the solution of the parameters tb and r, which can be determined from the following two boundary conditions. From Figure 1.20c to Figure 1.20d, the resultant force due to the bending strain component is zero, so:
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The position of the bending axis can be determined as:
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when i=1, h i-1 (i.e. h 0 ) is defined as zero. Then the sum of the bending moment with respect to the bending axis (z=t b ) is zero, such that:
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The curvature, 1/r, can be determined from Eq.(1.8) ~ Eq.(1.10) and Eq.(1.13) as:
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where c and t b are given by Eq.(1.7) and Eq.(1.12), respectively. Here, a positive value of the curvature or radius means the top surface of the system is bent convex, and a negative value means it is bent concave. With the solutions of c, t b and r, the general solutions for the strain/stress distributions in multilayer systems are complete.

The solutions given above are exact. When the thicknesses of the film layers are much less than the substrate thickness, the solutions can be simplified. Taking a first-order approximation by ignoring terms with orders of t i higher than one and then taking the approximation as Eq.(1.15), the solutions Eq.(1.7), Eq.(1.12) and Eq.(1.14) become Eq.(1.16), Eq.(1.17) and Eq.(1.18).
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The curvature 1/r given by Eq.(1.18) can be decomposed into the individual contribution of the thermal mismatch between the substrate and each layer as Eq.(1.19) with the curvature component 1/r i given in Eq.(1.20). 
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It is noted that the resultant curvature of the system is a linear superposition of the bending effect induced by the thermal mismatch between the substrate and each individual film layer.

From Eq.(1.8) ~ Eq.(1.10) and Eq.(1.16) ~ Eq.(1.18), the stress distributions can be derived as:
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The first-order approximation can be further simplified to obtain the zero-order approximation by ignoring terms of t i /t s , such that:

  2 1 )Δ 2(3 2 ) ( - 0 n i i s i s s s i s E t T fo zt rt t z          (1.23) )Δ ( 1 ( 
)

i i i s T for i to n E       (1.24)
Or, alternatively, the thermal stresses can also be expressed in terms of the curvature of the system: It has been widely used to relate the curvature of the substrate to the film stress in the case that the substrate is very thick compared with the thickness of the film. If only one single layer is coated on the substrate, it makes n=1 for all the above equations and the curvature and stress are calculated for the one layer. If the same material as the substrate is coated (α i =α s ), the layer stress and the induced curvature are zero from Eq.(1.26) and Eq.(1.20) respectively, which is in agreement with our general understanding. From Eq.(1.24), the stress in each film layer is proportional to the Young's module of the layer material, the difference in thermal expansion coefficients between the layer and the substrate, and the temperature change. The film stress is independent of the existence of other film layers. It seems that the film layers are forced to make the same total strain as the thermal strain of the substrate, which is quite understandable for the "thin" film condition. From Eq.(1.25), the neutral axis is located at 2/3 of the substrate thickness underneath the film/substrate interface, while the bending axis is located at around 1/2 of the substrate thickness from Eq.(1.17). The total bending moments to both the neutral axis and the bending axis are zero for this system.

  ( 3 
The accuracy of the zero order approximation is quite acceptable for multilayer optics as the aspect ratio between the thickness of the substrate and the thickness of the layers is very high (10 5 ~10 7 ). It can be estimated that for typical layer materials, such as W and B 4 C, the relative error of the zero order approximation for the layer stresses is below 0.02% for the thickness aspect ratio of 10 5 . The model can be used not only for calculating thermal stresses from heat load, but also for estimating thermal stresses generated during the deposition.

The formulation presented here is applicable for uniform temperature variation of the multilayer system. For synchrotron applications, the area illuminated by X-rays on the optic surface (called footprint) is usually much smaller than the optic surface area. Therefore, a non-uniform temperature variation is induced by the heat load from the X-ray beam. The temperature distribution in this optics is tri-dimensional, and depends on heat load parameters, cooling conditions, material properties, and geometries of the substrate and the coating films. For the multilayer X-ray optics, what is the stress and thermal deformation in the coated layers or in the substrate? Can the thin film layers withstand the thermal stress induced by the X-ray heat load? What are the influences of the cooling conditions on the thermal stress and deformation? How can this thermal stress and deformation analysis guide the selection of the coating materials? The present PhD works contribute to answer all these questions.

Summary

As a synthetic structure, multilayers have predominant properties as SR beamline optics, such as improved grazing angle for Bragg reflection, moderate energy resolution and harmonic rejection as monochromator. The high power and high power density from the light source create challenges for multilayers when they are directly exposed to the SR white beam. A general introduction about some fundamental principles of multilayer optics, the thermal management for SR white beam optics, and the analytical solutions for deformation and stresses of layer-substrate structure under uniform temperature change have been presented.

Chapter 2 Thermal-Structural finite element model of multilayer optics 2.1 Introduction

For most of the complex geometry and 3D thermal and mechanical applications, analytical solution is not possible. Numerical methods, especially finite element method (FEM) are convenient to solve these problems. In mathematics, FEM is a numerical technique for finding approximate solutions to boundary value problems for differential equations. Analogues to the idea that connecting many tiny straight lines can approximate a larger circle, FEM encompassed all the methods for connecting many simple element equations over many small sub-domains, named finite elements, to approximate a more complex equation over a larger domain. Finite element analysis (FEA), as the practical application of FEM, is a computational tool widely used in many science and technology applications. It includes the use of meshing techniques for dividing a complex model into small elements, as well as the use of software program coded with FEM algorithms. Along with the development in computing power, the number of finite elements that can be handled by a computer increases from thousands to millions or even more. This makes it possible to deal with more complex problems or larger models, which in turn wider the range of application of the FEA. Presently, there are a lot of finite element software packages both free and commercial, like ANSYS, NASTRAN, Abaqus FEA, COMSOL Multiphysics, CalculiX, to name a few. And among them ANSYS code is one of the majors and has been leading the area for tens of years. It has some advantages which are very helpful for the users to develop their own simulation model, such as the code-based input and plentiful types of elements and material models.

Multilayer optics for X-ray typically consists of hundreds of periods of alternating layers. The thickness of one period is a few nanometers. A multilayer is often coated on a Silicon substrate of a block with typical size of 60 mm large, 60 mm wide and 60 to 300 mm long. The high aspect ratio between the size of the optics and the thickness of the multilayer (10 7 ) can lead to a very large number of elements. For instance, meshing by the size of the layers (~nm) will lead too many elements (~10 16 ), and meshing by the size of the substrate (~mm) will lead too high element shape ratio (Figure 2.1, element geometry length/height>10 6 ), which causes low solution accuracy. And the number of elements (~10 6 ) with high element shape ratio is still quite large for the multilayer of hundreds of layers. Some special elements with layer functions are available in ANSYS which means the properties of each layer can be defined inside. One geometrical layer of elements contains multiple physically meaningful sub-layers which can have different properties, such as different materials and thicknesses. This one geometrical layer of elements allows describing a larger number of sub-layers with only one layer of finite elements. Therefore the number of meshed elements is considerably reduced. By use of the layer-functioned elements, the thermal-structural analysis model has been implemented for multilayer optics. The types of elements for thermal analysis are SHELL131 and SHELL132, which are shell-type elements. SHELL132 is the higher-order version of the SHELL131 with mid-edge node capability. The number of sub-layers is limited to 31 maximum for them. Multi sections are constructed and connected by constraint equations for multilayers with more than 31 sub-layers.

The above element description is based on ANSYS Release 12.0 (released year 2011). From ANSYS Release 13.0, another group of solid-type layer-functioned elements, SOLID278 and SOLID279, are available. The key option must be set for them (KEYOPT(3)=1) to activate the layer function. SOLID279 is the higher-order version of SOLID278 with mid-edge node capability. However, the SOLID278 and SOLID279 are not applicable to the multilayer model. It is impossible to know the individual values of temperatures at each sub-layer for them. And when they are connected to other continuum solid elements, which are used to mesh the substrate of multilayer optics, a very strange result is generated which is totally wrong. They need to be further improved by the ANSYS Company.

There are three groups of layer-functioned elements for structural analysis: SOLSH190; SHELL181 and SHELL281; SOLID185 and SOLID186 with KEYOPT(3)=1. SHELL281 and SOLID186 are higher-order versions of the SHELL181 and SOLID185 elements with midedge node capability. SHELL181 and SHELL281 are the corresponding structural element types to SHELL131 and SHELL132 which are used for the thermal analysis. But they are not used for the structural analysis of multilayer because the connections will be lost after analysis type transfer from thermal to structural (TTS) and the temperature results cannot be read correctly for them (LDREAD failed). So the structural analysis model is reconstructed by solid-type multilayer elements (SOLSH190, SOLID185 and SOLID186). The number of layers is not limited for structural multilayer elements. Temperature results of thermal analysis are stored in 2D arrays first and applied to the structural model after the model reconstruction.

By use of the multilayer elements, the number of elements is reduced by a factor of 31 maximum for thermal analysis and by a factor of the number of sub-layers of the multilayer for structural analysis. The number of sub-layers feasible for the present computers is increased a lot. A model with more than 1000 sub-layers has been successfully tested. In this chapter, the description of these layer-functioned elements, the ANSYS code using these types of elements, the modelling process and the related post processing techniques will be presented for thermal analysis and structural analysis respectively. As an example, the thermal analysis is performed by using SHELL131 element and the structural analysis by SOLSH190. The validation of the FE results will be shown in the last section of this chapter.

Thermal analysis model 2.2.1 SHELL131 element

SHELL131 is a 3-D layered shell element having in-plane and through-thickness thermal conduction capability. The element has four nodes with up to 32 temperature degrees of freedom at each node. The conducting shell element is applicable to a 3-D, steady-state or transient thermal analysis. The related properties for the multilayer model are listed below. More details can be found in the element description of ANSYS documentation. The geometry, node locations, and coordinates systems for this element are shown in Figure 2.2. The element is defined by four nodes, one thickness per layer, a material angle for each layer, and the material properties. The cross-sectional properties are input using the SECTYPE,,SHELL and SECDATA commands. These properties are the thickness, material number, and orientation of each layer. The number of integration points is determined for all layers with KEYOPT(3). Generally, the quadratic variation in temperature through each layer (KEYOPT(3)=0) is used for transient analysis or for strongly temperature dependent materials, and the linear variation in temperature through each layer (KEYOPT(3)=1) is used for steady state analysis with materials that are either not temperature dependent or weakly temperature dependent. Layers may be used to model the physical changes of properties through the thickness or the effect of a through-thickness transient in greater detail.

KEYOPT(4) duplicates the number of layers input on the SECDATA commands. If KEYOPT(6) (also referred to as the paint option) is used, TBOT is replaced with TEMP, allowing the element to be directly attached to an underlying solid to avoid the use of constraint equations. When this option is used, surface loads cannot be applied to face 1.

As this is a thermal shell element, the direction of the element z-axis and the presence of the SECOFFSET command have no effect on the solution. However, to get correct plots when using the /ESHAPE command, if KEYOPT(6) = 1 (the paint option) is set, SECOFFSET,BOT should be input.

Convection or heat flux (but not both) and radiation (using the RDSF surface load label) boundary condition may be input as surface loads at the element faces as shown by the circled numbers on Figure 2.2 using BFE command. Some core codes for the element definition and section definition for the multilayer is shown below. 

Element performance test

As shown in Figure 2.3, a solid block with uniform heat flux on the top surface and uniform water cooling on the bottom surface is analysed as the test model. The other four faces of the block are insulated. Theoretically, the temperature distribution inside each vertical slice is uniform. And the temperature distribution along the vertical direction is the integral of q/k (Eq.(2.1), the Fourier's law):
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where q is the heat flux and k is the thermal conductivity of the material, y 0 is the vertical coordinate of the bottom surface, T 1 is the temperature of the bottom surface determined by Eq.(2.2): 10 ()
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where H cv is the convective coefficient and T 0 is the cooling temperature. With constant thermal conductivity, the temperature distribution along the vertical direction is a linear function of the coordinate y. The FEA results by solid elements (SOLID70) are shown in Figure 2.4. If the thermal conductivity changes with temperature (k=k(T)) (Figure 2.5a), the temperature distribution along the vertical direction is nonlinear (Figure 2.5b). And the accuracy of the FEA calculation depends on the number of divisions along the vertical direction. The model is constructed by using solid elements (SOLID70) and multilayer elements (SHELL131) respectively, with different numbers of divisions [START_REF]Lightsources[END_REF][START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF][START_REF] Barrett | X-ray optics at the ESRF[END_REF][START_REF] Morawe | Graded Multilayers For Synchrotron Optics[END_REF][START_REF] Spiller | Low-Loss Reflection Coatings Using Absorbing Materials[END_REF]. The result of 8 divisions (or sublayers) by SHELL131 is shown in Figure 2.6. Non-linear temperature distribution along the layer thickness direction can be found in Figure 2.6b. For visualization, the elements are displayed as solids with the shape determined from the shell section definition (Figure 2.6a). But geometrically, there is only one layer of elements placed at the xy plane (z=0). By default, the z direction is set as the layer thickness direction. The maximum temperatures in the block (T max ) versus the number of divisions from the two models are compared in Figure 2.7. This T max can also be analytically calculated from Eq.(2.1) with K(T) given in Figure 2.5a. The T max from FEA increase with the number of divisions in the thickness and tend to the theoretical solution. For the same number of divisions, the FEA result of T max calculated using multilayer elements is higher and more accurate than using solid elements. And the convergent speed using multilayer elements is faster than using solid elements. 
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where T top and T bot are the temperatures on the top surface and the bottom surface of the sub-layer respectively, q is the heat flux through the thickness, t is the sub-layer thickness, and k is the thermal conductivity. Based on Eq.(2.3), a numerical interpolation process is performed by the software to determine a group of corresponding values of T top , T bot and k according to some integration rules. For the solid element, the linear integration is applied and the formula as Eq.(2.4) is used to determine the thermal conductivity. For the multilayer element, the integration rule used in each sub-layer is Simpson's Rule (ANSYS documentation, Command Reference, SECDATA), which is a quadratic interpolation for k as expressed by Eq.(2.5). For example, in this test model, when the number of divisions equals to one (X coordinate equals to zero in Figure 2.7), the maximum temperatures which are the temperatures on the top surfaces, are 47.60°C and 48.75°C for the solid element model and the multilayer element model, respectively. The temperatures on the bottom surfaces are both 30°C, which is in agreement with the result calculated by Eq.(2.2). On one side, with q=1×10 5 W/m 2 and t=0.02 m for Eq.(2.3), the k is calculated to be k 1 =113.6 W/m 2 /K for the solid element and k 2 =106.7 W/m 2 /K for the multilayer element. On the other side, the non-linear relation between k and the temperature is shown in Figure 2.5a. For the solid element, k 1 =k((47.60+30)/2)=k(38.8)=113.6 W/m 2 /K from Eq.(2.4), which equals to the result from Eq.(2.3). For the multilayer element, k(48.75)=57.5 W/m2/K, k(30)=130 W/m 2 /K, and k((48.75+30)/2)=k(39.375)=111.9 W/m 2 /K, so k 2 =105.9 W/m 2 /K from Eq.(2.5).
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The relative difference of k 2 is (106.7-105.9)/106.7=0.75%, which should be allowed for the numerical interpolation. In conclusion, the integration rules of both the solid element and the multilayer element are verified. Furthermore, the multilayer element makes higher order integration inside each sub-layer. If k is independent of the temperature, the linear integration and the Simpson's rule will make no difference.

The thermal solid element (SOLID70) has only one temperature degree of freedom (DOF) at each node. Instead, the multilayer element (SHELL131) has up to 32 temperature degrees of freedom at each node to keep track of the temperature gradients that may exist through the thickness of the shell. The temperature at the bottom face is denoted by TBOT. And the temperatures at the top of each sub-layer are denoted by TE2, TE3,…, TE%sub-layer_number%…,T31,TTOP sequentially from the bottom sub-layer to the top sub-layer. SHELL131 includes multiple DOF and keeps track of temperatures along the thickness direction although it only has 1 node representing the "thickness". By using the multilayer element, the number of elements is considerably reduced, which simplifies the whole finite element model. However, the number of DOF is not reduced at all. The calculation inside each multilayer element is more complicated. The trick is it divides the solving process into different steps. For example, the computer cannot handle 10 6 equations at one time. But it can solve 5×10 5 equations for the compatibility between elements. And the other 5×10 5 equations will be solved inside the multilayer elements. The results are then iterated to get a steady solution for all the 10 6 equations.

For the post-processing, /ESHAPE,1 command can be input to display elements with thicknesses of the sub-layers from the shell section definition. It makes the shell element be displayed as a volume instead of an area. The temperature plot (PLNSOL,TEMP) performs the temperatures in all the sub-layers instead of only the temperature at the bottom face of the shell with /ESHAPE,1.

Model construction: Multi shells and connection method

The number of sub-layers is limited to 31 maximum for SHELL131 elements. For multilayer optics with more than 31 sub-layers, which are very common for practical applications, multi shells should be used and they are connected by constraint equations. An example of 40 layers is shown in Figure 2.8 to explain the modelling method.

Firstly the substrate is meshed (Figure 2.8a, see Annex 1 for the code). Secondly one shell of SHELL131 elements containing 20 sub-layers is generated from the top surface of the substrate. Therefore the same meshing as the top surface of the substrate is obtained (Figure 2.8b). Thirdly another shell containing 20 sub-layers is generated by copying the first shell with a positive offset. The generation is performed for two times in this model (Figure 2.8c). The bottom shell on the top surface of the substrate is deleted after the generation. Fourthly the nodes on the adjacent interfaces of the shells are connected using constraint equations. More precisely speaking, for nodes at the same X, Z position but in the two adjacent shells, the temperature on the top sub-layer in the lower shell is set to be equal to the temperature on the bottom sub-layer in the higher shell by using CE command. The operation is repeated for all the nodes on the shells. And similarly, the lowest shell is also connected to the substrate by this method.

Some core codes for the generation and connection are also shown in Figure 2.8. The positive offset between each shell is only for visualization. The value of the offset can be set freely. The bottom shell which is firstly generated from the top surface of the substrate (Figure 2.8b) can also be kept, as the KEYOPT(6)=1 is used for the SHELL131 element allowing the elements to be directly attached to an underlying solid. It is deleted to make an overall visual effect for the multilayer part. The generation of shells may be repeated for several times if more shells are needed for more layers.

Finally, the heat flux boundary condition is applied as surface loads on the top surface of the highest shell by SFE (surface force on element) command. The uniform water cooling boundary condition is applied on the two side surfaces of the substrate. The temperature result is shown in Figure 2.9. For the solving process, the sparse solver is used. The default memory option for the sparse solver performs a strategy which attempts to run in the INCORE memory mode. If there is not enough available physical memory for the INCORE memory mode, the solver will then attempt to run in the OPTIMAL mode. For the multilayer model with some specific numbers of layers, a critical memory is needed, for which the computer is "confused" about determining which kind of memory mode should be used for the sparse solver. It turns out the computer refuses to solve the model. The memory option must be set manually before solving on this condition (e.g. input BCSOPTION,,MINIMUM).

The code and related explanation of this example multilayer model is listed in Annex 2.

In ANSYS, generally, the thermal analysis model can be directly transferred to structural analysis by changing element types from thermal to structural (ETCHG,TTS). The temperature result from the thermal analysis can be applied as nodal loads for the structural analysis by simply reading the temperature result file (LDREAD,TEMP). However, for the multilayer model, the corresponding element type of SHELL131 for structural analysis is SHELL181. Multi shells of SHELL131 elements will be transferred to multi shells of SHELL181 elements. The constraint equations used to connect the multi shells of SHELL131 elements will be lost as the degree of freedom changes from temperature to displacements. Meanwhile the constraint equations can be hardly reconstructed. The degrees of freedoms (displacements: Ux, Uy, Uz) at each node of SHELL181 element can only represent one sublayer. The number of the sub-layer which they represent is able to be chosen by LAYER,i command. But it must be consistent for all the shells. It is impossible to set the degrees of freedoms of the top sub-layer of the lower shell equal to the degrees of freedoms of the bottom sub-layer of the higher shell, as what we did for the thermal analysis. Additionally, the temperature results cannot be read correctly as shown in Figure 2.10b. Temperatures of the substrate are not read at all. And for each shell of the multilayer part, temperatures of the bottom sub-layer are read and applied to all sub-layers. Consequently, the element SHELL181 (automatically converted from SHELL131 for thermal analysis) cannot be used for multilayer optics application. Therefore, the structural analysis model of the multilayer optics is reconstructed by using solid-type multilayer elements (SOLSH190). But how to apply the temperature body loads from the result of the thermal analysis is the critical issue. SOLSH190 is used for simulating shell structures with a wide range of thickness (from thin to moderately thick). The element possesses the continuum solid element topology and features eight-node connectivity with three degrees of freedom at each node: translations in the nodal x, y, and z directions. Thus, connecting SOLSH190 with other continuum elements requires no extra efforts. Accuracy in modelling composite shells is governed by the firstorder shear-deformation theory (also known as Mindlin-Reissner shell theory [START_REF]Mindlin-Reissner plate theory[END_REF]). The related properties for the multilayer model are explained below. More details can be found in the element description of ANSYS documentation.

The geometry, node locations, and the element coordinate system for this element are shown in Figure 2.11. The element is defined by eight nodes. The element coordinate system follows the shell convention where the z axis is normal to the surface of the shell. To achieve the correct nodal ordering for a volume mapped (hexahedron) mesh, the VEORIENT command can be used to specify the desired volume orientation before executing the VMESH command. Alternatively, the EORIENT command can be used after automatic meshing to reorient the elements to be in line with the orientation of another element, or to be as parallel as possible to a defined ESYS axis. Similar to SHELL131, SOLSH190 can be associated with a shell section (SECTYPE). The layered composite specifications (including layer thickness, material, orientation, and number of integration points through the thickness of the layer) are specified via shell section (SECxxx) commands. A singlelayered SOLSH190 element can also be defined. ANSYS obtains the actual layer thicknesses used for element calculations by scaling the input layer thickness so that they are consistent with the thickness between the nodes.

The number of integration points (1, 3, 5, 7, or 9) located through the thickness of each layer can be designated. Two points are located on the top and bottom surfaces respectively and the remaining points are distributed equal distance between the two points. The element requires at least two points through the entire thickness. When no shell section definition is provided, the element is treated as single-layered and uses two integration points through the thickness.

If no element body load is specified for defining temperatures -that is, temperatures are defined with commands other than BFE -SOLSH190 adopts an element-wise temperature pattern and requires only eight temperatures for the eight element nodes. Unspecified nodal temperatures default to the assigned uniform temperature (TUNIF). ANSYS computes all layer interface temperatures by interpolating nodal temperatures T1 ~ T8.

Alternatively, input temperatures can be input as element body loads at the corners of the outside faces of the element and at the corners of the interfaces between layers. In such a case, the element uses a layer-wise pattern. Temperatures T1, T2, T3, T4 are used for the bottom of layer 1; temperatures T5, T6, T7, T8 are used for interface corners between layers 1 and 2, and so on between successive layers, ending with temperatures at the top layer (NL). If exactly NL+1 temperatures are input, one temperature is used for the four bottom corners of each layer, and the last temperature is used for the four top corner temperatures of the top layer. The first corner temperature T1 defaults to TUNIF (initial temperature, default to zero). If all other corner temperatures are unspecified, they default to T1. For any other input pattern, unspecified temperatures default to TUNIF.

KEYOPT(2)=1 activates the internal strain enhancements to the element transverse-shear strains. With this option, the element is capable of quadratic transverse-shear strain distributions through the entire thickness of the element. An initial stress state can be applied via the INISTATE command.

Please notice that the number of layers defined in each section is not limited for structural multilayer elements from ANSYS Release 13.0. Before that the number of layers defined in each section is limited to 250 maximum. For the multilayer model, temperatures are input by the layer-wise pattern to exactly describe the thermal load for each layer. KEYOPT(8)=1 is used to store strain and stress data for top and bottom of all sub-layers. KEYOPT(2)=1 is necessary for correctly calculating the shear stresses.

Elements performance test

In the ANSYS verification manual, an example referred as VM144 has been proposed to test the performance of layer-functioned elements for structural analysis, including SOLSH190, SOLID185, SOLID186 and SHELL281. As shown in Figure 2.12, a beam of length l and width w, made up of two layers of different materials, is subjected to an uniform rise in temperature from T ref to T 0 and a bending moment M y at the free-end. Determine the free-end displacement in Z direction and the stress in X direction at the top and bottom surfaces of the layered beam. E i and α i correspond to the Young's modulus and the thermal expansion coefficient for layer i. The material properties, geometric parameters and loading are listed in Table 2.1. The FEA results are in good agreement with the theoretical solution as shown in Table 2.2. However, for the VM144 model, the beam is idealized to match the theoretical assumptions by taking Poisson's ratio ν=0, and the thermal expansion coefficients along Y, Z directions α y =α z =0 for both layers. To take into account the three-dimensional case, the model is modified by extending the beam to a 3D square plate. As shown in Figure 2.13, one-fourth of the geometry (width=length=8/2 in) is modelled by applying the symmetry boundary conditions. Material properties and the layer thicknesses are the same as in VM144 (Table 2.1). For the loading, the composite plate is subjected to an uniform rise in temperature from T ref =0°F to T load =100°F. Determine the free end displacement in the Z-direction and the stress in X direction at the top and bottom surfaces of the layered plate. The model is constructed by using two layers of common solid elements (SOLID185 with KEYOPT(3)=0) and one layer of multilayer elements (SOLSH190) respectively. For the multilayer elements, the layer properties are defined inside. The problem can also be solved analytically (Eq.(1.4), Eq.(1.6), Eq.(1.8), Eq.(1.10)). Theoretical solution and the FEA results are compared in Table 2. [START_REF] Windt | Multilayer films for figured x-ray optics[END_REF]. It shows that they are in good agreement for the results of displacement U z and stress S x . Moreover, the multilayer elements (SOLSH190) give more accurate results than the solid elements (SOLD185) for the same meshing. In Figure 2.14, the results are also compared with various T load . The multilayer elements show a very good performance for the calculation of displacement U z and stress S x . However, the normal stress along the layer thickness direction (S z ) is calculated incorrectly by using SOLSH190. Theoretically, S z should be zero as there is no constraint in the Z direction. And the FEA result by using SOLID185 elements confirms this. The S z result of a quarter of the FE model by using SOLID185 elements is shown in Figure 2.15a. apart from the edge effect, S z is negligible in the centre part (~0.048 psi). The results obtained using SOLSH190 elements indicate non-zero but uniform stress S z at each layer and variable through the thickness as shown in Figure 2.15b, which is the same as the distribution of the in-plane stresses (S x and S y ). The problem happens for all the solid-type structural multilayer elements, including SOLID185 and SOLID186 with layered functions (KEYOPT(3)=1). About this problem, we have contacted the ANSYS technical supporters in France. They agreed that SOLSH190 and the other solid-type multilayer structural elements made wrong calculation for the strain and stress along the layer thickness direction. They said they had sent a request to the programming department of ANSYS Company in America. And this problem will be solved in future versions. The latest release of ANSYS software is version 15.1.1. But the problem has not been solved yet.

Based on the tested model, the normal stress Sz calculated by multilayer elements is equal to the in-plane stresses Sx and Sy. Principally the in-plane stresses are induced by the mismatch strain of the two layers. It seems like that the same mismatch strain is taken into account for the Z direction although there is no constraint along Z. To correct this, the idea is to suppress the mismatch strain along layer thickness direction. Some special settings for the material properties can be made to achieve the goal. Firstly, the thermal expansion coefficients along Z direction of both layers are set equal (to zero here). Then the Poisson's ratios of xz and yz (ν xz and ν yz ) are set to zero to avoid the mismatch strain induced from the X and Y directions by the Poisson's effect. Thirdly, the shear modules (GXY, GYZ, GXZ) are modified by the orthotropic properties as Eq.(2.6). The orthotropic material model must be used for these settings. The normal modules (E x , E y , E z ) and ν xy are not changed.
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By this method, the thermal expansion effect along Z direction is ignored, which will not cause any strain mismatch. As shown in Figure 2.16, the good result can be obtained. But for the non-uniform temperature load, there might be some errors in the stress calculation. A more direct results' validation will be shown in Chapter 2.4. In continuum mechanics, plates are defined as plane structural elements with a small thickness compared to the planar dimensions. The typical thickness to width ratio is less than 0.1 [START_REF]Plate theory[END_REF]. Plate theories are normally used to simplify a full three-dimensional solid mechanics problem to a two-dimensional problem by taking advantage of the disparity in length scale. There are two plate theories which are widely accepted and used in engineering: the Kirchhoff-Love theory [65] (also referred as the classical plate theory), and the Mindin-Reissner theory [START_REF]Mindlin-Reissner plate theory[END_REF] (also referred as first-order shear plate theory). As shown in Figure 2.17, in the Kirchhoff-Love theory, the mid-surface plane is used to represent the three-dimensional plate in two-dimensional form by the following three assumptions: 1. straight lines normal to the mid-surface remain straight after deformation; 2. straight lines normal to the mid-surface remain normal to the mid-surface after deformation; 3. the thickness of the plate does not change during a deformation. The Mindlin-Reissner theory improves over the Kirchhoff-Love theory that the normal to the mid-surface remains straight but not necessarily perpendicular to the mid-surface, which will make a higher accuracy for the relatively thick plates. For the multilayer elements in ANSYS, the accuracy in modelling composite sublayers is governed by the Mindin-Reissner theory of plates (ANSYS documentation: SOLSH190 Element Description).

(a) (b)

Figure 2.17 Schematic for the Kirchhoff-Love theory of plates: deformation of a thin plate highlighting the displacement, the mid-surface (red) and the normal to the mid-surface (blue) [START_REF]Plate theory[END_REF] While for the solid-type multilayer elements (SOLSH190, SOLID185, SOLID186), it is not the mid-surface but the top and bottom surfaces of the three-dimensional plates which are used to represent the structure. The thickness of the plate can change in such a case. The shape function of multilayer elements, which are used to determine the virtual displacements at any position in the element, is Eq.(2.7): 
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where u on the left side is the virtual displacement (translation in the x (or s), y (or t), or z(or r) direction) to be determined; subscripted variables such as u J on the right side refers to the u motion at the node J; s, t, r are the normalized coordinates of the position point in the element coordinate system (please see Figure 2.11 for the element coordinate system) which are going from -1.0 on one side of the element to +1.0 on the other side. They are just calculated based on the constitutive and the compatibility conditions from the Mindin-Reissner theory and are not a function of the number of sub-layers present. Once the displacements of each node of the element are calculated, the virtual displacements at the edge of each sub-layer can be determined from the shape function. Stresses and strains are then calculated for each sub-layer by considering the various material properties.

To put another way, the calculation of strains and stresses in each sub-layer, along with interlaminar shear stresses, is done based on the virtual displacements of each sub-layer from the constitutive and the compatibility conditions "after" the DOF solution is obtained. The accuracy of the sub-layer calculation is governed by the Mindin-Reissner theory. Comparing with the model using multiple solid elements, the model using multilayer elements have considerably reduced the number of DOF (displacements) by a factor of the number of sublayers. For shell-type multilayer elements (SHELL181, SHELL281), the mid-surface is used to represent the three-dimensional structure. The calculation process is the same as that of solid-type multilayer elements.

The number of integration points in each sub-layer can be defined to be 1, 3, 5, 7 or a higher odd number. For example, if we have 200 sub-layers on SOLSH190 and we specify 3 integration points through thickness, 4 in-plane "nodes", we will have 200×3×4=2400 integration points per element for the calculation of virtual displacements, strains and stresses. The volume of data can become excessive. If not the properties of every sub-layer are concerned, the KEYOPT(8)=0 can be used to store data for bottom of the bottom sub-layer and top of the top sub-layer. Among the solid-type multilayer elements, SOLSH190 has special functions to alleviate shear locking. It handles the shear locking much better than SOLID185 and SOLID186 for very high element shape aspect ratio cases. That is why ANSYS have a special SOLSH190 element rather than solely relying on SOLID185

Model reconstruction and applying temperature loads from thermal analysis

After the thermal analysis, the multilayer model is reconstructed by the solid-type multilayer elements (SOLSH190) for the structural analysis. For the multilayer part, the thermal analysis model consists of multi shells of SHELL131 elements. The structural analysis model is made up of only one section of SOLSH190 elements. FEA results can be plotted or listed for nodes (PLNSOL or PRNSOL) or elements (PLESOL or PRESOL). The temperatures from thermal analysis can be stored in internal arrays. Temperature loads for structural analysis can only be applied as body force on elements by command BFE to specify the sub-layer. It is necessary to find the correspondence between the elements in the thermal analysis model based on the SHELL131 and those in the mechanical analysis model based on the SOLSH190.

As shown by the green dashed line in Figure 2.18, the node numbers at the lowest (bottom) shell of the thermal model can correspond to the node numbers at the top surface of the structural model. In other words, for the two nodes at the same in-plane position (X, Z), one at the lowest shell of the thermal model, the other at the top surface of the structural model, the node numbers are equal to each other. Based on this, the node numbers of the nodes at the lowest shell of the thermal model are used to identify the X, Z position, which makes a bridge to the structural analysis model. Skills are performed for both storing and applying processes. After the thermal analysis, the procedure is performed step by step as followed. Firstly, store temperatures of the multilayer part in a 2D array (named NTS). As shown in Figure 2.18a, in the thermal model, loop the nodes of the lowest shell by their node numbers. For each node, select the node(s) with the same X, Z position from all the shells. Get the
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temperatures of the selected nodes and store them sequentially from the bottom sub-layer to the top sub-layer in the same row of the 2D array NTS. As the node numbers of the lowest shell are continuous, the row numbers of NTS can correspond to the node numbers with an offset, for example row 1 corresponds to node 5001, row 2 corresponds to node 5002 etc. The value of the number offset equals to the number of nodes in the substrate meshing. In such a way, the row number of NTS represents the X, Z position. And the column number represents the number of the sub-layer.

Secondly, reconstruct the structural model by SOLSH190 elements (Figure 2.18b). Transfer the analysis type from thermal to structural by ETCHG,TTS command. The constraint equations are lost as the degrees of freedoms have changed. Delete all the SHELL181 elements which are transferred from the SHELL131 elements. Define the element properties for SOLSH190 and the corresponding section. All sub-layers are defined in one section as the number of sub-layers is not limited for SOLSH190. Generate one layer of SOLSH190 elements by extruding the top surface area of the substrate.

Thirdly, apply temperature loads from 2D array NTS. For each SOLSH190 element (Figure 2.18c), select one of the four nodes located at its top surface by the position number j (NSLE,S,POS,j). The NSLE command can select a node attached to the currently-selected element. The position number is used to identify the relative position of the node in the element, which will be used later in the BFE command. Get the node number of the selected node and take the temperature values from the corresponding row of NTS. The row number is determined by subtracting the number offset from the node number. Apply temperature loads by BFE command. The STLOC in BFE command (red number in Figure 2.18c) is used to specify the sub-layer. The initial value of STLOC is the same j as the position number when the node was selected. And an increase of 4 makes it to the next sub-layer from the top to the bottom. Do the process for all the four nodes at the top surface of this element. After looping all the SOLSH190 elements, as shown in Figure 2.19, the temperatures are applied completely and correctly to the structural analysis model. For the substrate, as the meshing is not changed, the element numbers and node numbers are consistent between the thermal and structural models. The temperature of each node of the substrate can be simply stored and applied by the node number.

The structural analysis model can be solved after applying necessary constraints as boundary conditions. The code and related explanation of this example model is listed in Annex 2. For the post processing of the structural analysis, Layer,NUM is used to specify the sub-layer for which the stress and strain data are to be listed, plotted, or otherwise processed.
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Comparison with theoretical solution

As shown in Figure 2.20, ten periods of W/B 4 C layers with period thickness 100nm are used as the multilayer part. The sub-layer thicknesses of W and B 4 C are equal and the W layer is on the bottom. The thickness of the substrate is 40 mm. Analytically, for this 2D case, with uniform temperature rise ΔT, the layer stress can be calculated by Eq.(2.8):
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where E i is the Young's module, α s and α i are the thermal expansion coefficients of the substrate and layer i respectively. For a 3D free-constrained plate (Figure 2.21), the in-plane stresses (σ xx and σ zz ) can be calculated by Eq.(2.9):
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where the Young's module is modified by the Poisson's ratio (υ i ) from Eq.(2.8). The stress along layer thickness direction (σ yy ) and the three shear stresses (σ xy , σ yz , σ xz ) are zero. Furthermore, the temperature load (T_load) is varied from 80 K to 350 K with T_ref=293 K to cover the temperature range for the working condition of multilayer under liquid-nitrogen cooling and water cooling. The reference temperature T_ref is the temperature used for the thermal strain calculation. It is assumed here that the strain and stress state is zero at room temperature (T_ref=293 K). The non-linear thermal expansion coefficient of Silicon as the orange line in Figure 2.23a is applied. Constant thermal expansion coefficients are used for W and B 4 C (Table 2.5). The thermal strains versus temperature load of the three materials are shown in Figure 2.23a with the left column. Theoretically, the misfit strain between layer i and the substrate is the difference of the thermal strains, and the layer stress equals to the misfit strain multiplying the elastic module as Eq.(2.9) . From Figure 2.23a, the layer stresses are analytically calculated as continuous lines in 

Comparison with the model using solid elements

To make a comparison with the model of common solid elements, the layer thickness is magnified so the multilayer can be constructed by solid elements (SOLID70 and SOLID185) and multilayer elements (SHELL131 and SOLSH190) respectively. As shown in Figure 2.24, a typical geometry of multilayer monochromator (150×60×60 mm 3 ) is used. A quarter of the model is applied with symmetry boundary conditions. Ten periods of Pd/B 4 C multilayer with period thickness of 0.1 mm are set as the coating. The thicknesses of the sub-layer Pd and the sub-layer B 4 C are both equal to 0.05 mm. The B 4 C sub-layer is on the bottom. For the multilayer part, the element size along X and Z directions are 0.5 mm and 1 mm respectively. So the highest element shape aspect ratios are 1 mm/1 mm=1 and 1 mm/0.05 mm=20 for the model using multilayer elements and solid elements respectively. With a uniform heat flux of 100 W/mm 2 and water cooling on the side surface with a convective coefficient of H cv =0.005 W/mm 2 /K, the temperature results from thermal analysis are shown in Figure 2.25. The temperature distribution and the maximum value (375.59 K) are in good agreement for the two FE models. Practically, during operation the multilayer monochromator rotates for changing the grazing angle to select photons of different energies. And the footprint length and power density will change alongside. Assuming a range of 25~50 mrad for the grazing angle α inc , with the slit size 2×2 mm 2 , the footprint length along z direction changes from 80 mm to 40 mm. And the power density is proportional to the sine of the grazing angle (sin(α inc )), with power density 100 W/mm 2 for the footprint length of 80 mm. The results from multilayer elements and solid elements are compared in Figure 2.26. The maximum temperature versus footprint length is plotted in Figure 2.26a. The good agreement between the two models can be found. The maximum temperature calculated by using multilayer elements is slightly lower than that by using solid elements. The differences are below 0.001 K. The maximum stresses versus footprint length are plotted in Figure 2.26b, including two in-plane stresses S x and S z , and the equivalent stress S eqv . S x and S z are compressive. The stresses from multilayer elements are slightly higher than the solid elements. The differences are below 7 MPa. More precisely, the relative errors are estimated to be 4.3-4.5%, 2.8-3.2%, 1.6-1.7% for S x , S z and S eqv of B 4 C layer, and 2.0-2.1%, 0.6-0.7%, 1.7-1.8% for S x , S z and S eqv of Pd layer, respectively. For the SOLSH190, the accuracy in modelling composite shells is governed by the Mindlin-Reissner theory, in which it is assumed that straight lines normal to the mid-surface remain straight after deformation. These straight lines refer to the four sidelines for a multilayer element. To meet the condition, an extra force will be "applied" when the sidelines of the multilayer tend to bend, which makes the calculated stresses slightly higher. Theoretically, for multilayer elements, the thinner the layer, the more accurate the result will be.

With the same boundary conditions and the same geometry for the substrate, this model is also applied for very thin layer cases. For the multilayer part, ten periods of Pd/B 4 C with period thickness of 2 nm are used. The thicknesses of the Pd sub-layer and the B 4 C sub-layer are both equal to 1 nm. The B 4 C sub-layer is on the bottom. The highest element shape aspect ratios are 1 mm/20 nm=2×10 5 and 1 mm/1 nm=10 6 for the model by using multilayer elements and solid elements respectively. The results are shown in Figure 2.27. The difference in the maximum temperature (Figure 2.27a) is below 0.001 K. For the stresses (Figure 2.27b), the relative differences are estimated to be 0.49-0.53%, 0.03-0.04%, 0.32-0.38% for S x , S z and S eqv of B 4 C layer, and 0.30-0.33%, 0.34-0.39%, 0.32-0.36% for S x , S z and S eqv of Pd layer, respectively. From the ANSYS documentation, for the element shape aspect ratio (defined as Figure 2.1) more than 1000, elements are taken as so stretched that numeric round off could become an issue. And for a standard mechanical analysis, the program warning occurred for the ratio above 20. However, aspect ratio alone has little correlation with analysis accuracy. Finite element meshes should be tailored to the physics of the given problem. Attempts to artificially restrict aspect ratio could compromise analysis quality in some cases. For the thermal-structural analysis of multilayer optics with constant material properties for each sub-layer, this element shape ratio has little influence on the analysis accuracy. The main advantage of the FE model using multilayer elements is to reduce the number of elements and make the analysis become feasible and easier for the present computers. 

Chapter 3 Thermal stress prediction in mirror and multilayer coatings

High heat-load induced thermal deformation in X-ray optics (white beam mirrors, crystal monochromators) is well investigated in the synchrotron community. To minimize this thermal deformation, the routinely adopted methods at ESRF and many other light sources are: water cooling combined with smart-cut geometry for white beam mirrors and some multilayer optics; liquid nitrogen cooling for silicon crystal monochromators and some multilayer optics on silicon substrates. For the mirror and multilayer optics, the thickness of the coatings is well below one micrometer (tens or hundreds of nanometers). The influences of these coatings on the temperature distribution and thermal deformation may be negligible. However, the thermal stress within the coated layers can be very significant due to different thermal expansion coefficients between the layer and the substrate materials. This is particularly true for liquid-nitrogen cooled mirror and multilayer optics.

In this Chapter, single layer coated mirrors and multilayer monochromators cooled by water or liquid nitrogen are studied by FEA with typical heat-load, cooling and geometrical parameters. The effects of cooling-down of the optics and the X-ray beam heat-load have been detailed. Initially, the material properties used for the simulation are the bulk values from literature. In a second step, thin-film material properties are applied in the calculation.

Single layer white beam mirror

Water cooling condition

As shown in Figure 3.1, a 50 nm B 4 C layer is coated on Silicon substrate with the size of 60×60×500 mm 3 . The mirror is very long (500 mm) as the grazing angle for the total reflection of X-rays is very small. The upstream slits size is 4×2 mm 2 (H×V). Power density from the light source is taken as P a =100 W/mm 2 . With grazing angle α inc =5 mrad, the footprint length is 2 mm×sin(α inc )=400 mm, which do not overfill the surface. For the FEA, a quarter of the model is used with symmetry boundary condition on two faces. As the red part in Figure 3.1, uniform heat flux load on the surface of the layer is applied. The cooling is applied on the side face. The convection coefficient and cooling temperature are h cv =0.005 W/mm 2 /K and T cool =293 K (20°C) for the water cooling. The displacement U y is constrained at one point for the structural analysis. Material properties of Si and B 4 C are listed in Table 3 The thermal analysis is performed first. The temperature distribution is plotted in Figure 3.2a. The maximum temperature is calculated to be 313.8 K and the temperature decreases gradually from the footprint area into the volume. The temperature in the layer is shown in Figure 3.2b and the temperature difference between the top and the bottom of the layer is only 0.553 mK. Analytically, by assuming an ideal bottom cooling for the layer part (Figure 3.3a), the temperature difference (ΔT) can be estimated to be 0.595 mK from Eq.(3.1). 4 sin( ) 0.595
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where t i is the layer thickness (50 nm). For the FEA, as the heat flux spread a bit to the side (Figure 3.3b), ΔT (0.553 mK) is slightly smaller than the estimated value (0.595 mK). The FEA result is in agreement with the analytical estimation. The structural analysis is performed in a second step. It is noted that the FE model for structural analysis has been reconstructed after the thermal analysis. The deformation result, displacement Uy distribution, is plotted in Figure 3.4a. For comparison, the model with the same geometry and beam condition but not coated is also simulated by FEA. The slope error is defined as the derivative of displacement U y over position z (∂Uy/∂z). The slope errors in the footprint area of the two models are compared in Figure 3.4b. The difference between coated and non-coated cases is negligible. The maximum temperature, RMS slope error and peak slope error of coated and non-coated cases are compared quantitatively in Table 3.2. For the same substrate, heat load and cooling condition, the maximum temperature with the coating is higher than without the coating. The thermal expansion coefficient of B 4 C is higher than that of Si. For the heating process, the coating expands more than the substrate, which will add a convex curvature to the surface and increase the slope error. As the layer is much thinner than the substrate, the values of the maximum temperature and the slope errors are slightly higher for the coated case. The stress results (indicated by the equivalent stress) are shown in Figure 3.5. It can be seen (Figure 3.5a) that the layer stress is much higher than the stress in the substrate (more than 10 times). The maximum value is 48.1 MPa appearing at the center of the top surface (Top center) and the stress difference between the top and the bottom of the layer is 1645 Pa (Figure 3.5b). The stress components are listed in Table 3.3. The normal stress S y and the three shear stresses (S xy , S xz , S yz ) are negligible. The in-plane directional stresses S x and S z are the main components. The equivalent stress is calculated by Eq.(3.2) in this case.
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The minus sign indicates that the stress is compressive. As the surface shape is convex, the strain and stress on the top surface of the layer are slightly higher than those on the bottom of the layer. S z is bigger than S x because the moment of inertia with X as axis of rotation which induces S z , is smaller than the moment of inertia with Z as axis of rotation which induces S x .

For the same bending moment from temperature gradient in Y direction, the curvature and strain in Z direction are bigger than those in X direction. The maximum equivalent stress of this mirror under water cooling is calculated to be 48.1 MPa, which is much smaller than the ultimate tensile strength (UTS) of B 4 C (261~569 MPa) [START_REF]Properties: Boron Carbide (B4C) -Properties and Information about Boron Carbide[END_REF]. Therefore, the mirror and the coating are working in safe. From Table 3.2, between coated and non-coated mirrors, the difference in the maximum temperature is 0.001 K and the difference in the RMS slope is 0.002 μrad. The differences for the temperature and thermal deformation are negligible for this mirror. However, if the substrate becomes thinner, the influences of the coating on the temperature distribution and thermal deformation will be more significant. It is interesting to know the thickness limit of the substrate from which the influences of the coated layer on the temperature and thermal deformation become no more negligible. So the simulation is performed for various thicknesses of the silicon substrate in the range of 2~60 mm. The results, temperature and RMS slope in half footprint length versus substrate thickness, are plotted in Figure 3.6. The RMS slope is calculated in half footprint length to avoid the edge effect of the footprint so the value can be analytically estimated. From the simulation, the temperature difference between coated and non-coated mirrors is negligible even for very thin substrate such as 2 mm (Figure 3.6a). As shown in Figure 3.6b, for the non-coated model (black line), the slope error varies slightly (<2 μrad) when the mirror becomes thinner and tends to a constant of 8.6 μrad. For the coated model, the thermal slope error differs significantly from the results of non-coated model when the thickness of the substrate is smaller than 10 mm. The RMS slope error of the coated model increases sharply from 9 μrad to above 17 μrad (red line in Figure 3.6b) when the substrate thickness varies from 5 mm to 2 mm. For 2 mm thick substrate, the maximum temperature is 492.6 K and the coated layer induces an additional thermal slope error of 8.439 μrad in RMS compared with the substrate without the coating.

Analytically, for the 2 mm thick substrate, by assuming a uniform temperature rise ΔT=492.6-293=199.6 K, the layer stress in the coated layer can be estimated to be 385 MPa by Eq.(3.3):
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where subscript i is the B 4 C layer and s is the silicon substrate. The additional curvature and the additional RMS slope error from the coated layer can be estimated by Eq.(3.4) and Eq.(3.5) respectively.
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As the temperature distribution is non-uniform for FEA, the slope error value is smaller than the estimated value. For the 2 mm substrate, a relative error around 10% ((9.25-8.439)/8.439≈10%) is found for the RMS slope in half footprint area. As the substrate becomes thinner, on one hand, the maximum temperature increases because the cooling area reduces. And it increases the layer stress. On the other hand, from Eq.(3.4) the curvature change is inversely proportional to the square of the substrate thickness (t s ). It becomes larger for thinner substrate, which makes the deformation effect stronger even for the same magnitude of layer stress.

Liquid-nitrogen cooling condition

The liquid-nitrogen cooling condition is applied by setting the cooling temperature to liquid-nitrogen temperature (80 K). The nonlinear thermal conductivity (k) and coefficient of thermal expansion (CTE, α) as shown in Figure 3.7 are applied to Silicon [START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF]. At the cryogenic temperature, the thermal conductivity of Si (>1.4 W/mm/K) is much bigger and the CTE of Si (<-0.4×10 -6 /K) is much smaller than those (k=0.148 W/mm/K, α CTE =2.6×10 -6 /K) at room temperature (293 K). The reference temperature which is defined for the thermal strain calculation is set to be 293 K, which means the layer stress is taken as zero at room temperature. The instantaneous coefficient of thermal expansion (CTE) is input and the secant coefficient of thermal expansion (ALP) is calculated by the ANSYS code (more details can be found in Chapter 1.3 for these two types of thermal expansion coefficients). The material properties of B 4 C are kept constant as given in Table 3.1 for this simulation. Geometry and beam condition are the same as the water cooled mirror. As the first step, the temperature is reduced to 80 K uniformly. Theoretically, uniform layer stress will be induced and the surface will be bent spherically. As the CTE of B 4 C is bigger than the CTE of Silicon, for the cooling process, the layer is under tensile stress and the surface shape is bent concave. The values are estimated to be 575.1 MPa for the layer stress and 0.3×10 -6 1/m for the curvature from Eq.( 3.3) and Eq(3.4) respectively with α si ≈1.12×10 -6 /K at 80 K. The estimated layer stress from Eq.(3.3) is the in-plane stress S x or S z . The normal stress S y and the three shear stresses (S xy , S yz , S xz ) are zero and the equivalent stress is calculated by Eq.(3.2), which equals to S x and S z in this situation.

The FEA results are shown in Figure 3.8. The layer stress and the surface curvature are 575.0 MPa and 0.3×10 -6 1/m respectively, which are in good agreement with the theoretical solution. Layer stresses at the top and the bottom of the layer are listed in Table 3.4. The stress value of the top surface is slightly lower than that of the bottom surface for the concave shape. It is opposite to the water cooled case for which temperature rise and the surface shape is convex. Secondly, the X-ray beam is illuminated on the top surface. Figure 3.9 shows the temperature distribution in the entire mirror and along the layer thickness. The temperature results are compared with the water cooled case in Table 3.5. As the thermal conductivity of Si at cryogenic temperature (~1.2 W/mm/K at 85 K) is bigger than that at room temperature (0.148 W/mm/K), the maximum temperature increase of the liquid-nitrogen cooled mirror (5.2 K) is smaller than that of the water cooled one (20.8 K). A constant thermal conductivity is used for B 4 C layer. So the temperature difference between the top and the bottom of the layer (0.553 mK) is the same as that for the water cooled case. The stress results are shown in Figure 3.10 for the entire mirror and for the coating layer respectively. Inside the layer, the stress increases gradually from the footprint area to the side part (Figure 3.10b). The value varies from 556.6 MPa to 568.0 MPa, which is much larger than the stress in the substrate (<63 MPa, all blue in Figure 3.10a). The maximum temperature is 85.2 K from the thermal analysis. The stress at the point of top centre is estimated from Eq.(3.3) to be 556.7 MPa by assuming a uniform temperature change (ΔT=85.2-80=5.2 K) and with α si ≈1.16×10 -6 /K around 85 K. The stress components are listed in Table 3.6. The normal stress S y and the three shear stresses are zero. For S x and S z , the values of the top surface are slightly lower (~0.002 MPa) than the values of the bottom surface for the concave surface shape. For the liquid-nitrogen cooling condition, as the temperature drops 213 K from room temperature (293 K) to liquid-nitrogen temperature (80 K), large tensile stress of 575.0 MPa is induced inside the layer. When the X-ray beam hit the surface, the optics is heated, which induces a compressive thermal stress in the coating layer. Combining the tensile stress due to the uniform cooling down to liquid-nitrogen temperature and the X-ray beam induced compressive stress, the total thermal stress in the layer is reduced slightly to 556.7 MPa, which is 18.3 MPa less than that at 80 K. The heat load of the X-ray beam has slightly released the stress in the coating layer. Therefore the thermal stress in the footprint area is lower than that in the area far from the footprint. The maximum temperature increase due to the beam heat load is about 5.2 K for this model. The maximum stress appears at the edge of the mirror. From the distribution and variation of the stress, the layer stress at liquid-nitrogen temperature is the most critical issue. In other words, if the layer can survive from the high stress level at liquid-nitrogen temperature, there will be no problem when it is exposed to the X-ray beam. The ultimate tensile strength (UTS) for bulk B 4 C at room temperature is 261~569 MPa [START_REF]Properties: Boron Carbide (B4C) -Properties and Information about Boron Carbide[END_REF]. The calculated maximum tensile stress (575.0 MPa) is higher than the upper limit of the UTS. Therefore, the coating layer may NOT survive from the liquidnitrogen cooling condition. The layer material could be broken by the large tensile stress and plastic deformation.

Additionally, some other common-used layer materials are simulated by FEA with the same geometry and beam condition. The material properties and the FEA results are listed in Table 3.1 and Table 3.7 respectively. As shown in Table 3.7, the stress levels of all the layers (<100 MPa) are much less than the corresponding UTS for the water cooling condition. However, only Rh layer will survive for the liquid-nitrogen cooling. The B 4 C, Ni and Pt layer could be damaged by the large tensile stresses under liquid-nitrogen temperature. 

Re-calculation by thin-film material properties

The simulation presented in the previous sections is based on bulk material properties. The thin-film material properties, such as Young's modulus and CTE, can be very different from their bulk statuses. These thin-film material properties depend not only on the film thickness but also on the fabrication technique. Very few data on film materials can be found in literature. We have made experiments to measure the thin-film material properties of the layer coating for multilayer optics. Details about the measurement will be shown in Chapter 4. Here we use the experimental results to recalculate the thermal stresses.

As shown in Figure 3.11, the Young's modulus of thin films are significantly smaller than those of the bulk materials. The Young's modulus of 50 nm B 4 C, Pd and Cr layers have been measured to be 41.8±31.4 GPa, 53.8±9.5 GPa and 113±34.3 GPa respectively. Compared to the bulk materials, the Young's modulus of these thin films are reduced by a factor of 10 for B 4 C layer and by a factor of more than 2 for the Pd and Cr layers. We take a factor of 10 for B 4 C layer and a factor of 2 for the Pd and Cr layers. And we extrapolate that for Rh, Ni and Pt layers the Young's modulus are also reduced by a factor of 2, which are consistent with Pd and Cr thin film layers. The thermal stresses of the layers are reduced correspondingly. The recalculated results by thin-film material properties are shown in Table 3.8. For the water cooling condition, the layer stresses are much smaller than their UTS, which means that all the layers will be safe from the thermal stresses. For the liquid nitrogen cooling condition, coatings of B 4 C, Rh and Ni will work well. For the Pt layer, however, the layer stress is higher than the UTS of Pt. But the UTS here are for the bulk materials at room temperature. Empirically, the UTS of thin films are bigger than these values. There are still some uncertainties about whether the Pt coated mirror will be damaged by the layer stress under liquid nitrogen cooling. On the other side, the UTS of thin films are usually much larger than the bulk materials, which add another positive factor for the survival of the layers. Furthermore, in most thin film coatings, it exists considerable compressive intrinsic stress caused by the deposition process. For example, more than 1 GPa of compressive intrinsic stress has been observed for B 4 C layer with thickness 5-25 nm at room temperature [START_REF] Morawe | In-situ stress measurements of sputtered multilayers[END_REF]. The stress results from FEA will represent the changes in stress with the intrinsic stress as initial stress state. For the liquid nitrogen cooling, when the optics is cooled down, the compressive intrinsic stress is released. As a result, the layer is under smaller tensile stress than the above calculation, or even under compressive stress at the liquid nitrogen temperature depending on the value of the intrinsic stress. This intrinsic stress can counterbalance partially the tensile stress in the coating layer when the optics is cooled down from room temperature to liquidnitrogen temperature.

Multilayer white beam monochromator

Water cooling condition

As shown in Figure 3.12, comparing with the single layer mirror, the multilayer monochromator works with the Bragg reflection for selecting photon energy. It gives the advantage of a larger grazing angle than the total reflection angle of a mirror, which leads to a shorter footprint and higher power density on the optical surface. The FE model of a multilayer monochromator with typical parameters is shown in Figure 3.13. 80 periods of Pd/B 4 C with period thickness 2 nm are coated on a Si substrate with the geometry of 60×60×100 mm 3 . The thicknesses of the sub-layers are equal to each other. The bottom sub-layer is B 4 C. The power density is taken as P a =200 W/mm 2 . The grazing angle is assumed to be α inc =1.5° (26.2 mrad). The upstream slits size is 2×2 mm 2 (H×V), which corresponds to a footprint length of 2/sin(α inc )=76.4 mm. For the water cooling, the convection coefficient and cooling temperature are h cv =0.005 W/mm 2 /K and T cool =293 K (20°C) respectively. The material properties of Si, B 4 C and Pd are listed in Table 3.1. For the layer materials, the coefficients of thermal expansion along the layer thickness direction are set to zero and the orthotropic material model (shear modulus and Poisson's ratio) is used for the FEA as discussed in Chapter 2.3. 
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The estimated value is slightly higher (7%) than the FEA result because the FEA is a full 3D modelling which takes into account the lateral heat transfer (Figure 3.3). The temperature distribution in the top four sub-layers is zoomed in Figure 3.14c. The top sub-layer is Pd. The temperature slope is inversely proportional to the thermal conductivity of each sub-layer material. The deformation results are shown in Figure 3.15. The FE model for structural analysis has been reconstructed after the thermal analysis. Another model with the same substrate geometry and beam condition but not coated has also been simulated. The slope errors along the footprint length are plotted in Figure 3.15b. The difference between coated and non-coated models in slope errors is negligible. The maximum temperature, RMS slope and peak slope are compared in Table 3.9. The same principle as explained for the single layer mirror: the maximum temperature increases with an extra coating material. The CTEs of both B 4 C and Pd are bigger than that of Si. For the heating process, the layers expand more than the substrate, which will add a convex curvature to the surface. As the multilayer is much thinner than the substrate, the values of the maximum temperature and the slope errors of the coated model are slightly higher than the non-coated model. Comparing with the single layer mirror, higher power density, smaller geometry, and thicker layers are applied for the multilayer monochromator, which makes the difference in temperature and deformation between coated and non-coated models slightly bigger. Results in equivalent stress distribution and layer stresses are plotted in Figure 3.16. The maximum equivalent stresses are 207.8 MPa and 278.4 MPa for Pd and B 4 C sub-layers respectively, which are much bigger than the stress in the substrate (<30 MPa, shown as all blue in Figure 3.16a). The stress components are listed in Table 3.10. The normal stress S y and the three shear stresses (S xy , S xz , S yz ) are zero. The compressive in-plane directional stresses S x and S z are the main components and the equivalent stress is calculated by Eq.(3.2) in this situation. As higher power density and smaller geometry are applied, the stress values are larger than that of the water cooled single layer mirror. S z is bigger than S x because the moment of inertia with x as axe of rotation, which induced S z , is smaller than the moment of inertia with z as axe of rotation, which induced S x . For the same bending moment from temperature gradient along Y direction, the curvature and strain along Z direction is bigger than those along X direction. The calculated maximum stress of B 4 C layer (278.4 MPa) is close to the UTS of bulk B 4 C (261~569 MPa), as well as that of Pd layer (208 MPa) is also close to the UTS of bulk Pd (130~320 MPa). If the thin-film material properties of smaller elastic modules are applied, the thermal layer stresses will be further reduced. 

Liquid-nitrogen cooling condition

The liquid-nitrogen cooling condition is applied by setting the cooling temperature to 80 K. The nonlinear thermal conductivity and thermal expansion coefficient as shown in Figure 3.7 are applied for silicon. The reference temperature which is defined for the thermal strain calculations is set to 293 K, which means the layer stresses are taken as zero at room temperature. The material properties of B 4 C and Pd are kept constant for the simulation as in Table 3.1. Geometry and beam condition are the same as the water cooled monochomator.

The temperature is reduced to 80 K uniformly as the first step. Uniform layer stresses are induced and the surface is bent spherically. As the CTEs of both B 4 C and Pd are bigger than the CTE of silicon, for the cooling process, tensile layer stresses are formed and the surface shape is concave. Analytically, the stress values are estimated to be 407.7 MPa and 575.1 MPa for Pd sub-layer and B 4 C sub-layer respectively from Eq.(3.3) with α si ≈1.12e-6 /K at 80 K. The FEA result for the stress in the Pd sub-layer is shown in Figure 3.17. The stress components are listed in Table 3.11, which is in good agreement with the analytical estimation. From Eq.(3.3), the thermal stress in the coating sub-layer is proportional to the Young's module of the sub-layer material, the difference in CTE between the sub-layer and the substrate, and the temperature change. It is independent on the difference in material properties between different sub-layers. The stress in one sub-layer is independent of the existence of the other sub-layers. In other words, as the sub-layers are very thin comparing with the thickness of the substrate, the influence of one sub-layer to another is negligible. Secondly, the X-ray beam is illuminated on the top surface. As shown in Figure 3.18, the maximum temperature is 111.8 K, which increases 31.8 K from the liquid-nitrogen temperature. The temperature results are compared with the water cooled case in Table 3.13. For the liquid-nitrogen cooling, as the thermal conductivity of Si at cryogenic temperature (~1.2 W/mm/K) is higher than that at room temperature (0.148 W/mm/K), the temperature increase of the liquid-nitrogen cooled monochomator is less than that of the water cooled one (118 K). Constant thermal conductivities are used for B 4 C and Pd for this simulation. The temperature difference between the top and bottom of the multilayer part (14.7 mK) of the liquid nitrogen cooling is the same as that of the water cooling. The temperature distribution in the top four sub-layers is zoomed in Figure 3.18c. The slope of temperature over thickness is proportional to the thermal conductivity of the sub-layer material. 3.14. The UTS of bulk B 4 C and Pd at room temperature are 261~569 MPa and 130~320 MPa respectively. Therefore, both sub-layers could be damaged by the large thermal stress under liquid-nitrogen cooling. A re-calculation of layer stresses based on thin film material properties is followed. 

Re-calculation by thin-film material properties

The calculation in the previous sections is based on bulk material properties. A summary of the thermal layer stresses in the multilayer monochromator is listed in Table 3.15. The thinfilm material properties are applied by reducing the Young's modules by a factor of 10 for B 4 C layer and by a factor of 2 for Pd layer. As shown in Table 3.16, the recalculated stresses are reduced correspondingly. The values of UTS are for the bulk materials at room temperature. Empirically, the UTS of thin films are larger than those of bulk materials. From Table 3.16, the stresses of both sublayers are much smaller than their UTS for the water cooling condition. Under liquid nitrogen cooling, the layer stress of B 4 C is smaller than its UTS. For Pd sub-layer, however, the layer stress is in between its UTS range. There are some uncertainties about whether the Pd sublayer will survive from the layer thermal stress under liquid nitrogen cooling. The compressive intrinsic stress from the deposition process could counterbalance partially the tensile stress in the coating layers when the optics is cooled down from room temperature to liquid-nitrogen temperature.

Discussion

For the single layer mirror and the multilayer monochromator under SR X-ray white beam exposure, the influence of the coatings on temperature and deformation are negligible. The surface slope errors can be calculated approximately from the substrate model. However, very large layer stress is induced from the thermal mismatch (different thermal expansion coefficients) between the layer and the substrate materials. The stress in the substrate is only slightly increased (<0.1%).

The material properties of thin films are different from the bulk materials depending not only on the film thickness but also on the fabrication process. The material properties of thin multilayer films coated by sputtering deposition technique are measured for certain types of layers and the experimental results are applied to FEA. For the water cooling condition, the layer is under compressive stress of tens of MPa induced by the X-ray beam power. The compressive thermal stress is normally much less than the strength (UTS) of the layer material. For the liquid-nitrogen cooling condition, however, large tensile stress of several hundreds of MPa is formed in the layer as the optics is cooled down to liquid-nitrogen temperature. This tensile thermal stress can exceed the UTS of the layer for some kinds of materials. The FEA results show that the Pt layer for the mirror and the Pd sub-layer in the multilayer monochomator may not survive from the stresses at liquid-nitrogen temperature.

The strength of a material is defined as its ability to withstand an applied load without failure. The ultimate compressive strength (UCS) and the ultimate tensile strength (UTS) are the limit states of compressive stress and tensile stress respectively. UCS for a material is generally higher than its UTS. However, the UCS is not often quantified as the failure mode of a material under compressive stress cannot be clearly described. The UTS is used as the stress limit here. Hardening, breakage, necking or sudden breaking may happen for a tensile stress bigger than its UTS [START_REF]Ultimate tensile strength[END_REF].

At room temperature, the multilayer is under a so-called intrinsic stress due to the thermal effect and the accumulating effect of the crystallographic flaws that are built into the coating during deposition. The intrinsic stress is generally compressive and it decreases with the gas pressure applied during the deposition process. The compressive intrinsic stress can be significantly reduced with a high gas pressure during deposition. But the quality of the coating declines at the same time. As a matter of fact, a certain quantity of compressive stress is helpful and necessary for the thin layer within the nanometer range to join together and form the adhesion to the substrate during the deposition process. The intrinsic stress can be released partially by annealing. The thermal stresses calculated above from FEA represent the changes in stress with intrinsic stress as the initial stress state. The compressive intrinsic stress at room temperature can be a positive factor for the thermal stress issue. When the optics is cooled down to liquid-nitrogen temperature, the intrinsic compressive stress will counterbalance partially or totally the tensile contribution of thermal stress. The final stress state can be tensile or compressive depending on the magnitudes of intrinsic stress and thermal stress.

For the composite structure with a single layer or multilayer coated on the substrate, another mode of failure resulting from too large stress is the layer delamination, which is the interface effect between the coating and the substrate. Some previous work has been conducted in the ESRF Multilayer Lab by Ch. Morawe to study this delamination issue caused by the intrinsic stress which is compressive (the quantitative data is not referred because this is from an internal communication). It is found that the layer is fully delaminated if the layer thickness reached a certain limit which depends on the layer material and the properties of the underlying substrate surface. While the average layer stress (σ i ) remains unchanged as the thickness increases from the experiment, it could be the bending force, which is the integration of layer stress over layer thickness (t i ) as shown in Figure 3.20, delaminates the coating from the substrate. Practically, the layer thickness that can be deposited is limited by this bending force. The elastic energy, which is proportional to the multiplication of the stress square and the layer thickness, might be another reasonable parameter to evaluate this delamination effect. If we take the delamination strength as the maximum stress that the structure can withstand, the delamination strength should be inversely proportional to the layer thickness for a certain edge force (or elastic energy). On the other hand, the UTS is the stress limit for the internal failure of the layer. As shown in Figure 3.21, the intersection point of UTS and delamination strength is at layer thickness t 0 . For a layer thickness smaller than t 0 , the UTS is smaller than the delamination strength and should be considered for the stress issue. The layer will be damaged by its internal breakage in this condition. However, the UTS may not be applicable if the layer is significantly thin. Physically, for a very thin layer with the thickness in the nanometer range, the microscopic connection between atoms is not as close as a crystal structure. The layer is more like a mosaic structure which can withstand a very high compressive stress. Or in other words, the strength of very thin films can be significantly increased from the bulk material. For example, a strong compressive stress of 6 GPa has been observed for B 4 C layer with the thickness below 1 nm [START_REF] Morawe | In-situ stress measurements of sputtered multilayers[END_REF]. From the previous observation, the layer delamination is the critical failure mode regarding the value of the intrinsic compressive stress. The samples are put directly into liquid-nitrogen at air pressure. They are taken out after about 2 min as the samples have been fully cooled down to liquid-nitrogen temperature (77 K). They are put into the liquid-nitrogen again after being warmed up. The process is performed for 5 times in total. For all the samples, no visible damage was observed immediately after the tests. However, when the samples were cleaned (by alcohol) several days later, layer peel-off from the Si substrate has been found for three Cr coated samples (Cr 50 nm, Cr 100 nm, Cr 200 nm). As an example, the sample with Cr 100 nm coating is shown in Figure 3.22. The Cr layer peels off in an area of 4×4 mm 2 . No peel-off has been observed for the B 4 C, Pd, Pt, Ni and multilayer coated samples. Analytically, the stress in the coating layer at liquid nitrogen temperature can be estimated by Eq.(3.3). The thin-film material properties as mentioned in Chapter 3.2.3 and Chapter 3.3.3 are applied. The calculated tensile stresses are compared with the UTS of the layer materials in Table 3.17. The experimental observation of the liquid nitrogen test can be explained that the compressive intrinsic stress of Pd, Pt, and Ni layers are large enough to counterbalance the tensile thermal stresses to make the final stress below the strengths. But the compressive intrinsic stress of Cr layer is too small to do the same. 

Introduction

Under synchrotron radiation white beam exposure, strong mechanical stress can be induced in multilayer optics, caused by the thermal mismatch between layer material and substrate material. To study the stability and performance of multilayer optics under heat load, it is important to get adequate information about the thermal expansion properties of thin multilayer films, such as the Young's modulus, Poisson's ratio and coefficient of thermal expansion (CTE). The present researches show that the thin-film material properties can be very different from the bulk materials. They depend not only on the film thickness but also on the fabrication technique. Therefore it is more reliable to characterize the material properties of the thin films directly from experimental data.

High precision apparatus as interferometers, dilatometers, X-ray diffractometers are widely used to measure the CTE of bulk materials. However, these methods may not be appropriate for the measurement of thin films in view of the sophisticated preparation of the specimens [START_REF] Pan | A simple method for determining linear thermal expansion coefficients of thin films[END_REF]. Many studies based on the deflection of a cantilever or the curvature change of a layered structure induced by the temperature change, have been conducted to determine the Young's modulus or CTE of thin films. The main issue in such a measurement is due to the small size of the film thickness, the deformation caused by the thermal expansion is often too small to be detected directly. The scanning electron microscopy (SEM) can be used to observe the deflection of cantilever samples [START_REF] Fang | On the thermal expansion coefficients of thin films[END_REF]. Surface detection techniques to measure the curvature change are found to be a more sensitive way for samples with thinner layers [START_REF] Pan | A simple method for determining linear thermal expansion coefficients of thin films[END_REF] [START_REF] Tien | Thermal expansion coefficient and thermomechanical properties of SiN(x) thin films prepared by plasma-enhanced chemical vapor deposition[END_REF]. However, the minimum thickness of the thin films that can be measured by such a method is at the level of hundreds of nanometres. The large scatter in the results is often attributed to different fabrication techniques [START_REF] Tada | Thermal expansion coefficient of polycrystalline silicon and silicon dioxide thin films at high temperatures[END_REF].

The X-ray diffraction (XRD) performed at a synchrotron beamline is found to be an effective method to measure the strain fields non-destructively with a resolution better than 10 nm [START_REF] Robinson | Coherent X-ray diffraction imaging of strain at the nanoscale[END_REF] [START_REF] Vaxelaire | Methodology for studying strain inhomogeneities in polycrystalline thin films during in situ thermal loading using coherent x-ray diffraction[END_REF]. Coherent X-ray diffraction is used to investigate the mechanical properties of a single grain within a polycrystalline thin film in-situ during a thermal cycle [START_REF] Vaxelaire | Methodology for studying strain inhomogeneities in polycrystalline thin films during in situ thermal loading using coherent x-ray diffraction[END_REF], which offers unique perspectives for the study of the mechanical properties of nano-objects. Numerical simulations such as the finite element method (FEM) can be combined with experimental measurements for a better understanding about the displacement fields. Combining XRD and wafer curvature measurements, the curvature of the substrate can be measured simultaneously with the diffracted signal from the ultra-thin films, which yields detailed understanding of strain and stress evolutions during a thermal cycle. Palladium with the thickness of 25 nm on a silicon substrate of 200 μm has been used as a model system for investigating stress development during solid state reaction [START_REF] Richard | Exploring Pd-Si(001) and Pd-Si(111) thin-film reactions by simultaneous synchrotron X-ray diffraction and substrate curvature measurements[END_REF] [START_REF] Fouet | In situ combined synchrotron X-ray diffraction and wafer curvature measurements during formation of thin palladium silicide film on Si(0 0 1) and Si (1 1 1)[END_REF]. The annealing process of Ni 13 nm films on a Si substrate of 130 μm has also been studied [START_REF] Rivero | Combined synchrotron x-ray diffraction and wafer curvature measurements during Ni #x2013;Si reactive film formation[END_REF]. The interdiffusion (or silicidation) of the film materials and the substrate are emphasized in these researches. To extrapolate the elastic constants and CTE of the thin film material from the strain and stress data, an equibiaxial stress and isotropic physical properties have to be assumed.

In this Chapter, the material properties of thin-film layers are measured by the thermal bending of composite structure. B 4 C, Pd and Cr single layers and [Pd/B 4 C] multilayers of thicknesses in the nanometer range are coated on thin Si wafer (200 μm) in the sputterdepositing facility of the ESRF Multilayer Laboratory. Curvature changes versus temperature are measured using a Shack-Hartmann wave front sensor over a temperature range from 60°C to 200°C. A combined parameter (K) including Young's modulus and CTE is defined to describe the thermal deformation property.

Experiment description 4.2.1 Principle

For a composite structure with a layer coated on the substrate, as shown in Figure 4.1, when the temperature changes uniformly from T 0 to T 1 (ΔT=T 1 -T 0 ), thermal stress inside the layer will be induced by the thermal mismatch between the layer and the substrate materials (differential thermal expansion coefficients). And the curvature of the surface is changed by the layer stress. Subscripts: i-layer, s-substrate.

If the layer is much thinner than the substrate (t s /t i >20), the curvature change (Δ(1/r)) can be calculated by Eq.(4.1) (the Stoney's equation [START_REF] Stoney | The Tension of Metallic Films Deposited by Electrolysis[END_REF]), 
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where subscript "s" and "i" are respectively for the substrate and the layer, E, υ, t, α are the Young's modulus, Poisson's ratio, CTE, and thickness respectively. σ i is the thermal stress of the layer. Eq.(4.1) can be expressed in another form as Eq.(4.2).
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And a combined parameter K containing Young's modulus and CTE is defined as Eq.( 4.3) to describe the thermal deformation property of the layer. 
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Knowing the material properties of the substrate (E s , υ s , α s ) and the thicknesses (t s , t i ), the parameter K can be determined indirectly by measuring the curvature changes due to temperature change. If the multilayer structure (two types of alternate materials) is coated on the substrate, Eq.(4.1) will become Eq.(4.4), with subscripts 1 and 2 representing different layer materials.
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And the parameter K will be measured as Eq.(4.5), which is the thickness-weighted average of the individual K values of the two layer materials.
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Set-up

A picture of the whole experimental set-up is shown in Figure 4.2, which consists of the computer for detecting control, the centre part, pump and valve for the vacuum, the temperature control table and the vacuum gauge. More details for the centre part are explained in Figure 4.3. The surface shape is detected by the Shack-Hartmann wave front sensor, which is put on the top with a distance of 40 cm from the sample. The Shack-Hartmann instrument is mounted on a 2-axis platform which can be tilted in two directions for the alignment. The sample is put on the heating stage without any constraints. The surface of the heating stage is a round area with the diameter of 15 mm. The samples are rectangular with the dimension around 20×10 mm 2 which are a little larger than the surface of the heating stage. The furnace chamber is under vacuum during the experiment to avoid the cooling effect from the air flow. The optical window is tilted 1° from the vertical plane of the detecting path to avoid the reflective beams from the window. A black tube is mounted to prevent the stray light from the sun. More details about the Shack-Hartmann instrument will follow in the next section. The furnace is capable of heating up to 1000°C. But the sample could be damaged by such a high temperature. The maximum temperature for the measurement was therefore set to be 200°C for our experiments. As shown in Figure 4.4, for the heating stage, the ceramics part is heated by the resistance wire. A metal sheet is used to improve heat conduction and to provide a surface with uniform temperature. A thermal couple is mounted to measure the temperature at the bottom of the metal sheet. At each temperature set point, the heating power is controlled by a close loop to stabilize the temperature by measuring the temperature and the temperature change rate. The control table is connected to a computer for the remote control mode. The interface of the supporting software (Eurotherm iTools Engineering Studio) is shown in 

Shack-Hartmann instrument

Historically, in 1880, Johannes Franz Hartmann, a German astronomer, had the idea of putting a plate with regularly arranged holes in front of a Cassegrain telescope to capture the signal received from a star on a photographic plate. The behaviour of the wavefront was thus analyzed in small portions as the holes breaking up the wavefront into wavefront portions. In 1970, Roland Shack, an American physicist, had the idea of replacing the holes on a plate with microlens. The benefit of microlenses with a square cross section was primarily that luminous flux was not lost, making the measurement more precise. This kind of technology was named Shack-Hartmann after them.

As shown in Figure 4.6, in principle, with a regular array of light dots as light source, the reflected beam is measured by a CCD camera ( The Shack-Hartmann wavefront analyzer is a versatile instrument that can be deployed in rough environments where interferometers cannot operate. What we used for the experiment is the HASO3-32 product with R-Flex 32 as the beam source, which is purchased from the company Imagine Optics (France). The corresponding software is HASO v3.0. The sensor specifications and a detailed description about the usage of Shack-Hartmann are described in Annex 3.

Procedure

An automatic mode has been developed for the measurement. After putting on the sample, close the chamber and pump it to vacuum (<10 -4 Pa). Align the Shack-Hartmann wavefront sensor and adjust the light flux (as described in Annex 3). Run it for both the temperature control and the curvature measurement.

On one hand, a program is developed to control the temperature step by step. The time profile of the temperature set is shown in Figure 4.7a. As the relaxation of the intrinsic stress can happen during the heating process, the curvatures are measured during both the heating and the cooling processes. The sample is heated from room temperature to 200°C. And it is maintained at 200°C for 30 min to relax the potential intrinsic stress which is induced from the deposition process. Then the following temperature steps are taken: at 180°C during 10 min, at 160°C during 10 min, at 140°C during 15 min, at 120°C during 15 min, at 100°C during 20 min, at 80°C during 20 min, at 60°C during more than 20 min till it is stopped by hand. The measured temperature is shown as the black line in Figure 4.7b. At each temperature point, it takes 2~10 min for the temperature to cool down to the set value. For a higher temperature, the cooling effect is stronger and less time is needed. Therefore, the time to maintain the temperature at the set point is shorter for the higher temperature than for the lower temperature. In the temperature control program (Figure 4.5), the number of time periods (or intervals) is limited to 15. The temperature variation and the maintaining time are counted as 2 intervals. Thus, from room temperature to 200°C is the first interval. Maintaining 30 min at 200°C is the second interval. The cooling process from 200°C to 80°C contains 12 intervals. And decreasing the temperature to 60°C is the last interval. In total 15 intervals (maximum possible) are used. The temperature in the furnace is maintained at 60°C after these 15 intervals. For a temperature set point lower than 60°C, it takes quite a long time for the temperature to reach the set value as the cooling effect is very weak. For example, more than 30 min is needed for the temperature to decrease from 60°C to 40°C. Considering the gain in data and the payment in time, the measurement is performed in the temperature range from 200°C to 60°C.

On the other hand, the auto save option of Shack-Hartmann instrument is used to save the acquired images automatically during the temperature circle. The number of averaged measurements is set to 10. The time for each acquisition including data analyzing, storage and displaying the image is around 1 s. The measurement period is 10 s. Thus, every 10 s, the Shack-Hartmann sensor will acquire one image which is the average of ten continuous measurements. The period for one temperature cycle is more than 3 h. Therefore, more than 1080 images are acquired for one cycle. Smaller measurement period of Shack-Hartmann will make higher accuracy. But a huge number of data will also be generated. The results of the sample Pd 100 nm on Si 200 μm is shown in Figure 4.8a as an example. As the X axis, the starting time is taken as 0 s, and the time scale is from 0 s to 13000 s for one cycle. At each temperature point, the measured temperature oscillates slightly around the set value. And due to the temperature regulation, the curvature oscillates regularly and periodically during the maintaining time. The measurement of non-coated Si wafer (in Chapter 4.3.5) confirms that the curvature oscillation is induced by the temperature gradient effect. To get the relation between the curvature and the temperature, firstly, the measured curvatures at each temperature point are averaged. As the measured curvatures are the wavefront curvatures, the values are then divided by a factor of 2 to get the surface curvatures of the sample. Thirdly, the relative surface curvatures are calculated by subtracting the value at 200°C, which means that the surface curvature at 200°C is taken as the reference point (zero). The relative surface curvature versus temperature for the sample Pd 100 nm on Si 200 μm is plotted in Figure 4.8b as an example.

Linear relationship between the surface curvature and temperature is found in the temperature range 60~200°C. Linear fit is performed (red line in Figure 4.7b) and the slope (curvature change over temperature change) is proportional to the material properties of the layer as Eq.(4.2). The parameter K is defined by Eq.( 4.3) to describe the thermal deformation of the layer. It can be calculated, on one side, with the measured curvature change for the corresponding temperature variation from the experiments; and on the other side, with the material properties of the bulk material. The value of K from measurement results for the thin film coating can be compared with that for the bulk material.

The parameter K is a composite parameter including the Young's modulus, CTE and Poisson's ratio. Empirically, the Poisson's ratio of thin film is close to that of bulk material. The individual value of Young's modulus or CTE can still not be separated from this measurement. However, the thermal stress is proportional to the product of Young's modulus and CTE. In the stress calculation, it is possible to use the value of CTE for bulk material and modify Young's modulus from the measured K value, or use the value of Young's modulus for bulk material and modify CTE from the measured K value. These two methods lead to the same stress results in the thin film coatings. Physically, for a layered structure, the parameter K represents the scale factor of the curvature change due to certain temperature change.

Accuracy analysis

Accuracy of one single measurement

The accuracy of one single measurement of the Shack-Hartmann sensor is measured by measuring many times the curvature of the same surface. The number of averaged images is 10 and the exposure time is 1 ms for the sensor, which are the same settings as the cycling process. Four samples are used and 100 measurements are performed for each of them. The results (wavefront curvatures) are listed in Table 4.1. The standard deviation of the wavefront curvatures is less than 2.0×10 -4 1/m, which is used as the error bar from the accuracy of one single measurement. 

Beam collimation

The laser beam from the R-flex source may not be well collimated. Eq.(4.6) is the focus equation used by the Shack-Hartmann sensor, 2 1 1 1
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where 1/R IN is the curvature of the incident beam from the light source, 1/R OUT is the measured curvature which is the curvature of the outgoing beam reflected by the mirror, 1/R and 1/f are the curvatures of the mirror surface and the wavefront respectively. If the incident beam is well collimated, which means it is ideally parallel, 1/R IN equals zero. So the measured curvature (1/R OUT ) is the curvature of the wavefront (1/f) which is two times the curvature (1/R) of the mirror surface. If the incident beam is not collimated, the measured value (1/R OUT ) will make an offset (1/R IN ) from the wavefront curvature (1/f).

A flat sample with a radius more than 1 km (R>1 km) is used to test the beam collimation. 1/R OUT is measured to be 0.03565 1/m. 1/R IN is calculated to be -0.03365 1/m (R IN =-29.7 m) from Eq.(4.6) with R=1 km. So the incident beam is not collimated. And the minus sign tells that the incident beam is divergent.

The un-collimated incident beam makes an offset (1/R IN ) between the measured curvature (1/R OUT ) and the wavefront curvature (1/f). Since the offset depends on the divergence of the incident beam which is identical for every measurement, it makes no difference for the values of relative curvatures. However, if the absolute curvature is concerned, the wavefront curvature should be calculated by Eq.(4.6) with 1/R IN measured to be 0.03565 1/m. Concerning the surface shape of the mirror, if the measured curvature is larger than 0.03565 1/m, the surface is convex. If the measured curvature is smaller than 0.03565 1/m, the surface is concave.

Effects of the pump and the tube

The vacuum is necessary for avoiding the cooling effect by natural convection of the air in the furnace, which is unstable and makes unstable temperature gradient for the sample. A turbo molecular pump is used for the pumping. For the furnace chamber, if it is being pumped during the experiment, the vacuum can be kept below 10 -5 Pa. If the chamber is pumped in advance, and the vacuum pump is stopped during the experiment, the vacuum will drop from 10 -5 Pa to 10 -3 ~10 -2 Pa as the sample is heated. In the first case, vibrations from the pump may affect the measurement. In the second case, lower vacuum may increase the level of temperature gradient. As the working wavelength of the Shack-Hartmann device is 555.0 nm (visible light: 380~750nm), the scattered stray light can add an extra effect for the curvature measurement. The black tube is used to block the stray light.

As shown in Figure 4.9, the curves of relative curvature versus temperature are measured in four conditions which are the combinations of the pumping and the tube. Negligible difference is found between the pumping and no pumping cases (black points and blue points). It means that the vibration from the pump has negligible influences on the measurement results, and the vacuum is good enough to avoid the natural convection of the air in the furnace if the pump is stopped. The data in the cases without tube (red points and green points) deviates from the cases with tube. Especially the results in green points, which were measured in the afternoon when sun light entered into the lab, are much different from the other measurements. To minimize the temperature gradient, the chamber is being pumped during the measurement. The black tube is necessary to block the stray light. 

Thickness sensitivity

For a certain temperature change (step size 20°C), the sensitivity of the measurement is related to the layer thickness and the substrate thickness. On one side, more curvature change from the composite bending is made by thinner substrate or thicker layer, which means the measurement is more sensitive and with smaller relative error. On the other side, if the substrate is too thick or the layer is too thin, the bending effect may not be effective enough to be detected by the Shack-Hartmann sensor. To test the thickness sensitivity, Pd layers of 10 nm and 100 nm coated on Si substrates with various thicknesses are measured. As shown in Figure 4.10, for 10 nm Pd layers (pink and blue), the tendencies of the curves are not clear. For 100 nm Pd layers, the thinner the substrate, the lower the level of relative error is. Obvious effect can be found for the sample of 100 nm Pd layer on 245 μm Si substrate. Practically, we try to use the thinnest Silicon wafer as the substrate. The substrates of 200 μm are used eventually for the standard samples. The choice of the layer thickness is more flexible, but the layer should not be too thin in order to have detectable curvature of the sample. As shown in Figure 4.4, the sample is heated from the bottom by the heating stage. For the cooling condition, the natural convention of air is negligible under vacuum. Thermal radiation from the sample to the furnace chamber is the predominant heat transfer mode. During the cooling down period, the sample temperature is higher than the heating stage and it is also cooled from the bottom by thermal conduction. The temperature gradient along the thickness direction can induce an extra curvature change.

The temperature gradient is proportional to the heat flux as Eq.(4.7).

:

T Temperature gradient q t   (4.7)
The curvature change is proportional to the temperature gradient as Eq.(4.8).

:

T Curvature change q r t      (4.8)
As the samples have similar geometries and material properties, the thermal conditions are very much similar at different temperature points. Therefore, the curvature changes caused by the temperature gradient are identical. The measurement of non-coated Si wafer with the thickness of 200 μm allows quantifying the temperature gradient effect. Since the wafer is not coated, no composite bending is caused by the temperature change. The curvature changes are only from the temperature gradient.

The measurement of the Si wafer without coating is plotted in Figure 4.11a. From 200°C to 180°C, the curvature increases about 0.001 1/m. From 180°C to 120°C, the curvature is nearly constant. And from 120°C to 60°C, the curvature decreases a little. The result of this measurement (relative curvature versus temperature) is plotted as the black line in Figure 4.12. The scale of the curvature change (~0.002 1/m) is much less than that of the coated samples (~0.020 1/m), which means the temperature gradient effect is much less important than the composite bending effect. Figure 4.11a is zoomed in Figure 4.11b for the temperature range 80-60°C (time range: 8000-13000 s). At 60°C, the temperature oscillates with a period around 275 s. And the amplitude is about 1 K. The amplitude of the curvature oscillation is around 0.002 1/m. Analytically, from Eq.(4.8) the temperature gradient is estimated to be 384.62 K/m with α Si =2.6×10 -6 1/K. Multiplying the sample thickness (200 μm), the temperature difference between the top and the bottom of the wafer is 0.077°C at 60°C. This uncoated wafer is measured for another four thermal cycles. And for the third and the fifth cycle, the wafer is turned around to measure the backside as it is double-sides polished. A minus sign has been applied for them to correct the surface shape direction. The results are plotted in Figure 4.12. It can be seen that the temperature gradient effect is not exactly repeatable. With linear fits, the slopes of the five measurements are 9.98×10 -6 (1/m/°C), -3.65×10 -6 (1/m/°C), 9.34×10 -6 (1/m/°C), 4.19×10 -6 (1/m/°C), -2.14×10 -6 (1/m/°C), respectively. The mean and the standard deviation of these values are 3.93×10 -6 (1/m/°C) and 5.93×10 -6 (1/m/°C). The standard deviation is even bigger than the mean value, which makes it hard to quantitatively conclude the influence of the temperature gradient effect during these thermal cycles. There may be other reasons for the variation in the measured results of the Si wafer, such as the precise position of the sample on the heating stage, the environmental temperature, and unstable reflectivity of the Si surface. This standard deviation is taken as the uncertainty from the temperature gradient effect. For the coated samples, an error bar of 5.93×10 -6 (1/m/°C) will be added to the slope results of linear fits. For each sample, the curve of temperature and wavefront curvature versus time is directly measured from the cycling. The curve of relative surface curvature versus temperature is calculated accordingly. And the parameter K, defined by Eq.(4.3) is calculated from the slope of the linear fit. The bulk material properties used for the calculation are listed in Table 4.3. The material properties of Si are for its <100> plane as only the two in-plane directions are concerned for the layer stress and curvature change. For crystals of Pd and Cr, the Young's modules are also anisotropic. However, for the thin-film coatings, firstly, the orientations cannot be decided. Secondly, the microstructures are not so sure to be crystals. The thin-film coatings may be amorphous or in a state of nanocrystals which should be softer that crystal structures (with smaller Young's modules). The values in Table 4.3 are simply used here to make a comparison with the experimental results.

Single layer coatings

The measurements of sample#11 (B 4 C 50 nm) are shown in Figure 4.13 and Figure 4.14a. The sample has been measured for three times. For the first run (Figure 4.13a), the intrinsic stress from deposition process is released a lot at 200°C, which induces a big curvature change and increases the curvature scale. For the second run (Figure 4.13b), the effect of curvature changing with temperature is more obvious. As the substrate is double-sides polished, the coated side is taken as the front side. The other side (backside) is measured for the third cycle (Figure 4.14a). For the measurement of the front side, the surface of the sample is convex. During the cooling process, the curvature reduces but stands convex shape. For the backside, the sample surface is concave during the measurement. The measured curvatures in Figure 4.14a for the backside is multiplied by -1 for Figure 4.14b to make the same surface direction as the front side measurements. The composite bending is more effective than the sample of B 4 C 50 nm. Very good shape of the curvature curve can be found for the second run (Figure 4.15b). The backside which is of concave shape is measured for the third run (Figure 4.16a). Generally, the measurement of the backside is consistent with that of the front side, which ensures the reliability of the experiment. But for measuring the concave shape, the sample is erratically supported by "one point". The sample is unstable during the measurement and the detected area may be changed. The measurement is not as stable as that of the front side. Bigger oscillation is found for the backside measurement especially at lower temperatures from 120°C to 60°C (Figure 4.16a), which makes the results of the backside vary from the results of the front side (Figure 4.16b). As shown in Figure 4.16b, the results of the first run and the second run are in good agreement. The slope of the measured curve is slightly lower than that of bulk materials. For thin film Pd of 100 nm, the K value is smaller than that of bulk Pd, which may be caused by a smaller CTE or/and a smaller Young's modulus.

Results of all the single layer samples are shown in Figure 4.17 For the B 4 C samples, the measured curves are very flat. The slopes are much smaller than that from bulk material properties. The measurements of B 4 C 10 nm and 20 nm samples may not be accurate as the layers are too thin. The error levels are very high for them comparing with the low level of curvature change. For the Pd layers, the measurement of 200 nm layer is in good agreement with the bulk material properties. The slopes of Pd 100 nm and 50 nm layers become smaller than that from the bulk material properties. For the Cr samples, the slopes of all the three thin layers are smaller than that of bulk materials.

Performing linear fit for every curve in Figure 4.17, the results are listed in Table 4.4. The parameter K is calculated using Eq.(4.3) to describe the thermal deformation properties of the layer. It is calculated, on one side, with the measured curvature change for the corresponding temperature variation from the experiments; and on the other side, with the material properties of the bulk material. There are three sources of errors: the error of one single measurement, the error of the linear fit, and the error from the temperature gradient effect. The error of one single measurement for the surface curvature has been measured to be less than 1×10 -4 1/m (see Chapter 4.3.1). The curvature at each temperature point is the average of tens of values and each of them is one point of the curvature oscillation. If the worst case is considered that all the values deviate by 1×10 -4 1/m from the real curvature, the deviation of the averaged value will also be 1×10 -4 1/m. The linear fit is performed with an error bar of 1×10 -4 1/m at each point and the error propagation is calculated accordingly (by the Origin software). The error from the temperature gradient effect is 5.93×10 -6 (1/m/°C) from measurements of the non-coated Si wafer (see Chapter 4.3.5). The K values from all the measurements are smaller than corresponding K values calculated with bulk material properties. It is particularly true for the B 4 C thin film layers. To get a more physically meaningful idea, the Young's modules are calculated by assuming that the CTE is identical to the bulk material. As shown in Figure 4.18, all the samples have a smaller Young's modulus than the bulk material. The error bar for B 4 C 10 nm and 20 nm may be too big. The Young's modulus of B 4 C 50 nm layer is measured to be 41.8 GPa, which is reduced by a factor of about 10. For Pd and Cr 50 nm layers, the Young's modules are reduced by a factor of more than 2. It seems that the Young's modules of thin-film Pd and Cr decrease when they become thinner. If the Young's modules of thin films are assumed to be identical to the bulk materials, the CTE can be calculated from K. In reality, both of the Young's modulus and the CTE can be different from those of bulk materials. However, the thermal stress is proportional to the product of Young's modulus and CTE. In the stress calculation, these two assumptions lead to the same stress results in the thin film coatings. Physically, for a layered structure, the parameter K represents the scale factor of the curvature change due to certain temperature change.

The raw data, temperature and wavefront curvature versus time, of the single layer samples are listed in Annex 4.

Multilayer coatings

The results of nine [Pd/B 4 C] multilayer samples are listed in Table 4.5. The measurement of sample#29 with two periods of Pd/B 4 C and sub-layer thickness of 90/2=45 nm is shown in Figure 4.19a. The temperature is kept at 60°C for about 3 h before the measurement is stopped. It can be seen that the oscillations of temperature and curvature are in a small range over the time. In Figure 4.19b, the slope is 8.94×10 -5 (1/m/°C) from the linear fit and K is calculated to be 0.651 MPa/°C. The same procedure is performed for the other samples. As the multilayer consists of two types of alternate materials, the K of the multilayer is assumed to be the thickness-weighted average of K values of Pd and B 4 C (Eq.(4.5)). The K values of all the samples are smaller than those calculated from bulk materials (K/K_bulk<1). There are essentially two possible effects on the K value when changing the number of periods. The first effect is that the thin-film material properties change with the film thickness. In general, the K value of the thin film decreases when the film thickness decreases. The second one is the interface effect, such as interdiffusion or compound formation, which should be proportional to the number of periods (or the number of interfaces). The interfaces between Pd sub-layer and B 4 C sub-layer can be considered as a third type of material in such a case. But the properties of the interfaces may also differ for different layer thicknesses especially for thinner layers. The combination of (a) (b)

these two effects results in the K value changing with the number of multilayer periods (or the sub-layer thickness). In Figure 4.20, when the number of periods increases, the K value increases in the ranges of number of periods 3~10 and 45~90, and it decreases in the ranges of number of periods 2~3 and 10~20. Generally, the Young's modulus of thin-film Pd is smaller than that of bulk material in the thickness range from 2 nm to 200 nm. For very thin film with thickness smaller than 4 nm, the Young's modulus increases as the layer becomes thinner. For thick films with thickness bigger than 50 nm, the Young's modulus increases as the layer becomes thicker. For moderate film with thickness in between, it is hard to tell how the Young's modulus changes along with the layer thickness.

The imperfections between the layer-layer and layer-substrate interfaces are potential effects influencing the measurements, which are not quantitatively well-known. For instance, on top of the silicon wafer, there is a thin layer of oxides (SiO, or SiO 2 ) which has existed before the coating process. The B 4 C is used as the bottom sub-layer attached to the substrate, which should be stable from the silicidation. But the interdiffusion between B 4 C and Pd sublayers is not negligible especially for thinner layers. Some chemical reactions, such as the oxidation of Pd, B and C and the reaction between Pd and B, have been observed previously, which forms new compound materials in or between the layers. The issue of interface stress in multilayers may also influence the experimental results as the interface stress may change with temperature.

The advantage of the multilayer coating is that the thickness of each sub-layer can be very small while with hundreds of periods the total thickness of the multilayer is sufficient to make an effective bending effect for the measurement. But the K value of a multilayer coating is the combined value of each sub-layer. To get the individual K value of each sub-layer, a possible method is to use a closed form three types of layer materials. The raw data, temperature and wavefront curvature versus time, of the multilayers samples are listed in Annex 5.

Possible techniques to separate Young's modulus and CTE

For the above measurements based on curvature change of the composite structure, the individual values of Young's modulus or CTE cannot be separated from the measured results. One possible way to extract the individual values of Young's modulus or CTE is to use two types of substrates. From the definition of parameter K (Eq.(4.3)), the Young's modulus and the CTE can be derived by solving Eq.(4.9) and Eq.(4.10): 11 () 1
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where α s1 and α s2 are the CTE of different substrates. The Young's modulus and the CTE of the layer are expressed respectively as:

(1 )

ii ss KK E      (4.11) 1 2 2 1 12 ss i KK KK      (4.12) 
The resonance method is one possible way to measure the Young's modulus of thin film. The natural frequency for the free undamped vibration of a cantilever is defined as [START_REF] Kiesewetter | Determination of Young's moduli of micromechanical thin films using the resonance method[END_REF]:
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where E, ρ, l, and t are the Young's modulus, density, length and thickness. λ i is the eigenvalue where i is an integer that describes the resonance mode number and λ 1 =1.875 for the first mode. If the air damping is neglected in a vacuum environment, the natural frequencies equal to the measured resonance frequencies. Thus the Young's modulus can be derived from Eq.(4.13).

Three methods can be used to excite the sample: photothermal excitation by laser beam, acoustic excitation by loudspeaker and mechanical excitation by piezotransducer. The frequency bandwidth is typically 0-1.4 MHz, 20 Hz-20 kHz, 0-1.2 MHz for laser beam, loudspeaker and piezotransducer respectively [START_REF] Kiesewetter | Determination of Young's moduli of micromechanical thin films using the resonance method[END_REF]. The first resonance frequency of a substrate is at the level of tens of kHz. The coating layer on the substrate normally increases this fundamental resonant frequency by an order of 0.1%. The use of higher order resonances can make the phenomenon of increasing frequency more effective.

The X-ray diffraction (XRD) method is an effective method to measure the strain fields. The curvature of the substrate can be measured simultaneously with the diffracted signal from the ultra-thin films, which provides another possible technique to separate the Young's modulus and the CTE of the layer material. The strain field along the layer thickness direction can be measured by XRD and used to extrapolate the CTE of the layer material [START_REF] Richard | Exploring Pd-Si(001) and Pd-Si(111) thin-film reactions by simultaneous synchrotron X-ray diffraction and substrate curvature measurements[END_REF]. The Young's modulus can be then calculated from the curvature measurement or the in-plane strain field.

Chapter 5 Concluded remarks

High heat-load induced thermal deformation of X-ray optics (white beam mirrors, crystal monochromators) has been investigated intensively in the synchrotron community. To minimize the thermal deformation, the routinely adopted methods at ESRF and many other light sources are: water cooling combined with smart-cut geometry for white beam mirrors and some multilayer optics; liquid nitrogen cooling for silicon crystal monochromators and some multilayer optics on silicon substrates. For typical multilayer optics, the thickness of the coatings is well below one micrometer (tens or hundreds of nanometers). Therefore, the influences of the coatings on the temperature distribution and thermal deformation of the substrate is generally negligible. Nevertheless, the thermal stress within the coated layers can be very significant due to different thermal expansion coefficients (CTE) between the layer and substrate materials. This is particularly true for liquid-nitrogen cooled optics. The thermal stress within the coatings has not been studied in detail due to the difficulties related to the very small thickness of the layers, such as (1) the huge aspect ratio (>10 6 ) between the substrate size (~100 mm) and the coating thickness (~100 nm) for numerical simulation (by FEA), (2) very limited data on material properties of the thin layers which may be significantly different from those of bulk materials. This thesis study concentrates on how we deal with these two difficulties: the FEA of the multilayer optics and experimental tests to extract information on material properties of thin multilayer films.

The following subsections give a short summary of the main results found in this thesis regarding the multilayer thermal stress issues. Open questions for further researches are stated.

Summary

The thermal-structural coupled analysis model of multilayer optics has been implemented by using ANSYS layer-functioned (multilayer) elements. Multiple physically meaningful sublayers can be defined in one geometrical layer of layer-functioned elements. The number of meshed elements is considerably reduced and the number of sub-layers feasible for the present computers is increased significantly by a factor of more than 30. Thermal analysis is performed by shell-type multilayer elements. Multi shells are constructed and connected by constraint equations. Structural analysis is performed by solid-type multilayer elements. Techniques are developed to apply the temperature result from thermal analysis as body loads for the structural model. The validity of the FE model is verified by comparing results with theoretical solution and FEA using common solid elements. Based on the finite element model of multilayer optics, the non-uniform three-dimensional temperature distribution can be simulated with variable heat load parameters, cooling conditions, material properties and geometries of the substrate and the coating films. The thermal stress and deformation can be solved quantitatively.

Single layer coated mirrors and multilayer monochromators cooled by water or liquidnitrogen are studied with typical parameters of heat-load, cooling, and geometry. It is shown that the influences from the coating on temperature and deformation are negligible. The stress in the substrate is only slightly increased (<0.1%). However, large layer stresses are induced from the thermal mismatch, which is the critical issue for the survival of the optics. For the water cooling condition, the layer is under compressive stress of tens of MPa which is normally less than the strength of the layer material. For the liquid-nitrogen cooling condition, however, large tensile stress of several hundreds of MPa is formed in the layer as the optics is cooled more than 200 K down to the liquid-nitrogen temperature. This tensile stress can exceed the ultimate tensile strength (UTS) for some kinds of layer materials. The thermal stress in multilayer optics depends on the difference in CTE between the layer material and the substrate material, but it is independent on the CTE difference between different sublayers. In principle, to minimize the thermal stress, the coating material should have a CTE closer to that of the substrate, smaller Young's modulus and Poisson's ratio. Moreover, a higher strength of the layer material is beneficial for its ability to withstand the thermal stress.

To acquire appropriate information about the behaviour of thin multilayer films under the influence of thermal loading, properties such as the Young's modulus, Poisson's ratio and CTE, of thin multilayer films are determined indirectly by measuring the curvature change due to uniform temperature change. B 4 C, Pd and Cr single layers and [Pd/B 4 C] multilayers of thicknesses in the nanometer range are prepared and measured. A combined parameter K including Young's modulus, CTE and Poisson's ratio is introduced to describe the deformation properties of the thin-film layers. This parameter K can be deduced from the measurement but the individual values of Young's modulus and CTE cannot be separated. The experimental results show that all of the studied materials exhibit smaller K values, which indicate lower CTE and/or Young's modules, than expected from the data for bulk materials in the literature. This is particularly true for the thin B 4 C films. Therefore, the real thermal stress and strain in the coating layers of a mirror or multilayer optics are significantly smaller than the calculated results with bulk material properties.

Outlook

The finite element analysis can provide a complete solution for the multilayer thermalstructural problem. Transit analysis and more complicated material models such as plasticity, hyperelasticity and creep, can be performed, which may be used to simulate the intrinsic stress during the fabrication process. However, the intrinsic stress is not mainly induced by the thermal effect. The related physics need to be explored experimentally before performing the simulation.

Adequate information on the material properties of thin films will be very helpful for the precise simulation and calculation of the layer thermal stresses. The information is difficult to be extracted because the thin-film material properties depend not only on the film thickness but also on the fabrication technique. A systematical designing of various layer materials and layer thicknesses is necessary. Methods of thermal bending, resonance, synchrotron X-ray diffraction, etc. may be combined to get the individual value of Young's modulus, coefficient of thermal expansion or Poisson's ratio.

The failure modes of thin film coatings are to be further studied. Qualitatively, the coating could be delaminated from the substrate by too big bending force. The layer could be damaged internally by too large stress. The stress limits may be different for compressive and tensile stresses. The strengths for different layer materials and thicknesses are to be studied. Some other open discussion and implementation tasks are: inter-diffusion between adjacent layers, chemical reaction such as oxidation and silication of the layer, cryogenic material properties, thermal fatigue effect, etc.

Annex 1 ANSYS code for the example substrate meshing

This annex gives the ANSYS code for the example substrate meshing mentioned in Chapter 2.2.3. It can be directly input in the field of ANSYS command prompt. The result of the meshed model is shown in Figure A1.1. Half of the substrate is modelled by applying symmetry boundary conditions. The footprint area is finer meshed with elements of smaller size. And the transition part is used to connect the finer mesh and the coarser mesh. As the Pyramid option is not available for older versions of structural analysis elements, to get exactly the same meshing for models of thermal analysis and structural analysis, The SOLID185 elements for structural analysis are used firstly, and they are transferred to SOLID70 elements by changing analysis type from structural to thermal. Based on the meshing of the substrate described in Annex 1, the multilayer with 40 sublayers is built by using two shells of multilayer elements (SHELL131). To get the same area meshing between the multilayer part and the top surface of the substrate, the top surface of the substrate is meshed for a second time by using SHELL131 elements. Then, the multilayer part is constructed by generating the meshed SHELL131 elements with an offset for two times for the two shells of sub-layers. The area meshing of SHELL131 elements for the top surface of the substrate is deleted after the generation and constraint equations are used to connect the multilayer part and the substrate, and to connect different shells of the multilayer part. The structural analysis model will be reconstructed using solid-type multilayer elements (SOLSH190) after the thermal analysis. Temperature results from thermal analysis are stored in 2-D arrays and applied to the structural analysis model by cautious numbering. The orthotropic material properties are used for the layer materials. To make an accurate measurement, the light flux level which is the relative intensity of the incident flux for the camera, must be adjusted between 50% and 99% (Figure A3.1b). The adjustment can be done by changing the output intensity of the laser source, or by changing the exposure duration of the camera. Click the "Full cfg" for the configuration. As shown in Figure A3.2a, the exposure duration is set in the acquisition panel. The reasonable exposure time to get a reliable measurement is 1~10 ms. Big oscillation happens for too short exposure time. And the measurement is not stable for too long exposure time. If the auto exposure option is selected, the exposure duration will be controlled automatically to adjust the light flux level within a certain range, e.g. 80%±5%. For our measurement, the exposure time is set to be 1 ms initially. Then adjust the light flux level to 85% by changing the laser source output. Thirdly select the auto exposure option, and set the range of the light flux to be 80%±5%. As the sample surface is to be bent convex for the heating process, the reflected light flux will decrease slightly and the exposure time will increase to adjust the flux level. In such a way, the exposure time is controlled automatically in a usable range. The number of averaged measurements and the measurement period are also entered in the acquisition panel. In the slopes manager panel (Figure A3.2b), a reference acquisition can be recorded by measuring a reference surface. Once this option is used, the optical device to be characterized is measured relatively to the reference acquisition. When measuring a wavefront coming from a reflective surface, the wavefront is twice the real surface roughness as the reflection angle is twice the incidence angle. To characterize a mirror surface taking into account this factor 2, select the double-path option in the Optical path. Double path on tilts and double path on curvature are used for the calculation of the parameters (tilts and curvature). The reference measurement and the double-path option can also be performed in the post processing after acquisition by HASO v3.0. For the curvature value, the reference measurement will subtract the curvature of the reference image from the measured image. And the double-path option will divide the curvature by a factor of 2. For our measurement, neither of these options is used. The measured wavefront curvatures are divided by 2 manually to get the surface curvatures. The auto save option is used to save each acquired image automatically in a certain path. The maximum number of files is defined. Older files will be deleted when the number of files spills.

Before the measurement of each sample, the camera needs to be aligned to adjust the sample surface. The alignment window is shown in Figure A3.3. By turning the knobs of the camera holder (2-axes platform), the camera can be rotated around two axes which are parallel to the sample surface. Adjusting the red point (Figure A3.3a) into the blue ring, the point will turn green (Figure A3.3b), which means it is ready for measurement. Then adjust the green point as close as possible to the centre of the ring. The HASO software is open software. Macros with basic functions are available for the C++ programming platform VS2005. It is possible for the users to develop their own programs with certain functions. For our measurement, the curvature historic option is not used at the beginning. While thousands of images are to be processed, it is kind of exhausting to read them one by one with HASO v3.0. A program based on VS2005 has been developed to export the curvature values from the acquired images. From the example program compute_slopes_on_image.cpp, which has the function of reading an image file and calculating the related parameters, a sentence to output the curvature value is added first. Then a loop structure is used to read and output the curvatures of all the images in a certain folder to an external .txt file. The path of the folder is to be input. 

Introduction

Le développement du rayonnement synchrotron (SR) de troisième génération a créé en permanence des progrès sans précédents dans les applications et les optiques rayons-X. Comme étant une structure synthétique, la multicouche présente des avantages particuliers en tant qu'optique pour lignes de lumières. Par exemple, l'ouverture optique est améliorée de manière significative par rapport aux miroirs à réflexion totale. La résolution en énergie d'un monochromateur multicouche est modérée et elle peut augmenter le niveau du flux de photons de deux ordres de grandeur par rapport à un monochromateur à cristal. La flexibilité dans la conception et la fabrication permet d'autres propriétés importantes pour l'optique multicouches comme le rejet d'harmonique. Cependant, les fortes puissances et grande densité de puissance générés par des dispositifs d'insertion dans les sources SR de troisième génération créent des défis pour les multicouches quand elles sont directement exposées au faisceau blanc.

La déformation thermique induite par la charge thermique élevée pour l'optique des rayons-X (miroirs pour faisceau blanc, monochromateurs à cristal) a été intensivement étudiée au sein de la communauté synchrotron. Afin de minimiser la déformation thermique, les méthodes couramment adoptées à l'ESRF et de nombreuses autres sources de synchrotron sont: refroidissement à l'eau combinée avec une géométrie intelligente pour les miroirs de faisceaux blancs et quelques optiques multicouches; refroidissement à l'azote liquide pour des monochromateurs à cristaux de silicium et certaines optiques multicouches sur des substrats de silicium. Typiquement, pour les optiques multicouches, l'épaisseur des revêtements est bien inférieure à un micromètre (plusieurs dizaines ou centaines de nanomètres). En conséquence, les influences du revêtement sur la répartition de la température et de la déformation thermique peuvent être négligeables. Cependant, la contrainte thermique dans les couches peut être très importante en raison de la différence de coefficients de dilatation thermique (CTE) entre la couche et le substrat. Ceci est particulièrement vrai pour les optiques multicouches refroidies par l'azote liquide. La contrainte thermique dans les revêtements n'ont pas été traités en détails en raison des difficultés liées à la très faible épaisseur des couches, tels que (1) l'énorme rapport largeur-hauteur (>10 6 ) entre les dimensions du substrat (~100 mm) et l'épaisseur du revêtement (~100 nm) pour la simulation numérique (par FEA), (2) des données très limitées sur les propriétés des matériaux des couches minces qui peuvent être sensiblement différentes de celles des matériaux massifs. Cette étude de thèse se concentre sur la façon dont nous traitons ces deux difficultés: la modélisation d'élément fini (FE) de l'optique multicouches et des tests expérimentaux pour extraire des informations sur les propriétés des matériaux de films multicouches.

Résumé substantiel

Les optiques multicouches pour rayons-X sont généralement constituées de centaines de périodes de couches alternées. L'épaisseur d'une période est de quelques nanomètres. Une multicouche est souvent déposée sur un substrat de silicium avec une taille typique de 60 × 60 × (60~300) mm 3 . Le rapport de dimensions entre la taille de l'optique et de l'épaisseur de l'empilement est très élevé (~10 7 ) et il peut conduire à un très grand nombre d'éléments (~10 16 ). Certains éléments spéciaux avec fonctions de couche (layer-functioned) sont disponibles dans ANSYS, ce qui signifie que les propriétés de chaque couche peuvent être définies. Une couche d'éléments géométriques contient plusieurs sous-couches qui sont physiquement significatives et peuvent avoir des propriétés différentes (différents matériaux et épaisseurs). Cette couche géométrique d'éléments permet de décrire un plus grand nombre de sous-couches avec une seule couche d'éléments finis. Par conséquent, le nombre d'éléments de maillage est considérablement réduit. Par l'utilisation des éléments nommés « layerfunctioned », le modèle d'analyse thermique-structurelle a été mise en oeuvre pour les optiques multicouches. L'analyse thermique est réalisée par des éléments multicouches « shell-type ». Ces éléments multiples sont construits et reliés par des équations de contraintes. L'analyse structurelle est réalisée par des éléments multicouches « solid-type ». Des techniques sont développées pour appliquer le résultat de température de l'analyse thermique au modèle structurel. La validité du modèle FE est vérifiée en comparant les résultats avec la solution théorique et FEA utilisant des éléments solides communs. Le nombre d'éléments est réduit par un facteur de 31 au maximum pour l'analyse thermique et par un facteur du nombre de souscouches pour l'analyse structurelle. En conséquence le nombre effectif de sous-couches gérables par les ordinateurs actuels augmente beaucoup. Un modèle de plus de 1000 souscouches a été testé avec succès.

Des miroirs à réflexion totale et des monochromateurs multicouches refroidis à l'eau et à l'azote liquide ont été étudiés avec des paramètres typiques de charge thermique, de refroidissement et de géométrie. Les effets de refroidissement de l'optique et de la charge thermique du faisceau de rayons-X ont été décrits. Il est montré que les influences de la température sur le revêtement et la déformation sont négligeables. La contrainte dans le substrat n'est que légèrement augmentée (<0.1%). Cependant, des fortes contraintes sont induites dans les couches en raison de la différence de CTE, ce qui peut être critique pour la survie de l'optique. Pour la condition de refroidissement à l'eau, la couche est sous contrainte de compression de plusieurs dizaines de MPa, ce qui est normalement inférieur à la résistance du matériau de la couche. Pour la condition de refroidissement à l'azote liquide, cependant, une grosse contrainte de traction de plusieurs centaines de MPa apparait dans la couche lorsque l'optique est refroidie jusqu'à la température de l'azote liquide (80 K). Cette contrainte de traction peut dépasser la résistance à la traction (UTS) pour certains types de matériaux de couche. La contrainte thermique dans l'optique multicouche dépend de la différence de CTE entre le matériau de la couche et le matériau du substrat, mais elle est indépendante de la différence des CTE entre les différentes sous-couches. En principe, pour minimiser la contrainte thermique, le matériau de revêtement doit avoir un CTE proche de celle du substrat, un module de Young et un coefficient de Poisson plus petits. En outre, une grande résistance du matériau de la couche est bénéfique pour sa capacité à résister à la contrainte thermique.

Les propriétés des matériaux de couches minces sont différents des matériaux massif et ne dépendent pas uniquement de l'épaisseur de la couche mais également du procédé de fabrication. Pour extraire des informations sur les propriétés des matériaux des simples couches (B 4 C, Pd et Cr) ainsi que des multicouches (Pd/B 4 C) d'épaisseurs de l'ordre du nanomètre sont déposées sur de minces plaquettes de Si dans l'installation de pulvérisation cathodique (sputter-depositing) du Laboratoire Multicouches de l'ESRF. Les changements de courbure en fonction de la température sont mesurés à l'aide d'un capteur à front d'onde (Shack-Hartmann). Les couches déposées sur des plaquettes de Si de 200 μm d'épaisseur induisent des modifications significatives de courbure sur une plage de température allant de 60°C à 200°C. Un paramètre combiné contenant le module de Young et le CTE est défini pour décrire les propriétés d'expansion thermique des couches. Les résultats expérimentaux montrent que tous les matériaux étudiés présentent un CTE et/ou un module de Young inférieur par rapport aux données dans la littérature. Cela est particulièrement vrai pour les couches minces de B 4 C. Par conséquent, la contrainte thermique réelle et la contrainte dans les couches de revêtement d'un miroir ou de multicouches optiques sont sensiblement plus petites que les résultats calculés avec les propriétés des matériaux massifs.

Conclusion

Par l'utilisation des éléments nommés « layer-functioned » dans ANSYS, le modèle d'analyse thermique-structurelle a été mise en oeuvre pour les optiques multicouches. Ce modèle FE est un outil de simulation pour prédire la performance des optiques multicouches sous charge thermique. Comme exemples, des miroirs à réflexion totale et des monochromateurs multicouches refroidis à l'eau et à l'azote liquide ont été étudiés avec des paramètres typiques de charge thermique, de refroidissement et de géométrie. Les effets de refroidissement de l'optique et de la charge thermique du faisceau de rayons-X ont été décrits. La température, la déformation et la contrainte thermique dans la couche ont été résolues quantitativement. Pour obtenir des informations appropriées sur le comportement des multicouches sous l'influence de la charge thermique, des propriétés telles que le module de Young, le CTE et le ratio de Poisson des multicouches sont déterminés indirectement en mesurant la variation de la courbure due au changement de température. Des simples couches (B 4 C, Pd et Cr) ainsi que des multicouches (Pd/B 4 C) d'épaisseurs de l'ordre du nanomètre sont préparées et mesurées. Les résultats expérimentaux montrent que tous les matériaux étudiés présentent un CTE et/ou un module de Young inférieur par rapport aux données dans la littérature. Cela est particulièrement vrai pour les couches minces de B 4 C.
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 1 Figure1.12 Schematic design of the horizontal focusing mirror bender (a) and the final assembly prior to integration in the KB system (b) at ESRF ID22NI endstaion[START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF] 

Figure 1 .

 1 Figure 1.13 Ex-situ reflectivity spectra (energy: 8048 eV) of two [W/B 4 C] 30 multilayer samples, which were exposed for four weeks to the white beam at the ESRF beamline ID15. One exposure was performed in air (a)and one in nitrogen (b)[START_REF] Friedrich | Multilayer white beam study[END_REF] 

Figure 1 . 1 . 3 . 1

 1131 Figure 1.14 Picture: multilayer white beam test bench at the high power undulator beamline ID06 of ESRF

Figure 1 .

 1 Figure 1.16 Thermal conductivity and thermal expansion coefficient of silicon versus temperature. The data represented by circles and triangles are from Touloukian et al. (1970a), the continuous lines are polynomials fits. [2]

  by using FEA and experimentally by Lee et al. (2000, 2001). Moreover, Tajiri et al. (2001) improved the FEA by introducing the volume absorption effect.
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 1 Figure1.17 Thermal expansion coefficients: α (black line), secant α se (green line) and thermal strain ε th (red line) versus temperature for a silicon crystal with the reference temperature 77K[START_REF] Zhang | Thermal deformation of cryogenically cooled silicon crystals under intense X-ray beams: measurement and finite-element predictions of the surface shape[END_REF] 

Figure 1 .

 1 Figure 1.18 Cross section of water-cooled mirror, 4 cooling schemes: (a) bottom, (b) full side, (c) top side, (d) top face. Orange blocks represent cooling blocks. Beam footprint on the centre of top surface. Contour colorsshow the temperature distribution.[START_REF] Zhang | Thermal distortion minimization by geometry optimization for water-cooled white beam mirror or multilayer optics[END_REF] 

Figure 1 .

 1 Figure 1.19 Mirror cross section shape and thermal distortion displacement along the centre of the footprint:without cut area, with smaller, with larger cut area, and with optimized area[START_REF] Zhang | Thermal distortion minimization by geometry optimization for water-cooled white beam mirror or multilayer optics[END_REF] 
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 1 Figure 1.20 Schematics showing bending of a multilayer strip due to thermal stresses: stress-free condition (a), unconstrained strains due to a temperature change (b), constrained strain to maintain displacement compatibility (c), and bending induced by asymmetric stresses (d). [61]
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 21 Figure 2.1 Element geometry (in ANSYS): high shape aspect ratio (L/H), with H zoomed for clarity

Figure 2 . 2

 22 Figure 2.2 Element geometry of SHELL131 (3-D 4-Node layered shell element for thermal analysis)

Figure 2 .Figure 2 . 4

 224 Figure 2.3 FE model and boundary conditions for element performance test of SHELL131

Figure 2 . 6

 26 Figure 2.6 Temperature results by using SHELL131: contour plot (a) and temperature distribution along the path (b) with temperature nonlinear thermal conductivity

Figure 2 . 7

 27 Figure 2.7 Results comparison: maximum temperature versus the number of division (logarithmic scale) for FEA models using two types of elementsIn each sub-layer of SHELL131 (or each layer of SOLID70), the heat transfer equation (Eq.(2.1)) will become Eq.(2.3) for the numerical form of FEA:
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 2829 Figure 2.8 Modeling process for the multilayer thermal analysis model: substrate meshing (a); one shell generated (b); multi shells and connections (c)

Figure 2 .

 2 Figure 2.10 Comparison: temperature result of the thermal analysis (a) and the temperature load of the structural model using SHELL181 elements (b)

Figure 2 .

 2 Figure 2.11 Element geometry of SOLSH190 (3-D 8-Node solid element with layered function for structural analysis)

Figure 2 .

 2 Figure 2.12 Sketch of the composite beam problem (VM144 in the ANSYS verification manual) Table 2.1 Parameters used for the performance test of layer-functioned elements for structural analysis (VM144 in the ANSYS verification manual) Material Properties Geometric Properties Loading MAT1: E 1 = 1.2 x 10 6 psi α 1 = 1.8 x 10 -4 in/in/°F MAT2: E 2 = 0.4 x 10 6 psi α 2 = 0.6 x 10 -4 in/in/°F

Figure 2 .

 2 Figure 2.13 FE model: thermal bending of a composite plate in 3-D

Figure 2 .

 2 Figure 2.14 Results comparison: free-end displacement (a) and in-plate stresses (b) versus temperature load

Figure 2 .

 2 Figure 2.15 Stress Z calculated by using SOLID185 (one half of the model) (a) and by using SOLSH190 (b)

Figure 2 .

 2 Figure 2.16 Stress Z calculated by using SOLSH190, before correction (a) and after correction (b)

Figure 2 .

 2 Figure 2.18 Graph for the temperature transfer process: temperature result of thermal analysis (a), structural analysis model reconstructed by SOLSH190 (b), schematic for applying temperature loads (c). In the BFE command, enum is the element number, numbers 1, 41, 81, 121 are to specify the first, tenth, twentieth, thirtieth sub-layer, Tempi is the temperature value for the ith sub-layer.

Figure 2 .

 2 Figure 2.19 Comparison: temperature result from thermal analysis (a) and the structural analysis model by using SOLSH190 elements after applying temperature loads (with /PBF,Temp,,1 to show the temperature loads) (b)

Figure 2 .

 2 Figure 2.20 2-D schematic of the multilayer with Si substrate and ten periods of W/B 4 C layers The material properties of Si, W and B 4 C are listed in Table 2.5. So the layer stresses of W layer and B 4 C layer are calculated to be -1.00GPa and -1.93GPa respectively. The minus sigh means the stresses are compressive. The corresponding FE model by multilayer elements (SOLSH190) is shown in Figure 2.21. A quarter of model is considered with symmetry boundary conditions. A uniform temperature rise from T_ini=293K to T_load=393K is applied as thermal load. The FEA result of in-plane stress σ xx (identical to σ zz ) is plotted in Figure 2.22, and it shows that large compressive stress in the layer (totally blue colour) and small tensile stress in the substrate (totally red colour) are induced. For the individual sublayer, the values of σ xx are -1.00GPa and -1.93GPa for W layer (Figure 2.22b) and B 4 C (Figure 2.22c) layer respectively, which is in good agreement with the theoretical solution. The stress normal to the layer (σ yy ) and the three shear stresses (σ xy , σ yz , σ xz ) are zero.

Figure 2 . 3 Figure 2 .

 232 Figure 2.21 FE model by using multilayer elements (SOLSH190), geometry: (120/2)×(120/2)×40 mm 3

Figure 2 .

 2 23b. The FEA results are shown as spots in Figure 2.23b. It can be seen that the FEA results agree very well with the theoretical solution.

Figure 2 .

 2 Figure 2.23 Non-linear CTE of Si and thermal strains of Si, W, and B 4 C (a), and in-plane layer stresses versus temperature with T_ref=293K (b), results compared between FEA and theoretical calculation

Figure 2 . 3 Figure 2 .

 232 Figure 2.24 FE model by using multilayer elements (SHELL131 for thermal analysis) and boundary conditions, geometry: (150/2)×(60/2)×60 mm 3

Figure 2 .

 2 Figure 2.26 Maximum temperature (a) and stresses (Sx, Sz, Seqv) (b) versus the footprint length from FEA by using multilayer elements (black spots) and solid elements (red lines)

Figure 2 . 6 )

 26 Figure 2.27 With a high element shape ratio (10 6 ) for the meshing of the multilayer part: the maximum temperature (a) and stresses (Sx, Sz, Seqv) (b) versus the footprint length from FEA by using multilayer elements (black spots) and solid elements (red lines)

Figure 3 . 1

 31 Figure 3.1 Single layer mirror: FE model (for thermal analysis) and boundary conditions

Figure 3 . 2 Figure 3 . 3

 3233 Figure 3.2 Single layer mirror, water cooling, thermal results: temperature distribution (a) and temperature along the layer thickness (b)

Figure 3 . 4

 34 Figure 3.4 Single layer mirror, water cooling, deformation results: displacement U y distribution (a) and slope errors along the footprint path (b)

Figure 3 . 5

 35 Figure 3.5 Single layer mirror, water cooling, stress results: equivalent stress distribution (a) and distributed in the layer thickness (b)Table 3.3 Single layer mirror, water cooling, stress components on the top and bottom of the coating layer (at the position of Top centre) ("-" for compressive) Components X Y Z XY XZ YZ Eqv Stress value (MPa) top -38.491 0 -53.815 0 0 0 48.133 Stress value (MPa) bottom -38.489 0 -53.813 0 0 0 48.131

Figure 3 . 6

 36 Figure 3.6 Comparison between coated and non-coated models: maximum temperature (a) and RMS Slope in half footprint area (b) versus substrate thickness

Figure 3 . 7

 37 Figure 3.7 Non-linear thermal conductivity (k) and coefficient of thermal expansion (α) of Silicon with T_ref=293K

Figure 3 . 8

 38 Figure 3.8 Single layer mirror, uniformly cooled down by LN 2 from room temperature (293K) to 80K, equivalent stress distribution (a) and displacement U y along the path (b)

Figure 3 . 9

 39 Figure 3.9 Single layer mirror, LN 2 cooling, with heat load: temperature distribution (a) and temperature along layer thickness (b)

Figure 3 .

 3 Figure 3.10 Single layer mirror, LN 2 cooling, with heat load: equivalent stress distribution (a) and scaled for the layer part (b)

Figure 3 .

 3 Figure 3.11 Experimental results, Young's modulus of thin films: B 4 C of 10nm, 20nm, 50nm; Pd of 50nm, 100nm, 200nm; Cr of 50nm, 100nm, 200nm

Figure 3 .

 3 Figure3.12 Schematic: simulated reflectivity curve at a fixed photon energy for a single layer coated mirror and a multilayer[START_REF] Morawe | Hard X-Ray Focusing with Curved Reflective Multilayers[END_REF] 

Figure 3 .

 3 Figure 3.13 FE model (for thermal analysis) and boundary conditions of the multilayer monochromatorResults in temperature distribution and temperature along the layer thickness are plotted in Figure3.14. The maximum temperature is 411.0 K and the temperature difference between the top and the bottom of the multilayer part is 14.7 mK. Analytically, by assuming an ideal bottom cooling for the multilayer part, the temperature difference is estimated to be 15.8 mK from Eq.(3.6).

Figure 3 .

 3 Figure 3.14 Multilayer, water cooling, thermal results: temperature distribution (a), temperature along the layer thickness (b) and zoomed for the top four layers (c)

Figure 3 .

 3 Figure 3.15 Multilayer, water cooling, deformation results: Uy distribution (a) and slope errors along the footprint length (b)

Figure 3 .

 3 Figure 3.16 Multilayer, water cooling, stress results: equivalent stress distribution (a) and the maximum stresses (S_eqv) along layers Table 3.10 Multilayer, water cooling, stress components in the top two sub-layers at the top center point ("-"for compressive) Stress components X Y Z XY XZ YZ Eqv For Pd sub-layer (MPa) -195.9 0 -218.0 0 0 0 207.8 For B 4 C sub-layer (MPa) -221.4 0 -312.6 0 0 0 278.4

Figure 3 .

 3 Figure 3.17 Multilayer, uniformly cooled down by LN 2 from room temperature (293K) to 80K: equivalent stress distribution Table 3.11 Multilayer, uniformly cooled down by LN 2 from room temperature (293K) to 80K, stress components ("+" for tensile) in sub-layers Stress Components X Z Eqv For Pd sub-layer (MPa) +407.7 +407.7 407.7 For B 4 C sub-layer (MPa) +575.0 +575.0 575.0

Figure 3 .

 3 Figure 3.18 12 Multilayer, LN 2 cooling, with heat load: temperature distribution (a), temperature along layer thickness (b) and zoomed up for the top four sub-layers (c)Table 3.13 Multilayer, temperature results comparison between water cooling and LN 2 cooling Parameters T_max-T_cool ΔT Water cooling 411-293=118 K 14.7 mK LN 2 cooling 111.8-80=31.8 K 14.7 mK

Figure 3 .

 3 Figure 3.19 Multilayer, LN 2 cooling, with heat load, equivalent stress distribution: the whole model (a), in Pd sub-layer (b) and in B 4 C sub-layer (c)

Figure 3 .

 3 Figure 3.20 Schematic: bending force from layer stress

Figure 3 .

 3 Figure 3.21 Schematic: strength versus layer thickness for delamination and UTS A straightforward liquid-nitrogen test is performed for our available samples with silicon substrate. The coatings are: B 4 C 10 nm, B 4 C 20 nm, B 4 C 50 nm, Pd 50 nm, Pd 100 nm, Pd 200 nm, Cr 50 nm, Cr 100 nm, Cr 200 nm, Pt 100 nm, Ni 20 nm, [Pd/B 4 C] 90 2 nm, [Pd/B 4 C] 60 3 nm, [Pd/B 4 C] 45 4 nm, [Pd/B 4 C] 30 6 nm, [Pd/B 4 C] 20 9 nm, [Pd/B 4 C] 10 18 nm, [Pd/B 4 C] 6 30 nm, [Pd/B 4 C] 3 60 nm, [Pd/B 4 C] 2 90 nm.The samples are put directly into liquid-nitrogen at air pressure. They are taken out after about 2 min as the samples have been fully cooled down to liquid-nitrogen temperature (77 K). They are put into the liquid-nitrogen again after being warmed up. The process is performed for 5 times in total. For all the samples, no visible damage was observed immediately after the tests. However, when the samples were cleaned (by alcohol) several days later, layer peel-off from the Si substrate has been found for three Cr coated samples (Cr 50 nm, Cr 100 nm, Cr 200 nm). As an example, the sample with Cr 100 nm coating is shown in Figure3.22. The Cr layer peels off in an area of 4×4 mm 2 . No peel-off has been observed for the B 4 C, Pd, Pt, Ni and multilayer coated samples.

Figure 3 .

 3 Figure 3.22 Layer peel-off of the sample with 100nm Cr coating after the liquid-nitrogen test, the picture (a) and the optical microscopy (b)

Figure 4 . 1

 41 Figure 4.1 Schematic: composite structure. E, α, t are the Young's modulus, CTE and thickness respectively.Subscripts: i-layer, s-substrate.
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Figure 4 . 2

 42 Figure 4.2 Picture of the whole experimental set-up

Figure 4 . 3

 43 Figure 4.3 Experimental set-up: details of the centre part

Figure 4 . 5 .

 45 Users can develop programs to control the temperature to change step by step automatically.

Figure 4 . 4

 44 Figure 4.4 Schematic of the heating stage (a) and the corresponding picture (b)

Figure 4 . 5

 45 Figure 4.5 Software interface for the temperature control

Figure 4 .

 4 6a). The movement of each focal spot (Figure 4.6b) is proportional to the local derivative of the wavefront. The wavefront and the surface shape (Figure 4.6c) are determined by performing the reconstruction algorithm.

Figure 4 . 6

 46 Figure 4.6 Schematic of Shack-Hartmann technology (a), detected focal spots (b) and wavefront reconstruction (c)

Figure 4 . 7

 47 Figure 4.7 Time profile of temperature: set point (a) and with the measured temperature (b)

Figure 4 . 8

 48 Figure 4.8 Measurement for sample Pd 100nm on Si 200μm: temperature and curvature versus time (a) and relative curvature versus temperature (b)

Figure 4 . 9

 49 Figure 4.9 Measurement for testing effects of the pump and the tube: relative curvature versus temperature of sample: Pd 100nm on Si 245μm in four conditions

Figure 4 . 4 . 3 . 5

 4435 Figure 4.10 Thickness sensitivity: relative curvatures versus temperature for samples of various layer thicknesses and substrate thicknesses

Figure 4 .

 4 Figure 4.11 Measurement of non-coated Si wafer: temperature and curvature versus time (a) and zoom for 8000~13000s (b)

Figure 4 . 4 Results

 44 Figure 4.12 Results of the non-coated Si wafer: relative curvature changes versus temperature for five measurements

Figure 4 .Figure 4 .

 44 Figure 4.13 Results of B 4 C 50nm sample: temperature and curvature versus time for the first run (a) and second run (b)

Figure 4 .Figure 4 .

 44 Figure 4.15 Measurements of Pd 100nm sample, temperature and curvature versus time for the first run (a) and the second run (b)

Figure 4 .

 4 Figure 4.17 Experimental results of single layer coated samples: curvature versus temperature curves for B 4 C (a), Pd (b), and Cr (c) layers. Spots: measured curvatures at each temperature point; Lines: theoretical results calculated by bulk material properties.

Figure 4 .

 4 Figure 4.18 Experimental results: Young's modulus versus film thickness, by assuming an identical CTE with the bulk material.

Figure 4 .

 4 Figure 4.19 Measurement for sample [Pd/B 4 C] 2 90nm: temperature and curvature versus time (a) and relative curvature versus temperature (b) The total thicknesses of the nine multilayer coatings are kept constant at 180 nm firstly. The sub-layer thicknesses are equivalent. For each multilayer coating, the bottom sub-layer is B 4 C. But then on top of the coatings (top sub-layer: Pd), an extra B 4 C sub-layer with the same thickness as the other sub-layers is coated. For example, an extra B 4 C sub-layer of 1 nm is coated for Sample#21 and an extra B 4 C sub-layer of 45 nm is coated for Sample#29. The total thicknesses of the multilayer coatings are not equivalent for the existence of this extra B 4 C sub-layer. To investigate the influences of the number of multilayer periods (or thickness), the K values from experiments are normalized by the corresponding K values calculated from bulk material properties (K_bulk). The normalized K value versus the number of multilayer period is plotted in Figure 4.20.The K values of all the samples are smaller than those calculated from bulk materials (K/K_bulk<1). There are essentially two possible effects on the K value when changing the number of periods. The first effect is that the thin-film material properties change with the film thickness. In general, the K value of the thin film decreases when the film thickness decreases. The second one is the interface effect, such as interdiffusion or compound formation, which should be proportional to the number of periods (or the number of interfaces). The interfaces between Pd sub-layer and B 4 C sub-layer can be considered as a third type of material in such a case. But the properties of the interfaces may also differ for different layer thicknesses especially for thinner layers. The combination of

Figure 4 .

 4 Figure 4.20 Experimental results: normalized K versus number of periods for [Pd/B 4 C] multilayers From the measurement of single layers, the K value of B 4 C layer is very small (K=0.145 MPa/°C for B 4 C of 50 nm). As the sub-layers are even thinner for the multilayer samples, it is assumed that the K values of B 4 C sub-layers are negligible (as zero). By applying K 2 =0 in Eq.(4.5), the K values from experiments are multiplied by the thickness factors to get the K values for Pd sub-layers (K 1 ). Results are shown in Table 4.6. Then the Young's modulus of the Pd sub-layer is derived by assuming an identical CTE with the bulk Pd. The Young's modulus versus film thickness is plotted in Figure 4.21. The results from single layer samples (Pd 50 nm and 100 nm) are also plotted.

  For example, if [Pd/B 4 C], [W/B 4 C] and [Pd/W] multilayers with the same sub-layer thickness are prepared and measured, the individual K values of Pd, B 4 C and W sub-layers can be derived by solving three simple closed-form equations (Eq.(4.5)).
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 1 Figure A1.1 FE meshing of the example substrate model

Annex 2

 2 ANSYS code for the example multilayer modelThis annex gives the ANSYS code of the example multilayer model mentioned in Chapter 2.2.3. The meshing and boundary condition for thermal analysis are shown in FigureA2.1. Non-uniform heat flux and two-sides convection cooling are applied as boundary conditions for thermal analysis.
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 1 Figure A2.1 FE meshing of the example multilayer model
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 1 Figure A3.1 HASO v3.0 for Shack-Hartmann instrument: Start window (a) and Main window (b)

Figure

  Figure A3.2 HASO v3.0 for Shack-Hartmann instrument, Configuration window: Acquisition panel (a) and Slope manager panel (b)

Figure A3. 5

 5 Figure A3.5 HASO v3.0 for Shack-Hartmann instrument: Parameters window (a) and the Curvature Historic (b)
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 45 Figure A4.1 Measurements of seven single layer coated samples: temperature and curvature versus time for Sample#12 B 4 C 20nm (a), Sample#13 B 4 C 20nm (b), Sample#14 Pd 200nm (c), Sample#16 Pd 50nm (d), Sample#17 Cr 200nm (e), Sample#18 Cr 100nm (f), Sample#19 Cr 50nm (g), (Table 4.2)
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	2 Results comparison for VM144			
			Target	ANSYS	Ratio
	SOLID185 model	Displacement, in	0.832	0.832	1.00
		Stress x TOP , psi	2258	2257.57	1.00
		Stress x BOT , psi	1731	1730.56	1.00
	SOLID186 model	Displacement, in	.832	.832	1.00
		Stress x TOP , psi	2258	2257.57	1.00
		Stress x BOT , psi	1731	1730.57	1.00
	SOLSH190 model	Displacement, in	.832	.832	1.00
		Stress x TOP , psi	2258	2257.57	1.00
		Stress x BOT , psi	1731	1730.57	1.00
	SHELL281 model	Displacement, in	.832	.832	1.00
		Stress x TOP , psi	2258	2257.567	1.00
		Stress x BOT , psi	1731	1730.564	1.00

Table 2 .

 2 3 Results comparison: theoretical solution, SOLID185 model and SOLSH190 model, for ΔT=100K

	Target	ANSYS	Ratio

Table 2 .

 2 [START_REF] Ch | Multilayers in synchrotron optics[END_REF] Material properties of the Si substrate material and layer materials [66][START_REF]Properties: Boron Carbide (B4C) -Properties and Information about Boron Carbide[END_REF] 

	Material properties	α (×10 -6 /K)	E (GPa)	Poisson's ratio ν
	Si	2.6	112.4	0.28
	B 4 C	6.3	417	0.20
	W	4.4	400	0.28

Table 3 .

 3 1 Bulk material properties of the Si substrate and layer materials (B 4 C, Rh, Ni, Pt, Pd) (in blue) [66][67][68]

	Material	K (W/m/K)	α (×10 -6 /K)	E (GPa)	Poisson's ratio ν
	properties				
	Si	148	2.6	112.4	0.28
	B 4 C	42	6.3	417	0.20
	Rh	151	8.5	359	0.26
	Ni	60.7	13.1	207	0.31
	Pt	69.1	9.1	171	0.39
	Pd	71.2	11.1	117	0.39
	Cr	69.1	6.2	279	0.21

Table 3 .

 3 

	Parameters	T_max (K)	RMS slope	Peak slope (μrad)
			(μrad)	
	Coated	313.795	31.428	70.543
	No coated	313.794	31.426	70.539

2 Single layer mirror, water cooling, results comparison (maximum temperature, RMS slope in footprint area, and peak slope) between coated and non-coated models

Table 3 .

 3 [START_REF] Barrett | X-ray optics at the ESRF[END_REF] Single layer mirror, uniformly cooled down by LN2 from room temperature (293K) to 80K, stress components on the top and bottom of the coating layer (at the position of Top center) ("+"for tensile)

	Components	X	Z	Eqv
	Stress value (MPa) top	+575.046	+575.049	575.048
	Stress value (MPa) bottom	+575.047	+575.049	575.048

Table 3 .

 3 

	Parameters	T_max-T_cool	ΔT
	Water cooling	313.8-293=20.8 K	0.553 mK
	LN 2 cooling	85.2-80=5.2 K	0.553 mK

5 Single layer mirror, temperature results comparison between water cooling and LN 2 cooling

Table 3 .

 3 

	Stress Components	X	Z	Eqv
	Top (MPa)	+556.603	+556.876	556.713
	Bottom (MPa)	+556.605	+556.878	556.715

6 Single layer mirror, LN 2 cooling with heat load, stress components on the top and bottom of the coating layer (at the position of Top center) ("+"for tensile)

Table 3 .

 3 [START_REF] Parratt | Surface Studies of Solids by Total Reflection of X-Rays[END_REF] Single layer mirror with different layer materials, summary of thermal stress in the coating layer, calculated by bulk material properties

	Layer thermal stress	Water cooling	LN 2 cooling	UTS
	B 4 C	48 MPa	575.0	261~569 MPa
	Rh	66 MPa	762.6	951 MPa
	Ni	69 MPa	765.5	380~620 MPa
	Pt	43 MPa	476.5	120~140 MPa

Table 3 .

 3 8 Single layer mirror with different layer materials, layer stresses recalculated by thin-film material properties

	Layer thermal Stress	Water cooling	LN 2 cooling	UTS
	B 4 C	4.8 MPa	57.5 MPa	>261~569 MPa
	Rh	16.5 MPa	381.3 MPa	>951 MPa
	Ni	17.3 MPa	382.8 MPa	>380~620 MPa
	Pt	10.8 MPa	238.3 MPa	>120~140 MPa

Table 3 .

 3 

	Coated	411.036	69.400	177.934
	No coated	411.024	69.394	177.903

9 Multilayer, water cooling, results comparison (maximum temperature, RMS slope in footprint area, and peak slope) between coated and non-coated models Parameters T_max (K) RMS slope (μrad) Peak slope (μrad)

Table 3 .

 3 

	Stress Components	X	Z	Eqv
	For Pd sub-layer (MPa)	+337.9	+338.3	338.1
	For B 4 C sub-layer (MPa)	+464.8	+466.0	465.4

[START_REF] Ice | Focusing optics for a synchrotron x-radiation microprobe[END_REF] 

Multilayer, LN 2 cooling, with heat load, stress components of top center ("+" stand for tensile) in sub-layers

Table 3 .

 3 [START_REF] Lingham | Plasma-Assisted Sputter Deposition of Multilayer Mirrors for Hard X-Ray Synchrotron Applications[END_REF] Multilayer, stress summary calculated by bulk material properties

	Stress	Water cooling	LN 2 cooling	UTS
	B 4 C sub-layer	278 MPa	575 MPa	261~569 MPa
	Pd sub-layer	208 MPa	408 MPa	130~320 MPa

Table 3 .

 3 [START_REF] Spiller | Low-Loss Reflection Coatings Using Absorbing Materials[END_REF] Multilayer, stress summary re-calculated by thin-film material properties

	Stress	Water cooling	LN 2 cooling	UTS
	B 4 C sub-layer	27.8 MPa	57.5 MPa	>261~569 MPa
	Pd sub-layer	104 MPa	204 MPa	>130~320 MPa

Table 3 .

 3 [START_REF] Haelbich | Multilayer interference mirrors for the XUV range around 100 eV photon energy[END_REF] Layer thermal stress at liquid nitrogen temperature, calculated by thin-film material properties, compared with the UTS [66][67][70] 

	Layer material	B 4 C	Pd	Cr	Pt	Ni
	Stress (tensile) / MPa	57.5	203.9	191.1	238.3	382.8
	UTS / MPa	261~569	130~320	83~282	120~140	380~620

Table 4 .

 4 1 Accuracy of one single measurement: for each of the four samples, the mean value and the standard deviation are from 100 measurements of wavefront curvature

	Sample number	41	42	43	44
	Coating	[Ru/B 4 C] 25 8nm	[Ru/B 4 C] 50 5nm	[W/B 4 C] 120 2nm	[Ru/B 4 C] 200 2nm
	Substrate		Si 750 μm	
	Mean (1/m)	0.05432	0.07099	0.04871	0.04662
	Standard	1.859e-4	1.501e-4	1.575e-4	1.730e-4
	deviation (1/m)				

Table 4 .

 4 2 List of samples: nine single layer coated samples and nine [Pd/B 4 C] multilayer samples

					Single layer samples				
	Sample	11	12	13	14	15	16	17	18	19
	Layer	B4C	B4C	B4C	Pd	Pd	Pd	Cr	Cr	Cr
		50nm	20nm	10nm	200nm	100nm	50nm	200nm	100nm	50nm
				[Pd/B 4 C] multilayer samples			
	Sample	21	22	23	24	25	26	27	28	29
	Number of	90	60	45	30	20	10	6	3	2
	periods									
	Period	2 nm	3 nm	4 nm	6 nm	9 nm	18 nm	30 nm	60 nm	90 nm
	thickness									
	Substrate			Double polished Si wafer, thickness 200μm		

Table 4 .

 4 3 Bulk material properties used for the calculation[66] 

	For bulk	α (×10 -6 /K)	E (GPa)	Poisson's ratio ν	K (MPa/K)
	material				
	Si	2.6	112.4	0.28	0
	B 4 C	6.3	417	0.20	1.92
	Pd	11.1	117	0.39	1.63
	Cr	6.2	279	0.21	1.27

Table 4 .

 4 [START_REF] Barrett | X-ray optics at the ESRF[END_REF] Experiment results of nine single layer samples, the Young's modulus (E) is modified from K values by assuming that the CTE of thin film is identical to the bulk material

	Layer	B4C	B4C	B4C	Pd	Pd	Pd	Cr	Cr	Cr
		50nm	20nm	10nm	200nm	100nm	50nm	200nm	100nm	50nm
	Slope	9.29	16.8	8.82	254	112	36.0	186	48.9	24.7
	(×10 -6 /m/°C)									
	K (MPa/°C)	0.193	0.874	0.918	1.322	1.166	0.749	0.968	0.509	0.514
	Error bar for									
	K	0.145	0.443	0.740	0.0406	0.0684	0.133	0.0411	0.0749	0.155
	K_bulk		1.93			1.63			1.27	
	E (GPa)	41.8	189	198	94.8	83.7	53.8	212.6	112.2	113
	Error bar for									
	E	31.4	95.8	160	2.9	4.9	9.5	9.0	16.8	34.3
	E_bulk (GPa)		417			117			279	

Table 4 .

 4 5 Experiment results of nine [Pd/B 4 C] multilayer samples

	Sample	21	22	23	24	25	26	27	28	29
	Number of	90	60	45	30	20	10	6	3	2
	periods									
	Period	2 nm	3 nm	4 nm	6 nm	9 nm	18 nm	30 nm	60 nm	90 nm
	thickness									
	Slope	107	58.2	44.6	102	84.6	106	88.8	74.4	89.4
	(×10 -6 /m/°C)									
	K (MPa/°C)	0.615	0.334	0.255	0.580	0.477	0.584	0.474	0.369	0.414
	Error bar for									
	K	0.0517	0.0607	0.0563	0.0445	0.0627	0.0622	0.0629	0.0508 0.0615
	K_bulk	1.781	1.781	1.782	1.782	1.784	1.787	1.792	1.801	1.810
	K / K_bulk	0.345	0.188	0.143	0.325	0.267	0.327	0.265	0.205	0.229

Table 4 .

 4 6 K and Young's modulus for Pd sub-layers by assuming zero K for B 4 C sub-layers, and the CTE is assumed to be identical to the bulk Pd

	Layer	Pd	Pd	Pd	Pd	Pd	Pd	Pd	Pd	Pd
		2nm	3nm	4nm	6nm	9nm	18nm	30nm	60nm	90nm
	K (MPa/°C)	1.24	0.674	0.516	1.18	0.978	1.23	1.03	0.861	1.04
	K_bulk					1.63				
	E (GPa)	88.8	48.3	37.0	84.6	70.2	88.0	73.7	61.7	74.2
	E_bulk (GPa)									

Figure 4.21 Experimental results: Young's modulus versus film thickness for Pd, by assuming that the CTE is identical to the bulk Pd

  The techniques are explained in detail in Chapter 2.3.3. Length/2,0,-Ty,0,-Width/2,HP-Tz BLOCK,-Length/2,0,-Ty,0,HP+Tz,Width/2 BLOCK,-Length/2,0,-Height,-Ty,-Width/2,HP-Tz BLOCK,-Length/2,0,-Height,-Ty,HP-Tz,HP+Tz BLOCK,-Length/2,0,-Height,-Ty,HP+Tz,Width/2 Get the exactly same mesh as the top surface of the substrate AGEN, N1,all, , , ,offset, , ,0 ! Generate the meshing with an offset, N1_sec: number of sections aclear,A_base1 ! Delete the surface mesh of the top surface of the substrate allsel

	! Parameters ! Thermal load parameters Pa0=124.5/27.8/27.8*1e9 D_ainc=0.63 Pi=3.14 ainc=D_ainc*Pi/180 Pa_ID=Pa0*sin(ainc) ! Cooling parameters Hcv=10000 T_water=20 ! Slits Sh=1.5e-3 Sv=0.7e-3 ! Footprint HP=4e-3 Hfp=Sh Vfp=Sv/sin(ainc) Depth=Hfp ! Geometry parameters Length=0.135 Height=0.04 Width =0.04 ! Transition part geometry parameters ! W/m2, Peak power density, ! deg, co-incidence angle, 0.63-0.8-1.0-1.2-...-2.0 ! W/m2 ! W/m2/k ! degree C ! m ! m ! m, Beam horizental position ! m ! m ! m, x direction, Vertical ! m, y direction ! m, z direction, Horizental Ty=4*Depth Tz=4*Hfp ! Detected area SHv=10.5e-3 ! 4.6/sin(26 degrees) SHh=5.8e-3 ! Layer-mesh control parameters, layer along y direction N =20 ! Number of periods Th=0.2e-3 ! Period thickness N0=20 ! Number of layers for each shell section N1=2*N/N0+1 ! Number of shells Offset=0.01 ! Offset between shell ! Pre-processing /prep7 ANTYPE,STATIC /TITLE, Multilayer FE model et,1,solid185 ! tansferred to solid70 after ETCHG,STT et,2,shell131 SECTYPE,1,SHELL *do,i,1,N0/2 SECDATA,Th/2,2 ! LAYER 1: THK,MAT SECDATA,Th/2,3 *enddo KEYOPT,2,3,1 ! maximum number of layers = 31 KEYOPT,2,4,N0 ! number of layers KEYOPT,2,6,1 ! TBOT is replaced with TEMP, SECOFFSET,BOT ! Defines the section offset for cross sections. ! Material properties based on Si Mp,kxx,1,124 ! W/m-K Mp,alpx,1,2.6e-6 ! /K Mp,ex,1,112.4e9 ! MPa, Young's Modilus Mp,nuxy,1,0.28 ! Material properties based on W /prep7 ANTYPE,STATIC /TITLE, Example multilayer model ET,1,solid185 ! Transferred to solid70 after ETCHG,STT ! Substrate meshing BLOCK,-Vfp/2,0,-Depth,0,HP-Hfp/2,HP+Hfp/2 ! Load part BLOCK,-Length/2,0,-Ty,0,HP-Tz,HP+Tz ! Transition part BLOCK,-SHv/2,0,-Depth,0,HP-SHh/2,HP+SHh/2 ! S-H detecting vovlap,all numc,all ! Half model numc,all ! Mesh operation ESIZE,0.0004 MSHAPE,0,3D MSHKEY,1 VMESH,1,4 esize,0.002 VMESH,6,10 MSHAPE,1,3D MSHKEY,0 VMESH,5 /VIEW,1,1,1,1 /REP ! Transfer element type from structural to thermal ETCHG,STT ! Multialyer part, based on the substrate meshing asel,s,loc,y,0 ! Select the top surface of the substrate CM,A_base1,area ! Create area component for further use type, 2 ! Set element type to SHELL131 secnum, 1 ! Set to the corresponding section esize ! Element size control amesh,all ! /ESHAPE,1 ! Displays element shape EPLOT *DO,i,2,N1-1,1 ! Loop all sections from bottom to top sequentially *DO,j,nmin,nmax,1 ! Loop nodes of one section *GET,NX,NODE,j,LOC,X ! Get the X,Z position of node j *GET,NZ,NODE,j,LOC,Z NY1=(i-1)*offset ! For the ith section NY2=i*offset ! For the (i-1)th section ncoin1=NODE(NX,NY1,NZ) ! Select the nodes with the same X,Z position ncoin2=NODE(NX,NY2,NZ) CE,next,0,ncoin1,TTOP,1,ncoin2,TEMP,-1 ! Connected by constraint equations, setting the ! top temperature of the "down" section equals to the bottom ! temperature of the "up" section *ENDDO *ENDDO ! Loading and solving /sol tunif,T_water ! Two-sides water cooling NSEL,s,LOC,Z,-Width/2 NSEL,a,LOC,Z,Width/2 SF,all,CONV,Hcv,T_water ! Heat flux, uniform, element surface load nsel,s,loc,y,(N1-1)*offset nsel,r,loc,x,-Vfp/2,0 nsel,r,loc,z,HP-Hfp/2,HP+Hfp/2 esln,s,1 SFE,all,2,HFLUX,,Pa_ID allsel ! BCSOPTION,,MINIMUM ! Memory control command, used when large memory is *DO,k,2,N0,1 ! Take the temperature values of the middle layers *GET,NT,NODE,ncoin,TE%k% NTS((i-1)*N0+k,jj)=NT *ENDDO *GET,NT,NODE,ncoin,TTOP ! Take the temperature value of the top layer NTS(i*N0+1,jj)=NT *ENDDO *ENDDO ! For substrate, save temperature results in 1-D array NTSS *DIM,NTSS,ARRAY,nmin-1 esel,s,type,,1 ! Select the substrate part nsle *DO,i,1,nmin-1,1 ! Loop the nodal number to obtain and store the temperature values *GET,NT,NODE,i,TEMP NTSS(i)=NT *ENDDO allsel ! Structual analysis /prep7 /TITLE, Multilayer Structural Analysis Model ETCHG,TTS ! Element types transfer from thermal analysis to structural analysis cedele,all ! Delete all the constraint equations which are non-effective cmdele,all ! Delete all the components defined for thermal analysis esel,s,type,,2 ! Clear the SHELL181 elements from SHELL131 after element type transfer asle vext,all,,,0, N*Th,0 ! Temperature load for multilayer part esel,s,type,,2 *GET,emin,ELEM,0,NUM,MIN, , , *GET,emax,ELEM,0,NUM,MAX, , , *DO,i,emin,emax esel,s,,,i *DO,j,5,8 nsle,s,POS,j *GET,NN%j-4%,NODE,0,NUM,MAX, , , NN%j-4%=NN%j-4%-nmin+1 *ENDDO *DO,k,1,2*N+1,1 NT1=NTS(k,NN1) NT2=NTS(k,NN2) NT3=NTS(k,NN3) NT4=NTS(k,NN4) BFE,i,TEMP,4*(K-1)+1,NT1,NT2,NT3,NT4 *ENDDO *ENDDO Allsel ! Loop nodal number to apply temperature loads for the substrate *DO,i,1,nmin-1,1 NT=NTSS(i) BF,i,TEMP,NT *ENDDO /eshape,1 /pbf,temp,,1 BLOCK,-numm,all demanded aclear,all /rep ! Construct connection by constraint equations nsel,s,loc,y,offset solve adele,all ! Select the nodes of the bottom section finish allsel ! Structural constraints, Free and Symmetry *GET,nmax,NODE,0,NUM,MAX ! Get the maximum node number /POST1 /SOL *GET,nmin,NODE,0,NUM,MIN ! Get the minimum node number PLNSOL, TEMP ! Construct multilayer part ncoin=NODE(-Length,-Height,-Width/2) allsel /prep7 D,ncoin,Uy ! Construct connection between the bottom section and the substrate *DO,j,nmin,nmax,1 ! Store temperature results of multilayer part, et,2,solsh190 ! Element definition, Element reference number: 2 D,ncoin,Uz ! Loop all the nodes of the bottom section *GET,NX,NODE,j,LOC,X ! Save temperature results in 2-D array NTS KEYOPT,2,2,1 ! Include enhanced transverse-shear strains. It is necessary for the ncoin=NODE(-Length,-Height,Width/2) ! Get the X,Z position of node j *DIM,NTS,ARRAY,2*N+1,nmax-nmin+1 ! Define array correct D,ncoin,Uy *GET,NZ,NODE,j,LOC,Z NY1=0 *DO,i,1,N1-1,1 ! calculation of shear strains and stresses. NSEL,s,loc,x,0 ! For the top surface of the substrate NY2=offset *DO,j,nmin,nmax,1 ! Loop nodes of the bottom section KEYOPT,2,8,1 ! For multilayer elements, store data for top and bottom for all layers. DSYM,SYMM,X ! For the bottom section ncoin1=NODE(NX,NY1,NZ) jj=j-nmin+1 ! Get the X,Z position of each node SECTYPE,1,SHELL ! Section definition ALLSEL ! Select the nodes with the same X,Z position from the *GET,NX,NODE,j,LOC,X ! Loop for definition of periods of two types of alternative materials SOLVE bottom *GET,NZ,NODE,j,LOC,Z FINI ! section and the substrate NY=i*offset *do,i,1, N ncoin2=NODE(NX,NY2,NZ) nsel,s,loc,x,NX ! Select the node from the ith section with the same X,Z SECDATA,Th/2,2 ! Bottom layer: with thickness Th/2, material number M1 ! Postprocessing CE,next,0,ncoin1,TEMP,1,ncoin2,TEMP,-1 ! Connected by constraint equations, setting position SECDATA,Th/2,3 ! Second layer: with thickness Th/2, material number M2 /POST1 the nsel,r,loc,y,NY *enddo PLNSOL,U,Y ! bottom temperature of the bottom section equals nsel,r,loc,z,NZ ! Generates multilayer part by extruding the top surface of the substrate PLNSOL, S,EQV, 0,1.0 ! Von mises stress ! to the temperature of the substrate top surface *GET,ncoin,NODE,0,NUM,MAX, , , ! Take the nodal number type,2 LAYER,1 *ENDDO *GET,NT,NODE,ncoin,TEMP ! Take the temperature value of the bottom layer asel,s,loc,y,0 /REP ! Construct connection between multiple sections NTS((i-1)*N0+1,jj)=NT ! Stored in the right position of array NTS esize,,1 LAYER,2

The default is NUM=0, meaning that the entire element is considered to be the default "layer." Accordingly, the results data are from the bottom of the bottom sub-layer and the top of the top sub-layer. Layer,ALL makes the same effect as Layer,0. If /ESHAPE,1 is specified, the layered elements are displayed with shapes determined from the section definition. The edges of each sub-layer will be shown and the results data is performed for all sub-layers.

In conclusion, the thermal-structural coupled analysis model of multilayer optics has been implemented by using ANSYS layer-functioned elements. Both steady-state and transient analysis are able to be performed. Different material models, as plasticity, hyper-elasticity, stress stiffening, creep, large deflection, and large strain capabilities, are available for the layer-functioned elements. The multilayer model can be built based on the substrate meshing. The number of elements is reduced by a factor of 31 maximum for thermal analysis and by a factor of the number of sub-layers for structural analysis. The number of sub-layers feasible for the present computers is increased a lot. A model with more than 1000 sub-layers has been successfully tested. A summary of the multilayer elements for thermal and structural analysis is listed in Table 2.4. 

Results validation

The elements' performance of the layer-functioned elements for both thermal analysis and structural analysis has been tested by simplified models. However, for multilayer optics, the multilayer elements are connected to the solid elements of the underlying substrate. The nonuniform distribution of the heat flux, temperature, deformation, strain and stress may lead to some uncertainties. The accuracy may also be influenced by the special setting of orthotropic material properties which is used to correct the performance of structural multilayer elements. Two models have been developed to validate the multilayer model in this chapter. Firstly, uniform temperature rise is used as thermal load for the multilayer. The FEA results are compared with the theoretical solution. Secondly, the layers are assumed to be "thick", so the multilayer part can be constructed by common solid elements. The FEA results from multilayer elements and solid elements are compared for the non-uniform heat load condition.

Summary

In this Chapter, the thermal-structural coupled analysis model of multilayer optics has been implemented by using ANSYS layer-functioned (multilayer) elements. Thermal analysis is performed by shell-type multilayer elements. Multi shells are constructed and connected by constraint equations. Structural analysis is performed by solid-type multilayer elements. Techniques are developed to apply the temperature result from thermal analysis as body loads for the structural model. The validity of the FE model is verified by comparing results with theoretical solution and FEA using common solid elements. This FE model provides a simulation tool for predicting the performance of multilayer under SR white beam exposure. Various beam conditions, cooling parameters, geometries and types of coatings can be studied for a specific application.

Summary

For the single layer mirror and the multilayer monochromator under SR X-ray white beam exposure, the influence of the coatings on temperature and deformation are negligible. The stress in the substrate is only slightly increased (<0.1%). However, very large layer stress is induced from different CTEs between the layer and the substrate materials. For the water cooling condition, the layer is under compressive stress of tens of MPa induced by the X-ray beam power. For the liquid-nitrogen cooling condition, however, large tensile stress of several hundreds of MPa is formed in the layer as the optics is cooled more than 200 K down to liquid-nitrogen temperature. This tensile thermal stress can exceed the UTS of the layer for some kinds of materials. The thermal stress in multilayer optics depends on the difference in CTE between the layer material and the substrate material, but it is independent on the CTE difference between different sub-layers. In principle, to minimize the thermal stress, the coating material should have a CTE closer to that of the substrate, smaller Young's modulus and Poisson's ratio. The material strengths and the failure modes of the coating layers are discussed at the end of this chapter.

Summary

In this Chapter, B 4 C, Pd, and Cr single layers and [Pd/B 4 C] multilayers of thicknesses in the nanometer range are prepared. Curvature changes versus temperature are measured using a Shack-Hartmann wave front sensor. Films coated on 200 μm thin Si wafers induce significant curvature changes over a temperature range from 60°C to 200°C. A combined parameter including Young's modulus, thermal expansion coefficient (CTE) and Poisson's ratio is introduced to describe the deformation properties of the thin-film layers. This parameter K can be deduced from the measurement of the curvature change of coated Si wafer due to uniform temperature change (ΔT). The experimental results show that the measured K values of all these three coating materials are smaller than the K values calculated with the bulk material properties. As the thermal stress and deformation of the multilayer optics are proportional to this parameter K, we can reasonably conclude that the real thermal stress and strain in the coating layer of a mirror or multilayer optics are significantly smaller than the calculated results with bulk material properties for the coating layer. This is particularly true for the thin B 4 C films.

Annex 3 Shack-Hartmann instrument description

The Shack-Hartmann wavefront analyzer is a versatile instrument that can be deployed in rough environments where interferometers cannot operate. What we used for the experiment is the HASO3-32 product with R-Flex 32 as the beam source, which is purchased from the company Imagine Optics (France). The corresponding software is HASO v3.0. The sensor specifications are listed in Table A3.1.