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ABSTRACT

Athena (Advanced Telescope for High Energy Astrophysics) is an x-ray observatory using a Silicon Pore Optics
telescope and was selected as ESA’s second L-class science mission for a launch in 2028. The x-ray telescope consists of
several hundreds of mirror modules distributed over about 15-20 radial rings. The radius of curvature and the module
sizes vary among the different radial positions of the rings resulting in different technical challenges for mirror modules
for inner and outer radii.

We present first results of demonstrating Silicon Pore Optics for the extreme radial positions of the Athena telescope.
For the inner most radii (0.25 m) a new mirror plate design is shown which overcomes the challenges of larger
curvatures, higher stress values and bigger plates. Preliminary designs for the mounting system and its mechanical
properties are discussed for mirror modules covering all other radial positions up to the most outer radius of the Athena
telescope.
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1. INTRODUCTION

Silicon Pore Optics (SPO) are the baseline technology for ESA’s Athena x-ray observatory. Athena has been selected as
the second large class (L2) mission in the ESA science programme. The observatory consists of a single, large telescope,
assembled from several hundreds of mirror modules. The key requirements for the optics are an angular resolution of
below 5 arcsec half energy width (HEW) and a large effective area. An ESA internal concurrent design facility (CDF)
study has established a first mission design [1,2] and two parallel system studies by the European space industry are
starting in 2015. The size of the telescope is an important driver to maximise the effective area (towards the 2 m?
effective area at 1 keV as requested by the mission proposal), but other constrains like available launch adapter sizes,
mechanical stability and the mission cost cap of about 1 billion Euro to ESA have to be further evaluated before
establishing the mirror radius.

Optics for EUV, X-Ray, and Gamma-Ray Astronomy VI, edited by Stephen L. O'Dell, Giovanni Pareschi,
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Figure 1: An example of the telescope layout is shown on the left with a mirror design using 19 rings and a total of 972
MMs. A photo of the MM is shown on the top right together with a detailed view (bottom right) of the reflective Silicon
surface (without coating) and the pore structure.

The Silicon Pore Optics technology is based on using a modular approach, where the telescope is segmented into many
small (about 10x5x20 cm?®) mirror modules (MM) [3,4]. Each MM is an off-axis Wolter I optics. Figure 1 illustrates the
concept with a layout example using 972 MMs distributed over 19 rings. One MM consists of 70 plate pairs distributed
over 4 mirror stacks. Each plate has many pores, separated by ribs which are used to bond the plates together and to form
a stack with a rigid structure.

The SPO technology has been developed during the past decade by ESA and a large consortium of industrial and
institutional partners. During these past years, several mission proposals were discussed (XEUS, IXO, Athena [5-7])
with different mirror diameters and focal lengths. But the SPO technology can be applied over a large range of these
optical design parameters (focal length: f, inner and outer mirror radius: r;, and r,,) by only adjusting a few design
parameters of the mirror plates. The affected parameters on the mirror plate level are the plate length /, the bending
radius 7 and the plate wedge angle 6. During the initial phase of the technology development all SPO manufacturing
processes were developed and demonstrated for a typical set of values /, » and 6, corresponding to a MM in the middle
position of the telescope (as shown in Figure 1). With the selection of Athena, a more precise (although not yet final)
telescope design envelope became available which allows to extend the development activities to demonstrate the most
inner and outer MMs currently considered for the Athena mission. In 2014 and 2015 ESA started activities to design and
manufacture MMs for the innermost radius (7;, = 25 cm, / = 11 cm) and outermost radius (7., = 1.5 m, 1 =2 cm). The
following sections will first present the current status for the innermost mirror module development and then present
mechanical designs for MMs covering all radii.

2. INNER RADIUS MIRROR PLATE DESIGN

The innermost MMs have the smallest bending radius, the largest plate length and the largest wedge angle. All of these
three extremes pose specific challenges to the design and manufacturing process and equipment. The current design of
the innermost mirror plates is shown in Figure 2 together with a photo of a plate from the first manufacturing batch.

Proc. of SPIE Vol. 9603 96030L-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/07/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



-t . 7 middle groove

Figure 2: Inner mirror plate (radius 250 mm) with a width of 49 mm, large rib spacing (2.27 mm) and thinner membranes
(140 pm thick mirrors). This mirror plate has been manufactured in preparation for the production of the first inner mirror
module for Athena. The mirror plate production equipment was upgraded to maintain the good production yield despite the
tighter requirements.

Figure 3: Drawing of the bottom, right part (base plate and first 5 mirror plates, right half only) of an inner radius stack. The
centre ribs (left side of the illustration) are co-aligned while the ribs towards the outside (right side of the illustration)
accumulate a significant offset.

The plate size is ultimately limited by the size of available double-side polished Silicon wafers with sufficient surface
quality. Currently, 300 mm wafers offer the best quality and are sufficiently large to dice them into mirror plates with the
required length of 11 mm. The width of the mirror plates is a free design parameter independent on the optical telescope
design. But MMs with wider plates become more complex to manufacture, while MMs with less wider plates offer less
effective area as a larger part of the telescope aperture is blocked by the mounting interfaces of the MMs. In general,
plate widths of up to 10 cm are foreseen for the Athena telescope design. For the innermost radius, a width of 49 mm
was selected as a baseline for the technology development. This allows for a cost-effective use of manufacturing 8 mirror
plates from a single 300 mm wafer and to use existing metrology equipment for surface measurements. The effective
area at 6 keV of a telescope layout with about 50 mm wide MMs for the innermost radii has been calculated to be 2540
cm? (including 10% loss allocated to manufacturing inaccuracies and contamination) which is compliant with the Athena
requirement of 2500 cm? The effective area at 1 keV is dominated by the middle and outer radii and not affected
significantly by the design of the inner radii. It is also noted, that the plate design now uses a pore size of 2.27 mm
(instead of 0.83 mm of previous SPO MMs) which further helps increasing the effective area, especially off-axis.

The smaller bending radius for the innermost MMs leads to two design challenges. First, the bending moment induced by
the elastic deformation of the plates scales with the power of 1/7. Second, the ribs of the mirror plates are having a larger
offset when being stacked on top of each other as is illustrated in Figure 3. This is specifically important for the
(inverted) baseplate and the first mirror plate, where a sufficiently large contact area between the ribs is required to
maintain a stable bonding.
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Figure 4: The effect of different wedge angles is illustrated for three configurations (a): 1/3, (b): 0/2, (c): -1/1. Two
collimated beams (red) are each subject to two reflections on mirror surface pairs (black). The top pair of mirror surface is
tilted by a different angle (an integer multiple of §) with respect to the bottom mirror. The total relative deviation angle on
the two beams is 46 in all three cases. The figure is not to scale and highly exaggerates the angle  which is a 3.3 arcsec for
the Athena design. See text for a more detailed explanation.
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The bending moment can be reduced by using a smaller mirror membrane thickness z. Manufacturing of first trial plates
has demonstrated that the membrane thickness can be reduced from 170 pm (from previous projects) to 140 um (current
baseline for the inner MMs) without a strong impact on the process yield. As the bending moment scales with £, the
impact of the design changes for the inner most modules leads to a (140° um?® x 74 cm)/(170° um?3 x 25 ¢cm) = 1.65 times
higher bending moment compared to the previously built and tested MMs [8]. A further optimisation of the structural
robustness is reached by increasing the width of the outermost end-ribs to about 0.8 mm (see also Figure 2 and 3).

The problem of increasing rib offsets can also be mitigated by adapting the rib width. A design with a variable rib size
(small ribs in the plate centre and increasing ones towards the edges, see Figure 2 and 3) leads to a constant rib-to-rib
bonding area. In the specific case of the 25 cm radius MM design, the rib width is increasing from 170 pm to 298 pm
(excluding the outermost ribs).

The final design aspect of the innermost mirror plates discussed in this paper is the wedge angle. Each mirror plate
within one stack needs to be inclined by a small angle 6 with respect to the neighbouring ones in order to focus a
collimated beam towards a common focal point. In a Wolter I mirror configuration, the two reflections are usually
designed to have nearly equal grazing angles with respect to the mirror surfaces. For two plates (and using the conical
approximation for simplicity), this leads to wedge angles of 15 (39) for the first (second) mirror plate as illustrated in the
top part (a) of Figure 4. We refer to this geometry as 18/39, or in short 1/3. The total correction of the reflection angle is
48. The wedging angle scales as 3~h/4f, where A = 775 um is the plate height (equal to the wafer thickness). With the
wedge angle being constant over all MMs, the varying plate length results in a larger wedge height 4,, = / tand for the
innermost MMs.
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Currently manufatured plates

Wedge angle + plate length increased to create inner radii plates
Figure 5: Different wedging configurations (not to scale) for middle radius MM plates and inner radius MM plates. The top,
red triangles indicate the wedge (in the SiO2 layer), the middle, blue layer indicates the remaining SiO2 layer remaining on

top of the Si wafer (grey, bottom part). 33 plates for the inner radii (bottom right) would require a significant larger SiO2
layer as used so far. The -1/1 configuration would only need the 13 plates as shown on the lower left side.
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The wedge angle is manufactured into a SiO2 layer covering the Silicon wafers (see Figure 5). The commercial
availability of wafers with SiO2 layers above 2 um is very limited and therefore defines an upper end for the wedge
height. For the Athena design configuration with /= 12 m the 36 wedge of the secondary mirror plate would approach
the limits of the available SiO2 thickness and an alternative solution is presented in the following.

The 48 correction can not only be achieved in the 1/3 configuration, but also with different wedge angles as long as the
difference between the first and the second plate is always 28. Two more examples are illustrated in Figure 4. The
middle part (b) shows a 0/2 configuration and the bottom part (c) a -1/1 configuration.

Only the 1/3 configuration is the optimal one from the point of view of minimizing aberrations. But other combinations
are equivalent to rotating each plate slightly with respect to the ideal position: each plate is progressively more off-axis,
but still focus properly. Monte Carlo simulations were performed to compare the standard configuration 1/3 with other
configurations and no significant differences could be observed in the imaging quality. This is not a surprise as the HEW
of the optics changes very slowly with off-axis angle for the first few arcmin. With a 0/2 wedging strategy each plate
accumulates one wedge unit of off-axis angle, in this case about 3 arcsec. After 35 plates this amounts to 1.8 arcmin, not
enough to have any significant impact on the angular resolution of the entire system. The -1/1 configuration is also
possible, it simply means that the plates are rotated by two wedge units at each step, leading to a total of 3.4 arcmin for a
stack of 35 plates.

Using the 0/2 or the -1/1 configuration significantly reduces the technical challenge of manufacturing larger wedge
heights for the innermost MMs and even has several additional advantages. In case of the 0/2 configuration, the primary
mirror plate does not require wedging at all, removing this process step for 50% of all mirror plates. In case of the -1/1
configuration, the plate design for the primary and secondary plates is identical, they are only used in different
orientations when being stacked on top of the primary or secondary mandrels. Here, the number of different plate designs
is reduced by 50%. The SPO development activities have selected the -1/1 configuration as the best baseline for the
innermost radii but the same configuration is also evaluated for being used at other radii.

3. MIRROR MODULE MECHANICAL DESIGN

Previous activities have developed a mature design for the brackets and dowel pins for MMs with 20 m focal length at
0.74 m radius and environmental tests have qualified the mounting system design for the expected Athena vibration and
thermal load cases [8]. The design has been adapted for the larger, heavier, innermost MMs, including detailed
mechanical and thermal FEM analysis to demonstrate the compliance with the launch and operational environment. The
inner MM design is shown in Figure 6 together with preliminary design extrapolations for other radial positions.
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Figure 6: Five examples of MM designs for radii ranging from 0.25 m (row 01) to 1.5 m (row 20).

Having a first set of more detailed MM designs is important to enable larger scale FEM analysis of all ~1000 MMs
mounted into the mirror structure as part of the system studies. For this purpose, simplified models for all 20 different
MMs were created, which include the basic geometry, mass, moments of inertia, eigenfrequencies, interface locations
and thermal properties.

4. CONCLUSIONS

We have presented a new design for SPO mirror modules for inner radii. Smaller membrane thicknesses and larger,
variable rib widths are used to optimise the structural stability of the stacks. A new wedge angle configuration reduces
the height requirements for the SiO2 layer by a factor of 3 while also reducing the plate manufacturing cost. First batches
of mirror plates have been manufactured to demonstrate the feasibility of all process step changes without reducing the
yield. A first MM mounting system design for all different radii required for the 12 m Athena configuration was
presented.
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