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ABSTRACT

Athena is the European Space Agency’s next flagship telescope, scheduled for launch in the 2030s. Its 2.5 m diameter
mirror will be segmented and comprise more than 600 individual Silicon Pore Optics (SPO) mirror modules. Arranged in
concentric annuli and following a Wolter-Schwartzschild design, the mirror modules are made of several tens of grazing
incidence primary-secondary mirror pairs, each mirror made of silicon, coated to increase the effective area of the system,
and shaped to bring the incoming photons to a common focus 12 m away. The mission aims to deliver a half-energy width
of 5" and an effective area of about 1.4 m? at 1 keV.

We present the status of the optics technology, and illustrate recent X-ray results and the progress made on the
environmental testing, manufacturing and assembly aspects of the optics.
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1. INTRODUCTION

For the past 15 years, Silicon Pore Optics have been developed in order to support upcoming X-ray telescopes like Athena
[17, a so-called L-class mission part of the European Space Agency Cosmic Vision 2020 program [2—6].

Athena needs a light-weight reflecting optic that can attain an angular resolution of 5", weigh less than 1000 kg and can
deliver an effective area of about 1.4 m? at 1 keV [7]. Since no existing X-ray mirror technology can meet these
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requirements [1], Silicon Pore Optics were created by the European Space Agency and partners, and have been under
development for a number of years [8-18].

The assembly of the Athena mirror is a challenge not just from the point of view of the performance, but also for the sheer
manufacturing effort: In fact the 2.5 m diameter mirror assembly will be segmented into 600 separate imaging elements
(mirror modules) of 15 different geometries (one for each annulus), and require the manufacturing, handling and assembly
of almost 10° silicon plates for a total of 300 m? of reflecting surfaces. All to be done in two to three years, at a pace
compatible with the mission timeline.

The Mission Adoption Review (MAR), which was scheduled for late 2022, had prompted ESA, cosine, and its partners to
step up their efforts to get the technology ready: in this paper we report the most recent results stemming from these
activities. From the beginning the development of the optics has covered both the scientific and industrial aspects of the
optics, with an iterative development that made it possible to identify and address criticalities at a very early stage and has
led to a manageable list of residual risks that can be efficiently targeted.

2. MASS-PRODUCTION OF SILICON PORE OPTICS

The production steps of Silicon Pore Optics have been described in detail in [9] and are pictorially summarized in figure
1. The process has been consolidated and automatized at such a level that one is mostly left with process optimization steps
to obtain the highest possible optical performance from the technology.
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Figure 1: Production process of Silicon Pore Optics, starting with 300 mm silicon wafers (A). Those are ribbed and diced into
plates (B, C), which are then wedged (D). The wedged plates are lithographically masked and coated (E) and subsequently
stacked using automated stacking robots (F). Pairs of primary and secondary stacks (called X-ray Optic Unit, XOU) are
co-aligned using X-rays and glued into two invar brackets (G, H), resulting in a completed mirror module (I).

Recent developments have led to the production of optics coated with iridium and carbon that have been shown to be able
to withstand the chemical and optics assembly steps required for the mass production effort [19] (figure 2).

Once diced and ribbed, the SPO plates are assembled into a stack with an assembly robot. The stacks are then sent to
laboratory of PTB at the synchrotron radiation facility BESSY II, where they are co-aligned and assembled at the XPBF
2.0 facility [20, 21] under active X-ray illumination into mirror module and bonded to brackets using glue [22]. The
completed mirror module is then packed into dedicated containers and subjected to environmental testing before eventual
integration in the optical bench.
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All process steps up to stack level are now executed with the speed required to make it possible to assemble two mirror
modules per day, as required by the Athena timeline. Pilot production runs are regularly performed to identify process
variability and to exercise the production flow. Figure 3 shows an example of such a production run analysis, where the
time required to complete 8 middle-radius SPO stacks was recorded. The robots required about 4.7 h to complete one
stack, and with manual preparation and finalization steps an average time of 6.6 h per stack was achieved.

Figure 2: Patterned iridium coated and thermally annealed stack, as used for process control to measure the quality and stability
of the coating, lift-off, cleaning, stacking and annealing process.
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Figure 3: Pilot-production run of middle radius stacks using one stacking robot, showing manual, automated and total times
for each of the 8 stacks (identified by their HPO number).

Some of the manual steps can be carried out simultaneously with the automated robot operations, which leads to us being
able to produce two stacks per robot in a 12-hour shift, and with our complement of four robots achieve the target
production rate of 8 SPO stacks per day: this was one of the aspects that needed to be demonstrated for the Athena MAR.

Besides working on the manufacturing aspects, progress has also been made on the optical quality of the optics. One of
the goals to be achieved by the MAR was to show our ability to produce stacks of similar quality in a consistent manner.
In figure 4 we show the evolution of the half-energy width (HEW) as a function of time, as measured in double reflection
using 1 keV X-rays at the XPBF 2 facility, operated by PTB at the BESSY II synchrotron radiation facility in Berlin [21].
XOUs produced and measured in 2022 are all measured to be better than 10" over 100% of their mirror area. If one were
to block the last 10 mm on each side of the optics (for a total of 30% of the 66 mm wide stacks the data refer to), one would
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achieve a HEW of about 7", as shown in figure 5 (independent measurements taken at the PANTER facility). For more
details on these measurements see [23].
Silicon Pore Optics

XOU middle-radius performance
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Figure 4: The time evolution of the quality (expressed as half-energy width) of uncoated middle radius (r ~ 740 mm, rib pitch
1 mm, membrane thickness 0.17 mm) stacks with a height of 34 plates, as measured in double reflection at an energy of
1 keV at the XPBF 2 facility, operated by PTB at the BESSY II synchrotron radiation facility in Berlin. An XOU is made
of a primary and a secondary stack. The XOUs measured in 2022 have a HEW better than 10" over 100% of their mirror
surface, with the central 70% area fraction being as good as 6.5". For information we also show the central 30% and 10%
area fraction.

3. PERFORMANCE IMPROVEMENTS FOR THE ATHENA DESIGN

As reported earlier [9] we are in the process of transitioning the mirror plate and stack geometries from the development
ones in use for a number of years to the those defined by ESA in the Athena nominal optical design. These changes, besides
achieving a better packing of the available aperture, also improve the vignetting properties of the system through thinner
mirror membrane (0.11 mm instead of 0.17 mm) and increased the rib spacing (2.37 mm instead of 1 mm). At a radius of
about 750 mm (at the so-called row 8 of the 15 rows — or rings — in the nominal design) we have equipped two stacking
robots and in 2021 we started developing what we call stacking recipes for this geometry.

One conclusion of the work done at the development geometries has been that the optical quality is affected by the thickness
of the SiO» layer (about 600 nm) on the plates: this variable-thickness layer is required to make the reflecting surfaces in
a stack gradually change their angle as required by the optical design.

One way to reduce the thickness of the oxide layer is to machine this slope directly into the silicon, dispensing with the
need to create a thermal oxide layer that is then shaped by chemical etching: this can be achieved using Ion Beam Figuring
(IBF). We have recently acquired a fully automated IBF machine that is able to do this on 300 mm wafers (figure 6). The
machine is equipped with a wafer handler that can extract 300 mm wafers from their cassettes in a clean manner and move
them into the processing chamber. The wafers are held by a chuck and then moved according to a predefined pattern in
front of a tunable ion beam to achieve the desired thickness profile (see figure 7). The machine can automatically process
25 wafers per run (a standard cassette size in the semiconductor industry): depending on the amount of material to be
removed processing one wafer can take between a few and several hours. Once a cassette is processed it is sent to the plate
manufacturer, where the wafers enter the plate production chain described in figure 1 (obviously, this means that the
chemical etching step in the process can now be removed).
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Figure 5: The HEW (including a fit) and Full-Width-at-Half-Maximum (FWHM) of XOU-0128 as measured at PANTER at
an energy of 1.5 keV as a function of azimuthal position using a 3 mm wide slit mask. A HEW scan, using a 0.1 mm
wide beam at the XPBF 2 facility of PTB at BESSYII is overlaid to show the good agreement between the measurements
done at the two facilities. Reproduced from [23]. Note also the excellent angular resolution in the lateral direction, which
is very beneficial for grating spectrometers, as were proposed for the ARCUS mission.
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Figure 6: lon Beam Figuring machine (left) including a fully automated wafer cassette loader (right), as recently installed at
cosine.

Besides leading to a reduced oxide thickness, better stacks and a more uniform angular profile of the plates—all factors
contributing to better optical performance—, the IBF process makes it possible to manufacture plates with more complex
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plate angle combinations that simulations show would lead to an increased effective area, especially at higher energies
(> 6 keV).
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Figure 7: Relative height deviation map of a 300 mm wafer compared to its average thickness (left). Pattern for ion beam
figuring the silicon wafer into wedged plates (right). Out of such a wafer 8 SPO plates with an identical wedge, but
slightly different absolute thickness, can be cut.

4. COMPLETING THE SPO PRODUCTION CHAIN

Almost every SPO process step has been demonstrated with equipment installed on premises and used as intended for
flight production. One of the steps, cutting the over-sized stacks to the final geometry using a laser has so far been only
done on a demonstration machine at an external supplier. ESA has decided to procure a dedicated machine (see figure 8),
which will be installed at cosine in December 2022.

511D

LCS 305

Figure 8: Laser computer numerical controlled (CNC) machine to cut oversized stacks to size (left). BEATRIX beamline, as
installed at BRERA (right).
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Assembly of segmented X-ray optics requires the availability of a pencil beam X-ray beamline like the XPBF 2, at the
BESSY II synchrotron radiation facility. The BESSY II synchrotron operates in a suitable configuration only for about
half of the time, the remaining time being devoted to special operations, machine shifts and maintenance shut downs. In
order to add redundancy to the assembly process, reduce risk and increase the available beam time, ESA has invested into
the development of a new X-ray beamline, called MINERVA [24], at the ALBA synchrotron near Barcelona (Spain). The
beamline is currently being constructed and we expect first light early 2023.

Finally, work is being done also on the acceptance testing process of the mirror modules. They will be assembled at either
BESSY II or ALBA, and then transported back to cosine for environmental testing. The acceptance criterion will be that
the on-axis point spread function, before and after environmental testing, remains the same, which can be efficiently tested
with a full area illumination beamline such as BEATRIX, as developed by INAF. BEATRIX has seen first light in March
2022, using an SPO inner radius module as test object [25]. We will together with OAB start developing a copy of this
beamline, termed BEATRX-2, to be installed at cosine after the Athena MAR, such that the complete production and
testing rate of two mirror modules per day can be achieved.

5. CONCLUSION

Significant effort has gone in advancing all aspects of the Silicon Pore Optics technology for Athena, to bring it to the
level required for the next mission milestone, the Mission Adoption Review. Progress has been made on the optical quality,
the effective area, the industrialization of the processes, and the related testing and acceptance facilities. The SPO
technology readiness has reached a TRL of about 6 and is ready for adoption. The mass production chain is in place with
all process steps having been demonstrated on actual hardware.

The SPO performance is steadily improving, with the most recent optics modules (in the development geometry with 1
mm rib pitch and no coating) measured on 100% of their area better than 10" and on a large part of the optic better than 7"
HEW. Iridium and Ir+C patterned coatings can be mass produced with high quality and we have started to test developing
multi-layer coatings, to enhance the effective area at 7 keV.

The process optimization will continue, using the established process chain, including the transition to the nominal Athena
geometries, a step that will increase both the effective area and the field of view that can be realized for the mission.
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