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Introduction

After the launch of XMM Newton [1] and Chandra [2]
attention soon focused on the mission to follow these
great high energy observatories. Both have state-of-
the-art X-ray optics on board, and any mission to
follow them will have to embark an even more
performant X-ray optics technology. Today, 20 years
later, the European Space Agency (ESA) is studying
the ATHENA mission [3], which will become the next
generation X-ray observatory, complementing the
ground and space observatories working in other
wave-bands. The key enabling technology for
ATHENA is the Silicon Pore Optics (SPO).

The Resolving Power versus Area Density
Challenge

To achieve its science goals, ATHENA requires X-ray
optics, which deliver high angular resolution, twice
better than that of XMM Newton, and a large effective
area, three times larger than that of XMM Newton,
while maintaining a low mass of the optics.

The ATHENA optics challenge is illustrated in figure
1, where the area density of X-ray optics flown to date

is plotted against the resolving power, compared to

ATHENA. Despite the fact, that three different groups
of X-ray optics technologies were used by the past
missions, the area density shows a linear correlation
to the resolving power.

The ATHENA requirements are clearly above this
correlation line, indicating that the combination of
low weight, large effective area and good angular

resolution requires a novel X-ray optics technology.
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Figure 1: The area density of past and current
X-ray optics is correlated to the resolving power
achieved. None of the traditional X-ray optics
technology groups (foil based, replicated, and
monolithic) is able to deliver the X-ray optics
required by ATHENA, combining good angular

resolution, large effective area and low mass [4].




None of the existing X-ray optics technologies, be it
foil based, replicated mirrors or monolithic Zerodur

optics, can satisfy the demanding needs of ATHENA.

The Silicon Pore Optics (SPO) Concept

The X-ray optics flown on the missions listed in figure
1 are based on very different technologies, but they
have one important commonality: the individual X-
ray mirror elements forming the optics are
supported only on a few points, i.e. they are attached
to the support structure via small, very localised
areas. E.g, each of the 58 nickel mirror shells of the
XMM Newton mirror module is attached on only 16
points to the support spider.

As shown in figure 2, the low number of support
points, mostly on the edge of the mirror elements, is
tasked to allow the mirrors to retain their natural
shape, but at the same time makes them susceptible
to deformations under gravity and other forces.
Rather thick mirror elements are necessary, ifa good
angular resolution is to be achieved (e.g, the Chandra

mirrors are 16 to 24 mm thick).

ATHENA requires very thin mirrors, not much
thicker than a sheet of paper, to achieve the large
effective area, while remaining within the allocated
mass. X-ray mirrors that thin are very flexible, even if
made of a stiff material, and are able to span only a

short distance between support points.

By the introduction of the pore optics concept, the
individual mirrors are linked to each other along
lines, resulting in rigid and robust blocks. Each of
these blocks, called stacks, consists of several dozens
of mirror plates, connected to each other via ribs
formed on the backs of the mirror plates. The pore

optics concept requires very accurate machining of

the mirror surfaces and of the ribs connecting the

individual mirror plates.

Monocrystalline silicon was chosen as the base
material for the SPO. Silicon is a strong and stiff
material with good thermal conductivity and
exceptional uniformity and stability, as required for
the fabrication of high performance lightweight X-
ray optics. Benefiting from huge investments from
the semiconductor industry, very high quality silicon
wafers are available today, featuring super-polished,
coplanar surfaces.

Hydrophilic bonding is used to join the mirror plates,
without any glue, thereby avoiding differential

thermal expansion problems.
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Figure 2: The mirror elements of XMM Newton
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and Chandra, and most other X-ray optics flown
to date, are attached to the support structure
via individual points on the edges of the mirror
elemets (see A and B). Ribs on the back side of
thin mirrors provide additional stiffness and
therefore results in a better angular resolution
(see C). With the stacking of such ribbed mirror
plates one obtains the pore optics (see D). The
individual mirrors now have to maintain their
accurate figure over much shorter distances,
and can be made much thinner [5].




Technology Spin-in from the Semiconductor
Industry

Since the beginning of the SPO development [6, 7] a
holistic development approach was followed. The
SPO technology had to satisfy three requirements:
(1) deliver the required performance (effective area,
angular resolution), (2) be compatible with the
expected environmental conditions (launch loads,
long duration operation in space), and (3) be cost
effective to implement. This approach is ensuring a
smooth transition of the SPO technology from the
development to the flight model production phase
[8-13].

Technology spin-in was an essential element of the
SPO development. Highly sophisticated equipment,
materials and processes have been developed for the
semiconductor industry, and form the backbone of

the SPO production.

The mirror plates are made of high quality 12” wafers,
which effectively are delivered with the surfaces
super-polished and figured to the requirements of
ATHENA. These wafers are oxidized, and then
automatically grooved and diced by an industrial
dicing machine, as shown in figure 3. This process
retains the high quality finish on the reflective side of
the mirror plates, and also on the tops of the ribs
generated by the grooving. In the following a wedge is
made on both sides of the mirror plates, by wet
etching of the oxide layers. This wedge is required to
make the stacked mirror plates confocal. Finally, the
mirror plates are coated with a reflective layer of
[ridium. This layer is patterned, leaving the areas in

contact with the adjacent plates uncoated.

The mirror plates are then assembled into stacks,
using a stacking robot specifically developed for this

operation, see figure 4.

Figure 3: Silicon Pore Optics (SPO) mirror
plates are produced using equipment from the
semiconductor industry. Commercial 127
wafers of monocrystalline silicon are ribbed and
diced using automatic dicing machines (top). A
wedge is made on both sides of each mirror
plate, on the flat side later serving as the X-ray
mirror, and the ultra-smooth tops of the ribs.
The wedge creates the coloring visible on the
image in the middle. The bottom image shows a
stack of mirror plates, bonded to each other,

forming a rigid optical element.

The stacking operation requires high cleanliness,and
is conducted in a clean tent inside a clean room. The
operator controlling the equipment is located
outside the cleanroom, in a remote control area. The
stacking is largely automised, and only a few minutes
are required to add a mirror plate to the underlying
stack. The mirror plates are elastically deformed to
conform to the shape of the forming mandrel, onto

which the stack is built. Each new plate bonds to the




preceding plate within seconds, and can be released
from the pre-forming tool. The last step of mounting
a plate is the inspection of the achieved figure by a
fringe reflection metrology system. The stacking
robot is highly instrumented, involving auto-
collimators, cameras, robotic arm, hexapod and

safety systems.

Once assembled into stacks of typically 35 mirror
plates, mirror stacks form a rigid and stable optical
element. Due to the large number of mirror plates,
bonded together via the separating ribs, the elastic
deformation of the mirror plates is locked, and the
shape represents a close copy of the shape of the

forming mandrel.

Modular X-ray Optics

Four stacks are assembled into a mirror module,
using two lateral invar brackets, as shown in figure 5.
These brackets provide three hard points, to which

the isostatic mounting system is connected.

Figure 4: The assembly of the mirror plates into
stacks i1s performed by automatic stacking
robots, remotely controlled by operators. The
time required to mount a mirror plate is only a
few minutes, and the figure of each plate is
inspected after mounting, wusing fringe
reflection metrology (located in the blue box on
the right). The surfaces of the mirror plates are
so smooth, that they are fixed to each other by
hydrophilic bonding. No glue is used to

assemble the mirror stacks.

Figure 5: A Silicon Pore Optics mirror module is
a Wolter-I optical element, reflecting the
incoming X-rays twice, and bringing them to a
common focus in the focal plane several meters
away. The SPO mirror module shown consists
of four stacks of mirror plates, two primary and
two secondary reflectors. The stacks are held in
accurate position by two brackets, which also
serve as interface to the kinematic mount of the
mirror module. The colors visible on the top

plates are caused by interference of light in the

wedged oxide layer on the surface.

The assembly of the mirror modules is performed in
asynchrotron radiation facility. Using an X-ray pencil
beam the positions of the four stacks are accurately
adjusted, before glue is injected to fix the stacks to the
brackets (glue is used between the rigid stacks and
the brackets, not between the sensitive plates within
the stack).



Each SPO mirror module is a complete Wolter-I

optical system.

Developing the Largest X-ray Optics Ever Built

ATHENA requires a 24 meters diameter optics,
consisting of about 700 SPO mirror modules. A
method and the associated tooling were developed
to accurately co-align the mirror modules, and
mount them onto an optical bench, in order to

produce a single focus [14], see figure 6.

The 700 mirror modules on their optical bench form
the Mirror Assembly Module (MAM) of the ATHENA
mission. The MAM is mounted to the ATHENA
spacecraft structure using a hexapod system, which
allows tilting the optics to select the instrument of
choice during the ATHENA operations. As a
consequence, the two complex detector instruments
can remain static, significantly simplifying the

instrument accommodation.

Potential for Ground and Space Applications

The SPO technology is enabling the ATHENA mission,
and was selected for the Arcus mission, studied by
NASA as a Medium Explorer candidate [15]. At the
same time, SPO also has significant potential for

ground applications.

The cost effective production and high performance
of the SPO makes its use in many areas attractive.
Medical diagnostics could benefit from the
introduction of this imaging optics to replace simple
shadow casting and thereby reduce the radiation
exposure of patients. SPO could expand the
possibilities of material testing with X-rays, and
improve the signal to noise of imaging X-ray
fluorescence and diffractometer equipment.

Applications in the security inspection area could

Figure 6: About 700 mirror modules, arranged
in 15 concentric rows, are required to populate
the telescope aperture of ATHENA. The
optical bench structure is formed by a stiff
metallic bench, providing suitable pockets to
install the mirror modules. The complete
mirror assembly is supported by a heaxapod
mechanism, which serves to select the
instrument to use once in orbit, by
correspondingly tilting the mirror assembly and

aligning it towards that instrument.

take advantage of the SPO technology, as could

laboratory instrumentation.
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