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! Per UV si intende quell’intervallo di lunghezze d’onda comprese tra 3400 e 70 Å (~3.6 ÷ 180 eV) 
(1 eV @ 12400 Å)
I limiti dell’intervallo dipendono fondamentalmente dal cut-off atmosferico e dalla capacità di 
riflessione delle ottiche impiegate nei telescopi

Questo intervallo si può 
ulteriormente suddividere 
in tre:
1) Near-UV (3400-2000 Å)
2) Far-UV (2000-912 Å)
3) Extreme UV (912-70 Å)
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I telescopi UV
Si utilizzano telescopi ad incidenza NORMALE sino al FAR UV, anche se 

l’efficienza è molto bassa (pochi %), nell’E-UV si usano telescopi a 
incidenza radente

Es.: FUSE (Far Ultraviolet
Spectroscopic Explorer) ha uno 
specchio di zerodur con un’area di 
~1300 cm2 e rivestito con un 
coating di Carburo di Silicio (SiC) e 
Fluoruro di Litio (LiF).
Tenedo conto dell’efficienza di 
riflessione, in figura sono riportate 
le aree efficaci

N.B. l'UV danneggia i materiali e 
queste EA sono relative all’inizio 
della missione!
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GALEX 2003-2013
GALEX is a 50cm UV-optimized 
telescope that obtains images 
simultaneously in two bands: 1350-
1800Å (far-UV, FUV) and 1800-
2800Å (near-UV, NUV). The field of 
view is 1.2 degrees and the angular 
resolution is ~4.5 arcsec. GALEX 
can also obtain slitless spectroscopy 
(same field of view and spatial 
resolution) with spectral resolution 
of R=200-350 (FUV) and 80-150 
(NUV). The telescope has one 
primary 50 cm mirror, which feeds 
light through either an imaging 
window or an imaging grism, to a 
dichroic beamsplitter, and into two 
sealed-tube microchannel-plate 
photon-counting detectors. The 
effective area is ~35 cm2 for the 
FUV channel and ~65 cm2 for the 
NUV channel.
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I telescopi UV
Spesso sono schemi off-axis per evitare l’impiego di baffles per schermare 

la luce diffusa dai sostegni degli specchi

La messa a fuoco è ottenuta tramite 
movimenti di tip-tilt su ciascuno specchio
Fondamentale è anche la termalizzazione
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I telescopi UV per le osservazioni solari

La termostatazione del telescopio è un problema da non sottovalutare: 
scarsa riflettività è elevato assorbimento di fotoni energetici
il telescopio si scalda e può dilatarsi compromettendo la configurazione ottica.
(NB: se richiedo una precisione ottica di λ/10 con un coefficiente di dilatazione lineare 
10-7, uno specchio con L=300 mm e λ= 100 nm, devo tenere la temperatura stabile 
entro 0.3 K)

Si impiegano materiali con bassissimo coefficiente di dilatazione termica e si 
provvede a prelevare efficacemente il calore captato dallo specchio

Per lo stesso motivo risulta difficile compensare la bassa riflettività degli specchi 
con l’aumento dell’area collettrice
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I telescopi E-UV
Nell’Ex-UV si usano telescopi ad incidenza radente come 

quelli caratteristici dei telescopi X
Gli angoli di incidenza per i quali si ha riflessione totale 

sono di pochi gradi

Materiali tipici sono l’oro e il nikel

La riflettività può essere molto 
elevata, se paragonata 
all’incidenza normale Riflettività del 

telescopio di  
EUVE

6Strumentazione Astronomica 11 202122/04/21



Strumentazione Astronomica: Ultravioletto-X

Condizione di Abbe:
un sistema ottico produce
un’immagine se agisce come
una lente sferica (h/sin(theta)=f)

Negli anni ‘60 Giacconi e Rossi proposero di 
utilizzare un semplice sistema parabolico per 
focalizzare i fotoni X, anche se questo sistema
ha delle forti aberrazioni per sorgenti fuori asse.
Wolter mostrò che una qualsiasi combinazione PARI di elementi riflettenti può 
soddisfare la condizione di Abbe quasi perfettamente.

I telescopi ad incidenza radente

Uhuru
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I telescopi ad incidenza radente

8Strumentazione Astronomica 11 202122/04/21



Strumentazione Astronomica: Ultravioletto

9Strumentazione Astronomica 11 202122/04/21

Chandra (AXAF) 
Telescope
NASA
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Dipendenza dell’Area Efficace dalla Focale, Angolo 
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Aree efficaci per diverse missioni 
(esistenti o proposte)
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X-ray optics by Ni electroforming replication

BeppoSAX

Jet-X/Swift XMM-Newton

ESA credits

Cas A
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BeppoSAX (ASI – Netherland)
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XMM – Newton (ESA)
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Silicon Pore 
Optics

6 X-Ray Optics and Instrumentation

(a)

10 kV x50 500µm 23 25 SEI

(b) (c)

Figure 7: (a) Silicon Pore Optics are made from commercial high-quality 12′′ silicon wafers which are diced into plates. (b) The plates are
ribbed (reflecting surface pointing downwards). The 0.17 mm wide ribs have a pitch of 1 mm and the membrane is 0.17 mm thick. The plates
are then wedged along the rib direction (not shown) and a patterned iridium coating is applied on the reflective surface (c). The pattern
keeps the areas free where the next plate will be bonded. The plate shown has dimensions of 66 × 66 mm2 and a thickness of 0.775 mm.
Photographs courtesy of Micronit (b) and DNSC (c).

(a) (b) (c)

Figure 8: Stacking robot inside the class 100 clean area at cosine. The system is installed on a vibration isolated table, consists of more
than 16 axes, is fully automated, and is designed to build stacks up to 100 plates high. The plates can be positioned with µm accuracy and
automatically be bent into the required shape. Photographs courtesy of cosine Research BV.

(a) (b)

Figure 9: A mirror module, consisting of two mirror stacks, coaligned to form a Wolter-I optics, is fixed by two CeSiC brackets. These
brackets provide glue pads, petal interfaces, and integration interfaces. The area covered by the bracket is 92 × 47 mm2 and both brackets
together have a weight of 56 g.

Several concepts on how to fix two stacks together, and
thereby maintain particularly the tight tolerance on the kink-
angle required for the Wolter 1 configuration, have been
evaluated and traded [19]. The outcome was a simple design
(Figure 9) consisting of two brackets, which are glued onto

the two stacks, once these are coaligned. This very lightweight
solution uses the intrinsic stiffness of a pore structure to form
a rigid X-ray lens. The brackets have in total three interface
points to the optical bench, which allow for radial translation
and rotation around the optical axis. The bracket material of
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Figure 4: The production streams for a telescope using SPO technology.
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Figure 5: The production of SPO modules starts with commercial
silicon wafers and utilises, as far as possible, existing methods and
processes. The stacking is done automatically using a stacking robot.

Parameters such as rib width, pitch, number of ribs, and
membrane thickness can be optimised for the specific
application. Typically the ribs are 0.17 mm wide with a 1 mm
pitch and a membrane thickness of 0.17 mm. A slightly
modified standard semiconductor dicing saw is used for
cutting the channels.

During stacking the plates will be elastically deformed
[22] to create approximations of the curved surfaces of a
Wolter-I optic [23]. To minimise the strain energy, one
reduces the membrane thickness to a level sufficient to
meet the figure requirements of the final optic. Although
the plate ribbing process results in a well-defined pore
geometry, a known side effect of dicing is the generation
of microcracks in the material. Therefore, a second step
in the shaping of the required rib geometry has to be
applied to remove any residual microcracks, a so-called
damage etch. A potassium hydroxide (KOH) solution is
used to anisotropically and selectively etch damaged silicon
material inside the diced grooves, while a protective coating
is preventing the top surface of the ribs from being etched
(see also Figure 6). Although the surface of the diced grooves
remains rough after damage etching, this will not affect the
optical performance of the telescope. In contrast, surface
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1. Wafer dicing

2. Plate ribbing

5. Patterned coating
Top view (non-ribbed side)

3. Chemical processing and
thermal oxidation

Side view
(parallel to rib direction)

4. Wedging

Side view
(perpendicular to rib direction)

Silicon
Protective coating

SiO2

Reflective coating

Figure 6: Schematic overview of process flow for production of Si mirror plates (Reproduced from [20]).

roughness within the grooves helps to absorb or at least
scatter unwanted X-rays. Since in the SPO manufacturing
one has full access to the pores during manufacturing of
the plates, one could also apply other surface roughening
techniques to further reduce stray light.

The goal of the wedging process is to taper plates along
the optical axis so as to create, when they are elastically
bent and stacked, a conical approximation to a Wolter I
Optic (Figure 7). The wedge angle is proportional to the pore
height, inverse proportional to the focal length of the optic
and, therefore, independent from the radial position of the
plate. Typically the wedge angle is a few 10 µrad, resulting
on plate lengths of 66 mm in a wedge layer with a maximum
thickness of a few 100 nm. The tapered wedge of the plates
is applied by controlled etching of the plates in an isotropic
etchant solution using custom-built equipment. The wedge
angle accuracy directly influences the optical performance
and has, therefore, to be controlled to 10 microarcsecond
level. Dedicated equipment has been developed and reliably
produces wedges well within this tight tolerance.

After wedging, a final processing step is necessary
for optimization of the reflectivity of the mirror plates.
High-Z metallic coatings such as platinum, tungsten, gold,
or iridium are typically used to increase the reflectivity
[24]. Patterning of the coated surface by metallic masks
[25] or lithographic processes [21] is necessary to ensure
bondability of the silicon mirror plates during the stacking
process.

The silicon plate surfaces can be bonded either by
hydrophilic or by hydrophobic bonding. Hydrophobic bond-
ing occurs between two silicon layers which are typically
made by removing the native oxide. Hydrophilic bonding
occurs between two oxide layers, which can be native oxide
layers of a few angstroms in thickness or thermal oxide layers
of hundreds of nanometers. The bond strength of room
temperature direct bonded wafers is highest for native oxide
(83 mJ/cm2) and thermal oxide (52 mJ/cm2) and lowest for
hydrophobic Si (10–20 mJ/cm2) [26]. Note that the bond

strength can be increased by a factor 10–20 if the bonded
stacks are annealed.

The wedged mirror plates are then cleaned and elastically
bent, using a fully automated stacking robot, into a conical
shape. A flexible die is used to set the appropriate radius of
curvature. The Wolter-I geometry of a parabolic and a hyper-
bolic mirror can, for long focal lengths, be approximated
by two cones (“conical approximation”). When stacked the
mirrors remain flat along the pores. The achievable angular
resolution is then limited by the height of a single pore [27].
In the case of IXO with a focal length of 20 m and using pores
with a height of 0.6 mm, this results in a lower limit to the
half-energy width (HEW) of about 3′′. To reduce the lower
limit, we explore shaping the mirrors also in longitudinal
direction.

The fully automated assembly robot (Figure 8) is specif-
ically developed [28, 29] to stack silicon pore optics and is a
combination of standard semiconductor systems and newly
developed tools. The complete system has a footprint of a few
m2 only and is installed in a class 100 clean area. The robot
selects a plate for stacking and inspects it for particles. The
plate is then handed over to the actual stacking tool, which
will elastically bend it into a cylindrical or conical shape. This
tool, called a die, is then lowered onto the mandrel, where
it will deposit the plate, or stack it, onto already existing
ones. The die and the mandrel are supervised by metrology
systems based on autocollimators, cameras and force sensors.
Note that only the figure of the mandrel is replicated, not
its roughness. The stacking is done from outer radii inwards,
thus always exposing the last integrated mirror surface to the
metrology tools.

Multiple mirrors stacked on top of each other form
together a stack, in which the X-rays are reflected off the
reflective membrane inside each pore. Due to the inherent
stiffness of the stacks, the figure of the individual mirrors
remains preserved during further mounting and integration.
Two of such stacks are coaligned and integrated into brackets
to form a so-called mirror module.
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Silicon Pore Optics (SPO) is a new X-ray optics technology under development in Europe, forming the ESA baseline technology
for the International X-ray Observatory candidate mission studied jointly by ESA, NASA, and JAXA. With its matrix-like structure,
made of monocrystalline-bonded Silicon mirrors, it can achieve the required angular resolution and low mass density required for
future large X-ray observatories. Glass-based Micro Pore Optics (MPO) achieve modest angular resolution compared to SPO, but
are even lighter and have achieved sufficient maturity level to be accepted as the X-ray optic technology for instruments on board
the Bepi-Colombo mission, due to visit the planet Mercury. Opportunities for technology transfer to ground-based applications
include material science, security and scanning equipment, and medical diagnostics. Pore X-ray optics combine high performance
with modularity and economic industrial production processes, ensuring cost effective implementation.

1. Introduction

With two powerful observatories already in space, X-ray
astrophysics is enjoying a time of discoveries and exciting
new science. XMM-Newton [1] and Chandra [2] were
launched by ESA and NASA, respectively, more than a
decade ago, and there is good hope that they will continue
serving the science community well for another decade
before consumables are exhausted or their support systems
fail.

X-ray astrophysics has crucially contributed to our
current understanding of the structure and history of the
universe. The next generation X-ray astrophysics observatory
[3] needs to employ a new X-ray optics technology, enabling
a greater X-ray aperture size without sacrificing angular
resolution in order to explore the Universe in even deeper
detail and provide answers to the questions raised by
Chandra and Newton.

High performance X-ray optics are regarded as the
core enabling technology for the next-generation X-ray
astrophysics observatories to follow the currently operating
missions. The scientific importance of such a new space
telescope is evident from the priorities expressed by the

scientific communities in Europe, the USA, and Japan. In the
ESA Science Programme, Cosmic Visions 2015–2025 [4, 5],
the International X-ray Observatory (IXO) is one of three
selected large class (L) mission candidates for a launch slot
in 2020. IXO is also a high priority in the NASA and JAXA
programmes and is being studied jointly by all three agencies.

European X-ray astrophysics has an impressive heritage,
with a large number of missions from the early phases
[6] with Exosat to the currently operating Newton [7, 8]
observatory. Since such space missions have always been
driving X-ray optics technology, each of them has advanced
the state-of-the-art. For example, the Newton spacecraft
carries three large area telescopes made from electroformed
nickel shells. This technology was developed under ESA lead-
ership in collaboration with European industry and research
institutions. With this nickel optics, Newton provides a much
larger collecting area (and therefore many more photons
from the cosmological sources are delivered to the detector
instruments) than the Chandra telescope operated by NASA
(albeit at a reduced angular resolution to Chandra). It is
largely due to its telescope technology that Newton is one the
most productive ESA astrophysics missions to date (in terms
of published papers).
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Silicon Pore 
Optics

(ATHENA)
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Figure 4: The production streams for a telescope using SPO technology.

12′′ wafer

Dicing

Wedging

Ribbing

Stacking

Integration

Figure 5: The production of SPO modules starts with commercial
silicon wafers and utilises, as far as possible, existing methods and
processes. The stacking is done automatically using a stacking robot.

Parameters such as rib width, pitch, number of ribs, and
membrane thickness can be optimised for the specific
application. Typically the ribs are 0.17 mm wide with a 1 mm
pitch and a membrane thickness of 0.17 mm. A slightly
modified standard semiconductor dicing saw is used for
cutting the channels.

During stacking the plates will be elastically deformed
[22] to create approximations of the curved surfaces of a
Wolter-I optic [23]. To minimise the strain energy, one
reduces the membrane thickness to a level sufficient to
meet the figure requirements of the final optic. Although
the plate ribbing process results in a well-defined pore
geometry, a known side effect of dicing is the generation
of microcracks in the material. Therefore, a second step
in the shaping of the required rib geometry has to be
applied to remove any residual microcracks, a so-called
damage etch. A potassium hydroxide (KOH) solution is
used to anisotropically and selectively etch damaged silicon
material inside the diced grooves, while a protective coating
is preventing the top surface of the ribs from being etched
(see also Figure 6). Although the surface of the diced grooves
remains rough after damage etching, this will not affect the
optical performance of the telescope. In contrast, surface

http://www.the-athena-x-ray-observatory.eu
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