
X-ray optics: People & Competencies & Funds

R&D Competencies: 
- Optical design
- Ray-tracing
- Wave optic simulations
- New X-ray facilities design and realization
- Mirror grinding, polishing, and figuring
- Coating design and diagnostics
- Optic test and calibration
- Mirror metrology and data analysis

INAF-OAB Staff:

S. Basso, mechanical engineer
M. Civitani, optical designer
V. Cotroneo, test and design
M. Ghigo, ion beam figuring
R. Millul, scientific secretary
G. Pareschi, principal investigator
B. Salmaso, project manager
G. Sironi, data analysis
D. Spiga, optical design and modelling
G. Vecchi, mirror polishing Current Funding:

- ESA SIMPOSIUM, Silicon Pore Optics 
Simulation and Modelling 

- ESA BEaTriX (Beam Expander Testing X-ray 
facility)

- ASI TAO-X (Tecnologie Avanzate per 
Ottiche a Raggi X)



X-ray op(cs fabrica(on and test: facili(es

The Ion Beam Figuring vacuum facility The Zeeko polishing machine

The oven for hot forming of thin glass foils The BEaTriX facility for segmented optics test 

INAF-Brera is one of the
worldwide leader institutes in
the expertise and facilities for
the fabrication, metrology, and
X-ray tests of optics for X-ray
telescopes.

The optics of Beppo-SAX,
SWIFT/XRT, Newton-XMM have
been manufactured at INAF-
Brera (in collaboration with
Medialario).

INAF-Brera is an active
collaborator of ESA in the
development of the optics of
ATHENA (projects SIMPOSIUM,
VERT-X, and BEaTriX).



Italian replica by electroforming technology

Beppo SAX (ASI) JET-X ® SWIFT (NASA-ASI) XMM (ESA)
The most powerful X-ray 

telescope ever built

ASI-sponsored 
technology 

development for 
NHXM

EROSITA (MPE)

1995 1999 201320101993

• 4 mirror modules
• 30 mirrors/module
• Thickness: 0.4-2 

mm
• HEW@1,5keV:  60 “

• 1 mirror module
• 12 mirrors/module
• Thickness: 0.4-1.5 

mm
• HEW@1,5keV:  15 “

• New mandrel 
manufacturing 
technology

• Aperiodic multilayer 
for hard-X ray 
reflection

• 7 mirror modules
• 54 mirrors/module
• Thickness: 0.2-0.5 

mm
• HEW@1,5keV:  14”

INAF-Brera is one of the
worldwide leader institutes in
the expertise and facilities for
the fabrication, metrology, and
X-ray tests of optics for X-ray
telescopes.

The optics of Beppo-SAX,
SWIFT/XRT, Newton-XMM have
been manufactured at INAF-
Brera (in collaboration with
Medialario).

INAF-Brera is an active
collaborator of ESA in the
development of the optics of
ATHENA (projects SIMPOSIUM,
VERT-X, and BEaTriX).



Silicon Pore Optics are the technology selected 
for the optics of ATHENA, based on the 
assembly of modular elements obtained by 
stacking etched silicon wafers in order to form 
stiff arrays of pores.

INAF-Brera currently cooperates with ESA for: 
- Optical Simulations (SIMPOSIUM)
- Mirror module integration in UV (Medialario)
- SPO mirror module screening (BEaTriX)
- Vertical facility for the calibration of the 
ATHENA optical assembly (VERT-X).

Silicon Pore Optics



Thin Fused silica shells
2mm

100mm+100mm217.25 mm

Techonolgy development for Lynx mission

between 157.9 and 348.2 mm. The weight of the shells ranges
between 1.36 and 46.2 kg, with a total mirror mass of 1890.7 kg
(assuming glass density).

In accordance with WS design, the MSs are distributed
shifted along the optical axis on a spherical surface in order
to satisfy the Abbe sine condition. The optical design started
from the innermost shells, adapting the focal length in order
to guarantee the focal plane overlapping. The shift in the MS
is maximum for outermost shells and is around 125 mm.
From the structural point of view, this curvature of the spider
is advantageous. Assuming a lightweight structure made of
silicon carbide or carbon fiber reinforced polymer (CFRP), the
weight of the spider is estimated to be around 300 kg.

Two different reflecting coatings have been considered in
the effective area theoretical evaluation. In the first case a
layer of 40-nm iridium (σ ¼ 0.5 nm) is considered, whereas
in the second, a layer of platinum with an overcoat of carbon
(40 nmPtþ 10 nmC, σ ¼ 0.5 nm) is assumed. At 1 keV, the
Ptþ C performs better than the others up to 2.1 deg, whereas
the reflectivity of the Ir is higher for angles above 0.4 deg at
7 keV. Therefore, the overall effective area at different energies
can be improved with the selection of the coating in dependence
of the radius of the shell. Moreover, different optimizations of
the multilayer coating recipes could be envisaged.

The number of shells and their radial positions are defined
based on the total mirror weight and the effective area reached.
The shell does not completely fill the available radial space and
there is some margin for the optimization of the shell distribu-
tion. In particular, there are five radial gaps in correspondence of
the SW radial connections needed to reinforce the structure. The
effective area reached by the whole mirror assembly as a func-
tion of the photon energy is shown in Fig. 2. The effective area at
1 keV is around 2 m2 (with 11% obscuration from the structure
already taken into account).

The optical performances in the FOV have been evaluated for
the LMA with ray-tracing software, taking into account the
reflectivity of the surface in dependence of the energy and
the incidence angle of the impinging rays. The difference in
the focal plane curvature turns out in a general dependence the
focal plane curvature with the energy, as it is directly related to
the effective area at different energies of the shells. For off-axis
angles, >5 arc min, the curved focal plane is indispensable to
limit the optical performance degradation.

The optimization of the optical performances in the FOV is
finalized by placing the common focal plane in the position

corresponding to the middle of the FOV (5 0 arc min). This
choice degrades the optical performances on axis to 0.3″ but
improve the off-axis behavior from 1.6″ to 1.3″ at the edge of
the FOV. It is particularly important to increase the GRASP, as
the requirement is defined by taking into account 1″ HEW limit
and 10 arc min off-axis angle. The overall HEWof the LMA, in
the assumption of a curved focal plane, is shown at the bottom of
Fig. 3. The vignetting function is determined at different ener-
gies with ray-tracing software considering the ray passages
at the different interfaces. The results are calculated up to
12 arc min and are shown in Fig. 3.

The corresponding GRASP is calculated taking into account
variable limits in the HEW (between 1″ and 2″ HEW) and var-
iable size of the FOV (between 10 and 12 arc min). The results
are shown in Fig. 4, together with the required value of
600 m2 × arcmin2. If determined within a FOV of 10 arc min
and considering values of HEW <1 arc sec, the total grasp is
slightly below the requirements. The grasp requirement is
reached by increasing the maximum value for the HEW to
1.2 arc sec. Further optimization will be considered in next
phases.

Fig. 1 Mirror assembly configuration: a single spoke is placed
between the primary and the secondary shell sections.
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Fig. 2 LMA effective area in the 0.1- to 12-keV range. About 40 nm Ir
coating or 40 nm Pt + 10 nm C are considered.
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Fig. 3 The vignetting for off-axis directions up to 12 arc min at1 keV,
3 keV, 6 keV, and 12 keV. On the bottom panel the HEW at 1 keV is
shown for the same off-axis directions.
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Mechanical simulations confirm that the stress values during
the process are not critical. The principal tensile stress peak is
between 2.28 and 3.79 MPa for shell diameters ranging between
400 and 3000 mm. In the simulations, the pads width ranges
between 20 and 60 mm for larger shell, while the applied pres-
sure is set to 0.3 N∕cm2.

The target of this process is to achieve an error of about 1.3-
nm RMS on spatial wavelengths between 2 and 10 mm and
around 5- to 10-nm rms on longer scales. New kinds of abra-
sives, such as TRizact 3M, have been proved to be an effective
solution: the usage of demineralized water instead of slurry is a
great functional advantage in this kind of process and it reduces
the cleaning time6,13 (Fig. 14). Furthermore, it can be used down
to the very last steps of polishing as it easily guarantees micro-
roughness below 1-nm rms on the millimeter scales. With the
correct settings in terms of pitch/abrasive/slurry parameters,
the same kind of oscillating pitch tool can be used for the

final superpolishing of the shell, aiming to reach a microrough-
ness level of below 0.5-nm RMS.

5.3 Ion-Beam Figuring

At the end of the polishing activities, the accuracy on the longi-
tudinal profiles is expected to be of the order of a few hundred
nanometers PTV. This final error can be the sum of different
factors, as the errors remain after the initial calibration of the
stages and or the thermal effects. Moreover, due the floppiness
of the shell, the standard direct polishing approach (e.g., not
based on dwell time) could introduce errors in the surface.

As long as the surface microroughness is <0.5-nm RMS, the
longitudinal low-frequency profile errors are theoretically cor-
rectable with an ion-beam figuring process, without degrading
the microroughness.14 This high-accuracy figuring process is
operated by means of the large ion beam facility developed
in the past years at INAF/OAB.15,16 This facility, originally
designed for large aspheric optics with diameters up to 1.3 m,
has been upgraded, allowing the ion figuring of grazing inci-
dence shells. To apply the ion beam correction, the shell is
placed inside the chamber with the optical axis aligned as the
gravity and a rotary table manages the shell rotation during the
figuring.

A preliminary test on a close shell has already been per-
formed. Figure 15 shows the setup inside the chamber. The test
was a first assessment of the process, aimed to get a feedback on
the temperature variations, on the microroughness variation, on
the sputtering inside the shell, and on the shell shape. Owing to
operational problems, the source was not stable during the
figuring and the preliminary results need to be confirmed with
further experiment. Nevertheless, it is worth emphasizing that
no major showstopper has been identified.

Fig. 13 The pitch tool equipped with TRizact 3M™ is fixed on the
robotic arm of the Zeeko machine and the vertical carriage movement
has been used to move the tool up and down.

Fig. 14 Principal tensile stress contours for MS with 3-m diameter
under the force exercised by a polishing pad (60 mm in width and
with the same length of the section) with 0.3 N∕cm2 pressure.

Fig. 15 The prototypal shell#4 in the ion beam chamber of the INAF/
OAB during the first figuring test. Protection layers have been inserted
on the ISW and uncoated witness glass samples distributed on the
shell inner surface to monitor the sputtering process.
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Slumped glass optics (Hot/Cold)

12© Corning Incorporated 2012

• Perfect barrier

• ~7% better transparency

• High T processing – over 500oC

• Flexible/conformable

• 7x reduction in weight

• 7x reduction in thickness

• ~50% process cost reduction by
enabling roll to roll processing

AD
VA

NT
AG

ES

Over Thicker Glass

Over Plastic

1m wide, �300m long spool and
Gen5 sheet of thin flexible glass

Ultra-slim flexible glass is a
50-200µm thick glass

What is Corning® WillowTM Glass?

• Perfect barrier

• Superior surface quality

• ~7% better transparency

• High T processing – over 500oC

• Flexible/conformable

• 7x reduction in weight

• 7x reduction in thickness

• ~50% process cost reduction by
enabling roll to roll processing
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Over Thicker Glass

Over Plastic



R&D activities

M. M. Civitani, et al., "A novel 
approach for fast and effective 
realization of high-resolution 
x-ray optics in metal," Proc. 
SPIE 11822, 2021

M. Civitani, et. Al. , "Ion beam 
figuring of thin glass plates: 
achievements and perspectives," 
Proc. SPIE 9905, 2016

Final correction with 
IBF for 400 micron thick 
glass

Low cost replica of 
aluminium shell 
substrates realization
INAF Patent, 2020

Adjustable X-ray optics



Metrology 
i.e. measuring whether things being made are good or bad within the specs 

(and so provide feedback to the fabrication tool)

Shape of optical components 
and mechanical parts:

- Coordinate Measuring Machine
- Long Trace Profilometer
- Optical interferometers
- Optical probe scanning systems
- Optical deflectometer

Surface finishing of mirrors, 
lenses, gratings

- Micro-interferometer
- Light scattering device
- Atomic Force Microscope
- X-ray diffractometer

Alignment of optical components
- FARO laser tracker
- Hartmann test
- Coordinate Measuring Machine

Metrology equipment at INAF-Brera
«If you can measure it, you can do it», Lord Kelvin never said that

«… when you can not measure it, when you can not express it in numbers, your knowledge is of a meagre and 
unsatisfactory kind.» (W. Thomson, Lord Kelvin, in «The practical applications of electricity,» 1883)



Shape errors (meters - millimeters)
ZYGO GPI-XP optical interferometer: max
diam. 300 mm, planar or near-spherical 3D
mapping non-contact measurement Mandrel Profiler-Roundmeter (MPR, at

Medialario) 3D mapping free-form, max
diameter 500 mm, non-contact
measurement with optical distance sensor

Characterization universal profilometer (CUP):
free-form mirror, non-contact measurements
up to 300 mm diameters, clean room ISO 6

Coordinate Measuring Machine (CMM):
cartesian metrology system, max
accuracy 1.8 µm, 2600 x 1050 x 900mm
in an ISO7 clean room.



Long Trace Profilometer (LTP): op#cal
laser device for slope detec#on of
mandrels and mirrors, 1 m – 1 mm
sensi#vity, up to ± 5 mrad slopes.

Dimetior Vbe ESDI: Fizeau
interferometer with vibration
compensation and high-rate
acquisition. Resolution < l/8000,
accuracy < l/100.

Deflectometric system: optical
contactless measurement based on
Ronchi test for accurate slope error
detection of mirror panels.

Shape errors (meters - millimeters)



Surface/roughness errors (millimeters - microns)
Atomic Force Microscope (AFM): Stand-alone Nanosurf, 3D measurement
over lateral scales < 11 μm, ver8cal sensi8vity < 1 Å in non-contact mode.
Also working as Scanning Tunneling Microscope (STM).

Microfinishing Topographer
(MFT): op8cal stand-alone
micro-interferometer for
surface microroughness
measurement over spa8al
scales < 1 mm.

Laser scattering meas.
system TSW Microscan2:
for measurement of surface
roughness down to lateral
scales of 100 µm.



Laser tracker FARO: laser scanner / reflector / contact sensor
in 3D out to 80 m with 20 µm + 5 µm/m in a full lab or
mechanical parts, complementary to the CMM.

BEDE-D1 X-ray diffractometer, at 8.05 and 17.4 keV
+ W anode tube for continuum, scattering
measurements for surface roughness detection.

Position errorsX-ray diffractometer scattering and 
reflectivity   



Self-consistent data analysis

Different kind of data
analysis, mostly
based on wave
op6cs, is possible to
account for the effect
of roughness and
shape errors.


