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Filters for X-ray detectors on Space missions

Marco Barbera∗ and Ugo Lo Cicero and Luisa Sciortino

Abstract Thin filters and gas tight windows are used in Space to protect sensitive
X-ray detectors from out-of-band electromagnetic radiation, low-energy particles,
and molecular contamination. Though very thin and made of light materials, fil-
ters are not fully transparent to X-rays. For this reason, they ultimately define the
detector quantum efficiency at low energies. In this chapter, we initially provide a
brief overview of filter materials and specific designs adopted on space experiments
with main focus on detectors operating at the focal plane of grazing incidence X-ray
telescopes. We then provide a series of inputs driving the design and development
of filters for high-energy astrophysics space missions. We begin with the identifica-
tion of the main functional goals and requirements driving the preliminary design,
and identify modeling tools and experimental characterization techniques needed to
prove the technology and consolidate the design. Finally, we describe the calibra-
tion activities required to derive the filter response with high accuracy. We conclude
with some hints on materials and technologies presently under investigation for fu-
ture X-ray missions.

Key words: X-ray filters, X-ray detectors, thermal filters, optical blocking filters,
filters modeling, filters characterization, filters calibration, Space missions.
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Università degli Studi di Palermo, Dipartimento di Fisica e Chimica ”E. Segrè”, Viale delle
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1 Introduction

In order to fully exploit the capabilities of X-ray detectors operating in Space mis-
sions, thin filters, transparent to the energy range of interest, need to be used to pro-
tect the sensitive detector area from out-of-band electromagnetic radiation, low en-
ergy particles, and molecular contamination or to reduce count rates for very bright
sources.

Submicron thickness polymer foils coated with a low Z metal have been tradi-
tionally used to respond to such requirements. The metal blocks the UV/VIS/IR
light, mainly by reflection, and shapes the bandpass in the soft X-ray region of the
spectrum, while the polymer serves as structural support for the ultra thin metal foil
and partially attenuates the UV region.

The main X-ray detectors used in high-energy astrophysics space missions are:
gas proportional counters, microchannel plates, semiconductor detectors and, more
recently, microcalorimeters (see different chapters in this volume). Each detector
technology has different requirements on the filters, however, in any case, X-ray
transparency shall be maximized while still providing adequate out-of-band rejec-
tion and mechanical resistance to the vibro-acoustic launch stresses.

Gas proportional counters (PC), used as soft X-ray detectors since the early stage
of space exploration, need thin windows to confine the gas in the ionization chamber.
Such windows, usually supported by a metal mesh to withstand a few hundreds
millibars of gas pressure, are usually not fully leak-tight and a gas flow is needed to
replenish the gas mixture to maintain a constant gain. The thin window is typically
coated with aluminium or carbon to be electrically conductive, and also to reduce the
UV-induced photoelectrons within the time window of the X-ray photon detection
pulse.

Microchannel plate (MCP) X-ray detectors have high sensitivity to UV photons
as well as to low-energy charged particles. The deposition of CsI or KBr photocath-
ode on the front face of an MCP considerably enhances the detector quantum effi-
ciency (QE) in the soft X-ray, but also pushes its UV sensitivity out beyond 200 nm.
A thin filter with conductive coating needs to be mounted close to the sensitive
detector area to block the diffuse UV background, mainly due to solar radiation
scattered by the interplanetary medium, and bright UV sources (mainly hot stars)
[6]. A small voltage is usually applied to the filter to prevent low-energy charged
particles to hit the front MCP and generate background signals.

An experimental investigation conducted on polycarbonate/Al filters, initially de-
signed for the Chandra HRC [8], has shown that the occurrence of Fabry-Perot in-
terference effects, due to the multilayer design of the filter, and the oxidation of alu-
minium cause a two orders of magnitude increase in UV transmission at ∼200 nm
with respect to the prediction based on a simple slab model of transmission. The
results of this work have led to a redesign of the HRC UV/Ion shields replacing
polycarbonate with polyimide (PI) and depositing the Al layer on one single side
[90, 83]. The same results have also stimulated the redesign of the XMM-Newton
EPIC CCD (charge coupled device) filters [141], the JET-X filters [20], and the
filters for the Chandra ACIS CCD [106, 37].



Filters for X-ray detectors on Space missions 5

Semiconductor detectors, such as CCDs, silicon drift detectors (SDD), and
DEPFET active pixel arrays are sensitive to UV (ultraviolet)/VIS (visible) photons
with energy larger than the Si band-gap (≈1.1 eV). The detection of UV/VIS pho-
tons degrades the detector spectral resolution and changes the energy scale by about
3.7 eV, on average, for each optically generated electron-hole pair during the inte-
gration time window. For this reason, ideally, no optically generated electron-hole
pair should be detected during a read-out integration time. An optical blocking filter
(OBF) is thus needed to remove UV/VIS background light and to allow the obser-
vation of X-ray sources with bright UV/VIS counterparts.

Most semiconductor detectors flown to date have used free-standing filters (Chan-
dra ACIS [37], XMM-Newton EPIC-MOS [138], XMM-Newton EPIC-PN [125],
Swift XRT [18], Suzaku XIS [70]). Direct deposition of an optical blocking fil-
ter on the photon entrance window of the sensor chip has been implemented on
a few experiments such as the CCDs of the reflection grating spectrometer (RGS)
experiment on board XMM-Newton [28], the soft x-ray imager (SXI) on board the
Hitomi x-ray observatory [127], the REgolith X-ray Imaging Spectrometer (REXIS)
on board the NASA’s OSIRIS-REx asteroid sample return mission [14][131], and
on five of the seven CCDs of the eROSITA mission launched in 2019 [85]. Some of
the above experiments have reported light leakages due to pinholes on the on-chip
Al layer OBFs. In the case of the Athena Wide Field Imager (WFI) [87], in order
to not significantly deteriorate the low energy response, a mixed configuration is
baselined with a filter deposited on-chip to get rid of UV/VIS background light and
an additional OBF on the filter wheel, that will be used for the observation of X-ray
sources with bright UV/VIS counterparts [10].

Microcalorimeters, providing unprecedented energy dispersive spectral resolu-
tion, are considered among the most promising X-ray detectors for future high-
energy astrophysics missions. The quite well developed array technology [3] makes
them also valuable to perform spatially resolved spectral analysis of extended
sources. Microcalorimeters have been already tested successfully on rocket exper-
iments [81], and on board the Hitomi Japanese space mission [61], though only
during a short phase of commissioning before the satellite was lost. Microcalorime-
ters will be operated on board the Japanese mission XRISM [129], on board Athena
[12], the next large mission of the European Space Agency Cosmic Vision science
program to be launched in the early ’30s, and finally, they are investigated for Lynx,
a large NASA mission concept currently under study in the decadal survey 2020
[38] and on the Hot Universe Baryon Surveyor (HUBS) mission in the Chinese
space program [25].

Microcalorimeters operate at very low temperature (T ∼ 100 mK) inside a so-
phisticated cryostat. In order to allow the X-rays to reach the detector, a clear path
has to be opened in the cryostat thermal and structural shields surrounding the cold
stage. A set of thin filters, highly transparent to X-rays, need to be mounted on the
shield openings to reduce the IR (infrared) radiation heat-load from warm surfaces
and to prevent degradation of the energy resolution by photon shot noise due to
out-of-band low energy radiation. The filters mounted on the cryostat shields also
protect the cold detector from molecular and particle contamination, and in some
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cases need to attenuate the radiofrequency (RF) electromagnetic interference from
telemetry and spacecraft operation. The filters also significantly reduce the out-of-
band radiation from target sources and background in the telescope field of view
(FOV), however, particularly bright sources in the UV/VIS (e.g. massive O stars,
planets, quasars, etc.) may need the use of additional optical blocking filters, typi-
cally mounted on a filter wheel located outside the cryostat vacuum enclosure.

Some detectors, with insufficient counting rate dynamic range or in order to avoid
pile-up of X-ray photons in a pixel, may need filters to attenuate particularly x-ray
bright sources. Neutral Density micro etched metal foils with few % transmission
are used to uniformly attenuate the full spectrum, while few tens of µm thick Be
filters or Al coated Kapton foils are used to suppress the low energy events allowing
the detection of high energy photons (e.g. Fe-K line complex). An example is the
SXS instrument on Hitomi [27], or Resolve on XRISM where the spectral resolution
of the micro-calorimeter detectors would significantly degrade if too many photons
fell on the detector pixels.

Besides filters specifically designed to allow proper operation of X-ray detec-
tors in space, prefilters, directly mounted at the entrance pupil of the telescopes, are
sometimes used in space experiments. In particular, prefilters are needed in experi-
ments designed to observe the solar chromosphere and the corona in order to reduce
the direct Sun visible light and the heat load onto the instrument. The most used
material for this purpose is aluminium. When exposed to full Sun in space, pre-
filters will become hot and proper thermal conduction over the filter to the support
frame need to be guaranteed to cool the filter. For this purpose, and to strengthen the
filter against launch loads, the aluminium can be mounted on thick metal meshes
(e.g. Hinode XRT experiment [42], Solar Orbiter EUI experiment [113]). Prefilters
mounted directly onto the telescope can be also needed as X-ray transparent ther-
mal shields, to keep an X-ray telescope at proper uniform operating temperature
reducing the power needed to balance the radiative loss towards the cold space (e.g.
Symbol-X [23]) or to control the mirror temperature in low Earth orbits where the
satellite is subject to significant temperature gradients while alternating on hourly
timescales between solar and Earth irradiation (e.g. Hitomi [126]).

Finally, bandpass filters can be used to recover some spectral information on
the detected sources when using X-ray detectors with poor energy resolution (e.g.
microchannel plates) or detectors not operating in single-photon counting mode. A
combination of different materials (e.g. C, Be, B, Al, Ti, Sb, Sn, . . . ) and thicknesses
are used to properly define the bandpass, around the electron binding energies of the
filter material, and/or high-energy pass filters (e.g. Hinode XRT experiment [42],
EUE experiment [140], EXOSAT LET instrument [98]).

Prefilters and bandpass filters will not be discussed further, being beyond the
main focus of this chapter. Section 2 describes the adopted filter configurations for
the X-ray detectors on board the main high energy astrophysics space satellites.
Section 3 lists the functional goals of filters, and section 4 provides the main re-
quirements driving their design. Section 5 describes the most used filter materials
and technologies in space, section 6 describes performance modeling supporting
the design. Section 7 describes some of the characterization techniques used to ver-
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ify filter performances during the development and technology assessment phases,
while the specific activities needed to calibrate flight models are discussed in section
8. Finally, in section 9, we mention some of the materials and technologies presently
under investigation for future missions.

2 Overview of filters on Space X-ray observatories

A comprehensive survey of all the filters employed to operate X-ray detectors on
board of space missions will be too extensive, therefore, we decided to describe in
this chapter only the main experiments operating at the focal plane of soft X-ray
focusing optics.

The NASA Einstein satellite [40], launched into low Earth orbit (perigee 465 km,
apogee 476 km, inclination 23.5°) in 1978, was the first satellite to carry on a real
focusing X-ray telescope with different detectors selectable at the telescope focal
plane. The main detectors were the Imaging Proportional Counter (IPC) with mul-
tiwire anodes[43] and the High-Resolution Imager (HRI) based on microchannel
plates [52]. The two IPC modules used different entrance windows: polypropy-
lene 2 µm/Lexan 0.4 µm (module A), and Mylar 3 µm (module B), respectively, both
coated with 0.2 µm of carbon to make the windows electrically conductive and also
to reduce the UV induced photo-electrons within the time window of the X-ray pho-
ton detection pulse. The three HRI modules were identical except for the material
used for the UV-ion shield placed in front of the MCP’s, in particular: 1.13 µm pary-
lene N + 0.126 µm Al (Detector #1), 1.48 µm parylene N + 0.051 µm Al (Detector
#2), 0.72 µm parylene N + 0.054 µm Al (Detector #3).

EXOSAT, the first European Space Agency mission dedicated to high-energy
astrophysics [130], was launched into a highly eccentric near Earth orbit (Perigee
347 km, apogee 192.000 km, inclination 72.5°) in May 1983 and operated until May
1986. One of the main instruments on board EXOSAT was the low-energy imag-
ing telescope [26], consisting of two 1 m focal length Wolter I type grazing inci-
dence optics, each one equipped with two focal plane detectors, a position sensitive
proportional counter (PSD), and a channel multiplier array (CMA) mounted on an
exchange mechanism. The PSD main entrance window consisted of a polypropy-
lene membrane 80 nm thick coated with C and supported by a 65% transmission
mesh, in addition, a second window was placed close to the main entrance win-
dow consisting of 0.5 µm thick polypropylene coated with 0.4 µm of Lexan. Five
filters could be selected in front of both detectors, namely: 2.5 µm Teflon, 0.5 µm
polypropylene + 1 µm boron, 0.3 µm Lexan, 0.4 µm Lexan, and 0.1 µm parylene +
0.1 µm aluminium. The last three are mainly designed to protect the microchannel
plate detector from UV sky background at 58.4 nm (He I) and 121.6 nm (H Ly-α).
The CMAs are sensitive to ultraviolet photons and this caused contamination for
observation of bright O and B stars, pointed or serendipitous in the field. The obser-
vations obtained with the boron/polypropylene filter were free of UV contamination
and the aluminium/parylene is relatively immune to it except for fields with the very
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brightest and earliest stars. Observation taken with the Lexan filters suffered a more
significant UV contamination (see HEASARC archive reports).

The German satellite ROSAT [136], launched into low Earth orbit (perigee
580 km, apogee 580 km, inclination 53°) in 1990, strongly relied on the Einstein
heritage and was equipped with two interchangeable detectors at the telescope focal
plane of the same technology as the IPC and HRI, but with increased sensitivity
and FOV. The Position Sensitive Proportional Counter (PSPC) [17] used a window
of polypropylene 1 µm /Lexan 0.4 µm coated with 50 µgcm−2 of carbon, while the
High-Resolution Imager (HRI) [103][149] was equipped with two metalized plastic
membranes: 270 nm of polypropylene + 30 nm of aluminium on one side, which
served as electrostatic shield close to the front MCP, and 640 nm Lexan coated on
both sides with aluminium, to a total thickness of 60 nm, to block the UV back-
ground and bright source radiation. The choice of polypropylene for the electrostatic
shield was driven by the need to get good transparency to the UV calibration light.

Early observations with the ROSAT HRI exhibited an unexpected excess in the
count rates of a number of A-type stars with respect to predictions based on the
ROSAT Position Sensitive Proportional Counter (PSPC) observations and the mea-
sured HRI soft X-ray sensitivity. The detected UV contamination was fully under-
stood during the Chandra development program through experimental tests con-
ducted on filter samples investigated for the HRC [8] [147], and allowed to de-
termine the effective sensitivity of the ROSAT HRI to ultraviolet radiation by the
analysis of observations conducted on stars of different spectral types[11].

The Japanese spacecraft Astro-D [128], launched into low Earth orbit (perigee
524 km, apogee 615 km, inclination 31.1°) in early 1993, and renamed Asuka
(flying bird, then shortened to ASCA for Advanced Satellite for Cosmology and
Astrophysics), was equipped with four large collecting area and moderate angular
resolution thin foil optics. Two were focused on CCD arrays (Solid-state Imaging
Spectrometer, SIS) and two on imaging gas scintillation proportional counters (Gas
Imaging Spectrometer, GIS) [97]. The GIS gas cell entrance window consisted of
a 10 µm thick beryllium foil, 66 mm outer diameter and 52 mm clear aperture di-
ameter, bonded with high-temperature epoxy to a cupronickel flange. In order to
withstand more than 1 atm of differential pressure, the window was supported by a
copper-plated thin molybdenum grid, and a stainless steel fine mesh coated with tin.
An optical blocking filter was placed in front of the SIS CCD, consisting of 100 nm
thick unsupported film of Lexan coated on both sides with aluminium, each layer
40 nm thick.

BeppoSAX, an Italian program with the participation of the Netherlands, was
launched into a low Earth orbit (perigee 575 km, apogee 594 km, inclination 4°)
in 1996 with on board several moderate size instruments to perform observations
over a broad energy range 0.1–200 keV. The soft X-ray band (E < 10 keV) was
covered by a set of four mirrors, double cone approximations to Wolter I geometry,
with imaging gas scintillation proportional counter (GSPC) detectors located at the
focal planes [101]. The low energy response of the GSPC’s was modulated by three
optical elements on the focused beam path. Two of them protected the detector
against space plasma, a fine-pitch Au-coated tungsten grid located at the exit of
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the mirror unit, and a protection window located just beneath the shutter of the
aluminium detector enclosure. The protection window consisted of a multilayer AlN
20 nm/polyimide 40 nm/AlN 10 nm/polyimide 160 nm/carbon 2 nm mechanically
supported by a 250 µm pitch hexagonal polyimide grid. The third element was the
gas cell entrance window which consisted of three layers of polyimide separated by
Al/AlN multilayers, for a total of 1.25 µm of polyimide, 44 nm of Al and 35 nm of
AlN. This design was chosen to minimize the leak rate and the sensitivity to atomic
oxygen corrosion.

The NASA Advanced X-ray Astrophysics Facility (AXAF, renamed Chandra)
was placed in near-Earth orbit (perigee 14300 km, apogee 135000 km, inclination
76.7°) in July 1999 and is still operational. It was designed to have four times the
effective area of Einstein at low energies and a considerable collecting area between
6 keV and 7 keV. The key elements of the mission were the high angular resolution
(0.5 arcsec FWHM) Wolter type I geometry grazing incidence X-ray optics, and
four selectable detectors at the focal plane: the Advanced CCD Imaging Spectrom-
eter (ACIS) [37] consisting of four CCD chips in a 2x2 imaging array (16’ x 16’
FOV) and 6 CCD chips in a linear array for high-energy dispersive spectroscopy
(0.4-10 keV), and the High-Resolution Camera (HRC) [148] also consisting of two
detectors based on microchannel plates, the imaging HRC-I (30’ x 30’ FOV) and
the linear HRC-S for soft X-ray dispersive spectroscopy (0.07-0.15 keV). An Opti-
cal Blocking Filter (OBF) was placed about 2 cm above the CCDs to reject UV/VIS
light from hot stars and from scattered light in the spacecraft. The filters consisted
of a free-standing polyimide film 200 nm thick substrate coated with 160 nm of
Al for ACIS-I and 130 nm of Al for the ACIS-S, where less visible light was ex-
pected thanks to the grating dispersion. The HRC was equipped with a UV/Ion
shield, placed a few millimeters above the front MCP, consisting of a free-standing
polyimide film ∼550 nm thick coated with 76 nm of Al for the HRC-I and, for
the HRC-S, a slightly thinner polyimide film ranging between 210 nm and 275 nm
with Al coating between 30 nm and 75 nm thick depending on the portion of the
spectroscopic detector (see [89] for a more detailed description of the HRC-S filter
layout). During the Chandra in-flight calibrations, the star Vega (A0V, V = 0.03)
was observed with both the HRC-I and the HRC-S to verify the efficiency of the
UV/Ion shields. The predicted and measured counting rates were in good agree-
ment. UV contamination was reduced by approximately a factor of one hundred
compared to the ROSAT HRI detector [63]. On the ACIS CCD detector [37] of
Chandra, a loss of sensitivity at low energy was detected since the first operating
years, soon associated with a molecular contamination layer building up at the sur-
face of the OBFs facing the spacecraft interior [104]. The main contaminants were
identified by on board X-ray analysis as carbon, oxygen, and fluorine. Even though
the exact molecular source is still under debate, the most likely sources of contam-
inant are carbonaceous compounds, fluorocarbon compounds, and water [80]. An
estimate for the accumulated molecular contamination is of 250–500 µgcm−2 of
unidentified molecular contamination over 18 years of operation, which is one hun-
dred times the pre-flight estimates and ten times the amount of carbon present in the
OBFs polyimide [95].
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The European X-ray Multi-Mirror Mission (XMM, renamed XMM-Newton)
was launched in near-Earth orbit (perigee 5600 km, apogee 113000 km, inclination
67.1°) in late 1999 and is still operational. Like Chandra, it was designed to perform
both imaging and spectroscopy by use of arrays of CCD chips and reflection grat-
ings. The observatory consisted of three co-aligned high effective areas multi-shell
Wolter type I X-ray telescopes, each one consisting of 58 nested Au-coated nickel
electro-formed shells. Each X-ray telescope has a CCD at the focal plane, two of
them are metal-oxide semiconductor (MOS) CCDs (operating in combination with
the reflection gratings) [138] and the third one is a pn-CCD used solely for spectral
imaging [125]. Three different filters can be selected on the filter wheel to properly
attenuate UV contamination from the background and any bright UV/VIS sources,
namely: the thin filter consisting of 160 nm of polyimide coated with 40 nm of alu-
minium (two of these were available on the FW), the medium filter consisting of
160 nm of polyimide coated with 80 nm of aluminium, and the thick filter consist-
ing of 300 nm of polypropylene coated on one side with 100 nm of aluminium and
on the other side with 100 nm of aluminium + 25 nm of tin. The RGS back illu-
minated CCDs, mounted in a row following the curvature of the grating Rowland
circle, were equipped with an on-chip optical blocking filters consisting of a thin Al
layer, ranging between 75 nm and 45 nm from the central to the outer chips, isolated
from the Si by a MgF2 isolation layer (about 26 nm thick)[28].

Contrary to the Chandra ACIS CCD, the EPIC cameras did not show any sig-
nificant molecular contamination after the first five years of mission operation [66];
some moderate decrease of the low energy response has been detected since the
early 2010s on the MOS CCDs, the contamination was well modeled as a thin layer
of pure carbon deposited on the surface of the cameras [120]. No evidence of any
contamination is detected on the pn-CCD.

The Neil Gehrels Swift observatory [39], a NASA MIDEX mission dedicated to
the study of gamma-ray bursts, was launched into a low Earth orbit (perigee 547 km,
apogee 562 km, inclination 21°) in November 2004. The X-ray instrument uses a
grazing incidence Wolter I telescope with 4.7 m focal length (spare flight module
of the JET-X program) to focus X-rays onto an MOS CCD developed within the
XMM-Newton program (EPIC camera). The CCD was protected by UV/VIS light
by a single fixed optical blocking filter consisting of a 184 nm thick free-standing
polyimide film coated on one side with 48.8 nm of aluminium. The XRT camera
does not present significant evidence of molecular contamination affecting the low-
energy response.

The Japanese ASTRO-E2 (Suzaku) X-ray observatory mission, launched into a
lower Earth orbit on July 10, 2005 (perigee 550 km, apogee 550 km, inclination
31°) [88], carried on board two soft X-ray instruments, the High-Resolution X-Ray
Spectrometer (XRS), based on a small array of doped Si microcalorimeter detec-
tors [62], and the X-ray imaging Spectrometer (XIS) based on CCD detectors [70].
The XRS used a combination of five filters to protect the cryogenic detector from
UV/VIS/IR radiation. The two innermost filters were free-standing polyimide 74 nm
thick + 50 nm of aluminium, the two middle ones consisted of a free-standing poly-
imide film 100 nm thick + 100 nm of aluminium, and the outermost and largest one
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consisted of a polyimide film 100 nm thick + 80 nm of aluminium supported by a Ni
mesh with 78% open area. Unfortunately, the XRS has not gone into full operation
due to a malfunction in the cryostat that caused a complete loss of the liquid He
reservoir about 29 days after launch.

The XIS on board Suzaku [70] had four X-ray MOS CCD cameras at the fo-
cal plane of four separate grazing-incidence reflective optics consisting of tightly
nested, thin-foil conical mirror shells. Each camera was equipped with an optical
blocking filter consisting of 140 nm polyimide coated on both sides with 80 nm
and 40 nm of aluminium, respectively. The OBFs were located at a 2 cm distance
from the CCDs and were kept approximately at −40 °C, the same temperature of
the CCD. Shortly after the XIS door was opened, an unexpectedly high molecular
contamination rate was recorded, different for each sensor and varying within the
position of the OBF, being maximal at the center. The contaminants were identi-
fied to be predominantly C and O with a number ratio C/O ≈6 [70]. A numerical
analysis was performed to identify the origin of the contamination. The model was
compatible with the molecular contamination outgassing from the spacecraft’s ma-
terials, in particular: diethylhexyl phthalate (DEHP, C24H38O4), dibutyl phthalate
(DBP, C16H22O4) or n-butyl benzyl phthalate (BBP, C19H20O4). Five years after
launch, the total accumulated mass at the center of the OBFs was ∼300 µgcm−2,
nearly two times greater than that at the edges of the filters [139].

The Japanese ASTRO-H high-energy observatory mission (renamed Hitomi)
[126] was launched on February 17, 2016, into a low Earth orbit (perigee 560 km,
apogee 581 km, inclination 31°). Hitomi and its instruments performed extremely
well up until the loss of communication with the observatory on March 26, 2016.
One of the main instruments on board Hitomi was the Soft X-ray Spectrometer
(SXS) based on an X-ray micro-calorimeter array with doped-silicon sensors [61].
The SXS instrument performed nominally on-orbit, satisfying all of its performance
requirements. In particular, the array measured average energy resolution at 6 keV
was 5 eV, significantly better than the expected 7 eV requirement, proving also that
the filters had survived the launch without any measurable damage. The three outer
filters consisted of a polyimide film 100 nm thick coated with 100 nm aluminium,
supported by a 96% open area Si mesh (diameters 35 mm, 24 mm, and 18.5 mm,
respectively). The two inner OBF with a diameter of 12 mm consisted of a free-
standing polyimide film 75 nm thick coated with 50 nm of aluminium [27, 64].

The eROSITA X-ray telescope, the primary instrument on the Spectrum-Roentgen-
Gamma (SRG) mission, was launched in July 2019 into the Lagrange point L2,
about 1.5 million kilometers away from the Earth, and in December of the same
year started to perform the all sky survey in the 0.2-8.0 keV [107]. The eROSITA
instrument comprises an array of seven identical and co-aligned Wolter-I type mir-
ror modules with 1.6 m focal length, each one consisting of 54 nested nickel shells
coated with gold. The focal plane detectors are back illuminated pn-CCDs with ∼
30 mm x 30 mm sensitive area covering a 1 x 1 square degree FOV [84]. To protect
the CCDs from UV/VIS light, a combination of an on-chip filter and a selectable
filter from a filter wheel was implemented. An on-chip filter consisting of 200 nm
of aluminium was deposited on the sensor chip of 5 out of 7 cameras. The cameras
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with on-chip aluminium use filters consisting of 200 nm thick free-standing poly-
imide, while cameras without the on-chip aluminium use filters with 200 nm thick
free-standing polyimide + 100 nm of aluminium. External warm filters are needed
also to protect the cold camera from molecular contamination. The detectors and
optical blocking filters were not protected by a vacuum vessel during launch. The
two CCDs without on-chip aluminium (mirror modules 5 and 7) have been found
to be contaminated by optical light whose intensity depends on the orientation of
the telescope with respect to the Sun. The characteristics of the light leak are now
better understood after the first all-sky survey coverages, and mitigation actions are
being discussed to improve the low-energy response of these two cameras. At the
current stage of the mission, there is no significant indication of in-orbit degradation
in low-energy sensitivity due to molecular contamination.

3 Functional goals

Filters on high-energy space experiments can either be in a fixed position in the
beam path towards the sensitive detector or be mounted on movable systems, such as
rotating filter wheels, to be selected on demand only for specific science observation
cases.

Depending on the detector technology and science objective, filters can have one
or more functional goals that would include:

• rejection of out-of-band photons (UV, Vis, IR) which may increase the detector
background, cause an energy calibration shift or, for some astrophysical sources
(e.g. hot O-B stars), even overcome the x-ray fluxes;

• reduction of count rates for bright x-ray sources. Be filters or Al coated Kapton
foils, a few tens of microns thick, are used when it is necessary to block the
low energy photons and allow detection of higher energies (e.g. Fe-K complex).
Neutral density etched metal foils with 1% transmission can be used when a flat
attenuation is needed over the full spectrum.

• selection of a given wavelength band. Such filters can be coupled to photon
counting detectors with pour energy resolution or to photometric detectors to
perform spectroscopic analysis (e.g. observation of the solar corona).

• thermal control of a cryogenic detector by attenuating IR thermal radiation from
warm surfaces in the solid angle visible from the sensitive detector area.

• barrier to molecular contamination out-gassing from the spacecraft, especially in
the first phases of operation in space.

• RF shielding from EMI generated by telemetry and on board electronics.
• shielding from low-energy (up to a few tens of keV) charged particles. At higher

energies up to few hundreds of keV (e.g. soft protons), charged particles are not
stopped by thin filters, however, they can be scattered and lose part of the energy
[77].
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4 Requirements and design drivers

Thin filters for X-ray detectors on board of space missions are usually identified as
one of the critical items of the instrument, since their correct design and operation
over the entire lifetime of the mission is essential for the success of the experiment.
A partial failure of one or more filters in space can cause a reduced detector perfor-
mance (e.g. increased threshold sensitivity, reduced efficiency, deteriorated energy
resolution), or in the worst case even the non-operability of the detector (e.g. excess
radiative load onto a cryogenic detector).

As the case for any subsystem operating in space, reliability is one of the key
drivers in the design, and the goal to obtain optimal performance shall be less rel-
evant than the adoption of a robust and already proven technology. Despite this
general concern, it is meaningful and worth in the early phases of a mission devel-
opment (A and B) to explore innovative solutions, which may provide a significant
improvement in the experiment performance. In this phase, an iterative learning cy-
cle is carried out consisting of design, technology breadboards procurement, charac-
terization tests, and lessons learned. At the end of phase B (preliminary design), the
adopted technology should be consolidated and only minor design changes should
be acceptable in the early phase C (design consolidation).

During Phase-A (feasibility analysis), the design is mainly driven by the overall
scientific requirements specified in the approved mission concept and is the result of
a “bottom up” process, which takes benefit from the heritage of previous successful
projects. In the following phases, a “top down” approach shall be followed to make
sure to allocate to each subsystem a requirement value such that the sum meets the
relevant top level requirement budget. The “bottom up” and “top down” processes
shall converge into a reasonable allocation where the subsystem requirement values
are achievable without a too large gap with respect to the early phase proposed
design. Requirements usually evolve throughout the project development from a
“high level” (Phases 0/A, “bottom-up” exercise) to more precise values in Phase
B, and to frozen values at the end of Phase C (consolidated design and start of the
procurement phase).

Requirements driving the design of a sub-system can be divided into few major
categories. In the following we list the main requirement categories and make some
specific examples for the design of filters:

• Scientific/Mission Performance Requirements e.g. X-ray transmission at specific
energies in the sensitivity range of the instrument (this is the main science driver
for the filters), level of out-of-band attenuation at specific wavelength ranges,
materials, and impact onto the non X-ray background. The presence of pinholes
may affect the out of band attenuation, thus a maximum number and size of
pinholes is also usually specified.

• General Requirements e.g. lifetime and acceptable aging effects, accessibility
and interchangeability during the integration and verification phases, redundancy
(not easy to implement for filters except for those mounted on a wheel), failure
propagation.
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• Technical Requirements e.g. thermal requirements (operating temperatures of the
filters, considering that filter temperature may need to be regulated for contam-
ination control, implying requirements on temperature monitoring and needed
heating power), dimensions to account for full illumination of the detector, max-
imum applicable differential pressure, vibro-acoustic susceptibility, optical re-
quirements (spatial uniformity of the filter to not affect the focal plane image
quality), shielding requirements (filters may need to be conductive to close Fara-
day cages and guarantee proper RF attenuation values).

• Environmental Requirements e.g. ambient conditions on ground, during launch
and in space (temperature, humidity, cleanliness), thermal environment (radiative
and conductive coupling with the environment and mounting structure, accept-
able bake out temperature), mechanical environment (sine, random and shock
vibration load during launch). In experiments where the filters are launched in
atmospheric or residual pressure, requirements on acoustic loads during launch
shall also be specified.

• Interface Requirements e.g. positions, dimensions, mass and volume, mechanical
interface to mount structure, alignment.

• Operational Requirements e.g. thermal control during venting, launch, decon-
tamination.

• Calibration and Commissioning Requirements e.g. X-ray transmission accuracy
• Development, Verification, Test, Ground Support Equipment Requirements e.g.

safety check after integration and tests.
• Logistic Support Requirements e.g. packaging, transportation, handling, and

storage.
• Quality Assurance Requirements e.g. cleanliness level of the rooms where filters

are stored, characterized and integrated into the instrument.

5 Materials and technologies

Polypropylene (C3H6), parylene (C8H8) and polyethylene terephthalate (C10H8O4)
have been used as structural support filter materials for some time since the early
stage of X-ray space exploration. They have X-ray transmittance and bandpass per-
formance similar to carbon, but they are generally stronger than graphite. Polypropy-
lene with ∼1 µm thickness was typically obtained by stretching a film a few tens of
micrometers thick. Parylene films have been manufactured with thicknesses as low
as 100 nm, in addition, parylene has higher temperature resistance with respect to
polypropylene, and has thus been preferred for solar observation experiments [41].

In the 1980s, Lexan (C16H14O3, bisphenol-A polycarbonate) became the poly-
mer of choice because it proved much stronger than materials previously used. Alu-
minium coated Lexan filters have been employed on EXOSAT [130], ROSAT [136],
EUVE [78], and Yohkoh [137]. Thin polycarbonate films are produced by means of
spin coating techniques. The film thickness is controlled by spin coating param-
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eters, solution viscosity, and curing temperature. The aluminum is evaporated in
more runs, sometimes distributed over more days.

Within the development program of the UV/Ion shields of the Chandra High-
Resolution Camera (HRC) microchannel plate detector [148, 90], an investiga-
tion was carried out on different plastic materials that could provide high UV re-
jection concurrently with high transmittance in the soft X-ray region of interest
(E > 100 eV). A comparison was performed between Lexan, luxfilm polyimide,
C22H10N2O5), Parylene-C (C8H7Cl), which has one hydrogen atom in the aryl ring
of parylene replaced by chlorine, and VYNS (C2H3Cl, poly(vinyl chloride)) [6].
VYNS and parylene-C were ruled out as an alternative to Lexan being also transpar-
ent in the UV. Polyimide turned out to be a possible alternative, being more opaque
than Lexan in the UV. Figure 1 shows a comparison of UV/VIS transmission per-
formed on two samples of bare luxfilm polyimide and Lexan filters, nearly 280 nm
thick, within the development activities of the Chandra HRC. Polyimide provides a
significant attenuation in the wavelength range 200-300 nm where the Lexan film is
already fully transparent.

Fig. 1: Measured UV/VIS transmission vs. wavelengths for a sample of luxfilm
polyimide 274.5 nm thick (red) and a sample of Lexan 281.6 nm thick (light blue)
in the wavelength range 190-1000 nm.

Further investigations performed on luxfilm polyimide by LUXEL showed this
polymer having superior strength with respect to Lexan, which allows for thin win-
dows to withstand some differential pressure, and having more ductility that allows
for even thinner filters and windows that will survive space mission environments
while improving mission throughput. Polyimide is also stable across a wider tem-
perature range than previously used polymeric filter materials [106]. Investigating
the mechanical properties of polyimide thin films at very low temperature is a dif-
ficult task, preliminary results of an investigation performed by LUXEL shows that



16 Marco Barbera and Ugo Lo Cicero and Luisa Sciortino

polyimide thin films (∼500 nm thick) keep their yield strength (as indicated by
measured burst pressure) down to 4 K, in addition, polyimide mechanical properties
can be improved by optimizing the production process and in particular increasing
the curing temperature [45]. More effort is, however, needed to perform a more ex-
tensive characterization of the mechanical performances of thin films at very low
temperatures and to optimize the curing process for very thin films (< 100 nm).

Upon these encouraging results, since mid 1990’s polyimide has become the
most used material for filters to operate high energy photon detectors in space. Mis-
sions for solar exploration that have employed polyimide filters include: the Solar
and Heliospheric Observatory (SOHO) launched in 1995, the Advanced Composi-
tion Explore (ACE) launched in 1997, the Transition Region and Coronal Explorer
(TRACE) launched in 1998, SOLAR B (Hinode) launched in 2006, and the Solar
Dynamic Observatori (SDO) launched in 2010. High-energy Space observatories
using polyimide filters include: Chandra launched in 1999, XMM-Newton launched
in 1999, Neil Gehrels SWIFT observatory launched in 2004, ASTRO-E2 (Suzaku)
launched in 2005.

Cross metal wire grids, plated metal meshes or photolithographic etched meshes
have been developed to support low leak soft X-ray proportional counter windows
capable to sustain atmospheric gas pressure, and to mechanically support large area
thin filters capable to resist to the vibro-acoustic load of a launch into space [106].

Photolithographic Si fine meshes [94] have also been developed as mechanical
support structure for thin filters. They have been employed on a few experiments
using X-ray microcalorimeters such as the X-ray Quantum Calorimeter Sound-
ing Rocket Program, a joint effort between the University of Wisconsin and God-
dard Space Flight Center [82], the Micro-X sounding rocket experiment, using a
transition-edge-sensor X-ray micro-calorimeters [143], and the SXS experiment on
board Hitomi [64]. The Si mesh is obtained by Deep Reactive Ion Etching of a Si
wafer, and thanks to the good thermal conductivity of Si, heaters mounted on the
outer circular frame allow to warm-up the filters for contamination removal. The Si
meshes are quite brittle and thus they cannot be rigidly tightened to a metal sup-
porting ring. For this reason, they are attached on a kinematic mount which has the
disadvantage of not being leak tight, thus requiring the use of a moisture shield to
minimize contamination of the inner shields.

Photolithographic polyimide meshes have been developed and used in space on
one of the plasma protection windows of the LECS experiment on board Beppo
SAX [101]. More recently, PI meshes have been investigated further by LUXEL for
applications where good thermal conductance of the filter and low frequency RF
attenuation is not a concern [46]. PI meshes are interesting since they become fully
transparent at photon energies above a few kiloelectronvolts.

Silicon nitride windows have been initially investigated as low leak rate windows
for soft X-ray proportional counters [2], and very thin (∼40 nm) membranes with a
diameter up to 31 mm supported by a poly-Si mesh with ∼75% open area have been
manufactured proving to be leak tight and capable to withstand up to three bars of
differential pressure [134, 133]. The same authors have started an investigation to
manufacture larger diameter windows (∼100 mm) of thin silicon nitride membranes
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supported by Si mesh suitable as thermal filters for cryogenic microcalorimeters.
Present results do not show any significant advantage of this technology with respect
to the more consolidated polyimide technology when large size filters need to be
manufactured.

Thin films of carbon nanotubes (CNT) are investigated since a few years as a
novel UV transparent electronic material with excellent and tunable electrical, op-
tical and mechanical properties [144]. Very large size (hundreds of square centime-
ters) and very thin (a few tens of nanometers) free standing CNT pellicles have been
manufactured with very high EUV transmittance, good mechanical strength, and
thermal stability in vacuum [132], such material has been recently considered also
as a promising material for large size X-ray filters and is currently being investi-
gated within a research contract funded by the European Space Agency and lead by
AmeteK Finland Oy.

Another potentially interesting material for the realization of thin high perform-
ing X-ray windows is graphene, which has low atomic number, gas tightness, high
chemical stability, high electrical conductivity, light blocking ability [91], nontoxi-
city, and is one of the strongest material ever measured [72]. Small size windows of
this material (diameters < 10 mm) have been manufactured with thicknesses of the
order of 1 µm as an alternative to Be windows for energy dispersive X-ray detectors
[57].

To conclude this section, we mention the main commercial actors with some
heritage in manufacturing thin filters for space applications.

HS-Foils (Finland), recently acquired by AMETEK, is specialized in silicon ni-
tride windows, free standing or mesh supported to withstand high differential pres-
sure. The company is involved in research activities on innovative CNT based filter
materials for space applications.

Lebow (California, USA) supplies a large variety of foils of different materials
(not all made in house), either free-standing or supported by electroformed Ni or Cu
mesh, and etched stainless steel mesh. Filter materials include several elements and
compounds and a few type of polymers.

Luxel (Washington, USA), manufactures ultra-thin filters for space applications
since the early seventies and is still active being the main actor worldwide in the
space sector (see the web site www.luxel.com for a detailed description of contribu-
tions to a long list of space programs). Luxel provides some standard filters, also for
ground laboratory applications (e.g. SEM, TEM, high energy physics), although its
specialty is in custom filter design.

Materion (Ohio, USA) is a large company specialized in innovative material for
research and industrial application. Specialized in beryllium filters and optics, has
participated to different space missions including James Webb Space Telescope.

Moxtek (Utah, USA) is a high tech company focused not only on filters. They
produce ultra-thin windows including polymers. They have manufactured filters for
some space applications including the thin and medium filters of the EPIC camera
on board XMM-Newton.



18 Marco Barbera and Ugo Lo Cicero and Luisa Sciortino

6 Performance modeling

Filter design, as discussed in section 4, requires a delicate trade-off between several
conflicting needs, and relies on accurate performance modeling to reach an optimal
compromise. The X-ray transparency requirement, calling for thin membranes, is in
direct contrast to achieving out-of-band shielding and mechanical robustness, and
thermal properties play an important role too, especially when the filters are to be
integrated into a cryogenic instrument.

6.1 X-ray transmission

X-ray propagation through a solid is subject to absorption by the photoelectric ef-
fect, incoherent (Compton) scattering, coherent (Rayleigh) scattering, and Bragg
diffraction. Other photon-matter effects, such as electron-positron pair production
and photo-nuclear effect, are negligible for energies of the photon < 1 MeV. Hubbell
[54] gives a comprehensive review about the main processes involved in the inter-
action between X-rays and condensed matter.

The photoelectric effect is the primary contributor to the absorption of X-ray ra-
diation in a thin film up to energies of about 30 keV. An X-ray photon can interact
with an electron pertaining to an atomic inner shell, being completely absorbed and
transferring its energy to the electron, which is therefore removed from its orbital.
However, if the photon energy is lower than the binding energy of the electron, the
process cannot take place and the photon cannot be absorbed by this mechanism.
For this reasons, X-ray transmittance in function of the photon energy shows char-
acteristic absorption edges in proximity of the binding energies of the shells (see
fig. 2). The photoelectric effect probability is strongly dependent on Z, the material
atomic number, and E, the photon energy, varying several order of magnitudes for
different materials and energies. In particular, the probability due to interaction with
the K-shells is proportional to Z5/E3.5 [50].

Incoherent scattering (also Compton or inelastic scattering) takes place when a
photon interacts with a free electron or weakly bound electron in an outer shell,
knocking it out from the electron cloud and losing some energy in the process. The
transmission loss due to incoherent scattering is negligible, with respect to photo-
electric effect, for photon energies up to 30 keV, except for interaction with very
low Z materials where a small contribution cannot be neglected above a few kilo-
electronvolts. Coherent scattering, also known as Rayleigh or elastic scattering, is
a process in which a photon interacts with an atom as a whole (not only with one
electron) and it is scattered substantially maintaining all of its energy. It is coherent
in the sense that the photon energy does not change while its propagation direc-
tion and phase can change, thus resulting in interference effects. If the material is
highly ordered, as in crystalline materials, and has a certain thickness, the coherent
scattering leads to Bragg diffraction. For X-ray filters Bragg diffraction is often not
taken in account, since they are usually thin and/or composed of amorphous or dis-
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Fig. 2: X-ray transmittance of a filter made of polyimide (nominal thickness 45 nm)
and aluminium (nominal thickness 30 nm). The black dots are a measurement per-
formed at a synchrotron beamline. Data in the carbon edge is not reported in the plot
due to contamination that compromises the data reliability in that region. The solid
red line is a transmittance model that does not take in account the fine absorption
structures in the edge regions.

ordered materials; thick filters, like the beryllium one used as instrument gate valve
on Hitomi, are bound to show Bragg features in the transmittance spectrum [30].

The “narrow beam” transmittance of a filter is defined as T = I/I0, where I0 is
the impinging X-ray radiation intensity and I the intensity of the radiation exiting
from the filter in the same direction of I0. The concept of a narrow beam is related to
the fact that the radiation scattered around, even if it crosses the filter, is not consid-
ered as part of I. The contribution of each illustrated effect can be taken in account
through the linear attenuation coefficient, a quantity related to the probability of the
photon-matter interaction event to occur. If µ (cm−1) is the sum of the linear attenu-
ation coefficients of the aforementioned effects, the transmittance of a homogeneous
medium can be written as:

T = e−
µ

ρ
·ρt
,

where ρ is the material density (g cm−3) and t its thickness (cm). X-ray filter ma-
terials are usually composed by several elements; in this case, the transmittance is
given by:

T = e−∑i (
µ

ρ
)i·ρiti ,



20 Marco Barbera and Ugo Lo Cicero and Luisa Sciortino

having indicated with µi, ρi and ti the quantities relative to the i-th element. The
same equation holds if the filter is a multi-layer since, with a good approximation,
only the total number of atoms for the various elements in the photon path is rele-
vant, not how they are arranged in the layers. The quantity µ/ρ (cm2 g−1) is called
mass attenuation coefficient, and is tabulated for many elements and materials. For
an extensive review on the experimental and theoretical available data about mass
attenuation coefficients see Hubbell [55]. Saloman et al. [116] gives tables of ex-
perimental attenuation data in terms of the cross-section σ (in units of barns/atom,
other authors give it in cm2/atom), where σ = µ

N (N is the number of atoms per
volume unit), for element Z=1 to Z=92 and energies from 100 eV to 100 keV. See
also Henke et al. [51] and Hubbell et al. [56] (erratum in 1977). The available tab-
ulated data is generally valid when it is possible to assume that the atoms scatter
independently and there is no influence by the chemical structure of the material.
This can be considered true for energies sufficiently far from the absorption edges
and >∼ 100 eV. Closer to the edges, the absorption presents a finely structured
curve, related to multiple-scattering and resonance processes and a dependency to
the local atomic structure surrounding the atom that is interacting with the pho-
ton. These absorption structures, for which theory and modeling can be found in
[123, 112, 145, 69], have a significant impact when a detailed knowledge of a filter
spectral response is required. High energy-resolution transmittance measurements
can be performed to obtain an accurate calibration (see sect. 8).

6.2 UV/VIS/IR transmission

Rejection of radiation with wavelength from the IR to the UV is crucial to block
light from astrophysical sources, stray-light from bright sources that are not directly
in the field of view, usually the Sun, the Earth or the Moon, and thermal IR radi-
ation originated in the surfaces of the instrument with a light path to the detector.
The last point is especially relevant for cryogenic detectors, such as microcalorime-
ters, operating at T < 100 mK, which are affected by noise generated from thermal
fluctuations due to incoming radiation.

Filters can block such unwanted radiation by absorption or reflection. When
leveraging the latter, it is important to take in account multiple reflections that can
bring back rejected light, eventually allowing it to reach the detector. Scattering
through the filter medium can usually be neglected or assimilated in a limited way
to transmission or rejection, as far as the detector is concerned.

Transmittance and reflectance of a multi-layer filter are affected by the interfer-
ence of the waves determined by the filter structure. For a multi-layer composed
of isotropic and homogeneous films, they can be calculated from the knowledge
of the complex refractive index and the thickness of each film by a matrix method
based on Fresnel equations, very well suitable for computer evaluation [49]. Pa-
lik [100], Hagemann et al. [47] have published tables including optical constants for
many materials, and several online databases allow to readily obtain refractive index
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data from a multitude of literature sources [105, 67, 110, 122]. Nonetheless, many
aspects related to the manufacturing process can have an impact on the refractive
index, and a characterization of the specific employed materials may be needed.

One of the current state-of-the-art standard filter for astrophysical X-ray detec-
tors is a multi-layer consisting in a polymeric (e.g. polyimide) membrane coated
with a metal (e.g. Al). We can consider, as a relevant example, a multi-layer with
four films: PI, aluminium, and two aluminium oxide layers, one on each face of
the Al. The aluminium oxidation is a drawback, since it is quite transparent to the
unwanted radiation, but it absorbs x-rays the same way aluminium does. Al pro-
vides a good rejection by reflection for wavelengths higher than about 100 nm, and
gives an absorption contribution between 4 nm and 1000 nm, particularly effective
between 4 nm and 17 nm, with an inter-band absorption peak at about 830 nm. PI
gives an important contribution absorbing UV radiation in the range 8 nm - 400 nm.
Transmittance curves in fig. 3, obtained using the modeling here discussed, show
the described behavior. The presence of pin-holes in a filter can reduce the rejection
performances. The Al deposition process is especially susceptible to particle con-
tamination that can result in pin-holes in the metal layer. The issue can be mitigated
by coating the polymer on both sides, but this solution has its drawbacks: the to-
tal amount of aluminium oxide is doubled, the sandwich structure can worsen the
degradation of the polymer due to atomic oxygen trapping [4] and, depending on
the polymer thickness, interference effects can reduce rejection in specific bands.

Optical constants for pure metals are in general well known and tabulated in
literature, but the deposition process, especially when dealing with thin films, can
affect significantly the interaction with light. The specific process used to deposit
the metal, typically e-beam or thermal evaporation deposition or sputtering, together
with parameters such as the substrate temperature during deposition, have an impact
on the film density and continuity. Discontinuities of the film, or a lower density,
reduce the light rejection of the film.

Polymers have largely varying optical properties based on their formulation.
Hasegawa & Horie [48] gives a detailed review on the photo-correlated properties
of polyimides. Light absorption takes place when the energy of the incoming pho-
ton matches the gap between two allowed energy states [79]. This can occur at UV
wavelength with electronic excitation, where an electron can move from a bound
orbital to an unbound one. π bonds of the most common groups give place to ab-
sorption in the range 160 nm - 400 nm, while σ bond absorption peaks are usually
at lower wavelengths. In the IR, the absorption is determined by allowed molecu-
lar vibration modes, which strongly depend on the structure of the molecule (bond
lengths, bond angles, and geometry). Forouhi-Bloomer dispersion formulation for
amorphous materials [32, 33] can well describe the refractive index of polyimide in
the whole IR - extreme UV range. A multi-oscillator Lorentz’s model can be used
to describe the refractive index in the IR [146, 60].

Different techniques are used for characterizing the optical properties. A prism
coupler can be used to measure the refractive index at specific wavelengths [71,
1]. Reflectance spectroscopy measurements at different angles and polarizations,
performed on multiple PI samples with different thicknesses, have been used to
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Fig. 3: UV/VIS/IR transmittance models of an aluminium film (23 nm), a poly-
imide film (45 nm) and a combination of the two above layers of aluminium and
polyimide. The curves are obtained using the modeling described in this section.

derive the refractive index in the range 5 µm - 1.4 µm [60], and a similar technique
has been employed to evaluate the thickness and the refractive index for a specific
wavelength in the IR [73]. Normal incidence IR transmission spectroscopy has been
used by Zhang et al. [146] to determine the thickness of several PI samples and their
refractive index. Other thin film characterization techniques are reported in [49, 34].

6.3 Mechanical and thermal analysis

Thin filters for space missions are subject to severe mechanical and thermal stresses:
launch vibrations and acoustic load, differential pressures, and changes from room
to cryogenic temperature. Increasing mechanical robustness implies thicker films
and stronger supporting meshes, thus a reduction in the transparency to X-rays.

Finite element method (FEM) simulations help optimizing the design, to guaran-
tee the necessary robustness while minimizing the opacity; nonetheless, the quality
of the materials has to be experimentally tested (as discussed in section 7) since
defects and inhomogeneities can easily dominate filter failure. FEM simulations are
employed to study single layer freestanding membranes [119], bi-layers, and failure
mechanisms [75].
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Bulge test, displacement measurement of a membrane subject to a differential
pressure, has been commonly adopted to retrieve experimentally the mechanical
properties required for the simulation of freestanding membranes [142, 16].

Regarding vibrations, the membrane is generally so thin that it can be neglected
when simulating a structural mesh mechanical response by FEM. Similarly, in terms
of thermal behavior, the mesh is the main contributor to the conduction along the fil-
ter plane, and a meshless filter is usually a poor conductor and can result in relevant
temperature gradients along its surface.

The thermal emissivity ε of a membrane, useful for modeling the thermal inter-
action of the filter with the surrounding environment, can be retrieved as a function
of its wavelength λ by the relation ε(λ ) = 1−T (λ )−R(λ ), where T and R are the
transmittance and reflectance discussed in section 6.2.

7 Characterization techniques

The ultimate performance of the filters in space, until the end of life of the mission,
shall be the result of careful design activity in response to the instrument require-
ments, a detailed plan of characterization and qualification activities, and a well un-
derstood, controlled, and repeatable manufacturing process. Heritage from previous
missions, knowledge of the ongoing investigations on new promising technologies,
and performance modeling, described in the previous section, provide the main in-
puts to choose the baseline filter technology and identify a preliminary design. Op-
tical and mechanical characterization tests, performed on partially representative
filter breadboards, shall then be performed in phase A to verify the feasibility of the
investigated technology and to prove that, with a proper design, filters can meet the
main scientific requirements (X-ray transmission, out of band attenuation). Results
of the preliminary tests will guide the choice of the filter materials, the type of sup-
porting structure if needed, the frame material and mounting scheme, the type of
bonding between the thin filter, the supporting structure, and the frames. In phase
B, when the system interface requirements start to be consolidated, characterization
tests shall be performed on more representative models to assess the maturity of the
technology and the compliance with the main technical and environment require-
ments (e.g. static and dynamic mechanical loads). In the following, we will briefly
describe a few techniques used to characterize filter breadboards. Some of these
techniques are also used for the qualification and acceptance tests of more advanced
models, including the flight units.

7.1 X-ray transmission spectroscopy and imaging

During the design, development, and production phases of filters for any X-ray mis-
sion, several experimental measurement campaigns must be conducted both to sup-
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port the design for improving the X-ray transmission and to calibrate the response of
the instrument, taking into account the presence of one or more filters that attenuate
incident radiation [68][109]. A good design of the filters has to ensure the maxi-
mum X-ray transmission, in particular at low energies (E < 1 keV) while retaining
the required out-of-band rejection, thickness uniformity, and mechanical robustness.
Furthermore, X-ray transmission spectroscopy and imaging are also essential during
the calibration phases (see section 8) [21] [30].

The main goals of X-ray transmission spectroscopy and imaging measurements
of the filters include:

• verification of the compliance with the requirements (see sect 4);
• development of a refined model to predict filter response by deriving optical con-

stants from reference samples (including edge regions);
• derive the areal densities (ρiti) and, knowing the densities, the thicknesses (ti) of

the different material layers of the filter, and their spatial homogeneity;
• identification of suitable measurement facilities and achievable accuracy for the

flight filters calibration;
• calibration of flight filter witness samples (or directly flight filters if feasible).

Experimental campaigns can be carried out using collimated monochromatic
beams available in synchrotron X-ray beamlines such as FCM [44] and SX700 [121]
at Bessy II, BEAR at Elettra [93], and Metrologie at Soleil [58], or by use of a wide
beam produced by electron impact X-ray sources in laboratory based facilities such
as XACT [7], Panter [36] [35], or Beatrix [115].

A synchrotron beamline experimental set-up may collect spectra in a wide energy
range (figure 2), with a high spectral resolution and accuracy that is specifically
required for the absorption edge regions (figure 4).

Fig. 4: X-ray absorption edges on a filter made of polyimide (45 nm) and aluminium
(30 nm) measured using synchrotron radiation. Left panel: N K-edge. Right panel:
O K-edge.
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In the absorption edges, filter transmission changes rapidly as a function of en-
ergy, therefore, in order to get few % accuracy on the instrument quantum efficiency
the x-ray transmission in the edges shall be calibrated with a small energy step, typ-
ically smaller than the required absolute energy scale calibration accuracy. As an
example, in the case of the X-IFU instrument on Athena, the 1 sigma energy scale
calibration accuracy is currently set to 0.4 eV, therefore, the x-ray transmission of
filters inside the edges will be calibrated with a step < 0.2 eV. Different beamlines
show distinctive characteristics; hence collecting and comparing data recorded in
two or more beamlines is a functional choice [109]. Synchrotrons produce high bril-
liance X-ray radiation, many orders of magnitude greater than any laboratory source.
This property allows the use of high spectral resolution monochromators collecting
a reasonable transmitted flux in energy regions where samples may be opaque to
the radiation, obtaining low noise and statistically sound measurements. Spatially
resolved transmission measurements of filters at specific energies can give informa-
tion on the uniformity of the membrane thickness, which is a fundamental technical
requirement as reported in section 4. These characteristics combined with the high
stability of these sources make synchrotrons an essential tool for filter investigation
and calibration. Notwithstanding the high accuracy of these measurements, there
are a few disadvantages with this kind of source. The experimental chambers avail-
able at synchrotron beamlines do not often offer enough room to host large samples
as the flight and spare flight models are, thus collecting the transmission spectra of
large filters is quite challenging, especially for the imaging since a 2D-motorized
stage is also required. Some facilities, designed also with an eye on calibration ac-
tivities, offer this valuable option as is the case for the PTB beamlines at BESSY II
[44, 121]. Furthermore, the high brilliance might damage filters. Such an occurrence
can be mitigated by moving the samples out-of-focus to reduce the energy density
and minimize any damage and any chemical or structural modification due to the
beam.

The laboratory based facilities (e.g. XACT, Panter, Beatrix, see the article ”Fa-
cilities for X-ray Optics Calibration” in this handbook for more details) are typi-
cally equipped with large experimental chambers, able to accommodate large filters,
whole filter stacks or even fully assembled instruments. Moreover, by employing
different techniques, they produce wide collimated beams (tens of centimeters in
diameter), allowing to perform X-ray transmission maps of large area filters when
coupled with an imaging detector such as a CCD or a MCP detector. For compari-
son, the typical size of a synchrotron beam in the main experimental chamber does
not usually exceed a few square millimeters making the wide area x-ray mapping
more complex and time-consuming. On the other hand, the spectrum generated by a
laboratory beamline is not white, but it features emission lines characteristic of the
source anode and a less intense Bremsstrahlung continuum. The much lower bril-
liance with respect to synchrotron radiation makes it difficult to operate with a very
narrow bandwidth monochromator (that has a very low efficiency), and the mea-
surements are usually performed only in the emission lines without the possibility
to achieve the energy resolution of the synchrotrons.
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7.2 UV/VIS/IR spectroscopy

As reported in section 4, the rejection of the undesired out-of-band radiation is a
critical requirement for any X-ray detector. For instance, semiconductor detectors
such as the DEPFET active pixel arrays must be shielded from UV/VIS photons to
prevent energy scale offsets, and microcalorimeters must be shielded by IR radiation
to avoid a spectral resolution deterioration by photon shot noise.

The out-of-band radiation can be blocked using filters manufactured with appro-
priate materials (sect.5) and proper design (sect. 4 [5]). As an example, the baseline
design for the large optical filter of the WFI detector of Athena is a bilayer of poly-
imide and aluminium with thicknesses 150 nm and 30 nm, respectively [10].

For the abovementioned reasons, the characterization of both UV/VIS/IR trans-
mission and reflection plays a key role in the development and the design of optical
blocking and thermal filters. In this respect, planning and performing UV/VIS/IR
measurement campaigns ex-situ on sets of witness samples is essential to choose
suitable materials and determine the thickness of each selected layer.

The transmission of a 150 nm membrane of polyimide and a 150 nm membrane
of polyimide coated with 30 nm aluminium in the UV/VIS spectral range is reported
in fig. 5.

Fig. 5: Ultraviolet and Visible transmission of a 150 nm membrane of polyimide
(left panel), and a 150 nm membrane of polyimide coated with 30 nm aluminium
(right panel).

For the reported case, the thickness of the polymer guarantees low transmission
in the UV region (below 300 nm), and the aluminium attenuates efficiently the visi-
ble radiation because of its high reflectivity in this wavelength range.

Optical spectra in the ultraviolet, visible, and near-infrared regions can be ac-
quired using a double beam spectrophotometer while the infrared spectra in the
near-, medium-, and far-infrared are usually recorded using a Fourier Transform
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spectrophotometer. Furthermore, the thickness uniformity over a large area of a pro-
totype sample can be verified by mapping the UV/VIS/IR transmission/reflection in
several points.

The experimental UV/VIS/IR campaigns allow also the retrieval of the actual re-
fractive index of a specific material that was produced with a certain manufacturing
process, such information is essential to develop a proper transmission model as
reported in section 6.

Another important parameter that can be derived from IR measurements is the
emissivity already mentioned in section 6.3. In fact, the manufacturing process can
affect deeply the emissivity of a material since it can modify considerably the sur-
face roughness. The knowledge of the emissivity of the filter surfaces is very rele-
vant especially for detectors operating at low temperatures which are very sensitive
to thermal radiation from any surface in their field of view, including the filters.

It is well-known that the sum of transmissivity τ , reflectivity ρ , and emissivity ε ,
for a certain wavelength λ , must be equal to 1, τ(λ )+ρ(λ )+ ε(λ ) = 1. The ε can
thus be calculated from the experimental measurement of τ and ρ as a function of
wavelength.

7.3 X-ray photoelectron spectroscopy

Materials can be subject to ageing and be chemically altered over time when stored
in presence of air [68]; hence the requirements reported in section 4 might be met
in a pristine filter but might not after the component has been in storage waiting
for integration in the instrument. Such modifications often involve the outer layers,
which can be investigated by X-ray photoelectron spectroscopy (XPS), a technique
that only probes the outermost atomic layers. The information collected is restricted
to a depth of few nanometers (1 nm - 10 nm).

The XPS is based on the photoelectric effect; if an X-ray photon with appropriate
energy hits a material, the ejection of an electron, often named photoelectron, can
occur. The kinetic energy of the ejected photoelectron, originating from a specific
atomic shell, can be measured. The simple relevant relation is reported in eq. 1
where Ei is the energy of the photon energy, Ek and Eb are the kinetic energy and
the binding energy, respectively, of the outgoing photoelectron, and w f is the work
function that is typical of the employed instrument [124].

Ei = Ek +Eb +w f (1)

The knowledge of Ei and the accurate measurement of Ek, via Eq. 1 allows to re-
cover the Eb of all the ejected electrons from a specific orbital of the present chemi-
cal elements but hydrogen or helium. The Eb contains information about the chemi-
cal element, its oxidation state, and its chemical environment [124]. An example of
XPS wide scan, called survey, of a sample is reported in fig. 6
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Fig. 6: XPS survey recorded at 1557 eV incident photon energy. In the plot the O
2s, Al 2p, Al 2s, C 1s, C 1s, O 1s, the O KLL Auger peaks are identified.

XPS spectra can be acquired using two kinds of X-ray sources: an electron impact
source, usually using an aluminium or magnesium anode, or synchrotron radiation,
a highly tunable and brilliant source.

The analysis of a single peak may be useful to compute the thickness of an
overlayer onto a bulk material [59]. For instance, the filters for X-ray detectors
are usually coated with metallic aluminium, which rejects out-of-band radiation,
that is naturally oxidized [8]. This chemical change of the outer layers may affect
the spectroscopic performances of the filter, causing a deterioration of the detec-
tor performances. The XPS analysis allows to measure the calculation of the oxide
thickness, thence helping to properly design the thickness of each layer of the flight
filters [117].

7.4 Radiofrequency shielding effectiveness

Highly sensitive X-ray detectors can be hindered by electromagnetic noise originat-
ing from the spacecraft telecommunication system or from on board electronics. In
such cases, Faraday cages are built to shield the sensor, and filters are required to
act as cage extensions, providing a suitable attenuation to radio frequency (RF) ra-
diation. Filters composed of a thick metal foil are able to block most of the RF, but
thin films designed to maximize X-ray transparency may be unable to reflect the ra-
diation entirely, allowing a fraction of the power to pass through; metal meshes with
a proper pitch can help to increase the shielding effectiveness (SE) of such filters.

Measurements conducted on thin film filters in a reverberation chamber have
shown that Al films of 30 nm are able to provide an attenuation of about 30 dB
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for frequencies above 5 GHz, while metal meshes with 4 mm pitch can provide an
attenuation of about 15 dB for frequencies below 5 GHz [76] (see Fig. 7).

Fig. 7: Attenuation measured in a reverberation chamber with a diameter of 100 mm
[76]. The cut-off at 1.76 GHz is due to the geometry of the chamber. During the
measurement, the filter under test is mounted on a metal wall in the middle of the
chamber, with a 56 mm diameter hole. The black curve refers to the measurement
without any filter (the attenuation of the holed wall is measured), and the others
refer to samples consisting of a 30 nm thick Al foil, a 4 mm pitch copper mesh, a
combination of mesh + Al foil.

When performing RF shielding measurements, the geometry and the RF proper-
ties of the filter operating-environment has to be taken into account; usually metal or
metallized walls are defining the space where the RF can propagate inside satellite
instruments, which can be seen as an electrically large enclosure. Such an environ-
ment can support a multitude of superimposed electromagnetic modes, each one
potentially having resonance peaks inside the cavity. The geometry of the enclo-
sure is determinant to the total SE, a small aperture has a lower cut-off frequency
for supported electromagnetic modes, and its size may be sufficient to ensure high
attenuation for low-frequency radiation, even without a filter.

A free-space propagation attenuation measurement can be misleading, since it
would just emulate a specific field configuration, unlikely to be supported into an
enclosure, not taking into account resonances that can result in a strongly reduced
SE for the corresponding frequencies. Foreseeing how external radiation is cou-
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pling with the enclosure and which modes would propagate is impractical, so the
SE characterization is performed statistically with a great number of different field
configurations.

Fig. 8: Schematic drawing of a set-up to measure the shielding effectiveness of two
filters, using a reverberation chamber.

A reverberation chamber, an enclosure with high reflectivity and geometry rep-
resentative of the filter operative environment, allows to obtain the needed vari-
ety of configurations using mechanical or frequency mode-stirring [118, 53]. It is
equipped with two RF couplers, usually antennas or loops, facing each other across
the chamber. One or more filters are placed inside the enclosure in a representative
geometrical configuration. The measurement is performed by a spectrum analyzer or
a network analyzer, injecting an excitation signal through one coupler and measur-
ing the signal coupled to the second one. The chosen mode stirring technique must
then be applied to acquire the data needed for statistically calculating the SE in the
frequency range of interest. See figure 8 for a schematic of the measurement setup.
Care must be taken in properly characterizing the measurement system, perform-
ing measurements in the following conditions: open (without filters), closed (filter
aperture closed with a metal slab), and dark (signal measured without excitation).

7.5 Imaging and microscopy

The collection of images at different magnification levels (surveying dimensions
from nanometers up to millimeters) is a powerful tool to check integrity and quality
of filters in any step of the qualification, including acceptance tests after the delivery.
An example of different collected images is reported in fig. 9

The integrity of the filters must be verified after the production and after any
test. A high-resolution photographic scanner, or a digital camera, allows freezing
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Fig. 9: Images collected at different scales: a) Image acquired using a high-
resolution photographic scanner to detect coarse defects such as pinholes, b) SEM
image of a supporting mesh wire, and c) AFM image of a portion of aluminium
coating onto a filter membrane.

information on the structural integrity of both the membrane and the mesh (fig. 9a).
In addition, these tools enable to look for defects in the membrane or in the glu-
ing between membrane and mesh. The search for pinholes in the membrane and
its coating or contaminating particles (typical diameter 5 µm) can be performed us-
ing an optical microscope with the appropriate resolution, equipped with a digital
camera and a motorized translator to automate the image acquisition. These mea-
surements can be performed in properly clean environments also on representative
models such as the flight and flight spare units. Optical and thermal filters are as-
sembled with methods reported in section 5, often adopting metal coatings. The
roughness of these coatings can adversely affect the rejection of out-of-band radia-
tion. The quality of the coating must be checked in terms of waviness (millimeters
scale), roughness (few nanometers), and the presence of pin-holes or other imper-
fections. The investigation of small-scale defects, including changes in roughness
or non-uniformity at the nanometric level, requires the use of more sophisticated
techniques such as scanning electron microscopy (SEM) (fig 9b) and atomic force
microscopy (AFM) (fig 9c). These last characterizations can be performed using
witness samples of the flight filters, which are fully representative and manufac-
tured in the same production batch with the same processes. The SEM images allow
to assess the quality of the supporting mesh bars (surface morphology, roughness,
cleanliness of the cuts, walls verticality...) or membrane to mesh bonding (integrity
and uniformity)[135]. Additionally, the AFM images allow inspecting the morphol-
ogy of the membrane and metallic coating surfaces extracting a z-profile to compute
the surface roughness[29].
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7.6 Environmental tests

The instrumentation on Space missions suffers the impact of high-energy particles
in the energy range from few keV to hundreds of MeV coming from the Sun and
other energetic astrophysical sources. Soft protons of solar origin may be scattered
by X-ray grazing incidence optics and be partially focused onto the focal plane with
potential risk to damage the detector and/or increase its background noise; this effect
was identified for the first time on Chandra [108] and XMM-Newton [138, 125] ob-
servatories, posing severe new constraints on the design and operation of upcoming
X-ray missions with larger effective areas of the mirrors. Filters, used to protect the
X-ray detectors in Space, may partially absorb, scatter, and modify the energy spec-
trum of soft protons, thus playing a fundamental role in the determination of this
detector background component [77]. Particles with sufficient energy, typically cos-
mic rays with E > 100 MeV, can cross the spacecraft and reach the focal plane from
every direction. The collisions with such energetic particles can seriously damage
filters producing an increase of the surface roughness or degradation of mechanical,
chemical, and optical properties [74] [65].

Irradiation tests are conducted on filters at proton accelerator facilities, with par-
ticle energies in of few megaelectronvolts, to evaluate aging effects. Typical qualifi-
cation doses for a few years mission in Space are of the order of 1010 cm−2 1 MeV
equivalent. Surface analysis of the filters by AFM, XPS, and X-ray transmission
measurements are performed before and after the irradiation to establish the occur-
rence of aging effects.

Our solar system is filled with micrometeoroids (natural mineral grains likely
originated from asteoroids and comets) and debris produced by artificial objects
placed in orbit. As known from previous X-ray missions such as XMM-Newton and
Swift [19], and the eROSITA German X-ray satellite launched in July 2019 and
presently operating in the Lagrangian point L2 [85], micro-meteoroids can pass or
scatter through the grazing incidence mirror systems or be fragmented there and
reach the focal plane procuring local damages to the sensitive area of the detec-
tors. The particle fluxes decrease with increasing particle size in the range 0.1−
100 µm, have speeds in a typical range 1-20 kms−1, and particle densities ranging
from 1 gcm−3 to 5 gcm−3 [19] [102].

No clear evidence has been reported so far of damages on the thin filters placed
along the focused X-ray beam optical path of X-ray missions. Severe damages, con-
sisting of a complete disruption of a filter, would have been easily recorded, while
minor damages, consisting of small size pinholes, might have occurred and not been
detected because they are not affecting the detector performances measurably. De-
spite this, a great concern on the behavior of thin filters under micrometeoroids
bombardment is put in the design of future X-ray observatories with large collect-
ing area telescopes like Athena, where the expected number of micrometeoroid hits
at the focal plane is quite significant. Given the predicted particle flux in L2 reported
in [114], and the Athena telescope open area, it is possible to estimate a particle flu-
ence at the telescope focal plane of a few tens per year of 0.1 µm size, few per year
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of 1 µm size, and an unlikely occurrence of 100 µm size particles over the lifetime
of the mission.

As reported in [102], a collision of a particle on a filter can result, as a function
of its mass, density and relative speed, on either:

1. the particle is stopped by the filter;
2. the particle punctures the filter, passing through and leaving a hole;
3. the particle is fragmented or evaporated upon impact, eventually passing through

the filter as a shower of smaller particles.

Specific experimental tests will be performed on breadboard filters of the Athena
focal plane detectors at a dust accelerator facility capable to accelerate particles
with Space representative sizes, speeds, and compositions. This type of tests allow
to evaluate the effects of micrometeoroids impact on the filters and their role in
partially protecting the detector.

Missions flying in low Earth orbits (LEO) face the issue of atomic oxygen (AO)
corrosion [111]. Diatomic oxygen and ozone in the upper atmosphere are subject to
photo-dissociation by solar radiation, leading to a high concentration of extremely
reactive atomic oxygen. It is well known, since the first shuttle missions, that poly-
meric materials are highly susceptible to deterioration when exposed to AO. Strate-
gies to overcome the issue span from the design of AO resistant polymers to protec-
tion with a variety of thin film coatings. Filters made of metalized polymer have a
inherent protection from the AO, provided that the metal film is facing the external
environment and that its quality is good enough. Micro defects in the metal coating
constitute entrance windows for the AO, leading to the corrosion of the polymer.
Such imperfections can be more difficult to avoid when the metal film thickness has
to be kept within a few tens of nanometers. An additional coating can be helpful, par-
ticularly high-quality extra-thin layers deposited with high performance processes
such as atomic layer deposition [24]. Several methods have been used to test ma-
terials resistance to AO corrosion, many of which rely on chambers where oxygen
plasma is generated by microwaves, laser pulses, or other techniques. To increase
the relevance of the test, the kinetic energy involved in the material-atom interaction
has to be taken into account, which in orbit is related to the speed of the spacecraft
flying in the AO rich environment (a few kilometers per second). Testing setups able
to bombard a sample with high-speed oxygen atoms have been built (e.g. ESTEC
atomic oxygen simulation facility) to allow for accurate quantitative measurements
of AO degradation effects.

Stress to filters can be originated not only from direct mechanical solicitations
(vibrations, acoustic loads) but also from variations of temperature or humidity. Op-
erating temperature for X-ray filters spans from as low as a few tens of mK, when
dealing with cryogenic detectors, to about 340 K, for decontamination procedures.
Moreover, they can be subject to a large number of thermal cycles, when their tem-
perature is not regulated, because of the intermittent exposure of the spacecraft to the
Sun. Such temperature variations produce thermo-mechanical stresses, potentially
inducing failures during the mission lifespan.
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Thermo-vacuum tests are performed to check filters behaviour when subjected
to multiple thermal cycles in high-vacuum, making use of temperature controlled
chambers connected to vacuum pumps. Temperature control can be attained with
mechanical coolers or cryo-coolers, coupled with electrical heaters. Applied tem-
perature ramps are usually in the order of a few K/min.

Humidity can affect surfaces chemically (e.g. water-soluble materials, corro-
sion), but it can as well induce mechanical stresses when materials are hygroscopic;
this is the case of polyimide, which absorbs water from the atmosphere, swelling
considerably. The majority of the water content is quickly released when the PI is
put in high vacuum, giving place to a contraction of the membrane. During space
operation, humidity uptake is not a concern, but flight filters are usually subject to
humidity during integration in the instrument, and may be subject to humidity cy-
cles if repeatedly brought from air pressure to vacuum during instrument testing.
Depending on the materials of choice, humidity stress tests can be performed into a
climatic chamber (a temperature and humidity controlled chamber) or into a vacuum
vessel (cycling between vacuum and ambient pressure).

7.7 Mechanical loads

A spacecraft and its instruments must successfully go through mechanical tests be-
fore it is allowed to be flown. In particular, it has to survive without any measurable
degradation the severe environment of a launch. The sources of vibro-acoustic ex-
citation are mainly due to noise generated by the launcher during ignition, lift-off
and atmospheric flight. In addition, since the fairing evacuates in a few tens of sec-
onds while the launcher exits the atmosphere, it is also very important to properly
test the venting procedures to make sure that differential pressure does not build up
onto sensitive items as it is the case for thin fragile filters. Differential pressure onto
filters can also build up during handling, storing and testing in laboratory, for this
reason proper procedures shall be prepared and followed to protect the filters during
all phases of the development.

Vibro-acoustic qualification tests of filters are performed during the development
phases to prove the validity of the design, to assess the maturity of the investigated
technology and to verify the validity of mathematical modeling used to search for
the natural frequencies and to evaluate the stress regime under severe launch envi-
ronment. In the later phases of the program, when representative models have to be
delivered to the leading agency or prime industrial contractor to perform functional,
structural and thermal verifications or when the flight unit is ready for integration
into the spacecraft, lower “acceptance” level vibro-acoustic tests shall be performed.

The acoustic environment inside the fairing at launch is usually the primary
source of vibration, in addition, other sources may contribute to the overall spec-
trum including possible torsional oscillation imparted by the launch vehicle onto
the interface adapter, random vibrations, and sustained oscillations produced by the
motors.
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Acoustic tests are conducted in reverberant chambers providing a uniform sound
field. The sound pressure is measured in different locations around the item un-
der test by separate control and monitor microphones. Accelerometers can also be
mounted on the system to measure the induced vibrations. Figure 10 shows the the
reverberation chamber of the AGH University in Krakow during an acoustic test
performed on a set of filters developed for the Athena mission. The filters were
mounted inside a filter wheel breadboard covered by a plastic tent for cleanliness
protection.

Fig. 10: Acoustic test performed on a set of representative filters of the WFI detector
on Athena inside a filter wheel breadboard. The FW is closed inside a plastic tent for
cleanliness protection. Four microphones are standing up around the FW to control
and monitor the sound spectrum.

The qualification acoustic spectrum depends on the specific launcher. The en-
velope spectrum of the noise induced inside the fairing of the Ariane 6 launcher,
used in the above mentioned acoustic test of Athena filters, is shown in table 1. It
corresponds to a space-averaged level within the volume allocated to the spacecraft
inside the fairing.

Vibration qualification tests usually consist of three characteristic modes: ’sine’
testing by progressive sweep of frequencies and amplitudes, ’random’ testing ap-
plies random frequencies and amplitudes, and ’shock’ testing induces a sudden
severe excitation, simulating the shocks felt during stage separations and engine
firings. Sine, random and shock tests on small mass items are performed by use
of electrodynamic shakers. When vibration tests are performed at sub-system level,
the vibration mask to apply to the filters is derived by modeling the transfer function
from the launch vehicle adapter to the sub-system under test. Vibration tests can be
performed with filters in vacuum or in atmospheric pressure depending on the actual
condition during launch. The use of a laser scanner vibrometer during a vibration
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Table 1: Acoustic noise spectrum under the fairing of the Ariane 6 launcher (ref.
Ariane 6 User’s Manual, Issue 1, Revision 0, March 2018)

Octave Center Frequency Flight Limit Level
[Hz] [dB]

(reference: 0 dB = 2x10−5Pa)

31.5 128
63 131
125 136
250 133
500 129
1000 123
2000 116

OASPL* (20-2828 Hz) 139.5
*OASPL – Overall Acoustic Sound Pressure Level

test allows to measure displacements, velocities, and accelerations along the filter
surface with an high spatial resolution, and to derive natural modes of vibration. Vi-
bration tests are performed at least on two orthogonal directions, one off-plane the
filter membrane (the most severe) and one in plane, with the same levels applied for
the two axis.

Figure 11 shows a set of filter breadboards developed for the Athena WFI (left
panel) and X-IFU (right panel) detectors mounted on the shaker head at CSL in
Liege to perform a qualification vibration test off-plane.

Fig. 11: Filter breadboards of the Athena WFI (left panel) and X-IFU (right panel)
detectors mounted in off-plane configuration on the shaker head at CSL in Liege.

Table 2 shows the sine, random, and shock reference vibration levels of the Ari-
ane 6 launcher used in these tests as input to the transfer function derived from the
FEM modeling of the whole Athena WFI instrument.

Very thin filters for X-ray detectors in space can only withstand limited differen-
tial pressure (as low as few millibars) before they go into plastic deformation and
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Table 2: Sine, random, and shock reference vibration levels of the Ariane 6 launcher.

Sine (25.0 g 0-peak, sweep rate=2 oct/min)
Frequency range (Hz) Level

5.0 - 23.0 11.7 mm (0-peak)
23.0 - 100.0 25.0 g (0-peak)

Random (16.9 g RMS, duration=150 s)
Frequency range (Hz) PSD

20.0 - 100.0 +3.00 dB/oct
100.0 - 300.0 0.5 g2/Hz
300.0 - 2000.0 -5.00 dB/oct

Shock test reference level (axial), Q = 10
Frequency range (Hz) SRS(g)

100 20
1000 400
3000 400

eventually break, for this reason, during the technology assessment phase it is also
necessary to perform static pressure load tests. A bulge test consists in loading a
free standing membrane with a differential pressure and measuring its profile and
the maximum displacement as a function of the applied pressure [142].

8 Calibration

Any calibration strategy of X-ray missions combines several measurements and
analyses and involves calibration at component level, at sub-system level, at in-
strument level, in-flight by internal calibration sources, and in-flight by sky sources
[96].

While it is often impractical to bring a fully assembled instrument in front of a
synchrotron beam for on-ground calibration, the use of bright and highly monochro-
matic synchrotron beams are commonly used for calibrations at component and
sub-system levels (filters, detectors, mirror modules). Before planning a specific fil-
ter calibration, an accurate knowledge of the selected synchrotron beamlines must
be achieved, consequently, a proper calibration strategy includes a fraction of the
allocated time dedicated to well characterize the beam (e.g. intensity, spectral reso-
lution, energy scale) and to evaluate measurement uncertainties, including system-
atics (e.g. higher-order X-ray contamination). The calibration of filters must include
both the broadband transmittance, the edge fine structure of the chemical elements
that make up the filters (C, O, N, Si, Al,. . . ), the filling fraction of the fine support
mesh (if present), and the effects on transmission of any spilling adhesive used to
bond the mesh to the thin filter (if used). The broadband transmission can be ac-
quired using a coarse energy step (5-50 eV), while the edge fine structures require a
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finer energy step (0.1-0.3 eV) [30]. The edge region must be resolved with an energy
step significantly smaller than the expected resolution of the instrument, and at least
a factor three smaller than the required energy calibration accuracy. Moreover, the
transmission uniformity is checked performing measurements in several locations
to derive an upper limit of the non-uniformity at different spatial scales. The block-
ing factor due to presence of a supporting mesh must be also measured. This task is
sometimes not trivial when using X-ray collimated beams with sub-millimiter size.
Depending on the chemical elements and the thickness of the meshes, these can be
totally opaque at low energy, and semi opaque, or even transparent, at high-energy,
as in the case of silicon meshes employed in Hitomi[64]. In the case the meshes are
made up of high-Z metals (Cu, Nb, Ni, stainless steel, Au, Ag. . . ), the mesh can be
totally opaque as in the case of the Athena current baseline [9].

When more filters are present in a stack, as it is the case for the X-IFU (Athena)
and SXS (Hitomi) microcalorimeter detectors, calibration measurements are per-
formed on each individual filter to maintain the flexibility to replace one or more fil-
ters if needed. Furthermore, performing measurements on the whole stack, though
in principle useful to improve the measurements accuracy, is usually difficult due
to limitations in the available room in the synchrotron measurement chambers. For
instance, measurements of the full set of five SXS optical blocking filters were per-
formed as consistency checks of the individual calibration measurements [30].

A calibration plan for filters for X-ray missions may be sorted out in different
phases as following [99]:

• calibration of standards. This consists in a set of experimental campaigns to ob-
tain high quality data to recover the optical constants of the materials assembled
to fabricate the filters. These high-resolution measurements must include the ab-
sorption edges of all the chemical elements present in the filters in the spectral
range of interest. The edges must be acquired using standards with equivalent
thicknesses of the selected design for the flight filters;

• calibration of witness samples. In this phase, the transmission is measured on
small filter samples manufactured from the same coated membrane and thus
fully representative of the filter models under calibration. The measurements per-
formed on the witness samples allow to avoid handling flight and flight spare
filters in critical environments. If the previous phase is carried out properly, only
the broadband transmission need to be collected without high spectral resolution
measurements of the absorption edges.

• Calibration of flight filters, prior to integration, and flight spare filters. The cali-
bration of flight filters allows to validate the previous phase, to check the unifor-
mity over a large area of the membrane, and to measure the filling factor of the
meshes.
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9 Future perspectives

The very successful records on the use of polyimide/Al filters reported by differ-
ent X-ray space observatories launched since the late nineties, and in some cases
still operating like Chandra and XMM-Newton, encourage to keep this material
choice as the baseline for the design of new experiments on Space high-energy as-
trophysics observatories. At the same time, future missions equipped with larger
diameter telescopes will need larger size focal plane filters with even improved X-
ray transparency, especially in the soft band (E < 1 keV), still providing sufficient
of out of band attenuation and resistance to vibro-acoustic loads during launch. To
achieve these goals the existing filter technologies have to be pushed to their limits,
and highly X-ray transparent fine meshes will need to be implemented as support-
ing structures and cutoff attenuators in the RF [76] or FIR [31]. A few examples of
pushing the current technology for filters are given below in the current design of
the Athena and Lynx missions.

The Advanced Telescope for High-Energy Astrophysics (Athena) [12] is the sec-
ond Large (L2) astrophysics space mission selected by ESA in the Cosmic Vision
2015-2025 Science Program to address the Hot and Energetic Universe science
theme [92]. Athena, whose launch is currently scheduled in the early thirties, will
be equipped with a ∼2.5 m diameter, 12 m focal length grazing incidence X-ray
telescope based on the innovative silicon pore optics technology [15], delivering
∼1.4 m2 effective area at 1 keV with an angular resolution full width at half max-
imum (FWHM) of ∼8” over a large field of view (> 40’ diameter) [22]. The tele-
scope will be mounted on a movable platform which will allow both focus adjust-
ment and tilt to point the X-ray beam on one of the two focal plane detectors: the
X-ray Integral Field Unit (X-IFU) [13] microcalorimeter array, and the large Wide
Field Imager (WFI) [86] depleted p-channel field effect transistors (DEPFET) array.

The X-IFU array of microcalorimeters will operate at a temperature < 100 mK
inside a sophisticated multi-stages detector cooling system (DCS). To allow the X-
ray photons, focused by the large area Athena telescope, to reach the X-IFU detector
at the focal plane, windows have to be opened on the cryostat thermal and structural
shields. Thin and highly X-ray transparent filters (named thermal filters, THFs) need
to be mounted on such shields to attenuate the radiative heat load from warm sur-
faces. The currently investigated design consists of a stack of five filters operating
at 50 mK, 2 K, 30 K, 100 K, and 300 K, respectively. In order to maximize the
low energy response, each filter will consist of a polyimide film 45 nm thick coated
with 30 nm of aluminium, bonded to a thick metal mesh with ∼2% blocking factor
(BF) which provides mechanical support, thermal conductance, and RF attenuation
at low frequencies (< 6 GHz). The diameters of the filters range from ∼30 mm at
low temperature to ∼130 mm for the warmer and outer THF [9].

The WFI array of DEPFET active pixels are also sensitive to UV/VIS photons
with energy larger that the Si band gap (≈1.1 eV). The detection of UV/VIS pho-
tons degrades the detector spectral resolution, and changes the energy scale by about
3.7 eV, on average, for each optically generated electron-hole pair. Ideally, the WFI
should not detect any optically generated electron-hole pair during a read-out in-
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tegration time. An optical blocking filter (OBF) is thus needed in front of the de-
tectors to observe X-ray sources with bright UV/VIS counterparts. The currently
investigated design of the WFI large area detector includes an on-chip OBF (90 nm
of aluminium + 30 nm of Si3N4 + 20 nm of SiO2) and an additional OBF mounted
on a filter wheel consisting of a polyimide film 150 nm thick coated with 30 nm
of aluminium. The FW OBF, located nearly 100 mm far from the focal plane will
be nearly 160 mm x 160 mm in size and will be supported by a honeycomb metal
mesh with ∼ 5 mm pitch, and 75 µm x 150 µm bars (width x thickness) with 3.5%
blocking factor. A cross shaped aluminum structure, overlapping the gap area be-
tween the four quadrants of the large detector array, is presently foreseen to provide
additional stiffening to the very large area LDA OBF [10].

The current Lynx design, one of the four strategic mission concepts under study
for the NASA 2020 Astrophysics Decadal Survey, includes a large telescope with
3 m diameter and 10 m focal length providing subarcsecond angular resolution cou-
pled to three selectable focal plane instruments [38]. Two of the detectors, based
on silicon technology, will be dedicated to high-resolution imaging and read-out of
grating dispersed spectra. The third focal plane detector will be an array of TES
microcalorimeters [3]. Both the semiconductor detectors will be equipped with an
optical blocking filter, while for the microcalorimeter array the use of a set of five
or six thermal filters is expected. Three or four of them will split a total of 40 nm
Al/80 nm polyimide supported by Si meshes, and two of them will be film-less metal
fine meshes working as waveguide cutoff filters. This proposed baseline design is
considered very challenging and the capability to meet the out-of-band blocking re-
quirements with such thin Al layers as well as the capability to manufacture 20 nm
thick large area polyimide films need to be demonstrated during the Lynx develop-
ment program [31].

Beside pushing the present technology to the limit, a new interesting technol-
ogy based on CNT pellicles and carbon yarn meshes is being investigated by our
group (Barbera et al. 2022 in preparation), and will be challenged in the phase B
of Athena. Preliminary results show that very thin and robust CNT pellicles can be
manufactured with large area and properly bonded to fine meshes. The capability
to obtain a compact, stable, and highly reflective Al coating capable to meet the
required out-of-band attenuation is presently under investigation.
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