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Dedication ii

Pirates are evil? The Marines are righteous? These terms have always changed
throughout the course of history! Kids who have never seen peace and kids who
have never seen war have different values! Those who stand at the top determine
what’s wrong and what’s right! This very place is neutral ground! Justice will
prevail, you say? But of course it will! Whoever wins this war becomes justice!

Donquixote Doflamingo (Eichiiro Oda, One Piece)
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AAbstract

Extreme ultraviolet (EUV) filters are key components for space missions to the
solar environment, providing the necessary wavelength selection and attenuation of
visible light. My thesis contributes to the optical and technological consolidation
of the NASA MUSE (Multi-slit Solar Explorer) mission, an EUV solar observatory
designed to probe coronal dynamics with unprecedented spatio-temporal resolution,
with the primary objective to enable the first observations of the EUV solar corona
able to aid the required physical modeling to hone the theories answering open
questions in astrophysics, such as the Coronal Heating problem.

My dissertation aids the mission through the study, design, and characterization of
thin-film input filters optimized for extreme ultraviolet (EUV) observations, while
also proposing a few methodological contributions to the analysis of multi-slit
spectral data. The work focuses on input filters for the spectrograph and context
sensor, which must offer high EUV transmittance, high UV-VIS-IR rejection to
prevent CCD signal degradation, limited diffraction-induced image degradation,
and mechanical robustness to withstand launch vibro-acoustic loads.

In Chapter 1 (Introduction) I introduce the state-of-the-art of thin optical
blocking filters, their use in solar space missions, and discuss the role of diffraction,
transmittance in various wavelength bands, and mechanical resistance. I also
introduce the MUSE mission, its scientific objectives, and how this work contributes
to the consolidation of the mission’s payload and to advancing the scientific and
technological maturity of the proposed thin films. Furthermore, alternative
applications of EUV thin films are also detailed, along with the broader EUV
space missions state of the art.

In Chapter 2 (Filter Designs and Diffraction Studies) I present the fil-
ters’ designs, both based on heritage missions and on novel carbon nanotube
(CNT) substrates, and introduce the techniques employed numerically to assess
their diffraction impact at the focal plane of the mission. I conclude that the
proposed CNT-based thin film filters can offer augmented performance diffraction-
wise when compared to heritage-based solutions. At the same time, in the channel
of the Fe xv line at 284 Å , I show how a study of the trade-off between raw signal
in the core encircled-energy and relative intensity of the diffracted secondary peaks
is required, since the CNT-based solutions produce less relative diffraction. In
contrast, the heritage-based solution proves to be more intense at the core.

In Chapter 3 (Visible Light Attenuation Performance) I discuss the fil-
ters’ visible performance, with a detailed description of the requirement definition
and the experimental assessment over aluminized small witness samples. I present
the transmittance requirement for the Context Imager telescope to have T < 10−6

in the UV-VIS-IR range as a flat-band requirement and discuss experimentally
how all Al-coated designs satisfy it, with the heritage-based filters satisfying it
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with a greater margin.

In Chapter 4 (Extreme-Ultraviolet and X-ray Transmittance) I detail
the transmittance of small witness samples of all filter designs evaluated with
experiments of X-ray Absorption Spectroscopy (XAS) carried out with synchrotron
radiation, to provide MUSE in-band transmittance curves and to derive by analysis
the inner-layer compositional data for the different filter designs. More native
oxidation on the metal coatings deposited on CNT substrates is observed. Yet, even
with worse oxidation, the CNT-based filters outperform heritage-based solutions
with a PI substrate in all channels in terms of raw transmittance. On the other
hand, heritage-based solutions with no substrate remain the most transmissive
across all channels. The results confirm the expected performance of heritage
solutions and expand knowledge of the new technology of CNT as a valid substrate
for applications in space astrophysics.

In Chapter 5 (Work in Progress: Penning Discharge Source Set-Up),
a technical note paragraph, I showcase the ongoing progress towards the set-up
and operation of an EUV Penning discharge source of interest for the ground
calibration of the MUSE instrumentation.

Chapter 6 , the Conclusion, rounds up the thesis.

Appendices follow, serving to complement the information provided throughout the
main text. A special mention goes towards Appendix E (Bi-Gaussian Fitting
Software for MUSE), where I briefly introduce MUSE’s data processing and
information retrieval machinery, complementing almost entirely the experimental
part, and I detail the development of a novel software strategy aiming to address
some expected complexities. This approach demonstrated initial successes, possibly
inspiring future approaches in which the complexity of the data analysis induced by
the novelty of the multi-slit in MUSE can be diminished or even solved completely,
even with a simple physics-based approach.
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1Introduction

1.1 Once upon a time ...
This begins on a solemn note, drawing inspiration from the Greek myth of Daedalus
and Icarus. The uninterested reader can skip to the introduction’s contents → p.2 .
Daedalus was a renowned craftsman, inventor, and architect who built the
Labyrinth for King Minos of Crete to confine the Minotaur. Due to reasons
related to vengeance and a series of unfortunate events, Minos forced the citizens
of Athens to provide fourteen tributes to the Minotaur every nine years. Daedalus
– seeking peace – wanted to end the tributary agony, and decided to aid Theseus,
legendary king of Athens, in escaping the Minotaur’s labyrinth after defeating
the Minotaur in battle. This help did not go unnoticed by Minos, who decided
to retaliate by locking Daedalus and his son, Icarus, in a tower in the middle of
the ocean. The tower had guards and locks at the entrance, akin to a prison,
and this was where the genius of Daedalus unfolded, gazing at the sky above and
expressing his vision to his son.

“‘He may thwart our escape by land or sea’ he said ‘but the sky is surely open to us:
we will go that way: Minos rules everything but he does not rule the heavens’”

Ovid, VIII.183-235, Metamorphoses, c. 8 CE – Translation by A. S. Kline (2000)

They were limited by sea and land, but had no limit in the sky. Daedalus came up
with a plan: constructing two pairs of wings with feathers that fell from the birds
above, and wax likely gotten from the candles in the prison, and using them just
like the birds to fly towards freedom: an almost spotless plan. Daedalus made sure
to instruct his son on proper flying and warned him not to fly too close to the sun.
Tragically, Icarus ignored his father’s counsel, delightfully believing that he could
reach the heavens by soaring as high as possible. This quickly led to sunshine’s
reality check, the melting of the wax, and his demise in the sea. Daedalus kept
flying in a controlled manner, and, after catching sight of the feathers on the sea
underneath, he quickly understood the situation and cursed his own inventions.
There are a few aspects regarding this story that make it quite fitting for this work.
First of all, the contributions share a bit of Icarus’ arrogance: that of enabling
unprecedented observations of the sun, giving way to finding the solution to some
of its faintest secrets. Secondly, and most importantly, the work imparts lessons
and wisdom from Daedalus on the relevance of proper testing and guidance in
the context of materials and technologies for space applications. Particularly in
the case of novel inventions, it is mandatory to respect and explore their limits
by conducting proper research to increase their reliability for use in aerospace
and to avoid unwanted outcomes. That is the main scope of this work and of my
contributions: to improve the knowledge of largely unknown materials, and to
prove knowledge of known materials again. Among many encompassing science,
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simulations, and technological advancements, this work is part of a great journey
towards a major problem. As novel and proven technologies are tested, risks
are also minimised to ensure the mission’s flawless conduct. The whole group
involved in the mission is planning to fly close to the sun and is also planning all
the measures to ensure its success. One big difference stands between Icarus and
us: had he used filters to shield the wings from the solar visible light, just like the
ones studied and developed here, nobody would be talking about his demise.
Remark 1 (introduction’s contents). The introduction ensues with a top-down
approach, from the space mission scale to its optical filters and their soap bubble
thicknesses, which compound the experimental, simulative, and modeling core of
my work. I will describe:

− A discussion of the phenomenology of the solar corona, along with details of
the open question of the coronal heating problem

− A description of the MUSE space mission, its payload, and objectives.

− A description of EUV thin film filters, their crucial role in solar space missions,
and their requirements, along with details of their applications in other areas,
and other complementary filtering and/or rejection approaches found in the
solar space missions state of the art.

− A direct link between these requirements and the different parts of the thesis,
with contributions to most aspects regarding the thin film optical blocking
filters for the mission

Tables and figures will use an independent incremental numbering system through-
out the work, which will always begin with the chapter number. Remarks, used
more sparingly, will employ an incremental system with a single number. Let’s
begin. ⌟
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1.2 Scientific context: the sun and the mission

A brief introduction to the solar corona
The solar corona is not plain in sight in visible light: it’s hidden by the luminous
solar main body. There is no way to appreciate it with the naked eye, as one needs
dedicated equipment for observation, and since it is millions of times fainter than
the sun itself, total eclipses are great opportunities to capture it. An example of
a processed picture of the solar corona obtained during an eclipse with a system
of cameras is shown in Fig. 1.1 , where both the solar corona and the earthshine
reflected on the moon are visible.

Figure 1.1 High-dynamic-range composite of the solar corona during totality of the
8 April 2024 total solar eclipse. The image is an HDR blend of multiple exposures
captured with Nikon D850 systems at different focal lengths and processed to reveal
the faint coronal structure and preserve local contrast. Credit: Jonathan Hill, all
rights reserved. Used with permission. Original Source: ASTROBIN/jdh_astro (last
accessed 2025-11-14).

The intricate structures of the solar corona are a clear fingerprint of the highly
energetic phenomena arising from within the sun and propagating outward. For a
long time, humans have been looking at our star relentlessly, either out of curiosity
or for scientific reasons, in the visible light: accounts of the total number of sunspots

https://app.astrobin.com/u/jdh_astro?i=u1ubj3


Chapter 1. Introduction 4

– also related to solar activity and to the solar cycle – date back to the 1700s [1].
Sun’s warmth does not just tickle the imagination. There are correlations between
what is seen on the solar’s surface and what happens on Earth, and one great
example of such happenings is the Carrington’s Event of 1859, in which telegraph
operators stated that they could use their systems disconnected from direct power
supply by virtue of the currents induced by the aurora. Events of such strengths
could have a huge impact on the global economy today [2]. There is so much that
visible light can reveal: by changing glasses, one can see a plethora of phenomena
hidden deep within the electromagnetic spectrum of this region and linked to
different atomic physics at different temperatures. Observations of the solar corona
by Vaiana et al. had shown a structured solar corona with magnetized plasma
and bright spots on the sun in the X-rays, implying extremely hot temperatures
of the corona even during lows of the solar cycle [3]. Recent missions, such
as SDO (Solar Dynamics Observatory), with its instruments HMI (Helioseismic
and Magnetic Imager) and AIA (Atmospheric Imaging Assembly), have collected
images showing how diverse the sun appears when observed at various lines in
the EUV or visible range. Indeed, the AIA wavelength channels probe different
temperatures, altitudes in the corona, and main ions, as described in Lemen
et al. [4]. In contrast, the HMI continuum image probes the visible photosphere.
Decades of space and ground based observations – made with observatories such
as Solar Orbiter’s Extreme Ultraviolet Imager (EUI) [5], Hinode’s Extreme-
ultraviolet Imaging Spectrometer (EIS) [6] [7] and SDO/AIA [8] [4] – allowed
solar physicists and scientists to establish the ground phenomenology that occurs
on the solar corona in various wavelength bands, and the picture currently arising
is that the solar corona is a laboratory for magnetized plasma far from equilibrium
where impulsive energy releases, waves, turbulence and magnetic reconnection
operate across various spatio-temporal scales. Higher temperatures and energies
probe the solar atmosphere from the chromosphere up to the solar corona, and,
to state a few of the solar corona regions and phenomena currently studied by
the scientific community, there are observations and studies regarding, and not
limited to: the quiet corona or quiet sun (QS), the transition region (TR), active
regions (ARs), solar flares or flaring corona, coronal holes, coronal loops, coronal
mass ejections (CMEs), and solar prominences. [9] [10] [11] [12] [13] [14].
The variety of appearances and structures in the solar corona is shown in Fig. 1.2 .
An important aspect is that, while the photosphere of the Sun – i.e., the layer

which emits most of the solar light – has temperatures of the order of 5800 K,
the solar corona is composed of plasmas with temperatures of the order of 106 K.
Temperatures can skyrocket to 107 K and above in highly energetic events. A few
major questions are currently being tackled in the field of solar astrophysics: How
does the corona heat up to such high temperatures, starting from a cooler layer?
Which physical mechanisms allow for the conversion of the energy to heat and bulk
coronal flows? How do these processes couple the transition region and corona
during flares and CMEs? While the latter question concerns the understanding of
the microphysics underlying the triggering and evolution of strong CME events,
the first two questions form the core of the coronal heating problem, a currently
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Table 1.1 Indicative primary ions and characteristic temperatures of a selection of
SDO/AIA’s channels, adapted from Lemen et al. [4]. Avg. log10(T ) indicates the char-
acteristic (log-)temperatures of the emitting plasma probed by the given wavelengths
of the channel, and Main ion(s)’s column indicates the main ionic population probed
(i.e., responsible for the wavelength emission). TR is the transition region, AR is the
active region.

Channel Main ion(s) Solar atmospheric regions Avg. log10(T )
SDO / AIA

4500 Å continuum photosphere 3.7
304 Å He ii chromosphere, TR 4.7
171 Å Fe ix quiet sun, upper TR 5.9
193 Å Fe xii, xxiv ∼1-2 MK corona, hot flare plasma 6.2, 7.3
211 Å Fe xiv AR corona 6.3
335 Å Fe xvi AR corona 6.4
94 Å Fe xviii flaring corona 6.8
131 Å Fe viii, xxi TR, flaring corona 5.6, 7.0

Figure 1.2 Composite multi-wavelength montage of the Sun observed by NASA’s Solar
Dynamics Observatory on 2025-09-13. Panels: (a) AIA 94 Å; (b) AIA 193 Å; (c)
AIA 304 Å; (d) HMI continuum (photosphere); (e) AIA 171 Å; (f) AIA 211 Å. The
sequence reveals coronal loops, prominences, and active regions, and highlights a large
heart-shaped dark region – a coronal hole – visible as a in (b) and (f). Images have
been contrast-enhanced and colour-mapped for display clarity. Credit: NASA / SDO
(AIA, HMI). Images source: sdo.gsfc.nasa.gov/data (last accessed 2025-11-14).

https://sdo.gsfc.nasa.gov/data/
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open problem in astrophysics [15] [16]. It was shown that definite progress in
answering both questions requires observations that capture variability, flows, and
line broadening at high cadence (raster times < 20 s) over active-region scales,
alongside modeling efforts that bridge energy conversion and solar coronal plasma
thermodynamics and magnetohydrodynamics [17] [18] [19] [20]. Current
solar space missions have required minutes to capture portions of the Sun during
rastering, thereby losing evolution and detail; this highlights the NASA MUSE
mission.

The NASA MUSE mission: objectives and payload
MUSE, the Multi-Slit Solar Explorer [17] [18] [19], is a Medium-Class Explorer
(MIDEX) NASA future mission that will be operating in the EUV. It will orbit
Earth in a Sun-synchronous (SSO) and low-earth orbit (LEO) altitudes of about
∼ 600 ÷ 650 km. Its primary objective is to provide EUV spectroscopic and
imaging observations of the solar corona and transition region with unprecedented
spatiotemporal resolution to address the aforementioned fundamental and cur-
rently open questions, such as coronal heating and the energetics and dynamics of
the unstable solar atmosphere, with a particular focus on the phases preceding, fol-
lowing, and during solar flares or coronal mass ejections [9]. On May 9, 2025, the
MUSE mission passed the Critical Design Review (CDR), a key milestone on its
path to launch, scheduled for 2027. The MUSE payload includes a state-of-the-art
spectrograph (SG), an EUV telescope capable of achieving sub-arc-second (< 0.5”)
spatial resolution over a field-of-view (FOV) of approximately ≈ 156′′ × 170′′.
The SG operates simultaneously with 35 slits, enabling sampling times of < 20s
and sampling spectra from three key narrow wavelength bands, [17] i.e., 171 Å,
284 Å , and 108 Å including respectively strong Fe ix, Fe xv and Fe xix / Fe xxi
lines, with an expected spectral resolving power of ≈ 2, 500 − 4, 200, which is
extremely pronounced with respect to the existing literature and space missions.
A second telescope complements the SG, a context imager (CI), which will capture
high-spatial-resolution imaging data over a larger FOV (580′′ × 290′′) at high-
cadence in complementary EUV channels, 195Å and 304Å , containing respectively
Fe xii and He ii lines, and which will operate simultaneously with the SG obser-
vations. The primary emitting ions collectively enable MUSE to explore layers
of the solar atmosphere, from the transition region to the corona [19], enabling
detailed studies of coronal heating and dynamics on appropriate timescales, as
well as visualizing the context in the transition region and corona surrounding
these solar phenomena. Moreover, the pronounced spectral power of the SG
telescopes allows MUSE to gather detailed diagnostics of the plasma (or ionized
gas) in the parts of the solar corona observed, including temperature, velocity, line
broadening, and turbulent motions, pieces of information that will be inferred with
the Doppler-shift information of the main-line emitted by the plasma captured.
Table 1.2 → p.7 summarizes how different main ions probe different temperatures
in the solar atmosphere in the case of MUSE. At the same time, an illustration
of the MUSE satellite is provided in Fig. 1.3 , where the filters, the main topic
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of this thesis, are shown in the entrance pupil. MUSE builds on the legacy of

Table 1.2 Indicative main ions and characteristic temperatures of MUSE’s main lines,
i.e., wavelength channels. Avg. log10(T ) indicates the characteristic (log-)temperatures
of the emitting plasma probed by the given wavelengths, and Main ion(s) indicates
the main ionic population probed (i.e., responsible for the main lines emission), based
on De Pontieu et al. [17] and Lemen et al. [4], with partial overlap with Table 1.1 .
AR is Active Region, TR is Transition Region.

Main Line Main ion(s) Solar atmospheric regions Avg. log10(T )
MUSE [Context Imager (CI) / Spectrograph (SG)]

304 Å (CI) He ii chromosphere, TR 4.7
195 Å (CI) Fe xii ∼1-2 MK corona / AR corona 6.2
171 Å (SG) Fe ix quiet/AR corona, upper TR 5.9
284 Å (SG) Fe xv AR corona 6.4
108 Å (SG) Fe xix, Fe xxi flaring corona, hot flare plasma 7.0, 7.1

previous successful missions such as SDO/AIA [8] [4] and IRIS [21]. MUSE
will provide unprecedented data revealing the key processes governing solar ac-
tivity, and its extremely high spectral purity requirements require the utmost
rigor in characterizing the thin films positioned at the entrance of the mission’s
telescopes. MUSE, along with other ground observatories and satellites either
currently functioning or under development – such as the Daniel K. Inouye Solar
Telescope (DKIST) [22] and the EUV High-throughput Spectroscopic Telescope
(EUVST) [23] among others – does align with the Next Generation Solar Physics
Mission (NGSPM) report call by NASA/ESA/JAXA which will enable the capture
of processes heavily involved in solar coronal heating and solar flares or CMEs,
and thus bringing forward solar astrophysical science. Regarding the optical
schemes of the mission’s telescopes, they differ. The CI telescope’s scheme will be
quite similar to a standard Cassegrain’s geometry telescope with a primary and a
secondary reflective mirror – quite identical to SDO/AIA’s optical scheme [24],
while the SG along with its 35 slits is the main innovative piece, and in place of a
secondary mirror a reflective grating is employed, with the CCDs being placed in
the second or first order of diffraction position. In both telescopes, entrance filters
(EFs) and filter wheel filters (FWFs) are present, for the purpose described in
the following Section 1.3 : the filter wheel filters are crucial either to extend the
capabilities of the mission, aiding the observation of highly energetic solar events
with strongly absorbing filters, or as redundancy solution in case the entrance
filters are damaged unexpectedly, avoiding failure of the scope of the mission. A
simulation-based description of the capabilities of the MUSE mission regarding
the diagnostics, detection, and context imaging potential during the evolution of
coronal loops at various heights in the solar atmosphere is given in Fig. 1.4 . Since
the main objective of MUSE is to provide new data that will enable observations of
the fundamental processes that drive solar activity, its requirements for extremely
high spectral purity in the data require the utmost care in the characterization of
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Figure 1.3 Illustration of MUSE’s payload, showing the context imager, spectrograph,
guide telescope, and housekeeping sensors (magnetometer, sun and limb sensors). The
front end includes open-once doors and filter wheels with Al/Zr entrance optical-
blocking filters; the aft end houses the CCD focal-plane assemblies, with camera
electronics and radiators. Credit: NASA. Used with permission. Source: “Next
Generation Solar Physics Mission—MUSE and EUVST information (April 2022)”
ntrs.nasa.gov/citations/20220006091 (last accessed 2025-11-16).

Figure 1.4 Illustration of MUSE’s spectroscopy and context imaging capabilities. Top
row: EUV spectral rasters (with SG telescope), showing also FOV and resolution
specifications, of a simulated coronal loop with images from (main emitting ion,
wavelength channel, temperature) Fe IX 171 Å (∼ 0.7 MK), Fe XV 284 Å (∼ 2 MK),
Fe XIX 108 Å (∼ 10 MK), and Fe XXI 108 Å (∼ 12 MK). Bottom row: EUV context
images (with CI telescope) around the loop, shown for He II 304 Å (∼ 0.1 MK) and
Fe XII 195 Å (∼ 1.5 MK). Credit: Cheung et al. [19]. Corrected the slits number and
FOV to recent values. License: CC BY 4.0 .

https://ntrs.nasa.gov/citations/20220006091
https://creativecommons.org/licenses/by/4.0/
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the thin films placed on the entrance pupil of the mission’s telescopes.

Note. MUSE is led by the Lockheed Martin Solar and Astrophysics Labora-
tory of Palo Alto, California. MUSE is managed by the Explorer’s Program
Office of NASA’s Goddard Space Flight Center in Greenbelt, Maryland, for
the Heliophysics Division of NASA’s Science Mission Directorate, and it is
supported by NASA contract 80GSFC21C0011. Lockheed Martin Advanced
Technology Center, along with partner institutions, builds the MUSE instru-
ment and spacecraft, and the University of California, Berkeley, provides the
mission operations center. MUSE benefits from international contributions
supported by the Norwegian Space Agency (NOSA), the Italian Space Agency
(ASI), the German Space Agency at DLR, and the Max Planck Institute for
Solar System Research (MPS).

I will now go into great detail on the state of the art of the thin film filters in
current solar astrophysics and their main requirements.

1.3 Thin films in solar missions

General requirements of EUV thin film filters
Thin-film filters are critical components in EUV space missions, as they are an
EUV passband component that rejects most of the visible and infrared light with
their metal coating parts: this is very important due to the CCD detectors being
sensitive to those wavelengths. The design and performance of EUV filters have
evolved over the last thirty years, drawing heavily on the heritage of the thin
film filters used in the state-of-the-art past space missions and solar observational
instruments like the aforementioned SDO/AIA, Hinode/EIS [6] [7], but also
STEREO/SECCHI [25], and SOHO/EIT [26].

Note. An implicit assumption throughout my work is that, unless otherwise
specified, all of the ensuing thin films, pellicles, or membranes described
are free-standing: they are not deposited on a substrate. This is because
their purpose is to be used as entrance filters in a telescope. Thus, they are
required to be completely free-standing, to avoid the substrate–say, a silicon
wafer–from further absorbing light and impeding the scope of the filter.

Many are the properties required for filters to be used in EUV space missions, a
brief description of which is presented in Chkhalo et al. [27]:

− High EUV transmittance to maximize the signal in the target wavelength
bands while blocking transmitted radiation in the ultraviolet (UV), visible
(VIS) and infrared (IR) range, i.e. minimizing out-of-band UV-VIS-IR
leakage.

− Protect the telescope optics during launch and operation from particle
cross-contamination, i.e. release of particles from external surfaces of the
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telescope/payload/spacecraft, while withstanding the mechanical stresses
of the vibration loads and shocks during the rocket’s propulsion, without
compromising their out-of-band rejection properties.

− Resistance to extreme space conditions such as cyclical temperature
variations and damage by atomic oxygen exposure, while maintaining their
optical and mechanical properties under such conditions.

− Minimal impact from the native oxide layers that can build on top
of the thin metal layers that compound the film, since this can decrease the
transmittance in the EUV range.

− Use of a structural supporting mesh or substrate allowing the filter system
to resist vibration while minimizing the impact of diffraction patterns
that could degrade the image quality or interfere with scientific observations.

An ideal filter would transmit 100% of EUV at the wavelengths of interest,
it would be completely opaque to UV-VIS-IR light, it would resist all of the
vibro-acoustic loads during launch without hindering its characteristics, and the
mechanical structure employed would not cause any diffraction out of the core
signal required by the angular diffraction: i.e. an ideal, fully transmissive, fully
opaque in the visible and diffraction-less solution. This solution does not exist,
and these stringent requirements highlight the inherent trade-offs in designing
filters for EUV space missions. For instance, a very finely spaced mesh employed
to resist vibration loads can lead to strong diffracted secondary lobes content in
the focal plane, introducing complexity in the data analysis needed for scientific
objectives [28]. Another possibility is to use a multilayer thin film reinforced with
polyimide (PI), which relaxes the requirements on the mesh. However, the presence
of such substrate lowers the transmittance signal, particularly at wavelengths such
as 284 Å , which negatively affects the effective area in comparison to other less
conservative options. Thus, these aspects underline the complexity of the most
suitable choice of filter design in EUV space missions, particularly keeping in mind
groundbreaking scientific objectives that will push thin films to their technological
limit even further in the ensuing years.

Additionally, thin film filters satisfying these properties are not only best suited
for space missions studying the sun in the EUV band, but can also be versatile
in other fields unrelated to solar astrophysics, such as experimental science with
laboratory sources and EUV lithography. In the context of EUV lithography,
filters similar in concept to those developed in the space missions and to those
studied, designed, and characterized in this work could be extremely useful, as
some of the requirements are in overlap–such as the need for out-of-band rejection,
high EUV transmittance, and high thermal resilience [29]. There are some other
requirements needed in EUV lithography as well, such as the extreme resistance
to powerful EUV irradiation (something to wish for in EUV solar observations),
and, while approaches involving periodic multilayer thin films are being developed
and employed in the industry [30], the exploration of novel thin film materials,
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such as coated CNTs with Zr, could potentially be extremely beneficial to this
industrial application as well. Another such example is the usage of filters in
synchrotron radiation beamlines (an example of a synchrotron beamline will be
provided in the experimental study of EUV performance of filters for MUSE in
Chapter 4 ): in such scenarios, filters able to filter out visible or infrared light,
while transmitting EUV or X-ray wavelengths, could function either as a great
bandpass selectors (upstream filters)–since synchrotron radiation is broadband
and thus emits also UV/Vis/IR alongside X-rays or EUV–or as a filter in front of
the detector (downstream) responsible for removing any visible/infrared/UV stray
light due to any other out-of-band emitting sources present in the experimental
chambers, in experiments not limited to biology, materials science, physics or
chemistry. One particular case scenario is that of peculiar experiments in which a
laser photo-excites a sample while it is also subject to X-ray or EUV irradiation:
if the scientist is interested only in collecting EUV or X-rays, a filter might be
required to reject all of the leftover laser beam scattered around the sample
chamber.

The cases of heritage filter designs that satisfied the EUV thin film filter require-
ments for solar astrophysics and EUV detection applications will be detailed in
the following section.

EUV optical filters in heritage missions

Heritage filter designs have addressed the stated general requirements as optimally
as possible and, traditionally, with filters made of aluminum (Al) and zirconium
(Zr), either with a polyimide (PI) substrate supported by a coarse (a few mm
pitch) nickel (Ni) mesh, or deposited directly on a fine (sub-millimetric pitch)
mesh without a substrate. In STEREO-SECCHI [25], the instrument utilized
Al-coated PI thin films, particularly 150 nm Al coated on 70 nm PI membranes
supported by a coarse five lines-per-inch (LPI) Ni mesh – for channels 171 Å and
195 Å – while for the 284 Å and 304 Å channels, 150 nm Al foils were deposited
directly on a fine 70 LPI Ni mesh. A picture of the optical blocking filters at
the entrance pupil of the STEREO-SECCHI Extreme Ultraviolet Imager (EUVI)
telescope is given in Fig. 1.5 , where the coarser mesh has a pitch, i.e., distance
between centers of adjacent mesh cells, of ∼ 5.08 mm while the finer mesh has
a pitch of ∼ 363 µm. To convert LPI to pitch and vice versa, please follow the
description in Remark 2 .

Remark 2 (On LPI and pitch). Throughout the entire thesis, terms like pitch and
lines-per-inch, or LPI, will be recalled frequently and interchangeably; thus, it is
relevant to display their meaning to avoid any misunderstanding. The pitch is
a measurement of the period of the 2D structure representing the studied mesh.
LPI, on the other hand, is just the frequency of such pitches as they occur over a
1-inch length. Thus, by calling pitch as variable p, the following transformation
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ensues (and also shows the particular case pitch value in mm as unit, or pmm):

LPI = 1 in
p

= 1 in
1 mm · pmm

= 25.4
pmm

(1.1)

Thus, it is easy to go back and forth from one definition to the other of 2D
periodicity expressed either as pitch or LPI. ⌟

Figure 1.5 EUVI entrance filters on the structural test model of the STEREO-SECCHI
telescope. Top-left and bottom-right apertures show 70 LPI Ni-mesh-supported Al
filters (fine mesh), while the other quadrants use a multilayer thin film with 70 nm
of PI coated with Al supported on 5 LPI Ni-mesh (coarse grid). All entrance filters
use 150 nm thick Al layers. Credit: Fig. 4 from J.-P. Wülser et al. [25]. Used with
permission. License: SPIE Copyright (2004) , all rights reserved to SPIE.

In SDO/AIA, the telescope entrance filters (EFs) employed were made of thick
or thin Al or Zr layers supported by finely spaced nickel meshes, or, in one
case, the use of a PI-supported Zr film without any mesh. [31] In both space
missions, the finely spaced meshes caused some severe diffraction, especially in
the case of bright flares [25], and diffraction removal algorithms were developed
to clean the collected data [28]. Since flight-like areas of the EFs were on the
order of 10 − 20 cm, this also emphasizes not only finding the correct materials
and properties, but also the need for a very scalable production of these thin
films, especially in a future where capturing greater solar surface portions with
a high spatio-temporal resolution will require larger filters. Moreover, in-flight
degradation and aging under environmental effects could have an impact on the
film transmittance in X-ray and EUV space missions [27]. Common among the
contamination of optics and filters is carbon, which was studied extensively with X-
ray laboratory assessments in the case of Chandra/ACIS [32], and it was used to
model the filter degradation seen in solar missions such as SOHO/EIT and SDO’s
Extreme Ultraviolet Variability Experiment (EVE) [33]. As recent developments,
it has been proposed that UV-induced oxidation in the presence of water vapor
out-gassed by the thermal blankets on SDO/EVE may have contributed to the

https://www.spiedigitallibrary.org/article-sharing-policies#copyright
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significant reduction of the transmittance of Al-based EFs during the initial 5 years
of the space mission, while Zr filters employing an anti-oxidation carbon capping
layer were not influenced as much [34] [35]. The suggestion is that this could
also partially explain some of the degradation seen in SDO/AIA since launch,
particularly for channel 304 Å, and for which various empirical and automated
calibration strategies have been employed and developed. [36]

A brief note on CNT-based filters
It is only natural for the filters baseline proposed for MUSE to stem from the her-
itage solutions from previous missions such as STEREO/SECCHI and SDO/AIA,
as these have a proven high Technology Readiness Level (TRL), a concept which
has similar definitions by NASA [37] and in the European Cooperation for Space
Standardization (ECSS) [38]. Other than filters based on high flight TRL, such
as PI, Zr, and Al, a new technology is currently being explored to overcome some
of the challenges found in recent EUV missions. Recent advancements in filter
technology include the development of novel materials such as carbon nanotube
(CNT) pellicles, either in their single- or multi-walled structures (SW/MWCNT),
which have been proposed for applications in EUV nanolithography[39] and X-ray
astrophysics [40]. As part of the Italian contribution to MUSE (managed by the
Italian Space Agency, ASI), the innovative filter technology based on thin pellicles
of carbon nanotube (CNT) bundles is proposed as support for the metal layers
necessary to reflect the out-of-band solar light. The CNT-based filter technology
for MUSE, which will be described in Section 2.1 – alongside the heritage-based
one – is built upon initial research efforts carried out by the INAF-OAPA/UNIPA
team within contracts funded by the European Space Agency in partnership with
Ametek Finland OY (Prime Contractor) and Canatu Finland OY, see Barbera
et al. (2022) [40], and Etula et al. (2023) [39] and references therein for a
description of the material and technology. The main goal of this effort is to
provide a set of EFs that significantly reduce diffraction effects, making it easier
to analyze the data and to exploit the instrument performance for MUSE fully,
and to increase the TRL of this novel technology for its implementation in EUV
observatories, current and future alike.

There are a few reasons for the recent developments of CNT-based filters and for
their proposal. Firstly, they are mechanically really sturdy [39]. The strength
of the pellicles is quite relevant: although a comprehensive review of the optical,
physical, and mechanical properties of CNT pellicles is not present in the current
literature, an investigation is currently ongoing [41]. The CNT pellicles are found
to be very light (their density is close to ∼ 0.3 g cm−3), about 4 to 5 times lighter
than PI with ρ PI = 1.4 g cm−3) and can be manufactured very thin. Another
relevant detail is that the CNT technology allows for the implementation of a
CNT-based mesh that is not glued to the substrate but is chemically bound to it,
avoiding glue-based defects, which might become centers of stress during launch
(which happens for PI-based films glued to metal meshes). Aspects regarding the
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mechanical sturdiness of CNT-based MUSE filters are not tackled in this thesis.
Still, relevant details regarding the demonstration models (DMs) qualification
under vibro-acoustic load tests representative of launch can be found in D’Anca
et al. [42] in which these thin film structures with CNT passed these tests and
confirmed their outstanding mechanical performance, even in cases where no mesh
was used with filters with 56 mm for the CI FWFs. A second important reason
is the transparency: CNT EUV pellicles can be manufactured thin, and since
they are lighter than PI ones, they can be more transparent than polyimide in
the EUV range [40] [43]. Therefore, using CNT pellicles could be more efficient
for the total EUV throughput in the solar mission: an experimental proof of the
performance of the multilayer thin film with CNT as substrate outperforming
the PI-based filter is provided in Chapter 4 → p.71 . A further important reason is
that regarding diffraction: given a situation where a PI pellicle is employed, it is
usually used with a lower thickness and thus requiring the usage of finer and more
blocking structural meshes as otherwise the structure would break under launch
loads (such as in STEREO-SECCHI [25] or in SDO/AIA [31]). An important
aspect is that by employing thicker structures of CNT thin films, not requiring as
demanding structural meshes, one could avoid the use of an impactful structural
mesh diffraction-wise. Design of the filters proposed for MUSE, both heritage
and CNT-based, and also the impact of diffraction caused by the various designs
will be detailed in Chapter 2 . In some cases, particularly for FWFs, one could
also forgo a structural mesh entirely. Clearly, if future studies could prove that a
riskier mesh-less solution is feasible and satisfies requirements, it would be the
perfect solution to avoid all of the potential diffraction issues. Having laid out the
main properties of thin film filters in EUV, I now link the various chapters of the
thesis to the various needs

Additional solar missions and filter concepts
In addition to the cases of the aforementioned solar missions–STEREO/SECCHI,
SDO/AIA, and the future MUSE–several other recent or ongoing solar missions
offer relevant examples of EUV/X-ray instrumentation, kinds of solar observations,
and optical blocking strategies. A selection of these missions is briefly discussed
below to contextualize the present work and illustrate a broader view of solar
imaging and spectroscopy and diversity of filtering techniques and concepts
currently employed in solar instrumentation.

The PROBA-2 mission, launched by ESA in 2009, carries the Sun Watcher using
APS detector and image Processing (SWAP) EUV imager employing an Active
Pixel System (APS) detector operating in a wavelength bandpass centered on
174 Å [44]. The peculiar specifications of PROBA2/SWAP, such as the large
FOV of (54′ × 54′), render it capable of showcasing and tracking CMEs and
other events of relevance to space weather at distances up to ≃ 1.7 − 2 solar
radii even today after 16 years of its launch. SWAP is built upon SOHO/EIT
heritage and functions similarly to the MUSE/CI concept, employing a compact
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off-axis Ritchey–Chrétien-Cassegrain telescope and using various stages of solar
light rejection. A 38 mm diameter filter, composed of a multilayer of 150 nm
thin aluminum deposited on 50 nm of PI reinforced by a 20 LPI Ni mesh, is
employed for the entrance (or front) filter by SWAP, together with additional
focal plane filtering to further suppress visible and infrared radiation by a 28 mm
diameter-wide 70 LPI Ni mesh supported 150 nm Al thick thin film filter which
cause negligible diffraction [45]. In both cases, the filters are quite in line with
the filter choices and examples of SDO/AIA and STEREO/SECCHI: which is also
expected, given that SDO and PROBA2 were developed almost simultaneously.
The PROBA2/SWAP instrument is both an excellent example of a functional and
sturdy mission, working well past its 2-year original nominal operation duration,
while also being an extremely successful example of space mission development
and environmental testing for the filters subsystems [46] and the whole integrated
system [45].

The satellite Fengyun-3E (FY-3E) [47], developed collaboratively by the China
National Space Administration (CNSA) and the Chinese Meteorological Adminis-
tration (CMA), launched in 2021 and designed primarily for terrestrial weather,
carries the X-ray and Extreme Ultraviolet Imaging Telescope (X-EUVI) [48]
which aims at improving the forecasting of space weather providing full disk
solar images either in the X-rays (λ ≥ 6 Å, and wavelength upper limit depend-
ing on band) or in the EUV range around 195 Å utilizing an ingenious selective
dual-band X-ray/EUV optics approach. In X-EUVI Wolter-I type X-ray grazing
or Cassegrain perpendicular-incident EUV optics are selected by moving the
CCD-assembly via a stepping motor, with switching speeds between modes of the
order of a second. The two optical modes share the same CCD, the same filter
wheel, and the same entrance pupil filter to reject visible light and ultraviolet
with wavelengths (λ > 30 nm)–a multilayer film filter of Al/Ti/Polyimide was
employed for the scope. The EUV mode employs Mo/Si multilayer coatings on
the reflective mirrors to select the 195 Å bandpass–similarly in concept to that of
the MUSE/CI–and an Al-based thin film pre-filter to further reject visible light
in the more visible and infrared sensitive EUV mode. The detailed composition
of the eight thin-film filters in the filter wheel is not publicly disclosed, but their
functionality is similar to both the filters based on Al/Zr for MUSE/CI or SG and
the line filters employed in X-ray synchrotron laboratories, such as those discussed
in Section 4.2 , in the section of X-ray and EUV transmittance measurements of
filters for MUSE. Therefore, this instrument exemplifies a modern design philos-
ophy in which spectral selectivity is distributed between reflective coatings and
entrance or filter wheel thin-film filters, similarly to MUSE.

The mission Aditya-L1 [49], designed and developed by the Indian Space Research
Organisation (ISRO) and launched in 2023, carries several solar payloads spanning
observations of the sun from the visible and infrared wavelengths all the way up
to hard X rays. While none of the payload’s instruments are capable of EUV
detection, the Solar Low Energy X-ray Spectrometer (SoLEXS) [50] observes from
the soft X-rays to hard X-rays in the photon energy range 2-22 keV, while the Solar
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Ultraviolet Imaging Telescope (SUIT) [51] observes the near-ultraviolet (NUV)
wavelength range 200-360 nm: both of these instruments on board the mission can
observe events such as flares, although they are optimized for different altitudes in
the solar corona, and they employ interesting filtering strategies to observe the sun
in the X-rays or NUV while rejecting most of the visible and infrared light. The
SUIT instrument employs UV Band Pass filters in a filter wheel assembly close
to the detector–characterized and described in terms of calibration curves and
bandpasses in Tripathi et al. [52]–while also employing a front Thermal Filter,
which has been extensively detailed in another publication by Sarkar et al. [53],
being composed of a 10 mm thick fused silica substrate coated with Cr/Al/SiO2
multilayer thin films (∼30 nm for each layer). The Thermal Filter provided the
initial rejection in the NUV range, while the subsequent bandpass filters allowed
for further refinement of the bandpass selection at the preferred wavelength. In
the case of SoLEXS, the two Silicon Drift Detectors (SDDs) of the mission are
coupled to an 8 µm thick Be entrance window which selects energies higher than
2 keV. In both cases, in favour of using a thin film filter, which poses extreme
challenges to the mechanical resilience during launch of the payload, a very thick
film is employed for the filter as an entrance filter, which conservatively follows
mission requirements while allowing for safety margins in launch and resisting
vibration loads. Although Aditya-L1 does not operate in the EUV range, its
filters provide a complementary example of visible light rejection and band-passing
approaches at adjacent wavelengths (X-rays or NUV).

As a final example, the CORONAS-Photon satellite, developed by Roscosmos
(formerly Russian Space Agency) and launched in 2009, was designed for observing
the solar atmosphere and tackling many of the open problems in solar physics.
Of interest due to similarities with MUSE is the Telescope-Spectrometer for
Imaging Solar Spectroscopy in X-rays, or TESIS, experiment [54]. While in some
wavelength channels the idea is pretty similar to those of the aforementioned
missions, employing thin film filters and periodic multilayer coatings on the mirrors,
the channels at 132Å/171Å and 171Å/304Å worked in a Herschel optics geometry.
In those cases, a periodic multilayer filter was deposited directly on the CCD
detector, with certain flown examples of Zr/Si and Al/Si as the basis for the
multilayer filters. An extensive characterization of these types of filters is detailed
by Chkhalo et al.[27], with other examples of materials tested for the periodic
layers being Be/Si, Cr/Si: in all cases, usually with a few-nanometer-thick bilayers
stacked up to 55 periods. Thus, the effective area and bandpasses around relevant
EUV lines were obtained via the synergy between (periodic) multilayer coatings in
reflection and multilayer filters in transmission. Albeit short-lived, being lost 10
months after launch, CORONAS-PHOTON was a successful proof of concept of
multilayer filtering for EUV detection, and future missions–such as the upcoming
Russian-led Interhelioprobe mission [55] developed for close flybys of the Sun
and including X-ray and EUV imaging instruments–could include such peculiar
filtering techniques.

Taken together, these missions demonstrate that, while Al or Zr-based thin films
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on polymer substrates remain a standard and strong solution for EUV entrance
and detector filtering in solar space missions, alternative strategies (thick-windows,
periodic multilayer on-chip solutions) have been adopted either in the EUV or
in adjacent wavelengths, and they can be actively pursued depending on mission
constraints. The development of MUSE’s filters builds upon these insights while
simultaneously exploring alternative technologies, such as CNT-based support
materials, to meet the specific requirements of high-throughput, high-resolution
EUV spectroscopy.

1.4 A bridge to the thesis
The requirements defined in Section 1.3 → p.9 are directly connected to parts of my
work.

− Chapter 2 → p.19 introduces the filter designs —- including the designs based
on the older space mission and new CNT-based substrates —- along with the
numerical and analytical framework used to assess the diffraction content
at the MUSE focal plane for all of the designs. The diffraction contents are
design-dependent and can impact the scientific capabilities of the mission, as
will be discussed.

− Chapter 3 → p.53 defines the filters’ out-of-band blocking requirements
and presents the optical characterization of Al-based witness samples. The
chapter also discusses the difference in the performance experimentally inves-
tigated with UV-VIS-IR transmittance spectroscopy over various substrates,
comparing them with both the requirements and among themselves.

− Chapter 4 → p.71 reports the EUV transmittance, soft-X-ray transmittance
measurements, and XAS-based inner-layer analyses for the various designs
under study, delivering calibration-ready curves and inner-layer compositional
diagnostics making use of the analysis of the photo-absorption edges in the
materials. The EUV transmittance is compared between designs, and the
efficiency of the novel CNT-based filters is assessed.

The other chapters are not directly connected to the thin film requirements but do
support the development of the MUSE mission as a whole with respect to other
aspects.

− Chapter 5 → p.92 describes the work-in-progress development of a Penning
Discharge Source for potential use as a EUV calibration support for
MUSE. A physical description of the source, which is intended to simulate the
solar EUV emission lines and is itself an amazing modern physics laboratory,
will be provided.

− Appendices will be complementing the text with niche experimental details
and other aspects. An appendix in particular, Appendix E → p.117 , stands out
in providing complementary software-based data analysis details on
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the proposed approach to solve complexities in the data analysis expected
for MUSE, which arise from the novel and complex idea of employing the
35-multi-slit mechanism working at the same time while rastering the Sun.

I delve now into the filters’ design, while also discussing at length the diffraction
impact of the various solutions studied for MUSE.
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2Filter Designs and Diffraction
Studies

2.1 Preamble to the chapter

What this chapter is about
In this chapter, I delve into the description of the designs studied for MUSE as
Demonstration Models (DMs) and Structural Thermal Models (STMs), terms
that indicate the various steps during the development of the space missions,
borrowing terminology from the ECSS [56]. This chapter serves a few relevant
purposes.

In a first, more introductory physical and mathematical section, I detail aspects
that are of relevance to the following treatments. A formula for the optical blocking
factor of meshes is proven. I detail how the optical blocking factor modulates the
expected diffraction core, and I follow this up with a prediction of the secondary
lobes center position – which remarkably uses concepts from solid state physics
and X-Ray Diffraction (XRD). All of these aspects were developed during my work
of analysis and simulations supporting the filters’ design. This activity allowed me
to find and corroborate numerical values of interest, figures of merit to describe
the filters’ designs’ performance, and mathematical equations useful as controls
for the results of the numerical simulations.

The second section is about detailing the filters’ designs for MUSE delivered by
the INAF-OAPA-UNIPA research team as part of the Italian contribution to the
NASA mission, both in the case of the DMs and subsequently STMs. This means
describing the filters’ geometry, the selected materials, and further details related
to manufacturing and assembly.

The third section of this chapter involves more of the simulative studies I carried out
on the impact of diffraction for the various designs, allowing for the comparison
between them. Particularly, I studied the performance of the Point Spread
Functions (PSFs) – synonym for figure of diffraction, or diffraction pattern – in
the case of ideal mirrors, mirrors with realistic roughness, and then the PSFs of
the various designs, devising figures of merits for the transmittance at the core,
the Half-Energy Width (HEW), and other quantities of interest.

Point Spread Functions, and Relevance in Space Missions
Accurate estimates of the PSFs at the focal plane due to the structural mesh of a
given telescope entrance pupil thin-film optical blocking filter design are relevant,
as shown in the case of SDO/AIA to improve the scientific quality of datasets
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[28]. To evaluate the performance of filters for MUSE, and in collaboration
with D. Spiga (INAF/Brera), I analyzed a series of simulations made using an
IDL-based software developed for the design of optics for space missions, described
in a previous publication by Spiga et al. [57] although opportunely modified for
the scope in the case of MUSE. Diffraction patterns at the focal plane due to the
filter supporting mesh were simulated for all the designs described in the following
sections. The novel CNT structures use a partially-transmissive CNT-based mesh,
which was also modeled, despite the higher complexity when compared to a fully
opaque thick metal mesh. The simulations include the mirror roughness and the
mirror profile errors, as modeled or measured by the Italian team responsible for
the development and manufacturing of the MUSE optics [58]. This allowed me
to study realistic scenarios for the simulation of PSF figures.

I found interesting results in assessing the quality of filters and meshes in terms
of the produced PSFs, and I observed how a realistic mirror profile should affect
these figures, further emphasizing the importance of simulations. A comprehensive
discussion with the science teams regarding the potential effect of a figure of
diffraction on science cases (such as solar behaviour as seen from MUSE in terms
of QS, AR, or flare events) is ongoing. Different filter designs can likely enhance
the appearance of various features, thus requiring a tradeoff study in the near
future.

Deconvolutional aspects

A further important aspect of the construction and study of relevant PSFs for
MUSE in Section 2.4 → p.35 is that, theoretically, if one knows exactly the point
spread function that is responsible of the degradation of the image at the focal
plane (usually in the form of a convolution between the true image and the PSF),
it is possible to improve the quality of the data collected by MUSE by employing
deconvolutional approaches. Deconvolution approaches have been relevant in the
past to dramatically increase the reliability of the data retrieved by telescopes
in the case of the mission TRACE [59], or the aforementioned SDO/AIA. The
approaches include Wiener filtering [60] [28], and in the space context other
relevant deconvolution algorithms such as the Van-Cittert and the Richardson-
Lucy, both detailed in the appropriate review by Starck et al. [61]. The latter was
famously employed to correct the Hubble telescope images during the period in
which it suffered from spherical aberration problems in the years 1990-1993 [62].
Thus, the general context of my work is to develop PSF inputs depending on the
filters’ design choice, both to compare the designs using figures of merit built on
the PSFs, and as part of future potential deconvolution approaches towards the
correction of the true image data of MUSE if need be.
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2.2 Mathematical and physically useful concepts for
diffraction

In this section, I will describe the mathematical and physical context of filters’
diffraction and design. This will be somewhat of a break with respect to the
MUSE context, although it is relevant in general for Astrophysics space missions.

Optical Blocking Factor of a 2D Periodic Mesh
The general formula for the transmittance of a 2D mesh grid–that is, the blocking
factor (BF) that a plane wave impinging on the surface of a 2D periodic structure
would face–is described in this section. An image example of the structure to which
the formula applies is given in Fig. 2.1 , closely mimicking the mesh appearance
of the thin film filters of STEREO-SECCHI in Fig. 1.5 ignoring the film. It is a

Figure 2.1 Excerpt of a square grid mesh. Open area squares are white, and the opaque
mesh bars are black. The mesh width w, pitch p, inner side length ℓ, and the basis
square are displayed.

square grid with pitch p, i.e. smallest distance between the centers of adjacent
cells, and width w of the mesh bars (same in all of the bars’ directions). The
following formula applies for the theoretically expected optical blocking factor of
the infinitely extended structure in the completely blocking or reflective scenario.

BF = 2w

p

(︄
1 − w

2p

)︄
(2.1)

Such formula will also be denoted as the formula for the geometric blocking factor
of the mesh, as it only depends on the mesh geometry (width, pitch), and not on
its transmission properties, as it is assumed opaque. The proof of the formula is
given in Appendix B . The same formula applies to honeycomb grids described
by pitch p and width w. While the mesh transmittance M in the case of a 100%
blocking mesh material is given by Equation (2.2) .

M = 1 − BF (2.2)
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The mesh transmittance M is, in general, given by Equation (2.3) , where BF
retains its geometrical blocking factor definition of Equation (2.1) , and the ma-
terials compounding the mesh are assumed to transmit at wavelength λ a t(λ)
fraction of light.

M = 1 − BF · (1 − t(λ)) (2.3)

For t(λ) = 0, i.e., the case of a fully opaque mesh, we obtain the earlier formula,
while for t(λ) = 1, i.e., the case of a fully transmissive mesh, a completely open
area is found. Another term that will find occasional use throughout the work
is that of an effective blocking factor, which is just the product of the geometric
blocking factor of the mesh and the fraction of light that is truly blocked by the
mesh, with the notation above, and detailed in Equation (2.4)

BFeff = BF · (1 − t(λ)) (2.4)

Light Diffracted by 1D Multiple Slits / Diffraction Gratings
Here, I introduce another relevant figure that will become crucial for the ensuing
analysis of the PSFs. I have treated the amount of light blocked by a fully opaque
periodic mesh structure in the earlier paragraph. It is now of interest to build up
an understanding of how the blocking due to an opaque 2D periodic mesh affects
the proportion of diffracted light inside the diffraction core – that, in the context
of an integrated telescope system, will also be described as a PSF core. This is
an extension from 1D to 2D of the study of 1D transmissive diffraction gratings
obtained via multiple-period adjacent 1D slit structures. A solution for the 1D
case is provided by G. R. Fowles. [63] which predicts the intensity distribution of
light deflected by an angle θ and as it appears on a screen after it is transmitted by
an N -slit grating with each open slit having width a, separation between adjacent
slits h, and wavelength of incident light λ. The formula describing this is given as
follows.

I(θ) = I0 ·
(︄

sin(α)
α

)︄2

·
(︄

sin(Nβ)
N sin(β)

)︄2

(2.5)

Where: α = 1
2 · 2πa

λ
sin(θ), β = 1

2 · 2πh
λ

sin(θ), and I0 is an arbitrary normalization
constant that, if unitary, makes the value I(θ = 0) = 1, proportional to the
impinging light intensity. A particular case of this diffraction figure for 13 slits
is given in Fig. 2.2 and a few general lessons will be useful in the proceeding
of the thesis. It is noteworthy that the diffraction figure is modulated primarily
by three geometrical quantities: the size of the single slit, a, that modulates
the highest value of the intensity at each angle; the size of the pitch, b, that
modulates the principal maxima; and finally, the size Nb, i.e. the largest size
of the structure or the total size of the structure, that modulates the smaller
angles and their secondary maxima in between principal maxima. In this case, the
angular size of these minima goes as ∆θ ≃ λ/d where d is the geometrical quantity
of relevance (size of slit, or pitch, or total size of the structure). A relevant aspect
is the diffraction core, in this case defined by the ratio between the integrated



Chapter 2. Filter Designs and Diffraction Studies 23

Figure 2.2 Example of N-slit Diffraction Figure by a 1D N-slit structure (blue plot).
X-axis is angle θ (in radians) of deflection of the light, Y-axis is intensity (in arb. units)
normalized to the first peak value to 1. Values used: number of slits N = 13, single-slit
open side length a = 50 µm, pitch b = 65 µm, wavelength λ = 550 nm. The yellow
envelope is the figure of diffraction by a single slit of aperture a. Shaded in grey is
the core of the diffraction figure in between the first two secondary minima, whose
proportion of integrated intensity to the total in the given example is 70%. Source:
Live-graph in Desmos (last accessed: 2025-11-20). License: CC BY-SA 4.0

https://www.desmos.com/calculator/piuydffalj
https://creativecommons.org/licenses/by-sa/4.0/
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intensity over the angles in between the first two secondary minima in the figure
of diffraction and the total integrated signal, which contains 70% of the total
signal in the example.

Furthermore, Equation (2.5) encodes more complex behaviour for the diffraction
figure when the number of slits is higher, such as what happens in real transmission
gratings. Another visual example is given in Fig. 2.2 for 43 slits.

Figure 2.3 More complex example of N-slit Diffraction Figure by a 1D N-slit structure
(blue plot). X-axis is angle θ (in radians) of deflection of the light, Y-axis is intensity
(in arb. units) normalized to the first peak value to 1, and on a log-scale. Values used:
number of slits N = 43, single-slit open side length a = 24 µm, pitch b = 31.2 µm,
wavelength λ = 550 nm. The yellow envelope is the figure of diffraction by a single
slit of aperture a. Shaded in grey is the core of the diffraction figure in between the
first two secondary minima, whose proportion of integrated intensity to the total in
the given example is 70%. Source: Live-graph in Desmos (last accessed: 2025-11-20).
License: CC BY-SA 4.0

On the Fraction of Light Diffracted by a 2D Periodic Mesh
I will now transition to discuss the 2D diffraction case. An incident plane wave
of unit power interacts at normal incidence and is diffracted by a 2D periodic
mesh (whose bars are perfectly blocking, and whose open areas are perfectly
transmissive), then focused via a series of optics (such as mirrors in a Cassegrain
geometry) towards a screen. The mesh transmits a fraction M = 1 − BF of the
incident power or intensity – where M will be used throughout the text as mesh
transmittance or equivalently mesh open area– resulting in a central order at
zero angle (the core of the diffraction figure) and an array of diffraction orders

https://www.desmos.com/calculator/j84fypby9p
https://creativecommons.org/licenses/by-sa/4.0/
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at nonzero field angles (the so-called lobes). A visual description of the problem
is given in Fig. 2.4 . To assess what fraction of the transmitted light is in the

Figure 2.4 Example of Diffraction Figure of an incident plane wave by a 2D periodic
mesh structure. The mesh on the left is the same as Fig. 2.1 . The central diffraction
figure core and secondary order lobes are easily distinguishable. The figure of diffraction
on the right is taken and modified from P. Grigis et al. [64], courtesy of NASA/SDO
and the AIA, EVE, and HMI science teams.

core, and what fraction is distributed inside the diffraction lobes, it is possible to
obtain a derivation as a consequence of the Babinet’s Principle [65] [63]. With
this approach, valid for completely opaque meshes, it is found that, given a 2D
periodic mesh with mesh transmittance M , the transmitted power in the core is
M2 and that in the lobes is M(1 − M). A proof is detailed in Appendix C , while
a somewhat simpler approach could be given in terms of Fourier optics, and I
refer the reader to the specialized literature [63] [66] [67].

The consequences found for the Babinet’s Principle are both remarkable, but
they are also limited by their assumptions. One important assumption is that
the mesh is made of a completely opaque material in its non-open areas: thus,
the predictions are not expected to be correct in the situation of a partially
transmissive mesh material. Another relevant aspect is that the proof assumes
that the core is a Dirac-delta-like disk. Still, this assumption depends on the
characteristic of the mesh, the finiteness of the entrance pupil limiting the incident
plane wave, and the overall requirements one is trying to adhere to: for example,
considering MUSE’s angular resolution requirement of ∆θ < 0.5′′, this aspect
might not be completely given for granted in practical scenarios. These caveats are
presented for reference, and they will be discussed more in the subsequent chapters
and sections; thus, what is presented here is deemed as an approximation that
gives important physical insight into the true phenomena. Generally speaking, a
blocking mesh pushes a fraction M2 of the total signal in the core, and the more it
blocks, the more it deflects towards secondary order lobes. Still, there are feasible
scenarios in which this simple picture could only be qualitative.
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Position of Secondary Order Lobes in Figure of Diffraction by a
2D Periodic Mesh
In this section, I derive a consistent approach to predict where the position of
secondary order-lobes will appear in the angular screen. This aspect is quite
important to assess the goodness of a given simulation. I will practically consider
situations where diffraction at very small angles occurs, as the field of view for
MUSE is at most a few mrads and thus small-angle approximation is excellent
(sin(θ) ≃ θ) in all cases.

The 2D meshes, both square or hexagonal as seen in Section 2.2 and as will
be discussed in the following design filters sections of the same chapter, can be
thought of as a lattice with a provided basis. Following X-ray Diffraction and
Crystallography treatments [68] [69], I will drive a parallelism between the
diffraction by a crystal and the diffraction by a mesh. The main difference is the
geometry: a crystal has inter-planar distances d of the order of nm, or Å and thus
the angle λ/d appearing in the Bragg conditions will deflect light to a few degrees
in general if the wavelength is in the EUV/X-rays, whereas mesh geometries in
2D have pitches of the order of 300 µm to 5 mm, and thus λ/p will be of the order
of arcsec (which can be relevant in the case of the MUSE mission).

I hereby state the Bragg principle. The pictorial idea is that two beams of equal
wavelength λ are interacting with two co-planar surfaces and are reflected by these
parallel surfaces in the crystal, and the allowed scattering angles are those that
satisfy a given constructive interference relationship, which follows.

2d sin(θ) = nλ (2.6)

Where d is the minimum inter-planar distance, n is a diffraction order integer,
λ is the wavelength of the incident light, and θ is half of the angle of deflection
of the incident light with respect to the reflected one. A visual representation is
given in Fig. 2.5 .

In the small-angle approximation, considering the scattering angle α = 2θ, I
rewrite Bragg’s statement in terms of the scattering angle when it is extremely
small.

α = nλ

d
(2.7)

The main idea is that this equation also applies to the geometry of interest to
the work, i.e., to the diffraction problem described in Fig. 2.1 → p.21 . A famous
identity in lattice theory – i.e., the equivalence between Bragg’s law and Laue
equations – states that the infinite set of parallel planes of symmetry in a periodic
lattice possess a minimum inter-planar distance d obtainable by a vector g of the
reciprocal lattice via the formula d = 2π/|g|, and that the g vectors modulate the
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Figure 2.5 Bragg diffraction from a cubic crystal lattice. Plane waves incident on a crystal
lattice at angle θ are partially reflected by successive parallel crystal planes with inter-
planar minimum spacing d. The superposed reflected waves interfere constructively if
the Bragg condition of Equation (2.6) is satisfied. The Bragg condition is equivalent
to stating that the path difference, 2d sin(θ), is an integer multiple of the wavelength.
Author: Σ64. License: CC BY 3.0

feasible scattered wave vectors k′ from the incident wave vector k by k′ − k = g.
Since this application is about diffraction by a 2D geometry, the infinite planes
of symmetry of a 3D lattice would become infinite lines of symmetry, or so-
called Bragg rods [70], but the idea stands. The protocol to retrieve the feasible
secondary diffraction lobes positions in the (scattering) angular space would be:

1. Understand which 2D lattice is the structure under study, isolate its basis,
and the primitive translational vectors.

2. Evaluate the reciprocal lattice, and the vectors g compounding it. These
vectors in the reciprocal lattice encode the feasible scattering directions of
the secondary lobes in the angular space.

3. Utilize this to find the possible inter-planar distances via d = 2π
|g| which can

be plugged in the Bragg’s condition.

4. Via Bragg’s condition Equation (2.7) with n = 1 (without loss of generality
as the reciprocal lattice vectors also follow translational symmetry), find the
feasible minimum scattering angles via α = λ · |g|

2π
, or, defining the vectorial

nature of these angles as that of the reciprocal vectors, α = λ · g
2π

.

I will deal with either hexagonal lattices or square lattices, and thus I will derive
angular expressions for these.

In the case of 2D hexagonal lattices with pitch p, the reciprocal vector space
is also a 2D hexagonal lattice of points with pitch in the reciprocal lattice units
of ghex = 4π√

3p
. However, the orientation of the reciprocal lattice is changed

https://creativecommons.org/licenses/by/3.0/
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by 90° with respect to the initial lattice (a similar treatment is done by C. M.
Krowne [71]). Thus, feasible scattering angles are found in a hexagonal lattice,
as predicted by the reciprocal vectors, with an angular pitch as seen in the screen
of:

αhex = 2√
3

λ

p
(2.8)

In the case of 2D square lattices with pitch p, the reciprocal vector space is
also a 2D square lattice with pitch in the reciprocal lattice units of gsquare = 2π

p
.

Thus, one quickly recovers the angular pitch expected in the screen as:

αsquare = λ

p
(2.9)

Notice that while these formulae predicts the periodicity and possible position of
secondary order lobes in the diffraction figure, they do not predict their intensity,
as – inferring from X-ray Crystallography and 3D previously known results – the
geometrical structure factor, which describes the scattering from the basis in the
form of a particular Fourier transform of the basis components, is proportional the
intensity of the peaks predicted by the reciprocal lattice in direction k′ = k + g,
meaning the basis can cause some peaks to become stronger and others weaker.
Thus, this can be seen as general guidance.

It is in principle possible to find a Structure Factor Modulation for 2D Mesh
Diffraction: there are known Fraunhofer treatments for diffraction gratings and
periodic aperture arrays where a sinc-envelope modulation formula is found [63]
[67] [72]; in XRD and in the 3D geometry, crystal lattices and bases are
frequently studied [69], although the geometry and the algorithms employed
are fundamentally different, as big angles are experimentally probed and small
atomic structures are explored, while the situation of interest to my work is almost
the opposite; and some treatments explore the diffraction of 2D metallic meshes
but they are not treated organically and in an extendable way to EUV general
meshes [73] [74].

Since a comprehensive treatment with applications to the specific scenario of
interest to MUSE, and applicable to various types of meshes (square, hexagonal),
various types of pitch (fine, coarse) and also various types of materials (completely
blocking, partially transmissive mesh bars) is not present in the literature, this
might be a genuine opportunity for a future technical contribution where: (i) the
structure factor for hex/square 2D meshes with finite bar thickness w is derived;
(ii) the intensity modulation envelope as a function of pitch p, w, and mesh
bars’ material transmittance T is derived, (iii) possibly with both Fresnel and
Fraunhofer treatments; and (iv) where applications to MUSE’s specific parameters
with simulations akin to the one explored in my work or to realistic scenarios are
assessed. This is outside the scope of this work.
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2.3 MUSE Filters Designs

Note. The pieces of information provided in this and the following sections
reflect the situation during the development up to demonstration and struc-
tural models of the filters for MUSE. Still, they are not final regarding the
exact set of filters that will be flown in the mission (so-called flight models,
or FMs). Furthermore, alternative solutions employing no mesh are under
study at the moment, and could prove interesting as they do not produce
diffraction, as studied in the following designs.

Hereinafter, the terms heritage or heritage-based will be used to index the filter
designs based on very similar designs from STEREO/SECCHI and SDO/AIA, as
discussed in Section 1.3 .I will begin by detailing the heritage-based filter design(s).
Afterwards, I will discuss the design of the DM and STM CNT-based filters, as
their design changed throughout their development as a result of the findings of
the relevant potential diffraction impact that I will cover in Section 2.4 → p.35 .

Heritage-based Filter Designs
The baseline design for the MUSE SG telescope (250 mm outer diameter) and the
CI telescope (200 mm outer diameter) entrance filters described below are under
investigation as high TRL filters for the MUSE SG, and are based on the heritage
of the successful space missions STEREO/EUVI [25], and SDO/AIA [31], as
mentioned in Section 1.3 . Due to the difference in outer diameter of the telescope,
the EF filters for the CI will thus be slightly smaller than those of SG. Inside the
telescope(s) entrance pupils, there is a 90 mm diameter internal blind spot to
accommodate the secondary mirror or the reflecting grating in a Cassegrain-like
telescope geometry. The EF is divided into four quadrants as follows, very similarly
to the STEREO-SECCHI EUVI filters presented in Fig. 1.5 → p.12 , and their design
is as follows in terms of materials and geometries of the mesh.

Spectrograph Telescope Entrance Filters (Heritage-based solutions)

− two quadrants (108 Å channel) out of four are made of a filter with a multi-
layer thin-film with 200 nm of Zr deposited on a PI film 75 nm thick supported
by a Ni square coarse mesh (5 LPI, or 5.08 mm pitch) and ∼75 µm width
of the mesh bars (mesh open area ∼ 97 %). An alternative solution under
consideration is a thin-film with 200 nm of Zr supported solely by a Ni square
fine mesh (70 LPI) with 363 µm pitch and ∼35 µm width of the mesh bars
(mesh open area ∼ 82 %).

− one quadrant (171 Å channel) out of four with a filter composed of a multi-layer
thin-film with 150 nm of Al deposited on a 75 nm PI film thick supported by
a Ni square coarse mesh (5 LPI, or 5.08 mm pitch) with ∼75 µm width of the
mesh bars (mesh transmittance ∼ 97 %).

− the last quadrant (284 Å channel) of the four with a filter with a thin-film made
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of 150 nm of Al supported by a Ni square fine mesh (70 LPI) with 363 µm pitch
and ∼35 µm width of the mesh bars (mesh open area ∼ 81 %). Alternatively,
a filter with the same design as the 171 Å channel filter, described above, is
considered.

Table 2.1 summarizes the heritage-based SG entrance filterchannels: the filter
materials and their thicknesses, the mesh type, and transmittance of the sole
mesh, of the sole film, and their combination. The filter transmittance value in
the rightmost column can be considered the energy input into the MUSE mirrors,
as this is the maximum amount of energy that will reach the whole FOV. For the
thin film transmittance F , the ideal scenario with no native oxide is employed
in this design introduction section, and the transmittance was evaluated via the
scattering factors available from Henke et al. [75] [76]. Moreover, Ni meshes
are assumed to be completely opaque. The mesh transmittance M is provided by
Equation (2.1) .

Remark 3. Native oxide is expected to grow on metals [77] in general, and thus
on thin films of PI/CNT coated with metal. Even if oxide is neglected in this
part, the results of the optical simulations and analyses work are general: it
is always possible to scale any resulting PSF obtained with a given thin film
transmittance F to the realistic filter transmittance FR including the oxide simply
by re-scaling the PSF via the constant factor FR/F , where F is taken from the
values used in this work, and given in the tables detailing all of the geometries.
These hypotheses will be relaxed in the experimental investigation of the films
carried out in Chapter 4 → p.71 where the amount of oxide is retrieved and compared
between different substrates. ⌟

Table 2.1 List of the heritage-based entrance filter channelsfor the MUSE SG. The "Ma-
terials" column provides multi-layer thin films by specifying the sequence of materials
and the thickness t in nm. Tran. is transmittance. The mesh is specified by its material
(Ni in this case) with a square geometry with the given LPI. The transmittance of each
mesh (M), that of the ideal multi-layer thin-film with no oxide (F ), and the combined
filter transmittance (MF ) are given.

Channel Materials Mesh Film Filter
(Å) Film (t); Mesh(LPI) Tran. (M) Tran. (F ) Tran. (M · F )

108 Zr 200 / PI 75; Ni(5) 0.971 0.387 0.376
171 Al 150 / PI 75; Ni(5) 0.971 0.392 0.381
284 Al 150; Ni(70) 0.816 0.717 0.585

Context Imager Telescope Entrance Filters (Heritage-based solutions)

− two quadrants (195 Å channel) are composed of filters with the same thin-film
multi-layer and mesh solution proposed for SG’s 171 Å wavelength channel’s
filter.
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− two quadrants (304 Å channel) are composed of filters with the same thin-film
multi-layer and mesh solution proposed for SG’s 284 Å wavelength channel’s
filter (both main and alternative).

Besides the telescope pupil entrance filters, there will also be Filter Wheel filters
(FWF) with the same design as above, for redundancy purposes (although smaller
in dimensions, as they will be closer to the detector). In addition, other thicker
FWF are considered to extend the versatility of the mission in observing strong
events, such as the thick filters in SDO/AIA [31].

Demonstration Model CNT-based Designs
As stated in the introductory paragraphs, the baseline filters described so far
are part of the general design. In my work, an important effort went into
developing, characterizing, investigating, and improving the design of the novel
CNT-based proposed solutions. The following designs were under investigation as
demonstration model (DM) filters proposed with a novel technology: instead of a
substrate with polyimide or a fine metal mesh, they use a CNT membrane, and
instead of a structural supporting metal mesh, they use a conservative CNT-mesh
that is chemically bound to the substrate, avoiding any glue and consequential
glue-based defects that are common in thin-film productions. The embedded CNT
structural meshes are obtained by laser cutting of a CNT pellicle consisting of
high-density (HD) oriented multi-wall (MW) CNT bundles [39]. The designs
presented in this section are detailed in Barbera et al. [43] along with the FW
filters.

The density ρ = 0.3 g/cm3 is employed for the density of the carbon structures,
and this is an educated guess based on the thickness formulae provided by the
manufacturer CANATU, but further studies for the exact determination of the
density of these structures are ongoing [41]. All the filter/mesh transmittances
in the EUV range are modeled with Henke scattering factors [75], and a tool
is available for the calculation of transmittance of thin solid films in the related
website [76]. Here, I detail the properties of the CNT membranes, coatings, and
meshes used as models for the DM designs of the SG and CI EFs in MUSE.

Spectrograph and Context Imager Telescope Entrance Filters (DM
CNT-based solutions)

− For the 108 Å wavelength channel of MUSE SG, 200 nm of Zr deposited on
a CNT membrane with 40% T @ 550 nm (t = 283.3 nm, ρ = 0.3 g/cm3,
chem. formula C) supported by a CNT honeycomb pattern mesh with
15% T @ 550 nm (t = 576.7 nm, ρ = 0.3 g/cm3 chem. formula C) with
5 mm pitch and 600 µm width of the mesh bars are employed. The CNT-
membrane transmits 85.7% at 108 Å , while the CNT-film compounding the
mesh transmits 73.0% at the same wavelength. With such a design, the
total geometric blocking factor of the mesh is 22.56%; however, the effective
blocking factor, which accounts for the transmittance of the mesh, is 6.1%,
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obtained with 6.1% ≃ 22.56% · (1 − 73%) as per Equation (2.3) .

− For the 171 Å and 284 Å MUSE SG channels, and all of the channels for the
CI telescope, the design consists of 150 nm of Al deposited on the same kind
of membrane and mesh. The CNT-membrane transmits 66.3% and 32.4%
respectively at 171 Å and 284 Å , while the membrane the mesh is made of
transmits 43.4% and 10.1% respectively at the same wavelengths. The mesh
geometric blocking factor is 22.56%, whereas the effective blocking factor is
12.8% and 20.3% at 171 Å and 284 Å , respectively.

Table Table 2.2 shows the wavelength ranges, the materials and films used (along
with the multi-layer material and thickness composition of the layers), as well
as the properties of the transmittance of the sole mesh, the sole film, and the
compound material.

Remark 4 (CNT thickness notation in terms of %T). In the case of CNT films,
instead of a direct thickness such as what was done in Table 2.1 for PI substrates,
the figure of a percentage %T is given: that is the transmittance of the bare
CNT pellicle used as substrate measured @550 nm, which is directly related to a
measurement of the thickness of the pellicle as shown in the study by Ermolaev et
al. [78] where the thickness measurement obtained with transmission spectroscopy
is shown to be correlated to that obtained with atomic force microscopy (AFM)
step-height measurements. ⌟

Table 2.2 List of filter Demonstration Model (DM) designs under investigation in
this work with novel CNT pellicles and using conservative membrane and mesh.
The "Materials" column provides multi-layer thin films by specifying the sequence of
materials and thickness t in nanometers or, in the case of CNT pellicles, its optical
transmittance at 550 nm (CNT pellicle being implicitly assumed in that case). The
mesh is specified by its material (CNT in this case) with a hexagonal geometry (HEX)
with the given LPI. The transmittance of each mesh (M), that of the ideal multi-layer
thin-film with no oxide (F ), and the combined filter transmittance (MF ) are given.

Channel Materials Mesh Film Filter
(Å) Film (t); Mesh(LPI) Tran. (M) Tran. (F ) Tran. (MF )

108 Zr 200 / 40%T; HEX (5) 0.939 0.436 0.409
171 Al 150 / 40%T; HEX (5) 0.872 0.526 0.459
284 Al 150 / 40%T; HEX (5) 0.797 0.233 0.186

The mechanical design of the DM structural frames has been shown to prove
that the proposed filter technology can satisfy the main MUSE instrument’s
requirements. Figure Fig. 2.6 shows an exploded view of the SG EF quadrant;
more details on the mechanical design and preliminary Finite-Element Method
(FEM) model-analysis of the DM filters are available in the paper by D’Anca et al.
2024 [42]. An Al-coated manufactured piece with the design described is given
in Fig. 2.7 .
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Figure 2.6 Exploded view of one quadrant of the DM EF for the SG instrument on
MUSE, manufactured with CNT technology. 1. Outer frame, 2. Inner frame, 3. CNT
Mesh, 4. CNT/metal pellicle (either Zr or Al). Credit: Barbera et al. [43]

Figure 2.7 Manufactured piece of one quadrant of the DM EF for the SG instrument
on MUSE with CNT technology, Al-coated. The point-of-view (POV) looks at the
inner-frame where the CNT-mesh is attached to the CNT-membrane. Credit: INAF-
OAPA/UNIPA/Canatu/Ametek.
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The outer frame of the EF filter is the structural part that interfaces the filter
with the telescope; the inner frame is a secondary structure that supports both
the mesh and the membrane. The mesh supports the few hundred nm thick
membrane consisting of a multi-layer comprising the CNT pellicle coated with
either Al or Zr. The mesh follows a hexagonal pattern instead of a square one, like
in heritage-based solutions, because of recent results which showed a reduction in
overall stress level under vibrational loads in filters if a hexagonal mesh is used to
replace a square one [79]. The metal coating is on the outer frame side, which
is assumed to directly face the sun. The membrane and structural mesh adhere
to each other and to the inner frame through van der Waals forces. A structural
adhesive bond joins together the inner and outer frames. Some conductive adhesive
points ensure the electrical and thermal conductivity between the membrane and
the outer frame.

Filter wheel filters (FWFs) are almost identical to the entrance filters (EFs), with
the only difference being meshless and in having a smaller internal diameter (ID):
SG FWFs have an ID ∼ 27 mm, CI FWFs have an ID ∼ 56 mm.

Structural and Thermal Model Designs
The designs presented in this section are the same as those used for the Structural
and Thermal Models (STMs) filters detailed in Barbera et al. [43]. These models
were devised in part also as a consequence of the work to be discussed on diffraction
in Section 2.4 → p.35 , which details how reducing the size of the width of the CNT-
based mesh also reduced the diffraction content of a design. Also in this case, a
CNT-based laser-cut mesh is used. Still, the thicknesses of both the mesh and
the CNT-membrane employed overall are lower, as the CNT-membranes have a
transmittance increasing from 40% in the DMs to 55%, while the mesh used here
mimics the membranes employed in the DMs. Here are the properties for the
CNT membranes, coatings, and meshes used as models for the STM designs of
the CNT-based SG and CI EFs in MUSE.

Spectrograph and Context Imager Telescope Entrance Filters (STM
CNT-based solutions)

− For the 108 Å channel of MUSE SG, a filter with a thin film multi-layer
composed of 200 nm of Zr are deposited on a CNT membrane with 55% T @
550 nm (t = 200 nm, ρ = 0.3 g/cm3, chem. formula C) supported by a CNT
honeycomb pattern mesh with 40% T @ 550 nm (t = 283.3 nm, ρ = 0.3 g/cm3

chem. formula C) with 5 mm pitch and 250 µm bar width. The membrane
transmits 89.7% at 108 Å , while the CNT-film the mesh is made of transmits
85.7% at the same wavelength (CNT-mesh has the same thickness as the
CNT-membrane had in the DM designs). The geometric blocking factor of
the mesh is 9.8%; however, the real blocking factor, which accounts for the
partial transmittance of the mesh (as per Equation (2.3) ), is just 1.4%.

− At 171 Å and 284 Å channels of MUSE SG, and all of the channels for the
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CI telescope, the design consists of 150 nm of Al deposited on the same
membrane and mesh as above. The CNT-membrane transmits 74.9% and
45.2% respectively at 171 Å and 284 Å . In contrast, the membrane the mesh
is made of transmits 66.3% and 32.4% respectively at the same wavelengths,
with a mesh also in this case having the same CNT-film thickness as the DMs.
In this way, the geometric blocking factor is 9.8%, whereas the real blocking
factor is 3.3% and 6.6% at 171 Å and 284 Å , respectively.

Table 2.3 shows the wavelength ranges, the materials and films used (along with
the multi-layer material and thickness composition of the layers), as well as the
properties of the transmittance values of the mesh, thin film, and the compound
material. In the case of CNT films, the transmission at 550 nm is given.

Table 2.3 List of filters’ Structural and Thermal Model (STM) designs under inves-
tigation in this work with novel CNT pellicles and using thinner membrane, mesh
thickness, and mesh width. The Materials column provides multi-layer thin films by
specifying the sequence of materials and thickness t in nm or, in the case of CNT
pellicles, its optical transmittance at 550 nm (CNT pellicle being implicitly assumed
in that case). HEX stands for hexagonal CNT-based mesh.

Channel Materials Mesh Film Filter
(Å) Film (t); Mesh(LPI) Tran. (M) Tran. (F ) Tran. (MF )

108 Zr 200 / 55%T; HEX (5) 0.986 0.456 0.451
171 Al 150 / 55%T; HEX (5) 0.967 0.593 0.574
284 Al 150 / 55%T; HEX (5) 0.934 0.324 0.303

The mechanical design of the EF and FWF frames was also slightly modified from
the DM ones to satisfy development needs and ensure that the interfaces with
the telescope entrance pupil and filter wheels are compatible with the needed
requirements for mechanical testing, as discussed with the MUSE engineering
team. Further details can be found in the paper by Barbera et al. [43] on the
engineering details of these designs. I hereby present the changes to the designs.
Fig. 2.8 provides an exploded view of the STM EF quadrant of the SG instrument,
while Fig. 2.9 provides exploded views of the STM Filter Wheel Filters (FWFs)
for the SG (left panel) and CI (right panel) instruments. Importantly, the shape
of the FWFs for the CI remained circular, while those for the SG became more
square-like.

2.4 Diffraction Simulation Setup and Metrics

Simulation Setup
I analyzed simulations of the PSFs via a purely diffractive approach for a selection
of the designs described in Section 2.3 → p.29 , and I compared them with the cases
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Figure 2.8 Exploded view of one quadrant of the STM EF for the SG instrument on
MUSE based on CNT technology. 1. Outer frame, 2. Inner frame, 3. CNT Mesh, 4.
CNT/metal pellicle (either Zr or Al). Credit: Barbera et al. [43]

Figure 2.9 Exploded view of the STM FWF for the SG (left panel) and CI (right panel)
instruments on MUSE based on CNT technology. 1. Outer frame, 2. Inner frame, 3.
CNT/metal pellicle (either Zr or Al). Credit: Barbera et al. [43]
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of an ideally-smooth focusing mirror, and with a mirror with realistic roughness,
aiming at disentangling the influence of the various factors. The DM filters are not
presented here, although presented in Alaimo et al. [80], because their impact is
much stronger in terms of diffraction, as will be shown, while the most interesting
aspect is to compare the most up-to-date designs between themselves.

The simulations provided by D. Spiga are based on a method employed in one
of his papers [57], using an IDL-based code derived from the approach adopted
to simulate the diffraction in silicon pore optics for Athena. Although originally
applied to X-rays in a grazing-incidence configuration, the underlying well-known
principles of modeling the diffraction and evaluating the PSF – i.e., developing
the Fourier transform of the complex pupil function from the phase shift and
attenuation – remain applicable to our filter mesh geometries and to the case
of the MUSE mission. The approximation involved can be applied a fortiori in
normal incidence transmission through a membrane with inhomogeneous optical
properties. The formalism can be applied to EUV wavelengths without limitations,
besides adjusting the entrance pupil sampling, based on the value of lambda and
the need to adequately over-sample the mesh wire thickness.

To accurately model the PSFs, the Fraunhofer approximation of the Fresnel
diffractionis employed [57], which is valid in the far-field regime [67]. Fresnel’s
diffraction assumes that the longitudinal dimensions of the diffracting element
along the propagation direction of the electromagnetic wave are negligible as
compared to the observation distance z, which is well-satisfied by the filters
and supporting meshes. The Fraunhofer approximation is a simplified version of
Fresnel’s, which also assumes that the angular dimensions of the diffracting element
(≃ d/z, with d the real dimension of the element), as seen from the observational
POV, are much smaller than the angular dimension of the diffraction figure
(≃ λ/d). In the Fraunhofer approximation, the Fresnel number is required to be
much less than unity NF = d2/(λz) ≪ 1. For our typical experimental parameters
(mesh size d ≈ 5 mm, mirror size d ≈ 200 mm, wavelength λ ≈ 10 nm, and
propagation distance z ≈ 3500 mm assuming the traveled path to be the path
inside the Cassegrain’s geometry), the calculated Fresnel number found is usually
NF > 1000, a value that would place the system in the near-field regime with
important geometric shadow effects. However, in the configuration employed, and
also shown in Fig. 2.4 , the detector observes the image at the focal plane of the
focusing apparatus. Thus, as a definition, all of the diffracting objects are placed
effectively at an infinite distance (z → +∞), causing the effective Fresnel number
to approach zero (NF → 0), and rendering the Fraunhofer approximation and its
associated Fourier transform methods valid.

The simulation setup involves a monochromatic plane wave passing through an
entrance pupil comprising a thin film, which introduces a constant phase shift,
and a mesh that modulates the transmittance in amplitude and phase: thus the
simulated setup is just like Fig. 2.4 → p.25 with the addition of realistic optics from
MUSE and the addition of a thin-film on top of the mesh. In some cases, the
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mesh can be completely opaque, and the diffraction stems from a pure amplitude
modulation. In others, the mesh is – at least partly – transmitting and so as
to introduce phase changes; therefore, the modeling of attenuation and phase at
the mesh wires requires the knowledge of the optical constants as a function of
lambda. In all cases, a FOV of 100′′ × 100′′ was employed for the description of
the PSF. Realistic mirror sizes, apertures, shape errors, and the roughness values
expected for MUSE mirrors [18] [58], were included in the models as simulation
inputs. The mirror adopted in all the simulations is the 200 mm diameter primary
mirror of the CI instrument onboard MUSE. The entrance pupil sampling was
conducted with a step size that ensures enough lateral resolution, usually at least
10 times finer than the filter lateral thickness. The pixel size was initially selected
to match the diffraction-limited resolution.

Aliasing, as seen in some test simulations for the 70 LPI nickel mesh in Table
2.1, was detected and mitigated for that particular filter design by increasing the
entrance pupil sampling. The impact on results was negligible beyond the third
significant digit of the core PSF transmittance. In the future, studies devoted
to studying diffraction peaks in detail (beyond the scope of this work) will be
required to eliminate aliasing effects fully.

Finally, the simulated PSFs were processed using Python scripts, which took the
outputs from the IDL simulations and calculated key metrics such as normalization
values (i.e., filter transmittance), Half Energy Width (HEW), core PSF trans-
mittance (Tcore) evaluated within an angular radius of 0.5′′. This angular radius
aligns with the desired angular resolution for MUSE, thus providing a practical
quantity for the mission. It is important to note that the core PSF values were
found to be consistent within a few percent when the integration of the encircled
energy was carried out beyond the first-order diffraction peaks. The Python
scripts also computed the core-to-total transmittance ratio, providing insight into
the efficiency of light collection at the core versus diffraction. Additionally, the
Python scripts elaborated the images, degrading them to an angular resolution
near the pixel sizes of MUSE ( Section 2.4 ).

Most of the coding for the IDL-based PSF simulation software was carried out
by Dr. Spiga. I aided the optimization process by assessing key aspects in the
simulations, and most of my work was involved in the PSF Analysis via Python,
and the results and performance evaluation across wavelengths and scenarios,
and in assessing and implementing the positive feedback contributions from
the discussions held with Lockheed Martin Solar and Astrophysical Laboratory
(LMSAL) and NASA. I developed a code that performed the fits reading files
generated by the IDL code, and then performed all of the numerical integrations,
pixel degradation (where necessary), plot outputs, and benchmarking. All of the
numerical, visualization, figure generation operations were performed using the
NumPy [81], SciPy [82], Matplotlib [83]. FITS data handling was performed
with Astropy [84] [85], and auxiliary datasets stored in NetCDF format were
accessed using the netCDF4 Python interface maintained in the respective Github
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[86]. All of the Python routines I developed were validated against analytical
limiting cases where applicable.

Useful Diffraction-related Metrics
This section defines all of the metrics of interest to the diffraction chapter. In
all of the simulations, the incident electromagnetic wave intensity I0 is assumed
to be of unitary total energy, which would be encoded in the following integral,
given the entrance pupil’s surface region R and infinitesimal area dS = dx dy in
such region.

∫︂∫︂
R

I0(x, y)dS = 1

After interacting with the filter system (blocking / partially transmissive mesh,
absorbing thin film) and being focused on the detecting plane, the intensity
is intended as an (arbitrary) energy per unit angle area in the angular space
(I(θx, θy)), which will be displayed as color maps in the ensuing subsections. All
of the integrals of the intensity described below are a form of encircled energy
over a prescribed angular region. Describing the CCD’s FOV as the angular
simulation region of choice (i.e. 100′′ × 100′′), the normalization value (Norm.) of
the electromagnetic wave would be the following, with infinitesimal angular area
dΩ ≃ dθx dθy (valid in the small angle approximation).

Norm. =
∫︂∫︂

FOV
I(θx, θy)dΩ (2.10)

This value is expected to be about equal to the filter’s transmittance T = MF , i.e.,
the product between the transmittance of the film (F ) and the transmittance of
the mesh (M), since it is a measure of the energy-throughput from the filter system.
Practically, some light could be diffracted out of the simulations’ FOV, and thus
usually Norm. ≲ MF . This metric can be used to compare the simulation’s output
with the designs’ expected values as described in Table 2.1 , and Table 2.3 .

θHEW, the angle at half-energy-width, is defined as the angle at which the encircled
energy is half of the total energy, as follows.

θHEW → Norm.

2 =
∫︂∫︂

θ≤θHEW
I(θx, θy)dΩ (2.11)

An important aspect is guaranteeing that the half-energy-width is always smaller
than the intended MUSE resolution (0.5′′). This will be verified.

Another crucial aspect is the Tcore value. This will be defined in the ensuing
paragraphs and sections as the encircled energy up to the MUSE resolution’s
angle 0.5′′, as follows.

Tcore =
∫︂∫︂

θ≤0.5′′
I(θx, θy)dΩ (2.12)
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Usually, the core is defined as the encircled energy up to the first secondary
minimum in the diffraction peaks. This is quite impractical in the 2D regime
for two reasons: firstly, in some cases the angular spacing of the secondary-order
diffraction lobes falls within the Airy disk of the mirror, and this is always expected
to be part of the convolution defining I(θx, θy), thus making it hard to decide
whether or not the core should be defined before the first minima due to the Airy
disk oscillations or due to the diffraction lobes; secondly, the secondary diffraction
lobes spacing heavily depends on the design, and in some cases it is small, or
in some cases it is extremely large, making it not useful to compare different
designs. Using the definition for Tcore proposed here serves the purposes of both
allowing for comparison designs with an apples to apples stand, and to provide
useful values for MUSE, as this will precisely describe the diffraction content to
be expected in the MUSE resolution prescription.

While Tcore will be used to describe the PSF-core-transmission of a filter system, the
term Tmir will be used to describe the PSF-core-transmission of the mirror without
any filter, encoding the effect of the mirror roughness on the core broadening.

Let’s now describe simple models. I already described the model of the Norm.
figure, here again written as the product of film and mesh transmittances, and
it is repeated hereinafter. This is also a model of the energy throughput that
accesses the FOV in the simulated system (and the CCD in the focal plane in the
real scenario).

Norm.model = MF (2.13)

The core modeling should contain both the modeling information encoded in the
mesh transmittance, which, as described in Section 2.2 → p.24 , should be M2, as
well as the throughput of the film F , and the encircled energy due to the mirror
roughness properties, Tmir. Thus, the simplest model possible is the following,
encoding the total energy signal to be transmitted in the core.

Tcore model = M2F · Tmir (2.14)

The zero-order diffraction efficiency – i.e., the ratio of the intensity of the central
peak with respect to the throughput intensity [87] – is thus expected to be about
T0th order eff−model = M · Tmir.

The following two metrics are stated for completeness, and, while they are not
used in this work, they will be useful in the future to assess the efficiency of a
filter in terms of how much of the signal is diffracted in secondary order lobes,
which is an analysis outside of the scope of this work. Following a similar logic, by
multiplying the total energy throughput MF by the diffused energy outside of the
core fraction 1 − Tcore, one obtains the content of the background (or BKG) noise
(i.e., large wings of the central zero-diffraction lobe in the rough case), which is
the following.

TBKG noise model = MF · (1 − Tmir) (2.15)
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And the secondary lobes following this description and the consequences of
Babinet’s theorem would be MF − TBKG noise model − Tcore model, i.e., the following.

T2nd−lobes model = MF (1 − M) · Tmir (2.16)

Another metric model to better describe and justify what is seen in the simulation
is the angular pitch seen in the secondary diffraction peaks: these should follow
the scattering angle laws proven in Section 2.2 → p.26 , with spacing for square
meshes expected to be ∆θsquare = λ/d with d mesh pitch size, and spacing for the
hexagonal meshes expected to be ∆θhex ≃ 1.1547 λ/d.

Finally, mid-vertical, mid-horizontal, and radial density profiles will be used. These
are, respectively: the restriction of I(θx, θy) to I(θx = 50′′, θy); the restriction of
I(θx, θy) to I(θx, θy = 50′′); and the spectrum of encircled energies evaluated in an
annular angular region θ0 < θ < θ0 + ∆θ around an angle θ0 with angular size ∆θ.

This summarizes all of the metrics of interest. Let’s proceed to describe the
results.

Results of PSF Studies on Realistic Mirrors
Mirrors’ PSFs are studied to isolate the contribution of the mirror roughness,
without including a masking mesh at the entrance pupil. In the mirror-only case,
EUV rays propagate unperturbed from the mirror to the focal plane, without
any absorption or phase shifts besides those introduced by the mirror roughness
imperfections (if present). As a result, 100% of the incoming light reaches the
100′′ × 100′′ focal plane in the simulation. While the ideal mirror would appear in
the focal plane as an Airy-disk shape whose size would be comparable to ∼ λ/D

where D is the mirror size, roughness would add diffuse intensity noise to the
PSF, also diffusing light out of the 0.5′′ core. An example for the ideal and rough
mirror at 108 Å is given in Fig. 2.10 .

Retrieving the mid-vertical profiles from these PSFs of the mirrors yields the
resulting plots in Fig. 2.11

Table 2.4 shows the results for ideal and rough mirrors, and the effects of roughness
on the PSF; the pixel size is always the simulation diffraction limit size (determined
by λ and the mirror diameter); the HEW is dominated by the Airy disk in the
ideal mirror and at low energies. Whereas in the rough mirror, scattering due
to roughness takes over for increasing energies. However, the HEW values never
exceed 0.11′′ in any case, thus remaining within MUSE requirements. Finally, the
integrated PSF-core-transmittance intensity Tcore always remains just below 100%
in the ideal mirror, whilst it decreases for increasing energy in the real mirror.
At 108 Å , about 30% of the input light is scattered outside the 0.5 ′′ radius, even
before simulating any interaction with the filter mesh, which is a relevant input
when assessing the efficiency of a given filter design (as this aspect is independent
from the filter choice).
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(a) PSF of the ideal mirror at 108 Å . (b) PSF of the mirror with realistic roughness
at 108 Å .

Figure 2.10 Simulated PSF color-maps with log-scale intensity at 108 Å with mirror and
no filter. Panel (a) on the left shows the case of an ideal mirror with no roughness,
where the core appears as an Airy disk due to a circular aperture. Panel (b) on
the right presents the effect of realistic mirror roughness, which leads to a broader
PSF core and enhanced diffuse intensity in the wings. Both simulations use a FOV
restricted to 5′′ around the center.

(a) PSF vertical profile of the ideal mirror at
108 Å .

(b) PSF vertical profile of the mirror with
roughness at 108 Å .

Figure 2.11 Mid-vertical PSF profiles at 108 Å extracted from the simulations of
Fig. 2.10 , displayed with the same log-scale intensity with mirror and no filter. Panel

(a) on the left shows the ideal mirror case, with an intense zero-order peak and visible
secondary diffraction radial ripples. Panel (b) on the right displays the effect of
realistic surface roughness. In the latter, the zero-order peak is less intense, broader,
and diffused scattered light increases noise levels overall.
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Table 2.4 Results for the study of the effects of mirror roughness on the PSF. The Tmir
is evaluated as encircled energy within a 0.5 ′′ radius. When an upper limit is set to the
HEW, it means that the HEW becomes comparable in size to the diffraction-limited
pixel size.

Channel (Å) PSF Subject Pixel Size (′′) HEW (′′) Tmir (%)

108 Mirror (Ideal) 0.006 ≤ 0.012 99.3
Mirror (Rough) 0.006 0.106 70.9

171 Mirror (Ideal) 0.009 ≤ 0.019 98.8
Mirror (Rough) 0.009 0.056 85.7

284 Mirror (Ideal) 0.015 ≤ 0.062 98.0
Mirror (Rough) 0.015 ≤ 0.062 92.8

To summarize this section, even without including the filters, the roughness of the
mirror never makes the HEW exceed the requirements for MUSE. At the same
time, it plays a significant role in decreasing the integrated intensity in the PSF
core. The larger the wavelength in the channel, the larger the HEW is, and the
higher the Tmir, and these are expected since the HEW scales as the λ/D size,
while diffused light induces a broadening that scales as σRMS/λ where σRMS is the
root-mean-squared, or RMS, roughness of the mirror [88] [58].

Results of PSF Studies on Filter Designs
The performance of the various filter designs detailed in Table 2.1 (heritage-
filters), and Table 2.3 (STM CNT-based filters), was analyzed at the 108 Å ,
171 Å , and 284 Å . The results are summarized in Table 2.5 where pixel sizes are
the same as the ones listed in Table 2.4 .

All of the filter designs are compliant with the HEW requirements of MUSE (0.5′′).
Furthermore, an important aspect is the Norm. value. If compared to the filters’
design MF expected value present in the design tables, it is found that all the
Norm. values are less and within 0.1% the expected one, except the Al/70 LPI
filter which has a Norm. of 58.1% while the expected value would be 58.5% – still
very close. This proves the consistency of the simulations and confirms that there
is negligible power scattered out of the 100′′ × 100′′ FOV, and that in the 70 LPI
case, some secondary order diffraction peaks lie outside of the simulation FOV,
thus explaining the missing 0.4% (which is still negligible overall and less than
0.7% of the total signal).

Moreover, M2F · Tmir, which is the figure of merit (or prediction) adopted as per
Equation (2.14) , is within 1% of the Tcore calculated with simulations. Only for
the case of the STM CNT design at 108 Å , the difference exceeds 1.5%, which
is probably a sign that the mesh is partially transmissive, thus not fulfilling
part of the hypotheses of the derivation using Babinet’s principle described in
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Table 2.5 Results of the PSF analysis and simulations for various filter designs at
different wavelengths, as detailed in Table 2.1 , and Table 2.3 . All of the values are
evaluated from the PSF simulations, with Tcore calculated within a 0.5 ′′ radius, except
for the last column, M2F · Tmir, which is reported to model the Tcore of the filter setup,
also including effects of the mirror’s roughness, as per Equation (2.14) .

Channel Filter Norm. HEW Tcore
Tcore

Norm. M2F · Tmir
(Å) Design Value(%) (′′) (%) (%) (%)

108
Zr/PI; 5 LPI 37.5 0.117 25.7 68.6 25.8
Zr/CNT New 44.9 0.117 33.0 73.5 31.4

171
Al/PI; 5 LPI 38.0 0.056 31.5 82.8 31.6

Al/CNT STM 57.3 0.056 47.4 82.7 47.4

284
Al; 70 LPI 58.1 0.093 44.5 76.6 43.7

Al/CNT STM 30.2 0.093 25.3 83.8 26.1

Appendix C → p.112 . And it is always higher than the Tcore values, reflecting the
fact that such an approximation does not take into account the realistic mirror
roughness effects that were detailed in Table 2.4.

CNT-based STM filters theoretically offer improvements in the core PSF trans-
mittance w.r.t PI solutions at 171 Å and 108 Å . At the same time, in these two
channels, the efficiency of the zero-order diffraction lobe is comparable in all the
solutions.

An interesting case presented from the table is channel 284 Å comparing the Al/70
LPI geometry with the novel CNT-based STM one: almost double the signal
(∼ 44.5%) is transmitted to the core (compared to ∼ 25.3% for the Al/CNT-based
one), at the expense of 23.4% relative diffracted content outside of the core, vs
16.2% with Al/CNT – these latter estimates obtained by evaluating 1−Tcore/Norm..
Thus, in simplified terms, the trade-off between the two designs is almost ∼ 2×
signal at the core at the expense of ∼ 3/2× worse relative diffraction. More on
the comparison between designs is explored in the following subsection.

Comparison of the Point Spread Functions
In this section, I compare the PSF expected from the heritage filters vs. the STM
designs. There are important differences in the peak distributions in the various
designs.

I begin with the case of the 108 Å channel. A full FOV comparison is given in
figure Fig. 2.12 . The image resolution in the case of the full FOV pictures was
degraded to realistic pixel sizes of ∆θX = 0.167 ′′ and ∆θY = 0.4 ′′, which are the
realistic values for the pixel sizes of the MUSE detectors [18].

In the case of the finely spaced mesh of the heritage filter, diffraction peaks
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(a) Heritage 284 Å : Al, 70 LPI Ni (b) STM 284 Å : Al/CNT, CNT mesh

Figure 2.12 PSF comparison between (panel (a)) the heritage filter design and (panel
(b)) the STM CNT filter design in the full 100 ′′×100 ′′ FOV at wavelength 284 Å .
Pixels in the figure were degraded to the realistic resolution ∆θX = 0.167 ′′ and
∆θY = 0.4 ′′. In these pictures and all the following ones, the color scale is proportional
to the energy density flux collected by each pixel, normalized to the light intensity
impinging onto the mirror area.

are regularly separated throughout the FOV near the central peak, forming a
typical square cross-diffraction pattern. The peak angular distance is in full
agreement with the expected spacing λ/p, using the mesh pitch for the 70 LPI
design ( Section 2.3 → p.29 ) and yielding a diffraction angle of 15.5 ′′. In contrast, the
STM filter forms a diffraction pattern with a characteristic hexagonal geometry
inherited from the hexagonal tessellation of the mesh. Secondary order diffraction
peaks are much closer to the central peak due to the wider separation between
consecutive mesh wires. Moreover, while for the heritage design the diffraction
peaks remain very bright and occupy the full area, for the STM, the diffraction
peak intensities fall off very quickly with increasing angular distance. This is
clearly an advantage of the CNT mesh, as the dispersion of the PSF and the
formation of ghost features is, from the point of view of intensity, reduced, while
in number they are, of course, expected to increase. This can also be seen in
Fig. 2.13 , where I compare the radial density profiles in the two cases.

As can be seen from Fig. 2.13 , the STM diffraction distribution in the radial shells
has less impact on the whole FOV than the heritage case, where constant and
bright diffraction peaks are present. The intensities fall off immediately below two
orders of magnitude that of the zero-order in the CNT-STM case, progressively
falling to negligible levels at 20′′ or farther, while the secondary peaks of the
heritage-based case remain at the order of 10−1 ÷ 10−2 of the zero-order intensity.
The effect close to the core can be seen in a close-up view (5 ′′×5 ′′, Fig. 2.14 ).

In Fig. 2.14 , it is noticeable that for the CNT-based design, the diffraction peaks
introduced by the mesh form a regular hexagonal pattern, for the heritage-based
design, no secondary diffraction lobe is present near the core, whereas in both
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(a) Heritage 284 Å : Al, 70 LPI Ni (b) STM 284 Å : Al/CNT, CNT mesh

Figure 2.13 Comparison of the radial density profile between ((a) panel) the heritage
filter design and ((b) panel) the STM CNT filter design in the full 100 ′′×100 ′′ FOV
at wavelength 284 Å . The profiles are obtained from slicing Fig. 2.12 in a radial sector
∆θ = 0.167 ′′-wide, up to an angular distance equal to the FOV semi-diagonal. Decay
of intensity after ∼ 70′′ is related to the finite size of the simulation FOV

(a) Heritage 284 Å : Al, 70 LPI Ni (b) STM 284 Å : Al/CNT, CNT mesh

Figure 2.14 PSF comparison between ((a) panel) the heritage filter design and ((b)
panel) the STM CNT filter design in a reduced 5 ′′×5 ′′ FOV at wavelength 284 Å .
For the sake of image clarity, the diffraction-limited pixel size of the simulation was
kept in these figures (∆θ = 0.015 ′′).



Chapter 2. Filter Designs and Diffraction Studies 47

cases the central peak has a finite width due to the mirror imperfections. However,
the circular diffraction fringes caused by the circular shape of the mirror remain
clearly visible. Substituting the pitch size of the hexagonal mesh (described in
Section 2.3 ) in the scattering spacing formula 1.1547 λ/p yields a characteristic
angular distance of θ ≃ 1.35 ′′, in agreement with the average spacing observed in
the simulation.

As further examples of full-FOV comparisons of PSF between heritage designs
and novel STM designs with the CNT technology, I display the difference between
the respective PSFs at 171 Å in Fig. 2.15 .

(a) Heritage 171 Å : Al/PI, 5 LPI Ni (b) STM 171 Å : Al/CNT, CNT mesh

Figure 2.15 PSF comparison between (panel (a)) the heritage filter design and (panel
(b)) the STM CNT filter design in the full 100 ′′×100 ′′ FOV at wavelength 171 Å .
Pixels in the figure were degraded to the realistic resolution ∆θX = 0.167 ′′ and
∆θY = 0.4 ′′.

(a) Heritage 171 Å : Al/PI, 5 LPI Ni (b) STM 171 Å : Al/CNT, CNT mesh

Figure 2.16 PSF comparison between (panel (a)) the heritage filter design and (panel
(b)) the STM CNT filter design in the restricted 5 ′′×5 ′′ FOV at wavelength 171 Å .
For the sake of image clarity, the diffraction-limited pixel size of the simulation was
kept for these figures, at ∆θ = 0.009 ′′.
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In this case, the distribution of peaks is different between the two designs, the
main difference being the square versus hexagonal pattern diffraction. I also
display the peaks near the center for the 171 Å channel and for the two given
designs in Fig. 2.16 . These meshes transmit about 97%, and their secondary
order diffraction peaks start becoming much less intense, owing to the highly
transmissive mesh. In this case, the effect of mirror profile errors and aperture
diffraction can be seen near the central peak.

Finally, the comparison at 108 Å is shown, with ( Fig. 2.17 and Fig. 2.18 ) and
with similar features.

(a) Heritage 108 Å : Zr/PI, 5 LPI Ni (b) STM 108 Å : Zr/CNT, CNT mesh

Figure 2.17 PSF comparison between ((a) panel) the heritage filter design and ((b)
panel) the STM CNT filter design in the full 100 ′′×100 ′′ FOV at 108 Å . Pixels in
the figure were degraded to the realistic resolution ∆θX = 0.167 ′′ and ∆θY = 0.4 ′′.

(a) Heritage 108 Å : Zr/PI, 5 LPI Ni (b) STM 108 Å : Zr/CNT, CNT mesh

Figure 2.18 PSF comparison between ((a) panel) the heritage filter design and ((b)
panel) the STM CNT filter design in the restricted 5 ′′×5 ′′ FOV at 108 Å . For the
sake of image clarity, the simulation diffraction-limited pixel was kept for these figures,
at ∆θ = 0.006 ′′.
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Discussion of PSF results
General results

The simulations shown above have implications for the choice of the filter designs.
In all cases seen so far, the HEW contribution is below the high angular resolution
requirement of MUSE,i.e., 0.5 ′′.

In the 108 Å channel, the heritage filter (Zr/PI; 5 LPI ) exhibits a (Tcore) of
25.7%, with 37.5% of filter transmittance, resulting in approximately 69% of the
transmitted energy concentrated within a 0.5 ′′ radius, quite close to the result
of the mirror alone (70.9%). The novel STM design represents a considerable
improvement, achieving a Tcore of 33% with a filter transmittance of 44.9%, thus
implying about 73.5% of the energy within the core; remarkably, this is seemingly
more efficient than the mirror alone, the reason being that the closest secondary
order lobes fall at an angle within the MUSE resolution and thus contributing to
the integral defining Tcore. Thus, this filter would be comparable to the heritage
filter design in terms of zero-order diffraction efficiency, and theoretically better
in terms of core-PSF-transmittance.

In the 171 Å channel, the heritage filter (Al/PI; 5 LPI ) achieves a Tcore of 31.5%
and a filter transmittance of 38.0%, resulting in approximately 83% of the energy
in the core. The STM design theoretically improves the performance, with a Tcore
of 47.4% and a filter transmittance of 57.3%, also concentrating about 83% of
the energy within the core. Their zero-order efficiencies are thus comparable, but,
neglecting the oxide content, the STM design provides more power, owing to the
higher overall transmittance.

As for the 284 Å channel, the heritage filter (Al; 70 LPI ) has a Tcore of 44.5%
and a filter transmittance of 58.1%, with about 77% of the energy in the core.
The STM design offers a lower performance in the core transmittance, achieving a
Tcore of 25.3% and a filter transmittance of 30.2%, concentrating about 84% of the
energy within the core. Although the core transmittance is about half that of the
heritage filter, the STM design is better in terms of zero-order diffraction efficiency:
moreover, not only does the STM design exhibit less diffraction than the heritage
one, but, as shown in Fig. 2.12, also the diffracted intensity is distributed among
a much larger number of peaks. Follow-up studies will entail: (i) simulating the
two different filter designs convoluting some scientific cases of observations (such
as a solar flare or an active region) to assess which design is better in describing
desired scientific scenarios, and (ii) a detailed study of the secondary order peak
distribution, intensities, and comparison between the designs also in this aspect
and not only in the zero-order efficiency one.

Generalization with Realistic Oxide Layers

Regarding the presence of realistic oxide layers: I will now combine the results of
this section with those of Chapter 4 (i.e., Alaimo et al.[89]), reporting measured
transmittance for the thin films of the different filter designs. A tabular form of
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this merging is presented in Table 2.6 .

Table 2.6 Results for various filter designs at different wavelengths, taken from Table 2.5 ,
and compared to the realistic filter transmittance values obtained in Chapter 4 → p.71 .
Norm. is the simulated filter transmittance. Exp. Filter Tran. stands for experimental
filter transmittance: it is comprised either entirely of experimental values, or those com-
bined with simulated mesh transmittances such as those in Table 2.1 and Table 2.3 .
Tcore is the encircled energy from simulated PSFs under 0.5′′ angular size. Corr. Tcore
stands for corrected core transmittance. Bold columns employ experimental values.

Channel Filter Norm. Exp. Filter Tcore Corr. Tcore

(Å) Design Value (%) Tran. (%) (%) (%)

108
Zr/PI; 5 LPI 37.5 33.4 25.7 22.9
Zr/CNT New 44.9 35.5 33.0 26.1

171
Al/PI; 5 LPI 38.0 28.5 31.5 23.6

Al/CNT STM 57.3 33.9 47.4 28.0

284
Al; 70 LPI 58.1 40.3 44.5 30.9

Al/CNT STM 30.2 12.0 25.3 10.1

The picture remains almost the same, although, as will be discussed in the relevant
chapter, the CNT substrate does seem to increase the native oxide and thus worsen
the transmittance of the thin film overall with respect to the ideal scenario ignoring
the oxidation of Al and Zr. In channels 108 Å and 171 Å , and even accounting
for realistic oxides, the Tcore of CNT-based solutions is higher by a factor 3-6%
than that of the heritage solutions. The aspect of channel 284 Å worsens: now
the heritage-solution has a three-fold improvement in signal at the core, but the
augmented diffraction to the secondary lobes remains the same as the picture in
the ideal scenario.

Summarizing this aspect, the novel CNT-based STM filters, which already proved
to be much better in terms of diffraction impact as compared to the DM filters [80],
perform comparably or better than the heritage filters with regards to zero-order
efficiency in all channels but the 284 Å where a trade-off between signal and
diffraction to secondary lobes is present. The findings and the novel designs can
thus be particularly beneficial for the mission’s objectives.

On the Role of Simulations

The findings emphasize the importance of using simulations in the design and
optimization of optical filters for EUV missions. Very simple models, such as
the M2F · Tmir for the core PSF T, are a preliminary metric of the overall
performance, especially when dealing with complex geometries like hexagonal
meshes, or considering the effects of mirror roughness. Thus, simulations such as
those employed in this work are extremely useful to advance or optimize filter
designs in the development of EUV space missions such as MUSE, and also to
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predict the PSF contribution due to a particular mesh geometry, which makes it
mechanically resistant.

Moreover, simulations allow for accounting for various factors influencing the PSF,
including diffraction patterns arising from different mesh designs and geometries;
the realistic mirror surface imperfections that contribute to PSF broadening, and
finally, the potential use of a partially transparent mesh, which could be the case
if CNT-based meshes or PI-based meshes are employed.

Outlooks

A couple of factors have not been included or delved into in this study and deserve
future investigation.

− Secondary Order Diffraction peaks: A deep study of satellite peaks and
their effect in the study of scientific observables (or simulated observables)
might add further information to the results given here, as it is not clear
yet whether having faint and widely-spaced peaks would be preferable over
having peaks closer to the central focus. Similar studies have been developed
in the case of SDO/AIA [28] and to extend the results found here it would
be necessary to study further these different designs and their applicability
to different scientific scenarios in the solar corona such as flares or active
regions, especially given the situation displayed in Fig. 2.12 and Fig. 2.13
which show a totally different distribution of diffraction peaks from different
filters designs.

− Filter windowing effects: Just like it happened in the past in the case of
SDO/AIA [31], the filters will be mounted in windows that might introduce
additional diffraction effects not accounted for in our current simulations.
Including the window mask in future models could provide a more realistic
and possibly empirical assessment.

2.5 Conclusion of Diffraction Studies
In these studies, I have analyzed simulations of the performance of heritage and
novel CNT-based optical filters for their application in EUV coronal spectroscopy
onboard the MUSE solar mission, focusing on the impact of the design choice on
the Point Spread Function (PSF) at the focal plane and in figures such as core
PSF transmittance and HEW.

Filter designs based on solar space mission heritage were studied and assessed
successfully, determining that they would fully comply with requirements such as
the 0.5 ′′ angular resolution for MUSE. Furthermore, our findings reveal that the
CNT-based Structural Thermal Model (STM) filter designs, which are currently
being developed, demonstrate promising improvements over both the heritage
filters, while decisively outperforming the CNT Demonstration Models (DMs).
They are expected to achieve higher filter transmittance and better energy con-
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centration within the PSF core for channels 108 Å and 171 Å , while maintaining
similar HEW values compliant to the ones required by MUSE, and also maintain-
ing a similar or better zero-order diffraction efficiency – i.e., the percentage of light
that is scattered within a 0.5′′ radius. At the 284 Å channel, while the heritage
filter outperforms the STM CNT-based one in terms of core PSF transmittance,
they are worse in terms of zero-order diffraction efficiency, and the second-order
diffraction peaks distribution is brighter in the FOV for the former.

Realistic oxide values are also implemented in the general framework, and they do
not change the picture of better core-transmittance for the higher energy channels
and better zero-order efficiency in the lower energy channel. However, they do
worsen the performance of the CNT-based filters, as they develop relatively more
native oxide as compared to the heritage-based ones.

Another result of this work is the showcasing of different distributions of diffraction
peaks, having chosen different filter designs – particularly for the 284 Å filter
designs, in which the heritage filter shows widely-spaced and bright diffraction
spots in the whole FOV. In contrast, the STM filter shows a hexagonal pattern
of diffraction peaks closer to the central peak and, generally, less bright. Such
diversity could have a significant impact on the pursuit of some of the scientific
goals of MUSE.

Future studies could therefore evaluate the performance of different filter designs
in the simulation of observations of relevant case studies, such as solar flares and
active regions, to better compare the various designs, including the role of the
diffraction peaks. Subsequent work will focus on incorporating additional realistic
factors, such as employing the filters’ window masks at the entrance pupil, or
employing a detailed study of the secondary order diffraction peaks.
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3Visible Performance

3.1 Introduction to the UV-VIS-IR requirements
As explained in detail in the Introduction → p.1 , the primary role of optical blocking
filters on MUSE, whether they are entrance filters (EF) or filter wheel filters
(FWF), is to transmit the EUV radiation that carries the scientific signal, while
rejecting the predominant flux of solar photons in the UV-VIS-IR range. Visible
light (in this chapter, a term that generally includes IR and UV) can reach the
detectors and disrupt the signal.

These thin-film compounding the filters are partially transparent in the EUV, and
they must be as thin as possible to maximize the effective area of the telescopes –
which, as seen, means adopting low-Z metal coatings such as Al or Zr with about
100-200 nm thickness. In the visible and infrared, however, these same films must
behave as nearly opaque optical screens, reducing the solar photon flux reaching
the CCDs to a level where the generated signal is negligible compared to the
detector readout noise.

This chapter is designed to both derive a sensible requirement for the MUSE
mission, particularly tailored for the Context Imager (CI) telescope, and to study
the optical blocking performance of various test samples experimentally. I will
consider the CI instrument as a Cassegrain optical configuration with a 200 mm
primary mirror and a secondary mirror that forms the image on a back-illuminated
CCD detector. An example of a Cassegrain’s geometry is given in Fig. 3.1

Figure 3.1 Schematic light path through a Cassegrain-geometry telescope. The primary
mirror reflects incident parallel rays toward the secondary mirror, which focuses the
light through the central hole to the focal plane. Entrance and filter wheel filters reject
UV-VIS-IR radiation as much as possible while maintaining a high EUV throughput.
A similar configuration is employed in the MUSE Context Imager (CI) instrument,
while the Spectrograph (SG) uses a reflective grating in place of the secondary mirror,
modifying the optical scheme. Credit: Krishnavedala. I added filter images and text
descriptions. License: CC BY-SA 4.0

The findings can also be expanded to the MUSE SG telescope, although it has a

https://creativecommons.org/licenses/by-sa/4.0/
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different way of optical path manipulation for EUV light to reach the detectors:
in place of the secondary mirror, a reflective grating is used, operating in first
or second order diffraction at the three channels of interest (108 Å , 171 Å and
284 Å ). The reflective grating, thus, is not expected to reflect visible light to the
CCD as the CI instrument would do: most of the visible light would end up in
stray light, and a very small fraction, likely smaller than 10−6 of the incident
light, is expected to reach the CCD detectors. Without exact measurements of
the angle-dependent reflectivity in the visible light of the EUV reflective gratings
employed, it is not possible to proceed further. The CI telescope geometry is used
as a basis and as a worst case scenario for two main reasons: all of the visible
light in its optical telescope geometry will reach the CCD detectors along with the
EUV light coming from the input source, and, compared to the spectrograph, the
CI instrument will sample a larger fraction of the solar disk in a single exposure
and is therefore more sensitive to any residual UV-VIS-IR light transmitted by
the filters.

UV-VIS-IR photons pose a problem for EUV detection and imaging because any
residual transmission at these wavelengths (300 nm < λ < 1000 nm where most of
the solar light is present, as will be shown) have energy above the silicon (Si) band
gap and generate electron-hole pairs with a high quantum efficiency, so even a
small fraction of the solar continuum being let through by the filters can produce
a significant background signal.

The main purpose of this chapter is to provide a flat transmission requirement
in the UV-VIS-IR range for the CI filters, based on a simple but realistic model
of the telescope, the solar spectrum, and the detector response. Meeting the CI
requirement found in this way would provide a comfortable margin for both CI
and SG filters.

After the requirement definition, I compare the requirement with the UV-VIS-IR
absorption spectroscopy measurements of a set of aluminized witness samples,
representative of both heritage-based polyimide and 70 LPI mesh filters designs
and CNT-based STM designs described in Section 2.3 and Section 2.3 , and made
with the same technology and materials, although smaller in size as they are
prepared in Standard TF110/111 Luxel Frames [90] [91].

3.2 Visible Requirement Definition and Calculation

Geometric configuration, solid angles, and assumptions
Although mission-level requirements were established prior to this work, the
following derivation is presented to illustrate how to derive the UV-VIS-IR trans-
mittance upper-threshold requirement in the context of the MUSE mission, in
a transparent and traceable re-formulation whose end-result closely resembles
the original requirement. I adopt the simplified Cassegrain-like optical scheme
sketched in Fig. 3.1 , starting from the solar spectral irradiance – detected by
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the satellite that is orbiting Earth at a LEO-SSO orbit at a distance from the
Sun of about d⊙ = 1 AU – and propagating it through the CI optical light chain
down to the electron-hole pairs generation in the CCD pixel. The derivation
was accompanied by numerical implementations and computations that were
performed with Python using NumPy and SciPy, while data visualization was
accomplished with Matplotlib [81] [82] [83].

The basic idea is to calculate the number of electron-hole pairs that would be
generated in the CCD per pixel per second by UV-VIS-IR photons in the absence
of filters, and then require that the filters attenuate this flux sufficiently to make
the residual signal negligible compared to the detector readout noise.

Note. Any reference to values or pieces of equipment from the industry
is used here as a useful tool to retrieve the UV-VIS-IR requirements, and
because they are representative of realistic values or instrumentation, but
they do not reflect in any way the exact values or pieces of equipment that
will be employed in the MUSE payload. The NASA MUSE recently passed
the key milestone of CDR (May 2025), and the approved payload information
and their requirements are inside the CDR documentation of MUSE, which
is not in the public domain. Exact payload information will be released in
the form of technical and research papers as the mission progresses towards
the Flight Readiness Review (FRR).

In this section, I use the following notation, values, and sources. Unless otherwise
specified, the source employed for physical constants is the recommended values
list from the Committee on Data of the International Science Council (CODATA)
2022 evaluation [92], while for astronomical constants, the source employed is
the nominal values listed from the International Astronomical Union (IAU) 2015
RESOLUTION B3 [93]. Accuracy up to a fourth significant digit is enough for
the scope of this investigation.

− λ is the wavelength, usually measured in nm;

− h is Planck’s constant, c the speed of light in vacuum, and e, or e− indicates
either electron number or the electron charge depending on context;

− λSi gap ≃ 1106 nm is the Si band-gap wavelength, corresponding to and-gap
energy ESi gap ≃ 1.12 eV [94];

− η(λ) is the CCD quantum efficiency (QE);

− T (λ) is the transmission of the thin-film of a single CI filter in the UV–VIS–IR
band. This is the unknown that will be bounded by the requirement.

− d⊙ = 1.495978707 × 1011 m is the distance from Earth to Sun, or the astro-
nomical unit (AU).

− R⊙ = 6.957 × 108 m is the solar radius radius
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− P⊙ = 1366.1 W m−2 is the solar constant employed, based on ASTM-E490-
00 [95]. This overestimates by about 0.4% recently found values for the
constant [96], which is negligible for the intended scope of the investigation.

The main elements and assumptions that enter the calculation are listed here-
inafter.

− The effective entrance pupil geometric area employed is Ageo = 83 cm2, as
in the geometric area of the EUV channels in SDO/AIA [31].

− Here the FOV and pixel size solid angles are described. The CI images a
FOV of 580′′ × 290′′ (∆θx = 580′′, ∆θy = 290′′) with individual pixels of solid
angle of approximately 0.14′′ × 0.14′′ (δθx = 0.14′′, δθy = 0.14′′) [17]. Using
1′′ = π/(648000) rad, the solid angle (measured in steradians, or sr) of the CI
FOV can be approximated as the solid angle of a small spherical rectangle as
follows.

ΩCI FOV = sin(∆θx) ∆θy ≃ ∆θx ∆θy ≃ 3.95 × 10−6 sr, (3.1)

The last equality holds to high accuracy since angles are small. The solid
angle of one pixel is

δΩpix ≃ δθx δθy, (3.2)

− Thus, the total number of pixels that receives the solar light in the FOV is

Npix = ΩCI

δΩpix
≃ 8.7 × 106, (3.3)

− The Sun’s solid angle that is the following as seen from Earth.

Ω⊙ = π
R2

⊙
d2

⊙
≃ 6.794 × 10−5 sr (3.4)

so that the CI covers approximately a fraction fFOV = ΩCI/Ω⊙ = 5.8 % of the
solar disk in a given exposure.

− Each of the two mirrors is assumed to have a wavelength–independent mirror
reflectivity of Rmir = 80% across the UV–VIS–IR band. The reflectivity is
expected to be mildly wavelength dependent, as expected with gold-based
(Au) mirrors. Still, the flat assumption is sufficient for the purpose of deriving
an approximate requirement, and the realistic reflectance of the mirrors with
the realistic multilayer coating is not currently available.

− The CI uses a back–illuminated CCD with a typical detector quantum
efficiency of 80–90 % in the visible, ∼ 60 % in the near-UV, falling to 20 %
at 1000 nm and to 5 % and below at 1100 nm, based on the realistic QE of a
standard back-illuminated CCD by Hamamatsu [97]. For the requirement
derivation these exact details are contained in the QE curve, and assume
that every photon after the absorption of the filters and of the CCD, with
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wavelength shorter than the Si band-gap limit, i.e. λ < λSi gap nm, produces
one electron–hole pair: an assumption backed up by experimental and scientific
evidence in the UV-VIS-IR band [98] [99] [100]

− I adopt the ASTM E–490-00 as reference solar spectrum at 1 AU [95]
for the wavelength dependence of the spectrum, and I normalized it in a way
such that the spectral irradiance I⊙(λ) is expressed in energy per second per
unit incident normal area per unit wavelength carried out by the incident
light [W m−2 nm−1]. By construction:

∫︂ +∞

0
I⊙(λ) dλ = P⊙ ≃ 1366.1 W m−2 (3.5)

i.e. the solar constant adopted for this study.

− To account for the limb darkening (LD) effect, i.e. the increase in the limb-
to-central solar intensity when observing small regions of the sun with
respect to the solar disk, and to be conservative with respect to bright active
regions, I consider situations where, instead of an average along the disk, the
detector is observing the center of the Sun. By evaluating the inverse of the
weighted average over the spectral power in ASTM-490 of the ratio of mean
to central intensity F ′

λ/I ′
λ(0◦), using values and notation from Cox [101],

a multiplicative factor of ∆LD = 1.32 is found. It is applied to the above
disk-averaged irradiance in the following way to obtain an effective spectral
irradiance.

Ieff(λ) = ∆LD I⊙(λ). (3.6)

The CI optical scheme includes an entrance filter (EF) mounted at the front
telescope pupil and a second filter in the filter wheel (FWF), much closer to
the CCD detector at the focal plane position. Both filters are made of similar
Al-based thin films, possibly on different substrates (polyimide, CNT pellicles, or
freestanding Al foils). For the purpose of the requirement determination, I assume
that the EF and FWF share the same average out-of-band transmission T ; thus,
the total out-of-band transmission of the pair is then T 2.

Under these assumptions, the interaction with the detector can be described via
the product of the photon rate with the detector QE, producing electron-hole
pairs. It is thus possible to derive a figure for the spectral electron production
rate at the detector level, i.e. the electrons per unit wavelength and second
being collected by the CCD due to the solar radiation and employing MUSE/CI
geometric figures. The derivation is standard practice, and thus the detailed
derivation of the intermediate steps is given in Appendix D : I provide the final
formula in Equation (3.7) .

Ṅe,pix(λ) = λ

hc

Ieff(λ) Ageo R2
mir η(λ)

Npix

ΩCI

Ω⊙
[e− pixel−1 s−1 nm−1]. (3.7)
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The following formula would encode the electron production rate per pixel
produced at the detector, Ṅe, if no filter were to be present, along with the
numerically computed value.

Ṅe =
∫︂ λSi gap

0
Ṅe,pix(λ) dλ ≃ 1.07 × 1011 [e− pixel−1 s−1]. (3.8)

The latter figure is expressed visually in Fig. 3.2 . The produced electrons are
mainly distributed in the VIS-IR part, with a negligible contribution from the
UV portion.

Figure 3.2 Simulated solar spectrum at the receiving end of MUSE CI detector expressed
in num. of electrons pixel−1 s−1 nm−1, assuming all of the hypotheses specified in the
text and multiplied by the CCD QE. Log-log scale. The blue curve shows the spectrum
based on the ASTM E-490-00 reference [95], while the orange curve is obtained from
a T = 5778 K Planck’s law prediction; the vertical line marks the silicon band-gap
cutoff. In the range 200-400 nm: the Planck’s based curve presents leftover trends due
to the spectral dependency of the CCD’s QE, while the discrepancy between the two
curves is due to the Sun being not a perfect black-body emitter in the UV-range.

It is useful to split this flux into different wavelength ranges to understand the solar
distribution better, and also to aid in some of the filter’s transmittance general
properties to be discussed later. Defining the following fractional contributions,
as ratios between the total electron production rate in a given wavelength range
and the total electron production rate, one gets the following ratios, respectively
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in a mainly UV range up to 300 nm, a mainly VIS-(NIR) (near infrared) range
between 300 nm and 750 nm, and a mainly IR range at wavelengths higher than
750 nm.

fIR = Ṅe,>750

Ṅe

=
∫︁ λSi gap

750nm η(λ) Ṅγ,pix(λ) dλ∫︁ λSi gap
0 η(λ) Ṅγ,pix(λ) dλ

≃ 31.0%, (3.9)

fVIS−NIR = Ṅe,300–750

Ṅe

=
∫︁ 750nm

300nm η(λ) Ṅγ,pix(λ) dλ∫︁ λSi gap
0 η(λ) Ṅγ,pix(λ) dλ

≃ 68.5%, (3.10)

fUV = Ṅe,<300

Ṅe

=
∫︁ 300nm

0 η(λ) Ṅγ,pix(λ) dλ∫︁ λSi gap
0 η(λ) Ṅγ,pix(λ) dλ

≃ 0.5% (3.11)

Therefore, the bulk of the electron background in the detector is produced by pho-
tons in the 300–750 nm range, the long-wavelength tail above 750 nm contributes
one third of the total electron rate, while the UV tail is quite negligible in its
contribution.

Flat-band filter transmission requirement
The main idea behind the definition of the requirement is that the background
signal generated by the out-of-band photons should remain small when compared
with the readout noise of the detector which, for the CI CCDs, is expected to be
of the order of σe RMS ≃ 10 e RMS per pixel [97].

Let’s consider a typical quiet sun (QS) exposure of texp – exposure time. The
electrons readout contribution by out-of-band photons in the presence of the
two-stack filter transmission T 2 is here described as Ne(T ; texp) with the following
formula (product between unshielded pairs per second, exposure time, and total
filter transmittance).

Ne(T ; texp) = Ṅe(T ) texp = T 2 Ṅe texp. (3.12)

Practically speaking, one can choose a maximum acceptable background rate
(∆N/∆t)e,max = Ne,max/texp in electrons per pixel per second – or, equivalently, a
maximum acceptable background of electrons per pixel Ne,max = (∆N/∆t)e,max ·
texp integrated in the exposure – and then, via inversion of the inequalities,
transform it into a constraint on T . Considering a typical QS cadence time for
the dimmest observations possible of texp ≲ 12 s, it is sufficient to impose that
the amount of electrons per pixel produced at the detector level in this time
by out-of-band radiation is negligible – i.e., a factor 10 below – with respect to
the readout noise. The inequality that will enable us to retrieve the maximum
transmittances for the filters is the following.

Ne(T ; texp) ≤ Ne,max ⇐⇒ T ≤ Tmax(Ne,max) =
√︄

Ne,max

Ṅe

(3.13)
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Table 3.1 summarizes the results, in terms of values of Tmax for a range of choices
of (∆N/∆t)e,max. The case (∆N/∆t)e,max = 0.1 e− pixel−1 s−1 is particularly
relevant, as it corresponds to a total background of ≲ 1 electron per pixel in a
12 s exposure, i.e. negligible with respect to the readout noise in a relatively long
QS CI exposure.

Table 3.1 Maximum flat-band transmission Tmax per filter, assuming the CI Cassegrain
telescope, ASTM E490-00 solar spectrum, and realistic values for the geometries in
the optical setup, and exposure time of 12 s. The flat band maximum transmittance in
the UV–VIS–IR band is described as a function of the maximum tolerable background
rate (∆N/∆t)e,max. Both EF and FWF are assumed to have the same transmission
T , so that the total transmission is T 2. In bold, the main requirement is highlighted,
corresponding to a negligible 1 e− average readout in a ∼ 12 s exposure observation.

(∆N/∆t)e,max [e− pixel−1 s−1] Tmax (per filter)

0.01 3.06 × 10−7

0.05 6.83 × 10−7

0.10 9.66 × 10−7

0.20 1.37 × 10−6

0.50 2.16 × 10−6

1.00 3.06 × 10−6

The requirement is thus denoted as the following, in an approximate fashion for
ease of mnemonics, without loss of meaningful digits, given also the approximate
nature of the derivation.

Treq ≡ Tmax(Ne,max = 0.1 e− pixel−1 s−1) ≃ 1.0 × 10−6 (3.14)

Two-band step-function approximation
Since the distribution of solar photons is not uniform across wavelengths, it can
be useful to distribute energy requirements across different spectral bands. This
is also useful because real filters do not have perfectly flat transmission over
the entire UV-VIS-IR range. Given that the calculations described above show
that approximately 69% of photons with wavelengths λ < λSi gap are located at
wavelengths below 750 nm, while 31% are located at longer wavelengths.

Defining a more flexible approach, a two-band step function for the filter trans-
mittance could be the following, between UV-VIS-NIR and IR.

T (λ) =
⎧⎨⎩TUV−VIS−NIR, λ < 750 nm,

TIR, 750 nm ≤ λ ≤ λSi gap.
(3.15)

The calculations above are usable. The fractional contributions of the produced
pairs are: fUV−VIS−NIR = fVIS−NIR + fUV = 69% and fIR = 31%, where clearly
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they sum up to unity. Simply put, I am expanding the total produced electrons
per pixel due to out-of-band radiation, i.e., T 2 · Ṅe, into their different wavelength
band components. The two-band requirement Ṅe ≤ Ne,max would, thus, generalize
the inequality of Equation (3.13) into the following one.

fUV−VIS−NIR T 2
UV−VIS−NIR + fIR T 2

IR ≤ Ne,max

Ṅe

. (3.16)

This inequality involved the pair (TUV−VIS−NIR, TIR). This effort led to an interac-
tive graphical tool that can be used for the retrieval of the amount of produced
electrons/s in a given one or two-band prescription [102]. This might be necessary
in future thin film prescriptions if they are quite asymmetric in their UV-VIS-IR
absorption shape, and thus the two-band treatment was described for complete-
ness. Equivalently, the same detailed procedure can be applied, using a given
filter transmittance as a function of wavelength, to predict the expected electron
production rate per pixel at the CCD.

For the remainder of the chapter, I will mainly use the flat-band requirement of
Equation (3.14) , i.e., T ≤ 10−6, for the filters, as it will suffice for the scope of
this investigation.

3.3 Experimental Setup and UV-VIS-IR Principles

Perkin-Elmer Lambda 1050+ Instrument Employed
The ensuing transmission measurements were conducted in the spectral range
190 − 860 nm from ultraviolet to the near-infrared, utilizing the Perkin-Elmer
Lambda 1050+ spectrophotometer instrument, which is hereby described, available
at the INAF-OAPA/UNIPA X-ray Astronomy Calibration and Testing facility
(XACT). The instrument itself is a traditional double-beam spectrometer, and
while the covered range is in the UV-VIS-NIR, the instrument spectral range
extends up to ∼ 3300 nm. Since the samples measured are quite absorbing
(transmittances T ≲ 10−6), it is challenging to perform accurate measurements in
the IR range, while the measurements in the UV-VIS-NIR range could be performed
with the correct experimental parameters that will be shortly described.

The instrumental photometric range has an upper limit in terms of absorbance
of 8 OD (OD are Optical Density units, also called in this work absorbances,
or A units, where context allows so). Additionally, the wavelength accuracy is
of the order of 0.025 nm at 656.1 nm and 0.200 nm at 1312.7 nm. More details
are available online [103] [104] or in the instrumentation manuals. The in-
strument is equipped with: two lamps, a deuterium (D2) lamp, for the range
190 − 319.20 nm and a tungsten-halogen lamp emitting in the complementary
range (319.20 − 3300 nm) – the instrument automatically changes the lamp in the
given range. The detector employed is a photomultiplier tube (PMT). A simple
diagram of the double beam spectroscopy used by the Perkin-Elmer Lambda
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1050+ is laid out in Fig. 3.3 . At the same time, greater details are available in
the manual of the instrument.

Figure 3.3 Scheme of a double-beam optical absorption apparatus analogous to that
of Perkin-Elmer Lambda 1050+. A source emits white light that is selected by a
monochromator and a tunable slit. The monochromatic beam interacts with a rotating
disk (chopper assembly), which alternates between a hollow component, which forms
the sample beam, two dark components, and a mirror component, which reflects the
ray into the reference beam. The transmittance is computed as the ratio between the
intensity of the transmitted beam and the intensity of the reference beam. Attenuators
placed in the path of the reference beam (not shown in the figure) allow the measurement
of strongly absorbing samples.

To create both the reference and sample beams, a chopper assembly (resembling
a rotating disk) alternates four optical components–a mirror segment, a window
segment, and two dark segments. When the window segment enters the beam,
radiation passes through and creates the sample beam. When the mirror segment
enters the beam, the radiation is reflected and, through a second set of mirrors,
forms the reference beam. Three measures carried out with the same experimental
parameters are required to output one sample transmission result. The first
measure is done by the instrument without the sample, to measure the 100% T or
0 A – so-called open beam baseline – which the instrument automatically employs
to auto-zero the measurement. The second measure is the 0% T (or the blocked
beam baseline). It is obtained using an internal completely blocking attenuator
and is used to correct for electronic and thermal detector noise. Finally, the third
and final measurement is taken with the sample. To speed up the measurements
(which can take up to hours), a semi-automatic positioning leverage system was
designed by INAF-OAPA/XACT engineers, along with other manufacturers, to
automatically bring the sample in and out of the beam path during the baseline
and sample transmission measurements.

Usual experimental parameters involved the use of the gain of the PMT set
on Automatic, its response is set at 8 s, and correspondingly, the UV/Vis slit
spectral width fixed and set at 2 nm. At wavelengths lower than 319.20 nm, the
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deuterium (D2) lamp becomes operational. The data interval usually used was
5 nm. The common beam mask (CBM) was left at 100% aperture, the sample
beam attenuator was not employed (100%). In contrast, the reference beam
attenuator was set at the 0.1% attenuation setting – allowing the extension of the
absorbance sensitivity of the instrument to the maximum potential.

The resolution of the spectrophotometer is usually limited by the resolving power
of the monochromator and the accuracy of the detector, and the optical system
favours the use of mirrors rather than lenses to minimise chromatic aberrations.

Principles of UV/Vis and NIR transmission spectroscopy
UV/Vis-NIR transmission spectroscopy is an experimental technique that is used
in many scientific cases. Only an outline will be given, with further details available
in general spectroscopy books [105] [106].

In general, UV/Vis transmission spectroscopy involves the study of transitions
in absorption between the electronic states of an atom or a molecule (or a
more complex aggregate of molecules) as excitation light is shone onto them in
the wavelength range between λ ∈ (200, 1000)nm. At longer wavelengths, i.e.
(1000, 2000)nm, the spectroscopy falls yet again in the infrared or vibrational
regime already described, whereas in the lower range λ ∈ (10, 200)nm this is
UV or Extreme-UV spectroscopy, which usually requires more care about the
environment by employing vacuum technologies to be properly executed.

The goal is to measure the transmittance of a sample or, equivalently, its ab-
sorbance. If I0

λ is the spectral intensity sent by the source with no sample in between
the beam path, and Iλ is the same spectral intensity being transmitted through
the sample under study, their ratio gives the transmission–and the absorbance
can be described via the use of the logarithm, as described in Equation (3.17) .
The spectral intensity is directly measured by actively resolving each wavelength
through the monochromator.

T (λ) = Iλ

I0
λ

⇐⇒ A(λ) = − log10(T (λ)) (3.17)

The transmission is the true observable obtained with the technique describing
the sample, containing all of the information obtainable. In the case of strongly
absorbing samples, the transmittance may be affected by the presence of pinholes.

The absorption rate of a transition of a generic system is linked to its intrinsic
properties, such as the dipole moment of the transition under study. Usual
techniques to study electronic transmission spectra involve the employment of
Einstein coefficients, fixed-line shapes, and the use of known physical laws such
as Beer’s law. This law does not generally hold for the study of very thin filters
due to the multiple reflections and the Fabry-Perot-like interferences, which can
affect the overall transmission. Conversely, the strongly absorbing samples have a
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really high reflectance, and their transmittance can be affected by aspects such
as inhomogeneity of the metal deposition, presence of pinholes, and the complex
refractive index of the thin-film material components.

Note. The main metal deposition techniques employed for the samples
manufacturing in this work are the e-beam physical vapor deposition and DC-
or RF-sputtering. The quality of the coating with respect to the application
in EUV solar astrophysics depends heavily on deposition parameters which
drive the metal grain properties in the coating as discussed by Anders [107].
However, any discussion on the coating optimization is outside the scope of
this work. Details on the manufacturing of thin films, and of their defects,
can be found in Macleod [108].

Let’s now proceed to the experimental investigation of the samples.

3.4 Experimental Investigation of Filters’ Visible Per-
formance

Here, I discuss the investigation of various samples that were probed with UV-
VIS-IR absorption spectroscopy during the development of thin film filters for
MUSE ever since their initial studies and designs. Only Al-coated samples will
be discussed, as Zr-coated samples underwent a parallel and novel process of
optimization of the coating that is under development and is intended for a
future publication. Both a comprehensive UV-VIS-IR performance of both Al and
Zr-coated samples for MUSE, and the coating optimization process, will be part of
future technical reports and research articles from the INAF-OAPA/UNIPA team.
Even though Zr-coated samples are not analyzed in this section, what can be
stated is that the results for Al-coated samples are akin to those with Zr coating.

The experimental setup will be discussed, and then the samples and the measure-
ments will be presented, both for older development filters, heritage-based, and
CNT-based STM filters.

Witness samples and sample families
To evaluate the visible performance of the proposed MUSE filters, I performed,
along with the INAF-OAPA/UNIPA and filters’ team group, UV-VIS-IR transmit-
tance spectroscopy on a set of small test samples with Standard Luxel geometry,
either TF110 [90] or TF111 [91]. The investigated samples presented in this
section were produced in parallel with demonstration filters and larger structural
models, being representative of the materials of the larger model device, and they
are part of three main families (each represented by letter-names OG, H, and
STMs):

− OG (or original) filters, with TF110 geometry, representing the first
research samples that were produced during initial CNT deposition studies
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performed with unoptimized DC-sputtering Al-coating in 2023, exploring
CNT film thicknesses and coating layers akin to the DM designs while also
exploring passivating aluminum nitride (AlN) layers.

− H (Heritage-based) filters, with TF110 geometry, samples that reproduce
the Al-on-polyimide and Al-on-mesh solutions described in Section 2.3 , based
on successfully flown designs in SDO/AIA and STEREO/SECCHI.

− STM (STM-CNT-based filters, with TF111 geometry, witnesses approx-
imating the STM filter designs for MUSE described in Section 2.3 , with
150 nm Al films coated on CNT films with optimized e-beam deposition
techniques.

A list with all the samples probed and compared is provided in Table 3.2 . The
samples are made of SW-CNT pellicles with specified transmittance at 550 nm,
following the same notations in the design sections such as Section 2.3 → p.31 .

Table 3.2 Summary of aluminized witness samples used for visible-band measurements.
Columns represent uniquely identifying short names encoding sample family (H, STM,
OG), and materials in the multilayer or mesh. All samples are in TF110 Standard
frames (ID aperture ∼1 cm). AlN pass. is an aluminum nitride small (≲ 20 nm)
passivation layer, initially studied to reduce native oxidation. SW is single-walled CNT
pellicles whose thickness is described with the transmittance at 550 nm wavelength.

Short name Substrate / mesh Coating Sample name

OG1 SW 45%T Al 150 nm + AlN pass. SW45-Al150+AlN
OG2 SW 45%T Al 150 nm + AlN pass. SW45-Al150+AlN_2

STM1 SW 55%T Al 200 nm SW55-Al200
STM2 SW 55%T Al 200 nm SW55-Al200_2

H1 PI 77 Al 150 nm PI77-Al150
H2 70 LPI Ni-mesh Al 150 nm 70LPI-Al150

While the OG samples are studied to detail the performance of aluminum-coated
carbon nanotube films at the beginning of development (initial studies / pre-DM),
the last two samples represent conventional solutions with optimized coating
approaches (STM designs, or heritage-based designs). Moreover, samples H1 and
H2 are the same samples that will be discussed in the studies of their EUV and
X-ray transmittance in Chapter 4 → p.71 . In this chapter, I limit the discussion to
their out-of-band optical blocking performance.

Comparison of samples UV-VIS-NIR transmittance performance
The measured UV-VIS-NIR transmission curves of the heritage witness samples
in Table 3.2 are compared, first with the old study samples, and secondly, with
the STMs CNT-based witness samples. For ease of comparison, the shaded area
corresponds to the required area defined in Equation (3.14) → p.60 , i.e., T (λ) ≤ 10−6
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over the entire spectral range considered, thus allowing us to easily check whether
or not a given sample satisfies the requirement.

Early CNT-based samples versus heritage samples

The older samples studied, OG1 and OG2, both 150 nm of Al coated on a 45%T
SW pellicle representative of a similar technology to that for the DM designs,
while also employing a passivation layer of AlN, are compared with the traditional
H1 and H2 samples in Fig. 3.4 .

Figure 3.4 UV–VIS transmittance of CNT-based witness samples with Al + AlN coatings
(OG1, OG2) compared with heritage filters (H1, H2) from Table 3.2 . Wavelength
range: (200 − 860) nm, logarithmic transmittance scale. The green band again marks
the requirement zone (T < 10−6) derived from the solar-spectrum analysis for MUSE’s
context imaging observations

The two OG curves are virtually identical, confirming the good reproducibility of
the coating process at the time, and show distinct spectral behavior compared
to other traditional samples, such as the absorption band at ∼ 270 nm which
corresponds to π-plasmon absorption band – common to CNTs and to carbon
allotropes with sp2 hybridization, as seen in studies of optical properties of SW
pellicles,[78]. At short wavelengths (about 200–270 nm), OG1 and OG2 nearly
reach the requirement range. However, as wavelength increases in the visible
range, transmittance increases monotonically by an order of magnitude, reaching
values of about 10−5 around 400–800 nm, likely due to a worse coating quality due
to the challenging substrate of CNT thin films. Therefore, in most of the visible
range, OG samples are about an order of magnitude above the required threshold
and two to three orders of magnitude above the H1 and H2 inheritance curve.
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The heritage-based films maintain a transmittance between 10−7 and 10−8 across
most of the spectrum, and the high instrumental noise suggests that the background
noise level of the spectrophotometer – defining the lower limit in transmittance
or the higher limit in absorbance of 8 as previously discussed – starts becoming
relevant, suggesting also that the measured values closer to 10−8 should be
interpreted as upper limits of the actual transmission, which could be even lower.

In terms of the requirements, a factor 10 of worse transmittance would translate
in a factor 100 worse in terms of electron production at the CCD (since Ne ∝ T 2,
see Equation (3.13) ) and, therefore, the OG samples are expected to produce
about 10 e− pixel−1 s−1 at the CCD, which would not be negligible in long (∼12 s)
exposures of the CI and would, in fact, surpass by a factor 5 ÷ 10 the readout
noise levels, σe− RMS ≃ 10 e− pixel−1. Therefore, the OG samples are inadequate
for MUSE requirements as in-flight optical blocking solutions either as EFs or
FWFs. At the same time, the heritage designs, with their low transmission levels
(T ≲ 10−7), are confirmed as a robust option satisfying requirements.

STM CNT-based witnesses versus heritage samples

An optimization joint effort between INAF-UNIPA/OAPA filters’ team and the
industrial partners Ametek Finland Oy and Canatu Oy led to the development
of the STM thin films. Fig. 3.5 compares the visible-light performance of two
CNT-based STM thin films, STM1 and STM2, with that of the reference witness
samples H1 and H2 from the aforementioned sample table and already described
in Fig. 3.4 . All curves are plotted between 200 and 860 nm and on a logarithmic
transmittance scale.

Both STM1 and STM2 exhibit broadband attenuation in the UV-VIS-NIR range,
with smooth transmittance curves that remain at or below 10−6 across the entire
wavelength spectrum. The average transmittance level is higher for STM1 than
STM2, with typical transmittance values of, respectively, 3 × 10−7 and 10−6.
Performance-wise, both CNT-based STMs meet the requirement for MUSE, with
STM2 offering a more comfortable margin: the scientific reason behind this
difference might be in a diverse distribution both in area and in homogeneity of
pinholes, which is an ongoing study.

Following the CI requirements formalism seen in Section 3.2 and detailed in
Table 3.1 , the STM samples here studied would produce an electron per pixel
per second rate at the CCD level of about 0.1 e− pixel−1 s−1. Heritage-based
samples H1 and H2 maintain the high blockage and, since their effective flat-band
transmittance is about ten times better than the requirement, they are also
expected to produce about 0.001 e− pixel−1 s−1 at the CCD level.

Both samples suggest that the filter designs satisfy the Treq condition, though the
heritage-based solution would guarantee it with a stronger margin.
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Figure 3.5 UV–VIS transmittance of STM CNT-based filters with Al coating (STM1,
STM2) compared with heritage PI- and mesh-supported filters (H1, H2), all samples as
described in Table 3.2 . Wavelength range: (200 − 860) nm, logarithmic transmittance
scale. The shaded region indicates the requirement zone (T < 10−6) derived from the
solar-spectrum analysis for MUSE’s context imaging observations.

Remarks on Uncertainties and Environmental tests

A few pieces of information regarding repeatability, uncertainties, and environ-
mental tests are detailed in this section.

The photometric accuracy – in terms of Photometric Noise RMS – of the instru-
ment, as stated in the Lambda 1050+ manual, is of the order of better than 0.005 A
(absorbance units) when a measurement occurs with an average absorbance of
6. The accuracy of a repeated measurement without changing any specification
or without moving or rotating the sample was found to be extremely precise
for samples with absorbances around the 6 mark. For samples absorbing 7 A or
8 A, the measured fluxes are at the lower end of the allowed dynamic range and
thus the RMS noise is higher in relative percentage (easily reaching 10 − 20%).
Measurements with an absorbance higher than 8 A are not possible as, with the
given setup, the minimum photometric RMS noise is found to be at the level of
an 8 A measurement.

Another relevant source of uncertainty for these samples was found to be related
to the uniformity of the samples. On average, considering the effect of both
photometric RMS noise for these highly absorbing samples and of the uniformity
of the sample – which was taken into account by rotating samples and averaging
among various measurements – a typical relative uncertainty for the measured
transmittance was found to be of the order 2 − 5% for samples transmitting 10−6
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and of the order 10 − 30% for samples transmitting less than 10−7. It is not
possible to single out the influence of the uniformity of the samples from these
measurements due to the high impact of photometric RMS noise. A more detailed
discussion on the uniformity of the samples in terms of thickness is given at the
end of Section 4.1 → p.71 where relevant literature involving X-ray mapping and
other techniques is cited.

Finally, regarding environmental tests, there is an ongoing investigation that is
happening to test how the transmittance properties of the samples – either with
polyimide, with CNT or only with the mesh as substrates or supporting structures
– change after being irradiated with UV light (simulating the irradiation and aging
impact of observing the sun), and/or atomic oxygen exposure – which is present in
the LEO orbit. This ongoing investigation by the INAF-OAPA/UNIPA team will
result in published research in the near future to support the filters’ development
for MUSE, to scientifically assess eventual changes of properties of the thin film
filters under study after the environmental conditions are applied, and to also
assess end-of-life conditions for the MUSE system-level perspective.

3.5 Conclusion on Filters’ Visible Performance
In this chapter, I established a quantitative requirement for the UV-VIS-IR trans-
mittance of the optical blocking filters of the MUSE CI. I compared it to UV-VIS-IR
transmittance measurements of aluminized thin-film samples, representative of
development and STM designs, preliminary and candidate for flight.

From the ASTM-E490-00 tabulated solar spectrum at 1 AU, corrected for center-
to-limb darkening effect, I propagated the solar irradiance through a simplified
optical Cassegrain CI model, using realistic values for the geometric collection
area, FOV, mirror reflectivity, and CCD quantum efficiencies. Assuming that
one electron-hole pair is produced per photon with energy higher than the Si
gap reaching the CCD, I obtained an unfiltered electron rate at the pixel level of
Ṅe ≃ 1.07 × 1011 e− pixel−1 s−1 due to the solar UV-VIS-IR band irradiation.

Assuming that in 12 s exposure time, reasonable for a long quiet sun exposure, the
electrons produced must be negligible with respect to the value of the e− RMS due
to the readout noise (usually ∼ 10 ÷ 20 e− pixel−1), a reasonable requirement is to
impose that the stacked two-filter EF+FWF system yields a maximum electron
production rate of (∆N/∆t)e,max ≃ 0.1 e− pixel−1 s−1. This implies a flat-band
transmission required per filter of Treq ≃ 10−6,

After introducing some fundamentals of UV-VIS-NIR transmission spectroscopy,
and the experimental setup used, I then showed the results of the UV-VIS-NIR
spectroscopic transmission measurements of a series of aluminized witness thin
film samples (all of them in 1 cm ID circular frames), including: old study samples
of SWCNT pellicles coated with Al+AlN (OG1, OG2), developed in parallel to
the designing of the CNT-based DMs; conventional Al/PI and Al/70LPI mesh
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filters (H1, H2), representative of the heritage-based designs; and CNT-based
witness samples for STM (STM1, STM2) that are close to the final designs of
MUSE CNT-based STM filters.

The heritage witness samples H1 and H2 exhibit very low transmittances, in
the range 10−8 − 10−7 over most of the analyzed UV-VIS-NIR band. Interpreted
according to the CI requirements formalism, H1 and H2 both correspond to
effective flat-band transmittances well below the requirement Treq, producing
a negligible visible electron background noise (Ne ≪ 0.1 e− pixel−1 s−1). Thus
confirming even further the traditional designs as meeting requirements for flight
and for MUSE. The CNT-based STM samples, STM1 and STM2, also meet
this requirement. Their transmittances are higher than those of traditional filters,
remaining within the range of T ≤ 10−6 across the entire measured range. In
contrast, the old study samples OG1 and OG2 based on carbon nanotubes
(CNTs), incorporating AlN passivation layers, exhibit far worse transmittances
(∼ 10−5), thus suggesting a worse coating quality in these past designs, which was
surpassed with the efforts in research and development for the production of STMs
in a group effort. Thus, this chapter also shows the evolution of the spectroscopic
study and of the technological maturity of this novel material proposed.

It was, thus, demonstrated that Al-coated CNT-based witness samples of STM
CNT-based filter designs follow the optical attenuation requirements needed
for flight in the NASA MUSE mission, while heritage filters’ performance was
assessed and confirmed, achieving higher margins in meeting the requirement. As
prospects, it is planned to extend this analysis to Zr-coated films, to couple the
UV-VIS-IR characterization of the filters with an in-depth scientific investigation
between the transmittance properties, the coating surface appearance structure
as seen with Scanning Electron Microscopy (SEM), pinhole investigations and
statistical assessments with optical microscopy, and effective complex refractive
index modeling of the metal coating depending on the coating quality, to give a
clear description of which factors drive the spectroscopic properties of these thin
films. Moreover, an investigation exploring the optimization of the DC-sputtering
technique of Al on CNT films is ongoing, in order to find optimal parameters to
improve the absorption of the samples, as well as their spatial uniformity. In the
next chapter, I will address the complementary issue of EUV in-band performance
and inner-layer composition analysis of the thin films: using synchrotron radiation
and X-ray absorption spectroscopy (XAS), I will characterize the transmittance
and composition of witness samples of the heritage-based and STM CNT-based
designs – in this case also including Zr-coated samples – via analyses of the extreme
ultraviolet (EUV) and soft X-ray transmittances, also allowing for comparisons.
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4Extreme-Ultraviolet and X-ray
Transmittance

This chapter focuses on presenting the in-band transmission curves of small wit-
ness samples representing candidate filter designs for MUSE, characterizing the
inner-layer atomic composition of the film, and providing an initial condition
on the filter transmittance calibration curves for various designs. In the case
of SDO/AIA, previously mentioned in the Introduction → p.1 , the in-band trans-
mittance characterization of the missions’ filters and thin films was extensively
documented [31]. A novel approach is presented here, by employing the tech-
nique of X-ray Absorption Spectroscopy (XAS) using the high spectral resolution
EUV/X-rays beamline METROLOGIE [109] at the SOLEIL synchrotron facility,
to characterize the filter samples both in the EUV band of MUSE from 108 Å to
304 Å with a fine energy step of ∆λ ≈ 0.3 Å and in the whole soft X-ray range
of 30 − 1800 eV with a spectral power > 1000. The XAS data analysis provides
insight into the atomic composition of the layers of all samples, enabling the
comparison, also by modelling, of the transmittance between different potential
filter designs, while also providing a means to possibly model the transmittance of
the filters in-flight by tuning the model areal densities of carbon (C) and oxygen
(O). Clearly, the results are of the utmost importance for MUSE. However, they
will also be beneficial for the upcoming spectrometer space mission by JAXA
Solar-C/EUVST [23] and for all future EUV space missions. It is planned to
extend this investigation soon in a journal paper via a similarly detailed experi-
mental characterization and data analysis of the visible and infrared transmittance
of such films, also considering the Zr-coated films – the Al-coated ones being
already discussed in Chapter 3 .

4.1 Witness Samples
Six filter samples were analyzed in this study, all of them mounted on a TF111
or TF110 standard Luxel frame, which have an internal open diameter of about
15 mm and 10 mm, respectively, and they are detailed in Table 4.1 . All of the
samples represent closely either the designs of heritage-based filters, presented
in Section 2.3 , or the STM CNT-based filters, presented in Section 2.3 , except
for a 70 LPI Ni mesh-based 200 nm Zr thin film sample, which was studied for
completeness purposes and as a potential interesting alternative to the baseline
for MUSE.

All of the samples are free-standing thin film membranes, thus requiring careful
handling due to their fragility. They are witness samples representative of the
same materials that would be used in the scaled-up entrance filters for MUSE,
which will have roughly the dimensions of circular sectors of inner diameter 10 cm
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Table 4.1 Summary of witness samples described and characterized in their EUV in-
band and soft X-ray out-of-band transmittance. The geometries of all the frames
are the TF110 or TF111 Luxel standard. The samples with LUXFilm ® Polyimide
(PI) substrate or Ni structural mesh are manufactured by Luxel, the CNT pellicles
by Canatu, and the coating of the CNT pellicles is done either by Luxel (Zr) or by
AMETEK/Micronova (Al). The design represented is also pointed out (if heritage-
based or supported by novel CNT pellicles). The description 55% in some entries of
the Sample column refers to the percentage of transmittance of the sole CNT pellicle
substrate at 550 nm wavelength. BF stands for blocking factor.

Sample Substrate Coating Mesh (LPI; BF) Design basis
Al 150 / PI 75 PI 150 nm Al Ni (5; ≃ 2.0%) Heritage
Zr 200 / PI 75 PI 200 nm Zr Ni (5; ≃ 2.0%) Heritage

Al 150 / 70 LPI None 150 nm Al Ni (70; ≃ 18.4%) Heritage
Zr 200 / 70 LPI None 200 nm Zr Ni (70; ≃ 18.4%) Heritage
Al 150 / 55% SWCNT 150 nm Al None STM with CNT
Zr 200 / 55% SWCNT 200 nm Zr None STM with CNT

and outer diameter 25 cm for the SG instrument [43].

Four of these samples were produced by the LUXEL Corp. (USA) and were
provided by the Harvard & Smithsonian Center for Astrophysics (CfA) un-
der the NASA MUSE collaboration activities. Two of these consist of a LUX-
Film ® Polyimide (PI) substrate–the standard chemical formula of the PI monomer
being C22H10N2O4–with Zr or Al metal coatings of ∼ 150 − 200 nm, supported by
a coarse square patterned Ni mesh with a 5 lines-per-inch (LPI) cell periodicity
(following notation of Chapter 2 ), a total of ∼ 2.0% geometrical blocking factor.
These samples are representative of the heritage filters used in STEREO/SECCHI,
whose full entrance filter appearance can be seen in the original paper by Wuelser
et al.[25]. The two other witness samples provided by CfA have the same amount
of metal coating as the former ones. Still, they are supported solely by a finely
spaced square Ni mesh with 70 LPI cell periodicity, and ∼ 18.4% geometrical
blocking factor. Such values are representative of heritage filters used in both
STEREO/SECCHI and SDO/AIA. The two remaining witness samples employ
CNT pellicles manufactured by Canatu[39] in place of PI as substrate material.
No mesh is used in these witness samples. One of the samples is coated with
200 nm of Zr–the coating being performed by Luxel Corp.–while the other sample
is coated with 150 nm of Al by AMETEK Finland Oy and Micronova Nanofabri-
cation research infrastructure. The appearance of one of the 5 LPI samples used,
in a TF110 standard frame, is shown in Fig. 4.1 .

The nickel mesh bars employed in the filter samples are completely opaque in the
full EUV and soft X-ray bands. While for the 5 LPI Ni meshes the pitch size is
much larger than the synchrotron spot size employed, the 70 LPI meshes pitch has
a size comparable to the synchrotron beam size, and thus a different experimental
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Figure 4.1 Picture of a filter witness sample with a free-standing thin 75 nm PI membrane
coated with 150 nm Al and supported by a 5 LPI Ni mesh, made by Luxel, using a
TF110 standard aluminum frame. The sample is shown in its plastic container. The
circular opening in the center of the filter frame has a diameter of about 1 cm.

method will be employed for the transmittance measurement of those two samples,
as detailed in sec. Section 4.2 .

In the following and throughout the whole chapter, the samples are labeled as
follows:

− The 5 LPI samples will be indexed via metal thickness / PI thickness in
nanometers, e.g. Al 150 / PI 75 or Zr 200 / PI 75, keeping in mind that the
manufacturers provide these thickness estimates with an uncertainty of 5 nm
and such expectations could be compared with the data analysis results in
Section 4.4 .

− The 70 LPI samples shall be described via metal thickness/mesh description,
e.g., Al 150 / 70 LPI or Zr 200 / 70 LPI. Their mesh will be directly referenced
in the paper as it influences their transmittance, though Ni will be omitted
for brevity.

− The CNT coated samples will be described via metal thickness / T550 CNT
pellicle description, e.g., Al 150 / 55%, Zr 200 / 55%. Since the CNT pellicles
are made of networks of bundles of single-wall CNTs [39], their thickness is
hardly defined a priori even during manufacturing, thus I employ, as a figure of
merit for their thickness, the transmittance at the visible wavelength of 550 nm
which is the T550 symbol. This value can be related to the true thickness
of the pellicle via an ad-hoc defined Lambert-Beer law [78]. However, this
depends strictly on the manufacturing process parameters of the pellicles and
for the case of the pellicles used as sample substrates and manufactured by
Canatu Oy in this chapter, the thickness estimate is about 150 nm.

The spatial uniformity of the PI/Al samples’ thickness layers over their ∼ π cm2

area is ≈ 2%, considering reports of the measured uniformity resulting from
X-ray transmission map studies over areas equal or larger than 4 cm2 for PI/Al
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filters [110]. A spatial uniformity of ±2% is expected for the Al coating on
CNT pellicles, as can be inferred from technical reports studying with soft X-
ray transmittance mapping samples with 30 nm of Al deposited on top of CNT
substrates[111]. Similar figures are expected for the Zr coatings. On the other
hand, the expected thickness spatial uniformity of the CNT bare substrate is
∼ 10%, as retrieved in the thickness estimates by Atomic Force Microscopy (AFM)
contact studies by Ermolaev et al.[78].

4.2 Experimental Setup with Synchrotron Radiation
and Experimental Data Retrieval Protocol

The experimental activity was carried out at the METROLOGIE beamline of
the SOLEIL Synchrotron – located in Saint-Aubin, France – which is a beamline
specialized in the calibration of optical components and can allow measurements
of the transmittance of our samples in a wide energy range (30−1800 eV), covering
both the in-band EUV region relevant to MUSE (40 − 120 eV) and the soft X-ray
out-of-band, with high spectral purity and resolution, allowing us to retrieve
the calibration curves of the filters as well as modeling the EUV and XAS data
obtained. Throughout this paper, ’transmittance’ refers to the measured value at
a specific wavelength or energy or a specified energy range, while ’transmittance
spectra’ denotes the full curve of transmittance as a function of wavelength
or energy. In practice, these terms are used interchangeably unless otherwise
specified.

Synchrotron facility METROLOGIE description
The METROLOGIE beamline operates with a bending magnet source and a
monochromator with a spectral resolving power (E/∆E) ranging between 1000
and 5000, depending on working energy throughout the whole energy band of
interest. The beamline is equipped with a series of interchangeable diodes, pass-
band filters, and beamline filters for detection. In addition, three variable line
spacing plane gratings (75, 300, and 1200 lines/mm) are used to cover the whole
energy range. A minimum overlap between adjacent energy range regions allows
one to clean the data better when ambiguities are present. A description of
the experimental parameters employed at the METROLOGIE beamline SOLEIL
synchrotron facility is detailed in Table 4.2 .

The beam at the sample position was elliptically shaped, with FWHM sizes
250 µm horizontal and 150 µm vertical. These lengths are comparable to the pitch
of the finely spaced mesh (e.g., 70 LPI), thus requiring a specialized measurement
protocol for the filter samples using such mesh (see Section 4.2 ). Accuracy of
translations in the motion stage is 1 µm (in both horizontal and vertical directions
normal to the samples’ surfaces), and the minimum step that can be traveled is
1 µm. In the whole energy range spanned by the monochromators at the beamline,
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Table 4.2 METROLOGIE beamline soft X-ray branch optimal settings in each energy
range. FPB stands for Filter Pass-Band. Diode 2 is an Al-coated photodiode, while
Diode 3 is a Zr-coated one. These configurations are the basis for all the measurements
performed during the experimental campaigns. The best resolution for each range is
obtained by dividing the lowest energy in the range by the respective spectral power.
The monochromator used for each energy range to optimize spectral resolution had the
following properties: 75 grooves/mm for low-energy ranges and 300−1200 grooves/mm
for higher-energy ranges.

Energy FPB Line Filter & Diode Average
Range (eV) (Material, Angle) Thickness (µm) Employed Spectral Power

30–55 Si, 3.5° Al/Mg/Al 0.5 Diode 2 5000
45–75 Si, 3.5° Al 0.5 Diode 2 4000
70–105 Si, 3.5° Si 0.5 Diode 3 3000
95–165 Cr, 3.5° B 0.4 Diode 3 2000
160–270 Cr, 2.8° C 0.7 Diode 2 1500
260–305 Cr, 2.8° Ti 0.5 Diode 2 1000
280–325 Cr, 2.5° Ti 0.5 Diode 2 4000
320–445 Cr, 2.5° Ti 0.5 Diode 2 3000
440–766 Si, 1.1° Co 0.5 Diode 2 2000
760–908 Si, 1.1° Cu 0.9 Diode 2 5000
895–1800 Extracted B 0.4 Diode 2 4000÷2000
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the beam spot is expected to drift slightly: in the vertical direction, it does not
appreciably move, while in the horizontal direction, the spot stays within 100 µm.

Transmittance measurement protocol
The witness samples were placed in a custom-designed multi-sample holder,
fabricated at the INAF-OAPA, and are shown in Fig. 4.2 . The piece was designed
by Ing. Fabio D’Anca (INAF), with inputs from the whole team, including myself,
and two identical pieces were manufactured with the help of the technicians
Mr. Gaspare di Cicca, Roberto Candia, and Salvatore Varisco. I performed the
initial functionality tests of the sample holder’s design by performing in the INAF-
OAPA/XACT clean room the first mounting tests, aiding improved manufacturing
and redesign of some aspects. Moreover, I also drafted the test plan of the
experimental campaign (Proposal #20231204, Principal Investigator Edoardo
Alaimo), mounted the sample holders with the samples, and sealed the sample
holders for direct usage in the high vacuum chambers at the METROLOGIE
beamline in SOLEIL’s synchrotron. This holder allowed us to perform many
measurements by automating the beamline procedures, and these augmented the
efficiency of the beam-time utilization. Furthermore, the teamwork allowed for the
successful employment of an extremely functional sample holder, which perfectly
suits the needs of testing small thin film filter samples in X-ray spectroscopy at
the synchrotron facility and beamline in question.

Before each measurement, the beamline alignment was optimized using reference
scans on empty positions. Transmittance data were calculated by measuring
both I0(E), the current reading of the photodiode proportional to the incident
photon flux without a sample at energy E, and I(E), the diode current reading
proportional to the transmitted photon flux through a sample at energy E. Dark
currents were monitored daily and they were found to be negligible. The SOLEIL
synchrotron beam current is very stable, although there are friction losses of
current, and thus electrons are injected periodically. The current is around
450 mA, and every three minutes there is an injection of current of the order of
0.5% of the total current. Such systematic variations in the beamline ring current
were accounted for by normalizing the intensities (I0, I) to the machine current
(M0, M) as follows in Equation (4.1) , which is how I determine the transmittance
at an energy value, as all of the quantities in the equation are energy-dependent:

T = I/M

I0/M0
. (4.1)

The relative errors associated with the measurements taken with Equation (4.1) ,
for these not-completely transparent samples, are of the order of 1 − 2%.

Transmittance measurements were divided into 11 energy regions between 30 and
1800 eV as detailed in Table 4.2 . With energy steps in the range 0.1 − 2 eV across
the 11 regions, a total of about 2500 points on average were collected for each
filter sample. An energy point required 1.4 s of integration time, and, considering
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Figure 4.2 Figure of the sample holder manufactured at INAF/OAPA, loaded with 18
witness samples of TF110/111 frame geometry. The spaces between samples are open
reference holes, which would be probed after each measurement of transmitted light
through a sample to have a reference of the incident light.
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that two reference measurements I0 were taken for each sample measurement I,
the acquisition of the full spectrum required 2 to 3 hours per filter sample. Since
the allocation time is limited, I would tailor the energy step to each sample type,
measuring more points in the in-band region of MUSE and around the energies of
important atomic photo-absorption edges. Energy values for the atomic X-ray
edges of relevance to our work are listed in Table 4.3 .

Table 4.3 Photoabsorption edges for atoms relevant to the materials studied in this
work, including zirconium, carbon, aluminum, oxygen, nitrogen, and iron, and with
energy included in the energy range 30 − 1800 eV of the METROLOGIE soft X-ray
beamline. Reference energies are taken from Henke et al. and the respective up-to-date
website. [75] [76]

Element Edge Energy (eV)
Zirconium (Zr) M1 430.3

M2 343.5
M3 329.8
M4 181.1
M5 178.8

Carbon (C) K 284.2
Aluminum (Al) K 1559.6

L1 117.8
L2 72.95
L3 72.55

Oxygen (O) K 543.1
Nitrogen (N) K 409.9
Iron (Fe) L1 844.6

L2 719.9
L3 706.8

The following criteria were used for the measurement of the different sample types,
where the X-ray photo-absorption edge regions are probed with the maximum
possible energy step, avoiding resolution overfitting:

− For the case of Al-coated samples, 0.1 / 0.5 eV energy steps in the MUSE
energy range were used, and the pairs of atoms and edges of Al L-K, O K, C
K, N K, and Fe L were experimentally probed.

− For the case of Zr-coated samples, also 0.1 / 0.5 eV energy step in the MUSE
energy range were employed, and the pairs of atoms and edges of Zr M1 to
M5, O K, C K, N K, and Fe L were experimentally probed.

Carbon edge is always probed, as it is possible that it could be used as a passivation
or capping layer in many scenarios. Nitrogen and iron absorption edges are always
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probed as they are expected to be part of either the CNT films (with Fe being
required nano-catalysts in their formation) or PI films naturally containing N.

Automated Python macros were written, allowing us to control sample-holder
positioning, monochromator settings, and data acquisition parameters accord-
ing to the required settings shown in Table 4.2 , by giving instructions to each
moving part of the beamline (see Automated Measurement Workflow , Listing
Listing A.1 for a pseudo-code describing the procedure). As was mentioned, a
calibration procedure was implemented for samples with finely spaced meshes
involving the measurement of the transmittance over multiple points across a
grid, to take into account the optical BF (blocking factor) due to the mesh, and
it is detailed in the ensuing section. As discussed in the design chapter, mesh
transmittance M and its blocking factor BF are related by T = 1 − BF.

On the case of finely spaced meshes
For samples supported by nickel square meshes with finely spaced periodicity, i.e.
samples Al 150 / 70 LPI and Zr 200 / 70 LPI, the mesh pitch has a nominal size of
about 363 µm which is comparable in order of magnitude to the beam FWHM
size estimates of 250 µm-horizontal and 150 µm-vertical. Thus, the standard
transmittance measurement protocol described in section Section 4.2 would yield
inaccurate results due to partial beam occlusion (i.e. partialization of the beam)
by mesh bars in a single-point measurement. By averaging among the mesh and
the partialized regions, it was deemed possible to reach a correct estimate of the
witness samples’ transmittance. Nine points were measured across a uniform grid
on the sample, with a spacing interval of 250 µm. This ensured to probe with the
X-ray beam both open and blocked regions of the mesh, and an average among
all the measured transmittance would yield an average product M × F where M

is the mesh transmittance and F is the filter transmittance.

I simulated the 9 points grid transmittance measurement average scenario to
ensure the accuracy of the procedure by employing a Python script which, with a
given selection of input values of the pitch of the mesh (p = 363 µm), bar width
of the mesh (w = 33 µm), FWHM sizes of the incident beam (250 µm-vertical,
150 µm-horizontal), kind of beam profiles (Gaussian or Lorentzian), size of the grid
spacing chosen, size of the witness sample open area, and amount of points in the
grid would simulate the measured transmittance average among the simulated grid
and would compare it to the theoretically expected one – that is, 1 − 2w

p

(︂
1 − w

2p

)︂
,

an explanation of which was given in Section 2.2 → p.21 . Moreover, I replicated
this nine-point average study for angles from 0° to 45° with 5° steps of rotation
between the vertical axis of the beam and the position of the mesh. I found
a maximum discrepancy of δexp = 0.9% between the averaged transmittance
and true transmittance, in the worst case of 45° tilt and Gaussian beam, thus
suggesting a reasonable approximation for the experimental error to be associated
to this procedure and thus to the inference of the mesh transmittance value
from the fitting procedure results detailed in Table 4.4 . The simulation with the
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Lorentzian beam shows a lower maximum difference from the true transmittance
value of 0.11%, and it is considered a best case.

This procedure would increase the amount of time required for measuring one
sample by a factor of at least 9. To maintain practicality, the 9-point averaging
protocol was performed only in the MUSE bands between 30 − 165 eV, and in
selected single energy points in all of the regions. Otherwise, the protocol detailed
in section Section 4.2 was applied to the remainder of the energy range up to
1800 eV. In order to correct for any partialization effects due to the mesh and
bars in the way of the beam, I would use the single points evaluated with the
proper 9-point average as calibration standard points to correct the transmittance
curve obtained from the standard protocol, using a piecewise-linear calibration
method along different energy ranges. This provided high-quality transmittance
data even in the 165 − 1800 eV range, although some degree of partialization could
be present due to the drift of the beam spot as described in Section 4.2 .

4.3 Models Employed and XAS Data Analysis

Models employed: Exponential Attenuation
To model the data retrieved via the aforementioned protocols and gotten via
Equation (4.1) , I describe the transmittance formula for a multilayered solid filter
as the following product of exponential functions, which has been extensively
used for the study of thin films applied to X-ray astrophysics [112]. I extend
this formula in Equation (4.2) to the case of samples with a fine mesh by using
a coefficient M which incorporates the mesh transmittance coefficient where
applicable.

T = M ·
∏︂

i

exp

[︄
−
(︄

µl

ρ

)︄
i

· (ρx)i

]︄
(4.2)

Where index i runs through all of the elements in the sample, (ρx)i is the areal
density of each element measured in g cm−2 – i.e., grams of absorbing element per
unit area perpendicular to the impinging X-ray flux – and the ratio

(︂
µl

ρ

)︂
i

is the
corresponding atomic macroscopic mass attenuation coefficient, with µl being the
atomic linear absorption coefficient in cm−1 and ρ the atomic volumic density in
g cm−3. For a given kind of element X, there is a precise relationship between(︂

µl

ρ

)︂
X

, and the absorptive portion of the atomic scattering factor for a single
atom, f 0

2 (E), a theoretical description of which can be found in the textbook by
D. Attwood [113]:

(︄
µl

ρ

)︄
X

= 2 re
NA

Mu Ar(X) λ f 0
2 (E) (4.3)
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This ratio depends solely on physical constants, the classical electron radius re,
Avogadro constant NA, the molar mass constant Mu, as well as on the atomic
species and the energy via the relative atomic mass of the element Ar(X) and
the atomic scattering factor f 0

2 (E), thus the right side of the equation does not
depend directly on the density. A relevant source of literature values for f 0

2 (E)
for various atoms can be found in the pioneering work by Henke et al.[75] and
the related website [76]. In case the i-th element Xi is solely part of a precise
compound mat with known chemical formula X1n1 X2n2 X3n3 ..., I can calculate the
compound thickness with the following equation.

xmat = (ρx)i

ρmat · fi|mat

(4.4)

where fi|mat is the atomic mass fraction of the i-th element Xi in the compound,
and it is given by the customary:

fi|mat = ni · Ar(Xi)∑︁
j[nj · Ar(Xj)]

(4.5)

With each Ar(Xj) being the relative atomic mass of element Xj with the respective
number of atoms stoichiometry nj.

In the most general case, the areal density of an element is the direct sum of the
effective areal densities of each compound containing it. That is, if the index K

runs through all of the different materials in the sample that contain element i, I
have the following decomposition formula for the element’s areal density:

(ρx)i =
∑︂
K

(ρx)K · fi|K (4.6)

I will model all of our witness samples as multilayer structures with definite layers
with given chemical formulas and physical densities, as shown in Fig. 4.3 , for
EUV/soft X-ray characterization and XAS modeling of the bulk layer compositions
and thicknesses, and as successfully demonstrated in previous filter characterization
studies[114]. The multilayer simplistic structure neglects the presence of interface
layers, as the XAS technique is only sensitive to the bulk thicknesses[115] and
the interface widths (diffusion/roughness inter-layers) are of the order of ∼ 1 nm
or lower[116].

The physical constants values employed for Equation (4.3) are taken from the
CODATA2022 evaluation [92]. As for the relative atomic weights, the abridged
standard atomic weights listed in the 2021 IUPAC technical report are em-
ployed [117]. The atomic scattering factors used in this work in the energy range
30 eV < E < 1800 eV for all the elements involved are taken from the tabulated
values detailed in the up-to-date website by Henke et al.[76] For the case of
aluminum and in the range 30 eV < E < 1300 eV the optical constants employed
are the ones detailed by Burcklen et al.,[118] which greatly improve the accuracy
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Figure 4.3 Visual description of the multilayer model of a given witness sample or thin
film. The different colors identify a pure material in a layer. Interface effects between
layers are neglected.

on the Al scattering form factor particularly for energies lower than L-edge range
(∼ 72 eV).

The main contributor to the f 0
2 (E) in Equation (4.3) is the phenomenon of

photo-absorption. Since Henke scattering factors are mostly based on X-ray
measurements carried out on standard references of pure materials or gases, the
analysis of the XAS data with the model in Equation (4.2) cannot accurately
model near-edge phenomena or extended fine-structures in the post-edge phe-
nomena, both of which are sensitive to chemical bonding neighborhood and the
oxidation state of the absorbing atom [119]. These post-edge effects are not taken
into account in the ensuing analyses, and, if they were of interest, a different kind
of sample-specific modeling procedure would be considered [114]. By experimen-
tally detecting and accurately modeling the jump in transmittance around edges,
excluding the pre- and post-edge energy ranges, I aim to study the exact chemical
composition of the material, with the jump being more sensitive to the atomic
interaction.

For each filter sample in Table 4.1 , the following atoms are chosen for the ensuing
analyses, detailing the materials that are expected to compound the multilayer
structure of each sample and to contribute to Equation (4.2) :

− for Al 150 / 70 LPI, I use: Al and O, along with the M mesh transmittance
free parameter. As for layer materials, metallic Al and Al2O3.

− for Al 150 / 55% CNT, I use: Al, C, O, and Fe. The following materials are
expected: metallic Al, Al2O3, and bare CNT pellicle with traces of O and Fe.

− for Al 150 / PI 75, the following atomic species: Al, C, N, H, and O. The
following materials are expected to compound the sample: metallic Al, Al2O3,
and PI.

− for Zr 200 / 70 LPI, I use: Zr and O, along with the M mesh transmittance
free parameter. Regarding layer materials, metallic Zr and ZrO2.

− for Zr 200 / 55% CNT, I use: Zr, C, O, and Fe. The expected materials are:
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metallic Zr, ZrO2, and bare CNT with traces of O and Fe.

− for Zr 200 / PI 75, the following atomic species: Zr, C, N, H, and O. As for
materials, metallic Zr, ZrO2, and PI.

Unless otherwise specified, these atomic species correspond to areal density free
parameters in the fitting algorithm.

N is not used as a free parameter for the case of sample Zr 200 / PI 75 because, even
though it would cause an absorption edge at roughly 409.9 eV as expected from
Table 4.3 , the presence of the relatively thick Zr layer with the onset of the Zr M-
edge absorption renders the N K-edge very hard to detect – estimates from Henke
et al.[75] [76] suggest that a single layer of 75 nm of PI would yield a relative
jump in transmittance of about 1% at 409.9 eV while 200 nm of Zr would transmit
only about 4% of light at the same energy, thus only a small jump in transmittance
would be expected. It would be buried in the Zr M post-edge fluctuations. However,
for such a sample, the absorption of nitrogen is still taken into consideration in
equation Equation (4.2) as a parameter fixed to the carbon quantity by employing
the known stoichiometry of N in the PI material (i.e., C22H10N2O4), and by using
the areal density of C as guidance in equations Equation (4.4) to Equation (4.6)
during the fitting procedure. Similarly, in the case of sample Zr 200 / 55% CNT the
areal density of C is fixed to a value determined by the independent XAS analyses
of bare 55% CNT pellicles, i.e. (44 ± 4) × 10−7 g cm−2. The high absorption of the
filter sample and the presence of post-M-edge Zr oscillations made it challenging
to reliably model the transmittance around the C K-edge region with a free
C parameter without obtaining inconsistent results. The value of the carbon
areal density found in the case of sample Al 150 / 55% CNT, for which carbon
is a free parameter, is in line with the mentioned fixed estimate, as will be
shown in Section 4.4 and Table 4.4 . For the samples containing PI, since the
stoichiometry of hydrogen atoms in the PI layer is known, H is added as an areal
density parameter fixed to the polyimide thickness resulting from the fit in a
similar way as described above in the case of N, because it can have a detectable
absorption effect in the lower EUV energy range. By employing Equation (4.2)
and using known values of scattering factors of Henke et al. [75] [76], the areal
density of H atoms in 75 nm of PI can be responsible for transmitting ∼ 95% at
40 eV. For samples with CNTs, although they can have some hydrogen in their
composition [120], its exact stoichiometry is not known – it could be as high as
one hydrogen atom per carbon atom for a non-realistic benzene stoichiometry
scenario C6H6, or negligible for the graphene-case with stoichiometry of pure C.
XAS is not sensitive enough to reliably derive the amount of hydrogen per cm2 in
a given material, as H is fairly transparent and lacks notable experimental features
in the EUV and X-ray energy range [113]. For these reasons, the hydrogen areal
density is used as a fixed parameter in the case of samples with PI, and it is not
used at all in the case of CNT samples.

As a last note, the following physical parameters are the densities used in this work
during the ensuing calculations. These are approximations of the true densities,
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which serve as a basis for the layer thickness estimations and are sufficient for
our purposes. The exact estimation of the layers’ densities, particularly for the
case of the thin film native oxide layers, which can be under 10 nm, is quite
challenging and outside the scope of this research. Unless stated otherwise, the
source database used for the densities is TPSX, the Aerospace Materials Property
Database [121].

− Aluminum (Al): 2.7 g cm−3, assuming the usual cubic-phase metal density.

− Aluminum Oxide (Al2O3): 3.3 g cm−3, more typical of an expected amorphous
phase in the native oxide-like thicknesses (i.e. <20 nm) of aluminum oxide
thin films as can be found in Krautheim et al.[122]

− LUXFilm ® Polyimide (PI): 1.4 g cm−3, as provided by the manufacturer
(Luxel)

− Iron (Fe): 7.87 g cm−3, a density typical of the metallic cubic-phase.

− Carbon Nanotube (CNT): 0.3 g cm−3, a rough estimate for the pellicles in
this work based on discussions with Canatu.

− Zirconium (Zr): 6.52 g cm−3, typical of the metallic cubic phase.

− Zirconium Oxide (ZrO2): 5.85 g cm−3. This value is an average of the values
obtained in the deposition of thin films of zirconium oxide with sputtering
techniques as obtained by Venkataraj et al.[123]

4.4 Results and Discussion of EUV/XAS Data Anal-
yses

MUSE In-band EUV experimental transmittance curves
The in-band transmittance is shown in Fig. 4.4 for all of the Al and Zr coated
witness samples of Table 4.1 .

Many pieces of information can be gathered from the data shown in Fig. 4.4 ,
with relevant aspects to be considered for EUV space missions such as MUSE
that observe in the EUV spectrum.

Regarding the transmittance of Zr-based witness samples at 10.8 nm, of direct
applicability to the MUSE SG channel 108 Å, the most performing sample in terms
of transmittance is the one supported by the finely spaced Ni mesh, which transmits
40.4 %. This configuration would cause non-negligible diffraction at the focal plane,
particularly in the case of bright lines during flares due to Fe xix and Fe xxi being
at temperatures of the order of 107 K [20], as was shown for SDO/AIA’s channels
employing finely spaced mesh-supported filters [4]. The two less transparent
samples, Zr 200 / 55% CNT and Zr 200 / PI 75, are representative of filters with
much more transmissive structural meshes that are expected to cause much less
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Figure 4.4 The experimental EUV transmittance spectra for the witness samples de-
scribed in Table 4.1 . In all cases, the transmittance values shown for the 70 LPI
samples represent the combined transmittance of both the mesh and the filter (i.e.,
the product of their transmittances), and panels have the same Y-axis range for ease
of comparison. Left: Spectra for the Zr-based samples. The Zr 200 nm coating is
supported by either 75 nm of PI, a fine Ni mesh (70 LPI), or a CNT pellicle with 55%
visible transmittance at 550 nm. The vertical dashed line indicates the MUSE spectro-
graph wavelength channel at 10.8 nm. Right: The experimental EUV transmittance
spectra for witness samples based on Al and described in Table 4.1 . The Al 150 nm
coating is supported by either 75 nm on PI, a fine Ni mesh (70 LPI), or a CNT pellicle
with 55% visible transmittance at 550 nm. Vertical dashed lines indicate the MUSE
spectrograph wavelength channels at 17.1 nm, 19.5 nm, 28.4 nm, and 30.4 nm.

diffraction effects, as shown in Section 2.4 . Thus, even though it is the most
performing, the Zr 200 / 70 LPI filter configuration is less likely to be the one
adopted to minimize the impact of diffraction on MUSE. The Zr / CNT-supported
sample exhibits a transmittance at the same channel of 36.0 % while the PI-
supported filter transmits 34.4 %. This means that the difference between the two
samples is ∆T ≈ 1.6% with the CNT-based sample being slightly more efficient
than the PI-based one. Such small differences, although with high values for their
transmittance, represent how both materials of choice are nice candidates for
MUSE for this band.

The Al-based witness samples respect the same trend as before, with the sample
of Al 150 / 70 LPI outclassing the other samples in both channels. More precisely,
in the 171 Å channel, it transmits 52.6 %, and it transmits 40.3 % at 284 Å. The Al
150 / 55% CNT witness sample transmits 35.1 % in the 171 Å channel, and 12.8 % at
284 Å, while sample Al 150 / PI 75 transmits 29.4 % in the 171 Å channel and 6.1 %
at 284 Å. The values found are in line with the trend expected by using equations
Equation (4.2) and Equation (4.3) to simulate the theoretical transmittances of
the studied films in the witness samples, ignoring oxide layers. However, one would
generally expect a higher transmittance, especially in the channel 284 Å [80] [43].
As a theoretical prediction, the transmittance at 284 Å , neglecting oxide and
assuming a pure layer of 150 nm of Al deposited on top of an ideal membrane of
CNT with a thickness of 200 nm and density of 0.3 g/cm3, both of which transmit
respectively about 71.7% and 45.20%, would imply a transmittance of the bi-layer
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of 32.4% (i.e. the value of the Film Tran. registered in Table 2.3 : the measured
transmittance of 12.8% is significantly reduced, suggesting that the models need to
take into consideration realistic values for the metal oxide thicknesses, as detailed
in the following Section 4.4 .

Summarizing these results, I find that the CNT-based samples in the MUSE
bands demonstrate a higher in-band transmittance efficiency than the heritage
filters based on the metal coating on PI. In the 108 Å channel-related samples,
the Zr film supported by the 70 LPI Ni mesh shows a very high transmittance.
However, it would be expected to cause non-negligible diffraction effects at the
detection focal plane, followed by similarly in-band performing Zr / CNT and
Zr / PI samples. With regards to aluminum-based filters, the Al with 70 LPI
Ni mesh sample surpasses all the other choices in terms of raw transmittance.
Currently, the technology and science teams behind the MUSE mission are engaged
in an ongoing discussion to assess–via simulation-based approaches–the impact on
MUSE’s science observations of both the diffraction caused by the 70 LPI mesh
and the reduction in the signal transmitted by the Al 150 / 55% CNT sample. The
design of the latter is expected to cause less diffraction [80]. Moreover, while
an in-band improved performance for the CNT-based metal-coated samples was
shown as compared to the samples with the PI substrate, this is not the full trade
space, since there are many aspects involved in the assessment of the maturity
of an integrated filter system – like it was discussed in Chapter 1 . A detailed
analysis of the trade-offs is beyond the scope of this study.

Soft X-ray and EUV experimental transmittance curves and
models
A complete showcase of the soft X-ray transmittance spectra measurements is
given in Fig. 4.5 , which also allows us to detail the inner-layer composition of our
samples in Table 4.1 . For these plots, the model used is from Equation (4.2) -
Equation (4.3) , and best-fit values are retrieved via the Levenberg-Marquardt
algorithm [124]. The plots shown in Fig. 4.5 reveal Al L-edge and Zr M-edge
post-edge features for the respective samples. These features are not present in
the tabulated Henke scattering factors, and, while the pre- and post-Al L-edge
behavior is nicely modeled with the optical constants obtained in the recent work
by Burcklen et al.,[118], this is generally not the case. It is certainly not the case
for the Al K-edge or all of the other atoms and absorption edges of interest to this
work. Thus, the energies corresponding to the pre-/post-edge effects are neglected
for the best-fit modelling. Only the jumps on the sides of the absorption edges are
under the study of the fitting process, and all of the models accurately follow the
experimental data for our samples. Results of the fitting algorithms regarding the
areal densities corresponding to the model curves shown in Fig. 4.5 are shown in
Table 4.4 while the inferred thicknesses are shown in Table 4.5 .

These values allow us to infer the thicknesses of oxide layers present in the samples,
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Figure 4.5 EUV and soft X-ray transmittance spectra of the samples under study.
Transmittance Y-axis ranges are all between 0 and 1 to ease comparisons, insets
highlight relevant photo-absorption edges during model fitting, black dots represent
experimental data points, and red lines show the best-fit model curves. Left column:
Al-based filters with 150 nm coating supported by (top to bottom) 70 LPI Ni mesh,
55% CNT pellicle, and 75 nm PI membrane. Right column: Zr-based filters with
200 nm coating supported by (top to bottom) 70 LPI Ni mesh, 55% CNT pellicle, and
75 nm PI membrane.
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Table 4.4 Areal densities of elements in filter samples determined from the XAS analyses
shown in Fig. 4.5 , along with mesh transmittances M retrieved from the fit procedure
(where applicable). The areal density unit of 10−7 g/cm2 corresponds to nm · g/cm3 in
practical units. Uncertainties are reported at 3 σ level, derived from the uncertainties
provided by the fitting procedure and confirmed via a Bayesian inference approach
using Chi-squared contour plots. Dashes (–) indicate elements not detected or not
present in the sample. In sample Zr 200 / 55% (CNT substrate assumed), the fit
assumes the carbon areal density fixed to (44 ± 4) × 10−7 g/cm2, a value based on
independent XAS analyses of bare 55% CNT pellicles. For sample Zr 200 / PI 75, the
nitrogen areal density was fixed to the carbon one via the known PI stoichiometry. For
M ’s, the total error is the quadratic sum of the 3 σ uncertainty and the 0.9% error
estimation by simulations of the experimental procedure explained in Section 4.2

Witness Sample Areal Density [10−7 g/cm2]
M [%]

Al / Zr C N O Fe
Zr 200 / 70 LPI 1221.0(1.6) – – 18.3(5) – 82.4(9)
Zr 200 / 55% 1335.3(1.1) 44(4) – 42.1(1.1) 7.4(1.5) –
Zr 200 / PI 75 1326.5(1.9) 79(2) 8.3(3) 41.8) – –

Al 150 / 70 LPI 396.8(1.1) – – 13.1(2) – 82.1(9)
Al 150 / 55% 351.7(1.0) 43.9(7) – 40.9(6) 5.7(9) –
Al 150 / PI 75 414.8(7) 80.7(7) 10.4(7) 38.6(5) – –

which might justify many of the experimental features of Fig. 4.4 and of the
discussions in Section 4.4 . The mesh transmittance values, free parameters in
the fitting algorithm, are completely in line with the expected transmittance
of a 70 LPI Ni mesh, which should be ∼81.6 % – that is for a mesh of pitch
363 µm and bar width 33 µm – which also is an experimental confirmation of the
procedure detailed in Section 4.2 . For the correct oxide thickness estimations,
while it is expected for the PI membrane to have a predictable amount of oxygen
areal density from its thickness and stoichiometry, it is assumed that the CNT
membrane holds some pre-existing oxygen amounting to an areal density of about
(5.4 ± 1.0) × 10−7 g cm−2, as inferred from transmission measurements and model
analysis performed separately on bare CNT pellicles of the same type of the
substrate pellicles (in preparation work by Alaimo et al.[41]). Then, the strategy
employed is to evaluate the amount of oxygen areal density present in the substrate
(be it CNT or PI), subtracting this amount from the oxygen areal density resulting
from the fitting process, and then using the remainder to evaluate an oxygen
contribution due to the presence of the metal oxide. This procedure was carried
out for all the samples shown in Table 4.5 but the samples with a 70 LPI mesh.

The evaluations found and listed in the table are in line with expectations. Traces
of iron are found in the CNT pellicles, which have, on average, a very small impact
on transmittance. Uncertainties found in the bulk layers (Metal, Substrate) reflect
uncertainty on the XAS data, which contains effects due to the beam size and
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Table 4.5 Layer thicknesses derived from XAS analysis of Fig. 4.5 . Where applicable,
the thicknesses described refer to the adjacent material detailed in square brackets.
All uncertainties are reported at the 3σ level based on the fitting procedure. Dashes
(–) indicate the absence of the corresponding layer. For samples containing a CNT
pellicle substrate, an areal density of oxygen amounting to (5.4 ± 1.0) × 10−7 g cm−2, a
value based on independent XAS analyses of bare 55% CNT pellicles, is expected to
be part of the substrate of these samples, and this is taken into account for the metal
oxide estimates.

Witness Sample Layer Thicknesses [nm]
Metal Metal Oxide Substrate Fe
Al / Zr Al2O3 / ZrO2 PI / CNT

Zr 200 / 70 LPI 179.2(5) [Zr] 12.1(4) [ZrO2] – –
Zr 200 / 55% 188.0(9) [Zr] 24.8(1.0) [ZrO2] 147(13) [CNT] 0.94(19)
Zr 200 / PI 75 193.5(1.2) [Zr] 15.0(1.3) [ZrO2] 77.9(2.5) [PI] –
Al 150 / 70 LPI 141.5(5) [Al] 8.43(13) [Al2O3] – –
Al 150 / 55% 115.5(9) [Al] 22.9(8) [Al2O3] 146(2) [CNT] 0.72(12)
Al 150 / PI 75 145.7(5) [Al] 12.3(4) [Al2O3] 79.9(7) [PI] –

possibly the small beam drift as described in Section 4.2 , not considering the effect
of spatial uniformity addressed in section Section 4.1 . For most of the samples,
the amount of metal recovered is very similar to the manufacturer-recommended
estimates, accounting for the presence of a metal oxide layer, which deducts metal
atoms from the pure metal layer. However, in the case of Al 150 / 55% CNT, there
is less Al than expected. Thin film metal samples are known to naturally produce
a very thin oxide layer when exposed to air, which in the case of Al is expected to
be of ∼4 nm or less at each interface between Al and other layers and/or on the
air-exposed surface [77] [125]: since PI is quite hygroscopic, and both the 70 LPI
meshes and the CNT pellicles are very transparent to air, the metal layer can be
thought to be subject to two air (or one air and one humidity-related) interfaces.
On average, the amount of oxide found on Al-coated PI samples is slightly higher
than expected, suggesting some augmentation of oxidation due to the presence of
PI from 4 nm per interface to about 6.15 nm. On the other hand, the amount of
oxide per interface found on the samples with aluminum deposited on the 70 LPI
Ni mesh is ∼4.2 nm, which is close to the expected amount. For the Al 150 / 55%
CNT sample, I find nearly twice the oxidation amount as compared to the other
filter samples, i.e. ∼ 11.45 nm of Al2O3 per interface. This result suggests that
the higher specific surface of the CNT pellicle [39] increases the number of spots
where oxidation might occur, particularly if the metal partially diffuses deep in
the CNT substrate and does not just form a uniform layer. Similar results are
inferred for the thickness of ZrO2 per interface found on the zirconium-based
samples, with ∼6.05 nm for the 70 LPI sample, ∼7.5 nm for the PI-supported one
and ∼12.4 nm for the CNT-supported one.
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4.5 Conclusions on EUV/XAS

This study of EUV transmittance conducted on small filter samples has provided
useful pieces of information regarding the materials of choice in the design of
the MUSE NASA space mission entrance and filter wheel filters. Filter samples
were studied in their in-band transmittance for MUSE and also in their out-
of-band transmittance in the soft X-ray range. Both filter samples based on
the heritage from space missions, such as SDO/AIA, and samples made with
novel materials, such as those with a CNT-pellicle substrate, were probed in this
study. Our experimental investigation has provided the in-band transmittance,
which can be incorporated into the effective area calculations for MUSE via direct
implementation of the calibration data. In addition, the use of the high-resolution,
intense, and non-destructive X-ray beam of the METROLOGIE beamline of the
SOLEIL synchrotron, combined with a detailed XAS analysis using scattering
factors obtained from literature, [75] [118] allowed us to perform an experimental
characterization and an inner-layer thickness quantification of all the investigated
filter samples. In particular, I derived the thicknesses of oxide and metal layers
with their different amount of oxidation depending on the substrate, and the
small amount of Fe present in CNT pellicles, and also provided an alternative
method to precisely determine the fine Ni mesh transmittance in the samples.
Such experimental characterization provides crucial insights for the space mission
as a whole.

It is noteworthy, and a result of this work, that CNT-supported filters consistently
outperform PI-supported designs across all wavelength bands in their in-band
transmittance: at 10.8 nm, CNT-Zr transmits 36.0% versus 34.4% for PI-Zr; at
17.1 nm, CNT-Al achieves 35.1% compared to 29.4% for PI-Al; and at 28.4 nm,
CNT-Al transmits 12.8% versus 6.1% for PI-Al. The EUV transmittance data
assess the performance of the space-grade PI-based filters, and these measurements
also contribute to CNT pellicles as promising filter substrates for MUSE and
future EUV space observatories.

The mesh-supported witness samples based on heritage from previous missions
demonstrate a much superior raw transmittance value of 40.4% at 10.8 nm for
Zr / 70 LPI and 52.6% at 17.1 nm for Al / 70 LPI. The improvement at the
higher-energy channel is negligible since the other samples employing CNT or PI
substrate would be transmissive enough (>34% at 10.8 nm), causing no relevant
diffraction content at the focal plane, being supported by a very transmissive 5
LPI structural mesh. The same cannot be said for channel 284 Å, as the Al 150 /
70 LPI sample, with its measured 40.3% transmittance, would provide more than
3 times the signal of the CNT-based alternative (transmitting 12.8%) and more
than 6 times that of the PI based one (transmitting 6.1%) in terms of raw photon
counts – at the cost of an expected increase of relative diffraction signal content in
the focal plane [80], for which there is considerable expertise in its removal and
treatment [28]. The trade-off between signal strength and image quality remains
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a key aspect for the realization of MUSE’s scientific objectives, particularly for
observations of bright solar features where diffraction patterns could complicate
data interpretation.

The EUV and X-ray Absorption Spectroscopy (XAS) technique has proven effective
for the characterization of these samples being studied for MUSE. Particularly,
coupled with the data analysis, it allowed us to determine the total oxide layer
thicknesses of our samples. As examples, I have found a value of (8.43 ± 0.13)
nm of Al2O3 for the sample of Al / 70 LPI, and (24.8 ± 1.0) nm of ZrO2 for
the Zr / CNT sample. This detailed analysis of the transmittance data allowed
us to determine that oxidation is more pronounced in CNT-supported samples
than in PI-supported ones, and this also explained some of the offsets that the
transmittance data showed as compared to pure models that did not take into
account the real oxidation of the samples, such as the relatively low transmittance
observed in the Al / CNT sample at the channel 284 Å, which can be attributed
to the oxidation at the CNT interface which was detectable by our XAS data
analysis and proved to be at least double the expected amount from native oxide
theory forming on bulk metal. This suggests that employing other means to reduce
oxidation – i.e., a passivation layer using nitrogen or more carbon, or means to
remove the pre-existing oxygen on the CNT pellicles – could improve the efficiency
of CNT-based solutions at channels 171 Å and 284 Å.

Moreover, this detailed characterization forms a basis for future accurate modeling
of transmittance properties in general – say, finding differences in the atomic layer
properties before and after potential destructive or degrading phenomena such as
aging, vibration loads, and atomic oxygen tests – providing a valuable framework
for monitoring potential in-flight oxidation effects, such as those studied by Berg
et al. [35] for SDO/EVE. More precise high-resolution laboratory assessments of
the atomic scattering factors or optical constants of various thin film materials
of interest for their EUV space applications, such as the work by Burcklen et
al. [118] for atoms other than Al, could allow for improving the applicability of
XAS analyses such as this one even further.

In conclusion, this work establishes an initial estimate of areal densities, oxide
layers, substrates, and metal thickness amounts, and a first assessment of the
calibration in the EUV transmittance of small witness samples of thin films as
filter candidates for the MUSE mission, both based on heritage from previous
space missions and also on novel technologies, while also providing a foundation
for the future optimization of such thin film filters. Concerning the in-band
performance, the heritage solutions employing either aluminum on finely spaced
mesh, or aluminum or zirconium deposited on polyimide, are confirmed to be
solid and functional, while also zirconium and aluminum deposited on the novel
technology of CNT were characterized, showing a better in-band transmittance
performance as compared to PI-based designs. Thus, Al or Zr-coated CNT-based
filters are a promising material of choice for MUSE and for future spectroscopic
applications in EUV space missions beyond MUSE.
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5Setup of a Penning Discharge
Source for MUSE calibration

5.1 Motivation and role in the MUSE context

In addition to the development of designs, simulations, and analyses of filters in
terms of diffraction, and characterization and/or analyses of UV-VIS-IR, EUV,
and X-ray Transmission Spectroscopy measurements, an important objective of
this PhD project is to enable band calibration, using spectral lines, of telescope
assemblies in the EUV (such as MUSE) using laboratory sources. The Penning
discharge source (PDS) [126] is a well-known class of continuous EUV sources in
which a low-pressure noble gas discharge, confined by intense crossed electric and
magnetic fields, pulverizes and ionizes matter from metallic electrodes, producing
intense, narrow emission lines between approximately 5 nm and 35 nm. It differs
from other EUV or X-ray sources for a variety of reasons, making it favorable for
the testing of the MUSE mock-up optics and detectors in detecting EUV lines.

One difference is from the Hollow Cathode EUV sources in that it reaches lower
gas pressures while employing very strong magnets, allowing to reach higher
excitations to the metal, allowing to emit bright lines even at ∼108 Å – usually
suppressed when gas pressure is higher, and magnets present are not strong
enough. Another difference is from the X-ray sources emitting lines and/or
bremsstrahlung radiation, such as emission from Synchrotron Laboratories (i.e.
such as the beamline employed in Chapter 4 ) or X-ray Roentgen Tubes: in the
former case, the EUV selection is due to the monochromator and optics acting
on the broadband X-ray emission, which can be a limiting factor as it does
not mimic physically the EUV emission lines of an ionic species with realistic
broadening at high temperature and Doppler shifts due to motion velocity which
is one of the targets of MUSE; in the latter, the voltage used is about 25 kV,
emitting in X ray range, while the PDS employs ≲ 2 kV of voltage and this
allows to reach lower emission energies for the photons emitted by the source
which do come, besides a dimmer continuum, also from recombination. Various
literature studies explored the PDS in various forms, materials employed as
cathodes, and various characterization analyses [127] [128] [129], with also
recent studies interested in its study and simulations [130] [131] [132]. From
a historic perspective, during the last two decades, the usage of the source for
EUV calibration and characterization has fallen off progressively, with the EUV
Lithography industry adopting different EUV sources such as Laser-Produced
Plasma Source Systems [133], and radiometric synchrotron-based standards being
preferred for modern and future space instrumentation calibration [134] [135].
However, there are cases where line emissions might be preferred.
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For MUSE, a PDS is particularly interesting because it is known that with
appropriate combinations of gas and electrode materials, it is possible to generate
lines, with realistic broadening scenarios too, close to the three main diagnostic
channels used by the mission (108 Å , 171 Å , and 284 Å ). The latter two lines
can be efficiently emitted with a Hollow Cathode Source, and its calibration in
these ranges has been reported in the literature in Hollandt et al. [136]. Since
Aluminum cathodes used in an argon discharge can produce Al v (i.e., aluminum
ionized 4 times in atomic physics notation) with recombination lines at around
10.8 nm, while aluminum or magnesium cathodes in neon generate emission lines
around 17.1 nm and 28.4 nm (via Al III-IV and Ne iii) [127] [128] [129], the
PDS is a useful tool that can be explored either as an alternative or a main source
for calibration purposes for MUSE, and also as a way to test MUSE’s capabilities
to assess line intensities, line broadening and Doppler shifts particularly at the
108 Å wavelength. There are close to no literature reports on the calibration of
line-emitting EUV sources at exactly 108 Å . Even though there are reports that
suggest these emissions, such as in Heise et al. [129], there are no exact calibration
or optimization studies of emissions at this particular wavelength, at least in the
rigorous way that was done in Hollandt et al. in the range 15 − 160 nm. This
creates a scientific literature gap, which forms the main core of the interest in
developing the source.

During my studies, I helped to assess the functionality of the historic PDS available
at the INAF-OAPA X-ray Astronomy Calibration and Testing Center (XACT),
refurbishing it, integrating it into the EUV beamline, and putting it back into
operational mode for the first time in many years. A figure of the source can be
seen in Fig. 5.1 .

Figure 5.1 Penning Discharge Source in one of its mountings at INAF-OAPA/XACT.
Polytetrafluoroethylene (PTFE) tubes for the gas inlet systems are visible, attached
to the source. Credit: INAF/ Riccardo Bonnuccelli, all rights reserved. Used with
permission.

This chapter provides a general description of the source, its underlying physics, its
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current implementation at XACT, and its potential use in the MUSE calibration
program.

Note. In the INAF-OAPA/XACT facility, there is a Penning Discharge
Source Manual available for interested readers, the exact contents of which
are not divulged here for copyright reasons. The source manufacturer was
Berkeley Photonics Inc., a US company terminated on 03/09/1999, which
was located at 147 Overhill Road, Orinda, California, 94563. The owner of
the source is INAF-OAPA, and both the source and the manual are currently
located in Via G.F. Ingrassia 31, Palermo (PA), Italy, 90123. Elements of
the manuals can be shared under reasonable request and for fair use to the
structure [137].

Fairly recently, PTFE tubings for the gas inlet and the inlet-hose system of
the source were replaced entirely with a Swagelok-based system, which ensures
compatibility with high vacuum and minimizes outgassing, allowing for reaching
base pressures of 10−5 mbar during operation in the absence of discharge. The
work is in progress as the potential integration to the MUSE mock-up telescope
and detector system is yet to be defined, and the activities on the source tests,
calibration, plasma chamber imaging, and/or potential simulation of the source
are ongoing.

5.2 Principles of the Penning discharge
The Penning discharge operates in a crossed electric– and magnetic–field con-
figuration. The main body of the source has cylindrical symmetry. Two facing
cathodes and a central cylindrical/annular anode define a quadrupolar electrostatic
potential, while (typically) a set of permanent SmCo magnets – employed for the
high Curie temperature of ∼ 700 ◦C [138] – imposing an approximately uniform
axial magnetic field in the discharge region of order B ∼ 0.1–10 T, depending on
the strength of the magnets employed. About 5 T are estimated to be currently
present in the source’s discharge area in-house, although this can be changed if
needed by replacing magnets. The physics summarizing the PDS is described
in the following diagram in Fig. 5.2 , which conceptualizes in general the source,
and in particular the current PDS available at INAF-OAPA. The physics will be
described alongside the diagram, which will be referenced throughout the text.

I will start from the situation with static electric and magnetic fields, when
no current is flowing, as the scheme A in the figure. The magnets impose a
cylindrical axial magnetic field in the central region, whereas the anode/cathode
geometry induces a quadrupolar electric field in the system, the instant the Direct
Current (DC) high-voltage is set on. In this plane geometry, the gas flux inlet is
normal to the plane of the diagram; hence, most of the gas will be at the center.

Once the dielectric breakdown occurs, electrons start moving from the cathode
to the anode (scheme B). Closer to the anodes, electrons pick up velocity



Chapter 5. Setup of a Penning Discharge Source for MUSE calibration 95

Figure 5.2 Penning Discharge Source diagram, with a legend specifying the objects, and
detailed in its different phases: (A) Static system with no current flowing with the
high-voltage on. Representative of the non-discharging situation; (B) Dynamic system
during the discharge of the electrons from cathodes to anode. Plasma starts forming
at the center; (C) and (D) Stationary situation. Metal ions are scattered from the
anode. EUV continuum and bright lines are emitted, characteristic of the anodes and
gas materials. Figure partially enhanced with Picsart.
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perpendicular to the magnetic field lines and circle around them. Thus, the
electrons’ path length is increased, along with the number of collisions. The
Larmor gyration radius, a function of voltage, path, and magnetic field, is about
10 ÷ 100 µm, while the anode size is various millimeters, so the collisions between
electrons and gas atoms are increased hundreds-fold. In this situation, a very
high-energy electron distribution is thereby developed in the discharge region
between the two anodes, in equilibrium with highly energized and ionized gas
atoms.

The gas cations at the center are then attracted towards the anodes (scheme
C). As a consequence, metal ions are scattered from the anode, also gaining full
energy from the erosion of the cathode as being imprinted from the gas cations.
This is the onset of the Penning Effect [139] [140] [126], a theory on which all
Penning Discharge Sources are based. Calling gas atoms A, target atoms M, and
excited gas atoms as A∗, in the penning ionization reaction the excited metastable
gas atom A∗ can ionize the target atom or molecule M as follows:

A∗ + M → A + M+ + e−. (5.1)

At a stationary situation (scheme D), the center is in equilibrium between the
ionized plasma of the gas, an energetic central electron distribution, and metal
cations. This resembles the full operational condition of the source, and EUV
light is emitted with a continuum and bright lines intrinsic to the gas and anode
materials, and also depending on the gas pressure employed and the strength of
the voltage.

Some relevant lines, close to MUSE channels and that can be emitted by a PDS,
with the combinations of materials, gases, pressures, and currents, are presented
here, as retrieved from the literature:

− emission from Ne iii at 283.5 Å, Mo cathodes, Ne discharge, Pressure ∼
1 × 10−3 mbar, Current 1 A, by Deslattes et al. [128];

− emission line from Al iii near 171.8 Å, Al cathodes, Ne discharge, Pressure
∼ 8.7 × 10−5 mbar, Current 500 mA, by Finley et al. [127]. In the same
emission, also the Ne iii 283.5 Å emission is present;

− emission line from Al v near 108 Å, Al cathodes, Ar discharge, Pressure
∼ 8.7 × 10−5 mbar, Current 600 mA, by Finley et al. [127].

The values of these lines are also confirmed by the NIST Atomic Spectra Database
Lines Database [141]: for example, observed wavelength lines for Al v at 107.948,
108.005 Å, and in general between 107 Å and 109 Å, are reported by M.-C. Artru
and W.-Ü L. Brillet [142].

By selecting the gas and electrode composition, and by tuning voltage, current,
and pressure, the line ratios and overall brightness can be optimized for specific
calibration requirements. This is detailed further in the ensuing paragraph
regarding the first characterization tests.
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5.3 Implementation of the PDS Source

Overall layout
The current system at XACT couples the Penning source to an EUV beamline
equipped with monochromators and detectors. The source also needs to be
equipped with a chilling system, a high-voltage system, and a gas distribution
line. A scheme for the PDS setup closely resembling the scheme employed at the
facility, during the commissioning I made of the source for its operational phase,
is given in Fig. 5.3 .

Figure 5.3 Example Diagram of the System in use at INAF-OAPA. In its operational
state, the PDS is connected to: the high voltage supply, the cooling water pipes, the
inlet gas, and the vacuum system. Flow meters are used to gradually change the
pressure of the system. The EUV source gauge is the closest monitor of the pressure
of the plasma chamber.

The schematic of the setup comprises the following main subsystems:

− Penning source, hosting the electrode assembly, permanent magnets, wa-
ter–cooled anode body, and gas inlet. Both cathode inserts and the central
cylindrical anode are replaceable, allowing the use of different metal materials
and the refurbishment of eroded pieces.

− Vacuum system, based on turbo-molecular pumps backed by dry primary
pumps, achieving a base pressure ≲ 10−5 mbar in the non-operating configu-
ration. Vacuum is monitored with combined Pirani/Penning pressure gauges
placed near the monochromator.

− Gas handling, with a stainless-steel gas distribution system with multiple
mass–flow–controlled lines (Ar, Ne, He, O2, CO) and valves.

− High-voltage and cooling, where a (maximum of) 2 kV DC power supply
provides up to ∼ 1 A of discharge current, and a closed–loop water chiller
maintains the anode body and magnets within their allowed temperature
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range during operation. The use of demineralized water is crucial to avoid
the buildup of minerals near the magnets, potentially causing clogging of the
cooling circuit and a rise in temperatures.

− Spectrometers, namely McPherson Rowland–circle monochromators with
different gratings (e.g. 300 and 600 lines/mm), coupled to various detectors.

Some further details on the capabilities of the XACT beamline can be found in the
related website [143]. I now transition to summarize the main technical elements
relevant for later scientific use for MUSE in the near future.

Initial Tests and Typical PDS Operating Parameters
The operational parameters of the source depend on all of the experimental
conditions employed, which can be varied – i.e., cathode materials, DC voltage,
and type of gas used. Consequently, there are no standard operating parameters
to be specified, and the user has to characterize their experimental setup, although
the source’s manual contains some guidelines. In particular, the character of the
radiation is sensitive to the pressure in the discharge region in the source, and this
pressure is intrinsically unknown. Practically, one measures the pressure at some
point near the source and obtains a pressure reading related to such pressure by
the intervening conductance. Generally speaking, typical operating parameters
involve the use of a discharge gas with a pressure reading of the order of 10−4 mbar,
and full operational voltages of the order of 1 kV.

In preparation for the full absolute-intensity EUV characterization, I performed
an initial series of tests to map the electrical behavior of the PDS source at
XACT using argon discharge gas and aluminum cathodes in the exploitable range.
The discharge was ignited by gradually increasing the high voltage until a glow
appeared at the gas inlet region (discharge being visible as a continuous current
flow). Then the operating point was adjusted by small changes in voltage and
gas flow to obtain stable currents. The glow suggests some visible light emission
from the source, which could contaminate signal detection by the detectors during
calibration of the source (exactly in a similar fashion as described in Chapter 3
for the solar visible light). Thus, filters are expected to be used.

I was able to confirm the operation of the source at pressures of a few 10−4 mbar,
voltages between about 1.0 and 1.5 kV, and discharge currents in the range
0.3–0.6 A. A figure representing the characteristic I−V curve in these operating
ranges is given in Fig. 5.4 . It is noteworthy that immediately after the onset of
the discharge, the pressure reading decreases a little, because a fraction of the
pressure of the gas becomes "trapped" in the partially-ionized plasma chamber,
becoming involved in the electric fields – the Penning Discharge Source almost
acts as a Penning Gauge in terms of the underlying physics.

In this pressure range, the found operation follows the technical details of the
manual in the given range. The same tests also showed the expected progressive
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Figure 5.4 PDS source current as a function of voltage. The gas is argon. The
pressure was measured before applying the voltage. Each characteristic I-V dataset
was measured after the discharge had occurred. The different colored lines show these
parameters at different pressures, as shown in the color legend. In particular, from
the top to the bottom curve, pressures are (in unit 10−4 mbar) 8.5, 5.5, 3.6, and 2.3.
Absolute uncertainties are ±25 V for voltages and ±10 mA for currents.

erosion of aluminum cathodes at high currents, visible as a recession of the cathode
surface after several hours of operation. It is estimated that for a current of 2 A,
which is the maximum possible in the setup, refurbishment of cathodes should
happen with a frequency of about 1÷2 h. This is quite critical as, if the cathode is
worn down, the discharge would directly erode the tantalum shields which connect
the cathodes to the cooling circuits: in turn, this might enhance clogging around
the magnets and rise of temperatures.

These tests were performed with the PTFE gas-inlet tubes shown in Fig. 5.1 ,
which did not allow for reaching lower pressures. In a later moment, after the
change to a fully-compatible Swagelok system for the gas-inlet was made, I
tested the base pressure of the source and operating pressure in non-discharge
conditions, confirming that the source could operate with an inlet gas pressure of
∼ 1 × 10−5 mbar or higher, with the possibility of gradually increasing this value.
This will be important, as demonstrated in the next subsection, to increase the
signal produced by the PDS at 108 Å .

Conditions to maximize the 108 Å EUV line-emission of Al V
Due to technical difficulties, an intensity calibration was not carried out; it is
intended to carry out a calibration of the source in these ranges. Even before the
full radiometric calibration, I will, in this subsection, estimate the expected EUV
line flux by combining literature measurements with the planned operating range
of the XACT PDS, at ever-improving accuracies. However, it is clear that the
following figures are but estimates and only encompass the order of magnitude of
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the expected emission intensities.

In Heise et al. [129], Table 1 from the paper, an estimation of the radiant intensity
emitted by the source is Φ(1) ≃ 3 µW/sr at the line 104 Å, with Ne gas at pressure
2 × 10−4 mbar and current at 2 A. Figure 4b from the same paper also shows
the comparison between 104 Å and 108 Å showcasing a similar order of magnitude
between the two lines. It is noteworthy that the conditions are not optimized for
the emission of the Al v lines, neither in the gas used nor in the pressure values.

Finley et al. [127] shows that (Figure 5 of the paper) by changing gas from Ne
to Ar, the signal can be increased by a factor 3 − 5 for the Al v line, at similar
pressure values. Therefore, a more correct estimate for the radiant intensity of
108 Å line emitted by Al v would be Φ(2) ≃ 3Φ(1) ≃ 10 µW/sr.

Finally, in the same paper by Finley et al., Figure 9 shows a relevant dependency
on the source pressure: as pressure decreases, ionized Al emitted lines become
brighter, suggesting a multiplicative factor of about 2 ÷ 4 as the pressure halves
from a starting value of 2 × 10−4 mbar. Thus at expected operating conditions
of Ar gas, 7 × 10−5 mbar pressure, and 2 A current, the intensity should rise at
about Φ(3) ≃ 3Φ(2) ≃ 30 µW/sr.

Using a filter is highly likely required due to the visible emission contamination of
the plasma glow. A perfect filter for the scope could be the 70 LPI / 200 nm Zr
filter described and characterized in Section 4.4 → p.84 , which transmitted around
40% at 108 Å . Therefore, a better estimate would be Φ(4) ≃ 40% ·Φ(3) ≃ 12 µW/sr
in a pratical scenario.

A relationship translating (radiant) power intensity Φ and (radiant) photon
intensity P at a given wavelength λ of emission is given by Equation (5.2) , the
left part of the equivalence being a symbolic equation. At the same time, the
right term is written in practical units and valid to four significant digits (ph is
intended as an adimensional photon number count unit).

P = Φ
hν

= Φ · λ

hc
⇐⇒ Φ[µW] = 1.989 × 10−10 ·

P[ph/s]

λ[nm]
(5.2)

Thus, the emission calculated applying the conversion equation Equation (5.2)
to the estimate Φ(4) would yield, in the case of Al v emitted 108 Å line with a
Zr-filter effect included.

P(4) ≃ 12 · 10.8
1.989 × 10−10 ph/s/sr = 6.5 × 1011 ph/s/sr

On this basis, internal simulations of the MUSE test configuration employing a
EUV photon collimator, collimating the light emitted from the PDS (the exit
flange from the source is 1 cm in exit pupil size), and using realistic factors for
the de-magnification and efficiency of the refocusing EUV optics to the detector
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– courtesy of Dr. Paul Boerner, although this is quite a raw estimate – suggest
that, the number of 108 Å photons reaching the detector, per pixel per
second, is ∼ 46 ph/pixel/s. The order of magnitude of brightness in the range is
deemed optimal for the detection of the EUV source light in the MUSE reading
simulation setting, confirming the interesting contribution that the source might
bring to the development of MUSE.

Aluminum anodes

A crucial aspect for MUSE-related calibration is the purity and stability of the
electrode materials. To maximize line brightness and minimize contamination
from unwanted elements, I have helped design and manufacture high-purity Al
cathodes (99.999 % purity of Al) sufficient for ∼ 50 interchangeable cathode inserts,
with invaluable aid from technicians and engineers at INAF-OAPA/XACT.

Pure aluminum is mechanically soft and challenging to machine with tight toler-
ances, so the production required dedicated tooling and careful quality control of
dimensions and surface finish. These anodes, due to the purer Al, are expected to
increase further the signal of Al v recombination lines with respect to usual Al
alloys which were employed in the past. A visualization of one produced batch of
anodes is provided in Fig. 5.5

Figure 5.5 Batch in a tray of machined and cleaned high-purity (99.999%) aluminum
anodes produced for the refurbishment and future test activities of the Penning source.
In conditions of low Ar pressure (∼ 7×10−5 mbar), high current (1÷2 A), the intensity
of recombination lines of Al v near 108 Å produced by the source will be maximized.
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5.4 Summary and Outlook
In this chapter, I have summarized the motivation, physical principles, and current
status of the Penning Discharge Source at the INAF–OAPA/XACT facility, with
emphasis on my initial characterization activities, ongoing optimization, and on
its potential role as calibration standard in EUV lines at 108 Å . The main points
can be summarized as follows:

• A PDS can provide intense EUV emission lines from a given combination of
noble gas, electrode material, along with respective pressures and negatively
biased DC high-voltage and breakdown current values.

• The source, under declared experimental parameters, is indeed able to provide
emission lines at 108 Å , with recombination lines of Al v . This aspect can be
of the utmost interest to MUSE.

• The source has been refurbished and integrated into the XACT EUV beamline,
with tests of the source, the cooling circuit, the vacuum levels, and the high-
voltage electronic power supply. Initial electrical tests confirm behavior
consistent with the literature and the manual of the source.

• Conditions to maximize the 108 Å line intensity have been stated. For this
reason, high-purity aluminum rods have been manufactured in order to
enhance spectral purity and guarantee many trials of operability for the
source without contaminating ions being present (such as Mg in Al alloys).

The work carried out so far has brought the Penning Source to an operational state.
Still, a few steps remain before it can be fully exploited as an EUV calibration
facility for MUSE and/or future missions.

One of the short-term priorities is to complete the investigation of characteristic
I–V curves with varying pressure characterization in the low-pressure regime,
mainly to assess the discharge properties and current flow stability of the source
in the relevant regime for the 108 Å emission.

A final objective is to obtain an absolute radiometric calibration of the PDS at
108 Å . Considering that the INAF-OAPA/XACT beamline is currently unavailable
because of an ongoing refurbishment activity, we are presently investigating the
possibility of calibrating the source either at the German national metrology
institute PTB/BESSY II [144], in a similar fashion to what was done by Hollandt
et al. [136] for a Hollow Cathode Source, or at the Lockheed Martin Advanced
Technology Center LMATC.

The long-term role expected, after completing the source calibration in time, is
for the source to be available for supporting the MUSE SG instrument calibration
procedures throughout 2026. The experience gained in characterizing, operating,
and calibrating the source will be, in any case, beneficial to support the devel-
opment of other future solar physics missions or laboratory EUV spectroscopy
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experiments.
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6Conclusion

6.1 Summary of Work
The main objective of my thesis was to contribute to the optical and technological
consolidation of the MUSE (Multi-slit Solar Explorer) mission through the study,
design, characterization, and scientific analysis of thin-film filters for extreme
ultraviolet (EUV) observations, with participation in the experimental characteri-
zation of representative filter samples, data analysis, and development of scientific
software (expanded in the appendix) supporting the filter design.

From an instrumental perspective, the work focused on the Entrance Filters (EFs)
of the spectrograph (SG) and the context imager (CI) telescopes for MUSE, which
must meet restrictive requirements for their successful implementation: high
transmission in the EUV-wavelength bands of interest to MUSE; high rejection of
the UV-VIS-IR solar irradiance impinging on the filters, which can degrade the
image quality at the focal plane also in-band due to electron-hole pairs production
in the CCDs; minimal or manageable diffraction-induce degradation of the focal
plane images, due to the EUV diffraction of the meshes, which has occurred
in past missions such as SDO AIA or HMI; and a high mechanical robustness
during launch, allowing the filter to resist launch while mantaining the required
properties for the scientific goals of the mission. From a data analysis perspective,
my work investigated a novel approach to mitigate the impact of multi-slit spectral
contamination, with a few promising results.

In Chapter 1, Introduction → p.1 , I presented the astrophysical context of coronal
EUV observations, the current state-of-the-art, and the relevant open problems.
Then, I introduced the MUSE mission, with its scientific objectives and payload
architecture, and introduced how it plans to fulfill some knowledge gaps in current
observational coronal astrophysics. Subsequently, I introduced the role of thin-film
filters in the mission, which form the technological and scientific backbone for
the thesis. I also described the state of the art of space missions outside of those
primarily connected to MUSE, and broader applications of the thin film filters
in general. Finally, I introduced the recent interest in carbon nanotube (CNT)
films as an alternative to traditional polyimide (PI) substrates, particularly due
to their potentially higher EUV transmittance and compatibility with coarser and
less obstructive structural meshes, which opens up the potential of implementing
less-impactful diffractive solutions for EUV space missions.

In Chapter 2, Filter Designs and Diffraction Studies → p.19 , I presented a detailed
introduction to the problem of diffraction caused by thin film optical filters in the
EUV, with some simple physical-based models to aid their analysis. In addition,
I presented the detail of optical designs for the EFs, and also filter wheel filters
(FWFs), both for the design based on heritage space missions, and for novel designs
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implementing the CNT-based technology – for the CNT-based design, I presented
both the Demonstration Model (DMs) and the Structural and Thermal Models
(STMs) to showcase the development of the filter designs that occurred during my
work. I then evaluated the various filter designs’ impact on the MUSE telescope
focal plane observations by analyzing the Point Spread Functions (PSF) of an EUV
plane wave through the EFs with the use of diffraction simulations. I demonstrated
that all of the filters satisfied the 0.5 " angular resolution requirement of MUSE,
ensuring that all of the designs and meshes implemented do not degrade the filter
performance to a point where the eventual broadening caused by diffraction could
hinder the instrumental performances. I have shown that structural thermal models
(STMs) based on CNTs can achieve comparable, or even superior, encircled-energy
core PSF transmittance at channels 108 Å and 171 Å of the SG, while maintaining
similar diffracted intensity outside of the core with respect to heritage-based
solution. At 284 Å , the heritage-based design of an Al film supported by a
70 lines-per-inch (LPI) Ni-based mesh (or, in short, Al/70 LPI) solution offers
significantly higher core-PSF-transmittance than the CNT-based model, at the
cost of brighter and more widely distributed diffraction peaks. I also implemented
the realistic values obtained by the characterization that I have performed in
the EUV band in Chapter 4 , leaving the picture almost unchanged. However,
the realistic oxide does degrade the transmittance of the CNT-based solutions a
bit more. The simulations have highlighted the diversity of diffraction patterns,
which depends on the filter model, materials, and channels, emphasizing that the
optimal filter choice depends not only on the throughput but also on how the
diffraction might impact the specific scientific objectives and analysis chains.

In Chapter 3, Visible Performance → p.53 , I established a quantitative evaluation
of the optical blocking performance requirement for the thin film filters to be
used for MUSE. The UV-VIS-IR flat-band and two-band transmittance properties
of the CI input filter system, and its requirement by imposing a negligible level
of electrons produced at the CCD, were obtained by propagating the standard
solar irradiance spectrum through a simplified CI telescope assembly model, also
employing realistic values for all of the relevant elements in the payload. A
transmittance (T ) upper-limit threshold requirement on the order of 10−6 per
filter over the broadband UV-VIS-IR was obtained. On top of that, I described the
experimental setup and measurements performed on Al-coated witness samples of
heritage-based filter designs, and on Al-coated witness samples for the CNT-based
STM filter designs, while also showcasing some of the older measurements with
samples during initial development stages. The measurements showed that the
heritage-based samples with Al-coated polyimide (PI), or Al/PI in short, and Al/70
LPI samples exhibited UV-VIS-IR transmittances well below the requirement,
and that the latest CNT-based STM witness samples meet such requirement,
unlike earlier CNT DM filter samples with Al coating initially developed without
optimization of the coating process for the specific CNT substrates. This chapter,
therefore, established the readiness of the design choices for candidate flight
model filters from an optical blocking perspective, also providing a substantiated
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requirement comparison.

In Chapter 4, Extreme-Ultraviolet and X-ray Transmittance → p.71 , I studied the
performance of witness samples of heritage-based and CNT-based Al/Zr-coated
filters in the EUV band and in the soft X-ray range. With experiments carried
out at the METROLOGIE beamline of the SOLEIL synchrotron, I measured the
absolute EUV transmittance and performed X-ray absorption spectroscopy (XAS)
on a set of samples. The XAS data, interpreted using tabulated values of the
atomic scattering factors, allowed me to carry out an inner-layer composition and
thickness analysis of the substrate, the metal, and the oxide layers compounding
the thin-film filters. Values of the different oxidation extents on the native oxide
grown on the metal coating with different substrates (PI or CNT pellicles), as
well as the presence of iron catalyst contaminant species in the CNT film, were
assessed. The resulting EUV transmittance curves were compared to quantify
the relative efficiency of the different filter designs at the various channels of the
MUSE SG telescope. It was found that CNT-based filters consistently outperform,
though not by huge margins in the current configuration, heritage-based filters’
samples with PI-substrates in terms of raw EUV transmittance across the entire
band, although the mesh-supported Al/70 LPI sample with no substrate was the
most transmissive of all the investigated samples in channel 284 Å .

Chapter 5, Setup of a Penning Discharge Source for MUSE calibration → p.92 , pre-
sented a work-in-progress description of the refurbishment, integration, and initial
testing of a Penning Discharge Source (PDS) at the INAF-OAPA/XACT facility
aimed to support the calibration of the MUSE SG instrument. I discussed the
fundamental physical principles of these sources, and their potential to produce
line-rich EUV spectra in the 5–35 nm range, including the 108 Å region, which is
of particular interest to MUSE. Via coupling to the XACT beamline, with cooling
circuits, a full-steel gas inlet system, a high-vacuum system, and a high-voltage
system, I refurbished and confirmed the source’s operational state. Furthermore, I
identified the parameters required to optimize the potential 108 Å Al V line inten-
sity from the PDS, by carrying out an extensive literature review, and described
the remaining steps required to transform the source into a practical calibration
tool for MUSE-type instruments, and also presented the manufacture of 99.999%
pure Al-cathodes at the INAF-OAPA/XACT laboratory.

Finally, in the appendices, I describe five complementary contributions that sup-
port, and reduce the weight of the experimental work in the main text. Appendix
A Automated Measurement Workflow → p.110 details the automated measurement
workflow developed for carrying out the experiments at the SOLEIL synchrotrons’
METROLOGIE beamline: enabling the systematic and reproducible acquisition
of large datasets and optimizing available resources and beamtime allocation. Ap-
pendix B Proof: Blocking Factor of a 2D Periodic Mesh → p.111 and Appendix C
Proof: Fraction of Light Diffracted by a 2D Mesh → p.112 include derivations of rel-
evance to Chapter 2 regarding the blocking factor and fraction of light diffracted
by 2D periodic meshes. Appendix D Intermediate Radiometric Quantities → p.115
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includes auxiliary quantities for Chapter 3 , such as photon rate read per pixel. Ap-
pendix E Bi-Gaussian Fitting Software for MUSE → p.117 presents the Bi-Gaussian
Fit Analysis (BGFA) software I have initially developed and tested for MUSE
spectral data processing. With mock observations based on provided simulations of
the solar corona environments, BGFA explicitly models a predicted contamination
line as a second Gaussian component whose intensity is limited by Chianti-based
emissivity relations and the instrument’s effective area: the approach showed
minor improvements over established approaches such as the single-gaussian fitting
analysis (SGFA), suggesting a way to mitigate the complexity in data analysis
induced by the novelty of the multi-slit approach of MUSE.

6.2 Outlooks for Environmental Qualification and
Long-term stability

While this work has focused mainly on the optical (out-of-band) and EUV (in-band)
transmittance properties of structural and thermal models (STMs) of thin-film
EUV filters for MUSE, their suitability for space missions in general also depends
on the retention of properties in tandem with resistance to thermal, mechanical,
and other sources of stress under realistic LEO environmental conditions (such as
contamination, atomic oxygen, and UV irradiation).

Although preliminary tests on demonstration models (DMs) were carried out,
the ongoing qualification tests are aimed at investigating their impact on the
filter’s resistance and long-term service. Thermal cycling and mechanical vibration
testing are being conducted by the INAF-OAPA/UNIPA team both in-house and
in collaboration with external organizations to evaluate the structural integrity
and stability under environmental conditions of launch and orbital operation. UV
irradiation and atomic oxygen exposure (either concurrently or separately) test
campaigns are also ongoing to investigate potential degradation mechanisms that
may impact the optical and in-band properties of the qualification models of filters
in Low Earth Orbit (LEO). All of the tests are performed on the Qualification
Models (DMs), which are closer in philosophy to the design of the flight models
(FMs).

The results of these campaigns are to be published in peer-reviewed journals or
communicated at upcoming space optics and missions conferences. Beyond the
MUSE mission, these studies will contribute to a better understanding of the
long-term usage and environmental stability of advanced EUV filter technologies
in their usage in future solar science and astrophysics missions. Furthermore, they
will aid in the consolidation and advancement of the novel filter technology based
on carbon nanotubes (CNTs) with Al/Zr coatings even more.
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6.3 Endnotes
The development of space instrumentation is necessarily a collective and iterative
effort, involving the interplay between technology and science in which hardware,
modeling, and data analysis are developed together, and need to communicate to
deliver the best feasible solution, on time, and within the desired requirements.

This thesis focused mainly on one part of this ecosystem: the thin films found
at the entrance of telescopes, along with the analytical, technical tools, and the
physics needed to understand their impact on the data. By combining diffraction
studies on filter designs, synchrotron characterization of witness samples with EUV
and X-ray Absorption Spectrocopy, UV-VIS-IR Transmission Spectroscopy, the
development of a laboratory source, and the development of novel and promising
data-processing pipelines, I have attempted to bridge the gap between the diverse
communities of materials science, X-ray metrology, solar physics, and space mission
engineering, with the main aim of enabling and optimizing EUV solar coronal
observations with MUSE and/or future similar missions alike.

MUSE will open a new, unexplored window into the observation of the dynamics
and energy release at small angular and temporal scales of the solar corona. The
filters and methods I studied here are a small but crucial element that will enable
these observations, providing a starting point for future missions that will advance
high angular-temporal resolution EUV imaging of our Sun. I hope that the results
and approaches presented in my work will be useful not only for MUSE but also
for the wider community that plans and interprets EUV observations of our star.
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AAppendixes
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AAutomated Measurement Workflow
Listing A.1 contains the pseudo-code of the automated measurement process.
Positions must be defined and confirmed, for references and samples alike, before
proceeding. The variable macro in the listing codifies the first three rows described
in Table 4.2 . Energy steps must be chosen carefully to balance experimental
campaign duration and acquisition of finely-spaced data.

# 1) Relevant input parameters defined and initiation of code
# Holder positions example list (open references and samples treated alike)
positions_map = {
'Sample_1': (0, 0), 'Ref_1': (19, 0), 'Sample_2': (38, 0), ...
}
# Example macro for three regions
macro = {

'Region1': {'E_Range': (30, 55), 'mono': 1, 'FPB': 'Si', 'angleFPB': 3.5,
'filter': 'Al Mg Al 0.5', 'diode': 'Al', 'E_Step': 0.1},

'Region2': {'E_Range': (45, 75), 'mono': 1, 'FPB': 'Si', 'angleFPB': 3.5,
'filter': 'Al 0.5', 'diode': 'Al', 'E_Step': 0.1},

'Region3': {'E_Range': (70, 105), 'mono': 1, 'FPB': 'Si', 'angleFPB': 3.5,
'filter': 'Si 0.5', 'diode': 'Zr', 'E_Step': 0.1},

}
# 2) Iterate over each measurement region defined in the macro
for region in macro:

# 3) Configure all beamline and detection devices for this region
# - Select monochromator/grating, slits, passband filter and angle
# - Set detector/photodiode channel
# - Wait until every device reports 'ready'; abort on timeout
configure_devices(region.targets)
# 4) Loop through holder's positions
for pos in positions_map:

move_to_stage(pos)
# 5) Sweep regions' energy grid (e.g.,\,30-55\,eV in 0.1\,eV steps for

'Region1')
for E in energy_grid(region):

# 5a) Tune monochromator to energy E
set_energy(E)
# 5b) Read diode's signal and synchrotron's ring current
I = read_diode_signal()
M = read_ring_current()
# 6) Register all relevant data for traceability and save
log_and_save({

'region': region.name,
'position': pos,
'diode_signal': {'I': I},
'ring_current': {'M': M},
'device_states': get_device_states(),
'timestamp': time_now()

})

Listing A.1 Pseudo-code describing the process detailed in Section 4.2 for the automated
measurement workflow
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BProof: Blocking Factor of a 2D
Periodic Mesh
In this appendix, the formula detailed in Equation (2.1) , i.e. the optical blocking
factor of a 2D periodic mesh, is proven with all of its assumptions.

Borrowing terminology from solid state physics [68] [69], the structure described
in Fig. 2.1 is a 2D Bravais square lattice whose basis (or, for the ensuing discussion,
basis cell), is a fictitious square centered at the center of one of the cell squares of
the structure and with a side with length p. Translational primitive vectors in
this case would be a1 = p x̂, a2 = p ŷ with x̂, ŷ oriented along the perpendicular
directions of the mesh bars. The blocking factor of the whole structure, supposedly
infinite, is, by symmetry, equal to that of the basis, which is one minus the ratio
between the open area of the basis cell (a square with side ℓ = p − w) and the
total area of the basis cell (a square with side p). Therefore, assuming w < p:

BF = 1 − (p − w)2

p2 =

=
(︄

1 − p − w

p

)︄(︄
1 + p − w

p

)︄
= (B.1)

= w

p

(︄
1 + p − w

p

)︄
= 2w

p

(︄
1 − w

2p

)︄

Which is the proof of the formula for the geometric blocking factor of the mesh.
It can also be extended to honeycomb grids, with the same reasoning as above,
but considering side lengths and apothems instead of pitches and widths. The
first line of Equation (B.1) is equivalent to:

1 − (p − w)2

p2 = 1 −

(︂
p−w

2

)︂2

(︂
p
2

)︂2

And half p − w = ℓ, or half-side, is none other than the square’s apothem.
Considering a hexagonal 2D Bravais lattice with a hexagonal basis cell, and
considering that: the area of a hexagon with apothem a is A = 2

√
3a2; the inner,

open-area hexagon would have the apothem p−w
2 ; and the total basis cell hexagon

would have the apothem p
2 . Since the same mathematical passages for the ratio

between open area of the basis cell and total area of the basis cell would follow,
with the 2

√
3 constants simplifying in numerator and denominator of the ratio,

this proves that the same BF from Equation (B.1) applies to both square and
honeycomb grids, provided that pitch p and width w are known .
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CProof: Fraction of Light Diffracted
by a 2D Mesh
I would like in this appendix to detail the answer the following question regarding
the fraction of light diffracted by a 2D periodic mesh. What fraction of the
transmitted light is in the core, and how much is distributed inside the
diffraction lobes? To answer this question, it will be useful to employ Babinet’s
Principle [65] [63].

Note. This proof is first attributed to Prof. Charles C. Kankelborg, with
acknowledgments to Adrian Daw and Leon Golub for helpful discussions,
and Jean-Pierre Delaboudinière is credited with bringing this application of
Babinet’s Principle to the attention. I added to the original proof a few clar-
ifying statements, discussions on constructive and destructive interferences,
discussions regarding the presence of a focusing scenario, and figures. This
proof arrives at the same conclusion as the original.

Treatments of the diffraction usually employ a Green’s function integral ap-
proach [145], in which the far field intensity E1(r), as registered on the screen,
can be described as an integral of the incident electric field wave function E(r)
over the transparent domain D of the 2D-mesh (r is a 2D vector over the screen).
To simplify the approach, the electromagnetic wave will be treated as a scalar
wave function.

E1(r) =
∫︂∫︂

D
G(r − r′) E(r′) d2r′ (C.1)

I now consider the diffracted wave E2(r) by a complementary screen, which is
completely blocking over the region D and completely open on R2\D = D̃. The
appearance of this complementary mesh is laid out in the right of Fig. C.1 , next
to the normal mesh. Since integrating over the whole plane with no blocking
points would leave the incident plane wave undisturbed, the sum of the two cases
would just yield the incident plane:

E1(r) + E2(r) = E(r) (C.2)

Which is a statement of the Babinet’s Principle. The figures of diffraction in the
two distinct cases (encoded in E1, E2) are supposed to be different, but since
a plane wave brings no lobes, it can be inferred from Equation (C.2) → p.112 that
both figures of diffraction share similar lobes and core positions. Let’s now divide
the statement between the core c and lobes l positions.

E1l (r) + E2l (r) = El (r) (C.3)
E1c(r) + E2c(r) = Ec(r) (C.4)

Denoting the electromagnetic wave intensities as integrals of |E(r)|2 over regions
of interest (say, core or lobe positions), and since the incident wave does not
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Figure C.1 Example of 2D periodic square mesh structures. Meshes are supposedly
infinite in extension. The mesh on the left is the same as Fig. 2.1 , where points of
the mesh that are transmissive to the incident light are white, and points that are
completely blocking are in black. The negative of the mesh is given in the right, where
the mesh would be completely opaque in the basis cells and would only be transmissive
through the open mesh bars.

produce diffraction lobes – i.e., El = 0 → – it follows from Equation (C.3) → p.112

that I1l = I2l . The latter statement implies that the intensity at the lobes in
the two cases is equal, a peculiar consequence of Babinet’s Principle. Clarifying
further, the incident wave would be imaged to the screen as an ideal Airy disk
shape (say, only due to the ideal mirrors) whose behaviour is akin to a Dirac-delta
in the angular space carrying unitary power and bearing no secondary lobes of
diffraction besides the central zero-order.

It is considered that I = Ic = 1 as it refers to the incident plane wave, which would
produce no lobes and a core of assumed normalized intensity at the detection
screen after the interaction with the optical system, as a consequence of Babinet’s
Principle. Therefore, Equation (C.4) has two extreme possibilities: either the two
incident waves completely interfere constructively (i.e., there are instances where
both are positive on average), or they interfere completely destructively (i.e., cases
in which it is always true that one is positive, and one is negative). By considering
the conservation of energy, that is that the normal mesh transmits M as total
intensity, and that the complementary mesh transmits 1−M – implicitly assuming
that the wavelength is much smaller than mesh openings, otherwise near field
diffraction effects might be relevant – I have the following four equations that are
valid in the given assumptions, and four unknowns in (I1l , I1c , I2l , I2c). The first
equation is the absence of lobes in the free incident wave scenario, the following two
equations are energy conservation statements, and the fourth and final equation
encodes either purely constructive (+) or destructive (−) interference as obtained



Appendix C. Proof: Fraction of Light Diffracted by a 2D Mesh 114

by squaring Equation (C.4) .

I1l = I2l (C.5)
I1l + I1c = M (C.6)
I2l + I2c = 1 − M (C.7)

I1c + I2c ± 2
√︂

I1c

√︂
I2c = 1 (C.8)

Using Equation (C.5) to eliminate I2l , and rewriting the last in clearer terms, I
get the following set of equations:

I1l + I1c = M

I1l + I2c = 1 − M(︃√︂
I1c ±

√︂
I2c

)︃2
= 1

The third equation can be used to eliminate I2c via the following position.

I2c =
(︃

∓ 1 ±
√︂

I1c

)︃2
= 1 + I1c − 2

√︂
I1c

Substituting this value in the energy conservation equations, obtaining:

I1l + I1c = M

I1l + 1 + I1c − 2
√︂

I1c = 1 − M

After a few simple algebraic passages, I finally obtain the result

I1l = M(1 − M) (C.9)
I1c = M2 (C.10)

Remark 5. This is the desired outcome, which can be expressed as follows. If M

is the transmitted percentage of the incident power through a 2D periodic mesh
structure with completely opaque mesh bars, then the diffraction core contains a
fraction M of the transmitted intensity, while the lobes contain a fraction 1−M .⌟
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DIntermediate Radiometric Quantities
This appendix gives intermediate details, hypotheses on the derivations and
assumptions made in Chapter 3 regarding the illustrative definition of the visible
and infrared rejection requirement in the context of the MUSE CI instrument.

Solar spectral irradiance at the detector level
Under the assumptions given in Section 3.2 , the spectral power P (λ) from the
Sun per unit wavelength reaching the CI detector plane, in the absence of any
filter absorption or of the CCD quantum efficiency, can be written schematically
as follows

P (λ) = Ieff(λ) Ageo R2
mir

ΩCI

Ω⊙
[W nm−1]. (D.1)

For convenience, all of the results are also written as rates per second. Multiplying
by a finite exposure time texp would thus generalize the results.

Integrating Equation (D.1) up to the silicon band-gap yields the total energy
power carried by the photons and reaching the detector (before interaction with
filters or CCD), capable of generating electron-hole pairs (whose value is also
described):

P<λSi gap =
∫︂ λSi gap

0
P (λ) dλ ≃ 0.415 J s−1. (D.2)

i.e., about 0.4 J per second would reach the detector in a Si-photosensitive energy
range.

Photon and electron rates per pixel
Transitioning from power to photons – photons are indexed as γ subscripts while
electron rates with e subscripts – produced at the pixel level, the Planck relation
implies the following photon’s energy Eγ and wavelength λ:

Eγ(λ) = hc

λ
. (D.3)

The corresponding spectral photon rate incident on the detector without filters,
Ṅγ(λ), would be derived from the above equations by dividing the total energy
by the single-photon energy as follows:

Ṅγ(λ) = P (λ)
Eγ(λ) = λ

hc
P (λ) [s−1 nm−1]. (D.4)

And assuming that the out-of-band radiation is spatially uniform over the CI
FOV, with each pixel receiving an equal share of energy, the spectral photon
rate per pixel before interacting with filters, Ṅγ,pix(λ), would be the following.
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Ṅγ,pix(λ) = Ṅγ(λ)
Npix

= λ

hc

P (λ)
Npix

[s−1 nm−1]. (D.5)

To obtain from the photon rate, the electron rate, it is needed to multiply
the former by the quantum efficiency of the detector, obtaining the equation
Equation (3.7) → p.57 stated in the main text.
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EBi-Gaussian Fitting Software for
MUSE

E.1 Motivation and Scientific Context
The Multi-slit Solar Explorer (MUSE) spectrograph (SG) is designed to observe
the solar corona in three narrow bands of the extreme ultraviolet (EUV) spectrum,
centered on the Fe xix lines at 108 Å , the Fe ix line at 171 Å , and the Fe xv
line at 284 Å . Within each band, MUSE simultaneously acquires spectra from
35 parallel slits, projected onto a common detector. This multi-slit detection is
essential to achieve the required frame rate and spatial coverage for achieving
novel observations in the solar physics panorama, enabling breakthroughs in
observations, analysis, and modeling, but it also introduces a new category of
systematic effects: spectral contamination between slits and between lines, which
will be discussed hereinafter.

Because the gratings operate in the first and second orders, spectral features from
different slits can overlap within the same spectral window. The contaminant con-
figurations are predicted by instrumental models and line lists, as explicitly shown
in De Pontieu et al. (2020) [17]. The relative intensities of these contaminants
depend on the temperature and density structure of the emitting plasma, as well
as the effective area of MUSE, which varies with wavelength.

An approach involving a Single Gaussian Fitting Analysis – which will be dubbed
SGFA in all of the ensuing treatment – is usually used to extract line profile
properties (integrated intensity, Doppler shift, and non-thermal linewidth) by
fitting a single Gaussian to each spectral line at each slit, at each spatial location,
and for each exposure, as stated in the same paper introducing the multi-slit
principle of MUSE, i.e., De Pontieu et al. (2020) [17], which also implemented
the single Gaussian approach/technique. The SGFA approach works very well in
the absence of intense contamination by different slits. Still, in cases of strong
line mixing, it can produce distorted line profile properties, and in some cases,
make it hard to retrieve the plasma properties of velocity – e.g., Doppler shift –
correctly, and line broadening with single Gaussian fits, introducing an amount of
outliers in the results. The concept of outlier will be defined more rigorously in
the following sections.

A complementary approach is also being developed, called the Spectral Disam-
biguation Code (SDC), based on the multi-component decomposition strategy
described by Cheung et al. [146] while also being described in De Pontieu et
al. (2020) [17]. The SDC approach is a much more advanced fitting strategy that
usually benefits from improved initial conditions (provided, for example, by an
SGFA analysis), and which internally takes care of contaminating components –
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thus, it is a great way of taking care of subtracting contaminants. A potential
weak point of SDC is the variance of this strategy with respect to the dynamic
range observed in the sun, particularly in the case of low counts, other than the
dependence on the final result on the initial conditions used for the minimization
procedure described in the papers.

In this context, to both potentially improve the existing SGFA strategy, while
also potentially aiding the SDC strategy with better seeds/initial conditions, I
developed an alternative strategy in collaboration with Lockheed Martin Solar
and Astrophysics Laboratory (LMSAL), the Harvard-Smithsonian Center for
Astrophysics (CfA), and UNIPA: the Bi-Gaussian Fitting Analysis, or BGFA,
strategy. The basic idea is to model one contaminant explicitly – theoretically the
most commonly intense one in average scenarios – as a second Gaussian component
whose properties are predicted, rather than left free, using atomic physics and
instrumental modeling. I drafted a strategy involving the BGFA concept, an
algorithm, and a template using it. Then, I tested it on realistic MHD simulations
provided by the science teams of LMSAL/CfA, representing quiet sun (QS), active
region (AR), and flaring events, to assess the performance of BGFA in possibly
reducing the amount of outliers found by the algorithm. A software simulating
pipeline that provided the mock-observations of the MUSE SG telescope of such
simulations was employed, and a full comparison between the true properties of
the plasma and those retrieved by a fitting algorithm was assessed.

This chapter aims to introduce the physical assumptions of the strategy, its
numerical implementation, and the performance of the BGFA software in some
cases. I will also address some of the weak points of the strategy and describe
how it can be a foundation of a more comprehensive approach to be considered in
the future for MUSE’s data analysis and processing pipeline.

Note. While the detailed strategy is valid in a general multi-slit context
where contamination is expected, exact instrumental values are needed for
the correct bi-Gaussian application to MUSE. The values employed here
are indicative of the particular state MUSE’s data processing pipeline, and
instrumentation was at during my studies in 2023/2024. Therefore, the
treatment might not be applicable as is to the current state of development of
MUSE, and should be seen as a software development example, with a set of
explanations that could allow repeatability and/or aid future developments
of a similar kind.

E.2 On the Development of the Bi-Gaussian Ap-
proach

Preliminary Definitions
I will start with some definitions that will be used throughout the treatment.
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A line or main-line, ℓm, indicates the line that MUSE actively seeks as a main
line to predict plasma properties by probing a narrow band. It could be literal
(Fe xix, Fe ix, or Fe xv) or numerical (108 Å , 171 Å or 284 Å ).

The numerical value i ∈ N indexes the slit of analysis number in which a main line
is probed, and 1 ≤ i ≤ N is valid, where N = 35 is the total number of slits. In
older studies, there were N = 37 slits, as this is a value that changed throughout
MUSE’s development and payload components design.

A given slit i, from a spectral point of view, covers the whole x−axis range of the
MUSE SG FOV. Every point or pixel x in the FOV is associated, via the response
Rℓ(i, x) = λi(x), to a wavelength of the point in the slit i observation. Physically
speaking, this corresponds to the expected wavelength observed at this point due
to the dispersion of the reflective grating through the multi-slit. The main line
emission is expected to occur only in a very narrow angular region in x for each
slit i.

In the y-axis, the slit i extends freely, and emissions are, to the extent of the
ensuing analyses, independent at different y-pixels. Unless directly specified, a ȳ

value is deemed fixed for these discussions.

A contaminant, or contaminating line, ℓc, is an emission line that appears in the
spectral window of the main-line position at slit i due to the multi-slit geometry
and dispersion, but is originated from the observation of plasma at a different
slit (the contaminating slit, or slit of the contaminant, i′ = i + n(ℓc), n(ℓc) ∈ Z).
There is a limited pool of potential contaminants for a given main line.

Wavelength of a main line will be described as λ(ℓm), that of a contaminating line,
λ(ℓc).

The Doppler shift at a point (i, x) of the main line wavelength is defined, thus, as
Sℓm(i, x) = [λi(x) − λ(ℓm)]/λ(ℓm) ≡ zi,ℓm(x).

The main-line Doppler velocity would then be defined as vi,ℓm(x) = c · Sℓm(i, x),
with c speed of light. vi,ℓm < 0 would imply a blue shift with plasma flowing
towards the observer, while vi,ℓm > 0 would be a redshift, and plasma flowing
opposite to the observer.

A slit i is uncontaminated by ℓc if there is no contaminating slit possible for
the contaminating line. Logically, this happens when 0 ≤ i + n(ℓc) ≤ N is false,
equivalent to stating that the contaminating slit is nowhere to be found.

In a given slit i, a window of points around the main-line position is given by
[xk], or x[k], which defines a finite list of x pixel points. This is used to define an
effective spectrum for the Gaussian fits. Via the following transformations:

x[k] → λ[k] = Rℓ(i, x[k]) → v[k] = c · Sℓm(i, x[k]) (E.1)

one can map a set of x-pixels in the angular FOV line to a spectral axis (λ) or to
a velocity Doppler-axis (v). Since the descriptions are mutually equivalent, the
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latter is commonly used as fitting Gaussian peaks in the plane of flux observed as
a function of pixel’s doppler shift – i.e., line spectrum as a function of velocity
– is a very practical way of obtaining, directly, the mean doppler shift and line
broadening of a given observed line. The flux velocity distribution will also be
discussed as velocity space, where the other domains will be discussed as pixel
space, angular space, or wavelength space. The index k ∈ Z runs from −npix to
+npix and denotes the number of pixels around the local maximum of the flux
that the analysis, or fits, are restricted to. The total number of pixels used for
one fit analysis is 2 · npix + 1.

The term moment can be used to address line intensity, line Doppler shift, and line
broadening as respectively the 0th, 1st, and 2nd moment of a given line spectrum
velocity distribution [20], keeping in mind that when single or bi-Gaussian fitting
analyses are considered, only the moments of the Gaussian profiles are intended.
This will also be addressed in a following paragraph. In the case of a true observed
(i.e., simulated) emission line in the velocity space — for which the symbol Φ(v[k], i)
will be used in slit i – the second moment of line broadening might contain both
elements of thermal broadening σT , which is encoded in the Gaussian profile,
as well as non-thermal broadening, σ¬T , which might be caused from relevant
multi-component flows in the analyzed cell plasma. In general, a Gaussian profile
is not enough to account for non-thermal broadening effects, and the study of
physical explanations and analysis of non-thermal broadening is state-of-the-art
current research in EUV solar astrophysics [147] [20].

The emission measure (EM) of a volume element dV of plasma being observed
is defined as N2

e dV = d(EM), proportional to the number of free electrons in
the volume NedV and to the electron density in the volume, Ne, which strictly
depends on the physical conditions of the emitting plasma. [148] The total
emission measure EM of the plasma in a given finite volume V of plasma is given
by the following formula (units will be c.g.s. for this section):

EM =
∫︂

V
N2

e dV [cm−3] (E.2)

The flux Fj→i observed at distance d for an optically thin plasma (which is assumed
to be the case in EUV astrophysics of the solar corona), line emission due to a
transition j → i is modeled as follows:

Fj→i = 1
4πd2

∫︂
V

Gj→i(T, Ne) N2
e dV, [erg cm−2 s−1] (E.3)

Where Gj→i(T, Ne) is defined as the contribution function, including all of the
atomic physics involved in the line formation process, and also being a function
of the element abundances used. This equation also shows that the higher the
emission measure, the higher the flux emission.

An alternate definition to the former EM per unit area δS of emitting plasma
is the column emission measure, defined as follows, with the idea being that the
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volume V = δS · h is the volume of plasma observed with depth h along the line
of sight (LOS) in the solar atmosphere.

EMh =
∫︂

LOS
N2

e dh [cm−5] (E.4)

The aforementioned flux equation can also be normalized per unit surface of the
emitting plasma, without loss of generality. Thus, the column emission measure is
an equivalent model of the plasma, to the extent of the emission line forecasting.

In case a distribution of plasma as a function of temperature is considered, i.e.,
with the line of sight containing multiple temperature components, the emission
measure can be written as an integral of the differential emission measure (DEM)
over the temperature range of relevance, i.e., the following description [31].

EMh =
∫︂

DEMh(T )dT ⇐⇒ DEMh(T ) = N2
e

dh

dT
[cm−5 K−1] (E.5)

Depending on context, the subscript h of the quantities will be dropped in the
following treatment. To discriminate between total and column (differential)
emission measure, the unit of measurement suffices (as one is the other per unit
surface of the emitting plasma observed along the line of sight). Routines available
in CHIANTI [149] [150], either with their IDL or Python implementation, can
allow for the synthesis of line-emissions with their flux as in Equation (E.3) from
given DEM, abundance, and electron density prescriptions.

The fact that a higher DEM provides a higher line emission can be written as
follows in general terms.

Fj→i ∝
∫︂

Gj→i(T, Ne) DEM(T ) dT. (E.6)

The effective photon flux recorded by MUSE for a line ℓ at wavelength λ(ℓ) is
modulated by the SG telescope effective area Aeff(λ), which includes effects from
mirrors, gratings, and filters:

I
(det)
ℓ ∝ Aeff [λ(ℓ)]

∫︂
Gℓ(T, Ne) DEM(T ) dT, (E.7)

If the DEM distribution is not only provided as a function of temperature, but
as a distribution depending on the plasma’s temperature T and velocity v (i.e.
doppler velocity towards the observer, vDopp, and in the FOV directions in the
observed surface, vx, vy), it is intended as a Velocity-Differential Emission Measure
(VDEM) cube (De Pontieu et al. (2020) [17]). A simulation, ready to be observed
by a given mock-up simulation of the SG telescope instrumental response, is to
be provided as a set of VDEM cubes over a given solar FOV, in similar ways to
what is described in De Pontieu et al. (2022),[18], and Cozzo et al. [20] – this is
considered a kind of forward-modeling. If MUSE’s FOV requires several rasters
to reproduce the simulation’s FOV, a series of steps is required: these simulate
the rastering procedure of MUSE’s SG detection over the solar surface. No time
dependence of the simulation is assumed in this treatment (the simulation being
frozen in time).
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Relevant contaminating lines
The starting point for the BGFA analysis is the identification of contaminating
lines of profiles for each main line of interest to MUSE. I will list the main ones,
drafting from De Pontieu et al. (2020) [17], though I confirmed the values via the
CHIANTI database [149] [150]. Fig. E.1 showcases the main contaminants as
compared to main line emissions, modelled with realistic CHIANTI DEMs of AR,
QS, and Flare scenarios. The contaminant lines’ peaks have an intensity usually
≲ 5% that of the main line, thus they are usually of negligible nature even in the
case of fitting a main line with a single Gaussian.

Figure E.1 Plot of line-intensities of various emitting ions at various DEM prescriptions,
convoluted with realistic MUSE effective area at the various wavelengths of emission.
The horizontal axis shows the wavelength offset from the main-line rest wavelength,
expressed in units of the inter-slit spectral spacing. The vertical axis shows the relative
strength of each line with respect to the main line, assuming CHIANTI DEMs for
Flare in 108 Å channel, AR in 171 Å channel, and QS in 284 Å channel. Secondary lines
are labeled with the ion and with the slit offset (for example, ”Fe xiv 274.20 +13” in
the bottom panel marks the ion, wavelength, and location where the line from slit
i+13 falls in the main-line slit i reference frame. The dotted curves show the thermally
and instrumentally broadened profiles of the main lines (usual line profiles contain no
more than 5 to 10 points). Credit: Fig. 4 from De Pontieu et al (2020). [17]. License:
CC BY 3.0 .

I will list all of the relevant lines and contaminants for MUSE. For the 108 Å channel,
the main-line is Fe xix at 108.35 Å with its main contaminant Fe xxi at 108.12 Å,

https://creativecommons.org/licenses/by/3.0/
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caused by slit i + 1. In the work detailed here, I will not cover these lines.

For the 171 Å channel, the main line is Fe ix at 171.07 Å, while the related most
important contaminants are the following two:

− Fe x at 174.53 Å in slit i − 9

− Ni xiv at 171.37 Å in slit i − 1

Both contaminants can appear at the same time. The dependence of the intensities
of these contaminants with respect to the emitting plasma temperature will be
discussed in a later setting. With regards to my work, only a single contaminating
component was analyzed at a time, hence the Bi-Gaussian name – main-line and
contaminating Gaussians being used.

In the 284 Å channel, the Fe xvline at 284.16 Åcan be contaminated by several
lines, including:

− Si x at 277.26 Å in slit i + 9

− Fe xiv 274 at 274.20 Å in slit i + 13

− Fe xiv 270 at 270.52 Å in slit i + 17

− Si vii at 275.36 Å in slit i + 11

− Mg vii at 274.40 Å in slit i + 7

Bi-Gaussian Fitting Analysis (BGFA) algorithm

Philosophy and design choices
The Bi-Gaussian Fitting Analysis strategy, thus, extends SGFA analysis by
explicitly modeling a contaminant line as a second Gaussian component whose
properties are not entirely free, but constrained by the assumption of plasma
self-interaction and the Chianti factor Rc|m. The scientific interest is primarily in
the main-line moments, while the contaminant component is used as a physically
constrained nuisance term to be removed from the fit. In the future, there might
be scientific interest in the investigation of these contaminants. However, the
primary objective of MUSE – and the lines it is optimized to observe – are the
main lines in the SG channels.

The key design elements for the BGFA algorithm are:

− To identify, for each principal line and slit, whether a single dominant con-
taminant is expected and from which slit it originates;

− use the single Gaussian fitting procedure for the principal line in the con-
taminant slit, also meaning that, depending on the sign of n(ℓc), if the
contaminating slit precedes the main slit (n(ℓc) < 0) the SGFA needs to
proceed with increasing i values starting from the uncontaminated slits. In
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contrast, if n(ℓc) > 0, the SGFA is required to proceed from the max slit
i = N with decreasing steps.

− once a contaminated slit i is reached, the contaminant intensity from the
principal line intensity in the contaminant gap is evaluated using relative
intensity ratio values Rc|m depending on the kind of DEM/region, and evalu-
ated with CHIANTI, and making some assumptions of the plasma emitting
the contaminating Gaussian;

− fit a large-scale Gaussian model in which the principal component is free, and
these prior variables constrain the contaminant component via some described
wiggle.

I will detail all of the parts of the BGFA algorithm now.

The same plasma hypothesis
A hypothesis I assumed during the development of the BGFA is that of identical
plasma: it is assumed that the plasma emitting the main line in the contaminating
slit is the same as that emitting the contaminating line in the target slit. In other
words, if slit i′ contaminates slit i for a given pair of lines, both the emissivity of
the main line in slit i′ and that of the contaminating line in slit i are determined by
the same local plasma thermodynamic state (temperature, density, and elemental
abundances). Utilizing this assumption, it is possible, via CHIANTI and emission
line intensity predictions, to relate the intensities of the two lines.

Under this assumption of homogeneous physical properties of the plasma, I can
express the intensity of the contaminant Ic as a multiple of the intensity of the
main line Im in the contaminant slit:

Ic ≃ Rc|m Im (E.8)

where Rc|m is an intensity ratio that depends on the values employed for this
calculation, i.e., on the DEM chosen, the electron density in the plasma Ne em-
ployed, the contribution functions of the two lines, and the wavelength-dependent
effective MUSE area. I call these factors the contaminating line intensity ratios.
Practically speaking, the ratio between a contaminant line ℓc and a main line ℓm,
both intensities being integrated, is therefore calculated as:

Rc|m ≡ I(det)
c

I
(det)
m

=
Aeff

[︂
λ(ℓc)

]︂ ∫︂
Gℓc(T, Ne) DEM(T ) dT

Aeff
[︂
λ(ℓm)

]︂ ∫︂
Gℓm(T, Ne) DEM(T ) dT

. (E.9)

CHIANTI allows for estimating these ratios [149] [150], along with some post-
processing to take into account MUSE’s effective area. I evaluated these ratios for
all contaminants for MUSE at various stages of development of the payload, and
confirmed that their value was within 5 ÷ 10% to those used by De Pontieu et
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al. (2020) displayed visually in Fig. E.1 : small differences to be related to small
tweaks in the Ne or DEMs used to generate the line intensities, and/or to the
different MUSE effective area – a common circumstance for a mission developing
towards launch, also considering that these studies preceded CDR.

The naive exploration and intensity wiggle bounds
The ratios Rc|m are, by construction, fixed, being dependent on the assumed DEM,
abundances, and density. To estimate how robust these ratios, in this particular
case for the most intense ones of Fe x andFe xiv 274 , are under realistic variations
of the plasma properties, a naive exploration was carried out, detailed here.

For each relevant pair of lines (ℓm, ℓc), the ratio Rc|m(T ) was computed for isother-
mal DEMs (i.e. delta-function DEMs at each T), spanning the temperature
domain where both of the main and contaminating line contribution functions are
non-negligible and overlapping. The ranges were: for the pairs (Fe ix, Fe x) in
channel 171 Å , log(T [K]) ∈ (5.95, 6.05), while for the pairs (Fe xv, Fe xiv 274) in
channel 284 Å , log(T [K]) ∈ (6.25, 6.40). The central intensity was taken as the
average value, and the wiggliness allowed was studied as the maximum possible
relative deviation from the central value in the studied range.

For both of the iron lines pairs, the resulting Rc|m(T ) varied by at most a factor
of wr ≃ 2 over the temperature range of interest. wr is defined as wiggle room.

As a result of this exploration, the contaminant intensity in the ensuing fits for
the BGFA is allowed to vary, from the given initial condition Ic = Rc|m Im, within
an interval defined by the factor wr,

1
wr

Rc|m Im ≤ Ic ≤ wr Rc|m Im, (E.10)

This wr = 2 factor, i.e., the wiggle room allowed for the intensity of the contami-
nant, is intended to overcome the limitation of the same plasma hypothesis that,
by assuming also a same temperature feature, does not consider the possibility
of plasmas at different temperatures emitting these lines from the originating
contaminating line. This value is quite crucial for the success/failures of the
BGFA procedure. While I assumed it to be constant throughout the whole fitting
process, future studies could aim at optimizing its value, and/or decide a dynamic
evaluation of it depending on the observations from the contaminating slits, either
in a systematic approach, or with tentative machine learning approaches.

A special mention is the contaminant Ni xiv, which is also quite important,
but cannot be predicted with the 171 Å main-line: its central energy for the
contribution function is closer to that of Fe xv, than to that of Fe ix: therefore, a
future idea for a bi-(multi-)Gaussian approach is to predict this contaminant in
the 171 Å channel using the main-line prediction of the main-line from 284 Å .
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Gaussian modeling of spectral lines: from SGFA to BGFA
In both SGFA and BGFA, each spectral line profile is described, locally in
wavelength or velocity space, by Gaussian components. In this subsection, I
introduce the models that are employed in the two approaches.

Assuming fixed slit i, y-pixel ȳ, step value, and window of points v([k],i) in slit i’s
velocity space constrained by a constant dubbed npix limiting the usable points for
fitting, a single Gaussian component, appropriate for SGFA, and also for BGFA
in the uncontaminated case, is written as follows (only explicit dependence on
velocity points and slit is given):

ISGFA(v[k], i) = I(m,i) exp
⎡⎣−

(v([k],i) − v(m,i))2

2σ2
(m,i)

⎤⎦, (E.11)

where Im,i is the main-line peak intensity at slit i, vm,i the centroid velocity of
the main-line at the same slit, and σm,i the Gaussian dispersion in km s−1. The
Gaussian line moments are:

Iint(m,i) =
∫︂ +∞

−∞
ISG(v, i) dv ≃

√
2π Im,i σm,i, (E.12)

for the 0th moment, while vm,i, and σm,i, respectively for the 1st , and 2nd moment
of the Gaussian.

This explains why the former values are considered as Gaussian moments. It
should be noted that the readily accessible figure in both the mock-observation is
the practical summed line intensity, i.e. Isum = ∑︁

v[k]
Φ(v[k], i), to be confronted

with the model Imod = ∑︁
v[k]

ISG(v[k], i). These sums are not related to the integral
of the Gaussian Iint. Practically speaking, increasing npix too much could allow
more contaminants to be present in the fitted velocity space, with the consequence
that one has to optimize the procedure also with respect to this parameter.

In the presence of a contaminant with a partially overlapping profile, a bi-Gaussian
model is adopted in BGFA:

IBGFA(v([k],i)) = I(m,i) exp
⎡⎣−

(v([k],i) − v(m,i))2

2σ2
(m,i)

⎤⎦+ I(c,i) exp
⎡⎣−

(v([k],i) − v(c,i))2

2σ2
(c,i)

⎤⎦,

(E.13)
where the (m) and (c) subscripts refer to the main line and contaminant, respec-
tively, while subscript i refers to the slit being investigated by the model.

Chosen Initial and Boundary Conditions of BGFA
In this section, I describe the initialization of initial conditions and boundary
conditions on the parameters of the bi-Gaussian model, also in light of the same-
plasma hypothesis.

Assuming given main line ℓm, contaminant ℓc, contaminating slit index i′ = i+n(ℓc),
with n(ℓc) defined in Appendix E.2 , the same-plasma hypothesis translates in
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how the best-fit, single-Gaussian parameters of ℓm in slit i′ provide the initial the
following initial conditions on the parameters defining the contaminating Gaussian
in slit i:

v(c,i) = v(m,i′), (E.14)
σ(c,i) = σ(m,i′), (E.15)
I(c,i) ≃ Rc|m I(m,i′), (E.16)

where (v(m,i′), σ(m,i′), I(m,i′)) are the main-line moments returned by SGFA in slit i′,
and Ic,i is the predicted contaminant intensity predicted via the aforementioned
procedure.

An explanation of the equations follows. The Doppler shift is the same because it
is related to the flow of the plasma towards the observer: if the same plasma emits
the line, it should be equal. The Gaussian line broadening σT is related to the
mean-square velocity of the particles emitting the line, following Boltzmann-based
statistics,

σT =
√︄

2kbT

mFe
(E.17)

The ion’s mass is always iron, while the temperature of the emitting plasma in
the same-plasma hypothesis is also the same, therefore explaining the equating of
the line broadening. Regarding the intensity evaluation, the equal sign also comes
from evaluating the ratio of the intensities from those predicted via CHIANTI.
Furthermore, the line intensity integrated in the velocity space of the main line
in the contaminating slit is proportional to the product of both the line peak
and the broadening, I(m,i′)σ(m,i′), as described in Equation (E.12) , thus, since the
broadening is kept the same between this and the contaminating Gaussian, this
ratio in the simplistic hypotheses adopted does not depend on the broadening, as
these cancel out.

With regards to the initialization of the main-line principal Gaussian, the peak and
centroid Doppler shift are initialized using as initial conditions the local maximum
of Φ(v[k], i) within a specified vrange. At the same time, the line broadening was
set at an initial value of ≃ 10 km s−1.

For the boundary conditions on the parameters of the Bi-Gaussian model in
Equation (E.13) :

− The main-line intensity I(m,i) was allowed to vary within a range of (0, 1.1 ·
I(m,i)−init),

− The contaminating line intensity I(c,i) could vary within (I(c,i)−init/wr, I(c,i)−init·
wr), following the aforementioned wiggle room treatment.

− The main-line broadening σ(c,i) was allowed to vary in a conservative range of
velocities of (0, 200) km s−1, allowing for very broad and very thin peaks to
be probed on average.
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− The boundaries adopted for the Doppler velocity of the contaminating Gaus-
sian, v(c,i), are retrieved from the simulations’ VDEM cubes in a way similar
to the DEM-weighted average temperature calculation in Cheng et al. [151].
In particular, I calculated the maximum VDEM-weighted average of Doppler
velocity differences between two log(T) values (log T1, log T2) among all given
slits i, steps step, and y-coordinates, in the simulations. The log(T) values
employed are the same of Appendix E.2 , and I found values for a 3σ wiggle
of ∼ 15 km s−1: the boundary conditions on the lower and higher bounds of
the contaminant mean velocity parameter was then coded to ±15 km s−1. Due
to convergence issues, in most cases the v(c,i) was used as a fixed parameter.

− For the boundary conditions on the line broadening, I could not find a proper
way on the whole moments space (i.e., covering all of the pixels, steps, slits) to
make the BGFA converge properly if the contaminating-slit line broadening
was let free: as a consequence, I fixed it to the initial condition value, i.e.
equal to the main-line of the contaminating slit’s broadening.

The fact that two of these parameters were fixed, and only the intensity of the
contaminant was evaluated via a fitting procedure, is indeed a weak point of
the software approach. Moreover, fixing the line-broadening also hid another
relevant aspect: a high relative difference between the contaminating Gaussian’s
broadening σ(c,i) and the main-line broadening from the contaminating slit σ(m,i′)
could influence also the intensity of the contaminating Gaussian, as should follow
interpreting the consequences of Equation (E.12) . If all of the free parameters of
the bi-Gaussian model were employed (i.e., six parameters), one should have used
at least 7 pixel points (or more, for example, ≳ 11) to ensure a meaningful fitting
procedure, though opening a very large fitting window could open up to more
contamination near the main-line. I am sure it could be possible to circumvent
this limitation by finding a better approach in general; however, for the ensuing
analyses, the approach was limited only to the specified four free parameters. I
will now proceed to describe the algorithmic workflow.

Algorithmic flow and hybrid procedure
I now proceed to summarize all of the above information in a sound description of
the procedure employed to implement the BGFA algorithm for practical studies
and scenarios. The BGFA workflow is as follows, starting from a fresh simulation.

(1) For each main line, and each slit i:

(a) If slit i is uncontaminated, i.e., if ¬[0 ≤ i + n(ℓc) ≤ N ], then perform
SGFA fit (single Gaussian) with the chosen (npix, vrange) among the flux
in velocity space Φ(v[k], i).

(b) If slit i is contaminated, i.e., if 0 ≤ i + n(ℓc) ≤ N :

(i) Retrieve the SGFA results for the main line in slit i′ = i + n(ℓc).
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(ii) Use these to initialize and constrain the contaminant Gaussian in
slit i, as in Appendix E.2

(iii) Fit a bi-Gaussian model ( Equation (E.13) ) of the flux Φ(v[k], i) in
velocity space

(2) For each fit in each slit i, check convergence with basic fit criteria (i.e., no
NaN resulting in the fit). If the bi-Gaussian fit in a contaminated slit i fails
with no convergence, perform SGFA moments evaluation for that slit. This
was called a hybrid procedure between BGFA and SGFA, ensuring that BGFA
never leaves gaps or NaNs in the moment maps and that the final product is
at least as complete as the SGFA analysis.

It is noted that the hybrid procedure was a minor improvement when the Doppler
shift and the line broadening for the contaminating Gaussians were fixed.

Tests on VDEM simulations and definition of outliers
The performance of BGFA relative to SGFA was assessed using the provided
numerical simulations in the form of VDEM cubes, as introduced in Appendix E.2 .
These simulations, produced by magnetohydrodynamics (MHD) based codes
and post-processed through CHIANTI-based emissivity calculations, provide
V DEM(T, v) distributions over solar fields of view representative of quiet Sun,
plage, and active-region conditions. A description of analogue simulating setups for
these simulations is provided by De Pontieu et al. (2022) [18]. In this appendix,
I will show results for a plage simulation.

A forward-modeling strategy was employed to generate mock MUSE SG ob-
servations from those VDEM cubes. The simulations provide, for each slit i,
spatial position in the y-pixel axis, step, a way to create ground truth (GT)
mock-observations containing only main-line profiles. The GT approach does not
include contaminating lines, because they are intentionally flagged out, and, by
fitting this GT profile with a single-Gaussian approach, it is possible to define GT
moments (IGT

int , vGT, wGT) for the main line set of values of true moments. The
GT moments can be compared to the inferred moments by any fitting strategy
applied to the mock-observations including contamination (or noise, i.e., effects of
realistic relevance), such as the BGFA or SGFA routine. The effect of noise on
BGFA was not explored.

On Defining Outliers
For each pixel y, each step, each slit i, and each main-line, the Doppler velocity
and linewidth errors returned by a given fitting strategy (SGFA or BGFA) are
defined, using v as a shorthand for v(m,i), and w for σ(m,i), as follows

∆v = vfit − vGT, (E.18)
∆w = wfit − wGT, (E.19)
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where (vfit, wfit) are the moments obtained from the mock observation including
contamination by contaminating lines, and (vGT, wGT) are the moments from the
GT profile.

With guidance from LMSAL/CfA/UNIPA science teams, I classified as a velocity
outlier one velocity Doppler-shift evaluated moment if

|∆v| > 5 km s−1, (E.20)

and as a linewidth outlier if

|∆w| > 10 km s−1. (E.21)

These thresholds were chosen to be larger than the expected measurement errors,
given MUSE’s high-resolution specifications and typical exposure times. Addition-
ally, only pixels whose integrated intensity exceeds a minimum threshold Ithresh.

are counted as eligible for the statistics, to avoid noise-dominated fits as outliers.
The usual threshold I employed was of Ithresh. ∼ 100 ph.

The performance of SGFA and BGFA is then quantified by the fractions of outliers
in the eligible set, defined as in the following equations:

fv,out = N(|∆v| > 5 km s−1)
Nelig

, fw,out = N(|∆w| > 10 km s−1)
Nelig

, (E.22)

where N(...) is a counting function for v or w-values satisfying the inequality with
eligible moments, and Nelig is the total number of eligible moments. These fractions,
computed separately for each line, simulation, and choice of (npix, vrange), are the
main figures of merit used here to assess whether BGFA provides an improvement
over SGFA. I now proceed towards the results for the initial tests of BGFA.

E.3 Some Results for the Bi-Gaussian Fitting Analy-
sis

In this section, I will provide results on the simulation, which will be called plage.
I acknowledge support in providing the simulations, aid in their processing, and
moment-evaluation analyses by Juan-Martinez Sykora, Vishal Upendran, Bart De
Pontieu (LMSAL), and Paola Testa (CfA).

Note. The following results for both the BGFA and SGFA are a result of
my own work. As a disclaimer, the simulations provided were developed at
the same time as the development of MUSE, and they were indicative of
regions of the sun (AR, QS, plage). I was granted permission to perform tests
and comparisons for the BGFA procedure on the simulations, though these
are the property of other researchers. The results provided are not in any
way final regarding the potential performance of both single and bi-Gaussian
fitting approaches, due to various reasons: (i) changes in the effective area
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of MUSE, (ii) changes in the simulations in the current research, and (iii)
optimization of the SGFA/BGFA procedures. The results are shown solely to
the extent of showcasing the potential and the limitations of the bi-Gaussian
approach detailed in the appendix.

Tests on the plage simulation
I begin with results carried out on the plage simulation, for one particular case
choice of (npix, vrange) = (2, 100 km s−1) and exposure time of 1 s. The total
moments per line analyzed were ≃ 1.27 × 105, i.e., the number of singular fits.
The hybrid approach was adopted for BGFA, resulting in the effect being minor,
as only 2 moments were found to be NaN for the pure bi-Gaussian fitting in line
Fe ix, and less than 10 were NaNs for line Fe xv. In Table E.1 , these results in
tabular form are shown.

Table E.1 Results for one analysis of the plage simulation using both SGFA and BGFA
approaches, in terms of the outlier fractions defined in Equation (E.22) . The analysis
was performed with npix = 2, vrange = 100 km s−1, and exposure time of 1 s. Lines used:
Fe ix and Fe xv, with respective contaminants Fe x and Fe xiv 274. Total available
moments per line are ≈ 1.27 × 105.

Line Metric SGFA BGFA

Fe ix
Eligible moments ≃ 9.60 × 104

Velocity outliers 3.538% 3.418%
Linewidth outliers 2.134% 1.937%

Fe xv
Eligible moments ≃ 1.085 × 105

Velocity outliers 0.353% 0.330%
Linewidth outliers 0.174% 0.161%

On average, I found that the BGFA approach improved the results for plage, but
on a not-so-relevant scale, as the number of outliers was always at the same order
of magnitude between the two approaches. Since one of the main motifs behind
the development of the approach was to improve the performance of the code at
greater npix, and vrange windows, I carried out parametric studies-tests covering
the range of npix ∈ {2, 4, 6} and vrange [km s−1] ∈ {50, 75, 100, 125, 150, 200}. The
results based on the BGFA approach are shown in Fig. E.2 , those for SGFA, to
be compared to the former ones, in Fig. E.3 .

Similar qualitative results were found for the active region simulation: overall, a
reduction of outliers when going from an SGFA to a BGFA approach, with modest
improvements. An aspect of relevance is that by increasing the npix window,
the number of outliers found increased: this goes against the intention of the
development of the bi-Gaussian approach.
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Figure E.2 Fraction of outliers obtained with the BGFA approach for the plage simu-
lation, explored in a parametric study involving npix ∈ {2, 4, 6} and vrange [km s−1] ∈
{50, 75, 100, 125, 150, 200}. The horizontal axis in each panel shows npix, while the
vertical shows vrange in km s−1. Top row: Fe ix, with Doppler-velocity outliers on the
left and linewidth outliers on the right. Bottom row: Fe xv, same quantities. The
color map gives the fraction % of outliers ( Equation (E.22) ).

Figure E.3 Same as Fig. E.2 , but for the SGFA (single-Gaussian) analysis. The four
panels show the fraction of Doppler-velocity and linewidth outliers for Fe ix (top row)
and Fe xv (bottom row), depending on npix (horizontal axis) and vrange (vertical
axis, in km s−1). Color maps indicate the fraction of outliers as per Equation (E.22) .
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Summary of performance and limitations
In the test cases studied (VDEM simulations of QS, plage, and AR) with different
values of vrange and npix, a consistent finding emerges:

− In the presence of a single dominant contaminant with a reasonably well-
characterized Rc|m, BGFA reduces the proportion of large linewidth outliers

− In more complex contamination scenarios (multiple relevant contaminants,
very low counting regimes, or significant deviations from the assumption of
identical plasma), the single-contaminant BGFA model may be insufficient,
and its performance gains compared to SGFA diminish.

− At increasing npix windows for the fits, the outliers increased in both algo-
rithmic schemes, therefore suggesting that the contaminant prediction aspect
is not the most relevant contribution to the flux when increasing window size.

Thus, as a conclusion derived from the results, minor improvements were seen, but
the overall strategy suffers from some systematic errors. NaNs, although rare, did
occur when only the intensity of the contaminant was being probed in the fitting,
requiring a hybrid approach to be devised. Moreover, even if the contaminating
Gaussian parameters in Equation (E.13) were constrained in the way specified
in Appendix E.2 , if all of the parameters were let free in the bi-Gaussian model
(6 free parameters in total), the fits would never be entirely stable, producing a
non-negligible quantity of NaNs. Furthermore, considering the fact that if the
pixel window increased in size, the fraction of outliers would as well, it is evident
that the procedure does not capture the complexity of the contaminants by fitting
one contaminant component only in a decisive way.

E.4 Discussion and Outlooks on the Bi-Gaussian
Approach

The systematic presence of contamination is one of the important aspects of the
novelty of MUSE: the multi-slit geometry allows for capturing large portions of
the sun with an unprecedented time resolution, though the price to pay is the
fact that the multi-slit geometry introduces complexities in the data analysis, in
the form of contaminating lines and contaminating slits. The Bi-Gaussian Fitting
Analysis (BGFA) strategy presented in this chapter is a first attempt to integrate
atomic physics and instrumental knowledge with the Gaussian fitting of MUSE
SG spectra, explicitly targeting spectral contamination due to the novel multi-slit
geometry. This is also an extension to the Single-Gaussian (SGFA) strategy.

The devised BGFA strategy uses the effective areas of MUSE, and DEM-based
strategies to evaluate line-intensities with CHIANTI [149] [150]. Rather than
treating the contaminating Gaussian(s) as completely free in terms of free pa-
rameters during fitting, their parameters are constrained on the main line from
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the contaminating slit using a few physically motivated approaches (based on the
same-plasma hypothesis). Only the intensity of the contaminating Gaussian was
left free during fitting. These initial conditions aided the implementation of a
scheme for fitting the contaminants for which the MUSE mission is not optimized
to observe – if anything, the MUSE payload is optimized for minimizing the
contamination intensity.

The development of the BGFA approach has shown improvements over the SGFA
one, showing that even a relatively simple and physically informed extension
of SGFA can lead to tangible improvements in the recovery of line moments in
contaminated slits, main-line Gaussian moments, and plasma properties retrieved
(Doppler shifts, thermal line broadenings). In addition to being potentially
useful in itself, BGFA can provide better initial conditions for more complex
fitting strategies such as SDC, thus helping to reduce the risk of convergence to
nonphysical solutions.

However, a few limitations remain in the approach and were seen in the results:

− The assumption of an identical plasma is an idealization. The approach
is not optimized to the case where the same plasma emitting as perceived
by the LOS contains distributions spanning relevant contributions from the
contaminating line (for example, temperature log T ≃ 6 for Fe x, and log 5.8
for Fe ix).

− Only one contaminant per main line is explicitly modeled. This in itself is
a limitation because if another relevant contaminant occurs, it is not being
modeled. This can worsen the performance of the code in itself with respect
to the ideal scenario.

− The CHIANTI-evaluated factors representing the ratio between a contaminat-
ing line and the respective main-line with the same plasma emitting it, and
convoluted with MUSE’s effective area, Rc|m, are currently computed for a set
of canonical DEMs. They are fixed in the whole analysis for all of the slits.

− During the parametric studies, it was seen that as the npix window increased,
the number of fraction outliers retrieved from the fitting did, in a way that
did not depend on the technique. This suggests that a similar systematic
error in the BGFA and SGFA occurred alike when the window was increased.

The BGFA algorithm can inspire different approaches that could improve on its
limitations. I will list a few that I considered and did not implement, or that I
tried to implement, though unsuccessfully, but any hypothesis can be relaxed to
check for improvements in the results.

− This BGFA could inspire a Multi-Gaussian Fitting Analysis (MGFA) approach,
where all of the predictable contaminants are taken into consideration, whose
initial conditions are evaluated analogously to the contaminating Gaussian
evaluated in BGFA. This strategy would be more complex, increase the
number of free parameters, and, considering the huge dynamic range of a
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VDEM-provided simulation in terms of intensity, would require extensive care
in its programming.

− Furthermore, for the evaluation of initial conditions of one of the expected
contaminants in 171 Å channel, Ni xiv, the main-lines from Fe xv should be
employed because of the more similar characteristic temperature of the line
emission: a kind of cross-prediction among different channels could improve
the results overall when increasing the number of contaminants in this channel.

− More advanced strategies, such as a subtraction procedure to remove the
expected contaminant before beginning the fitting, could remove systematic
case where a very intense contaminant could be perceived as a main-line by
the algorithm initializing condition (which retrieves the local maximum as
perceived by a slit for the evaluation of the initial condition of the main-line).

− Instead of an inflexible framework for the evaluation of the line-intensity
ratios in a given 35-slit scenario could be devised, a more flexible framework
could be evaluated, in which local DEM information (e.g., from multi-line
inversions) is used to dynamically update the most optimal line-intensity
ratio Rc|m to be used. Systematic procedures of machine-learning approaches
could also be evaluated.

These extensions could be important to exploit this technique of bi-/multi-gussian
implementation of contaminants to their full potential. However, it is also note-
worthy that alternative approaches, which I did not consider, could also work in a
better way.
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