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ABSTRACT

The NASA MIDEX mission MUSE (MUIti-slit Solar Explorer), presently under development with a launch
scheduled in mid-2027, will focus on high spectral and time resolution imaging of the solar corona by use of two separate
EUV instruments, a multislit spectrograph (SG) and a context imager (CI). Both instruments use back-illuminated CCD
detectors and thus need optical blocking filters to attenuate the UV/Vis/IR band of the solar spectrum. As part of the
Italian contribution to the MUSE mission, funded by the Italian Space Agency, we are investigating an innovative filter
technology based on Carbon Nanotubes (CNT) pellicles that exploit excellent EUV/X-rays transmissivity as well as high
mechanical and thermal properties. Particularly significant is the capability we recently developed, within a research
contract funded by the European Space Agency (AMETEK Finland Oy prime contractor, CANATU Finland Oy
manufacturer of the CNT pellicles), to deliver very thin CNT pellicles supported by partially transparent embedded CNT
meshes. Fully representative CNT-based filter models of the MUSE SG and CI telescope entrance filters and focal plane
filter wheel filters have been manufactured to demonstrate the maturity of the technology and to prove their capability to
withstand launch vibroacoustic stresses. We describe the structural design of the developed CNT-based filter
demonstration models and discuss the results of vibration qualification tests. We will also discuss future activities to
consolidate the mechanical filter design and achieve a reliable and robust structural model with good optical performance.

Keywords: space telescope, MUSE mission, optical blocking filters, carbon nanotube, structural model, vibration test.
1. INTRODUCTION

The NASA MIDEX mission MUSE (MUIti-slit Solar Explorer) [1], [2], currently in development with a launch scheduled
no earlier than 2027, is a significant step forward in our understanding of the solar corona. This mission will focus on
high spectral and time resolution imaging of the solar corona by use of two separate EUV instruments, a multislit
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spectrograph (SG) and a context imager (CI). Both instruments use back-illuminated CCD detectors and thus require
optical blocking filters mounted on the telescope entrance pupil and on a filter wheel close to the detector plane to
attenuate the UV/Vis/IR band of the solar spectrum. The innovative use of carbon nanotube (CNT) film filters, the subject
of this article, can significantly improve the performance of optical blocking filters. This technology enables high-
resolution spectroscopic and imaging observations of the solar corona and chromosphere by efficiently blocking unwanted
out-of-band radiation. We have developed CNT-based optical filters for the two MUSE instruments [3] (see Figure 1): a
25 cm diameter telescope multi-slit spectrograph (SG) and a 20 cm diameter telescope context imager.

25cmEUWV —

Spectrograph 20 cm EUV

Context

Guide Telescope —» e Imager

Instrument
Electronics Box

Ka-band
Downlink
400 Mbit/s

Figure 1. NASA-MUSE satellite showing the locations of the Multi-slit Spectrograph (SG) and the Context Imager (CI).
(courtesy of the MUSE project team).

The CNT film offers excellent transmissivity at EUV/X wavelengths and remarkable mechanical properties such as high
strength, flexibility, resilience, and extraordinary thermal conductivity. Another advantage of the production technique is
the ability to manufacture ultra-thin films in large formats, up to several hundred square centimeters, with thicknesses of
just a few tens of nanometers [4].

This article describes the mechanical design of the samples and the experiment's configuration, highlighting the results
of the qualification vibration tests conducted under dynamic stress conditions expected for the MUSE mission's launch
environment. Additionally, some considerations for future activities will be illustrated.

2. METHODS AND MATERIALS

The mechanical design of the optical filters for the MUSE mission was developed for the different geometries of the
filters of the multi-slit spectrograph (SG) and the context imager (CI). The filters are divided into entrance filters (EF)
and filter wheel (FW) filters designed to satisfy the satellite's design.

The SG-EF demonstration model has a clean aperture (CA) of 250 mm diameter. The filter has a supporting structure that
divides the CA into four sectors. This solution increases the mechanical resistance to dynamic stresses of the membrane
and structural mesh. The filters of the filter wheel have simpler frames and are easy to manipulate but not entirely
representative of MUSE filters. The filter wheel filters have 25 mm and 57 mm diameters for SG and CI instruments.

The filter membranes consist of high-density (HD) single-wall carbon nanotube (SWCNT) films, which can be either
self-supporting or supported by a multi-wall carbon nanotube (MWCNT) structural mesh laser-catted. These membranes
are coated with high-purity aluminum (5N) and mounted on aluminum frames (AW 6082 T6). Figure 2 shows a SEM
image of the SWCNT film and the membrane with structural mesh in CNT.
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(b)

Figure 2. Overlapping two films made the membrane of Single-Walled Carbon Nanotubes (SWCNTSs) with crossed nanotube
orientations; (a) Single-walled carbon nanotube in bundles, SEM image; (b) Pellicles reinforced by a multi-walled carbon
nanotube (MWCNT) honeycomb structural mesh.

Three types of optical blocking filters (OBFs) were tested: three entrance filters (EF) for the SG instrument, two filter
wheel (FW) filters for the SG, and two for the CI. Figure 3 reports some pictures of the tested filter samples.

Figure 3. Single sector of entrance filters (EF) for the Spectrograph (SG); (b) filter wheel (FW) filters for the CI;
(c) FW filters for the SG.

2.1. Filters Design

The SG-EF filter is composed of two aluminum structural frames, which house the active optical filter, which includes
a membrane and a structural mesh in CNT. The CNT film, which has a transmittance of about 44% at 550 nm, is coated
with a layer of 150 to 200 nm aluminum (Al) and a flash of 2 nm aluminum nitride (AIN). The aluminum nitride is needed
to protect the 5N aluminum coating surface from oxidation. The structural mesh has a bar width of 600 um. The total
geometric blocking factor (GBF) referred to the frame and structural mesh of the entire telescope entrance pupil is
approximately 35%.

The filter frame has a central cross-reinforcement that divides the membrane into four sectors (see Figure 4). In this case,
the filter membrane adheres to the aluminum frame by Van der Waals forces. This characteristic feature of the CNT has
allowed the removal of the glue, thus eliminating adhesive overflow effects that could affect the filter's mechanical
proprieties and generate stress concentration points.
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Figure 4. SG-EF exploded view.

The filters in the filter wheel are circular and made with a self-supporting membrane. The membrane used for these types
of filters has the same optical and mechanical characteristics as the SG-EF filter (see Figure 5).
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Figure 5. Filter wheel filter exploded view (a) SG-FW and (b) CI-FW.

The tested samples and their characteristics are listed in Table 1 in detail.
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Table 1. MUSE filters properties.

Frame Type Frame Film Mesh Mesh Mesh
Description And Material SW HD CNT Coating MW HD CNT Cell Pitch Bar Width
Sample Name ateria (%T @ 550 nm) (%T @ 550 nm) (mm) (nm)
SG-EF90 D250 | Alalloy
(M-B2.SG.EFO0F3) | AW 6082 46.2 - 16.5 5 600
Single sector of SG-EF90 D250 Al alloy 150 nm Al +
SG-EF (M-B2-SG-EF90-F1) | AW 6082 43.6 AIN 16.5 5 600
SG-EF90 D250 Al alloy 200 nm Al +
(M-B2-SG-EF90-F2) | AW 6082 44.5 AIN 17.0 5 600
SG-FW Al alloy 43.9 150 nm Al + } } )
(M-B2-SG-FW-F1) AW 6082 ’ AIN
SG-FW Al alloy
Filter-wheel (M-B2-SG-FW-F2) | AW 6082 o 200nm Al ) ) )
filter CLFW Alalloy 443 150 nm Al + ] ] ]
(M-B2-CI-FW-F1) AW 6082 ' AIN
CI-FW Al alloy
(M-B2.CLEW-F1) AW 6082 44.0 200 nm Al - - -

2.2. Finite Element Analysis

The deformation of the central support structure of the SG-EF filter under a dynamic load generates stress on the
membrane and structural mesh that could damage them. Finite Element Method (FEM) simulations were employed to
predict the dynamic response of filter frames under the acceleration spectrum density load used for the qualification
campaign, with a specific focus on the central structural cross-section that divides the filter into four sectors. These
simulations were necessary to determine the structure deformation and optimize the design profile of the structural cross-
section. The numerical analysis consisted of two main phases: modal analysis in a free-free configuration and random
vibration analysis in the configuration where the frame is fixed on the screws anchor points.

The modal analysis evaluated the filter frame's modal resonance frequencies. The first natural frequency is 548 Hz, and
the sixth natural frequency is 1970 Hz. Figure 6 illustrates the modal resonance frequencies.

Free-Free

l. 548 Hz
Il. 798

. 1049
V. 1114
V. 1602
VI. 1970

Mode IV —Mode Vi

Figure 6. Modal analysis in free-free configuration.
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In the random vibration analysis, the input was defined from the qualification spectral profile established for the test. As
shown in Figure 7, a safety margin has been applied to the final acceleration value, which is 16.79 g RMS. The relative
maximum deformation of the cross-structure center in the RMS value is about 2 pm at 1611 Hz.
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Figure 7. Spectral profile of acceleration input.

The deformation calculated at 3¢ under random vibration conditions allows us to estimate the stress in the assembly of
the membrane and structural mesh due to the deformation in the frame’s out-of-plane area. In particular, we estimate
that the relative maximum deformation does not exceed ten microns; a CNT film coated with aluminum and reinforced
with a structural mesh can sustain it.

2.3. Fixture Design

A specific fixture for the qualification tests of MUSE's optical filters has been designed to accommodate all samples.
For this, an interchangeable interface plate was designed for all the samples.

The fixture consists of three main components: the main plate, the cover frame, and the cover plate (Figure 8). The cover
plate is a flat plexiglass that facilitates visual inspection with photos. The main plate is used to fix the fixture to the shaker
head, while the cover frame is a spacer that fixes the internal total air volume of the fixture. The total mass of the apparatus
does not exceed 22 kg.
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Figure 8. (left) drawings of the three main parts of the fixture in config. #1 (right) fixture pictures in config. #2.

A fixture was designed to take two different configurations. One configuration (Config. #1 - Figure 9) was designed to
house a single sector of the SG-EF filter, while the second configuration (Config. #2 - Figure 10) was used to house the
FW-F.

Adapter for SG-EF
Conf.1

Figure 9. (left) drawings of the config. #1 with SG-EF holder in adapter plate (right) fixture pictures in config. #1.
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Adapter for FW-F
Conf. 2

Figure 10. (left) drawings of the config. #2 with FW-F holder in adapter plate (right) fixture pictures in config. #2.

The adapter plate divides the fixture's volume to balance the air content above and below the sample. For this test, the air
volume above and below the filter was calibrated at around 1.36 x 10°® m?, as shown in the fixture drawing in section in
Figure 11.

[1237,00 [ 74,00

0197,00
54,00
""" Cover frame
42,00
27,00
0
SECTION A-A 5,00

Plate fixture
below filter membrane s about 1.37e-3 [m?]

Figure 11. Fixture view in cross-section.

The plexiglass cover plate features ventilation grooves on one side, allowing for cable connection, and is entirely open to
the external atmosphere, if necessary. In the test campaign, to simulate launch conditions with optical filters exposed to
atmospheric pressure in a closed volume between the entrance door and the telescope pipe, the cover plate was installed
with the flat side (opposite the ventilation grooves) facing the cover frame.

2.4. Electrodynamic Shaker

For this test, an S59349/AIT-440 shaker was used. It operates in a frequency range from 5 to 3000 Hz and can
generate a maximum force of 49.5 kN for sinusoidal and random vibrations. The shaker can reach 148.5 kN for impact
tests. The maximum stroke is 50.8 mm.

Proc. of SPIE Vol. 13699 136995M-9



ICSO 2024 Antibes Juan-les-Pins, France
International Conference on Space Optics 21-25 October 2024

2.5. Optical Microscopy

High-resolution optical images were acquired with a Keyence VHX-7000 digital light microscope equipped with a
lens carousel that allows magnification between 20x and 2500x. A selectable combination of illuminations and filters
highlights different structures to sub-micron dimensions, including membrane tears, perforations, and structural mesh
breakages.

The filter surfaces' split recording acquisitions (sequences of multiple images to cover a large area or the sample) were
taken at 100x before and after the test campaign.

3. VIBRATION TEST

A vibration campaign was conducted at SERMS in February 2024 to validate the predicted dynamic load structural
analysis performances and to demonstrate the mechanical strength of the representative filter membrane and structural
mesh samples.

All the vibration tests on the samples in Table 1 were performed in air and out-of-plan shaker configurations. The
mounting corresponding to configuration Two can host up to two filters, one SG-FW and one CI-FW (see Figure 12).
Figure 12 shows the pilots (P1 and P2) and monitor accelerometers (M1, M4, and M5) mounted during the test,
respectively, on top of the plate, on the plexiglass cover plate and inside on the center and corner of the adapter plate.
These accelerometers aimed to characterize the mechanical interface and identify the required notching to attenuate fixture
modal resonances in configuration Two. The same accelerometer configuration was used for configuration one during the
test on the SG-EF samples.

0 L) " R
W B _|

Figure 12. Fixture interface config. #1 is mounted on the shaker head with pilot and monitor accelerometers and plexiglass cover.

All fixture configurations were tested before the qualification test using non-representative samples to set the ASD
input profile and response of the fixture.

For this campaign, we have used two random load vibration levels: component Random Workmanship Verification Load
Level (C-RWVLL), which ensures the component's quality, and component random Qualification Load Level (C-RQLL).
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To define the two load levels, we initially performed a Low-Level Sine Sweep (LLSS) vibration test (0.5 g 0 - peak, 5 -
2000 Hz, 2 octave/min total duration 4.19 min) to identify the particular response spectrum of the configuration adapter
plate where the filters are mounted and thus establish to apply a notching. During the LLSS test, the accelerometer M1
mounted on the plexiglass cover plate recorded a resonance at 1370 Hz with an amplification factor of about 50 concerning
the input acceleration (input = 0.5 g); the accelerometer M4 mounted at the center of the adapter plate recorded a resonance
peak at 1412 Hz with an amplification factor of about 3; The accelerometers M5 mounted on the corner of the adapter
plate recorded a resonance peak at 1595.14 Hz with an amplification factor of about 4.

The resonances recorded during the LLSW test are well inside the random spectral range (20 - 2000 Hz). Thus, it was
necessary to perform a series of random tests by fine-notching adjustments to set the proper input load levels, providing
the required WVLL and QLL at the position of the filters on the adapter plate (measured by the accelerometers M4 and
MS). Figure 13 and Figure 14 report the input random levels of WVLL and QLL identified at the end of this
characterization phase and used during the test run. The C-RWLL has a notching in the 1300 - 1600 Hz range with a
plateau at 0.002438 g%Hz, while the C-RQLL has a notching in the same range, 1100 - 2000 Hz, with a plateau at 0.08020
g?/Hz. The test duration was 15 seconds for the C-RWLL and 90 seconds for the C-RQLL.

C-RWVLL
T T
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(Hz) | (g"/H2)
- 20 | 0,00610
Fu Fu
— — —{| 80 | 002438
oF dBloct dB/oct
7 _ ~ —
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= - N
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, ; :
1350 | 0,00250
I ‘ — Notch
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| | 4 1600 | 0,00765
NOTCH
J ] 2000 | 0,00610
0,00100 .
10 100 1000
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Figure 13. Random load level spectrum workmanship.
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Figure 14. Random qualification load level spectrum.
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4. RESULTS

Depending on the configuration, the actual load level experienced by the samples was determined by analyzing the
amplification response of the fixture used during the vibration tests. The spectrograms in Figure 15 for Configuration One
and Figure 16 for Configuration Two illustrate how the adapter plate and, generally, the mechanical interface influence
the distribution of dynamic response acceleration. In both configurations, the accelerometers mounted at critical points of
the fixture, such as the monitors M1 (TP1_Z in Figure 15 and Figure 16), M4 (TP4_Z in Figure 15 and Figure 16), and
MS5 (TP5_Z in Figure 15 and Figure 16), shown in Figure 12, provided the data necessary to identify the notch adjustments
required to mitigate modal resonances. These two configurations have a different dynamic response to equal exposure
provided. The actual load levels have been measured and are about 20% higher than the predetermined qualification load

level, namely 15.9 g RMS for configuration One and 13,5 g RMS for configuration Two. This data is needed to know the
actual stress on the samples during this test campaign.
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Figure 15. Spectrogram of all accelerometers in the Z axis of the fixture config. #1 with input C-RQLL.
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Figure 16. Spectrogram of all accelerometers in the Z axis of the fixture config. #2 with input C-RQLL.
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For the control of the filter integrity, a procedure was followed in which an overview of the entire filter membrane was
made at low resolution (Figure 17), and a series of sample images at high resolution (Figure 18) in specific regions of the
filter (such as the center of the membrane or the edges of the joint between the frame and the membrane) in a random
manner, so that the integrity of the sample can be adequately assessed.

This control procedure carried out all the necessary checks. After the test, the structural integrity of all filter elements was
verified, which confirmed that all filter samples passed the qualification random load levels without damage.

Figure 17. 20x high-resolution digital microscopy overview images of the sample M-B2-SG-EF90-F1 (left) image before the test
campaign (right) image after the QVT. The images were acquired with coaxial and transmitted illumination by looking at the mesh
side.

The detailed view of the structural mesh-bars at 100x magnification (see Figure 18) displays a consistent image without
any signs of defects from the interaction between the mesh and the CNT film, even after the applied stresses. The strong
adhesion between the film and the mesh (due to Van der Waals forces) prevents the typical wrinkles observed in interfaces
where mesh and nanometric film are glued. The absence of wrinkles improves the membrane's ability to resist static and
dynamic loads.

Figure 18. 100x high-resolution digital microscopy random image of the sample M-B2-SG-EF90-F1 (left) image before the test
campaign (right) image after the QVT. The images were acquired with coaxial and transmitted illumination by looking at the mesh
side.
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5. CONCLUSIONS

All MUSE DM filter samples passed the test without showing signs of structural failure on the membrane, and the
reinforcing mesh exceeding the load level increased by about 15 g RMS. The vibration qualification test campaign
revealed that CNT film thicknesses with 40 %T @ 550 nm abinated to a coating thickness of 150 or 200 nm, freestanding,
or with reinforcing mesh in CNT meet dynamic load requirements.

Moreover, during the MUSE test campaign, additional samples of filters with a clean aperture of 56 mm diameter, a film
thickness of 55 %T at 550 nm, and a reinforced structural mesh with a mesh-bar width of 250 um were tested at the same
vibration load level used for the MUSE qualification campaign. Notably, these filters passed the vibration test without
any damage. This result sets the width of the future mesh bar for the following MUSE model filters.

It is essential to focus on improving the maximum load capacity of these CNT films supported by integrated structural
meshes. In particular, this honeycomb mesh, which has excellent mechanical proprieties, must be optimized by resizing
the mesh's bar width to reduce the geometric block factor.

Finally, the study of the mode resonance frequencies of these membranes is a pioneering activity. Excellent measuring
instruments will be required, such as a laser scanner vibrometer and a custom-made experimental setup. Being able to
perform this type of measurement on these samples will allow us to define in detail a FEM predictive model of optical
filters in the EUV/ X-ray band.
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