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Abstract

MICADO (Multi-AO Imaging Camera for Deep Observations) is an adaptive optics instru-
ment designed for high resolution imaging at near-infrared wavelength and it will be deployed
in 2030 on the Extremely Large Telescope (ELT). MICADO will feature a wide range of fil-
ters, masks and stops that will operate at a temperature of 82 K. The filters and their
corresponding samples are coated by the companies Cilas and SCHOTT according to the
requirements defined by NOVA. Two filters of each specific kind were coated to ensure that
one could serve as a spare. This report focuses on measuring the transmission of the [Fell],
H-continuum and I-long filters at room (293 K) and cryogenic (84 K and 100 K) temperatures
in order to asses their performance. The measurements show that the transmission curves
shift towards shorter wavelengths at lower temperatures. We determined that both [Fell]
filters comply with the specifications and they will be accepted. One of the H-continuum
filters does not comply with the requirements and hence, it will be kept as a spare, while the
other will be integrated in MICADO. The I-long filters showed a large number of coating
defects, which could lead to stray light effects that, in turn, might affect photometry and high
contrast imaging. Thus, it was decided to reject these two filters, even if the transmission
curve of the sample satisfied the requirements. At the time of writing this thesis, wavefront
error measurements are being conducted as part of the final acceptance process of the filters.
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Chapter 1

Introduction

During an experiment performed in 1800, William Herschel determined that thermometers
placed beyond the visible red spectrum showed a higher temperature than those in the visible
range (e.g. Minkina, 2021). This led to the discovery of infrared radiation, which marked the
beginning of a new era for Astronomy. Unlike visible light, infrared radiation can penetrate
through dust clouds, allowing observations of star-forming regions and obscured galactic cen-
ters, providing insights into both stellar evolution and supermassive black holes activity (e.g.
Beckman, 2021).

The need for high resolution imaging of stars and active galactic nuclei, combined with
the rapid technological advancements over the past decades, enabled scientists and engineers
to build larger telescopes such as the Very Large Telescope (VLT) and the James Webb
Space Telescope (JWST). This trend can be attributed to the relation between the optical
resolution and the diameter of a telescope
A

0 x D (1.1)
where 6 is the minimum resolvable angular separation, A is the light’s wavelength and D is
the diameter of the mirror (Hecht, 2017). In order to resolve smaller objects, the value of
0 has to be reduced, which can be achieved by increasing the diameter, hence the desire to
build larger telescopes on Earth.

1.1 The Extremely Large Telescope

The Extremely Large Telescope (ELT) represents a new advance in technological develop-
ment, aiming to capture deeper and higher resolution images of the Universe. This project
is led by the European Southern Observatory (ESO), which started building the facility in
2014 at Cerro Armazones in the Atacama Desert in Chile. This location was selected due
to its high altitude (3064 meters) and dry climate, where the water vapor is minimal and
the skies are clear for almost the entire year, making it a favorable place for observations
both in the visible and infrared ranges. ELT has five mirrors, with the primary measuring 39
meters, making it the largest ground—based optical-infrared telescope in the world (Padovani
& Cirasuolo, 2023). Currently, the highest point of the dome has been reached and the panels

5



that will protect the mirrors and the instruments are being installed (see Figure 1.1).

The ELT will have several instruments with capabilities for imaging, spectroscopy and as-
trometry at different wavelengths. Adaptive Optics (AO) will play a crucial role in enabling
high spatial resolution performance by correcting for atmospheric distortions that otherwise
limit the resolving power. ELT will be equipped with powerful lasers that act as guide
stars, as seen in Figure 1.2, allowing for observations at any position on the sky (Padovani
& Cirasuolo, 2023). The first light instruments are MICADO, which will take deep images
at near-infrared (NIR) wavelengths (Davies et al., 2016) and METIS — a spectrograph and
imager that will operate in mid-infrared (Brandl et al., 2021). The next generation of instru-
ments will be HARMONTI — a visible and NIR integral field spectrograph (Muslimov et al.,
2024), MORFEO — a multi-conjugate adaptive optics system, MOSAIC — a multi object
spectrograph, and ANDES — a high Dispersion Echelle Spectrograph. Currently, ELT is un-
der construction and the daily progress can be monitored by the public via this link provided
by ESO. It is expected that MICADO and METIS will be integrated in 2030.

Figure 1.1: The state of ELT’s dome on the 20th May 2025.
Retrieved from ESO, 2025.

Figure 1.2: Artist impression of the ELT’s dome and its lasers
used as artificial guide stars in order to correct for atmospheric
distortions. Retrieved from ESO, 2020b.


https://elt.eso.org/about/webcams/

1.2 MICADO

MICADO is the Multi-Adaptive Optics Imaging Camera for Deep Observations (see Fig-
ure 1.3) that will be used to take images in the NIR range at wavelengths between 0.8
and 2.4 pm. Initially, MICADO will operate as a stand alone instrument by employing
single-conjugate adaptive optics (SCAQO), which uses a single natural guide star for wave-
front sensing. This module will enable high resolution zoomed imaging, but with increasing
angular distance from the guide star, the quality of the images deteriorates (van den Born,
2023; Vidal et al., 2022). To enlarge the field of view (FoV), the multi-conjugate adap-
tive optics (MCAQO) module, MORFEO, will be introduced at a later stage, enabling the
full capacity of MICADO by correcting for the atmospheric turbulence with the aid of three
natural guide stars and six lasers along with multiple deformable mirrors (Ciliegi et al., 2022).

For MICADO, a total of three modes will be available for various types of astronomical
measurements and one mode will be used to perform calibrations. They can be achieved by
switching the filters, masks and the selection mechanisms shown in Figure 1.4. The zoomed
imaging mode will make use of a three-mirror anastigmat with four mirrors placed between,
creating the configuration known as High Resolution Imager (HRI). It will enable a FoV of ~
20 x 20 arcseconds with 1.5 mas per pixel. The Low Resolution Imager (LRI) requires two
fold mirrors to move in. This mode covers a FoV of ~ 54 x 54 arcsec at a scale of 4 mas per
pixel and will be used for imaging at high spatial resolution and astrometric imaging. Lastly,
the users will be able to perform spectroscopy to obtain high resolution spectra of compact
sources using two echelle gratings. A pupil imaging mode is available for calibration purposes
by employing two flat fold mirrors and a lens (Davies and Sturm, 2021; van den Born, 2023).

Relay and Calibration Optics
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Adaptive Optics

Support Structure
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Cryostat Vessel

Rotating Platform
with Electronic Cabinets

Figure 1.3: Exploded view of MICADO, showing its components. The instrument will be
6 meters tall and will weigh 20 tonnes. Retrieved from ESO, 2024.



As MICADO is an IR instrument, its optical components need to be cooled down to 77K by
placing them inside a large cryostat (see Figure 1.4), as described in more detail by Janssen
et al., 2021 and van den Born, 2023. Before entering the cryostat, the light passes through
a series of optics that perform multiple corrections of the incoming light. The MICADO
Calibration Assembly (MCA) will take flat fields and ensure that the instrument is well
calibrated. The Relay Optics (RO) will be used to guide the light towards SCAO and it
will act as a placeholder for MORFEO until its deployment. The Single Conjugate Adaptive
Optics (SCAO) will measure the wavefront of light coming into the instrument, while LOR
will be a Low Order Reference wavefront sensor for the natural guide stars that can be
both inside and outside the instrument’s FoV (Davies & Sturm, 2021). Inside the cryostat,
the light first passes through the collimator optics that align the incoming rays. Later, the
beam will go through the Central Wheel Mechanism (CWM) consisting of the Atmospheric
Dispersion Corrector (ADC), the Filter Wheel Mechanism (FWM) and the Pupil Wheel
Mechanism (PWM). The ADC will compensate for the atmospheric differential refraction
using two counter rotating double prisms that adjust the dispersion effects based on the
zenith angle. The FWM consists of two wheels that will host around thirty filters, which
include broad band filters, spectroscopic order sorting filters and neutral density filters. The
PWM will accommodate masks, narrow band filters and stops. Lastly, the camera optics
project the beam onto the detector, creating an image (van den Born, 2023, Janssen et al.,
2021).
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Figure 1.4: Schematic drawing of the MICADO optics inside the cryostat and the AO
module on top of it. Retrieved from ESO, 2020a.



1.3 The scientific cases behind MICADO’s development

MICADO represents a significant advancement in our ability to observe the Universe with a
level of detail that is not possible using current instruments. Thanks to the large collecting
area of the ELT’s primary mirror which has a 39 meter diameter, MICADO will be able
to achieve high resolution images that will make it possible to detect faint and compact
objects. For example, this allows the study of high-redshift galaxies to gain insights into the
early stages of galaxy formation and evolution. Due to the ability of resolving structures
smaller than 100 pc at high redshifts, MICADO will study the formation and evolution of
both galaxies and star clusters at greater distances than currently possible, revealing their
composition and age. Closer by, we will be able to observe individual stars in nearby galaxies,
which will allow us to learn in more detail their formation history (Davies et al., 2016).
Moreover, MICADO will be able to look at the motion of the stars in the vicinity of the super
massive black hole Sagittarius A* in the center of our Galaxy, offering a deeper understanding
of AGN feedback and the phenomena of matter accretion (Padovani & Cirasuolo, 2023).
MICADO will also enable the study of the atmospheres and weather in the planets from
our Solar System, as well as exoplanets, potentially leading to identification of a greater
abundance of molecules that can sustain life (Padovani & Cirasuolo, 2023). Two simulations
that compare the resolution of MICADO to that of HST, JWST and VLT are presented in
Figures 1.5 and 1.6.

HST / WFC3 JWST /NIRCam  ELT/ MICADO

‘..’
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(10° stars/arcsec?)

i .-200
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Figure 1.5: Simulated observations showing how a crowded stellar region would be seen by
HST (left column), JWST (middle column) and ELT’s instrument MICADO (right column).
The bottom row represents the stellar density at a radius of 4-5R.g for NGC 4472 in the
Virgo Cluster, which is the limit of JWST. The row on the top represents 2R.g¢ within the
same galaxy, where MICADO is still able to resolve many individual stars. The size of each
panel is 1 arcsecond. Retrieved from Davies et al., 2021.
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Figure 1.6: The stars orbiting around Sagittarius A* black hole observed by VLT-NACO
with a resolution of 60 mas on the left. In the middle, a simulation based on the VLT image
shows how the stars would appear when observed with MICADO. On the right, the central
region of the MICADO image is zoomed in for greater detail. Retrieved from Renzini, Davies,
et al., 2009.

1.4 NOVA'’s role within the MICADO Consortium

MICADO is developed and built by a consortium which includes institutions from Germany,
the Netherlands, France, Austria, Finland and Italy and it is led by the Max Planck Insti-
tute for Extraterrestrial Physics (MPE). NOVA is responsible for designing, manufacturing,
integrating and testing the CWM and the ADC, along with verification and validation of the
bandpass filters coated by the companies SCHOTT and Cilas. The CWM was successfully
tested both in warm and cryogenic environments in March 2025 at MPE in Munich and now
it is stored at NOVA Dwingeloo (see Figures 1.7 and 1.8). Starting May 2025, SCHOTT and
Cilas began delivering the filters, which are being inspected and their cryogenical performance
is measured to verify their transmission and wavefront errors.

Figure 1.7: CWM integrated in the test cryostat at the MPE lab in Munich in March 2025.
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Figure 1.8: The assembly stage of the FWM in the clean room of NOVA. Dummy masses
are used to mimic the filters in order to avoid potential issues such as debris coming from
other components.

1.4.1 My contribution within the MICADO team

One of NOVA'’s responsibilities is testing and validating the filters that are going to be used
in the FWM and the PWM. During my 3 months internship at NOVA, I had the task to
research the theory behind thin-film filter coatings to gain deeper understanding of their
properties (chapter 2). I familiarized myself with the reasoning behind the choice of the
MICADO filters by getting acquainted with the science case documents and considering
inputs from Eline Tolstoy, who is also the Project Scientist of the instrument (chapter 3).
With the guidance and help of my main supervisor, Joost van den Born, I performed a
visual inspection of the I-long, [Fell] and H-cont filters in NOVA’s clean room. Cilas and
SCHOTT provided two samples (hereafter referred to as witness samples), measuring 25
mm, for each filter set. We integrated them in a cryostat in order to perform transmission
measurements with the spectrometer available in the optics lab (chapter 4). Using the gained
knowledge about the desired specifications of the filters, I compared the empirical data to the
documented requirements in order to asses the filters’ performance at room temperature and
in cryogenic environments (chapter 5). Ester Aranzana coordinated the schedule, maintained
close communication with the companies supplying the filters and guided me through the
process of writing this thesis.
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Chapter 2

Theory of filter coatings

To achieve the desired performance of various optical surfaces, such as filters and camera
lenses, specialized coatings have been developed in order to remove the unwanted reflections
and improve optical efficiency. The most common way to attain high transmittance is by
stacking thin film layers on optical substrates to produce destructive interference patterns, or
to reflect the undesired light so that only certain wavelengths can pass through. This method
involves depositing from a few to a hundred layers with varying thickness and properties to
meet different design specifications (Hecht, 2017, Dobrowolski, 1978).

2.1 Antireflection coatings and quarter-wave stacks

Thin film coatings rely on the principle of interference between light waves reflected at the
upper and lower boundaries of a film layer. As a beam of light hits a film layer, part of it is
reflected from the top surface, while the rest continues through the film and reflects from the
bottom surface. Afterwards, the two resulting beams recombine in two ways. If their relative
phase shift is 180°, their amplitudes subtract, meaning that they interfere destructively. If
the shift is zero or a multiple of 360°, then their amplitudes add and the beams interfere
constructively. This process occurs at every interface throughout the stack and the reflected
light is a combination of all the resulting beams, as seen in Figure 2.1.

Incident Reflected light
light = combination
of six beams
Air

V// High index

V/// Low index

V // High index Multilayer
V/ Low index
v High index

\ Substrate
Transmitted light

Figure 2.1: Propagation of light through a multilayer thin film stack. Retrieved from
Macleod, 2001.
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In order to maximize the transmittance of a thin film filter, the reflection of light can be
reduced using anti-reflection (AR) coating materials. Their goal is to ensure that the light
reflected at the upper and lower surfaces of a thin film layer is canceled. For this to occur,
two conditions need to be satisfied. First, the amplitudes of the reflected light from the top
and bottom surfaces of the film layer must be equal, implying that the refractive index of
the coating, n., needs to satisfy the relation

Ne = /N * N, (2.1)

where ng is the refractive index of the incident medium (e.g. air) and ny is the refractive index
of the substrate (e.g. glass). Second, the two reflected beams from a layer must interfere
destructively, which is ensured by introducing a 180° phase shift. This is achieved by stacking,
on top of the substrate, pairs of alternating high and low refractive index thin film layers
with the optical thickness equal to a quarter of the central wavelength around which the filter
is designed. This structure is known as a quarter-wave stack and it is represented as

a(LH)™g,

where a and g stand for the refractive indices of air and glass, H and L represent the layers
with high and low refractive indices and, m indicates the number of repeated (HL) pairs
(Macleod, 2001; Hecht, 2017).

AR quarter-wave stack coatings are not designed using a fixed method. Instead, the pro-
cess typically involves experiments and automated computer calculation, but it can also be
performed analytically using approximations, as I will explain and illustrate in the following
sections.

2.2 Thin film interference coatings

Consider a beam of light traveling through air that is incident at an angle 6 on the surface of
a thin film coating consisting of m layers. Part of the electromagnetic radiation is reflected
multiple times within the system, while the rest is transmitted through each layer at an angle
¢;, with j = (1,2, .., k), until reaching the glass substrate, as depicted in Figure 2.2. The
material of each layer can vary and, consequently, each film is characterized by a different
refractive index n; and optical thickness d; (Dobrowolski, 1978). The optical thickness of a
layer results in an optical path length proportional to a quarter wavelength and it is computed
via the relation (Peatross & Ware, 2023)

Ao

= o
4n; cos @;

d.

J

(2.2)

where )\ is the central wavelength of the filter and ¢; is the propagation angle of light through
the jth layer.
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Figure 2.2: The structure of a multilayer coating and the propagation of light inside it.
Adopted from Dobrowolski, 1978.

In order to compute the transmittance and reflectance of a multilayer coating, we will make
use of the concept of characteristic matrices as described by Dobrowolski, 1978 and Hecht,
2017. The fundamental condition that needs to be satisfied is that the tangential component
of the electric field (E) and the magnetic field (H = B/u) must be continuous at the
boundaries of two thin film surfaces. This allows to obtain a linear relation between two
consecutive layers using a characteristic matrix M, which relates the electromagnetic fields
at two neighboring interfaces. For instance, at the boundary between the first and second
layer, the continuity of the tangential electric and magnetic fields can be written as

] =) ¢

with M; being the characteristic matrix corresponding to the first layer. For a multilayer
coating, the characteristic matrices are multiplied consecutively, up to the final layer. The
relationship between the first and the last boundaries can then be expressed as

E, . E, M1 M2 E
[Hl] MMy M, M _ {mm m] M (2.4)

where the subscript k& denotes the last layer and s refers to the substrate, while my1, mi2, ma1, mas
are the components of the total characteristic matrix resulting from the multiplication of the
inidividual layer matrices. The characteristic matrix of the jth film can be expressed by a
2x2 matrix

.sin d;
M= | cos‘éj Y ’ (2.5)
iY;sind; cosd;
where 7 is a complex number and
2
(5]' = /\—O(njdj COS ¢]) (26)

represents the extra distance traveled by the wave through a film layer due to the propagation
angle ¢;, the layer’s refractive index n; and its optical thickness d;. This quantity is also
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known as phase shift or optical path difference.

Y; from Equation (2.5) is the effective index of refraction and it depends on the polarization
state of the incident radiation — perpendicular or parallel and is written as

Ve Consjé)]_, for p-polar'ized l'ight (parallel)' ‘ (2.7)
njcos ¢, for s-polarized light (perpendicular)

In order to find the propagation angle ¢;, we begin by applying Snell’s law between air, with
the refractive index ng = 1, and the first layer, which yields

ngsin § = ny sin ¢, (2.8)

with 6 being the angle of incidence (AOI). The law is applied between every two consecu-
tive coating layers, using the corresponding refractive indices and propagation angles, until
reaching the substrate.

Having collected the necessary elements and performing a series of derivations presented
in detail by Hecht, 2017, the transmission coefficient is computed as

t— 2%
~ Yomag + YoYamag + maog + Yimay

(2.9)

where Y and Y are based on Equation (2.7) and stand for the effective refractive indices of
air and glass. Finally, the transmittance can be computed as

Un 2
T=—|t 2.10
o, (210)

where we remind the reader that ng and ng are the refractive indices of air and glass, respec-
tively.

2.3 Simulation of a bandpass filter

In order to illustrate the theoretical concept derived in the previous section, a simulation of a
bandpass filter in Python was performed. An example recipe for obtaining high transmittance
with alternating high (H) and low (L) refractive index films is (Dobrowolski, 1978)

a{[(0.5H)L(0.5H)]* H[(0.5H)L(0.5H)*}Ng.

This multilayer stack starts in air and ends in glass. The alternation (0.5H)L(0.5H) is re-

peated three times, followed by a full high index layer H and then another repetition of the

sequence (0.5H)L(0.5H) for three times. The whole structure is repeated N times. It is also

important to mention that in the case of a quarter-wave stack, the thickness of the H-layers
Ao

will become <2, except for the high index layer in the middle.

To design an I-band filter centered at Ay = 867 nm, first consider the case where the light
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Transmittance

(a) Theoretical transmittance curve for films with
refractive indices that are close in value.

hits the first layer of the stack at normal incidence, so # = 0° and it is s-polarized. From
Equations (2.2) and (2.6), we see that the refractive index of the coating impacts the optical
thickness length, which in turn influences the phase shift. To illustrate this, I generate a
theoretical transmittance curve for two cases (see Figure 2.3):

1. the high and low refractive indices of the thin films are close in value;
2. the high and low refractive indices of the thin films differ significantly.

For both cases, I chose antireflection coating materials with low and high refractive indices,
denoted by ny and ny respectively. I use the same low index material with np 1.35,
corresponding to NagAlFg, for both simulations, while varying the high-index material. For
the first case, the chosen value for the high refractive index material is ny = 1.46, which
corresponds to SiOg, and for the second case, I picked a TayO5 coating with ny = 2.1. Note
that the shape of the curve is influenced by the amount of repetitions of the sequence, denoted
by N. The highest transmittance is achieved using N = 3 for case 1 and N = 2 for case 2.

Transmittance simulation of an | band filter with n, =1.35 and ny=2.1

ﬁ

Transmittance simulation of an | band filter with n, =1.35 and ny =1.46
1.0 1
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(b) Theoretical transmittance curve for thin films
with refractive indices that differ significantly.

Figure 2.3: Effect of varying refractive indices in multilayer coatings on transmittance.

As seen in Figure 2.3a, when the refractive indices of the two coatings are closer in value, the
transmission range gets broader, spanning over approximately 125 nm, compared to a 50 nm
width in the second case depicted in Figure 2.3b. The transmittance does not reach values
lower than 0.36% for case 1, but this can be solved by applying extra layers of different
materials or by introducing cavities (Dobrowolski, 1978). Yet, the simulation of case 1
matches closely the actual properties of MICADQO’s I-long filter which will be described later
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in this report. In order to find the central wavelength Ay, I take the transmission weighted
mean of the wavelengths given by (Sivia & Skilling, 2006)

p - ZLAT)

i T(N)

with \; standing for the ith wavelength value and T'()\;) is the correspoding transmittance.
The obtained central wavelengths are Ay = 863.69 nm for case 1 and Ay = 864.03 nm for case

2, which deviate by approximately 3 nm from the chosen central wavelength Ay = 867 nm.
By applying more complex AR coatings, we can achieve values closer to Ag.

(2.11)

In addition to the passbands of interest, both plots from Figure 2.3 show multiple high
transmission regions, which are not ideal for scientific use. The problem could be tackled by
either using a high-pass filter in order to block the other transmitting areas or by making
the detector not sensitive outside the desired wavelength range (Dobrowolski, 1978).

Furthermore, I examined how the angle of incidence (AOI) influences the transmission region
(see Figure 2.4). For simplicity, I implemented the change only on the case 2 filter, with films
that have very different refractive indices. The behavior is the same for the other simulated
filter.

Transmittance simulation of an | band filter under different AOI

1.0 L [ Transmittance, AOl = 0°
\ —— Transmittance, AOl = 5°

—-= Transmittance, AOl = 10"

—-- Transmittance, AOl = 15°
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0.8 1

0.7 1

0.6

0.5

Transmittance

0.4 1

0.3 1

0.2 1

0.1

D e B e ==

700 750 800 850 900 950 1000 1050 1100
Wavelength (nm)

Figure 2.4: The influence of the light’s angle of incidence on transmittance.
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A shift of the central wavelength towards the blue region occurs. The central wavelengths
now become A\ = 862.89 nm when 6 = 5°, \; = 859.51 nm for # = 10° and \g = 846.37 nm
at 6 = 15°. This is to be expected, since the central wavelength will always shift according
to the relation (Lofdahl et al., 2011)

sin? 6
Ao = doy[1 - =5 (2.12)

By choosing some dummy values for A\q and n, one can show that the central wavelength
value will decrease with an increasing AOI 6.

The transmittance of a filter is also influenced by the AOI. It happens due to the reduc-
tion in the optical thickness, which alters the phase difference of beams within the coating
(Dobrowolski, 1978). In this example, for §# = 5°, the maximum transmittance is 99%, oc-
curing at A = 858.02 nm, whereas for # = 10°, it slightly decreases to 98% and shifts to
A = 854.71 nm. With a more extreme angle, # = 15°, the peak transmittance is located at
A = 841.78 nm and it drops to 94%. However, AOI above 10° are of no interest for filters
used in Astronomy, since they reduce transmission significantly and shift the wavelengths,
which influences the performance of the instruments and the data quality.

Now that we have examined the theoretical concepts of thin film filters design, we have
the necessary tools to interpret the transmission profiles of real filters. We will further look
at the MICADO filters in more detail and see how their curves reflect the design principles
in chapter 5.
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Chapter 3

The science cases behind the
MICADO filters

The development of MICADO’s filters is driven by the scientific goals of the instrument.
The broad-band filters I, J, H and K can be used for studying high redshifts galaxies and
stellar populations in nearby galaxies. These filters enable the measurement of key physical
properties, such as stellar age, metallicity and star formation rate. Besides the classical broad
and intermediate band filters, a number of narrow-band continuum and specific emission
line filters are included to observe at particular wavelengths that correspond to important
emission lines at zero redshift, such as [Fell], Pap and Bry. This will enable new insights
into supernova remnants, star forming regions and HII clouds within the Milky Way along
with the ability to study the activity of nearby galaxies (Tolstoy & Davies, 2018). A full
overview of the requirements and science cases for every MICADO filter is described in detail
by Davies et al., 2022 in the MICADO Masks, Stops, and Filters Description document.
This chapter focuses on summarizing the scientific motivation behind the selection of the
three filters that are studied in this thesis:

e [-long — a broadband filter at the blue side of the MICADO wavelength coverage;
e [Fell] — a narrow-band filter designed for observing the [Fell] emission line at 1644nm;

e H-cont — a narrow-band continuum filter used to measure the continuum emission in
the 1559-1582 nm wavelength window.

3.1 Studies of stellar populations: the I-long filter

The I filters, in astronomical instruments, often cover different wavelength ranges depending
on instruments’ sensitivity and scientific goals. The MICADO I-long filter is particularly
unusual as it covers the red part of the classical I-band and the blue region of the Z-band.
The lower cut-off point corresponds to the minimum sensitivity of the instrument, which
is 800 nm and the upper cut-off is 934 nm to avoid the atmospheric absorption at 950 nm
(Davies et al., 2022).

The main scientific driver for the I-long filter is the study of resolved stellar populations.
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Deep et al., 2011 performed a case study involving the IJH K filters on a simulated el-
liptical galaxy located at the same distance as the Virgo galaxy cluster, to investigate the
accuracy of stellar photometry with MICADO in crowded fields and create color-magnitude
diagrams. They determined that the MICADO filter combination (I, — K) yields the most
detailed CMD, because the I-band expands the color range the most (see Figure 3.1). As a
result, the RGB (Red Giant Branch) and the AGB (Asymptotic Giant Branch) branches are
more spread out, making the interpretation of their color range more accurate. MICADO’s
high angular resolution and sensitivity will also make it possible to detect very faint objects,
such as the brown dwarfs not only within the Milky Way, but also around its satellite dwarf
galaxies (Tolstoy & Davies, 2018). Hence, MICADO will be able to expand the current cat-
alogs of resolved stellar populations in both the local Universe and in more distant galaxies,
providing deeper insights about their formation and evolution history. We will gain better
understanding of the initial mass function (IMF) and how it varies across different regions
within and outside our Galaxy. This information is essential for modeling galaxy evolution, as
the IMF contains valuable information about the initial distribution of stellar masses, which
directly influences the star formation rate, chemical enrichment and the effect of feedback
processes caused by stellar evolution, stellar winds and supernovae.

! 2,3,5,10,13 Gyr
[ Z=8MC
-8 [ Z=Sclar

Figure 3.1: Comparison of 5 isochrones for SMC-like (Small Magellanic Cloud) metallicity,
in black (from Yi et al., 2001) and solar metallicity, in red, for 5 different ages. The I-K and
[-H panels show the largest spread of the isochrones, making it possible to obtain the most
detailed CMDs (Deep et al., 2011).
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3.2 Shock region studies: the [Fell] line

Line emission occurs when an electron transitions from a higher to a lower energy state.
Due to the discrete allowed energy states, each observed emission line traces specific physical
processes. Selection rules determine if an electron transition to a lower state can occur based
on changes in quantum numbers that include the orbital angular momentum (AL), total
angular momentum (A.J), spin (AS) and parity (Morrison, 2021). If at least one of these
rules is violated, the transition is classified as forbidden and the probability of it happening
depends on the strength of the electric quadrupole. The [Fell] emission line is a forbidden
transition that occurs at 1644 nm. It is most often observed in the interstellar regions with
low density, since the collisions are so rare that the involved timescales allow for forbidden
radiative transitions to occur (Draine, 2011; Morrison, 2021).

Figure 3.2: The two bubble-shaped [Fell] emission line regions observed in the Hubble 12
nebula (in blue-green). The Hj line and the continuum emission are in red. The drawing
on the left represents the geometry of the Hy emission region, while the boxes represent the
used spectroscopic slits, which are explained in more detail by Welch et al., 1999.

The [Fell] filter is a narrow band filter designed to detect the [Fell] emission line occurring
at A = 1644 nm at a redshift z = 0. It will be used together with the H or H-cont filters to
remove the continuum in order to determine the emission-line flux. This filter is well-suited
for observing shock regions within and outside the Milky Way. For example, a study of
the planetary nebula Hubble 12 shows prominent lines of [Fell] in bipolar bubbles around
the core (see Figure 3.2). This is caused by a fast wind originating from the central star
(Welch et al., 1999). The bubbles may indicate either an inner shock from a fast wind,
a second wind that occurred at a later stage or that the [Fell] emission line is caused by
cooling of a photodissociation or HII region. Shock regions can also be found in starburst
regions, as it is the case for the young stellar object (YSO) Gaial9bey around which an
[Fell] emission region in the shape of an edge-on disk was discovered (Hodapp et al., 2020).
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By employing MICADQ'’s capabilities, more planetary nebulae and YSOs can be studied
in detail with high spatial resolution, looking for traces of [Fell] to gain insights on the
formation and evolution of shock regions and their cooling mechanisms, which will deepen
our understanding of astrophysical magneto-hydrodynamics.

3.3 Solar system observations: the H-continuum filter

Continuum filters play a crucial role when observing with narrow-band filters, making it pos-
sible to separate an emission line flux from the continuum flux in order to study the physical
properties of the emission line (e.g. di Serego Alighieri, 1987). The MICADO H-continuum
filter will serve as an off-band continuum pass for the [Fell] narrow band. It will also be used
for observations within the solar system to investigate the deep continuum of the planetary
atmospheres and the ice present in various nearby astronomical objects (Davies et al., 2022).

An important research question today is what is the distribution and state of water found
outside Earth. MICADQ’s high spatial resolution and sensitivity will enable accurate spectra
of small and faint objects to study the processes that influence the composition of water ice.
This can provide valuable information about the properties of the Trans-Neptunian Objects
(TNOs), which are typically too faint to study with current facilities. This will offer new
insights on the overall formation and evolutionary history of our solar system.

In addition, the gas giants Uranus and Neptune must have formed in a low density re-
gion of the proto-planetary disk, so, their rock and ice accretion processes around the central
cores occurred slower than for the other giants. Even though the two planets share a similar
atmospheric composition and temperature, they are very different from each other in many
aspects. Hence, it is important to understand their vertical atmospheric composition and the
H-continuum filter, together with other filters (e.g. K-mid, K-short), will provide valuable
data by allowing detailed observations of the different layers.

Besides the gas giants themselves, their satellite moons offer further opportunities to in-
vestigate the distribution of water ice. For instance, Jupiter’s moon, Furopa, is believed to
host an ocean under a thick ice layer, which could be a valuable exobiological research target.
Similarly, Neptune’s satellite, Triton, with its rich atmosphere and icy surface, could provide
valuable information about the processes of water enrichment and the evolution of icy bod-
ies. By employing MICADOQO’s sensitivity and high spatial resolution, the H-continuum filter
in combination with other filters, such as, for example, K-short, K-mid and J, will enable
studies that will refine our current understanding about the formation and evolution of the
solar system (Tolstoy & Davies, 2018).

22



Chapter 4

The experimental setup

The MICADO optics need to operate at cryogenic temperatures. Hence, the filters need to
satisfy a series of requirements, which include maintaining the transmittance performance at
82 K, while withstanding the cooling and heating cycles. In order to asses these properties, we
performed measurements of the transmission spectra of the I-long, [Fell] and H-cont witness
samples at temperatures of 82 K, 100 K and 293 K. We used the equipment available in
NOVA’s optical lab, which will be described briefly in this section.

4.1 Overview of the spectrometer

To measure the transmittance of the witness samples, we used a Varian FT7000e Fourier
Transform Spectrometer (FTS) in the optical lab of NOVA. The instrument is equipped with
both near-infrared (NIR) and mid-infrared (MIR) internal Helium light sources, but exter-
nal sources can be connected if needed. Some optical elements in the spectrometer can be
exchanged to modify the beam shape before the measurement compartment. These elements
include a beam collimator, a flat folding mirror and a parabolic mirror. The latter is used to
focus the light coming from the source such that it passes through the middle of the sample
placed in the sample compartment. In addition, the spectrometer is equipped with a system
that maintains a continuous flow of dry air to prevent any moisture buildup that could in-
troduce absorption lines in the measured spectra (van den Born et al., 2024).

By selecting appropriate configurations, which include the light source, the beam splitter
and the detector, it is possible to obtain spectra starting from 250 nm in the ultraviolet,
up to 67 pm in mid-infrared. The available configurations of this spectrometer are UV-VIS,
VIS, NIR1, NIR2, MIR1, MIR2 and they are selected according to the wavelength range of
interest using an application connected to the device. In this test campaign, we took mea-
surements with the NIR1 setting for the I-long witness samples and NIR2 for the [Fell] and
H-cont witness samples, which required to change the detector. A detailed overview of the
difference in parameters between the two modes is given in Table 4.1.
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Table 4.1: Spectrometer configurations for measurements in NIR1 and NIR2. Note that
these 2 settings require different detectors, optical filters, and aperture sizes, while all the
other parameter settings remain the same.

Parameters Settings tab | NIR1 NIR2

A (nm) 500-1163 1000-3571
Wavenumber (cm™1) 20000-8600 10000-2800
Speed (kHz) 5 5

Filter (kHz) 5 5

UDR Electronics 05 05
Resolution (cm™!) 2 2
Sensitivity 1 1

Scans to Co-add 128 128
IR-source NIR (S-W halogen) | NIR (S-W halogen)
Beam Internal Internal
Detector Si DTGS
Beam splitter Optics NIR-Quartz NIR-Quartz
ATR crystal None None
Optical filter 8 mesh grids None
Aperture 2 0.25
Interferometric Symmetry Symmetric Symmetric
Gain Ranging Advanced Enabled Enabled
Gain Ranging radius 40 40
Background scans to co-add | Background 128 128

Based on the experience gained by myself and my colleagues from NOVA, the stability of
the light source can influence the measured transmission levels up to a few percent. In
addition, the varying humidity and temperature in the optical lab has an effect on the
resulting transmission curves by introducing unwanted absorption lines. These issues can be
mitigated by allowing sufficient time for the light source to warm up and by waiting at least
15 minutes after opening the sample compartment to ensure that it is properly flushed with
dry air. In order to get an overview of the light source’s stability, it is recommended to take
a background measurement between each sample measurement to check for any deviations
in the response curves.

4.2 Cryogenic environment control using CRiSP

To perform measurements of the transmission of the witness samples in a cryogenic medium,
NOVA developed and assembled a cryostat that can fit in the sample compartment of the
Varian FT7000e FTS, hence the name CRyostat in SPectrometer or CRiSP (see Figures 4.1
and 4.2). Its exterior is made from aluminum and the door used to access the filter wheel
features a copper ring that ensures vacuum sealing. To maintain thermal stability, the filter
wheel is enclosed in a copper housing covered by multi-layer insulation (MLI), as seen in
Figure 4.5.
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The wheel can accommodate up to six samples of 25 mm in diameter, while at least one
slot must stay empty to allow for background measurements. A stepper motor, fixed on top
of the cryostat, is connected to the motor axis. The latter moves the worm wheel, that,
in turn, rotates the sample wheel. The sample wheel can rotate both clockwise and anti-
clockwise. A series of notches on the sample wheel ensure that it is locked in a stable position
for taking measurements (see Figure 4.3). In order to move from one slot of the wheel to the
next, the external stepper motor has to rotate by 6084°. This motion is controlled with the
application OWISoft installed on a laptop in the Optics lab of NOVA. Temperature sensors
are attached on the cold head of the cryocooler, on the thermal shield, on the sample wheel
and on a dummy mass. A CryoCon temperature controller adjusts the temperature via a
Proportional-Integral-Derivative (PID) closed-loop, which receives real-time feedback from
the sensor attached to the cold head.

Before reaching the sample inside CRiSP, the light passes through a long and narrow tunnel
that reduces the stray light and the thermal radiation from the warm external environment.
CRIiSP features two such tubes (see Figure 4.4). One of them has a Cadmium Telluride
(CdTe) window, which is used when taking measurements in mid-infrared. Its transmission
varies between 60 and 70% within the 1.5 to 2.8 pm wavelength range. The other tunnel
features a Sapphire window that allows for transmission above 80% between 0.2 and 4 pm,
covering the UV, visible and IR regions (van den Born et al., 2024).

During this testing process, the witness samples are carefully handled in a laminar flow
cabinet to avoid dust deposits. However, they still need to be integrated in the cryostat
quickly to avoid contamination. One has to make sure that each sample is secured in one of
the 6 available slots using customized springs and a ring. For accurate tracking of the sample
wheel’s position, each slot is numbered, as seen in Figure 4.3. Since CRiSP matches the di-
mensions of the sample compartment of the F'T'S and maintains a vacuum during operations,
deep absorption lines from the ambient humidity should not be observed.

Figure 4.1: The final setup showing CRiSP integrated in the sample compartment of the
Varian FT7000e FTS, while connected to the Helium cooling source and to the vacuum pump.
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Figure 4.2: CRiSP viewed from the out-
side. The stepper motor is located on the
top, while on the right, the mechanisms
used to connect and control the vacuum
pump and liquid helium source are visible.

— |

Figure 4.4: The tunnels through
which the spectrometer light passes.
The one on the right was used in this
test campaign and it features a Sap-

phire window. The one on the left has
a CdTe window.
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Figure 4.3: The sample wheel with
thermal sensors attached to it. The rota-
tion mechanism, that includes the worm
wheel, is located in the back right of the
copper housing. The small dips in the
wheel are the notches that secure the
wheel’s position when taking measure-
ments.

Figure 4.5: The copper housing and
the MLI cover that enclose the sample
wheel in order to ensure thermal con-
trol.



Chapter 5

Results and analysis

Two companies are responsible for coating MICADQO’s optical filters based on the require-
ments defined by NOVA. The narrow band filters are coated by the French company Cilas,
while the broad bands — by SCHOTT in Switzerland. We received two I-long, two [Fell] and
two H-cont filters and two corresponding witness samples for each of them. Only one filter
from each pair will be placed in the filter wheel or in the pupil wheel of MICADO, while the
other will serve as a spare.

As soon as the filters arrived, we inspected them by eye and using a microscope in the
laminar flow cabinet in the clean room of NOVA. Afterwards, we integrated the witness sam-
ples in CRiSP and measured their transmission. The obtained results were compared with
the documented requirements and with the data provided by SCHOTT and Cilas. To reach a
final conclusion whether the filters will be accepted and used in MICADO, a wavefront error
(WFE) measurement test has to be performed in order to identify if there are any optical
aberrations that could lead to the degradation of the image quality (Argueta, 2025). This
test will be performed by other colleagues from NOVA.

5.1 Methods

The first part of the MICADO filters’ testing campaign took place between the 21st May
and the 23rd June 2025. A visual inspection of all the filters was conducted to check for the
quality of the coating and defects. This is an important step, since it allows for tracing any
new imperfections that can occur in the event of cryogenic environment failure or accidental
surface damage. A delay in the delivery of the I-long filters and witness samples, along with
a failure of one of CRiSP’s components (described in the Appendix), affected the schedule
of the test campaign. Thus, the witness samples were integrated in the cryostat on the
13th of June and the transmission data was collected between the 16th June and the 23rd
June. After placing each witness sample in one of the slots, the home position of the wheel
was defined in the OWISoft application as the empty slot 2 in front of the Sapphire tunnel.
This allows for easy tracking of the samples inside the closed cryostat. Slot 5 was also left
empty for taking background measurements, while the dummy mass with a thermal sensor
was placed in slot 7. An overview of the witness samples used in this test campaign and
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their location in the CRiSP’s sample wheel is given in Table 5.1. Note that due to the small
number of slots in CRiSP, only one [Fell] sample and one H-continuum sample were tested.

The transmission measurement of every witness sample was carried out according to the
following procedure:

1. A background measurement was taken at an open slot (2 or 5) next to the witness
samples that were measured.

2. The sample wheel was moved to the position where the spectroscope’s light passed
through the sample to be tested.

3. A measurement of the sample was taken.

4. The sample wheel was moved to the position of the other filter that used the same
spectrometer settings.

5. A measurement of the second witness sample was taken.
6. The wheel was moved to home position (slot 2).

7. The spectrometer’s settings were changed from NIR2 to NIR1 or vice-versa and the
steps 1-6 were repeated.

This process was done at the temperatures of 293 K, 101 K and 84 K. However, in the further
analysis, we will omit the measurements taken at 101 K, because this is an intermediate tem-
perature at which the filters will most likely operate for the first time, when MICADO will be
commissioned. However, taking measurements at an intermediate temperature is important,
since it simulates a cryogenic cycle, allowing us to verify if the samples remain undamaged
under temperature changes.

Since the [Fell] and H-continuum filters required a different spectrometer configuration than
the I-long filter, it was necessary to add mesh grids in front of the latter, as indicated in
Table 4.1. Without them, the spectrometer’s application would show an error because of a
signal overflow. Hence, we had to remove a cover of the spectrometer, as depicted in Fig-
ure 5.1 in order to make space for placing the mesh grids. This introduced absorption lines
in the background taken with the NIR2 setting at the temperature of 100 K, since the insides
of the spectrometer were not flushed with dry air and the DTGS (Deuterated Tri Glycine
Sulfate) detector is particularly more sensitive (see Figure 7.1 in the Appendix). Since we
were aware of this issue, it was decided to begin by measuring only the [Fell] and H-cont
transmissions at 293 K and 84 K, which ensured that the spectrometer was properly flushed
with dry air. Only after these two measurements were taken, the spectrometer’s cover was
removed and the first measurements of the I-long filter were taken. After finishing taking
the transmission measurements, the witness samples were carefully taken out of the cryostat,
inspected and stored back in the boxes containing the filters.
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Table 5.1: The witness samples used in the test campaign and their location in the sample
wheel

Witness sample Serial number Slot in the sample wheel
[Fell] 252B101, 252 B140/142, Fell 132a 1
H-cont 252B121, 252 B140/142, 211a 3
I-long M 4
[-long C 6

Figure 5.1: CRIiSP seen from the back. On the right, the spectrometer’s cover was removed
in order to place mesh grids in front of the Sapphire window through which the light beam
passes before reaching the filters.

5.2 General filter specifications

The broad- and intermediate band filters will be placed in one of the two filter wheels at a
tilt of 3.75° to avoid ghosting effects, which are caused by the light being reflected repeatedly
within the system. The narrow band filters will be mounted in a flat position in the pupil
wheel, because a tilt would result in a 30% shift of the full wavelength range. All filters
have a well specified region where transmission (7') must be at least 50%. Within this
region, the averaged peak transmission (APT) range is defined and it is the range in which a
filter’s transmission must be above 90%. However, it is also important to attain the blocking
requirement in order to prevent light from outside the transmission window from reaching the
detector. The blocking is set by defining accurately the cut-on and the cut-off wavelengths,
which represent the beginning and the end of a bandpass. All filters must match the required
transmission spectra at 82 K — the temperature at which they will operate and shall have a
maximum ringing of 2% (Davies et al., 2022, Janssen et al., 2024). The latter is defined as the
deviation from the weighted average of the transmission above 90%. Last, the measured CWL
should deviate from the theoretical CWL by less than 0.3% for the narrow-band filters and
less than 0.5% for the broad-band filters. An overview of the wavelength window requirements
for the filters and their corresponding witness samples is given in Table 5.2.
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Table 5.2: The wavelength specifications of the 3 filters used in the test campaign. Adapted
from Davies et al., 2022 and Janssen et al., 2024.

Filter | Acentral (NM) | Acut—on (NM) | Acut—or (nm) | T > 50% (nm) | Avg. peak T (nm) | Notes

I-long 867.0 800.0 934.0 800.0 — 934.0 804.3 — 929.7

[Fell] 1649.5 1638.5 1660.4 1638.5 — 1660.4 1642.6 — 1656.3 Line (z=0) at 1644.0 nm
H-cont 1570.0 1558.5 1581.5 1558.5 — 1581.5 1562.4 — 1577.6

5.3 The [Fell] filter

Two [Fell] filters, accompanied by two witness samples were coated by the French company
Cilas. They have a diameter of 100 mm and are 8 mm thick. The substrate used for the
[Fell] filters is Infrasil 302, which is a type of optical quartz that is often used for IR filters
(UQG Optics Ltd., n.d.). The accompanying witness samples measure 25 mm in diameter
and 2 mm in thickness. The coating was deposited on a Corning 7980 substrate, which is
a type of pure non-crystaline fused silica glass (Corning, 2015) and it is almost identical to
infrasil.

5.3.1 Visual inspection of the [Fell] filters

The two [Fell] filters can be distinguished by their serial numbers SN31 (see Figure 5.2) and
SN32. On face 2 of the SN31 filter, we found an inclusion measuring approximately 0.5 mm
in length in the coating and it was also reported by Cilas as 1.0.016 (see Figure 5.3), which
is an optics notation used to indicate the area of a defect. It has an elongated shape and
creates the effect of bending light around it, which leads to a colorful pattern, as seen in
Figure 5.4. A scratch measuring 1 mm has also been noticed and was traced back as 1.0.010
in the Cilas’ report (see Figures 5.3 and 5.5). These imperfections are not considered a threat
to the filter’s performance due to their small size.

Figure 5.2: The 100 mm [Fell] filter Figure 5.3: The defects map provided
with serial number SN31 under the mi- by Cilas for face 2 of the [Fell] filter with
croscope’s light. the serial number SN31. The numbers in

the notation indicate the area of a defect.
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Figure 5.4: Defect with the size of 0.5 Figure 5.5: Scratch with a length of 1

mm in length that creates a colorful pat- mm on the surface of the [Fell] SN31 filter
tern in the coating of the [Fell] filter with seen through the microscope at maximum
serial number SN31. Marked by Cilas as zoom. Marked by Cilas as L0.010 in Fig-
L0.016 in Figure 5.3. ure 95.3.

Some damage with an irregular shape at the edge of the coating represents the largest defect
on face 2 of the [Fell] SN31 filter and it is depicted in Figure 5.6. It is mentioned by Cilas
as L0.040 in Figure 5.3. These types of defects can occur during the coating process, but
the companies should strive to minimize them. Since this imperfection is outside the clear
aperture, it will not affect the performance of the filter.

Figure 5.6: Defect with an irregular shape at the edge of the coating of the [Fell] SN31
filter, measuring approximately 1 mm in length and 1 mm in height. Marked by Cilas as
L0.040 in Figure 5.3.

Cilas did not report any defects for the [Fell] SN32 filter and during the inspection performed
at NOVA, we did not notice anything concerning on the filter’s surface. Yet, under good light
and with a microscope, we observed some dots and deposits of dust on both surfaces of the
SN31 and SN32 filters, but the latter are usually easy to remove with a special cloth. Some of
the dots were clustered very closely together in multiple regions and two examples are shown
in Figures 5.7 and 5.8. The reason behind their occurrence has not been identified yet, but
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Cilas is currently investigating the potential causes. No such defects have been noticed on
the witness samples. To asses the influence of these dots on the performance of the filters, a
wavefront error (WFE) measurement test has to be performed, but it is outside the scope of
this thesis.

Figure 5.7: Region of clustered polishing Figure 5.8: Region of clustered polishing
dots on the [Fell] SN31 filter. dots on the [Fell] SN32 filter.

5.3.2 Transmittance of the [Fell] filters

To evaluate how the [Fell] filters’ transmittance varies with temperature, the transmittance
of one witness sample was measured at 293 K, 100 K and 84 K. As seen in Figure 5.9, the
overall shape of the transmission profile is unchanged, but a clear shift of the bandpass region
towards blue wavelengths is observed at lower temperatures. At 84 K, we found that the
transmittance is 2.78% lower than at 293 K. This decrease can be attributed to the fluctu-
ating stability of the light source and the temperature dependence of the coating’s refractive
index, but the latter is not properly understood yet (Hecht, 2017).

To calculate the spectral shift, the measurement taken at room temperature is used as the
reference and it is denoted by Tr.. A subsequent measurement, 7;, is then shifted along the
wavelength axis by an amount A\, to determine a point at which the difference between the
two transmission curves is minimized. This difference is quantified through a root sum square
(rss) of the difference between the two transmission curves. To find the wavelength shift Ay
that minimizes the rss difference, a scalar minimization function is used. A mathematical
description of this method is given by

A2
Alp = rrAn)\n\// [Tret(A) — T; (A + AN)|2dA, with w; < AN < ws. (5.1)
A1

In the above equation, A; and Ay are the boundaries of the region where the spectral shift
occurs and w; and ws define the optimization window and are set equal to the wavelength
boundaries (van den Born et al., 2024). Choosing A\; = 1620 nm and Ay = 1685 nm, it
was determined that the spectral shift of the [Fell] witness samples is 2.01 nm. To check
the accuracy of this result, a shifted reference curve was placed on top of the measured
transmission at 84 K, as depicted in Figure 5.10.
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Transmittance (%)

Figure 5.9: Comparison of the transmission spectra of the [Fell] witness sample at 293 K,
100 K and 84 K. The red and blue horizontal lines indicate the regions where the transmission
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Figure 5.10: The reference transmission curve of the [Fell] witness sample measured at
293 K (in purple) was shifted on top of the measured transmission spectrum at 84 K. The
shift was obtained by minimizing the root sum squared difference between the 2 measured
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Having collected the data, it is now possible to quantify whether the witness sample and
the two [Fell] filters meet the specified requirements for the central wavelength (CWL), the
shift of the measured CWL from the theoretical CWL and ringing. The results are focused
on the transmission obtained at the temperature 84 K as it corresponds to the operational
temperature of MICADO. Since the transmission regions of the two filters and the witness
sample do not have a symmetric shape, especially around the top, the weighted average of
the data points was used throughout the data analysis process. To compute the ringing, the
transmission data points above 80% were selected to include the dips. Then, the weighted
average of the transmission was calculated as

(T) = % (5.2)

where \; stands for the ith wavelength and 7; is the corresponding transmittance value.
Next, the weighted mean of the squared transmission data points, (T), was obtained via the
relation . )
(%) = AT 5.3
Zi:l Ai
where the symbols keep their previous meaning. Using the above quantities, the variance is

computed as
var = o2 = (T?) — (T)>. (5.4)

Finally, by taking the square root of the variance, we obtain the deviation o, which quantifies
the average distance of the transmission data points from (7°). This deviation represents a
measure of the sample’s ringing and the obtained value is included in Table 5.3.

The central wavelengths of the [Fell] filter and witness sample were computed using the
transmission weighted average of the wavelength given by Equation (2.11) from chapter 2
and the results are presented in Table 5.3. The CWL will further be used to determine
whether the filters and the sample meet the required limit for the CWL deviation. This is
done fairly simply by first computing 0.3% from the theoretical CWL of the filter, Ay = 1649.5
nm. Afterwards, the obtained value was compared to the difference between the theoretical
CWL and the CWL at 84 K. If the difference falls within the 0.3% , then the filter is consid-
ered compliant.

We were able to directly measure the CWL of the witness sample at each temperature.
However, because NOVA doesn’t have a setup that could be used to quantify the transmit-
tance of the filters, we had to use the transmittance measurements made by Cilas at room
temperature. In order to get an approximation of how the transmission window would look
for the [Fell] SN31 and [Fell] SN32 filters at 84 K, we subtracted the sample’s thermal shift
of 2.01 nm from Cilas’ data. The same statistics was applied on the newly obtained trans-
mission curves of the two filters in order to obtain their CWL at 84 K.

Since the spectrometer performs internal calibrations within the system, it can be assumed

that the errors in the wavelength measurements are negligible. However, by comparing the
measured HeNe laser emission line present in the background measurement at A = 632.87 nm,
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to its true value of 632.8 nm (Paschotta, 2019), an uncertainty of 0.07 nm can be assigned

to all the wavelength measurements from this test campaign.

Table 5.3: Summary of the measured parameters for the [Fell] filter requirements.

Theoretical Shift from | Meximum
Filter CWL CWL at 293K | CWL at 84K theoretical CWI alslﬁ‘;:d Ringing | Compliance
[FelI] sample 1655.92 nm 1653.94 nm 4.44 nm 3.40% Yes
Fell] SN31 1649.5 nm 1654.00 nm 1651.99 nm 2.49 nm 4.95 nm 2.48% Yes
Fell] SN32 1655.40 nm 1653.39 nm 3.89 nm 2.45% Yes

We determined that the measured CWL at 84 K falls within the 0.3% of the theoretical
CWL for both filters and for the tested witness sample. We found that the ringing of
the witness sample is larger than the ringing of the filters. This can be explained by the
presence of a larger dip at around 1645 nm in the transmission curve of the sample, which
increases the variation in the transmittance above 80%. The ringing values for the filters are
also larger than the requirement of 2%, because this requirement was not included in the
working statement sent to the companies. However, the difference between the theoretical
and calculated ringing values is too small and can be considered negligible.

[Fell] SN31 filter tranmittance at 84 K
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Figure 5.11: The transmission curves of the two [Fell] filters after applying a blue shift of
2.01 nm to their wavelength values. This is an approximation of how the bandpass region
would look at a temperature of 84 K. The original data was provided by Cilas and it was
collected at room temperature.

As mentioned previously, to predict how the [Fell] SN31 and [Fell] SN32 filters transmission
windows will behave at a temperature of 84 K, we subtracted the sample’s thermal shift of
2.01 nm from the wavelength data provided by Cilas, leaving the transmittance intact. The
resulting shifted curves are shown in Figure 5.11. The dip around 1643 nm is less promi-
nent than the one in the witness sample and the transmission peak in the red region of the
bandpass is flatter, especially in the SN32 filter. Even if the 50% and 90% transmission re-
quirements are slightly outside the transmission region, the deviation of the computed CWL
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from the theoretical value dictates the compliance of the filter (see Table 5.3). Hence, the
[Fell] filters meet the transmission requirements and will be accepted if the WFE measure-
ments yield satisfying results.

After taking the witness sample out of CRiSP, it was visually inspected in the laminar
flow cabinet. No new defects were noticed on its surface, confirming that the coating and
the substrate withstanded the cryogenic cycle.

5.3.3 Observation limits with the [Fell] filter

In order to visualize the [Fell] line at 1644 nm, we plotted it alongside the transmission curve
of the SN31 filter at 84 K (see Figure 5.12).

i06 [Fell] SN31 filter transmission at 84K with the [Fell] line at 1644 nm
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Figure 5.12: The location [Fell] line at 1644 nm (blue) within the measured transmission
window of the [Fell] SN31 filter at a temperature of 84 K.

The [Fell] emission line is positioned at the blue end of the transmission region of the filter,
allowing for observations at redshifted velocities. The 50% cut-on and cut-off points of the
transmission curve define the minimum and the maximum wavelengths that can be observed
with the [Fell] filter. The smallest observable wavelength is A, = 1639.32 nm, yielding a
velocity of —856 km /s, where the minus sign indicates that the objects are moving towards
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us. At the other end of the transmission range, a source emitting at an observable wavelength
Ao = 1664.69 nm, corresponds to a velocity of 3784 km/s for the objects moving towards us.
These velocities make it possible to detect, for example, emissions from planetary nebulae
that expand with velocities of approximately 42 km /s (Jacob et al., 2013), and from galaxies,
such as those in the Fornax cluster, which move away from us at varying velocities of up to
1800 km/s (Chaturvedi et al., 2021).
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5.4 The H-continuum filter

The two H-continuum filters and their witness samples were coated by Cilas and have the
same physical properties as the [Fell] filters. Their diameter is 100 mm and they have a
thickness of 8 mm. The substrate used for the H-continuum filters is Infrasil 302. The witness
samples measure 25 mm in diameter and are 2 mm thick. Their coating was deposited on a
Corning 7980 substrate.

5.4.1 Visual inspection of the H-continuum filters

The H-continuum filters have the serial numbers SN10 and SN18. Cilas did not report any
defects on the surfaces of the two filters. Yet, during the visual inspection we found a series of
imperfections using the microscope. At the edge of the H-continuum SN18 filter, 4 scratches
spanning over 2 mm were observed. Their location and aspect are shown in Figures 5.13
and 5.14. They are far enough from the clear aperture not to influence the performance of
the filter, but by carrying out a wavefront error (WFE) test, more insightful conclusions on
this aspect can be obtained.

Figure 5.13: The 100 mm H-continuum Figure 5.14: The damage at the coat-
SN18 filter with damage at the coating’s ing edge of the H-continuum SN18 filter
edge, located in the lower right region as seen through the microscope at maximum
indicated by the red arrow. The defect zoom. It spans over a distance of approx-
can be distinguished by its white color. imately 2 mm.

In the H-continuum SN10 filter, 3 defects situated close to each other were discovered and
are marked by numbers and red arrows in Figure 5.15. The first one has a tilted U shape
and measures approximately 0.5 mm in length. The second imperfection is a straight line,
while the third is shaped like letter J and both extend for approximately 1 mm. Zoomed-in
pictures of the 3 defects are presented in Figures 5.16 and 5.17. Since their sizes are small,
they will not impact the filter’s performance.
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Figure 5.15: 3 defects on the H- Figure 5.16: Zoomed-in picture of

continuum SN10 filter, indicated by the first defect, measuring 0.5 mm in
red arrows and numbered for easy ref- length, from the H-continuum SN10
erence. filter.

Figure 5.17: Zoomed-in picture of the defects 2 and 3 from the H-continuum SN10 filter,
which are approximately 1 mm long.

5.4.2 Transmittance of the H-continuum filters

To asses the transmittance of the H-cont witness sample and filters, under different temper-
atures, the transmittance of one witness sample was measured at 293 K, 100 K and 84 K.
Again, we will focus on analyzing the behavior of the transmission windows at 84 K. The
transmission spectrum of the H-continuum witness sample is shown in Figure 5.18 and the
most prominent feature is a small dip in the transmittance at around 1580 nm. However, it is
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of no concern, since the average transmission of the data points above the 90% requirement is
equal to 92.63%. Again, we observe a decrease in transmittance at the top of the curve when
the temperature is reduced from 293 K to 84 K. For the H-continuum witness sample, this
difference was quantified to be 1.78% and it can be attributed to the same reasons mentioned
for the [Fell] sample in subsection 5.3.2. We have also determined that the transmission
window of the sample shifted by 1.90 nm to shorter wavelengths at 84 K (see Figure 5.19).

Transmission curve of the H-cont witness sample at different temperatures
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Figure 5.18: Comparison of the transmission spectra of the H-continuum witness sample
at 293 K, 100 K and 84 K. The red and blue horizontal lines indicate the regions where the
transmission has to be larger than 90% and 50%, respectively.

The same statistics used to analyze the [Fell] filters and sample, was applied to the H-cont
data sets. The maximum value that the CWL of the filters and of the witness sample can
deviate from the theoretical CWL (1570 nm) is 4.71 nm. It was determined that the CWL
of the witness sample at 84 K is shifted by 6.31 nm towards longer wavelengths from the
theoretical CWL value, meaning that it is not compliant. Again, the H-cont SN10 and H-
cont SN18 filters data provided by Cilas was taken at room temperature, so the sample’s
thermal shift of 1.90 nm was subtracted from the wavelength values of the filters. After-
wards, we computed their CWL and we found that the SN10 filter meets the specification.
However, the CWL of the H-cont SN18 filter deviates by 5.33 nm from the theoretical CWL,
making it not compliant. Since the H-cont filter will be used to look at a line free region,
the deviation from the CWL will not affect its performance and it will most likely be accepted.

A plot of the transmission curves of the two H-cont filters at 84K is depicted in Figure 5.20.
It can be seen that the 50% and 90% transmission requirements fall well within the transmis-
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sion region. The small dip at around 1580 nm is less prominent in the SN18 filter, while the
SN10 filter shows a flatter transmission peak between 1560 nm and 1580 nm. The ringing
of the witness sample at 84K is 3.70%, which, similarly to the [Fell] filter, can be explained
by the presence of a dip in transmittance, this time located at 1580 nm. The filters’ ringing
is smaller than the value for the sample, but it is still above the 2% requirement, as for the
[Fell] filters. A more detailed overview of all the results is presented in Table 5.4.

After removing the witness sample out of CRiSP, it was inspected in the laminar flow cabi-
net and no new defects were noticed on its surface. This confirms that the coating and the
substrate endured the cryogenic cycle, meaning that the filters will also perform well at very
low temperatures. Thus, the H-continumm SN10 filter is to be used in the MICADO’s pupil
wheel based on the observations of its transmission window measurement, while the SN18
filter will serve as a spare.

Transmittance shift of the H-cont witness sample to 84K
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Figure 5.19: The reference transmission curve of the H-continuum witness sample measured
at 293 K (in purple) was shifted by 1.90 nm with respect to the measured transmission
spectrum at 84 K. The shift was obtained by minimizing the root sum squared difference
between the two measured spectra.
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Figure 5.20: The transmission curves of the two H-cont filters after applying a shift of 1.90
nm to their wavelength values. This is an approximation of how the bandpass region would

look at a temperature of 84 K. The original data has been provided by Cilas and it was
collected at room temperature.

Table 5.4: Summary of the measured parameters for the H-cont filter requirements.

Shift from Maximum
Filter Theoretical CWL | CWL at 293K | CWL at 84K . allowed Ringing | Compliance
theoretical CWL shift
H-cont sample 1578.24 nm 1576.31 nm 6.31 nm 3.70% No
H-cont SN10 1570.0 nm 1575.21 nm 1573.31 nm 3.31 nm 4.71 nm 2.69% Yes
H-cont SN18 1577.23 nm 1575.33 nm 5.33 nm 2.54% No
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5.5 The I-long filter

The coating of the two I-long filters and the corresponding witness samples was carried out
by SCHOTT in Switzerland. These filters are larger than the narrow-bands and measure 145
mm in diameter, while their thickness is 10 mm. The coating was applied on an Infrasil 302
substrate. The witness samples have a diameter of 25 mm and are 10 mm thick. The samples
have visible defects around the edge since they were cut from a larger blank. One of them
was cut from the center of the blank and is marked by letter C, while the other was taken
from a region closer to the edge of the blank and is labeled with letter M (see Figures 7.7
to 7.9 in the Appendix).

5.5.1 Visual inspection of the I-long filters

The two I-long filters have a large number of defects on their surfaces. These defects come
from small particles of coating breaking off the distribution mask in a sputtering-down ma-
chine. As the coating process took two days, the material buildup on the distribution mask
increased, leading to the defects that we observed. SCHOTT reported 34 defects on face 1
of the I-long 8537-01 filter, and 46 defects on face 1 of the I-long 8537-13 filter, as seen in
Figure 5.21.

Since the number of defects present on the surface was overwhelmingly large (see Figure 5.22),
we decided to focus only on those visible to the naked eye. For instance, the defects marked
by the numbers 5-9 from face 2 of the I-long 8537-13 filter, could be clearly seen under good
light without the need to zoom-in on them (see Figure 5.23). Both filters exhibit scratch
like patterns as depicted in Figure 5.24. However, under maximum microscope magnifica-
tion, these patterns were revealed to be closely spaced dots, with an example presented in
Figure 5.25.

Unfortunately, having such a large number of defects, makes it impossible to predict the
effects of stray light on the performance of the filter, which could raise the background level
in observations. This, in turn, would make it more difficult to perform photometry and
high contrast imaging in the I-band. Hence, it was decided to reject these filters and ask
SCHOTT to re-do the coating using using a sputtering-up machine that will reduce the
chance of particles being deposited in the coating.
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Figure 5.21: The defects map provided by SCHOT'T for the two I-long filters. The company
marked 34 defects on face 1 of the I-long 8537-01 filter (upper left) and 46 defects on side 1
of the I-long 8537-13 filter (lower left). The second face of both filters show considerably less
defects.

Figure 5.22: A zoom-in on face 2 of the -  Figure 5.23: The defects marked by

long 8537-01 filter. Multiple coating defects =~ SCHOTT as numbers 5, 6, 7, 8, 9 in Fig-

can be seen as small, white dots. ure 5.21, in the lower left part of the I-long
8537-13 filter on face 2.
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Figure 5.24: Defect in the shape of Figure 5.25: Defect number 5 from

a line on face 2 of the I-long 8537- face 2 of the I-long 8537-01 filter at
01 filter and marked by SCHOTT as maximum zoom through the micro-
number 5 in Figure 5.21. scope. It is a stripe of dots clustered

very closely together and it measures
approximately 3 mm in length.

5.5.2 Transmittance of the I-long witness sample

Even though these filters were rejected, it is still useful to check their transmittance. Un-
fortunately, SCHOTT did not provide the measured data for the two I-long filters taken at
room temperature. Hence, we will only discuss one of the witness samples in this subsection.

For this analysis, the I-long witness sample cut from the edge of the larger blank was chosen,
since the coating thickness and deposition quality can vary more near the edges. Note that
the following results are for an angle of incidence (AOI) of 0°, while the actual filter will be
placed at a tilt of 3.75° in MICADQ'’s filter wheel. As seen in Figure 5.26, even with a large
number of surface defects, both the 50% and 90% transmission requirements are met. When
comparing it to the previously described narrow-band filters, the top of the I-long sample
is flatter and the shift of the overall transmission region from room temperature to 84 K is
only 0.99 nm (see Figure 5.28). This shift is smaller for the I-long witness sample and it
may be due to the presence of a thicker coating on the substrate and the use of a different
coating material compared to the [Fell] and H-cont filters. Moreover, based on the analysis
done by van den Born et al., 2024 on three samples provided by SCHOTT in late 2024, there
appears to be a trend suggesting that the transmission window shift at cryogenic tempera-
tures is smaller at shorter wavelengths. As the I-long filter is on the shorter wavelength side,
compared to the [Fell] and H-continuum filters, the above mentioned trend could apply.
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Transmission curve of the I-long witness sample at different temperatures
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Figure 5.26: Comparison of the transmission spectra of the I-long witness sample at 293 K,
100 K and 84 K. The red and blue horizontal lines indicate the regions where the transmission
has to be larger than 90% and 50%, respectively.

The decrease in transmittance from 293 K to 84 K was computed to be 2.43%, which is larger
than the difference observed in the two witness samples previously analyzed. The big number
of defects in the coating may cause scattering, blockage or absorption of light, leading to a
decrease in transmittance at lower temperatures due to the shrinkage of the coating’s layers.
However, further investigation is needed to draw a conclusion.

After performing the data analysis process, the CWL of the witness sample at 84 K, was
determined to be 864.15 nm, which deviates from the theoretical CWL by 2.85 nm. The
maximum allowable deviation of the broadband filters’ CWL is defined as 0.5% of the the-
oretical CWL, and it is equal to 4.33 nm for the I-long. So, it can be concluded that the
I-long sample is compliant. Since the transmission region above 90% is much flatter for this
sample, the ringing was calculated to be 2.45%, which is close in value to the desired 2%.

In order to quantify how the angle of incidence will influence the filters, an older design
proposed by SCHOTT was used, since this was the only available file with consistent data
at multiple AOI values. Note that it is not entirely representative of the final design and
it went through an update. This data set includes wavelength and transmittance values at
AOI of 0° and 8°, which were used to determine an effective refractive index of the coating.
Reordering Equation 2.12, we obtain
92
n= % (5.5)
Ao

By taking the transmission weighted average of the wavelength, it was found that Ay = 873.09
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for # = 0° and \y = 870.06 nm when 6 = 8°. Based on this wavelength shift, the refractive
index of the coating was determined to be 1.75 + 0.29. Next, Equation 2.12 was employed
using A\g = 864.15 nm, which represents the CWL of the I-long sample at 84 K and § = 3.75°,
yielding a central wavelength Ay = 863.55 £ 0.21 nm. Therefore, an extra 0.6 nm shift to
shorter wavelengths is introduced due to the nominal filter tilt of 3.75°, which is expected
from theory. As seen in Figure 5.29, the sample’s curve still satisfies the 50% and 90% trans-
mission requirements and it complies with the CWL shift specification. The other witness
sample yielded similar results, from which we can conclude that the coating was applied
uniformly both at the center and at the edge of the blank.

Another interesting case that we analyzed is the variation of the transmission across MI-
CADO’s field of view (FoV). As depicted in Figure 5.27, the light passing through the edge
of the I-long filter, will be incident at an angle of +3.5° with respect to the vertical axis.
Thus, the final AOI of the light beam on the left is equal to 0.25°, while on the right it is
7.25°. By applying Equation 2.12, the CWL of the witness sample will be located at 861.91
nm when # = 7.25° and it will not be compliant. However, since I-long is a broad-band
filter, this minor shift towards shorter wavelengths will not influence the observations. By
repeating the same calculation for § = 0.25° on the witness sample, we obtain a CWL of
864.15 nm, which coincides with the CWL measured at the 0° angle.

Optical axis

$=+35°

“\ 6 =3.75°

Figure 5.27: Sketch of the variation in the AOI across MICADO’s FoV. The I-long bandpass
filter is at a tilt of # = 3.75° in the filter wheel of MICADO. The incident light at the edge
of the filter arrives at an angle ¢ = +3.5° with respect to the optical axis. This results in an
AOI on the filter surface that ranges from 0.25° to 7.25° across the FoV.

Thus, based on the observations made on the witness samples, we can conclude the filters
could be accepted, but, as mentioned previously, the defects on the coating could pose a
threat to photometry due to the stray light effects, which led to their rejection.

After removing the witness samples from CRiSP and performing a visual inspection, we
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noticed that the one marked with letter C had a scratch on the surface that was caused
by the spring used to hold it in place inside the slot (see Figure 7.10). Otherwise, no new
defects were observed, from which we can conclude that the filters will withstand operating
at cryogenic temperatures.

Table 5.5: Summary of the measured parameters for the I-long witness sample requirements.

Shift from the Mancimum
Filter Theoretical CWL | CWL at 293K | CWL at 84K . allowed | Ringing | Compliance
theoretical CWL <hift
I-long sample 867 nm 865.03 nm 864.15 nm 2.85 nm 4.33 nm 2.43% Yes

Transmittance shift of the I-long witness sample to 84K
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Figure 5.28: The reference transmission curve of the I-long witness sample measured at
293 K (in purple) was shifted by 0.99 nm with respect to the measured transmission spectrum
at 84 K. The shift was obtained by minimizing the root sum squared difference between the
two measured spectra.
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I-long witness sample tranmittance at AOl = 3.75°
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Figure 5.29: Comparison of the transmission window of the I-long witness sample at 84 K
at AOI of 0° and 3.5°.
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Chapter 6

Conclusions and recommendations

This report presented an overview of the theory behind thin-film coatings and their impor-
tance for Astronomy. Such coatings are essential for the optical performance of ELT, which
is designed to achieve high sensitivity and resolution across the NIR spectrum with the MI-
CADO instrument. MICADO will feature 27 filters which need to undergo tests to evaluate
whether they meet the required specifications. For this thesis, the [Fell], H-continuum, and
I-long filters were inspected visually and transmission measurements at room and cryogenic
temperatures were performed. After performing the visual inspection, we decided to reject
the I-long filters due to the large number of defects in the coating. These defects could lead to
scattered light effects, which may negatively impact photometry and high-contrast imaging.
The other filters did not show any significant defects in their coatings.

After performing the transmittance measurements on the witness samples at temperatures
of 293 K and 84 K, we quantified their thermal shift and used it to estimate the transmission
window of the [Fell] and H-continuum filters under cryogenic conditions. We determined that
both [Fell] filters are compliant with the transmission requirements mentioned in NOVA’s
statement of work (Janssen et al., 2024) and hence, any of the two can be integrated in the
pupil wheel. The H-continuum SN10 filter was found to comply with the specification, while
the H-continuum SN18 filter exceeds the maximum allowed deviation from the theoretical
CWL. We arrived to the conclusion that this deviation will pose no threat to the quality of
the astronomical observations, as the H-continuum filter will not target a specific emission
line. However the H-continuum SN18 filter will be left as a spare and the H-continuum SN10
will be integrated in the pupil wheel. In order to conclude whether we formally accept the
[Fell] and H-continuum filters, wavefront error measurements should be performed.

Unfortunately, SCHOTT did not provide files containing the transmission measurements of
the I-long filters at room temperature. Thus, no definitive conclusion about their performance
can be made. We determined that the sample satisfies all the transmittance specifications
regardless of the large number of defects in the coating. Using a past design of the I-long
filter made by SCHOT'T, we computed the refractive index of the filter’s coating to be 1.75+
0.29. Since the I-long filter will be integrated in the filter wheel at a tilt of 3.75°, we found
that this angle will lead to an extra shift of the transmission window by 0.6 nm to shorter
wavelength in the witness sample. Despite this, the transmittance region is still compliant
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with the requirements.

For future work, we recommend to look at detail into the following topics:

e Since, a decrease in the transmission above 80% is noticed at 84 K for all witness
samples, it would be useful to perform a detailed error analysis in this region. As the
difference in the samples’ transmittance at room and cryogenic temperatures is less
than 3%, we can roughly estimate that the uncertainties are likely at most 3%.

e [t would be advised to request the transmission data files at room temperature for
the new set of I-long filters from SCHOTT. This would allow for the wavelength shift
measured on the witness sample, to be applied to the filters’ data collected at room
temperature to estimate the filters’ performance in the cryogenic environment.

e Some improvements should be made to the CRiSP cryostat in order to prevent de-
lays when performing measurements of the upcoming filters. A brief overview of the
encountered issues and potential solutions on how to solve them are provided in the
Appendix.
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Appendix

Measurement logs

Table 7.1: The pressure and temperatures read from multiple sensors attached inside CRiSP.

Date Pressure (mbar) Cold head Shield Sample Wheel
temperature (K) | temperature (K) | temperature (K) | temperature (K)

16.06.2025 3-10~* 295.269 294.925 293.649 293.444

17.06.2025 2.8:1074 69.677 101.788 84.247 81.146

18.06.2025 2.7-107* 97.135 105.394 101.266 99.544

23.06.2025 6.6:1071 295.453 295.182 293.874 293.697

Raw data and data processing

The data collected in this test campaign along with the Python script used to perform the
analysis can be found in the following Google drive link:

https://drive.google.com/drive/folders/1ripm TF9IBpH3RR0Syn5lap508WVanFtKn?usp=drive_

link

The simulation of a thin film filter from chapter 2 is stored in the drive with the link below:

https://drive.google.com/drive/folders/1su6d XLSog46366b8CWTBaW2jJ9ufAcVW Tusp=drive_

link
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The background measurements

Background in NIR1 setting at T = 293K
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Figure 7.1: The backgrounds taken with the NIR1 and NIR2 settings of the spectrometer
at 84K, 100K and 293K. The emission line of the HeNe laser of the spectrometer can be see

at 632.87 nm.
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[The Fell] witness samples

Figure 7.2: The [Fell] witness sample Figure 7.3: Defect in the coating of the
252 B140/142, 132a. This is the witness [Fell] witness sample 252 B140/142, 132a.
sample used in the transmission test cam-

paign.

Figure 7.4: Defect in the coating of the [Fell] witness sample 252 B140/142, 332a.
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The H-cont witness samples

Figure 7.5: The H-cont witness sample 252 B140/142, 211f. No defects were found in its
coating.

Figure 7.6: Defects in the coating of the H-cont witness sample 252 B140/142, 211a. This
is the sample used in the test campaign.
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The I-long witness samples

Figure 7.7: The I-long witness sample Figure 7.8: The I-long witness sample
cut from the center (C) of a 145 mm di- cut from the edge (M) of a 145 mm diam-
ameter blank. eter blank.

Figure 7.9: An example of the defects Figure 7.10: The damage cause by the
present at the edge of the I-long witness spring used to fix the I-long witness sam-
samples due to being cut from a larger ple C in place inside the slot number 6 of
blank. CRIiSP.
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Transmission window shift at the temperature of 100K

Transmittance shift of the [Fell] witness sample to 100K

100 4— Transmission curve at 293K
—— Transmission curve at 84K
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Figure 7.11: The reference transmission curve of the [Fell] witness sample measured at 293
K (in purple) was shifted on top of the measured transmission spectrum at 100 K. The shift
was obtained by minimizing the root sum squared difference between the 2 measured spectra
and it has a value of 1.95 nm. The CWL of the transmission window at 100 K is 1653.99 nm.
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Transmittance shift of the H-cont witness sample to 100K

—— Transmission curve at 293K
= Transmission curve at 84K
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Figure 7.12: The reference transmission curve of the H-continuum witness sample measured
at 293 K (in purple) was shifted on top of the measured transmission spectrum at 100 K. The
shift was obtained by minimizing the root sum squared difference between the 2 measured

spectra and it has a value of 1.83 nm. The CWL of the transmission window at 100 K is
1576.50 nm.
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Transmittance shift of the I-long witness sample to 100K

100 4 —— Transmission curve at 293K
= Transmission curve at 84K
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Figure 7.13: The reference transmission curve of the I-long witness sample measured at
293 K (in purple) was shifted on top of the measured transmission spectrum at 100 K. The
shift was obtained by minimizing the root sum squared difference between the 2 measured

spectra and it has a value of 0.95 nm. The CWL of the transmission window at 100 K is
864.10 nm.
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Error analysis of the refractive index

In order to find the error in the refractive index of the coating of the I-long filter and its
witness samples, the partial derivative of the expression given by Equation 5.5 was taken with
respect to g, since it is the only parameter that deviates from a true theoretical value. Its
error is taken to be the difference between the theoretical CWL of 867 nm and the calculated
CWL for the I-long filter transmission simulated for an AOI = 8°, which is 870.06 nm. We
found that this difference is equal to 3.06 nm. The expression for computing the uncertainty
in the refractive index is given by

2 .
An = (a—"mg> _ @A (7.1)
a>\9 2 /\3 3/2
(1-4)

where § = 8° and )\ is the CWL of the simulated I-long filter at the AOI of 0° and it is equal
to 873.09 nm. After performing the computations, the refractive index of the coating can
be written as n = 1.75£0.29. The partial derivative was performed using an online calculator.

Having computed the refractive index error, it is possible to find the uncertainty in the
CWL of the I-long witness sample by taking the partial derivatives of Equation 2.12 with
respect to \g = 864.15 nm being the CWL of the witness sample at AOI of 0°, and n = 1.75
as

2
B 0N 2 on 2 B sin? 4 sin 0 Ao
ANy = \/(a—/\()A/\()) + (3_)\0An) = (\/ 1— 5 Ao | + — An

niy 11—

(7.2)
In the above equation, A\g = 0.07 nm, while An = 0.29. After performing the computations,
the uncertainty in the CWL of the I-long witness sample is ANy = 0.21 at the angle of
incidence of 3.75°.
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A failure in one of CRiSP’s components

While integrating the witness samples in CRiSP on the 4th June 2025, we noticed that the
sample wheel was wobbling when rotating and it became tilted at an angle. Between the
5th and the 13th of June, with help from Eddy Elswijk, I spent time looking for the cause
and ways to solve it. We found that the piece that connects to the thermal strap behind
the sample wheel got twisted (see Figure 7.14). The thermal strap winds around the piece
in question as the motor rotates the sample wheel. This caused the thermal strap to get
stuck in one of the regions marked in red in Figures 7.15 and 7.16. Two new pieces were
manufactured and one of them was installed in CRiSP, while the other is stored as a spare.
Before attaching the sample wheel back, the thermal strap was stretched by hand to bring
back its elasticity temporary. However, we recommend that before the next testing round, a
piece of stainless steel spring be glued to the thermal strap to ensure it does not get stuck
anymore. We were unable to implement this solution before this testing campaign, because
no suitable stainless steel springs were available in the workshop.

Figure 7.14: The component that got twisted because the thermal strap kept getting stuck,
which required extra force to be applied on this piece whenever the motor rotated.

Figure 7.15: One of the two regions where the thermal strap would get stuck.
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Figure 7.16: The second region where the thermal strap would get stuck (red circle). The
thermal strap can also be clearly seen and it is indicated by the red arrow.
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