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Abstract

A conceptual analysis of the potential cooldown and warmup methods for the MICADO
filter wheel and filters has been carried out. Due to bad thermal coupling between the cryostat
and the wheel it is recommended that radiation be the main means of cooldown and warmup.
In preparation of the astronomical science that will be done with MICADO a shortlist of
possible filters, that would help achieve the five primary science goals, is conceived. This
shortlist helped form the current official list of 36 filters set by the MICADO consortium.
Finally, the transmission curves of the BlackGEM filterset were measured. Difficulties with
the spectograph did give the non-conclusive expectation that the filters fullfilled the given
requirements.
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Abbreviations

ADC Atmospheric Dispersion Corrector

AGN Active Galactic Nuclei

E-ELT European Extremely Large Telescope

PCS Planetary Camera and Spectrograph

FoV Field of View

GTC Gran Telescopio Canarias

HST Hubble Space Telescope

IRTF InfraRed Telescope Facility

JWST James Webb Space Telescope

LBTO Large Binocular Telescope Observatory

LIGO Laser Interferometer Gravitational-Wave Observatory

MICADO Multi Adaptive Optics Imaging Camera for Deep Observations

NASA National Aeronautics and Space Administration

ND Neutral Density

NIR Near-infrared

NIRC2 Near InfraRed Camera 2

NIRI Near InfraRed Imager

NOT Nordic Optical Telescope

NOVA Nederlandse Onderzoekschool voor Astronomie (Dutch Research School for Astronomy)

PWV Perceptible water vapor

QSO Quasi-stellar object

SFH Star Formation History

SFR Star Formation Rate

SNR Supernova remnant

SOFIA Stratospheric Observatory For Infrared Astronomy

SPHERE-IRDIS Spectro-Polarimetric High-contrast Exoplanet REsearch - Infra-Red Dual-
beam Imaging and Spectroscopy

UKIRT United Kingdom InfraRed Telescope

ULIRG Ultra Luminous InfraRed Galaxy

UV Ultraviolet

VLT Very Large Telescope

WFS Wavefront Sensor

WHT William Herschel Telescope
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0 Preface

This report is written as a result of my internship for NOVA, the Netherlands Research School for
Astronomy. In the period between September 2016 and January 2017 I’ve worked on MICADO,
the Multi-AO Imaging Camera for Deep Observations. This instrument is still very much in the
early stages and many engineering problems are to be solved before the first images will be taken.
During my time here I’ve helped deciding on a cooling and heating method of the filters and filter
wheels as well as by giving input on a filter shortlist. By combining these two totally different
projects I was able to get a proper taste of the work that is done by the NOVA group.
The help given by Ramon Navarro, my supervisor, Niels Tromp, Eddy Elswijk and Willem Jellema
was much appreciated. They helped me by illustrating what would be and would not be possible,
by setting up experiments and measurements or simply by giving advice, while also giving me the
feeling that I had some say in the project.
It is safe to say that I enjoyed my time here and starting in February I’ll continue working at
NOVA to write my master thesis.

Joost van den Born
January 23, 2017
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1 Introduction

The European Extremely Large Telescope is part of the next generation of extremely large tele-
scopes, together with the Giant Magellan Telescope (Johns et al., 2012) and the Thirty Meter
Telescope (Sanders, 2014). With a primary mirror diameter of 39 meter and placed on the sum-
mit of Cerro Armazones at an altitude of 3064 meters it is well suited to be at the forefront of
astronomical science for decades to come. The main goals of the E-ELT will be focused on studying
the galactic center close to the event horizon, measuring the proper motions of many thousands
of stars in the Milky Way at higher accuracy than ever before, imaging exoplanets directly and
studying high redshift objects.
In order to meet the set first light date in 2024, a lot of engineering problems have to be over-
come. MICADO, the Multi-Adaptive Optics Imaging Camera for Deep Observations, is one of the
three first light instruments for the E-ELT which is currently in development by a consortium led
by the Max-Planck-Institute for Extraterrestrial Physics. The Netherlands Research School for
Astronomy (NOVA) is responsible for the design of the atmospheric dispersion corrector, ADC,
as well as the design of the filterwheels. The primary use of the instrument will be in wide field
(50 arcsecond2) imaging, though MICADO does offer an additional zoom mode, with a smaller
field of view and a smaller pixel scale, a coronographic mode, to detect exoplanets, and a slit
spectroscopic mode as well. With advanced filters it will be possible to detect very faint sources,
up to a magnitude of 31 in I, J and H bands (Renzini, 2009). To achieve this type of performance,
the temperature of the optics will have to be at 80 K. When cooling and heating the cryostat the
thermal effects should be taken into account. In this report a conceptual thermal analysis will be
performed. The goal of the thermal analysis is to decide in what way the filter wheels, the filters
and the surrounding shroud should be cooled prior to operation and how it should be warmed up
when maintenance is to be done. Also a shortlist of possible filters for the MICADO instrument
will be drafted by looking at possible science cases and often used filters in the wavelengths be-
tween 0.8 and 2.5 μm. Finally, to get some hands-on experience with science grade astronomical
filters, the transmission curves of the BlackGEM filters are measured in section 8.

2 System overview of relevant components

Simulations of the thermal behaviour of MICADO require realistic values for the different variables
that are needed. Some of the most important ones are given in this section. MICADO will have
two filter wheels, which are able to hold up to a total of 36 filters, 18 per wheel. The filters have
a diameter of 144 mm and are up to 15 mm thick. The wheels themselves have an inner diameter
of 902 mm, an outer diameter of 1272 mm and a thickness of 32 mm. To save weight, the wheels
will be hollowed out as much as possible, without losing structural strength. Another advantage
of this weight reduction is that the wheels will be more easily rotated, allowing for faster changing
of filters. If we make the realistic assumption that the filter substrate will be fused silica (SiO2,
also known as fused quartz), and that the filterwheels as well as the surrounding structure will
consist of aluminum 6061 T6 alloy, then we can easily set the weight for each filter on roughly 580
grams, and the weight of each wheel on 29.3 kg. Because of the weight and material reduction, a
more likely weight is around 10 kg, which we’ll use from now on.
The whole system is cooled from 300 K to 80 K using liquid nitrogen. The detector and optical
components need to be kept slightly warmer to prevent the formation of condensation on these
components. The filter wheels will be supported by the donut or shroud, which are six supporting
structures holding the filter wheel in place. In these structures additional instrumentation or
mechanical elements can be placed, such as the ADC, the bearings that make the wheels rotate,
heating filaments and temperature sensors. To improve radiative cooling the space between these
six support structures can be filled up with a thin aluminum plate. A thin plate should then also
be added between the two filter wheels.
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Fig. 1: Current design of the filter wheels inside the surrounding shroud. The wheels are rotated
using small bearings.

3 Thermal analyses of the filter wheel and filters

3.1 Cooldown

When cooling down the MICADO cryostat it is important that the filters stay slightly warmer then
the surroundings to prevent the formation of condensation on the optics. The thermal coupling
of the filter wheel towards the surrounding shroud is very weak, inherent to the design were small
motors must be able to drive the rotation of the wheel.
In this section a conceptual study is done to see how the filter and the filterwheel might cool
down. The thermal effects of radiation and conduction are investigated based on some simplifying
assumptions. Thermal energy transfer by convection can be neglected as the MICADO cryostat
will be in a vacuum. The analysis is done for a single filter wheel, where a thin black plate is
assumed to exist between the two filter wheels. This thin plate is sufficiently thermally coupled to
the dewar such that the cooldown and heatup of each filter wheel can be treated independently.
We assume the filterwheel is made out of black painted aluminium 6061 T6, a commonly used
aluminum alloy, and that the filters are pure fused silica (SiO2). The different filter coatings are
neglected.
The thermal energy emitted per unit time by a hot object inside a colder environment is given by
the Stefan-Boltzmann law:

Q̇rad = εσA(T 4
h − T 4

c ) (3.1)

Here Q̇rad is the time derivative of the emitted energy, ε is the emissivity, σ is the Stefan-Boltzmann
constant (σ = 5.670367 × 10−8 W m−2 K−4), A is the radiating area and Tc and Th are the
temperatures of the cold surroundings and of the hot radiating object. The emissivity for a
blackbody, a perfect emitter and a perfect absorber, is ε = 1. For black paint ε = 0.98 and for
fused silica we take ε = 0.75. We assume that the surrounding structure will absorb all emitted
radiation, so that the absorption of reflected light by the wheel and the filters can be ignored.
This will be considered in section 3.2, where the heating of the cryostat is discussed.
The filterwheel makes very little physicial contact with the structure, because of this we can neglect
the thermal heat transfer by conduction between the wheel and the structure. Between the wheel
and the filters this is not the case. The filters will be hold in place by a support structure, however,
it is unlikely that this will give a very good thermal coupling. We assume perfect thermal contact
conductance (i.e. thermal contact conductance is not taken into account) for the points that it
makes contact with.
When cooling down, the circular filters will be cooling radially outward. This problem can then
not be solved as a steady state heat transfer problem, since the center of the filter does not stay
at a fixed temperature. This makes the problem somewhat more difficult and it involves look-up
tables. In Heat and Mass Transfer Fundamentals (Çengel and Ghajar, 2015) this is explained in
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chapter 4.
We will need to calculate various values. These are all given below and are valid for cylindrical
systems. The dimensionless Biot number Bi gives an indication whether or not lumped system
analysis (uniform heat distribution in a body) can be used, which is a relatively easy problem to
solve.

Bi =
hr0
κ

(3.2)

Here h is the heat transfer coefficient, r0 is the radius of the filter and κ is the thermal conductivity
of the filter material. If Bi ≤ 0.1 Newton’s law of cooling can be applied, i.e.

dQ

dt
= hA∆T (3.3)

where h is again the heat transfer coefficient, A is the conducting surface and ∆T is the temperature
between the object and the environment. Generally, well conducting materials can be analysed as
lumped systems, while insulating materials cannot. When Bi > 0.1 we can use an approximation
of the exact solution of transient heat conduction, where only the first term of a Taylor series of
the exact solution is used. This method requires some values that can be looked up in the tables
in appendix A.

θ0,cyl =
T0 − T∞
Ti − T∞

= A1e
−λ2

1τ (3.4)

where T0 is the temperature at the center of the cylinder, T∞ is the temperature outside of
the cylinder and Ti is the initial temperature. A1 and λ1, which should not be confused with
wavelength, depend on Bi, τ is defined to be:

τ =
κt

ρCpr20
(3.5)

with t the difference between the initial and final time, ρ the density of the material and Cp the
specific heat of the material at the temperature K. Note thus that this will give the heat transfered
in a given amount of time, while the other equations of heat transfer where a function of time.
For a discrete time simulation this is a small difference, but should not be overlooked.
The maximum heat transfer that is possible for a given situation can be calculated;

Qmax = mCp(Ti − T∞) (3.6)

with m the mass of the object and the other variables as defined above.
This all can be combined into a final heat energy transfer in units of energy.

Qcond = Qmax

(
1− 2θ0

J1(λ1)

λ1

)
(3.7)

Here J1(λ1) is a value found in a look-up table. For a more in depth derivation of these equations
and why A1, λ1 and J1(λ1) must be looked up, see §4.2 of Heat and Mass Transfer (Çengel and
Ghajar, 2015).
To be able to cool the filter wheel quickly, some implementation of clamps, which hold on tightly
to the wheel, could be used. This greatly increases the conduction surface of the wheel and is
much more efficient at cooling down an object than thermal radiation. If we assume that we grip
the wheel from both sides with a cylinder with a temperature equal to that of the surrounding
structure, we can approximate the cooling as a steady state pipe because the thermal conductivity
of aluminum is large enough that we can look at it being constant in time, as a first approximation.
See fig. 2. The heat transfer corresponding to a hollow cylinder is given by

Q̇cond,cyl = 2πkL
Tin − Tout

ln(rout/rin)
(3.8)

where k and L are the thermal conductivity and the length of the pipe respectively. Tin and rin
are the temperature and radius of the inner circle, while Tout and rout are the temperature and
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Fig. 2: We approximate the transfer of heat from the structure to the aluminum wheel by
assuming a hollow cylinder with inner Temperature Tstruc and outer temperature Twheel. Because
of the good conduction within an aluminum object, we can assume that the temperature outside
the red dashed circle is the same.

radius of the outer circle.
This should give us enough information to make an approximation of the temperature over time
of the structure, filterwheel and filters. However, the conduction equations are an ideal case,
where the contact area is completely smooth. In reality surfaces are rough and have small gaps in
between the two touching objects. The effective conducting area is much smaller. This factor is
often defined by the thermal contact resistance, Rc, or its inverse, the thermal contact conductance,
hc, which should not be confused with the conductivity. The thermal contact conductance is a
property of the component as it depends on pressure and geometry, while the thermal conductivity
is inherently a property of a type of material.
Contact conductance and contact resistance are defined as

hc =
Q̇

A∆T
(3.9)

Rc =
A∆T

Q̇
(3.10)

Then we can easily see that the resistances for the conduction equations as we have them now are

Rcond =
1

hc
for eq. 3.3

Rcond,cyl =
ln(rout/rin)

2πkL
for eq. 3.8

Thermal resistances are analogous to the electric resistances and can easily be added using Kirch-
hoff’s laws. If we then replace the ideal thermal resistance in the equations, we get a more realistic
result.

Rseries =

n∑
i=1

Ri (3.11)

Rparallel =

n∑
i=1

1

Ri
(3.12)

Unfortunately the thermal contact resistance depends on many factors, such as surface roughness,
contact pressure, temperature, geometry and material, making it difficult to precisely predict the
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Fig. 3: A block diagram of the heat energy flow. An arrow coming in heats the element, while
an arrow going out cools it. Adding a conducting element between the wheel and the structure
would greatly reduce the cooling time. This is depicted by the dashed line.

values needed for this simulation. Also, there is very little data available in the literature on this
subject. In Roelfsema et al. (2008) the contact conductance between aluminum and BK7 glass
is given for cryogenic temperatures (60 K - 160 K). Here these values are used as the contact
conductance for fused silica and linearly extrapolated to 300 K.
For aluminum onto aluminum contact resistance some values were available in a NASA report
by Atkins from the sixties1 with the important note that they were measured only at room
temperature, but for different pressure values which make them interesting for the clamp option.

The simulation was done in Python on an iterative basis. The power of the structure cooling,
qCP , was chosen in such a way that the structure was at 80 K after roughly 24 hours. This ended
up being around 50 Watts of power per wheel. The start temperature T0 was taken to be 300 K.
At the start of the proces all elements, i.e. the structure, the wheel and the filters, are at this
temperature. Every iteration the temperatures are calculated first, using the heating energy from
the previous step.

Ti = Ti−1 −
Ei−1

mCp(T )
(3.13)

In fig. 3 a block diagram of the heat flow is given. All warm elements radiate towards the structure,
while conduction only works to the elements it is attached to. Note that Q̇rad as given by eq. 3.1
is given in J s−1, so we should multiply this by the time between iterations. Qcond as given by eq.
3.7 gives the energy output in a given time in Joules.

Efilter = qfilterrad t+Qfiltercond (3.14)

Ewheel = qwheelrad t−Qfiltercond

(
+ qwheelcond t

)
(3.15)

Estructure = qCP t− qwheelrad t− qfilterrad t
(
− qwheelcond t

)
(3.16)

The results of the cooling simulation for different scenarios are given in fig 4. We assumed an
additional factor of 1/2 for both the wheel and filter conduction heat flow, to account for some of
the inaccuracies that are currently in this approximation. The low conductivity and worse contact
conductance cause the filter temperatures to trail behind the structure and wheel temperatures.
In this manner the time before MICADO is operational would be large. An option would be to
undercool the structure, say to 40 K, and bring it back up to 80 K as the filters have cooled down
enough. Then the temperature gradient between the filters and the structure is larger, allowing
for a larger energy flow by thermal radiation and thus a smaller cooling time. This would make
it feasible to get MICADO operational within two or three days. It should also be investigated

1The year is not clear from the title page, however a similar paper by Fried and Atkins was published in 1965
(Atkins and Fried, 1965).
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(a) Cooling scenario with a single clamp and 40W
of cooling power. The cooling motor turns off at
80K. Here tstable > 96 hours

(b) Without clamps only radiation can cool the
filter and filterwheel down. The filterwheel and
filters do conduct heat to each other. Now tstable >
96 hours

(c) By undercooling the shroud to 40K it is pos-
sible to cool the filters down more quickly. Now
tstable = 78.7 hours

(d) If the emmissivity of the filters turns out to be
lower than 0.75, we can expect them to cool more
slowly. Here εfilter = 0.3. Now tstable > 96 hours

Fig. 4: The cooldown of the system for four different scenarios. By default we have εfilter = 0.75,
εwheel = 0.98, a cooling power of 50W, 1 clamp that conducts heat between the shroud and the
wheel, 18 filters in the wheel and no indium between the filters and the wheel. The cooling is
stopped when the shroud reaches the operating temperature, 80K, and the system is considered
stable when Tfilter is within 2% of the operating temperature.

at what temperature the filter performance is acceptable. If it turns out that this is at a higher
temperature than 80 K, then observations could start many hours earlier.

3.2 Warmup

If maintenance needs to be done the cryostat should be able to heat up in a reasonable amount of
time. Fortunately this is a lot easier done than cooling the system down, however some caution is
waranted to make sure that all parts stay stable and don’t break from thermal shock when heating
up too quickly. Just as is the case when cooling down, we want to keep the filters slightly warmer
than its surroundings when heating up. Also, the temperature difference between the different
components should stay within reasonable margins, such that the physical distance between them
does not become too large or too small. If possible, no electronics should be used inside the
filterwheel in order to keep the number of failure points in the wheel as low as possible. This
means our only option in keeping the filters warmer is by means of radiation, i.e. a light source of
some kind. The photons absorbed in the filter will increase the internal energy of the fused silica
and thus raise the temperature. Just as before the conduction towards the filterwheel is not great
and the conduction to the surrounding structure can only be substantial when using clamps.
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The absorptivity of fused silica, αfs, is a function of wavelength. For wavelengths up to roughly
4 μm fused silica is highly transparent and very little light will be absorbed. Here we reproduce a
numerical approximation of the refractive index, nλ, and the extinction index, kλ, as described in
Kitamura and Pilon (2007).
First we need to consider the complex refractive index

mλ = nλ + ikλ (3.17)

The real part, nλ, is the ratio of the velocity of light in a vacuum to its velocity in a medium,
better known as the refractive index. The complex part, kλ, is related to the absorption coefficient
by

αλ =
4πkλ
λ

(3.18)

This absorption coefficient is given in units of reciprocal wavelength, usually cm−1, and describes
the distance a photon can travel on average before being absorbed by the material.
The complex relative dielectric permitivity, ε(λ) = ε′(λ) + iε′′(λ) is the complex refractive index
squared, i.e. ε(λ) = m2

λ.
In Kitamura and Pilon (2007) the complex relative dielectric permitivity properties are exploited
by fitting the following equations, which are functions of reciprocal wavelength η, to experimental
data. The parameter values for αj , η0j , σj and ε∞ can be found in Appendix B.

ε(η) = ε′(η) + iε′′(η) = ε∞ +
∑
j

[
gkkgcj + igcj(η)

]
(3.19)

Here gcj(η) and gkkgcj (η) are gaussian functions defined as

gcj(η) = αj exp

[
− 4 ln 2

(η − η0j
σj

)2]
− αj exp

[
− 4 ln 2

(η + η0j
σj

)2]
(3.20)

gkkgcj (η) =
2αj
π

[
D
(

2
√

ln 2
η + η0j
σj

)
−D

(
2
√

ln 2
η − η0j
σj

)]
(3.21)

where D(x) is the Dawson operator, defined as

D(x) = e−x
2

∫ x

0

et
2

dt (3.22)

The refractive index and the extinction coefficient can then be obtained by simply taking the
square root of ε(λ) and taking the real part to be nλ and the complex part to be kλ.
With nλ and kλ obtained, it is now possible to calculate the transmittance and reflectance using
the Fresnell equations for normal incidence, which we will use by assuming that the light coming
into the filter is collimated.

ρλ =
(nλ − 1)2 + k2λ
(nλ + 1)2 + k2λ

(3.23)

T (L) =
(1− ρλ)2e−αλL

1− (ρλ)2e−2αλL
(3.24)

Here ρλ is the reflectance, T (L) is the transmittance, as a function of the thickness L of the
fused silica plate and αλ is the absorption coefficient as given by eq. 3.18. The reflectance is the
reflected fraction for a single reflection event. The sum of all internal reflections ρλ add up to R,
the reflectivity.

R =
2ρλ

1 + ρλ
(3.25)
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Fig. 5: The absorption coefficient αλ for
fused silica between 1 and 50 μm on a log-
scale. This describes the thickness of ma-
terial a photon can typically travel through
before being absorbed by the material.

Fig. 6: For a given wavelength λ some light
will be reflected, some will be absorbed and
some will be transmitted. In the infrared
most light will be absorbed.

Finally, we can calculate the absorptivity αfs, the fraction of incoming light that is absorbed by
the fused silica for a wavelength λ.

α+R+ T = 1 (3.26)

α = 1− T −R (3.27)

This approximation does not cover the absorptivity, tranmisivity and reflectivity below 7 micron.
From fig. 3 in Kitamura and Pilon we can approximate nλ linearly and kλ by a power law. The
interpolations used can be found in appendix B, table 8. Figures 5 and 6 give the absorption
coefficient αλ and the absorptivity fraction of fused silica between 1 and 50 μm.

Ignoring the effects of the filter coatings on the absorption and reflection, about 79.4% of the
radiation between 1 and 50 μm will be absorbed for the MICADO filters (L = 1.5 cm). The power
per unit area emitted by a blackbody can be found by integrating Planck’s Law over a half sphere:

P

A
=

∫ λ2

λ1

Bλ(λ, T )dλ

∫ 2π

0

dθ

∫ π/2

0

cosφ sinφdφ (3.28)

where Bλ(λ, T ) gives the blackbody spectrum as a function of wavelength λ and temperature T .

Bλ(λ, T ) =
2hc2

λ5
1

e
hc

λkBT − 1
(3.29)

Here h, c and kB are the Planck constant, the speed of light in vacuum and the Boltzmann constant
respectively. The total power emitted by an area A between wavelengths λ1 and λ2 is

P = 2πhc2A

∫ λ2

λ1

1

λ5
1

e
hc

λkBT − 1
dλ (3.30)

If we were to integrate equation 3.28 over all wavelengths the Stefan-Boltzmann equation would
be found, being

j∗ = σT 4 (3.31)

with j∗ being the total emitted energy per unit area and σ being the Stefan-Boltzmann constant.
The total energy emitted by a blackbody of temperature T and area A is simply

P = Aj∗ = AσT 4 (3.32)

Let’s assume that we’ll heat up the filters with radiating cylindrical filaments. The resistance of
a wire is a function of the resistivity ρ of the filament material, the length L and the cross-section
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radius r.

Rfil = ρ
L

πr2fil
(3.33)

The supplied power to the filament is simply the voltage squared over the resistance of the wire.

Pfil =
U2

Rfil
(3.34)

Equating eqs. 3.32 and 3.34 and substituting 3.33 into the equation we get after some manipula-
tion, the following relation between the length and diameter of the filament.

d =
4σρL2T 4

U2
or inversely L =

√
dU2

4σρT 4
(3.35)

For a constantan filament (ρ = 4.9×10−7 Ωm) of 0.9 meters that glows at 1000K at the MICADO
voltage of 48 volts, a diameter of 39 μm is needed. The energy per second emitted by the filament
is 6.26 Watts.
If the temperature of the filament is to be constant, then the voltage, the radius of the filament
and the length can be tweaked to increase or decrease the emitted energy.

U2r ∝ L2 (3.36)

The absorptivity of the filterwheel is a lot easier to figure out, fortunately. An ideal blackbody
is both a perfect emitter and a perfect absorber. Because black paint has a very high emissivity
of 0.98 we can consider the filter wheel an almost ideal blackbody, and thus it will absorb most
radiation. For ease of calculation we’ll consider it a perfect absorber. The difference with α = 0.98
compared to α = 1 will be minimal. The same holds true for the shroud.
The thermal analysis of the warmup of the system will be very similar to the cooldown (see Section
3.1). The largest difference is that now the surrounding structure is able to radiate towards the
filter and the filterwheel. Some particular care should be exercised with the sign of the heat transfer
numbers as well as with the temperatures that are considered to be Th and Tc, for example in
equation 3.1.
Again, radiation and conduction are considered. The filters are able to radiate towards the shroud
when they are not being heated, but now they can also absorb radiation and heat up. The same
applies to the filterwheel. The filters can conduct (badly) towards the filterwheel and the wheel
may conduct to the shroud, but only if some form of clamps are implemented. Because of the
mechanical difficulties of adding those, they are not considered here. Generally the temperature
of the shroud and the wheel would be much closer to each other. A dark plate between the two
filterwheels makes sure that as much radiation as possible is absorbed by the shroud. Twelve
long thin filaments, two for each base component of the shroud, heat the wheel and the filters.
Two hours after the filters start heating up, the other parts of MICADO will be allowed to warm
up. Some of this heat energy will move to the shroud, the filter wheel and the filters. A value
of 15 Watts is assumed and it turns off when the filters have reached a temperature of 300 K.
Finally, when these methods do not suffice, it could be possible to make use of induction to transfer
electricity wirelessly to the filter wheel, where it could then be used to heat the wheel by use of
resistors. Figure 7 shows the thermal trajectory for MICADO for different combinations of these
heating methods. Because the aluminum of the wheel and the shroud heat up more quickly it can
be difficult to keep the filter temperature above that of the wheel and the shroud. However, this
should not have to be a deal breaker at all times. Most importantly the filters should stay warmer
than the other components of the MICADO structure. If that is the case, most condensation will
form on the components that are colder than the the shroud. Some more information about the
dewar and its heat transfer towards the shroud is required in order to investigate how difficult it
will be to stay ahead by 10 to 20 K compared to the rest of the cryostat. Another consequence

12



of the fact that the filters warm up slowly compared to the aluminum, is that the temperature
difference between the filters and the wheel is large. For example, in figure 7d, where 40 Watts of
power is transferred to wheel by inductive energy transfer, the temperature difference can reach
up to 80 K. Such a significant gradient does bring with it problems as deformation and internal
stresses. A control system that carefully controls the temperature gradient between the filters and
the filter wheel by varying the power put into the system could be designed to solve this problem.

(a) A warmup scenario where all heating mecha-
nisms are used. The whole cryostat starts heat-
ing up after 2 hours, 12 filaments start emitting
infrared radiation and the wheel heats itself with
40 W of power. Here thot = 19.6 hours and
∆Tmax = 43.9K.

(b) Using 12 glowing filaments only with length
0.9 meter and a thickness 39 μm. Then thot = 43.8
hours and ∆Tmax = 26.3K.

(c) We could also let the wheel and filters heat up
passively with only 15 Watts of power from the
MICADO cryostat warmup process. Here thot > 96
hours and ∆Tmax = 8.5K. In this scenario conden-
sation could start to appear on the filters.

(d) With resistors in the wheel and wireless trans-
fer of electricity by induction, we could heat the
wheel from within. Here the power transmitted is
40 Watts. Now thot = 35 hours and ∆Tmax = 80K.

Fig. 7: The warmup of the system for four different scenarios. Combinations of the use of glowing
filaments (L = 0.9 m, d = 39µm, 1000K), heating the filterwheel from within by means of wireless
transfer of electricity and the heat from the cryostat heatup are used. The cryostat heatup starts
two hours after the start of the simulation. When Tfilter is within 2% of 300K we consider the
filters warmed up.
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Fig. 8: A diagram of an incident lightray which falls into a filter with amplitude 1 and angle
of refraction π/2 − θ. The sum of the reflected rays and the sum of the transmitted rays are
convergent.

4 Thin film interference filters

Before diving deeper into the different filters that exist, it is useful to get a feel for the physics
behind them. There are a couple of different filter mechanisms, but in this section we’ll mainly
focus on the interference or thin film filter mechanism. This uses the some of the same principles as
the Fabry-Perot interferometer, which we’ll derive here2. The goal is not to be able to design our
own filters, but merely to get an idea of how light passes through a filter and how it is dependent
on wavelength. To start we’ll assume a single layer of thickness d and an incoming light ray with
amplitude 1. The indices of refraction are n1, n2 and n3 for the materials the light can travel
through. For interference to take place incoming light should be coherent, i.e. the filter thickness
d should be equal or larger than the coherence length of the light falling on it. The coherence
length ∆l can be approximated by eq. 4.1 (Rancourt, 1987).

∆l ≈ λ2/∆λ (4.1)

Here λ is the wavelength and ∆λ is the bandwidth.
When the light falls onto the material, a fraction r will reflect and the other fraction, t, will get
transmitted. This happens again when the transmitted ligth reaches the end of the layer. A
fraction r′ gets reflected and the other fraction t′ gets transmitted. A schematic overview of this
process is given in fig. 8. We are mainly interested in the net amount of reflected light, R, and
the net amount of transmitted light, T .
The equation of a plane lightwave is given by

ψ(x, t) = Aeik(x̂−ct) (4.2)

where A is the amplitude of the wave, k = 2π
λ , with λ being the wavelength of the light, x̂ is the

distance traveled by the light ray and c is the speed of light. As the light ray travels a distance x
it picks up a phase φ = eikx.
The reflectance fraction r is given by

r =

∣∣∣∣n1 − n2n1 + n2

∣∣∣∣2 (4.3)

2This derivations is based on https://www.youtube.com/watch?v=yCANAkf_OxQ [visited on 25-october-2016]
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Special case: A round trip distance equals mλ, where m is an integer.

x =
2d

cos(θ)
= mλ (4.4)

kx = 2πm (4.5)

Now φ = eikx = e2πim = 1, so there is no phase shift. Then the sum of electric field of the reflected
rays can be calculated as follows:

Er
Ei

= r + tt′r′ + tt′r′3 + tt′r′5 + ...

= r + tt′r′(1 + r′2 + r′4 + ...)

= r + tt′r′
∞∑
n=0

(r′2)n

= r + tt′r′
(

1

1− r′

)
(4.6)

By using the Stokes relations

t′t+ r2 = 1 ⇒ t′t = 1− r2 (4.7)

r = −r′ ⇒ r2 = r′2 (4.8)

we can further reduce the equation.

Er
Ei

= r +
r′(1− r2)

1− r2
= r + r′ = 0 (4.9)

The net reflected light is equal to 0, this can only mean that all light is transmitted, irrespective
of the value of r! In other words, all reflected light destructively interferes with itself.

General case: If we look at the general case, then there is a phase shift. Each round trip yields
a phase factor of eiδ, where δ = kx = 4πd

λ cos(θ) . So the ratio of the reflected rays over the incident
rays is:

Er
Ei

= r + tt′r′eiδ + tt′r′3(eiδ)2 + tt′r′5(eiδ)3 + ...

= r + tt′r′eiδ
∞∑
n=0

(r′2eiδ)n

= r + tt′r′eiδ
1

1− r′2eiδ

= r − tt′reiδ

1− r2eiδ
(with r = −r′)

= r

[
1− (1− r2)eiδ

1− r2eiδ

]
(with tt′ = 1− r2)

= r

[
1− r2eiδ

1− r2eiδ
− eiδ

1− r2eiδ
+

r2eiδ

1− r2eiδ

]
= r

[
1− eiδ

1− r2eiδ

]
(4.10)
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Equation 4.10 is somewhat difficult to interpret, so we calculate the the regular reflection coefficient
R.

R =
|Er|2

|Ei|2
= r2

[
1− eiδ

1− r2eiδ

][
1− e−iδ

1− r2e−iδ

]
= r2

[
1− eiδ − e−iδ + 1

1− r2eiδ − r2e−iδ + r4

]
= r2

[
2− 2

(
eiδ+e−iδ

2

)
1 + r4 − 2r2

(
eiδ+e−iδ

2

)]
= r2

[
2− 2 cos(δ)

1 + r4 − 2r2 cos(δ)

]
(4.11)

Using the trigonometric identity:

1− cos(2δ) = 2 sin2(δ) ⇒ 2− 2 cos(δ) = 4 sin2

(
δ

2

)
(4.12)

Then we get for R:

R = 4r2

[
sin2

(
δ
2

)
1 + r4 − 2r2 + 4r2 sin2

(
δ
2

)]

= 4r2

[
sin2

(
δ
2

)
(1− r2)2 + 4r2 sin2

(
δ
2

)] (4.13)

To simplify this equation we define the finesse F :

F ≡
[

2r

1− r2

]2
(4.14)

Note that when r → 0, F → 0 and if r → 1, F →∞. Substituting F into eq. 4.13 we find

R =
F sin2

(
δ
2

)
1 + F sin2

(
δ
2

) (4.15)

This reflectance formula is the basis for interference filters. If we have a higher finesse, i.e. a more
reflective film, the bandwidth of the filter decreases, but light at the center wavelength will pass
through fully, when x = mλ. For visible and NIR wavelengths there is neglible absorption, so the
transmission can then easily be calculated by

T = 1−R (4.16)

Let’s look at an example. Say we want to design a Hα filter. The center wavelength should
be on λ = 656.28 nm and the thickness d should be at least half this wavelength, according to eq.
4.4. For simplicity we take m = 1 and thus d = 328.14 nm.
We also know that δ is dependent on the angle that the light comes into the filter. If our object
is a point source located in the center of the frame where θ = 0, then

δ =
2π

λ

2d

cos(θ)
=

4πd

λ
(4.17)

In fig. 9 and 10 two transmission profiles are given for two different reflectivity coefficients. The
Hα line is denoted by the red dashed line. This looks very nice, however one should be careful
in fabricating such a simple filter as the reflectivity function, R, is a periodic function. There are
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Fig. 9: The transmission of a Hα (656.28
nm) filter for a theoretical filter of thickness
328.14 nm and a reflectivity coefficient of
0.5.

Fig. 10: The transmission of a Hα (656.28
nm) filter for a theoretical filter of thickness
328.14 nm and a reflectivity coefficient of
0.98.

Fig. 11: Because R is a periodic function, one should be carefull of the transmission on other
parts of the spectrum. An extra high-pass filter would solve this problem.
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many other tranmitting regions at other wavelengths (see fig. 11). The other transmitting regions
should be blocked by a different high-pass filter or the detector should not be sensitive at those
wavelengths. Also, it is very difficult to create thin film coatings with a very high finesse. To get
around this problem, multiple layers are often used.
The simplest kind of multilayer filters, the quarter wave stack, is made up out of multiple layers,
in pairs of two, of quarter wave thickness, which alternate between low and high refractive index.
The structure of such a filter can quickly be described by the following notation method.

g(HL)ma (4.18)

where g and a are the refractive index of the glass plate and the air (or vacuum) respectively. The
number of layer pairs is given by m and H and L are high and low refractive index layers.
The width of the high reflectance zone, i.e. the out-of-band transmission zone, can be increased
by increasing nH/nL. The reflectivity of the reflectance zone can be increased by adding more
layers. Adding eight-wave layers for either the low index material or the high index material has
the effect of a high-pass or low-pass filter.
From eq. 4.3 we can calculate that about 4% of the light incident on a piece of fused silica
(n ≈ 1.5) will reflect. For astronomical applications this is a siginificant amount and this light
can also rereflect on other optical components creating ghost images. To reduce the amount
of unwanted light anti-reflective coatings are applied. Layers with a width of d = λ/4 cause
the reflected light to destructively interfere with itself. An optimum transmittance is achieved
by having an AR-coating with the refractive index described by the geometric mean of the two
indices of refraction of the surrounding medium and the substrate.

nc =
√
n0 · ns (4.19)

Here nc, n0 and ns are the refractive indices of the coating, the surrounding medium and the
substrate respectively. The theoretical maximum transmittance at a given wavelength λ for a
fused silica filter with n = 1.5 is then roughly 99%.
It is often not possible to find suitable coating materials that also have the desired index of
refraction. Then the most suitable material with a close value for the index of refraction is picked.
More information and illustrated examples can be found in Optics (Hecht, 1998) or in Interference
Filters & Special Filters (SCHOTT, 2015).

5 Primary science cases

Aside from general astronomical science, a large part of the preliminary selection of the filters will
be determined by the primary science cases, which give an overview of the prevalent problems in
astronomy that the E-ELT might be able to solve. The five primary science cases for the E-ELT
and MICADO will be discussed in short. A more detailed description can be found in MICADO
Phase A: Scientific Analysis Report (Renzini, 2009).

5.1 Galactic Center

The black hole at the center of our galaxy offers a unique opportunity to study the direct envi-
ronment of a massive black hole. Dynamical measurements of gravity every closer to the event
horizon is one of the fundamental goals of galactic center research. For tens of bright stars the
orbits have been determined using current telescopes (Gillessen et al., 2009). However, higher res-
olution observations will likely reveal fainter objects (K≤20-21) with possibly relativistic orbital
velocities, against which the theories of special and general relativity can be tested. Also, a better
understanding of the orbits around the massive black hole SgrA* will allow for more accurate
values of MBH , the mass of the black hole, and R0, the distance to the galactic center, on which
many galactic models rely.
With its high astrometric accuracy it should be possible for the E-ELT, using MICADO, to detect
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the post-Newtonian effects of special and general relativity by following the orbits of stars close to
the event horizon. It will also be possible to study the central accretion disk surrounding SgrA*,
which sheds some light on the questions concerning star formation near a massive black hole and
gas outflow.
Detection of orbiting stars will mostly be done with J, H and K broadband filters and many nar-
rowband filters could be used for the accretion zone, were emission of hydrogen and helium atoms
could shed some light on the ongoing physical processes.

5.2 Astrometry of Globular Clusters and Dwarf Spheroidal Galaxies

Information about the formation of the Milky Way may be found inside globular clusters, the
oldest components of the galaxy. If kinematic families exist between globular clusters, it would
reinforce the idea that they have formed during mergers between precursor galaxies. Precise dis-
tance parallax and proper motion measurements are essential in uncovering the information within
the globular clusters. It is expected that intermediate mass black holes exist within globular clus-
ters. However these have yet to be observed in any form. With the astrometric performance of
MICADO orbits of stars near the center of globular clusters can be followed and, over time, give
an indication of the location and the existence of these intermediate mass black holes. It will
also be possible to find binary systems in globular cluster cores, where one of the two companions
is dark, i.e. a black hole, neutron star or white dwarf. The wobble of the visible body can be
measured up to a distance of around 10 kpc if the dark companion has a sufficient mass (> 0.5
M�) and separation (> 0.5AU).
Measurements of the internal motions of dwarf spheroidal galaxies make it possible to estimate the
amount of dark matter inside these dwarf galaxies. This is a good way to test the current structure
formation models and it might even set a constraint on the physical nature of dark matter particles.

5.3 Resolved stellar populations up to Virgo

The star formation history (SFH) of galaxies can be determined using direct observations of the
galaxies or by interpreting the Colour-Magnitude Diagrams (CMD) of stellar populations. Since
the light of recent stellar populations dominate the galaxy light for direct observations, the infor-
mation about the older stellar populations is limited. Here Colour-Magnitude Diagrams might be
able to help. The E-ELT will be able to investigate the agreement between these two methods by
comparing the metallicity distribution and star formation history for resolved stellar populations
up to Virgo to the direct observations. The excellent resolution of MICADO will allow scientists
to study the stars in previously crowded high surface regions, i.e. the central parts of elliptical
galaxies.
As with the previous cases broadband filters will allow this science case to be fullfilled. To de-
termine the SFH I, J, H and K band are typically used in the near infrared. For the metallicity
determinations maybe a narrowband filter for iron emission could be used, e.g. [FeII] at 1.644 μm.

5.4 Resolved structure and physical properties of high redshift galaxies

It has been observed that there exists a relationship between galaxy structure and redshift (Con-
selice, 2004) and that the star formation rate is higher for high redshift regimes compared to what
we observe in the local universe. Peculiar or irregular galaxies are relatively abundant in the
younger parts of the universe, while the more structured spiral and elliptical galaxies exist more
abundantly in more recent times. Modern telescopes are not yet able to resolve the structure of
high redshift (z∼2) galaxies well. The resolution improvement of the E-ELT compared to VLT
and HST will allow us to derive star formation rates, stellar ages and dust distributions on rela-
tively small scales. It will also be possible to search for active galactic nuclei and populations of
massive star clusters inside these galaxies. Derivations of the SFR and stellar ages usually require
broadband filters such as J, H and K. At high redshift the optical and UV emission from Hα, Hβ,
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[NII], [OIII], [OII] and [NeII] become accessible in the near infrared. Ideally a tunable filter, e.g.
Fabry Perot etalon, would be implemented to allow to observe this emission at various redshifts
as well.

5.5 Formation and evolution of Galactic Nuclei and Black Holes

The galactic nuclei, often containing massive black holes, can shape the evolution and structure
of the host galaxy. Important questions in the field of galaxy evolution involve the formation and
evolution of black holes and in what way they affect the environment. Or inversely, how does
the environment affect the formation and or evolution of a massive black hole? The link between
the galaxy environment and the massive black hole is illustrated by the relationship between the
black hole mass and the mass of the bulge of a galaxy (Häring and Rix, 2004). However, our
understanding on how this works is limited. For close by galaxies it will be possible for MICADO
to find red supergiants that orbit inside the circumnuclear disks and to detect flares coming out
of the AGN, similar to the ones observed in our galaxy (Trippe et al., 2007), and thus get a better
understanding of the central environment of active galaxies.
It is also suspected that QSO/AGN feedback might be the process responsible for letting star
forming galaxies evolve into passive spheroids. MICADO will have the field of view and resolution
required to study these processes for many different galaxies and give us a better understanding
of the physical processes at hand.

6 MICADO filter selection

The science goals set for the MICADO project will drive the requirements and the design of the
instrument. As a logical result it will thus also significantly influence the filterset available.
MICADO will contain two filter wheels with a total 36 slots available. At least two of 36 available
slots will be occupied by an open slot (no filter at all), for when a filter in the other wheel is used.
The defined wavelength coverage of MICADO ranges from 0.8 μm to 2.4 μm (Genzel and Davies,
2009), so filters will need to have their bandpass and suppression region in this wavelength regime.
The filters will be picked in such a way that the main science cases can be accomplished. These
filters will allow most typical astronomical research to be done, but some more specialized filters
will be added for specific purposes, either to observe at very specific wavelengths or to filter out
unwanted emission.
Imaging is the primary role of MICADO, however with a slit spectroscopic mode it is possibly to do
spectroscopy of compact opbjects, such as single stars or far away galaxies. The filters mentioned
here could be used for this purpose too. A compact overview together with some preliminary
specifications of the different filters discussed below is given in Appendix C as well as the most
current list as decided by the MICADO consortium.

6.1 Broadband filters

The broadband filters I or Z, Y, J, H, K and Ks will be the most used filters. The definition
of the I and Z band are somewhat confusing as they often get used for the same type of filter.
Generally, I band should be somewhat bluer, while Z band is closer to the infrared. In most large
NIR instruments the bluest filter has a central wavelength around 900 nm. This corresponds to
what most call the Z filter, however, it also corresponds to what Renzini et al. (2009) call the I
band. For the purpose of this report they can be used interchangeably and it refers to a filter with
λcentral = 900 nm.
The broadband filters can be used for a wide variety of scientific observations. In the visible
wavelengths the galactic center is obscured by dust, causing an extinction of ∼ 30 magnitudes.
However, with longer wavelengths, the extinction becomes considerably less, allowing us to see
to the innermost parts of the galaxy. It is therefore not surprising that the H, K and Ks band
are often used for studies of the galactic center (e.g. Gillessen et al. (2009); Eckart et al. (2004);
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Fig. 12: The transmission curves of the Gemini NIRI K, K′ and Ks filters (Gemini Observatory,
2016). The thermal background radiation flux caused by the air and ground around the telescope
is denoted by the dashed lines. It is easy to see that this will start to interfere around 2.2 μm.

Genzel et al. (2010)). The J-band is sometimes used for similar studies as well (e.g. Schödel et al.
(2007)).
I or Z, H and K bands can be used for the construction of Colour-Magnitude diagrams, deter-
mining the metallicity and stellar age of globular clusters and dwarf spheroidal galaxies (Brodie
and Strader, 2006). The star formation rate can be derived from the colour-magnitude diagrams,
together with the metallicity. In principle the star formation rates can be determined well using
only NIR bands, but in order to investigate the metallicity and SFH of horizontal branch stars, I
band will be needed.
I, J, H and K filters will also be used for high redshift studies of galaxies (e.g. Conselice (2004);
Labbé (2004)). Research on the formation and evolution of galactic nuclei and black holes require
J, H, and K filters (Genzel and Davies, 2009).
A decision should be made on whether to include K or the very similar Ks or K′. Ks, where the
s stands for short, is a filter that recognizes that the thermal emission from the ground starts
interfering at around 2.2 to 2.4 μm. This interference increases the sky brightness by a signifi-
cant amount, decreasing the potential for deep imaging. The K-band transmission wavelengths
were moved to slightly lower wavelengths, with the center around 2,15 μm for the Mauna Kea
Observatory filterset (Tokunaga and Vacca, 2005) to combat this emission. Another very similar
filter is the K′ filter, first build in the early nineties (Wainscoat and Cowie, 1992), which could
also be considered for MICADO. In fig. 12 the transmission curves of the K, K′ and Ks filters
of the Gemini NIRI instrument are plotted, together with the fluxes of the thermal background
radiation for different temperatures. Here it is easy to see why one would prefer to use a K′ filter
over the normal K filter. When the transmission of the atmosphere at Cerro Armazones is taken
into account, it can be argued to take Ks over K′ (see fig. 14). For some cases it might still be
useful to use the regular K filter. Maybe multiple K filter variants could be included.
The Y band is not necessarily needed for any of the main science cases, however it is positioned

between the optical and near-infrared parts of the light spectrum, an interesting range for stud-
ies including, but not limited to, the detection of brown dwarfs (Hillenbrand et al., 2002), the
study of protoplanetary disks (Fischer et al., 2011) or simply to have more options when making
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a colour-magnitude diagram. The main case against using Y band is that it overlaps entirely with
Z band, though it is smaller.
Broadband filters are typically the most used filters on an imaging instrument. Through private
communication filter usage statistics of the Keck NIRC2, Gemini NIRI and VLT SPHERE-IRDIS
instruments were acquired. Roughly 75% of the observations with NIRC2 are done using wide
band filters, for Gemini’s NIRI this is 65%, but for SPHERE-IRDIS this number is only 39%, how-
ever 52% of the observations with SPHERE-IRDIS are done using wide dual band filters. Dual
band filters are mostly used for differential spectral imaging, to reach photon limited resolution
and lower speckle noise. There is no reason to expect that these usage numbers should differ for
MICADO as most of the primary science cases can be satisfied with the broad band filters.
It becomes clear that these broad band filters are very useful in many different scientific endeavours
and should therefore be a default option for MICADO. Some discussion can be had on whether
or not to include the K, K′ or Ks and Y filters. But with a total of 36 slots, it should pose no
problem to include more than the minimum amount.

6.2 Narrowband filters

In contrary to the broadband filters it is more convenient to take a look at the different narrow-
band filters in a one by one approach. There are many different elements and molecules that
all emit many different spectral lines of which some are more prominent or more telling of their
environment than others. Ratio’s between the emission flux of two lines may tell us something
about metallicity, age or relationships between multiple elements. Often emission lines are studied
with a spectrograph as they allow for the determination of velocities and distances (redshift) as
well as the identification of multiple emission lines at once. However, if the structure of an area is
to be determined, an image is much more powerful.
The emission mostly originates from atomic or molecular clouds where particles experience accel-
erations due to collissions with other particles or due to magnetic fields (synchrotron radiation).
Collissions cause particles to go into a unstable higher energy state. After some time the particle
will fall back into a lower energy state by emitting a photon with a frequency such that it has the
energy equal to the energy difference between the excited and lower energy state. Areas that are
turbulent, such as star forming regions, nebulae, supernovae and accretion disks, excite particles
often and thus are very popular for many of these emission lines.
A narrowband filter for imaging can typically only be useful for low redshifts, unless a separate
redshifted filter is included. In Appendix C the shift in wavelength of the narrowband filters is
given for a distance of 33 Mpc, which is roughly twice the distance to the Virgo cluster. The
bandwidth of the narrowband filters in use at the Mauna Kea observatories are of similar widths
(Tokunaga, 2001). Typical widths of the different filters seem to overlap nicely with the required
widths to observe the entire Virgo Cluster. The narrowband filters of HST have a width 10% of
their peak wavelength (Lupie and Boucarut, 2000), which is significantly wider than the require-
ments set here. Another possibility would be to make filters which take a redshift into account,
similar to some of the filters on the HST. The ultimate solution is to use a tunable filter, that
can be tuned to the desired widths and wavelengths required to observe a given emission line at
a given redshift.
The narrow band filters should only transmit light from within a narrow range of wavelengths
with the respective spectral line at the peak of the transmission. Here some of the most common
narrowband filters are listed, providing a clearer picture of which narrow band filters could be
used and what they are typically used for.

Brγ is the emission line that occurs when a hydrogen atom falls back from a n = 7 to a n = 4
state, thereby emitting a photon with a wavelength of 2165 nm. It is one of the common
wavelengths that are used to study the HII regions in our galaxy (Kutyrev et al., 2004). It is
used in Monitoring stellar orbits around the massive black hole (Gillessen et al., 2009) and
for theoretical predictions concerning the photoevaporation of planetary embryos around the
massive black hole in the center of our galaxy in Mapelli et al (2015). It is an indicator of star
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formation (Calzetti, 2008) and also an important indicator for circumstellar disk accretion
in protoplanetary systems (Beck et al., 2010; Kraus et al., 2008). It has also been used to
try to understand the mass-loss history of massive evolved stars (Driebe et al., 2009).
This filter is included on many large telescopes with a large filterset, such as the Keck
telescope, the United Kingdom InfraRed Telescope (UKIRT) and the InfraRed Telescope
Facility (IRTF) and it is often the most used narrowband filter, with 6.7% use on Keck’s
NIRC2. Given this it seems mandatory to include this emission line in the filterset.

Paα occurs at a wavelength of 1.876 μm when the electron of a hydrogen atom falls back from
n=4 to n=3. It is used often in spectroscopy of ultraluminous infrared galaxies (ULIRGs),
as Paα is a very rocognizable emission line (Burston et al., 2001).
The Paα emission line is an indicator of star formation (Calzetti, 2008), it can be used
to determine extinction, for example when looking at SgrA*, if it is compared to other
wavelengths (Scoville et al., 2003) and it has also been used for monitoring dusty objects
around the massive black hole in our galaxy (Valencia-S. et al., 2015), though the Brγ
emission line is stronger and may be a better choice in that case.
It is a very uncommon narrowband filter on imaging instruments on the ground, because of
the very bad transmission of the sky at this wavelength. Paα is used on air based or space
based telescopes, e.g. on the Stratospheric Observatory for Infrared Astronomy (SOFIA)
and imaging has been done there (e.g. Logsdon et al. (2014)). It will also be included on
the James Webb Space Telescope (JWST) for its imaging instrument (STSI, 2016).
In 2010 the first Paα imaging was done from the ground with the 1 meter miniTAO telescope
(Motohara et al., 2010) with promising results. The telescope was located on an altitude
of 5640 meters on the summit of Co. Chajnantor, removing most of the atmosphere and
absorbing water vapour. Using the ATRAN software (Lord, 1992) we’re able to simulate the
atmospheric transmission at the site of the E-ELT. Most important here is the perceptible
water vapor (PWV). During the end of the summer, in August and September, we can
expect a PWV ∼1.5 mm (Lakićević et al., 2016). Using this, and the transmission profile of
the Paα-filter of SOFIA, we get a transmission profile for the E-ELT. See fig. 13.
The atmospheric conditions at the miniTAO site are considerably better with much higher
transmission. Paα emitting objects that are slightly blue- or redshifted could still be observed
from Cerro Armazones, with transmissions as high as 30% or even up to 65% for objects
moving away from us with velocities around 500 to 1500 km/s. The fact that the E-ELT has
a collecting area many times larger than that of the 1 meter mirror of the miniTAO could
mean that the results of Paα imaging could still be worthwhile.

Paβ originates from the transition between n=5 and n=3 shell. The emitted photon has a wave-
length of 1.2818 μm. Just as Paα, it is an indicator of star formation (Calzetti, 2008; Sharp
et al., 2004). This emission line can be used to determine the extinction towards a particular
area (Satyapal et al., 1995) or it is observed when studying dust accretion. It is also used
when studying HII areas such as nebulae (Mäkelä et al., 2014).
Contrary to the Paα line, Paβ is easily observable from the ground and it is therefore a stan-
dard narrowband filter used on many large telescopes, including the Hubble Space Telescope
(HST), the Very Large Telescope (VLT), the Keck telescope, the Gemini telescopes and the
Large Binocular Telescope Observatory (LBTO). Compared to Brγ Paβ is used less often,
probably because the Brγ transition is easier to detect in areas of interest, due to a higher
extinction of Paβ.

Paγ is the higer energy variant of Paβ. Here a hydrogen electron falls back from the n=6 to the
n=3 shell, emitting a 1.096 μm photon in the process. A filter for this emission line is often
included when Paβ is also available (e.g. on Keck, Gemini or LBTO). The filter has the
same uses as Paβ.

H2(ν = 1− 0) S(1) emission can be observed in shocked regions of molecular clouds. H2 is a
tracer of gas heated by shockwaves in outflows of young stellar objects (e.g. Stanke (2000) or
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Fig. 13: The transmission of Paα at the Cerro Armazones location. The top figure compares the
transmission at an altitude of 3064 meters with PWV=1.5mm in blue to that of Co. Chajnantor
(PWV=0.5mm) in grey. For comparison the blue- and redshift for different velocities of the Paα
emission line are given on the top axis. In the bottom figure the transmission of a typical Paα-filter
is combined with the atmospheric transmission.

Kasper et al. (2016)) and therefore useful for the observation of protostars and protoplanetary
disks, but also for observing nebulae (Mäkelä et al., 2014) or studies on star formation (Fang
and Yao, 2004). Cold molecular clouds are fairly stable and are hard to detect, but if they
are thermally excited the molecules will start emitting as a result of excitation into a higher
rovibrational state and its eventual fallback into a lower energy state. For H2 the ν = 1− 0
and ν = 2 − 1 S(1) emission lines at 2.12 and 2.25 μm are detectable in the part of the
spectrum covered by MICADO. The ν = 1 − 0 filter is a very common filter on telescopes
with a large filterwheel. It is in use on, at least, UKIRT, IRTF, the VLT, Keck, GEMINI
(both) and the LBTO.
A narrowband filter for H2(ν = 2− 1) S(1) could be included, but is less commonly used.

He I emission can be observed at 1.083 μm and at 2.058 μm. The 1.083 μm emission line used to
be and is still being used very often for solar observations, though this is not at all applicable
to the E-ELT.
Helium emission lines are commonly used in observations of massive helium fusing stars
called Wolf-Rayet stars (e.g. Eenens et al. (1994), Crowther et al. (2006)), describing the
velocity profiles of He I in protoplanetary disks (e.g. Takami et al. (2002)) or to investigate
HII regions, for example to derive the initial mass function of an HII region (e.g. Shields
(1993)). It has also been used for studying the remnants of supernovae (e.g. Chugaj (1990)).
Narrow band filters for both these Helium lines are used often on larger telescopes such as
Keck and Gemini, but also on smaller telescopes such as the Nordic Optical Telescope (NOT).
However, the 2.058 line is used much more regularly. On Keck NIRC2 the 2.058 line filter is
used 30 times for every use of the 1.083 μm line filter. If only one of the two can be included,
it should be a filter for the 2.058 μm emission line.
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[FeII] (1.644 μm) emission is created when a Fe-atom falls back from a a4F9/2 state to a a4D7/2

state and it is a commonly used narrowband filter on ground and space based telescopes. For
the Keck NIRC2 instrument it is the second most popular narrowband filter, after Brγ. [FeII]
is one of the many forbidden emission lines that can be detected. These are emission lines
that should not happen, based on selection rules which depend on certain approximations.
When these approximations are not made, the emission can happen in low quantities, which
is exactly what we see. Forbidden emission lines are often denoted by square brackets.
[FeII] is used to study supernovae (Alonso-Herrero et al., 2003; Greenhouse et al., 1997) and
supernova remnants (SNRs) (Labrie and Pritchet, 2006), often in combination with multiple
narrowband filters, e.g. Paβ. A redshifted version of this filter could be used to study distant
supernovae in the early universe.

CO is the most commonly appearing compound in the universe and therefore an important key-
stone for many astronomical studies, mostly concerning interstellar gas clouds. CO emission
that occurs at 2.29 μm is the most common line for imaging in the near infrared. CO emis-
sion has been detected in novae (e.g. Das et al. (2009)) and in exoplanet atmospheres (e.g.
Konopacky et al. (2013)). It is also an important indicator for the atmospheric conditions in
late type stars and it has also been used to probe inside the atmosphere of the Sun (Wiede-
mann, 1992). It is not used often for surveys of molecular clouds, probably because the
photon flux is too low. A CO (2-0) filter is included on the VLT, Gemini, LBTO and NOT
observatories.

CH4 (long) at 1.68 μm and CH4 (short) at 1.59 μm are two filters in use at some large tele-
scopes such as the Gemini telescopes or the Keck telescopes. Methane can be found in
significant quantities in the gas giants, e.g. atmospheres of Jupiter and Neptune or the rings
of Saturn light up brightly with a CH4 filter. Outside of our own solar system there is less
potential use for these filters, though exoplanets with a large amount of methane in their
atmosphere have been found (Macintosh et al., 2015), but are far too faint to image with a
narrowband filter. Wide band spectroscopy would offer more insights in this case. Methane
has also been detected in brown dwarfs and pose another interesting possibility.

H2O (2.0 μm). This medium width filter has uses for observations related to the solar system,
exoplanets and brown dwarfs. Both Gemini telescopes are equipped with this filter, where
they are used regularly.

Continuum filters are essential when observing in narrowband filters. By substracting the con-
tinuum from the narrowband emission, we can discriminate between the continuum and
the different physical components that we’re interested in (di Serego Alighieri, 1987). One
should use continuum band filters with a width similar to that of the narrowband filter, so
extra filters are required on the instrument. On their own, these continuum filters can also
tell you something about the morphology of the component of the object. For the purpose
of emission line imaging the continuum filter should have a wavelength close to that of the
narrowband filter, but free of related emission. Because of the many different narrowband
filters that should become available on MICADO it is recommended to have continuum fil-
ters for at least the J, H and K bands, but possibly also for some specific narrowbands too,
such as H2O, H2 (1-0) S(1) and Paα, where no close continuum filters exist, currently.

Hα is the emission line at 656.28 nm that occurs when a hydrogen electron falls back from the
n=3 to the n=1 state. It is a very popular filter for both scientific astronomy as well as
amateur astronomy. It is already in use on many big and small telescopes around the world,
though it could offer some opportunities for public outreach, as it is easy to create very nice
images with the large FoV of MICADO. The excitation of hydrogen atoms is an indicator
of star formation (Calzetti, 2008) and it is used to image nebulae. Also a few protoplanets
have been observed in Hα (Sallum et al., 2015) where hot gas collides by falling into the
potential well of the protoplanet. Hα is used regularly in emission line ratios. Including this
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Fig. 14: Spectral coverage of the filters discussed with the atmospheric transmission at a high
and dry place superimposed on the background. The data for this tranmission was provided by
ESO (ESO, 2009)

filter on MICADO would allow for single observing sessions, in stead of requiring observing
time at multiple instruments or even multiple telescopes to acquire emission line ratios.
Unfortunately, this filter is outside of the specified spectral range of MICADO, but not
outside the range of detection of the Hawaii-4RG detectors. We may be able to convince
ourselves that an exception for this line could be made, however, enough scientific data could
be gathered with the Brγ, Paβ and Paγ filters. Allowing Hα light to reach the detector could
be achieved by letting light at 656.28 nm pass through the dichroic in the wavefront sensor
(WFS). It should be investigated how difficult it is to fabricate all the filters with little to
no transmission up to the Hα wavelength.
Potential to include Hα exists for other instruments, more focused on the optical part of
the spectrum, such as the Planetary Camera and Spectrograph PCS (Kasper et al., 2013).
Therefore it seems unlikely that this filter will be included on MICADO.
However, a redshifted version of this filter would allow us to study the hydrogen in highly
redshifted galaxies. In that case a modification of the dichroic is not needed and the Hα
emission line will appear in the near infrared. If a tunable filters is to be implemented, this
filter is not necessary at all.

6.3 Specialized filters and other options

6.3.1 Open and closed slots

Both filterwheels should have an open slot, to let light through when only one filter wheel is in
use. In order to reduce the thermal radiation interference with the detector when taking dark
frames, a dark filter could be placed in the filter wheel, though a more logical place would be to
place it in the pupil wheel.
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Fig. 15: The wavelength of five diffraction
orders as a function of the angle θ as seen
from the slit. The grey area is a proposed
order sorting filter that would prevent order
confusion. A simple order sorting filter could
be created to block all light shorter than 1.4
μm.

Fig. 16: The angle with respect to the
slid determines the wavelength of the light.
A radially graduated filter could block the
higher orders over a wide range, allowing the
first order diffraction to be observed over a
very wide wavelength range.

6.3.2 Order sorting filters

For slit spectroscopy where the detector has an angular width θmax as seen from the slit mask, the
wavelengths projected onto the detector between θ = 0 and θ = θmax are easily calculated with
the following equation.

λ =
d

m
sin θ (6.1)

where d is the width of the diffraction slit and m is the diffraction order. For higher diffraction
orders the light projected is of shorter wavelengths. To prevent order confusion order sorting filters
can be used, which functions as a high pass filter by cutting off all higher orders. Multiple order
sorting filters will be necessary to allow shorters as well as longer wavelengths to be observed with
the spectrographic mode of MICADO.
The order sorting filters are also interesting as a dual band imaging option as the order sorting
filters are typically wider than even the broadband filters. Arguably, the coating on the filter
should be distributed radially, such that lower wavelengths from the first order can be observed
at even lower wavelengths, which appear at small θ. Then as θ gets larger, the wavelengths that
should be blocked to prevent order confusion move towards the red. This is illustrated in fig. 15
and 16. The manufacturing process of such a radially graduated filter is much more difficult than
a regular evenly coated filter, maybe even impossible with the requirements set for MICADO.

6.3.3 Neutral Density filters

Neutral density (ND) filters allow the telescope to look at very bright objects which would typically
be saturated by decreasing the total flux over the whole range of wavelengths. The light response
should be very consistent over a wide range. The out-of-band transmission does not matter, as
this is blocked by the other filter. Neutral density filters are often used for solar system astronomy,
for example when looking at the planets or the Moon. Typically one or two ND filters are included
with a transmission of 0.1% to 1%.

6.3.4 Blockers

Similar to the ND filters are PK-50 blockers. These filters start blocking the light at wavelengths
that thermal emission at ground temperature becomes an issue. If this is used in combination
with other filters, deeper imaging can be achieved. The transmission curve of this filter should
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incredibly wide, covering the entire wavelength range of MICADO from 0.8 to 2.5 micron. It
might be necessary to include two of these filters, such that both filters in the top wheel, as well
as in the bottom wheel can make use of a PK-50 blocker. PK-50 blockers are in use on Gemini
NIRI, on NSFCAM2 of UKIRT and on NIRC2 of the Keck telescope, where they are used in
combination with all narrowband filters. Depending on the expected contamination by thermal
emission combined with the amount of filters in the wavelength ranges that this becomes an issue
it might or might not be necessary to include these.

6.3.5 OH suppressing filter

J and H bands are subject to OH emission from the atmosphere and is the main component of
the sky brightness in these bands (Wainscoat and Cowie, 1992; Günster et al., 2011). A very
specialized filter that suppresses most of the atmospheric OH emission lines would be incredibly
useful for deep imaging in J and H band. Gunster et al. (2011) fabricated a prototype of such
a filter that looked promising. If this technology could be improved further it would be a very
interesting option. Currently the performance of these type of filters is not yet sufficient for
the requirements set by the MICADO consortium. Adding this filter in the future, when filter
technology has progressed sufficiently, seems like the best option at this moment in time.

6.3.6 Coronagraphy

It will be critical for the succes of the E-ELT to include coronographic capabilities. This will
allow the direct imaging of exoplanets. Currently in development is the Planetary Camera and
Spectrograph (Kasper et al., 2013), but this won’t be a first light instrument and therefore it
could be useful to allow some (limited) coronagraphic capabilities in MICADO beforehand. In
the scientific analysis report by Renzini et al. (2009) it is recommended to use a classical Lyot
coronagraph. The Lyot stop would be placed in the pupil wheel, while the coronagraphic mask
is placed in the focal plane mask wheel. The filters in the wheel filter the light to the desired
wavelengths. No extra specialized optics are required in the filter wheel itself.

6.3.7 Tunable filters

One of the science cases for MICADO focuses heavily on high redshift galaxies (see section 5.4).
Some of the emission lines that are normally only visisble in the optical become accessible in the
near infrared for z ∼ 1 to z ∼ 4. A tunable narrowband filter would allow for unprecedented
observations of many redshifted galaxies. Various options exist to achieve this. Every option has
advantages and drawbacks, such as tunable range, complexity, slope steepness and transmittance.

Tilted filters: When filters are rotated with respect to the light beam, its transmission curve
will change (see section 8, fig. 26). A significant decrease in the maximum transmission
and steepness of the slopes of the bandpass are typical symptons when tilting a filter. The
central wavelength will translate following equation 6.2.

λθ = λ0

√
1− sin2 θ/n2eff (6.2)

The central wavelength at normal incidence is denoted by λ0, the tilt of the filter by θ and
neff is the effective index of refraction of the whole filter.
Semrock has developed thin-film filters that are widely tunable in optical wavelengths with
minimal loss of transmission and shape (Erdogan and Wang, 2010). It is suspected, but not
known, that these filters will work in the near infrared too. They tilt up to 60◦, which is a
lot and will very likely result in a undesired change of the light beam, i.e. a change in focus.
Also, it is unlikely that the current design of the filterwheel and the surrounding shroud
allows for the extra space required due to the upwards rotation of the filter.
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Fabry-Perot: A Fabry-Perot etalon, first described by Alfred Perot and Charles Fabry in 1899
(Perot and Fabry, 1899) offers a relatively simple way to tune the transmission of light as
a function of wavelength. By changing the width between two transparent plates with a
reflective coating the peak transmission is able to reach close to a hundred percent, where
the thickness can be found from eq. 4.4.

d =
mλ

2
(6.3)

In fig. 11 it became clear that not only at the desired wavelength, but also at other wave-
lengths light is passing. Order sorting filters can solve this problem by suppresing the light
with lower orders of wavelength. In the recent past tunable filters that use the Fabry-Perot
principle have been used on various optical telescopes, such as the William Herschel Tele-
scope (WHT) and the Anglo-Australian telescope (Bland-Hawthorn and Jones, 1998) or at
the Mauna Kea observatory (Bland and Tully, 1989). Currently it is in use on the Gran
Telescopio Canarias (GTC) (Cepa et al., 2000), proving that it is most certainly a viable
option for imaging different emission lines. The relatively large size of this type of tunable
filter (the tunable filter on the GTC offers a clear aperture of 100 mm and its dimensions
are 100 mm thick with a diameter of 170 mm (Cepa, 2012)) make it difficult to implement
this type of tunable filter into the filter wheel. Another significant but not game breaking
disadvantage is the possibility of ghosts appearing on an image. Any light reflected of the
detector may reappear on a different part of the detector after being reflected in the etalon.
This can degrade the image when bright sources are observed. These ghost images can
relatively easily be prevented and corrected for. Another disadvantage is that the tunable
Fabry-Perot etalon requires electrical power, which would increase the complexity of the
filterwheel immensely. Therefore it will not be likely that this type of tunable filter will be
implemented as a regular filter. It might, however, be possible to locate this in another place
in the light beam. This could be investigated.

These two options are the simplest available tunable filters. Other options are discussed in Bland-
Hawthorne (2000).

7 Preliminary filter specification

For manufacturers to be able to create the required filters, we need to carefully define how the
filter profile needs to look. Ideally a perfect boxlike shape is preferred, with cut-on and cut-off
just before and after the wavelengths of interest. No transmission should take place outside these
borders. In reality this is near impossible to manufacture, though for some broadband filters the
transmission curve does get close to this ideal curve. In this section the different specifications are
discussed that will be need to defined before an order is placed and some example specifications
are given for the J broadband filter.

Central wavelength The central wavelength of the bandpass. This average of the cut-on and
cut-off wavelength gives a quick overview of the wavelength that the filter operates on.
Example: 1.240 μm for J band.

Cut-on wavelength Wavelength at which 50% transmission is reached. This is typically used as
the start of the bandpass, though sometimes 80% transmission is also used. Preferably the
50% value is used relative to the maximum transmission. The bandpass on filters that reach a
maximum transmission of, for example, 60% would not be defined nicely by an absolute cut-
on at 50%. Usually the cut-on and cut-off wavelength have the tightest tolerances associated
with them.
Example: 1.155 μm for J band.

Cut-off wavelength Wavelength at which 50% transmission is reached. This marks the end of
the bandpass. Preferably defined relative to the maximum transmission of the bandpass.
Example: 1.335 μm for J band.
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Wavelength coverage The wavelength coverage defines how wide of a range should be blocked
by the out-of-band suppression. It depends on the properties of the optical components as
well as the detector quantum efficiency at different wavelengths.
Example: For MICADO this is from ∼0.8 to ∼2.5 μm.

Average band transmission minimum The minimum allowed average transmission of the
bandpass.
Example: 90% for J band.

Average band transmission goal The desired average transmission in the bandpass. Ideally
100% transmission is reached. In practice this is difficult and values between 80% and 95%
are often set as the goal transmissions.
Example: 95% for J band.

Average out-of-band transmission This should be as low as possible to remove additional
light coming in from other wavelengths. Typical values are on the order of 10−3 to 10−4 or
such that they result in less than 1% flux contamination.
Example: 0.56% out-of-band transmission results in 1.00% flux contamination for J band.

Maximum out-of-band transmission Suppresses high transmission values at out-of-band wave-
lengths, even though the average would be as specified. This can be a few times the average
value. Possibly the specifications can be less tight in wavelength regions with high atmo-
spheric absorption.
Example: 3% for J band. This is 5-6 times the average requirement, which is similar to the
specifications for the BlackGEM filters.

Width The width of the bandpass tells you how much of the spectrum will pass through the
filter. One should be careful to clearly define this value, as it can be interpreted in different
ways. Here it is defined as the ∆λ between λcut-on and λcut-off.
Example: 0.18 μm for J band.

Slope width The difference ∆λ between 5% and 95% of the maximum transmission. A lower
value means that the transmission curve is more box-like.
Example: 50 nm between 5% and 95% of the maximum transmission for J band.

Variation of band transmission Variations from the average band transmission will occur.
This value puts a maximum on those. Filters with variations larger than specified are
rejected, allowing for less inaccuracies in determining the flux of observed objects and a
flatter, more boxlike shape of the transmission curve.
An example of a possible value is <5%.

Operating temperature By defining the operating temperature, the manufacturer is forced to
guarantee that the filter works as specified on the operating temperature. For MICADO this
will be at 80K.

Tilt In order to prevent ghost images on the detector, which appear by light that reflected from
the detector to the filter back onto the detector, a filter is sometimes placed at a slight angle
with respect to the light beam. By tilting the filter the transmission curve is transformed.
The manufacturer should take this tilt into account to meet the desired transmission curve.
In MICADO the filters will likely be placed at a tilt of 3◦.

Diameter The physical dimensions of the filter should be defined, including the type of substrate
that is to be used. The MICADO filters will have a diameter of 144 millimeters.

Maximum thickness Thickness of the filter. Typically a few millimeters. Between 8 and 10
mm seems the likely thickness for the MICADO filters.
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Coated area Area on the filter surface that is coated. This should be larger than the clear
aperture. Typically this is the whole substrate.

Clear aperture The clear aperture is mostly defined by the size of the light beam that passes
through the filter. It is the area that should absolutely meet all the required specifications.

Angles of incidence Angles at which light will enter the filter. At all these angles the filter
should perform as specified. For MICADO this will be roughly ±3◦.

Reflectance in bandpass If the reflectance of light at wavelengths on the passband is low, ghost
images can be prevented or suppressed. A typical value can be < 1%.

Wavefront error Optics change the wavefront. The uncertainty in the produced wavefront
should be below a certain value, such that it can be corrected for.

Scratch/dig Microscopic scratches and holes can appear in the coating. A maximum size of these
scratches should be defined. A trained eye can find many of these scratches, but ideally it
should also be checked by proper measurements in order to prevent artefacts on the image.

Single or cemented substrate Generally, for cooled filters, cemented substrates are not rec-
ommended, as they can form large surface deformations when they cool down or heat up.

Substrate surfaces A number of how parallel the substrates must be with respect to each other,
e.g. ≤ 5”.

Substrate flatness The flatness of a substrate, how much elevation differences are allowed to
exist on the substrate and thin film layers.

Forbidden Materials Often radioactive materials are prohibited for the filter substrate, as they
can cause detector noise spikes.

8 Measurement of the BlackGEM filter profiles

8.1 Introduction

In order to get some practical experience with astronomical science grade filters, I was given the
opportunity to measure the filter transmission of the BlackGEM filters as a function of wavelength.
The BlackGEM telescopes will form an array of 15 telescopes that will be the optical follow-up
to detections of gravitational waves by LIGO and Virgo (Ghosh and Nelemans, 2015). These
telescopes have a primary mirror with a 60 cm diameter and will be remotely operated, ensuring
a quick response when gravitational wave events are observed, to find the optical counterparts.
They will be equipped with six broadband filters manufactured by Astrodon and they cover the
entire optical spectrum and parts of the UV and near-infrared. The different filter specifications
as defined for the order at Astrodon are given in table 1.

Table 1: Some of the design specifications of the BlackGEM filters. The tolerances for the cut-on
and cut-off wavelengths are given between brackets. All values are in nanometers. The spectral
coverage is 300 nm to 1150 nm.

Filter
name

Transmission
< 0.01%

Cut-on
50%

Transmission
< 95%

Cut-off
50%

Transmission
< 0.01%

u < 345 350 (3.5) 355 - 405 410 (3.0) > 415
g < 405 410 (3.0) 415 - 545 550 (3.4) > 555
r < 555 560 (3.0) 565 - 675 680 (4.2) > 685
i < 685 690 (4.3) 695 - 835 840 (5.2) > 845
z < 835 840 (5.5) 845 - 985 990 (6.0) > 995
VR < 435 440 (3.0) 445 - 715 720 (4.3) > 725
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8.2 Setup and calibration

The filter transmission curves were measured with a modified Varian 7000e FT-IR spectrometer.
The machine operates in different modes, depending on the wavelengths that are to be measured.
For 250 nm to 870 nm (UV-VIS) and 650 nm to 1000 nm (VIS) a Xenon lamp is used, with
aluminum coated mirrors to reflect the light onto the photomultiplier for the UV-VIS mode or
onto a Si-detector for the VIS mode. The aluminum on the mirror surface is protected by a thin
layer of quartz. Between 500 nm and 1163 nm (NIR1) and between 1000 nm and 3571 nm (NIR2)
a different infrared light source is used. For the NIR1 mode the Si-detector can still be used. For
the NIR2 measurements, however, a DTGS (Deuterated Tri Glycine Sulfate) detector is needed.
At these wavelengths gold coated mirrors are used.
The background radiation was measured multiple times before every series of measurements to
make sure that the light source was stable, The background responses for the different measuring
modes can be found in fig. 17 to 21. A Helium-Neon laser (632.8 nm) was used as a guide of
the light beam. A response peak at this wavelength can often be seen in the background mea-
surements. Note also that a significant background change can be observed between the NIR1
measurements when the mirrors are changed. The peak response of the NIR1 background differs
significantly, however no clear explanation for this difference was conceived.

In fig. 22 the transmission is given when no filter is placed inside the spectrograph. This
should theoretically give a perfectly flat transmission at 100%. In practice, however, we see that
the different measuring modes are only useful in a certain range. The following ranges were chosen:

UV-VIS NIR1 NIR2
320 - 650 nm 650 - 1050 nm ≥1050 nm

8.3 Results

All filters were measured in the UV-VIS range. The i, z and VR filters were measured in NIR1
and the z-filter was also measured in NIR2 to measure the transmission outside of the specified
coverage. The transmission profiles of the u, g, r, i and z filter are given in fig. 23. The transmission
profile of the VR filter is given in fig. 24. All filters except for the u and z-band show points with
more than 100% transmission, which is unexpected. A closer look at the transmission without
the filter shows that the transmission also reaches above 100% sometimes. A careful repeat of the
experiment for the r filter again produced transmission above 100%. This raises a suspicion that
the spectrometer in its flux measurement might not be entirely stable. It would be wise to not
interpret the actual values too deeply. Many spectrographs are designed for chemical uses where
wavelength accuracy is critical, but photometric accuracy is quickly assumed to be correct where
it may not be (Rancourt, 1987). A proper calibration should be performed, which may then give
the desired results. For now we can look only at the cut-on an cut-off of the transmission profiles.
These should be correct and some of the specifications derived from these are given in table 2.
All cut-on and cut-off wavelengths are within margin of error, except for r band where the cut-off
wavelength is about 4 nm too red. All filters seem to fail on the average out-of-band transmission.
This is likely a result of improper calibration of the spectrograph, however unlikely, it might also
mean that the filters are not good enough.

The out of band transmission in the near-infrared has been measured for the z-band. The
results can be seen in fig. 25. For wavelengths larger than roughly 1100 nm the quantum efficiency
of the STA1600 CCD on BlackGEM decreases to zero (Semiconductor Technology Associates,
inc., 2016) and the filter is allowed to let light pass through at these higher wavelengths, which is
according to the requirements given.
More interesting is how the angle of incidence of the lightbeam influences the filter transmission
curve. From literature we know that the central wavelength will shift according to eq. 6.2.

λθ = λ0

√
1− sin2 θ/n2eff (6.2)
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Fig. 17: The background radiation without
the filter in place for the UVVIS measure-
ment, with the aluminum coated mirrors.

Fig. 18: The background radiation without
the filter in place for the VIS measurement,
with the aluminum coated mirrors.

Fig. 19: The background radiation without
the filter in place for the NIR1 measurement,
with the aluminum coated mirrors.

Fig. 20: The background radiation without
the filter in place for the NIR1 measurement,
with the gold coated mirrors.

Fig. 21: The background radiation without
the filter in place for the NIR2 measurement,
with the gold coated mirrors.
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Fig. 22: The spectral response without any filters for the three different wavelength ranges.
UVVIS is on top, VIS in the middle and NIR1 at the bottom. With this we can determine the
useful ranges of the spectroscopic measurement. For the NIR1, the aluminum coated mirrors start
to interfere at around 900 μm. With the goald coated mirror, the useful range is extended much
more to the red.
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The transmission curve of the z-filter was measured for 0, 5, 10, 15 and 20 degrees angle of incidence
and the results are plotted in fig. 26. As expected a shift of the central wavelength to the blue
is found. The bottom half of the left slope and the top half of the right slope appear to slide to
lower wavelengths, giving the previously boxlike transmission window an appearance similar to
that of a trapezoid. Interestingly there is very little change in the top left and bottom right of the
passband.
By fitting the translation of the central wavelength λθ as a function of θ we may be able to obtain
a value for the effective index of refraction of the filter neff. The measurement uncertainty in
the angle is about 1 degree, while the uncertainty in the central wavelength depends mostly on
the uncertainty in the average band transmission, which is on the order of a few percent. Using
orthogonal distance regression we find the best value for the refractive index to be neff = 2.88±0.08,
which is a very high value for a single material but is possible because of the many coatings between
which the light is reflected back and forth.

Table 2: Measured specifications of the BlackGEM filters.

Filter 50% cut-on

(nm)

50% cut-off

(nm)

Central
wavelength
(nm)

average
out-of-band
transmission (%)

u 348 408 378 0.11
g 411 549 480 0.11
r 561 688 625 0.05
i 689 839 764 0.03
z 839 989 914 0.12
VR 439 718 578 0.26

Fig. 23: The filter coverage of the BlackGEM filters, excluding the very wide band VR-filter.
The peak in r band is due to the Helium-Neon laser at 632.8 nm.
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Fig. 24: The spectral coverage of the VR-filter. This filter covers almost the entire visible spec-
trum. The jump in transmission at 650 nm is due to a switch from UVVIS to NIR1 measurement
data.

Fig. 25: The transmission of the BlackGEM z-filter (840-990 nm). We can clearly see that outside
the detector range of the BlackGEM detector (>∼ 1200 nm) the out-of-band transmission is high
and irregular.
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Fig. 26: The transmission as function of wavelength for different angles of incidence.

Fig. 27: By fitting eq. 6.2 to the translation of the central wavelength λθ we can obtain the
effective index of refraction of the z-filter. Using orthogonal distance regression neff = 2.88± 0.08
is found. All errorbars fall within this value.
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Fig. 28: A comparison of the cooldown
time of the filters for 8 mm and 15 mm thick-
ness. Cooling is done by radiation and 50
watts of cooling power.

Fig. 29: A comparison of the warmup of
filters of 8 mm and 15 mm thickness. Only
heating by radiating filaments and the struc-
ture heating after 2 hours are used to heat
the system.

9 Discussion

The thermal analyses performed in section 3 is dependent on a large number of assumptions and
approximations and can therefore only be considered a conceptual study. The largest difference
between this model and the final design will be in the filters. The filterwheel allows filters with
a thickness up to 15 mm, though in reality a thickness of roughly 8 mm seems more probable.
Thinner filters allow the cooldown time and the warmup time to decrease quite siginifanctly. In
fig. 28 and fig. 29 a comparison between filters of 8 mm and 15 mm is plotted. We see that for the
cooldown the filters are trailing behind much less. When warming up the filters, they are more
easily able to stay warmer then the filter wheel and the shroud, though the maximum temperature
difference between the wheel and the filters does increase. It becomes clear that thinner filters
offer more flexibility for temperature control.
A second difference between the model and the real design is that we assumed no coatings on the
fused silica substrates. The coatings will siginificantly change the amount of light that will be
absorbed and thus directly influence the warmup time. A possible solution is to change the shape
of the filters from circular to square. The clear aperture should stay the same, but the extra area
can be used to apply a highly absorbing coating. The impact of this design change on the design
of the filter wheel will not be very excessive.
Another important aspect of the thermal analysis model is that it is not node based, but calculated
by the average heat transfer over a period of time of an approximated shape. This is especially
true with how the clamps are currently implemented, but also with how the energy from the
heating filaments reaches the filters. In the warmup analysis we assume the heating elements
to be evenly distributed above the filterwheel, such that the fraction of light going to the filters
equals the surface fraction of the filters on the filter wheel. Collimated light is then assumed for
the absorption in the filters, while in reality this will likely not be the case. In time, when the
design, the materials and the filter coatings are known, a more careful analysis or test should be
done to determine exactly how much power should be extracted and put into the system to acquire
the desired temperatures. Once starting values are determined a control system can be written to
let the temperature be controlled automatically.

While writing this report, some progress was made on the filter selection for MICADO and an
official list has since been drafted. This list can be found in Appendix C, table 10. We see some
similarities and some differences in the selection. The broad band, order sorting, neutral density
and a fair amount of emission line filters are included for the reasons discussed in section 6. Two
ND filters are included, with a flux reduction of 100 and 1000 respectively. The differences come
from the narrow band filters located in I band (I1 and I2), Y band (Y1 and Y2), J band (J1, J2,
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Fig. 30: The spectral coverage of the current filters.

J short and J long), H band (H1 and H2) and K band (K1, K2, K short and Kmid) filters. Many
of these are useful for exoplanet imaging as they transmit methane features, but they’ll also be
used for observations of brown dwarfs, high-z stellar populations and primordial galaxies. The
spectral coverage of these filters are given in fig. 30. A start has also been made in specifying
the requirements of these filters. Initial values of the minimum and goal transmission as well as
slope width have been proposed. Scientists would like the filters to have the highest throughput
possible while also having the steepest slopes. The manufacturer is limited to currently available
technologies, so only after some correspondence will the values on these parameters become final.
The minimum transmission of broadband filters is set at 90%. If this is achievable these filters
will be the best of its kind. The out-of-band transmission will be such that the flux contamination
from out-of-band light is less than 1%. For narrowband filters this means that the out-of-band
suppression should be on the order of 104.

In section 8 the transmission curves of the BlackGEM filters were measured. During the
measurement process that for some configurations the transmission profiles showed side lobes
with transmission as high as 10%. The observed sidelobes were found for the g, r, u and VR
filters. A measurement where sidelobes were found for r band is given in fig. 31.
Some possible causes of this curious behaviour were ruled out. The sidelobes were found for
multiple modes, so a parameter error in the setup did not seem likely. The same held true for the
detectors. Both the photomultiplier and the DTGS-detector measured these sidelobes. A change
in tilt of the filters did not greatly influence the transmission either. Finally, it was found that the
sidelobes could appear depending on the orientation of the filter in combination with the type of
mirrors used. The BlackGEM filters have a coating on both sides of the substrate, one side being
an AR coating and the other side being the wavelength selecting side. The wavelength of the light
beam inside the substrate changes to shorter wavelengths according to

λν = c (9.1)

Conservation of energy tells us that the frequency ν is not allowed to change, but inside a medium
the effective speed of light c decreases, resulting in a blueshift of the incoming light. If the AR
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Fig. 31: Sidelobes with significant transmissions were observed in certain configurations of the
measurement setup.

coating, which is likely designed for a very specific bandpass, is on the wrong side it will not
perform as expected and the transmission may decrease.
However, the orientation of the filter did not seem to have any influence when the gold coated
mirrors were used. Intuitively the coating of the aluminum mirror should not influence the light
that passes through the filters. But this is what was seen and a clear explanation has yet to be
found.

10 Conclusion

We have conceptually analysed the cooldown and warmup of the filters and filterwheels of MI-
CADO, the Multi-AO Imaging Camera for Deep Observations. The analysis was mostly treated
as a classical heat transfer problem, with parameters such as the thermal conductivity L and
specific heat Cp being a function of temperature. Little available data made linear interpolation
necessary to obtain approximate values in some cases. The present design of the MICADO filter
wheels complicate the heat transfer siginificantly as convection and conduction play only a minor
role in the transfer of heat energy. Fortunately, it seems feasible to cool and heat the filters using
radiation only. On the cooldown it will be easy to prevent condensation onto the optical compo-
nents. However, due to the nature of fused silica and the thickness of the filters compared to the
properties of the aluminum filter wheel it will be more difficult to keep a higher temperature when
heating up.
Then in section 9 we discussed the various limitations and assumptions made. Likely the filters
will be only 8 mm thick in stead of 15 mm, improving the cooling and heating times. Increasing
the absorbing area of the filters by making them square and applying a highly absorbing coating
outside of the clear aperture could also improve the warmup performance. A node based thermal
analysis should be done using a three dimensional design of the shroud, filterwheel and filters, in
order to determine the ideal heating filament dimensions that should be used.
In the second half of this report we have focused on the interference filters for MICADO. With
36 slots available there are opportunities for many different science cases. The primary science
cases mostly require broad band filters such as I, J, H and Ks, while narrowband filters such as
Brγ, He I, H2(ν = 1 − 0) S(1) and [FeII] will be used less often, but can not be overlooked as
they have important uses on their own. A potentially interesting filter would be the for the Paα
emission line. The planned location of the E-ELT allows for limited observations of this emission.
Also, because only one other ground based telescope has this filter available it could be useful to
include it. On the shortlist of presently included filters some of the emission lines recommended
here are included, while some others are missing. Generally the spectral coverage of MICADO
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between 0.8 and 2.4 will be very good, as all atmospheric transmission windows are used to their
full potential.
Finally, we measured the transmission curves of six filters of the the BlackGEM telescopes. It was
found that the peak transmission for all filters, except z, reached above 100%. This discrepancy
can possibly be explained by an improper flux calibration of the Varian 7000e FT-IR spectrom-
eter. This would also explain why all filters failed on the out-of-band transmission requirements.
A more concerning problem was the detection of sidelobes in the transmission profile for some
configurations. An explanation for these sidelobes has not been found yet. The problem likely
originates from the orientation of the filter or from the mirrors that have been used in the spec-
tograph. Therefore it seems alright to trust the measurements of the manufacturer Astrodon and
start using the filters for astronomical science.
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Appendices

Appendix A Thermal properties and constants

In this appendix all the lookup tables and material properties that are used in section 3 are given.
These values are found in other literature. When accurate data was not available, linear interpo-
lations were made or the values of similar materials were used.

The thermal conductivity and specific heat of Al 6061 T6 can be described by the following
formula given by Cryogenic Technologies Group (1999) using the parameter values of table 3:

log10(y) = a+ b(log10 T ) + c(log10 T )2 + d(log10 T )3 + e(log10 T )4 + f(log10 T )5

+ g(log10 T )6 + h(log10 T )7 + i(log10 T )8

where y is either the thermal conductivity or the specific heat, depending on which parameters
are put in for the constants a, b, c, d, e, f , g, h and i. T is the temperature of the material.

Table 3: Parameter values to calculate the thermal properties of Al 6061 T6. Table from the
Cryogenic Technologies Group (1999).

Thermal
conductivity

Specific heat

Units W/(m K) J/(kg K)

a 0.07918 46.6467
b 1.0957 -314.292
c -0.07277 866.662
d 0.08084 -1298.3
e 0.02803 1162.27
f -0.09464 -637.795
g 0.04179 210.351
h -0.00571 -38.3094
i 0 2.96344

Data range 4-300 K 4-300 K
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Table 4: Thermal properties of Vitreous SiO2. These values are used for the fused silica filters.
Data from Touloukian and Ho (1970) for the thermal conductivity and the values for the specific
heat are read out from a figure in Jensen et al. (1980). Intermediate values are calculated using
linear interpolation.

Temperature
Thermal

conductivity
Specific heat

K W/(m K) J/(kg K)
5 0.118
10 0.127 0.7
15 0.136 4
20 0.153 12
25 24
30 0.202 36
35 50
40 0.266 65
45 80
50 0.34 95
55 120
60 0.41 130
65 140
70 0.48 160
75 180
80 0.55 200
90 0.62
100 0.69 300
120 350
125 0.83
140 400
150 0.95
160 450
175 1.05
180 500
200 1.14 550
220 600
240 650
250 1.28
260 700
280 750
300 1.38 800
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Table 5: Look up table to determine the
value of λ1 and A1 when the Biot number
is known for a cylinder. All three variables
are dimensionless. Table from Çengel and
Ghajar (2015).

Biot number λ1 A1

0.01 0.1412 1.0025
0.02 0.1995 1.0050
0.04 0.2814 1.0099
0.06 0.3438 1.0148
0.08 0.3960 1.0197
0.1 0.4417 1.0246
0.2 0.6170 1.0483
0.3 0.7465 1.0712
0.4 0.8516 1.0931
0.5 0.9408 1.1143
0.6 1.0184 1.1345
0.7 1.0873 1.1539
0.8 1.1490 1.1724
0.9 1.2048 1.1902
1 1.2558 1.2071
2 1.5995 1.3384
3 1.7887 1.4191
4 1.9081 1.4698
5 1.9898 1.5029
6 2.0490 1.5253
7 2.0937 1.5411
8 2.1286 1.5526
9 2.1566 1.5611
10 2.1795 1.5677
20 2.2880 1.5919
30 2.3261 1.5973
40 2.3455 1.5993
50 2.3572 1.6002
100 2.3809 1.6015
∞ 2.4048 1.6021

Table 6: Look up table to determine the
values to be used of J0 and J1, when λ1 is
known. These are the zeroth- and first-order
Bessel functions of the first kind. Table from
Çengel and Ghajar (2015)

λ1 J0 J1

0.0 1 0
0.1 0.9975 0.0499
0.2 0.9900 0.0995
0.3 0.9776 0.1483
0.4 0.9604 0.1960
0.5 0.9385 0.2423
0.6 0.9120 0.2867
0.7 0.8812 0.3290
0.8 0.8463 0.3688
0.9 0.8075 0.4059
1.0 0.7652 0.4400
1.1 0.7196 0.4709
1.2 0.6711 0.4983
1.3 0.6201 0.5220
1.4 0.5669 0.5419
1.5 0.5118 0.5579
1.6 0.4554 0.5699
1.7 0.3980 0.5778
1.8 0.3400 0.5815
1.9 0.2818 0.5812
2.0 0.2239 0.5767
2.1 0.1666 0.5683
2.2 0.1104 0.5560
2.3 0.0555 0.5399
2.4 0.0025 0.5202
2.6 -0.0968 0.4708
2.8 -0.1850 0.4097
3.0 -0.2601 0.3391
3.2 -0.3202 0.2613
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Fig. 32: Thermal contact conductance measurements for a BK7-glass to aluminum interface as
a function of temperature with and without indium as a thermal conductor. These values are
assumed to be similar for fused silica. Figure from Roelfsema et al. (2008).
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Appendix B Data on the complex index of refraction of
SiO2

Table 7: The parameters used in eqs. 3.20 and 3.21 by Kitamura en Polin (2007) in order to
approximate the refractive index nλ and the extinction index kλ of fused silica between 7 and 50
μm. Fitting these parameters give results close to experimental data.

j αj η0j σj

1 3.7998 1089.7 31.454

2 0.46089 1187.7 100.46

3 1.2520 797.78 91.601

4 7.8147 1058.2 63.153

5 1.0313 446.13 275.111

6 5.3757 443.00 45.220

7 6.3305 465.80 22.680

8 1.2948 1026.7 232.14

ε∞ = 2.1232

Table 8: Approximations of nλ and kλ for fused silica between 1 and 7 μm obtained by interpo-
lating between integer wavelengths of figure 3 in Kitamura and Pilon (2007).

λ nλ kλ

1 - 4 nλ = 1.533− 0.03λ kλ = 4.000× 10−8 λ5.275

4 - 5 nλ = 1.600− 0.05λ kλ = 2.799× 10−16λ18.82

5 - 6 nλ = 1.850− 0.10λ kλ = 1.116× 10−4 λ2.224

6 - 7 nλ = 2.150− 0.15λ kλ = 5.387× 10−5 λ2.63
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Appendix C Filters of MICADO

Table 9: Table giving an overview of the different possible filters for MICADO. ∆λ gives the
typical width of the filter, ∆λreq gives the required width of a narrowband filter to observe the
entire Virgo cluster at a distance of 33 Mpc.
Primary science cases:
1. Galactic center (Section 5.1)
2. Astrometry of globular clusters and dwarf spheroidal galaxies (Section 5.2)
3. Resolved stellar populations up to Virgo (Section 5.3)
4. Resolved structure and physical properties of high redshift galaxies (Section 5.4)
5. Formation and evolution of galactic nuclei and black holes (Section 5.5).

Filter Type Central λ (μm) ∆λ ∆λreq Science case
I or Z broad 0.9 0.1 - 2, 3
Y broad 1.02 0.1 -
J broad 1.215 0.2 - 1, 2, 3, 4, 5
H broad 1.6 0.3 - 1, 2, 3, 4, 5
K broad 2.2 0.33 - 1, 2, 3, 4, 5
Ks broad 2.15 0.3 - 1, 2, 3, 4, 5
Paα narrow 1.876 0.03 0.028 1, 3
Paβ narrow 1.2818 0.019 0.019 1, 3
Paγ narrow 1.095 0.015 0.016 1, 3
Brγ narrow 2.165 0.03 0.032 1, 3
He I narrow 1.085 0.015 0.016 1
He I narrow 2.058 0.035 0.030 1
H2 (1-0) S(1) narrow 2.124 0.03 0.032 1, 3
H2 (2-1) S(1) narrow 2.25 0.035 0.033 1, 3
[FeII] narrow 1.644 0.025 0.025 3
CH4 short medium 1.59 0.1 -
CH4 long medium 1.69 0.1 -
CO narrow 2.2891 0.03 0.033
H2O ice medium 2.04 0.17 -
ND broad 0.8-2.5 1.7 -
Jcont narrow 1.21 0.02 -
Hcont narrow 1.57 0.02 -
Kcont narrow 2.27 0.03 -
Open open - - -
Open open - - -
Spec IJ dual 1.110 0.68 -
Spec HK dual 1.950 1.10 -
H2O ice medium 1.495 0.025 -
OH supressing filter specific 0.8-2.5 1.7 -
Paαcont narrow 1.9 0.03 -
Tunable filter narrow 0.8-2.5 1.7 - 4
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Table 10: The current list of filters to be included in MICADO as drafted by the MICADO
consortium. As noted at the beginning of section 6, the I or Z filter was defined poorly. Here it
is called IZ, recognizing this. The biggest difference with the list in table 9 are the narrowband
filters in I, Y, J and K band. Two filters have not yet been defined properly, and two slots are
still open. The likely positions in the wheels are given in the first column. Some though was given
to which filters would be used together relatively often and thus would profit from shorter filter
changing times the most.

Pos. Filter Central λ
(μm)

∆λ
(μm)

λcut-on

(μm)
λcut-off

(μm)
1.1 IZ 0.880 0.160 0.800 0.960
1.2 Y 1.020 0.100 0.970 1.070
1.3 J 1.245 0.180 1.155 1.335
1.4 H 1.635 0.290 1.490 1.780
1.5 Ks 2.145 0.350 1.970 2.320
1.6 Paβ 1.2864 0.017 1.2779 1.2950
1.7 J short 1.190 0.050 1.165 1.215
1.8 J long 1.270 0.050 1.245 1.295
1.9 CH4 short 1.582 0.085 1.5400 1.6250
1.10 CH4 long 1.693 0.112 1.637 1.749
1.11 K short 2.060 0.060 2.030 2.090
1.12 Kmid 2.100 0.100 2.050 2.150
1.13 COabs 2.308 0.044 2.2859 2.3300
1.14 Hcont 1.570 0.023 1.5585 1.5815
1.15 [FeII] 1.6495 0.022 1.6385 1.6604
1.16 I1 0.835 0.070 0.800 0.870
1.17 I2 0.9045 0.075 0.867 0.942
1.18 open - - - -

2.1 Brγ 2.1733 0.029 2.1589 2.1878
2.2 H2 (1-0) S(1) 2.1289 0.028 2.1147 2.1430
2.3 He I 2.0656 0.027 2.0518 2.0793
2.4 Kcont 2.202 0.029 2.1879 2.2158
2.5 Y1 0.990 0.060 0.960 1.020
2.6 Y2 1.060 0.060 1.030 1.090
2.7 J1 1.200 0.110 1.145 1.255
2.8 J2 1.300 0.100 1.250 1.350
2.9 H1 1.545 0.160 1.465 1.625
2.10 H2 1.705 0.160 1.625 1.785
2.11 K1 2.060 0.160 1.980 2.140
2.12 K2 2.220 0.16 2.140 2.300
2.13 ND3 1.7425 1.175 1.155 2.330
2.14 ND2 1.7425 1.175 1.155 2.330
2.15 Open - - - -
2.16 Spec K 2.225 0.550 1.950 2.500
2.17 Spec IJ 1.110 0.680 0.770 1.450
2.18 Spec HK 1.950 1.100 1.400 2.500
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Appendix D Python code

In this appendix an overview of the most important parts of the Python code is given. The full
programs and measurement data of the BlackGEM filters can be downloaded at:
https://www.astro.rug.nl/~born/micadoData.zip (34.9 MB)

D.1 Thermal Analysis

The cooling simulation was done by iterating over small amounts of time over the whole system.
Several initial parameters were set and the calculation is done following the code below.

1 iterAmount = maxHours ∗ stepsHour
2 count = 0
3 coolPowerOG = coolPower
4

5 passedTime = [ ( 1 . / stepsHour ) ∗ i f o r i in range ( iterAmount ) ]
6

7 tempStruc = [ tempHot ] # temperature o f the s t r u c tu r e at the s t a r t
8 tempWheel = [ tempHot ] # temperature o f the wheel at the s t a r t
9 tempFi l te r = [ tempHot ] # temperature o f the f i l t e r s at the s t a r t

10 qRadFi l ter = [ 0 ] # heat energy to r ad i a t i on f o r f i l t e r s
11 qRadWheel = [ 0 ] # heat energy to r ad i a t i on f o r wheel
12 qRadStruc = [ 0 ] # Do we use t h i s ?
13 qCondFi lter = [ 0 ] # heat energy to conduct ion from f i l t e r s to wheel
14 qCondWheel = [ 0 ] # heat energy to conduct ion from wheel to s t r u c tu r e
15 stop = 0 # makes an i f statement run only once
16 tempRatio = [ ] # L i s t used to check when system i s s t ab l e
17

18

19 whi le count < iterAmount−1:
20

21 # The c a l c u l a t i o n s t a r t s at the f i l t e r , goes to the wheel and then to the
s t r u c tu r e .

22 # I t i s c r i t i c a l that the new temperatures are only c a l c u l a t ed at the end ,
because

23 # otherwi se everyth ing w i l l go south on you . ( ’ t gaat dan s ch e e f rekenen . )
24

25 # F i l t e r c a l c u l a t i o n s :
26 qCondFi lter Value = c ondE f f i c i e n c yF i l t e r ∗ thermCondFilter ( f i l t e rTh i c kn e s s ,

f i l t e rRad i u s , 3600 ./ stepsHour , f i l t e rD en s i t y , tempFi l te r [−1] , tempWheel [−1] ,
f i l t e rMas s , cc )

27 qRadFi l ter Value = thermRad ( f i l t e r Em i s s i v i t y , f i l t e r S u r f , tempStruc [−1] ,
t empFi l te r [−1])

28

29 # Wheel c a l c u l a t i o n s :
30 qCondWheel Value = −condEf f i c i encyWhee l ∗ clampAmount ∗ ( tempStruc [−1] −

tempWheel [−1]) / ( thermContactResAlAl ( clampPressure , 1) + thermCondClampsRes (
clampDistance , clampRadius , tempWheel [−1] , tempStruc [−1] , wheelThickness ) )

31 qRadWheel Value = thermRad ( whee lEmiss iv i ty , wheelSurf , tempStruc [−1] , tempWheel
[−1])

32

33 # heat energy c a l c u l a t i o n s :
34 E f i l t e r = ( qRadFi l ter Value + qRadFi l ter [−1]) / 2 ∗ 3600 ./ stepsHour +

qCondFi lter Value
35 E wheel = ( ( qRadWheel Value + qCondWheel Value ) + (qRadWheel [−1] + qCondWheel

[−1]) ) /2 ∗ 3600 ./ stepsHour − qCondFi lter Value
36 E struc = ((− qCondWheel Value − qRadWheel Value − qRadFi l ter Value + coolPower )

+ (− qCondWheel [−1] − qRadWheel [−1] − qRadFi l ter [−1] + coolPower ) ) /2 ∗ 3600 ./
stepsHour

37

38 # Appending va lue s to l i s t f o r next round :
39 qCondFi lter . append ( qCondFi l ter Value )
40 qRadFi l ter . append ( qRadFi l ter Value )
41 qCondWheel . append ( qCondWheel Value )
42 qRadWheel . append ( qRadWheel Value )
43
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44

45 # Calcu la t i on o f new temperatures and adding them to the l i s t
46 newTemp( tempFi lter , E f i l t e r , specHeatFS ( tempFi l te r [−1]) , f i l t e rMa s s )
47 newTemp( tempWheel , E wheel , specHeatAl ( tempFi l te r [−1]) , wheelMass )
48

49 # Keeping the coo l i n g system on or turn ing i t o f f i f tempCold i s reached .
50 i f ( tempStruc [−1] − E struc / ( specHeatAl ( tempStruc [−1]) ∗ s t ructureMass ) ) >=

tempCold :
51 newTemp( tempStruc , E struc , specHeatAl ( tempStruc [−1]) , s t ructureMass )
52 e l s e :
53 tempStruc . append ( tempCold )
54

55 # Get the s t r u c tu r e to tempOperating when tempFi l te r i s a cceptab l e .
56 i f t empFi l te r [−1] < tempAcceptable and tempStruc [−1] < 0 .8∗ tempOperating :
57 coolPower = − heatPower
58 e l i f t empFi l te r [−1] < tempAcceptable and tempStruc [−1] >= 0.8∗ tempOperating :
59 coolPower = −p i d c o n t r o l l e r ( tempStruc [−1] , tempOperating , Kp=15, Ti=3, Td=5) .

next ( )
60 e l s e :
61 coolPower = coolPowerOG
62

63 # Preparat ion f o r c a l c u l a t i n g from when the system i s s t ab l e
64 f i l t e r R a t i o = abs ( ( tempFi l te r [−1] − tempOperating ) / tempFi l te r [−1])
65 wheelRatio = abs ( ( tempWheel [−1] − tempOperating ) /tempWheel [−1])
66 s t rucRat io = abs ( ( tempStruc [−1] − tempOperating ) / tempStruc [−1])
67 i f a l l ( i <= stableR f o r i in [ f i l t e rR a t i o , wheelRatio , s t rucRat io ] ) :
68 tempRatio . append (1 ) # 1 means po s s i b l y s t a b i l i z e d , or on o s c i l l a t i o n
69 e l s e :
70 tempRatio . append (0 ) # 0 means not s t a b i l i z e d
71

72 # Determining when the d i f f e r e n c e between the F i l t e r and goa l temperature
73 # i s l e s s than 1%
74 i f f i l t e r R a t i o < 0 .01 and stop==0:
75 timeLim = ( count+1)/ stepsHour
76 stop += 1
77

78 count += 1
79

80 # When i s the system s t ab l e ?
81 s t ab l ePo in t = [ i f o r i , x in enumerate ( tempRatio ) i f x == 0][−1]+1
82 stableTime = ( 1 . / stepsHour ) ∗ s t ab l ePo in t
83 pr in t ”The system i s s t ab l e at %s%% a f t e r %s hours ” %(stableR ∗100 , round ( stableTime

, 1 ) )
84 timeLim = maxHours

For the cooldown simulation some modifications had to be made, such as changing some signs and
adding the filter absorption component.

1 # I f lamps are inc luded we need to know the average amount o f time a f i l t e r i s
heated

2 # The average wheel r ad iu s i s :
3 wheelCircAverage = 3.14149 # m, average c i r cumfe r ence o f the f i l t e r w h e e l
4 r o t a ryVe l o c i t y = wheelCircAverage / rotat ingTime # m/s
5

6 # Fract ion o f time spent sh in ing on lamp and on wheel :
7 heat ingFrac t i on = ( ( lampsAmount ∗ l ightBeamDiameter ) / wheelCircAverage ) ∗ ( (

f i l t e rD i ame t e r ∗ f i l t e rAmount ) / ( wheelCircAverage ) )
8 whee lHeat ingFract ion = ( ( lampsAmount ∗ l ightBeamDiameter ) / wheelCircAverage ) ∗ (1

− ( ( f i l t e rD i ame t e r ∗ f i l t e rAmount ) / ( wheelCircAverage ) ) )
9 absorbedEnergyIntCopy = absorbedEnergyInt

10 t e s t L i s t = [ 0 ]
11

12 whi le count < iterAmount−1:
13 i f passedTime [ count ] > 2 . 0 :
14 heatPower = heatPowerOn
15 i f tempStruc [−1] >= tempHot :
16 heatPower = 0
17 # Turning the l i g h t o f f when the f i l t e r s reach tempHot
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18 i f t empFi l te r [−1] < tempHot :
19 absorbedWheel = whee lHeat ingFract ion ∗ lampPower ∗ whee lAbsorpt iv i ty
20 absorbedEnergy = absorbedEnergyIntCopy
21 # The energy that i s not absorbed by the f i l t e r s i s absorbed by the s t r u c tu r e .
22 absorbedStruc = lampPower − absorbedEnergy
23 e l s e :
24 absorbedWheel = 0
25 absorbedEnergy = 0
26 absorbedStruc = 0
27 induct ivePower = 0
28

29 t e s t L i s t . append ( heat ingFrac t i on ∗ absorbedEnergy )
30 qRadWheel Value = thermRad ( whee lEmiss iv i ty , s t rucEmis s i v i ty , wheelSurf , tempWheel

[−1] , tempStruc [−1])
31 qCondFi lter Value = c ondE f f i c i e n c yF i l t e r ∗ thermCondFilter ( f i l t e rTh i c kn e s s ,

f i l t e rRad i u s , 3600 ./ stepsHour , f i l t e rD en s i t y , tempFi l te r [−1] , tempWheel [−1] ,
f i l t e rMas s , cc )

32 qRadFi l ter Value = thermRad ( f i l t e r Em i s s i v i t y , s t rucEmis s i v i ty , f i l t e r S u r f ,
t empFi l te r [−1] , tempStruc [−1])

33

34 qCondWheel Value = −condEf f i c i encyWhee l ∗ clampAmount ∗ ( tempStruc [−1] −
tempWheel [−1]) / ( thermContactResAlAl ( clampPressure , 1) + thermCondClampsRes (
clampDistance , clampRadius , tempWheel [−1] , tempStruc [−1] , wheelThickness ) )

35

36 E f i l t e r = ((− qRadFi l ter Value + heat ingFrac t i on ∗ absorbedEnergy −
qCondFi lter Value ) + (−qRadFi l ter [−1] −qCondFi lter [−1] + heat ingFrac t i on ∗
absorbedEnergy ) ) / 2 ∗ 3600 ./ stepsHour

37 E wheel = ((−qRadWheel Value + qCondFi lter Value + absorbedWheel −
qCondWheel Value + induct ivePower ) + (−qRadWheel [−1] + qCondFi lter [−1] +
absorbedWheel − qCondWheel [−1]) + induct ivePower ) /2 ∗ 3600 ./ stepsHour

38 # Assuming that the s t r u c tu r e i s a p e r f e c t absorber / emi t t e r
39 E struc = ( ( qRadWheel Value + qRadFi l ter Value + heatPower + qCondWheel Value +

absorbedStruc ) + (qRadWheel [−1] + qRadFi l ter [−1] + heatPower + qCondWheel [−1] +
absorbedStruc ) ) /2 ∗ 3600 ./ stepsHour

40

41 # Appending va lue s to l i s t f o r next round :
42 qCondFi lter . append ( qCondFi l ter Value )
43 qRadFi l ter . append ( qRadFi l ter Value )
44 qCondWheel . append ( qCondWheel Value )
45 qRadWheel . append ( qRadWheel Value )
46

47 # Calcu la t ing the new temperatures
48 newTemp( tempFi lter , E f i l t e r , specHeatFS ( tempFi l te r [−1]) , f i l t e rMa s s )
49 newTemp( tempWheel , E wheel , specHeatAl ( tempFi l te r [−1]) , wheelMass )
50 newTemp( tempStruc , E struc , specHeatAl ( tempStruc [−1]) , s t ructureMass )
51

52 i f abs ( tempFi l te r [−1] − tempHot ) <= ( stableR ∗ tempHot ) :
53 tempRatio . append (1 )
54 e l s e :
55 tempRatio . append (0 )
56

57 count += 1
58

59 # Find index and thus time o f f i r s t 1 in tempRatio to f i nd heat up time
60 t ry :
61 heatupTime = tempRatio . index (1 ) / stepsHour
62 except ValueError :
63 heatupTime = 9e99

To calculate the energy that is absorbed by the fused silica substrates we use the formula’s
given in section 3.2. These are defined and can be called upon easily.

1 n wav l i s t = np . l i n s p a c e (200 ,10000 ,15000) # Wavelengths from ˜4 to 50 microns
,

2 L = f i l t e rTh i c k n e s s # Thickness in m
3 n wav l i s t m i c ron = 1/ n wav l i s t ∗ 1e4 # Converting to micrometers
4

5 # Finding the ab s o rp t i v i t y at a wavelength l
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6 kappaL = absorpt ionCoe f ( absorpt ion ( n wav l i s t , L) [ 3 ] , n wav l i s t m i c ron )
7 r e f l e c t e dF r a c t i o n = r e f l e c t a n c e ( absorpt ion ( n wav l i s t , L) [ 2 ] , absorpt ion ( n wav l i s t

, L) [ 3 ] )
8 t ransmi t t edFrac t i on = transmit tance ( r e f l e c t e dF r a c t i on , kappaL , L)
9 absorbedFract ion = [ ]

10 f o r i in range ( l en ( n wav l i s t ) ) :
11 absorbedFract ion . append (1 − t ransmi t t edFrac t i on [ i ] − r e f l e c t e dF r a c t i o n [ i ] )
12

13 pr in t ”Absorped percentage : ” , np . abs (np . t rapz ( absorbedFract ion , n wav l i s t m i c ron )
) /49∗100

14 # I f we assume a blackbody spectrum of the lamp , with T=373K, we get :
15 n wav l i s t me t e r s = [ x∗1e−6 f o r x in n wav l i s t m i c ron ]
16

17 # Calcu la t ing the blackbody spectrum and how much o f i t i s absorbed
18 lamp = blackbody ( n wav l i s t mic ron , lampTemp)
19 lampArea = np . p i ∗ glowingRodR ( lampLength , lampTemp) ∗ lampLength ∗ lampsAmount
20 lampPower = sbPowerLaw( lampArea , lampTemp)
21

22 absorbedEnergy = [ ]
23 f o r i in range ( l en ( n wav l i s t me t e r s ) ) :
24 absorbedEnergy . append ( lamp [ i ]∗ absorbedFract ion [ i ] )
25

26 # Calcu la t ing the t o t a l power absorbed by the f i l t e r
27 absorbedEnergyInt = np . p i ∗ ( lampArea ) ∗ np . abs (np . t rapz ( absorbedEnergy ,

n wav l i s t me t e r s ) )
28 pr in t ’ Absorption power : ’ , absorbedEnergyInt , ’ between %s and %s micron ’ %(

n wav l i s t m i c ron [−1] , n wav l i s t m i c ron [ 0 ] )

D.2 BlackGEM measurement data analysis

The measurements were done multiple times. After that data was imported for a given mode
(UVVIS, VIS, NIR1 or NIR2) it was averaged and combined. The part below was for NIR2 data,
but by changing some variable names the other modes can be done as well.

1 # Finds a l l the f i l e s and averages the va lue s in them
2 f o r i in range ( l en ( ang l eL i s t ) ) :
3 # Find number o f f i l e s per ang le
4 f i l esAmount = len ( g lob . g lob ( ’ . /BlackGEM/%s/BlackGEM %s %s %s ∗ . csv ’ %(run [ 1 ] ,

f i l terName , run [ 1 ] , ang l eL i s t [ i ] ) ) )
5 # average the va lue s o f the se f i l e s as to get l e s s no i s e ( t o t a l measurements per

f i l e : 16 −−> 80 measurements per curve )
6 f o r j in range ( f i lesAmount ) :
7 x , y = np . genfromtxt ( ’ . /BlackGEM/%s/BlackGEM %s %s %s %s 00%s . csv ’ %(run [ 1 ] ,

f i l terName , run [ 1 ] , ang l eL i s t [ i ] , da t eL i s t [ 1 ] , j +1) , unpack=True , sk ip heade r=5,
d e l im i t e r=’ , ’ )

8 x = 10000000/x # Convert wavenumber (cmˆ−1) to nm
9

10 # Removing the data be f o r e 1050 nm in order to combine NIR1 and NIR2
11 index = next (x [ 0 ] f o r x in enumerate (x ) i f x [ 1 ] < 1050)
12 x = x [ : index ]
13 y = y [ : index ]
14

15 xListNIR2 . append (x )
16 yListNIR2 . append (y )
17 xListAverageNIR2 = [ sum( e ) / l en ( e ) f o r e in z ip (∗ xListNIR2 ) ] # average the x−

va lue s ( should stay the same )
18 yListAverageNIR2 = [ sum( e ) / l en ( e ) f o r e in z ip (∗ yListNIR2 ) ] # average the

t ransmi s s i on va lue s
19 xListAverageListNIR2 . append ( xListAverageNIR2 ) # append them to the

f i n a l datase t
20 yListAverageListNIR2 . append ( yListAverageNIR2 ) # append them to the f i n a l

datase t

And then finally they are combined in a single dataset

1 xLi s tAverageL i s t . append ( xListAverageListUVVIS [ i ] + xListAverageListNIR1 [ i ] +
xListAverageListNIR2 [ i ] )
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2 yLi s tAverageL i s t . append ( yListAverageListUVVIS [ i ] + yListAverageListNIR1 [ i ] +
yListAverageListNIR2 [ i ] )

Based on the shift of the central wavelength of the z-filter due to tilt, we were able to calculate
the effective index of refraction using both the measurement error in the tilting angle as well as
in the readout of the central wavelength. This was done using Orthogonal Distance Regression.
Python has a very nice module for this.

1 maxErrorList = [ 1 . 5 , 1 , 0 . 5 , 0 . 5 , 0 . 5 ]
2 xListAverageLis t , yL i s tAverageL i s t = [ ] , [ ]
3 cutOnList , cutOf fL i s t , c e n t r a l L i s t = [ ] , [ ] , [ ]
4 e r r o r = [ ]
5 f o r i in range ( l en ( ang l eL i s t ) ) :
6 xLi s tAverageL i s t . append ( xListAverageListUVVIS [ i ] + xListAverageListNIR1 [ i ] +

xListAverageListNIR2 [ i ] )
7 yLi s tAverageL i s t . append ( yListAverageListUVVIS [ i ] + yListAverageListNIR1 [ i ] +

yListAverageListNIR2 [ i ] )
8

9 # Removing exce s s data out s id e o f 700 − 1100 nm
10 index1 = next (x [ 0 ] f o r x in enumerate ( xL i s tAverageL i s t [ i ] ) i f x [ 1 ] > 700)
11 index2 = next (x [ 0 ] f o r x in enumerate ( xL i s tAverageL i s t [ i ] ) i f x [ 1 ] > 1100)
12 xLi s tAverageL i s t [ i ] = xLi s tAverageL i s t [ i ] [ index1 : index2 ]
13 yLi s tAverageL i s t [ i ] = yLi s tAverageL i s t [ i ] [ index1 : index2 ]
14

15 # Finding the cut−on , cut−o f f and c en t r a l wavelengths
16 i n d i c e s = np . where ( yL i s tAverageL i s t [ i ] > 0 .5∗max( yLi s tAverageL i s t [ i ] ) )
17 cu tO f fL i s t . append ( xL i s tAverageL i s t [ i ] [ i n d i c e s [ 0 ] [ 0 ] ] )
18 cutOnList . append ( xL i s tAverageL i s t [ i ] [ i n d i c e s [ 0 ] [ − 1 ] ] )
19 c e n t r a l L i s t . append ( ( cutOnList [ i ]+ cu tO f fL i s t [ i ] ) /2)
20

21 # Finding the unce r ta in ty in the cut−on and cut−o f f wavelength
22 indicesMax = np . where ( yL i s tAverageL i s t [ i ] > 0 .5∗max( yLi s tAverageL i s t [ i ] )+

maxErrorList [ i ] )
23 ind icesMin = np . where ( yL i s tAverageL i s t [ i ] > 0 .5∗max( yLi s tAverageL i s t [ i ] )−

maxErrorList [ i ] )
24 e r r o r . append ( xL i s tAverageL i s t [ i ] [ indicesMax [ 0 ] [ 0 ] ] − xLi s tAverageL i s t [ i ] [

ind icesMin [ 0 ] [ 0 ] ] )
25

26 ang l eL i s t I n t = [ x∗(2∗np . p i /360) f o r x in [ 0 , 5 , 10 , 15 , 2 0 ] ]
27

28 # Best f i t us ing Orthogonal Distance Regres s ion
29 data = RealData ( ang l eL i s t In t , c e n t r a lL i s t , 1 , e r r o r )
30 model = Model ( functionODR )
31 odr = ODR( data , model , [ 1 . 5 ] )
32 odr . s e t j o b ( f i t t y p e =0)
33 output = odr . run ( )
34 popt = output . beta
35 perr = output . sd beta
36 n e f f = popt [ 0 ] # E f f e c t i v e index o f r e f r a c t i o n
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