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Abstract

We have investigated the effect of surface perturbations on the optical surfaces of the MICADO
atmospheric dispersion corrector on the geometric distortions, in order to determine the impact of
the ADC on the astrometric budget. Power spectral density analysis is used to create representative
surface profile maps. Python code and Zemax OpticStudio are combined to create a powerful ray
tracing engine, with which requirements are derived for the optical and mechanical aspects of
the ADC development. Initial results were found to be inaccurate due to low pupil sampling.
Therefore, a uniform grid of 512 × 512 rays is used to better sample the surface profile. For a
representative optical surface with 5 nm RMS and a PSD slope of p = 2 a mean residual distortion
of 33 µas is found. Phyiscal Optics Propagation was explored as an alternative to ray tracing, but
the implementation of it in OpticStudio was not deemed fit for our simulations. In conclusion, it is
found unlikely that the 10 µas astrometric budget set by the MICADO consortium can be achieved
with hardware alone and an optical model to calculate the geometric distortions as a function of
the system parameters is most likely necessary.





Contents

1 Introduction 4
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Astrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Theory 8
2.1 A mathematical description of optical aberrations . . . . . . . . . . . . . . . . . . . 8
2.2 The Atmospheric Dispersion Corrector . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.2 The MICADO ADC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 An introduction to Power Spectral Density Analysis . . . . . . . . . . . . . . . . . 16

3 Method 24
3.1 The MICADO optical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Zemax OpticStudio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Verification of grid sag surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4 PyZDDE: A Python interface to OpticStudio . . . . . . . . . . . . . . . . . . . . . 29

4 Results 32
4.1 Geometric distortions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1.1 Nominal distortion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1.2 Distortion effects on a static system . . . . . . . . . . . . . . . . . . . . . . 33
4.1.3 Effects of the rotating ADC doublets . . . . . . . . . . . . . . . . . . . . . . 34

4.2 Requirements on mechanical stability . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3 Physical Optics Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4 Variability and measurement errors . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5 Discussion 42
5.1 Evaluation of the results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2 High resolution pupil sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3 Improving the results with a polynomial fit . . . . . . . . . . . . . . . . . . . . . . 45
5.4 Simulation speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6 Conclusion 47

7 Recommendations 49

8 Bibliography 51

Appendices 54

A Orthogonal Distance Regression 55

2



B Python code 58
B.1 Ray Tracing simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
B.2 Binary search algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
B.3 Surface profile generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3



Chapter 1

Introduction

1.1 Overview

The upcoming years will feature the construction of the next generation of optical and near infrared
telescopes, the so called extremely large telescopes, which will be at the forefront of astronomical
research for at least the next two decades. The European Extremely Large Telescope is the largest
telescope of this upcoming generation with a primary mirror diameter of 39 meters. It will be build
by the European Southern Observatory on the summit of the 3064 meter high Cerro Armazones
in Chile (ESO, 2011). Other ELTs that will finish construction in the 2020s are the 25 meter
Giant Magellan Telescope (Johns et al., 2012), also in Chile, and the Thirty Meter Telescope,
to be constructed on Hawaii (Sanders, 2014). All three telescopes will be able to gather high
quality data to help answer the largest astronomical questions of recent years. It is expected that
many observations will focus on the objects that current large telescopes are not able to resolve
sufficiently, such as mapping stellar orbits ever closer to the event horizon of the supermassive black
hole at the center of our galaxy, directly imaging exoplanets, studying high redshift galaxies, and
determining the origin of dark matter (Renzini, 2009; Skidmore et al., 2015; Johns et al., 2012).
This is enabled by the direct relationship between the size of the primary mirror and the angular
resolution that the telscope can theoretically resolve. The ELTs should be a significant upgrade
compared to the largest telescopes of recent times. Even more exciting than these expected results,
however, will be the discoveries that we haven’t even though about, yet. Typically, those are the
most revealing.
With the need for ever increasing angular resolution come the technical challenges to keep a
telescope of several tens of meters in diameter stable enough to obtain a clear image, while still
enabling the structure to follow an object on the sky for multiple hours. The size all optical surfaces
scales with the size of the primary mirror, creating challenges for the production of mirrors and glass
elements. Also, at this size the effects of the atmosphere can not be underestimated. Constantly
changing layers of turbulent air require advanced adaptive optics systems to achieve diffraction
limited instruments, especially at lower wavelengths.
MICADO, the Multi-Adaptive Optics Imaging Camera for Deep Observations, will be one of three
first light instruments on the E-ELT that will make use of the unprecendented angular resolution of
its primary mirror. The imaging instrument will be diffraction limited and sensitive to near infrared
light with a wavelength between 0.8 and 2.5 µm. Four operational modes are planned, with wide
field imaging being the primary mode. Other included modes are the zoom mode, with a smaller
field of view but higher resolution, a single slit spectrographic mode and a pupil imaging mode, for
coronograpic imaging. With these capabilities it will be able to study, for example, the structure
and morphology of high redshift sources or find information about the star formation history for
galaxies up to the Virgo cluster. One the the main scientific uses of MICADO will be in performing
highly accuracte astrometry, with which stellar proper motions can be measured. Analysis of these
proper motions can lead to the discovery of black holes, shine light on the properties of dark
matter in dwarf galaxies, and illuminate the physics close to the event horizon of the supermassive
black hole located at the center of the Milky Way. Section 1.3 will give the historical context and
perspective to appreciate the planned astrometric capabilities of this E-ELT instrument.
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MICADO is developed under supervision from ESO by a consortium led by the Max-Planck-Institut
für extraterrestrische Physik (MPE). NOVA, the Netherlands Research School for Astronomy,
is responsible for the development of the Atmospheric Dispersion Corrector and the design and
construction of the filter wheels of the instrument. NOVA is also part of the astrometry group,
that aims to achieve the relative positioning of point sources on the sky to less than 50 micro arc
seconds (µas) for the center of the field of view. With a 40 meter primary aperture an angular
resolution of this order can’t be achieved, which means that the center of the point spread function,
the image of a point source on the detector, must be obtained with high accuracy. This image
is affected by many factors such as field position, wavelength, the shape of the optical surfaces
and other optical aberrations. To achieve the astrometric goal, a proper balance between the
optical quality of the image that is projected onto the detector and software calibrations must
be struck. Due to the adaptive optics system MAORY, which corrects for the turbulence in the
Earth’s atmosphere, and the counter-rotating ADC mechanism, that corrects for that dispersion
effects of the atmosphere, MICADO is a very dynamic system and therefore it will be a great
challenge to guarantee the stability of the point spread function over the whole field of view or,
if that is not entirely possible, to be able to sufficiently model all the optical effects that have a
significant impact on the astrometric calibration.
In this thesis we will try to investigate the effects of random surface perturbations by using power
spectral density functions as a way to generate realistic surface height profiles and simulate their
effects on the geometric distortions, which are closely related to the astrometric performance.
The goal is to define a set of requirements that allow NOVA to build the atmospheric dispersion
corrector and the filter wheels in such a way that it will fulfill the requirements set by ESO for
the MICADO instrument. These requirements will describe the optical quality of the ADC and
filter surfaces that must be achieved, as well as the mecahnical requirements needed to not violate
the astrometric goals. The accuracy with which the wavefront errors should be measured, will
be derived as well. In the next section a simple calculation will illustrate the need for such an
extensive analysis. Section 1.3 will give some context by giving an overview of the history of
astrometry and MICADO’s place in it. In chapter 2 the theoretical groundwork for this thesis
is discussed. Chapter 3 describes the MICADO optical design and explains how we made use of
Zemax OpticStudio and Python. The results are discussed in chapter 4. Finally, a discussion of
the results and recommendations for further work are given in chapter 5, 6 and 7, respectively.

1.2 Motivation

Optical design of camera lenses and smaller telescopes typically focus on the minimization of optical
aberrations and on the best image quality possible within the financial budget available. For astro-
nomical instruments mechanical stability at short and long time intervals is a high priority too, so
that observations may be compared to each other in a reliable manner. Comparing multiple images
forms the main argument to why a good grasp on the distortions of the image on the detector of an
instrument is so important. To obtain the most reliable scientific data, one would like to make sure
that the image is as free from image smearing as possible by keeping instabilities of the system or
aberrations to a minimum. In the context of MICADO, geometric distortion correction and PSF
reconstruction are critical for the ability to perform astrometric measurements, because if one can-
not reliably measure the apparent distance between two points on the detector then astrometry is
not possible. The astrometric requirements put on MICADO in the E-ELT requirement matrix are:

“MICADO shall be capable of reproducing the relative position on the sky of an unresolved,
unconfused source of optimal brightness with respect to an optimal set of reference sources must
be reproducible to within 50 µas (goal: 10 µas) over a central, circular field of 20 arcsec diameter
(goal: across the entire field of view). ”

This performance should be able to be obtained on all timescales, even for observations lasting
only an hour, which removes the ability to average many observations over time. For comparison,
the Gaia space mission set out to obtain an astrometric performance of 24 µas only after five years
(Gaia Collaboration et al., 2016). Data from the first public data release was not yet on the order
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of µas, which will only become available over time as more observations are done.
The allowed contribution of the MICADO ADC to the astrometric budget is currently set to 10
µas (Stuik et al., 2014), which is a significant part of this budget due to its location and size in the
MICADO optical design.
To illustrate to what order the distortions of MICADO need to be known and calibrated for we
can take a look at the relative size between the diffraction limited point image, the Airy disk, and
the 50 µas accuracy.
The diameter of the Airy disk is calculated using the focal ratio F of the telescope, which is the
ratio between the focal length of the telescope and its entrance pupil diameter, and the wavelenght
at which the observation takes place. The focal ratio of the combined E-ELT and MICADO system
has a value of 17.73. If we take J-band at 1.2 µm as the wavelength, we find the diameter d to be

d = 1.22× λ× F = 51.8 µm = 16.4 mas (1.2.1)

The astrometric requirement is roughly 0.3% of the Airy disk diameter for this diffraction limited
system. This also assumes that the system will have a Strehl ratio equal to one. The Strehl ratio is
the ratio between the peak intensity of the obtained Airy disk and the theoretical peak intensity for
the optical system. Lower Strehl ratios, caused by various aberrations, increase the diameter of the
point spread function, and thus decrease performance. At this level, almost all optical aberrations
should be considered in order to be able to determine the center of the PSF accurately enough.
The precise reconstruction of the PSF is a different subject of research and is done by the A*
consortium in Austria (Leschinski et al., 2016), but the basic aspects of it are discussed in Section
2.1. In this thesis we investigate the effects of wavefront errors, caused by surface irregularities
in the optical components of MICADO, and the resulting geometric distortions. The expectation
is that surface irregularities and different orientations of the optical components will require an
empirical lookup table to correct the geometric distortions sufficiently. The many different possible
configurations of the complete optical system make this a very inefficient solution as considerable
time and effort would need to be spent on calibrating MICADO in situ. A better solution would
be a complete optical model that can sufficiently predict the performance for a given position of
all the components. In this work a combination of Zemax OpticStudio and Python, using the
PyZDDE package, is used to perform the simulations. The framework developed here could form
a start of such a complete optical model for the calculation of distortions. This thesis will also
give an indication to whether or not this will be feasible to do or that a separate physical model
should be set up.

1.3 Astrometry

The astrometric goals of MICADO are part of a long tradition to measure the precise locations
of celestial bodies. This section will give a concise overview of the importance and history of
astrometry. A more in depth overview of the history of astrometry is given in Perryman (2012).
Figure 1.1 shows the exponential growth in astrometric accuracy over time, as well as the large
increase in the size of star catalogues.
For a very long time astronomy and astrometry were closely linked together. Old civilizations
looked at the stars, named the constellations and build monuments in alignment with the stars,
e.g. Stonehenge in England or the pyramids in Egypt. The human eye is able to reach a resolution
of about one arc minute, with which it was possible to describe the periodicity of celestial events,
such as the discovery of the five planets that are visible by eye. Even without any telescopes
systematic observations were done by the old Greeks to catalogue star positions. The common
paradigm at the time was that the Earth was at the center of the universe, though this proved
problematic when trying to explain the movement of the planets wandering through the sky. When
Galileo Galilei discovered moons orbiting around Jupiter in 1610, the heliocentric worldview quickly
gained in popularity. With the advent of telescopes the accuracy of position measurements quickly
rose to a several arc seconds. Catalogues were made with thousands of stars, e.g. catalogue by
Flamsteed at the Greenwich Observatory. The discovery of moons orbiting around other planets
also gave rise to the theories devised by Kepler and Newton in the 17th century, firmly establishing
that the Earth was not at the center of the universe. Newton’s theory on gravity also led to people
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Fig. 1.1: Astrometric accuracy as a function of time. With the progression of technology, astro-
metric accuracy has improved exponentially over time. MICADO will place itself in between the
Hipparcos satellite and the Gaia mission, starting in 2024. Figure from Perryman (2012).

to believe that stars should not be motionless objects on the sky, but should travel just as the Earth
moved around the Sun. A search for this star movement started, but it would take years before
movements of stars were observed directly. However, observations did lead to the establishment of
distances to several stars using the parallax method, where simple geometry is used to derive the
distance to a star from two observations at different time periods between which the star has moved
relative to the background. As time progressed, technology improved further and the astrometric
accuracy improved with it. Photographic plates made the first small sky suveys possible. Two
plates could easily be compared to each other to detect proper motions of stars across the sky.
Since the 1980s all-sky surveys became possible with CCD detector plates.
However, in the early 20th atmospheric turbulence became a limiting factor to the astrometric
accuracy that could be obtained and astrometry as a study seemed to lose interest within the
scientific community. Recently, with the start of the space age and the development of adaptive
optics systems, where either the atmosphere is removed completely or corrected with fast moving
mirrors, astrometry has seen a revival. The Hipparcos space mission, accurate to about 1 mas,
provided an accurate all sky survey of about 120 000 stars (Perryman et al., 1997), followed in
recent years with the Gaia mission, which will improve upon this with an accuracy up to 10 µas
(Gaia Collaboration et al., 2016).
Precise positions, though once useful for naval navigation, are not the main goal of astrometry.
Repeated observations of high positional accuracy allow for the detection of stellar, and planetary
for that matter, movements, called proper motions. These movements are essential in discovering
and verifying physical laws. They allowed the geocentric worldview to be disproved. It allowed
Newton’s laws of gravity to be replaced by Einstein’s General Relativity and new observations will
be able to either verify or cast doubt upon this theory too. Astromety also allows us to better
understand structures and dynamics inside the Milky Way. Possibly, MICADO will help detect the
effects of general relativity on the orbits of stars orbiting black holes at close proximity. MICADO
is expected to give a ground based alternative and observational follow up of the observations
done by the Gaia mission, with its 50 µas relative astrometric accuracy in the neverending quest
to explore our universe. Already, plans are made for sub µas astrometry space instruments, that
would allow for the detection of proper motions in other galaxies and allow the detection of the
gravitational effects of Earthlike planets orbiting stars (Janson et al., 2017; Chen, 2014).
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Chapter 2

Theory

2.1 A mathematical description of optical aberrations

When designing an optical system one would ideally reach a fully diffraction limited system, a
system completely free of optical aberrations. For a uniformly illuminated aperture the power per
unit area on the image plane is defined by

I(r) = I0
π2D2

16λ2F 2

(
2J1[πr/(λF )]

πr/(λF )

)2

, (2.1.1)

where

I0 = irradiance incident upon the aperture,

r = radial distance from the center of the diffraction pattern to the observation point,

D = exit pupil diameter,

λ = wavelength of the incident light,

F = focal ratio of the optical system,

J1 = Bessel function of 1st order.

By plotting I(r) we find the well-known Airy pattern, named after G. B. Airy who first wrote a
theoretical explanation of the pattern in 1835 (Airy, 1835). The pattern is illustrated in Fig. 2.1

Fig. 2.1: The power per unit area as a function of radius from the center of the diffraction pattern
for a uniformly illuminated aperture. This is better known as the Airy pattern. The resulting image
is given on the right.
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Fig. 2.2: A flat wavefront passing through a perfect lens will result in a spherical wavefront with
radius of curvature R. A coordinate system with origin (x0, y0, z0) is defined.The center of the
wavefront is at a location (x, y, z).

In most practical applications, including the E-ELT, a secondary mirror acts as a central
obscuration to the primary mirror, the aperture. Therefore, a significant amount of the energy
can be found outside of the central peak. In that case, the irradiance as a function of the radial
distance is described by

I(r) =
I0

(1− ε2)2

(
2J1(x)

x
− 2εJ1(εx)

x

)2

, (2.1.2)

where ε is the obscuration ratio, J1(x) is the Bessel funcion of the first order and

x ≈ πr

λF
. (2.1.3)

A good characterization of the Airy disk, or in the case of a system with aberrations, the point
spread function, is crucial for data analysis of astronomical observations, if one would like to know
the precise positions of an observed source. For astrometry, and, to a certain extent, also for
photometry, this is essential.

A spherical wavefront is created when a flat wavefront passes through a perfect lens. This is
easily understood when one realises that light travels slower through the lens medium than through
air. Light on the optical axis reaches the medium earlier than the light that goes through the edge
of the lens, see Fig. 2.2. If we define a coodinate system (x0, y0, z0), such that the center of the
wavefront is at coordinate (x, y, z) with the center of curvature at coordinate (x0, y0, z0) and we
define the radius of curvature of the wavefront to be a distance R, then the center of the wavefront
is described by

x = x0 (2.1.4)

y = y0 (2.1.5)

z = z0 −R. (2.1.6)

An equation for the spherical wavefront can be written down as

x2 + y2 + (z −R)2 = R2. (2.1.7)

Simple aberrations, such as defocus and transverse shifts, can be described using a spherical wave-
front. In practice, however, most aberrations occur when the wavefront deviates from a spherical
shape.
Due to rotational symmetry the wavefront can be freely rotated about the optical axis, z. Using
this it is possible to describe the wavefront W as a function the rotational invariant variables
x2 + y2, xx0 + yy0 and x2

0 + y2
0 . To simplify our calculation we can always define the coordinate

system in such a way that the image point lies in the x-z plane, i.e. y0 = 0. Welford (1986) then
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Aberration
coefficient

Functional form Name

W200 x2
0 Piston

W111 x0ρ cos θ Tilt
W020 ρ2 Focus
W040 ρ4 Spherical aberration
W131 x0ρ

3 cos θ Coma
W222 x0ρ

2 cos2 θ Astigmatism
W220 x2

2ρ
2 Field curvature

W311 x3
0ρ cos θ Distortion

Table 2.1: Wavefront aberration coefficients

assumed that this function could be expanded as a power series, giving

W (x, y, z) ≡W (x2 + y2, xx0, x
2
0) (2.1.8)

=a1(x2 + y2) + a2xx0 + a3x
2
0 + b1(x2 + y2)2

+ b2xx0(x2 + y2) + b3x
2x2

0 + b4x
2
2(x2 + y2) + b5xx

3
0 + b6x

4
0

+ higher order terms.

The coefficients an and bn are constants, assuming a fixed system. All terms of this equation refer
to a different type of aberration that can appear. The first three terms refer to defocus, tilt and
phase shift respectively. If an optical configuration is optimized for monochromatic light, then
a1 = a2 = a3 = 0. All the terms with b-coefficients are called the Seidel aberrations, after Phillip
Ludwig Seidel, and in order they describe spherical aberration, coma, astigmatism, field curvature
and geometrical distortion.
Using polar coordinates

x = ρ cos θ

y = ρ sin θ

to rewrite (2.1.8), we get

W (x0, ρ, θ) =
∑
u,v,w

Wijkx
i
0ρ
j cosk θ (2.1.9)

=W200x
2
0 +W111x0ρ cos θ +W020ρ

2

+W040ρ
4 +W131x0ρ

3 cos θ +W222x0ρ
2 cos2 θ

+W220x
2
2ρ

2 +W311x
3
0ρ cos θ

with

i = 2u+ v (2.1.10)

j = 2w + v (2.1.11)

In Table 2.1 an overview of the aberration coefficients and their optical effects is given. The
resulting wavefronts for these aberrations are visualized by use of Zernike polynomials in Fig. 2.3.
There their resulting image for a point source is also given.
The Seidel aberrations are fairly simple and allow many general theorems about optical aberrations

to be derived. These theorems form the basis for a first approach to an optimized system (Wyant
and Creath, 1992). In practice, Zernike polynomials are often used to describe the low order
aberrations of optical surfaces. The mathematical description of these polynomials are slightly
different, but the aberrations are the same.
The Strehl ratio is another term that is often used to denote the optical performance of a system.
It describes the ratio between the peak intensity that is achieved including the optical aberration
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Fig. 2.3: Zernike polynomials are often used to visualize the optical aberrations visible in the
wavefront. Red means a peak in the wavefront, while blue is a valley. On the right the image of a
point source for the corresponding aberration is given. Figure from InTech (2017).

and the theoretical peak intensity for the same system without any aberrations. In terms of the
Seidel aberrations we can write the Strehl ratio as

Strehl ratio =
1

π2

∣∣∣∣∣∣
2π∫
0

1∫
0

ei2π∆W ρdρdθ

∣∣∣∣∣∣
2

. (2.1.12)

We denote the wavefront error ∆W in units of waves, relative to the reference sphere. The wavefront
error is a function of ρ and θ, but this is left out for notational simplicity. When no aberrations
exist, (2.1.12) is equal to unity. A simpler expression can be found by first expanding the term
inside the integral sign using a Taylor expansion. We find

Strehl ratio =
1

π2

∣∣∣∣∣∣
2π∫
0

1∫
0

[
1 + i2π∆W +

1

2
(i2π∆W )

2
+ ...

]
ρdρdθ

∣∣∣∣∣∣
2

. (2.1.13)

Then, for an optimized optical system we can often neglect the third-order and higher-order aber-
rations. This allows us to approximate (2.1.13) as

Strehl ratio ≈
∣∣∣∣1 + i2π∆W − 1

2
(2π)

2
∆W 2

∣∣∣∣2 (2.1.14)

≈ 1− (2π)2
[
∆W 2 −

(
∆W

)2]
(2.1.15)

≈ 1− (2πσ)2, (2.1.16)

where we have defined σ2 to be the root-mean-square (RMS) of the wavefront error, corresponding
to the difference between ∆W , the best fit relative to the spherical wavefront, and ∆W , the mean
wavefront optical path difference, i.e.

σ2 =
1

π

2π∫
0

1∫
0

[
∆W −∆W

]2
ρdρdθ = ∆W 2 −

(
∆W

)2
. (2.1.17)
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Equation (2.1.16) is only valid for a Strehl ratio larger than about 0.5. For systems where the third
order aberrations can’t easily be neglected,

Strehl ratio ≈ e−(2πσ)2 ≈ 1− (2πσ)2 +
(2πσ)4

2!
+ ... (2.1.18)

is often used, which is good to a Strehl ratio of about 0.1.
According to the Maréchal criterion a system is well optimized, or can be considered diffraction
limited, if the RMS of the total wavefront error is less than λ/14 resulting in a Strehl ratio higher
than 0.8. In practice the achieved Strehl ratio very much depends on the observing conditions
and the performance of the adaptive optics system. According to Girard et al. (2012), during
commissioning of the NACO instrument on the VLT in 2012, Strehl ratios of about 0.6 were
achieved, with expectations for future observations going up to 0.9.
The above derivations give a feel for how wavefront errors may be related to surface features in a
piece of optics, which is important to understand for this thesis.
The relation between the wavefront error and a surface flatness error of a mirror is comparatively
simple in the case of a spherical wavefront. The reflected wavefront error is simply twice the surface
error, or in mathematical form

Wrefl = 2× cos(θ)× S, (2.1.19)

where θ denotes the angle of incidence and S is the surface error.

2.2 The Atmospheric Dispersion Corrector

The aberrations discussed in the previous section only considered monochromatic light. In reality,
chromatic aberrations will have a smearing effect on the shape of the PSF, and therefore decreases
the ability to determine the precise position of a point source. The most apparent chromatic
aberration is the dispersion caused by the atmosphere. The index of refraction is typically a
function of wavelength, which causes the chromatic light to be dispersed when traveling through
a medium. In general, dispersion is more pronounced for shorter wavelengths, which makes this
aberration less of a problem for far-inrared instruments. Besides observing at longer wavelengths,
observing at a small wavelength window also helps to mitigate the effect, but this decreases the light
gathering capabilities of a telescope massively. The best solution for MICADO is a set of optics
that reverses the effect of atmospheric dispersion. This atmospheric dispersion corrector (ADC)
will be described in Section 2.2.2. The magnitude of the atmospheric dispersion is illustrated in
Section 2.2.1. In the next section a physical description of dispersion will be given.

2.2.1 Dispersion

Dispersion of white light was first correctly described as a result of different indices of refraction for
different colors of light by Sir Isaac Newton early in the eighteenth century (Newton, 1730). When
white light passed through a prism a spectrum was projected on the wall across the room. Newton
also showed that the effects of dispersion could be undone by letting the dispersed light fall onto
a second prism, which would refract the light back into its original white form. It would not be
until the end of the 19th century that the phenomenon would be well understood. A combination
of J. C. Maxwell’s equations on the nature of light and the physical contributions of large number
of particles to the properties of a medium, as described by H. A. Lorentz, would be required. This
approach to understanding dispersion is also described here.
Maxwell’s theory on electromagnetic radiation treats matter as a continuous medium. Under this
assumption it follows that the refractive index of such a medium would be constant. In reality
only vacuum is non-dispersive and all others media have a dispersive index of refraction, n, i.e.
n = n(λ).
From Maxwell’s equations we know that the speed of light in a medium is defined as

v =
1
√
εµ
, (2.2.1)
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where ε is the permitivity of the medium and µ is the magnetic permeability of the medium. The
index of refraction is defined as

n ≡ c

v
=

√
εµ

ε0µ0
. (2.2.2)

Here ε0 and µ0 give the permitivity and permeability of vacuum. Most materials are only weakly
magnetic and so we can simplify (2.2.2) to

n2 =
ε

ε0
. (2.2.3)

To get an understanding of dispersion on the microscopic scale we follow the derivation for the
dispersion relation as described in Optics (Hecht, 1998). When a photon, with it’s corresponding
electric and magnetic field, passes by an atom with an electron cloud it is reasonable to assume
that the photon interacts with the atom in a way that is dependent on the frequency of the photon.
The magnetic field of the photon will perturb the electron cloud. Due to the mass of the nucleus,
compared to the energy of a photon, we can assume that the nucleus stays unperturbed for all but
the shortest wavelengths of light. We can also assume that the electrons are in equilibrium with
the nucleus due to a force potential, F , that exists to return the electrons to equilibrium after a
perturbation. For small displacements, x, we can approximate this restoring force by F (x) = −kEx
with kE some constant value. If an electron in orbit around a nucleus is then perturbed by low
energy electromagnetic radiation, such that the electron does not excite to a higher state, it will
start to oscillate around the equilibrium point at a frequency ω0,

ω0 =
√
kE/me, (2.2.4)

with me the mass of the electron. The force exerted by the time dependent electric field, E(t), of
the photon with frequency ω, on the electron, with charge qe, is given by

Fe = qeE(t) = qeE0 cos(ωt). (2.2.5)

The equation of motion of this system is given by

qeE0 cos(ωt)−meω
2
0x = me

d2x

dt2
, (2.2.6)

where the second part on the left hand side of this equation is the restoring force. The solution of
this differential equation describes the relative displacement between the positive nucleus and the
negative electrons.

x(t) =
qe/me

ω2
0 − ω2

E0 cos(ωt) =
qe/me

ω2
0 − ω2

E(t) (2.2.7)

Usually, even a single nucleus has multiple electrons surrounding it. If there are N electrons
involved, then the electric polarization, P, is described as follows

P = qexN. (2.2.8)

Substitution of (2.2.7) into the above gives

P =
q2
eNE/me

ω2
0 − ω2

. (2.2.9)

We also have another relation between electric polarization and the electric field, E.

(ε− ε0)E = P (2.2.10)

Combining eqs. (2.2.3), (2.2.9) and (2.2.10) leads to the dispersion equation

n2(ω) = 1 +
Nq2

e

ε0me

(
1

ω2
0 − ω2

)
. (2.2.11)
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Fig. 2.4: Light travels through a layers atmosphere along a curved path. The refractive properties
of each layer could be calculated. Dynamic changes, such as turbulence and wind shear, make this
practically unfeasible to do real time. Figure from Mangum and Wallace (2015).

A more complete version of the dispersion equation, of which no derivation will be done here,
taking into account j oscillating frequencies and a damping factor is given as

n2 − 1

n2 + 2
=

Nq2
e

3ε0me

∑
j

fj
ω2

0j − ω + iγjω
, (2.2.12)

where fj are weighting factors that define the oscillator strengths, with the boundary condition
that

∑
j fj = 1. The damping factor is given by iγjω and is found by assuming a ”frictional” force

between atoms in a dense medium proportional to the speed in the equation of motion (2.2.6).
This variant of the equation agrees well with the quantum mechanical treatment of this problem,
as ω0j can be interpreted as the characteristic frequencies at which an atom may emit or absorb a
photon. In that case fj is the transition probability. A very important consequence of the damping
term, iγjω, is that complex indices of refraction appear, which lead to the partial absorption of
incident light. A derivation can be found in Bass et al. (1995).
Equation (2.2.12) is too complex to be useful in most engineering applications. Therefore an em-
pirical relation, which is unique to most materials, is often used. The glass materials are described
using it’s Abbe number, a relation between the indices of refraction for different wavelengths.

V =
nyellow − 1

nblue − nred
(2.2.13)

Typically the Fraunhofer D-, F- and C-emission lines are used at 589.3 nm, 486.1 nm and 656.3 nm
respectively. Unfortunately, an Abbe number can’t be used to conclusively describe the Earth’s
atmosphere, because it is in constant motion.

To illustrate the need for a dispersion corrector on the MICADO instrument we model the
atmospheric refraction and dispersion using the SLA REFCO and SLA ATMDSP functions from the
SLALIB Positional Astronomy Library (Wallace, 2005). Conditions representative of the conditions
on Cerro Armazones have been included and are described in Table 2.2.
The difference between the observed and the true zenith distance can be modeled by

∆ζ = A tan ζ +B tan3 ζ, (2.2.14)

where ζ is the observed zenith angle. For a given wavelength λ1 SLA REFCO computes the coeffi-
cients A and B of (2.2.14). SLA ATMDSP computes the slightly adjusted coefficients for a different
wavelength λ2. By subtracting the zenith angles of the higher wavelength from the zenith angles
of the lower wavelength we get the dispersion for a given band, ranging from λ1 to λ2. The atmo-
spheric dispersion for the broadband filters and the Paβ narrow-band filter selected for MICADO
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Parameter (at the observing site) Value Reference

Temperature 280 K Stuik and Verdoes Kleijn (2013)
Atmospheric pressure 712 mbar Stuik and Verdoes Kleijn (2013)
Relative Humidity 0.22 Stuik and Verdoes Kleijn (2013)
Altitude 3064 m Schöck et al. (2009)
Latitude -24.5893◦ Schöck et al. (2009)
Temperature lapse rate of troposphere 0.0065 K m−1 Wallace (2005)
Precision to stop iteration 10−8 Wallace (2005)

Table 2.2: The atmospheric conditions at Cerro Armazones, used to model the atmospheric
dispersion. Vales for the temperature lapse rate in the troposphere and the termination precision
are the recommended values, not measured values.

Fig. 2.5: The total atmospheric dispersion at Cerro Armazones for various observing bands
of MICADO. Note that broader bands have higher dispersion and the dispersion is larger for
higher zenith angles. Also note that shorter wavelengths experience higher dispersion than longer
wavelengths.

(van den Born, 2017) will be on the order of several tens of milli arc seconds. An overview of this
is given in Fig. 2.5. Temperature and pressure influence the dispersion more than the humidity
of the air. This is illustrated in fig 2.6, where the dispersion for standard conditions is given as a
function of pressure, humidity and ground temperature, respectively.
The Hawaii-4RG detectors of MICADO will have a pixel scale of 4 mas pix−1 (Davies et al., 2016).
Clearly, the dispersion will cause a significant blur in images, even at longer wavelengths, so the
implementation of an Atmospheric Dispersion Corrector is essential.

2.2.2 The MICADO ADC

Atmospheric dispersion degrades the shape from a typical Airy-like pattern into a line, split into its
constituent colors, making astrometry difficult, if not impossible. To correct for the atmospheric
dispersion, or at least compensate for it as much as possible, one is able to use a set of optics
that inversely mimics the refractive and dispersive properties of the Earth’s atmosphere. The
most effective way to achieve this is by using a set of two prisms, which control the dispersion by
either moving the prisms linearly or by rotating them with respect to each other. Typically, linear
ADCs and (counter-)rotating ADCs are considered, see Fig. 2.7. The first has greater dimensions,
but does not disperse incoming light when it is in its minimum dispersion mode. The maximum
dispersion correction is mostly dependent on the displacement between the two prisms and the
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Fig. 2.6: Shown here is the atmospheric dispersion as a function of the expected variations in
pressure (top left), humidity (top right) and temperature (bottom left) for different filter bands
and a zenith angle of 30◦. The other parameters are at their standard values, as given in Table
2.2.

diameter of the prisms. The rotating ADC can be manufactured in a much smaller package as the
prisms only need to be able to rotate around the optical axis. Because the first and last surface
of the rotating ADC are not normal to the optical axis, a non-dispersed light ray will experience
dispersion when traveling through the ADC in its minimum dispersion configuration, see Fig. 2.7.
This effect can be reduced by means of a high-dispersion and low-dispersion glass doublet, called
an Amici prism. The outer surfaces are then normal to the incident light, reducing a possible
displacement and directional change of the optical axis. The maximum dispersion correction is
achieved when the two prisms have rotated 180◦ with respect to each other.

In Stuik et al. (2014), it was concluded that MICADO should have a counter-rotating ADC
located in the pupil plane, between the filter wheels and the pupil wheel. This location is optimal
in terms of performance and feasibility. In order to not unnecessarily complicate the design of the
ADC it is typical to place the ADC inside a collimated beam. A convergent beam causes different
aberrations, such as coma, distortions, spherical aberrations, astigmatism and field curvature to
appear in the glass, which are difficult to correct (Wynne, 1997). With the stringent requirements
set on the astrometric performance of MICADO, it is difficult to expect that the collimated beam
will be good enough and therefore corrections will have to be made even then though it is located
in a collimated part of the instrument.
The baseline design consists of two identical, but mirrored, doublets. S-LAH71 (Vd = 32.27,
Nd = 1.85) has been chosen as the high-dispersion glass and S-FPL51 (Vd = 81.55, Nd = 1.50) as
the low-dispersion glass type. The dimensions of the glass prisms are given in Fig. 2.8. The glass
pairs offer high throughput over the entire wavelength range, as well as a high K-band througput,
and are also the chosen glass types on the IRIS instrument of the TMT (Phillips et al., 2010).

2.3 An introduction to Power Spectral Density Analysis

Section 1.2 motivated that a detailed analysis of the optical surface quality of the various optical
surfaces in the MICADO is necessary. To derive the necessary requirements, representative optical
surfaces must be simulated in the optical model after which the theoretically possible astrometric
performance can be obtained. In this section a derivation of power spectral density analysis is out-
lined, which we’ll be using to generate surface profiles for different parameter values. The power
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Fig. 2.7: The two types of ADC typically considered, the linear (top) and rotating (bottom)
ADC, in their minimum and maximum dispersion configuration.

Fig. 2.8: The dimensions of the ADC prisms in the current optical design. The high-dispersion
and low-dispersion glass is separated by a small distance. From left to right the glass types are
S-LAH71, S-FPL51, S-FPL51 and S-LAH71. The dimensions and materials are not final and may
still be optimized.
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spectral density describes the random surface perturbations as a function of spatial frequency, i.e
as a function of the size of the various perturbations.
Wavefront errors in optical surfaces are typically caused by small surface perturbations or devia-
tions from the ideal optical surface. These are intrinsic to manufacturing processes and material
properties. In optics, the surface’s rougness is often quantified by the root mean square value of
these surface deviations, or sometimes the RMS values of both the low and mid spatial frequencies.
Consider a one dimensional surface profile h(x), which gives the height, h, of a surface as a function
of position, x. Given this height distribution, the average value over a distance L can be calculated
to be

h̄ =
1

L

L/2∫
−L/2

h(x)dx. (2.3.1)

If h̄ = h(x) the surface is perfectly smooth. The root mean square of the arithmetic average
roughness, often simply called the RMS roughness, is the root of the expected value of the difference
between the height at x and the mean value squared.

σ =

√√√√√√ 1

L

L/2∫
−L/2

[h(x)− h̄]2dx (2.3.2)

Though a good first estimation for surface roughness, measured values for σ are dependent on
the spatial frequency band that the surface was measured to and it is difficult to get the same
number using different measurement methods (Duparré et al., 2002). Therefore these values are
not ideal when comparing results. Power Spectral Density (PSD) analysis is a good alternative in
that it is a very powerful tool for defining the surface roughness. It describes how periodic surface
features are distributed over the spatial frequency space. Similarly to Fourier analysis, PSD analysis
finds the influence of many different spatial frequencies on the total, seemingly random, surface
deformations.
To find the PSD function we follow Stover (1995) and start by applying a Fourier transform to the
surface profile.

H(fx) = F(h(x)) =

∞∫
−∞

h(x)e−2πifxxdx, (2.3.3)

where fx is the spatial frequency propagating in the x direction. Because the surface profile does
not have a value outside of length L, we can rewrite (2.3.3) to

H(fx, L) =

L/2∫
−L/2

h(x)e−2πifxxdx. (2.3.4)

Using Parseval’s theorem the average roughness power over a distance L is calculated.

Paverage =
1

L

L/2∫
−L/2

h(x)2dx =
1

L

∞∫
−∞

|H(fx, L)|2 df (2.3.5)

Until now it was possible to completely reverse the calculation and retrieve the original surface
profile. However, by using the absolute value we lose the necessary phase information to be able
to do this. We’ll get back to the consequences of this operation when we use the inverse Fourier
transform to generate new surface profiles.
The PSD function is defined as the integrand of the last part of (2.3.5), with the 1/L fraction
moved inside the integral.

PSD(fx) =
1

L
|H(fx, L)|2 (2.3.6)
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The surface below the PSD plot between a minimum spatial frequency, fmin, and maximum spatial
frequency, fmax, give the RMS value for that bandwidth.

σ =

√∫ fmax

fmin

PSD(fx)dfx (2.3.7)

For the two dimensional case, where the surface profile depends on an x and y coordinate,
PSD(fx, fy) is given by

PSD(fx, fy) =
1

ab

∣∣∣∣∣∣∣
b/2∫
−b/2

a/2∫
−a/2

h(x, y)e−2πi(fxx+fyy)dxdy

∣∣∣∣∣∣∣
2

. (2.3.8)

with a and b the length of the surface in the x and y direction, respectively.
In order to simulate a surface profile, it is necessary to be able to inverse (2.3.8). We do this by
exploiting the properties of the Fourier transform, written in the complex polar form in terms of
two real functions for the magnitude and the phase.

F(ξ) = G(ξ)eiφ(ξ), (2.3.9)

where
G(ξ) =

∣∣F(ξ)
∣∣ (2.3.10)

is the magnitude and
φ(ξ) = arg(F(ξ)) (2.3.11)

is the phase.
The inverse Fourier transform may then be written as

f(x) =

∞∫
−∞

G(ξ)ei(2πξx+φ(ξ))dξ. (2.3.12)

Using (2.3.10) we may now write (2.3.8) as

h′(x, y) =

∞∫
−∞

∞∫
−∞

e2πi(fxx+fyy)eiφ(fx,fy)
√
A× PSD(fx, fy) dfxdfy (2.3.13)

= F−1

[
eiφ(fx,fy)

√
A× PSD(fx, fy)

]
, (2.3.14)

with A = 1/ab. The height profile function is written using a prime, to differentiate it from
the earlier used height profiles, where we lost the original phase information when we took the
absolute value of the Fourier transform of the height profile. We may, however, generate arbitrary
phase information to obtain a surface profile. To ensure that this surface profile is a real valued
function, φ(fx, fy) must be anti-symmetric. In that case, the function inside the brackets in
(2.3.14) is real and satisfies the following symmetric Fourier transform property: H(fx, fy) =
H∗(−fx,−fy), with H∗ representing the complex conjugate of H(Sidick, 2009). A consequence of
using a randomly valued phase map is that every generated surface profile map will be unique.
The precise reconstruction of a surface profile is therefore not possible. At best, it will be a
representative replacement. The random nature of φ(fx, fy) also explains why this framework is
not suited to model non-random aberrations.
For a numerical approach we need to take into account the sampling size. If M is defined to be
the number of sample points in the x direction and N is the number of sample points in the y
direction, then we may write the step size in x and y as

∆x = a/M (2.3.15)

∆y = b/N. (2.3.16)

19



The fourier transform then takes the form of

H(um, vn) = F
{
h(xm, yn)

}
∆x∆y. (2.3.17)

Here the indices m and n have values ranging from 1 to M and 1 to N and um and vn are the
discrete values corresponding to the continuous spatial frequencies fx and fy. Using the same
derivation as above, we arrive at

h′(xm, yn) =
1

∆x∆y
F−1

[
eiφ(fx,fy)

√
A× PSD(fx, fy)

]
. (2.3.18)

In Sidick (2009) a Lorentzian distribution is used as the PSD function, see (2.3.19). This distri-
bution describes the general shape by three parameters: σ, ρc and p, which are the RMS value of
the total surface profile, the cut-off frequency and the slope of the inverse power-law, respectively.

PSD′(um, vn) =
σ2A

h0

1

1 + (ρmn/ρc)p
(2.3.19)

with the normalization factor

h0 =

M∑
m=1

N∑
n=1

1

1 + (ρmn/ρc)p
(2.3.20)

and
ρmn =

√
u2
m + v2

n. (2.3.21)

Finally, we use the following properties of the variables, to be able to produce our surface height
profiles.

xm = [m− (M + 1)/2]∆x, m = 1, 2, ...,M

yn = [n− (N + 1)/2]∆y, n = 1, 2, ..., N (2.3.22)

um = [m− (M + 1)/2]/M∆x, m = 1, 2, ...,M

vn = [n− (N + 1)/2]/N∆y, n = 1, 2, ..., N

In Fig. 2.9 the Power Spectral Density and the resulting surface height profile are given for σ = 50
nm, ρc = 1 cycle/aperture and p = 3. Measurements of real surfaces typically show exponentially
decreasing PSD’s with power law exponents ranging from 1.2 to 3 e.g. Alcock et al. (2010), Duparré
et al. (2002), Jacobs et al. (2017) and Toebben et al. (1996). A typical value for an optical surface
is p = 2. We find that the artificial PSD generally agrees well with the power law distributions
that can be found in real measurements, especially at mid and high spatial frequencies.
The Fig. 2.10 and 2.11 give an overview of the influence of the p and ρc parameter on the appearance
of the surface profile map and the power spectral density. A steeper cut-off means more of the
power resides in the lower spectral features, thus fine structure disappears. For high ρc values the
peak power is distributed over a larger spatial frequency range, resulting in more evenly spread
out features.
We now have the mathematical framework available to describe the distribution of wavefront error
components over different spatial frequencies in a representative and actually observed manner.
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Fig. 2.9: Using the (2.3.19) as our PSD with σ = 50 nm, ρc = 1 cycle/aperture and p = 3 we find
a typical surface height profile. In order to fully emulate a real optical surface, one should also add
the non-random low-order figure erros, i.e. the low-order Zernike polynomials.

21



Fig. 2.10: The influence of the p and ρc parameters on the surface profile map are illustrated for
nine examples. From left to right p increases from 2 to 4, while from top to bottom ρc takes on
a value of 1, 5 or 10. More power is contained in the lower spatial frequencies for higher p-values.
Low cut-off frequency PSD maps with a steep slope show a similarity to maps modelled using
Zernike polynomials.
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Fig. 2.11: Cross sections of the PSD function as a function of radial frequency. The figures
correspond to the surface profile maps from Fig. 2.10. The parameters p are 2, 3 and 4 and vary
from left to right. The ρc parameter is varied between 1, 5 and 10 and go from top to bottom.
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Chapter 3

Method

3.1 The MICADO optical model

The astrometric performance of MIACDO will be assessed by using the geometric distortions of
the optical design. Comparing these distortions with those where a surface with a perturbation or
an additional aberration is added, will show the sensitivty of these aberrations on the astrometric
performance. To obtain the geometric distortions the MICADO optical design will be evaluated
using Zemax OpticStudio. Python will be used to calculate the distortions when aberrations, in the
form of a surface profile generated from the framework described in Section 2.3, are added to the
optical model. This combination allows for iterative work to be performed quickly and efficiently,
while simultaneously giving more control over the data than would otherwise be possible.
This section will give a qualitative outline of the optical model of MICADO. Section 3.2 will give
an overview of OpticStudio. For our analysis we’ll be using a surface type called Grid Sag to
apply user defined surface perturbations to an optical surface. This feature is tested and verified
in Section 3.3. Section 3.4 will explain how we’ll be using Python to connect to and analyse the
optical model in OpticStudio.
The optical design of MICADO consists of four major parts and four wheels with masks or filters,

see Fig. 3.1. A converging beam from the E-ELT main mirrors passes through the entrance window
into the cryostat. The image comes to focus in an intermediate focal plane, where the field stop
wheel and the focal plane mask wheel are located. The field stop wheel limits the field of view
of the final image, by cutting of the non useful edges of the pupil. The focal plane mask wheel
contains masks for the different operational modes of MICADO, e.g. masks for spectroscopy or
coronagraphy or pinhole masks. The light is then collimated by a three-mirror anastigmat and
sent through the wavelength filters and the ADC. There are two different filter wheels, with a total
of 34 filter options, including broad band, narrow band and order sorting options. The filters have
a diameter of 144 mm. The filter wheels and ADC would ideally be located at the pupil plane,
though space restrictions do not allow for this. The collimated beam in this part of the design
offers the best alternative, as the beam size and beam angle do not differ by much compared
to in the pupil plane. The pupil wheel is located at the actual pupil plane. Here masks with
different stop sizes, for blocking thermal background radiation, Lyot stops and alignment masks
can be used. A completely dark mask will be available for taking dark frames. A mechanical
switch allows MICADO to be used with one of four operational modes after which the light is
focused onto the detector by a three-mirror anastigmat, called the camera unit. The wide field
imaging mode only redirects the collimated light from the pupil to the camera unit, while the
zoom mode uses a three mirror system to magnify the image, resulting in a smaller field of view at
higher resolution. The pupil view mode uses a two mirror system with a lens doublet in between.
Finally the spectroscopic mode makes use of two gratings to disperse the light into a spectrum.
The detector consists of a set of nine Hawaii-4RG detectors with a total sensitive area of 220
mm by 220 mm. Active components of the design are the adaptive optics systems located before
the light enters the MICADO cryostat. The various wheels, the ADC and the mode-switching
mechanism comprise the optically relevant active components inside the cyrostat. Depending on
how much wavefront errors affect the astrometric performance, the mechanical requirements of
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Fig. 3.1: An overview of the optical design of MICADO. Light enters the cryostat through the
entrance window at the top, gets collimated and then the atmospheric dispersion is corrected for
by the ADC. Then one of the four operational modes prepares the light for it’s scientific use and
gets focused onto the detector by the camera unit. Image from Davies et al. (2017).

these components may need to be strict.

3.2 Zemax OpticStudio

The optical design of MICADO is done in Zemax’s OpticStudio 16.4. This software package allows
for complex optical systems to be designed, optimized and analysed. It supports both sequential
(all rays move in more or less the same direction) and non-sequential (rays can go in all directions)
systems. In essence, OpticStudio is an advanced ray tracing engine, which is how we’ll end up using
it. Other widely used optical design programs are CodeV and OSLO. For all programs extensive
documentation is available to the user, making them popular for engineering applications.
The basic features of OpticStudio are split up in three parts: Lens Design, analysis and opti-
mization. The first task is done, primarily, in the Lens Data Editor (LDE). Most lines in the
spreadsheet are either optical surfaces or coordinate breaks and the properties of the surfaces are
defined on their corresponding lines. Complementing the LDE are three different model viewers
to show the current design. Namely, a cross-sectional viewer, a 3D wireframe viewer and a 3D
shaded model viewer. The first of these is only useable when the design is symmetric and without
coordinate breaks. Analysis is done using one of the many different analysis windows. Examples
are the spot diagram, OPD plots, grid distortion diagram, wavefront map and the FFT PSF map.
Here the performance of the system can be determined and decisions for optimizations are based
on these diagrams. The optimization of a lens system is done by defining the variable parameters
in the LDE and writing a merit function in the Merit Function Editor. This merit function is then
minimized iteratively. In order to prevent the result from being in a local minimum, it is possible
to use the so called Hammer function. This function tries to find optimal solution in a much larger
parameter space and only stops when the user tells it to. Many more features and functions in
OpticStudio are available, all of which are related to one or multiple of these three main uses.
For a complete description of the featureset the Zemax OpticStudio manual should be consulted
(Zemax, 2011).

In early optical design the engineer is only concerned with creating a good nominal design.
During the tolerance phase imperfections in the optical surfaces are considered. Typically, this is
done using a Monte Carlo analysis, which generates and grades the performance of the system,
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Fig. 3.2: The OpticStudio Lens Data Ed-
itor (LDE). This is where the design of the
optical system is done.

Fig. 3.3: The shaded model viewer of Op-
ticStudio. The system can be visually in-
spected using this viewer.

by slightly perturbing the specifications of all optical elements in the design, but staying within
the specified tolerance boundaries. By doing this many times a highly accurate estimation of the
expected performance is given. Based on this analysis, manufacturing tolerances may be deter-
mined. For this thesis we’d like to investigate the influence of a given surface imperfection on the
performance. Regular low and mid order figure errors can be defined using OpticStudio’s Zernike
Standard Sag surface type. Grid Sag is the surface type used for any user defined surface zag,
such as a wavefront error map created from a one dimensional PSD function. Here an external
ASCII file is imported, with every line corresponding to a point in the grid. Additional directional
derivatives may be defined to create a smooth surface. If all derivatives are set to zero for every
grid point, then OpticStudio tries to calculate them using a finite difference method. The ASCII
file is formatted as follows:

nx ny delx dely unitflag xdec ydec

z dz/dx dz/dy d2z/dxdy

.

.

.

Here the first line defines the general properties of the grid; the amount of pixels in x and y, the
pixelsize in x and y, the units to be used and a decenter. The other lines each define a point with
height z, its derivative in x, dz/dx, and y, dz/dy, and the cross derivative, d2z/dxdy.
The slope at the point where a ray hits the surface determines the direction in which it is refracted
or reflected. In the spot diagram the variation in surface smoothness can be observed as a scatter-
ing of the focused beam. It is assumed that OpticStudio uses infinitely thin rays and do therefore
not show any of the diffractive properties of light. For a high resolution grid the microstructure
of the grid sag surface, i.e. the high spatial frequencies, will have a very large impact on any
analysis based on ray tracing. For lower resolution grids, these effects do not come into play, as
the minimum feature size on the grid is much larger than the wavelength of the light relevant to
MICADO. OpticStudio does offer physical optics simulations, where diffraction effects are included
in the calculations. Obviously, these calculations are more CPU intensive and slower than the ray
tracing, but they should also lead to more accurate results. For the physical optics simulations a
wavefront, represented by an array of discretely sampled points, is propagated through the sys-
tem. At every surfuce a transfer functions is constructed that transforms the wavefront from one
side to the other side of that optical element. Between elements the wavefront is propagated as
if in vacuum. The final image on the detector should represent something that could actually be
observed, if the detector has a high enough resolution. In section 4.3 Physical Optics calculations
are used to try to verify and improve the accuracy of the ray tracing calculations.
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Fig. 3.4: In order to create a spherical wavefront a phase difference φ, which is a function of
the radial distance R from the optical axis, is required. The resulting wavefront has a radius of
curvature fc.

3.3 Verification of grid sag surfaces

In order to verify that grid sag surfaces work correctly and to become familiar with them we devise
a simple test case. In OpticStudio a lens system is designed with a flat piece of N-BK7 glass with
a radius of 25 mm and which is infinitely thin. The grid sag file that we’ll add causes the shape
of this glass to be perturbed in such a way that it forms a lens with a predefined focal distance.
From the previous section we know that we’ll need information about the size of the surface, the
resolution of the surface profile and information about the height and slopes of the surface.
A spherical wavefront can be described by

E(r) =
1

r
eikr (3.3.1)

where k = 2π/λ. A sphere with radius r in the meridian plane, i.e. y = 0, is given by

r2 = x2 + z2 (3.3.2)

r =
√
x2 + z2 (3.3.3)

= z

√
1 +

x2

z2

≈ z
(

1 +
x2

2z2

)
(3.3.4)

where the last line is found by a first order Taylor expansion of the term under the square root.
By substitution of r into (3.3.1) we are able to find the required phase difference, ∆φ, for the
wavefront as a function of position on the lens.

∆φ =
kx2

2z
(3.3.5)

The constant part of (3.3.4) only adds a constant term to the phase as a function of distance
traveled and therefore does not add to the phase difference.
Our lens should create a phase difference such that an incoming flat wavefront is converted into a
spherical outgoing wavefront.

∆φ =
kR2

2fc
=

2πR2

4λfc
. (3.3.6)

where R is the coordinate representing the location on the surface plane of the lens, assuming
radial symmetry, and fc is the radius of curvature of the created wavefront. To account for the
refractive index of a medium we take the Lensmaker’s equation.

1

f
= (n− 1)

[
1

R1
− 1

R2
+

(n− 1)d

nR1R2

]
(3.3.7)
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Fig. 3.5: The lens system as defined by the grid sag file. Note that the focal distance does not
coincide with the focal distance as specified in (3.3.10). This can be explained using the lensmaker’s
equation, (3.3.7).

Here f is the real focal distance, R1 is the radius of curvature for the lens surface closest to the
light source, while R2 is the radius of curvature of the opposite side. Finally, n is the refractive
index of the material and d is the thickness of the lens along the optical axis.
In our thin lens example, the left side of the lens will be flat (R1 = ∞). For the right side of the
lens we have R2 = fc. Some rewriting gives us an expression for the focal length f as function of
the radius of curvature for a piece of glass with refractive index n.

f =
fc

(n− 1)
(3.3.8)

which can be rewritten as
fc = (n− 1)f. (3.3.9)

Subsitution of this term into (3.3.6) and using φ = kz we may find the sag z of the lens surface.

z =
1

(n− 1)

R2

2f
(3.3.10)

dz

dx
=

1

(n− 1)

x

f
(3.3.11)

dz

dy
=

1

(n− 1)

y

f
(3.3.12)

d2z

dxdy
= 0 (3.3.13)

Now we have obtained all the necessary information to create a simple thin lens using only a grid
sag file in OpticStudio. Some caution with regards to the sign convention is required. In the case
of a lens with a focal distance of 200 mm, a value of f = −200 should be used for a positive
lens, where the light is traversing in the z-direction. An aesthetic choice is made to shift z by the
maximum value of the grid to the right, such that the optical surface only protrudes.
The grid sag file is imported into OpticStudio. The lens material is chosen to be N-BK7, which has
a refractive index n = 1.52. The optimal focus, as found by the Quick focus feature in OpticStudio,
does not quite match the 200 mm focal distance we put in. It is, however, close enough that we
suspect that this difference is mostly due to only using the first term of the Taylor expansion in
(3.3.4).
Finally, it is verified that the finite difference method that OpticStudio uses to calculate the deriva-
tives if they are not supplied in the grid sag file, is accurate. To do this, we simply use the same
grid sag file as above, but remove the derivatives and put a zero value in place. The sag table
window in OpticStudio shows various properties of the sag of the surface. Comparison between
the two grid sag surfaces shows no obvious differences. The numerical differences that do exist
are only apparent in a list of sag properties, which are given in Table 3.1. These are deemed
insignificant and therefore the derivatives won’t be explicitly calculated in further simulations.
Grid sag files can be applied to most of the optical surfaces in the MICADO optical model.
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Grid sag property Incl. derivatives Excl. derivatives ∆ Unit

RMS of depth to remove 8.909026× 10−3 8.915598× 10−3 6.6× 10−6 mm
Maximum slope deviation 6.248710× 102 6.248685× 102 2.5× 10−3

RMS slope deviation 2.793112× 101 2.793101× 101 1.1× 10−4

Volume to remove 1.597619× 101 1.604055× 101 −6.4× 10−2 mm3

Table 3.1: Comparison of the surface sag properties that differed when comparing a grid sag file
including and excluding the derivatives of the sag. The difference, ∆, is given in the fourth column.

3.4 PyZDDE: A Python interface to OpticStudio

As a tool for designing optical systems, OpticStudio is very powerful and its ray trace engine usu-
ally allows for ample analysis tools. However, in order to study the effects of rotating elements,
such as the ADC, and, more importantly, to have more control over the analyses that we’d like
to do, scripting languages can be used. OpticStudio supports its own scripting language with
which macros can be written inside the application. Additional languages that are supported are
MATLAB, C++ and Python. Creating a physical model of the combined E-ELT and MICADO
system using any of these languages should enable us to calculate the geometric distortions, which
would save expensive on-sky calibrations of the telescope. In this scenario, OpticStudio is used
simply as a ray tracing engine.
Within the scientific community, Python has quickly become one of the most popular program-
ming languages, which also promotes the continuous development of new packages. Therefore, we
preferred to use Python for this work. The PyZDDE package, developed by Indranil Sinharoy,
provides acces to OpticStudio from within the Python scipting language by using Microsoft’s Dy-
namic Data Exchange (DDE) messaging protocol to send commands to OpticStudio (Sinharoy,
2014)1. Like many of the available Python packages, PyZDDE is open source and available on
GitHub. OpticStudio files can be manipulated non-destructively as all commands are executed in
the virtual DDE server. If required, the changes can be saved to the original file and then openend
in the Zemax OpticStudio graphical interface. It depends only on the standard Python library and
is fully compatible with Python version 2.7 and 3.3 and above. For some functions the NumPy and
Matplotlib packages are used and must be installed. During communication between the script
and the DDE server, OpticStudio must be running in the background.
An example of a simple ray trace script is given below.

import pyzdde.zdde as pyz

ln = pyz.createLink()

ret = ln.loadFile('Lens.ZMX')

# Variables

waveNum = 1 # wavelengths as defined in OpticStudio

mode = 0 # mode of ray trace; 0 = real, 1 = paraxial

surface = -1 # The surface from which the ray coordinates should be returned

hx = 0 # Normalized field coordinate in x-direction

hy = 0 # Normalized field coordinate in y-direction

px = 0 # Normalized pupil coordinate in x-direction

py = 0 # Normalized pupil coordinate in y-direction

rayData = ln.zGetTrace(waveNum,mode,surface,hx,hy,px,py)

x = rayData[2]

y = rayData[3]

print 'The ray hits the detector at (%s,%s)' %(x,y)

First a connection between Python and OpticStudio must be established, then the lens file must be
loaded into the DDE server. Finally, we define all the variables needed for the ray aiming function

1As of May 2015, with the introduction of the Zemax OpticsStudio API, use of the DDE server has been
deprecated. Though it will likely keep working for forseeable future, future work should make use of this new API.
The supported alternative to PyZDDE is the PyZOS package.
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Fig. 3.6: The residual dispersion between a ray of 0.8 µm and one of 2.4 µm as a function of
ADC rotation for different zenith distances. The atmospheric dispersion is fully corrected by the
ADC when the residual dispersion is equal to zero. When the zenith distance becomes too large,
the ADC is not able to correct for the atmospheric dispersion anymore.

and process the returned array.
For simple cases like the ray tracing example above, it is unnessesarily complicated to use Python.
However, when the same type of calculation or analysis needs to be done repeatedly, then the time
saved by using scripts quickly becomes apparent. Let’s say we’d like to investigate the residual
dispersion between two rays fired from the same field position and through the same pupil position
as a function of zenith distance and the relative ADC rotation angle for the MICADO optical
model. Performing this task in OpticStudio is nigh impossible, but an easy feat in Python, where
iteration is easy. The result is given in Fig. 3.6.
Most functions in OpticStudio are also available in PyZDDE. Many of the analysis features in
OpticStudio can be recreated using ray tracing, however, with Python more data is generally
available, which gives a larger amount of control. A good example of this, of which the results are
given in chapter 4 and which is discussed in chapter 5, is finding the geometric distortions when
one or multiple grid sag surfaces exist. For a very rough surface a single ray, with no thickness and
no diffraction effects, may scatter in a seemingly random direction. Because of this, calculating the
geometric distortions using OpticStudio is not possible as only a single chief ray per field postion
is used.
With Python we can slightly perturb the direction the ray travels in from a given field position
to create a grid of rays sampling the pupil plane. By averaging the positions of those rays on the
detector we find the centroid of the PSF. This centroid is then used as a grid point for the geometric
distortion plot. A typical procedure to obtain the geometric distortion grid using PyZDDE is done
as follows.
First a link with OpticStudio must be established and the optical model must be loaded into the
DDE server. For this we use the following functions.

ln = pyz.createLink()

ret = ln.zLoadFile(zemaxFile)

where zemaxFile is a string containing the location and name of the optical model.
In order to establish the scale of distortions the plate scale is calculated in arc seconds per millimeter
using the diameter of the entrance pupil and the focal ratio. For the E-ELT the entrance pupil is

30



the size of the primary mirror. The plate scale is defined as

plate scale =
206265

D × F
(3.4.1)

and found in Python with

wavelength = ln.zGetWave(waveNum)[0]*1e-3 # mm

Fnum = ln.zGetFirst()[1] # 1: paraxial F/#, 2: Working F/#

diameterM1 = ln.zGetPupil()[2] # mm

plateScale = 206265 / (diameterM1 * Fnum) # in arcsec/mm

Operands from the OpticStudio merit function editor or the tolerance editor are useful in deter-
mining various properties of the system in order to recreate some the analytical tools. Fortunately,
values of these operands can be displayed with the zOperandValue() function. Examples of these
are the ”POPD” operand, to find the coordinates of the centroid of the physical optics propagation
wavefront on the image plane, and the ”ABCD” operand, to find the values of the ABCD ma-
trix. The ABCD matrix is used in determining the geometric distortion grid for a system without
aberrations.

A = ln.zOperandValue("ABCD", 1, waveNum, 0)

B = ln.zOperandValue("ABCD", 1, waveNum, 1)

C = ln.zOperandValue("ABCD", 1, waveNum, 2)

D = ln.zOperandValue("ABCD", 1, waveNum, 3)

ABCD = numpy.array([[A,B],[C,D]])

To edit the properties of the different lines on the LDE various functions are used. For the ADC
rotation a rotational shift around the Z-axis of a coordinate break is performed. If a grid sag file is
available we can apply it to a surface. The following code snippet illustrates these two examples.

ln.zSetSurfaceData(surface, 0, 'GRID_SAG') # Changes the surface type to Grid Sag

ln.zImportExtraData(surface, dataFile) # Imports dataFile to the surface

ln.zSetSurfaceParameter(CoordBrk, 5, x) # Rotates the surface on line CoordBrk

# by x degrees around the z-axis.

ln.zGetUpdate() # Updates the lens and recalculates all

# pupil positions, solves and index data

Finally, we define a grid of field points inside the field of view of the telescope. A predefined amount
of rays sample the pupil plane in either a uniform a weighted distribution and then continue towards
the detector. The average of the locations where the rays hit the detector determines the grid point
for the geometric distortion plot. This is repeated for every other field point.
With the adaptive optics system, a rotating ADC and four indpendently moving wheels in the
MICADO instrument, there are many possible configurations that will need to be calibrated before
it’ll be possible to reach the required performance of 50 µas. We now have all the required tools
to start an assessment of the astrometric performance and derive the requirements for the optical
surface quality and the mechanical tolerances for intial and repeatable placement of the filters and
ADC glass.
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Chapter 4

Results

4.1 Geometric distortions

4.1.1 Nominal distortion

One of the bottlenecks in achieving the 50 µas relative astrometry is in how precise the geometric
distortions are known. Generally, this type of optical aberration is only marginally optimized for, as
it does not decrease the image quality significantly. The low order distortion can be characterized
with a two dimensional polynomial. For example, Bellini et al. (2011) used a third order polynomial
and a lookup table for the smaller residuals to correct the geometric distortions of the WFC3
detector on the Hubble Space Telescope. The solution found was better than 0.008 pixels, roughly
equal to 0.3 mas, over the whole detector field of view. At a quick glance, it seems like this level of
correction should be more than sufficient for MICADO. However, as a space telescope HST does
not suffer the dynamic distortions caused by an adaptive optics system, nor those caused by a
rotating ADC. Furthermore, at this point the characteristics and performance of the HST optics
have been studied for many years, while MICADO is expected to give these results soon after first
light.
A good example of the astrometric performance for a ground based telescope can be found in the
observations of the central black hole in the Milky Way. The Keck 10 meter telescope, which also
includes an adaptive optics system, is able to achieve astrometry on the order of a few tenths of
milli arc seconds, with its best result being around 100 µas (Ghez et al., 2008).
In this chapter the geometric distortions of MICADO using ray tracing and physical optics are
calculated. Typically, geometric distortions are visualised using a grid of points. To construct such
a plot we assume a grid of field points. A chief ray is then traced from each field point to the
image plane. For a system without any distortions should a square grid should be formed on the
detector. OpticStudio defines the distortion grid for the optical system without aberrations using
the following equation. [

xp
yp

]
=

[
A B
C D

] [
tx
ty

]
(4.1.1)

Here xp and yp are the predicted coordinates, tx and ty are the tangents of the field angles and
the ABCD matrix accounts for any rotations in the coordinate frames between the field and the
image plane.
Using ray tracing we find the real coordinates on the image plane, xr and yr. We define the nomi-
nal distortion to be the grid distortion intrinsic to the optical design. This can easily be corrected
for using a low order polynomial. The real grid points have all been linearly translated, such that
the center point is at (0,0). This is justified, as it does not have any real impact on the distortions
and the detector could always be placed such that this condition is true.
It should be noted that when a surface height profile is added to an optical surface the whole beam,
and thus the whole pupil plane, should be sampled. To calculate the grid point on the detector
plane the geometric mean of a distribution of rays is calculated. Ideally the geometric mean of
such a distribution would coincide with the position of the chief ray, however, for an aberrated
system this not the case. For a field point at the edge of the frame of the MICADO detector, this
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Fig. 4.1: Geometric distortions are typically calculated using the chief ray, which is not in the
same location as the centroid of a fully sampled pupil.

is illustrated in Fig. 4.1.

4.1.2 Distortion effects on a static system

We apply a surface profile map to each surface of the ADC, eight in total, and find the grid
points of the geometric distortion plot. We assume that the intrinsic distortion can be perfectly
corrected. Then the resulting grid is a slightly perturbed square grid. The difference between the
intrinsic and new grid points gives us the remaining, residual distortion, which should be reduced
to less than 10 µas. Using the same reasoning as before, we translate the center grid point to
be on top of the intrinsic distortions. For visibility all the residuals are magnified by a factor
1000. The mean residual distortion, the RMS residual distortion and the standard deviation of the
residual distribution are calculated from an 11 × 11 grid of field points. This size was chosen as
a compromise between expected accuracy and computation time. Surface profiles were generated
using PSD analysis, as described in section 2.3, for various RMS values and p-values. All PSD
functions used ρc = 1. It is assumed that the effects of the low order Zernike aberrations can
be sufficiently corrected using a low order polynomial, though these aberrations could easily be
incorporated into the sag files. As they are not the primary interest of this research, they were
omitted. The surface profiles have a resolution of 512 × 512. The derivatives are not explicitly
calculated, as OpticStudio applies a finite difference method to calculate them, which would be
the easiest way to compute them in Python, too. Each grid point is the average of 980 rays, which
sample the whole pupil plane, and are distributed in 28 rings consisting of 35 rays each. The
radius of these rings are chosen such that the area of each ring to the previous ring is the same.
This is done because the effects of aberrations are more clearly seen when the outer parts of the
pupil plane are more densily sampled. Finally, all the rays are traced at a wavelength of 1.65 µm.
The results are given in Table 4.1. Figures 4.4 and 4.5 show a plot of these results for a constant
RMS and constant p, respectively. Generally the mean residual distortion decreases for lower RMS
values and for higher p-values. With a higher p-value most energy is contained in the lower spatial
frequencies, ensuring less scattering takes place, reducing the overal distortions. A single outlier
can be explained as a result of the random nature of phase map used for the PSD function. The
grid distortion plot for the nominal distortion and the calibrated magnified distortion for a surface
profile with 5 nm RMS and p = 2 are shown in Figs. 4.2 and 4.3, respectively.
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Fig. 4.2: The nominal geometric distortions
of the MICADO instrument. These distor-
tions are intrinsic to the optical design and
assume perfect optical surfaces. The image
can easily be corrected by use of a low order
polynomial.

Fig. 4.3: The residual distortion after re-
moving the nominal distortions, magnified
by a factor 1000 so that the effects are vis-
ible. This result arrives from the eight sur-
face profiles, one for each ADC surface, with
5 nm RMS and p = 2.

RMS (nm) p RMS (mas) µ (mas) σ (mas) Note

0 1.5 2.31× 10−15 3.62× 10−16 2.28× 10−15 Numerically zero
2.0 2.31× 10−15 3.62× 10−16 2.28× 10−15 Numerically zero
2.5 2.31× 10−15 3.62× 10−16 2.28× 10−15 Numerically zero
3.0 2.31× 10−15 3.62× 10−16 2.28× 10−15 Numerically zero

2 1.5 0.651 0.608 0.223
2.0 0.306 0.271 0.142
2.5 0.176 0.159 0.074
3.0 0.057 0.050 0.028

5 1.5 2.208 2.115 0.635
2.0 0.712 0.627 0.337 Most realistic
2.5 0.361 0.321 0.166
3.0 0.154 0.136 0.072

10 1.5 2.075 1.808 1.019
2.0 1.137 1.018 0.508
2.5 0.669 0.594 0.307
3.0 0.313 0.282 0.137

Table 4.1: Results of the remaining geometric distortions for a static system for a range of surface
profiles, based on a Lorentzian PSD function. The distortions intrinsic to the optical design have
been removed. Shown here are the RMS, the mean µ and the standard deviation σ of the residual
distorions. For 0 nm RMS the results are practically zero. Only because of numerical inaccuracies
zero is not the obtained result.

4.1.3 Effects of the rotating ADC doublets

The upper and lower doublet of the ADC will rotate in opposite directions, such that the at-
mospheric dispersion is minimized. It is investigated by how much the astrometric performance
suffers due to the rotation of the ADC prisms. A set of eight surface profile maps with 10 nm
RMS and p = 2.0 are applied to the eight surfaces of the ADC, after which the the top ADC prism
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Fig. 4.4: The mean residual distortion as
a function of the exponential slope p of the
Lorentzian PSD function for three different
RMS values of the surface profile.

Fig. 4.5: The mean residual distortion as
a function of the RMS value of the surface
profile. The p-value of the Lorentzian PSD
function is constant.

is rotated by 5 degrees in one direction and the bottom ADC prisms is rotated in the opposite
direction. The nominal distortion at each position is calculated and subtracted from the geometric
distortion including the surface profiles. Only the residual distortion performance is investigated.
The dispersion does not play a role in this case, because only rays with a wavelength of 1.65 µm are
considered here. Figure 4.6 shows that there does not seem to be a clear correlation, but rather a
large variation, between the position of the prisms and the mean residual distortion. A closer look
at a small part of the rotation, but with higher rotation resolution, shows a smooth and continuous
function. Again, no logical relation between the rotation angle and the mean residual distortion
can be seen. The size of the distortions is comparable to the values from Table 4.1.

The currently used design of the ADC prisms has a non optimal pupil match, which has been
corrected but has not yet been implemented in the overall optical model of MICADO (Hartl,
2017). Therefore a spot will walk along a path on the detector for different ADC rotations. If
we calibrate this away, a spot only travels because of the changing path length due to the surface
profiles. Figure 4.8 shows this for a single grid point at the top left corner on the detector. The
path is traced for a rotation of 10◦ with a resolution of 0.02◦. Again, it is immediately apparent
that the movement of the field point on the detector violates the astrometric requirement. Based
on the results in this section and the previous section the astrometric requirement does not seem
achievable. In the next chapter a possible cause for these results will be discussed.

4.2 Requirements on mechanical stability

The construction of MICADO is bound by mechanical feasability. If the astrometric performance
can only be achieved with a wavefront error of zero and guarantee that the filters and ADC are
always in the perfect spot, then the astrometric performance is impossible to achieve. Therefore we
use a binary search algorithm to find either the rotation or the translation distance such that the
mean residual distortion relative to before the movement has changed by more than 10 µas, which
is the astrometric budget currently assigned to the ADC. This critical angle or critical translation
Rcrit then determines the tolerances to which the mechanical design should comply, if the 10 µas
astrometric goal is to be obtained. Inversely, we can take the mechanical tolerances that are readily
available and calculate by how much the performance is affected. If the mechanical design is able
to perform better than what is technically required, the critical angle and translation distance
are a measure of how often the geometric distortions should be calibrated for optimal astrometric
performance. Simultaneously, this analysis also derives how often a software calibration should be
performed in order to keep the astrometric performance at the required level.

35



Fig. 4.6: The mean residual distortion as
a function of the relative angular orienta-
tion between the two prism pairs. The mean
residual distortion is computed at a resolu-
tion of 5 degrees. No clear correlation is ob-
served.

Fig. 4.7: The same as Fig. 4.6, but now
at a higher sampling rate for a 4◦ rotation
of the ADC prisms. The line is now smooth
and continuous.

Fig. 4.8: Following the top left field point
imaged onto the detector during a 10◦ rota-
tion of the ADC prisms. The nominal dis-
tortions have been removed, leaving only the
distortions due to the surface profiles. The
spot moves from low to high opacity, start-
ing from the red dot. The coordinate frame
has been translated such that the starting
position is at (0, 0).
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We take the surface profile map created from the PSD with 5 nm RMS, p = 2 and ρc = 1, sample
the pupil using 980 rays and use the 11 × 11 distortion grid to calculate the average residual
distortion. Then we rotate the ADC by an amount R. For the first iteration Rcrit is set to zero,
for later iterations Rcrit is kept as is. The average residual distortion is calculated again, using
the same nominal distortion as in the previous step. If the result is larger than the goal value, 10
µas, then the value R is halved. If the result is smaller than the goal value, then Rcrit is set to
R followed by a doubling of R. This process repeats itself until a value for the critical angle is
found to sufficient accuracy. For ADC rotation a critical angle of 3.05 × 10−3 degrees, or 11 arc
seconds, is found. Aside from the challenges accompanying an initial placement of this accuracy,
this would mean that the position of the ADC at any point should be known to this level. This
would require an ADC encoder with more than 1.18× 105 steps. Such an encoder is not available
for cryogenic applications at this point in time. The translation should be limited to 1.54 µm.
For a static component this could maybe be achieved. Guaranteeing repeatable movement to the
micrometer level for a system this large is difficult. For the ADC, this could still be possible, as it
does only need to rotate.
The available optical design does not include the filters and masks, yet. An attempt to obtain a
crude estimate for the critical rotation and translation value was made by introducing the filter into
the design ourselves. The filter was placed 115 mm above the pupil plane, with a thickness of 10
mm and a diameter of 144 mm. Fused silica (F SILICA in OpticStudio) was chosen as the material,
with an AR coating added to the surfaces as well. The filters are to be placed inside the filter wheel
at a 3◦ angle, to prevent ghosting in the final image. A quick inspection in OpticStudio showed no
large optical performance degradation as a result of this design change. However, implementing this
change into the Python code was found to be more difficult than expected and not sufficient time
was available to figure out the intricacies of this problem. Therefore, this is left as an suggestion
for future work. For now, the values found for the rotation and displacement of the ADC are not
expected to differ significantly with the filters, assuming similar optical quality, as the filters are
also placed in the same collimated beam in which the ADC is located. Therefore the tolerances
will be of the same magnitude. A discussed above, the tranlational tolerances will be exceptionally
difficult to achieve. This is especially true for the filter wheel, that will need to be able to quickly
switch between filters. A highly accelerating wheel with a diameter of approximately a meter is
not suited for this level of accuracy.

4.3 Physical Optics Propagation

The resolution of the grid sag files is not high enough to be smaller than a wavelength to which the
MICADO camera will be sensitive. Therefore the high spatial frequenties of the surface profiles
should not have an influence on the centroid location of the PSF. To verify this, the Physical Optics
Propagation (POP) feature of OpticStudio was used. Here the wavelike nature of light is respected
and diffraction effects are taken into consideration. A wavefront is propagated from surface to
surface and the final PSF is projected onto the image plane. Important to these calculations in
OpticStudio are the sampling resolution of the wavefront and the width of that wavefront in x
and y. Sometimes it may be necessary to recompute the pilot beam parameters after a surface.
The pilot beam is a smaller beam that determines which of the internal algorithms will be used
for the propagation calculation. A balance between calculation speed and accuracy must be found
manually by the user. Every surface should be checked to make sure that the sampling is adequate.
This makes POP calculations a somewhat tedious process for large optical systems. Also, the
calculations take longer to perform, compared to ray tracing.
In Python, assuming the POP settings have been set correctly, the POP data is requested from
OpticStudio as follows.

POPDXc = ln.zOperandValue("POPD", 0, 0, 10, 11)

POPDYc = ln.zOperandValue("POPD", 0, 0, 10, 12)

POPdata = ln.zGetPOP(displayData=True)[0]

POPDXc and POPDYc give the coordinates of the centroid, based on peak intensity, of the PSF for
field 10. POPdata returns the intensity of the PSF, with the sampling resolution as specified in the
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Parameter Best fit value Expected value

x0 9.370× 10−4 0
y0 8.771× 10−4 0
F 32.50 17.73
ε 1.109 0.28
I0 1.443 1.0

Table 4.2: Returned parameter values for the PSF using ODR. The expected values are the values
as obtained from the optical model.

Fig. 4.9: The PSF retrieved using the POP analysis feature in OpticStudio is given on the left.
Center is the best fit found using ODR. The right image shows the right image subtracted from
the left image. All data is normalized to the peak intensity of the original data.

settings.
Even though we have taken a high sampling resolution of 1024 × 1024, it is possible that the
centroid position is biased based on the resolution of the data. Therefore a fit of the PSF with a
central obscuration is done to the data, using (2.1.2). The fit is done using Orthogonal Distance
Regression (ODR) with a possible offset (x0, y0), the focal ratio N , the obscuration ratio ε and the
peak intensity I0 as free parameters. For a better fit the data is normalized to the peak intensity.
A first guess for the free parameters are the current values of these parameters, retrieved from the
optical model. A detailed description of ODR is given in Appendix A.
The data from the POP analysis performed in OpticStudio, the fit and the difference between the
two are given in Fig. 4.9. The returned parameter values are given in Table 4.2. To compare the
obtained fit to the expected shape of the PSF, the theoretical Airy pattern is shown in Fig. 4.10,
where we’ve used the parameter values from the optical model.

The returned centroid position from the POPD operands can be used to recreate the grid
distortion plots that we’ve seen in the previous sections. As before, we use a surface profile with 5
nm RMS, p = 2 and ρc = 1. We remove the nominal distortion and magnify the residual distortion

Fig. 4.10: The POP data shows lots of power in the rings. Here a comparison between the
obtained data (blue) and the theoretical PSF shape for an obscured aperture (green) is given.
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Fig. 4.11: The green dots denote the position of the PSF centroid, as they are requested using
the POPD operand in OpticStudio. The grid point found using ray tracing are denoted by the red
crosses. The nominal distortions are removed and the residual distortions are magnified by a factor
1000. Because the physical optics propagation uses the chief ray as a way to aim the wavefront
propagation, using POP analysis for plotting the geometric distortions is not deemed accurate.

to inspect it visually. The result, given in Fig. 4.11, can be explained by noticing that the centroid
position and the chief ray position are in the same position. It seems reasonable to suspect that
OpticStudio uses a chief ray to aim the wavefront propagation. This works well for any smooth
optical surface, but not in this case, where the chief ray may scatter in any random direction due
to the random slopes of the surface profile.
In the time dedicated to investigating the possibility of using POP analysis, no solution was found
to this problem. Because the highest spatial frequencies were not in the vicinity of the size of a
wavelength, it was decided to keep on using ray tracing and leave these results as they are. However,
for future work it remains useful to have an alternative to the methods described in this thesis.
Possibly, other methods to calculate the wavefront could be used. For example, by exploiting the
projection of surface profiles onto the pupil plane and using that to calculate a diffraction PSF.

4.4 Variability and measurement errors

The random phase map included in the inverse Fourier transform of (2.3.18) plays a crucial role
in the final shape of the surface profile. Because of the large set of possible surface profiles that
can be generated, even within the same parameter space, it is useful to investigate the variability
of the ray tracing results. Therefore, eight different sets of eight surface profiles are generated,
using an RMS value of 5 nm, p = 2 and ρc. For each set the same analysis as in section 4.1.2 is
performed. The results are given in Table 4.3. A relatively large spread in the distortion values is
found, suggesting a high variability. This starts to raise the question whether or not this method
of simulating surfaces is truly correct. Another likely culprit to this large variability, which is
discussed in more detail in the next chapter, is that the size with which the pupil is sampled is
insufficient, leaving a large random component in our results.
With complete information it will always be possible to reconstruct the geometric distortions to

infinite accuracy. Measurement uncertainties and systematic errors prevent this from being possi-
ble. The main question is thus, to what level of accuracy should the WFE map be known in order to
be able to achieve the astrometric accuracy of 10 µas. This question may be approached in several
ways. Here we’ve assumed that a random, white noise, component in the power spectral density
function, is the main culprit of incomplete data. White noise is a form of normally distributed
noise, with equal intensity over all frequencies, making it especially usefull for this analysis. Due to
this gaussian component, the PSD receives a high frequency cut-off, which could be interpreted as
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Set RMS (mas) µ (mas) σ (mas)

1 0.744 0.658 0.347
2 0.622 0.558 0.275
3 0.747 0.665 0.339
4 0.633 0.548 0.317
5 0.915 0.823 0.399
6 0.673 0.596 0.313
7 1.410 1.335 0.454
8 1.090 1.012 0.405

Table 4.3: The simulation of section 4.1.2 repeated for eight different surface profile sets, in
order to investigate the variability of the randomness of the surface maps. Each set contains eight
surfaces, to cover each ADC optical surface. All maps were generated using a PSD function with
5 nm RMS, p = 2 and ρc = 1.

Fig. 4.12: White noise with a mean ampli-
tude of 10−4 nm2 mm2 added to the PSD
function creates a high frequency cut-off,
simulating the noise floor of a measuring
tool.

Fig. 4.13: Five different white noise am-
plitudes are juxtaposed horizontally for the
same surface profile. High noise amplitudes
dominate the image, while low noise ampli-
tudes have little effect visually.

the noise floor of the measuring apparatus. It does not, however, include systematic uncertainties,
which would need to be accounted for in real world measurements.
Eight new sets of eight surface profile maps, with 5 nm RMS, p = 2 and ρc = 1, are created. For
each profile four extra maps are generated with a white noise component added to the PSD func-
tion. The mean amplitudes are 10−2, 10−3, 10−4 and 10−5 nm2 mm2, respectively. The standard
deviation of the noise is arbitrarily chosen to be 0.67µ, where µ denotes the mean amplitude. If
a negative amplitude value at frequency fx is found, which is also larger than the power at that
frequency, the absolute value of the power at that point is taken, causing some discontinuities in
the PSD function at various frequencies. The results are given in Table 4.4. We observe that a
noise level of 10−2 nm2 mm2 dominates the surface profile and therefore also the geometric distor-
tion. For lower noise amplitudes the results improve, with the results from an amplitude of 10−5

nm2 mm2 differing by about 20% from the original distortion values, which is a surprisingly large
margin. This supports the idea that pupil sampling may be the cause of the large spread in the
results from Table 4.3 .
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Noise
(nm2m2)

RMS
(mas)

µ
(mas)

σ
(mas)

S
et

1

0 0.744 0.658 0.347
10−2 529.185 80.633 523.006
10−3 4.830 4.228 2.334
10−4 1.593 1.388 0.781
10−5 0.883 0.781 0.413

S
et

2

0 0.622 0.558 0.275
10−2 14.211 12.666 6.445
10−3 4.582 4.046 2.149
10−4 1.632 1.434 0.779
10−5 0.755 0.671 0.346

S
et

3

0 0.747 0.665 0.339
10−2 263.402 50.872 258.443
10−3 6.021 5.411 2.639
10−4 2.262 2.062 0.930
10−5 0.977 0.871 0.443

S
et

4

0 0.633 0.548 0.317
10−2 524.577 61.702 520.935
10−3 4.772 4.235 2.198
10−4 1.716 1.536 0.765
10−5 0.765 0.655 0.379

Noise
(nm2m2)

RMS
(mas)

µ
(mas)

σ
(mas)

S
et

5

0 0.915 0.823 0.399
10−2 576.505 569.838 87.421
10−3 5.455 4.744 2.639
10−4 2.088 1.857 0.954
10−5 1.148 1.033 0.501

S
et

6

0 0.673 0.596 0.313
10−2 365.679 46.644 362.692
10−3 5.097 4.563 2.270
10−4 1.594 1.416 0.733
10−5 0.825 0.736 0.373

S
et

7

0 1.410 1.335 0.454
10−2 508.813 67.546 504.310
10−3 8.291 7.786 2.850
10−4 3.011 2.832 1.022
10−5 1.671 1.579 0.546

S
et

8

0 1.090 1.1012 0.405
10−2 323.326 49.483 319.517
10−3 7.558 6.979 2.903
10−4 2.513 2.334 0.929
10−5 1.306 1.219 0.470

Table 4.4: Using the same method as in section 4.1.2, the RMS, µ and σ of the residual distortion
were found for eight sets of surface profiles. The simulation was then repeated with different
amplitudes of white noise added to the PSD data.
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Chapter 5

Discussion

5.1 Evaluation of the results

Achieving the 10 µas maximum contribution of the ADC to the astromtric budget, or even achieving
the total 50 µas astrometric goal does not seem to be possible based on the results given in the
previous chapter. The found values are unexpectedly large, on the order of milli arc seconds. From
the ground based telescopes, where astrometry is done on these scales, we expect these values
not to be correct. The limitations on astrometric performance are typically not attributed to
optical surface quality, e.g. Trippe et al. (2010), though it remains important to the photometric
performance. The location of the ADC would suggest that the glass surface should not be as
sensitive to surface deformations as an optical element close to an (intermediate) focus. In that
case a local tilt on the surface profile could cause the spot location to shift significantly for a given
field position, as the footprint of the beam on the surface is small and does not largely overlap with
the footprint of the beam for other field postions. Because the ADC is located in a collimated beam
local tilts should average out over the whole sampled surface. This reasoning does suggest that
the system is sensitive to the power in the lower spatial frequencies, which should be investigated
anyways for the low order Zernike polynomials.
For a static system the distortions found in the previous chapter could be removed. The mechanical
tolerances, however, are worrying. It will be incredibly difficult for a moving filter wheel or rotating
ADC to guarantee a repeatable positional accuracy of 1.54 µm. Also, the rotational requirement
of 3.05 × 10−3 degree or about 11 arc seconds requires the optical elements to be measured and
integrated into the instrument with incredible accuracy.
The results from the noisy PSD analysis and variability discussed in Section 4.4 suggest that a
sampling problem could be appearing. A sampling problem opens up another interpretation of
the results found in Table 4.1, which where illustrated in Figs. 4.4 and 4.5. Where before, this
was interpreted as a correspondence between a steeper cut-off and better astrometric performance,
now it could also imply that a lowly sampled pupil plane is more sensitive to the mid- and high
spatial frequencies, which is just a statistical artefact that one could expect to appear.
The absence of optical quality as a bottleneck for astrometry in the literature and a suggested
sampling problem are the main arguments to doubt the results found in the previous chapter. In
the following sections the method is evaluated and an attempt is made to improve the results.

5.2 High resolution pupil sampling

In chapter 4 ray tracing was used to sample the pupil plane with 980 rays. By approximation
we say that the ADC surfaces were then also sampled by 980 rays at roughly the same spacing
between rays. The resolution of the grid sag files used is 512 × 512 pixels, leaving most of the
surface profile unsampled. A quick test for a single field point at the edge of the frame shows that
the average position of the ray position on the image plane for 980 rays and 262144 rays differs
by roughly 0.75 mas, a rather large margin. This is also shown in Fig. 5.1. Unfortunately, the
simulation takes too long for the whole analysis to be redone at the used grid size of 11× 11 grid
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points. This time increase is mostly due to the time it takes for the information to travel from the
Python code, to the DDE server, then to the OpticStudio engine and back. Possibly, the amount
of DDE-calls could be brought back to only a few using the arrayTrace features of PyZDDE’s
arrayTrace package. Then it would be possible to trace many rays together. Unfortunately, we
were not able to get this to work within the time constraints of this project.
Using the high resolution pupil sampling we find that the residual distortions do significantly de-
crease, to where it seems reasonable to expect that the astrometric goal should be achievable based
on the ADC performance. With the surface profile from section 4.1.2, where a surface profile was
generated from a PSD with 5 nm RMS, p = 2 and ρc = 1, we first found an RMS residual distortion
of 712 µas and a mean residual distortion of 627 µas. Now, we find an RMS residual distortion of
37 µas, a mean residual distortion of 33 µas and a standard deviation of 16 µas. If we sample the
pupil with 1024 × 1024 rays, the results stay within a five percent of these values. The Nyquist
sampling theorem may be able to explain this observation.
From the Nyquist sampling theorem, we know that the sampling frequency should be at least twice
the highest frequency contained in the signal. To sufficiently probe the surface profile map, we
should theoretically sample the pupil at a frequency twice the frequency point where, say, 99% of
the power has been described by the PSD function to make sure that all surface shape effects are
probed. Further research could be done to investigate if this is indeed the case and how the noise
levels added to the PSD function play a role in this.
Another possible explanation comes from statistics. The amount of rays may be small enough that
the centroid is not accurately determined and the calculation of the centroid is heavily influenced
by shot noise. The influence of shot noise on N events goes as 1/

√
N , so for a low amount of rays

this could have a significant impact. If most of the power of the PSD function is distributed along
the lower spatial frequencies, we would expect the shot noise to be small, while if a lot of power is
distributed across the higher spatial frequencies, then rays scatter over a larger area and thus the
effect of shot noise would be larger. It would be interesting to check, by binning the PSD function,
the effects of different spatial frequency components.
A good way to go about finding the general influence of shot noise is to first find a sufficient sam-
pling rate, by Nyquist sampling the surface profile in the pupil, and then using this as a starting
point for a shot noise analysis.

The noisy surface profile analysis from Section 4.4 is repeated for the first set with a pupil
sampling size of 512 × 512 rays per field point, using a grid of 3 × 3 field points. This is a
small set of data points, however, it should give an indication of the results and to what degree
the wavefronts should be known. As before we see that a noise floor of 10−2 nm2 mm2 is most
certainly not good enough in of the cases. A measurement with noise levels better than 10−5 nm2

mm2 almost perfectly reproduces the results from a PSD without any noise in the case of high
resolution pupil sampling. Arguably, a power spectral density analysis to better than 10−3 nm2

mm2 could be accurate enough, though this mostly depends and the amount the results can be
improved using software calibrations. Where before a noise amplitude of 10−5 nm2 mm2 resulted
in distortions that were off by about 20%, now this difference has decreased to roughly 2%. A
significant improvement. The results of the high resolution noise analysis for set 1 are given in
Table 5.1.
Following the top left field point does not decrease the randomness of the movement as the ADC
rotates, see Fig. 5.2. The size of the movements, however, does improve by several orders of
magnitude. The mechanical tolerances found in Section 4.2 for rotations improve by a factor
two from 3.05 × 10−3 degrees (11 arc seconds) to 6.44 × 10−3 degrees, roughly 23 arc seconds.
An encoder with a resolution sufficient for this number exists for cryogenic applications and will
likely be used for the MICADO ADC. For translations the results have improved by three orders
of magnitude, from 1.54 µm to 1.0 mm. With this result the amount of positions at which the
distortions have to be recalibrated to maintain the astrometric accuracy also decreases. As in the
previous alineas of this section these results were obtained for a 3 × 3 grid with a pupil sampling
resolution of 512 × 512 for a single set of surface profiles. Ideally, these values are checked using
multiple sets of surface profiles, after it is determined whether 512 × 512 rays per field point is a
high enough sampling rate.

The difference between the high and low resolution pupil sampling explains why the results
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Fig. 5.1: Here the centroid for low res-
olution and high resolution pupil sampling
are shown. For context all the rays for the
high resolution variant are also plotted. Not
all rays fired hit the detector, therefore the
number of rays shown is lower than either
980 or 262144. The distance between the
centroids is roughly 0.75 mas.

Fig. 5.2: Using a high resolution pupil sam-
pling, we see that the movement of a field
point at the edge of the field of view has
much decreased in terms of absolute dis-
tance. This figure should be compared to
Fig. 4.8.

Fig. 5.3: Using high resolution pupil sam-
pling, with the nominal distortions cali-
brated away, removes any clearly visible dis-
tortions at a magnification of a 1000, com-
pared to the low sampling rate in Fig. 4.3.

Noise
(nm2m2)

RMS
(mas)

µ
(mas)

σ
(mas)

S
et

1

0 0.056 0.048 0.030
10−2 1.696 1.419 0.928
10−3 0.073 0.058 0.044
10−4 0.060 0.050 0.033
10−5 0.057 0.048 0.030

Table 5.1: Using a high resolution 512×512
sampling of the pupil for a 3 × 3 distortion
grid, we find distortions on the same order of
magnitude as the astrometric requirement.
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Direction f χ2
ν RMS (µas)

x 1 1.95× 10−3 88.9
2 4.88× 10−4 88.9
4 1.21× 10−4 89.2
8 3.79× 10−5 100.7
16 5.81× 10−6 103.5

y 1 2.15× 10−3 94.9
2 5.59× 10−4 94.7
4 1.28× 10−4 96.1
8 3.29× 10−5 115.2
16 5.77× 10−6 124.0

Table 5.2: Results from the fifth order polynomial fit on the distortion data. Note that the χ2
ν

values are generally close to zero, suggesting an overfit of the data.

from the previous chapter were so variable, with the mean residual distortion ranging from 0.5 to
1.3 mas. A part of it resides in the random shape of the surface profiles, but another component
comes from the low sampling rate. If only, say, 1 in 250 pixels of the surface profile is sampled,
then it is not very suprising that, even though the surface profiles have the same power spectral
density, the results vary by a lot.

5.3 Improving the results with a polynomial fit

A low pupil sampling resolution is likely the culprit to the results found in chapter 4, but even with
a higher sampling resolution it seems unlikely that the astrometric requirement will be achieved
using hardware alone. Software will thus be needed to improve the astrometric accuracy.
Assuming the centroid of the PSF can be found sufficiently well at any field position, that the
intrinsic optical distortions are easily calibrated away and that the effects of the adaptive optics
systems are known perfectly, does not prevent the simulations from being limited by the effects of
random optical aberrations. To obtain an idea of the amount software calibrations could improve
our results, the distortion is split into an x- and y-component, after which we use ODR to fit the
residual distortions to a fifth order polynomial and subtract the resulting fit from the residuals. A
description of ODR and its use is given in Appendix A. The original distortion data consists of the
detector positions, without any corrections applied, for a 101× 101 grid. This grid was created in
a simulation where all the ADC surfaces had a surface profile applied to them with 5 nm RMS and
a PSD slope p = 2 and ρc = 1, as usual. We apply this fitting routine to distortion data obtained
with a low resolution pupil sampling of 980 rays. Of course, the fitting routine should still work
for higher sampling resolutions.
It is, of course, unreasonable to assume that complete data is always available for the fit, because
if it was, there would be no need for a best fit. So, we slice the data by a factor f and assign a
measurement uncertainties to the x and y coordinates equal to the width of the data divided by
the number of data points in the respective direction, i.e. the distance between two data points.
The uncertainty in the distortion is determined using error propagation. For the coefficients we
use the initial guess an = 1 for all n.
The reduced χ2 and the RMS of the residual between the original and fitted data are given in
Table 5.2. Looking only at the residual RMS values, the results of section 4.1.2 are improved by
a factor 5. However, the χ2

ν values are generally very small, suggesting an overfit of the data, e.g.
when noise is fitted to the function. With more data points and a more in-depth analysis it should
be possible to improve the χ2

ν values and give a reliable fit. A possible method is described in
Bellini et al. (2011), where the detector plate was split into many separate areas, each with their
own correction applied.
Based on these findings, we expect it to be possible to sufficiently correct the geometric distortions
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of MICADO for a static configuration, assuming enough data points are available. This is, of course,
not a very suprising result. The challenge is in being able to sufficiently correct the distortions for
all possible configurations of the instrument and telescope system.

5.4 Simulation speed

In the previous sections the need for an optical model that can quickly calculate the geometric
distortions to very high accuracy has become apparent. The limited freedom of movement also
means that if a lookup table with all possible configurations of the telescope and instrument would
be used, the size of this table would be immense. If it is at all possible, it would be convenient to
have a way to quickly calculate the astrometric offsets and correct the observations immediately.
Our current code is not suited for such use. As mentioned in the previous section, the use of
zGetTrace() requires a call to the DDE server eacht time a ray is traced. An attempt was made
to use zGetTraceArray(), which would allow us to trace all rays for a geometric distortion grid
using only a single DDE call. This would be the easiest solution to the problem of simulation speed,
but, unfortunately, this function did not work as expected and was therefore not used. It could
pay off to invest some extra time in getting this to work. Otherwise, we expect that the use of
optimized ray trace software should be able to achieve the same results several orders of magnitude
more quickly. Using OpticStudio to trace rays following the method described in this work can be
considered a brute force method to calculate the geometric distortions. Other, more sophisticated
algorithms could make use of smart approximations. For example, a simplified calculation could
combine a distortion map of every optical surface and combine them based on rotation or tip and tilt
of the various moving components. Alternatively, the SimCADO software (Leschinski et al., 2016)
could implement these algorithms into their software package to simulate the effects. This would
make for the the most complete MICADO simulation available, as the effects of aberrations on the
shape of the PSF are taken into account as well. With this, it could be verified that it is indeed
possible to retrieve the centroid positions as accurately as we’ve assumed here. Unfortunately, at
this point in time, the A* consortium has no plans to implement ray tracing into SimCADO. If any
of these options are to be pursued, further research should be done to improve upon the results
obtained here.
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Chapter 6

Conclusion

We have investigated the effect of wavefront errors, in the form of surface perturbations, on the
geometric distortions of MICADO using power spectral density analysis. The random nature of
the generated surface profile maps and the limited accuracy with which actual surfaces can be
measured in the real world, make that the geometric distortions are directly linked to the astro-
metric accuracy. Power spectral density analysis allows for assessment of the influence of all spatial
frequencies, while typically only low- and sometimes mid-spatial frequencies are considered. The
mathematics of the generation of surface profiles from a given PSD function do not allow for non-
random, field dependent, aberrations to be described. Therefore, these were omitted in the work
done here. The PSD analysis allowed us to generate various realistic surface profiles as a function
of only three parameters, the RMS value, the slope of the fuction p and the cut-off frequency ρc.
Using a combination of Python and the optical design software OpticStudio, we were able to create
a reliable ray tracing engine. The wide range of surface profiles that were generated allowed us
to assess the effects of surface perturbations on on the optical performance. However, the results
found in chapter 4 were far from satisfactory. Likely, these results were too large because of an
undersampling of the surface profile maps. Using a higher pupil sampling resolution of 512× 512
rays per field point, equal to the resolution of the grid sag files, provided astrometric accuracies
on the level of 33 µas, agreeing with expections based on the set requirements for the instrument.
It is expected that the surface profiles should be Nyquist sampled, when there is significant power
in the mid spatial frequencies, to sufficiently probe all surface features. When the PSD function
has a steep cut-off, such that most power resides in the low spatial frequencies, a lower sampling
rate might be sufficient. Further research into the ideal sampling resolution should be performed
and extra time should be spend to study the effects of lower sampling rates on possible shot noise
is necessary.
Initially, for a static system many different surface qualities were investigated, but because of time
constraints we decided to perform most other simulations with a surface profile representative of
the best realistically available optical surface. Literature showed that a p-value larger than 2 would
be difficult to obtain and a RMS value of 5 nm over all spatial frequencies was considered very
good. Further work could investigate the dependence of the PSD parameters on the astrometric
accuracy using a high pupil sampling resolution.
With a pupil sampling of 512× 512 rays per field point, the effects of a rotating ADC were inves-
tigated and the required mechanical tolerances were derived. Rotations of 23 arc seconds of each
ADC prism are allowed before the astrometric budget of 10 µas allocated to the ADC is crossed.
The positional accuracy must be accurate to 1.0 mm. These values should not be considered final,
as long as the results of an investigation into the ideal pupil sampling is not yet performed.
Adding a white noise component to the PSD function simulated a measurement uncertainty, al-
lowing us to set a bound to the required accuracy for a real surface measurement to about 10−4

nm2 mm2. Some time was spent on researching the possibility of using Physical Optics Propaga-
tion as either an alternative to or verification of ray tracing. This was not deemed feasible, but
an alternative method that is able to verify, and is possibly faster at calculating the distortions,
taking into account the diffractive nature of light, would be a welcome addition.
Aside from the sampling issues, the software calibration remains one of the main open questions.
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Likely, the amount by which the software calibration could correct for the randomness of the geo-
metric distortions now largely determines if the astrometric accuracy requirement of 50 µas for the
whole system can be obtained. The astrometric budget of 10 µas for the atmospheric dispersion
corrector can not realistically be achieved using hardware alone. With the chosen quality glass, a
remaining residual distortion of about 30 to 40 µas seems inevitable. Even better optical surfaces
could reduce this value more, but it seems unlikely that 10 µas is achievable within a reasonable
budget. Additionally, it is still to be seen if the astrometric performance of the ADC will be the
limiting factor in the overall astrometric budget. Besides the rotating ADC, the combination of
the telescope and the MICADO instrument make for a very dynamic optical system. The moving
E-ELT support structure and the adaptive optics system MAORY are likely to be worse offenders
than the ADC. We consider a lookup table with correction values for all possible configurations of
the end-to-end optical system inefficient, therefore a real time optical model should be developed,
which would be able to calculate the distortions based on wavefront measurements done before
the integration of the MICADO instrument. The work done here could offer a start to such a
model, where OpticStudio is used as a ray trace engine to a more advanced physical model of
the telescope and instrument, taking into account the position and environmental conditions of all
optical components.
A new leap in astrometric performance often leads to new insights in the workings of our universe
and with the continued effort of the whole MICADO consortium on the development and construc-
tion of the instrument an astrometric performance not seen before from Earth can be achieved,
but it will be difficult.
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Chapter 7

Recommendations

With the conclusion of this thesis come some unanswered questions, which require further investi-
gation. To start, we recommend finding out what the ideal pupil sapmling resolution is. A sweet
spot between dense pupil sampling that give highly accurate results, but take longer to calculate
and a lower pupil sampling that gives less accurate results, but take up less computation time,
should be found. A starting point would be to Nyquist sample the surface profiles, i.e. a resolution
of 1024×1024, and from there study the degree to which the astrometric accuracy is affected when
using a lower sampling resolution. This would also allow for a study of the influence of shot noise
on surface profiles similar to those used here. Ideally, it would also be investigated how differ-
ent spatial frequency regimes influence the astrometric performance. We expect that low spatial
frequencies generally have less effect, while the higher spatial frequencies result in more scatter,
negatively influencing the accuracy. For higher pupil sampling resolutions this effect should be less
profound. Related to this would be an investigation into the effects of non-random aberrations,
such as the low-order Zernike polynomials. In this thesis, it was assumed that these were easily
accounted for by a polynomial. This should be verified.
When the ideal pupil sampling resolution has been determined, it would be useful to find out what
optical properties, in terms of the RMS values, p-values and ρc-values, are required to achieve an
astrometric performance within the 10 µas budget of the ADC. This was attempted to be done in
section 4.1.2, but because of the sampling issues the results were not accurate. Likely, the quality
required for the surfaces of the ADC prisms would either be unattainable or incredibly expensive.
However, it would be nice to have a complete picture of what is physically possible.
With an improved version of the simulation, all analyses could be redone at a proper sampling
density and, if possible, with the most up to date optical model for MICADO within a reasonable
timeframe. This may require some tweaking of the used Python code, so that it does not require
excessive calls to the DDE server. One could start by getting the zGetTraceArray-function to
work properly and by investigating how much the distortion values change when using different
field grid sizes. If it is found that the results from a 3× 3 grid do not differ significantly compared
to a, say, 25 × 25 grid, then for the sake of simulation speed, a lower grid size should be used. If
this is not the case, a decision on the appropriate grid size should be made.
Section 4.2 mentioned that the available optical design did not include the filter wheels, at this
point in time. The mechanical tolerances for the filters form an important requirement for the filter
wheel indent mechanism, that will allow the filter wheel to quickly rotate to the desired position.
Additionally, a more up-to-date optical design, combined with surface profiles generated for each
optical surface in the E-ELT and MICADO system would allow for the most complete picture of
the astrometric performance, so far. Then also, the importance of wavefront errors as a function
of distance from the pupil plane could be investigated.
In the longer term, the software improvements with respect to computation time could be a start
in the development of a full physical model that can accurately calculate the geometric distortions
for any configuration of the end-to-end optical model, including Earth’s atmosphere, the main
telescope support structure, the adaptive optics systems and the ADC. A lookup table that would
describe the distortions for every posisble configuration of this optical system would be immense
and thus not efficient to use, leaving a complete optical model as the only realistic option. For this
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model all wavefront errors of the optical surfaces would have to be measured to obtain accurate
distortions. While observing, the necessary corrections could be calculated, requiring computing
time to be several orders of magnitude quicker than what we have used in this work. Alternatively,
other optical design software, more efficient at ray tracing, could be used. Of course, it could also
be possible to build a program from the ground up, specifically for MICADO, or implement it in
software that is already in development, e.g. SimCADO (Leschinski et al., 2016).
By directly imaging the effects of a surface profile on the detector, we effectively use a brute force
method to calculate the geometric distortions. Various Fourier tranform techniques could be stud-
ied and used to calculate the distortions in a more efficient manner, also taking into account the
wavelike properties of light. A good example of this is the Huygens PSF function used in Optic-
Studio. Such an analysis would offer a verification method to our ray tracing approach and could
possibly be faster.
Finally, in this research no attention is given to the fact that the requirements for MICADO do
not require the relative astrometry to be accurate to 10 µas over the whole detector, but only to
a, albeit significant, part of the field of view. From our figures it is not expected that a radial
dependence exists, but a more careful analysis should be able to give a conclusive answer.
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Appendix A

Orthogonal Distance Regression

Orthogonal Distance Regression, or ODR for short, offers an alternative to Ordinary Least Squares
(OLS) fitting methods. In van den Born (2016) a relatively simple least squares method was used
to fit fifth order polynomials. The results were concluded to be non-satisfactory. Since then, ODR
has proved to be a more robust fitting method, which is also more suited to the problem of a three
dimensional function. Like most other least squares methods, ODR requires an initial guess of the
fitting parameters. This initial guess is critical, as the solution may reside in a local minimum of
the sum of the squared residuals, in stead of the absolute minimum.
Orthogonal Distance Regression is a non-linear least squares method, which takes into account the
uncertainties in both the x and y direction, as opposed to Ordinary Least Squares (OLS) which
determines the weigths of each point based on the uncertainty in only one direction. A visual
comparison is given in Fig. A.1.
We will now define the problem of ODR shortly, but we will not go into the precise way to solve

it. This is done by the scipy.ODR package in Python, which is based on the Fortran-77 ODRPACK

library (Boggs et al., 1992). A full description of the problem definition and solving algorithm can
be found in Boggs and Rogers (1989).
Let’s start by assuming we have a set of n observed data points

(Xi, Yi) i = 1, 2, ..., n (A.0.1)

The underlying true values are defined to be

(xi, yi) i = 1, 2, ..., n (A.0.2)

Then we define δi and εi to be the errors between the measured and true values of xi and yi
respectively.

Xi = xi − δi (A.0.3)

Yi = yi − εi (A.0.4)

We assume that yi is a function of xi and a set of parameters β in vector form.

yi = f(xi;β) (A.0.5)

Or, rewritten in terms of the observed values and the corresponding errors, we get

Yi = f(Xi + δi;β)− εi. (A.0.6)

The only requirement we set for the function f is that it must be a smooth function. To be able to
make an estimate for β one needs have a model function in mind and one has to take into account
both the errors in Xi and Yi. This can be done by taking the orthogonal distance ri from (Xi, Yi)
to the curve f(x̃; β̃), where the tilde means that it is a non-distinguished value of the variable.
Thus

r2
i = min

ε̃i,δ̃i

{ε̃2i + δ̃2
i }. (A.0.7)
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Fig. A.1: ODR determines the best fit by minimizing the orthogonal distance to the model
function, thus taking into account an uncertainty in all dimensions. Ordinary Least Squares only
takes into account an uncertainty in the y direction.

In this derivation we take Xi to be one dimensional for the sake of notational simplicity. The
numerical code does allow for more than one dimensional problems to be solved, however.
The maximum likelihood estimate of β̃ is that for which the sum of r2

i is minimized. If we assume
that εi ∼ N(0, σ2

εi) and δi ∼ N(0, σ2
δi

), we find β̃ to be the solution of

min
β̃,δ̃,ε̃

n∑
i=1

{ε̃2i + δ̃2
i } (A.0.8)

subject to: Yi = f(Xi + δ̃i; β̃)− ε̃i i = 1, 2, ..., n. (A.0.9)

By substitution of (A.0.9) into (A.0.8) we get an unconstrained minimization problem.

min
β̃,δ̃

n∑
i=1

{[
f(Xi + δ̃i; β̃)− Yi]2 + δ̃2i

}
(A.0.10)

Finally, we may add weigths to the observations and thus we arive at the complete optimization
problem definition of weigthed Orthogonal Distance Regression

min
β̃,δ̃

n∑
i=1

w2
i

{[
f(Xi + δ̃i; β̃)− Yi]2 + d2i δ̃

2
i

}
(A.0.11)

where wi ≤ 0 and di > 0. In most cases wi = 1/σεi and di = σεi/σδi .
The solving algorithm finds a solution for β in an iterative way.

In order to fit the geometric distortions we use the fifth order polynomial

f(x, y) = a0 + a1x+ a2y + a3x
2 + a4xy + a5y

2 + a6x
3 + a7x

2y + a8xy
2 + a9y

3 + a10x
4 + a11x

3y

+ a12x
2y2 + a13xy

3 + a14y
4 + a15x

5 + a16x
4y + a17x

3y2 + a18x
2y3 + a19xy

4 + a20y
5.

(A.0.12)

Using error propagation we find the uncertainties in f(x, y).

S2
y =

(∂f
∂x
δ
)2

+
(∂f
∂y
ε
)2

(A.0.13)
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with δ and ε the measurement uncertainty in x and y respectively. Then for the fifth order
polynomial

S2
z =
((
a1 + 2a3x+ a4y + 3a6x

2 + 2a7xy + a8y
2 + 4a10x

3 + 3a11x
2y + 2a12xy

2 + a13y
3

+ 5a15x
4 + 4a16x

3y + 3a17x
2y2 + 2a18xy

3 + a19y
4
)
δ
)2

+
((
a2 + a4x+ 2a5y + a7x

2 + 2a8xy + 3a9y
2 + a11x

3 + 2a12x
2y + 3a13xy

2 + 4a14y
3

+ a16x
4 + 2a17x

3y + 3a18x
2y2 + 4a19xy

3 + 5a20y
4
)
ε
)2

.

(A.0.14)

Important paramaters to look at, besides the parameter values found by the fitting routine, are
the minimum reduced χ2 value, the standard errors and the covariance errors. The reduced χ2,
let’s call it χ2

ν , is defined as χ2 per degree of freedom ν.

χ2
ν =

χ2

ν
(A.0.15)

where, for N data points,

χ2 =

N−1∑
i=0

(yi − f(xi))
2

σ2
i

. (A.0.16)

When the value of χ2
ν is close to 1 the fit is good. When χ2

ν < 1 the model is overfitting the
data, for example by trying to fit noise on the data too. The error variance has most likely been
over-estimated. If χ2

ν > 1 the model is not fully capturing the data, so either the error variance
has been underestimated, or the model function is not of a high enough order.
The standard errors are an estimation of the errors on the best-fit parameters and give an idea of
the goodness of fit. The covariance erros are the errors in the best parameters when χ2

ν is assumed
to be 1. As χ2

ν goes to 1 the standard errors and the covariance errors should approach one another.
Below is a code snippet, written in Python, illustrating the use of scipy.ODR.

import numpy as np

from scipy.odr import Model, ODR, RealData, odr_stop

# Model function

def fitFunction(a, data):

x = data[0]

y = data[1]

return a[0] + a[1]*x + a[2]*y + a[3]*(x**2) + a[4]*x*y + a[5]*(y**2)

# Error function

def error(x, y, xerr, yerr, a):

return np.sqrt( ((a[1]+2*a[3]*x + a[4]*y)*xerr)**2 + ((a[2]+a[4]*x+2*a[5]*y)*yerr)**2)

# Import data

z = np.loadtxt('data.txt')

x, y = np.mgrid[-1:1:len(z)*1j,-1:1:len(z)*1j]

# Errors

guess_a = [1]*21

xerr = 0.125

yerr = 0.125

zerr = error(x, y, xerr, yerr, guess_a)

# The ODR fitting process

model = Model(fitFunction, implicit=False)

mydata = RealData((x,y), z, sx=(xerr, yerr), sy=zerr)

myodr = ODR(mydata, model, beta0=guess_a, maxit=5000)

myodr.set_job(0)

myoutput = myodr.run()

# Output

beta = myoutput.beta
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Appendix B

Python code

B.1 Ray Tracing simulations

Displayed in this appendix are the important sections of the ray trace code used for our simula-
tions. The complete work is too long to display here and is available upon request.

The two sampling methods that define how the pupil is sampled.

def uniGrid(nx,ny):

xUniGrid,yUniGrid = np.mgrid[-1:1:nx*1j,-1:1:ny*1j]

return xUniGrid, yUniGrid

def equalAreaGrid(Nr, Nt):

Nt = Nt + 1

R = 1

r = []

for i in range(Nr):

j = i+1

r.append(R*np.sqrt(j/Nr))

theta = np.linspace(0,2*np.pi,Nt)

rEqualArea,thetaEqualArea = np.meshgrid(r,theta)

return rEqualArea, thetaEqualArea

uniGrid defines a simple square grid. This is used for the high resolution pupil sampling simula-
tions. For the low resolution pupil sampling the function equalAreaGrid is used. This defines a
small circle at the center of the pupil and then creates surrounding rings, where the area between
the current and previous ring is equal to the circle in the middle. There are Nr rings, which are
made up of Nt points each.
The next function is essential to the simulation. It traces a grid of rays and processes the returned
data into vignetted and unvignetted rays, calculates the centroid and determines the size of the
airy disk at that position.

def rayTraceEngine():

cPx, cPy = mrf.cartesianConverter(Ptheta, Pr)

xGrid, yGrid = mrf.subAperture(cPx, cPy, radius, rCart, thetaCart)

zippedCoordinates = zip(xGrid.flatten(), yGrid.flatten())

xGrid = mrf.column(zippedCoordinates,0)

yGrid = mrf.column(zippedCoordinates,1)

# The actual ray tracing, coordinates on the MCD-IMG get saved.

errorList, vign, rayX, rayY, rayZ = [],[],[],[],[]

vigX, vigY, vigZ = [],[],[]

for i in range(len(xGrid)):

rayData = ln.zGetTrace(waveNum, mode, -1, hx, hy, xGrid[i], yGrid[i])

vign.append(rayData[1])
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# Separating vigentted rays from good rays

if rayData[1] == 0:

rayX.append(rayData[2])

rayY.append(rayData[3])

rayZ.append(rayData[4])

else:

vigX.append(rayData[2])

vigY.append(rayData[3])

vigZ.append(rayData[4])

try:

# Geometric mean of the unvignetted rays

x0 = np.mean(rayX)

y0 = np.mean(rayY)

except RuntimeWarning:

x0 = np.mean(vigX)

y0 = np.mean(vigY)

# Airy radius

an = np.linspace(0,2*np.pi,100)

xAiry = 1.22*waveLength*Fnum*np.cos(an)+x0

yAiry = 1.22*waveLength*Fnum*np.sin(an)+y0

return rayX, rayY, vigX, vigY, xAiry, yAiry, x0, y0, xGrid, yGrid

Most of the code is either setting up variables or determining constants and finding the nominal
distortions, of which the Python procedure is described in section 3.4 and the formula is given in
section 4.1.2. The real distortions are found as follows:

distX, distY, distZ = [],[],[]

xGrid, yGrid = np.mgrid[-1:1:fieldGridSize*1j,-1:1:fieldGridSize*1j]

zippedCoordinates = zip(xGrid.flatten(), yGrid.flatten())

xGrid = mrf.column(zippedCoordinates,0)

yGrid = mrf.column(zippedCoordinates,1)

for i in range(len(xGrid)):

hx = xGrid[i]

hy = yGrid[i]

rayX, rayY, vigX, vigY, _, _, x0, y0, _, _ = rayTraceEngine()

distX.append(x0)

distY.append(y0)

ranslating such that 0,0 of both lay on top of each other

transX = distX[int(fieldGridSize**2/2)]

transY = distY[int(fieldGridSize**2/2)]

distX = np.asarray(distX) - transX

distY = np.asarray(distY) - transY

he distortion vectors

x_old = np.asarray(distX) - np.asarray(xp)

y_old = np.asarray(distY) - np.asarray(yp)

The distortion vectors are used again, when a surface profile is added to an optical surface. A
grid sag is added to the ADC surfaces and the distortion is calculated again, just like above. To
subtract the nominal distortions we do the following.

magnificationFactor = 1000

x0rCal = magnificationFactor * (np.asarray(distX) - vecx_old - np.asarray(xp)) + np.asarray(xp)

y0rCal = magnificationFactor * (np.asarray(distY) - vecy_old - np.asarray(yp)) + np.asarray(yp)

Here xp and yp are the coordinates of the grid points of an undistorted distortion grid.
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B.2 Binary search algorithm

This is a standalone Python example of the binary search algorithm used to find mechanical
tolerances. The algorithm is able to find a value between 0 and 1 to an accuracy of 0.01% within
20 steps.

from __future__ import division

import numpy as np

import random

G = random.random() # Value to be found

V = 0 # First value

e = 0.0001 # Accuracy required

N = 1000 # Maximum number of attempts

n = 0 # attempt number

X = 0.1 # stepsize

def binarySearch(G, V, e, N, X):

n = 0

nList, GList, VList, guessList, XList = [], [], [], [], []

Xcrit = 0

while abs(V/G-1)>e:

Vold = V

Xold = X

if n>N:

break

if V/G > 1:

# Decrease V and try again with smaller stepsize

X = X/2

V = V - X

Xcrit = Xcrit - X

elif V/G < 1:

# Try again with new value of V and same stepsize

X = X

V = V + X

Xcrit = Xcrit + X

else:

# V = G, we're done!

break

n += 1

nList.append(n)

VList.append(V)

XList.append(X)

return nList, VList, XList

nList, VList, XList = binarySearch(G,V,e,N,X)
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B.3 Surface profile generator

This appendix shows the core of the Python code responsible for creating the surface profiles using
PSD analysis. In the full program extra code is used to plot figures and save the data file.

from __future__ import division

import numpy as np

def PSDfunction(s0, p, rho_c, M, N, dx, dy, A, D=None):

# Lorentzian equation used as PSD function

h0list = []

PSD = []

rho_mn_list = []

for m in range(M):

for n in range(N):

if m < M/2:

Um = m / (M * dx)

elif m > M/2:

Um = (m - M) / (M * dx)

if n < N/2:

Vn = n / (N * dy)

elif n > N/2:

Vn = (n - N) / (N * dy)

rho_mn = np.sqrt(Um**2 + Vn**2)

rho_mn_list.append(rho_mn)

h0 = 1/(1+ np.power((rho_mn/rho_c), p))

h0list.append(h0)

h0 = sum(h0list)

rho_mn_list = np.reshape(rho_mn_list, (M,N))

for m in range(M):

for n in range(N):

if m < M/2:

Um = m / (M * dx)

elif m > M/2:

Um = (m - M) / (M * dx)

if n < N/2:

Vn = n / (N * dy)

elif n > N/2:

Vn = (n - N) / (N * dy)

rho_mn = np.sqrt(Um**2 + Vn**2)

PSD.append((s0**2 * A) / (h0 * (1 + np.power((rho_mn/rho_c), p))))

PSD = np.reshape(np.asarray(PSD),(M,N))

return PSD, rho_mn_list

def phiMapfunction(M,N, phase=np.random.uniform(0,1,(1024,1024))):

phasefft = np.fft.fft2(phase) # Uniform distribution

phaseAngle = np.angle(phasefft)

return phaseAngle

def hMapfunction(PSD, A, phiMap, dx, dy):

hMap = 1/(dx*dy) * np.fft.ifft2(np.exp(1j*phiMap) * np.sqrt(A*np.abs(PSD)))

return hMap.real

# Defining surface properties

# Format: [surfName, semiDiameter, apertureDiameter, decenterX, decenterY]

# If apertureDiameter, decenterX and/or decenterY are 0, they will be ignored.

surfacelist = [['MCD-ADC-P1-s1', 63, 0, 0, 0]]

for i in range(len(surfacelist)):

# Variables

s0 = 5 # nm, total RMS

p = 2 # slope of the PSD after cut-off

rho_c = 1 # half-power frequency (cut-off)

# Only create a sag file for the drawn/build part of the surface

if surfacelist[i][2] == 0:
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D = surfacelist[i][1] * 2 # Diameter of surface

else:

D = surfacelist[i][2] * 2

M = 512

N = 512

# Calculated Variables

dx = 1/M

dy = 1/N

A = (M * dx)*(N * dy)

fixedPhase = np.random.uniform(0,1,(M,N))

PSD, rho_mn_list = PSDfunction(s0, p, rho_c, M, N, dx, dy, A, D=D)

# Phase map

phiMap = phiMapfunction(M,N, fixedPhase)

# Surface profile map

surfaceProfile = hMapfunction(PSD, A, phiMap, dx, dy)

# PSD function

PSD1D = np.fft.fftshift(PSD)[int(M/2+1)][int(N/2+1):]

PSD1D_xaxis = np.fft.fftshift(rho_mn_list)[int(M/2+1)][int(N/2+1):]/rho_c
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