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Abstract

This master’s thesis delves into the field of space nulling interferometry, a promising technique for
direct exoplanet detection and characterization. The work begins with an introduction to nulling
interferometry, followed by a comprehensive theoretical background that lays the foundation for
understanding the principles and limitations of this method. A review of previous space mission
concepts, such as the Darwin mission, as well as currently existing ground-based facilities, highlight
the advancements and lessons learned in the field throughout the years.

This thesis aims in enhancing the understanding and application of nulling interferometry by
the development in chapter 4 of an advanced analysis tool to assess interference quality. Cou-
pling the results of the ray-tracing software CodeV and postprocess capabilities of MATLAB,
this tool performs detailed tolerancing and sensitivity analysis, essential for optimizing the design
and performance of future interferometric instruments. The tool was validated through a series
of MonteCarlo simulations in chapter 5 and sensitivity analysis in chapter 6, demonstrating its
effectiveness in identifying and mitigating potential sources of error.

The results underscore the importance of precise optical design, calibration, and correction mech-
anisms in achieving high-quality interference. This thesis provides a robust framework for future
research and development in nulling interferometry such as precise tolerancing and optimisation
of a nulling interferometer optical design, contributing to the ongoing quest for discovering and
studying exoplanets.
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Introduction

Ezploration is in our nature. We began as wanderers, and we are wanderers still. We have lingered
long enough on the shores of the cosmic ocean. We are ready at last to set sail for the stars.

Carl Sagan.

Throughout history, mankind has always pondered whether we were alone in the universe. In this
aspect, the search for planets orbiting other stars than our sun, known as exoplanets, has emerged
as an increasingly interesting topic for the science domain. Since the breakthrough of the first
exoplanet discovery by Wolszczan and Frail in 1992 [1] and the subsequent first exoplanet detection
around a main sequence star, 51 Peg, by Mayor and Queloz (1995) [2], significant advances in this
field have occurred.

Two primary methods of exoplanet detection have emerged: indirect and direct techniques [3]. The
former encompasses radial velocity, transit photometry, gravitational microlensing and astrometry.

Radial velocity takes advantage of the Doppler effect, observing the star’s wobbles induced by
the orbiting object. This pioneered method of detection is still employed notably with the Keck
telescope and many others. However, it provides imprecise estimates of a planet’s mass, due to
the uncertainty in the inclination of the orbit [4].

Transit photometry, on the other hand, aims to search for shadows: the star’s luminosity decreases
when the planet crosses the line of sight of the observer. This method, utilized extensively by
telescopes such as TRAPPIST [5], allows for the determination of a planet’s radius, as well as the
assessment of its atmospheric composition. Yet, it requires an alignment of the line of sight of
the observer and the planet’s orbital plane. The frequency of transit may be scarce, limited by
the exoplanet’s orbital period. For an Earth-like planet, this probability would be approximately
0.5% [6].

Gravitational microlensing, applicable to further stars even beyond the galaxy, capitalizes on
the gravitational lensing effect predicted by general relativity. Few exoplanets have nevertheless
been detected using this method due to its low occurence probability and stringent geometric
requirements as well as the singularity and non-repeatability nature of those events.

Lastly, astrometry seeks minuscule celestial movements: it observes the star’s apparent position
in the sky relative to other stars to infer exoplanets presence. However, detecting such movements
poses significant challenges.
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Figure 0.1 summarizes the indirect methods of detection.
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Figure 0.1: Ilustrations of indirect methods for exoplanet detection [7].

On the other hand, direct techniques are car-
ried by coronography and interferometry. Di-
rect imaging detects planets in close proxim-
ity to their host star, requiring sufficient pho-
ton flux variation, yet enabling spectroscopic
or photometric characterisation of the atmo-
sphere.

Coronography involves physically occulting the
parent star to observe its surroundings and de-
tect planets. However, light from the star’s

corona may still interfere, subsequently reduc-
ing the contrast. Figure 0.2: Direct imaging method illustration

7].

Conversely, nulling interferometry takes advan-

tage of the wave property of light to suppress

the star’s luminosity through destructive interferences to observe the exoplanets. This method is
described by a high angular resolution.

Figure 0.3 illustrates the efficacy of each method relative to the number of exoplanets detected.

Transit
2981
Direct imaging
133
10

Figure 0.3: Classification of exoplanet detection methods and associated detected number. 4143
exoplanets detected (47 from other methods) at the date of the 6th December 2019 [7].
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Introduction

The focus of this master thesis is on direct imaging using nulling interferometry, aiming to design
a nulling interferometer for an exoplanet detection space mission.

The methodology outlined in this master thesis begins with a comprehensive introduction to nulling
interferometry, followed by a thorough review of previous and future space missions and the current
state-of-the-art in this field. Thereafter, two enhanced optical design, building upon previous
missions, are proposed with an emphasis on the optical layout preceding the beam combiner. The
main goal of this master’s thesis is then to build and propose a complete modeling analyzing tool to
assess nulling interferometer performance. Subsequent chapters discuss the results derived from the
previously defined tool in MonteCarlo tolerancing and fixed parameters sensitivity analysis on the
optical systems previously designed. Finally, the significant findings of this work are summarized
and conclusions are drawn. The development of this tool calls for continuation in a future work
in order to apply it to a concrete case and deduce a precise and meticulous analysis of an optical
design in order to further demonstrate its full potential.

The European Space Agency (ESA) is keen to study the feasibility of projects in the field of
nulling interferometry. One notable initiative involves the development of an L-space nulling
interferometry mission for Voyage 2050, ESA’s scientific space program for the period 2035-2050,
in collaboration with TU Delft, KU Leuven, AMOS, and the Centre Spatial de Liege (CSL). This
master’s thesis aligns with the same perspective, though it remains an independent endeavor.

Chapter 0 - Introduction 3



Chapter 1

Theory of nulling interferometry

Contents
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In this first chapter, the concept of interferometry is explored from the theoretical background to founda-
tional concepts. The various components end use and alternatives are also explained thoroughly. Finally,
instrumental constraints of nulling interferometry are investigated.

1.1 Light wave properties

Starting from the duality of light, it exhibits wave-like behavior under certain conditions. The
diffraction phenomenon exemplifies this wave property. This relates to the bending or interferences
of waves passing through an aperture or in the immediate vicinity of an obstacle, into the geometric
shadow region. The aperture or obstacle then acts as a secondary source for the propagating wave.

Hence, the angular resolution of telescopes and consequently their spatial resolution is inherently
limited by diffraction due to their finite aperture size. Conversely to the idealized point image in
geometric optics, or stigmatism, the image of a point source at infinity produced by a telescope



1.1. LIGHT WAVE PROPERTIES

results in an Airy pattern on the image plane. This is a consequence of the diffraction limit for a
circular aperture [8]:

A
6=122.7 . (1.1)

with 0 the angular resolution, 1.22 the coefficient corresponding to the first zero of the order-one
Bessel function of the first kind J; divided by 7w, A the wavelength and D the aperture diameter.

Rayleigh’s criterion then states that an optical design is diffraction-limited when the first maximum
of the diffraction pattern from one source coincides with the first minimum of the diffraction pattern
from another source. Figure 1.1 describes the aforementioned limit and criterion.

Resolved Unresolved

Intensity
Intensity

Radial Distance Radial Distance

Figure 1.1: Representation of the Airy functions of two separated sources and the associated
Rayleigh’s criterion.

Given that the optical design is limited by the diameter, the relentless need to increase telescope
size over the past decades is justifiable. From the Very Large Telescope (VLT) to the upcoming
Extremely Large Telescope (ELT), mirror sizes are poised to increase nearly fivefold, from 8
to 39 meters. While adaptive optics have enabled the utilization of these larger mirrors, there
are practical limitations to the size expansion of telescopes due to technical challenges. The
production of large glass components becomes progressively tedious, as does the support of these
expansive mirrors. Gravity affects significantly the mirrors, inducing deformations under their
own weight, resulting in optical aberrations and a degradation in image quality. Managing thermal
properties poses another challenge, with gravity-induced temperature gradients leading to thermal
deformations that impact the mirror’s optical integrity [9].

However, by using an interferometer consisting of two telescopes, this limitation can be overcome
through the principle of aperture synthesis. The two telescopes act as an equivalent single one
whose diameter is equal to the baseline b separating them [8].

Chapter 1 — Theory of nulling interferometry )



1.2. FRINGE CONTRAST

This concept and the resulting interference pattern are illustrated in Figure 1.2.

Figure 1.2: Interferometer concept using two circular aperture telescopes and associated fringe
diffraction pattern [8].

A
The Airy pattern is seen to be modulated by the periodic bright /dark fringes spaced by 5

The minimum achievable angular resolution by this design is given by

A

0=_
2b

(1.2)
which has to be compared with Equation 1.1. This design is thus equivalent in terms of angular
resolution to a single telescope of diameter equal to the baseline b of the two-element interferometer,
thereby improving it, but gathering the exact same flux than the two telescopes taken separately.

1.2 Fringe contrast

Referring to Equation 1.2, the contrast of the fringe pattern depends on the angular size of the
object and the baseline between the two telescopes. Thus, a larger baseline results in closer fringes
and reduced ability to resolve fine details. This relationship is illustrated in Figure 1.3.

Figure 1.3: Coherence evolution and fringe contrast with respect to the baseline of a two-element
interferometer [8].

Chapter 1 — Theory of nulling interferometry 6



1.2. FRINGE CONTRAST

The fringe contrast, or visibility V, is the primary observable of an interferometer and is defined
as [10]:

V= Imax _Imin ’ (1.3)
Imax ‘|‘Imin

where Iax and I, denote the maximum and minimum fringe intensity, respectively.

As can be derived from the Rayleigh’s criterion in this context, coherence is lost when 6 = ;‘—b and

the contrast steadily decreases before reaching this limit. If this equation holds true, the angular
size of the observed object is directly related to the Airy disk diameter.

Due to potential noise effects, it is often preferable to work with the visibility squared, given for
a uniform disk of angular diameter 6yp by:

. 2J1(77»79UD[9L//’L)
Vz_( EQUDbJ_/l )’ (1'4)

with J; the first Bessel function and b the projected baseline onto the sky plane.

The Van Cittert-Zernike theorem establishes a fundamental connection between fringe contrast,
or complex visibility, and the intensity distribution of the light source [10][11]. Mathematically,
this relationship is expressed through the Fourier transform pairs hereafter:

V(u,v) = //I(l,m)ezni(”l+vm)dldm
I(l,m) = //V(u,v)e_zm(”lﬂm)dudv (1.5)

where the variables u,v represent the spatial frequencies in the east-west and north-south direc-
tions, respectively, while I,m denote direction cosines relative to a reference position [8].

In essence, this theorem enables to infer the spatial coherence of a light source from the visibility of
its interference fringes. High fringe visibility indicates strong spatial coherence, while low visibility
suggests lower coherence.

By studying the visibility of the interference fringes across different baselines (i.e., separations
between telescopes), astronomers can infer properties of the observed object, such as its size,
shape, and spatial distribution of emitting regions. However, this constitutes an inverse problem:
the image must be retrieved from measurements in the frequency domain. Due to the under-
constrained nature of this problem, several methods are used to fill the u,v plane. Multiple
baselines as well as large apertures relative to baseline can be employed or even using the Earth
rotation to scan the sky (for all ground-based nulling interferometers).

Chapter 1 — Theory of nulling interferometry 7



1.3. GOING TO SPACE

1.3 Going to space

Space interferometry offers two main advantages over ground-based facilities: freedom from at-
mospheric disturbances and the ability to configure larger baselines. Molecules in the atmosphere
indeed selectively absorb specific parts of the electromagnetic spectrum, as depicted in Figure 1.4.

. 1
Ultraviolet . 1 Mm Infrared 10 Hm
100

~
o

25

Absorbed by
Atmosphere (%)
3

]

Figure 1.4: Atmospheric absorption of the electromagnetic spectrum [12].

While there exist atmospheric windows in the optical and radio wave ranges, the infrared domain
at the heart of exoplanet detection is affected. Moreover, space-based interferometry eliminates
atmospheric turbulence, allowing for longer integration times [8].

The quality of atmospheric optical transmission, particularly with respect to turbulence, can be
assessed by the Fried parameter rg [13]. This parameter depends on random inhomogeneities in
the atmosphere’s refractive index so that telescope resolution might be limited due to atmospheric
turbulence rather than diffraction. According to a Kolmogorov turbulent model, it behaves as
ro ~ A0/5 [14], translating to approximately 10 cm in the visible domain and 50 cm in the infrared.
This reinforces the advantage of space-based observations.

Space-based interferometry also allows for very long baselines and easy reconfiguration of arrays.
The more stable environment in space, for example at Lagrangian points, facilitates alignment
and calibration, and passive cooling of infrared instruments enables continuous observation.

Chapter 1 — Theory of nulling interferometry 8



1.4. IR DOMAIN

1.4 IR domain

The optical design under consideration in this work operates within the mid-infrared (MIR) do-
main, spanning wavelengths from [3-20] pm, a range well-suited for exoplanet detection missions.
This spectral region holds particular importance due to its ability to capture the absorption sig-
natures of key molecules present in potentially viable planet atmospheres, commonly referred to
as planetary bio-signatures. As a matter of fact, molecules such as water vapor (H,0), carbon
dioxide (CO,), ozone (O3) and methane (CHg) give rise to distinctive spectral features [4], as
illustrated in Figure 1.5.

TRANSMISSION SPECTRUM OF AN EARTH-LIKE ATMOSPHERE /%

Carbon dioxide Carbon dioxide

Water

Methane Water

10,000 15,000 20,000
Wavelength [nanometers)

Figure 1.5: Spectral signature of Earth-like planet in the MIR domain [15].

Working within the MIR domain enables comprehensive analysis of exoplanetary atmospheres,
including probing their composition and assessing thermal structures. Unlike the visible domain,
where observations rely on reflected light, the MIR domain captures thermal emissions from the
exoplanets themselves, offering unparalleled insights.

In addition, the MIR domain permits a better contrast, a better flux ratio, between the stellar
emissions and those from neighboring planets in the sense of Planck’s law of radiations Equa-
tion 1.6:

2 _
By (A,T) :2/111_2_ (m’%—l) " (1.6)
with B, [W/(m?-um- sr)] the spectral radiance, h [(m?-kg)/s] the Planck constant,
k [(m?kg)/(s>K~1)] the Boltzmann constant, A [m] the wavelength and T [K] the temperature.
This law governs the spectral radiance emitted by a blackbody at a given temperature. Wien’s
law of displacement further highlights the significance of the MIR domain by providing the peak
emission wavelength:

| 2897.772

Amax = T [m]. (1.7)

Notably, Earth’s thermal emission peaks around 11 pm.

Chapter 1 — Theory of nulling interferometry 9



1.4. IR DOMAIN

Hence, the substantial difference in temperature between the parent star and the orbiting planet
results in general in an amplification of the luminosity contrast. However, this ratio favors planet
detection in the infrared domain as depicted in Figure 1.6.
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Figure 1.6: Planck’s distribution for different blackbody temperatures (a) and associated ratio of
the red, typical of exoplanet emissions, and blue curves related to Sun-like stars (b).

Measuring this planetary thermal signature even constraints the effective temperature and radius
of the detected exoplanet, a task challenging to accomplish using reflected light. Furthermore,
using shorter wavelength results in a diminished contrast and poses technical challenges to the
interferometer design.

Chapter 1 — Theory of nulling interferometry 10



1.5. BRACEWELL FIRST CONCEPT

1.5 Bracewell first concept

In 1978, Ronald N. Bracewell first introduced the groundbreaking concept of a two-element rotating
nulling interferometer [16], as depicted in Figure 1.7.
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Figure 1.7: Representation of a Bracewell nulling interferometer for exoplanet detection.
Collected by the two spacecrafts, the starlight is depicted in red whereas the exoplanet signal is
represented in blue. The upper signals result from the interferences.

The nulling interferometer builds upon the principles of the two-element interferometer, where
light is collected and interfered in a plane while ensuring coherence. However, it introduces an
achromatic m-phase shift in one of the arms. This results in a fringe pattern that destructively
interferes with on-axis light source, effectively cancelling the glare of the observed star. Conse-
quently, it enables the detection of faint planetary systems free from their parent star’s brightness.
This produces a so called on-sky transmission map, akin to observing the sky through a sinusoidally
varying transmission mask along the axis separating the telescopes.

Despite sufficient starlight reduction, detecting Earth-like planets with such a static array con-
figuration is typically not possible due to the exozodiacal emission dominance. To address this,
Bracewell proposed rotating the interferometer so that the planet’s signal would be temporally
modulated by alternately crossing high and low transmission regions. Meanwhile, the stellar signal
and background emission would remain constant. The planetary signal could then be retrieved
through synchronous demodulation.

Chapter 1 — Theory of nulling interferometry 11



1.5. BRACEWELL FIRST CONCEPT

This rotation eliminating on-axis symmetrical sources like exozodiacal disks or the star’s corona
is illustrated in Figure 1.8.
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Figure 1.8: Modulation of the signal of three planets of increasing distance with respect to the
parent star with nulling interferometry [17].

As can be seen, the number of extrema and modulation strength directly correlate with the planet’s
distance from the parent star. This first design is nonetheless sensitive to phase differences and
lacks robustness in this aspect. In addition, stray sources within the field of view can reduce signal-
to-noise ratio (SNR). Furthermore, the requirement for precise baseline rotation is a technical
challenge for space-based observatories, potentially limiting the instrument’s efficiency.

Despite these issues, Bracewell’s pioneering concept laid the foundation for further developments
in nulling interferometry, shaping the future of exoplanet detection.

Chapter 1 — Theory of nulling interferometry 12



1.6. KERNEL IMPROVED INTERFEROMETER

1.6 Kernel improved interferometer

A more sophisticated nulling interferometer design was proposed and denoted Kernel, leverag-
ing multiple baselines to enhance performance and robustness to phase perturbations [18]. This
enhanced concept is depicted in Figure 1.9.
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Figure 1.9: Kernel robust interferometer concept.

In this design, a m-phase shift is applied at the nuller N to the three possible combinations of signals,
represented by the electric fields E;. Subsequently, more complex pair switching S is implemented

with a g—phase shift. Finally, the difference of these newly acquired signals defines the kernel

outputs. Kernels are high-contrast observables that are insensitive to small perturbations. This
approach exhibits superior performance compared to a simple Bracewell interferometer while also
relaxing tolerances on the design [18].

Chapter 1 — Theory of nulling interferometry 13



1.6. KERNEL IMPROVED INTERFEROMETER

The resulting transmission maps, however, are more complex, as depicted in Figure 1.10.
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Figure 1.10: Kernel interferometer transmission maps [19]. The star is at the center and
coordinates are given in terms of declination and right ascension [mas].

These maps display intricate patterns relative to the simple sinusoidal mask of the previous
concept.

Chapter 1 — Theory of nulling interferometry
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1.7. PHASE CHOPPING

1.7 Phase chopping

The first implementations of the concept of baseline rotation to discriminate the planetary signal
from the exozodiacal emissions were successively proposed by Angel and Woolf [20] and by Men-
nesson and Mariotti [21] in 1997. Angel and Woolf relied on the pronounced modulation of the
exozodiacal emissions induced by the design symmetry occurring at twice the frequency of the
baseline rotation. Conversely, Mennesson and Mariotti broke this symmetry using, for instance,
five telescopes regularly located on a circle or ellipse. However, both configurations faced chal-
lenges due to the array’s inability to rotate sufficiently fast, leaving them prone to low-frequency
drifts originating from stray light, thermal emission, and detector gain.

To address this issue, the technique of phase chopping was suggested in 1997 by J.M. Mariotti [22].
Phase chopping is a calibration technique performed at the combination stage in nulling interfer-
ometry, where multiple ways of beam combination from various apertures exist. The principle
involves synthesizing two different transmission maps with the same telescope array by applying
different phase shifts during the beam combination process [23].

Essentially, phase chopping rapidly alternates the phase shift introduced, for example, between the
two arms of a Double-Bracewell interferometer on timescales of seconds to minutes, much shorter
than the typical integration times needed for detecting small exoplanets. This modulation helps
calibrate out long-term drifts (i.e., low-frequency noise) within the instrument [24]. By performing
quick switches between the two transmission maps, phase chopping modulates the planet signal
while leaving contributions from sources such as stellar emissions, local zodiacal cloud, exozodiacal
cloud, stray light, thermal effects, and detector gain unaffected.

Phase chopping can be implemented in various ways, such as inherent and internal modulation
[10], and is considered an essential component of future space-based life-searching missions.

The implementation of phase chopping can be achieved in a number of ways, such as inherent and
internal modulation [10], and is seen as a key element of future space life-seeking missions.
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1.8 Practical design of an interferometer

The structure of a single arm of a nulling interferometer typically consists of several components,
each serving a specific purpose in the instrument’s operation. Said components are organized as
follows:

e Collecting optics;

e Transfer optics;

e Tip/tilt mirror and corresponding tip/tilt sensor;

e Optical delay line and optical path difference sensor;

e Deformable mirror and corresponding wavefront sensor;
e Phase shifter;

e Beam combiner;

e Modal filter;

e Science detection assembly.

The different components are investigated hereafter. As previously mentioned, a particular atten-
tion is given to the optics located upstream of the beam combiner.

These optics play indeed a critical role in collecting and correcting the incoming light from the
celestial sources (star, exoplanets) before it reaches the beam combiner for further interference
analysis and subsequent scientific observations.

1.8.1 Beam collection and transport

Celestial light can be collected using either telescopes or siderostats. A siderostat is a steerable
and flat mirror that directs light directly to the interferometer or to a fixed horizontal telescope
acting as a beam compressor. Both solutions are illustrated in Figure 1.11.
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(a) Siderostat (b) Telescope

«

Figure 1.11: Tllustrations of the two types of collecting optics.
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The siderostat offers a simple design but has a limited field of view and may introduce optical
aberrations for large angles. Additionally, due to the large beam it gathers, a siderostat requires
a large secondary mirror, resulting in a less compact design.

On the other hand, a telescope provides a larger collecting area. An off-axis design also prevents
blockage which is particulary important given the low throughput of nulling interferometers. Tele-
scopes can be equipped with single or multiple apertures for greater design flexibility and degrees
of freedom.

Subsequently, the collected light is transported through an optical train and directed to the beam
combiner after correction. For instance, an afocal system comprising two confocal off-axis parabolic
mirrors can be used to increase the magnification while maintaining the parallel nature of the
beams.

A particular attention must be taken with respect to the mirror geometry and coatings to preserve
the relative polarisation of the beams [10].

1.8.2 Beam correction

Beam correction plays a crucial role in nulling interferometry by ensuring coherence and main-
taining high quality interference patterns. Said correction is achieved through the implementation
of a tip/tilt mirror, adjusting the incoming light rays, and a deformable mirror, which addresses
wavefront errors.

Both the tip/tilt mirror and the deformable mirror are essential for compensating for wavefront
errors introduced by imperfections in optical elements, misalignment, or atmospheric turbulence
(especially in ground-based facilities). These errors can significantly degrade the interferometric
signal and reduce the nulling depth. The tip/tilt mirror primarily adjusts the tilt of the incoming
wavefront, while the deformable mirror dynamically corrects more complex aberrations by altering
its shape. It exists a direct link with the precision of the ADCS of the formation of satellites and
the required corrections.

Moreover, these mirrors ensure precise alignment between the beams from the different collecting
spacecrafts. The tip/tilt mirror permits fine adjustments in beam direction to achieve proper
alignment before interference occurs.

In addition, nulling interferometers rely on precise phase control to achieve destructive interference
of the starlight while allowing the planet’s signal to pass through. The deformable mirror can thus
introduce controlled phase shifts across the aperture to achieve the desired interference pattern.
However, this is performed in many cases using an optical delay line, as discussed later in this
section.

Alternatively, a deformable mirror can be directly used for adaptive optics, addressing both tip/tilt
and wavefront errors simultaneously. With its ability to modify its shape precisely, multiple degrees
of freedom, compact design, and rapid response time, it offers an attractive option [25].
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These beam corrections significantly enhance therefore coherence of the light for proper interfer-
ometry quality. Figure 1.12 illustrates the two types of correcting mirror discussed.

beam splitter \ beam splitter /

l sensor . sensor

(a) Tip/tilt mirror (b) Deformable mirror

Figure 1.12: Illustrations of beam correction mirrors.

Both types of mirrors operate within a closed-loop system with feedback. Sensor measurements
of the light are processed by a control system, which subsequently adjusts the shape or orienta-
tion of the mirror surface therefore ensuring continuous correction and monitoring to maintain
interferometry quality.

As previously mentioned, an optical delay line is also present for equalizing optical path differences
and ensuring coherence. It introduces a delay to the optical signal, which can be achieved through
various methods such as increasing physical length (e.g., coiling optical fiber or movable mirrors),
changing the refractive index of the propagation medium, or utilizing phase arrays (e.g., phase
shifters or electronically controlled tunable delays). Regardless of the method used, automated
control and monitoring of the optical path difference are required to maintain coherence throughout
the optical layout. Another method involves retroreflection , as seen in ’cat’s eyes’ optical delay
lines. A corner-cube structure induces multiple reflections of the light thus introducing a small
delay. By adjusting the size and geometry, a desired delay can be achieved. Multiple retroreflectors
can also be used in series. Figure 1.13 depicts for instance an optical delay line consisting of movable
mirrors to achieve the required path difference and subsequent phase difference.

_ “
N

Figure 1.13: Illustration of a movable mirrors optical delay line.

In nulling interferometry, a w-phase shift must also be applied in one of the arms (for a two-element
interferometer) or in multiple arms for more complex designs. This phase shift must be as exact
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as possible to ensure sufficient quality and performance. While easily achieved for monochromatic
light by modifying the optical path difference (OPD) between the two beams accordingly, this
becomes a significant challenge for polychromatic starlight. To ensure this shift is achromatic,
complex recombination systems are needed. For instance, the Achromatic Interferential Corono-
graph (AIC) [26] designed for the Darwin mission or the Mach-Zender beam combiner [27] used
in the FKSI mission, two modified versions of traditional Michelson interferometers, can be cited.
This achromatic shift is one of the major challenges of nulling interferometry but is out of scope
of this work.

1.8.3 Fringe and angle trackers

Fringe and angle trackers operate alongside the main optical layout and play a pivotal role in
achieving high-quality results.

The primary objective of a fringe tracker is to continuously monitor the interference pattern,
detecting any deviations in position or intensity [28][29]. Such deviations may arise from vibrations,
atmospheric disturbances (in ground-based interferometry), or other potential perturbations.

The general layout of a fringe or angle tracker is illustrated in Figure 1.14. The beam is split by
a beam splitter and directed onto a detector to monitor any changes.

beam splitter

N

Figure 1.14: Tllustration of a fringe/angle tracker.

detector

Upon detecting any changes, the fringe tracker’s control system performs corrective measures to
realign the fringes to their original position and intensity by adjusting the optical interfaces of the
design. This process, known as active retroaction, ensures continuous stabilization. Monitoring
occurs constantly to maintain maximal stability of the pattern throughout the observation phase
for high-quality results.

Similarly, an angle tracker is essential for maintaining the alignment between interfering beams.
It continuously monitors the interference pattern and adjusts the angles of mirrors within the
optical system, often utilizing piezoelectric actuators or motorized mounts. This mechanism relies
on feedback as for beam correction mirrors.

In summary, both trackers are integral to interferometer design in the sense of the precision and
stability of measurements they provide.
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1.8.4 Beam combination and detection
Coaxial/Multiaxial combinations

The starlight, covering a wide range of wavelength as described by Planck’s law defined previously,
results in a wavelength-dependent interference pattern leading thus to reduced contrast and visi-
bility. To avoid this phenomenon, measurements are therefore conducted at isolated wavelengths
(narrow bands) to ensure sufficient contrast.

Two approaches of beam combination are commonly applied to maintain coherence between the
different telescopes, namely coaxial and multiaxial combinations [30] [31], as schematized in Fig-
ure 1.15.

(a) Coaxial (b) Multiaxial

Figure 1.15: Two strategies of beam combination [8].

As depicted in Figure 1.15a, the coaxial strategy involves superposing the light from two telescopes
by means of a 50/50 beam splitter. The process, taking place in the pupil plane, relies on encoding
fringes temporally on two single-pixel detectors at each output of the beam splitter. A temporal
modulation is subsequently performed by systematically modifying the optical path difference
(OPD) with the introduction of additional delay of known amplitude. This can technically be
achieved by using piezoelectric scanners. The coaxial strategy is thus similar to a Michelson-
Morley interferometer. This technique is the most widely used today [23].

As depicted in Figure 1.15b, on the other hand, the multiaxial strategy exploits a common focus
similar to Young’s fringe experiment, with the combination occuring in the image plane. Fringes
are spatially encoded on a focal plane array, resulting in modulation of the Airy pattern intensity
due to varying delays between beams across this plane. In this method, the signal is recorded
at one time but extends over several pixels on the detector plane, leading to spatial instead of
temporal modulation. The coding of the spatial fringe is performed by placing the exit pupils
at certain distances from each other and subsequently introducing geometric path differences to
superimpose the beams. This can be achieved by using a simple lens [23].

Modal filtering

Modal filtering of the signal is also performed to reduce the aberrations and noise, thus achieving
the desired nulling effect [10]. The use of single-mode fiber (SMF) [32] is especially effective to
ensure that only a single spatial mode of light propagates through the system. By supporting
only the fundamental spatial mode, SMF minimizes dispersion, ensuring that the output beam
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maintains spatial coherence and enhance light purity. Modal filtering is nonetheless out of the
scope of this work, focusing mainly on the pre-combination phase.

Detection

Finally, the planet’s signal, free from starlight glare, is detected after passing through dispersive
elements such as a spectrometer. This marks the attainment of tangible scientific results: the
ultimate goal of a nulling interferometer. This thesis focuses on the optical design preceding the
beam combiner stage to ensure the quality of these results, hence no further details are provided
regarding the beam combination stage and subsequent detector assembly.

Chapter 1 — Theory of nulling interferometry 21



1.9. RESPONSE FUNCTION

1.9 Response function

The schematic of the geometrical configuration of the interferometer in space is provided in Fig-
ure 1.16.
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Figure 1.16: Geometrical configuration of a Bracewell interferometer with respect to the planes
of interest: the interferometer and sky planes.

Following the formulation provided by Absil et al. [10], the instrument response or the wavelength-
dependent intensity, denoted by R, for a simple Bracewell interferometer is expressed as

2
R; (6, a) = 2sin’ (ﬂ%cosa) ~2- (ﬂ?cosa) , (1.8)

where the parameters correspond to Figure 1.16 and the simplification stands for the small angle
approximation.

The light is seen to be cancelled only on the optical axis, following a 62 relation slightly off-axis.
This phenomenon, known as stellar leakage, occurs because a portion of the stellar light reaches
the detector, leaks, without being fully nulled due to the finite size of the star’s photosphere.
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Figure 1.17 further illustrates the extinction profile of the response function of a simple Bracewell
interferometer. In addition, a higher reduction profile is also depicted.

Response function R [-]

Observation angle [mas]

Figure 1.17: Different types of extinction profiles of the response function and associated stellar
leakage.

To achieve an higher reduction, such as 8% in Figure 1.17, a minimum of three apertures is required,
or specific beam combination strategies. These types of response function provide a better starlight
reduction than a classical 8% curve. There is a steeper transition between bright and dark fringes, or
in other words between constructive and destructive interferences, thereby improving the contrast.
This results in a reduction of the stellar leakage [26], one of the major challenges in nulling
interferometry. The hypothetical star chosen is Proxima Centauri, as explained in Section 6.3.

Another important figure of merit is the nulling ratio N, defined as the ratio of the transmitted
stellar flux to the initial flux:

l - Fleak(l) _ 77’._2 @ ? (1 9)
p Fun) 4\ ) |

where its inverse p denotes the rejection ratio.

Although a perfect interferometer will always exhibit stellar leakage, imperfections in the optical
design can lead to instrumental stellar leakage including phase, wavefront, intensity or polarization
errors resulting in a non-null on axis transmission [33][34].
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These errors are further explained hereunder.

Phase:

Phase errors give rise to a shift in the position of the fringes of the transmission map. Hence, the
main dark fringe is no longer centered resulting in non-null on axis transmission as expressed by

A9*(2)
4 )

R;,(0,0) = (1.10)

with A¢(A) the small phase difference.

Wavefront:

Wavefront corrugation leads to a mismatch between the shapes of the two beams. By defining the
phase variance over each pupil 0'(%1/2, the on-axis transmission becomes [32]

(cr(;1 (7L)+G(§2(7L)>

R1.(0,0) = y

(1.11)

Intensity:

Unequal intensities in the two arms induce also non-null transmission on the optical axis. Any
additional amount of light does not interfere and therefore acts as background emissions. With Al
the relative intensity error, it yields [33]

(1.12)

Polarisation:

Multiple types of polarisation exists but can usually be decomposed into intensity and phase
errors. For instance, a shift in the two components s and p of light is seen as a phase error while
differential rotation signifies an intensity error [27]. It can then be shown that

(A2 ,(A)+ a2, (7))
4 )

R;,(0,0) = (1.13)

with A¢s_, the phase delay and @, the relative polarisation rotation angle.
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1.10 Conclusions

Starting with an exploration of light wave properties, the foundation of nulling interferometry rests
upon the principle of interference. At its core, this technique leverages destructive interference
to suppress starlight glare to detect faint planetary signal. The pioneering introduction of the
rotating nuller by Bracewell marked a significant breakthrough setting the stage for subsequent
innovations such as the Kernel interferometer.

Going to space offers to suppress the atmospheric disturbances relative to ground-based interferom-
etry facilities. In addition, operating within the mid-infrared (MIR) domain presents advantages
by enhancing the contrast between stellar and planetary signals while facilitating atmospheric
molecules’ signatures detection.

The success of any interferometric system lies in the well-designed optical components to preserve
coherence and maintain fringe contrast such as deformable mirrors, optical delay line or fringe
tracker.

Optical elements to ensure coherence between the beams and maintain the fringe contrast such as
deformable mirrors, optical delay line or fringe tracker are essential for a well-designed interferom-
eter. However, instrumental limitations are inherent to interferometer design. Vigilant monitoring
of beam quality becomes imperative to mitigate these constraints and uphold the performance of
the interferometer.
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Instrumentations for nulling interferometry
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This chapter delves into the nulling interferometry instrumentations, with a particular focus on the optical
layout preceding the combination stage. It first describes ground-based instruments. Since limits exist
for ground-based nulling interferometry, an overview of the ideas and concepts for space-based missions is
investigated. In particular, the history of space-based instruments is overlined with a particular focus on
the Darwin/TPF-I project and its precursors. Finally, the future of space interferometry will be explored
with the LIFE initiative, the living legacy of the past concepts.

Through this missions examinations, insights are extracted for the possibilities and capabilities of different
optical designs. By evaluating the performance and identifying bottlenecks of these concepts, critical
parameters can be discerned with the ultimate aim of enhancing the optical design aspect.

2.1 Ground-based instruments
Only ground-based instruments for nulling interferometry are actually in use. As these inter-

ferometers are ground-based, adaptive optics are essential to mitigate atmospheric effects and
background emissions.

2.1.1 LBTI

The Large Binocular Telescope Interferometer (LBTI), located on 3,300 m Mount Graham in the
Pinaleno Mountains of southeastern Arizona, United States, comprises two 8.4 m diameter mirrors
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mounted on a common altazimuth mount [35]. It is part of the Mount Graham International
Observatory. Collectively, they provide a collecting area equivalent to a single 11.8 m mirror. On
the other hand, the coherent combination of the two apertures signals provides images with spatial
resolution equivalent to a 22.8-meter telescope.

A depiction of the LBT is presented in Figure 2.1.

Figure 2.1: Image of the LBT [35].

The nulling interferometry mode of the LBT features a baseline of 14.4 m and enables observations
in the spectral range [2.9-13] pm, sometimes called MIR N-band. It uses the natural Earth rotation
to perform baseline rotation and scan the sky.

It was designed and funded by NASA to detect exozodiacal dust for the TFI/Darwin mission (see
next section) [36].

A recent use of the LBTI was to capitalize on a Junovan eclipse to image thermal radiation from
volcanic activity on the surface of Io, a Galilean moon over a range of parallactic angles [37].
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2.1.2 VLTI

The Very Large Telescope Interferometer (VLTI), located on Cerro Paranal in the Atacama Desert
of northern Chile, is an astronomical facility operated by the European Southern Observatory
since 1998. It comprises four telescopes with diameters of 8.2 m and four mobile telescopes with
diameters of 1.8 m. The achievable baselines range from 8 to 160 m.

A depiction of the VLTI is provided in Figure 2.2.

Figure 2.2: Image of the VLTT [§].

As all nulling interferometers, it will synthetize a large telescope whose angular resolution is
equivalent to that of a telescope with a diameter equal to the largest baseline between the telescopes
used. It also uses the natural Earth rotation to rotate the baseline.

The future of the VLTT lies in future visitor instruments such as the NOTT instrument for nulling
interferometry (Nulling Observations of exoplaneTs and dusT), formerly Hi-5 (High-contrast In-
terferometry to Spm) [38]. Large ground-based interferometer such as the LBTT allows to achieve
contrast up to 1074, whereas NOTT would be able to leverage sharp angular resolution of the
VLTI with high-contrast capabilities up to 107> according to recent studies [38]. With this higher
contrast and longer baselines that the future 30m-class extremely large telescopes armada will
offer, the VLTI will be a keystone in various scientific areas such as exozodiacal disks observations
or planet formation. Moreover, it will serve as a key technology demonstrator for future missions
as LIFE, later discussed [39].

Debuted in 2017, this project involving the CSL was really presented and received fundings in
2019 [39].
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2.2 Space-based ideas and concepts

Since ground-based instruments suffer from numerous limitations as explained in chapter 1, space-
based missions is the next step forward.

2.2.1 Brief history

First introduced by Ronald Bracewell in 1978 [16], the concept of nulling interferometer was res-
urrected in 1990 during the discussion about the future NASA Next Generation Space Telescope,
eventully becoming the James Webb Space Telescope [20]. Later in 1993, a european consortium
led by the CNRS proposed the idea of an infrared nulling interferometer for Earth-like planets de-
tection and their associated spectra analysis. This project, named DARWIN, was finally proposed
to the Horizon 2000 Plus program of the European Space Agency (ESA) [32]. In parallel, a similar
concept to the DARWIN one was considered on NASA’s side in 1999 and named Terrestrial Planet
Finder (TPF) [40]. Even though DARWIN and TPF gathered support and evolved over the years,
these concepts were finally abandonned. Recently, new projects nonetheless re-emerged as their
legacy, due to a better comprehension of the problematic and major technological breakthroughs.

2.2.2 Darwin/TPF-I project

The Darwin interferometer by ESA and the Terrestrial Path Finder - Interferometer by NASA were
thus parallel space projects aimed at exoplanet detection in the MIR during the 2000s [41][42].
These projects proposed several architectures from 4 to 8 telescopes operating within the wave-
length band of [6-20] pm with a desired field of view (FOV) of 1 as. The final concept proposed
was the Emma X-array design, as illustrated in Figure 2.3 (a tribute to Darwin’s wife).

Figure 2.3: Artist illustration of the Emma X-array interferometer design.
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The technical parameters of the Emma X-array design are detailed in Table 2.1, retrieved from
[43].

Table 2.1: Emma X-array interferometer design specifications.

Collectors four 2 m diameter spherical mirrors FOV 1 as

Wavelength range [6-20] pm Null depth 1072
Inner working angle [13-43] mas Spectral resolution AA /A 25

Angular resolution [2.4-8.2] mas Temperature 50 K

The wavelength-dependent properties are provided for A = 10pm and the collectors are diffraction
limited at 2pm. The baseline between the different collectors can be adjusted while the beam
combiner spacecraft is located 1 km away from the collectors’ plane.

2.2.3 Darwin/TPF-I demonstrators

Since Darwin and TPF-I evolved and grew over the years, demonstrators for key technologies were
necessary to align with their final designs.

FKSI

The Fourier-Kelvin Stellar Interferometer (FKSI) is a concept for a structurally-connected nulling
interferometer proposed by NASA in 2003 [44]. It was designed to detect giant planets, nearby
superstars and exozodiacal disks [8], serving as a precursor for the TPF-I mission. An artist’s
impression of the FKSI mission is provided in Figure 2.4.

Figure 2.4: Artist illustration of the FKSI interferometer design.
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The final optical system design of the FKSI is represented in Figure 2.5
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Figure 2.5: Schematic of the optical design of the FKSI.

This nulling interferometer configuration is intended to work in the spectral range [3-8] pm. It
comprises two siderostats of 0.5 m diameter separated by a baseline of 12.5 m. The plane mirrors
of these siderostats are inclined at 45 degrees for the light to travel towards the center of the
satellite. Subsequently, the beam is fed into a symmetric Mach-Zehnder beam combiner through
an off-axis parabola. A cat’s eyes delay line ensures correct coherence maintenance. In addition,
the light passes by a null tracker and a fiber wavefront error reducer to achieve a required null
depth of N =107%. Finally, it is focused on a detector cooled to 35 K. Fringe and angle trackers
are also included in parallel with the main optics.
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PEGASE

The PEGASE mission was a nulling inteferometer that aimed to conduct spectral analysis in the
domain [1.5-6] pm, targeting hot jupiters around nearby stars, brown dwarves and providing high-

resolution measurements of protoplanetary disks [45]. It was designed to serve as a precursor for
TPF-I. An artist’s impression of this concept is depicted in Figure 2.6.

Figure 2.6: Illustration of the PEGASE interferometer.

The optical layout of PEGASE is provided in Figure 2.7.
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Figure 2.7: Schematic of the optical system of the PEGASE mission.

It consists of a simple Bracewell interferometer with two siderostats arranged in a linear formation
with the beam combiner spacecraft. Both mirrors of the collector elements (M1) are inclined at 45
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degrees with an aperture diameter of 0.4 m. Subsequent mirrors (M2 and M3) form a simple afocal
of magnification 20, ensuring no net divergence or convergence of the light. Taking advantage of
the field reversal by reflection, an achromatic phase shift of & is achieved using M1 and M4, the
latter being a small flat mirror. A fringe sensor and an optical delay line of the ’cat’s eyes’ type
are also included. The baseline of this concept could vary from 40 to 500 m with spatial resolution
ranging between 0.5 and 30 mas.

CINDIS

The Cold Interferometric Nulling Demonstration in Space (CINDIS) aimed to demonstrate key
technologies for the TPF mission, prioritizing technical advancements over scientific objectives
[46]. With a budget of less than 300M $, its objectives included achieving high-contrast nulling
interferometry at a 10 pm wavelength, implementing vibration control strategies, instrument point-
ing/path control, stray light control, and potentially demonstrating a 4-aperture compound nulling.
Its primary objective was nonetheless to demonstrate a stable null. An illustration of the CINDIS
mission is provided in Figure 2.8.
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Figure 2.8: Ilustration of the CINDIS interferometer [46].
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The optical layout of the CINDIS mission is outlined in Figure 2.9.
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Figure 2.9: Schematic of the optical system of the CINDIS mission [46].

It forms a simple Bracewell nulling interferometer with a null depth of around 10~ with a short 2
m structurally fixed baseline. The spectral band of interest is [6-12] pm. The system employs two
off-axis Cassegrain telescopes with a 40 cm aperture diameter to collect and direct the light onto
a fast steering mirror (FSM). Both primary and secondary mirrors of the telescopes are confocal
coaxial paraboloids, resulting in unobstructed 4 cm diameter output beams when coupled with
off-axis pupils. The following FMSs monitor tip-tilt to ensure wavefront quality for the beam
combiner. The optical delay line consists of a simple piston actuator with a total stroke of near
30pm in one of the interferometer arms to adjust the optical path difference of the two beams.
Additionally, a fringe tracker is present. Spatial filtering and scientific assembly are not discussed.
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2.3 Space-based rebirth: LIFE mission

The Large Interferometer For Exoplanets (LIFE) builds upon previous concepts such as Darwin/TPF-
I [24]. It aims to assess the atmospheric composition of a significant numbers of terrestrial exo-
planets to address the fundamental question: ”Are we alone in the universe?”.

Officially initiated in 2018, the LIFE project has been in its initial study phase since 2020, follow-
ing community building efforts. While many technologies required for space interferometry were
immature at the time of Darwin, advancements such as formation flying and deep nulling have
now reached a technology readiness level (TRL) of 5. The components have therefore been tested
and validated in their relevant environment, making the mission concept feasible. An artist’s
impression of this mission is depicted in Figure 2.10.

Figure 2.10: Artist illustration of the LIFE space mission design [24].

Since the mission is still in the study phase, parameters have not been finalized [24]. However, it
is likely to comnsist of four collector spacecrafts and a beam combiner one to better discriminate
axis-symmetric emissions with respect to a simple two-collector model. Numerous trade-off are
being conducted to determine the optimal aperture diameter and associated signal-to-noise ratio
(SNR). The aperture diameter is varied from 1 to 3.5 m with a fixed throughput of 5% and a SNR
of 7 [47]. The spectral domain of interest is of [4-18.5] pm and the instrument would be cooled to
40 K [24].

Chapter 2 — Instrumentations for nulling interferometry 35



2.4. CONCLUSIONS

2.4 Conclusions

During the 2000s, various space nulling interferometer concepts were proposed. However, many
of these missions were abandoned due to the immaturity of the required technologies at the time.
Consequently, only ground-based interferometer facilities are currently in use, which are subjected
to atmospheric disturbances. While adaptive optics enable these ground facilities to reach their
maximum potential, the advantages offered by space-based interferometry, such as longer possible
baselines and freedom from atmospheric perturbations, are undeniable. Now, with advancements
in technologies such as formation flying and deep nulling, initiatives like LIFE are being recon-
sidered. What seemed impossible yesterday has become conceivable today. Building on these key
ideas, the next chapter will focus on designing two optical systems.
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This chapter reviews and examines various options for nulling optic design and subsequently proposes
two different configurations of light-gathering optic system based on previous concepts. Firstly, the
influence of the main parameters is investigated regarding the design’s capabilities. The dimensioning
and choices made are then discussed and studied through trade-off analysis as an initial approach before
future optimization in a subsequent section. Finally, the configurations are implemented using the CodeV
software for further analysis in the following section. These two optical designs will serve as the foundation
for validating the performance modeling tool developed in the subsequent chapter.
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3.1 Architecture

Following a top-down approach, different numbers and configurations of the collecting spacecraft
are possible, as exemplified by the different concepts outlined in chapter 2. Possible geometries
are provided in Figure 3.1.
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Figure 3.1: Exemple of configurations for space nulling interferometers.

These configurations can be discriminated based on factors such as stellar leakage, feasibility of
flying formation, or overall costs. Since this thesis focuses on the optical design before combination,
the choice of the telescope, or more generally, the collecting spacecraft, can be made independently
of the overall configuration as an initial consideration. To streamline the work, a simple rotating
Bracewell interferometer is initially considered.

Whether the combination is performed using a single-mode fiber or classical pupil plane recombi-
nation, the telescope acts as a simple beam compressor and aims to produce a collimated beam.
Its design can be made independently of the following stages.
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Different types of collecting spacecraft exist, as represented in Figure 3.2.
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Figure 3.2: Schematic of main telescope choices for nulling interferometry.

The first type depicted in Figure 3.2a consists of a simple siderostat. It is easy to manufacture
but requires a large secondary mirror for the confocal part, increasing the weight and size of the
design. On the other hand, it allows for easy correction of the incoming ray’s path if there are
calibration or tracking errors.

The second type, illustrated in Figure 3.2b, consists directly of a confocal system. Therefore, there
is no need for a large secondary mirror, allowing for the useful utilization of the great value of
the baseline for the parameter S, which leads to a compact design. Moreover, it requires fewer
optical surfaces, but they are more difficult to manufacture and polarisation problems may arise.
Problems in tracking are also tedious to mitigate compared to a simple siderostat.

Finally, the Cassegrain-type telescope is represented in Figure 3.2c. On-axis telescopes present
fewer aberrations, and these aberrations are also more easily reduced. They can tackle tracking
error just like a simple siderostat but require numerous mirrors. The main disadvantage of the
on-axis design is the central obstruction, which leads to a reduced collecting area in an instrument
with already very low throughput. Off-axis variants correspond in a sense to schematics 1 and 2.
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3.2 Dimensioning

Several parameters define and influence the capabilities of a light-gathering device, such as the
f-number (F#), aperture diameter (D), magnification (M), or even the size of the optic system ().
For a nulling interferometer, the baseline (b) is obviously of great importance as well, even though
it does not directly impact the design of a single arm of the interferometer. The influence of these
parameters is investigated below.

The baseline b and the aperture diameter D shape the overall geometry of the interferometer most
significantly, as illustrated in Figure 3.3.

b
< %D
Collecting Collecting
spacecraft 1 spacecraft 2

Figure 3.3: Schematic of the baseline and aperture diameter of a nulling interferometer.

These two parameters allow to define the so-called inner and outer working angles (IWA and OWA,
respectively), given by

A
IWA =" (3.1)
and
A
OWA = D (3.2)

While the baseline with the IWA drives the resolution of the instrument, as discussed in chapter 1
with the fringes, the diameter with the OWA drives the sensitivity and theoretical field of view.
The smaller the telescope, the larger the field of view, but the smaller the sensitivity. However,
the specific problem of the FOV in nulling interferometry is tackled later on.

Chapter 3 — Optical design of a nulling interferometer 40



3.2. DIMENSIONING

The IWA in combination with the OWA also provides an estimation of the number of observable
exoplanets with the instrument, as illustrated in Figure 3.4 for A = 10pum and a similar design to
FKSI.
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Figure 3.4: Number of observable rocky planets depending on the IWA and OWA (courtesy of C.
Dandumont). A distinction is made between exoplanets of more, or of less than twice the Earth
radius, respectively denoted by a circle or a cross.

This set of angles indeed constrains the angle between the exoplanet and its parent star that
can be detected by the instrument. A trade-off also arises with the photon flux gathered by the
instrument. While the OWA can be increased by decreasing D, the collecting area of the instrument
is proportional to D?, and a sufficient amount of photons must be gathered by the instrument to
ensure high-quality measurements and not degrade the signal-to-noise ratio. On the other hand, a
reduced D can also mitigate background noise. The aperture diameter is also intrinsically related
to the technology and materials limits. High values of D require specific materials, since not
all materials can be used to manufacture large mirrors, or the use of segmented parts must be
considered [48].

For a generic telescope, the f-number is essential to its design. The higher the f-number, the
higher the diffraction, as expressed previously by Rayleigh’s criterion. However, the aberration
tends to approach a near-perfect Dirac representation. The overall quality of the optical system
is then expressed by the convolution of the Dirac representation from the aberration part and the
extended diffraction pattern. By analogy, this is represented by a low curvature or, equivalently,
a high radius of curvature lens. On the other hand, the lower the f-number, the higher the
aberrations and the lower the diffraction. This corresponds to a high curvature or, equivalently, a
low radius of curvature lens.

However, the field of view is nearly inexistant for nulling interferometry. This is because rocky
planets orbiting distant stars are observed. For instance, the angular separation of the nearest
star to the Sun, Proxima Centauri, and its first orbiting planet, Proxima Centauri B, lies in the
milliarcsecond range.
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Furthermore, producing mirror with lower f-numbers is increasingly difficult. Therefore, consider-
ing all constraints, a rule of thumb is to use f-numbers in the range [3-10] [49].

The f-number is therefore less relevant for interferometer design. For instance, if the beam is first
focused before combination by passing through a single-mode fiber, the f-number can be changed
by the focusing element (e.g. a simple converging lens). Since the light-gathering optic acts merely
as a beam compressor, essentially forming an afocal system, the f-number does not have direct
importance in the design.

A more critical factor for the design is the magnification M of the beam compressor. The magni-
fication refers to that of the confocal system consisting of two parabolas. It aims to narrow the
beam while maintaining the rays parallel for the beam combination phase. The beam must not
be narrowed too much to prevent auto-interference (interference between rays of the same beam)
but it should be sufficient.

The choices of D, M and indirectly F# are not independent, and another important factor also
needs to be taken into account: the size (S) of the optical system.

The size of the optical system is mainly due to the confocal system. Denoting the first and second
parabolas by 1 and 2, the relationships governing the confocal system are as follows:

fi r
F# = — = —
=D fi 5
2 r
Fity =12 -2
27D, =5
D
S=fi+f, M:%:D—?. (3.3)

It is inferred that higher f-numbers lead to less compactness, resulting in a higher value of S.
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Figure 3.5 illustrates the influence of the previously defined parameters on the compactness of the
design.
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Figure 3.5: Influence of the focal length of the first mirror on the confocal optic size S.

As can be observed in Figure 3.5, the direct use of a confocal system as the first mirrors allows for
utilizing the full length of the baseline, resulting in a higher f-number. On the other hand, the use
of a siderostat before the confocal system imposes constraints, making the system more compact
with a lower f-number, as the baseline cannot be fully utilized. The range of f-number and the size
of the design with respect to the baseline are also displayed. Parameters and configurations choices
will take into account the relationship between each parameter and the constraints outlined by
Figure 3.5.
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3.3 CodeV designs

Based on the previous investigations, we have designed two different configurations with an aper-
ture diameter D = 50 cm and a magnification M = 20, following the FKSI concept as an initial
approach, and implemented them in CodeV.

The first configuration implements a siderostat before conveying the light to the confocal system.
Hence, an f-number of 3 is chosen to improve the compactness of the design.

The second configuration consists directly of a confocal system, which will also act as the primary
optical surface encountered by the light. This system allows the utilization of the baseline as a
useful length for the confocal system, and the f-number can be increased to 10.

Each configuration is further explained below.

3.3.1 Siderostat-Confocal Hybrid Optic (SCoHo)

The first configuration, also known as SCoHo (Siderostat-Confocal Hybrid Optic), implements a
siderostat as the initial optical surface before using the confocal system for light gathering, as
depicted in Figure 3.6.
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Figure 3.6: SCoHo schematic design and ray tracing, implemented and created in CodeV.

This figure illustrates only the pre-combining stage of the optical design, which is the focus of this
master’s thesis.
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The SCoHo light gathering system is further illustrated in Figure 3.7.
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Figure 3.7: First configuration: light gathering.

The siderostat is inclined by 45 degrees and covers the entire aperture before conveying the light
to a confocal system consisting of a primary mirror with a curvature of 300 cm and a secondary
mirror of 15 cm. Both mirrors have a parabolic shape, described by the equation:

xZ

- 4
T (3.4)

where z is the sag of the mirror surface, x is the radial distance from the optical axis, and R is the
radius of curvature. This equation represents the surface profile of each mirror.

This design is similar to FKSI in many ways, and the use of the siderostat, even though it requires
a large secondary mirror, allows for easy recalibration with respect to a first powered mirror. The
siderostat also offers easier manufacturing.

Coherence maintenance and eventual corrections are performed afterwards by an optical delay line

and a tip/tilt mirror, as illustrated in Figure 3.8.
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Figure 3.8: First configuration: correction and coherence maintenance.
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No further details are provided as these are standard elements for ensuring coherence maintenance.

3.3.2 Direct Confocal Setup (DiCoS)

The second configuration, also known as DiCoS (Direct Confocal Setup), directly consists of the
confocal system made by the primary and secondary parabolic mirrors, as illustrated in Figure 3.9.
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Figure 3.9: DiCoS schematic design and ray tracing, implemented and made in CodeV.

Once again, only the pre-combining stage is represented.
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The DiCoS confocal system is further depicted in Figure 3.10.
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Figure 3.10: Second configuration: light gathering.

The primary mirror exhibits a curvature of 1000 cm, resulting in the secondary mirror having a
curvature of 50 ¢m to achieve a 20 magnification. Calibration is more challenging with a curved
first mirror, but there is no need for a secondary large mirror. This design can be seen as a
modified version of the FKSI.

Coherence maintenance and eventual corrections are also performed afterward by an optical delay
line and a tip/tilt mirror, represented in Figure 3.11.
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Figure 3.11: Second configuration: correction and coherence maintenance.

This last part is similar to the SCoHo configuration.
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3.4 Conclusions

In this chapter, two distinct configurations for interferometric systems, namely the SCoHo (Sidero-
stat-Confocal Hybrid Optic) and DiCoS (Direct Confocal Setup) were proposed and designed in
CodeV. These configurations will be used to test the performance modeling tool developed in
the next chapter.

The SCoHo configuration integrates a siderostat as the initial optical surface, followed by a confocal
system, while the DiCoS configuration directly implements the confocal system without the use
of a siderostat.

Features comparison reveals several key differences between the two configurations. SCoHo offers
advantages in coherence maintenance and ease of calibration due to the inclusion of the simple
siderostat. However, it requires a larger secondary mirror, resulting in increased weight, size, and
reduced compactness. On the other hand, DiCoS achieves a more compact design by eliminating
the siderostat, leading to potential benefits in terms of weight and size reduction, albeit at the
expense of some challenges in tracking error mitigation.

Design considerations highlighted the importance of factors such as baseline length, aperture diam-
eter, and optical surface curvature in determining the performance and feasibility of interferometric
systems. Overall, this investigation sheds light on the design considerations and trade-offs involved
in the development of interferometric systems.
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This chapter focuses on developing a performance modeling tool for a nulling space interferometer and
is the heart of this master’s thesis. This tool aims to assess both on-axis and off-axis observation per-
formance and enables performing tolerancing and sensitivity analysis of interferometer designs such as
SCoHo and DiCoS. Through such analysis, insights into the sensitivity of interference quality to pertur-
bations can be gained, and conclusions can eventually be drawn. Firstly describing the importance of
tolerancing, the chapter goes on by presenting the methodology, and particularizing it for both types
of observations. A rigorous convergence analysis is provided in the appendices. The following chapters
will provide an overview of the capabilities of this newly developped tool in tolerancing and sensitivity
analysis to demonstrate its robustness and usefullness.

4.1 The need for tolerancing

Tolerancing in space nulling interferometry and optics, in general, is of paramount importance.
This method is critical to ensure the expected optical system performance in the harsh and variable
conditions of the cosmos and to account for manufacturing and alignment errors. In outer space,
optical instruments undergo radiation, mechanical stresses, and extreme temperatures, all of which
can affect and degrade their alignment and performance. Tolerancing allows setting acceptable
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limits for deviations in the main parameters, ensuring the optical system still operates correctly
within these deviations. It is mandatory for achieving the high precision and accuracy required
for space optics, ensuring system reliability and robustness, and balancing the need between cost
and feasibility [50] [51].

For nulling interferometry, in particular, tolerancing is crucial to maintain the extremely low
wavefront errors needed to achieve the desired null depth (typically in the range of 10~# to 107°
[10]). Hence, this requires tight tolerances on the surface quality of the mirrors as well as for the
alignment of the different optical components. Precise alignment is essential for controlling the
path length difference in the interferometer arms within a fraction of the wavelength of light to
achieve effective nulling. The coherence length L. for both SCoHo and DiCoS is indeed A /25. By
definition, the coherence length is given by

12

Le="
c AA"

(4.1)

AL
with - the wavelength resolution of the optic system.

By considering an equivalent resolution to the FKSI for both configurations studied, L. = 0.4m
for the wavelength of interest.

Thermal stability must also be enforced, although this is less of a problem for space nulling
interferometry missions typically launched to Lagrangian Point 2 (L2), a semi-stable point in the
gravitational field created by the Earth and the Sun located approximately 1.5 million kilometers
away from Earth. L2 provides a stable thermal environment, reducing thermal fluctuations crucial
for the precise measurements required by nulling interferometers. Both ESA’s Darwin Mission and
NASA’s Terrestrial Planet Finder (TPF) proposed mission concepts considered orbits around L2.

Vibrations from external sources or the spacecraft itself can disturb the alignment of optical sur-
faces. Mechanical tolerances must account for these potential disturbances, and damping mecha-
nisms might be needed. In addition, optical coatings and materials used in the design must remain
stable over time and under potential radiation exposure to maintain the nulling interferometer’s
performance.

The tolerancing process involves several steps: defining requirements, error budgeting, sensitivity

analysis, setting tolerances, and verification and testing.

e Defining Requirements: Establish the performance requirements for the nulling interferom-
eter, such as null depth, wavelength range, resolution, and response function.

e Error Budgeting: Allocate allowable errors to different components and factors, such as
surface roughness, alignment errors, and thermal effects.

e Sensitivity Analysis: Perform sensitivity analysis to understand how deviations in certain
parameters affect overall performance, helping prioritize the most critical tolerances.

e Setting Tolerances: Based on error budgeting and sensitivity analysis, set tolerances for each
component and parameter, such as allowable parabolic mirror surface curvature imperfection
or the acceptable range of alignment errors.

e Verification and Testing: Validate the tolerances through simulations, testing, or prototypes
to ensure the overall system meets its performance requirements despite these deviations.
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In summary, tolerancing aims to set acceptable limits for deviations in various parameters to ensure
the overall system meets its performance requirements despite these deviations and to predict the
performance of the as-built system in operational conditions.

4.2 Extraction of output parameters from CodeV

An operating space nulling interferometer is considered. The wavelength of interest is set to
A = 10um, the central wavelength of the infrared range considered. Numerical convergence has
been enforced and is explained in further details in Section 6.3.

In absence of any perturbations, the light wavefronts coming from the collector optics onto the
beam combiner are perfectly parallel. The goal of the pre-combination optics is indeed to collimate
the beam, regardless of whether the beam is subsequently focused. Figure 4.1 illustrates the
wavefront behavior after passing through an unperturbed, perfect optical design, represented by
a simple optical surface acting as a blackbox.
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Figure 4.1: Unperturbed optical design wavefronts.

As can be observed, the wavefronts arrive perfectly parallel at the plane of combination. This
plane represents the plane at which the state of the light is investigated. Each ray in this beam
therefore exhibits the same optical path length. Consequently, when this signal is interfered with
an equivalent signal dephased by 7, the interference quality is theoretically perfect and the starlight
suppression is expected to be total. This scenario describes an ideal nulling interferometer.

However, optical designs are generally subject to imperfections, as depicted in Figure 4.2.
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Figure 4.2: Perturbed optical design wavefronts.
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Wavefronts are no longer planes at the plane of combination, resulting in a distribution of opti-
cal path length and a reduction in interference quality. The nulling interferometer is no longer
ideal. These imperfections simulate potential flaws in the optical design, calibration tolerances, or
misalignments due to thermal effects.

This chapter aims to develop a tool and establish a methodology for analyzing interference quality
under such perturbed conditions. For the sake of example, a simple converging lens is treated as
a black box for a nulling interferometer observing on-axis.

4.2.1 Optical Path Distribution

The methodology begins by extracting the optical path of each ray for both perfect and perturbed
signals. This is performed using the ray-tracing software CodeV. A macro program has first been
developed and implemented in CodeV to retrieve the optical path of selected beams. The results
are then visualized using MATLAB, as demonstrated in Figure 4.3.
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Figure 4.3: Discrete optical path distribution of the light rays over the detector retrieved from
codeV.

The perfect signal exhibits no deviation in optical path, aligning with the expected physics of the
case. Conversely, the convergence of the perturbed beam is clearly identified in Figure 4.3b.
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An interpolation of these discrete datasets is subsequently conducted to obtain the complete beam
wavefront reaching the reference plane for both signals, as depicted in Figure 4.4.
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Figure 4.4: Interpolated optical path distribution of the light rays over the detector.

A 1000x1000 grid is used, see Appendix B, before applying the effect of the circular aperture.

4.2.2 Relative Phase Distribution

Furthermore, the knowledge of the optical path (OP) distribution enables the direct computation
of the phase (@) for each rays using the relationship hereafter:

0= 27:% : (4.2)

where A represents the working wavelength. The phase is subsequently wrapped within the range
[—7-7).
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The inferred phase distribution corresponding to this computation is depicted in Figure 4.5.
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Figure 4.5: Phase distribution of the light rays over the detector.

The periodic nature of the phase can be observed in Figure 4.5b, aligning consistently with the
corresponding purely radial optical path distribution.

4.2.3 Interference Intensity

Assuming a constant amplitude Ay for both initial signals, and setting it to 1 without loss of
generality, the interference of the two signals can be performed. The first signal (i.e. the perfect
one) is shifted by & before further computations. The coherent sum of both signals can then be
applied in the case of nulling interferometry using the following equations:

A= /2 (1+cos(¢1 — ) , (4.3)

and

6 = tan~! (Sin((bl) +Sin(¢’z)> 7 (4.4)

cos(@y) + cos(¢)

where A and @ represent the amplitude and phase of the resulting interference signal, respectively.
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To facilitate discussion in terms of intensity I = A?/2, half of the modulus square of the signal is
computed, resulting in the intensity distribution of the interfered signal as illustrated in Figure 4.6.
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Figure 4.6: Intensity distribution of the interfered signal over the detector.

In Figure 4.6b, values of 2 correspond to constructive interference whereas values of 0 indicate
destructive interference. For instance, if this optical design were to be implemented in an actual
nulling interferometer, the quality of the interference would be suboptimal. To provide a bench-

mark for comparison, the intensity distribution of a perfectly nulling instrument is depicted in
Figure 4.6a.

It is important to note that this methodology describes the behavior of a light beam before
any focusing. Imperfections in this pre-focus stage would propagate to further imperfections
after focusing and subsequent beam combination. To construct the interferogram, as discussed in
chapter 1, both signals would generally need to be focused, and successive fields should be covered.
The analysis presented until here is valid either for on- or off-axis observations.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

4.3 Derivation of the response function

4.3.1 Choice of the figure of merit

To evaluate the interference quality, a spatial average of each ray of light is computed to obtain
a unique value of average amplitude A, or similarly for the intensity. In this case, the normalized
average amplitude is given by

A

— =1.238>>0. (4.5)
Ap

A perfect interfered signal completely cancels out the starlight at a zero angle, A =0, as explained

in chapter 1. Therefore, the normalized amplitude value does not directly correspond to the nulling

depth, which accounts for stellar leakage and total intensity retrieved from the star, as discussed

again in chapter 1. Hence, while the normalized amplitude AAO does not directly represent the null

A

depth N, it serves as a proxy for interference quality. In this case, since = 1.238 >> 0, the
0

nulling capability of this hypothetical design is severely compromised.
A better figure of merit was already introduced in chapter 1 in the sense of the response function
R, relating the factor by which the starlight is reduced. As derived in [10], the response function
R of the nulling interferometer is computed from the juxtaposition S of the two light signals, one
being m-shifted to achieve destructive interferences:

S=— (e’c—l—e_’c-e’”) , 4.6
7 (1.6
where an equal intensity of the signals is assumed and the quantity C expresses the following:

_ b
o

Subsequently taking the modulus square of § yields the classical response function R of a perfect
nulling interferometer (complete demonstration provided in Appendix C),

C (4.7)

R =2sin’*(C)|. (4.8)

This expression is nonetheless only valid for a perfect combination of the signals.

This figure of merit will now be investigated for on-axis observations and later generalized for
off-axis observations.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

4.3.2 On-axis analytical development

On-axis observation, 8 = 0°, is illustrated in Figure 4.7.

N

Figure 4.7: On-axis observation of a nulling interferometer.

In order to use R as a figure of merit for on-axis observations, R(0), one must generalize its
expression for a random phase perturbation A¢ with respect to the perfect m-shift at an angle
6 =0, or equivalently C =0.

A perturbation term is thus added in the demonstration in [10], resulting in a new expression for

S:

§— (eiC_i_e—iC‘ei(n—i—Ad))) 7 (4.9)

N

simplifying for on-axis as

$(0) = \%(1 ~ (cos(Ad) +i-sin(A9))) . (4.10)

Subsequently taking the modulus square provides the perturbed response function expression for
on-axis,

1
R(0) = (1 —2cos(AQ) + cos*(A@) +sin*(A9))) . (4.11)
Using the Pythagorean trigonometric identity,

R(0) =1—cos(A9) , (4.12)

and Carnot’s formula finally yields the final expression

R(0) = 2sin2(%) : (4.13)
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4.3. DERIVATION OF THE RESPONSE FUNCTION

Assuming A¢ <<, the small angles approximation, a similar expression than chapter 1 is retrieved:

: (4.14)

the difference lying in the multiple effects taken into account [34]. This expression describes the
so-called non-null floor perturbations, as depicted in Figure 4.8.

Unperturbed
— — — - Non-null floor

Observation angle [mas|

Response function R [-]

Nornrnull floor

Unperturbed

-50 0 50
Observation angle [mas]

Figure 4.8: Non-null floor perturbations of the response function.

The red curve, however, is only physically valid at a zero angle of observation, as values higher
than 2 might be reached. The actual solution for any angles will be derived in the next section.

There are two approaches to compute the response function: deriving it from the phase, as demon-
strated above, or directly using the intensity, which is equivalent. This equivalence will be demon-
strated for off-axis observations but can also be applied to on-axis observations.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

4.3.3 Off-axis analytical development

The methodology is now generalized for off-axis observations, as illustrated in Figure 4.9.

Figure 4.9: Off-axis observation of a nulling interferometer.

However, the figure of merit must be adapted since only R(0) perturbations have been derived so
far. The demonstration of the perturbed response function expression from the phase is provided
hereunder.

The expressions derived previously are either only valid for a perfect combination of the signals
or for on-axis perturbations. In order to use R as a figure of merit for tolerancing means at any
angle, one must generalize its expression for a random phase perturbation A¢ with respect to the
perfect m-shift for C # 0.

A perturbation term is thus added once again in the demonstration in [10], resulting in a new
expression for S:

S= 1 (eic+e_ic : ei(”+A¢)> : (4.15)

V2

It is then first assumed that A¢ <<, the small angles approximation can thus be applied with

THA9) — _ (cos(A@)+i-sin(Ag)) = —1 —iA¢ . (4.16)

Replacing in S,

s:\%( "C+e*"c~(—1—iA¢)> (4.17)
successively gives
1 /. , ,
5= (e’c —eiC_jAg -e*’C) , (4.18)
S= _ (2i-sin(C) — iA@ - cos(C) — A¢ -sin(C)) (4.19)

V)

by taking advantage of the Euler formulas.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

Highlighting the real and imaginary parts,

L. :
S= G (i- (2sin(C)A¢ —cos(C)) — A¢ -sin(C)) (4.20)

and taking the modulus square yields

R= % ((2sin(C) — A - cos(C))* + (A -sin(C))?) . (4.21)
By decomposing, it gives
% (4sin?(C) — 4sin(C)cos(C)A¢ + Ag*cos®(C) + Ag>sin*(C)) . (4.22)

Using the Pythagorean trigonometric identity cos?(C)+sin?(C) =1 and the addition formula
2sin(C)cos(C) = sin(2C), it becomes

R= % (4sin*(C) — 2sin(2C) A + A9?) (4.23)

finally yielding the perturbed expression of the response function

R = 2sin?(C) —sin(2C)A¢ + %’52 : (4.24)

This equation nonetheless assumes small perturbations and is not valid in all cases.

The generalization for all perturbations of this expression is only possible without assuming the
small angles hypothesis. The exact solution for § is thus given by

S=— (eic — e C.cos(Ap) —i-sin(Aq))e_iC) . (4.25)

Applying the Euler formulas and developing gives

% (cos(C) +i-sin(C) — cos(A@)cos(C) +i-sin(C)cos(A@) — i -sin(A@)cos(C) — sin(A¢)sin(C)) .
(4.26)

The exact expression of the response function is retrieved by taking once again the modulus square
of the previous expression:

R = = ([sin(C) + sin(C)cos(Ap) — sin(Ag)cos(C)]? + [cos(C) — cos(Ad)cos(C) — sin(A¢)sin(C)]2) :

(4.27)

| =

where the imaginary and real parts have first been highlighted.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

Developing each bracket square by using the formula (a+b+¢)? = (a? 4 b? +¢? + 2ab + 2bc + 2ac)
yields

R= % ([2sin2(C)cos(A¢) —2sin(A¢)sin(C)cos(C) — 2sin(C)cos(C)sin(A¢ )cos(A@)
+sin%(C) 4 sin*(C)cos? (AQ) + sin®(A¢ ) cos*(C)]
+ [cos?(C) — 2c0s*(C)cos(A¢) — sin(Ad)sin(2C) + cos? (A )cos?(C)
+5in(2C)sin(A@ )cos(A@) + sinz(Aq))sinz(C)]) .

(4.28)

After removal of the cancelling terms and application of the trigonometric identity and addition
formula, the expression is simplified as

% (25in2 (C)cos(AP) —2sin(2C)sin(A¢) +2 — 2COSZ(C)COS(A¢)) . (4.29)

Highlighting now the terms in cos(A¢),

1
R=> (2cos(A9) - (sin*(C) — cos?(C)) — 2sin(2C)sin(A¢) +2) (4.30)
and applying once more the trigonometric identity gives
1
R= 3 (2cos(A¢) - (2sin?(C) — 1) — 2sin(2C)sin(A¢) + 2) . (4.31)

By simply developing, it provides

R= (4008(A¢)sin2 (C) —2cos(A¢) — 2sin(2C)sin(A9) +2) . (4.32)

NSRR

By taking advantage of Carnot’s formula 1 — cos(2a) = 2sin®(a), it yields

R= % (4008(A(]))Sin2(C) —|—4sin2(%) — ZSin(ZC)sin(A(p)) , (4.33)

finally giving the general expression of the response function for any phase perturbation

R = 2sin’(C)cos(A@) + ZSinz(%) —sin(2C)sin(A¢) | . (4.34)

Specific cases of this expression come back to the other previously defined identities.

In the particular case of A¢ =0, the expression of the perfect response function is retrieved [10]
whereas applying the small angles approximations yields the approximated formula.

This mathematical expression of the response function is bounded between 0 and 2, complying
with its physical interpretations of constructive and destructive interferences limits.

Trivially, the maximum perturbation possible A9 = 7 simply comes back to strict interferometry
without m-phase shift. Hence, constructive interference occurs at a zero angle of observation and
the fringe pattern becomes inverted.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

The representation of the perturbed response function is illustrated in Figure 4.10 for any angles.

Unperturbed
\ — — — - Perturbed

Response function R [-]

\ Perturbed

\ Unperturbed

Observation angle [mas]

-50 0 50
Observation angle [mas|

Figure 4.10: Perturbed response function.

Such a curve can be obtained by conducting MonteCarlo simulations on a toleranced system,
extracting the A¢ in each case and computing the statistical value at 1 sigma. Applications of

these simulations are provided in chapter 5.

Alternative approach

The knowledge of the phase, easily obtainable, to compute the response function is pleasant and

straightforward. However, it is not always applicable.

For instance, with designs undergoing

straylight, the phase becomes incoherent so that this approach is proscribed. Another strategy as
briefly mentioned for on-axis is to directly use the interferogram or intensity of the interference.
The equivalence between the general perturbed response function and the intensity is demonstrated
hereunder. Omne approach will be preferred to the other depending on conditions and physical

context.
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4.3. DERIVATION OF THE RESPONSE FUNCTION

First of all, the geometry of the problem is recalled in Figure 4.11.

Wavefront

Figure 4.11: Off-axis observations geometric schematic.

The optical path difference OPD between the two collectors is easily computed from Figure 4.11

as

OPD = OP, — OP, = b0

with OP; the optical path of the beam of collector i.

By definitions of the variables used previously, the following relationships are inferred:

b0 (0P2 — 0P1)7L'

C = =
A A ’

2w OP;

(pl - 2/ )

so that eventually

¢ — 1

C= .

2

Starting out from the definition of the interference intensity and replacing yields

I=14cos(¢p1+m—¢) =1+cos(—2C+m) .

Using the trigonometric relationships cos(—a) = cos(a) and cos(a+ ) = —cos(a) gives

I=1—cos(2C) .
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4.3. DERIVATION OF THE RESPONSE FUNCTION

Finally, Carnot’s formula directly proves that the response function equals the intensity, at least
without any perturbations:

I =R =2sin*(C)|. (4.41)

Adding a perturbation term A¢ as previously in the definition of the intensity will now prove that
this equality stands for any angles and with or without perturbations.

Starting again from the definition, it gives

I=1+4cos(—2C+m+Ap) =1—cos(—2C+A¢) . (4.42)

Using now the trigonometric addition formula cos(a —b) = cos(a)cos(b) +sin(a)sin(b) yields

I =1—(cos(2C)cos(A@) +sin(2C)sin(Ag)) , (4.43)

and, after further simplifications and rearrangement,

I=1—(1—2sin*(C))cos(A¢) —sin(2C)sin(A¢)) . (4.44)

After decomposition,

I=1—cos(A¢) + 2sin?(C)cos(A) — sin(2C)sin(Ag) (4.45)

it finally gives the expression of the perturbed response function, concluding this demonstration:

I = R = 2sin*(C)cos(Ad) — sin(2C)sin(A¢) + sinz(%) : (4.46)

Two approaches can therefore be envisaged: deriving the response function from the easily ob-
tainable phase distribution or using the intensity when not applicable.
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4.4 Tolerance analysis interpretations

Two common strategies exist for conducting a tolerance analysis, namely using statistics with
Monte Carlo simulations or fixing parameters and performing sensitivity analysis. The two ap-
proaches are detailed and interpreted hereafter.

MonteCarlo simulations

A perturbation is first applied to the optical system. The associated figure of merit, the response
function, is then evaluated for each angle of observations from the dark to the bright fringe. This
results in a perturbed response function curve for the considered perturbed configuration. This
stage is repeated a great number of times for different random perturbations to later perform
statistics. This is by definition MonteCarlo simulations. At the end, the values of R is known
for a great number of perturbed systems at each angle considered. Statistics can therefore be
conducted, and two important scenarios are considered:

e The starlight extinction for the worst-case scenario. For the sake of the example, this will be
evaluated for a 1 sigma percentile. However, a more restrictive approach can be followed with,
for instance, a 2 sigma percentile but this requires to perform an even larger of simulation
to ensure appropriate “statistics”. The starlight extinction is thus taken at the extent of
the star, where the stellar leakage is at its maximum. This value is desired to be as low as
possible for a nulling interferometer.

e The planet transmission for the worst-case scenario (considering again a 1 sigma percentile).
This value is computed at the location of the bright fringe. Conversely, this value is desired
to be as high as possible for a nulling interferometer.

Before further discussion, the probability density function (PDF) and associated cumulative distri-
bution function (CDF) of a distribution (in this example a Gaussian) are illustrated in Figure 4.12
for the sake of comprehension.
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Figure 4.12: PDF and associated CDF of a normal distribution.
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4.4. TOLERANCE ANALYSIS INTERPRETATIONS

The PDF of a distribution describes the likelihood of a random variable (X)) taking on a specific
value. On the other hand, the CDF of a distribution represents the probability that a random
variable (X) is less than or equal to a specific value (z). It is therefore the integral of the PDF
from —eo to the specific value (z). The 1 sigma and -1 sigma percentiles correspond respectively
to the 84.13th and 15.87th percentiles. Thus, approximately 68.24% of the values lie within those
limits. Moreover, for the specific case of a normal distribution, the 1 sigma value corresponds to
the standard deviation of the distribution.

Returning to the star and planet signals, a subtlety nevertheless arises in the sense that a 1 sigma
percentile approach for the star corresponds to a -1 sigma percentile for the planet, due to the
switch between dark and bright fringes.

The reference curve for the star extinction will be located below, so that the 1 sigma percentile
curve corresponds to the worst case scenario under which 84.1 % of the perturbed configurations
have a lower stellar leakage (or lower response function). On the other hand, the reference
curve for the planetary transmission will be located above, so that the 1 sigma percentile
curve corresponds this time to the worst-case scenario above which 15.9 % of the perturbed
configurations have a better transmission (or higher response function). In other words, the
equivalent curve would be the -1 sigma percentile curve. This is due to the change of reference
and would not happen if the mean curve was considered.

A value of contrast v can be computed between the maximum response function of the planet R,
and the value of the response of the star at the angle of extent of the stellar leakage R, as
_ Ry—R.

 R,+R.

v (4.47)

This definition of the contrast v is similar to that of visibility V except that the response at the
extent of the star is investigated instead of the minimum at a zero angle. Figure 4.13 further
illustrates this contrast in the case of a perturbed design with respect to the unperturbed one for
the star of reference.

Perturbed
%  Star extinction
O  Planet transmission

Unperturbed
%  Star extinction
O  Planet transmission

contrast
v < Uy

contrast Uy

Response function R [-]
Response function R [-]

0 0
Observation angle 6 [mas] Observation angle 6 [mas|
(a) Unperturbed case (b) Perturbed case
Figure 4.13: Contrast between star extinction and planet transmission.

As can be seen for the unperturbed design, the planet transmission has a natural value of 2 and
stellar leakage occurs, leading to a finite value of contrast. If the design is perturbed, the planet
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transmission is lower and the stellar leakage is higher, or, equivalently, the stellar extinction is
lower. This results in a degraded contrast. This contrast was particularized in the case of a single
perturbed design, but, as discussed previously, statistics can be conducted on a high numbers of
cases. However, as aforementioned, the worst case scenario for stellar leakage at 1 sigma must be
associated to the worst case scenario for planet transmission at -1 sigma.

Sensitivity analysis

The other approach consists of evaluating the sensitivity of the system by conducting simulations
over different values of the perturbations for a fixed parameter. For instance, degrading the curve
radius of a mirror and assessing the value of the response function, all other things remaining
unchanged. This allows targeting one specific constaints and prioritizing specific tolerances.
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4.5 Conclusions

An advanced analysis tool has been developed to assess interference quality, leveraging the results
from CodeV ray-tracing software and MATLAB postprocessing capabilities. Utilizing the response
function as a figure of merit, it establishes a robust foundation for subsequent investigations into
optical designs such as SCoHo and DiCoS. The tool offers two computation strategies based on the
coherence of the phase or the direct use of the interferogram. Additionally, a rigorous convergence
study is conducted in the appendices to ensure the validity of the results. The capabilities of this
tool will be demonstrated in the following chapters through tolerancing analysis and the study of
various perturbations such as tip/tilt and mirror imperfections. Monte Carlo simulations will be
explored in chapter 5 to assess the influence of manufacturing tolerances and positioning errors,
while sensitivity analysis will be performed in chapter 6.
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Tolerance modeling results
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This chapter aims to utilize the modeling tool developed previously to conduct Monte Carlo tolerancing
analysis on the SCoHo configuration. The objective is not to derive precise specifications for design
tolerances at the conclusion of the process. Instead, the focus is on exploring typical tolerance values
to demonstrate the robustness and utility of the tool. The parameters for the simulations are initially
presented and justified before presenting the results for both nominal performance and perturbed cases.

5.1 Tolerancing hypothesis

This chapter is dedicated to the budget error approach. On the other hand, sensitivity analysis
are conducted in the following chapter. For this matter, MonteCarlo simulations are conducted
for mirror wavefront errors and optical surfaces positioning errors. A nominal configuration is
thus taken as standard and departures from this configuration are simulated by random devia-
tions. A standard deviation error e is chosen, so that by denoting x the nominal configuration,
gaussian random departures occurs around x. The figure of merit considered to assess the nulling
interferometer performance is the response function R, as explained previously.

The typical mirror wavefront error standard deviation considered are A /10 for plane mirrors and
A /20 for powered ones, with the exception of the tip/tilt mirror, which is set at A/100. This finer
tolerance for the tip/tilt mirror is justified by its critical sensitivity in ensuring coherence mainte-
nance. Alignment errors of 0 (no misalignment), 1, and 10 microns are discussed, corresponding
to X, Y, and Z departures of the optical surfaces from their initial spatial positions. The extreme
value of 10 microns, equivalent to the wavelength, represents a scenario of a completely ill-designed
nulling interferometer. The cases are presented in order of magnitude of the perturbations.
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5.2 Nominal performance

The tool is validated by demonstrating the behavior of the response function under nominal
performance conditions. By retrieving data from CodeV with the perfect optical design of SCoHo,
Figure 5.1 shows the adequacy between the measured optical path and the theoretical perfect

response function, confirming the physical interpretations of this methodology. The associated
main fringes interferogram is also depicted.
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Figure 5.1: Response function of a perfect nulling interferometer of baseline 12.5 m and
associated main fringes interferogram.
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5.3 Results

5.3.1 Case study 1

The proposed tolerancing method is now examined by considering the wavefront errors discussed
previously (in particular A /100 for the tip/tilt mirror), while maintaining perfect alignment of all
optical surfaces. This case allows to explore an example of manufacturing tolerances of mirrors
and will serve as a baseline for discussing alignment errors.

Figure 5.2 illustrates the deviations of the perturbed simulations from the unperturbed perfect
response function curve. The curve representing one positive standard deviation from the mean
is also presented. The simulations are performed for a specific set of angles, covering the central
region of the interferogram, which explains the vertical alignment of the simulated points.
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Figure 5.2: Perturbed response function curve from MonteCarlo simulations with respect to the
unperturbed theory (wavefront error A /100, no misalignment).

The primary effect of the perturbed configuration is the emergence of non-null floor perturbations.
Even for on-axis observations, starlight cancellation is no longer total, resulting in a non-zero
value for R(0) = 0.029. Additionally, an increase in stellar leakage, indicated by the shaded area,
is evident in Figure 5.2. Previously, the starlight dropped on the detector, causing the response
function to reach as high as R = 0.584 at the beginning of the star’s corona. This value further
increases for the perturbed 1 sigma curve, reaching R = 0.906. The hypothetical star considered
remains Proxima Centauri, as discussed in chapter 1. The contrast v can be computed as v =0.342,
which can be compared to the unperturbed case contrast vo = 0.548. By definition, as discussed
previously, it is computed between the star response function at the extent angle of stellar leakage
and the planet maximum response function angle. This further demonstrates the degradation of
the interference quality.
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Another perspective on the effect of the perturbed simulations is shown in Figure 5.3, which depicts
the normalized perturbed response function.
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Figure 5.3: Normalized perturbed response function from MonteCarlo simulations and associated
deviation envelope (wavefront error A/100, no misalignment).

The perfect response function has been substracted from the perturbations to assess their direct
effect relative to the nominal value (the line x = 0). Negative values, therefore, illustrate points
below the theoretical curve. At low angles, this would result in enhanced performance and a
better extinction ratio than the classical 8% behavior. Conversely, at angles corresponding to the
neighborhood of a maximum of the sine square theoretical curve, where constructive interference
normally occurs, the interferences would no longer be fully constructive, resulting in a loss of
contrast.

As observed in Figure 5.3, the upper envelope increases with the observation angle up to a certain
point, after which the trend reverses. Moreover, the mean line starts to decrease at greater angles.
The inflection point of the envelope can be understood by considering the bounds of the response
function [0;2]. As the angle increases, the response function approaches the value of 2. Therefore,
the perturbations begin to deteriorate the constructive interferences instead of the destructive
ones, resulting in a decrease in the upper envelope. On the other hand, the bounds of 0 and 2
also explain the behavior of the mean line. For a zero angle of observation, or equivalently at the
minimum of the sine square function, the response function can only be greater than 0, whereas
at its maximum, it can only be lower than 2. These constraints force the distributions of the
perturbations to be positive at a zero angle and negative at the maximum angle. Hence, the mean
line starts positive and ends negative in this normalized graph.
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This shift explains the distribution of points from positive to negative values for the angles corre-
sponding to the minimum (0 mas) and the maximum (approximately 81 mas) of the theoretical
curve, as illustrated in Figure 5.4.
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Figure 5.4: Distributions of the response function for angles of respectively 0, 27, 54 and 81 mas
(wavefront error A /100, no misalignment).

The histogram graphs represent the normalized distributions where the unperturbed value has been
subtracted. It shows that the distribution is less spread at the minimum than at the maximum.
However, at the maximum, there are more occurrences of nearly unperturbed values. Histograms at
intermediate angles are also presented in Figure 5.4 to illustrate the evolution of these distributions.

Two bulges of point concentration can be observed. With increasing angles, the left bulge, initially
higher than the right, starts to decrease in amplitude in favor of the right. The extreme cases are
thus illustrated for angles of 0 and 81 mas.

Independently of the observation angle, the distribution appears to be a combination of two bulges.
At low angles, only one predominant bulge can be observed, with the distribution contained
positively near the 0 value of the response function. The symmetric case occurs at high angles
corresponding to the maximum of the unperturbed response function, with a negative containment
near the 0 value. Between these angles, the distribution is seen to be a combination of both bulges,
with the concentration of points shifting slightly from left to right as 6 increases. This shift was
already reflected in the behavior of the mean value line in Figure 5.3.
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Finally, the difference between the various expressions of the response function derived are inves-
tigated in Figure 5.5. The unperturbed curve, describing a sine square, represents the ideal case.
When considering non-null floor perturbations, starlight is not completely cancelled out at a zero
angle of observation. For this configuration, the effect appears relatively small, with R(0) = 0.029
as discussed previously. However, the extremely high precision required for nulling interferome-
try, especially for ensuring coherence, must not be disregarded. Morever, it can be seen that the
non-null floor curve greatly underestimates the actual response function. The general solution
illustrates this actual and global effect of the perturbations for any angle of observation. This
solution is physically compliant since it is bounded between 0 and 2, similar to the unperturbed
solution. Finally, the approximation of the general solution, which is mathematically simpler,
offers a good alternative for small angles as long as the phase perturbation remains small. This
approximation, nevertheless, is not necessarily bounded between 0 and 2 and requires careful

interpretation.
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Figure 5.5: Evolution of the different response function definitions (wavefront error A /100, no
misalignment).
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5.3.2 Case study 2

In this case, misalignment of up to 1 micron is introduced for all optical surfaces.

Figure 5.6 illustrates the resulting deviations of the perturbed simulations from the unperturbed
perfect response function curve. In addition, the curve corresponding to one positive standard
deviation from the mean is presented.
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Figure 5.6: Perturbed response function curve from MonteCarlo simulations with respect to the
unperturbed theory (wavefront error A /100, misalignment 1 micron).

As observed in Figure 5.6, misalignments significantly degrade the capabilities of the nulling in-
terferometer, with R(0) = 0.162 and a stellar leakage R = 1.118 at the extent of the star. While
no perturbed simulation achieves a perfect null for on-axis observation, some simulations do im-
prove the response function at certain angles. However, such perturbed configurations may worsen
the interferometer’s capability at other angles, indicating that the configuration is not necessarily
optimized. This underscores the importance of tolerancing. Moreover, the large extent of the
distribution is expected due to a value of 1 micron, or equivalently A /10, which is more than twice
the coherence length. The contrast V can be computed as v =0.201, an even lower value than the
previous case.
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The instability of these

Normalized response function R [-]

simulations is further evident in Figure 5.7.
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Figure 5.7: Normalized perturbed response function curve from MonteCarlo simulations and
associated deviation envelope (wavefront error A /100, misalignment 1 micron).

Negative values indeed occur at times, indicating enhanced precision, but values as high as 0.8
above the unperturbed curve can also be observed. Nevertheless, the classical behavior of the
upper envelope and mean value line remains consistent. Finally, the evolution of the response
function expressions is depicted in Figure 5.8.
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Figure 5.8: Evolution of the different response function definitions (wavefront error A /100,
misalignment 1 micron).

The non-null floor perturbation is quite significant, with R(0) = 0.162, as mentioned. The general
solution demonstrates a clear degradation in performance but remains physically compliant, never
exceeding a value of 2. On the other hand, the approximation function proves to be less accurate,
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especially away from the on-axis observation, and tends to deviate from the general solution. In
addition, it reaches values higher than 2, which is not physically plausible. The rough, broken
appearance of the curves is due to the high amplitude of the perturbations. This highlights the
importance of the tolerancing modeling tool in establishing acceptable limits for deviations in
optical surface alignments, ensuring that the overall system meets its performance requirements.

5.3.3 Case study 3

This final brief case study involves extreme perturbations with misalignments of up to 10 microns.
This worst case in terms of perturbations, with respect to cases 1 and 2, is examined to explore the
chaotic performance of such a nulling interferometer. The deviations of the perturbed simulations
from the unperturbed perfect response function curve are depicted in Figure 5.9, with the 1 sigma
curve also included for reference.
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Figure 5.9: Perturbed response function curve from MonteCarlo simulations with respect to the
unperturbed theory (wavefront error A /100, misalignment 10 microns).

As anticipated, misalignments of up to the working wavelength value lead to complete chaos.
A misalignment of this magnitude could indeed convert destructive interference to constructive.
While not realistic, this demonstrates the tool’s robustness. Even with such an ill-defined problem,
the computed response function does not exceed a value of 2, and the tool continues to operate
effectively. This case clearly illustrates a suboptimally designed interferometer that requires re-
design. The concept of contrast is irrelevant in this case with the absence of real interpretations
of eventual conducted statistics. The contrast could be seen as v =0. Table 5.1 summarizes the
steady degradation of the contrast from the unperturbed case to the final case 3.

Table 5.1: Summary of the contrast of the various cases.

Unperturbed Case 1 Case 2 Case 3
% 0.548 0.342  0.201 0
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5.4 Conclusions

The general interference modeling tool developed has proven to be invaluable for tolerancing
analysis. Its capabilities were demonstrated in a specific case of A /100 wavefront error, highlighting
its importance for manufacturing tolerancing. Subsequently, it was employed for different optical
surface alignment tolerancing.

This tool can be utilized for comprehensive tolerancing analysis to optimize configurations such
as SCoHo or DiCoS, providing error budgets and tolerance sets.

In the next chapter, specific parameter variations and subsequent sensitivity analysis will be con-
ducted, serving as a second method to demonstrate the capabilities of this tool.
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Chapter 6

Parameters sensitivity analysis
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In this chapter, the previously developed analysing tool is used to investigate two basic type of pertur-
bations: tip/tilt and mirror curve imperfection. This second application will further demonstrate its
capabilities. The methodology is exemplified in a single applied case and a global sensitivity analysis is
subsequently conducted. Conclusions are eventually drawn on the necessity of implementing correction
mechanisms.

6.1 Tip/tilt angles

6.1.1 Applied case

Tip/tilt perturbations are considered for the SCoHo design. The methodology is detailed for a
0.1 degree tilt of the lightbeam at the plane of reference.
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6.1. TIP/TILT ANGLES

The optical path distribution and corresponding phase distribution are illustrated in Figure 6.1.
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Figure 6.1: Optical path and corresponding phase distributions of SCoHo configuration with a
0.1 degree tilt.

As observed in Figure 6.1a, a gradient of optical path occurs due to the tilt, as expected. Moreover,
even a subtle tilt as low as 0.1 degree can lead to differences in optical path up to twice the
wavelength in absolute value. This discrepancy would result in a loss of coherence, underscoring
the critical importance of tip/tilt monitoring.

The subsequent phase distribution is presented in Figure 6.1b. The purely longitudinal aspect
of the imperfection is evident from the periodic pattern of the phase. As discussed previously,
phase changes up to a full period occur at certain bands of the detector, significantly degrading
interference quality.

The interference intensity of this signal interfered with a perfect non-perturbed one is displayed
in Figure 6.2.
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Figure 6.2: Interference intensity of SCoHo configuration with a 0.1 degree tilt.

The longitudinal aspect persists, and constructive interference occurs at locations where the phase
change is 7 in Figure 6.2. The nulling capability of this optical design is disastrous, highlighting
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6.1. TIP/TILT ANGLES

the necessity of tilt corrections to address these types of imperfections. Such tilt errors may
arise from instrument tolerances, calibration issues, vibrations, or inadequacies in the Attitude
Determination and Control System (ADCS) for tracking the star accurately.

6.1.2 Sensitivity analysis

Interference quality proxies for a single value of tilt do not bring enough information on the
behavior of the design due to tipping or tilting. Hence, more simulations are performed for various
angles of tilt only. Since only tip would result in similar results by an argument of symmetry, the
following discussion is also valid for tip only.

Figure 6.3 illustrates the evolution of the maximum optical path difference when varying the tilt
angle of the detector.
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Figure 6.3: Sensitivity analysis of the maximum optical path difference with respect to tilt
angles. Discrete data from simulations (blue triangle) and coherence length (red) are represented.

A cubic fit of the data retrieved is also presented as well as the value of the coherence length L.
for further discussion.

From Figure 6.3, it is inferred that the critical angle value for tilt, above which interference quality
is jeopardized, is given by 0.002°. This highlights once again the need for tip/tilt corrections. A
tip/tilt mirror appears as mandatory to enforce and ensure coherence maintenance.
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6.1. TIP/TILT ANGLES

Additionally, the sensitivity analysis based on the figure of merit, the response function, is provided
in Figure 6.4.
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Figure 6.4: Sensitivity analysis of the response function with respect to tilt angles.

The response function quickly rises from its nominal value of 0 when the lightbeam is slightly
tilted, underscoring once more the need for correction mechanisms.

6.1.3 Tip/tilt correlation
A particular application of the tool is to investigate the potential correlation between tip and tilt

perturbations with the SCoHo design. To this end, all possible combinations of tilt angle o and
tip angle B described by the following vectors and expressed in degrees are studied:

oo ==+[1;0.5;0.1;0.05;0.01;0.005 ; 0.001 ; 0] (6.1)
and

B==+[1;05;0.1;0.05;0.01;0.005 ; 0.001 ; 0] . (6.2)
All these different couples of tilt and tip angles are implemented into CodeV and data are retrieved

in the sense of optical path difference following the modeling tool developed. Then, those perturbed
signals are interfered with a perfect signal and the averaged normalized intensity is computed.
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6.1. TIP/TILT ANGLES

The coupling matrix of said intensities, now denoted I in this development for simplicity sake, is

illustrated in Figure 6.5.
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Figure 6.5: Coupling matrix of tip/tilt angles and resulting averaged normalized intensity.

As observed in Figure 6.5, symmetries do exist for tip and tilt perturbations.

It can already

be inferred that I(a = a) = (¢ = —a) and equivalently for B, which was physically expected.
Moreover, the relation I(a = a) = I(B = a) for tip or tilt only is retrieved from the previous

section.

By taking advantage of those symmetries, the first quadrant of the matrix can solely be discussed.
Results are refined by interpolating the dataset of this first quadrant with a 1000x1000 grid,

depicted in Figure 6.6.
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Figure 6.6: Interpolated averaged normalized intensity distribution with respect to tip/tilt angles.
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Even though the number of initial discrete data was low, Figure 6.6 exhibits a certain correlation
between tip and tilt angles which form quarters of circle.

In all generality, the correlation between the tip B and tilt o angles is illustrated in Figure 6.7.
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Figure 6.7: Schematic of the tip/tilt angles correlation with respect to the averaged intensity
isoline.

Based on this schematic, where the blue line represents the line of equal averaged intensity, it
yields that

Ila=a,=0)=I(a=0,=a), (6.3)

where I denotes this averaged intensity for the sake of simplicity as expressed previously.

The previous equation actually proves that tip or tilt only yields the exact same results for a
common angle of deviation.

Following the isoline, another relationship is for instance given by

V2 ?) , (6.4)

I(a:a-T,B:O):I(a:O,B:a-

by choosing a specific angle 6 = 45°.

Generalising this correlation for all angles 8 finally gives

I(a=x, =y) = constant, (6.5)

if x=a-cos(0) and y=a-sin(0).

Another perspective to this condition writes itself as

y=Va*—x*. (6.6)
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6.1. TIP/TILT ANGLES

Hence, the sine and cosine of 8 can be employed as scaling factors to retrieve the expected intensity

of tip or tilt only or any given combination since

X

—_ = 9

p cos(0)
and

y .

R lip— 9 .

- sin(0)

(6.7)

(6.8)

However, this relationship has yet to be validated. Figure 6.8 provides the evolution of I with

respect to the tilt angle for distinct cases.
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Figure 6.8: Evolution of the averaged normalized intensity with respect to the tilt angle. Three
cases are illustrated: tilt only (blue triangle), equal tip/tilt angles (red diamond) and 0.01 degree
tip (green dash).

The curve B = 0.01° is an example of interpolated data from the matrix, explaining thus the

absence of direct simulation points in the graph.
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By artificially correcting the different curves using the corresponding scaling factors, the curves
align in Figure 6.9, hence demonstrating the validity of the correlation.
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Figure 6.9: Corrected evolution of the averaged normalized intensity with respect to the tilt
angle. Three cases are illustrated: tilt only (blue triangle), equal tip/tilt angles (red diamond)
and 0.01 degree tip (green dash). The line corresponding to a maximum optical path equal to

the working wavelength is also provided.

Furthermore, Figure 6.9 can be divided into two different regimes: a quick rise of I followed by a
kind of plateau. This frontier is due to the maximum optical path difference exceeding the working
wavelength A = 10um. This leads to a complete loss of coherence resulting in those two distinct
regimes. The associated tilt angle value is o« = 0.0458° clearly marks this separation.

This value is easily computed following the geometric relationships of an inclined plane as

10 10°°
o =tan ' — . —— =0.0458° . 6.9
1257102 (6.9)
To further demonstrate this correlation, two specific cases are implemented in CodeV, correspond-
ing to angles 0 of 45 and 60 degrees and a of 1 and 0.01 degrees. The retrieved intensity from the
modeling tool is then compared to the equivalent tilt only perturbation. Table 6.1 summarizes
those results.

Table 6.1: Tip/tilt correlation demonstration.

Tilt only Tip/tilt Relative error [%)]
Casel 0.8131 0.8133 0.025
Case 2 0.1745 0.1803 3.3324

Despite the exact cosine and sine values of the angles can not be implemented in CodeV, the
relative errors remains small and the correlation offers good precision.
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6.2 Mirror curve imperfections

6.2.1 Applied case

Imperfections may arise from various reasons, one of which being the mirror quality. Typical
mirror curvature tolerances from manufacturers vary from +0.5% to +0.1% or even +0.01% for
extremely high-quality products [52]. The first mirror curvature is changed by 0.1% in the DiCoS

configuration to detail the methodology.

The optical path distribution and corresponding phase distribution are illustrated in Figure 6.10.
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Figure 6.10: Optical path and corresponding phase distributions of DiCoS configuration with a
0.01 % curve imperfection.

As observed in Figure 6.10a, the rays suffer from a slight bending. This is poorly visual due to
the high initial value of the radius of curvature, i.e. the first mirror is quite flat. The phase
distribution is also slightly bended, as depicted in Figure 6.10b. The interference intensity of this

signal interfered with a perfect non-perturbed one is displayed in Figure 6.11.

y/max(y)

/5

Figure 6.11: Interference intensity of DiCoS configuration with a 0.01 % curve imperfection.
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6.2. MIRROR CURVE IMPERFECTIONS

Destructive interference occurs in the whole detector, as illustrated in Figure 6.11, but there
are increasing discrepancies towards the extremities. Correction mechanisms such as deformable
mirrors, i.e. active optics, are essential to monitor and mitigate these kinds of errors.

6.2.2 Sensitivity analysis

The influence of mirror curve imperfections is now generalized by varying the perturbations to
investigate the effects on the interference quality of the system. This is represented in Figure 6.12
with the evolution of the maximum optical path difference with respect to several curve imper-
fections. A cubic fit of the data retrieved is also presented as well as the value of the coherence
length L. for further discussion.
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Figure 6.12: Sensitivity analysis of the maximum optical path difference with respect to first
mirror curve imperfections of DiCoS. Discrete data from simulations (blue triangle) and
coherence length (red) are represented.

From Figure 6.12, it is inferred that the critical curve imperfection value is around 0.003 % for the
DiCoS configuration. Since the most precise mirrors have a precision around 0.01 %, as discussed
previously, this reinforces the need for active optics to mitigate those perturbations.
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The sensitivity analysis is also performed for the response function in Figure 6.13.
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Figure 6.13: Sensitivity analysis of the response function relative to first mirror curve
imperfections of DiCoS.

The quick rise of the response function from its 0 nominal value underlines again the need for
correction mechanisms.
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6.3 Conclusions

In this chapter, a second application of the developed tool is proposed to demonstrate its capa-
bilities. Sensitivity analysis of fixed parameters for both configurations was conducted, yielding
several important observations through numerical simulations and data analysis.

By first artificially introducing tilt (and equivalently tip) errors, the significant impact of even
minor deviations on interference quality was demonstrated. Tilt corrections were identified as
essential for maintaining high-quality interference. Sensitivity analysis revealed a critical angle
value of 0.002°.

Furthermore, the investigation of mirror curvature imperfections revealed detrimental effects on
interference quality, particularly at the extremities of the detector. Correction mechanisms such
as deformable mirrors were identified as crucial for mitigating these errors. Sensitivity analysis
found the critical curvature imperfection value to be 0.003

Overall, thorough optical design and calibration were underscored as mandatory for ensuring
high-quality interference in nulling interferometry. These findings further confirm the need for and
overall utility of the developed tool.
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Conclusions and perspectives

The purpose of this master’s thesis was to develop and propose a physically compliant analysing
tool to assess the performance and interference quality of a space nulling interferometer. Con-
ducted with similar objectives than the ESA project, in collaboration with TU Delft, KU Leuven,
AMOS, and CSL for the development of a L-space mission, this report aims to contribute to the
field of nulling interferometry.

After a brief introduction setting the context of space nulling interferometry in the search for
exoplanets, the first chapter laid out the theoretical background of interferometry, particularly
nulling interferometry. It discussed the wave properties of light, crucial for the cancellation of
starlight to observe neighboring exoplanets, and explored initial optical concepts, limitations, and
key quantities of this optical application.

The following chapter traced the evolution of nulling interferometers over the years, whether
currently existing on-ground or conceived as space-based concepts, from Bracewell’s first concept
in 1972 to contemporary ideas.

In chapter three, two optical configurations were proposed and built upon previous ideas and
concepts from the state-of-the-art. The first configuration, SCoHo, utilizes a siderostat as the
initial optical surface, whereas DiCoS employs a confocal system. These configurations were
subsequently used as benchmarks for developing the analyzing tool.

The heart of this thesis lies in chapter four introducing the analyzing modeling tool to assess space
nulling interferometer performance. This tool combines results from the ray-tracing software
CodeV with MATLAB’s post-processing capabilities to provide a robust method for thoroughly
analyzing optical designs. By computing the phase difference distribution for each signal from
the optical path length of each light ray, the tool can generate various results, such as intensity
distribution, interferograms, and response functions, key metrics in space nulling interferometry.
It also enables an alternative approach directly using intensities of the signals. This thesis brings a
rigorous approach, supported by mathematical proofs, compared to the existing limited models.

Subsequent chapters involved case study for testing the performance modeling tool in tolerancing.
Chapter five explored Monte Carlo simulations for global tolerancing, while chapter six conducted
sensitivity analyses by fixing specific parameters. Notably, a correlation between tip and tilt angles
was identified, and critical values for tip/tilt angles and mirror curvature precision were derived.
These precise values underscored the importance of controlling optics, such as tip/tilt mirrors and
deformable mirrors, to ensure coherence and high interference precision.

In conclusion, the developed analyzing tool will significantly aid in assessing the quality as well
as predicting the performance of space nulling interferometers and in tolerancing optical designs.
This master’s thesis paves the way for future work to apply this tool to specific optical designs
and conduct a precise and thorough analysis, further demonstrating the tool’s full potential.

[lluminating the darkness of the far cosmos, nulling interferometry opens a path to a deeper
understanding of the universe and brings humanity a little step closer to discovering the hidden
mysteries lying in the distant stars. What will nulling interferometry teach us tomorrow ?
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Appendices

A: Proxima Centauri angular diameter

Considering the mean distance d = 4.2456 ly between the Earth and Proxima Centauri described
by a radius R = 107280 km, the angular diameter of the star 6, is given by

107280
4.246-9.461-1012

180
0, =2 -tan ! ( > = -3600000 ~ 63 mas, (6.10)

considering the conversion from ly to km and from rad to mas. For the sake of simplicity, a
rounded value of 60 mas is used in the work.

B: Numerical convergence

For a rigorous and reliable investigation, it is mandatory to consider the influence of discretization
elements, as numerical errors could potentially distort results. There are two levels of discretization
in the methodology. The former occurs in CodeV with the number of selected rays investigated
in terms of optical path whereas the latter lies in the choice of the interpolated grid.

Figure 6.14 illustrates the different beam discretizations studied in CodeV.
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Figure 6.14: Different levels of beam discretization onto the detector.
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Each color represents the rays added in the discretization from one level to another. It finally
comes down to three cases: 5 (green), 81 (red) and 317 (blue) discrete rays.

Moreover, various squared grid sizes are investigated: 500, 1000, 2000 and 5000. The number of
associated interpolated rays is preferred for the figures hereunder.

Figure 6.15 illustrates the influence of both discretizations on the response function value and the
CPU time of the algorithm.
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Figure 6.15: Influence of the number of selected rays and interpolated rays on the algorithm.

As observed in Figure 6.15a, the grid size has practically no effect on the convergence of R.
However, as expected, the higher the grid size, or equivalently the number of interpolated rays,
the longer the CPU time, as represented in Figure 6.15b. The grid size is thus set to 1000x 1000 to
allow for a certain margin without drastically increasing the algorithm duration. This corresponds
approximately to 800000 interpolated rays, taking into account the circular aperture.
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Figure 6.16 offers a better visualization of the convergence with respect to the discretization of

the beam in CodeV.
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Figure 6.16: Convergence analysis of the response function with respect to the number of

selected rays.

As observed in Figure 6.16, the figure of merit is converging and for 317 rays the fit curve slope is
approaching a zero value. The number of selected rays is then set to 317. Furthermore, the time
required for the extraction of the data in CodeV increases with the number of rays, making it
complex to further increase this value. It comforts the final choice 317 rays with an interpolated

1000x1000 grid.

The convergence of the intensity distribution provided in Figure 6.17 is another proof of the final

choice of 317 rays.
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C: Unperturbed response function

As demonstrated in [10] starting from S,

1 . . .
S— (elC+e—lC .el7l'> 7
V2

the unperturbed response function can be derived.

Euler’s formula simply gives

' = cos(m) +i-sin(w) = —1 .

Replacing in S,

1 /. .

§— <ezc _ e—lc>
V2
subsequently gives
2i
S=—(sin(C
\/Q( (€))

by taking advantage of the complex definition of the sine.

Taking the modulus square finally yields the wanted unperturbed response function

R =

| =

where it is recalled that C = #

Appendices

(4sin2(C)) = 2sin’(C) ,

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)
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