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Notations and acronyms

Atmospheric windows

J band
H band
K band
L band
M band
N band

Units

arcmin (or )
arcsec (or ")
mas

AU

pc

Jy

Myr

Gyr

zodi

Notations

from 1.15 to 1.4 pum
from 1.5 to 1.8 um
from 2.0 to 2.4 ym
from 3.5 to 4.1 pm
from 4.5 to 5.1 pum
from 8 to 13 pum

minute of arc (2.90888 x 10~* radian)

second of arc (4.848137 x 107% radian)

milli-arcsec (1072 arcsec)

Astronomical Unit (1.495978 x 10 m)

parsec (3.085678 x 10'" m)

Jansky (1072 W m~2 Hz™ ')

Mega-years (one million years)

Giga-years (one billion years)

density unit for dust disks, equivalent to the solar zodiacal disk

Mass of the Sun (1.98892 x 10° kg)
Radius of the Sun (6.96 x 10% m)
Luminosity of the Sun (3.846 x 10%6 W)
Mass of Jupiter (1.8987 x 10?7 kg)
Radius of Jupiter (7.1492 x 107 m)
Mass of the Earth (5.97370 x 10** kg)
Radius of the Earth (6.37814 x 10° m)
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CoRoT COnvection ROtation and planetary Transits
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E-ELT European Extremely Large Telescope

EGP Extrasolar Giant Planet

EPICS Exo-Planet Imaging Camera and Spectrograph (E-ELT)
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VVC Vector Vortex Coronagraph

XAO Extreme Adaptive Optics

720G Zeroth Order Grating



Preface

Images of broken light which dance before me like a million eyes,
They call me on and on across the universe
Thoughts meander like a restless wind inside a letter box,
They tumble blindly as they make their way
Across the universe.

The Beatles, “Across The Universe” (1969)

Are we alone in the universe?

“The right tool for the right job”. That is what my Polish uncle Heniek used to tell me so many
times when I was a child. At that time, he was living with us most of the year, to help my mother
with raising the children and running the house. He would repair broken things, repaint walls
here and there, and give our garden a brand new look in early spring. Often, my brothers and I
would assist him, most of the time against our will, but still learning a lot without realizing it.
Obviously, we preferred to play in the garden, rather than mowing the lawn or pruning shrubs.
As soon as we got the chance, we would leave the house and go play in the forest. What we liked
most was adventure, discovering new places to build our huts, and invent our own world. Years
have passed, many things have changed, but I have kept this taste for adventure.

In his remarks at a Caltech YMCA lunch forum in 1956, Richard Feynman defined the scientific
spirit as “the spirit of (...) the adventure into the unknown, an unknown which must be recognized
as being unknown in order to be explored; the demand that the unanswerable mysteries of the
universe remain unanswered; the attitude that all is uncertain; to summarize it — the humility of
the intellect.” For thousands of years, this taste for adventure has led mankind to take many small
steps, sometimes even giant leaps, towards understanding and exploring the unknown. With the
development of technologies, explorers have traveled around the Earth, discovered all the conti-
nents and islands, and climbed the highest mountains. Nowadays, airplanes cross the oceans in
a few hours, astronauts can reach the moon within two or three days, traveling at speeds faster
than 39,000 km/h, and automated motor vehicles are exploring the surface of the planet Mars.
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The interest of mankind in observing other planets did not start in the 20th century. The
planets and moons of our solar system had been observed much earlier, thanks to optics and
astronomy. It started in the early 17th century, with a very small telescope constructed by Galileo
to look at Jupiter, Saturn, Neptune, and some of their satellites. Since then, astronomy has come
a long way. After almost 400 years of innovation, we went from Galileo’s 4 cm diameter telescope
to 8-10 meter wide telescopes. These are built in very optimal places, like on top of mountains or
extinct volcanoes, where the air has a lower density due to altitude. Indeed, air is a serious issue
for ground-based telescopes, because the light going through the atmospheric turbulence becomes
blurred, and so become the images. Engineers were even able to develop satellite telescopes that
go above the atmosphere like the Hubble Space Telescope. Although they are limited in size to a
few meters, these space telescopes provide very stable images. Our way of doing science has also
considerably evolved since the time of Galileo. First astronomers were using their eyes to look
through the telescope, and their pen and book to sketch their observations. Later on, with the
progress in photography techniques, they were placing photographic plates at the focal plane of
the telescope, which were then developed in a darkroom to obtain an image of the observed object.
Advances then continued increasingly with the advent of the electronic era. Astronomers now have
very detailed digital images that they can process and analyse in much detail with computers. We
therefore can have beautiful pictures of some of the many objects that make their way across the
universe.

The continuous progress in astronomy has enabled the imaging of increasingly fainter objects
in the sky. While major discoveries have provided answers to some existential questions (like
the age of our universe, or how our solar system was created), many more remain unanswered.
Among them, one of the greatest questions that has always faced humankind: Are we alone in
the universe? For centuries, scientists and philosophers supposed the existence of planets outside
our solar system. The Greeks were already questioning the fact that they were living on Earth,
and they were wondering if a world like ours existed somewhere else in the universe, or if they
were really alone. There was, at that time, absolutely no way of observing them, or even simply
detecting their presence. Could there be some other worlds around the many stars of the sky? And
would they be comparable to the planets of our Solar System? Today, the landscape has changed.
Instead of just looking up at the sky with the naked eye, we have all these big telescopes to observe
those extrasolar planets, or exoplanets, and address a major question of modern astronomy: the
existence of life beyond Earth.

Objectives and outline of this work

The present thesis is dedicated to the development of a type of astronomical instrument called a
coronagraph. Coronagraphy is a high contrast imaging technique that has wind in its sails. Tech-
niques of coronagraphy are numerous; the present work concentrates on a specific concept called
the AGPM, based on microstructured subwavelength gratings. Such gratings have highly com-
pelling optical properties, and are specially appropriate for mid-infrared applications where they
represent an original and almost unique solution of their kind. In this context, we first used these
subwavelength gratings to develop mid-infrared half-wave plates which are optical devices that al-
ter the polarization of light. Based on these half-wave plates, we started to develop coronagraphs.
This dissertation is organized into three parts, each containing two chapters. The first part of this
work presents the scientific context and the objectives of exoplanet high-contrast imaging (Chap-
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ter 1), and describes the selected technological route given the panel of existing coronagraphic
techniques (Chapter 2). The second part is dedicated to the use of subwavelength gratings for the
development of both half-wave plates (Chapter 3) and AGPM coronagraphs (Chapter 4), including
design, manufacturing and performance simulations. The third and last part of this work presents
the AGPM validation results obtained in the laboratory (Chapter 5) as well as the installation
and first light of the AGPM at an 8 meter telescope (Chapter 6).
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the hunt for exoplanets
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Abstract. The last twenty years have seen major advances on multiple fronts in the detection of
extrasolar planets. Discoveries of exoplanets have dramatically increased, bringing some answers
to the many questions raised about the formation of our solar system, and leading to various
evolutionary models. Since the discovery in the 1990s of the first exoplanets, high contrast imaging
techniques have made their way as well. Direct imaging of exoplanets that was just a mirage a few
years ago, is gradually becoming a reality. As of today, only a handful of systems have been imaged,
mostly under specific conditions of moderate contrast and/or large angular separation between the
planets and their host star. Most of these breakthrough results have been made possible thanks to
the advent and continuous improvement of adaptive optics systems and data reduction methods.
In this broad context, coronagraphy has, more than ever, a key role to play in order to provide the
means necessary for imaging FEarth-size planets, and try to answer the recurring question of the
possible presence of life outside the solar system.



10 CHAPTER 1. A BRIEF HISTORY OF THE HUNT FOR EXOPLANETS

1.1 Starting the hunt

In the late 1980s — less than a quarter of a century ago — the existence of extrasolar planets in the
universe was yet to be proven. Of course, astronomers did suspect that some stars may be analogs
of our own Sun. Along with this recognition came the hypothesis that planets could orbit these
distant Suns, and that their interaction could probably be observed from Earth with telescopes.
This started the hunt for exoplanets.

The very first confirmed detection occurred in 1992, with the discovery of several terrestrial-
mass exoplanets around a pulsar with the radio-telescope of Arecibo (Wolszczan & Frail 1992).
Three years later, the first detection of an Extra-solar Giant Planet (EGP) was confirmed (Mayor
& Queloz 1995), a Jupiter-like planet orbiting the nearby Sun-like star 51 Pegasi, 40 light-years
away. These discoveries led to unprecedented enthusiasm in the scientific community, for all knew
that these first planets were only the tip of the iceberg. Since then, the number of exoplanets
discovered every year is growing exponentially. As of May 2013, nearly 900 planets have been
discovered orbiting around 700 stars (see Figure 1.1). Many others are to follow.

Exoplanets can be discovered by use of several methods, which differ by whether the planet is
actually imaged or not. At first, astronomers did not image the planets but simply detect their
presence by indirect methods.

NASA Exoplanet Archive 2013 March 11 exoplanetarchive.ipac.caltech.edu

| Radial Velocity o
L Transits 4
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Figure 1.1: Number of confirmed detections of extrasolar planets using various discovery meth-
ods (see Section 1.2), as a function of the year of detection. The progression is exponential, as it
doubles every three years. Note: The planet detected in 1989 was only confirmed several years
later. (©) NASA Exoplanet Archive.
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1.2 Indirect detection

Unlike stars, planets do not emit their own light in the visible regime. They only reflect light from
their parent star, exactly like the Moon reflects light from the Sun. At a distance of a few tens
of light years from us, the closest exoplanets are extremely dim light sources. They are terribly
difficult to detect due to their faintness. In addition, exoplanets are completely obscured by their
extremely bright host stars. As a comparison, observing directly an exoplanet would be as hard
as trying to distinguish the feeble glow of a firefly laid on the edge of a lighthouse, from a distance
of several hundreds of kilometers. For these reasons, almost all exoplanets have been detected so
far by indirect means. Radial velocity, Astrometry, transits, microlensing, and pulsar timing are
the main indirect methods. These will be briefly described below.

Radial velocity and astrometry

With more than 500 confirmed detections, the radial velocity method is the first and most com-
monly used technique for extrasolar planet detection. As the star moves in the small orbit resulting
from the gravitational attraction of a planet, it will move towards Earth and then away. This
perpetual back and forth movement affects the radial velocity of the star, which can be easily
observed as the star’s spectrum gets redshifted or blueshifted due to the Doppler effect (see Fig-
ure 1.2, left). The star spectrum is blueshifted while it moves towards Earth, and it is redshifted
while it moves away. If these wavelength shifts are periodically observed, this is evidence for the
presence and influence of a companion. In some very rare cases, one uses astrometry to measure
the radius of the tiny circular orbit of the star. Up to now, this technique has provided only a few
confirmations of radial velocity detections, and one new detection (Muterspaugh et al. 2010). One
of the interesting things about the astrometry method is that it favors large orbits. The larger
the orbit of the planet, the faster the motion of both the star and the planet. This is exactly the
opposite of what happens with the radial velocity method, which favors small orbits where the
velocity is higher.

HOST STAR

EXOPLANET

Intensity

Time

Figure 1.2: Illustration of the two principal indirect detection methods. Left, the radial veloc-
ity method: the shift of spectral lines of the star is changing due to the Doppler effect induced
by a planet’s gravitational pull. Right, the transit method: the brightness of the star is changing
due to a planet passing in front of it. (©) ESO Press Releases.
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Transits

In some particular configurations, an exoplanet can transit periodically on the line of sight between
Earth and its host star, masking some of the starlight and creating very small attenuations in the
brightness of the star (see Figure 1.2, right). Up to now, measuring these phenomena has resulted
in the detection of more than 300 exoplanets, and many more are awaiting for confirmation.
While radial velocity measurements provide information about the lower limit for the mass of an
exoplanet, this photometric technique can determine its radius, since the amount of attenuated
starlight depends on the relative size of the planet with respect to that of the star. Hence,
combining the two methods makes it possible to determine the density of the planet. In case of a
low density, the planet is gaseous, mainly composed of hydrogen and helium. At an intermediate
level of density, the planet is supposed to have water as a major constituent. The very high
densities are attributed to rocky planets, such as our Earth. During the transit, some of the
starlight might also be absorbed by the planet’s atmosphere, which gives insight on its composition
(see Section 1.4.3, Searching for biosignatures). Thanks to this technique, scientists have been
able to detect molecules in eight different exoplanets (e.g., Brown et al. 2002; Knutson et al. 2007;
Charbonneau et al. 2002, 2008, 2009).

Microlensing

Another indirect detection method is microlensing. The gravitational field of a star may act as
a lens, amplifying the light of a distant background stellar object (e.g., a star, a quasar). If a
planet is orbiting around the foreground lensing star, then this planet’s own gravitational field
can produce a detectable contribution to the lensing effect (see Figure 1.3). The gravitational
lensing effect occurring while two stars are almost exactly aligned is usually very brief, lasting for
weeks or even a couple of days, since the two stars and Earth are all moving relatively to each
other. In order not to miss the window, a very large number of distant stars must be continuously
monitored. The first detection of an exoplanet by means of the microlensing is attributed to Bond
et al. (2004), within the Optical Gravitational Lensing Experiment (OGLE) project (Udalski et al.
2003). This technique has led to the discovery of 21 planets so far.
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Figure 1.3: Illustration of the microlensing detection method. Left: Gravitational lensing
caused by the presence of a star and an exoplanet. Right: Light curve of OGLE-2005-BLG-390.
© ESO Press Releases.
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Pulsar timing

The last detection method is the pulsar timing, with 15 confirmed detections so far. Pulsars are
fast-spinning neutron stars. They are regularly emitting radio waves. The presence of a planet
companion affects the timing of the pulses, which can be detected with high sensitivity. The pulsar
timing method is capable of detecting planets with a very small mass (Silvotti et al. 2007; Lee
et al. 2009). However, pulsars are pretty rare and very far away, and the high-energy radiation
makes life on these planets very unlikely. For this reason, the pulsar timing method is experiencing
a much lower craze than the radial velocity or the transit methods.

The four methods that we have described hereabove led to the detection of hundreds of ex-
oplanets. As we will see in the next section, these discoveries have taught us a lot about the
formation of our solar system. It appears that most of the planets discovered so far are very
different from those of our own solar system.

1.3 Brave new Giant worlds

A large number of the exoplanets found so far are gas giant planets, similar in size to Jupiter,
but orbiting very close to their host star. These Hot Jupiters are easy to detect using transit or
radial velocity measurements because of their high mass and short orbital period (see Figure 1.4).
At the beginning, such hot extra-solar giant planets (hot-EGPs) were totally new to our under-
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Figure 1.4: Confirmed exoplanets separated by their method of discovery and plotted with bilog-
arithmic scale on the axes, according to their orbital period and mass, with 1Mg ~ 0.003Mjyp.
Mainly Jupiter-size planets, and some super-Earths populate this diagram. Transit detections are
concentrated on short period orbits. (¢©) NASA Exoplanet Archive.
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standing of the formation of planets. For decades, the observation and classification of objects in
our solar system had led to the conclusion that the inner terrestrial planets are small, rocky, and
in relatively short orbits. In contrast, the outer jovian planets are large, have not only rocks but
also much ice and gas, and are in wider orbits. The orbits of both terrestrial and jovian planets
are more or less circular (actually slightly elliptical) and co-planar.

According to the classical theory of planetary formation (Pollack 1984), the planets form from
a disk of material around the central star, and are created out of a collapsing cloud, some parts of
which are rotating preventing them from collapsing. After a while, the central star is surrounded
by a disk basically consisting of the same material as the star. It has much gas, hydrogen (H)
and helium (He) in particular, some water (ice), carbon (C'), nitrogen (N), oxygen (O). It also
contains some heavier elements such as silicon (S7) and iron (Fe), that can form dust and rocks.
In the disk, things gradually stick together. Molecules and atoms run into each other forming
dust grains or ice crystals, and these continue running into each other, gradually forming bigger
objects called planetesimals. The planetesimals bump into each other and stick together, until
everything along each orbit coalesce into one large object per orbit. During this process, the
ellipticity of these orbits tend to cancel out, and they all end up almost circular and co-planar.
However, there is an expected difference between how this works out in the inner part and the
outer part of the planetary system. In the inner system, ices evaporate and almost all the gas is
pushed outward by the central star, leaving only rocky materials. In the outer system, ices are
frozen and behave just like rocks, which means that planets are substantially more massive. They
have enough gravity to retain gas as well, and become gaseous giant planets. This process lasts
about 10 Myr (Pollack et al. 1996). According to Sasselov & Lecar (2000), it is only behind the
dividing line, the so-called snow line (i.e., in the outer disk), that the ~10 Mg proto-planetary
cores find enough gas to accrete. The position of the snow line is determined by the temperature,
hence by the luminosity of the star. Therefore, gas giants are not expected to be at the same
distance away from a star, but at the place where the temperature is the same.

The discovery of EGPs appearing at locations where many scientists thought they could not
exist, led to various models including planetary migration theory (Lin et al. 1996). In the following
years, the quest for exoplanets led to many other discoveries, such as, e.g., the correlation between
metallicity and planet occurrence (Boss 2002), or, more recently, the existence of planets with
retrograde orbits with respect to the rotation of their parent star (Queloz et al. 2010). Thanks
to new exoplanet discoveries, we understand that our solar system is not a universal model. A
better picture of planetary formation is slowly emerging.

1.4 The search for Farth 2.0

Gaseous giant planets are unsuitable for hosting life as we observe it on our planet Earth, even
microorganisms that can develop in extreme conditions. Since the classical paper proposed by
Wald (1964), astrobiologists have tried to define more precisely the origin of life (Gilbert 1986;
Maher & Stevenson 1988), addressing the question of whether life exists beyond our planet, and
if it does, how humans can detect it. The principal established conditions for life on Earth are
listed below.
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(a) A source of energy. Living systems are energy transformers. This means that all organisms
need to consume and produce energy. This energy can be taken from different sources, like
radiation and photochemistry (both originating from the Sun light), but also minerals or re-
duced gases, in total absence of light (Peck Jr 1968; Matin 1978).

(b) A suitable environment. For life to develop on a planet, the radiation of the star is certainly
essential, since it is a free source of energy. However, the planet also needs protection against
some part of the radiation spectrum (X- and gamma-rays; ultraviolet radiation) which is too
energetic, and produces photochemical reactions that are lethal for life systems. Such a pro-
tection on Earth is provided by the ozone (Os) layer.

(c) The elements needed for metabolism and reproduction. The so-called biogenic elements are
carbon (C'), hydrogen (H), oxygen (O), nitrogen (N), sulphur (.S), phosphor (P), monovalent
and divalent metals like sodium (Na), potassium (K), magnesium (M g), calcium (Ca), man-
ganese (Mn), iron (Fe), cobalt (Co), copper (Cu) and zinc (Zn), as well as anions like that of
chlorine (C17). In order to determine if an exoplanet is inhabited, one must be able to study
the composition of its atmosphere, by observing its spectrum, and to detect the presence of
biosignatures, i.e. molecules containing these elements (see Section 1.4.3).

The above criteria are highly impregnated with our Earth-centric point of view. One cannot
exclude that some of these conditions may need to be somehow adapted, giving birth to absolutely
unthinkable extraterrestrial life forms. However, the most important and crucial condition for life
remains the existence of water in a liquid state, and as to our current knowledge, the most likely
location for liquid water to exist is on small Farth-like rocky planets, orbiting in the inner region
of their stellar system.

1.4.1 KEPLER: the great exoplanet harvest

From the ground, one cannot see transits of Earth-size planets because of our turbulent atmo-
sphere. Obviously, the place to look for transits is in space with telescopes such as the Hubble
Space Telescope (HST). The problem with the HST is that everybody uses it for various astro-
physical programs, and there is a relatively limited amount of time for any particular project.
HST was also not perfectly designed for making transit observations. Therefore, new space-based
telescopes have been launched for the purpose of making very high precision measurements of the
brightness of stars in order to look for transits.

The last five years have encountered great success thanks to two space missions dedicated
to the search for Earth-like planets: COROT and KEPLER. The COROT mission (for COnvec-
tion ROtation and planetary Transits) is conducted by the French and European space agencies
(CNES and ESA). It is the first spacecraft dedicated to the detection of transiting extrasolar
planets. Among the 26 confirmed extrasolar planets detected by COROT since its launch in 2006,
one was the first potential extrasolar terrestrial planet to be found, with a measured diameter 1.58
times that of Earth (Léger et al. 2009). More recently, the KEPLER space observatory, named after
the 17th-century astronomer Johannes Kepler, was launched with the specific mission of detecting
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Figure 1.5: The occurrence of planets studied in a tight orbit, resulting from a new analysis of
the KEPLER data, function of their size relative to Earth. The diagram shows that about one in
six stars have at least one planet between 0.8 and 1.25 Rg,, about a fourth have a super-Earth
(1.25 - 2 Rg), and the same fraction have a mini-Neptune (2 - 4 Rg). From Fressin et al. (2013a).

dozens of Earth-size extrasolar planets by surveying a close region of our Milky Way galaxy, and
statistically evaluate how many of the billions of stars in our galaxy have such planets (Koch et al.
2010; Borucki et al. 2010, 2011). The general problem with transiting planets is that one only sees
the ones that are in edge-on systems. Even if many stars have planets, only a small proportion of
them show transits. For this reason, KEPLER was designed to look at a hundred thousand of stars.

After only two years of scanning and data processing, the results are breathtaking. KEPLER
is literally harvesting exoplanets. In 2010 and 2011, it has detected more than 1200 candidates.
And as of January 2013, 1500 more (Burke 2013). A huge volume of data is still under processing
and analysis. Several thousand possible detections of exoplanets are awaiting confirmation. In the
whole Milky Way galaxy, it is expected that there is at least one planet, on average, orbiting each
star. This leads to hundreds of billions of planets (Cassan et al. 2012) and many of these planets
are Earth-sized (see Figure 1.5). According to the latest news from the KEPLER’s scientist team
(Fressin et al. 2013a,b), about 17% of the stars situated in a region of the galaxy close to our
Sun, possess an Earth-size planet in a tight orbit of 400 days or less. And 20% of them have a
super-Earth. Only a few percent have a gaseous planet in close orbit.
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1.4.2 First exoplanets detected in the habitable zone

The number of extrasolar planets grows from year to year, and counting exoplanets might soon
become much less attractive. In fact, the real challenge, much more exciting than detecting new
worlds, is to find at least one that harbors extraterrestrial life. With the discovery of the first
extrasolar planets came the definition of the habitable zone (Kasting et al. 1993). The develop-
ment of life on a rocky planet, with temperatures suitable for liquid water to be present at its
surface, requires it to be located in a well defined region of the stellar system. The habitable
zone of the majority of stars (i.e., main-sequence stars) is determined primarily by the mass of
the star. The smaller (or less massive) the star, the weaker its radiation. Based on previous work
by Kasting et al. (1993), and following recent new estimates using updated absorption databases
of greenhouse gases (Kasting & Catling 2003; Kopparapu et al. 2013), the habitable zone around
different types of main-sequence stars has been updated (see Figure 1.6). In the new model, Earth
appears at the very edge of the habitable zone. Some extrasolar planets previously believed to be
situated in habitable zones may, in fact, not be. So far, scientists have found some 3000 extrasolar
planet candidates, but only a handful of these are situated in the habitable zone.

The first habitable zone candidates were gaseous giants on larger orbits. Although such planets
are very unlikely to host life, they might potentially have habitable rocky moons (Williams &
Pollard 2002; Barnes & O’Brien 2002; Sudarsky et al. 2003). More recently, exoplanetary science
has made an important breakthrough with the discovery of some Super-Earths and Earth-size
planets, with the proper orbital characteristics to be potentially habitable (see Figure 1.6). The
main potentially habitable planets known as of April 2013 are presented in Table 1.1 with their
order of Earth Similarity Index (ESI, Mascaro 2011), which is a function of the planet’s radius,
density, escape velocity, and surface temperature.

Gliese 667Cc

Gliese 581d

‘ 0.01 : ' 0.10 . -
Image Credit: Chester Harman Distance from Star (AU)

Figure 1.6: Habitable zone distances around various main-sequence stars (Kopparapu et al.
2013). Presence of Earth, Mars, and five confirmed exoplanets detected by transit. Credits:
Chester Harman, Penn State University.
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Table 1.1: Current potential habitable exoplanets, compared with Earth and Mars, ranked in or-
der of discovery date, with their Earth Similarity Index (ESI) given by the Planetary Habitability
Laboratory, University of Puerto Rico at Arecibo (www.phl.upr.edu).

Name Period (d) | Mg | ESI | Discovery | Related publications
Earth 365.2 1.0 | 1.00 - -

Mars 687.0 0.1 | 0.66 - -

Gliese 581 d 66.9 5.6 | 0.50 | Apr 2007 | Selsis et al. (2007)

Gliese 581 g* 36.6 3.1 [ 0.82 | Sep 2010 | Tuomi (2011)

Gliese 667C ¢ 28.2 4.5 | 0.79 | Nov 2011 | Anglada-Escudé et al. (2012)
Kepler-22 b 289.9 6.4 | 0.81 | Dec 2011 | Borucki et al. (2012)
Gliese 163 c 25.6 6.9 | 0.72 | Sep 2012 | Forveille et al. (submitted)
HD 40307 g* 197.8 7.1 | 0.67 | Nov 2012 | Tuomi et al. (2013a)

7 Ceti e* 168.1 4.3 | 0.74 | Dec 2012 | Tuomi et al. (2013b)
Kepler-62 f 267.3 1.4 | 0.69 | Apr 2013 | Borucki et al. (2013)
Kepler-62 e 1224 1.6 | 0.82 | Apr 2013 | Borucki et al. (2013)

*

unconfirmed exoplanets

Let us now have a look at the large number of new KEPLER exoplanet candidates announced
recently by Burke (2013). Figure 1.7 shows the sizes of all the candidates, with respect to their
equilibrium temperature, i.e., the theoretical planet’s temperature when considered as a black
body being heated only by its parent star. On the left part of this diagram, the habitable zone is
shown as a green strip. The right part of the diagram is a magnification of this habitable zone.
We notice that most of the planets situated inside this zone are recent results. The reason why
KEPLER has needed more time to discover such cooler planets with longer orbit period is twofold:
(1) several transits are necessary for a planet to be detected, which can last for 300-400 days for
some of the longest orbital periods, and (ii) smaller planets show smaller dips in the light curves,
which has required to significantly improve the detection algorithms.

@ 2010, 2011 @ 2012 @ 2010, 2011

@
=
S
@
s
=
=
®
w
o
e
o
=
=
K,
o}
o
o
N
()]

1000 1500 2000 2500 180 200 220 240 260 280 300

TOTAL = 2,740 Equilibrium Temperature (K) Equilibrium Temperature (K)

Figure 1.7: Left: KEPLER exoplanet candidates separated by year of detection, and plotted
according to equilibrium temperature and size relative to Earth, with a green strip indicating the
habitable zone. Right: Magnification of the habitable zone. From Burke (2013).
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In addition to the large number of new candidates and the recent objects smaller than Neptune,
one can notice that four of these new habitable zone candidates found by KEPLER have estimated
radii smaller than twice the size of Earth. Three of these are orbiting stars that are much cooler
than the Sun. The fourth one, particularly interesting, is orbiting a Solar-type star, with a radius
of about 1.5 Earth radius, and an orbital period of 242 days (Burke 2013). In addition to these
numerous candidates, very recent results obtained by the Kepler team have confirmed two new
Earth-like exoplanets around Kepler-62 with 1.4 and 1.6 Earth radii (Borucki et al. 2013), as
shown in Table 1.1.

1.4.3 Searching for biosignatures

As of today, it is no longer a question of how to find an Earth analog, but a question of whether and
when. According to the above results, this might happen within the next few years. But finding
a true Earth-like habitable zone extrasolar planet will not yet be the evidence of extraterrestrial
life. One must detect molecules in the atmosphere of an exoplanet. A spectrum of light that has
passed through the planet atmosphere would tell a lot about its chemical composition and give
important clues about what might be found on the surface. In particular, detecting ozone (Os)
and water vapour (H,O) would constitute a relatively robust signature of biological activity as no
purely abiotic process producing these elements has been identified yet (Léger et al. 1999; Selsis
et al. 2002).

Some time ago, in the 1990s, during its mission towards Jupiter, the spacecraft Galileo took
images of Earth. The experiment consisted in using the standard suite of exploration instruments
and see if the existence of life on Earth can be detected. People had all kinds of thoughts about
what would be detectable, e.g., cities and highways at night, the Great Wall of China. It turned
out that none of these is actually visible from space (Sagan et al. 1993). But while observing the
spectrum of Earth, the presence of H,O can be seen at many different wavelengths, in the visible
or the thermal infrared. As for Os, it is detectable around 9 pm, and of course, it is blocking
the ultra-violet severely under 350 nm (see Figure 1.8). The clearest sign of life on Earth is the
fact that the atmosphere contains methane (C'Hy). In fact, putting some C'H, into an oxygen
atmosphere would immediately dissociate into water vapour (H;O) and carbon dioxide (CO,)
because of all the free oxygen. Although there should not be any C'H, in the atmosphere, there is
some, and one can detect it by looking at the infrared spectrum of the atmosphere. The presence
of CHy, in the Earth atmosphere means that there is a continuous source of C'H, pumping into
the atmosphere all the time. One of the main sources is, as Carl Sagan delicately put it, bovine
flatulence. In other words, that happens from biological activity. Consequently, if one could ob-
serve the atmospheric chemistry of an exoplanet, one should look for something in there that is
out of equilibrium, that could only be continually replenished by biological activity. The presence
of an atmosphere with both oxygen and methane at the same time is one such indicator.

As already stated in Section 1.2, the transit method has allowed to identify some molecules for
a couple of planets (Brown et al. 2002; Knutson et al. 2007; Charbonneau et al. 2002, 2008, 2009),
such as e.g., water vapour (H,0), methane (CH,), carbon monoxide (CO), or carbon dioxide
(CO9). This technique is of course limited to planets transiting their parent stars as seen from our
point of view. Moreover, for planets with a very long orbital period, it might require many decades
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Figure 1.8: Left: Earth spectral contrast in the visible, with spectral biosignature features like
09, O3, Hy0O. Right: Earth spectral contrast in the thermal infrared where the C'Os and CHy
features appear.

or centuries of observations to analyse their atmosphere composition with the transit method. If,
on the other hand, one can measure directly the light reflected by the planet, separately from that
of the star, it is possible to produce spectra of any planet, even the ones which do not transit in
front of their host stars.

1.5 Direct detection: imaging Earth-like worlds

Direct imaging of an exoplanet consists in actually taking a picture of the light from the planet.
It is fundamentally different from indirect methods, where one needs to observe the star in order
to infer the presence of the planet. Observing planetary light directly is of great interest, as it
can then be examined spectroscopically to characterise the planet, its color, the presence of land
or oceans, clouds, and possibly identify biosignatures in the composition of its atmosphere. So
far, only a few extrasolar planets have been discovered using direct methods. This lack of results
reflects the great difficulty of spatially resolving a planet from its bright host star, which is due to
two major difficulties:

— the angular separation between them is very small,

— the contrast between them is huge.

To successfully address these issues, one has to combine several techniques. Hereafter, we
briefly describe the main technologies and techniques (i.e., adaptive optics, coronagraphy and
differential imaging) that allow both high angular resolution and high dynamic range to be reached.
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1.5.1 High angular resolution

In the theoretical perfect case (i.e., without optical aberrations), the image of a point source
(such as a star) through a telescope is a diffraction pattern called the point spread function
(PSF), known as the Airy-pattern in the case of a circular aperture. The half-width of this PSF
represents the smallest angular distance between two sources that can be discerned. It is also called
the resolving power, and is equal to 1.22)\/D where ) is the wavelength of observation and D the
diameter of the mirror or the lens. In theory, increasing the diameter of the telescope directly
improves the angular resolution and increases the collecting area for a better sensitivity to detect
faint sources. Unfortunately, for ground-based telescopes, turbulence in the Earth’s atmosphere
limits the angular resolution, since it smears out the light from the PSF and makes it a fuzzy blob
rather than a point, when taking a long exposure image of it. As a consequence, the diffracted
stellar light can outshine the presence of potential faint companions, such as exoplanets, especially
close to the star. While taking a short exposure image, short enough to freeze the atmospheric
turbulence, one still obtains an image with many bright compact structures (called speckles). As
the turbulence changes with time as the wind blows, the patterns of speckles change typically
every few milliseconds. In addition to the fast fluctuating speckles, optical defects in the optics
create quasi-static speckles. Both these speckles make it very difficult to separate the light of the
star, from the light of the planet.

Adaptive optics

Adaptive optics (AO) is a technique for correcting spatial distortions in the input wavefronts
which enables to dramatically improve image quality. It was first proposed by Babcock (1953),
then later applied on the 3.6 m telescope of La Silla Observatory (ESO) by Rousset et al. (1990).
This technique corrects the blurring and motion artifacts due to our turbulent atmosphere by
superimposing all the speckles over each other to get only one much brighter speckle, which
corresponds to the diffraction limit of the telescope (see Figure 1.9).

The AO runs in a closed-loop control system. First, the turbulence produces optical distor-
tions that are measured hundreds of times a second with a wavefront sensor, using the light from
a bright point source, usually a star. Then, the detector sends the information to a computer
that calculates the shape that must be applied in real time (every millisecond or so) to a special
deformable mirror (DM) placed in the optical train of the telescope. The surface of the DM re-
shapes by the action of hundreds or thousands of actuators, according to the instruction signals.
The AO technique sharpens the image nearly to the point that it would have been delivered with
no disturbing atmosphere at all.

Increasing the number of actuators is crucial, because the wavefront quality provided by AO
systems directly depends on the actuator density. This wavefront quality is usually expressed in
terms of Strehl ratio, that is the ratio of the peak image intensity from a point source compared to
the maximum attainable intensity using an ideal optical system. From this definition, an image is
conventionally considered as being diffraction limited when the Strehl is above 80%, i.e., limited
only by diffraction over the system’s aperture. First generation AO systems reach Strehl ratios
around 40-60% in the infrared regime. Since the Strehl ratio depends on the wavelength, the image
quality is much better in the mid-infrared regime (75-85% around 4 pm). Over the years, the AO
technology has evolved and next generation extreme adaptive optics (XAQO) systems, disposing of
a much higher actuator density (Dekany et al. 2006; Racine 2006; Bouchez et al. 2010), will soon
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Figure 1.9: Wavefront correction of a blurred PSF provided by a classical AO system. When
the AO is turned off, the image seems to be composed of a binary system. Once turned on,
two additional stars appear in the image, one of them being a faint companion compared to the
primary. Credits: Laird Close, CAAQO, Steward Observatory.

provide diffraction limited images with Strehl ratios higher than 90% in the near-infrared (Beuzit
et al. 2008; Macintosh et al. 2008).

1.5.2 High dynamic range

By simply pointing a telescope to a star, even one equipped with advanced XAO system, it is still
difficult to take an image of an exoplanet next to the star, because the glare of the star generally
prevents from seeing the planet which is much fainter. There are optical techniques to suppress
the light of the star in such a way that there is no more glare any longer on top of the planet.
There is a couple of different ways to blank out the light of the star, in particular two techniques
that can be combined: coronagraphy (a hardware technique) and differential imaging (a software
technique).

Coronagraphy

The first coronagraph (Lyot 1939) consisted of a big opaque mask designed to block the light com-
ing from the Sun’s photosphere and observe its corona. During the last 20 years, a coronagraph
has become a generic term for a system that suppresses (or drastically reduces) the on-axis light
of a star while permitting the light from surrounding sources to pass through the optical system.
It essentially produces an artificial eclipse of bright stars, thereby removing the glare from the star
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Figure 1.10: Classical coronagraphic bench layout. L0, L1, L2 and L3 correspond to converging
optics. The light source is collimated by LO to simulate the star plane waves. The next lens
(L1) converges the beam from the central star on the optical axis in the first focal plane. The
coronagraph (amplitude or phase) mask obscures the beam. This causes diffraction of most of the
energy at the edge of the second pupil plane (defined by L2). The Lyot stop (L-S) then allows to
block this diffracted energy and the image of the central star is not formed on the detector placed
in the second focal plane (after L3).

to potentially reveal the faint light of planetary companions. The basic principle of coronagraphy
is illustrated in Figure 1.10, with the use of lenses such as on a laboratory optical bench. In a
telescope, the lenses are replaced by mirrors. L1 corresponds to the primary mirror providing a
large f-number, which is the F//D ratio, where F' is the focal length and D the diameter of the
telescope. L2 corresponds to the secondary mirror. L-S is a pupil mask called the Lyot stop. L3
is focusing the light on a detector (CCD camera).

Coronagraphy is a powerful method for the detection of faint point-sources such as extrasolar
planets in close separation from their stars, and is the main theme addressed in our work. In
Chapter 2, we will describe in more details the different types of coronagraphs, and especially the
subwavelength grating vector vortex coronagraph (SG-VVC) also called the annular groove phase
mask (AGPM, Mawet et al. 2005a), which is the main subject of this thesis.

Differential imaging

Along with coronagraphy, another powerful method for the detection of faint point-sources such
as extrasolar planets located very near their stars is differential imaging. This technique is based
on numerical subtraction of images, such as a filtering process with a computer. While coronagra-
phy and adaptive optics provide diffraction control, differential imaging allows systematic errors
calibration. Indeed, its primary goal is to eliminate the PSF aberrations caused by imperfections
of the telescope mirrors and diffracted by the mechanical support structure, called the spider,
holding the secondary mirror. Unlike atmospheric turbulence, this PSF noise evolves very slowly
during the observation and therefore results in quasi-static speckles (Marois et al. 2003; Masciadri
et al. 2005). For the last 25 years, various differential imaging methods have been proposed to
suppress the PSF quasi-static noise and improve the detection limit.

The first technique is spectral differential imaging (SDI, Smith 1987; Racine et al. 1999;
Lafreniére et al. 2007c), which consists in the simultaneous acquisition of images in different
adjacent narrow spectral bands, within a spectral range where the star and planet spectra differ.
Since quasi-static speckles result from the diffraction of stellar light, their spectral signature is
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Figure 1.11: Illustration of the ADI image combination technique. A; corresponds to the
series of raw frames taken in pupil-stabilized observing mode. The halo sketched in gray is the
quasi-static speckle, the red-highlighted point is the rotating planet signal. Credits: Christian
Thalmann, Max Planck Institute for Astronomy.

different from the signature of the companion. By subtracting the different recorded images, the
stellar PSF and the quasi-static speckles can be strongly attenuated, and the signature of the
companion can be easier to retrieve.

Later on, the angular differential imaging (ADI, Marois et al. 2006) was developed. This
technique yields performances similar to SDI, but does not require the presence of sharp spectral
features in the planet spectrum. ADI is used on an alt-azimuth telescope mount. As Earth spins
around its axis, the field appears to rotate. This is not the case for the quasi-static speckles, which
are due to the imperfections of the telescope. ADI exploits the fact that the field and the pupil
rotate with respect to each other during the observations to distinguish the star’s halo from real
astronomical sources, such as planet companions. As shown in Figure 1.11, for each image (A;),
a reference image (B) is constructed from other images of the same sequence, and subtracted to
remove quasi-static structures (C;). All residual images are then rotated to align the field (D;)
and are summed up (E). At the end, both the starlight and the quasi-static speckles are reduced
reduced typically by an order of magnitude (Marois et al. 2006).

More recently, a more sophisticated way to perform the PSF subtraction, the locally opti-
mized combination of images (LOCI) algorithm, was developed (Lafreniére et al. 2007b). It is
inspired by the ADI method, but instead of subtracting one median PSF from all images in the
series, an optimized PSF is constructed by linearly combining the reference images to minimize
residuals within the scientific observation. To build the optimal artificial LOCI PSF, all images
are divided into multiple ring-shaped subsections (see Figure 1.12), and for each of them, an
optimised portion of the PSF is built. LOCI was first developed to work on PSF libraries, but
it can also use images taken at different parallactic angles, from ADI image sequences, as reference.
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Figure 1.12: Illustration of the artificial LOCI PSF construction process. For each subsection
of ring (delimited by thick lines), a portion of the optimized background is obtained by linear
combination (gray shaded area). The left and right panels show the 1st and 13th subtraction
annuli, respectively. From Lafreniére et al. (2007c).

1.5.3 The first images

Over recent years, astronomers have taken the first images of planets outside of our solar system.
Let us recall the main direct detections made so far (see Figure 1.13), and illustrate the limits of
the current direct detection capabilities for some of them.

— 2M1207 b was imaged in 2004 with the VLT using only AO (Chauvin et al. 2004). It is a
very hot gas giant orbiting a brown dwarf, about only 100 times brighter than its companion.
2M1207 b is believed to have a mass ranging from 3 to 10 My,,, and is considered as the
first imaged extrasolar planet, even though it is not orbiting a star.

— Fomalhaut b was imaged in 2004 and 2006 with the HST using a coronagraphic occulting
spot (Kalas et al. 2005, 2008). Considered as the first directly imaged exoplanet orbiting
a main sequence star, Fomalhaut b is a major discovery. We describe it below in more details.

— [ Pictoris b was imaged in 2003 and 2009 with the VLT using AO and ADI (Lagrange
et al. 2009a, 2010). The planet, with a mass around 8 My, is orbiting at a semi-major axis
of 8 AU from ( Pictoris. This is the first time that the motion of a directly imaged planet
has been followed as it moves to the other side of its host star.

— HR 8799 b, c, d (in 2008) and later e (in 2010) were imaged with the Keck and Gemini
telescopes, using AO, coronagraphy, and ADI LOCI (Marois et al. 2008b, 2010). This is the
first multiple-planet extrasolar system directly imaged. We also describe it in more details
hereafter.

— k Andromedae b was imaged in 2012 with the Subaru Telescope using AO, coronagraphy,
and ADI (Carson et al. 2013). With a mass of nearly 13 Mj,,, it is not clear yet if the object
is an exoplanet or a brown dwarf.

— Plus a few more which could also claim the title of planet.
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Figure 1.13: Some of the principal planets directly imaged so far. (a) 2M1207 b imaged in
2004. (b) Fomalhaut b imaged in 2004 and 2006. (¢) 8 Pictoris b imaged in 2003 and 2009.
(d) HR 8799 b, ¢, d, e imaged in 2008 and 2010. (e¢) k Andromedae b imaged in 2012. References
are given in the text.
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Fomalhaut b

Fomalhaut is one of the twenty brightest stars in the sky, easily visible with the naked eye, and
its glare makes it very difficult to detect the faint signal from a planet that may be very close to
the star. The first image was taken in 2004 in visible light using a new instrument aboard the
Hubble Space Telescope (HST) called the Advanced Camera for Surveys (ACS), equipped with a
coronagraph (Kalas et al. 2005). At that time, the planet was not noticed immediately, but only
the vast dust belt circling the star. This is an analog to our Kuiper belt, a system of icy bodies
that are colliding and continually producing dust that one can see as reflected light. Following
Kalas et al. (2005), the belt had several unusual features which they hypothesized could be due
to the gravitational perturbations from a planet that had not been seen yet. With this hypothesis
in mind, they returned to Fomalhaut in 2006 with the ACS, and obtained even deeper and more
accurate images of the belt but also found a faint point source to the lower right (see Figure 1.13,
b), one billion times fainter than the central star, orbiting at 115 AU (Kalas et al. 2008). Note
that new results have been published this month (Kalas et al. 2013) with the space telescope
imaging spectrograph (STIS).

This discovery makes it the first visible light picture of a planet orbiting another star. The
planet, called Fomalhaut b, completes an orbit in roughly 800 years. It is orbiting the star Foma-
lhaut in a counter clock-wise motion, just within the dust belt, thereby satisfying the hypothesis
that the belt is governed by the gravity of the planet. By measuring how close the planet is to
the dust belt, and by combining it with the orbital motion and the brightness of the planet, one
can firmly constrain the mass of the planet to be less than 3 Mjy,,. The lower limit to the mass
of Fomalhaut b is the mass of Neptune. Neptune in our solar system does a similar thing, by
sculpting the inside edge of the Kuiper belt. This discovery allows us to better understand the
origin and evolution of planetary system architectures.

HR 8799 b, c, d, e

HR 8799 is located in the constellation Pegasus, 130 light years away from Earth. The star is
about 1.5 Mg, and it has four directly imaged companions (see Figure 1.13, d). The first three
planets orbiting around HR 8799 were imaged in the infrared by a canadian team in 2008, using
the Gemini and the W. M. Keck observatory on Hawaii’s Mauna Kea (Marois et al. 2008b). This
discovery was made possible thanks to the use of the ADI technique. HR 8799 b, ¢ and d were
also recently imaged using a vortex coronagraph capable of reaching small angles behind a small,
well-corrected telescope subaperture (Serabyn et al. 2010). Later, the planet e was imaged by the
canadian team (Marois et al. 2010). This fourth planet is probably 9 Mj,, and it is the closest
one to the host star (14.5 AU). It is followed by the planets d and ¢, almost as large (10 Mjy,)
and further out (24 AU and 38 AU). Then, planet b, the most distant planet in this multi-planet
system, is 7 Mjy,, and it orbits at 68 AU, just inside a disk of dusty debris similar to our Kuiper
belt, a relic of the formation of the system. This multi-planet system is considered by astronomers
to be young, only about 60 Myrs old. That means that the orbs of the planets are still glowing
with heat leftover after their formation. The set-up of this planetary system, along with its dusty
belt, suggest that it could be a scaled-up version of our solar system. Earth-like planets might also
exist closer-in to the star, but if so, their are too dim to be photographed with the instruments
previously used to image the four planets, and need more efficient coronagraphs, combined with
better AO systems or space-based telescopes.
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1.6 Conclusion

For the last ten years, detections of exoplanets have dramatically increased. Astronomers are
finding a planet every two weeks in average, using indirect detection methods such as transits or
radial velocity. Most of the planets discovered so far are very different from those of our own solar
system. This stretches our imagination of what a planet can be, and gives us some hope about all
the other exciting discoveries to be made. Discoveries of hot Jupiters have taught us a lot about
the formation of our solar system, leading to various evolutionary models, including planetary
migration theory. During the last five years, a series of Earth-size planets have been discovered.
Among them, some are located in the habitable zone and could probably host life. In the next
few years, more and more Earth-like worlds will be detected. However, taking pictures of these
worlds is still far from being an easy game.

The direct imaging of Fomalhaut b is a landmark discovery among exoplanets, because it is
considered as the first direct image of a planet of quite a low mass. Together with 3 Pictoris b
and the HR 8799 system, these significant discoveries legitimize the whole field of direct imag-
ing. The advantages of direct detection are multiple. First, it is a much faster detection than
using indirect ways. Instead of waiting many years for a planet to transit in front of its host
star, one can see it in a few hours with an 8-m telescope. Moreover, by analyzing the incoming
light, one can study the planet composition using photometry. In this regard, the integral field
spectroscopy (IFS) technique is actually providing its first results (Konopacky et al. 2013; Op-
penheimer et al. 2013). Direct imaging is also sensitive to different kinds of planets, which are
orbiting further away than those detected using radial velocity. In that way, it complements the
searches. Finally, direct imaging allows to follow the orbit and see the planet spin around the star.

New technologies are continuously developed. Next generation extreme adaptive optics (XAO)
allow high angular resolutions. Differential imaging algorithm, such as ADI LOCI, can suppress
the PSF quasi-static noise and improve the detection limit. But most of all, the addition of a
coronagraphic mask enhances the capability of large XAO-corrected telescopes and promises to
distinguish giant planets with planetary masses around that of Jupiter with contrasts up to a
few tens of thousands. The recent advances in stellar coronagraphy will be presented in the next
chapter.
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Abstract. The adaptive optics and data reduction techniques presented in the previous chapter
have tmproved considerably the image quality of current 8-10 meter class telescopes, providing
sharp, high resolution images and reducing the stellar scattered light. These techniques are however
limited when it comes to observing faint extrasolar planets. Indeed, the direct imaging of exoplanets
requires unprecedented levels of light suppression. Such high contrasts can be achieved by blocking
or canceling the starlight with a coronagraph. In this chapter, we first provide an overview of the
multiple stellar coronagraphy techniques that have emerged during the last decade, and review the
specificities proper to a particular class of phase-masks called the vector vortex coronagraph. We
then present the different vortexr coronagraphy technologies, with a particular interest for the use
of subwavelength gratings as a unique solution at mid-infrared wavelengths. Finally, we end this
chapter with a review of the current and future coronagraphic facilities on the ground and in space.
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2.1 The coronagraph tree of life

Downstream from the telescope, the first step of imaging instruments dedicated to the direct
detection of exoplanets is to reduce the light intensity from the host star without affecting the
light from the planet. For this, many types of coronagraphs have been proposed, studied, tested
and integrated to large telescopes. All these different types have a common ancestor: the Lyot
coronagraph (see Figure 2.1). Bernard Lyot, astronomer at the Meudon Observatory from 1920
to 1952, made great progress in astronomy instrumentation. Among other things, he invented
the photoelectric polarimeter, a very narrow spectral bandwidth filter, and the solar coronagraph
(Lyot 1932, 1939). The latter was invented to allow regular and systematic study of the corona of
the sun, which had previously been studied only at the time of total solar eclipses. The instrument
reduces the light flux from the solar photosphere, without reducing the flux from the two most
tenuous layers that surround it, i.e., the chromosphere and the corona. The genius of Bernard Lyot
was to introduce a diaphragm to block the light diffracted by the edges of the pupil of the telescope.
Today, this diaphragm bears his name: the Lyot stop. With the solar coronagraph of Lyot, the
study of the solar corona has triggered many themes, such as: (i) corona polarimetry (Koomen
et al. 1975), (ii) corona interactions with a comet (Curtis & Sacramento Peak Observatory Staff
1966), (iii) corona magnetic field (Wagner et al. 1974), (iv) study of solar prominences (Hirayama
& Nakagomi 1974). Nowadays, several solar coronagraphs are still in use, including onboard the
Solar Heliospheric Observatory (SOHO) and at the Pic du Midi Observatory.
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Figure 2.1: Illustration of the stellar coronagraph family tree, regrouping most of the existing
coronagraphic concepts (non exhaustive), descending from the Lyot solar coronagraph. From
Quirrenbach (2005).
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Figure 2.2: Illustration of the four major stellar coronagraph types, following two divisions:
position of the Fourier spatial filter (focal-plane / pupil-plane) along the horizontal axis, and
occultation method (amplitude / phase) along the vertical axis.

In the early 80s, a simple question arose. Why not adapt the solar coronagraph to the study
of the tenuous environment of other objects than the Sun? This is how the Lyot coronagraph
has been used to observe the rings and satellites of Saturn (Dollfus & Brunier 1980), or to study
asteroids (Gradie 1986). Then the stellar coronagraph has emerged. Astronomers photographed
Alpha and Beta Pictoris and R Aquarii to study their circumstellar disk (Smith & Terrile 1984;
Paresce & Burrows 1986, 1987). Other teams have tried to detect brown dwarfs around nearby
stars (Macintosh et al. 1992; Nakajima et al. 1994). Since astronomers were interested in the
imaging of extrasolar planets (Mills et al. 1991; Nakajima 1994), it was necessary to modify the
initial solar coronagraph, the angular size of a star being negligible compared to that of the Sun.
Since then, new concepts of coronagraphs were invented every year. A complete description of
each technique and a comparison of performances will not be provided in this manuscript (see
Guyon et al. 2006; Guyon 2007; Trauger 2009). We limit our discussion to the description of the
four major coronagraph types (see Section 2.2). Then, in Section 2.3, we detail the concept of
vector vortex coronagraphs (VVC, Mawet et al. 2005a; Foo et al. 2005; Palacios 2005; Jenkins
2008; Swartzlander 2009; Mawet et al. 2011b; Serabyn et al. 2011), especially coronagraphs using
subwavelength gratings (SG-VVC), on which this work is focused (Delacroix et al. 2010a, 2012b,
2013).

2.2 Four major stellar coronagraph types

The vast diversity of different approaches presented in Fig. 2.1 can be classified along two divisions
(Mawet 2006; Trauger 2009), and regrouped into four groups (see Fig. 2.2): (i) amplitude masks,
(ii) amplitude apodizers, (iii) phase apodizers, and (iv) phase masks. The primary division lays
in the mechanism by which the stellar light is segregated, depending on where the Fourier spatial
filters are positioned. On the one hand, the pupil-plane family generally uses one-stage Fourier
spatial filters, positioned in the pupil plane, dumping the light in a confined region of the focal
plane (also called image stop, see Fig. 2.1). On the other hand, the focal-plane family regroups
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coronagraphs having two (or in some case more) stages of Fourier spatial filtering, one in the first
focal plane, and one in the exit pupil plane (also called pupil stop, see Fig. 2.1) as with a classical
Lyot coronagraph.

The secondary division relates to the occultation method implemented by the coronagraphic
system. The amplitude coronagraphs block the light directly, similarly to the original approach of
Lyot, whereas the phase coronagraphs induce spatially-distributed phase shifts, with the aim of
rejecting the starlight out of the Lyot stop.

2.2.1 Amplitude masks

The Lyot coronagraph (also called hard-edged Lyot) suffers from two fundamental limitations: (i)
it does not completely extinguish the central star, (ii) the diameter of the mask prevents observing
regions close to the star. What was not a concern in the context of the study of the solar corona,
has become a limiting factor for the study of stellar environments. It was therefore necessary to
develop new types of coronagraphs.

Prolate apodized Lyot coronagraph

The apodization of the entrance pupil is an effective solution used on the prolate apodized Lyot
coronagraph (PALC) to improve the extinction of a classical Lyot coronagraph. The Lyot mask
is then used, but applied to an image of the star that became soft-edged by the apodization. The
apodization is achieved using a prolate function (see Figure 2.3) that provides the best compromise
in terms of loss of resolution and throughput (Aime et al. 2001, 2002; Soummer et al. 2003a; Aime
& Soummer 2004).

Figure 2.3: Left: Prolate function apodized aperture (Slepian 1965). Right: Corresponding
PSF plotted on a logarithmic scale with black areas 107! below brightest ones. From Kasdin
et al. (2003).

Band-limited and notch-filter masks

For the amplitude mask to completely remove the residual flux from the pupil, the Fourier trans-
form of the mask must be a bounded-support function, which is to say that the mask must be an
unbounded-support function (Kuchner & Traub 2002). There is a whole family of masks called
band-limited that satisfy this condition. BL coronagraphs achieve contrasts of 107 at 3\/D inner
working angle (IWA) over a AA/A = 20% bandwidth (Trauger 2009), but the residual flux is still
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Figure 2.4: Left: The transmittance profile of a representative (the Ripple 8 design) shaped-
pupil apodization, where black indicates opaque. Right: Corresponding PSF plotted on a loga-
rithmic scale with black areas 10710 below brightest ones. From Belikov et al. (2007).

not totally canceled. Moreover, even far from the star, the mask still attenuates the companion.
To address this issue, Kuchner & Spergel (2003) proposes to use notch filters, i.e., binary narrow
band-stop filters (Kuchner et al. 2005; Shaklan & Green 2005).

2.2.2 Amplitude apodizers

The main disadvantage of occulting masks comes from their overall dimensions, thereby hiding
the area of interest. As an original solution, different sorts of mask-less designs have been pro-
posed. These are called shaped pupil coronagraphs. They are based on the concept of apodization
proposed by Jacquinot & Roizen-Dossier (1964). This concept gave birth to many derivatives
(Nisenson & Papaliolios 2001; Kasdin et al. 2003; Debes & Ge 2004; Belikov et al. 2007), such
as the Ripple 3 design illustrated in Figure 2.4. This design achieves a 107 contrast at 4\/D
with 10% bandwidth (Belikov et al. 2007; Trauger 2009). These coronagraphs, however, reduce
dramatically the signal transmission. Smaller IWAs are possible with the so-called dark hole tech-
niques described below in Section 2.2.3, that require a deformable mirror (DM).

Another apodizer is the phase-induced amplitude apodization coronagraph (PIAAC). It is
technically an amplitude apodizer, however it also induces phase modulation. Therefore, we will
present this concept in the next section, dedicated to phase apodizers.

2.2.3 Phase apodizers

Some types of coronagraph enable the apodization of the entrance pupil by modulating the phase
of the incident beam, enabling imaging at small angular separation with little loss in throughput.

Pupil mapping

The phase-induced amplitude apodization coronagraph (PIAAC, also known as pupil mapping,
see Figure 2.5) is a coronagraph apodized by phase, while the incident beam passes through two
aspheric optics (Traub & Vanderbei 2003; Guyon 2003; Guyon et al. 2005, 2010b; Martinache
et al. 2006, 2012a). The optics can be mirrors or lenses. The PIAAC combines high through-
put, small IWA (2)\/D for 107'° contrast), low chromaticity (when mirrors are used), full 360°
discovery space, and full 1A\/D angular resolution. A new approach consists in combining the
full throughput and uncompromized angular resolution of the PTAAC, and the design flexibility
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Figure 2.5: Architecture of the phase-induced amplitude apodization coronagraph (PIAAC),
with graphical representations of complex amplitudes in a few relevant planes: (1) telescope
entrance pupil, (2) pupil after apodization, (3) focal plane before introduction of the focal-plane
mask, (4) focal plane after the focal-plane mask, and (5) exit pupil plane before truncation by
the Lyot mask. From Guyon et al. (2010a).

of apodized pupil Lyot coronagraphs, to obtain a PIAA complex mask coronagraph (PIAACMC,
Guyon et al. 2010a), which offers 50% throughput at 0.64\/D while providing total extinction of
an on-axis point source.

The most challenging feature is the manufacturing of aspheric mirrors to the required accuracy,
due to the rapid decrease in radius of curvature at the edge of the first PIAA element. In addition,
the mirrors are bounded, which leads to a limited number of frequencies in the focal plane,
producing Fresnel effects, harmful to the apodization (Vanderbei 2006).

Apodizing phase plate

Another technique based on modulation of phase across the pupil is the apodizing phase plate
(APP, Yang & Kostinski 2004; Codona & Angel 2004; Codona et al. 2006; Kenworthy et al. 2007).
The basic idea is to introduce a weak sinusoidal phase ripple across the pupil, which acts as a
weak diffraction grating, creating antispeckles for each speckle or diffraction structure, matching
their location and amplitude, but m-shifted. The APP has been installed on NACO and achieves
a 10™* contrast at 2\/D (Kenworthy et al. 2010a,c; Quanz et al. 2010, 2011). Another one has
been developed for the LBT (Kenworthy et al. 2010b). Since the ripples are real, the antispeckles
created on one part of the star have an antisymmetric real counterpart on the other side of the
star, thereby reinforcing the speckles there. It is therefore only possible to cancel the starlight
over at most one half and on a limited radial extent (e.g., from 2 to 7A\/D) of the field of view
around the center (see Figure 2.6).

The current limitations to the APP are: (i) the 180° coverage, (ii) the chromaticity due to the
design, and (iii) the limited field of view due to the outer working angle. Indeed, phase shifts can
only be accurate at one wavelength \yg. Therefore, there will be a chromatic increase in the halo
intensity that varies as [(A — Ag)/Ao]? times the original halo intensity (Codona & Angel 2004).
Further research is underway to develop an achromatic vector-APP (Snik et al. 2012).
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Figure 2.6: The VLT APP Design. Left: Photograph of VLT APP optics, with anti-reflection
coated Zinc Selenide (light yellow area). Middle: Phase modification introduced to the VLT
pupil. Right: Resultant PSF with a logarithmic intensity scale normalised to the peak flux. From
Kenworthy et al. (2010c).

2.2.4 Phase masks

The phase masks constitute the fourth type of coronagraph. Just as a Lyot coronagraph, they
are placed in the focal plane, but unlike the amplitude masks, they are transparent and generate
phase shifts that reject, by destructive interferences, the light from the star out of the area of
interest.

Roddier

Roddier & Roddier (1997) introduced a new type of coronagraph based on the the complex
amplitude phase shifting, in the focal plane. A small portion of the core of the Airy pattern
undergoes a m-phase shift relative to the rest of the Airy pattern. This w-phase shift is created
by introducing a step e such as A = 2(n — 1)e, with n the index of the transparent material, and
A the light wavelength. The mask diameter is optimized so that all the starlight is attenuated
by destructive interference (between the central portion and the outer portion), sending all the
light outside the telescope aperture where it is intercepted by the Lyot stop. Compared to the
Lyot coronagraph, it has higher dynamic range and smaller IWA. However, the mask is highly
chromatic, for two reasons: (i) the step e is function of A, (ii) the optimal diameter of the mask
also depends on the wavelength (geometric chromatism). The chromatism of the mask can be
reduced by using several steps producing different phase shifts (Soummer et al. 2003a) at the
price of technical difficulties. In addition, the attenuation of the star is not total, but it can be
made perfect (in the monochromatic case only) by the use of apodization by prolate functions
(Soummer et al. 2003b).

Four quadrant phase mask

To solve the problem of geometric chromatism, Rouan et al. (2000) proposed another type of phase
mask: the four quadrant phase mask (FQPM, Riaud et al. 2001; Boccaletti et al. 2004). The phase-
shifting Roddier mask is replaced by a mask dividing the focal plane into four symmetrical parts,
two of them inducing a m-phase shift (see Figure 2.7). As with the Roddier coronagraph, the
m-phase shift is obtained with a phase-shift step. The light from a point source (such as a star),
perfectly centered on the intersection of the four quadrants, destructively interferes and, as a re-
sult, is rejected outside the telescope pupil. As in the case of the Lyot and Roddier coronagraphs,
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o=n =0

Figure 2.7: Left: Design of the four quadrant phase mask (FQPM). Middle: Two quadrants on
one diagonal make the light undergo a m-phase shift, whereas the two other quadrants let it pass
without shifting the phase. Right: Resulting PSF with a logarithmic intensity scale normalised
to the peak flux. From Rouan et al. (2007).

the light is then blocked by a slightly undersized diaphragm (the Lyot stop). In the theoretical
case, the attenuation is perfect. For an off-axis planet companion, the coronagraph effect is much
weaker, especially if it is far from the center, so that its signal passes through the diaphragm and
is almost not attenuated.

The FQPM is not affected by geometric chromaticism, however, it is still chromatic with
respect to the phase shift. Different approaches have been proposed to make the phase shift
achromatic, such as, e.g., the phase knife coronagraph (PKC, Abe et al. 2001, 2007) or the use of
subwavelength gratings (Mawet et al. 2005b). Another weakness of the FQPM is its sensitivity to
central obscuration and spider arm. Solutions have been proposed to reduce this degradation by
beam-shaping of the entrance pupil (Lloyd et al. 2003; Abe et al. 2006) or by optimizing the Lyot
stop to reduce the diffracted light (Boccaletti et al. 2004). In addition, the perfect alignment of
the four quadrants is hard to manufacture.

(Vector) vortex coronagraph

The vector vortex coronagraph (VVC), or vortex coronagraph, was initially proposed as a solu-
tion to avoid the tedious task of aligning the four quadrants of the FQPM, and to suppress the
transition zones which cause a loss of information. The idea is to replace the phase-shift steps by
continuous phase-shift, thereby synthesizing an optical vortex (see Figure 2.8). VVCs are known
for their outstanding coronagraphic properties: small IWA (down to 0.9A/D), high throughput,
clear off-axis 360° discovery space, and simplicity.

Optical vortex coronagraphs (Foo et al. 2005; Mawet et al. 2005a; Palacios 2005) provide a
continuous helical phase ramp, varying azimuthally around the optical axis. This phase ramp can
be written e, with ¢ = [, where @ is the focal plane azimuthal coordinate, and [ the (even)
vortex topological charge, i.e., the number of times the geometric phase ¢, (Pancharatnam 1956,
see also below) accumulates 27 along a closed path s surrounding the phase singularity:

= dve,ds. (2.1)

:27r

The phase dislocation forces the amplitude to zero at its centre, which is a singularity. Nature
indeed prevents the phase from having an infinite number of values at a single point in space,
which is non-physical, by simply nulling the light locally. When centred on the diffraction pattern
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Figure 2.8: Left: An ideal unobscured circular input pupil. Middle: A transparent phase mask
applies a helical phase (vortex) to a telescope’s focal-plane field. Right: The light propagates
downstream to a pupil image (the Lyot plane), where all of the (on-axis) starlight appears outside
of the geometric image of the input pupil, where it is blocked by a Lyot stop. Light from an off-axis
companion misses the center of the vortex and propagates normally.

of a star seen through a telescope, optical vortices affect the subsequent propagation by redirecting
the on-axis starlight outside the geometric image of the pupil. This diffracted starlight is then
blocked when passing through the Lyot stop, slightly undersized compared to the input pupil
image.

The perfect starlight attenuation of an optical vortex coronagraph has been proven analytically
(Mawet et al. 2005a; Foo et al. 2005; Jenkins 2008) for any non-zero even values of [ by applying
the result of the Weber-Schafheitlin integral'! (Abramowitz & Stegun 1972; Sneddon 1951) to the
Fourier transform of the product of a vortex ramp phase (¢%?) with an ideal Airy pattern (%),
where R is the circular input pupil radius, k the wave number, and p the radial coordinate in the
focal plane. For instance, with a topological charge [ = 2, the amplitude of the electric field in

the Lyot-stop plane, with (r,v) coordinates, becomes

0 , T< R
Ers(r,v) = : (2:2)

Optical vortices can be obtained in two different ways: scalar vortices or vector(ial) vortices.
With scalar vortices, the phase ramp is directly etched in a dielectric material, such as a piece of
glass shaped as a helix. The accuracy to be achieved in the glass thickness is a serious technological
challenge that remains poorly mastered, even using the most recent micro-fabrication techniques.
Moreover, the induced phase profile of scalar vortices is highly chromatic, which makes them
unsuitable for significantly wide spectral bands, such as those commonly used in astronomical

!This integral reduces to Sonine’s for the [ = 2 case.
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A. Linear Polarization B. Circular Polarization

Figure 2.9: The VVC azimuthal phase ramp obtained with a rotationally symmetric half-wave
plate (HWP). The rotating optical axis orientation is represented with dashed lines perpendicular
to the circumference. The net effect of a HWP on a linear impinging polarization is to rotate it
by —2 X a where « is the angle between the incoming polarization direction and the fast optical
axis. An incoming horizontal polarization (blue arrow) is transformed by the vector vortex so
that it spins around its center twice as fast as the azimuthal coordinate 6 (red arrows). Right: For
circular polarization, the starting angle 0 is rotated, therefore the output field rotation is strictly
equivalent to a phase delay. From Mawet et al. (2011b).

observations. On the other hand, vector vortices are based on a circularly symmetric half-wave
plate (HWP) with an optical axis orientation that rotates about the center (see Figure 2.9). The
mask affects the transverse polarisation state cyclicly around the centre to produce a phase ramp.
The angle of local rotation of the polarization vector corresponds to a geometrical phase ¢, known
as the Pancharatnam-Berry phase (Pancharatnam 1956; Berry 1987). A complete rotation around
the center of the rotationally symmetric HWP provides a total 2 x 27 phase ramp, which cor-
responds to the definition of an optical vortex of topological charge 2. It was rigorously shown
(Mawet et al. 2005a; Niv et al. 2006) that vectorial vortices present the same phase ramp as scalar
vortices.

Any departure from the HWP condition produces a spatially uniform chromatic leakage in
the pupil, orthogonal to the main term bearing the pure geometrical phase modification. The
polarization of both terms being orthogonal, one can get rid of the leakage term by inserting
polarizing elements upstream and downstream the VVC. Another solution to the chromaticity
issue is to build a vertical multi-layer component. The respective optical axes are mutually off-
set following simple geometrical rules so as to reach an enhanced achromatic retardance across a
given wavelength range. A 3-layer design allows reaching the 107 contrast level over 20% band-
width in theory, whereas a 5-layer design allows reaching further to 1072 over the same bandwidth.

VVCs are the most recent members of the phase-mask coronagraph family, and are the main
subject of our work, especially one sort of VVC technology called the annular groove phase mask
(AGPM), and which we describe below (Section 2.3.3) in further details.



2.3. VECTOR VORTEX CORONAGRAPH TECHNOLOGIES 39

2.3 Vector vortex coronagraph technologies

In this section, we describe the three technological solutions used to manufacture VVCs:

— liquid crystal polymers (LCP),
— photonics crystals (PC),
— and subwavelength gratings (SG).

2.3.1 Liquid crystal polymers

Liquid crystal is a state of a material which is between solid crystal (long range order) and liquid
phase (no long range order). The same is valid for its properties. Molecules in liquid crystal phase
materials have some average alignment, making it anisotropic. Liquid crystal polymers (LCPs)
combine the birefringent properties of liquid crystals with the excellent thermo-mechanical proper-
ties of polymers. The orientation of a LCP is achieved through photoalignment (see Figure 2.10).
To obtain circularly symmetric HWPs, the alignment is set through a rotating exposure process,
using linear polarized UV light (McEldowney et al. 2008a,b). Once aligned and cured (using stan-
dard polymer curing techniques), the polymer reaches a very stable solid state.

The LCP technology is a proven approach to generate the phase helix, both in the near-infrared
and in the optical. Achromatic VVCs made out of LCP have been manufactured and installed on
the 200-inch Hale telescope at Palomar in 2009. Because of their small IWA, and lack of features
anywhere on the mask (except at the very central singularity), their discovery space is close to
maximal in terms of search area for faint companions (no dead zones). They have been used
behind an off-axis unobscured subaperture corrected with adaptive optics to successfully image,
close binaries, brown dwarfs and extrasolar planets (Mawet et al. 2010, 2011a; Serabyn et al. 2010).

With a single-layer design, the LCP VVC is relatively chromatic by nature, since the half-wave
retardance is induced only by the space variation of the optical axis orientation across the com-
ponent. Alignment of liquid crystals in general and LCP specifically, is a key step in making any
liquid crystal device, and requires efficient alignment techniques. As of today, many techniques

Mask

.

Figure 2.10: Left. Photoalignment with linear polarized UV light through an exposure mask.
Right: Alignment of the LCP rods. Regions with no alignment exhibits a random orientation.
From Mawet et al. (2011b).
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Figure 2.11: Left: Schematic cross-section of an auto-cloned photonics crystal used to synthesize
a VVC. Right: Picture (zoom on the central part) of an achromatic 8-octant PC VVC made by
Photonics Lattice Inc, Japan. From Murakami et al. (2010b).

are mature and are used in high volume manufacturing processes. However, a perfect alignment
of the center of the VVC cannot be achieved, because of the central singularity.

2.3.2 Photonics crystals

Photonics crystals (PCs) are artificial two-dimensional and three-dimensional periodic structures.
The particular technology that has been used to synthesize an eight-octant phase mask (83OPM,
Murakami et al. 2010b) made out of PCs, and more recently a PC VVC (Murakami et al. 2012),
is called auto-cloning (Kawakami et al. 1999; Kawashima et al. 2000). Auto-cloned PCs consist of
patterned multilayer films fabricated by sputtering deposition (see Figure 2.11, left). The manu-
facturing process is performed by Photonic Lattice Inc. A periodic corrugated pattern is etched
on a synthetic fused silica substrate by means of electron-beam lithography, with an accuracy of
about 10 nm (see Figure 2.11, right).

Two dielectric materials (Nb2O5 and Si05) are alternately deposited on the substrate by radio-
frequency sputtering, preserving the corrugated surface. The PC VVC for visible wavelengths is
typically composed of about 130 layers with a thickness of about 5 microns in total (Murakami
et al. 2010b). Recently, an 8OPM was tested at the high-contrast imaging testbed (HCIT, Jet
Propulsion Laboratory) with active leakage filtering method (used for the achromatization). They
report contrast levels of the order of ~107% at 800 nm over 10% bandwidth.

2.3.3 Subwavelength gratings: annular-groove phase-masks

A third technological route, which we are pursuing in this thesis, is the subwavelength grating (SG)
technology. This method was proposed by our team a few years ago (Mawet et al. 2005a,b). A
weakness of LCP and PC VVCs is their bandwidth: they are affected by absorption at wavelengths
beyond the near-infrared (H band centered at ~1.65 um, K band ~2.2 ym). Furthermore, they
are not intrinsically achromatic. Meanwhile, the demand for instruments in the mid-infrared (L
band ~3.8 um, M band ~4.8 ym, N band ~10.5 um) is growing in many domains of astrophysics.
We use the dispersion of form birefringence of SGs. These gratings are particularly adapted to
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Figure 2.12: Left: Schematic diagram of a SG. The incident light beam vector is perpendicular
to the grating lines. The filling factor F' is such that F'A corresponds to the width of the grating
walls. Right: Schematic diagram of the annular groove phase mask (AGPM), a SG VVC. From
Mawet et al. (2005a).

longer wavelengths where the fabrication constraints are relaxed. Indeed, the subwavelength grat-
ing feature line is proportional to the wavelength (Biener et al. 2006; Niv et al. 2007).

SGs are micro-optical structures with a period A smaller than A\/n, A being the observing
wavelength and n the refractive index of the grating substrate (see Figure 2.12). Such structures
do not diffract light as classical spectroscopic gratings. Instead, only zeroth transmitted and
reflected orders are allowed to propagate outside the grating, and the incident wavefront is not
affected by further aberrations. One can employ these SGs to synthesize artificial birefringent
achromatic HWP (Kikuta et al. 1997), and a SG VVC can be obtained by fabricating circularly
symmetric HWPs with SG. Such a design is called an annular groove phase mask (AGPM, Mawet
et al. 2005a). In the next chapters of this thesis, we describe our work on SGs and the AGPM
coronagraph in further details.

2.4 Current and future coronagraphic facilities

After having presented the different types of coronagraphs, and particularly the different techno-
logical routes to manufacture VVCs, we finish this chapter with a brief enumeration of the various
coronagraphic facilities, existing to date or planned for the future. On the one hand, ground-based
telescopes are limited by the presence of the Earth atmosphere, which is the cause of: (i) the
formation of speckles in the image, (ii) the reduced sensitivity at longer infrared wavelengths
(typically above 2 um), due to water absorption and thermal background emission. On the other
hand, space-based telescopes are neither limited in wavelengths nor by atmospheric perturbations,
but they are strongly limited in terms of size by the rocket fairing they must fit in.

2.4.1 Ground-based telescopes

As already mentioned before, the capability to distinguish small details in an image is directly
improved by increasing the angular resolution of the optical system being used. Since the angular
resolution is inversely proportional to the size of the aperture, one needs to increase the diameter
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Table 2.1: List of all optical ground-based telescopes with a primary mirror larger than 5 meters
in diameter, ranked in order of construction date.

Name Location Diameter (m) | Latitude | Altitude (m) | Year
Hale Mt. Palomar (California) 5 34°N 1706 1948
LOMO Zelentchuk (Caucasus) 6 A7°N 2070 1972
Gemini North Mauna Kea (Hawaii) 8 19°N 4200 1994
Keck Mauna Kea (Hawaii) 2 x 10 19°N 4200 1994
Hobby-Eberly* Mt. Locke (Texas) 9.2 30°N 3266 1997
VLT C. Paranal (Chile) 4x8.2 23°S 2650 1998
Subaru Mauna Kea (Hawaii) 8.4 19°N 4200 1999
Gemini South C. Pachon (Chile) 8.1 30°S 2738 2001
Magellan Las Campanas (Chile) 2x6 29°S 2280 2002
LZT** Vancouver (Canada) 6 49°N 395 2003
Salt* Sutherland (South Africa) 11.1 32°S 1783 2005
LBT Mt. Graham (Arizona) 2 x 8.2 32°N 3266 2007
GranTeCan La Palma (Canaria) 10.4 28°N 2370 2008
*

instruments moving instead of the mirror
** liquid mirror telescope

of the telescope mirror to achieve a higher angular resolution image. For centuries, telescopes with
increasing size have been built, especially during the last 20 years giving rise to telescopes with
primary mirrors of about 10 meters in diameter (see Table 2.1).

In the future, even more ambitious astronomical projects are programmed (see Figure 2.13, a,
b, ¢) with extremely large primary mirrors (up to 40 meters in diameter) made up of hundreds of
segments actively controlled to maintain a near-perfect optical figure, namely:

— the Thirty Meter Telescope (TMT, Nelson & Sanders 2006; Szeto et al. 2008; Crampton
et al. 2009; Simard et al. 2010),

— the Giant Magellan Telescope (GMT, Johns 2008; Shectman & Johns 2010),

— the European-Extremely Large Telescope (E-ELT, Gilmozzi & Spyromilio 2007; Kasper et al.
2008, 2010, 2012; Cuby 2010; Kissler-Patig 2010; Brandl et al. 2008, 2010a).

2.4.2 Space-based telescopes

The Hubble Space Telescope (HST) has made tremendous contributions to science during more
than 20 years. This unique space observatory has attained unprecedented sensitivity and yielded
brilliantly sharp images. As already mentioned in Section 1.5.3, the first direct image of an
exoplanet orbiting a main sequence star, Fomalhaut b, was obtained with the HST. But as often
happens in science, with the development of new technologies, new challenges raise and new paths
must be followed. One of these roads leads to terrestrial planet imaging. We need new space
telescopes to reach our ultimate goal, which is to directly image a system that has an Earth in it,
where we can actually see that Earth directly.
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Figure 2.13: Artist’s impression pictures. (a) The Thirty Meter Telescope (from www.tmt.org).
(b) The Giant Magellan Telescope (www.gmto.org). (¢) The European Extremely Large Telescope
(www.eso.org). (d) The James Webb Space Telescope (www.jwst.nasa.gov). (e) The Terrestrial
Planet Finder — Coronagraph (exep.jpl.nasa.gov).

James Webb Space Telescope

The James Webb Space Telescope (JWST), the next-generation space telescope, is a collaboration
between NASA, Canada and ESA. Tt is due to be launched in 2018 (see Cosmic Vision, Fridlund
et al. 2010). JWST will study the cooler and more distant objects within our Galaxy, but with
an unprecedented sensitivity from 0.6 ym to 30 pm. Placed in a location permanently in Earth’s
shadow (see Figure 2.13, d), JWST will be about 1.5 million kilometers away. Moreover, it will
be equipped with coronagraphs for probing structures similar to our own solar system, with a rich
diversity of planets and dust structures.

Terrestrial Planet Finder

The Terrestrial Planet Finder (TPF) was a mission concept previously under study by NASA,
and initially composed of two architectures.

— Visible light coronagraph (TPF-C): a large optical telescope (see Figure 2.13, e) with a mirror
at least 3 times bigger and 100 times more precise than HST, providing a 10~ contrast.

— Infrared astronomical interferometer (TPF-I): four small telescopes (2 m diameter) and one
beam combiner spacecraft, flying in formation at the lagrangian point L2, using milimetric
metrology to measure the distance apart from each other. This concept is similar to the
Darwin project from ESA (Cockell et al. 2009).
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Unfortunately, this mission has been cancelled for both technological and economical reasons.
As a matter of fact, there is a 25-year so-called roadmap from NASA (Des Marais et al. 2003,
2008; Ehrenfreund et al. 2012), and in 2007, the TPF mission has not been selected anymore, but
rather “deferred indefinitely”, and more recently in 2011, it has been reported as “cancelled”.

2.4.3 High contrast imaging capabilities

Among all these telescopes, let us point out the high contrast imaging capabilities, in space and
from the ground, which are listed below:

— the High dynamic range imager Project 1640 (P1640) at the Hale telescope,
— the Second generation Near Infrared Camera (NIRC-2) at the Keck telescope,

— the Nasmyth Adaptive Optics System and the COude Near Infrared CAmera (NAOS-
CONICA or NACO) at the VLT,

— the Spectro Polarimetric High contrast Exoplanet REsearch (SPHERE) at the VLT,

— the Gemini Planet Imager (GPI) at the Gemini South telescope,

— the High-Contrast Coronagraphic Imager for Adaptive Optics (HICIAO) at the Subaru tele-
scope,

— the Subaru Coronagraphic Extreme Adaptive Optics (SCExAQ) at the Subaru telescope,

— the Prototype Imaging Spectrograph for Coronagraphic Exoplanet Studies (PISCES) at the
LBT,

— the Large Binocular Telescope mid-infrared camera (LMIRcam) at the LBT,
— the Planet Formation Instrument (PFI) at the TMT,

— the Exo-Planet Imaging Camera and Spectrograph (EPICS) at the E-ELT, recently renamed
as Planetary Camera and Spectrograph (PCS),

— the Mid-infrared E-ELT Imager and Spectrograph (METIS) at the E-ELT,
— the Advanced Camera for Surveys (ACS) with HST,

— the Near-Infrared Camera (NIRCam) with JWST,

— the Mid-Infrared Instrument (MIRI) with JWST,

— and the Tunable Filter Imager (TFI) with JWST, recently renamed as Near Infrared Imager
and Slitless Spectrograph (NIRISS).

A recent review of the state-of-the-art in exoplanet imaging has been conducted by Lawson
et al. (2012) as a result of a workshop on exoplanet imaging that was held in Squaw Valley,
California, in March of 2012. Contrast ratio capabilities of current and projected telescopes
are compared in Figure 2.14, with 50 detectivity curves scaled for a 1-hour observing time. A
high order deformable mirror, e.g. 64 by 64 actuators, is assumed for ground-based telescopes. As
shown on the figure, these facilities can be subdivided into three groups: (i) the current generation
of instruments (Hale-WCS, VLT-NACO, Keck-NIRC2, and HST-ACS), (ii) the next generation
of instruments (Hale-P1640, VLT-SPHERE, and GPI), and (iii) future extremely large telescopes
(TMT-PFI, EELT-EPICS, and JWST-NIRCam). As a result of this comparison, we can hopefully
expect substantial improvement from the next generation, both in terms of contrast and TWA.
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Figure 2.14: State-of-the-art in current and future high contrast imaging capabilities, in space
and from the ground. The left axis shows both the planet/star contrast ratio together with the
corresponding RMS wavefront quality necessary to reach it. The right axis shows the correspond-
ing A magnitude relative to the central star. The z axis shows the angular separation in arcsec.
An asterisk denotes the predicted contrast for future instruments. Over-plotted are the K-band
fluxes for 9 imaged exoplanets. In the lower part of the figure are plotted our solar system planets
as they would appear in reflected light around a Sun-like star at a distance of 10 pc. From Lawson
et al. (2012).

2.5 Conclusion

In this chapter, we scanned the wide variety of coronagraph technologies developed over the last
10 years. Most of them, dedicated to hunting long-period planets, have proved rather unsuccessful
and a lot of insightful lessons have been learned from the majority of non-detections. It is expected
that opening the parameter space to fainter/smaller planets closer to their parent stars will bring
many new objects (Crepp & Johnson 2011). Vector vortex coronagraphs (VVCs) can meet the
pressing need for devices which, combined with extreme adaptive optics systems, will provide
higher contrasts at small inner working angles.



46 CHAPTER 2. AN OVERVIEW OF CORONAGRAPH TECHNOLOGIES

As of today, the annular groove phase mask (AGPM) is the only VVC that can be used beyond
the near-infrared, especially in the L band (from 3.5 to 4.1 um) which offers significant advantages
compared to shorter wavelengths (Kasper et al. 2007): (i) the increased planet /star contrast com-
pared to shorter infrared wavelengths sufficiently compensates for the thermal background noise
(which is still low enough) not to be the detection constraint, and (ii) the image quality is much
higher, with Strehl ratios well above 70% and sometimes as high as 90%, thus reducing speckle
noise.

In the next chapters of this thesis, we show how we managed to manufacture achromatic
AGPMs for two mid-infrared spectral bands, the results of our measurements in the laboratory,
and the first light at the VLT with VISIR (N band) and NACO (L band).



The road to first manufactured
broadband AGPM coronagraphs
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Abstract. Phase-masks act on the incoming starlight by modifying its phase. The process of
destructive interference occurring by combining two portions of the incident light beam, w-phase
shifted with respect to each other, can be ideally synthesized by use of specific optical devices called
half-wave plates, generally operating at specific wavelengths. Making such components achromatic
over wide infrared spectral bandwidths is however crucial for astronomical observations, as was
In the present chapter, we present our work on silica and diamond
achromatic infrared half-wave plates, by use of micro-optical diffraction gratings operating in the

established in Chapter 1.

subwavelength domain.
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3.1 Diffraction by subwavelength gratings

Diffraction by a grating can be evaluated using either scalar or vectorial theories. Scalar diffraction
theories are not exact theories, since they ignore the vectorial nature of light. On the other hand,
they can be convenient because they are easy to implement and little time consuming. This section
summarizes the mathematical approaches of both scalar and vectorial methods, and explains how
an achromatic subwavelength half-wave plate (HWP) can be optimally designed using a rigorous
coupled-wave vectorial method.

3.1.1 Scalar diffraction theory

Diffraction by a grating leads to the dispersion of the incident beam into several orders of diffrac-
tion. This happens both in transmission and in reflection. For each diffraction order m, the
reflected and transmitted angles, o™ and H,Sm) respectively, are governed by the so-called diffrac-

tion equation:

m A
n;sin6; £ n;; sin 0,(%) = _mT (3.1)

where 6; and \ are respectively the angle and wavelength of the incident beam, A is the grating
period, and n; and n; are respectively the refractive indices of the incident (superstrate) and the
transmitting (substrate) media (see Figure 3.1). This equation is valid both in transmission and
reflection, provided that the plus sign with the refractive index n; corresponds to the reflection
and the minus sign with the index n; corresponds to the transmission (Palmer 2000). Equation
3.1 clearly illustrates that diffraction gratings produce a highly chromatic dispersion for non-zero
orders. In the remainder of this dissertation, we consider only the diffraction orders of transmission
gratings, which we need for manufacturing transmitting half-wave plates (HWPs).

TE

superstrate

grating

substrate  n,

Figure 3.1: Illustration of the grating equation, intentionally limited to the first orders of
diffraction in reflection and transmission for the sake clarity. Diffraction angles of the zeroth
transmitted and minus first reflected orders are also shown. The incident light beam vector E’inc
is perpendicular to the grating lines.
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Following the Huygens’s principle, the wavefield at a distance z behind a diffraction screen
is described by a superposition of spherical waves. At a large distance z > %k:(x% + y2) where
xo and yo are the coordinates in the diffraction screen, we reach the so-called far-field regime of
Fraunhofer diffraction, allowing the approximation of spherical waves by plane waves. In most
practical cases, and provided that the Fraunhofer diffraction hypothesis is met, the diffracted field
U(z,y,z) can be simply obtained by the Fourier transform .# of the complex amplitude in the
aperture plane U(zg,yo), which introduces a position dependent phase shift ¢(zg,yo) such that

U(l’, Y, Z) =7 {U(l‘(b yO) 6i¢($07y0)} (32)

where x and y are the coordinates in the observation plane situated at a distance z. The am-
plitudes of the diffraction orders are then determined by the physical structure of the periodic
modulation.

In the scalar diffraction theory, the diffraction efficiency for the k™ transmitted order is usually
defined as the fraction (I) of the total transmitted intensity (I;.qns) that is diffracted in the k™
order, that is

I I
i ‘} with j € Z . (3.3)
J

nk = —— =
Itrans Z
J

This equation only considers transmission. Any optical loss such as reflection, absorption, or dif-
fusion is neglected. The material is supposed to be linear, isotropic, homogeneous, and uniform.

From a practical point of view, the scalar theory is much easier and less time consuming than
rigorous theories. However, it does not take into account the electromagnetic coupling at the
boundaries, which is significant for gratings with a period close to the wavelength. As a matter
of fact, the scalar theory is generally considered to be accurate when the grating period is larger
than five to ten times the wavelength (Swanson 1989; Gremaux & Gallagher 1993; Pommet et al.
1994). Unfortunately, achromatic HWPs can only be conceived with gratings operating in the
subwavelength domain, as will be explained in Section 3.2.

3.1.2 Rigorous coupled wave analysis

Common scalar theories of diffraction in gratings do not work in the subwavelength domain. In
order to simulate the grating response and to calculate its form birefringence, we must consider
the vectorial nature of light. Since the development of electromagnetic theories, it has been known
that any form of light is composed of an electric field E and a magnetic one H , both being per-
pendicular to the direction of propagation k and mutually orthogonal. Each of these fields can be
represented by two orthogonal linearly polarized components (see Figure 3.1):

— the transverse electric (TE) polarization, perpendicular to the plane of incidence, i.e. the
plane made by the propagation direction and a vector perpendicular to the plane of the
grating surface,

— and the transverse magnetic (TM) polarization, parallel to the plane of incidence.
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Nowadays, rigorous theories describing the behaviour of light in complex situations are com-
monly used. Several rigorous (or exact) theories coexist to solve diffraction problems. All these
methods tackle Maxwell’s equations in combination with exact boundary conditions, i.e, the con-
tinuity of the tangential components at the interface with the dielectric material. Let us cite some
of the most famous vectorial diffraction methods (Petit 1980; Moharam & Gaylord 1981; Sheng
1982; Sheng et al. 1982; Maystre 1984):

— the integral method,

— the classical differential method,

the modal method,

— the finite-difference time domain (FDTD) method,

— and the coupled-wave method.

In this thesis, we use the rigorous coupled-wave analysis (RCWA) method, also called the
Fourier modal method (FMM) because it is based on a decomposition of the field on a Fourier
basis. This method is called rigorous only in the sense that it solves Maxwell’s equations without
simplifying assumptions and without iterative techniques. The use of RCWA at the University
of Liége dates back to the early 1990s. The RCWA code has been enhanced repeatedly by sev-
eral generations of researchers, and reprogrammed into different languages such as LabVIEW®
(Lenaerts 2005) and MATLAB® (Mawet 2006). In this context, we contributed to the ongoing
evolution and continuous improvement of the RCWA software with the performing and versatile
language of MATLAB®. The algorithm can solve two-dimensional gratings (in z and %) and can
take conical incidence into account. The source code being available, its implementation may be
easily modified to introduce new personalized grating profiles.

RCWA is an analysis method which was originally developed by Moharam & Gaylord (1981)
for solving the diffraction produced by phase sinusoidal plane gratings. Since then, many improve-
ments have been made on the RCWA method, which is now applicable to any multilayer grating
profile (Li 1993, 1994), including conical incidence and metallic gratings (Lalanne & Morris 1996),
and even aperiodic structures (Pisarenco et al. 2011). The algorithm that we used for RCWA,
also called the S-matriz algorithm, converts the analytical grating-diffraction problem into a semi-
analytical matrix problem: Maxwell’s equations are analytically solved in the longitudinal 2z axis,
layer by layer. As shown in Figure 3.2, the diffractive structure must be divided into rectangular
slices with constant properties along the longitudinal axis. All grating layers must have the same
periodicity along each dimension (A, and A, are constants).

We will now display the headlines of the algorithm, without going into too many mathematical
considerations, which are not the purpose of this work. For a complete discussion of the RCWA
algorithm, please refer to Moharam et al. (1995) and Mawet (2006). Let us start with Maxwell’s
equations in the /™ grating layer

6 X Eg = —jwuoﬁg , (34)
V x Hy = —jwei(z,y)eo B (3.5)

in which gy and s are the permittivity and permeability of free space, and &, is the ¢™-layer
permittivity.
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Figure 3.2: RCWA algorithm discretization of the diffractive profile along the X axis. The
number of layers in the stack is L and the total thickness of the stack is Hy = ) le hy. The whole
stack can be divided into three regions: the incident region (Region I), the stack region (Region
IT), and the exit region (Region III). From Mawet (2006).

RCWA expresses the electromagnetic fields in both the incident and the transmitting regions
as solutions to Maxwell’s equations. The algorithm involves a Fourier expansion of the fields inside
each layer into a finite number of coupled space harmonics, which are also solutions to Maxwell’s
equations. The tangential field components are then matched at each boundary layer within the
structure to ensure continuity. The electric field E, (respectively, the magnetic field ﬁg) may be
expressed as Fourier expansions in terms of the spatial harmonics §ém") (respectively (jé(m’n)),
with m and n being the diffraction orders of the two-dimensional grating. To numerically solve
this system of coupled differential equations, the problem is expressed using matrices (in bold)

% Sy,f
=0 , (3.6)
828,(7@ ng
0z'2 ’
in which
k2 + Dfae, + (1 — a)Ag_l] ky(ee_lkx[Oer_l + (1 — a)e] — ky)
Q= (3.7)
ky (€, " ky[ae, + (1 — @)A1 — ky) k2 4+ BlaA; ' + (1 — a)e
and
B = kye; 'k — 1, (3.8)
D = kxeglky -1, (3.9)

with ¢, and A, the permittivity and inverse permittivity matrices. The diagonal matrices ky and
k, are formed from the wave vector components. If M and N are the numbers of space harmonics
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retained along the X and Y axis, then I is the identity matrix of dimension MN. The parameter
« depends on the two-dimensional grating geometry (Lalanne & Morris 1996) and ranges in the
interval [0, 1].

The coupled-wave equations are then solved by finding the eigenvalues and eigenvectors of
Q in every layer. The transmission (Tyue and Tqq,) and reflection (Rque and Ryua,) matrices
matching the boundary conditions at the appropriate interfaces, as well as the up-wave (u,) and
down-wave (d,) amplitude vectors (see Figure 3.2), are then computed in a recursive way, using
the S-matrix (S;) algorithm that links the waves in the layer £ + 1 and those of medium 0 in the

following way
[LVAR | Ug
=S, , (3.10)
do diq

Tuu,f Rud,é

with

S, = , (3.11)

Raue Taay

which finally gives up,; and dg. These vectors directly give the complex amplitudes, in the two
modes (TE/TM), of mn-th reflected (Ry™ and BU%™) and transmitted (Tion™ and Tiow™) or-
ders, respectively, describing the entire diffractive characteristics of the simulated structure:

(

T

(m;n)

— the diffraction efficiencies for TE, in reflection n%g) and in transmission 7, 1

(

T

(m,n)

— the diffraction efficiencies for TM, in reflection 7 ”%1\7}[) and in transmission 7,74y ,

— and the phase shifts between TE and TM, in reflection A@gfrTL’g)_TM and in transmission

A g

Unlike scalar theories, RCWA does not make any theoretical approximation. Its only limiting
factor resides in the computation parameters, such as the number of Fourier orders taken into
account, or the discretization step. It also makes the assumption of an infinite grating, which
is legitimate in most of applications. RCWA is very accurate regarding dielectric gratings which
need few Fourier orders, and whose simple profile does not necessitate too many layers. In the rest
of this chapter, we mainly use one-dimensional gratings. Therefore, we will adopt the following
notations:

m) (m)

(
(m) _ Mre + v
nR - 2 )
(m) . (m)
(m) nt:,ZIL‘E + nt,TIIL‘M
It = 2 ’

(3.12)
A(I)%im) = A(I)l(r?}‘)]EZ—TM ’

AP = A¢§7;>E_TM .
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3.2 Subwavelength grating half-wave plates

Wave plates are an essential tool for modifying the polarization of an incoming light beam. They
are commonly used in many applications as retarder or phase shifter. In astrophysics, when it
comes to observe a very high contrast scene, one must be able to cancel the bright source, or at
least drastically reduce its intensity. This attenuation can be achieved by combining two portions
of the incident light beam, one of which having undergone a m-phase shift. Therefore, a half-wave
plate (HWP) is by definition the ideal tool. In many astronomical applications, HWPs are also
used as polarization rotators. In this section, we explain how one can synthesize achromatic HWPs
with micro-optical one-dimensional diffraction gratings, operating in the subwavelength domain.

3.2.1 Zero-order gratings

A subwavelength grating (SG) is a structure with a period A generally much smaller than the
wavelength of the incident light A. One of the major advantages of such a structure is that it only
propagates the zeroth (m = 0) orders, both in transmission and in reflexion. For this reason, SG
are often called zero-order gratings (ZOG). The zero-order reflection and transmission angles can
be obtained with equation 3.1, for m = 0

n;sin 0; & n; 4 sin (9532 =0, (3.13)

which gives the Snell-Descartes relations

0; = Y in reflection |,
(3.14)

. . 0 . ..
n; sinf; = n, sin Qt( ) in transmission .

Contrary to a classical spectroscopic diffraction grating, a SG does not disperse the light since
it blocks all non-zero orders. This property can mathematically lead to a condition for having a
SG, that is a maximal period size, with respect to the wavelength. Using the diffraction equation
again, one can deduce the condition for the first orders, both in reflection and transmission, to be
evanescent, in other words to make /2 angles with the normal.

In the reflection case, we have

m==+1 & sinf*) =51, (3.15)
that leads to two inequalities
n;sinf; —n; > —2
(3.16)
n; sinf; +n; < %
which we can write, in the case of a positive incidence angle 6; ,
A . .
I > n; £ n;sinf; > n; + n; sind; . (3.17)

Similarly, in the transmission case, we have

m=+1 sinf*) =41, (3.18)
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that leads to the inequality

A
I > n; £ n;sinf; > n; + n;sinb; . (3.19)

From equations 3.17 and 3.19, we can write the general condition for having a SG:

1

n; sin 0; + max(n;, n;)

A
< .
5 < (3.20)

where 6; is the incidence angle and n; and n; are the refractive indices of the incident (superstrate)
and transmitting (substrate) media, respectively (see Figure 3.1).

3.2.2 Effective-medium theory

While transmitting through a SG, the zeroth order is affected by an effective refractive index neg
corresponding to the average amount of material in the grating layer. This phenomenon, called
homogenization, can lead to effective index models allowing to calculate neg. These models use
the so-called filling factor which is illustrated in Figure 3.3.

superstrate  n, FA
grating Na Np
substrate  n, A

Figure 3.3: Illustration of a one-dimensional grating, with n, and n; the structure’s refractive
indices, and F' the filling factor.

In the quasi-static regime, that is when A/A < 1, the effective refractive index of a one-
dimensional surface relief grating is calculated using the zeroth-order effective medium theory
(EMTO) by a simple averaging treatment (Born & Wolf 1999) leading to the following effective
indices for the TE and TM states of polarization:

niy = (Fn2 + (1= F)nd)'"* (3.21)

™ n2 n? 1/2
= - . 3.22
Teft,0 (an +(1—F )ng) (3:22)

When the ratio A/A is no longer negligible, one must use higher-order effective medium theories.
These take into account other parameters of the whole diffraction problem (Lalanne & Lemercier-
Lalanne 1997), such as the grating period A and the wavelength A\. As an example, the second-order
effective medium theory (EMT?2) allows the following expressions to be derived for the effective
indices (Brundrett et al. 1994):
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1/2
1 /A\?
niE, = [(nggo)ug(X) R2F? (1 ) (ng_ngf] , (3.23)
s 1 /A 2 1 1 2 6 9 V2
2
Moy = [(n;f%) +§(X) mF%*(1 - F) (ﬁ_ﬁ) (ndto) (neTfEO)] . (3.24)
a b

However, these methods only give approximate results. Nowadays, with the increasing com-
putation capabilities, they are generally abandoned in favor of rigorous methods such as RCWA.

3.2.3 Achromatic wave plates

A classical wave plate is a simple birefringent crystal cut into a plate. As a birefringent medium,
it has two different refractive indices, ntg and nry. The phase retardance A® introduced by such
a wave plate between the two polarization components is dependent on the wavelength, and is
given by

2w

ADrp_m(A) = (7) h An()\) (3.25)

showing that it varies hyperbolically with the wavelength A\, while being proportional to the thick-
ness h of the crystal, and the birefringence An = ntg — nty, which is a non-linear function of \.
This limits the operation of single wave plates to monochromatic light. However, a large spectral
bandwidth is needed in many cases, especially in astrophysics, both to increase the signal to noise
ratio and to allow spectrophotometry.

Subwavelength gratings benefit from the property of birefringence, which is a dispersive form
birefringence:

Anform()\) = nTE()\) - nTM()\) . (326)

The phase retardation A® introduced by a birefringent SG becomes

Adrg_ru()) = (7) h Angorm(\) (3.27)

where h is now the optical path through the birefringent SG. By carefully selecting the grating
parameters (geometry, material, incidence), the wavelength dependence in Ang,,, can be tuned
to be closely proportional to the wavelength across a wide spectral band. By doing so, the phase
shift can be made constant over a wavelength range as large as possible, thereby synthesising an
artificial birefringent achromatic wave plate (Kikuta et al. 1997) .
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3.2.4 Selecting a material: the overriding criteria

We want to develop an achromatic HWP which will be integrated into the design of vector vortex
coronagraphs, as we will see in Chapter 4. By keeping this in mind, we can scan the wide variety
of dielectric materials and their properties. The design of any micro-optical component requires
the selection of adequate materials, resulting from a trade off between their optical, thermal and
mechanical properties. For this purpose, a study of the infrared material characteristics, such
as transmission, refraction and absorption, is essential. In this section, we examine a selection
of materials amongst the most frequently and successfully used for infrared optics applications,
namely: TR-grade fused silica Infrasil® (Si0,), sapphire (Al,Os), calcium fluoride (C'aFy), magne-
sium fluoride (M gFy), barium fluoride (BaFy), gallium arsenide (GaAs), silicon (S7), germanium

(Ge), zinc sulfide (ZnS), zinc selenide (ZnSe), and diamond (C')?.

Useful wavelength range

As we already stated in Section 2.3.3, SGs are particularly adapted to longer wavelengths where
the fabrication constraints are relaxed since the subwavelength grating feature line is proportional
to the wavelength (Biener et al. 2006; Niv et al. 2007). However, the visible regime is also very
interesting from the astronomical point of view. We need a material that is transparent from the
visible to the mid-infrared (see Figure 3.4).

Wavelength (um)

-1 0 1

10 10 10 — 10
Bands: Visible JHK L'M N FIR
Sio2
Al203
CaF2
MgF2
BaF2
GaAs
Si Si
Ge
ZnS
ZnSe
CVD diamond

Figure 3.4: Useful wavelength ranges of some dielectric materials used for optical applications
in the infrared domain, set on a logarithmic scale, together with spectral bands commonly used
as astronomical filters.

?Diamond is an allotrope of carbon, i.e., a specific structural form of the element where the atoms are bonded
in a tetrahedral lattice arrangement.
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Figure 3.5: Refractive index dispersion of several common infrared substrate materials at 300K.
Data from Hawkins (1998).

Some of these materials (e.g., Si, GaAs) are famous for their well mastered microfabrication
processes, especially S7 which is extensively used in micro-electronic technologies. From this as-
pect, we consider Si as the most interesting material for infrared applications from ~1 um to
~7 pm. However, both Si and GaAs are not suitable for transmission in the optical domain, as
well as in the astronomical N band extending from 8 to 13 pum, due to multi-phonon absorption
features as shown in Appendix A. Ge is a very interesting material for N-band applications but
has a very high index (~4) and absorption, which reduce its transmittance to ~45%. ZnS and
ZnSe are good alternatives to Ge, with lower refractive indices (~2.2 and 2.4 respectively) and a
higher dispersion, useful for the HWP achromatization.

When it comes to the visible-to-near-infrared bandwidth, several materials can do the trick.
From the manufacturability point of view, SiO, is a reasonable option for producing SGs since
their fabrication process is directly inherited from S7 micro-electronic technologies. However,
the most interesting material is diamond, which is transparent from the UV to the far IR (see
Figure 3.4). A few years ago, in the early phase of this thesis work, diamond microfabrication
techniques were only at the dawn of unleashing their entire potential. Therefore, we have followed
two parallel paths, which we will explain further: SiO, as a first option (Section 3.3) and diamond
as a second option (Section 3.4).

Refractive index

A similar spectral behaviour is observed in the refractive indices of all dielectric materials (see
Figure 3.5), which exhibit a decline in refractive index mainly caused by absorption, as we will see
later in this section. Reducing the temperature of a dielectric material generally reduces linearly
its refractive index. These similar dispersion curve shapes have been approximated by Sellmeier,
Herzberger and Lorentzian mathematical functions. Modified temperature-dependent polynomial
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Table 3.1: List of familiar dielectric materials mostly used from the visible to the thermal
infrared. Spectral range, average transmission and refractive index are given at 300 K.

Name Chem. formula Range (pm) T | n@Q2um
IR-grade fused silica Si0qy 0.2-3.4 90% 1.46
Sapphire Al,O4 0.15 - 5.0 84% 1.76
Calcium Fluoride Caly 0.15 - 8.0 92% 1.43
Magnesium Fluoride MgFy 0.15 - 8.0 95% 1.38
Barium Fluoride BaF, 0.3-9.5 92% 1.47
Gallium Arsenide GaAs 1.0-8.0 53% 3.14
Silicon Si 1.06-6.7 and 30-100+ | 52% 3.44
Germanium Ge 2.0-17.0 43% 4.1
Zinc Sulfide ZnS 1.0 - 14.0 52% 2.27
Zinc Selenide ZnSe 0.5 - 20.0 69% 2.44
CVD-diamond C* 0.1 - 100+ 83% 2.38

* diamond is an allotrope of carbon

regressions (for Si, ZnS, and ZnSe) and Sellmeier equations (for diamond and Ge), proven to be
the most suitable curve fitting algorithms for calculations of refractive index data (Bundy 1962;
Tropf 1995; Hawkins 1998), have been implemented to the RCWA algorithm used in this thesis:

nSi, ZnS, ZnSe()\a T) = A + B/\ + C’/\2 -+ l))\3 + E)\4 y (328)
B2 D)2
iamon e >\7T = A y 2
Ndiamond, Ge(A, T') \/ +()\2—C)+()\2—E) (3.29)

where the coefficients (A, B, C, D, and E) are temperature-dependent. These coefficients are
given in Appendix A for diamond, Ge, Si, ZnS, and ZnSe, together with individual refractive
index dispersion curves, at several temperatures. A list of refractive index values for more familiar
dielectric materials is given in Table 3.1, at a wavelength of 2 ym and a temperature of 300 K.

Transmission and reflection

When a beam is impinging on the surface of an optically transparent material, part of the light is
reflected from the surface and another part is transmitted to the material. Considering the specific
domain of coronagraphy to which our HWP is dedicated, we can make the hypothesis that the
incident medium is air (n,; = 1). In the theoretical case of natural (unpolarized) light at normal
incidence (0; = 0), the reflectance Ripe, and transmittance Tipe, of a polished and uncoated plane
substrate, with no absorption and no scattering, can be predicted from the refractive index n of
the substrate using the well-known Fresnel relations:
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R _EZ :L 32 (3.30)
T = (ni—”l)z (3.31)

Absorption coefficient «

Equations 3.31 and 3.30 are correct only in the theoretical case where the intensity of the incoming
light I is equal to the sum of the reflected and transmitted intensities. However, in practice, when
light propagates through a dielectric material, part of it is absorbed. The amount of this absorption
can be taken into account by defining a complex index of refraction

i=n+ix (3.32)

where the imaginary part, k, is called the extinction coefficient. The complex wave number k is

then written

]~€_27rfz_27m+i27rh:_k+i27r_/f
D VD A A

(3.33)

which, introduced into the general expression for the electric field of a plane electromagnetic wave,
traveling in the z direction, gives

—

E(z,t) = E, ¢t (Femet) — Eq ¢l (FRreti Bt amwt) _ =25 Ey ¢! k= (3.34)

As a result, we see that the absorption produces an exponential decay. As the intensity of an
incident wave through a solid is the conductivity (o) of the solid multiplied by the square of the
electric field vector (I = o E?), then the fraction of the incident light that has propagated through
the material from position z = 0 to position z = h is given by

I(h) _oE*(h) _ ame
T0) ~ oF%0) e : (3.35)

This leads to the definition of the absorption coefficient «, expressed in terms of the extinction
coefficient x,

o= f (3.36)

resulting in the equation of the attenuation of the intensity of light while propagating through a
material layer of thickness h:

I=1Ie " (3.37)

usually referred to as the Beer-Lambert law.
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After the wave has traversed the first surface boundary of the substrate (referred hereafter as
the in surface), it undergoes a second reflection from the inside of the second surface boundary
(referred hereafter as the out surface). This second surface reflection is further reflected back from
the front surface again, producing multiple internal reflections. If these reflections are all added
up, the total external reflectance R, and transmittance Ti.; become:

Riot = Rin + Rows T e > (1 + RinRow e > + R RZ e+ .) (3.38)
Crtot - ,Tin Tout e—ah (1 + RoutRin 6_2ah + RgutR?n 6_4ah + ) . (339)

In the case of a polished and uncoated plate, with plane parallel and identical surface bound-
aries, we have R;, = Ry = R and T}, = T,y = T, and Equations 3.38 and 3.39 become:

Rt =R+RT? e (14 R*e > + Rt 4+ ), (3.40)

Tt =TTe ™ (14 Re™" + R e+ ), (3.41)

which are equivalent to

RT2 e—2ah (1 _ R)2 e—2ah
Rtot = R + w == R (1 + 1 — R2 672ah ) 9 (342)

TTe o  (1-R)%
Tior = 1_ R2¢20h | _ R2g-2ah - (3.43)

Finally, the intensity (I) transmitted by a homogeneous substrate of thickness h, for an incident
intensity Iy and a well-known complex refractive index (n and k), can be calculated by

(1 _ R)Qe—ah

I'=1I 1 _ R2¢ 2ah

(3.44)

with R = (n —1)?/(n+ 1)? and o = 47k /), both n and  being wavelength-dependent.

All reflectance and transmittance curves for the principal materials which have been considered
in our study, are presented in Appendix A. For all these materials, Ri,; and Ti,; have been
computed using Equations 3.43 and 3.42, based on absorption coefficient data from Pilon (2002)
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for Si0O,, and from Hawkins (1998) for Si, Ge, Zns, and ZnSe. In the case of diamond, we have
exploited the transmittance data from Dore et al. (1998) to derive the absorption attenuation.
The absorption coefficient o was then calculated by solving Equation 3.44

~T? 4 \/T* + AR?T?
—ah tot
3.45
¢ 2R27 tot ’ ( )

resulting in the following expression for the extinction coefficient k, i.e., the complex refractive
index responsible for the absorption:

Aa A —T? + /T* 1 4R?T2,
_ N I ot ) 4
e (47rh) ”( 2R Troq (3.46)

3.3 Development of silica SG HWPs

3.3.1 Silica optical properties

The substrate material for fabricating a subwavelength grating half-wave plate (SG HWP) is of
paramount importance, not only in terms of its optical properties (transparency and refractive
index as a function of wavelength) but also in terms of its physico-chemical properties. Indeed,
microfabrication techniques are sensitive to the very nature of the material. Being inherited from
the microelectronics industry, the most successful techniques are primarily applicable to silicon
(Si) and its derivatives (oxides, nitrides). Therefore, our first choice of substrate material was
silicon dioxide (Si0,), also known as silica or quartz. It is compatible with S7 microfabrication
techniques, but in addition to the near infrared (H and K bands), unlike Si, silica is transparent
to visible light. Therefore, developing a microfabrication method with SiOs for the infrared (K
band in priority) is a long-term investment that will allow us to address the shorter wavelengths
in the more distant future.

Silica is easy to produce and polish. It can be manufactured in several forms. A high-purity
amorphous form is obtained with fused silica, manufactured by melting naturally occurring quartz
crystals of high purity at ~1700 K. Its high transmittance and low coefficient of thermal expansion
make it a very interesting candidate for manufacturing SG HWPs for ground or space applications.
Using an electrical fusing process, one can produce IR-grade fused silica (trade name Infrasil®),
which has a much lower water content than UV-grade fused silica, avoiding water absorptions
at 2.2 and 2.7 pm and leading to excellent infrared transmission up to 3.6 ym. The absorption
occurring in fused silica in the near-infrared strongly depends on the purity of the fused quartz and
in particular on the hydroxyl content (Plotnichenko 2000). The imaginary part « (see Figure 3.6)
of the complex refractive index was not always directly available from the literature, until Pilon
(2002) reported referenced experimental data for fused silica at room temperature with the spectral
range covered. Transmittance and reflectance curves for the 0.2 to 4 um region are given in
Appendix A.
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Figure 3.6: Imaginary part x of the complex refractive index of fused silica as a function of the
wavelength \ according to sources listed in the legend box. Data from Pilon (2002).

3.3.2 Design and manufacturing
Selection of optical parameters

The main disadvantage of SiOs is its low refractive index (see Appendix A), which requires to etch
deeper structures to compensate for this weakness. In addition, compared to Si, the dispersion
of its refractive index is less efficient in terms of achromatization. In fact, Si can provide an
achromatic HWP for both H and K bands simultaneously, whereas Si0, can only do this for one
at a time. For a HWP to keep its efficiency over a wide spectral band, the component must be
optimized in order to minimize the phase shift error with respect to m:

8()\) = Aq)TE—TM()\) — T (347)
where A®rg_T) is the phase retardation previously defined in Section 3.2.3 as
2
A(I)TEfTM()\) = <7) h Anform()\) . (348)

In practice, one has to make the form birefringence Angyy, proportional to A/2h, h being the
groove depth of the SG, or in other words the thickness of the grating. Since the error is a function
of the wavelength, we must minimize the error standard deviation o (root mean squared error)
over the entire spectral band. Considering an ideal rectangular profile, we have calculated the
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Figure 3.7: Design optimization of an SiOs SG HWP, function of the period A. Left: Phase
shift error standard deviation. Right: Double plot of the grating depth A and the filling factor
(F). The calculations show the optimal geometric parameters at each A minimizing the 7-phase
shift error over the whole K band (2 - 2.4um).

form birefringence Ango, = Antr_Tym of a silica SG in the K band (2 - 2.4um), for different
values of the period A (see Figure 3.7), using a multidimensional nonlinear minimization method
(Nelder-Mead algorithm, also called downhill simplex method) from the MATLAB® software.
The period was constrained to be somewhat smaller than the wavelength A, around 1.65 pm, just
enough to stay in the sub-lambda regime of a zeroth order grating (ZOG). A smaller period would
guarantee the non-zeroth orders to be totally evanescent, but at the cost of a much more difficult
manufacturing process. In fact, the hardest part of developing SG HWP in SiO, is the etching
of the grating. One has to etch very deep (~20 pm) and narrow (~0.7 pum) grooves in order to
reach the desired form birefringence.

The most important parameter for manufacturing is the aspect ratio, which is defined as the
ratio of the grating depth A to the feature line F'A: the higher the aspect ratio, the more difficult
the fabrication. Thanks to our RCWA-simulations, we have determined the geometric parameters
of our rectangular profile grating illustrated in Figure 3.8.

— Period: 1.67 < A < 1.73 pm

— Filling factor: 0.58 < F' < 0.62 i j ]
~ Depth: 19 < h < 20 um A FA

— Aspect ratio ~ 17.7 — 20.6
Figure 3.8: Schematic diagram of a SG,
with geometrical parameters A, F', and h.
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Expected performances

A silica SG that would have the geometrical parameters given here above, would produce a phase
retardation A®rg_Ty close to 7, with a quite small error standard deviation (o ~ 10~2rad) in the
considered K band, as presented in Figure 3.9 (top). Another interesting aspect is the transmission
of the wave plate, which is very good for Si0Oy. We have calculated the total reflectance Ry =~ 4.5%
and transmittance T ~ 89.7% using Equations 3.38 and 3.39 determined in Section 3.2.4. The
results are plotted in Figure 3.9 (bottom) together with the transmission (7},, T,y ) and reflection

(Rin, Rout) curves on each side of the wave plate: the SG side (in) and the backside (out).
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Figure 3.9: RCWA-calculated performance of a quartz SG HWP optimized for the K band.
Top left: TE-TM retardance compared to a perfect m-phase shift. Top right: Form birefringence
Angorm = Antr_rMm for various filling factors F' between 0.57 and 0.65, compared to an ideal
form birefringence proportional to A\/2h. Bottom: Reflectance (left) and transmittance (right) of
a 1 mm thick K-band HWP, considering absorption occurring during multiple internal reflections.
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We have then explored shorter wavelength regions, downscaling the geometrical parameters
of the grating in order to keep an optimal broadband phase retardation (see Figure 3.10). We
have selected four different filters spanning the visible (530 - 650 and 650 - 790 nm) and near-
infrared (J band 1.15 - 1.4 ym and H band 1.5 - 1.8 um). Each of them has a spectral resolution
Ry, =~ A/AX = 5, corresponding to 20% bandwidth (BW). As expected, we obtain even better
results at shorter wavelengths (where the dispersion of silica is higher), coming closer to the ideal
m-phase shift flat curve. The optimal grating parameters, as well as the retardation performances
of all these silica subwavelength gratings are summarized in Table 3.2.
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Figure 3.10: RCWA-calculated performance of quartz SG HWPs optimized for different spectral
bands: H band (top left), J band (top right), 650-790 nm (bottom left), and 530-650 nm (bottom
right). Each filter has a 20% bandwidth.
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At this stage, we already introduce the coronagraphic performance that one can obtain with
a vector optical vortex, using such subwavelength gratings. For each spectral band, we have sim-
ulated the total coronagraphic attenuation A = 1/R (R being the rejection), that is the contrast
provided by the coronagraph, integrated over the whole point spread function (PSF). In Table 3.2,
last column, we give the contrast at the 2)\/d angular separation from the star, d corresponding
to the diameter of the telescope, equivalent to 5 x 1073 x A. The factor 5 x 10~3 simply derives
from the natural decay of the PSF intensity of a perfect pupil. In the next chapter, dedicated to
the manufacturing of AGPM coronagraphs (see Chapter 4), we will explain in more details how
the attenuation is calculated, and what are the possible causes of performance degradation.

Table 3.2: Geometric parameters of several achromatic SG HWPs optimized for different spectral
bands using RCWA calculations. Each band has a 20 % bandwidth (BW) and each grating has a
61% filling factor. o refers to the phase shift error standard deviation. The last two columns give
the expected coronagraphic performances of annular groove phase masks (AGPMs) produced from
these SGs. R refers to the rejection, equivalent to the inverse of the attenuation (A). The last
column gives the achievable contrast at the 2\ /d angular separation from the star, d corresponding
to the diameter of the telescope.

20% BW SG HWP parameters Coronagraphic performance
Filter | Range | A (um) | A (pm) | a.xr.* o AGPM total R | Contrast at 2)\/d
K 2-2.4 1.68 19.77 [ 19.3 | 5x 1072 1220 4x107°
H 1.5-1.8 1.3 14.79 | 18.6 | 4.7 x 1072 910 5x 107
J 1.15-1.4 0.99 11.19 | 185 | 3.9 x 1072 1225 4x107°
vis. | 0.65-0.79 0.54 5.94 18.0 | 4.7 x 1072 1300 3.8 x 107
vis. | 0.53-0.65 0.45 4.94 17.9 | 3.4 x 1072 1450 3.5 x107°
* aspect ratio = 5 with ' = 61% for each spectral band

Manufacturing plan

We agreed to start with the manufacturing of a K-band (2 - 2.4 um) SG, for scientific as well
as technical reasons. Indeed, in this range of wavelengths, the specifications of the feature line
FA ~ 1pm and the “holes” (1 — F)A ~ 0.7 ym are more comfortable for the use of standard
photolithographic system than at shorter wavelengths. On the scientific side, the K band is a
very promising spectral region for the next generation of instruments, such as VLT-SPHERE
which requires a minimal rejection R > 500, while our component delivers a rejection about
R = 1000 — 1500.

Our project to build coronagraphic systems with the zero-order gratings (ZOG) technique is
part of a broad and open consortium. This is the only acceptable method to obtain a viable
component, given the required technological level. Therefore, we have used the experience and
expertise of different collaborators (including academic institutions), all of which finding their place
in the project by integrating the production of the components in their research and development
activities. This separation of tasks allows flexibility and cost optimization. It also leads to a greater
chance of success by taking advantage of each expertise. Hereunder, we introduce the different
actors involved in the development plan, and present an organizational chart (see Figure 3.11) as
well as the whole technological stack (see Figure 3.13).
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Figure 3.11: Development plan of an SiOy achromatic SG-HWP/AGPM. Description of the
collaborators and the techniques are provided in the main text.

The Centre Spatial de Liége (CSL) is an applied research center at the University of
Liége, focused on design, integration and calibration of space observation instruments. The CSL
has demonstrated his mastery in manufacturing a mask out of photoresist, for the specifications
of a K-band SG HWP by the direct laser writing (DLW) technique (see Figure 3.12). Such a mask
is produced on a Si0y wafer. One can then obtain a master of Si0Oy by dry etching. The profile
of the master is then transferred with a much higher aspect ratio into the final silica substrate
using different microfabrication techniques such as nano imprint lithography (NIL) and reactive
ion etching (RIE). However, the CSL does not yet totally control the etching of the master.
Outsourcing this task seems to be the best solution given current CSL capabilities, but this skill
might hopefully be available at the CSL within the next few years.

Figure 3.12: Microscopic picture of different line width (down to 0.6 pm) profiles, transferred
into photoresist by direct laser writing (DLW). Courtesy of the CSL.

Photronics Inc. is a US company specialized in subwavelength photomask solutions. We
have contacted them and obtained a reasonable offer for the etching of a 5-inch wafer with 7
AGPM masters with slightly different filling factors around 0.6, all etched in the same batch. The
maximal depth of the grooves, given our period and filling factor specifications, is 500 nm. This is
of course much less than our final goal (20 um) because of the limited selectivity of the photolitho-
graphic mask. However, this depth concerns the etching of the master, not the final component.
500 nm is more than the minimal depth required for our process (~200 nm). Indeed, the SiO,
master is copied by moulding into polydimethylsiloxane (PDMS, see Laboratoire de Photonique
et de Nanostructures), which is then used to produce a chromium (Cr) mask on the final silica
wafer, by use of nano imprint lithography (NIL) and reactive ion etching (RIE, see Centre de
Recherche en Nanofabrication et Nanocaractérisation).



70 CHAPTER 3. ACHROMATIC SUBWAVELENGTH GRATING HALF-WAVE PLATES

The French Laboratoire de Photonique et de Nanostructures (LPN) is equipped with
NIL infrastructures and can replicate the master on a 4 inch of diameter silica wafers. The repli-
cation is performed with the assistance of a PDMS mould of the negative profile of the pattern,
which is then transferred into an NIL resist mask (Amonil or Nanonex resist). The advantage of
this technique is that it does not damage the master, and can be reproduced.

The Canadian Centre de Recherche en Nanofabrication et Nanocaractérisation (CRN2)
from the University of Sherbrooke features RIE capabilities, which can etch the masked silica sub-
strate to the required high aspect ratio.

3.3.3 Discontinuation of the silica option

The selection of silica as the perfect material for operating in the visible-to-near-infrared band-
widths has unfortunately led to an unavoidable abortion, for several reasons. First and foremost,
facing the overwhelming technological challenge of this project, we have encountered two critical
show-stoppers:

— the very high aspect ratio of the grating walls requires a thick metal mask layer, that may
only be obtained with a very deep and neat nano-imprint lithography process,

— the reactive ion etching of the silica substrate is not mastered yet, and there is no guarantee
of perfectly rectangular profiles in the grating.

The financial aspects are also crucial for such an ambitious project, and they have mainly mo-
tivated our decision to widen the consortium to many academic institutions, but as a result, we
have sometimes encountered a lack of availability and responsiveness from some of them.

The main reason for having discontinued the silica option, was because in the meantime, we
started to obtain very interesting results with another material: diamond. Based on our experience
so far, both in designing the subwavelength grating profiles and seeking for the best manufactur-
ing processes, we managed to develop the first broadband achromatic half-wave plates made out
of diamond, as shown in the next section. Consequently, we manufactured the first AGPMs.
The manufacturing of mid-infrared AGPMs made out of diamond will be described in Chapter 4,
whereas the performance assessment, both in the lab and on the sky, will be presented in Part 3.
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3.4 Development of diamond SG HWPs

Another material candidate, which we have investigated in parallel with our development on quartz
and researches on other dielectrics, is diamond. The word itself is fascinating, and evokes jewelry
and luxury. But as one may guess, we did not follow the path of diamond like sailors attracted
by the siren songs. Beside its exploitation for gemstones, which concerns less than 2% of the
total yearly production (Olson 2010), diamond is extensively used for industrial applications and
scientific research. In fact, diamond is said to possess the most striking list of properties of all
materials. These exceptional properties are briefly summarized hereafter.

3.4.1 Unique material properties of diamond

Diamond is a rare mineral, composed of the element carbon which has the property to exist in
different forms called allotropes. Diamond is one of them. Its structure is described as two inter-
penetrating face-centred cubic lattices, such that each carbon atom is surrounded by four other
carbon atoms and connected to them by strong covalent bonds (see Figure 3.14, left). Other
elements such as Si or Ge share the same structure, but it is the very small size of tightly-bonded
carbon atoms in combination with this simple and uniform arrangement that yields a substance
with so many superlative properties.

— Optical properties. First and foremost, diamond is transparent throughout the whole
infrared region, which is likely to suit many next generation instruments like SPHERE at
the VLT (Beuzit et al. 2006; Kasper et al. 2012), or EPICS and METIS at the future E-ELT
(Gilmozzi & Spyromilio 2007; Kasper et al. 2008; Brandl et al. 2008). It has actually one of
the widest transmission windows, from the ultraviolet ~200 nm up to the microwave ~1 mm
(Bundy 1962), with some intrinsic multiphonon absorption bands in the 2.5 — 6.7um range

Figure 3.14: Left: Arrangement of atoms in the diamond crystal structure (top) and the struc-
ture described as a stack of tetrahedrons (bottom). Right: 2 cm diameter, 300 pum thick disk of
microcrystalline CVD diamond of optical quality. Courtesy of Pontus Forsberg.
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(Edwards & Philipp 1991; Thomas & Tropf 1994). Beside its high optical dispersion and
high luster that help make it the world’s most popular gemstone, diamond is also a privileged
material for subwavelength grating (SG) coronagraphs because of its high refractive index,
~2.42 in the visible and ~2.38 from 1.5 pum to the thermal infrared, which is crucial since
it is directly linked to the required grating aspect ratio (i.e., the ratio between the depth
and the feature line). In return, this high refractive index leads to a high reflectance, which
is unfavorable to transmitting coronagraphs such as the AGPM, although it is not as high
as other infrared materials such as Si or Ge (see transmittance curves in Appendix A). In
some way, one can say that the refractive index of diamond is the best compromise regarding
SG coronagraphs. Materials with very high refractive index such as silicon ( 3.4) are not
compatible with our applications, because they necessarily require complex antireflective
coatings on top of the subwavelength grating.

~ Non optical properties. Diamond has a low density (3.52 kg/m?®) and is the toughest
and hardest (10 on Mohs scale) natural substance on Earth. In addition, it has the highest
thermal conductivity of all solids and a very low thermal expansion, it is a good electrical
isolator, and it is resistant to all usual chemicals, acids, and most of the alkalies. These me-
chanical, thermal, electronic and chemical properties make diamond an excellent candidate
for space-qualified components, which is of great interest for optical instrumentation on-
board future spacecraft telescopes. In fact, some exotic materials with equivalent refractive
index exist, but they are not compatible with our applications because of many non-optical
disadvantages (brittle, deform easily, etc.).

Synthetic diamond

The outstanding properties of diamond have been known for decades by the scientific community,
and numerous applications have benefited from them. However, many new applications have of-
ten selected diamond as the most suitable candidate, but were forced to reject it on grounds of
cost and possible availability. This situation is about to change thanks to improving production
capabilities of synthetic diamond, and most of all, the very recent progress in machining diamond
to desired micrometric (and even nanometric) surface structures.

Diamond can either be extracted from diamond mines, or produced synthetically. The total
production of natural diamond is about 30 tons a year, where as the synthetic diamond yearly
production is close to 900 tons (Olson 2010). The two existing methods to produce all this diamond
in the laboratory are oriented towards different application purposes. The first method, called the
high pressure high temperature (HPHT) approach, consists in dissolving graphite (carbon’s most
common allotrope) in a molten metal, and allowing it to crystalize into diamond. It is the easiest
way of production on an industrial scale. The second method, requires chemical vapor deposition
(CVD) equipments, and consists in growing diamond in a vacuum chamber containing gaseous
methane (C'Hy), allowing for finer control of impurities. CVD diamond is the best choice for
research and development of many high tech optical applications such as SG-HWPs and AGPM
coronagraphs.
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3.4.2 Publication: Design, manufacturing, and performance analysis
of mid-infrared achromatic half-wave plates with diamond sub-
wavelength gratings

In the following paper (Delacroix et al. 2012b), published in August 2012 in the peer-reviewed
journal Applied Optics from the Optical Society of America, we present the end-to-end develop-
ment of a broadband subwavelength grating half-wave plate (SG-HWP) made out of diamond.
The design of the gratings was performed using RCWA calculations, in complete synergy with the
manufacturing process carried out by our collaborators at the Uppsala University, in Sweden. The
targeted spectral bandwidth 11 - 13.2 pm is located within the mid-infrared N band. Microscopic
measurements show results very close to the desired specifications, and realistic estimated perfor-
mances of the manufactured SG-HWP are finally provided, taking into account some uncertainties
over the verticality of the grating grooves. The rationale for the development of this component is
to enable the manufacturing of an N-band annular groove phase mask (AGPM) as we will explain
in the next section. We will also see in Chapter 6 how the final N-band coronagraph was installed
in 2012 on the VLT /VISIR instrument, and the confirmation of its expected performance through
first light at the telescope.
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In this paper, we present a solution for creating robust monolithic achromatic half-wave plates (HWPs)
for the infrared, based on the form birefringence of subwavelength gratings (SWGs) made out of diamond.
We use the rigorous coupled wave analysis to design the gratings. Our analysis shows that diamond,
besides its outstanding physical and mechanical properties, is a suitable substrate to manufacture
mid-infrared HWPs, thanks to its high refractive index, which allows etching SWGs with lower aspect
ratio. Based on our optimized design, we manufactured a diamond HWP for the 11-13.2 ym region, with
an estimated mean retardance ~3.143 + 0.061 rad (180.08 + 3.51°). In addition, an antireflective grating
was etched on the backside of the wave plate, allowing a total transmittance between 89% and 95% over

the band. © 2012 Optical Society of America
OCIS codes:  050.1950, 050.5080, 050.6624.

1. Introduction

Wave plates are essential tools for modulating the
polarization of an incoming light beam. They are
commonly used in many applications as retarders
or phase shifters. In astrophysics, when it comes to
observing a very high-contrast scene, one must be
able to cancel the bright source, or at least drastically
reduce its intensity. This attenuation can be achieved
by combining two portions of the incident light beam,
one of which having to undergo a half wavelength
(or z) phase shift. Therefore, a half-wave plate (HWP)
is by definition the ideal tool. The retardance of a
zero-order wave plate varies hyperbolically with the

1559-128X/12/245897-06$15.00/0
© 2012 Optical Society of America

wavelength, which limits the operation of single
wave plates to monochromatic light. However, a
large spectral bandwidth is needed in many cases,
especially in astrophysics, both to increase the sig-
nal-to-noise ratio and to allow spectrophotometry.
Different varieties of achromatic wave plates exist.
Achromatic prism retarders [1], for instance, operate
in total internal reflection. They are voluminous
and not suitable for applications operating in trans-
mission. Another way of achieving broadband per-
formance is stacking several crystal wave plates
together [2] and orienting their birefringent axes
using a Pancharatnam method [3]. A thick combina-
tion of multiorder wave plates is needed, because of
the weak natural birefringence of crystals, which re-
sults in an increased absorption of IR radiation.
Achromatic retarders can also be produced by using

20 August 2012 / Vol. 51, No. 24 / APPLIED OPTICS 5897



liquid crystals (LCs) [4], liquid crystal polymers
(LCPs) [5], or photonic crystals (PhCs) [6,7] as the
birefringent materials. A weakness of these liquid
or photonic crystal retarders is their bandwidth: they
do not transmit at wavelengths beyond the near-
infrared (H-band centered at ~1.65 um, K-band
~2.2 ym) [8]. Meanwhile, the demand for instru-
ments in the mid-infrared (L-band ~3.8 ym, M-band
~4.8 ym, N-band ~10.5 ym) is increasing in many
domains of astrophysics. Therefore, we are pursuing
a different technological route to synthesize the =
phase shift. We use the dispersion of form birefrin-
gence of subwavelength gratings (SWGs) [9,10], which
are particularly adapted to longer wavelengths.

In this paper, we present the results of our work on
achromatic wave plates. After a brief introduction to
SWGs (Section 2), we demonstrate in Section 3 that
diamond is a good choice of material for mid-IR
SWGs. In Section 4, we attempt to optimize a design
for a diamond HWP with respect to manufacturabil-
ity and performance. In Section 5, we briefly describe
the fabrication of a diamond achromatic HWP
dedicated to the mid-IR (11-13.2 um). We calculate
its theoretical efficiency with computer simulations
based on the rigorous coupled wave analysis (RCWA).
Finally, we conclude with the perspectives for present
and future instruments.

2. Achromatic Half-wave Plates (HWPs)

A. Subwavelength gratings (SWGs)

Many new optical devices have been made with
SWGs, such as high-efficiency diffraction gratings,
polarization-selective gratings, wave plates, and
monolithic antireflective structures [11]. SWGs are
micro-optical structures with a period A smaller
than A/n, A being the observed wavelength of the in-
cident light and n the refractive index of the grating
substrate. Such structures do not diffract light as a
classical spectroscopic grating does. Instead, only
zeroth transmitted and reflected orders are allowed
to propagate outside the grating, and the incident
wavefront is not affected by further aberrations.
The condition for having an SWG is defined by the
grating equation, which determines whether a dif-
fraction order propagates or not through the grating,

A 1 D

A " nysin 0 + max(ng, ny)

where 0 is the incidence angle and n; and ny; are the
refractive indices of the incident (superstrate) and
transmitting (substrate) media, respectively.

One can employ these SWGs to synthesize artifi-
cial birefringent achromatic wave plates [9]. A bire-
fringent medium, such as a grating (see Fig. 1), has
two different refractive indices, ntg and nry, with
regard to the polarization states TE (transverse elec-
tric, parallel to the grating grooves) and TM (trans-
verse magnetic, orthogonal to the grating grooves).
The phase retardation A® introduced by a birefrin-
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™
TE

A FA
Ny

Fig. 1. Schematic diagram of a SWG. The incident light beam
vector ki, is perpendicular to the grating lines. The filling factor
F is such that FA corresponds to the width of the grating walls.

gent SWG between the two polarization components
is dependent on the wavelength, and is given by

A®rg v(4) = (2/1—7[) h Angom, (2) (2)

where

Angorm (1) = nrg(A) — oy (4). 3)

h is the optical path through the birefringent med-
ium. In order to produce an achromatic wave plate,
the product of the two factors in 1 on the right-hand
side of Eq. (2) needs to be a constant over a wave-
length range as large as possible. By varying the
grating parameters (geometry, material, incidence),
the wavelength dependence in Ang,, should be
tuned to be closely proportional to the wavelength
across a wide spectral band.

B. Rigorous Coupled Wave Analysis (RCWA)

Common scalar theories of diffraction in gratings do
not work in the subwavelength domain. In order to
simulate the grating response and to calculate its
form birefringence, we must consider the vectorial
nature of light. For this purpose, we have performed
numerical simulations using the RCWA. RCWA is an
analysis method that is applicable to any multilayer
grating profile [12,13]. The algorithm converts the
grating-diffraction problem into a matrix problem,
and solves the Maxwell equations from layer to layer.
The solution corresponds to the reflection and trans-
mission matrices in the two modes (TE/TM), de-
scribing the entire diffractive characteristics of the
simulated structure: the diffraction efficiencies
(i) and (), and the phase shift (A®rpg ).

3. Choosing an Appropriate Material: Diamond

For an HWP to keep its efficiency over a wide spec-
tral band, the component must be optimized in order
to minimize the phase shift error with respect to #:

e(1) = ADqg v (4) - 7. 4)

Since the error is a function of the wavelength, we
minimize the root mean squared (RMS) error &,



over the entire spectral band. We have performed
RCWA simulations to optimize the grating para-
meters for a refractive index ranging from 1.5 to
2.8, and for several specific mid-IR spectral bands,
corresponding to the transmission windows of the
Earth atmosphere: L (3.5—4.1 ym), M (4.5-5.1 um),
and N (8-13 ym). Other solutions beyond 3 ym are
cumbersome and involve exotic materials. Consider-
ing an ideal rectangular profile, we optimized the
parameters F, h, and A (Fig. 1) using a multidimen-
sional nonlinear minimization method (Nelder-Mead
algorithm, also called downhill simplex method) from
the MATLAB software. The period was constrained
to be smaller than the SWG limit 4/n. With these
optimized parameters, the mean phase shift error
is very small (e, ~ 10~ rad) in the considered spec-
tral bands. We also introduced another parameter,
the aspect ratio p,

h
P = min[FA; (1= F)A]’

(5)

which is the height-to-width ratio of either the walls
or the grooves. This parameter must be made as
small as possible since features with high aspect ra-
tio are difficult to manufacture. In our simulations,
the N-band was separated into two parts of compar-
able bandwidth (~20%), thereby avoiding the strong
ozone absorption band around 10 ym. In Fig. 2, the
optimal aspect ratio is plotted against refractive
index. Minima in these plots indicate a suitable sub-
strate refractive index for the grating. For the longest
wavelengths (N-band mostly), the aspect ratio p is
much lower for high refractive indices (>2.25), while
for the shorter wavelengths, the filling factor F varies
strongly, which results in a very fluctuating aspect
ratio due to its definition as a minimum of either the
wall or void thickness. We conclude that using sub-
strates with high refractive indices (e.g., diamond,

40
[3.5-4.1 ym] L-band

— [4.5-5.1 ym] M-band

— [8.0 - 9.6 um)] lower N-band

35t — [11.0 -13.2 u m) upper N-band

30r

251

20

Optimal aspect ratio

15 175 2 225 25 275
Refractive index

Fig. 2. (Color online) RCWA simulation: the aspect ratio of the

gratings for a minimized mean phase shift error as a function

of the refractive index.

ZnSe, Ge) can make the microfabrication of SWGs
for achromatic HWPs much easier. Some exotic
materials with lower refractive index exist, but they
are not compatible with our applications because of
many disadvantages (brittle, deform easily, etc.).
Materials with very high refractive index such as si-
licon (~3.4) are not compatible either, because they
necessarily require complex antireflective coatings
on top of the SWG.

Among the materials commonly used in the N-
band, one good candidate is diamond, with a refrac-
tive index ~2.38 for the region of interest (from 3 to
13 um). The use of diamond substrates leads to many
advantages. First and foremost, it has a wide trans-
mission window [14]. In addition, its mechanical prop-
erties are outstanding (low density = 3.52 kg/m?;
very high hardness = 10 on the Mohs scale; very high
elasticity). Also, its thermal (excellent conductor, iner-
tia) and chemical (resistant to usual chemicals, acids,
and most of the alkalies) properties make it an
excellent candidate to be space qualified.

4. Design of a Diamond Wave Plate

The larger periods and lower aspect ratios of the
N-band HWP should make this grating easier to fab-
ricate compared to bands of shorter wavelengths, as
shown in Section 3. Here we will focus on a HWP for
the long-wavelength part of the N-band (11-13.2 ym)
for a forthcoming astronomical application (VLI/
VISIR) [15]. The design of the grating was conducted
in synergy with the manufacturing [16]. In particu-
lar, the slope of the sidewalls (see Fig. 3) must be
taken into account and the aspect ratios must
be kept within the range of what can be etched in
the material.

The etch process used induces a slope a=~2.7°
(Fig. 3). During the fabrication process, small errors
in line width, slope, and grating depth occur. In par-
ticular, the depth 2 and the slope a are difficult to
measure precisely. A design that performs well even
under small changes in these parameters was there-
fore sought. We have computed two-dimensional (2D)
maps of the RMS error (&,,,¢) as a function of the fill-
ing factor (') and of the depth (h), for several values
of a ranging from 2.6 to 2.8°. We also calculated the
mean and standard deviation of all these maps
(see Fig. 4).

To obtain a good compromise between the mean
value and the standard deviation, the optimum va-
lues are A = 13.7 ym and F' = 0.4, which correspond
to a line width (on the top) FA = 1.84 ym. In the first

FA
e

A Fequiv

A

Fig. 3. Schematic diagram of a trapezoidal grating. The grating
walls have a slope a and an average width FequyA.
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(Color online) RCWA multiparametric simulation: mean (left) and standard deviation (right) of the RMS phase shift error

(logarithmic scale) over the upper N-band, with a ranging from 2.6 to 2.8°. The period is set to A = 4.6 ym (SWG limit).

approximation, one can tell that the relation between
the optimum line width and depth is quasi linear,
with a regression coefficient approximately equal
to 10. This is very useful for the manufacturing
process, to compensate line width errors with the
etching depth. For instance, if the line width is smal-
ler than the optimum (e.g., -50 nm), one can etch a
shallower grating (-500 nm).

5. Manufacturing and Performance Analysis

A. Manufacturing

The pattern was first written in photoresist on a si-
licon wafer by direct laser writing. This pattern was
then transferred to the diamond substrate using a
nanoimprint lithography process and finally dry
etched in the diamond via several masking layers
in an inductively coupled plasma reactor. The details
of this process will be published elsewhere. The dense
oxygen/argon plasma used is very stable, but the etch
rate varies with depth and width of the grooves.

As mentioned before, precise measurements of the
depth and profile of the subwavelength structure are
difficult. The grooves are too narrow for using atomic
force microscopy or white light interferometry. The
best measurements were obtained by cracking the
sample and observing the cross section with a scan-
ning electron microscope (SEM). As can be seen in
Fig. 5 the sidewalls have a slight angle of 2.6-2.8°
from the vertical. Ions deflected in glancing impacts
with the sidewalls cause trenching at the bottom of
the wall. In a narrow groove such as this, trenching
gives rise to the triangular ridge along the center of
the groove.

B. Expected Performances

Cracking the sample is naturally not possible for the
final HWPs. For these an estimate of the depth was
acquired by comparing several SEM images taken at
different angles. The distance between two recogniz-
able features, one at the top and one at the bottom of
a groove, was measured in micrographs recorded at
tilt angles between 5 and 26°. From the variation in
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this distance with angle, the depth could be calcu-
lated. The depth measured by this method on
cracked samples was in good agreement with cross
section images (within 2%). Our prototypes have
met the specifications: line width ~1.8 ym (sidewall
angle ~2.7°), period 4.6 ym, and depth ~13.7 ym. As
shown in Fig. 6, the retardance of the manufactured
HWP is nearly ideal in the center of the spectral
band. The mean and standard deviation of the phase
shift over the whole upper N-band (11-13.2 ym)
equal ~3.143 £+ 0.061 rad (180.08 + 3.51°).

C. Antireflective Grating (ARG)

Incoherent reflections with different phase shift may
interfere with the main beam and degrade perfor-
mance of the component. The natural reflection of
the diamond at N-band is ~17% for one interface.
Although the achromatic HWP was not designed
with reducing reflections in mind, it still serves this
purpose to some degree. As shown in Fig. 7, the the-
oretical transmittance is quite good between 11.5
and 13 ym because the diffraction grating actually
acts as an antireflective layer at this wavelength.

cross sectional view of the grooves. Right: antireflective structure
on the backside.
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Fig. 6. (Color online) Retardance for a diamond HWP with opti-

mal specifications at a = 2.6-2.8° (slope of the walls). Bandwidth:

11-13.2 ym.

In addition, an ARG was designed to reduce sur-
face reflections using a diffraction grating analysis
program (GSOLVER, version 4.20c., Grating Solver
Development Co., USA). The program uses algo-
rithms based on RCWA to calculate values of the
zero-order transmission. A 2D SWG formed by bin-
ary square (2.6 x2.6x2 um) shaped structures
with a 4 ym period was etched on the backside of
the HWP to reduce the reflection from 17% to less
than 0.5% in the wavelength region of interest (see
Fig. 8). Etching the ARG was much less demanding
than the HWP structure, but there is still trenching
and the sidewalls are not perfectly vertical [11]
(Fig. 5). Since there was some deviation from the
calculated structure, the etch time was optimized
by testing the performance. The transmittance of

— alpha ~2.6-2.8°
- without SWG

95

Transmission (%)
8

851

80 i i 1 "
1 15 12 12,5 13
Wavelength (um)

Fig. 7. Transmission spectrum of a SWG etched on diamond
with HWP optimal specifications, with sidewall angle (2.6-2.8°).
The dotted line shows the natural transmission of the diamond
at N-band, without the SWG (~83%).

©o

~
T
~

65l o 0
10 11 12 13 14 15

Wavelength (um)

Fig. 8. Transmission spectrum of one diamond interface with
ARG measured with a spectrophotometer. The calculated trans-
mission values for three different depths are also shown.

diamond substrates with a single sided ARG was
measured in a Perkin Elmer 983 infrared spectro-
photometer. After removing the effects of interfer-
ence within the sample and comparing with an
unetched sample, the transmittance of a single AR
interface has been determined (Fig. 8). As can be
seen, the bandwidth of the manufactured structure
was slightly larger than the calculated one. This
may be due to the somewhat tilted sidewalls. The
total transmittance of the finished HWP components
was between 89% and 95% over the band.

6. Conclusion and Directions for Future Research

Diamond is a good material for manufacturing achro-
matic HWPs for mid-IR wavelengths. By optimiz-
ing the gratings with manufacturing limitations in
mind, components dedicated to the upper N-band
(~12 um) could be achieved including an antireflec-
tive solution on their backside. Diamond HWPs are
likely to be used for many applications, particularly
for optical vortices in astrophysics. The diamond
HWP shown in this paper has been developed to en-
able the manufacturing of an N-band annular groove
phase mask (AGPM), which will be installed in 2012
on the VISIR instrument at the VLT, and is also an
excellent candidate for METIS at the future Eur-
opean Extremely Large Telescope. This specific ap-
plication will be the subject of a forthcoming paper.
Moreover, a new process using e-beam lithography
is now being explored to reach smaller grating peri-
ods, and thereby shorter operating wavelengths.
These AGPMs are being evaluated for implementa-
tion on high-contrast imaging instruments such as
NACO (L-band ~3.8 ym) and SPHERE (K-band
~2.2 ym) at the Very Large Telescope in Chile.
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Abstract. Based on the results presented in the previous chapter, obtained with a diamond sub-
wavelength grating half-wave plate, we expose in the present chapter the complete development of
broadband diamond annular groove phase masks (AGPMs) dedicated to mid-infrared wavelengths.
First, we define some of the metrics that are generally used to quantify the attenuation produced by
a coronagraph, and the basics of the destructive interference processes occurring in a phase-mask
such as the AGPM. Then, the definition of optimal designs in synergy with the fabrication process
is exposed. We also explain the different metrology techniques that were used to precisely char-
acterize the shape of the subwavelength gratings. Finally, we present the expected performances
of several manufactured components, as well as the micro-lithography and associated techniques
which have been used to fabricate them.
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4.1 From half-wave plates to AGPMs

As already stated in Section 2.2.4, an annular groove phase mask (AGPM) is a vector vortex
coronagraph (VVC) providing a continuous helical phase ramp, varying azimuthally around the
optical center. In other words, it is simply a halfwave plate (HWP) in which the optical axes rotate
about the center. While studying SG-HWP (Chapter 3), we have defined the phase retardation
A®rp_ 1y (A) in Equation 3.27, and the phase shift error €(\) with respect to 7 in Equation 3.47.
We have then optimized the grating parameters by minimizing the m-phase shift error standard
deviation o, over the whole bandwidth. In the present case of an AGPM, we must minimize an-
other metrics in order to optimize the coronagraph’s ability to attenuate the central starlight. In
practice, the so-called figure of merit is not univocally defined among the astronomers community.
Different metrics exist:

— the contrast in luminance AL’ expressed in magnitudes as a function of radial offset (in \/d
units) from the center ;

— the peak-to-peak (PTP) rejection as the ratio of the maximum intensity of the direct image
to the maximum intensity of the coronagraphic image, which also exists in its inverse version,
the PTP attenuation;

— or else, the total rejection R as the ratio of total intensity of the direct image to that of the
coronagraphic image, and which also exists in its inverse version, that is the total attenua-
tion N = L.

R

Although the PTP attenuation is a widely employed metrics to quantify the coronagraphic
performance, it supposes that the coronagraphic image point spread function (PSF) is similar in
shape to the non-coronagraphic (direct) image PSF. In reality, the presence of the AGPM slightly
changes the PSF profile near the axis. This phenomenon is characteristic of all coronagraphs.
Therefore, in this thesis, we mainly use the total attenuation metrics N, also called the null depth
or nulling, which is a more robust metrics since it is insensitive to the PSF change. The null depth
is thus defined as the ratio between the coronagraphic (I.or0) and the off-axis (Ig) PSF profiles,
integrated over the whole field (£2):

N\ =R! ()\)://Q [;Z:(()\)\)>d9. (4.1)

Let us now evaluate the total null depth for an AGPM limited by chromatism. Therefore, we
consider that the coronagraphic and the off-axis PSF profiles are parallel, and we can drop the
double integral in equation 4.1. By definition, the coronagraphic PSF profile I, is obtained by
locally creating a destructive interference between two coherent wavefronts, of complex amplitudes
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U;(\) = A;(\) ei® = A;(\) ! [ 5+ 60 withj = lor2, (4.2)

where A; are the real amplitudes (A? = 1;), ®; the global phase, z; the optical path delays (OPD),
and ¢; the phase shifts experienced by each wavefront j. If we suppose in first approximation
that the intensities of both wavefronts are equal (I; = I, = Ij), the transmitted intensity at the
recombination of the two wavefronts I(\) = |U;(\) 4+ Ux(A\)|* can be calculated using

R[UL(N) + Uy(N)] = VT [sin @y + sin @] |

S [UL(N) + Us(N)] = Vi [cos D1 + cos Dy (4.3)

leading to

IN) = RO + TN + SN + To(V)]*
= Iy (sin® @ + cos® @1 + sin® @y + cos? ®y + 2sin P, sin Py + 2 cos Py cos Dy)
= Iy (2 + 2 cos(®y — @y)) (4.4)

= 2[0 [1 4+ cos (%(2’2 — Zl) —+ (¢2<)\) — gf)l()\)))}
which in the case of a proper set-up arrangement with equal OPDs (z; = 25) becomes
I(N) =215 (1+cosAg(N)) . (4.5)

From equation 4.5, we can show that with a perfect HWP, that is with a phase shift A¢ = 7, the
nulling is total:

N — Teoro ~ min(I(N))  21y(1—1)

I max(I(\)  2h(1+1) (4.6)

4.1.1 Phase mismatch

In practice, as we have seen in Chapter 3, the m-phase shift A¢ is not perfect at each wavelength.
By taking the error £(\) into account, Equation 4.5 becomes

IN)=2I(1+cos(m+e(N)) =21 (1 —cose(N)) , (4.7)

and since € is normally very small, we can approximate Equation 4.7 by a Maclaurin series of
second order:

I =21, <5<;)2) . (4.8)
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By integration over the bandwidth A\, we can formulate the residual intensity of the destruc-
tive input (Zeoro) in terms of the phase shift error standard deviation o = [,, £(A)%dX / AX

Teoro = [ min(I(\))d\ = / Toe(N)*d\ = Iyo AN, (4.9)
AN AN

and the total intensity of the constructive input (/o) corresponding to the PSF without corona-

graph

Le = [ max(I(\)dx = / 20p(1+ 1)dA = 41y AN (4.10)
AN AN

resulting in the expression of the null depth, calculated with phase mismatch only:

Icoro I()O'A)\ g
N = = = _ . 4.11
Lo 410 AN 4 ( )

4.1.2 Intensity mismatch

So far, we have maintained the assumption that the amount of light in each wavefront was the same,
which is not always true. Slightly unequal wavefront intensities will induce a non-null transmission
on the optical axis, and thus contribute as a background emission. Taking the intensity mismatch
(A # Ap) into account, Equation 4.5 becomes

I(\) = A7+ A3+ 2A1 A5 cos Ap(N)
= A% + A2 — 2A; Ay cose(N)

(4.12)
— A2 4 A2 — 24, Ay(1 + 201
from which we can express the null depth as a function of the wavelength
I in(/ Ay — Ay)? — 2AA
N()\) _ COTO()‘) _ mln( ()‘)) _ ( 1 2) €<)‘) 1412 ’ (413>

Ioff()\) max([()\)) (Al + A2)2

and assuming an intensity ratio ¢(\) = I /I, = A2 /A? between the two polarisation components,
TE and TM, the null depth becomes

In the theoretical case where the coronagraphic profile remains identical to the original PSF
profile, this formula of the null depth is also valid for the PTP attenuation, which was demonstrated
in an ideal case by Mawet et al. (2005a).
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4.2 Design of diamond AGPMs

4.2.1 Synergy between design and manufacturing

In the wake of our successful results obtained with a diamond SG-HWP dedicated to the upper
half of the N-band (centered around 12 pm), and encouraged by the continuous improvements
in diamond microfabrication techniques of our collaborators from the Angstrém laboratory, we
started to manufacture diamond AGPM coronagraphs. Most of our developments and accom-
plishments were achieved as a result of our strong partnership with the Swedish team, and their
remarkable work. I had myself the chance to spend one month in the laboratory of Uppsala for
the manufacturing of our first prototypes. At that time, the AGPM was starting to shape up
(see Delacroix et al. 2010a), but the aspect ratio was still too small, and the surface on top of
the grating was quite rough, leading to unwanted scattering. About three years later, the grating
teeth now look brilliant (see Figure 4.1), and the manufacturing process is well mastered and
reproducible.

The design of the grating was conducted in complete synergy with the manufacturing. Opti-
mal grating parameters were calculated by RCWA, bearing in mind fabrication constraints and
expected limitations. In particular, the slope of the sidewalls was taken into account and the
aspect ratio was kept within the range of what can be etched in the material. After the first
achievements, and as soon as the manufacturing process was developed, these optimizations were
re-calculated with better estimates of sidewall angles. This loop was repeated for several itera-
tions, until the process was precise enough for N-band AGPMs to be manufactured with desired
specifications. One of these was then installed on VLT /VISIR, as we will discuss in Chapter 6.
In the meantime, we started working on much finer gratings meant for the L band (3.5 - 4.1 um),

Figure 4.1: Evolution of the manufacturing of diamond AGPMs. Top: N-band AGPMs, with
periods ~4.6 pm, manufactured in November 2009, October 2010, and February 2012 (from left
to right). Bottom: cracked spares of L-band AGPMs, with periods ~1.4 pum, manufactured in
March 2011 and September 2012 (from left to right). Courtesy of the Angstrom laboratory.



86 CHAPTER 4. A PERFORMANCE STUDY OF MANUFACTURED DIAMOND AGPMs

which is more difficult for two reasons: (i) the period is about three times smaller for the L band
than for the N band, which requires a much higher precision, and (ii) the etch rate and sidewall
angle depend more strongly on the groove width as the grooves get narrower (see Forsberg 2013).
Again, iterations between design and manufacturing were necessary to adapt the specifications to
the fabrication limitations, and yet again, this successfully led to the manufacturing of L-band
AGPMs which were then tested on a coronagraphic bench (see Chapter 5) and installed at the
telescope (see Chapter 6).

The design calculations and expected performances of the manufactured AGPMs are presented
hereafter, whereas the fabrication procedure is described in Section 4.3.

4.2.2 Selection of optimal parameters

As in the case of a SG-HWP, the grating parameters of the AGPM were optimized by means of
RCWA. This time, the figure of merit is not the phase-shift error standard deviation ¢ anymore,
but the null depth N(\) averaged over the whole bandwidth. As determined in Equation 4.14,
the null depth is function of the wavelength since it must take both the phase shift error () and
the intensity ratio ¢(\) into account. These two wavelength-dependent functions involve all the
geometrical parameters illustrated in Figure 4.2, including a new parameter: the sidewall angle
a. Indeed, it soon appeared obvious that a perfect rectangular shape was beyond the fabrication
capabilities, and that we would have to cope with a trapezoidal groove shape.

At first, we focused on the upper part of the N band (11-13.2 um), fixing the period the the
Z0G limit A = 4.6 pum. This choice was motivated by manufacturability reasons: the longer
the wavelength, the larger the period. Besides, compared to quartz, diamond has a much higher
refractive index which allows shallower structures, so that the aspect ratio was less of a problem
than the overall grating dimensions. After some iterations between manufacturing and design,
we could estimate that the sidewall angle, for our specific N-band AGPM profile, is comprised
between 2.5° and 3°. This result guided the design simulations towards new optimal parameters.
A whole set of multiparametric RCWA simulations was obtained for multiple values of the sidewall
angle o ranging from 2.5° to 3°, calculating the mean null depth p over the 11-13.2 pym bandwidth,
function of the filling factor F' and the grating depth h. The results of this optimization campaign

Figure 4.2: Schematic diagram of a trapezoidal grating of period A. The filling factor F' is such
that the width on top of the walls, called feature line, is F'A. The grating sidewalls have an angle
a and an average width Fegyiy A.
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are illustrated in Figure 4.3, and show that the mean null depth p is at least as good as 1073
on a narrow area of the parameter space (dark blue zone). The best null depths are achieved
for ' ~ 0.45 and h ~ 16 ym. This optimal solution however presents two major limitations: (i)
the required depth is quite hard to achieve given the etching capacities, and (ii) the null depth
is more sensitive to sidewall angle variations (Figure 4.3, bottom right). Moreover, these slope
variations tend to increase with the grating depth. A more relaxed specifications set was thus
preferable. Based on these observations, we have fixed the filling factor to F' = 0.4 and simulated
the complete spectral performance for several scenarios of h and « values (Figures 4.4 and 4.5).
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Figure 4.3: Multiparametric RCWA simulations of diamond AGPM’s average null depth p
(logarithmic scale) over the upper half of the N band (11-13.2 pm), function of h and F'. Top:
p-maps for a sidewall angle o = 2.5° (left) and 3° (right). Bottom: Average (left) and standard
deviation (right) of a u-maps sequence ranging from a = 2.5 to 3°.
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N-band AGPM [11-13.2 pm] with A = 4.6 um, F = 40%, h = 13.3 pm and o = 2.5°
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Figure 4.4: Spectral performance RCWA simulations of diamond N-band AGPMs with fixed
period A = 4.6 um and filling factor F' = 0.4. The figure shows three plots corresponding to
optimal couples of grating depth h = 13.3/13.8/14.4 um and sidewall angles o = 2.5/2.75/3.0°
(from top to bottom). The subplots illustrate the TE-TM transmittance and reflectance (left)
and the intensity ratio ¢(\) (right) over the whole bandwidth.
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shift error e(A) (left) and the null depth N(A) (right) over the whole bandwidth.
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There is much we can learn from Figures 4.4 and 4.5. First, we are confident that, even with
a sub-optimal solution, that is with a filling factor F' = 0.4 deliberately fixed at a smaller value
than the optimum F = (.45, we still have a possibility to reach a mean null depth p ~ 1073. It is
worth recalling that, considering the natural decay of the PSF intensity of a perfect pupil, a total
attenuation of 1072 is equivalent to a contrast of 5 x 107¢ at an angular separation of 2\/d. In
other words, with an 8 meter diameter telescope, the theoretical contrast would be AL’ ~ 13.3
magnitudes at 0.6 arcseconds (076). This is higher than required for current telescope instruments,
which are still limited by wavefront spatial distortion.

Secondly, by looking at Figure 4.4, we notice that the grating reflection is ~7%, which is much
smaller than the natural reflection of a simple air/diamond interface at N band ~17%. In fact,
the high transmittance ~93% is due to the grating. Although it was not designed with reducing
reflections in mind, it still serves this purpose to some degree and acts like an antireflective
structure. However, the AGPM transmittance is also impacted by the backside reflection and the
absorption. To improve the total transmittance, an antireflective grating (ARG) can be etched
directly on the backside of the diamond substrate (Karlsson & Nikolajeff 2003). This was done
for some of the manufactured components, as will be discussed in Chapter 5.

Finally, by comparing the €(\) and ¢(\) curves, we can see how the intensity mismatch and
the phase mismatch compensate each other, thereby minimizing the null depth over the whole
bandwidth. Consequently, an AGPM can be made achromatic even if the phase-shift is not
necessarily as close as possible to 7, unlike in the case of a half-wave plate.

4.2.3 Expected performances of manufactured mid-infrared AGPMs

In addition to the development of N-band AGPMs, we have also explored the parameter space
of an L-band (3.5-4.1 um) component. Our strategy with the L band was very similar to the
one with the N band. The main difference resides in the global size of the parameters, which
is intrinsic to the three times smaller wavelength. As a result, the period was constrained to be
smaller than the ZOG limit A/n, that is A &~ 1.42 um. A whole new set of multiparametric y-maps
was calculated using RCWA simulations. Besides, the sidewall angle was estimated with a better
precision. Indeed, for the N-band components, the profile parameters could only be measured in
best effort through microscopy techniques, as described in Section 4.3.2, leading to an estimated
a = 2.75°. In the case of L band, microscopy results were correlated to laboratory characterization
of several L-band AGPMs to derive their true profile specifications, including «. These laboratory
measurements are detailed in Chapter 5.

In total, eight AGPMs have been manufactured so far, four for each spectral band, namely
AGPM-N1 to AGPM-N4, and AGPM-L1 to AGPM-L4. The expected performances of these com-
ponents are presented in Figure 4.6. AGPM-N1 was the first attempt. It was etched as deep as
possible, which resulted in strongly narrowed feature lines, hence a highly reduced null depth.
AGPM-N2 is not represented as it was damaged during manufacturing process. AGPM-N4 shows
the best N-band performance, and was therefore installed on the VLT /VISIR instrument (see
Chapter 6). All N-band null depths were calculated with fixed period A = 4.6 um and angle
a = 2.75° whereas for L-band AGPMs, only the period was fixed to A = 1.42 um. The other
parameters were measured combining metrology and laboratory characterization. The sidewall
angles of the manufactured L-band components slightly vary from 2.4° to 3.25°. AGPM-L1 and
AGPM-L2 were initial tests, etched with the exact same methods as N-band components. Fur-
thermore, the e-beam-written master used in the patterning of these two had too narrow lines,
explaining their steeper walls (smaller angles) and lower expected performance. AGPM-L3 was an
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experiment with a different etch recipe giving a grating profile of trapezoidal walls with triangular
tops, designed to reduce the problem of ghost reflections (see Chapter 6). Its depth is therefore
intentionally too high, and as a result, it is not represented on the average pu-map of Figure 4.6.
However, it shows very good null depth capacities, and was therefore installed on VLT /NACO (see
Chapter 6). AGPM-L4, finally, was fabricated with a close to optimal depth for its actual filling
factor and sidewall angle. It is the best diamond AGPM coronagraph to date. Its installation on
LMIRCam, the L-band camera of the LBTI, is currently going on. Thanks to the very high Strehl
ratio delivered by the LBT adaptive optics at L band (>95%, Esposito et al. 2011), we expect
that AGPM-L4 will unleash its full potential on this instrument.
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Figure 4.6: Top: Manufactured N-band (left) and L-band (right) AGPM’s parameters repre-
sented on the corresponding p-maps. Bottom: Expected null depth (logarithmic scale) of several
manufactured AGPMs at N-band with measured period A = 4.6 um (left), and at L-band with
measured period A = 1.42 ym (right). Slightly different sidewall angles were measured for L-band
AGPMs, and estimated to o« = 2.75° for N-band AGPMs.
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4.2.4 Downscaling to the near-infrared and visible regimes

It says something about the maturity of the fabrication process that we were able to produce
nearly optimal grating parameters with so few trials. The grating parameters are now well estab-
lished. It is very likely that new optimal designs dedicated to other wavelengths, and conserving
the same fabrication recipe, would lead to filling factors F' ~ 40% and sidewall angles o ~ 3°. It
is however possible to reach even higher attenuation by slightly increasing the filling factor. Given
our highly satisfying results, we have explored other parameter spaces for shorter wavelengths.
Figure 4.7 shows the null depth expected performances for different near-infrared and visible spec-
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Figure 4.7: Spectral performance RCWA simulations of near-infrared (K, H, and J bands) and
visible spectra AGPMs, with fixed sidewall angle o = 3°. The null depth is calculated both with
relaxed specifications (F' = 45%), and with optimal specifications (F unfixed).
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tral regions, for two parameters sets: the first one with relaxed specifications for a fixed filling
factor F' = 40%, and the second one with optimal specifications (F' = 45%). Results show similar
null depth levels N = 1073 to 10~%. These AGPMs, if manufactured, could be excellent candidates
to be integrated on future instruments, both for space missions and ground-based telescopes, e.g.,
E-ELT/PCS (EPICS).

In the last part of this Section, we summarize the results of our RCWA simulations in Table 4.1,
with all the parameters and performances of the whole set of diamond AGPM coronagraphs. We
include fabricated mid-infrared AGPMs, as well as potentially manufacturable optimal designs,

for all studied spectral bandwidths, from the mid-infrared to the visible light spectrum.

Table 4.1: Geometric parameters of several diamond AGPM designs (fabricated, optimal with
F = 0.4, and optimal with F' = 0.45) optimized for different spectral bands (20% bandwidth)
using RCWA calculations. The last two columns give the expected coronagraphic performance.
R refers to the total rejection, equivalent to the inverse of the total attenuation or null depth
N. The last column gives the achievable contrast at a 2\/D angular separation from the star,
D corresponding to the diameter of the telescope.

20% BW Grating parameters Total rejec./atten. || Contr. at 2\/D
Filter | Range | A(um) | «(®) | F | h(pm) R N=R"! (5 x 1073)N
Fabricated
N1 11-13.2 4.6 2.75 1 0.32 | 14.8 12 | 8.3 x 1072 4.2 x 1074
N3 11-13.2 4.6 2.75 1036 | 12.6 316 | 3.2x 1073 1.6 x 107°
N4 11-13.2 4.6 2.75 1040 | 138 787 | 1.3 x 1073 6.4 x 1076
L1 3.5-4.1 1.42 | 240035 | 4.2 33 | 3.0x 1072 1.5 x 10~*
L2 3.5-4.1 1.42 | 2.65|0.36 | 3.6 57 | 1.8 x 1072 8.8 x 107°
L3 3.5-4.1 1.42 | 325|044 | 5.8 271 | 3.7 x 1073 1.8 x 107°
L4 3.5-4.1 1.42 | 3.00 | 0.41 4.7 630 | 1.6 x 1073 7.9 x 107°
Optimal with F' = 0.40
N 11-13.2 46 | 3.0 1040 | 144 | 1096 | 9.1 x 1074 4.6 x 107°
L 3.5-4.1 1.42 3.0 | 040 | 4.47 || 1134 | 8.8 x 107 4.4 x 1076
K 2.0-2.4 0.82 3.0 | 040 | 2.58 | 1005 | 9.9 x 10~* 5.0 x 107°
H 1.5-1.8 0.61 | 3.0 | 040 | 1.92 || 933 | 1.1 x107* 5.4 x 107°
J 1.15-1.4 0.48 3.0 {040 | 1.50 962 | 1.0 x 1073 5.2 x 1076
vis. | 0.65-0.79 || 0.26 3.0 {040 | 0.81 732 | 1.4 x 1073 6.8 x 107
Optimal with F' = 0.45
N 11-13.2 4.6 3.0 [045] 16.9 | 2354 | 4.2x107* 2.1 x107°
L 3.5-4.1 1.42 3.0 | 045 | 521 | 2457 | 4.1 x107* 2.0 x 1076
K 2.0-2.4 0.82 3.0 | 045 | 3.02 | 2366 | 4.2 x 10~* 2.1 x107°
H 1.5-1.8 0.61 3.0 1045 ] 226 | 2341 | 4.3 x107* 2.1 x107°
J 1.15-1.4 0.48 3.0 1045 | 1.75 | 2353 | 4.2 x 107* 2.1 x107°
vis. | 0.65-0.79 || 0.26 3.0 |045 | 098 | 2144 | 4.7x107* 2.3 x107°
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Figure 4.8: Left: 10 mm diameter, 0.3 mm thick microcrystalline CVD diamond substrates of
optical quality. The five disks were coated in the same batch with a 500 nm aluminum layer.
Right: One of these disks with a subwavelength grating etched on top of it. Reflection of visible
light produces a colorful diffraction pattern.

4.3 Manufacturing and metrology

Thanks to the expertise of the Angstrom Laboratory in the microfabrication of diamond optical
components, the targeted specifications have been reached with high precision. For the first time,
AGPMs have been produced. In this section, we briefly describe the fabrication method developed
by our Swedish collaborators. We also explain the different metrology techniques that were used
to precisely characterize the shape of the subwavelength gratings. For more details about the
manufacturing process, we refer to Karlsson et al. (2010), Forsberg & Karlsson (2013a), and
Forsberg (2013).

4.3.1 Manufacturing at the Angstrom Laboratory

The microfabrication has been conducted at the Angstrém Laboratory (Uppsala), using circu-
lar diamond substrates (diameter = 10 - 20 mm / thickness = 0.3 mm) of optical quality (see
Figure 4.8). The fabrication method was especially developed and optimized for this particular
process. It consists of the following steps, illustrated in Figure 4.10. First, an aluminum layer
(several hundreds of nm, depending on the groove depth) is sputtered on top of the diamond
substrate, and a polymer film is spun onto the Al-coating. This polymer, which is a special nano-
imprint lithography (NIL) resist, must be spun and baked several times, with more resist added
in between, in order to achieve a layer thick enough while minimizing the size of the created edge
bead. Indeed, an unwanted edge bead (see Figure 4.9) is generated during the spin coating and

i edge bead \ mask

pol_\'mer-.. .
substrate -

Figure 4.9: Illustration of the edge bead effect. Courtesy of Pontus Forsberg.
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Figure 4.10: Ilustration of the microfabrication process of diamond AGPMs.

reduces the effective grating area by about 10 - 20% in the worst case. Next, the surface relief
master, previously prepared either by direct laser writing (DLW) or by electron-beam (e-beam)
lithography, is imprinted in the NIL-resist following a specific NIL process, and then transferred
into the underlying aluminum by use of a reactive ion etching process including inductively coupled
plasma (RIE-ICP). The aluminum is etched in a Cly/ BCl3/Ar chemistry until it is etched through.
The remaining resist is removed in acetone, and the Al-mask carefully inspected by atomic force
microscopy (AFM) and white light interferometry. The Al-mask pattern is then transferred to the
diamond substrate by RIE-ICP in a Os/Ar chemistry, and the remaining aluminum is removed
with solvent. Let us mention that the master used for the NIL and fabricated by DLW in a 100
pm Ni-coated silicon wafer, is first cleaned by sonication in acetone and isopropanol, before being
sputtered with chromium (30 nm) and gold (100 nm). The master is then cut into a circle to fit
inside the edge bead on the diamond sample. Finally the master is treated with octadecanethiol
in isopropanol to reduce sticking problems after imprinting.

4.3.2 Different metrology techniques
Microscopic metrology at the Angstrém Laboratory

A classical surface metrology was carried out at the Angstrém Laboratory, using scanning electron
microscopy (SEM), atomic force microscopy (AFM) and white light interferometry. These various
microscopy techniques can be used to measure the grating parameters of the etched components.
The precision of the grating period A depends on the fabrication of the master. For the first N-band
AGPMs, the measured error on the period is less than 5 nm, which is not affecting significantly the
performances at 11 um. For these, the master was fabricated by DLW, as described in Figure 4.10.
In the case of L-band (or future near-infrared) AGPMs, with smaller specifications, this precision
is improved by creating the master with e-beam lithography instead of DLW. An e-beam master
is theoretically precise within a 1 nm range.
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Figure 4.11: SEM micrographs of the best two AGPMs to date, for the N band (upper left)
and L band (upper right). At the bottom is a cross section view of a dummy sample cracked in
the process of making the L-band AGPM. Courtesy of the Angstrém laboratory.

Concerning the depth A of the grooves, it must be determined by SEM. The grooves are too
deep for AFM and too narrow for white light interferometry. The grating depth is actually de-
termined by carefully measuring the distance between a point at the top of the grating and one
at the bottom in several SEM micrographs taken with different tilt angles. Some of the measures
are carried out during the fabrication process, in between each etching step, to control the depth
in order to reach the specifications with a precision of around 100 nm (see Forsberg 2013).

The most difficult parameter to control during the fabrication process appears to be the filling
factor F' (or the width of the grooves), since it varies in time during the etching. As it penetrates
deeper into the substrate, the plasma beam becomes thinner, so that the sides of the etched grooves
are not perfectly vertical. Consequently, the profile of the ridges takes a trapezoidal shape, defined
by the sidewall angle o. The only efficient way of measuring all parameters is by cracking the
diamond sample (see Figure 4.11). Of course, this technique destroys the component. Therefore
it must be applied on a dummy sample, etched within the same batch as the final AGPM, so that
both gratings have more or less the same shape.

Diffractometry at the HOLOLAB optics laboratory

Complementary to the conventional microscopic metrology, a diffraction metrology (diffractome-
try) was carried on in our laboratory. For this purpose, a dedicated optical bench was installed
and calibrated (see Figure 4.12; left). Its goal is to characterize the TE-TM polarizations and
phase shifts induced by the AGPM. However, it is not adapted to make measures at mid-infrared
wavelengths, since it is equipped with only visible and near-infrared sources, up to 2.2 um (K
band). For longer wavelengths, optical equipments (fibers, detectors) and low temperature devices
(cryostats) represent a significant increase in costs, and are not planned yet. Proper polarimetric
measurements with this test bench will have to wait for the first K-band and H-band AGPMs to
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Figure 4.12: Left: Optical layout of the HOLOLAB polarimetric and diffractometric test bench.
Middle: N-band AGPM in its holder. Right: Several annular transmitted diffraction orders
observed at 632.8 nm.

come on the scene.

At shorter wavelengths, L-band and N-band AGPMs are of course not sublambda, and diffrac-
tion through the grating produces non-zero orders. By means of diffractometry, that is by mea-
suring diffraction efficiencies and deviation angles of these orders, one can confirm at least the
general shape of the grating. The period A can be easily and very quickly checked with the grating
equation, defined in Section 3.1, with an acceptable precision (~50 nm). We use a red HeNe laser
source at 632.8 nm, so that we can clearly see the orders (see Figure 4.12, right), and we measure
their transmitted angles 8. The period is then obtained with the following relation derived
from Equation 3.1:

mA\ _om 632.8 x 1077 om

B = - 2.6233 x 1077 . A1
Sy smem < 24122 smeem 0299 x 10 (4.15)

One can also measure the diffraction efficiency of each order. The diffusion (or scattering)
being quite high at 632.8 nm, the measurements are not accurate enough to deduce the grating
profile with precision. For instance, the zeroth order efficiency n® varies from ~10 to ~30%. By
measuring the total integrated scattering TIS &~ 50% at normal incidence 6; = 0, we can evaluate
the RMS roughness Ah of the component with the following expression (see Triager 2012, p.280)

2
TIS = <—47T Coigi Ah) (4.16)

which gives an RMS roughness Ah &~ 30 nm. It is worth mentioning that 15 nm is the RMS value
for a clean diamond substrate, provided by the supplier Element6. In the mid-infrared, we can
expect a very low quantity of TIS, ~ 1% at L band and ~ 0.1% at N band.
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Figure 4.13: N-band AGPM silicone moulding at the CSL, giving estimations of the width (left)
and depth (right) of the grooves.

Silicone moulding at the CSL

Cracking the sample is the best way of measuring the grating shape, and hence determining pre-
cisely the grating parameters. It is however only possible to do so on a dummy sample. For the
final component, we need a non-destructive method. We have used a silicone moulding process
(see Figure 4.13), developed at the Centre Spatial de Liége (CSL). This technique gives a good
idea of the grating depth and width of the final component, but is very limited with respect to the
sidewall angle estimation, since the moulding gets deformed while extracting it from the AGPM.

4.4 Conclusion

In this chapter, we have presented the results of our work on designing diamond subwavelength
gratings. This design was developed in complete synergy with the manufacturing, taking into
account the strengths and weaknesses of diamond microfabrication techniques. With the help of
the Angstrom laboratory, we managed to manufacture an achromatic half-wave plate (HWP) for
the N band (11 - 13.2 pm). Thanks to an ingenious metrology, the grating parameters could be
estimated with an adequate precision, giving instructions for the design specifications to adapt to
the etching capabilities.

The development of this diamond HWP was a decisive step to enable the manufacturing of
N-band annular groove phase masks (AGPMs). From there, we managed to fabricate several
diamond AGPMs for the N band, but also for the L band (3.5 - 4.1 um), thereby demonstrating
that diamond is a very suitable material for mid-infrared coronagraphy thanks to of its exceptional
properties. This result is crucial in a context where the AGPM is currently the only vector vortex
coronagraph (VVC) that can be used beyond the near-infrared, especially at L band, which offers
significant advantages compared to shorter wavelengths (Kasper et al. 2007). Expected null depths
were calculated through RCWA simulations, both in the N band and in the L band.
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Downscaling the parameters, we have then established the baseline for future AGPMs dedicated
to the near-IR and the visible. Now that the fabrication is well-mastered, we believe that the next
generation of diamond AGPMs is likely to suit many current and future instruments, both on
ground and in space. In particular, the AGPM is a perfect candidate for high-contrast imaging
instruments such as METIS and EPICS at the future E-ELT, as well as SPHERE at the VLT.
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Abstract. In the past few years, various coronagraphy concepts have been used in the visible
and near-infrared regimes, while coronagraphic applications in the mid-infrared have remained
largely unexplored. In this chapter, we first expose our motivations for developing AGPMs for the
L band (3.5 - 4.1 pm). Then, we discuss the antireflective solutions that need to be integrated to
our components, in order to suppress the so-called ghost signal generated by internal reflections,
which affects the coronagraphic performance. Finally, we present our laboratory results obtained
on a coronagraphic bench at the Observatoire de Paris, fully in line with our projections based on
rigorous coupled wave analysis discussed in the previous chapter.
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5.1 Motivations for the L band

The fabrication of diamond AGPMs presented in Chapter 4 has led to remarkable results. It
gave birth to eight components, optimized for either the N band, or the L band. Some of them
promise high nulling performances, predicted by RCWA simulations of the theoretical null depth.
To validate the AGPM technology, simple computational assessment is however not sufficient.
One has to prove it by real measurements of attenuation. These measurements can be performed
in the laboratory, on a well-calibrated coronagraphic test bench. Such an installation, however,
requires very specific optical equipments (sources, fibers, mirrors, detectors). Especially, a cryo-
stat is absolutely necessary to maintain low cryogenic temperatures, and hence low background
emission. All these components come with a price, and the longer the operational wavelength, the
more expensive the equipments. In practice, infrared coronagraphic test benches are not common.
Making demonstrations in the N band was not possible, and we concentrated our efforts on the L
band, which is even more interesting on the scientific side, as we describe here after.

In recent years, the demand for L-band high contrast imaging tools, such as vector vortex
coronagraphs (VVC), is particularly increasing. The reasons for this great interest are multiple.

1. Higher planet-to-star flux ratio. As already stated earlier in this thesis (see Section 2.5),
the planet-to-star brightness ratio is predicted to be more favourable in the L. band than at
shorter wavelengths, so that lower mass, older objects can be addressed. Figure 5.1 shows
the planet-to-star flux ratio calculated with the evolutionary models of Burrows et al. (2004)
for a Jupiter-mass planet at several ages. The model clearly predicts non-black-body spec-
tral energy distributions, with pronounced absorption in HyO, C'H4, and N H3 molecular
bands. The flux ratio between the star and planet is 10 to 100 times larger at 4 ym than it
is at shorter wavelengths (J, H and K).

2. Useful photometric band. The L band provides compelling photometric capabilities,
making it the perfect complement to shorter wavelengths high contrast imager in order
to constrain evolutionary models. It can help disentangle between true companions and
background objects more quickly and allows assessing their physical characteristics such as
temperature, mass and radius with more confidence.

3. Favorable image quality. An additional advantage of L. band over shorter wavelengths
is the better image quality and stability, reducing speckle noise. Since the AGPM removes
only the coherent part of the PSF, a prime image quality is ideal for the coronagraph to
perform more efficiently. The Strehl ratio increases as A%°, which in practice translates into
70-90% Strehl ratios in the L band, for a first-generation AO system such as NACO (14 x 14
actuators). The next generation XAO facilities (40 x 40 actuators on ERIS, 2015-2016) will
yield Strehl ratios >95%.
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Figure 5.1: Expected planet/star flux ratio for non-irradiated Jupiter-mass planets at various
ages, based on the models of Burrows et al. (2004), and assuming a Sun-like host star.

4. Recent successful images. In the past few years, observing at L band has been very suc-
cessful in high-contrast imaging of circumstellar disks (Moerchen et al. 2007; Quanz et al.
2011) and exoplanets (Lagrange et al. 2010; Marois et al. 2010; Quanz et al. 2010; Kenworthy
et al. 2013). The exoplanet images around HR8799 and S Pictoris, shown in Section 1.5.3,
Figure 1.13, all pop out of the background /speckle field with an optimal signal-to-noise ratio.
That is surely a good reason to continue exploring in this spectral range.

These advantages by far compensate for the inconvenience of the L. band compared to shorter
wavelengths, that are: (i) increased sky background, and (ii) loss in resolution. Around 3.8 pm,
the background emission is still at acceptable levels (Kasper et al. 2007). The sensitivity limit
is about L = 17 mag after 1 hour of integration time on a 10 meter class telescope operated at
a world-class astronomical site, which still allows detecting Jupiter-mass planets around bright
stars. Furthermore, efficient background subtraction can be achieved by use of post-processing
techniques, leaving only photon noise as a significant contribution. Concerning the angular resolu-
tion (A/D), it is of course not as good as at shorter wavelengths, but still compelling. Considering
an 8-m class telescope, the resolution in the L band is about 100 mas. This corresponds to 1 AU
at 10 pc. For comparison, K and H bands typically provide resolutions around 60 and 40 mas,
respectively.

As a conclusion, the L band is definitely a sweet spot for high contrast coronagraphy, especially
if small inner working angle (IWA) phase-mask coronagraphs are available. In this context, the
AGPM will be competitive, for it is designed to reduce the stellar contribution up to AL’ = 10
mag at very small IWA (down to 0.9\/D). An L-band AGPM on an AO-assisted 10-m class
telescope should be capable of imaging giant planets at a projected separation of only about 1 AU
from stars located at 10 pc.



106 CHAPTER 5. LABORATORY DEMONSTRATION FOR THE L. BAND AT THE LESIA

5.2 The need for an antireflective structure

Fresnel reflections from surfaces in optical systems are cumbersome for two principal reasons: (i)
the total power loss can be considerable, particularly when there are many surfaces in the system,
and (ii) stray light that is due to the reflections tends to reduce the contrast provided by imaging
devices. Many solutions exist to reduce considerably these reflections.

5.2.1 Optical coatings

Optical coatings are the standard anti-reflective structures. They consist of a single-layer film
(of refractive index n,,;) deposited at the interface between the incidence medium (n;) and the
substrate (n;). The reflected beams, from the top and the bottom of the film, can then interfere
destructively, canceling each other (see Figure 5.2). In the case of normal incidence (6; = 0), the
film should be an odd number of quarter wavelengths thick: h = mA/(4n,.) , where m is an odd
integer.

The drawback of these films is that the reflection can only be suppressed for specific wave-
length and incidence angles. Antireflective coatings can be made to work over wider wavelength
bands by stacking two or more films on top of each other. However, they are rather expensive
and unfortunately often a source of critical issues in numerous applications, since they exhibit
adhesion issues and thermal mismatch. Moreover, they are rarely transparent to the infrared,
which reduces the choice of materials. These problems are of course exacerbated in astrophysical
applications, especially in space where stability constraints are emphasized. In the specific case
of diamond, some of the desirable surface characteristics, such as the physical robustness and
chemical resistance, would be lost if one were to add a film of a different material.

superstrate  n,

ARfilm N, \/ h

substrate  n,

Figure 5.2: Antireflective structure obtained with an optical coating of thickness h. The two
reflections occurring at each side of the coating interfere destructively.
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5.2.2 Antireflective gratings

Subwavelength gratings can also be envisaged to reduce unwanted reflections. A one-dimensional
antireflective gratings (ARG) with a simple rectangular profile can be used instead of the single-
layer film to cancel the reflection. The film refractive index is then replaced by the grating
effective index (n,. = neg), which depends on the filling factor as already stated in Section 3.2.
By appropriately tuning the filling factor, the effective index can be chosen to provide the exact
impedance matching (neg = /n;n¢) between the substrate and the incidence medium. This leads
to a substantially better performance than with a traditional single-layer treatment where the
actual choice of materials is always limited.

One-dimensional ARG are anisotropic and can only be used for a single polarization at a time.
In our case, light coming from the star is unpolarized, therefore a two-dimensional ARG (z and
y axes) is generally used as optimal profile. 2D-symmetric profiles can be obtained by recording
two 1D profiles, flipped by 90 degrees with respect to each other. These ARGs can be directly
etched into the optical component substrate, thereby avoiding many physical and chemical side
effects. Moreover, they can be designed by use of RCWA (Moharam et al. 1995). To us, ARGs
represent a very pragmatic approach, since their manufacturing process is in direct relation with
the one employed to etch the pattern of the AGPM. It uses the same lithography techniques, but
it is easier as it requires much lower aspect ratios.

Two-dimensional ARG can be made of many different profiles. As our guideline is pragmatic
and in direct relation with standard manufacturing processes, we will focus on binary gratings.
These are gratings with only two levels in thickness, in other words, rectangular profiles. They are
not totally achromatic but they can cover wavelength bands large enough for our type of appli-
cation. Besides, they are optimized for specific incident angles, which is in good agreement with
coronagraphs usually operating at normal incidence. Similarly to multi-layer optical coatings,
one can design ARGs performant over wider spectral bandwidths by stacking two or more binary
steps. Each level is then equivalent to a film, and the filling factor must be reduced from level to
level. With an infinite number of levels, and if the filling factor varies from 0 at the top of the
grating to 1 at the bottom, the grating will have a pyramidal profile, with continuously sloping
sides. Such a profile provides dramatic improvements compared to a binary rectangular grating,
even more with deep pyramids (see Figure 5.3). Such inclined surfaces can be etched directly into
diamond to produce broadband antireflective structures with an average transmission of 96.4%
for wavelengths between 10 and 50 yum (Forsberg & Karlsson 2013b).

In the L band, one can reach even higher transmission in theory, as shown in Figure 5.3.
However, these pyramidal gratings require very high precision in the fabrication. Small deviation
or asperities in any of the grating parameters can highly reduce the effectiveness. Therefore, we
did not risk to etch such structures on the backside of our L-band AGPMs. Rather, we opted for
binary rectangular gratings, a much better mastered technique.
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Figure 5.3: RCWA-calculated transmission across a A = 1.5 ym diamond antireflective grating,
with different profiles: one binary grating with F = 0.65 and h = 2 um, and two pyramidal
gratings with h = 2 or 5 pum. The transmission of the deep pyramidal grating varies between
99.90% and 99.98%. From Forsberg (2013).

5.2.3 AGPM transmission performance

During our first laboratory tests with the L-band AGPMs, we noticed that their performance was
much lower than predicted by the theoretical simulations. We suspected that the light reflected
inside the component was producing a so-called ghost signal that was not cancelled by the optical
vortex. This observation motivated our choice to etch binary rectangular antireflective gratings,
such as those presented hereabove, on the backside of the AGPMs. When we returned to the lab-
oratory at the LESIA in Paris, we confirmed the expected performance as will be shown hereafter,
in Section 5.3. In the present section, we will show the importance of the antireflective grating
efficiency, and its considerable impact on the coronagraphic performance of the AGPM. We will
present the results of our simulations, to demonstrate that improving the transmission (with bet-
ter antireflective solutions), on both sides of the AGPM, is an easy route to improve the null depth.

Antireflective gratings were etched at the Angstrém laboratory on several manufactured AGPMs.
The optimal parameters were calculated by RCWA simulations. The first ARGs were etched on
N-band components. The period and thickness were fixed to A = 4 ym and h = 2 pym, respectively,
and the filling factor was F' = 0.65. Downscaling these parameters to L-band AGPMs was quite
straightforward. The refractive index of diamond does not change much from N to L (n ~ 2.38),
so the filling factor is pretty much the same. The other parameters must be reduced proportionally
to the wavelength, which corresponds to a period ~1.3 pm and a thickness ~0.63 pm for L-band
AGPMs.
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We have calculated the total reflectance R;,; and transmittance T}, of several manufactured
AGPMs, using Equations 3.38 and 3.39 determined in Section 3.2.4. These equations take into
account both sides of the component, as well as the absorption occurring in the substrate during
multiple internal reflections. The absorption was calculated from absorption coefficient data pre-
sented in Appendix A, for a 300 um thick substrate. The results are plotted in Figure 5.4 in the
case of AGPM-14, together with the transmission and reflection curves on each side of the wave
plate (in and out). The situation without ARG is compared to the situation with ARG.
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Figure 5.4: RCWA-calculated transmittance (top) and reflectance (bottom) of AGPM-L4. Sit-
uations without ARG (left) and with ARG (right) are compared. Multiple internal reflections
inside the 300 pm thick component are considered. Absorption is stronger around 3.9-4 pm.
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In theory, the ARG on AGPM-14 reduces the backside reflection from 17% down to an average
of just ~2% across the band. As illustrated in Figure 5.4, the overall reflection is reduced from
19.1% down to 7.6%. This performance is even better at N band than at L. band, thanks to less
severe specifications, hence higher precision. Indeed, ARGs etched on N-band components reduce
the backside reflection down to ~0.5%. In the next figures, we present the total transmittance

curves for AGPM-L3 (Figure 5.5), AGPM-N3 (Figure 5.6), and AGPM-N4 (Figure 5.7).
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Figure 5.6: Same graphics as in Figure 5.5, but for AGPM-N3. In this spectral band (11-
13.2 pum), reflection is better attenuated than in the L band, and the absorption is much lower.
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Figure 5.7: Same graphics as in Figure 5.6, but for AGPM-N4.

5.2.4 Influence of the ghost signal

The theoretical null depths of the manufactured AGPMs, presented in Section 4.2.3, were calcu-
lated regardless of the internal reflections contribution. To estimate the true expected performance
of the components, the ghost signal from double (and even multiple) reflections in the component
should also be added. The light going straight through the AGPM is nulled by the coronagraph,
whereas the ghost signal is not correctly nulled, since it reflects on the AGPM grating, once or
several times. The transmission of the coronagraphic signal is given by

Tcoro - ﬂn Tout e—ah (51>

where Ti, is the transmittance of the AGPM grating surface, T, the transmittance of the back-
side surface, o the absorption coefficient, and A the substrate thickness. T},, on the one hand, is
generally quite high because the AGPM grating, while not designed to be antireflective, also re-
duces the reflectivity to around 3-7%. T,.;, on the other hand, can be close to 99% if the backside
is etched with an ARG.

The ghost transmittance is then calculated by subtracting the coronagraphic transmission from
the total transmission:

Tghost = ZZ_1not - Tcoro . (52)
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By combining Equation 5.1, Equation 5.2, and Equation 3.39 (total transmittance with mul-
tiple internal reflections), we obtain

Tghost = Tin Tous e—ah (1 + Rout Rin 6_2ah + R2

rilme M+ ) = T Ty e ™" (5.3)

which can be approximated by

—3ah
T'in Tout Rout Rin e
1— RoutRin 672ah

(5.4)

Tghost =

This ghost signal contributes to the transmitted non-coronagraphic light, and should be added
to the total null depth :

NAGPM - Ntheo + Nghost (55)
with - T
Nghost — _ghost _ 1- 2 Rt Rin 67204}1 . (56)

7jtot

Equation 5.6 shows that, in first approximation, the ghost signal can be evaluated by taking
only double reflection into account. The contribution of the ghost to the null depth is obtained by
multiplying the reflectivities of the back and front of the component, with the absorption occurring
twice along the way. This contribution should be around ~ 9 x 10~* for our L-band AGPMs, or
even as low as ~ 2 x 107* for the N-band ones. This is a small number, but in the same range
as the calculated null depths in the best L-band cases. Adding them together, we find that the
expected null depth for our best L-band component (AGPM-L4) is around = 2 x 1073, which is
still very good.

We have simulated the performance of our best components (AGPM-N3, AGPM-N4, AGPM-
L3, and AGPM-L4) by use of RCWA, as illustrated in Figure 5.8. We also summarize the mean
null depth performance for all these components in Table 5.1.

Table 5.1: Transmission and reflection performance of the best manufactured components
(AGPM-N3, AGPM-N4, AGPM-L3, and AGPM-L4), with and without an ARG. The null depth
is calculated by taking the ghost contribution into account, and compared to the theoretical null
depth.

Null depth
Tiot (%) Rior (%) w/o ghost with ghost
AGPM | w/o ARG | with ARG | w/o ARG | with ARG Niheo w/o ARG | with ARG
N3 77.9 92.2 20.9 6.7 32x1073 [ 1.3x107? | 34x1073
N4 78.3 92.9 20.4 6.0 13x107 [ 1.1 x1072 ] 1.4x107°
L3 73.4 85.9 19.1 7.5 3.7x 1073 || 1.4 x 1072 | 4.7 x 1073
L4 73.4 85.9 19.1 7.6 1.6 x107° | 1.0 x 1072 | 2.5 x 1073
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The results presented in Table 5.1 and Figure 5.8 are obtained by RCWA simulations, and
only the transmissions and reflections have been measured so far. Of course, this is not sufficient
to validate the AGPM concept. The null depth performance needs to be verified in the laboratory,
by real attenuation measurements on a well-calibrated coronagraphic test bench. This will be the

subject of the next section.
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RCWA-calculated nulling performance of the best manufactured components

(AGPM-N3, AGPM-N4, AGPM-L3, and AGPM-L4). The theoretical null depth is compared
to the total null depth taking the ghost signal into account, with and without an ARG. Improv-
ing the transmission (with better antireflective solutions), on both sides of the AGPM, is an easy

route to improve its performance.
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5.3 Measured performance and comparison with theory

5.3.1 YACADIRE: the coronagraphic bench of the LESTA

Making demonstrations in the mid-infrared is a very difficult task that requires very specific opti-
cal equipments (sources, fibers, mirrors, detectors). As already stated before, testing the N-band
AGPMs was impractical, as they work at a too long wavelength for the usual test benches. So
far, only preliminary tests with VLT /VISIR have been made with these, as will be discussed in
Chapter 6. Therefore, we focused our efforts on testing the L-band components, which is even
more interesting regarding the many advantages of the L band described in Section 5.1. All the
L-band AGPMs have been tested at the Laboratoire d’études spatiales et d’instrumentation en
astrophysique (LESIA), from the Observatoire de Paris.

The coronagraphic bench of the LESIA is called YACADIRE, for YAmina CAlibration Detector
Infra Red Euros (see Figure 5.9). YACADIRE was initially designed to: (i) simulate and control the
thermal and optical environmental conditions of an infrared detector in vacuum, and (ii) calibrate
the detector in these conditions. YACADIRE is located in a class 10,000 clean room. This facility
was first designed for the ROSETTA and VENUS-EXPRESS missions (Ghomchi et al. 1999), with
the idea of being adaptable to other experiences, thus with a certain degree of flexibility. Since
then, the optical bench was used for qualification tests for the MIRI (Baudoz et al. 2004) and
SPHERE (Boccaletti et al. 2008) coronagraphs. YACADIRE is equipped with an HgCdTe infrared
detector placed in a cryostat cooled down to 60 K, which is ideal to maintain low background
emission for taking measurements at L band. It also posses a rotating filter wheel, cooled inside
the cryostat chamber, where we have inserted our L-band filter as described hereafter.

Figure 5.9: Overhead view of the YACADIRE optical test bench at the LESIA, Observatoire de
Meudon in Paris. The complete optical setup (detailed scheme) is described in Section 5.3.3.
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Figure 5.10: YACADIRE test bench adapted to L-band coronagraphy. Left: A tungsten lamp is
used to feed a single-mode fibre (our star simulator) transmitting wavelengths up to 5 um. Right:
The AGPM to be tested is placed in an intermediate focal plane between two parabolic mirrors. A
Lyot stop blocking the diffracted light is then located after the second parabolic mirror, reducing
the pupil to 80% of its diameter.

5.3.2 Adapting the bench to the L. band

We have acquired three filters from the company SPECTROGON, with different bandwidths. One
wide L-band filter (3.5-4.0 pm) and two narrow filters around 3.8 pm and 4.04 pm respectively.
The wide filter was placed in the filter wheel, inside the cryostat. It was thus accurately cooled
and did not contribute to background emissions. The other two filters were successively placed on
the (warm) bench. There was unfortunately only one slot inside the cryostat for placing a filter.
We performed many measurements with all the possible filter configurations. The best results
were achieved with the wide filter alone. Both narrow filters did not provide good results for two
probable reasons: (i) they contributed to the background since they were not cooled, and (ii) they
were too narrow, especially the 4040 filter, which was barely overlapping with the wide filter (see
Figure 5.11). The main reason seems to be the second one.

The complete setup of the coronagraphic test bench is presented in our paper hereafter, with
the results of our measurements.
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Figure 5.11: L-band filters acquired from SPECTROGON. One wide filter (3.5-4.0 pm) used
together with two narrow filters, centered at 3.8 pm (left) and 4.04 pum (right).

5.3.3 Publication: Laboratory demonstration of a mid-infrared AGPM
vector vortex coronagraph

In the following paper (Delacroix et al. 2013), published in May 2013 in the peer-reviewed journal
Astronomy and Astrophysics, we present the complete laboratory assessment of our manufactured
L-band AGPMs. We describe the design parameters, the antireflective grating, and the RCWA-
simulated total null depth, including the ghost contribution. The optical layout of the test bench,
as well as the measurement principles are explained. We focus on the best component: AGPM-L4.
The measured null depth is very close to the expected 2 x 1073 across the band. This is the best
broadband performance demonstrated for a mid-infrared phase mask to date and is very promising
for future exoplanet observations. Installation of this component in the LMIRCam instrument at
the Large Binocular Telescope in Arizona is underway.
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ABSTRACT

Context. Coronagraphy is a powerful technique to achieve high contrast imaging, hence to image faint companions around bright
targets. Various concepts have been used in the visible and near-infrared regimes, while coronagraphic applications in the mid-infrared
nowadays remain largely unexplored. Vector vortex phase masks based on concentric subwavelength gratings show great promise for
such applications.

Aims. We aim at producing and validating the first high-performance broadband focal plane phase mask coronagraphs for applications
in the mid-infrared regime, and in particular the L band with a fractional bandwidth of ~16% (3.5—4.1 um).

Methods. Based on rigorous coupled wave analysis, we designed an annular groove phase mask (AGPM) producing a vortex effect in
the L band, and etched it onto a series of diamond substrates. The grating parameters were measured by means of scanning electron
microscopy. The resulting components were then tested on a mid-infrared coronagraphic test bench.

Results. A broadband raw null depth of 2 x 1073 was obtained for our best L-band AGPM after only a few iterations between design
and manufacturing. This corresponds to a raw contrast of about 6 x 107 (10.5 mag) at 24/D. This result is fully in line with our
projections based on rigorous coupled wave analysis modelling, using the measured grating parameters. The sensitivity to tilt and
focus has also been evaluated.

Conclusions. After years of technological developments, mid-infrared vector vortex coronagraphs have finally become a reality and
live up to our expectations. Based on their measured performance, our L-band AGPMs are now ready to open a new parameter space

in exoplanet imaging at major ground-based observatories.

Key words. instrumentation: high angular resolution — planetary systems — planets and satellites: detection

1. Introduction

Direct imaging of exoplanets and close environments of stars has
recently made a long-awaited breakthrough (Marois et al. 2008;
Kalas et al. 2008; Lagrange et al. 2009a, 2010; Absil & Mawet
2010). While coronagraphs have sometimes been part of these
discoveries, their role has been restricted to merely mitigate de-
tector saturation. The reason for the still limited impact of stellar
coronagraphs on direct imaging is twofold. First, the wavefront
quality and stability provided by current instruments on most
ground-based telescopes at short wavelengths (up to the near-
infrared) is not high enough (Strehl ratio of the order of 50%).
Second, the coronagraphic devices offered until a few years ago
date back to the original century-old invention by French as-
tronomer Bernard Lyot (Lyot 1939). Paradoxically, the diversity
of new coronagraphs developed in the lab during past 15 years is
far greater than the number of real science discoveries that they
have enabled so far (Guyon et al. 2006). It is also fair to say that,
with very few exceptions (Riaud et al. 2006; Mawet et al. 2009,
2011; Serabyn et al. 2009, 2010; Lagrange et al. 2009b; Quanz
etal. 2010; Boccaletti et al. 2012), investments have mainly been
made to develop the technologies in the laboratory rather than
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actually bringing them to the telescope for actual on-sky tests
and operations (Mawet et al. 2012), from which so much can
be learned while enabling limited, but actual science despite the
average image quality in the near-infrared.

As a few dedicated experiments have already suggested
(Mawet et al. 2010; Serabyn et al. 2010), this situation is about
to change. Indeed, second-generation instruments have started
rolling in at major observatories, e.g., the Gemini Planet Imager
(GPI, Macintosh et al. 2008), VLT/SPHERE (Beuzit et al. 2008;
Kasper et al. 2012), and a few others. They promise far greater
image quality and stability, enabling new-generation corona-
graphs to deliver their best performances. Not to be forgotten are
first-generation instruments, which still possess untapped poten-
tial, which only ten years or so of operation and understanding
have allowed us to fully unleash (Girard et al. 2012; Mawet et al.
2012).

Here we present the successful outcome of eight years
of technological developments to make the so-called annular
groove phase mask coronagraph (AGPM, Mawet et al. 2005a)
into a reality ready to be installed at the telescope. The AGPM
is an optical vortex made out of a subwavelength grating. The
vortex coronagraph is one of the most advanced new-generation
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coronagraphs, and its interest lies in its ability to reach high
contrast at very small inner working angles (IWA), while main-
taining high throughput over a full 360° field of view. This has
already been proved in the literature with several successful
demonstrations and results, both in the laboratory and on sky
(Mawet et al. 2010; Serabyn et al. 2010) but at shorter wave-
lengths (visible and near-infrared). This paper tackles the diffi-
cult problem of designing and manufacturing vector vortex coro-
nagraphs for the mid-infrared, where the demand for efficient
coronagraphs is increasing following the recent success of high-
contrast imaging of exoplanets and circumstellar disks in the
L band around 4 um (Moerchen et al. 2007; Lagrange et al. 2010;
Quanz et al. 2010, 2011; Kenworthy et al. 2013). The L band
is indeed an ideal filter for exoplanet searches on ground-based
telescopes for the following reasons.

— The L-band contrast of planetary-mass companions with re-
spect to their host stars is predicted to be more favourable
than at shorter wavelengths (Baraffe et al. 2003; Fortney
et al. 2008; Spiegel & Burrows 2012) so that lower mass,
older objects can be addressed.

— An additional advantage of L band over shorter wavelengths
is the better adaptive optics image quality, with Strehl ratios
typically between 70% and 90%.

These advantages by far compensate for the increased sky back-
ground in the thermal infrared. In this context, the AGPM will
be competitive, for it is designed to reduce the stellar contribu-
tion by AL’ > 7.5 mag at very small IWA (down to 0.94/D). An
L-band AGPM on an AO-assisted 10-m class telescope should
be capable of imaging giant planets at a projected separation of
only about 1 AU from stars located at 10 pc.

After reviewing the principle of vortex coronagraphs and of
the AGPM in Sect. 2, we describe in Sect. 3 the design, man-
ufacturing, and expected performance of L-band AGPM coro-
nagraphs. In Sect. 4, we detail the optical setup of the corona-
graphic testbench and present the measured performance of our
best L-band AGPM. Finally, we conclude by discussing the per-
spectives of on-sky applications and of future improvements.

2. The AGPM: a vector vortex coronagraph

Optical vortices occur when the phase structure of light is af-
fected by a helical ramp around the optical axis, ¢'?, where 6
is the focal plane azimuthal coordinate and / the vortex topo-
logical charge, i.e., the number of times the geometric phase ¢,
(Pancharatnam 1956, see also below) accumulates 27 along a
closed path s surrounding the phase singularity:

1
I= 5 Eﬁwp ds. (1)

The phase dislocation forces the amplitude to zero at its cen-
tre, which is a singularity. Nature indeed prevents the phase
from having an infinite number of values at a single point in
space, which is non-physical, by simply nulling the light locally.
When centred on the diffraction pattern of a star seen through a
telescope, optical vortices affect the subsequent propagation by
redirecting the on-axis starlight outside the geometric image of
the pupil. This diffracted starlight is then blocked when pass-
ing through a diaphragm in the so-called Lyot stop (LS) plane,
slightly undersized compared to the input pupil.

The perfect starlight attenuation of an optical vortex coro-
nagraph has been proven analytically (Mawet et al. 2005a;
Foo et al. 2005; Jenkins 2008) for any non-zero even values
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of I by applying the result of the Weber-Schafheitlin integral’
(Abramowitz & Stegun 1972; Sneddon 1951) to the Fourier
transform of the product of a vortex ramp phase (¢/’) with an

ideal Airy pattern (%ﬁgm), where R is the circular input pupil
radius, k the wave number, and p the radial coordinate in the
focal plane. For instance, with a topological charge / = 2, the
amplitude of the electric field in the Lyot stop plane, with (7, 7y)

coordinates, becomes

0, r<R
o (EF. r2R

Ers(ry) = { 2

The signal is perfectly nulled inside the pupil area, while the
redirected light outside the pupil area is blocked by the Lyot
stop. Naturally, this occurs only for the on-axis starlight, whereas
light from off-axis objects misses the centre of the vortex and
propagates normally. The vortex coronagraph is known for
its near-perfect coronagraphic properties: small IWA (down to
0.94/D), high throughput, clear off-axis 360° discovery space,
and simplicity.

An optical vortex can be either scalar or vectorial. Scalar op-
tical vortices are based on a structural phase ramp such as a piece
of glass shaped as a helix. The accuracy to be achieved in the
glass thickness is a definite technological challenge that remains
poorly mastered, even using the most recent micro-fabrication
techniques. More importantly, the induced phase profile of scalar
vortices is highly dependent on the wavelength of the incom-
ing light. Therefore, these are not suitable for significantly wide
spectral bands, such as those commonly used as astronomical
filters. A vectorial (or vector) vortex coronagraph (VVC), on the
other hand, can overcome these limitations. Instead of a struc-
tural phase ramp, the VVC is based on a circularly symmetric
halfwave plate, i.e., a mask that affects the transverse polari-
sation state cyclicly around the centre. This creates a geomet-
ric phase ¢, known as the Pancharatnam-Berry phase, which is
half of the solid angle subtended by the polarisation cycle on the
Poincaré sphere (Pancharatnam 1956; Berry 1987). It was rigor-
ously shown (Mawet et al. 2005a; Niv et al. 2006) that vectorial
vortices present the same phase ramp as scalar vortices.

Different types of VVCs exist. A technology using liquid
crystal polymers (LCP-VVC) recently showed excellent results
(Serabyn et al. 2010; Mawet et al. 2010). Nevertheless, this
technology has been limited so far to the visible and near-
infrared wavelength regimes (up to 2.4 um), and is not suit-
able for the highly coveted mid-infrared region. Another tech-
nological route is the annular groove phase mask (AGPM, see
Fig. 1) using subwavelength gratings (SG-VVC), which are par-
ticularly adapted to longer wavelengths (Mawet et al. 2005b;
Delacroix et al. 2010). Subwavelength gratings (SGs) are grat-
ings with a period A shorter than the illuminating wavelength A
divided by the refractive index n of the substrate (assuming that
the incident light is perpendicular to the grating surface and
that the surrounding medium is air). Thanks to their property
of form birefringence, which gives two different refractive in-
dices ntp (transverse electric) and nty (transverse magnetic),
such SGs can produce a phase shift between the two polarisa-
tion components:

2
ADrg_TMm(4) = 7h Angorm (A). (3)

By carefully selecting the grating parameters (substrate and ge-
ometry), this phase shift can be made quasi-independent of the

' This integral reduces to Sonine’s for the / = 2 case.
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Fig. 1. Scanning electron microscope (SEM) picture of the centre of an
annular groove phase mask (AGPM) made out of diamond and dedi-
cated to coronagraphic applications in the L band.

wavelength over a wide spectral bandwidth, thereby synthesis-
ing an artificial birefringent achromatic wave plate (Kikuta et al.
1997). We have recently shown (Delacroix et al. 2012b) that di-
amond is a good material for manufacturing achromatic half-
wave plates for mid-infrared wavelengths (e.g., L and N bands
centred respectively around 3.8 ym and 10 ym). Here, we focus
on applications in the L band, ranging from 3.5 to 4.1 um.

3. AGPM-L design and manufacturing
3.1. Design

The design of the grating was conducted in complete synergy
with the manufacturing process, described in Sect. 3.2. We per-
formed realistic numerical simulations using the rigorous cou-
pled wave analysis (RCWA), which resolves the Maxwell equa-
tions in the frequency domain and gives the entire diffractive
characteristics of the studied structure (Moharam & Gaylord
1981). Although the theory states that a perfectly achromatic
coronagraph would provide a perfect nulling of the on-axis
starlight, in practice, imperfections remain. In this paper, we use
the null depth metrics instead of the peak-to-peak attenuation.
The null depth quantifies the contrast provided by the corona-
graph, integrated over the whole point spread function (PSF).
As explained further in Sect. 4.3, this metrics is well suited to
coronagraphy since it takes the changes induced by the coro-
nagraph itself to the PSF profile into account. The theoretical
null depth Ny, is given by the following wavelength-dependent
expression (Mawet et al. 2005a):

Leoro(A) _ [1 - Vg1 + e()* /gD
Lo () [1+ g2 '

where I o (resp. Iog) is the signal intensity when the input beam
is centred on (resp. off) the coronagraph, €(A) is the phase error
with respect to 7, and g(A) is the flux ratio between the two po-
larisation components, TE and TM. In the theoretical case where
the coronagraphic profile remains identical to the original PSF
profile, this formula of the null depth is also valid for the peak-
to-peak attenuation, which was demonstrated in an ideal case by
Mawet et al. (2005a).

Equation (4) involves all the geometrical parameters of the
grating (period A, filling factor F, depth A, sidewall angle «),
which are illustrated in Fig. 2. The period A is the only fixed
parameter in our design. It is determined by the subwavelength

Nineo(A) = “)
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Fig. 2. Schematic diagram of a trapezoidal grating. The grating side-
walls have an angle @ and an average width FequivA.
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Fig. 3. RCWA multi-parametric simulation: mean null depth (logarith-
mic scale) over the whole L band (3.5—4.1 um) with @ ranging from 2.7°
to 3.2°. The period is set to A = 1.42 ym (SG limit).

limit (4/n). Considering a little margin for the spectral band
lower bound (=~3.4 um), and considering the refractive index of
diamond (=2.38), the period should be <1.42 um. The other pa-
rameters of the manufactured grating are free parameters whose
values are provided by numerical optimisation. Some of the pa-
rameters, like the depth £, the filling factor F and the sidewall
angle a, may vary slightly during the etch process. The only way
to measure them precisely is by cracking the sample along a di-
ameter. By doing so, we measured that the angle « is usually
2.95° £ 0.25°. Owing to the uncertainty on the slope, we sought
a robust design that performs well even slightly outside of the
optimal parameter set. To find the target design parameters, we
computed two-dimensional maps of the theoretical null depth as
a function of the filling factor F and of the depth &, for several
values of the angle @ ranging from 2.7° to 3.2°. The mean of all
these maps (see Fig. 3) gives the targeted specifications, i.e., the
optimal parameters set region: period ~1.42 um, filling factor
~(.45, depth ~5.2 um, and sidewall angle ~2.95°. For these op-
timal parameters, the mean null depth over the whole L band
(3.5-4.1 um) equals 5 x 107*.
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Fig.4. SEM picture of the cleaved subwavelength grating, from which
the geometric parameters of the AGPM-L4 profile are deduced: line
width ~0.58 um (i.e., filling factor ~0.41) and depth ~4.7 ym.

3.2. Manufacturing and metrology

The AGPM pattern is etched onto a commercial optical-grade
polycrystalline diamond window of 10 mm diameter and 300 um
thick, grown by chemical vapour deposition (Element Six Ltd.).
The etching of the grooves involves techniques inherited from
the micro-electronics industry. Electron-beam lithography was
used to produce the pattern on a silicon wafer. Metal masking
layers were deposited on the diamond by sputtering, and nano-
imprint lithography was used to transfer the pattern to the top of
the mask. Finally, reactive ion etching was used to etch the pat-
tern first into the metal mask and then into the diamond. A sim-
ilar manufacturing process has been described before (Karlsson
et al. 2010; Delacroix et al. 2010). This process was painstak-
ingly optimised to achieve the high pattern homogeneity, preci-
sion, and aspect ratio necessary for half-wave plates and AGPMs
in the N band (Delacroix et al. 2012a). This included introduc-
ing a soft silicone stamp in the nano-imprint process and adding
masking layers to better control the mask thickness and profile.
For the L-band AGPM only minor adjustments had to be
made to take the difficulties of etching a finer grating into ac-
count. In particular, the etch rate and sidewall angle were both
more sensitive to variations in groove width, and the depth of the
grooves was even more difficult to measure with sufficient pre-
cision. To make precise measurements of the profile and depth,
the sample had to be cracked and the cross-section imaged by
scanning electron microscopy (SEM), as seen in Fig. 4. In the
N-band case, the depth could be estimated with reasonable pre-
cision without cracking the sample or removing the mask, so
etching could be carried out in steps with depth measurements
in between until the correct depth was reached. For the L-band,
this was not possible so a slightly different approach had to
be taken. After etching the metal mask, the sample was im-
aged by SEM in order to measure the line width. This width
did not change noticeably during diamond etching, so the top
width (FA in Fig. 2) of the final structure was known before-
hand. Test samples with identical masks as the AGPM sample
were then etched and cracked to determine the etch rate and side-
wall angle. Two samples etched to different depths close to the
final depth were required, because the etch rate slows when the
grooves get deeper. The optimal depth was then recalculated by
RCWA with the measured top width and sidewall angle fixed.
Finally, the AGPM was etched for an appropriate length of time
to achieve the desired depth. A detailed account of the masking
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Table 1. Measured profile parameters and simulated raw null depth
for the four manufactured L-band AGPMs, and comparison with the
optimal design.

Name Period A Fill ¥ Depthh Angle @ Nineo

AGPM-L1 142 pum 0.35 4.2 ym 2.40° 0.0267
AGPM-L2  1.42 um 0.36 3.6 um 2.65° 0.0116
AGPM-L3 142 um 0.44 5.8 um 3.25° 0.0048
AGPM-L4 142 um 0.41 4.7 ym 3.10° 0.0010
Optimum 1.42 um 0.45 5.2 um 2.95° 0.0005

Fig.5. SEM picture of the antireflective grating (ARG) etched on the
backside of the AGPM.

and etching process used both for the N band and the L band
is provided by Forsberg & Karlsson (2013). The grating depth
of the finished components was confirmed by careful parallax
measurements between SEM pictures at five different tilt angles.

Four finished components have been made to date. The first
two, AGPM-L1 and AGPM-L2, were initial tests. These were
etched with the exact same methods as N-band components.
Moreover, the e-beam-written master used in the patterning of
these two had lines that are too narrow. AGPM-L3 was an experi-
ment with a different etch recipe giving a grating profile of trape-
zoidal walls with a triangular tops, designed to reduce the prob-
lem of ghost reflections (see Sect. 3.4). AGPM-L4 finally, was
produced using the method described above to achieve a close to
optimal depth for its actual fill factor and sidewall angle. That we
were able to produce nearly optimal grating parameters with so
few trials directly reflects the maturity of the fabrication process.
The grating parameters of all four components and their simu-
lated raw null depth can be found in Table 1 (with AGPM-L3
profile approximated as trapezoidal). In the rest of this paper,
only the best component, AGPM-L4, will be discussed.

3.3. Antireflective grating

To avoid incoherent reflections on the internal sides of the
AGPM, which would not be cancelled by the optical vortex,
an anti-reflective grating (ARG) was etched on the backside of
the component, using a very similar diamond-etching technique
(Karlsson & Nikolajeff 2003) with a binary square-shaped struc-
ture as can be seen in Fig. 5. The backside reflection, which
is high for diamond in the L band (~17%), is significantly re-
duced (~1.9%) thanks to the use of the ARG. The total trans-
mission of the AGPM was measured on a Perkin-Elmer 983
spectrophotometer and compared to the theoretical transmission
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Fig. 6. L-band transmission measurements of AGPM-L4 with an an-
tireflective grating (ARG) etched on its backside. The figure also
shows the calculated transmission curves with/without the absorption,
with/without the ARG, and for a smooth diamond substrate.

calculated with RCWA (Fig. 6). The absorption, which is sig-
nificant in the L band (especially around 4 um), was taken into
account in the calculation. The result is very satisfying, with an
average total transmission of ~87%.

3.4. Expected performance

The performance of the coronagraph, i.e., the measured raw null
depth Nagpm, can be described as the sum of two terms:

Nacpm = Nieo + Nghost- (5)

The first term is the theoretical null depth (Eq. (4)), which is
limited by the manufacturing accuracy. The second term is in-
duced by the ghost, i.e., the unwanted internal double reflection
described in Sect. 3.3. The ghost contribution Ngpos is the ra-
tio between the ghost intensity and the signal intensity when the
input beam is centred off the coronagraph:

Lenost  TsgTarGRARGRsG

Nghost = = RARGRsG, (6)

Log T'scTarG
where Tsg, Targ, Rsg, and Rarg are the transmittances and
reflectances for both the subwavelength grating (SG) and anti-
reflective grating (ARG) interfaces. In our case RargRsg =
1073, which is quite small but not negligible in the case of the
best component (AGPM-L4), whose theoretical null depth is
also 1073 (see Table 1). The expected performance of AGPM-L4
was calculated and is presented in Fig. 7. The mean null depth
over the whole L band (3.5-4.1 um) is 2 x 1073,

4. Laboratory results

After the manufacturing of different AGPMs with slightly vary-
ing grating heights and filling factors, coronagraphic tests were
carried out in the L band at the Observatoire de Meudon, on the
same optical bench (YACADIRE) as the one used for character-
ising the VLT-SPHERE coronagraphs (Boccaletti et al. 2008).

-2

10
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— N
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Fig.7. L-band expected performance of AGPM-L4, calculated as the
sum of the theoretical raw null depth Ny, and the ghost contribu-
tion Ngposi. The figure also shows the theoretical raw null depth obtained
with the optimal design presented in Table 1.
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Fig. 8. Optical layout of the YACADIRE coronagraphic test bench.

4.1. Description of the coronagraphic test bench

The setup of the coronagraphic test bench, taking some minor
modifications into account, is represented in Fig. 8. The bench is
approximately 1.5 m long and located in a clean room. A tung-
sten lamp is used to feed a single-mode fibre (our star simulator)
transmitting wavelengths up to 5 um. Gold-coated parabolic and
flat mirrors are placed successively in the light path between the
fibre and the detector, so that the beam alternates from pupil to
focal planes. This choice of a complete set of reflective optical
components avoids inherent chromatic aberrations. The AGPM
to be tested is placed in an intermediate focal plane between two
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Fig. 9. Transmission curve measured at cold for the wide L-band filter
(Spectrogon BBP-3500-4000 nm).

parabolic mirrors. With a focal distance of F = 750 mm for the
first parabola and a beam diameter of 18.75 mm, the f-number
of the beam impinging on the AGPM is F/40. The core of the
Airy spot created on the AGPM is FA/D =~ 150 ym wide. A
Lyot stop blocking the diffracted light is then located after the
second parabolic mirror, reducing the pupil to 80% of its diame-
ter. The beam is subsequently focussed at /94 with the third
parabolic mirror on an HgCdTe infrared detector placed in a
cryostat cooled down to 60 K. Inside the cryostat, the beam first
passes through a wide L-band filter (3.5—4.0 um), whose trans-
mission characteristics are given in Fig. 9.

4.2. Working and measurement principles

We started our coronagraphic tests by placing the AGPM pre-
cisely at the focus of the beam. A coarse positioning was
achieved using a visible laser, by looking at the diffraction rings
created upon propagation through the AGPM grating. The fine
positioning was then performed in the L band, by minimising
the flux reaching the camera. A second figure of merit in this
optimisation was the shape of the coronagraphic PSF, which is
expected to be symmetric when the AGPM is properly centred
on x = 0 and y = 0 (the horizontal and vertical axes). The adjust-
ment of the focus (z axis) was then based solely on the quality of
the on-axis light extinction.

Series of 100 frames of 40 ms were recorded with the AGPM
placed at the optimal position (referred to hereafter as the coro-
nagraphic frames) and subsequently with the AGPM far from
this position (typically at 1 mm) to measure a reference PSF
without coronagraphic effect, but with the beam still propagating
through the diamond substrate (referred to hereafter as the off-
axis frames). These two sorts of frames (coronagraphic and off-
axis) were used to evaluate the null depth as described hereafter
(Sect. 4.3). Series of 100 frames were also recorded for various
offsets of the AGPM from the optimal position in x, y, and z. In
each case, 10 to 20 background frames were recorded to allow a
basic treatment of our images. All exposure times were limited
to 40 ms due to the saturation of the thermal background.

4.3. Data processing

The first step consisted in computing the median of the
background images, before subtracting it from either the
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coronagraphic or the off-axis frames. Since we noticed that the
background was sometimes slightly over-subtracted (resulting in
negative values in the reduced images), a scaling of the back-
ground was implemented by using the ratio of the mean intensity
in identical rings in both the coronagraphic (or off-axis) and the
background frames. A flat field was measured and subsequently
divided from the background-subtracted images. Noting fical
the aforementioned scaling factor, the reduced images ;.4 ; are
given by

Ij B fS.Cﬂllemed With fical = <ring(1cor0)>

oo/ 7
iF (ring(Ig med)) 2

Ired,j =

where /; is the jth image within the coronagraphic or off-axis
frames, Ip meq the median of the background images, ir the nor-
malised flat field, and () represents the average over a number of
pixels. Next, bad pixels and cosmic rays were adequately elim-
inated. Finally, all the reduced images were stacked to increase
the signal-to-noise ratio of both the off-axis and coronagraphic
images. Aperture photometry was then carried out on these fi-
nal images in order to measure the flux in the coronagraphic
and off-axis PSF, and thereby estimate the performance of our
AGPM across the full L band.

Although the peak-to-peak attenuation is a widely used met-
rics to quantify the coronagraphic performance, the presence of
the AGPM slightly changes the PSF profile near the axis. This
phenomenon is characteristic of all coronagraphs. Therefore, a
more robust metric needs to be used, taking both the corona-
graphic and the off-axis frames mentioned in Sect. 4.2 into ac-
count. In our case, the figure of merit is the raw null depth, de-
fined as the ratio between the integrated flux over a certain area
around the centre of the final coronagraphic image and the inte-
grated flux over the same area in the off-axis image. The ques-
tion of the relevant size of this area is interesting. Using the full
images would lead to a pessimistic result since it would inte-
grate a lot of background and high frequency artefacts. Using
the sole central peak seems to be more appropriate. As we wish
to compare our results with the theoretical predictions of Riaud
& Hanot (2010), we decided to use an area of radius equal to
the FWHM of the PSF (~A/D). This generally results in a good
agreement with the theoretical formula (Eq. (5)), because most
of the intensity in the image is contained within the FWHM. Our
raw null depth is thus defined as

FWHM 271 ~
i\ o Teoro(r, 0) r dr d6

I (3)
B [ Lo 6) rdr o

Nacpm =

where I and .o are the medians of the reduced off-axis and
coronagraphic images, respectively. This definition would be
perfectly equivalent to Eq. (5) if the coronagraphic profile was
identical to the original PSF profile.

4.4. Measured performance and comparison with theory

The raw null depth measured by the described procedure was
2 x 1073 over the L band (or alternatively, a rejection ratio
R = 1/N =~ 500), which is perfectly in line with the expected
performance based on our RCWA modelling (see Sect. 3.4). In
Fig. 10, the measured radial profile for the coronagraphic PSF
is compared to the off-axis PSF profile. These profiles were ob-
tained by computing the azimuthal medians in concentric rings
of various sizes in our images, with a subsequent normalisation
to the peak value of the off-axis PSF. We computed a confidence
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Fig. 10. Azimuthally averaged PSF (blue curve) and coronagraphic pro-
files (dash green curve) with confidence interval (green shaded region).
The top-right inset shows the off-axis (left) and coronagraphic (right)
images on a common linear scale. The off-axis image is thresholded
and the coronagraphic image underexposed, conveying the true raw dy-
namic range achieved by the coronagraph, with a measured raw null
depth of 2 x 1073 and a raw contrast of 6 x 107 measured at 21/D.

interval on our median coronagraphic profile by measuring a se-
ries of 45 coronagraphic profiles on an integration time of about
40 s each (i.e., 1000 frames) and by computing the standard de-
viation of the profiles in each individual ring. The main source
of fluctuations in the coronagraphic profile level is associated
to background instabilities. The confidence interval in Fig. 10
shows that the coronagraphic profile is measured with a suffi-
cient signal-to-noise ratio up to about 31/D. Beyond this point,
the intensity in the median coronagraphic profile is dominated
by background subtraction residuals. The raw contrast delivered
by the AGPM at 21/D equals 6 x 107, which corresponds to
10.5 mag. Beyond 3.1/D, the contrast quickly falls below 107>
(i.e., 12.5 mag) and cannot be measured any more.

In a second phase, we explored the dependency of the coro-
nagraphic attenuation as a function of the offset of the AGPM
with respect to the optimal position. The results of these mea-
surements are shown in Fig. 11. The agreement with the theo-
retical off-axis transmission profile of Riaud & Hanot (2010) is
reasonable, which further suggests that our AGPMs produce the
textbook vortex effect. Finally, we measured the sensitivity of
the null depth to the focus. The null depth was divided by a fac-
tor 2 for a defocus of about 1.5 mm at F/40, translating to a
defocus aberration of +120 nm peak-to-valley (~30 nm rms).

5. Conclusions and perspectives

In this paper, we have presented the design, manufacturing, and
measured performance of the first vortex phase mask corona-
graphs based on the use of subwavelength gratings. Our annular
groove phase masks, etched on diamond substrates, produce on-
axis light rejection reaching a factor up to 500 across the L band
(3.5-4.0 um), which represents the best broadband performance
of any mid-infrared phase mask to our knowledge. Assuming a
high-quality input wave front, the use of our L-band AGPM on

1 T z =

— Theoretical |

|- Measured |

0.01f

Off—axis transmission

1 2
Angular separation (A/D)

Fig. 11. Theoretical and measured off-axis transmission as a function of
the angular separation between the beam and AGPM centre, expressed
in resolution elements (1/D).

a telescope would result in an achievable raw contrast ranging
from about 1073 (7.5 mag) at an angular separation of 11/D to
about 6x107° (10.5 mag) at 24/D, and 1075 (12.5 mag) at 31/D.
This underlines the strong potential of AGPM-L for exoplanet
detection and characterisation at small angular separations from
bright nearby stars.

In November 2012, AGPM-L3 was installed at the focus
of NAOS-CONICA, the infrared adaptive-optics camera of the
VLT (Lenzen et al. 2003; Rousset et al. 2003). Although the
NACO image quality is not perfect in the L band, with a Strehl
ratio around 70-85%, the very first on-sky tests suggest that the
AGPM coronagraphic mode lives up to our expectations. These
recent results will be presented in a forthcoming paper (Mawet
et al. 2013). The installation of AGPM-L4 on LMIRCam, the
L-band camera of the LBTI (Skrutskie et al. 2010), is currently
going on. Thanks to the very high Strehl ratio delivered by the
LBT adaptive optics at L band (>95%, Esposito et al. 2011),
we expect that AGPM-L4 will realise its full potential on this
instrument.

There are currently two main limitations to the performance
of our L-band AGPMs. The first one is the presence of a ghost,
reflected back and forth between the parallel faces of the dia-
mond substrate. To reach starlight extinction better than 1000,
a more aggressive antireflective solution will need to be used,
based e.g. on an improved subwavelength structure or on a com-
bination of the current design with an appropriate coating. The
second limitation resides in the control of the grating parameters
during manufacturing, including the slope of the grating walls.
RCWA simulations show that, if the grating parameters can be
made perfect, a theoretical on-axis attenuation of almost 10~
could be reached. It is, however, expected that for such deep
extinction, local phenomena not taken into account by RCWA
simulations could become dominant. Such considerations will
be fully investigated when designing and manufacturing second-
generation AGPMs, for applications on future extremely large
telescopes.
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Abstract. In the previous chapters, the design and the manufacturing of several AGPMs ded-
icated to the mid-infrared regime have been detailed. A laboratory demonstration at L band has
allowed to validate the principle of the AGPM, and to confirm its theoretical performance based
The present and last chapter of this thesis is dedicated
to the recent installation of AGPMs on three world-class infrared cameras: VISIR and NACO at
the VLT, and LMIRCam at the LBT. After exposing the preliminary steps of certification and
preparation of the coronagraphs, we detail the context of the implementation of these new AGPM

on the rigorous coupled wave analysis.

modes, and show the first-light results.
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6.1 Preparing the device

6.1.1 Centering marks

Installing a coronagraph such as the AGPM on a telescope requires some preparation. We had
to develop a system for centering the AGPM, once installed at the telescope. Indeed, the phase
mask is very sensitive to tip-tilt, and it should be centered with a precision of several microns.
In theory, the center of the vortex is supposed to affect the background. Therefore, it should be
visible, allowing to center the AGPM manually. In practice, however, it is preferable to ensure
that centering the device can be carried out properly (and rapidly).

One solution to help identifying the center of the vortex, is to add some fiducials (i.e. centering
marks) visible while observing a flat field. Afterwards, the centering is done in real time by
looking at the image on the detector. The centering marks were realized in collaboration with
Sirris, a research center from Liége specialized in different fields of materials engineering and
nanotechnology. We have printed 100 microns wide lines on our N-band AGPMs using Aerosol
Jet Printing (AJP). This is a particularly innovative technology for selective deposition of materials
at micron-scale. We have used silver ink, and defined sintering conditions for optimum adhesion.
Indeed, the marks must be strongly fixed to the diamond surface, even at cryogenic temperatures
as will be discussed here after.

127 ym
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Figure 6.1: Top: Micrograph of a line deposited by AJP (left), with height determined by
interferometric profilometry (right). Bottom left: Schematic diagram of the fiducials used for
centering the AGPM. Bottom right: Lines (centering marks) deposited by AJP on an N-band
AGPM coronagraph. Courtesy of Sirris.
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6.1.2 Stress tests

Once installed on the instrument, the component must fit safely in its mount. Any risk of breaking
the device should be avoided, otherwise it could damage severely the instrument. The AGPM is
subject to two major constraints: (i) the pressure applied to it in its holder, and (ii) the thermal
stresses occurring at cryogenic temperatures.

Pressure tests

We performed pressure stress tests in the laboratory, on a spare component of poor quality but
of same material size and grating structure. We did not want to take the risk of breaking a good
quality AGPM. The objective was twofold. The first goal was to validate the AGPM resistance
against the stiffness of the spring maintaining the component in its mount. This was especially
useful for implementing AGPM-N4 on VLT /VISIR, as will be discussed in Section 6.2. In that
case, the spring applies a 2.5 N force on the coronagraph at room temperature, and even less
when the device is cooled. The pressure test was done by placing a 10 mm diameter spare AGPM
between two slightly undersized 1 mm thick hollow cylinders. We then applied a 20 N force on
the top of the stack. The AGPM resisted well. We even increased the weight up to ~25 N and it
did not break or deform.

The second goal was to test whether the AGPM was able to withstand a maximum acceleration
of 6 G, which corresponds to the usual resistance to earthquakes. The mass of an AGPM is very
low, less than 0.5 g. While subjected to such an acceleration, its weight translates into a force
of only ~0.03 N. Thie earthquake-induced force is thus negligible compared to the spring pressure.

Cryogenic tests

The AGPM had to be tested at very low temperatures. Cryogenic stress tests were made with
a spare AGPM, with centering marks imprinted by AJP on it. The tests were carried out at
the Montefiore Institute, from the University of Liége (courtesy of Jean-Frangis Fagnard). The
AGPM was cooled down to 20 K with a ~2 K/min temperature ramp. The cool-down lasted for
approximately three hours. Again, the tests were successful and the component was not altered.
Interferometric profilometry after cryogenic tests showed no deterioration of the printed lines.
Indeed, one of the major advantages of diamond is its extremely low thermal dilatation. However,
these were only primary cryogenic tests. For the use of AGPM-N4 on VISIR, we also needed
to carry out final cryogenic tests with the AGPM inside its mount (see Section 6.2.2). These
tests were performed at CEA Saclay. The mount was equipped with a representative diamond
component, and placed on a dummy filter wheel. This subassembly was then cycled five times
from 300 K to 4 K, with a maximum 10 K/min temperature ramp. Subsequent inspection showed
no damage to the diamond component.
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6.2 Validation of an N-band AGPM on VLT /VISIR

6.2.1 Motivations for the N band

The N band offers important advantages for AGPM coronagraphy. First and foremost, the manu-
facturing can be achieved with a much better precision than at lower wavelength, since the grating
specifications are relaxed. The period and depth of the gratings are indeed proportional to the
wavelength. The constraints are thus reduced by a factor of three compared to the L band. Be-
sides, the N-band AGPM provides an exclusive and original solution for achromatic coronagraphy;,
where no other technique can currently compete. In this sense, the N band represents an ideal
niche for the AGPM. As of today, an N-band coronagraph does not provide much improvement,
due to the very high level of background. It can only enhance the detection performances for
very small inner working angles, around very bright stars. However, this situation is about to
change thanks to upcoming extremely large telescopes such as the E-ELT. Finally, the structure
of blocked-impurity-band (BIB) detectors, usually used at mid-infrared wavelengths, generally
induces multiple ghosts around point sources. The coronagraph is a good way to eliminate them,
and to allow a better view of the companions.

As already stated before, testing the N-band AGPMs in the laboratory was impractical, as
they work at a too long wavelength for the usual test benches. Preliminary tests had to be directly
carried out at the telescope. Therefore, we proposed our best N-band coronagraph, AGPM-N4,
to be installed in the VISIR (VLT Imager and Spectrograph for the mid-InfraRed) instrument, on
the Melipal unit telescope at the VLT. The early results obtained with a calibration source during
commissioning are presented in Section 6.2.3.

The new implemented modes in VISIR (see hereafter) not only provide new scientific appli-
cations, but can be seen as an N-band experimental demonstration. Indeed, the VISIR upgrade
project will bring confirmation of the technical readiness and scientific value of several aspects
of potential mid-infrared instrumentation at future ambitious astronomical projects such as the
E-ELT. In particular, the upgraded VISIR will be a pathfinder for METIS (Mid-infrared E-ELT
Imager and Spectrograph, Brandl et al. 2008, 2010a). The METIS instrument baseline includes
imaging and spectroscopy at L, M and N bands with a possible extension to Q band imaging.
METIS features an exoplanet characterization program, and therefore a coronagraphic mode.

In this context, our team, in close collaboration with CEA Saclay, is now involved in the
METIS project, for which we naturally propose the AGPM as a baseline for the coronagraphic
mode. This coronagraph concept is potentially one of the most efficient coronagraphic solutions
for METIS. The technology is also particularly adapted to this wavelength range. Besides, the
theoretical performance study was confirmed in August 2012 at the telescope (see Section 6.2.3),
and more AGPMs are to come. METIS is currently undergoing a phase-A study. The AGPM
could be selected for phase B (preliminary design), which might start mid-2014.
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6.2.2 VISIR upgrade: implementing new observing modes

The VISIR-AGPM project was integrated to the VISIR Upgrade Project (Lagage et al. 2004; Ker-
ber et al. 2012), in collaboration with members of the VISIR consortium. In particular, we worked
together with CEA Saclay. Among the many contributions of CEA Saclay to the VISIR upgrade
(e.g., detector, water vapor sensor, new spectroscopic mode), one was the implementation of three
new observation modes: (i) the sub-aperture masking (SAM) interferometric mode, (ii) the 4QPM
coronagraphic mode, and (iii) the AGPM coronagraphic mode. The two 4QPMs were designed to
work at 10.65 and 11.3 pm respectively. The AGPM was designed for broadband operation (11.6-
13.2 um). Each of these modes needed equipment (filter, mask or/and diaphragm) which have to
be mounted respectively on the existing filter wheel or/and diaphragm wheel of VISIR. The devel-
opment of the 4QPM and SAM modes was taken care of by the Observatoire de Paris, while our
group (Institut d’Astrophysique et de Géophysique de Liége) was responsible for the AGPM mode.

The existing focal plane wheel (diaphragm wheel) and filter wheel of VISIR were recycled to
implement the new modes. The AGPM mount was installed in place of a small field (SF) slot
in the diaphragm wheel (see Figure 6.2, left), whereas the broadband N-band filter was installed
in the filter wheel, together with the Lyot stop diaphragm. The filter was specified such that its
lower and upper bounds are above 11.6 pym and below 13.3 pm respectively. To guarantee an
appropriate mounting of the filter, a new CAD model was designed with as-built geometry (see
Figure 6.2, right). Two 0.15 mm thick gold washers were interposed to ensure a good contact
between the filter and the mask. Two elastic straps, centered on the outer diameter of the mask,
were used to fix the mask on the filter, preventing differential expansion between the filter (optical
substrate) and the wheel (aluminum). The centering of the filter and of the mask were not crucial
for the different modes, so no specific accuracy was provided. The Lyot mask dimensions were
slightly undersized (with 15% margin) to take any pupil misalignment and diaphragm centering
effect into account.

mask
VLF -) 4QPM ™ (material aluminum)
' - 2 screws M2
F -)AGPM e 8/
78 (optical substrate) 2 elastic
; straps

(material CuBe2)

2gold
washers

IF (not used) !

Figure 6.2: Left: VISIR focal plane/diaphragm wheel. Right: CAD model of the filter wheel,
with mounting of the filter. Courtesy of Vincent Moreau, CEA Saclay.
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Figure 6.3: CAD model of the AGPM mount. Left: Assembly of the AGPM in its mount. The
thin diamond optical component is pressed between two gold washers for thermal contact and

mechanical stress relief in the bottom of the holder (note: the 2 washers are not shown on the
figure). Right: The AGPM mount with its baffle. Courtesy of GDTech.

The AGPM mount was produced in collaboration with GDTech, a company from Liége spe-
cialized in mechanical design and engineering consultancy. Figure 6.3 illustrates the assembly of
the mount. A CuBe spring was dimensioned to apply a 2.5 N force on the substrate. The focus
was adjusted by an accurate tolerancing (£50 pm) of the mechanical parts, allowing the annular
grooves surface to be positioned on the focal plane within the tolerance. Finally, a baffle was
mounted on the top of the assembly, to avoid any parasitic light path.

6.2.3 First coronagraphic test (and first light)

VISIR was successfully re-assembled and mounted back on Melipal in June 2012. Re-commissioning
of the upgraded VISIR started on July 28th. In early August 2012, the newly implemented coro-
nagraphs were tested our team represented by Eric Pantin, Ulli Kéeufl, and Dimitri Mawet. Two
tests have been carried out: one on an artificial star (see Figure 6.4), and the other one (a few
nights later) on sky (see Figure 6.5).

For the very first time, taking advantage of bad whether conditions (the telescopes were closed
because of high wind), our team tested the AGPM with the internal calibration source of VISIR.
To our great relief, the artificial star disappeared behind the vortex. The star was not well cen-
tered under the coronagraph, but the peak attenuation was measured where the arrow points on
Figure 6.4 (right), that is the brightest part of the attenuated PSF. Besides, it was difficult to
precisely measure the attenuation because of the background. After normalization by the PSF,
the brightest pixel was ~0.0405 on the raw background subtracted coronagraphic image. Since the
image was very noisy and oversampled, it was convolved with a 3-pixel wide Gaussian, leading to
a ~0.0323 brightest resel (resolution element), which corresponds to an estimated peak rejection
30:1.
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Peak attenuation > 30:1
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Figure 6.4: First test on VISIR internal calibration star. Left: VISIR field of view showing the
fiducials imprinted on the AGPM. Middle: PSF of the artificial star. Right: PSF attenuation
with the AGPM. Courtesy of Dimitri Mawet.

A few nights later, the N-band AGPM has seen first light during a quick test. The seeing
was not impressive (~0.9 arcsec) but both the AGPM and 4QPM ave shown good performance
in stellar light attenuation. Moreover, the telescope had a slight tracking drift that should be
corrected in the future. The AGPM provided a peak attenuation of ~40 and an integrated energy
(total) attenuation of ~4. The 4QPM provided a peak attenuation of ~23 and an integrated
energy (total) attenuation of ~2.3.

The donut nebulae
VISIR/AGPM 12,4 um

The 4-leaf clover nebulae
YISIRA40PM1 11,3 um

Figure 6.5: Coronagraphic images of a bright standard star, obtained with the new modes of
VISIR. The 4QPM (left) has a peak attenuation ~23 at 11.3 pm, and the AGPM (right) has
a peak attenuation of ~40 over the whole 11.6 - 13.2 pum band. Courtesy of Eric Pantin, CEA
Saclay.
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6.2.4 Perspectives with VISIR-AGPM

These numbers are of course preliminary and need to be re-estimated in better seeing and center-
ing conditions. A better alignment could improve this result substantially, most likely by a factor
~2-3. Nevertheless, these early results are promising. The device is (most probably) within specs.
The fiducials do show nicely and are useful to locate the vortex center (see Figure 6.4, left). It is
also the demonstration that the coronagraphic attenuation will be sufficient for on-sky observation
with this level of background.

Further tests are needed to show just how good the component is. In this context, our team
(led by PI Olivier Absil) has made a proposal to ESO for resolving the warm inner dust component
of the Fomalhaut planetary system, during period P89. This proposal has been accepted. Unfor-
tunately, a couple of weeks after the first recommissioning run, VISIR had to be dismounted from
Melipal because of performance problems of the new AQUARIUS detector (made by Raytheon
Vision Systems). In its present state the instrument does not meet the sensitivity expectations.
VISIR is thus not ready for science operations yet.

Consequently to this bad news, our team has submitted a similar proposal for period P91.
Our VISIR observing program on Fomalhaut was accepted, but has been delayed once again due
to the continued unavailability of VISIR. At present, VISIR is not expected to come back online
before 2014, and no VISIR proposals are accepted for ESO periods 91 and 92.

6.3 First light with an L-band AGPM on VLT/NACO

6.3.1 NAOS-CONICA: a sharp ground-based imager

New-generation vortex coronagraphs, such as the AGPM, provide a small IWA to enable detection
down to 1 A/D from the central star. Therefore, they require exquisite image quality and stability
to perform efficiently. Next generation instruments like LMIRCam at the LBT, SPHERE at the
VLT, the Gemini Planet Imager (GPI), or future instruments at the E-ELT, have been designed
accordingly. However, first-generation instruments such as NACO possess excellent mid-infrared
imaging capabilities that no other instrument can replace at the moment, allowing the follow-up
of the very red galactic center region, and the L-band exoplanet imaging and characterization (Gi-
rard et al. 2012). Besides, the recent high contrast upgrades performed on NACO have opened a
new parameter space and increased the chance to find planetary mass companions around nearby
young stars. With the new calibrations performed by Girard et al. (2012), NACO provides a good
and consistent PSF on night to night basis, with Strehl ratios usually 75 - 85%.

Following the recent successful installation of AGPM-N4 on VISIR, our team (led by Olivier
Absil) proposed to take advantage of an upcoming refurbishment of NACO to install AGPM-L3
in the slit wheel of CONICA. The proposal was accepted, and our diamond vortex was thus in-
stalled in the so-called small slot, replacing an obsolete SDI mask unused for several years. As
for VISIR-AGPM and LMIRCam-AGPM, a dedicated fully certified mount (see cryogenic tests,
Section 6.1.2) was specially designed by GDTech.
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6.3.2 Publication: L’-band AGPM vector vortex coronagraph’s first
light on VLT /NACO. Discovery of a late-type companion at two
beam-widths from an FOV star

In November 2012, AGPM-L3 was inserted inside CONICA. The vortex coronagraph is optimized
for 4 pm, and can be used with the narrow bands NB_3.74, NB_4.05, and with the broadband
L’ filters. The first on-sky tests carried out by Dimitri Mawet have been successful. Not only
the AGPM has seen first light, but it also imaged a putative faint M2V companion at ~ (719
(< 2M\/D) of an F-type star. In this section, we present the publication of the first-light with
the AGPM coronagraph, published in April 2013 in the peer-reviewed journal Astronomy and
Astrophysics (Mawet, Absil, Delacroix et al. 2013). The paper describes the observation method,
and presents the intensity profile of the coronagraphic image, with the use of PCA-ADI technique.
A high contrast of AL’ > 7.5 mag can be reached from the IWA of (/09 onwards.
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ABSTRACT

Context. High contrast imaging has thoroughly combed through the limited search space accessible with first-generation ground-
based adaptive optics instruments and the Hubble Space Telescope. Only a few objects were discovered, and many non-detections
reported and statistically interpreted. The field is now in need of a technological breakthrough.

Aims. Our aim is to open a new search space with first-generation systems such as NACO at the Very Large Telescope, by providing
ground-breaking inner working angle (IWA) capabilities in the L’ band. The L’ band is a sweet spot for high contrast coronagraphy
since the planet-to-star brightness ratio is favorable, while the Strehl ratio is naturally higher.

Methods. An annular groove phase mask (AGPM) vector vortex coronagraph optimized for the L’ band made from diamond subwave-
length gratings was manufactured and qualified in the lab. The AGPM enables high contrast imaging at very small IWA, potentially
being the key to unexplored discovery space.

Results. Here we present the installation and successful on-sky tests of an L’-band AGPM coronagraph on NACO. Using angular
differential imaging, which is well suited to the rotational symmetry of the AGPM, we demonstrated a AL’ > 7.5 mag contrast from

an IWA =0709 onwards, during average seeing conditions, and for total integration times of a few hundred seconds.

Key words. instrumentation: high angular resolution — planetary systems — binaries: close

1. Introduction

The goal of high contrast imaging is primarily to discover and
characterize extra-solar planetary systems. For technical mo-
tives rather than scientific ones, most surveys have targeted
young and nearby stars. This search space is already limited,
and imaging surveys have only explored its surface, strongly
limited by contrast and inner working angle (IWA) capabili-
ties (Absil & Mawet 2010). Despite the few spectacular objects
discovered and insightful lessons learned from the majority of
non detections, hunting for long-period planets has mostly been
a hard and unfruitful task, with a very low yield (Lafreniere
et al. 2007; Chauvin et al. 2010; Vigan et al. 2012). It is ex-
pected that opening the parameter space to fainter/smaller plan-
ets closer to their parent stars will bring many new objects
(Crepp & Johnson 2011). The new sample is critical to exo-
planet science because it will shed some light on planet forma-
tion mechanisms at or within the snow line, and help bridge the
gap between the population of close planets discovered by ra-
dial velocity or transit techniques and the free-floating planets

Article published by EDP Sciences

discovered by microlensing observations (Quanz et al. 2012).
This intermediate parameter space should be opened by the
second-generation coronagraphic instruments that have started
to arrive at major observatories (Macintosh et al. 2012; Kasper
et al. 2012; Oppenheimer et al. 2012; Martinache et al. 2012).
Coronagraphy promises to be high contrast imaging’s sharpest
tool, but requires exquisite image quality and stability to per-
form efficiently. These new instruments have thus been designed
accordingly. However, first-generation instruments still possess
untapped potential that only ten years of operations and under-
standing allow us to exploit fully (Girard et al. 2012), especially
in the mid-infrared (L’ band, from 3.5 to 4.2 um). This wave-
length range offers significant advantages compared to shorter
wavelengths (Kasper et al. 2007): (i) the L’-band contrast of
planetary-mass companions with respect to their host stars is
predicted to be more favorable than in the H band (Baraffe et al.
2003; Fortney et al. 2008; Spiegel & Burrows 2012) so that
lower-mass, older objects can be addressed; and (ii) the L’-band
provides better and more stable image quality, with Strehl ratios
well above 70% and sometimes as high as 90%, thus reducing

L13, page 1 of 4
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Fig. 1. Scanning electron microscope (SEM) images of the NACO
AGPM. a) Structure profile schematic, with 7, = 5+ 0.1 um, h; =
1 +£0.1 um, and w = 0.65 + 0.03 um (the grating pitch is 1.42 um).
b) Zoom on the center of the diamond AGPM. ¢) Overview of the struc-
ture showing the uniformity and original cleanliness of this particular
device.

speckle noise. These advantages certainly compensate for the
increased sky background in the thermal infrared and the loss
in resolution, especially if small IWA phase-mask coronagraphs
are available.

Here we describe the successful implementation of an
L’-band annular groove phase mask (AGPM; Mawet et al.
2005) vector vortex coronagraph on NACO (Lenzen et al. 2003;
Rousset et al. 2003), the adaptive optics instrument of ESO’s
Very Large Telescope (VLT). To our knowledge it is the first
time that an image-plane phase-mask coronagraph has been used
in the mid-infrared.

2. An AGPM vector vortex coronagraph on NACO

The AGPM is an optical vortex made from diamond subwave-
length gratings (Fig. 1). When centered on the diffraction pat-
tern of a star seen by a telescope, optical vortices affect the
subsequent propagation to the downstream Lyot stop by redi-
recting the on-axis starlight outside the pupil (e.g., Mawet et al.
2005). The advantages of the AGPM coronagraph over classical
Lyot coronagraphs or phase/amplitude apodizers are small IWA,
down to 0.94/D (e.g., 0709 in the L’ band at the VLT, slightly
smaller than the diffraction limit); clear 360° off-axis field of
view/discovery space; outer working angle set only by the in-
strument and/or mechanical/optical constraints; achromatic over
the entire working waveband (here L’ band); high throughput
(here ~88%); and optical/operational simplicity. After eight
years of intense technological development, the AGPM has
reached a sufficient readiness level for telescope implementation
(Delacroix et al. 2013; Forsberg & Karlsson 2013a). The AGPM
selected for NACO was the third one in a series of four real-
izations (AGPM-L3). Its theoretical raw null depth limited by
its intrinsic chromatism was estimated (assuming a trapezoidal
profile', see Fig. 1) and measured to be around 5 x 103 (corre-
sponding to a raw contrast of 2.5 x 107> at 21/D), which is more
than needed for on-sky operations where the limit is set by the
residual wavefront aberrations.

The AGPM was installed inside NACO as part of a planned
overhaul in November 2012. The AGPM was mounted on the en-
trance slit wheel by means of a dedicated aluminum mount, de-
signed by GDTech s.a. The assembly of the mount and AGPM

' This AGPM differs from the one tested in Delacroix et al. (2013).
The tops of the grating walls are triangular to improve the transmittance
(Fig. 1). This profile was etched with a process similar to the fabrication
of broadband antireflective structures (Forsberg & Karlsson 2013b).
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Fig. 2. Left: view from inside CONICA, showing the 9 mm clear aper-
ture corresponding to a 15" field of view (diameter), fully contained
within the 27” field of view of the L27 objective. Middle: full oversized
stop of CONICA, showing the VLT pupil (including the central obscu-
ration and struts). Right: APO165 pupil mask (diameter = 0.87 X Dyy,)
available inside CONICA, aligned to cover the diffraction and thermal
background from the central obscuration and struts.

Table 1. Observing log.

Date 09/12/2012  11/02/2013
Star HD 4691 HD 123888
Spectral type FOV KIIII

V mag 6.79 6.62

L app. mag 5.86 4.01
DIT/NDIT/# fr 0.2s/10/100  0.25s/80/40
Seeing 1”7-175 0’8-079
T 24 ms 4-5 ms
Strehl ratio 65-80% 75-80%
PA range ~30° ~30°

was done on site at Paranal observatory in a clean room envi-
ronment. Prior to on-sky tests and operations, a CONICA in-
ternal image of the mask was done (see Fig. 2, left), revealing
significant dust contamination, marginally affecting the back-
ground noise. The slit wheel was set so that the center of the
AGPM falls close to but slightly away from CONICA’s detector
quadrant intersection. The AGPM field of view is ~15", corre-
sponding to an outer working angle (OWA) of 7’5. The OWA
is only limited by the size of the device (10 mm in diameter)
and its mount. The mask transmittance at L’ band was measured
on the sky to be 85% + 5%, which is consistent with the theo-
retical value and laboratory measurements, both ~88%, limited
by imperfect antireflective treatments and mild absorption fea-
tures around 4 pum (Delacroix et al. 2013). To stabilize speckles,
we used the pupil tracking mode enabling angular differential
imaging (ADI, Marois et al. 2006), which is perfectly adapted to
the circular symmetry and 360° field of view of the AGPM. The
CONICA camera is equipped with a pupil mask which blocks
the telescope central obscuration and spiders. Once correctly
aligned with the pupil (in x, y, and ), this mask is optimal for
use with the AGPM in pupil tracking mode (see Fig. 2). The
measured throughput of the APO165 mask used here is ~60%.
In terms of sensitivity, it is worth noting that the throughput loss
is almost entirely compensated by the improved thermal back-
ground. The pupil obscuration is responsible for more than 25%
of the thermal emissivity of the telescope, even though its area
only covers ~5%. Therefore, instead of loosing 1— V0.6 ~ 0.225
in sensitivity, only 1 — 0.6/¥0.6 X 0.75 ~ 0.1 is actually lost. To
maintain its high contrast capabilities, the centering of the star
on the AGPM must be within (1/D)/10, or ~10 mas (a third of a
pixel at L27). This level of centering capability is now routinely
obtained with NACO, both in pupil and field tracking modes; we
typically measure ~1 mas/min drifts across the meridian.
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Fig. 3. a) L’-band NACO PSF with the APO165 pupil mask in the beam. b) L’-band NACO coronagraphic image with the star centered on the
AGPM (the dynamic range and corresponding colorbar/scale are a factor of 10 smaller than in image a)). ¢): Result of our PCA-ADI data reduction
pipeline, revealing a putative faint off-axis M2V companion at only ~0”19 (the dynamic range and corresponding colorbar/scale are a factor of
100 smaller than in image a)). The scale is linear on all images (and scaled down by a factor of 10 and 100 for b) and c¢), respectively), illustrating
in sequence the benefits of coronagraphy and optimized data reduction technique. The bottom color bar refers to figure a)).

3. First light

On December 9, 2012, a representative observing sequence
was performed on the 1.9-Gyr old main sequence standard star
HD 4691 (see Table 1), under ~172 visual seeing conditions.
This star was chosen to maximize brightness and field rotation
during the short time allocated for this technical test. A ~30-min
ADI sequence was obtained with a parallactic angle (PA) range
of 30° and for a total exposure time of 200 s on source; the ef-
ficiency was mediocre for technical reasons. After acquiring an
off-axis PSF for photometric reference, we measured an instan-
taneous contrast of ~50 peak-to-peak (despite the average-to-
bad conditions, see Table 1). The attenuation is about 5 times
higher than measured with NACO’s four-quadrant phase-mask
coronagraph at Ks (Boccaletti et al. 2004). The coronagraph
diffraction control yields two instantaneous benefits compared
to classical imaging: (i) the peak saturation limit is decreased by
a factor ~50; and (ii) the level of quasi-static speckles pinned
to the PSF and the stellar photon noise limit are potentially de-
creased by a factor ~V50 ~ 7, both within the AO control radius
of 74/D. All in all, the L’-band AGPM coronagraph allows the
background limit to be reached much closer in.

3.1. Detection of a candidate companion

After applying basic cosmetic treatment to our sequence of
100 frames (background subtraction, flat fielding, and bad
pixel/cosmic ray correction), we decided to use the quality and
stability of the L’-band PSF provided by NACO to perform a so-
phisticated speckle subtraction. We used the very efficient princi-
pal component analysis (PCA) algorithm presented in Soummer
et al. (2012). The result, using the whole image and retaining
three main components, is presented in Fig. 3. By pure chance,
the object has a ~1:100 (or AL’ = 5) off-axis companion located
at ~0” 19 (<21/D), making this our first unexpected scientific re-
sult. The companion flux and astrometry were obtained by using
the fake negative companion technique (Marois et al. 2010). The
method proceeds as follows: (i) estimate the (biased) position
and flux of the companion from the first reduced image; (ii) use
the measured off-axis PSF as a template to remove this first es-
timate from the cleaned data cube before applying PCA; and
(iii) iterate on the position x, y and flux until a well-chosen figure

Table 2. Properties of HD 4691B.

Distance 62 pc

Age (Holmberg et al. 2009) 1.9 Gyr
Companion abs. L’ mag 6.65 £ 0.1
Mass ~0.3 M,
Temperature ~3450 K

Sp type M2V

Angular sep. 07190 + 07007
Proj. angular sep. 11.8 £ 0.4 AU
Position angle 279° £ 0°6

of merit is minimized (y? in a pie chart aperture centered on the
first estimate of the companion position, 2.441/D in radius and
6% 1.221/D in azimuth). The minimization was performed with
the Simplex-Amoeba optimization.

Close to the center where the speckle field is intense, the
companion flux can be overestimated because the minimization
tries to subtract underlying speckles. To estimate our error bars,
we decided to proceed with an alternative method called smart-
ADI PCA: the frames used to construct the component basis are
selected according to a minimum azimuthal separation criterion
(here N5 = 0.74/D). With this technique, flux is much better
preserved. We measured up to 200% additional flux compared
to normal ADI PCA. However, fake planet tests still indicate
a 25% flux loss, confirming that this method underestimates the
flux and thus provides our lower bound. Finally, the coronagraph
off-axis attenuation profile, measured in the lab (Delacroix et al.
2013) was also taken into account. Using the BCAH98 model
(Baraffe et al. 1998), we derived the properties of the newly dis-
covered candidate companion, assuming association. Note that
the TRILEGAL starcount model (Girardi et al. 2005) yields a
probability of 4 x 1077 that it is an unrelated background object.
At an absolute L’-band magnitude of 6.65, and 1.9 Gyr for the
system, the putative companion would most likely be an M2V
star at projected separation of 11.8 + 0.4 AU, and 35425 + (26
position angle (see Table 2).

3.2. Representative NACO AGPM detection limits

Since the presence of the companion affects the contrast, we
took another similar representative ADI sequence on a different
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Fig. 4. Normalized azimuthally averaged relative intensity profiles and
contrast curve. The plain red curve shows the intensity profile of a typ-
ical saturated NACO L’ PSF (similar brightness and exposure time).
The blue dashed curve shows the AGPM intensity profile before PCA,
demonstrating the instantaneous contrast gain provided by the coron-
agraph at all spatial frequencies within the AO control radius (=0"7).
The green dash-dot curve presents the reduced PCA-ADI 50 detectabil-
ity limits (40 frames, 800s, APA =~ 30°), taking both the coronagraph
off-axis transmission and the PCA-ADI flux losses into account.

standard star (HD 123888, see Table 1). This technical test was
performed under better conditions, and benefited from our im-
proved mastering of the new mode (efficiency was four times
better than during the first light). A similar instantaneous atten-
uation was confirmed. To calibrate our detection limits against
flux losses induced by PCA, we injected fake companions
(at 150) prior to PCA and measured their throughput after PCA.
We used the derived throughput map to renormalize the initial
contrast curve a posteriori (see Fig. 4). Figure 4 shows excellent
detection capabilities down to the IWA of the AGPM. The final
calibrated contrast presented here (green dash-dot curve), is lim-
ited by the small PA range, especially at small angles. The floor
reached beyond 1” is due to the background at L’, and will be
lower for brighter targets and/or longer integrations.

We would like to raise several flags that we will thor-
oughly address in subsequent papers: (i) Classical tools assum-
ing Gaussian statistics, perfectly valid at large separation, lose
significance close to the center simply because the sample size
decreases dramatically. At a given angular separation r (in 1/D),
there are 27r resolution elements, i.e., only 6 at r = 14/D, 12
at r = 24/D, etc. (ii) The probability density function (PDF) of
speckle noise and associated confidence level for detection de-
pend on radius. ADI was shown to transform speckles’ modified
Rician PDF into quasi-Gaussian PDF at large separations, but it
is expected that this property of ADI does not hold true at small
angles (Marois et al. 2008). (iii) The flux attenuation induced by
ADI, potentially significant at small angles, does not scale lin-
early with the companion brightness, which makes its calibration
more difficult. These points should be kept in mind when inter-
preting contrast curves such as those presented in Fig. 4, but also
all contrast/detectivity plots that have been presented so far in the
literature for very small angles.
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4. Conclusions

The AGPM was designed to provide exquisite IWA (and OWA)
capabilities, down to 0.94/D (0709 at L’), as demonstrated in
Fig. 4. The downside of the AGPM’s small IWA is its sensi-
tivity to the Strehl ratio (as all coronagraphs) and to pointing
errors. The apodizing phase plate (APP) is another advanced
coronagraph offered at L’ (Quanz et al. 2010; Kenworthy et al.
2013). The only, but significant, benefit of this pupil plane phase
apodizer over the AGPM is its intrinsic immunity to tip-tilt er-
rors. This advantage, which has to be traded off with the sig-
nificantly limited field of view provided by the APP, is decisive
when tip-tilt is an issue as was the case with NACO prior to
November 2011 (Girard et al. 2012). However, it is less obvious
when the instrument provides nominal PSF stability.

In a single technical run, the L’-band AGPM has proved
to be a reliable coronagraphic solution, and one of the best
high-contrast imaging modes of NACO (and most likely world-
wide). Combined with ADI, we demonstrated that high contrast
of the order of AL’ > 7.5 mag can be reached from the IWA
of 0709 onwards, even with very modest on-source integration
time, PA variation, and average conditions. The field of view is
a clear 360° discovery space 15" in diameter. The coronagraph
is optimized for pupil tracking and is easy to use, thanks to the
stability of the NACO L’-band PSF.
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6.3.3 Perspectives with NACO-AGPM

A half-night science verification was conducted by our team (led by Olivier Absil) on 31st January
2013, to observe 3 Pictoris. The weather conditions were poor to fair, with seeing ~ 1”. Based
on a preliminary data processing, a performance comparison study with other techniques used
on NACO has been carried out (see Figure 6.6). Using the data from § Pic, and simulating an
ADI-PCA sequence, the simulation predicts a dynamic range better than 8 magnitudes at an
angular distance of 071. Furthermore, the AGPM enables high contrast imaging in the whole
360°field-of-view, contrary to the APP which is restricted to a hemisphere and has a constraining
outer working angle of a few resolution elements.

This is a preliminary result, which should be confirmed by further data analysis. A paper is
being prepared (Absil et al. 2013).

o T T T
T : Pure PSF subtr. (Kasper07)

—————— : APP + ADI/LOCI (Quanz11)

: AGPM + ADI/PCA (Absil13)
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Figure 6.6: Estimated sensitivity of the AGPM in terms of magnitude difference, based on
Pic observation preliminary results, and comparison with a simple PSF subtraction (Kasper et al.
2007) and with two representative APP observations (Quanz et al. 2011). Courtesy of Olivier
Absil.
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Furthermore, a sensitivity analysis of the new NACO-AGPM mode was performed by our team
(Hanot 2011), using a modified version of the official SPHERE simulator. The simulations show
that in the case of young K and M dwarfs belonging to nearby moving groups, with ages between
8 and 200 Myr and at a distance d < 50 pc, the detection level is excellent and overlaps nicely with
the SPHERE search space (see Figure 6.7). For older stars and higher masses, NACO-AGPM is
expected to reach similar performances as SPHERE.

The intent of the new mode is truly to extend the scientific coverage of the VLT to the L
band, providing insightful photometric information in that domain. Even if NACO were to be
removed within less than two years, the implementation of the AGPM is worth the effort as:
(i) E-ELT/METIS and other future high-contrast imagers will benefit from the experience, and
(ii) original results should come out within this time frame.
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Figure 6.7: Estimated sensitivity of SPHERE (at 1.6 ym, H band) and NACO-AGPM (at 3.8
pum, L band) in terms of planetary mass, for low-mass stars in nearby young moving groups. From
Hanot (2011)
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6.4 Installation of an L-band AGPM on LBT/LMIRCam

Sitting on top Mount Graham (3260 m), a mountain in south-eastern Arizona, the Large Binoc-
ular Telescope (LBT) utilizes two giant 8.4 m primary mirrors that allow astronomers to explore
distant planets in our galaxy and obtain crucial knowledge of the origins of our universe. The
telescope first came online in 2010. The LBT next generation adaptive optics system is one of the
best currently existing, with nearly 700 voice-coil magnets glued-on to the back of the 1.6 mm
thick secondary mirror (Riccardi et al. 2010; Hill et al. 2012).

In this context, we proposed to install our best L-band component, AGPM-1L4, at the LBT.
This coronagraph was proved to deliver a 2 x 1072 raw null depth, measured on the LESIA test
bench (Delacroix et al. 2013). The installation of AGPM-L4 on LMIRCam, the L-band camera
of the LBTI (Skrutskie et al. 2010) was accomplished in March 2013. The mount was designed
by GDTech, similarly to VISIR-AGPM and NACO-AGPM, as shown on Figure 6.8. First light
is expected in September 2013, due to little technical time available on LMIRCam. Thanks to
the very high Strehl ratio delivered by the LBT adaptive optics at L band (>95%, Esposito et al.
2011), we expect that AGPM-14 will unleash its full potential on this instrument.

0§ €

SCREW DIN7991
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03

Close-up of mounted AGPM

Figure 6.8: Left: GDTech mount design and assembly for the LMIRCam-AGPM. Right: LMIR-
Cam field stop wheel, with a close-up of the mounted AGPM. Courtesy of Oli Durney, University
of Arizona.



Conclusion and perspectives

In this dissertation, we have presented our work on the elaboration of the first annular groove
phase mask (AGPM) coronagraphs, providing a detailed discussion at every stage of the develop-
ment process.

In the first part of this thesis, beyond the introduction of the different indirect detection meth-
ods, we reviewed the theoretical details of the high dynamic range imaging techniques. Although
important breakthrough results have recently been achieved by means of adaptive optics and data
reduction algorithms, these were performed under specific conditions of moderate contrast and/or
large angular separation between the planets and their host star. Ideally, coronagraphy should be
used together with the techniques mentioned above to provide a powerful tool in order to detect
exoplanets at smaller angular distances (Marois et al. 2006). After having set the scene in Chap-
ter 1, we presented in Chapter 2 the theoretical aspects and existing technologies for producing
vector vortex coronagraphs (VVCs). We showed that the annular groove phase mask (AGPM),
based on subwavelength gratings, is a unique VVC solution at mid-infrared regimes, especially
at L band (3.5 - 4.1 pum) which offers significant advantages compared to shorter wavelengths
(Kasper et al. 2007), including higher planet/star contrast and reduced speckle noise.

In the second part of our work, we first reviewed the optical properties and advantages of
subwavelength gratings (SGs), and presented a powerful theoretical tool for designing and ana-
lyzing those gratings, the so-called rigorous coupled wave analysis (RCWA). The use of RCWA
at the University of Liége dates back to the early 1990s. The RCWA code has been enhanced
repeatedly by several generations of researchers, and reprogrammed into different languages such
as LabVIEW® (Lenaerts 2005) and MATLAB® (Mawet 2006). In this context, we contributed
to the ongoing evolution and continuous improvement of the RCWA software with the perform-
ing and versatile language of MATLAB®. We have implemented new functionalities, such as:
(i) updated grating profiles adequately adapted to the manufacturing capabilities, (ii) a multi-
parametric algorithm running through the whole field of parameters, and generating 3D-maps of
the optimal broadband performance (u in the case of AGPMs, o in the case of half-wave plates),
and (iii) the integration of both the absorption and the multiple internal reflections occurring in
the substrate media, hence estimating precisely the unwanted contribution of the so-called ghost
signal. As new profiles have been recently developed at the Angstrém laboratory (triangles on top
of the walls, reducing reflections), we think that adapting the RCWA software to these profiles
may constitute an interesting perspective for further improvements.
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Chapter 3 was also devoted to the study and development of broadband half-wave plates
(HWPs). Considering a selection of various substrates and micro-lithography techniques, we stud-
ied the feasibility of achromatic HWPs in the infrared regimes, where the fabrication constraints of
SGs are relaxed. In the context of a long-term investment, one of our criteria was to use a material
that is transparent down to the visible regime, allowing us to address the shorter wavelengths in the
more distant future. We followed two parallel paths, silica (Si0;) and diamond. Regarding the sil-
ica route, we contributed to the development process of K-band components, within the framework
of the SPHERE project of ESO. We designed the components and estimated their performances
for several spectral bandwidths, from the K band down to the visible regime (~ 5 x 10™* total
raw null depth), and we took part in the setup of the technological stack within a wide consortium.

As the silica route was discontinued, we focussed on diamond, a prime candidate for mid-
infrared applications, and we successfully managed to develop broadband HWPs (Delacroix et al.
2012b), hence fabricated the first N-band (11 - 13.2 um) AGPM coronagraph (Chapter 4, Delacroix
et al. 2012a). Our main contribution here was the thorough design study in synergy with the man-
ufacturability. To a lesser extent, we participated to the manufacturing itself, at the Angstrém
laboratory (Uppsala University, Sweden) in summer 2009, during our first trials (Delacroix et al.
2010a,b). Later on, we took part in some metrology processes carried out at the University of Liege
(HOLOLAB optics laboratory and Centre Spatial de Liége). Since conclusive results were obtained
with the diamond manufacturing process, we pursued our developments of N-band AGPMs, and
started to work in parallel on much finer gratings meant for the L band (3.5 - 4.1 gm) which is more
constraining for two reasons: (i) the required precision is three times higher, and (ii) the etch rate
and sidewall angle depend more strongly on the groove width as the grooves get narrower (Fors-
berg & Karlsson 2013a). Several iterations between design and manufacturing successfully led to
eight manufactured components, four of them (AGPM-N3, AGPM-N4, AGPM-L3, AGPM-L4) be-
ing close to the optimal specifications and delivering an estimated total raw null depth ~ 2 x 1073.

The results presented in the second part of this thesis bring interesting perspectives, with
respect to several parameters: (i) the working wavelength, (ii) the grating shape, and (iii) the
topological charge. First, based on the established manufacturing process, we defined in Chapter 4
the complete set of optimal parameters for several spectral bandwidths, downscaling our first
results from the mid-infrared down to the visible regime. Our next target is clearly the K band
(2 - 2.4 pm), which corresponds to a ~60% scaling with respect to the L band. Such a goal is in
theory not impossible to reach, but will require more process optimization, starting with a new
high precision e-beam mask. The second aspect is the possible efficient gain provided by very
recent grating profiles, such as the one etched on AGPM-L3 as an attempt to reduce the reflection
on the AGPM side (Forsberg & Karlsson 2013b), and which could be better optimized from a
coronagraphic point of view. The third aspect concerns the manufacturing of higher topological
charge vortices (I = 4,6,8,...). Up to now, we have chosen the [ = 2 case mainly for two reasons.
Firstly, its technical simplicity makes it easier to fabricate, and it is the only case to afford the
required symmetry for the grating parameters to remain constant over the whole surface, thereby
guarantying both the phase shift stability and the subwavelength regime. Secondly, it allows
smaller IWA, typically 0.9A/D, compared to a charge-4 vortex ~ 1.75A/D (Mawet et al. 2009a).
However, higher charges are mandatory to reduce the sensibility to low order aberrations (tip-
tilt, focus, coma, astigmatism). A possible solution to build a charge-4 SG-VVC avoiding the
difficult geometries, could be an embedded component made of two stacked AGPMs with a HWP
in between.
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In the third and last part of this dissertation, we presented our contribution to the validation
of the AGPM technology. In Chapter 5 first, we showed the laboratory results of our L-band coro-
nagraphs. We contributed directly to these results by performing the tests at the optical bench
of the Observatoire de Paris. We noticed that the internal multiple reflections were producing a
so-called ghost signal that was not cancelled by the optical vortex, therefore reducing the nulling
performance. This observation motivated our choice to etch binary rectangular antireflective grat-
ings on the backside of the components. When we returned to the laboratory, we successfully
confirmed the expected performances of the tested AGPMs (Delacroix et al. 2013). Chapter 6
was dedicated to the recent installation of our components on three world-class infrared cameras
(VISIR, NACO and LMIRCam), for which we contributed by taking part in the preliminary steps
of certification and preparation of the coronagraphs. Finally, we presented the very first on-sky
results of both N-band and L-band AGPMs, and the discovery and successful imaging of a faint
stellar companion at two beamwidths from an F-type star (Mawet, Absil, Delacroix et al. 2013).

After many years of design, simulations, trials and also errors, this is the starting point of a
demonstration. The demonstration that a powerful tool such as the AGPM can be created and
operated. I remember the time when I was a child, my uncle Heniek would insist on me helping
him in fixing the leaky sink, or cutting firewood with a sharp saw. From the many things I learned
from my beloved uncle, I will surely never forget one of his favorite quotes: “the right tool for the
right job”.
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Appendix







Infrared materials optical curves

An exhaustive survey of transparent materials in the thermal infrared has already been conducted
by Mawet (2006) during his PhD. In our thesis, we have completed Mawet’s work by computing
reflectance and transmittance curves using the following equations demonstrated in Section 3.2.4

(1 - R)Q 6—2ah
Ry = R (1 + 1 _ RZo—2ah (A1)

(1 _ R)Qefozh

Lo = 1 _ R2¢ 20h

which consider absorption occurring in a substrate of thickness h. We have also extended Mawet’s
survey to St0Oy and diamond, which are the materials we have selected upon criteria listed in
Section 3.2.4, to synthesize achromatic half-wave plates using subwavelength gratings, dedicated
to the manufacturing of vector vortex coronagraphs such as the annular groove phase mask.

The following curves show the optical coefficients, as well as reflectance and transmittance,
of some of the principal materials which have been considered. As stated in section 3.2.4, we
have exploited data from Pilon (2002) for SiO,, and from Hawkins (1998) for diamond, Si, Ge,
ZnS, and ZnSe, using polynomial regressions and Sellmeier equations with the corresponding
coefficients given in Tables A.1 to A.5.
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IR-grade fused silica Infrasil® (SiO,)
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Figure A.1: Fused silica optical properties at room temperature. Top: refractive index (left)
and extinction coefficient (right) dispersions, with data from Pilon (2002). Bottom: computed
total reflectance (left) and transmittance (right) for a 1 mm thick substrate.
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Chemical vapor deposited (CVD) diamond

B)\2 D)2
oot P —E) (A.3)

ndiamond(Av T) = \/A +

Table A.1: Sellmeier coeflicients for diamond index representation at room temperature.

Coefficient || CVD diamond
A 1
B 0.3306
C 0.030625
D 4.3356
E 0.011236
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Figure A.2: CVD diamond optical properties at room temperature. Top: refractive index (left)
and extinction coefficient (right) dispersions, with data from Dore et al. (1998) and Hawkins

(1998). Bottom: computed total reflectance (left) and transmittance (right) for a 300 pm thick
substrate.
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Silicon (.S7)

nsiA, T) = A+ BA+ CA* + D)X* + EX* (A.4)

Table A.2: Polynomial coefficients for silicon temperature-dependent index representation.

Coefficient S
A 1.600 x 10747 + 3.431
B —2.643 x 1072
C 4.324 x 1073
D —3.194 x 1074
E 8.835 x 1076
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Figure A.3: Silicon optical properties at three different temperatures. Top: refractive index
(left) and extinction coefficient (right) dispersions, with data from Hawkins (1998). Bottom:
computed total reflectance (left) and transmittance (right) for a 1 mm thick substrate.
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Germanium (Ge)

nee(A\, T) = \/A+ (Af—vo) + WD_AZE) (A.5)

Table A.3: Sellmeier coefficients for germanium temperature-dependent index representation.

Coefficient Ge
A —6.040 x 107°T + 11.05128
B 9.295 x 10737 + 4.00536
C —5.392 x 10747 + 0.599034
D 4.151 x 1077 + 0.09145
E 1.51408T" 4 3426.5
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Figure A.4: Germanium optical properties at three different temperatures. Top: refractive
index (left) and extinction coefficient (right) dispersions, with data from Hawkins (1998). Bottom:
computed total reflectance (left) and transmittance (right) for a 1 mm thick substrate.
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Zinc Sulfide (ZnS5)

Nzus(A, T) = A4+ BA+ C\? + DX* + EX* (A.6)

Table A.4: Polynomial coefficients for zinc sulfide temperature-dependent index representation.

Coeflicient ZnS
A 5.608 x 107°T + 2.282
B —8.671 x 10757 — 1.563 x 1072
C 5.549 x 10~"T + 2.067 x 1073
D 2.597 x 10787 — 1.714 x 1074
E —9.798 x 107107 4+ 2.884 x 106
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Figure A.5: Zinc sulfide optical properties at three different temperatures. Top: refractive index
(left) and extinction coefficient (right) dispersions, with data from Hawkins (1998). Bottom:
computed total reflectance (left) and transmittance (right) for a 1 mm thick substrate.



153

Zinc Selenide (ZnSe)

Nznse(N, T) = A+ BA+ CA\* + DX (A7)

Table A.5: Polynomial coefficients for zinc selenide temperature-dependent index representation.

Coeflicient ZnSe
A 1.509 x 10~*T + 2.407
B —1.801 x 107°T — 2.564 x 10~*
C 1.300 x 1077 — 1.308 x 10~°
D —3.878 x 10787 — 1.480 x 1075
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Figure A.6: Zinc selenide optical properties at three different temperatures. Top: refractive
index (left) and extinction coefficient (right) dispersions, with data from Hawkins (1998). Bottom:
computed total reflectance (left) and transmittance (right) for a 1 mm thick substrate.
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Study of gravitational lensing inversion

B.1 Publication: The Optimal Gravitational Lens Tele-
scope

In the present appendix, we expose the results of a project we took part in during our master
thesis (Delacroix 2007) and the first years of our PhD (Surdej, Claeskens, Delacroix et al. 2008),
called the optimal gravitational lens telescope (OGLT). At the end of one lecture, Richard Feyn-
man once asked his students to reflect on a poet who once said: “The whole universe is in a glass
of wine.” This sentence may also be understood from an optical point of view. The refraction
produced by the foot of some glasses of wine is similar to the deflection produced by a point mass
gravitational lens.

We present a paper, published in the Astronomical Journal (Surdej, Delacroix, Coleman et al.
2010), that shows how to make use of an ad hoc optical device at the telescope in order to directly
invert an observed gravitational lens mirage. Our contribution to this publication was twofold: (i)
a laboratory demonstration of the gravitational lens inversion, and (ii) the creation of a software
for simulating the same phenomenon. We managed, in the first part of this work, to obtain
an FEinstein ring, a doubly or a quadruply imaged source in the laboratory, and then to invert
the latter ones in order to retrieve the original source image. In the second part, we used the
performing language of MATLAB® to develop a gravitational lens simulator from scratch. Our
three-dimensional simulations can reproduce the same gravitational mirages as the ones simulated
on the laboratory test bench, and the numerical inversion implemented in the software properly
restores the original source image. The paper also presents a possible design for the optimal
gravitational lens telescope (OGLT') which can directly invert an observed gravitational lens mirage
using an ad hoc optical instrument placed at the focus of a large telescope. This concept would
first necessitate to extinguish the direct light from the foreground deflector by use of a phase mask
coronagraph such as an annular groove phase mask (AGPM).
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ABSTRACT

Given an observed gravitational lens mirage produced by a foreground deflector (cf. galaxy, quasar, cluster, . . .), it
is possible via numerical lens inversion to retrieve the real source image, taking full advantage of the magnifying
power of the cosmic lens. This has been achieved in the past for several remarkable gravitational lens systems.
Instead, we propose here to invert an observed multiply imaged source directly at the telescope using an ad hoc
optical instrument which is described in the present paper. Compared to the previous method, this should allow
one to detect fainter source features as well as to use such an optimal gravitational lens telescope to explore even
fainter objects located behind and near the lens. Laboratory and numerical experiments illustrate this new approach.

Key words: gravitational lensing: strong — methods: laboratory — quasars: general — techniques: high angular

resolution

Online-only material: color figures

1. INTRODUCTION

Zwicky (1937a, 1937b) first proposed to use foreground
galaxies as natural telescopes to observe otherwise too distant
and faint background objects. The idea was either to take
advantage of the gravitational lens amplification of the multiple
unresolved images in order to obtain higher signal-to-noise
ratio observations of the background object(s) or to directly re-
image, with a significantly improved angular resolution, the real
extended source from the observed gravitational lens mirage.
In the past numerical lens inversions have been successfully
applied to several cases among which are the famous radio
Einstein ring MG 1131+0456 (Kochanek et al. 1989), the triply
imaged giant arc in the galaxy cluster C1 0024+1654 (Wallington
et al. 1995), the radio Einstein ring MG 1654+134 (Wallington
et al. 1994, 1996), the optical Einstein ring 0047-2808 (Dye &
Warren 2005), the multiply imaged double source B1608+656
(Suyu et al. 2006), and the quadruply imaged quasar RXS
J1131—1231 (Claeskens et al. 2006), or still more recently,
the large sample of lensed galaxies observed by the SLACS
collaboration (Bolton et al. 2008). In the present paper, we show
how to make use of an ad hoc optical device at the telescope in
order to directly invert an observed gravitational lens mirage.

First of all, in Section 2 we lay out the basic principles of
gravitational lensing inversion based upon straightforward ray-
tracing diagrams. Then in Section 3 we show how to use a
point mass lens optical simulator to invert a gravitational lens
mirage produced by a point mass deflector. After simulating an
Einstein ring, a doubly or a quadruply imaged source in the
laboratory, in Section 4 we show how to invert the latter ones
in order to retrieve the original source image. In Section 5, we
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have made use of numerical simulations to confirm the expected
properties of this type of hardware inversion. In Section 6,
we present a possible design for the optimal gravitational
lens telescope and discuss the future prospects of gravitational
lensing inversion using more sophisticated optical devices.
Some general conclusions form the last section.

2. BASIC PRINCIPLES OF GRAVITATIONAL LENSING
INVERSION

In Figure 1 we have illustrated the possible deflection of light
rays coming from a very distant source (S) by a foreground
cosmic deflector (D, a galaxy here). We have assumed that in
the present case, the observer located at left sees three lensed
images of the distant source (S).

If one would set three little mirrors at the observer location,
each mirror parallel to the incoming wave fronts associated with
each of the three beams of parallel light rays, the latter would
travel back toward the source along their original trajectories in
accordance with the principle of inverse travel of light, assuming
of course the case of a static universe. Instead, let us suppose that
at the location of the observer we just set a pinhole screen (PS) in
order to only let the three incoming beams of parallel light rays
continue their travels toward the left. The size of the pinhole is
typically that of the telescope aperture used to directly image
the cosmic mirages. Furthermore, let us place at a symmetric
location with respect to the pinhole a galaxy (D2) similar to
the original deflector (D1), but turned around by 180°. We then
obtain the ray-tracing diagram depicted in Figure 2.

Let us now assume that we could set the deflector at left (D2)
much closer to the pinhole (PS, see Figure 3). The deflector at left
is still supposed to be perfectly aligned with the deflector at right
(D1) and the pinhole. Let us suppose that the D2 deflector is now
three times closer to the pinhole compared with the distance to
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Figure 1. Formation of a three lensed image mirage by gravitational lensing.

(A color version of this figure is available in the online journal.)

the D1 galaxy. In order to preserve the same deflection angles o
for the outgoing light rays at left, one simply needs to decrease
the mass of the D2 deflector also by a factor of 3, since r
has been reduced itself by the same factor, of course keeping
the relative mass distribution between D2 and D1 identical.
Indeed, for the case of a symmetric mass distribution, we have
o = 4GM@r)c2r~!, where M(r) represents the mass of the
galaxy located within the impact parameter r; G and ¢ being
the universal constant of gravitation and the velocity of light
(Refsdal & Surdej 1994). If the ratio M(r)/r is kept constant,
the deflection angle « remains unaltered.

It is interesting to note that the ray-tracing diagram shown
in Figure 3 is very reminiscent of the propagation of light
rays through a classical refractor, the main objective (cf. D1)
being located at right from the PS and the eyepiece (D2) at left.

Vol. 139

However, let us note a big difference: in the present case, it is as
if the main objective were diluted since only three (and not an
infinity of) beams of parallel light rays propagate through such a
gravitational lens refractor. Furthermore, these beams reaching
the PS (or the observer) are mutually incoherent.

For convenience and simplicity, we shall consider in the
remainder that the deflector is a point mass lens. In this case,
the corresponding gravitational lens refractor is similar to that
in Figure 3 with the exception that, in general, only two beams
of parallel light rays go through the PS (see Figure 4). Indeed,
due to the singularity of this type of lens, the third “central
image” is simply being suppressed (Refsdal & Surdej 1994). If
we were now capable of setting the point mass lens object (P2)
at left at a still much closer distance from the pinhole (PS), also
accordingly decreasing its mass, the separation between the two
outgoing parallel beams of light rays at left would get similarly
smaller. Let us assume that this separation gets so small that it
matches the size of an optical lens.

Could we then replace the point mass lens object P2 by a
laboratory lens simulator that would perfectly mimic the light
deflection of the former? To our knowledge, Liebes (1969) was
the first to propose using an optical lens having the shape of
the foot of a wine glass to simulate the light deflection by a
point mass lens. The design and construction of such optical
lenses corresponding to any type of axially symmetric mass
distributions have been presented and discussed by Refsdal &
Surdej (1994). These authors have also described how to use
such lenses to produce the various configurations of cosmic
mirages observed in the universe.

3. THE POINT MASS LENS OPTICAL SIMULATOR AND
INVERSION OF A GRAVITATIONAL LENS MIRAGE

Figure 5 illustrates (a) the typical shape of the foot of a wine
glass and (b) a corresponding simulator made of Plexiglas which
has been used to simulate the light deflection of a point mass
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Figure 2. This figure results from the superposition of the ray-tracing diagram shown in Figure 1 and a copy of it, rotated by 180°. In this way, we clearly see that the
light rays passing through the pinhole screen (PS) get similarly deflected, but in an opposite direction, to those coming from the distant source (S). The three beams
of light rays passing the second, inverted, deflecting galaxy (D2), thus continue their travel as three parallel beams of light rays.

(A color version of this figure is available in the online journal.)

Figure 3. Same as in Figure 2 but for the case of a deflector (D2) at left being located at a distance three times closer to the pinhole screen (PS) and being also three

times less massive than the original deflector (D1).

(A color version of this figure is available in the online journal.)
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Figure 4. Two lensed image mirage produced by a cosmic point mass lens (P1) at right. The two incoming beams of parallel light rays pass through the pinhole screen
(PS) and get deflected by a point mass lens object (P2) at left, at a distance three times closer from the pinhole and which mass is also three times smaller than that of
the original cosmic point mass lens (P1). As with the case discussed in Figure 3, the outgoing light rays are again parallel.

(A color version of this figure is available in the online journal.)

Figure 5. Shape (a) and photograph (b) of an optical lens simulator correspond-
ing to the case of a point mass lens. Such a lens is made of Plexiglas and its
shape, similar to that of the foot of a wine glass, is essentially determined by the
mass of the point mass deflector (Refsdal & Surdej 1994). For the lens shown
on the photograph, the corresponding mass is approximately 2/3 the mass of
the Earth.

(A color version of this figure is available in the online journal.)

lens having approximately 2/3 the mass of the Earth when set
at a distance of 1 m from an observer’s eye.

In Figure 4 we may now conveniently replace the small size
cosmic point mass lens (P2) at left by an optical point mass
gravitational lens simulator (S2) characterized by the same mass
(see Figure 6).

Still further at left, we set a converging lens (CL) so that
a perfect image of the distant source (S) is formed in its
focal plane. The real gain in proceeding so is to observe the
recombined image of the distant source with a significant
increase in angular resolution, corresponding to the highest
magnification(s) provided by the point mass cosmic lens (P1),
at right. A simple laboratory experiment illustrating these
principles is proposed in the next section.

4. THE LABORATORY GRAVITATIONAL LENS
EXPERIMENT FOR THE CASE OF A POINT MASS LENS

For purely didactical purposes, the Faculty of Sci-
ences from the Liege University has proceeded to the
manufacturing of a large series of optical gravitational

Figure 6. Same as Figure 4 but the small size cosmic lens at left (P2) has been replaced by an optical point mass lens simulator (S2) corresponding to the same mass.
Since the separation between the two outgoing parallel beams of light rays is now reduced to several tens of centimeters, or even smaller, it is easy to place at left a
classical converging lens (CL) so that a perfect, lens inverted, image of the distant source at right (S) is formed in its focal plane.

(A color version of this figure is available in the online journal.)

A

CL

Figure 7. First point mass gravitational lens simulator (S1) at right produces a doubly imaged source as seen from the pinhole (PS), while the second lens simulator
(S2) inverts the mirage into two parallel beams of light rays which are then focused at left by a classical converging lens (CL).

(A color version of this figure is available in the online journal.)
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Figure 8. Optical bench in the laboratory showing from right to left the laser point source (LS) obtained with a spatial filter (microscope objective combined with a
pinhole screen), followed by a lens (C) that collimates the light rays into a parallel beam which enters the first point mass gravitational lens simulator (S1). Some of
the deflected rays then encounter the pinhole screen (PS) and enter the second optical lens simulator (S2). The outgoing light rays are finally focused by means of a

converging lens (CL) on the white screen (WS) set at the extreme left.
(A color version of this figure is available in the online journal.)

oty

Figure 9. Another view of the laboratory optical bench (see also Figure 8). In this case, the first point mass gravitational lens simulator (S1) has been somewhat tilted
with respect to the axis of the optical bench. By placing a white screen (WS) just behind the pinhole screen (PS), one sees the formation of a quadruply imaged source,
in accordance with the predictions made for the case of a point mass lens in presence of an external shear (Refsdal & Surdej 1994).

(A color version of this figure is available in the online journal.)
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Figure 10. In the case of perfect alignment between the source (LS), the pinhole (PS), and the optical lens (S1), set perpendicularly with respect to the axis of the
optical bench, the formation of an Einstein ring results (a) as seen on the white screen (WS) set between the pinhole (PS) and the S2 lens (cf. Figure 9). If we slightly
translate the S1 lens, along a direction transverse to the axis of the optical bench, the Einstein ring breaks in two lensed images (b). If instead we slightly tilt the S1
lens with respect to the axis of the optical bench, the Einstein ring breaks into four lensed images (c) (Refsdal & Surdej 1994).

(A color version of this figure is available in the online journal.)
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Figure 11. Inverted lensed images of the laser source on the white screen (WS) placed at the extreme left in Figure 8, for the case of a single (a) point-like source image
S and that of a double one (b). The double source was obtained by means of a beam splitter. The diameter of the spot(s) seen in (a) and (b) is approximately 2 mm. In
these two cases, the S1 and S2 lenses were set perpendicularly to the optical bench axis, slightly translated in opposite transverse directions and symmetrically placed

with respect to the pinhole (PS).

(A color version of this figure is available in the online journal.)

lens simulators like the one shown in Figure 5(b) (see
http://www2.ulg.ac.be/sciences/lentille/dp-lentilleweb.pdf). In
order to illustrate the principles exposed in the previous sec-
tion, we have thus decided to use two such optical lenses in the
laboratory: one (S1) to produce a mirage and the second one
(S2) to invert the resulting lensed images. The corresponding
ray-tracing diagram is shown in Figure 7, while the laboratory
experiment is shown in Figures 8 and 9.

Various experiments have been carried out in the laboratory,
by tilting (or not) and/or translating (or not) with respect to each
other the two optical point mass gravitational lens simulators
S1 and S2, also for the case of a double point-like laser source
image S. We have illustrated in Figure 10 some of the resulting
lensed images seen on the intermediate white screen (WS)
placed between the PS and the S2 lens (cf. Figure 9). Finally,
always keeping the S1 and S2 lenses parallel to each other
and symmetrically placed with respect to the pinhole, we have
observed the images formed on the WS placed at the extreme
left position on the optical bench for various configurations as
shown in Figure 8. In all cases, we either observe (see Figure 11)
the formation of a single point-like image or that of a double
one, in case the original source (LS) consisted of a double
point-like laser source. We have thus succeeded in inverting
the multiple lensed images produced by the S1 point mass
lens simulator into the original, single or double, laser source
image.

5. NUMERICAL SIMULATIONS

Matlab software applications have been developed to simulate
the propagation of light rays through two optical point mass lens
simulators like those used in the laboratory. The ray tracings
have been performed considering the refractive properties of
the optical simulators (shapes, refractive index n = 1.49, etc.).
Numerical two-dimensional and three-dimensional simulations
have been carried out for various tilts and translations of the S1
and S2 simulators, and also for different sizes of these lenses
and their positions with respect to the pinhole. Typical examples
of such simulations are illustrated in Figures 12 and 13. Such
simulations have been carried out for various source positions
as well as for the case of multiple point-like sources. In all cases,
the inversions by the optical gravitational lens simulator S2 of
the mirages produced by the simulator S1 have properly restored
in the focal plane of the CL, the original source images.

6. THE OPTIMAL GRAVITATIONAL LENS TELESCOPE:
DESIGN AND FUTURE PROSPECTS

We propose to directly invert an observed gravitational lens
mirage using an ad hoc optical instrument placed at the focus
of a large telescope as follows. The idea is first to extinguish
the direct light from the foreground deflector which might be a
galaxy, a star, a quasar, etc. as much as possible. To do so, we
center the light of the deflector on the mask of a coronagraphic
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Figure 12. Three-dimensional ray-tracing simulations performed with the Matlab software for the case of two similar optical point mass lens simulators (S1 and S2)
which centers have been properly aligned with the pinhole (PS). The two simulators have been kept parallel to each other but slightly tilted (10°) with respect to the

axis of the optical bench.
(A color version of this figure is available in the online journal.)
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Figure 13. Another example of three-dimensional ray-tracing simulations performed with the Matlab software for the case of the two optical point mass lens simulators
(S1 and S2) whose centers have been properly aligned with the pinhole (PS). The two simulators have been kept parallel to each other but slightly tilted (20°) and
translated along a transverse direction with respect to the axis of the optical bench. Note that one of the lenses (S2) is half as massive as the other one (S1) and placed
at half the distance with respect to the pinhole in order to provide an overall optimal gravitational lens telescope.

(A color version of this figure is available in the online journal.)

device. The mask could be either a classical Lyot one if the
foreground deflector is resolved or a phase mask like an annular
groove phase mask in case the deflector is point-like (Mawet
et al. 2005); see Figure 14. Just behind, a lens (C) collimates the
light rays from the observed mirage (a doubly imaged point-like
source for the case shown in Figure 14) and forms an exit pupil
of the telescope aperture where a Lyot stop is placed. The optical
point mass lens simulator (S2), or another ad hoc optical device
adapted to the specific mass distribution of the lens, then inverts
the mirage and produces two (or more) parallel beams of light
rays. Finally, a classical CL produces in its focal plane a single
image of the multiply imaged distant source. This is a possible

design for the optimal gravitational lens telescope which ideally
restores in its focal plane a single real and faithful image from
the direct imaging of a multiply imaged source.

As can be seen in Figure 14, only very small regions of the
lens simulator (S2 in the present case) are actually involved
in the lens inversion process. One could therefore think of
possibly replacing this lens simulator by a computer-generated
holographic lens or even a deformable mirror such that the
entropy of the recombined image in the focal plane of the CL gets
minimized. Conversely, one could use the lens model inferred
from the numerical lens inversion of a known gravitational
lens system to design the corresponding optical lens inversion
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Figure 14. Simple unfolded model of the optimal gravitational lens telescope.
It is here assumed that the astronomical telescope pointed toward a gravitational
lens system produces in its focal plane at right two lensed images (A and B) of
a distant source as well as the image of the deflector (D). The latter has been
centered on the Lyot or phase mask (PM) of the coronagraphic device shown
in this figure. The lens C collimates the light, forming also an exit pupil where
a Lyot stop is placed. The optical point mass lens simulator S2 then inverts the
observed gravitational lens mirage into two parallel beams of light rays which
are then focused at left by a classical converging lens (CL). A single image of
the original source, originally observed as a multiple imaged object, has thus
been restored in the focal plane of CL.

(A color version of this figure is available in the online journal.)

simulator. Direct imaging of the gravitational lens mirage with
such an optical device would then permit the direct observation
of the original source image as well as to possibly detect still
much fainter objects located behind and near the foreground
deflector. Compared to the numerical inversion method, the
sensitivity should be higher since the light from the source is
now concentrated on a smaller number of pixels compared to the
spread of the multiple images over a larger number of pixels.
This is especially true whenever the noise in the faint lensed
images is dominated by the CCD read-out-noise. Moreover, the
coronagraphic device removes the light from the deflector that
would otherwise be spread over the detector. As far as the final
angular resolution is concerned, we should select a pixel size
and/or adapt the focal length of the CL lens (see Figure 14) in
such a way that the most magnified image of the source is not
undersampled.

For the particular case of nearby stars, assuming that their
mass and distance are precisely known, one could directly design
optical lens simulators like those shown in Figure 5 and search
for very faint and distant background objects located behind
and near these stellar cosmic lenses. Note that some of the
cosmological lenses may turn out to have a complex structure.
For these, the corresponding optical lens inversion simulators
ought to be more sophisticated.

Many other applications might be envisaged.

7. CONCLUSIONS

In the present paper we have shown how Zwicky’s propo-
sition (Zwicky 1937a, 1937b) to use foreground deflectors as
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giant cosmic lenses could be directly achieved at the telescope,
using a phase mask coronagraph equipped with an ad hoc optical
lens simulator in order to invert in real time an observed grav-
itational lens mirage into its real source image. The resulting
optimal gravitational lens telescope is thus simply composed
of the cosmic gravitational lens producing the observed cos-
mic mirage, the observer’s telescope, and a coronagraphic lens
inversion instrument placed at its focus. Based upon the gravi-
tational lens modeling of known resolved mirages, it should be
straightforward to design the corresponding optical lens simula-
tors associated with the mass distribution of the corresponding
deflectors in order to directly invert the former ones at the tele-
scope. The use of such ad hoc instruments should allow one
to directly re-image the real source at much fainter levels as
well as to detect even fainter background objects located behind
and near the foreground deflector(s). We have the aim to design
and test such an instrument in the near future for the case of
the well-resolved quintuply imaged quasar SDSS J1004+4112
at z = 1.734 produced by a foreground cluster at z = 0.68
(Inada et al. 2003; Liesenborgs et al. 2009). We also intend to
test the use of deformable mirrors as well as computer generated
holograms in order to properly restore in the focal plane of the
optimal gravitational lens telescope the real image source(s) of
observed gravitational lens mirages.

The authors wish to dedicate the present work to the mem-
ory of Prof. Sjur Refsdal (1935-2009) who has been a pio-
neer in the field of gravitational lensing theory. Sjur Refsdal
has also been a very keen friend and collaborator. The au-
thors from the Liege University acknowledge support from the
Communauté francgaise de Belgique—Actions de recherche con-
certées—Académie Universitaire Wallonie-Europe and thank
the Faculty of Sciences (Liege University), in particular Prof.
J.-M. Bouquegneau, for making a mass production of gravita-
tional lens simulators possible. D.S. acknowledges the support
of a Humboldt Fellowship and H.Q. acknowledges partial sup-
port from the Belgian F.R.S.-FNRS during his sabbatical stay in
the Liege University and the FONDAP Centro de Astrofisica.
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Résumé

Ces vingt derniéres années, les détections de planétes extrasolaires se sont multipliées de maniére
exponentielle pour atteindre prés de 900 exoplanétes confirmées a ce jour. Ce nombre double tous
les deux ou trois ans. Les découvertes les plus récentes effectuées par la mission Kepler ont permis
de révéler deux exoplanétes de tailles similaires a la Terre, orbitant la méme étoile, et remplissant
toutes les conditions nécessaires pour étre habitables. Les techniques d’imagerie ont également fait
du chemin. Depuis la premiére détection directe en 2004, des images incroyables d’exoplanétes ont
été capturées au télescope dans des conditions favorables de séparation angulaire et /ou de contraste
modéré, grace a 'apparition et & 'amélioration constante des techniques d’optique adaptative et
de réduction de données. Dans ce contexte général, le besoin de techniques d’imagerie a haut
contraste et faible séparation angulaire ne s’est jamais avéré aussi criant. La coronographie joue
un role majeur car elle offre des outils qui rendent possible I'imagerie de planétes de tailles similaires
a la Terre, et qui essaient de répondre a ’éternelle question sur la présence éventuelle de vie en
dehors du systéme solaire.

Cette thése est consacrée au développement du masque de phase a sillons annulaires (AGPM),
un type de coronographe achromatique & vortex vectoriel, basé sur les réseaux sub-lambda. Con-
sidéré depuis plusieurs années comme une des meilleures solutions pour la construction de corono-
graphes de moyen infrarouge a faibles séparations angulaires, ’AGPM n’a jamais été validé jusqu’a
présent. Bien que plusieurs processus de fabrication soient possibles selon les matériaux et les
techniques de lithographie envisagées, ils sont souvent soumis & des contraintes extrémes. Dans
ce travail, nous explorons la faisabilité de microcomposants achromatiques a base de réseaux sub-
lambda, pour lesquels deux solutions technologiques sont envisagées: le quartz et le diamant.
En concentrant nos efforts sur 'option diamant, dont les propriétés uniques en font un candidat
de premier choix pour des applications de moyen infrarouge, nous avons réussi & développer des
lames demi-onde achromatiques pour le moyen infrarouge, optimisées pour permettre la fabrica-
tion de vortex de charge topologique 2. A la suite de cette expérience concluante, nous avons
poursuivi nos travaux et fabriqué plusieurs AGPM pour deux fenétres spectrales astronomiques,
les bandes N et L, et nous avons validé avec succés plusieurs AGPM de bande L sur un banc
de tests coronographiques, & I’Observatoire de Paris. Dans le dernier chapitre, nous relatons la
récente installation de nos composants sur trois caméras infrarouges de renommées mondiales,
VISIR et NACO au VLT, au Chili, ainsi que LMIRCam au LBT, en Arizona. Nous terminons par
la découverte et 'imagerie d'un compagnon stellaire & deux séparations angulaires d’une étoile de
type F.

Mots-clés: planéete extrasolaire — imagerie & haut contraste — coronographie a vortex vectoriel —
masque de phase & sillons annulaires — lame demi-onde pour le moyen infrarouge — réseau sub-
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Abstract

During the past twenty years, detections of extrasolar planets have flourished and grown expo-
nentially, reaching almost 900 confirmed exoplanets so far. This number is doubling every two or
three years. The most recent discoveries made by the KEPLER mission have revealed two Earth-
size exoplanets orbiting the same star, and fulfilling all the required conditions to be habitable.
Imaging techniques have also come a long way. Since the first direct detection in 2004, some
stunning exoplanet pictures have been captured at the telescope under special circumstances of
moderate contrast and/or angular separation, thanks to the advent and continuous improvement
of adaptive optics systems and data reduction methods. In this broad context, the need for high
contrast imaging techniques with very small inner working angles has never been so strong. Coro-
nagraphy has a key role to play in order to provide the means necessary for imaging Earth-size
planets, and try to answer the recurring question of the possible presence of life outside the solar
system.

The present thesis is dedicated to the development of the annular groove phase mask (AGPM),
a specific type of broadband vector vortex coronagraph based on subwavelength gratings. Consid-
ered for several years as one of the best solutions for building high-performance mid-infrared coron-
agraphs with small inner working angles, the AGPM has never been validated up to now. Although
various fabrication processes are available, depending on the substrates and micro-lithography
techniques considered, they often face extremely challenging constraints. In the present work,
we explored the feasibility of achromatic micro-components made out of subwavelength gratings,
for which two technological solutions are followed: quartz and diamond. As we focussed on the
diamond option, its unique material properties making it a prime candidate for mid-infrared ap-
plications, we managed to develop mid-infrared broadband half-wave plates, ideally optimized to
enable the manufacturing of charge-2 vortices. Following this success, we continued our devel-
opments leading to the fabrication of several AGPMs for two astronomic windows, the L and N
bands, and we successfully validated several L-band AGPMs on a coronagraphic test bench at the
Observatoire de Paris. In the last chapter, we expose the recent installation of our components on
three world-class infrared cameras, VISIR and NACO at the Very Large Telescope in Chile, and
LMIRCam at the Large Binocular Telescope in Arizona. We conclude with the very first on-sky
results of both N-band and L-band AGPMs, and the discovery and successful imaging of a faint
stellar companion at two beamwidths from an F-type star.

Keywords: extrasolar planet — high contrast imaging — vector vortex coronagraphy — annular
groove phase mask — mid-infrared half-wave plate — subwavelength grating



	Notations and acronyms
	Preface
	Are we alone in the universe?
	Objectives and outline of this work

	I The need for small inner working angle broadband coronagraphs
	A brief history of the hunt for exoplanets
	Starting the hunt
	Indirect detection
	Brave new Giant worlds
	The search for Earth 2.0
	Kepler: the great exoplanet harvest
	First exoplanets detected in the habitable zone
	Searching for biosignatures

	Direct detection: imaging Earth-like worlds
	High angular resolution
	High dynamic range
	The first images

	Conclusion

	An overview of coronagraph technologies
	The coronagraph tree of life
	Four major stellar coronagraph types
	Amplitude masks
	Amplitude apodizers
	Phase apodizers
	Phase masks

	Vector vortex coronagraph technologies
	Liquid crystal polymers
	Photonics crystals
	Subwavelength gratings: annular-groove phase-masks

	Current and future coronagraphic facilities
	Ground-based telescopes
	Space-based telescopes
	High contrast imaging capabilities

	Conclusion


	II The road to first manufactured broadband AGPM coronagraphs
	Achromatic subwavelength grating half-wave plates
	Diffraction by subwavelength gratings
	Scalar diffraction theory
	Rigorous coupled wave analysis 

	Subwavelength grating half-wave plates
	Zero-order gratings
	Effective-medium theory
	Achromatic wave plates
	Selecting a material: the overriding criteria

	Development of silica SG HWPs
	Silica optical properties
	Design and manufacturing
	Discontinuation of the silica option

	Development of diamond SG HWPs
	Unique material properties of diamond
	Publication: Design, manufacturing, and performance analysis of mid-infrared achromatic half-wave plates with diamond subwavelength gratings, C. Delacroix, P. Forsberg, M. Karlsson, D. Mawet, O. Absil, C. Hanot, J. Surdej, and S. Habraken


	A performance study of manufactured diamond AGPMs
	From half-wave plates to AGPMs
	Phase mismatch
	Intensity mismatch

	Design of diamond AGPMs
	Synergy between design and manufacturing
	Selection of optimal parameters
	Expected performances of manufactured mid-infrared AGPMs
	Downscaling to the near-infrared and visible regimes

	Manufacturing and metrology
	Manufacturing at the Ångström Laboratory
	Different metrology techniques

	Conclusion


	III Nulling the light: in the lab and on the sky
	Laboratory demonstration for the L band at the LESIA
	Motivations for the L band
	The need for an antireflective structure
	Optical coatings
	Antireflective gratings
	AGPM transmission performance
	Influence of the ghost signal

	Measured performance and comparison with theory
	Yacadire: the coronagraphic bench of the LESIA
	Adapting the bench to the L band
	Publication: Laboratory demonstration of a mid-infrared AGPM vector vortex coronagraph, C. Delacroix, O. Absil, P. Forsberg, D. Mawet, V. Christiaens, et al.


	AGPM first light at the telescope
	Preparing the device
	Centering marks
	Stress tests

	Validation of an N-band AGPM on VLT/VISIR
	Motivations for the N band
	VISIR upgrade: implementing new observing modes
	First coronagraphic test (and first light)
	Perspectives with VISIR-AGPM

	First light with an L-band AGPM on VLT/NACO
	NAOS-CONICA: a sharp ground-based imager
	Publication: L'-band AGPM vector vortex coronagraph's first light on VLT/NACO. Discovery of a late-type companion at two beamwidths from an F0V star, D. Mawet, O. Absil, C. Delacroix, J. H. Girard, J. Milli, et al.
	Perspectives with NACO-AGPM

	Installation of an L-band AGPM on LBT/LMIRCam

	Conclusion and perspectives

	IV Appendix
	Infrared materials optical curves
	Study of gravitational lensing inversion
	Publication: The Optimal Gravitational Lens Telescope, J. Surdej, C. Delacroix, P. Coleman, M. Dominik, S. Habraken, et al.
	List of publications
	Peer-reviewed journals
	Non-peer-reviewed journals and contributions to international conferences
	Bibliography







