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Far out in the uncharted backwaters of the unfashionable end of the Western Spiral arm of the Galaxy lies
a small unregarded yellow sun.

Orbiting this at a distance of roughly ninety-eight million miles is an utterly insignificant little blue-green
planet whose ape-descended life forms are so amazingly primitive that they still think digital watches are a
pretty neat idea.

This planet has — or rather, had — a problem, which was this: most of the people living on it were unhappy
for pretty much of the time.

Many solutions were suggested for this problem, but most of these were largely concerned with the move-
ments of small green pieces of paper, which is odd because on the whole it wasn’t the small green pieces of
paper that were unhappy.

And so the problem remained; lots of the people were mean, and most of them were miserable, even the
ones with digital watches.

Many were increasingly of the opinion that they'd all made a big mistake in coming down from the trees in
the first place. And some said that even the trees had been a bad move and that no one should ever have left
the oceans.

And then, on Thursday, nearly two thousand years after one man had been nailed to a tree for saying how
great it would be to be nice to people for a change, a girl sitting on her own in a small café in Rickmansworth
suddenly realized what it was that had been going wrong all this time, and she finally knew how the world
could be made a good and happy place. This time it was right, it would work, and no one would have to get
nailed to anything.

Sadly, however, before she could get to a phone to tell anyone about it, the Earth was unexpectedly de-
molished to make way for a new hyperspace bypass, and so the idea was lost, seemingly for ever.

D. Adams, from "The hitchhiker’s guide to the Galaxy", 1979
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Abstract

Direct detection and characterization of faint objectaiarbbright astrophysical sources is highly challenging due
to the large flux ratio and small angular separation. Foaims#, self-luminous giant planets are typically fithes
fainter than the parent star in the near-infrared. Evendrighntrasts of up to 16° are needed to reach the realm
of mature giant or telluric planets. To overcome this casttissue, dedicated instruments for large ground-based
telescopes such as SPHERE, GPI or EPICS for the future Eamelprtremely Large Telescope will use powerful
Adaptive Optics systems coupled with coronagraphs.

A coronagraph used in conjonction with AO system can imptbeesensitivity of an imaging system to faint
structure surrounding a bright source. These devices blekore of the image of an on-axis source and suppress
the bright difraction rings and halo that would otherwise reduce the dynaange of the imaging.

The state-of-the-art of coronagraphy has impressivelplead during the last ten years as the motivation of
detecting and imaging exoplanets, ideally down to Eakbfilanets. Coronagraphs are now able to provide a very
large on-axis exctinction as demonstrated in laboratonditmns. But their capabilities during sky observations
are damped by the large amount of residual phase aberrétimrere left uncorrected by the AO system. Although
coronagraphy is a mandatory technique to suppress on-axight and understood as a critical subsystem, a
coronagraph can only reduce the contribution of the cotigran of the light. Hence, their capabilities on sky are
in strong relation with AO fiiciencies.

The intent of our work is threefold:/ICompare a wide range of coronagraphs (the ones potentialhoped
for planet finder projects) through their sensitivity tocgrsources that occur in a coronagraphic Extemely Large
Telescope. Along this system analysis, we proposed for fhadixed Pupil Lyot Coronagraph (APLC) a way to
optimize its parameter space with respect to ELT charatiesi 2 Evaluate the fect of several aberrations on
the performance of a coronagraphic eXtreme Adaptive OfHé®©) and Differential imaging systems. The aim
of this analysis is to derive relevant informations to chessign coronagraphs for large ground-based telescopes.
3/ Develop several prototypes to be implemented on HOT, thé4digder Testbench developed at ESO, which in-
cludes star and turbulence generator to mimics realistiditions at a telescope. This enables realistic comparison
of coronagraphs coupled with AO system and will help to deralevant informations for choosing or designing
baseline concepts for ELTs. So far, we have developed de@managraph prototypes: Lyots, APLC, FQPM and
are currently working to enlarge this selection to otheriic& manufacturing of critical component is often an
issue, we successfully investigated new technology smiutr the manufacturing of the APLC apodizer (using
halftone dot process, the so-called microdots apodizeshstdering the satisfactory results of this approach, we
are extending this technology to new coronagraph develapiBand-limited and conventional pupil apodization,
for instance).
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Notations and acronyms

Al Aluminium

AO Adaptive Optics

APLC Apodized Pupil Lyot Coronagraph
APRC Apodized Pupil Roddier Coronagraph
AGN Active Galactic Nuclei

AGPM Annular Groove Phase Mask

BK7 near-IR optical glass

BL Band-Limited coronagraph

BL4 Band-Limited coronagraph™order
BL8 Band-Limited coronagrapHBorder

BM Binary Mask

CCD Charge-Coupled Device

CFHT Canada France Hawai Telescope
CONICA COude Near-Infrared Camera

Cr Chrome

CSL Centre Spatial de Liege

DI Differential Imaging

DM Deformable Mirror

DPM Disk Phase Mask

Dz Dual Zone coronagraph

ELT Extremely Large Telescope

EPICS Exo-Planets Imaging Camera and Spectrograph
ESO European Southern Observatory
E-ELT European-Extremely Large Telescope
FFT Fast Fourier Transform

FPM Focal Plane Mask

FQPM Four Quandrants Phase Mask

GEPI Galaxies, Etoiles, Physique et Instrumentation
GMT Giant Magellan Telescope

GPI Gemini Planet Imager

HOT High Order Testbench

HST Hubble Space Telescope

IAC Interferometric Achromatic Coronagraph
IR Infra-Red

IWA Inner Working Angle

JWST James Webb Space Telescope
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Notations and acronyms

LAM
LESIA
MACAO
MAS
MIRI
NACO
NAOS
NM
oD
oDC
OHP
ONERA
ovcC
OWA
OWL
PFI
PIAA
PIAAC
PKC
PO
PSF
PTV
PWS
RCWA
RIE
RMS
RTC
SHWS
SPHERE
SR
T™MT
TPF
Vis
VLT
VLTI
VNC
XAO
WEFS
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Laboratoire d’Astrophysique de Marseille
Laboratoire d’Etudes et d’Instrumentation en Astigpique
Multi Application Curvature Adaptive Optics
milliarcsecond
Middle Infra-Red Instrument
NAOS-CONICA acronym
Nasmyth Adaptive Optics System
nanometer
Optical Density
Optical Diferentiation Coronagraph
Observatoire de Haute Provence
Office National d’'Etudes et de Recherche Aérospatiale
Optical Vortex Coronagraph
Outer Working Angle
OverWhelmingly Large Telescope
Planet Finder Instrument
Phase Induced Amplitude Apodization
Phase Induced Amplitude Apodization Coronagraph
Phase Knife Coronagraph
Precision Optical imaging
Point Spread Function
Peak-To-Valley
Pyramid Wavefront Sensor
Rigorous Coupled Wave Analysis
Reactive lon Etching
Root Mean Square
Real Time Computer
Shack-Hartmann Wavefront Sensor
Spectro-Polarimetric High Contrast Exoplanet Bebe
Strehl Ratio
Thirty Meter Telescope
Terrestrial Planet Finder project
Visible
Very Large Telescope
Very Large Telescope Interferometer
Visible Nuller Coronagraph
eXtreme Adaptive Optics
Wave-Front Sensor



Introduction

Overcoming the contrast issue between bright astrophysicaices and sub-stellar companions is mandatory for
direct detection and spectroscopy of extra-solar plan&tse typical contrast is 10° in the visible range of
wavelengths and 18 in the near infrared. To improve performance of exoplanataees towards lower masses,
ideally down to Earth-like planets, deeper contrast ar@ eégquired. Hicient detection and characterization of
Earth-like planet would required a system capable of defigel0-1° contrast at less than 0.1".

Any forthcoming planet finder instruments for large grourased telescopes such as SPHERE or GPI [18, 61,
for 8-10 meters class telescopes] or EPICS for the future &®irs European-Extremely Large Telescope [E-ELT,
56] will use a combination of eXtreme Adaptive Optics (XAQs&m and a coronagraph. A coronagraph used in
conjonction with an XAO system can improve the sensitivityn imaging system to faint structure surrounding
a bright source. Hcient XAO systems are required to correct wavefront erraistd the atmospheric turbulence
while coronagraphs are designed to suppress or at leastatéthe starlight fliracted by the telescope. Although
their capabilities during sky observations are damped bylahge amount of residual phase aberrations that are
left uncorrected by the XAO system, motivation is strong tiegoie coronagraphic R&D activities to demonstrate
performance and properties in laboratory conditions.

The objective of this work is to assess the impact of systerarpaters on several coronagraph concepts and
to start a first order comparison in the context of ELTs. Weehsslected a few coronagraphs (or families) and
we evaluate the behavior of the delivered contrast witheetsio the main sources of degradations that occur in
a coronagraphic telescope at three levels of contragdtifftaction limited regime (i.e the limitation is set by the
diffraction of the pupil), 2considering the residual from an XAO system apdvBen a calibration of the halo is
performed by the use of aftirential imaging system (i.e the residuals are set by thie staerrations).

In the first part of this thesis, we briefly remind the contaxtl ghe solution of the exoplanet research field.
Families of coronagraph will be presented as well as theieat state-of-the-art. Major error sources that occur
in a coronagraphic telescope (more specifically extrenaetye telescopes) will be listed as well as the common
metrics used in coronagraphy to quantify the capabilityuzhsdevices.

Before starting any comparison in between coronagraphet, mby be possible to optimize for the application
(i.e ELTs) must be optimized as a fair comparison. Therefior@art I, optimization work will be address for
amplitude-type coronagraphs where we will demonstratestie coronagraph can operate with optimal config-
uration for ELTSs.

In Part Ill, a first order sensitivity analysis is performekere only the limitation imposed by telescope param-
eters are considered (i.e ideal case).

Part IV will then deal with more realistic conditions whenrapagraphs are combined with XAO system
and diferential imaging system. This will lead to some conclusitireg will allow to perform a preliminary
classification of coronagraphs with respect to scienceireents.

Since some coronagraphs can be implemented in cascade,deggora suitability analysis for one of them
(APLC) in Part V.

Finally, Part VI is dedicated to laboratory developments d®veloped several prototype of coronagraphs for
the High-Order Testbench and investigated new technolpgyacach for a critical component of the Apodized
Pupil Lyot Coronagraph.

Therefore, the work presented hereafter had for philosdploptimize, characterize, compare and indentify
promising designs, as well as develop prototypes to vemifglboratory therory and simulation predictions.
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Abstract - A large number of optical telescopes with apertures up to &€ers, the Very Large Telescope for
instance, have been commissioned and have provided higtiting scientific results that demonstrate the power
of combining new technologies with large telescope apesturAt the same time, new astrophysical challenges
to our knowledge and understanding of many astronomycatddpave already been defined and pushed for the
need of larger telescopes. Extremely Large TelescopessjEr& ground-based answer in this new area of fainter
objects, higher resolution. Since the discovery of thedixsiasolar planet (Wolszczah Frail 1992 [102], Mayor
& Queloz 1995 [70]), the field of extrasolar planet researcls keaploded and is still growing up. It has largely
contributed to the interest on the possible presence oblifiside our solar system. In this Part, we will make
a short overview of science background that drives the @steof these new telescope’generations. Extra-solar
planet detection and characterization technics will beedssed, and finally we will describe status of ELTS projects

that are in progress.
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Chapter 1. The need for high contrast resolution

1.1 Scientific drivers and requirements

1.1.1 Fundamental scientific motivation
ELTs will be fundamental tools for investigating a very widage of astrophysical topics such as:

e The "dark ages" when the first sources of light and the firstyh@tements in the universe formed. The
nature of 1st lights objects and theifexts on the young universe are among the outstanding opstianse
in astrophysics. In that sense, ELTs will work in synergyhwie first science of the James Webb Space
Telescope (JWST, providing targets for detailed study wsjtactrometers).

o Galaxies and large-scale structures of our universe frenishlights to present day, including the period in
which most of the stars and heavy elements were formed amgghthgies in today’s universe were assembled.

e Investigation into fundamental physics by studying massilack holes, for instance. Recent discoveries
under-light that black-hole formation and growth is clgstéd to the processes that form galaxies and
suggests that super massive black holes are at the centerssobr all large galaxies. ELTs will extend
our capability to detect and investigate central black fitcdecosmological distances. ELTs will paved the
road of a better understanding of fundamental constaniticars, structure of space-time, dark matter, dark
energy, direct measure of deceleration...

¢ Planet-formation processes and the characterizationtodi-ewlar planets. Extra-solar planets are of the
most exciting challenges to astrophysics for the next desat understand the physical processes that lead
to star and planet formation and to characterize the prigsest extra-solar planets. Planets on other stellar
systems are among the more enthralling topics for our ytiesignificant little blue-green planet. Ideally,
earth-like planet may become accessible.

Most of the science outlined hereabove assumes that testndévelopment and implementation capabilities
will proceed rapidly during the next decade.

1.1.2 Extrasolar planet detection

This is certainly the most popular astrophysical topics tizes a large favorable support from scientific and non-
scientific communty as well. Since the discovery of the fisdtasolar planet (Wolszczan & Frail 1992 [102],
Mayor & Queloz 1995 [70]), the field of extrasolar planet @®h has exploded and has grown up. This subject
implies the characterization and understanding of theqtéay formation in our Galaxy, the understanding of
planetary systems formation and evolution, characteozalf the planetary atmospheres, biologic markers search
and study, and ultimately to the search for intelligent life

1.2 Detection and characterization techniques

To tackle the dficulties of searching for planets, many methods have begyopeal. However, to date only five
methods have contributed to positive results. These arelynadirect detections (Doppler shift of the parent star
induced by the planet in its orbit, star occultation by thengl, pulsar timing and gravitational microlensing) and
recently direct detections: coronagraphy.

1.2.1 Indirect detection methods

Most of the discovered planets have been evidenced usiimgidnethods. In other words, for almost all planets
discovered so far, it has been done without any planet pBatollected on detector. Indirect detection methods
rely on the &ect of the planet on its parent star. Most of the known exagkhave been discovered, starting with
the first in 1995, using precise measurements of radial itgltwough spectroscopic observations. According to
Fig. 1.1, detection methods for exoplanets can be classiftedour categories:

e Dynamical d€fects (radial velocity, astrometry, timing and pulsar ptahe
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Figure 1.1: Detection methods for extrasolar planets fremyPnan et al. 2000 [77] updated in 2006 by D. Mawet

¢ Microlensing éfects (astrometric or photometric)
e Photometric signal (transits and direct imaging (see Fig), tadio emission)

¢ Miscellaneous #ects (accretion on star...)

More details on indirect detection methods can be found myRen et al. 2000 [77], for instance.

1.2.2 Directimaging methods: coronagraphy

Coronagraphy is a relatively young field in its first steps.hds only recently allowed imaging of exoplanets
(Chauvin et al. 2005 [32]) in quite favorable case of younstam for whom the companion is quite hot. Hence,
the flux ratio between the parent star and the companion wgsadew hundredths for a relatively large angular
separation. Coronagraph can be defined as an instrumersttivas to control the dliracted light from a bright
astrophysical object to image fainffeaxis companion in its close environment. A coronagrapthésefore a
starlight suppression device designed to reduce the anstadlight as much as possible by preserving thiexis
companion signal. Its ability to do so in the close environtr&f the parent star is a major issue. All of the
last ten years’ coronagraph concepts strive to search &idésal one. Nevertheless, at this time, none of them
can simultaneously present all of the main high imaging remttrequirements. In Chapter 2, major coronagraph
concepts are presented, and in Chapter 3 constraints thats@icted high contrast imaging capabilities of these
devices are presented as well.
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Chapter 1. The need for high contrast resolution

2MASSWJ1207334-393254

i

P

~ 778 mas
55 AU at 70 pc

The Brown Dwarf 2M1207 and its Planetary Companion The Star AB Pictoris and its Companion
(VLT/NACO) = (VLT/NACO)
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ESO PR Photo 14a/05 (30 April 2005) oeso MM ESO PR Photo 14d/05 (30 April 2005) oEso I

Figure 1.2:Left The brown dwarf 2M12067 and its planetary companierb(M;), image based on three near-
infrared exposures with the NACO AO facility at the 8.2 m Vidldscope Right Coronagraphic image of AB
Pictoris with its companion. Image obtained with VLT-NACGing a 1.4 arcsec occulting mask.

| Extrasolar Planets Catalog |

#rom the Exbrasolar Planets Encyclopaedia
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Figure 1.3: The 5 extrasolar planets discovered so far, lctlimaging technique. Image from the Extrasolar
Planets Encyclopedia: htfgexoplanet.elcatalog.php.

1.3 Ground-based observations: the need of ELTs

1.3.1 ELTs opportunities

The discovery of 2M1207b and AB Pic b (Fig. 1.2), for instgres@dence that using the state-of-art instruments on
the most advanced facilities can provide direct imagesarigiary companions and at the same time many promis-
ing ground-based projects were proposed and are curremiigridevelopment like SPHERE at the VLT (Beuzit
et al. 2007 [19]) or GPI (Macintosh et al. 2006 [61]). HoweVarger telescopes are desirable to improve perfor-
mance of exoplanet searches towards lower masses andafmgdar distances, ideally down to Earh-like planets.
Several concepts of Extremely Large Telescopes (ELTs)eirnglstudied worldwide (European-Extremely Large
Telescope (E-ELT), Thirty Meter Telescope (TMT), Giant M#gn Telescope (GMT), for instance). Generally
speaking, ELTs are wide field adaptive optics assisteddefes with segmented large primary mirror, using active
secondary mirror and built in a middle altitude site striyio reach diraction limited performance by allowing
fast instrument changes.

The first obvious but critical issue for telescopes is thapabilities to collect a large amount of light. As the
amount of light collected goes up, the amount of informatiwat can be extracted goes up as well. Obtaining
light from very faint objects is one of the principal motiwats for developing larger telescopes. For instance,
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1.3. Ground-based observations: the need of ELTs

important informations can be extracted from spectra (¢ba@incomposition of objects...) while spreading light
into a spectrum dilutes the intensity of light on the deteatod as a result the amount of collected light is even
more critical. Hence, through the large increase in theectiig area, ELTs will enable the spectroscopic study of
objects that are beyond the accessibility of any curreastape.

The second major issue is the achievable angular resolEmmnany telescope mirror the limit of the angular
resolution is determined through the diameter (D) of thesebpe and the wavelength) ©f the light used. The
angular image size is proportional igD so in principle, large mirrors can produce smaller and strairpages.
However, in the precise case of ground-based observatieratinospheric turbulence blurs the images and pre-
vents this limit from being reached. In the same time, regeats have seen improvement of Adaptive Optics (AO)
technology. AO is a powerful but complex technique thatesito provide real-time correction of atmospheric
blurring, allowing high angular resolution to be obtaindthis increase of angular resolution is crucial for many
sciences interest areas in astronomy such as reflectadeigan or terrestrial planets detection (Fig. 1.4).

ontrost ot 1.65 pem

Figure 1.4: Contrast requested at Ju66(H band) as function of the angular separation féifedent planet types
(From Macintosh slides 2006)

Observational science band

Ground-based observations are limited to visible and iafféands owing to atmospheric transmission windows.
In the precise case of planet detection, light from the glaae be divided from the starlight reflected by the planet
(from visible to near-infrared) and the own planet thernmaission (medium-infrared). Both depends on the size,
distance, phase and atmospheric composition of the plahetnear-IR commonly used bands (J, H, K) are set by
the transmission of the atmosphere (and are somewhat water dependent). In visible, the resolution is more
appropriate to planet detection: a planet at 0.1 arcsecdtihdan8 meter telescope is localized at/® while at
10um planet is inside the first airy ring (014D). However, AO systems are moréieient in near-infrared while
phase defects are less critical {1aw). Even if thermal background noise matters more, intta¢infrared planet
contrast orbiting its parent star is more favorable tharisible (1& versus 18 for a Jupiter planet, Fig. 1.5).

1.3.2 Project planning& strategy

In this Section we will shortly describe the status of theeéhmain concepts of future ELTSs that are in progress
worldwide: Giant Magellan Telescope (Johns et al. 2004 [GHBI), Thirty Meter Telescope (Nelson et al. 2006
[TMT, 72]) and European-Extremely Large Telescope (Dlexiet al. 2004 [E-ELT, 35]).
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Figure 1.5: Contrast requirement as function of the wawgterfior Jupiter-like detection (left) and Earth-like
detection

GMT

GMT comes from a collaboration between Carnegie, Harvard{iSonian, University of Texas at Austin, Texas
A&M, MIT, Michigan & Australian National University. It shold be built at Las Campanas in Chile, and first
light are planned for 2016-2017. The estimate budget is 5$0IMFig. 1.6, the GMT design is shown. GMT will
have a segmented primary mirror consisting of six 8.4 mefeaxis circular mirrors arranged in a hexagon-like
shape. A seventh 8.4 meter mirror in the center will be olottidi The GMT optical design will use an aplanatic
Gregorian configuration with a concave secondary mirroe 3égments allows a very fabt0.7 primary mirror
focal ratio permitting an overall compactness of the GMTicture and reducing the size of tfi¢g8.0 secondary
mirror and instrumentation. For more informations, see GNMEDbsite: http/www.gmto.org. Six first generation
instruments are planned, including:

¢ Visible multi-object spectrograph

Visible high resolution spectrograph

¢ Near-IR multi-object spectrograph

Near-IR imager combined with XAO

Near-IR high-resolution spectrometer

IR imager/ spectrograph combined with AO system

T™MT

TMT comes from a collaboration between Caltech, Califotdidversity and Canada consortium. The proposal
for construction is ready and will start in April 2009. Fitgght is planned for 2016-2017. Possible sites are in
Chile, USA and Mexico. The estimate budget is 750 M$. In itsent design (see Fig. 1.7), the TMT will be
a 30 meter alt-az Ritchey-Chretien telescope with 492 satgren the primary mirror and an active secondary
mirror with a final focal ratio off /15. For more details, see the TMT website: Kftmt.org. Six first generation
instruments are planned, including:

¢ IR spectrometer imager
e Large scales optical spectrometer

¢ IR multi-objet spectrometer
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Figure 1.6: Artist view of the GMT

¢ IR high resolution spectrometer
¢ High resolution optical spectrometer

e High contrast planet imager

E-ELT

E-ELT is a European project leads by ESO and supported by ecorityractivities (FP6 and FP7). Earliest con-
struction starts early 2010 and first light is planned in 20R@ssible sites are in Chile, Argentina, Morocco and
Spain. The estimate budget is 900 M$. In its approved desigm Fig. 1.8, the E-ELT is a 42 meter segmented
primary mirror telescope with 1148 segments. The seconahémpor is fully active of 6 meters and the whole
design is a 5 mirrors configuration. For more details, seeetd T website: http/www.eso.orgprojectge-elf.
First generation instruments are planned, including:

e Near-IR multi-integral field unit spectrograph combinedhwAO
¢ High resolution and stability visual spectrograph

e Planet imager and spectrograph

¢ Single integral field unit wide spectral band spectrograph

¢ IR camerd spectrograph

Figure 1.7: View of the TMT
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Figure 1.8: Mechanical view of the E-ELT
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Chapter 2. State-of-the art of Coronagraphy

Abstract - Coronagraphy was introduced by B. Lyot in the 1930’s for salaplication. Since that time, the
concept has evolved to stellar application. A coronagraphn instrument that strives to control thefiicted
light from a bright astrophysical object to image fairnff-axis companions in its close environment. Recent years
have seen intensive research and development of new higtasbimaging coronagraph concepts. Most of them
have been studied from a theoretical point of view while softieem have been developed and tested in laboratory
conditions. Only a few of them have been implemented onlaeteacopes and provided scientific results. In this
Chapter, principle, concepts and status of the coronagydisid will be presented. Finally, concepts analyzed
through this thesis will be listed.
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The term high contrast imaging (HCI) refers to a large nunatbeptical techniques combined by one common
aim. This aim is detection and imaging of faint objects (pkzn planetary disks, companions etc.) against the
background formed by scattered anémicted light from the parent star. Generally speaking theegwo char-
acteristic inputs of this task: first is that the backgrowthuch brighter than the object (typically thdétdience
is 4-5 orders of magnitude), and second, that the faint oigdocated relatively close to the star (as close as 20
mas angular separation). The purpose of HCl is to suppressdhlight in the area of the expected planet location
with minimal suppression of the planet light.

All high contrast imaging techniques are divided into twoimgroups according to the optical principle of
light suppression. In nulling interferometry the light llected in several pupils, the phaséset between which
equalsr for the on-axis beam (from the star). Th&i@ency of nulling is defined by number of pupils and the
accuracy of the phasefeet. The nulling interferometry is mosffieient for the long wavelength (mid infrared,
6-18:m). The complementary technique for the shorter waveleqgsible and near infrared) is coronagraphy.
In coronagraphy star light collected in single pupil is stggsed in the image plane. The latter can be achieved
by light absorption (Lyot coronagraphy), light destruetimterference (phase mask coronagraphy, interferometric
coronagraph and Lyot coronagraphy as well), or virtuallyharging the shape of the star PSF by reshaping the
complex field in pupil (pupil apodized coronagraphy). Thenbination of the techniques as well as optical way
to perform the light suppression result into a long list ofaragraphs, which is still growing.

Inits classical sheme (see Fig. 2.1), a coronagraph is aicatidn of a low-frequencies filter (the coronagraph
mask placed in the first focal plane) with a high-frequenfiiess (so-called Lyot stop placed in the second pupil
plane). The light distribution in the relayed pupil (secqugil plane) is diferent than in the input pupil. The light
is diverted outside the geometric pupil. The action of thetlstop is precisely to select the geometric pupil (most
of the time smaller) in which the on-axis starlight is reggtt Downstream, an image of the field can be formed
with the starlight attenuated. In contrary, affi-axis object (companion) missing thé&ext of the coronagraph
(low-frequencies filter) has its pupil unaltered and ism&ged in the final detector plane.

Diffracted light

Off axis source

J

V/

i/l

-

Telescope pupil

Detector

Foecal mask {low-frequencies filter - R
) L_vm stop '}]Ig}] Irequencies filter

Figure 2.1: Classical sheme of the coronagraphy principle

Coronagraph concepts can be divided into four main faméesording to the optical principle of light sup-
pression: multiple beams type (rejecting the light by ifgence beam combination at a beam splitter), pupil
apodization (playing with light into a confined region of tineage plane), amplitude mask and phase mask (light
absorption or destructive interference in a sequence afi€ospatial filters in the image and exit pupil plane). In
the following, we describe the main coronagraph conceptsiddsly, it is a non-exaustive list.
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Chapter 2. State-of-the art of Coronagraphy

2.1 Coronagraph general formalism

A common formalism can be used for a wide number of corondgaghe so-called focal plane coronagraphs.
Here, we briefly describe this formalism while in the nextteercoronagraphs will be presented.

In the following, for the sake of clarity, we omit the spati@ordinates andp (for the pupil plane and focal
plane respectively). The coronagraphic process, correpg to propagation from the telescope entrance aperture
to the detector plane, is expressed in Eq. 2.1 to 2.5. PlanBs®@ and D correspond to the telescope aperture, the
coronagraphic focal plane, the pupil stop plane and thect®tplane respectively. The general setup is illustrated
in Fig. 2.1.

e \We denote by P the telescope pupil.
e The focal plane mask (FPM, hereafter) transmissiondssM whereM described the mask function.
e The Lyot stop is denoted.

The coronagraphic process can be easily described usisgjeaaFourier propagator (i.e a Fourier transform exists
between each of the four planes). The Fourier transform ahation f is notedf. The symbol® denotes the
convolution product. The expression of the complex amgét@) in the successive planes A, B, C and D are:

In the pupil plane:
Ya=Po (2.1)
The complex amplitude of the star is spatially filtered (lsaguencies) by the FPM:
Yg =Yax[1-eM] (2.2)

The exit pupil image is spatially filtered (high frequengieg the stop:

Yo =gp XTIl (2.3)
vc = [Ya—epa®M] xII (2.4)
The coronagraphic amplitude on the detector plane becomes:
Yo = e = [Ya— alaM] ®TI (2.5)
The dfect of a coronagraph therefore appearsin Eq. 2.4:

e The first term corresponds to the wave of the entrance pupil.

e The second term corresponds to the wav&atted by the mask for which the lightftiacted outside the
geometric pupil in C has been removed.

Ideally a coronagraph cancel the on-axis starlight whigsprving the light from anf-axis source. Therefore,
for a star the two terms in Eq. 2.4 must interfere destrulstmile for the companion the second term only must
cancels.

2.2 Amplitude-type coronagraphs

2.2.1 Lyot coronagraph

The first amplitude coronagraph is the Lyot coronagraph{@39 [60]) initially used for the solar corona study
(Fig. 2.2), could get a new interest on ELTSs since these kmigscopes relatively relax the constraint on the IWA.
This device is a circular disk with no transmission insidephysical area. The diametof the device depends
on the application (performance requirements with resfoettte IWA constraint).
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Figure 2.2: First utilization of the Lyot occulter for solemrona studies

2.2.2 Apodized Pupil Lyot Coronagraph

The apodized pupil Lyot coronagraph (APLC) is a direct inyeroent of the Lyot coronagraph (Aime et al. 2002
[9]); (Soummer et al. 2003 [89]). The APLC combines a vaealldial transmission mask in the pupil plane with
a small Lyot mask of the focal plane of the instrument, andesrto adapt the infinite support of the PSF to the
finite support of the Lyot mask by reducing the PSF wings. Asafathe energy conservation is concerned, the
central core of the apodized PSF gets larger. This concdigieviurther detailed and analyzed in Chapter 5 where
we will investigate the possibility of optimizing the apadi/Lyot mask couple in regards of ELTs specificities.

Figure 2.3: Amplitude function of an apodizer for APLC in 3Bff) and 2D (right) representation.

2.2.3 Multi-stage Apodized Pupil Lyot Coronagraph

Using the properties that the relayed pupil is apodized astitrance aperture, the APLC can be implemented
in cascadeAPLGC,, Aime et Soummer 2004 [7]) using only one apodizer (in the fitgil plane) and successive
Lyot mask €) in n focal planes. The goal is therefore to produce deeper pedoce or relax IWA (i.e make a
selection of smallern) Lyot masks reaching the same rejection rate in cascade ARG 1 stage with a larger
Lyot mask diameter). A dedicated chapter (Chapter V) wilbbdressed on the suitability of the APLC cascade
configuration.
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Chapter 2. State-of-the art of Coronagraphy

2.2.4 Band-Limited coronagraph

As the APLC, Band-limited coronagraphs (BL) proposed by lkher et al. 2002 and 2005 [59, 58]. are direct
improvement of the Lyot coronagraph. The principle is tatlithe Fourier transform of the focal plane mask on a
finite support. These are occulting mask which have maskeshagetions that are band-limited in a Fourier sense
(Fig. 2.4). In other words, the Fourier transform of such ksaare band-limited. In perfect case, Band-limited
coronagraphs can provide a perfect cancellation of an @nlight. This concept will be further detailed and
investigated in Chapter 6.
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Figure 2.4: Example of band-limited functions. Image fronckner et al. 2002 [59]

2.3 Phase-type coronagraphs

2.3.1 Roddier Coronagraph

Proposed by Roddier & Roddier (1997) [82], the Roddier cagyaph (DPM hereafter, Disk Phase Mask) is the
first concept using a phase shift instead of an amplitudecagpron the mask in the focal plane. The principle is
to change the sign of the complex amplitude by introducingpdase shift in some area of the focal plane. The
7 phase shift is physically produced with a retardation ofvlawe at the focal plane by adding an optical path
difference in the mask area. The thicknes$ the mask is given by the following relation:

2(n; —e=kt (2.6)

with n, the optical index of the layen the wavelength ank the order. Since the mask has a circular geometry,
the size of the device is calculated to balance the compleliturde with positive and negative values. In other

words, the size of the mask is calculated to provide an erptadn of the complex amplitude inside and outside
its physical area. The phase shift of half of the complex @b results in a destructive interference occurring
inside the relayed pupil downstream of the focal plane. Faraular aperture with no obscuration, the radius of

the mask is 0.53/D.

2.3.2 Four Quadrants Phase Mask

The four quadrants phase mask (FQPM) was proposed by Ro@hn2&00 [83] to solve the wavelenght depen-
dence of the DPM regarding its size (geometrical chromatidine nulling process is similar to that of the DPM
(destructive interference occurring inside the relayegilmownstream the focal plane) but the geometry of the
device is fully diferent. The airy pattern is divided into four parts andghase shift is applied to half of them. In
other words, the focal phase mask, shifts two out of the foadgants of the image by
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Figure 2.5: Some phase-type coronagraph designs, froto lefht: DPM, FQPM and AGPM (image from Mawet
et al. 2005 [68])

The FQPM has been tested in the laboratory like a lot of otbhecepts and it has been successfully installed
and combined with Adaptive Optics system on a ground-basleddope (Boccaletti et al. 2004 [27]) and has
provided scientific results (Gratadour et al. 2005 [44])a(Rl et al. 2006 [80]).

2.3.3 Achromatic Phase Knife Coronagraph

Proposed by Abe et al. 2001 [4], the achromatic phase knifenagraph (PKC) is an achromatic version of the
FQPM where ther phase shift is performed in two steps. The idea is to sepapatitally the wavelength in order
to apply a space-variant phase shift. In practice, the pblaifecan be implemented in the form of a prism with
linearly increasing OPD along one axis. Prototype has begaldped and tested in the lab (Abe et al. 2003 [2])
but in a monochromatic version. With affdirent optical design (using assembly of plates witfiedent indexes
instead of dispersive elements) it was tested on sky witholieving the expected results.

2.3.4 Annular Groove Phase Mask

The annular groove phase mask (AGPM) was proposed by Mavedt 8005 [68]. It is an achromatic solution
derived on FQPM concept. It consists on an optical vortended by a space-variant surface relief sub-wavelength
grating. It is made up with of a concentric circular surfaebef grating with rectangular grooves of deftland
equally separated by the periad The period being smaller than the wavelength, this gratirmgtually a space-
variant ZOG (Zero Order Grating). The period of such devicgdfficiently small to avoid any diraction of order

up to 0 and by carefully controlling the geometry of the grgtstructure 4, h and the width of the grating ridges)

it makes therefore the phase shift achromatic. Tlfedintial phase shift is induced between the local polaoaat
components of the incident light. The AGPM behaves exaiittydn achromatic FQPM except that the horizontal
and vertical phase transitions are removed (blind zonelsgréffore, the stellar environment is not attenuated by
thesed/D-width dead zones. The AGPM has exactly the same perforenand limitations as any achromatic
FQPM. The manufacturing feasibility of AGPM is under evdioa.

2.3.5 Optical Vortex Coronagraphs

The optical vortex coronagraphs (OVC) proposed by Palatias 2005 [76] are focal plane vortex phase masks
as the AGPM. In polar coordinates, ¢), the mask phase is equalit®, wherem is the topological charge. The
AGPM coronagraph corresponds to the vortex phase of tofmabgharge of 2. The topological charge directly
dictates the null depth order of the concefstiaw dependency for a topological charge of 2 and so). Therorde
of the null rules the mask sensitivity to low-order abeas near the optical axis and hence in practice directly
impacts on aberrations level and pointing errors requirgme
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2.3.6 Dual Zone Coronagraph

The dual zone coronagraph (DZ) proposed by Soummer et al3 ) is an achromatic version of the DPM.
The achromaticity is obtained by combining circular phasesks with diferent sizes and fierent thickness.
Prototypes were manufactured and are under testing by theratire d”Astrophysique de Marseille (LAM).

2.3.7 Apodized Pupil Dual Zone Coronagraph

The apodized Pupil dual zone coronagraph (APRC, initidlly Apodized Pupil Roddier Coronagraph) is an im-
proved version of the DZ where the entrance pupil is apodiaexthieve a deeper rejection rate (Soummer et al.
2003 [90]). This concepts is also under further investaeatiby LAM. Prototype is currently under laboratory
experiment at LESIA with DZ provided by LAM and apodizer pided by R. Soummer.

2.3.8 Optical Differentiation Coronagraph

The optical diferentiation coronagraph (ODC) proposed by Oti et al. 20@ §bmbines a phase mask and
amplitude mask and it is adapted from a wavefront sensingequn

2.3.9 Multiple stage configuration

A wide number of phase mask can be used in cascade configuwatioin the first order the intent to reach deeper
starlight attenuation. So far, only the multiple-stage MJtas been studied (Baudoz et al. 2007 [15]) and test in
laboratory conditions. This concept is also consider inERCS consortium since cascade configuration of the
FQPM reduces its sensitivity to the central obscurationyelkas providing an achromatic behavior.

2.4 Multiple beam concepts

2.4.1 Achromatic Interferometric Coronagraph

The Achromatic Interferometric Coronagraph (AIC) progbbg Gay et al. 1997 [39] and Baudoz et al 2000a,b
[16, 17] has also been tested on ground-based telescope (CBHH) using adaptive optics system. On the con-
trary to the other concepts discussed hereabove, the Aifrissically totally achromatic. However, this concepts
has got its own intrinsic drawbacks: maintained the OPD asgimmetries images (each companion gives two
images). The last limitation has been solved by the proposadept of the Hybrid Interferometric Coronagraph
(Baudoz et al. 2005 [14]) whom avoids the 180 deg ambiguityndiple is schematically described in Fig. 2.6:

e Two identical telescope beams are created.
e One of them isr dephased and rotated.

e The two beams are recombined in the focal plane.

Assuming that the central PSF is centro-symmetric, Starlgyperfectly cancelled.

An off-axis source produces 2 equally brightimages in the focadel

2.4.2 Visible Nulling Coronagraph

The visible nulling coronagraph proposed by Mennesson. 2@03 [VNC 71] is indeed equivalent of a double-
Bracewell interferometer. Two successive shear in peripatad directions (X shear and Y shear) produce 4 beams
that yield to a &' order null in the pupil plane when combined. The order ndéréo the way coronagraph” trans-
mission evolve (as a power 6f whered is the angular separation from the optical axis). Therefivamsmission

of the VNC varying ag*. Due to wavefront mismatches between the 4 beams, a sphédhfj stage using an
array of single-mode waveguides is necessary to furthgarssp the stellar residual light.
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Figure 2.6: AIC shematic principle. Image from P. Baudoz

2.4.3 Pupil Swapping Coronagraph

The pupil swapping coronagraph proposed by Guyon et al. PiH)@onsists on a pupil plane mask that subdivides
the entrance pupil into four sub-pupils. A successive nudigainst X swapped copy of the first four sub-pupils
and Y swapped copy of the resulting after nulled with the Xsmed copy yield a fourth order null.

2.5 Pupil Apodization

2.5.1 Conventional Pupil apodization and Shaped-Pupil

Conventional pupil apodization and Shaped pupil strive talify the airy pattern using an amplitude mask in the
pupil plane. These amplitude masks are either continu@aesjinot et al. 1964, Nisenson et al. 2001, Gonsalves
etal. 2003, Aime 2005) [51, 73, 43, 6], or binary (Kasdin et24l03, Vanderbei et al. 2003a & b, Vanderbei et al.
2004) [55, 98, 99, 97, 6] (see Fig. 2.7). Apodization can Ise groduced using Mach-Zehnder type pupil plane
interferometry (Aime et al. 2001 [8]) which was recently@stigated (Carlotti et al. 2008 [29]).

2.5.2 Phase induced Amplitude Apodization Coronagraph

The Phase Induced Amplitude Apodization Coronagraph (FIA#as been proposed by Guyon et al. 2004 [47].
Using two mirrors, it achieves an achromatic apodizatiotheftelescope pupil with a geometric redistribution of
the light to allow a 100% throughput and no loss of angulasltd®n. This apodization dliers from the one of the

APLC since it concentrates most of the energy inside a siiffieiction peak. The energy inside this peak is then
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Chapter 2. State-of-the art of Coronagraphy

Figure 2.7: Example of shaped pupil coronagraph (binraxy)roptimized by L. Abe for a 30% central obscuration
pupil using code based on Vanderbei et al .2003 [98]

occulted by a Lyot mask placed in the focal planefticeently remove star light. To remove thé&-@xis wavefront
distortion introduced by the pupil remapping, the beam ispedized after the occulting mask.

PIAAC can be used as an imager (PIAA, see Fig. 2.8) proposédaiuypn et al. 2003 (originally before the
PIAAC) [45] where the detection occurs directly in the firetél plane after the beam remapping. The PIAA
concept is under intensive laboratory development for thtea8u telescope by O. Guyon.

Phase Induced Amplitude Apodization

|

\ / Pt et
B

Focusing element -8

PIAA exit pupil

Focal plane

Figure 2.8: Shematic representation of PIAA principle friga]

2.5.3 Phase Induced Zonal Zernike Apodization

The phase induced zonal zernike apodization (PIZZA) preghy Martinache et al. 2004 [64], achieves the pupll
amplitude apodization using phase contrast technique eaynused in microscopy or strioscopy (to control
optics quality polishing). As the PIAA, there is no loss dif-axis resolution and high throughput.

2.6 Status of the coronagaphy approach

The list of coronagraphs presented above is not exhausiivedsically it is quite representative of most actual
important concepts. In Table 2.1, status of these coropagraoncepts is resumed. One can see that these last
years has been fruitful in term of laboratory developmehtswever, sky observations are still limited to a few
number of concepts.
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Table 2.1: Status of the coronagraphy state-of-art

Coronagraph type State of art

Laboratory tests Sky observations Scientific results
PHASE TYPE
Roddier coronagraph vis./ near IR - -

Four quadrant phase mask vis./near & mid IR | near IR yes
Achromatic phase knife coronagraph | vis. Vis. -
Annular groove phase mask - - -
Optical vortex coronagraph Vis. -

Dual zone coronagraph near IR - -
Apodized pupil Roddier coronagraph | near IR - -
Optical diterentiation coronagraph - - -
AMPLITUDE TYPE

Lyot coronagraph vis./ IR vis./ IR yes
Apodized Pupil Lyot Coronagraph vis./near IR IR -
Apodized Pupil Lyot Coronagraph (n) | near IR - -
Band-limited coronagrapH¥order vis. - -
Band-limited coronagrapH®Border Vis. - -
INTERFEROMETRIC TYPE

Achromatic interferometric coronagraphvis. / near IR near IR yes
Visible nulling coronagraph Vis. - -
Pupil swapping coronagraph - - -
PUPIL APODIZATION

Pupil apodization and Shaped-pupil | vis. - -
Phase induce amplitude apodization | vis./near IR - -
Phase induced zonal zernike apodizat|on - -
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2.7 Scientific results on the sky

Even if the last ten years have been rich in new coronagragiricepts, only a few part of them have been
developed and tested in laboratory conditions. The numbeorcepts implemented on telescopes is then really
small. So far, only a small number of coronagaph has provédeshtific results.

In this part, | will briefly present some sky results (not exsiive list, of course) which are assumed to be
representative of the actual possibilities of such devidéss part will also be an opportunity to recall that even
if the ultimate goal of coronagraphy (at least in the backgoof this present thesis) is the direct detection of
exo-planets (ideally down to earth-like planet), coroagygrcombined with AO system can be a powerful tool for
many other astrophysical targets as binary stars, ciraitastisk or AGNSs.

2.7.1 Binary stars

Images on Fig. 2.9 (left) were obtained at the ESO Very Lagjestope using a FQPM coronagraph (Boccaletti
et al. 2004 [27]) in 2004 on NACO (Rousset et al. 2003 [84B,itkear-IR camera with adaptive optics at UT4. The
FQPM was optimized for th& band. HIP 1306 is classified as a binary stdigparcoscatalogue). The angular
separations of components are 0.128" and 1.075" with madmiditerences of 1.6 and 3.5 respectively.

An other example (Fig. 2.9, right), has been obtained witH@ @audoz et al. 2000 [17]) on the 1.52 meter
OHP telescope in K band. The angular separations of the twipoaents are 0.11" with magnitudefdrence of
3.5.

These two example shows the interest of coronagraph categt allow small IWA. Angular separations
correspond to inaccessible area for Lyot coronagraphn&iance.

05"
N-§ Direction
- =

Figure 2.9:Left HIP 1306 PSF and coronagraphic image (FQPM). Images froocdetti et al. 2004 [27].
Right Image from Baudoz et al. 2000 [17] obtained with an AIC at OHP

2.7.2 Low-mass companion

In Boccaletti et al. 2008 [23], it is demonstrated that cagnmaphic observations of AB Doradus C can be more
efficient than direct imaging, by improving contrast but mor@dmantly by providing a better photometric esti-
mation. These observations were carried out as part of a ¢ssioning run of a new version of a coronagraph
(FQPM) at the ESEVLT using the AO-assisted near-IR camera NAOS-CONICA.

2.7.3 Circumstellar disks

Several circumstellar disks around relatively young stege been discovered, most of them owing to the capa-
bilities of a Lyot coronagraph (Smith et al. 1984, Jayawardhet al. 1998, Augereau et al. 1999 [87, 52, 12]).

In Fig. 2.10, a thick dust disk and a candidate star compamioe been discovered around PSD 70 (Riaud et al.
2006 [80]).
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Figure 2.10: Final image of PDS 70 after data processingrudavith the VLT NACO adaptive optics combined
with a FQPM which improve the dynamic range while presentirghigh angular resolution. Image from Riaud
et al. 2006 [80]

Figure 2.11:Left NGC 1068,Ks band with NACO, without FQPMRight reference subtracted coronagraphic
image of NGC 1068 in log-scale representation. Images froata@our et al. 2005 [44]

2.7.4 Extragalactic sources

In Fig. 2.11 Gratadour et al. 2005 [44] demonstrates theastef coupling coronagraphy (FQPM, for instance)
with AO system to study the close environment of the core @afriog active galactic nuclei (AGNs). This new
approach allows to look for new structures that would otheswe hidden by the PSF core. The FQPM avoids
saturation and allows deeper integration and then a bégiealsto-noise ratio.

2.8 Concepts analyzed in this thesis

As presented hereavove, the last ten years have been higllygiive in producing new coronagraph designs. The
coronagraphic Tree of Life is now quite important. Althougis difficult to consider all the existing coronagrahs,

in this present thesis, we will further analyzed some ofélmmcepts. In particular, we will consider, coronagraph
concepts proposed to be implemented for planet finder grojeactual telescope (SPHERE (Beuzit et al. 2006
[18]) and GPI (Macintosh et al. 2006 [61])) or potentiallynstdered for next generation of planet finder project
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with ELTs as EPICS (Kasper et al. 2007 [56]):
e Four Quadrant Phase Mask [FQPM]
¢ Annular Groove Phase Mask [AGPM]
¢ Apodized Roddier & Roddier Coronagraph (i.e Dual zone) [E&PR
e Lyot coronagraph [Lyot]
¢ Apodized Pupil Lyot Coronagraph [APLC]
e Band-limited [BL]
e Achromatic Interferometric Coronagraph [AIC]
e Binary pupil mask (shaped pupil coronagraph) [BM]

Indeed, this selection is quite representative of the mainragraph families (phase, amplitude, interferometric
and pupil apodization-type coronagraphs) presented above
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The need of a cross-optimization
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3.2 Resume . . . . . . e e e

Abstract - We previously introduced coronagraph concepts. It is nomveaient to have a look on constraints
that coronagraphs will have to deal with. Ideally, teleseagesigns should be defined in strong relation with
coronagraph weakness. A cross-optimization is criticanbance the dynamic range, as began for the Terrestrial
Planet Finder Coronagraph project (TPF-C, Traub et al. 2QO8]) for space-based observations. However, it is
not really the case for ground-based observations. Charistics of these new generation of telescopes (ELTS)
such as central obscuration ratio, primary mirror segmeita, and secondary mirror supports can have an impact
on their high contrast imaging capabilities and impose stydimitations for many coronagraphs. In this part, we
will introduce and discuss most of these telescope com&rairheir impact on coronagraph capabilities will be
analyze in Part Il and 1V as the possibility of optimizingrapagraph with such constraints in Part Il and V.
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3.1 Error sources in a coronagraphic telescope

Ground-based telescope and specifically ELTs, will haveoit@mt constraints for high contrast imaging concepts.
Coronagraphs will have to deal with the impact of 2 major gaties of difraction dfects:

e The first category deals with amplitude variations : centtadcuration, spiders, primary mirror segmen-
tation, segment to segment reflectivity variation, pupgah(misalignment of the coronagraph stop with
respect to the instrument pupil).

e The second category is related to phase aberrations (ségaimrrations, for instance).

Hereafter, we will list them and discuss the amplitude tosider through this present study.

Figure 3.1: Baseline design (artist view) for the Europ&aii-as defined in March 2008

3.1.1 Segmented pupil: amplitude errors

Figure 3.2:Left OWL-like pupil, Right E-ELT pupil proposed design 1. In both images some telesqap
rameters are illustrated: central obscuration (30%),espidnes (6 of 60 cm width), cables and gaps (in grey
levels).
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Table 3.1: E-ELT main parameters (baseline design)

Parameter Value
Telescope diameter 42m
Central obscuration 30%
Segments shape hexagons
Segments diameter 15m
Number of segments 1148
Gaps 4 mm

Spider vanes number 6-8
Spider vanes thickness 60 cm

Central obscuration

Future ELTs will certainly have a large central obscuratmpreserve reasonable telescope size (CFHT: 35%, VLT:
14%, E-ELT: 30%, TMT:15%). Specifically, the future EuropdalLT will have a non-negligeable one (30%). It
is therefore important to study the suitability of cororeggn to this parameter. Moreover, some coronagraphs
are well know to have a strong dependency to the central oéson (phase mask, for instance). FQPM and
AGPM are quite sensitive to this parameter since a signifioart of the light dffracted by the central obscuration
reappears in the relayed pupil. Nevertheless, given thatpéimization of the Pupil stop can mitigate thi$est.
Either the pupil stop is adapted to the entrance pupil witteirand outer diameter respectively oversized and
undersized, or with the complementary shape of tieadited light in the pupil plane as discussed in Boccaletti
2004 [21]. Therefore, we will investigate théieiency of coronagraphs with a large range of central obsicura
ratio, starting from 5% to 30%, and when it will not be spedifithe default value of the central obscuration ratio
through this thesis will be 30% (linear, E-ELT as a baseline)

Secondary support

We will analyze the impact of the spider vanes thicknessidenisig most of the time a given secondary structure
geometry. For this task, we will either consider six cablemsetric spiders (Fig. 3.1.1, left), or more recent
proposed configuration for the E-ELT and check the impachefspider arm width from 30 to 90 cm. The actual
value for the E-ELT is 60 cm. In practice, for each case an@éaoh coronagraph, pupil stop will be re-optimized
to the entrance aperture including spider arms. Other nméclestructures can have an impact on coronagraphs
(cables, for instance), but we assume that tfeceof the spider vanes will be the major one. Hence, in sitimria

we will only consider spider vanes structures. SpecificallyPart Il we will discuss how thickness of these
mechanical structures and geometrical repartition (Birecgeometry) matter the optimization of a coronagraph
and the selection of optimal parameters (APLC and BLs, fstaince).

Segment reflectivity variations

Considering the size of the primary mirror, ELTs pupil wi# begmented. An amplitude consecutitfeet is the
segment reflectivity variation due whether to the limitataf the optical coating on segments or by the mechan-
ical segments positioning. The variation of reflectivityahigh an optical element induces wavefront amplitude
variations that lead to potentially bright static spechiethe focal plane of the instrumentffect on the wings of

the telescope Airy function pattern). Although these atage errors create speckles that have magnitudes that do
not scale with wavelength, it is important to know how robusbronagraph is to these defects. When analyzed in
simulation, we will assume 750 hexagonal segments of 1.5 meters diameter (Fig. 3.3)lseuk the impact of a
uniform distribution of segment variation reflectivity ilri% (peak-to-valley, hereafter ptv). Experience with the
Keck telescope as discussed in Troy et al. 2003 [93] shovissdgament-to-segment reflectivity variation of 5%
(ptv) is in the order of what can be expected on a segmentescigbe.
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Figure 3.3: Pupil with reflectivity variations (levels areagierated for sake of clarity).

Pupil shear

Most of coronagraphs include several optical componesdizer, focal plane mask and pupil stop. As a result
their performance also depends on the alignment of thesp@oents. In particular, the pupil stop has to accurately
match the telescope pupil image. This condition is not agssgtisfied, and the telescope pupil may undergo
significant mismatch which could amount to more than 1% odlitgsneter. The pupil shear is the mis-alignment
of the pupil stop with respect to the telescope pupil imatis.dn issue especially for ELTs for which mechanical
constraints are important for the design. For example, éineed Webb Space Telescope is expected to deliver a
pupil image for which the position is known at about 3-4%. refere, the performance of the mid-IR coronagraph
(Boccaletti et al. 2004 [26]) will be stronglyfi@cted. On SPHERE, the planet-finder instrument for the VLT
(2010), the pupil shear was identified as a major issue andiaated Tip-Tilt mirror was included in the design
to preserve the alignment stability at a level of 0.2% (Beeaizal. 2006 [20]). Consider a range of misalignment
between 0.1 and 0.5% of the pupil diameter seems therefasenable for the E-ELT and hence assumed through
our simulations.

3.1.2 Segmented pupil: phase errors
Segment static aberrations

By static aberrations on segments of the primary mirror, @ferrindependently to low-order static aberrations
(piston, tip-tilt, defocus and astigmatism, Fig. 3.4) theiduce speckles that fall relatively near the image of the
star in the final image plane and hence could potentiallyctlirémpact the IWA. Other order aberrations (higher
orders) are less important. Although they have an impacbooragraphic performance, it is generally with much
lower amplitude.

For any ground-based telescope, the AO system will part@directs both static and dynamic wavefront
errors, and hence can correct for the Fourier componenkeddtatic wavefront errors thaftact the field-of-view
of interest delimited by the controlled spatial domain & ¥AO. When using a XAO system (Chapter 8), we will
further discuss that point.

Predict the level of low-order aberrations that ELTs wilvedo deal is quite diicult, nevertheless experience
with Keck telescope (Chanan et al. 2000 [31]) shows that 1@msis reachable. In practice, we will study each
static aberration independently from each other usinggeleange of values (up to 30 nm rms most of the time).

3.1.3 Pointing errors and finite size of the star

The dfset pointing error refers to the misalignment of the optaxdk of the coronagraph to that of the star of
interest. For instance, the goal with SPHERE (the planétingent for the VLT) is to reach a pointing error of 0.5
mas rms, hence a direct translation of this requirementgfbraeter telescope, would be a pointing error residual
less than 0.1 mas rms. In practice, we will evaluate poingimgr in between 0.1 and 0.5 mas rms.
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Figure 3.4: Example of segment phase errtrg:le ft piston,top right tip-tilt, bottom le ft defocus andbottom
right: astigmatism.

The resolved stellar disk fiers from a point source that it presents a sum of incohetéixis point sources
(incoherent tilted wavefront to the telescope). Dependimthe coronagraph, the sensitivity to these simultaneous
wavefront will be diterent. As for the fiset pointing error, coronagraph that allow a very small IWA e
more dfected. The sensitivity to the finite stellar size is therefarcritical characteristic of coronagraph since the
resulting error is not controllable by any given wavefroahtrol system due to the incoherence of the arriving
wavefront.

3.2 Resume

As a resume, through our study, we will further analyze thedot of the following parameters on coronagraphs:
e Central obscuration

e Spider vanes

Segments reflectivity variations

Segments phase aberrations

Pupil shear
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e Offset pointing
e Stellar diameter
e Chromatism

Impact of these parameters will be studied through threégutations: difraction limited regime (Part I11), Adap-
tive Optics (AO) residual limited regime (Chapter 8) andf®iential Imaging (DI) quasi-static aberrations limited
regime (Chapter 9). We will investigate for some coronafsaphe possibility of optimizing their parameters
regarding to these telescope limitations as well (Partarij impacts on the suitability of cascade concepts (Part.
V).
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Abstract - At this point, it is convenient to define and discuss the e®trsed to characterize the ability of a
coronagraph to suppress the on-axis starlight. Moreovih the number of publications related to coronagraphy,
several parameters have been defined and are commonly usedrtheless, definitions are sometimegfedent.
Hence, the purpose of this chapter is to present and definecsi@te will consider through this present thesis in
order to avoid any confusion.
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4.1 Common metrics

Several metrics can be used to quantify the capability ofraragraph (Boccaletti 2004, Abe 2004 [21, 1], for
instance). In this part, the common ones will be defined. messpecific parts of the thesis, we will define new
ones, more appropriated to specific cases, and most of thedisalting from a modification or combination of the
following metrics and common considerations presentecit.St.2.

For sake of clarity, we denote hyps o, @) (wherep anda are the polar coordinates) the intensity on the
detector without the coronagraptiss ((0) hence will be the peak stellar intensity on the detectithaut the
coronagraph) andcordp, @) is related to the intensity of the final image on the deteaft the coronagraph.

4.1.1 Rejection rate
Total rejection rate

The total rejection rater] corresponds to the ratio between the total intensity of @axis object to that of an
on-axis object (blocked by the coronagraph):

L= b fozn ypsr(p, @)p dp da

S 4.1)
b fozn Yeordp, @)p do dar

Peak rejection rate

The peak rejection rate() is the ratio between the peak intensity of dfaxis object to that of an on-axis object
(blocked by the coronagraph):

Ypsr(0)
= 4.2
o max(ycordp, @)) (42)
4.1.2 Contrast evaluation
In the following, we describe several level of contrast eatibn metrics:
1/ The local contrast® (o, @)) defined as:
Ycordp, @)
€(p, ) = —————— 4.3
(0. ) Ypsr(0) *3)
2/ The contrast profile averaged azimuthalig(p)):
21
, @) da
“(o) = fo Ycordp, @) (4.4)

2nypsH(0)

3/ The averaged contrast in a annulus regigi ¢f the focal plane. it gives the contrast between the pesllast
intensity and an average intensity level in a region of ttrafplane where anfByaxis companion can be detected.
The area of calculation in the focal plane can be well mattbeéide instrumental parameters (the width of the ring
can be modified to match science requirements by changingalhe ofp; andps, the short radii and the large
radii defining the area of calculation f@¥):

21
_ ( :f fo Yecordp, @)p do daf) /n(ps? - pi?)
€ = 4.5
YpsH0) (4:5)
It is convenient to moderate any contrast metrics by theallveoronagraphic throughput (herafter,, see
Sect. 4.2.5). The overall throughput is mainly imposed leydhtimization of the pupil stop and can be considered
in a metric to avoid any over-estimation of the contrast amd fair comparison between coronagraphs.
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4.1.3 Detectability

When using a Oterential imaging system (hereafter, DI system) a radrat®ntrast metrics is appropriated (de-
noted?) to compare coronagraphs:

5% o [¥cora () — ¥cora (0)]
YpsF(0)

Here,o] is an operator which denote the azimuthal standard dewiaheasured in a ring of width/D on the
subtracted imagécorg — Ycorg- This final 5 detectability is related to the ability of a coronagraph éalp
out an df-axis companion at a given angular distance in a halo of vesispeckles in the final image (the final
image is obtained by subtracting intensity in the two chésogthe DI systemycorg andycorg)). Theo of
the speckled halo is evaluated at a radiwgth an azimuthal average ef 1/D width scale normalized to the PSF
peak intensity.

Although we use? through this study when using férential imaging, more appropriate criteria adapted to
the case of high contrast images have been developed etgnitiarois et al. 2008 [63]. In the latter paper,
Marois et al. discussed confidence level of such metricsifgr bontrast images.

9 =

(4.6)

4.2 Common considerations

This list of consideration is not exhaustive, but treatsualsome important factor we will further use in the next
Chapters.

4.2.1 Inner Working Angle

The IWA is one way to describe quantitatively how close a nagyaph design allows the detection of a faint
companion reaching a significant transmission. The IWA imcmnly defined as the angular separation where
a planet throughput reaches half of the peak throughputn Ti¢his present thesis, we define the IWA as the
angular separation for which theflitaction peak of a planet is reduced by a factor of 2.

4.2.2 Outer Working Angle

The OWA define how far a planet can still be conveniently datele. For most coronagraphs, the OWA is limited
by optical design constraints. Only in few cases (shapedl,pigp instance), the coronagraph concepts itself
imposes an OWA. In that case, the design of the coronagraygtimmized with respect to OWA (and IWA as well)
generally sets by the control domain of the AO system.

4.2.3 Discovery space

The discovery is the focal plane region in whiclffdicted and scattered light are well suppressed by the corona
graph. This area may be restricted between the IWA and OWAalsle for planet detection.

4.2.4 Radial transmission

The radial transmission gives both information on the IWAl @ensitivity of the concept to pointing error and
stellar angular size. This behavior is important to anainee coronagraphs do not radially attenuate in the same
way an df-axis sources. For instance, Band-limited coronagrapk hawit-axis attenuation depending on their
mask functions. Hence, the choice of the function is quitedrtant.

4.2.5 Throughput

The overall system transmission (denot&jirefers to the transmission of the whole coronagraphiesygmainly
imposed by the Pupil Stop throughput for most coronagraphss the mask transmission in the precise case of
BLs).
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Chapter 4. Coronagraphic tools

4.2.6 Manufacturing issues

The choice of which coronagraph to implement in practice &L & will of course be driven by manufacturing
considerations. Many programs aims to tackle critical pagmchromaticity for instance, and can make us opti-
mistic for the next years. We will further discussed abomeonanufacturing issue on coronagraphs we developed
at ESO and tested on HOT in Chapter 12.
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Optimizing coronagraph designs
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Abstract - In its general scheme, a coronagraph can be divided in twesys a low-frequencies filter (ampli-
tude or phase mask) and a high-frequencies filter (the sleaalupil stop). Therefore, the way that coronagraphs
are optimized can be divided in twgf@rent approaches (most coronagraphs indeed need bothiaptions). The
first one aims at optimizing parameters of the low-frequesifiiter considering the application (IWA constraint,
spectral bandwidth or so) while the second one strives tamope the coronagraph with the pupil stop (high
frequencies filter) in the relayed geometrical pupil (toreatly remove contamination by thefdacted light).

The total amount of the rejected light by a coronagraph gitgrlepends on the pupil stop size and shape. Most
of the time, pupil stops are optimized to match thgalition in the relayed pupil as defined in Boccaletti 2004][21
and hence are well adapted to the way that each coronagraphvdth the dffracted light. This optimization is in
practice balanced with angular resolution ang-axis throughputissues. Reducing the collecting area®pilpil
stop help at producing deeper extinction (i.e attenuatiwhjle conversely the angular resolution and throughput
(transmitted flux) are degraded. However, when coupled tsysdem, an optimization of the pupil stop must be
tackled with respect to the level of the residual phase whailld relax constraints on the pupil stop shape and
throughput (as discussed for instance in Crepp et al. 200H f8r the Band-Limited case). This optimization
depends on the dominant source of noisgi@ited light or uncorrected atmospheric scattered ligtence, the
optimization of the pupil stop is a critical work and depewdshe application.

In that sense, phase mask such as FQPM, AGPM or DPM, and amplinask as the Lyot coronagraph are
basically coronagraph that need to be optimized with thelmipp. Although they have some internal parameters
that required to be tuned according to the application: agierg wavelength for phase masks, IWA for amplitude
coronagraphs..., the main issue is the pupil stop optiromat

However, some of them (APLC and BLs, for instance) haveiaddltand important opened parameters that
are not trivial to define: apodizgnask couple for APLC, bandwidth and order of the functionBbs. In the
precise case of APLC, at first order the pupil stop optim@atioes not matter since in ideal conditions the pupil
stop remains identical to the entrance pupil. In such a cas&ction of the apodiz@nask couple prevails. The
objective of the following part is precisely to focus on tipéimization of these two particular concepts for which
a dedicated Chapter (5 and 6) will be devoted.

Through these Chapters, we will study the possibility ofroizing these opened parameters with respect to
ELT specificities and show that while some configurationgappptimal, some others are not suitable with such
telescope geometries.

Finally, we will further have a look at the proposed configima of APLC and BLs for EPICS, the planet
finder project for the E-ELT.
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Optimization of the Apodized Pupil Lyot
Coronagraph
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Abstract - The Apodized Pupil Lyot Coronagraph (APLC) is potentiaitg @f the more promising concepts for
ELTs. Combining an apodizer in the pupil plane with a Lyot k&M, hereafter) in the focal plane, its sensitivity
to central obscuration is less critical than, e.g., for peanasks (Riaud et al. 2000, Mawet et al. 2005 [83, 68])
while still allowing small inner working angle (IWA) and tighroughput if properly optimized. The potential
of the APLC has been demonstrated for arbitrary aperturam@et al. 2002, Soummer et al. 2003 [9, 89])
and specific solutions for obscured apertures were propgSedmmer 2005 [88]). However, the characteristics
of ELTs may have an impact on its high contrast imaging cdjteglsi Parameters such as central obscuration,
primary mirror segmentation, and large spider arms, usyahpose strong limitations for many coronagraphs.
It is therefore essential to indentify and evaluate the éreof the APLC to these parameters. Specifically, in
this Chapter, we investigate the possibility of optimizihg APLC with respect to parameters mentioned above.
Optimization of the APLC refers to the selection of the apeddPM combination. We will briefly revise the APLC
formalism and define criteria for optimizing the coronaghnggarameter space. Optimal configurations have been
identified, and we will present how some telescope parasi@tary drive the choice of optimal apodj&?M
couples.
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5.1 Apodization for centrally obscured pupils

5.1.1 Presentation

457

m 9
7 8

Figure 5.1: APLC coronagraphic process: Transmissioneétitrance pupil (1) is modified by an apodizer (2). In
the focal plane, the complex amplitude of the star (3) isiapafiltered (5, low-frequencies) by the Lyot mask (4).

In the relayed pupil (6) a pupil stop (7) is filtering high freancies and as a result the relayed pupil is attenuated
(8) and proportional to the apodized entrance aperturealfithe coronagraphic PSF is imaged on the detector

(9).

The APLC is a direct improvement of the Lyot coronagraphyenging for strong light presence in the relayed
pupil resulting from the convolution of the telescope pupith the Fourier transform of the hard-edge focal
mask. To reduce starlight contamination in the relayedtapzrtwo philosophies are possible. Either adapt the
Fourier transform of the Lyot mask to be with finite supportlestelescope aperture (Band-limited approach, or
at least use a quite large Lyot mask combine with smallerlmtipp but not favorable for faint planet detection
close to their parent stars) or adapt the Fourier transfdrtheotelescope pupil to be with finite support as the
Lyot mask. The later is achieved through the use of an aptidizaf the pupil to attenuate the wings of the
PSF. Apodization functions (Prolate spheroidal, for insg have the particularity to have their Fourier transform
truncated functions-like.

5.1.2 Formalism

In this section, we briefly revise the formalism of the APLGngsthe notation defined by Aime et al 2002 [9].
The APLC is a combination of a classical Lyot coronagraphdfedged occulting focal plane mask, FPM) with
an apodization in the entrance aperture. In the followingtltie sake of clarity, we omit the spatial coordinates
r andp (for the pupil plane and focal plane respectively). The fiorcthat describes the mask is notgld(equal
to 1 inside the coronagraphic mask and to 0 outside). Witrtagk absorptioa (¢ = 1 for an opaque mask), the
FPM is then equal to:

1-eM (5.1)

P is the telescope aperture, apthe profile of the apodizefl describes the pupil stop function, which is consid-
ered —in the initial approximation — to be equal to the ted@scaperturel{ = P).
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Figure 5.2: Typical apodizer shape for the bell regime Xlaftd the bagel regime (right). Central obscuration is
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Figure 5.3: Sheme of a coronagraph showing the pupil plantagtng the apodizei/), the focal plane with the
FPM (), the pupil image spatially filtered by the stafa-) and the detector plané).

In practice the pupil stop of an APLC will be slightly reduded alignment and chromatism issues, but theoreti-
cally this concept does not far from a restriction of the throughput compared to othercepits (amplitude and
phase types as well). Hence, our approximation is justified.

The coronagraphic process, corresponding to propagatiomthe telescope entrance aperture to the detector
plane, is expressed in Eq. 5.2 t0 5.6. Planes A, B, C and Dsmorel to the telescope aperture, the coronagraphic
focal plane, the pupil stop plane and the detector planeeotisply as defined in Fig. 5.3. The Fourier transform
of a functionf is notedf. The symbol® denotes the convolution product. The entrance pupil is @pddn the
pupil plane:

Ya=Po (5.2)
The complex amplitude of the star is spatially filtered (loequencies) by the FPM:
Ys = Pax[l-eM] (5.3)
The exit pupil image is spatially filtered (high frequengiesg the stop:
Yo =dpxII (5.4)
e = [Ya—eya® M] x I (5.5)
The coronagraphic amplitude on the detector plane becomes:
Yo = e = [a - slaM] @11 (5.6)
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The coronagraphic process can be understood as a destrintéivference between two waves (Eq. 6.5): the
entrance pupil wav®s, notedya and the difracted wave by the mask (correspondingga ® M). In the non-
apodized cases(= 1), the two wavefronts do not match each other, and the sttltnedoes not lead to an optimal
starlight cancellation in the Lyot stop pupil plane. A petfeolution is obtained if the two wavefronts are identical
(i.e., the difracted wave by the mask( is equal to the pupil wave in amplitude). This latter casabdained with
the Apodized Pupil Phase Mask Coronagraph (Roddier & Roddig7, Aime et al. 2002, Soummer et al. 2003
[82, 9, 89]). For the APLC, the coronagraphic amplitude isimized and proportional to the apodizer function
but never cancelled.

Considering a pupil geometry, the apodization functiorelated to the size of the FPM. More precisely, the
shape of the apodizer depends on the ratio between the ext¥hand the central obscuration size (Soummer et
al. 2005, Soummer et al. 2007 [88, 91]). If the extentis bigger than the central obscuration, the apodizer
takes a “bell” shape (typically it maximizes the transnassnear the central obscuration of the pupil (Fig.5.2,
left). On the contrary, if the extent ®fl is smaller than the central obscuration, the apodizer takbagel" shape
reducing transmission in the inner and outer part of thelgbg.5.2, right). Thus, the apodizer shape depends on
both the FPM size and the central obscuration size.

Throughput (apodizer transmissjpapil transmission) as a function of the FPM size is givenim 5.4 for
different obscuration sizes (15 to 35%). These curves show adecaximum corresponding to the transition
between the two apodizer regimes which depends on the tefisauration size. Since apodizer throughput
does not evolve linearly with FPM diameter, it is not trivialdetermine the optimal FPMspodizer combination.
Moreover, throughput might not be the only relevant par@m&hen optimizing a coronagraph.

A thorough signal-to-noise ratio analysis is definitely tiggat way to define the optimal FPfdpodizer system,
but this would be too instrument-specific for the scope of gtudy. Here, we investigate a general case for any
telescope geometry and derive the corresponding optinédl iEe.

5.1.3 APLC optimization criteria

Usually, in Lyot coronagraphy, the larger the FPM diameher larger the contrast. However, in the particular
case of the apodized Lyot coronagraph the transmission offaaxis point-like object is not linear (Fig. 5.4)
and a trade-b has to be made between contrast and throughput. This prdidsnbeen studied by Boccaletti
2004 [21] who evaluated optimal Lyot stops for any telescppgil geometry and for any type of coronagraph.
Based on this study, we propose a criterion adapted to theCABloptimize the apodizeFPM combination. This
criterion maximizes the coronagraphic performance whileimzing the loss of flux of the f§-axis object. While
not replacing a thorough signal-to-noise ratio evaluataur criterion takes into account the modification of the
off-axis PSF (in intensity and in shape) when changing the em@ph parameters.

Several metrics can be used to quantify the capability ofrar@graph (e.g Boccaletti 2004 [21]). Here, we
use 2 metrics:

1/ the total rejectionx) corresponding to the ratio between the total intensitynodf&axis object € = 0 in Eq.
5.6) to that of an on-axis object (blocked by the Lyot mask),

BB 1ot a.e = 0) pdpda
T =
b fozn [ ¥o(p, @) |? pdpda

(5.7)

2/ the contrast¢’) averaged over a range of angular radii.

. max(| ¥ (p, @)s=o ) 58

(f027r by 1ol @) P pdp da) /7(pt? = pi?)

wherer and¢ are expressed in polar coordinateanda. We denote by; andp+ the short radii and the large
radii, respectively, defining the area of calculation®ar

In both cases, the attenuation of thfé-axis object is given by the ratio of maximum image intensgitth the
apodizer only to that without the coronagraph, i.e., withtbe apodizer and the FPM. This quantityfdis from
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the throughput, since it also takes into account the modiificaf the PSF structure when changing the apodizer
profile :

2
max(| Vo (. @)oo | ) 5.9)
| P(o, @) |2
Now, let us define the criterio@, as the product of and Eq. 5.9.
2
C. = v x max Yol De0 (5.10)
| P(o, @) |2
and the criteriorC4 as the product o% and Eqg. 5.9.
2
Ce = ¢ x may| ¥R D=0 I (5.11)
| P(o, @) 12

The first term ofCy (Eq. 5.8, which characterizes the performances of the @gm@phic system) is then adapted
to the region of interest in the coronagraphic image and eawddl matched to the instrument parameters while
the first term ofC; (Eq. 5.7) is a more localized information, typically iderati in the case of APLC to the peak
attenuation ratio value since thffext of the APLC is an homogenous down shift of the PSF. Thergbtsom (Eq.

5.9) takes into account the modification of the PSF struatimen changing the apodizer profile and guarantees a
reasonably moderate attenuation of tiffeaxis PSF maximum intensity (i.e, guarantees that whendrenagraph
rejects the star it does not reject the planet as well). Aigtoour criterion cannot replace a thorough signal-to-
noise ratio analysis (no instrumental model, no noise tgrinpresents a reasonable approach by assuming the
residual light leaking through the coronagraph as noise.dditeria allow us to investigate the tradé&-between
performance and throughput while keeping the study gerserdlindependent of a specific instrument setup.

100 T T T T T T T T T mgf
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Arbitrary units
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[ non—opodized Lyot curves
(Pupil stop: 80 %)

4 2
Mask diometer in A/D Mosk diometer in A/D

Figure 5.4: Left: Apodizer throughput (relative to full tiremission of the telescope pupil) as a function of FPM
diameter for diferent obscuration sizes. Right, average between 3 and 1@@D as a function of the FPM
diameter and obscuration sizes, in the case of the APLC asdichl Lyot coronagraph.

Moreover, the validity of this criterion is supported by thepil stop optimization study of Boccaletti 2004 [21]
who faced a problem similar to ours, and also by the resudisgnted and discussed in this study.

5.2 Sensitivity analysis

5.2.1 Assumptions

Based on the previously defined criterion, we now analyzé#evior of several telescope parameters as a func-
tion of the size of the FPM (and hence APLC characteristidff) the main objective of exploring possibilities
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Figure 5.5: Radial profiles of PSFs and coronagraphic imabtsned with optimal APLC (usinG) for several
obscuration sizes.

Table 5.1: APLC mask diameter (and hence APLC charactes)dtor several obscuration sizes.

Ce | C. | max. throughput
Obstruction size  Maski(D) T(%) | Mask (/D) T(%) | Mask /D) T(%)
10 % 4.3 50.4| 4.6 55.9 | 4.1 62.2
15 % 4.3 58.3 | 4.7 53.6 | 4.0 62.4
20 % 4.4 55.8| 4.8 51.9 | 3.8 65.5
25 % 4.6 52.7| 4.9 50.1 | 3.6 67.9
30 % 4.7 51.2| 5.0 48.9 | 3.5 68.7
35% 4.9 49.4| 5.1 485 | 3.3 70.4

of how to optimize the APLC configuration for a given ELT desigOne advantage d&@ is that the area of
optimization in the focal plane can be well matched to th&imsental parameters. For this reason, we will more
focus on that criterion. We have limited the search areamrebtigate only betweem; = 31/D at small radii
andp; = 10Q1/D at large radii. These limits correspond to the IWA (distaatehich an &-axis object reaches
a significant transmission) and to the high-order Adaptiydi€3 (AO) cut-df frequency, respectively. At radii
larger than the AO cut{bfrequency, the coronagraph will only have a minfieet since atmospheric turbulence
is not corrected and atmospheric speckles dominate.

For the simulations presented in the next sections, we assuaircular pupil with 30% central obscuration.
The central obscuration ratio is left as a free parametsrior8ect. 5.2.2.0 where we evaluate its impact. The pupil
stop is assumed identical to the entrance pupil includimdesarms (Sivaramakrishnan & Lloyd 2005 [86]). Sect.
5.2.2.0, where the impact of the spider arms’ size is andlyassumes a 42-m telescope. Elsewhere, simulation
results do not depend on the telescope diameter. Apodiaéitgsrwere calculated numerically with a Gerchberg-
Saxton iterative algorithm [41]. The pixel sampling in tleedl plane is 0.11/D, and the pupil is sampled with
410 pixels in diameter. When phase aberrations are comrsides adopt a wavelength of Jué corresponding to
the H-band in the near infrared.

5.2.2 Critical parameter impacts

In the following sub-sections, we study the impact of two onajategories of diraction d@fects. The first cate-
gory deals with amplitude variations: central obscuratgmider arms, primary mirror segmentation, segment-to-
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segment reflectivity variation, and pupil shear (misaligmtof the coronagraph stop with respect to the instrument
pupil). Inter-segment gaps and other mechanical secorsdgmyorts are not considered, since they would require
finer pixel sampling in the pupil image, resulting in protiNely large computation times with a non-parallel com-
puter. In addition, some mechanical secondary support®eanuch smaller than the main spider arms. At the
first approximation, theirfects can be considered to be similar to those produced bgrsgichs.

The second category is related to phase aberrations, whechsaumed are located in the pupil plane (no
instrumental scintillation). We only modeled low-ordegsent aberrations (piston, tip-tilt, defocus, astignmjis
Higher orders are less relevant for the optimization of tRFsize, but can have a significant impact on the
coronagraphic performance.

The amplitude diraction dfect of gaps is partially accounted for (at least for infiitemall gaps) by the
phase transition we are generating between primary miegments.

Central obscuration

The first parameter we evaluate is the central obscuratiagh Ebntrast instruments have to deal with central
obscuration ratio which typically ranges from 10% to 35% KHIE35%, HST: 33%, VLT: 14%). ELTs will likely
have larger obscurations than current 8-m class telestopesserve a reasonable size for the telescope structure.
In Fig. 5.5, the criterioilC« is shown for diferent obscuration sizes ranging from 10 to 35%. The curvas sho
maxima. The first is located neariZD and experiences a large contrast variation while the skéosar 4/D)
shows a smaller dispersion.

Table 1 summarizes these results and gives the positior aettond maximum versus the obscuration size for
the previously-mentioned criterion and for a criteriondshsolely on the maximum throughput (as in Fig. 5.4).

If we only consider the second maximum, which is more promgisn terms of contrast and appears less sen-
sitive, the optimal FPM diameter ranges from 4.3 to 4/ for obscuration ratios between 10 to 35%. Here, our
criterionC« is more relevant than throughput, since it is better adaptttk region of interest in the coronagraphic
image and to the modification of the PSF structure. We see dimear increase of optimum FPM size with the
obscuration ratio because more starlight is redistribintgtie Airy rings of the PSF. A solely throughput-based
consideration shows the opposite behavior with a larggredson of the FPM size, which is not consistent with
the dfect on the PSF structure.

However, at small obscuration sizes (10%-15%), maximuutnput yields a similar optimal FPM diameter
asCy. We consider this result to be evidence for the relevanceipnéoterionCy to optimize the FPM size (and
hence the APLC characteristics) with respect to the sizbetentral obscuration. Moreover, the validity of our
criterion is also supported by the comparison of corondgraPpSFs using an optimized APLC in Fig. 5.5. The
optimized APLC allows for a contrast performance which theainsensitive to the central obscuration size.

Spider arms

On an ELT, the secondary mirror has to be supported by a cornsgltem of spider arms-(50 cm) and cables
(~ 30-60 mm) to improve dfiness. Evaluating the influence of these supports is impontatihe context of
coronagraphy.

The pixel sampling of our simulations limited by availablentputer power does not allow us to model the
thinnest mechanical supports. However, the impact of teapports on the PSF structure will be similar to that
of spider arms but at a reduced intensity level. Several gordtions were considered as shown in Fig.5.8. As
the number of spider arms increases from 3 to 7, the contedstgprse (but no more than by a factor of 2). The
curves in Fig. 5.6 (left) are almost parallel, indicatingttthe number of spider arms has no significant influence
on the optimal FPM size. The second maximunCef peaks at 4.7/D with a small dispersion of 0.2/D.

Assuming a 6-spider arms configuration (OWL-like), we alpalgzed the sensitivity to spider arm thickness
from 15 cm to 93 cm (Fig. 5.6, right). The increasing width leé spider arms tends to flatten the profileCef,
making the selection of an optimal FPM moréhdiult (or less relevant) for very large spider arms. Howefgar,
the actual size of spider arms likely being of the order of B0 the optimal size of the FPM (and hence APLC) is
still 4.7 2/D.
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Spider arms number impact Spider arms size impact (OWL like)
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Figure 5.6: Left:C, average between 3 and 1@0D as a function of the FPM diameter and number of spider
arms. Spider thickness is set to 62 cm. RigBt average between 3 and 1Q@D as a function of the FPM
diameter and spider arm thickness. Number of spider arned te §.
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Figure 5.7: Left:C4 average between 3 and 10D as a function of the FPM diameter and reflectivity variations
Right: C average between 3 and 1@0D as a function of the FPM diameter and pupil shear.

Segments reflectivity variation

The primary mirror of an ELT will be segmented because of iitgg,sand a potential resulting amplitudfest

is segment-to-segment reflectivity variation. We show tiRL& optimization sensitivity for segment reflectivity
variation from 0 to 5% peak-to-valley in Fig. 5.7 (left). Fthis simulation, the primary mirror was assumed
to consist of~750 hexagonal segments. The criteridg is robust for FPMs smaller than 4/D. A loss of
performance with reflectivity variation is observed fogar FPM. However, the optimal FPM size remains located

at 4.71/D with a small dispersion of 0.2/D.

Pupil shear

As mentioned above, an APLC includes several optical coraptzn apodizer, FPM and pupil stop. The per-
formance of the APLC also depends on the alignment of thesgonents. In particular, the pupil stop has to
accurately match the telescope pupil image. This condiforot always satisfied, and the telescope pupil may
undergo significant mismatch which could amount to more tttanof its diameter. The pupil shear is the mis-
alignment of the pupil stop with respect to the telescopdlpmage. It is an issue especially for ELTs for which
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Figure 5.8: Pupil configurations considered in simulation.
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Figure 5.9: Left.Cy average between 3 and 10D as a function of the FPM diameter and low-order aberrations.
Right: C, average between 3 and 100D as a function of FPM diameter and the filter bandpass.

mechanical constraints are important for the design. Famgie, the James Webb Space Telescope is expected
to deliver a pupil image for which the position is known at ab8-4%. Therefore, the performance of the mid-IR
coronagraph (Boccaletti et al. 2004 [26]) will be strongffeated. On SPHERE, the planet-finder instrument for
the VLT (2010), the pupil shear was identified as a major isswka dedicated Tip-Tilt mirror was included in the
design to preserve the alignment at a level of 0.2% (Beuat €006 [20]).

The behavior ofC« in Fig. 5.7 (right) is somewhat fierent from that seen with the previous parameters. The
loss of performance is significant even for small FPM.

However, the criterion is still peaking at 427D with a variation of about 0.2/D although above 4.%/D the
curves are rather flat indicating that a larger FPM would mgirove performance.

Static aberrations

Here, static aberrations refer to low-order aberrationthersegments of the large primary mirror. We separately
investigated theféect of piston, tip-tilt, defocus and astigmatism, and fotimelbehavior to be similar for all these
aberrations. In contrast to the other defects, both thepegnce and the optimal FPM diameter (optimal APLC)
are very sensitive to low-order aberrations.

As the amplitude of aberrations increases, the dependdnCy mn FPM diameter becomes flatter and the
optimal FPM size gets smaller (Fig. 5.9). A larger FPM woulbd decrease performance enormously. For values
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larger than 15nm, there is no longer clear evidence of amgbsize beyond 3.51/D. The performance is rather
insensitive to the actual FPM size.

Even though low-order aberrations strongfjeat APLC performance, their presence has virtually no irhpac
on the optimized configuration. The fairly constant perfante in the presence of larger low-order aberrations
indicates that low-order aberrations are not a relevararpater for the optimization of the APLC.

Chromatism

All previous analysis was performed for monochromatic flighdy. However, as with the classical Lyot coro-
nagraph, the APLC performance should depend on the ratieeleet FPM size and PSF size and therefore on
wavelength. Hence, the impact of chromatism on the APLCnuiptition must be evaluated. We note that the
chromatism of the APLC can also be mitigated by a slight maatifon of the standard design (Aime et al. 2005
[5]).

Figure 5.9 and Table 5.2 present the results of the simulsfior several filter bandpass widthsi( 1) when
using the standard monochromatic APLC. As long as the fiedpass is smaller than 5%, the optimal FPM size
and performance are nearly the same as in the monochroraaéc ¢

The values displayed in Cols. 4 and 5 of Table 5.2 quantifydke of contrast due to chromaticity with respect
to the monochromatic case for the APLC being optimized tdittez bandpassH;) and to the central wavelength
of the band ;). These two factors begin toftir significantly from each other at a filter bandpass largen t%.
Hence, optimization of the APLC for chromatism is needediffitter bandpass exceeding this value.

An efficient way of optimizing an APLC for broad band applicatiota®ptimize it for the longest wavelength
of the band, which leads to results that are withinAQ[1 of the true optimal FPM size. This behavior can be
explained by the non-symmetrical evolution of the residurargy in the coronagraphic image around the optimal
FPM size atly (Soummer et al. 2003 [89]). Another way to minimize chromittiwould be to calculate the
apodizer profile for the central wavelength and only optertize FPM diameter considering the whole bandpass.
We compared the behavior of both methods Adr/A = 20%: they are in fact very comparable in terms of
performance.

Table 5.2: Chromatismfiects synthesis
Ad/2 (%) FPM(@/D) FPM,, (1/D) F; [

0.3 4.70 4.70 1.0 1.0
1.4 4.70 4.73 1.1 1.1
2 4.70 4.75 11 11
5 4.80 4.82 1.6 1.6
10 5.00 4.94 2.6 3.7
20 5.30 5.20 3.7 146
50 5.90 5.87 26.3 180.9

Table 5.3: APLC optimization for an obscuration of 30%

Parameters Value range Optimal APLC configuration (FPMeangd/D)
Obscuration 30% 4.7

Spider (arm) 3-7 46-4.8

Spider (size) 15-90cm 46-4.8

Shear pupil 05-2% 4.7-4.9

Segment reflectivity 0.25-5% 45-4.7

Low-order aberrations 1 -100 nm rms 3.5-6.0

Chromatism A1/2) 14-5% 4.7-4.8

Chromatism A1/2) 5-20% 48-53
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Figure 5.10: Optimized apodized E-ELT apertures: telesamsign 1 (left), telescope design 2 (right).

5.2.3 Summary

In this part, Table 5.3 summarize the results obtained vighprevious system analysis. Most of these results
concerned a 30% central obscuration pupil geometry (E-EHBever, as we can see, the central obscuration
ratio is determining (most of the optimal configuration ded from other parameters are not really far from the
one constrained by the central obscuration). Hence, sekuitdifferent pupil geometries can be easily derived
from this study. In Chapter 12 results for the VLT-like pufmilimics on HOT the High order Testbench developed
at ESO) will be presented since they determine the choideeofipodizgFPM couple to develop in practice.

5.3 Application to ELT pupils

In this section, we apply the tools and results from the APp@mization study discussed in the previous section
to the two telescope designs proposed for the E-ELT. Thectigeis to confirm our optimization method and to
produce idealized contrast profiles which admittedly mastae confused with the final achievable contrast in the
presence of a realistic set or instrumental errors.

5.3.1 Starting with telescope designs

We assume a circular monolithic primary mirror of 42 metergliameter. Segmentation errors are not taken
into account, although we note that the E-ELT primary mironsists of hexagonal segments with diameters
ranging from 1.2 to 1.6 meters in its current design. Two cetimg telescope designs are considered: a 5-mirror
arrangement (design 1) and a 2-mirror Gregorian (designF®y. our purpose, the two designdtdr by their
central obscuration ratios and the number of spider armsigDel (Fig. 5.10 left) is a 30% obscured aperture
with 6 spider arms of 50 cm and design 2 (Fig. 5.10 right) is @ Tibscured aperture with 3 spider arms of 50
cm. These numbers are likely to be subject to change as #srtgle design study is progressing. Mechanical
supports (non-radial cables of the secondary mirror suppod intersegment gaps are not considered for the
reasons mentioned in Sect. 5.2.2.0.

In such conditions and taking into account the previousiteitganalysis on central obscuration, spider arms,
and chromatismA1/1 = 20%) we found optimal APLC configurations with:

¢ the apodizer designed for 448D and with a FPM size of 3/D for design 1.

¢ the apodizer designed for 443D and with a FPM size of 4.3/D for design 2.

[86] has demonstrated that optimization or under-sizinghef pupil stop is not necessary with the APLC. We
independently verified and confirm this result using ouecidin applied to the stop rather than to the mask.
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Figure 5.11: Radial profiles of PSFs and coronagraphic im#gyeé/1 = 20%) for the 2 designs considering
throughput optimization (left) o€+ optimization (right).

5.3.2 Radial contrast

As shown in Sect. 5.2.2.0, the optimal APLC configuratiortwatir criterion is diferent to the optimal configu-
ration considering throughput as a metric. We can now detratieghis diference using contrast profiles. Figure
5.11 compares the coronagraphic profiles based on throtigpgimization (apodizer and FPM size are 3.5 and
4.12/D for design 1 and 2, see Fig. 5.4) with that obtained from og&tion with our criterion.

For design 2, the optimization with both methods leads talasmAPLC configurations (4.3 and 4.1/D).
Hence, the contrast performance between thdterdi by only a factor of 3. On the other hand for design 1, the
gain by using our criterion for the optimization is a factérl®. In addition, the plot shows that APLC contrast
performance only weakly depends on the telescope geoméiryhis optimization method. This is an important
result, which means that the APLC caffiegently accomodate with a large variety of telescope design

5.4 General conclusion

The APLC is believed to be a well suited coronagraph for ELiiéfar the search of extrasolar planets with direct
imaging. The high angular resolution of such large telessaplaxes the constraints on the IWA of a coronagraph
which is an important issue for high contrast imaging instents on 8-m class telescopes. Hence, coronagraphs
with a relatively large IWA such as the APLC present an irgéng alternative to the small IWA coronagraphs
such as the phase mask coronagraphs.

The objective of this study is to analyze the optimizationA$fLC in the context of ELTs. We defined a
criterion Cy) similar to that used by Boccaletti 2004 [21] for the gengnalblem of Lyot stop optimization in
coronagraphy. We then analyzed the behavior of this avitesis a function of the FPM diameter in the presence
of different telescope parameters. The optimal FPM is determipdiietmaximum value of the criterion. A sen-
sitivity analysis was carried out for the several telesgo@@meters such as central obscuration, spiders, segment
reflectivity, pupil shear, low-order static aberrationsl @hromatism. Some of these parameters are not relevant
for APLC optimization such as low-order aberrations whicbvide a pretty flat response of the criterion to FPM
diameter when applied at reasonably large amplitudes. MewELTs are not yet well enough defined to predict
the level of static aberrations that coronagraphs will havdeal with.

The parameter which has the largest impact on the optimum BReter is the central obscuration. An
obscuration ratio of 30% leads to an optimal APLC of 4/D. In most cases, the optimal sizes derived for other
telescope parameters are quite consistent with that inddmsthe central obscuration. The dispersion of the FPM
size is no larger than 042D given the range of parameters we have considered. We aisordrated that APLC
optimization based on throughput alone is not appropriateleads to optimal FPM sizes which decrease with
increasing obscuration ratios. This behavior is oppositeat derived using our criterion. The superior quality of
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our criterion is supported by the comparison of contrastilesoobtained with both optimization methods in Sects.
5.3.2and 5.2.2.0.

5.5 Limits of this study

e This study can not be generalized to telescope without akoliscuration. In that case the problematic is
totally different: there is only one apodizer regime (bell regime) ardrmsmission of anfiyaxis evolves
linearly with the mask diameter since the apodization getsmger. The bigger the FPM, the stronger the
apodizer, the lower the throughput. The choice is then driseperformance (contrast level requirements,
throughput and IWA considerations). It is more a tradieaoalysis rather than optimization.

¢ Although the idealized simulations presented in this stddyot consider atmospheric turbulence and in-
strumental defects, they allow us to find the optimal APLCfiguration and PSF contrast for each case.
Cavarroc et al. 2006 [30] show that the ultimate contrasiexelble by dfferential imaging (speckle noise
suppression system to enhance the contrast for exo-plategttobn topics, for instance, Racine et al. 1999;
Marois et al. 2000; Baba et al. 2003; Guyon et al 2004 [78, 82486]) with a perfect coronagraph is not
sensitive to atmospheric seeing but depends criticalljtaticgphase and amplitude aberrations. Our results
therefore present the possibility of extending this stuthe more realistic case of a real coronagraph tak-
ing into account relevantfiects releated to telescope properties. However, it is itapobto analyse how
telescope parameters will matter the coronagraph withedp the atmosphere residual phase left by an
AO system (depend on science program objectives, for instanaging of the vicinity of elongated object
(AGN or so) is a totally dierent than imaging Earth-like planet and hence requiréréint approaches
and considerations). Hence, these results must be coedidarefully, since when operating on a telescope
(i.e in realistic conditions) undistinguished contrastween diterent apodiz¢FPM combination can be
delivered, and could therefore potentially give more wetghthroughput consideration.
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5.6 APLC optimization for EPICS

5.6.1 Context

In the context of the future planet hunter project for the B-EEPICS: Exo-Planets Imaging Camera and Spectro-
graph), a comparison study between coronagraphs has hgatedthbetween dierent institutions : LAM, LESIA,
FIZEAU and ESO. The goal of this first step was to provide optiparameters for a large number of coronagraphs
with respect to diraction from the proposed pupils of the E-ELT and chromatisAM is responsible of the Dual-
zone, LESIA of AGPM and multi-4QPM, FIZEAU of binary pupil mlaand two mirrors apodization techniques
and ESQ@LESIA of APLC and Band-limited. Through this part, we will lgrpresent optimized parameter for
APLC and some basic results inflilaction limited regime. Optimized parameters for BLs w#l presented in
Chapter 6. Note that this comparison study is only the fiegh stf a more complex and general study that aims
to finely analyze the whole system (telescapAO residual+ instrument+ coronagraph speckle calibration
data processing) in a End-to-End simulator (Vérinaud e2@07 [100]) in order to fairly compare coronagraphs
at a level close to the level of detection.

5.6.2 Assumptions
Pupil designs

At this time, two main pupil designs were into competitiontiee future E-ELT as shown on Fig. 5.12. These two
designs diers from the geometry of the spider vanes. Central obsouratiin each case 30%.

O | A%

ey |

Figure 5.12: Two pupil designs proposed for the E-ELffating by the configuration of the spider vanes

Spectral bandwidth

For this first step optimization, three spectral bandwidlidnge been defined:
e 0.8um = 100 nm (R= 25%)
e 1.25um + 100 nm (R= 16%)

e 1.6um = 100 nm (R= 12.5%)

5.6.3 Proposed APLC and first results

Assuming results of the previous study, a 4/D APLC has been proposed for each design. Nevertheless.tin tha
case the apodizer has been calculated without the preséspéler vanes in the pupil. Spider vanes structures
usually start to alter the shape of the apodizer for maskdfiabout 51/D (apodizer more complex, not rotation-
nally symmetric, lower throughput) as discussed in Sourrehal. 2007 [91]. However, in some cases depending
on the pupil geometry (as Design 1 & 5, see Fig. 5.12) spideesatart to modify the apodizer at smaller mask
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Figure 5.13: Lyot mask size re-optimization for APLC to métes chromatismfiects here for R= 12.5%. The
optimal one is the one which minimize the residual energy-stR5%.

size. A study is required to determine which configuratiohaier. This has been started and potentially could
lead to a re-optimization. This issue will be further disein Sec. 5.6.5.

As discussed in Sec. 5.2.2.0, the nominal mask size of thedambe re-optimized to mitigates chromatism
impact (see Fig. 5.15 as example for=R12.5% where the optimal size is the one that minimize theduedi
energy). Apodizer designed for a 4/D mask diameter combined with a 4/D mask diameter is the optimal
point for a monochromatic case (at least untiER%, seeTable. 5.2). In a case of a limited bandwidth with a
central wavelengthly, the apodizer profile calculated for a mask.4/D, is not optimal for other wavelength,

simply because the mask size for this wavelengthfi@dint:
Ao\ 4
4.7(7) 5 (5.12)

For apodizer corresponding to the 4g/D, the optimal Lyot mask size for a limited bandwidti is a mask
actually corresponding to a minimal wavelength from thecban

4.7 Ao
2
Hence, considering the spectral bandwidth, theJ Lyot mask has been re-optimized to:
e 5.01/DforR=12.5%
e 5.11/DforR=16%
e 5.42/Dfor R=25%

Note that in each case the pupil stop has been also optinozedtigates chromatismfiects as well. The outer
diameter has been slightly reduced, the inner diametergiddrsvanes have been slightly increased. For instance,
the physical size of the spider vanes has been oversizeddnya bf 2.

In Fig. 5.14, results of this optimization are presentedteNbe fairly constant of contrast of the polychromatic
coronagraphic PSFs owing to the mask and stop optimization.

5.6.4 Chromatism dependency
Monochromatic case

Using numerical fitting function applied on Fig. 5.15 (lefsulting from simulation), an empirical relation can
be defined for the chromatism dependency of APLC. In that tteessd.71/D (no mask size re-optimization) is
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Figure 5.14: Coronagraphic PSF of optimized APLC (apodiz@rl/D with mask size of 5.0, 5.1, 5.4 for R
12.5, 16 and 25 % respectively (pupil stop is also re-optiah)z

considered, and 51 wavelengths have been simulated38®o) to optimize fitted function cdiécients. We found
more convenient to express the empirical relation as fandf Ao/ 1 wherelg is the nominal operating wavelength
(monochromatic case) anidthe dfective wavelength:

2

A
,[ P

A A A
T(TO) :Coxe ‘/Ecz) +C3+C4X 70 +C5X(70)2 (514)
Owing to the later equation, the total rejectian)(can be determined wheh# 1o where:

Co = 0.6841 (weight of the gaussian)
C; = 1.0 (center of the gaussian)

C, = 0.0347 (standard deviation)

C3 =- 3.8735 (constant term)

C4 = 6.7805 (linear term)

Cs = -2.6292 (quadratic term)

As we said, this case only show the chromatic behavior of 2 AJ7TAPLC when the mask size is not re-optimized
with respect to the spectral bandwidth. A re-optimizatidrthee mask size for a given spectral bandwidth is
obviously mandatory (see Table 5.4) for large spectral dditth. In Fig. 5.15, we compare the two cases by
plotting on the left side Eq. 5.14 chromatism dependencynwhask size is not re-optimized and on the right
side the chromatic behavior when the mask size is re-opgith{both case for R 33Whenip/1 < 1, so to say

at longer wavelengths, the 4./ mask appears smaller which indeed explains the stronga&nrgof the curve
(Fig. 5.15, left). On the opposite, whelg/A > 1, corresponding to the case of shorter wavelengths, th& mas
appears bigger, and hence the decreasing of the left cuna B0 important (Fig. 5.15, left). In the later case,
although the mask diameterfidirs from the nominal one, it gets larger and therefore hadtarteiciency from

a Lyot coronagraph point of view. In other words, the4 3 APLC will be more dficient at shorter wavelengths
because even if the mask size does not correspond to thezapstiape, it gets bigger. It is precisely the reason
why the mask size is re-optimized to a bigger one {BBat 1 = Ap) for R = 33%: at the longest wavelength
for which the mask appears smaller, it will get its nominaksand increase up at shorter wavelengths. Hence,
chromaticity has been mitigated (Fig. 5.15, right).

Polychromatic case

Here, we are interesting on the total rejection rdlieiency when using the APLC on a spectral bandwidtif1).
To do so, we simulated polychromatic coronagraphic PSFgukinwavelengths. We compare th@@ency of
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Figure 5.15: Chromatism dependency of APIL@fttotal rejection rate behavior (normalized) for a4.l0 APLC
as function of the operating wavelength through the ragiol, Right4.71/D APLC with re-optimization of the
mask size (5.6/D) forR=3

the APLC in its nominal configuration (4.%/D) to that when the mask size is re-optimized with respect ¢o th
spectral bandwidth. Note that in each case, the pupil stopires identical to the entrance pupil (a re-optimization
of the pupil stop can help to further mitigate chromaticitgesults are resumed in Table 5.4 and show the critical
interest of re-optimizing the mask size. Note that the tog@ction rate is better by 78% forR = 33%, for
instance. Obviously, re-optimizing the mask size impdutsI¥WA, but it is not really critical considering that in
the worst caseR = 33%) the mask increases only by @/® and that we are dealing with ELTs for which the
angular resolution is usually confortable.
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Chapter 5. Optimization of the Apodized Pupil Lyot Cororzqdr

Table 5.4: Total rejection rate of 47D APLC as function of the spectral bandwidtly(AA) for the nominal €,
d) and optimized configuration§pimizeddoptimized

R[o/A  [100 [50 |25 [20 |10 [7 |5 |3
d[4/D] 47 |- - - RE - -
doptmizeal /D] | 4.7 | 4.7 |49 |49 |50 |51 |54 |56
T 1105] 1178 1112| 1068 | 796 | 583 | 376 | 158
Toptimized 1195| 1178 1114] 1101 835 | 782 | 757 | 731
Gain [%] - - 0.28 | 3.00 | 4.68] 25.45] 50.33| 78.38

5.6.5 Reserves: the spider vanes impact

In this last section, we discussed interest of optimiziradglation) the apodizer with respect to the spider vanes of
the pupil. Simulations discussed hereafter are prelimiaad will be further developed in the context of EPICS.
As discussed above, spider vanes structures usually statter the shape of the apodizer for mask size about
5 1/D (apodizer more complex, not rotationnally symmetric, lotbgoughput) as discussed in Soummer et al.
2007 [91]. The way it impacts the apodizer is determined leyrétio between the mask size and the spider vanes
thickness. Here, we will show that the way spider vane stinestimpact the apodizer is not only determined by
the spider vanes thickness vs. the mask size but also by treajgcal repartition of the spider structures across
the entrance pupil. Specifically, some pupil geometriesartak calculation of the apodizer with respect to the
spider vanes useless because of the poor performance kneycaimpared to that without taking into account the
spider vanes.

e When the geometrical repartition of the spider vanes restaimogeneous across the pupil diameter, alter-
ation of the apodizer only start frompD. Given that, conclusions presented in Sec. 5.2.2.0 rerafgmant
assuming that we are only looking at APLC configurations mghér than 61/D. Apodizers in such range
of mask size are not highly modified.

¢ When the geometrical repartition of the spider vanes ardowtogeneous across the pupil diameter (Pupil
design 1 and more specifically design 5, for instance), ttexadlon of the apodizer start beforg/® (it
is already visible from 4/D, see Fig. 5.6.5) and modification of the profile is quite intapnt. apodizer
complex, not rotationnally symmetric, low throughput (Seéle 5.5).

e The way that the spider vanes (in a non-homogeneous conignyare dispatched has a strong impact
on performance, making the optimization of the apodizehwéspect to the spider vanes useless (poor
performance) for some of them. Note in Table 5.5, the lostimfiutghput compared to that non-optimized
case, and diierences between design 1 and 5 result2{% transmission etierence).

¢ Using non-optimized apodizer on aperture with spider stmes strongly impacts APLC in a 2 stages con-
figuration while 1 stage isfcient enough (Fig. 5.6.5, top).

e For small mask size4.51/D), using optimized apodizer on Design 1 allows good perfarteseven in 2
stages configuration while on Design 5 performance areyrballl (Fig. 5.6.5, bottom left).

e Whatever the repartition of the spider vanes (pupil 1 or ®mf~ 51/D performance of APLC with opti-
mized apodizer are not enough important compared to namieid APLC (Fig. 5.6.5, bottom right).

As shown in simulations, there is a strong relation betwernrépartition of the spider vane structures across the
pupil and the interest of optimizing APLC apodizer with thdater. These optimized complex apodizer do not
appear favorable in terms of performance and add addit@mredtraints (alignment and manufacturing issues).
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5.6. APLC optimization for EPICS

Table 5.5: Apodizer throughput [%] as function of the maglesind impact of the pupil design on the calculation

of the corresponding apodizer.

optimized w.r.t spider vanes

no yes

Mask size i/D] | Design 1| Design 5| Design 1| Design 5
4.0 65.3 65.3 48.2 23.2
4.5 57.2 57.2 39.1 20.1

Figure 5.16: Apodized pupilsfirstline: 4.01/D APLC, secondline 4.51/D APLC. Columnl & 2: apodizer
calculated without the presence of the spider vanes andeapph design 1 & 5 respectivelyColumn3 & 4:
apodizer calculated with respect to the correspondingd piegign. Corresponding throughput are in Table 5.5
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Design 1 & 5 / APLC optimized without spider vanes

Design 1 / APLC optimized with spider vanes
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Figure 5.17: Monochromatic PSF and coronagraphic PSF witBe D APLC. Top apodizer calculated without
the presence of spider vanes=85.3%) and applied on pupil design 1 & Bottom left apodizer calculated
with respect to the pupil design 1 £#8.2%). Bottom right apodizer calculated with respect to pupil design 5

(T=23.2%). As a fair comparison, curves are pondered by the T.
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Abstract - Band-limited coronagraphs are considered as promisingoagraphs for space-based observa-
tions (TPF-C, Traub et al. 2006 [92], for instance). Thesaeseof band-limited image masks are built to provide
an insensitive-like behavior to pointing errors and othawtspatial-frequency optical aberrations. A large vayiet
of band-limited functions exists, withf@irent mask throughputs, orders, and associated pupil stbips order of a
band-limited coronagraph dictates the sensitivity of theskito optical aberrations. In this Chapter, we will inves-
tigate the suitability of such device considering some irtgm specificities of ELTs that can potentially severely
restrict the interest of high order band-limited functiofrom a simple system analysis and by only considering
some parameters as the IWA and the pupil stop shape and thpoigve will underline the fact that most of the
telescope geometry parameters impact on the choice of ttex of these function to implement on ELTs in prac-
tice. This analyzis will be further investigated in Chapseaind 9, where we combine band-limited coronagraphs
(with different orders) with XAO system and speckle calibration syséspectively.
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Chapter 6. Optimization of Band-limited coronagraphs

6.1 Band-limited coronagraphs for arbitrary apertures

6.1.1 Presentation

6 7

Figure 6.1: BL coronagraphic process : Entrance pupil (b)thke focal plane, the complex amplitude of the
star (2) is spatially filtered (4, low-frequencies) by theotynask (3). In the relayed pupil (5) a pupil stop (6) is
filtering high frequencies and as a result in the relayedlmlifiraction light is canceled (7). Finaly, the starlight is
suppressed and not imaged on the detector (9).

The BL is a direct improvement of the Lyot coronagraph whicévents for the starlight to propagate in the
geometric area of the relayed pupil (resulting from the odumion of the telescope pupil with the Fourier transform
of the mask). To reduce starlight contamination in the retbgperture, it is then required to use a quite large Lyot
mask combine with a reduced pupil stop. However, this cordigon is not favorable for planet detection close to
their parent stars. The philosophy of the BL coronagrapb ediapt the Fourier transform of the mask to be with
finite support as the telescope aperture in a way to reducesttibation of the mask Fourier Transform. In other
words, the Fourier transform of the BL mask is band-limited.

6.1.2 Formalism

In this Section, we briefly remind the formalism of the Bairdded coronagraph (mostly based on Kuchner et al.
2002 and Kuchner et al. 2004 [59, 57] and adapted to the camtidfary apertures). Band-limited coronagraphs
are image mask function that are band-limited in a Fouriasse As discussed above, these devices are direct
improvement of the Lyot coronagraph that strive to adaptihelitude mask support to be infinite as the PSF. In
other words, the Fourier transform of such masks are bamitielil, defined on a finite support.

In the following, for the sake of clarity, we omit the spati@ordinates andp (for the pupil plane and focal
plane respectively). The function that describes the aog#i mask is notedl. The classical coronagraphic
process, corresponding to propagation from the telescopparee aperture to the detector plane, is expressed in
Eq. 6.1t0 6.5. Planes A, B, C and D correspond to the teleszpgeure, the coronagraphic focal plane, the pupil
stop plane and the detector plane respectively. The Fouwailesform of a functiorf is notedf. The symbolg
denotes the convolution product. The entrance pupil ischBti the pupil plane:

Yya=P (6.1)
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6.1. Band-limited coronagraphs for arbitrary apertures

The complex amplitude of the star is spatially filtered (lseguencies) by the mask:
Yg =YaxM (6.2)
The exit pupil image is spatially filtered (high frequengieg the stop:
Yo =dpxII (6.3)
e = [Ya® M] x I (6.4)
The coronagraphic amplitude on the detector plane becomes:
Yo = dc = [faM] T (6.5)

In Kuchner et al. 2002 [59], Kuchner & Traub proposed to usecalfplane mask shape functidhwhich is
band-limited and will block all the light from an on-axis soa to angle within the clear area defined by the pupil
stop (i.eya ® M = 0). Following the notation of Kuchner et al. 2004 [57] exses for uniform entrance aperture,
we will further develop Eqg. 6.4 in 1D. To do so, we can wiiteas a diference of Heaviside functions?’(o):

1 a a 1
W) = H(p+ 5) = Hlp+5) + Hp=3) = H(p = 3) (6.6)
Assuming that the entrance aperture is opaqué fof > 1 and inside the central obscuration as wiel, | < a

wherea < 1 («a is the width of the central obscuration regarding the emaperture scale unit). By, we refer

to the domain whergl(p) = 1 including| p |< %2 and| p |> 42 wheree < 1.

Then, since the convolution with an Heaviside function isieglent to indefinite integration, we can write:

~ 1 1% a 1
) ©N(p) = M (p+ 3) ~ Mp+3) + Ml (p=5) = Mo~ 3) (6.7)
WhereM(p) = d’g’—‘p(p). Hence, to remove all the starlight within the clear aredeffiupil stop, Eq. 6.4 requires to
satisfy:
1 1% 1 1%
///(p+§)+///(p—§)=///(p—§)+///(p+§) Yoe 2P (6.8)

Now, if we consider the case whate= 0 (uniform entrance aperture), Eq. 6.8 becomes:

///(p+%)=//l(p—%) Voe P (6.9)

And, considering factors added in Eq. 6.4 by the presencleoténtral obscuration, a trivial solution would
requires to satisfy both Eq. 6.9 and the following:

M (p - %) = Mo+ %) VoeD (6.10)

Conditions of Eq. 6.9 and 6.10 are respected with a simplgisal

M (p) = constantVYp € & (6.11)

To do so, this condition abou# (p) translates into two requirements &t the Fourier transform of the mask
shape function have to satisfy the following propertiesefineéd in Kuchner et al. 2004 [57]:

M) =0 Ype 2 (pl<e/2) (6.12)

€/2
f M(p)dp = 0 (6.13)

€/2

A family of mask functions satisfy Eq. 6.12 and 6.13. Such krfasiction typically consist of a series of dark
rings or stripes as described for instance in Fig. 6.2 andeatesigned in 1D or 2D whekeds the bandwidth of
the mask.
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Figure 6.2: Example of band-limited functions. Image fronckner et al. 2002 [59]

6.1.3 Band-limited parameters

We will show through this section that band-limited cororsgans have opened parameters that depends on the
application. An optimization of these parameters can natdree in the same way as APLC (Chapter 5). In that
sense, BLs optimization is close to the non-apodized Lyobragraph case. The choice of BLs parameters is
actually largely driven by considerations such as IWA, edit@n and pointing errors requirements.

Bandwidth of the function

In the previous part (Sec. 6.1.2), we introduce the paramaete the bandwidth of the band-limited mask function.
This parameter is in a certain way comparable to the one thatras the physical size of a Lyot mask: the
diameter. This means that the choice of thealue will directly impact the IWA of the coronagraph and ben
control the pupil stop throughput to combine with the maskgriactice. In other words, a giverwill impose an
effective IWA, pupil stop throughput and angular resolutioa, tBe choice of the optimal value feiis determined
by sciences requirements.

Order of the function

The order of a band-limited mask can be well understood bymeding the amplitude transmission function of an
ideal band-limited mask into Taylor series about the origBiven that, we can describe the way that the mask
attenuates sources near to the optical axis.

M(r) = mo + myr + mpr? + mar + ... (6.14)

Assuming the case for which the mask is opaque at the centesyanmetric, we can state thiat, my, ms..=

0. Hence, the first term in this expansion is quadratic, im 4™ power for the second term and so on. Since the
corresponding intensity transmission id(r)? |, the intensity attenuation will then vary a&for the first term,

r8 for the second term and so on, by multiple of 4. Hence a magkptioaluces as a first term &'48" or 12
power dependency will be called a fourth order, eighth ocdéwelfth order BL mask respectively. By analogy to
inteferometry, we can say that such masks produces fougtitheor twelfth order null respectively.

The order of the null sets the mask sensitivity to low-orderaations near the optical axis and hence directly
impact on aberrations and pointing errors requirement® Higher the order, the lower the requirements. This
order-sensitivity behavior has been numerically verifshmaklan et al. 2005 [85].

BLs can be build to have flerent order, starting with 4. A eight-order band-limitedskas designed to
eliminate the quadratic term in Eq. 6.14 owing to the follogvproperties that imposes to be equal to O:

2
%M(r) =0 forr=0 (6.15)
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6.2. Assumptions

The interest of a high order band-limited mask is then obsiddowever, an important drawback due to the
level of the order is the pupil stop throughput. For a givei\IiVe ¢€), the higher the order, the lower the pupil
stop thoughput. This inconvenience is quite acceptabledrtase of full entrance aperture, but may become prob-
lematic for centrally obscured aperture since the pupp $$mecessarily already reduced to block the additional
diffraction light in the relayed pupil. In other words, while fpace-based observation#f{axis aperture as the
TPF-C, Traub et al. 2006 [92]) a high order BL can be usefutgtax pointing requirements for instance), its in-
terest may be severely restricted for ground-based olis@mmgdecause of the telescope geometry that will restrict
the collecting area of the pupil stop and hence decreasentiida resolution. Hence, the pupil stop is a critical
issue for this coronagraph. This issue will then be addceakmng the following parts of this Chapter.

6.2 Assumptions

Here, we describe the assumptions for simulations pregaiiiag the next parts of this Chapter. We will consider
two 1D band-limited mask functions with fourth and eightlder We do not consider higher order since con-
clusions derived from this study will underline the facttteahth order BLs already have a restricted interest for
ELTs. Note that these results will be supported by the araperformed in Parts Ill and IV.

Bandwidth of the mask vs. IWA Band—-Limited mask functions
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Figure 6.3: Left Bandwidth of the mask vs. IWA for a four and eight order masidtion. Right Off-axis
throughput as function of the angular separation for a fodreight order mask function with IWA 4 1/D

6.2.1 Mask functions and orders

Here, we briefly present band-limited coronagraph funstiamd properties for the fourth and eighth order masks
respectively:

M(F)gn =1 — siné(?) (6.16)

[-m . r m . r
Mg = N|—— — sind =< + Dgingn €

| Iaf mif (6.17)

Where f is the focal ratio at the mask, is the wavelength at which the mask is supposed to operats,aN i
normalization factorl andm are integer exponent parameters. These latter, cont®Isrthing of the mask (i.e
their efective throughput). Using larger values foandm helps to reduce the ringing but at the cost of a lower
Pupil stop throughput. In the following, we will consideetfourth order mask (Eg. 6.16) and the eighth order
mask (Eg. 6.17 withm = 1 andl = 3). Note that the eighth order is simply a linear combinatiétwo fourth
order masks build such that the quadratic term in the ang@ittansmission cancels.
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Chapter 6. Optimization of Band-limited coronagraphs

6.2.2 Bandwidth of the function vs. IWA

In Fig. 6.3 (eft), we plot the relation between the bandwidth of the ma$lafd the inner working angle (IWA,
defined at half-maximum of the intensity transmission peodil the mask function) in the case of the fourth and
eighth order mask. In Fig. 6.3i¢ht), the intensity profile of these two order masks is plottedaf@iven IWA
(44/D, for instance). Note that we choose mask functions with adgeiective throughput (high transmission
in critical region where planet are potentially observablgloreover, these two masks have been proposed for
TPF-C. The choice of the parameteis then drive by sciences requirements and hence upon thieatgm. An
optimization as we did for the APLC by defining criteria is metevant for that reason. Moreover, as the Lyot
coronagraph, BLs are coronagraphs that need to be optimitledhe pupil stop.

6.3 The pupil stop problem

For the Lyot, the larger the mask, the higher the performatiwe higher the pupil stop throughput (starlight
contamination in the geometrical pupil gets finely localizehen the mask gets larger). For BLs, problematic
is identical except that at each bandwidth of the mask, paidoce will be identical (perfect rejection in ideal
conditions, i.e if properly optimized, the pupil stop calscal starlight contamination in the relayed geometrical
pupil), while throughput of the pupil stop will evolve as anfition ofe. The smaller the bandwidtl), the larger
the IWA, the higher the pupil stop throughput. Hence, it satlthat an optimization of BLs is mainly concern
with the optimization of the pupil stop, and will be set bydhghput considerations and IWA as well.

0% central obscuration
T

100
8o —-- " -
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Figure 6.4: Pupil stop throughput as function of the IWA fofoair and eight order mask function. Central
obscuration is 0%.

6.3.1 IWA & order of the function vs. Pupil stop throughput

Some analytical expressions of the pupil stop throughpwe lieeen defined through the large number of paper
dedicated to BLs (Kuchner et al. 2004, Crepp et al. 2006 [3]), Fhe simple and somehow optimistic one states
that the throughput of a 1D linear mask BLs is equal ted In simulation, in the case of full entrance aperture,
throughput is generally consistent to this later relatiatihin 5 - 10%. For the following simulations, pupil stop
have been optimized in perfect case to reach a perfect atienwof the on-axis star.

In Fig. 6.4, we compare the pupil stop throughput of the fowmnd eighth order mask as function of the
IWA (i.e €, the bandwidth of the mask). On this plot this comparisonedgrmed for a full pupil (0% central
obscuration). From this plot, we can derive some conclission

e Conformed with theory, the larger the IWA, the higher thetighput
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6.3. The pupil stop problem

e Eighth order is less transmissive than four order, tigedince gets smaller when IWA gets larger
e Throughput diference is about 20% for small IWA and 10% for large IWA
e For very small IWA ¢ 2 1/D), eighth orders are poorly suited considering the throughp

6.3.2 Telescope geometry impact

For most coronagraphs, telescope specificities such agtiieatobscuration or the secondary mechanical struc-
tures (spider vanes) directly impact the shape and the dgifwmut of the pupil stop since additionafiglacted light

remains in the geometrical relayed pupil. In the probleoaitBLs, these fiects matter the interest of a high order
BL.

Central obscuration impact

In Fig. 6.5, we compare for two IWA configurationA/D and 101/D) the impact of the central obscuration ratio

on the pupil stop thoughput for the fourth and eighth ordemisks. From these two plots, we can derive some
conclusions:

Conform to theory, a large IWA is more favorable in term of psfop throughput

Throughput diterences between a fourth and eighth order is less criticéfge WA

For small IWA, throughput decreases in the same way whatbeesrder

For large IWA, throughput starts to matter for 20% centraalrvation whatever the order

IWA = 4Xx/D IWA = 10A/D
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Figure 6.5:Left Pupil stop throughput as function of the central obscaratatio (linear) for a four and eight
order mask function with IWA= 4 1/D. Right Same a the previous one with IWA101/D

Again, high orders (eighth or higher) are poorly suited wtrenlWA is small (&/D, for instance). The example
of the Subaru telescope shows that a fourth order pupil stbpave ~52% throughput while a eighth order will
only reach~28%. This results will actually be worse in reality since gibatop is necessarily reduced for spider
vanes dffraction dfects (see Sec. 6.3.2.0), chromatism (see Sec. 6.3.3)ealgmt and manufacturing issues.

Spider vanes impact

As discussed in Sivaramakrishnan et al. 2005 [86], the itnpfabe presence of spider vanes influences more BLs
than APLC, since the additionalftfiacted light remaining in the geometrical relayed pupil @reditused around
the spider diraction pattern while finely localized in the case of APLCnide, theseféects require an additional
reduction of the pupil stop collecting area around the spidaes. Examples of pupil stop optimized for centrally
obscured pupil with spider vanes will be shown in Sec. 6.4.
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Chapter 6. Optimization of Band-limited coronagraphs

6.3.3 Spectral bandwidth impact

BLs are not highly chromatic as phase mask, for instance.eadew pupil stop need to be optimized with respect
to the spectral bandwidth in order to mitigate chromaffeas. The bandwidth of the mask is proportionalito
while the bandwidth of the pupil stop is independentiofTherefore, a combination of magkPupil stop will
work at all wavelengths shorter than the one for which it wesighed (but it only have optimum throughput at one
wavelength). Given that, the pupil stop must be optimizatiédongest wavelength considered for the application.
In Fig. 6.6, we compare the impact of the spectral bandwidta A1/1) on the pupil stop throughput for a fourth
and eighth order masks as function of the IWA of the mask. Riwese plots, we can derive some conclusion:

e The impact is independent of the order of the mask

¢ A re-optimization of the pupil stop w.r.t the spectral baidhv is more critical for small IWA than large
IWA

e For small IWA (41/D, for instance), the impact on the throughputi$% for R = 20% and~ 10% for
R = 50%.

e For large IWA (81/D, for instance), the impact on the throughputi®2% for R = 20% and~ 5% for
R =50%

4™ order BL 8" order BL
100 T 100 T

Pupil Stop transmission [%]
Pupil Stop transmission [%)

0 L L

6
Mask IWA [A/D]

6
Mask IWA [A/D]

Figure 6.6: Pupil stop throughput as function of the spéttsadwidth for a four e ft) and eight (ight) order
mask functions

6.4 An example: optimization for EPICS

As presented in Chapter 5.6, an optimization of coronagraptiffraction limited regime has been initiated in the
context of EPICS. Here, we are dealing with the optimizatbBLs. In Fig. 6.7, pupil designs are shown again,
and we recall bellow the spectral bandwidth consideredisrdptimization:

e 0.8um + 100 nm (R= 25%)
e 1.25um + 100 nm (R= 16%)
e 1.6um+ 100 nm (R= 12.5%)

In Fig. 6.8 we show the evolution of the total rejection raseaafunction of the pupil stop throughput for BL4
and BL8 with a 4.Q/D fixed IWA. This simulation was done on the pupil design 5 (mghromatic simulations)
and pupil stop are optimized to match thé&idiction pattern (all starlight canceled). Curves clednigvg that high
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W

N
%

) ——

[\

Figure 6.7: Two pupil designs proposed for the E-ELfating by the configuration of the spider vanes

Table 6.1: Pupil stop throughput when optimized for desigimd 5 with respect to the spectral bandwidth.

Pupil stop throughput [%]
IWA=5 IWA=10
R [%] | Design 1| Design 5| Design 1| Design 5
12.5 25.8 19.5 53.0 46.5
16 25.1 18.8 52.4 45.8
25 23.3 17.2 50.9 44.2

coronagraphicféiciency of a BL is strongly related to the pupil stop. From 208pipstop throughput BL4 and
BL8 provide identical rejection. High rejection rate reguery low throughput. Given that, for EPICS we revised
some choice:

e We choose a order band-limited function
e Instead of a function as4 sinqr)? we adopt a 1 sing(r) a little bit more transmissive
e Two configuration have been defined: IWA51/D and IWA = 101/D to maximize pupil stop throughput

e Expected performance have been decreased to increasglpudu(10® contrast at IWA for the %/D
configuration and under 1& contrast at IWA for the 140/D configuration)

10" T

Design 5 — BL4 4
Design 5 — BL8 - - - —

10" |

Total rejection rate
3
T

o] 20 40 60 80
Pupil stop throughput [%]

Figure 6.8: Pupil stop throughput behavior as function efttital rejection rate for a%and 8" order band-limited
coronagraphs.
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6.5 conclusion

This first analyzis in diraction limited regime enables to underline that high ofdégher than 4) BLs are poorly
suited for ground-based observation with an ELT. Here, we fmtus on the limitation imposed by the pupil stop
optimization (throughput) and show that most of the ELT #p@ties such as the central obscuration or the spider
vanes strongly drive this choice. Higher order than 4 shbeldelegated to situation where the IWA constraint
can be largely relaxed and hence they are not favorable fiplaret purpose. Of course, we can make the choice
to support low-order aberration sensitivity (i.e highed@rBLSs) at a cost of throughput, nevertheless in that case
pupil stop are quite abrupt (which is already the case fodtherder BL with 51/D IWA, see Fig. 6.9). In the
precise case of BLs, an aggressive pupil stop will be probtemeven if it provides very deep contrast in perfect
situation when phase aberrations are negligible (i.e B&el00%) it is no longer the case in realistic condition,
even at high Strehl ratio. This is obviously true for any cgpis but the decrease of performance between the
perfect and realistic situations is even more abrupt withBh 8" order (see Part. 8). On the other hand, in
realistic conditions, an optimization of the pupil stop degs on the dominant source of noiseftdicted light

or uncorrected atmospheric scattered light) and may patntelax the shape and throughput of such device.
However, through the next Chapters, this analyzis will bgpsuted by comparison of4and 8" order BL when
combining with AO system and fiierential imaging system (see Part. 8).
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Abstract - It is very likely that any coronagraph will not provide ditgca 1071° contrast at close angular
distance. Coronagraphs are not perfect even for those wénietable to provide perfect starlight cancellation in
idealistic simulations (as a result of intrinsic defectsfrmanufacturing limitations, alignmentissues...). dlthh
a large number of coronagraphs that have been studied anelojeed for the last 10 years were designed to work
on ground-based telescopes, limitations will be set bystelpe aberrations, instrument aberrations and so on.
The intent of this part is to start a simple sensitivity arsédyof aberrations, pointing errors, telescope parameters
in ideal conditions (without modeling turbulence nor a thiogh instrument design). This first step will give a basis
for coronagraphs sensitivity-order and initiates a firstler of comparison for ground-based observations. Further
investigations will be address in Chapter 8 and 9 where sin@halysis will be performed when coronagraphs are

combined either with an eXtreme Adaptive Optics system ayfarBntial Imaging system.
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7.1. Preamble

Table 7.1: Parameters of coronagraphs optimized for a aeolscuration of 30%. d is the Lyot focal mask
diametere the BL bandwidth parameter (m and | are complementary BL8tfan parameters), Ip is the AGPM
topological charge and’ the overall transmission.

Coronagraph type Specifications

IWA (1/D, +0.1) | 7 (%) | Parameters
FQPM 0.9 82.4 -
AGPM 0.9 82.7 Ip=2
AIC 0.4 50.0 -
Lyot 3.9 62.7 d=7.51/D
APLC 24 54.5 d=4.72/D
APRC 0.7 74.5 d =1.062/D
BL4 4.0 22.4 e=021
BL8 4.0 13.8 €=0.6, m=1, =3
BM X 38.0 Discovery space: 7 to 30D

7.1 Preamble

In this Chapter, we perform a first order sensitivity anaysfiseveral coronagraph concepts presented in Chapter
2 to investigate the impact of major error sources that ogtar coronagraphic telescope (central obscuration,
secondary supports, low-order segment aberrations, segefectivity variations, pointing errors, stellar angul
size...). This analysis is performed in a perfect case (wdrdy performance limitations are set by the studied
parameters).

We consider, the following coronagraph concepts: Lyot nagraph [Lyot], Apodized Pupil Lyot Coronagraph
[APLC], Apodized Roddier & Roddier Coronagraph (i.e Duahed[APRC], Four Quadrant Phase Mask [FQPM],
Annular Groove Phase Mask [AGPM], Band-limited [BL], Aclnnatic Interferometric Coronagraph [AIC] and a
Binary pupil mask (shaped pupil coronagraph) [BM]. Coramagips parameter space is defined in Table 7.1.

In the whole Part 111, we will consider the following metri¢defined in Chapter 4):

e Total rejection ratex)
e Peak rejection raterg)

e Azimuthally averaged contrast estimatic#i){ from 4 (IWA limit imposed) to 6@/D except for BM which
will be estimated in its discovery space (from 7 to13D).
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Chapter 7. First order sensitivity analysis

7.2 Four Quadrants Phase Mask - Annular Groove Phase Mask

7.2.1 Central obscuration

One of the main limitation of the FQPMGPM is its sensitivity to the central obscuration, sincégaificant part
of the light difracted by the central obscuration reappears in the relaygitl . Riaud analytically evaluated the
residual flux &) in the relayed pupil resulting from the presence of a céptracuration:

Fr = _th Ri%b;z (71)
el obs

whereR and Ryps represent the telescope radius and the telescope cens@lraltion radius respectively. For
instance, the residual flux for the VLT configuration is 2% Melior the E-ELT case (where the central obscuration
is ~ 30%), the residual flux is about 10%. Thifext can be mitigates by adequately optimizing the Pupil:stop
either by reproducing the shape of the entrance pupil asguinner and outer diameter respectively oversized
and undersized or by matching the complementary shape dfiffiacted light in the pupil plane as discussed
in Boccaletti 2004 [21]). However, since a significant pdrthe residual flux remains in the relayed pupil, this
concept (FQPM and AGPM as well) can no longer yields to a pederlight cancellation (see right plot of Fig.
7.1, where the black curve (0% central obscuration) onlgaés/the residual numerical noise). In Fig. 7.1 (left),
one can see that the impact on the peak (peak rejection radejrathe halo (contrast evaluation) is identical. The
effect on the coronagraphic PSF is actually an homogeneoaisHlilshift behavior (Fig. 7.1, right). For instance,
by comparing the VLT and E-ELT central obscurations (14% 30 respectively), one can see that an increase
of 8% of the residual flux in the relayed pupil is responsilflerte order of magnitude performance degradation.

Central obscuration ratio Central obscuration ratio [%]
10° T T 10° T

bk s J
f “”»"M.'v'/umfr\

Coronagaphic efficiency
Normalized intensity
o
|

[CURH(N —
N "\‘4“";\‘\“»‘,“ ~
e Y

Total rejection rate N

Peak rejection rate

Contrast [4 to 60 A/D]

1012 | | 1072 L

0 10 20 30 1 10 100
Central obscuration ratio [linear %] Angular separation [A/D]

Figure 7.1: FQPVAGPM sensitivity to the central obscuration rati@ft: impact on the coronagraphifieien-
cies,right: impact on the coronagraphic PSF.

7.2.2 Spider vanes

Owing to an optimization of the pupil stop regarding to thegamce of the spider vanes in the entrance aperture,
their impact on the coronagraphiffieiency can be largely mitigates (see Fig. 7.2).

7.2.3 Segment reflectivity

In diffraction limited regime, the segment-to-segment refldagtixariation has nofect on the performance of the
FQPMAGPM, even for a high value (10%). However, this is no longaetwhen the central obscuration ratio
is equal to 0% (i.e full-filled pupil). In such a case, perfamoe are theoretically perfect and hence segment-to-
segment reflectivity matters. In the precise case of 30%a&kesthscuration ratio, the central obscuration itself sets
the limitation.
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Figure 7.5: FQPYAGPM sensitivity to low-order aberrationsleft: impact on the total rejection rateight:
impact on the coronagraphic halo. 10 phase aberratiorizgagahs have been used in simulations.

7.2.4 Segment static aberrations

In the following (which is ever true for any forthcoming cowgraph analysis of the Chapter IIl), phase aberrations
have been considered until a very high amplitude value ferstike of clarity. Obviously, when operating on a
telescope, phase aberrations will not be that high and wiA®-corrected as well.

Segment aberrations degrade performance much larger dwakhéhan on the peak (Fig. 7.4, bottom left and
right). This is a consequence of the principal frequencgt(frder difraction) of segment halos where speckles
will appear. This principal frequency is on the order of thga of the pupil diameter by a segment width (4.3 =
28 in 4/D units). This results is actually not really the best favégatase when one aims at detecting companions
at somel/D from the on-axis star. It shows the critical importance diitcolling and reducing static aberrations
level.

In Fig. 7.4 (left and right), impact of segment aberratiguiston, tip-tilt, defocus and astigmatism) are plotted
as a function of the total rejection rate (left) and contmshe halo (right). Most of these low-order aberrations
have roughly the same impact on performance. Two regimebeafentified:

e The first one where curves are about flat, where the centraluodison (30%) is the dominant source of
limitation (before 3@/D, see Fig. 7.5 (right) where the dotted line identify these tagimes).

e The second one where the phase aberrations are the dononace ©f limitation (above 30/D, curves are
decreasing). For this later, the sensitivity of the AGFRPM follows a quadratic dependency (illustrated
by the dashed line in Fig. 7.5, right).

7.2.5 Pointing errors

The range of thefliset pointing we considered does not really impact FQ®&PM coronagraphic performance
(Fig. 7.6). The limitation is actually again set by the cahttbscuration.

7.2.6 Stellar angular size
The rejection factor due to a partially resolved star hasiloedined in Riaud et al. 2001 [79] by:
r? -t

fr(l— exp(-r?/1.16))ydr
2 [Jo

7(r) =

(7.2)

As a result, the impact of the stellar angular size can benastid for the FQPYAGPM. In Fig.7.7, the impact
seems to be important only above QUAD. The reason is that the limitation is mostly imposed by thetred
obscuration (30%) when the stellar size is small. In otherdspFQPMAGPM appears insensitive to the stellar
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Chapter 7. First order sensitivity analysis

angular size until 0.4/D because the limit sets by the 30% central obscuration ratpact is dominant. For
instance, in the case of a full-filled pupil (hence perforoeim ideal case yield to a perfect cancellation of a
point-like on-axis source), the limit on the total rejecti@te sets by a 0.1/D resolved object is-236 instead of

a perfect rejection.

7.2.7 Pupil shear

Alignment of the pupil stop only matters performance atdeaggular distance (above 30D) with a tiny impact
indeed. This impact can be mitigates for any coronagraphelaxing constraints on the optimization of the
pupil stop shape. Simulation presented here assumesftrectid light as the source of noise while in realistic
conditions (on ground-based observations), sensitifith® pupil shear will varies upon the dominant source of
noise (either the diraction light or the uncorrected atmospheric speckles).
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7.3 Achromatic Interferometric Coronagraph

The AIC is intrinsically advantageous since performancesdoot depend on the pupil telescope characteristics
such as the central obscuration or the secondary suppamgss the pupil remains centro-symmetric. And even
with non-centro-symmetric secondary supports geomejrysing a suitable mask in an intermediate pupil plane,
vignetting dfect can be avoided by restoring a centro-symmetric digtabun the pupil 