N
N

N

HAL

open science

Réseaux sublambda pour ’imagerie et la caractérisation
de systémes planétaires extrasolaires

Dimitri Mawet

» To cite this version:

Dimitri Mawet. Réseaux sublambda pour I'imagerie et la caractérisation de systémes planétaires
extrasolaires. Astrophysique [astro-ph]. Université de Liege, 2006. Francais. NNT: . tel-00147380

HAL Id: tel-00147380
https://theses.hal.science/tel-00147380
Submitted on 16 May 2007

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-00147380
https://hal.archives-ouvertes.fr

UNIVERSITE de Liege

Faculté des Sciences Département d’Astrophysique, Géophysique et Océanographie

Subwavelength gratings for extrasolar
planetary system imaging and
characterization

THESE

présentée pour ’obtention du diplome de

Docteur en Sciences

par

Dimitri Mawet

Soutenue publiquement le 15 septembre 2006 devant le Jury composé de :

Président : Pr.
Directeur de these : Pr.

Examinateurs : Pr.
Pr.
Dr.
Dr.
Dr.

Jean-Pierre SWINGS
Jean SURDEJ

Serge HABRAKEN
Claude JAMAR

Alain LEGER
Bertrand MENNESSON
Daniel RouaN

Institut d’Astrophysique et de Géophysique de Liege



Mis en page avec la classe thloria.



Acknowledgments

The completion of this work would not have been possible without the assistance of a number
of people. First and foremost, I would like to thank my advisor, Professor Jean Surdej, for his
guidance throughout its duration. His presence as a mentor back from my undergraduate student
years and my diploma thesis has been a invaluable inspiration. I would also like to thank him for
introducing me to the numerous international scientific collaborators that allowed me to develop
the subject and the ramifications of this thesis.

My gratitude also goes to the “old” HOLOLAB team, Vincent Moreau, Bernard Tilkens and
Yvon Renotte for introducing me to the practical aspects and applications of subwavelength grat-
ings, dating back to the very beginning of my diploma thesis.

I am also indebted to the Centre Spatial de Liége “ZOG team”. Their logistical support,
competence and encouragements are at the heart of a great deal of this work. My warmest
thanks go in particular to Serge Habraken, Denis Vandormael, Jérome Loicq, David Verstraeten,
Jean-Yves Plesseria and Karl Fleury.

I would like to express my gratitude to the LESIA “four-quadrant team” who hosted me
at Observatoire de Paris-Meudon during my numerous stays and allowed me to work on this
tremendous component. My thanks go in particular to Daniel Rouan, Anthony Boccaletti and
Pierre Baudoz. I would like to address my very special thanks to Jacques Baudrand, who is one
of the major actors in the success of the “four-quadrant multinational”, for his continuous interest
and support in my work.

I am very grateful to the “Darwin team” at Institut d’Astrophysique Spatiale, who hosted me
in Orsay and gave me the opportunity to work on the fascinating but challenging subject of nulling
interferometry. It was also the occasion for me to enrich my skills by participating to the studies
of the very interesting and original topic of Ocean Planets. My thanks go in particular to Alain
Léger and Alain Labéque who proposed me to participate to the studies on the achromatic phase
shifters for Darwin, which became one of the major subjects of this thesis. I would also like to
warmly thank Marc Ollivier, Franck Brachet and Bruno Chazelas.

These stays in Paris at LESTA and TAS would not have been possible without the intervention
of Pierre Léna, whom I want to specially thank. I would like to also thank Jean Schneider for
its stimulating encouragements from the beginning of my entry in the community of “exoplanet
hunters”.

I am grateful to Professors Jean-Pierre Swings, Serge Habraken, Claude Jamar, Dr Alain Léger,
Dr Daniel Rouan and Dr Bertrand Mennesson, members of my thesis committee, for accepting to
read and evaluate my work.

I would particularly like to thank three colleagues and friends. This work would not have
been possible without their help and friendship. I don’t know by whom to start because they all
contributed to this work differently but with the same subjective importance to me. In alphabetical
order then, I would like to warmly thank Olivier Absil for guiding my very first steps in the field
and as being a roommate with whom I learnt and laughed a lot. I also want to address a very
special thank to Cédric Lenaerts. In the lab, for mathematical simulations, his encouragements
and the discussions we have had are innumerable. And, last but not least (he surely will recognize
himself), for his “ideas of the day”, Wednesday’s chocolate bread, four-times-a-day coffeeeee, for
his passion of Belgian beers and cheese, for the endless political and philosophical discussions we



i

have had, for his aversion of professional amateurism, for his incommensurable obligingness, I
would like thank Pierre Riaud, alias Poulpe, the most Belgian French that I know. He largely
contributed to this thesis.

I also wish to thank all my colleagues at the Institut d’Astrophysique et de Géophysique de
Liége. Special thanks to Denise for taking care of my travels and refunds.

Finally, I take a particular pleasure in thanking my parents and my family for their support
back from the beginning of my studies (especially when I needed it most).

I would not have finished these acknowledgements without thanking my little secretary Jessica,
who helped me in the redaction of the weighty and essential bibliography of this work. More
importantly though, she provided the encouragement, the reassurance, and the strength that I
needed to see this through, in particular during the final stages of this work. I dedicate this thesis
to her.

This research was supported by a fellowship from the Belgian National Science
Foundation (“Boursier du FRIA”). During his stay at Observatoire de Paris-Meudon
and at Institut d’Astrophysique Spatiale, the author was supported by a European

Community Marie Curie Fellowship.



Contents

Notations and acronyms 1
Introduction 5
I Nulling the light to unveil hidden worlds 7
1 High contrast astrophysics 9
1.1 The need for high dynamic range . . . . . . . . .. ... ... ... ... .. 10
1.2 Extrasolar planets . . . . . . . . ... 10
1.2.1 Planetary population in our galaxy . . . . . . ... ... ... .. ... 10
1.2.2 Planetary formation and evolution . . . . ... .. ... ... ..... 12
1.2.3 Exoplanet characterization by imaging and the search for life. . . . . . 15
1.3 Circumstellar disks . . . . . . .. . .. 21
1.3.1  Young stellar objects . . . . . . . ... oo 21
1.3.2 Debrisdisks . . . . . . 22
1.3.3 Article: Coronagraphic imaging of three Weak-line T Tauri Stars: evi-
dence of planetary formation around PDS70 . . . . . . . ... .. ... 23
1.4 Extragalactic astrophysics . . . . . . . . . .. oL 34
1.5 Detection and characterization techniques . . . . . . . ... ... .. ... .. 37
1.5.1  Overview . . . . . .. 37
1.5.2 Indirect detection methods . . . . . . . ... ... 38
1.5.3 Direct imaging methods: coronagraphy . . . . . . . ... ... ... .. 38
1.5.4 Nulling interferometry . . . . . . . ... oo oo 44
1.5.5  Perspectives in Antarctica . . . . . . . . .. ... .. ... ... 47
2 The need for achromatic phase shifters 49
2.1 Interferometric and coronagraphic nulling . . . . .. ... ... ... ... .. 50
2.1.1 Spatial constraints: geometrical leakage . . . . . . .. ... ... ... 50
2.1.2  Spectral constraints: achromaticity . . . . . . .. ... ... L. o1
2.1.3 Temporal constraints: stability . . . . . ... ... ... ... ... .. 04
2.2 Achromatic phase shifters . . . . . . .. .. ..o 55



iv CONTENTS
2.2.1 Dispersive plate APS . . . . . . .. ... 55

2.2.2 Focus-crossing APS . . . . .. 56

2.2.3 Field-reversal APS . . . . . ... 56

2.2.4  Quarterwave-mirror APS . . . . . . .. ... L 58

2.2.5 Vectorial APS . . . . . .. 58

2.3 Article: White-light lab results with an achromatic FQPM . . . . . . . . ... 29

II Subwavelength gratings 71
3 Theory and manufacturing of ZOGs 73
3.1 Diffraction by a grating . . . . . .. ... Lo 74
3.1.1 Scalar diffraction theory . . . . . . . . ... L0 74

3.1.2  Fresnel and Fraunhofer diffraction. . . . . . .. ... ... ... .. 74

3.1.3  Grating equation . . . . . ... 75

3.2 The vectorial nature of light . . . . . .. ... ... ... 0 L. 76
3.2.1 Wood anomalies . . . . . . . ..o 76

3.2.2  Vectorial theories of diffraction . . . . .. ... ... ... ... 76

3.2.3 Rigorous Coupled-Wave Analysis . . . . . . ... ... ... ...... 7

3.3 Subwavelength gratings . . . . . ... ..o 83
3.3.1 Definition . . . . . ..o 83

3.3.2 Effective medium theories . . . . . . . . . ..o L. 84

3.4 Manufacturing techniques . . . . . . . ..o L oL 85
3.4.1 Lithography of resists . . . . . . . . . ... oL 85

3.4.2 Pattern transfer into the substrate . . . . . .. ... ... ... .. 88

3.4.3 In situ monitoring . . . . . . ..o 89

4 Use of subwavelength gratings 91
4.1 Subwavelength gratings as phase retarders . . . . . . ... .. ... ... ... 92
4.1.1 Transmission mounting . . . . . . . . . .. ..o 92

4.1.2 Reflection mounting . . . . . . .. ..o 94

4.2  Subwavelength gratings as anti-reflective structures . . . . . . .. .. ... .. 97
4.2.1  Fresnel parasitic reflections . . . . . ... ..o 97

4.2.2  Structure of the anti-reflective subwavelength grating . . . . . . .. .. 99

4.2.3 Performance assessment . . . . . . .. ..o 101

4.2.4 Parameter tolerancing . . . . . .. ..o 104

4.2.5 Diamond demonstrator . . . . .. . ... o L 104

4.3 Other applications of subwavelength gratings . . . .. .. .. ... ... ... 107
4.3.1 Polarization-selective diffractive optical elements . . . . . . ... ... 107

4.3.2 Polarizers . . . . . . . 107



4.3.3 Polarizing beam splitters . . . . . . .. ..o 0oL 108

4.3.4 Distributed index medium . . . . . .. ..o 108

4.3.5 Space-variant implementation of subwavelength gratings . . . . . . .. 109

III Phase-mask coronagraphy 111
5 4QZOG phase-mask coronagraph 113
5.1 FQPM with ZOGs: 4QZO0G . . . . . . . . 113
5.1.1 Implementation of the FQPM by means of subwavelength gratings . . 113

5.1.2  ZOG specific optimizations . . . . . . .. ..o 115

5.2 Article: Subwavelength surface-relief gratings for stellar coronagraphy . . . . . 116
5.3 Diamond FQPM and 4QZOG . . . . . . . . . .. ... 126
5.3.1 Diamond FQPM . . . . . . . .. ... 126

5.3.2 Diamond 4QZOG . . . . . . L 127

6 Annular groove phase-mask coronagraph 129
6.1 Principle of the AGPM . . . . . . . . . . ... 129
6.1.1 Space-variant subwavelength gratings leading to optical vortices . . . . 130

6.1.2  Optical vortices as coronagraphs . . . . . . .. ... .. ... .. ... 130

6.2 4QZOG vs AGPM . . . . . 131
6.3 Article: Annular Groove Phase-Mask Coronagraph . . . . . . . . ... . ... 132
6.4 AGPM coronagraphs onboard SEE-COAST 7 . . . . .. ... ... ... ... 143
6.4.1 Mission philosophy . . . . . . .. ..o 143

6.4.2 Science case OVEIVIEW . . . . . . . . . . . ... 144

6.4.3 Optical concept . . . . . . . . . 145

6.4.4 Coronagraphic instrument . . . . . . . .. ... 145

6.4.5 Feasibility . . . . ... 146

7 Manufacturing of 4QZOG and AGPM coronagraphs 149
7.1 LETIoperation . . . . . . . . . . . . . 149
7.1.1 Context of the operation . . . . . . . .. ... ... ... ... ..... 149

7.1.2 Goals . . . . 150

7.2 Design of the subwavelength grating . . . . . ... ... ... ... ... ... 150
7.2.1 Technological pileup definition . . . . . . . . . ... ... ... ..... 151

7.2.2  Grating optimization . . . . . . .. ..o 151

7.3 Tolerancing and manufacturing philosophy . . . . . . .. ... ... ... ... 153

7.4  Selection and tests . . . . . . L L, 155



vi CONTENTS

IV Nulling interferometry 163

8 Theoretical study of the TIRG APS 165

8.1 Summary of the context . . . . . .. .. ... L Lo 166

8.2 Modulating the total internal reflection . . . . . . .. ... ... L. 167

8.2.1 Total internal reflection grating . . . . . . .. ... .. ... 167

8.2.2 Total internal reflection thin/thick film . . . . . .. ... ... ... .. 168

8.2.3 Double-rhomb configuration . . . . . . .. ... ... 169

8.3 Theoretical analysis . . . . . . . .. . Lo 171

83.1 ZnSerhomb . .. .. ..o 171

8.3.2 Cdl'erthomb . . . .. ... ... .. . 172

83.3 Gerhomb . . . . .. 173

8.4 Interferometer implementation . . . . . . . . . .. ..o 173

8.5 Tolerancing and design of a prototype . . . . . . . ... ... L. 175

8.5.1 Micro-structure tolerancing . . . . . . .. ... ... 175

8.5.2 Gratingslopeangle . . . . . .. ..o 177

8.5.3 Thin-film solution tolerancing . . . . . . . ... .. ... 178

8.5.4 Roughness and homogeneity . . . . . . . . ... ... 179

8.5.5  Rhombohedra design . . . . .. .. ..o 183

8.6 Summary . . . ... L 193
8.7 Article: Use of subwavelength gratings in total internal reflection as achromatic

phase shifters . . . . . e 193

Manufacturing and test of the TIRG APS 201

9.1 Preliminary attempts . . . . . . . . . .o 202

9.1.1 Mask making using holography . . . . .. ... ... ... ... 202

9.1.2 Reactive ion etching of ZnSe . . . . . . ... 206

9.1.3 Mask high-resolution replication by contact printing . . . . ... ... 208

9.2 Manufacturing of the TIRG APS . . . . . . . .. ... ... ... ... ... 209

9.2.1 Fabrication plan . . . . . . .. ... 209

9.2.2 Thin-film deposition . . . . . . .. ... 212

9.3 Tests . . . . . 212

9.3.1 Structural metrology . . . . . . .. .. 212

9.3.2 Functional metrology . . . . . . . . ... 213

9.3.3 Final tests on the NULLTIMATE bench . . . . .. ... ... ..... 215

Conclusion 217

Objectives and results . . . . . . . .. oo 217

Perspectives . . . . . . . L 218



Vil

V Appendices

A

B

F

RCWA convergence

Infrared materials for the TIRG APS
B.0.4 Chalcogenides . . . . . . . . ..o
B.0.5 Halides . . . . . . ..
B.0.6 TeX glasses . . . . . . . . .
B.0.7 Fluorides . . . . . . . . . .

B.0.8 Crystalline semiconductors . . . . . . . . .. .. ... ... ... ...,
ZnSe TIRG APS drawings
Finite element analysis of a ZnSe rhomb
TIRG APS metrology: equipment characteristics

Article: A new family of planets? “Ocean-Planets”

Bibliography

221

223

225
225
225
226
226
226

233

235

239

241

249



viii CONTENTS




Notations and acronyms

Atmospheric windows

Y band
J band
H band
K band
N band
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arcsec (or ")
mas

AU

pc

kpc

K
micron
sccm
Myr
Gyr
zodi
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degree Kelvin

abbreviation of micrometer (um)
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Mass, effective temperature and luminosity of a star
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Semimajor orbital axis of a planet

Interferometric baseline length
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Spectral resolution



2 NOTATIONS AND ACRONYMS
Acronyms

1D, 2D, 3D One-Dimension(al), Two-Dimension(al), Three-Dimension(al)

4Q7Z0G Four-Quadrant Zero-Order Grating

ADONIS ADaptive Optics Near Infrared System (ESO)

AGN Active Galactic Nucleus

AGPM Annular Groove Phase Mask

AIC Achromatic Interfero-Coronagraph

ALADDIN Antarctic L-band Astrophysics Discovery Demonstrator for Interferometric Nulling

AO Adaptive Optics

APS Achromatic Phase Shifter

AR Anti-reflective

AT Auxiliary Telescope (VLTI)

BBAR BroadBand Anti-Reflective

BLINC BracewelLl Infrared Nulling Cryostat (for the MMT)

BLR Broad emission Line Region

CCD Charge Coupled Device

CEA Commissariat a I'Energie Atomique (France)

CFHT Canada France Hawaii Telescope

CGH Computer Generated Hologram

CHARA Center for High Angular Resolution Astronomy (Georgia State University)

CNES Centre National d’Etudes Spatiales

CONICA COronagraphic Near Infrared CAmera

CVD Chemical Vapor Deposition

Darwin Not an acronym—infrared space interferometer (ESA project)

DOE Diffractive Optical Element

DPMC Disk Phase Mask Coronagraph

DZPMC Dual Zone Phase Mask Coronagraph

EGP Extrasolar Giant Planet

ELT Extremely Large Telescope

EMT Effective Medium Theory

ESA European Space Agency

ESO European Southern Observatory

FOV Field Of View

FQPM Four-Quadrant Phase Mask

GENIE Ground-based European Nulling Interferometry Experiment (for the VLTT)

HST Hubble Space Telescope

HWP HalfWave Plate

IAGL Institut d’Astrophysique et de Géophysique de Liége

IAS Institut d’Astrophysique Spatiale

ICP Inductively Coupled Plasma

IONIC Integrated Optics Near-infrared Interferometric Camera

IR Infrared

IRAS Infra-Red Astronomical Satellite

ISM InterStellar Medium

ISO Infrared Space Observatory

JPL Jet Propulsion Laboratory

JWST James Webb Space Telescope

KIN Keck Interferometer Nuller

LAOG Laboratoire d’Astrophysique de I’Observatoire de Grenoble

LBT Large Binocular Telescope



Acronyms

LESIA
LETI
MIDI
MIRI
MMT
NA
NASA
NACO
NAOS
NIL
NIREST
NOMIC
OPD
Pegase
PKC
PMMA
PSD
PSF
QSO
QWP
RCWA
RIE

rms
RPBE
RV
SEE-COAST
SED
SEM
SDI
SNR
SPHERE
TE

™

TIR
TIRG APS
TIS
TPF-C
TPF-I
UT
VINCI
VLTI
VLT-PF
VSI
WFE
WGP
XAO
YSO
Z0G

Laboratoire d’Etudes Spatiales et d’Instrumentations en Astrophysique
Laboratoire d’Electronique de Technologie de I'Information (Grenoble)
Mid-InfrareD Instrument (VLTT)

Mid-TR Instrument (JWST)

Multiple Mirror Telescope

Numerical Aperture

National Aeronautic and Space Administration
NAOS-CONICA

Nasmyth Adaptive Optics System

Nulling Interferometer for the LBT

Nulling Infra-Red survey of Exo-Systems for TPF

Nulling Optimized Mid-Infrared Camera

Optical Path Difference (or Delay)

Not an acronym infrared space interferometer (CNES)

Phase Knife Coronagraph

PolyMethylMethacrylate

Power Spectral Density

Point-Spread Function

Quasi-Stellar Object

QuarterWave Plate

Rigorous Coupled-Wave Analysis

Reactive Ion Etching

root mean square

Reactive Plasma-Beam Etching

Radial Velocity

Super Earth Explorer-Coronagraphic Off-Axis Space Telescope
Spectral Energy Distribution

Scanning Electron Microscope

Simultaneous Differential Imaging

Signal-to-Noise Ratio

Spectro-Polarimetric High-contrast Exoplanet REsearch (formerly VLT-PF)
Transverse Electric

Transverse Magnetic

Total Internal Reflection

Total Internal Reflection Grating APS

Total Integrated Scattering

Terrestrial Planet Finder-Coronagraph (NASA project)
Terrestrial Planet Finder-Interferometer (NASA project)

VLT Unit Telescope

VLT INterferometer Commissionning Instrument

Very Large Telescope Interferometer (ESO)

Very Large Telescope-Planet Finder (recently renamed SPHERE)
VLTI Spectro-Imager

WaveFront error

Wire-Grid Polarizer

eXtreme Adaptive Optics

Young Stellar Object

Zero-Order Grating (subwavelength grating)



NOTATIONS AND ACRONYMS




Introduction

Astronomy and optics have a long tradition of cooperation, dating back at least to the invention
of the first refractor by Galileo. Significant breakthroughs in astronomy, and later in optical
astrophysics, i.e., observational astrophysics from the ultraviolet to the thermal infrared, have
been linked to some major advances in optics. Indeed, theoretical astrophysics has to rely on
or be confronted with observations. For a long time, this strong link has been based mostly on
the design of telescopes. With the advent of photographic plates and, more recently, of modern
detectors (CCD), the field of focal instrumentation has grown enormously, thanks in particular to
the emergence of new concepts in optics.

Astrophysics is now facing a quantum leap in the understanding of major problems including
the evolution of the very early universe, the presence of extrasolar planets and exobiology. At the
eleventh anniversary of the discovery of the first extrasolar planet around a solar-type star, at a
time where about 200 planets have been discovered outside our own system, daunting questions
about their formation, evolution, and for a few of them, their habitability, are more than ever
posed. These interrogations about our origins have triggered the emergence of new technological
concepts aiming at tackling the fantastic observational challenges and a strong will for pushing
existing technologies to their limit. The most recent advances in optics have indeed allowed the
frontier set by the atmospheric turbulence and the finite size of apertures to be broken. In fact, it
is only very recently that technological breakthroughs in adaptive optics and interferometry have
succeeded in shedding new light on many fields in high angular resolution astrophysics and their
future is most promising.

Firstly, in the next decade, the tools of astrophysicists in optics will move for ground-based
facilities from the 8-10 meter class telescopes to decametric or even hectometric optical telescopes.
The design of these telescopes and their optical train up to the focal plane instruments represents
an extraordinary challenge. With some very recent exceptions, current 8-meter class telescopes
and their associated instrumentation are extrapolated from the generation of 4-meter telescopes,
sometimes leading to cumbersome instruments. Further extrapolation of classical techniques will
not work for next-generation extremely-large telescopes (ELTs). Old and known limitations will
also be exacerbated, like mirror polishing or simply the influence of the atmosphere. Adaptive
optics, which can provide diffraction limited images at the focus of current telescopes, sharper
by one to two orders of magnitude than images limited by the turbulence, will not be easily
extrapolated towards larger apertures since this technique relies on critical components such as
wavefront sensors and deformable mirrors, revealing very bulky with traditional technologies.

Secondly, and parallel to the emergence of ELTs, next generation post-VLTI interferometers
are being considered. Dating back to the beginning of the last century (Michelson 1920), interfer-
ometry is not a new topic in astrophysics but the big challenge for the next decade is to develop
kilometric arrays of telescopes.

These ELTs and kilometric interferometers will absolutely necessitate radical changes in the
techniques. For that, evolution is underway: optical fibers, integrated optics, MEMS, subwave-



6 INTRODUCTION

length gratings, etc. The interest for micro-optics in astrophysics grows exponentially every day.
Apart from the miniaturization aspects, such an attraction is comprehensible. Historically, one
of the needs of micro-structured components comes from the space environment. Indeed, in or-
der to be “spatializable”, the components have to be lightweight, operate at cycling temperature
when they are in orbit and in this context, monolithic micro-components provide an incomparable
stability with respect to classical bulk optics. Alternative solutions are now emerging but at the
same time involve a technological breakthrough. None of the specific techniques is unique but the
combination or synergy makes it very complex.

Micro-optics manufacturing techniques are inherited from the micro-electronics industry and
given the speed at which the fabrication technologies are currently developing in this prolific
sector, more accurate control of more and more parameters will be possible every year, opening
the door to rapid substantial performance improvements. Compared to micro-electronics industry,
the processes are somehow similar or derived but the materials are generally different. A process
optimization taking into account the knowledge of physical and chemical properties is required.
A long learning phase of R&D with industrial supports is therefore also necessary.

The present thesis is dedicated to the study of a class of micro-components: the subwavelength
gratings. Such gratings have the appealing property of being optically malleable. This ability is
often referred to as “optical property engineering”. Applications are numerous but the present
work concentrates on astrophysical applications in the framework of the most demanding subject
of exoplanet detection and characterization. This dissertation is organized as follows. The first part
presents the scientific context and objectives of what is called “high-contrast imaging” (Chapter
1). Then, in Chapter 2, we discuss the importance of one key component in high dynamic range
imaging: the achromatic phase shifter. The second part of this work concerns the presentation
of subwavelength gratings from the theoretical point of view (Chapter 3) and from the practical
one by showing their numerous applications (Chapter 4). The third part is then dedicated to
the applications of subwavelength gratings to phase coronagraphy in Chapter 5, where we present
the 4QZOG coronagraph, Chapter 6, where the AGPM coronagraph is described, and Chapter 7
where their fabrication using state-of-the-art technologies is studied. The fourth and last part of
this work presents the application of subwavelength gratings in nulling interferometry, from the
theoretical point of view in Chapter 8, from the practical one in Chapter 9.
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Nulling the light to unveil hidden worlds






High contrast astrophysics
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Abstract. High contrast imaging opportunities abound in astronomy. Some of them carry

such high intrinsic interest that they justify considerable effort to master the associated technical
challenges. From this point of view, the last decade has seen major advances on multiple fronts,
scientific as well as technical. From the scientific point of view, the discovery of the first extrasolar
planets has triggered a renewal of the permanent question on the possible presence of life outside the
solar system. From the technical point of view, large telescopes, space telescopes, interferometers,
adaptive optics, micro-optics are all advancing, building the technological foundations for future
high contrast imaging experiments and facilities that will certainly allow us to answer this ancestral

question in scientific terms.



10 CHAPTER 1. HIGH CONTRAST ASTROPHYSICS

1.1 The need for high dynamic range

Astronomy features large dynamic ranges. The ratio of the brightness of the Sun to the faintest
detected galaxy is about 102, and current technology deals with that adequately. But astronomers
insist on studying highly-contrasted sources which are close to one another. The need for a high
dynamic range together with a high angular resolution is the ultimate challenge.

There are two main issues for high contrast imaging: one is the capacity of the detection
scheme to accommodate the dynamic range, and the other is the disturbing tendency of light
from a bright source to spread out because of physical limitations of the observing telescope
(atmospheric turbulence, diffraction, etc.). One can distinguish three broad categories of targets
with relevant high contrast imaging scenarios which, while not exhaustive, cover most of the topics
of interest to astronomy: one is stars with nearby fainter stars or planets; the second is stars with
fainter, diluted and extended circumstellar material; the third is active galactic nuclei (AGN) with
adjacent fainter stars, disks, jets, etc.

Let us now review each type of targets in more details, with an emphasis on the very popular
and exciting subject of extrasolar planets.

1.2 Extrasolar planets

The discovery of the first extrasolar planets by Wolszczan & Frail (1992) and Mayor & Queloz
(1995) has engendered a dramatic explosion in the field of extrasolar planet research. Three main
themes in this topic can be identified: the first one is the characterization and understanding
of the planetary populations in our Galaxy (distribution, host-star properties, etc.); the second
one concerns the understanding of the formation and evolution of planetary systems (e.g., accre-
tion, migration, interaction, mass-radius relation, albedo, etc.); the third one, last but not least,
consists in comparative planetology. This subject implies the characterization of the planetary
atmospheres, the search for and study of biological markers, with resolved imaging and the search
for intelligent life as the “ultimate” and much more distant goal.

1.2.1 Planetary population in our galaxy

The first exoplanet detected around a solar-type star (51 Peg) unveiled an unexpected new type
of planets: hot Jupiters. With its projected mass of 0.468 M; and orbital period of 4.23 days
(semimajor axis of 0.052 AU), 51 Peg b has become the prototype of what is now named after it
“Pegasides”, i.e., planets that are heated up to about 1000 K due to the proximity to their parent
star. Since 1995, 45 planets have been found with semimajor axes a < 0.1 AU, i.e., with orbital
periods < 10 days (see Fig. 1.1, left). Planets have also been found farther away from their host
stars, with semimajor axes up to ~ 270 AU (AB Pic b). Most of them are assumed to be gaseous
giants similar to the Jovian planets of our solar system, as 123 of the 200 planets found to date
have a minimum mass larger than 1 M.

The majority of the exoplanets discovered so far, i.e., 188 out of 200, were indirectly detected
by the so-called radial velocity (RV) technique in which the stellar wobble of the star moving
about the center of mass of the star-planet system is measured with spectral Doppler information.
Unfortunately, the RV technique only provides a measurement of M sini, where M is the mass
of the planet and ¢ the system inclination with respect to the plane of the sky. As the latter is
generally unknown, the measure only gives the “projected mass” which is a lower limit. So far,
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Figure 1.1: Left: exoplanet minimum mass versus orbital period. Pegasides are concentrated at
the left part of this diagram. Right: number of detected exoplanet versus minimum mass. The
dearth of companions with M sini larger than 12 M; confirms the presence of a “brown dwarf
desert”. Data from Schneider (2006).

about 5% of the stars monitored in RV surveys have been found to harbor at least one planet.
This is a lower limit as low-mass and/or long-period objects cannot be detected with the current
techniques. However, and despite the inevitable bias induced by the RV method towards high
mass/short orbital period planets, remarkable statistical properties have emerged from the 200
planets detected to date:

- even with the bias mentioned here above, 40% of the detected planets have a projected mass
smaller than 1 M; and only 16% have a mass larger than 5 M ;. Within ~ 0.3 AU from the
central star, there is a deficit of massive planets (M sini > 4 My);

- only 6 objects have a semimajor axis smaller than 0.035 AU, which suggests that there is a
pileup at this rather well-defined separation;

- according to Lineweaver & Grether (2003), at least ~9% of Sun-like stars should have planets
in the mass and orbital period ranges M sini > 0.3 Mj and P < 13 years and at least ~22%
should have planets in the larger range M sin: > 0.1 My and P < 60 years. Even this larger
area of the log(mass)-log(period) plane is less than 20% that occupied by our solar system,
suggesting that the hypothesis that about 100% of stars have planets is consistent with both
the observed exoplanet data that probe only the high-mass, close-orbiting exoplanets and
with the observed frequency of circumstellar disks in both single and binary stars. If the
fraction of Sun-like stars that possess planets is representative of all stars, this means that
out of the ~ 300 billion stars in our Galaxy, there are between ~ 75 and ~ 300 billion
planetary systems;

- the planet-mass distribution follows a power law dN/dM oc M~ (see Fig. 1.1, right), affected
very little by the unknown sinz. The dearth of companions with M sin¢ larger than 12 M
confirms the presence of a “brown dwarf desert” at least for companions with orbital periods
up to about 10 years;

- multiple planets are common (20 systems discovered so far), often in resonant orbits, and
show a tendency for the inner planets to be less massive, which can be interpreted either as
suppressed accretion from the outer disk or as a mere selection effect (Marcy et al. 2005);

- planet occurrence rises rapidly with stellar metallicity (see Fig. 1.2, left), i.e., the abundance
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Figure 1.2: Left: number of exoplanets versus host-star metallicity. Planet occurrence rises
rapidly with stellar metallicity. Right: exoplanet minimum mass versus eccentricity. Planets of
highest mass tend to have higher orbital eccentricities than those of lower mass which is a puzzling
trend. Data from Schneider (2006).

of heavy elements in the host star. According to Santos et al. (2005) and Marcy et al. (2005),
~ 25% of the stars with twice the solar metallicity harbor a planetary mass companion,
whereas this percentage decreases to below 5% for stars with the same metal content as our
Sun. The favored explanation for the high metallicity of planet host stars is of course that
planets form more easily in a metal-rich environment;

- apart from planets with a < 0.05 AU that are submitted to tidal circularization, eccentric
orbits are common (see Fig. 1.2, right). This is in sharp contrast with the planets of our solar
system. Fig. 1.2 (right) also shows that higher eccentricities are obtained for more massive
planets, which is consistent with the trend of higher eccentricities at larger separations
together with the fact that more massive planets are at larger separations, or equivalently,
at longer periods (see Fig. 1.1, left) . It is to be noted that the period-eccentricity relations
of exoplanets is significantly different from those of binary stars (Halbwachs et al. 2005).

This set of unexpected properties provides strong reasons to believe that exoplanets are formed
by a different mechanism than low-mass companion stars and are thus putting strong constraints
on the planetary formation theories as we will discuss below.

1.2.2 Planetary formation and evolution

Terrestrial planets are believed to be formed via solid body accretion of kilometer-sized objects,
which themselves are produced as a result of the sedimentation and collisional growth of dust grains
in the protoplanetary disk (Lissauer 1993). This theory comes from the idea already proposed
in the 19th century that the Earth and the other terrestrial planets were formed from meteoritic
material. But it is only in the 1960s that the theory was developed in a quantitative way by
Safronov (1969), who calculated in details the different stages of terrestrial planet formation.

As far as giant planets are concerned, two theories have been proposed. According to the first
theory, giant planets are formed through the collapse and fragmentation of protostellar disks. This
scenario is related to that proposed by Laplace in 1796. The second theory, proposed by Cameron
in 1973, is called the core accretion model (Pollack et al. 1996). A solid core is first assembled
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in the same way as terrestrial planets, i.e., by accumulation of solid particles in the outer part of
protoplanetary disks, beyond the “snow line” (Sasselov & Lecar 2000), where they can later on
capture substantial amounts of gas from the disk in a runaway accretion process once the core
has become massive enough, i.e., by reaching the so-called cross-over mass (typically at around a
tenth of an Earth mass).

However, the large spread of orbital periods observed for giant extrasolar planets was not
expected in any of the classical planet formation theories, shattering the understanding of the
formation of planetary systems that had been patiently constructed based upon the study of a
single example: our own solar system. The diversity amongst the newly-discovered systems has
taught us how dangerous it can be to build theories on too small a data set. At a time when
searching for life as we know it becomes possible, this comes as a serious reminder to keep our
approaches as unbiased and open as possible.

Indeed, the discovery of giant planets orbiting close to their parent star completely invalidated
the hypothesis that planets were formed in situ like in our planetary system. The temperature
in the inner regions is actually far too high to allow the condensation of solid particles and an
insufficient amount of gas is available there to form such big planets. This contradiction is now
understood in the frame of migration processes (Goldreich & Tremaine 1979; Lin et al. 1996;
Ward 1997). Migration involves the tidal interaction between the protoplanet and the gas in
the surrounding protoplanetary disk by means of angular momentum exchange. Three types of
migration mechanisms can be distinguished:

- type I migration, which applies to an embedded protoplanet of small mass for which the disk
response can be modelled using linear analysis. In this case, the protoplanet is assumed to
excite density waves at the Lindblad resonances' that propagate on both sides of its orbit.
The torque exerted by these waves causes the protoplanet to migrate inwards the disk;

- type Il migration, which applies when the protoplanet is massive enough to open a gap;

- runaway or type IIT migration, which is a new form of potentially fast migration applicable
to massive disks that could be driven by coorbital torques.

Apart from planet location and migration issues, the only formation model allowing quantitative
comparisons with observations is the core accretion scenario. The timescale (about 10 Myr) to
form Jupiter at its present location is however uncomfortably close to the typical lifetime of
protoplanetary disks, which is believed to be of the order of 1-10 Myr. It is to be noted that
the first theory, based on local gravitational collapse of the protoplanetary disk, was proposed to
allow for a more rapid formation of giant planets (Boss 1998). Unfortunately, this model is unable
to account for the period-eccentricity relations of the newly-observed systems. A new model of
giant planet formation that extends the classical core accretion model to include migration, disk
evolution and gap formation can lead to much more rapid formation of giant planets, making it
compatible with the typical disk lifetimes inferred from observations of young circumstellar disks
(Alibert et al. 2005). This speed up is due to the fact that migration prevents the severe depletion
of the feeding zone as observed in classical core accretion simulations. Hence, the growing planet
is never isolated and it can reach the cross-over mass on a much shorter timescale.

LAn external (e.g., induced by a planet) forcing gravitational potential 1, (r, ¢) with azimuthal mode number
m that rotates with a pattern frequency w, in a disk with angular velocity () triggers a response that exchanges
angular momentum with the orbit whenever, neglecting effects due to pressure, m(2(r) — w,) is equal either 0
or +x, with, for a Keplerian disk to adequate acuracy, x = () being the epicyclic frequency. The first possibility
occurs when €2 = w, and thus corresponds to a corotation resonance. The second possibility corresponds to an
inner Lindblad resonance located inside the orbit for Q = w, + x/m and an outer Lindblad resonance outside the
orbit for Q =w, — r/m.
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The bestiary of current detected exoplanets contains mainly Pegasides and Jupiter- or Saturn-
like planets which are supposed to be hydrogen/helium ones, but thanks to the continuous re-
finements of indirect detection methods, Neptune-mass planets have also been detected (Santos
et al. 2004). Over the past two years, the search for low-mass extrasolar planets has indeed led
to the detection of so-called “hot Neptunes” or “super-Earths”. These planets have masses 5-20
times larger than the Earth and are mainly found on close-in orbits with periods of 2-15 days.
Rivera et al. (2005) detected a planet as light as 7.5 Mg but the palm goes to the 5.5 Mg planet,
OGLE-2005-BLG-390Lb (Beaulieu et al. 2006), which has been revealed by a microlensing event?.
The presence of this super-Earth rotating at about 2.6 AU from an M star suggests that such cool,
intermediate-mass planets may be more common than gas giant planets, as predicted by the core
accretion theory. Very recently, a remarkable system of three Neptune-mass planets with periods
of 8.67, 31.6 and 197 days, has been detected orbiting the nearby star HD 69830 (Lovis et al.
2006). Theoretical calculations favor a mainly rocky composition for both inner planets, while the
outer planet probably has a significant gaseous envelope surrounding its rocky /icy core; the outer
planet orbits within the habitable zone of this star.

These detected intermediate-mass planets pose the question of their possible internal composi-
tion. In this respect, the diversity of the discovered systems so far was fully unexpected although
the theoretical tools for predicting migration, for example, were available for a long time but not
exploited. In order to avoid being in the same uncomfortable situation of complete surprise, why
not imagine new kinds of planets provided that their existence is physically plausible ?

Ocean Planets (see Annex F). “Ocean planets” (Léger et al. 2004) or “Volatile-rich planets”
(Kuchner & Spergel 2003) are putative planets in between the rocky terrestrial planets and the
gaseous giants. It seems reasonable to assume that planets resembling our Uranus and Neptune, or
slightly less massive ones, may have formed in cold regions of a protoplanetary disk and migrated
inwards, possibly into the habitable zone where liquid water can be present at their surface.
These planets would be extremely interesting as their large radius (for a given mass, they have
a density significantly lower than rocky planets) makes them rather easily detectable by transit
space missions (CoRoT, Kepler) and analysable by Darwin/TPF (see Sect. 1.5.4, here below).
Imaging a planet with twice the Earth radius requires an integration time 16 times shorter than
an Earth analogue, for the same distance and signal-to-noise conditions.

There are many other kinds of objects one may think of. Here is another example.

Carbon Planets. Kuchner & Seager (2005) suggest that some extrasolar planets will form
substantially from silicon carbide and other carbon compounds. Pulsar planets and low-mass
white dwarf planets are especially good candidate members of this new class for planets, but these
objects could also conceivably form around stars like the Sun. This planet formation pathway
requires only a factor of two of local enhancement of the protoplanetary disk’s C'/O ratio above
solar’s, a condition that pileups of carbonaceous grains may create in ordinary protoplanetary
disks. Hot, Neptune-mass carbon planets should show a significant paucity of water vapor in their
spectra compared to hot planets with solar abundances. Cooler, less massive carbon planets may
show hydrocarbon-rich spectra and tar-covered surfaces. The high sublimation temperatures of
diamond, SiC', and other carbon compounds could protect these planets from carbon depletion
at high temperatures.

2Gravitational microlensing consists in the light amplification of a background star as a foreground compact
mass, such as a planet or star, passes very close to the line of sight of the more distant source.
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1.2.3 Exoplanet characterization by imaging and the search for life

Although extremely difficult, direct imaging is the most promising method as we will now discuss.
Recently, Chauvin et al. (2005a) presented deep VLT?/NACO* infrared imaging and spectroscopic
observations of the brown dwarf 2MASSW.J 1207334.393254. This ~ 25-M; brown dwarf, located
~ 70 pc from Earth, has been recently identified as a member of the TW Hydrae association
(age ~ 8 Myr). Using adaptive optics infrared wavefront sensing to acquire sharp images of the
circumstellar environment, Chauvin et al. (2005a) discovered a very faint and very red object at
an angular separation of 778 mas (55 AU). This discovery is considered as the first image of an
exoplanet (see Fig. 1.3), obtained ten years after the detection of Peg 51b, which demonstrates the
difficulty of the task. The discovery was made easy by the large distance of the companion and
the relatively small contrast Am ~ 5. The characteristics of the planet according to evolutionary
models are a mass M = 5=+ 2M; and an effective temperature 7.7y = 1250 & 200 K.

2MASSWJ1207334-393254

778 mas
55 AU at 70 pc

E

Figure 1.3: Composite image of the brown dwarf 2M1207 (Chauvin et al. 2005a). The companion
appears clearly distinguishable in comparison to the color of the brown dwarf 2M1207.

Since the discovery of Chauvin et al. (2005a), three other low-mass objects have been imaged:
GQ Lup b (Neuh&user et al. 2005), AB Pic b (Chauvin et al. 2005b) and SCR 1845 b (Biller
et al. 2006). The imaging of these objects was made easier since young planets and sub-stellar
companions of a few Myr are generally much brighter than Gyr old sub-stellar objects because of
on-going contraction and possibly accretion. It is worth noting that the planetary status of the
discovered objects is not clear yet. Indeed, their mass is derived from spectral and flux observations
that are injected into evolutionary models like the Baraffe et al. (2003) “COND” or the Burrows
et al. (1997) “Tucson” models. Unfortunately, these models are age-dependent and unapplicable
to ages below 10 Myr, which reveals critical® in the previous observations since the objects are
supposed to be very young, with a large uncertainty about their respective ages.

3VLT stands for “very large telescope”. This observatory of the European southern observatory (ESO) is installed
in Cerro Paranal (Chile).

4NACO stands for NAOS-CONICA, i.e., Nasmyth adaptive optics system coronagraphic near-infrared camera.
It is one of the best performing adaptive optics system in the world and it is installed on the VLT’s fourth unit
telescope (UT4).

5The initial conditions imposed in the mentioned evolutionary models generally possess a great variability that
does not significantly impact the subsequent convergence of the model. The 10-Myr age is too close to the initial
state and is therefore affected by its variability.
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Imaging and characterization. From the theoretical point of view, when considering direct
imaging of extrasolar planets, one must have in mind the three types of emission that can be
detected (Chabrier et al. 2004):

- emission due to the reflection of starlight by the atmosphere or surface of the planet, which
strongly depends on the star-planet distance and is modulated by the phase angle. The
reflected-light luminosity L;‘;f "is given by

2
L7 (1) = % « (ﬁ) % L, % 6(1) (1.1)

a

with L, the luminosity of the star, A, the planet Bond albedo, R, the planet radius, a the
distance of the planet to the star, and ¢(P,i,e,w,t) the orbital phase factor. More light is
reflected at wavelengths where the star is bright, i.e., in the visible. It depends on the planet
radius rather than its mass, and it may be strongly polarized (Stam et al. 2004). Barman
et al. (2001), Sudarsky et al. (2000, 2003) and Burrows et al. (2004), for example, describe
in details the physical processes taking place in the atmosphere of irradiated giant planets
(see Fig. 1.4);

- the thermal emission of the planet, heated by the star at an equilibrium temperature

R,
Ty =T, x 3/ 5 (1= A)Y4, (1.2)
which is given by
Lot = 4n Ry % o, (1.3)

with T, the temperature of the star, and R, its radius. This thermal emission strongly
depends on the star spectral type. It is also characterized by spectral features, mostly due
to CHy and HyO absorption bands (Fig. 1.4), commonly found in spectra of Saturn mass
objects up to brown dwarfs (0.3 — 30 M;). Synthetic spectra in the thermal infrared regime
can be found in Allard et al. (2001) and Baraffe et al. (2003), for instance;

- the intrinsic emission of the planets, due to residual cooling after their formation
Ir_ 2 4
L) =4ArR, x 0T 4 (1.4)

where T, is the intrinsic effective temperature of the planet. It decreases with decreasing
planet mass and system age. This contribution to emission is independent of the orbital
distance since the planet is self-luminous. Due to the planet effective temperature (100—1000
K), the intrinsic emission increases towards the mid-infrared.

In Fig. 1.5, we show the comparison of the black body flux ratio for the Earth and Jupiter with
respect to the Sun, from the visible to the thermal infrared wavelengths. The difficulty of high
contrast imaging of exoplanets clearly appears on these diagrams. Indeed, the flux reflected by
Earth-like planets is not expected to represent more than a few 107! of the stellar flux in the
visible range, while its thermal emission should amount to a few 10~7 of the stellar flux around
10 pm, where it peaks.

Let us now review the planet characteristics that would be accessible by imaging, assuming
that the contrast problem is solved. One of the most obvious observable accessible by imaging is
the orbit of the detected planet. Two orbital positions are in principle sufficient to determine the
orbital parameters P, i, w, 2, T, and e. However, a third observation is necessary to unambiguously
link the object gravitationally to its host star. It is to be noted that the number of observations
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Figure 1.4: Left: Jupiter spectral contrast, dominated by methane features notably at 1.65 pum.
Right: Peg 51b (Hot Jupiter) expected spectral contrast, very different from that of Jupiter.

can be reduced from three to two in the reflected light case because of the possible determination
of the orbital phase factor ¢(P,i,e,w,t). A second observable is the planet radius that can be
constrained to a lower limit in the reflected light case thanks to Eq. 1.1 and from the fact that the
albedo has an upper limit of 1. It is worth noting that the thermal emission, through Eq. 1.3, gives
a more precise value of the planet radius. The temperature of the planet 7}, can be determined
both from reflected light through Eq. 1.2 and from thermal emission through a simple black
body fit. However, the thermal infrared approach is more robust since it does not depend on
the independent knowledge of the albedo. The mass cannot be determined by direct imaging,
in principle. Indeed, only the dynamical perturbation of the star motion by the planet is likely
to reveal its mass. Nevertheless, the amount of Rayleigh scattering measured by low-resolution
spectroscopy in the visible is representative of the density of the atmosphere. From the latter, one
can approximately deduce the mass of the planet.
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Figure 1.5: Left: comparison between Sun, Jupiter and Earth spectral flux from visible to
thermal infrared wavelengths. Right: flux ratio for Jupiter and Earth with respect to the Sun.
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One of the most interesting observable is the planet spectral contrast. Both visible and ther-
mal infrared domains possess their own features (see Fig. 1.4 and Fig. 1.6). They provide com-
plementary information about the nature of the planet surface, the chemical composition of its
atmosphere, the presence of life forms, etc. Through the temporal variations of the reflected
flux, after correction of orbital effects, several contributors could be disentangled among the sea-
sonal effects, the cloud coverage variations or even the planet rotation through the succession
of lands, sees, icecaps. Another advantage of visible wavelengths is that they provide a richer
palette of spectral signatures than the infrared; at least when observations over a large wave-
length range, and with high spectral resolution and signal-to-noise are available. Therefore we
can obtain information about a planet in the visible that is not accessible in the infrared. For a
planet like the present Earth, we can measure spectral features of water (H,O), Chappuis ozone
band (O3), oxygen (Os), Rayleigh scattering (column abundance of all gases above the surface and
clouds), “red edge” (indicating plant leaves on dry land, Arnold et al. 2002), color (blue, green,
red, infrared bands indicating whether the planet is similar to Venus, Earth, Mars, or Jupiter),
brightness (indicating whether terrestrial or Jovian in size), and polarization (characteristic of a
molecular atmosphere and of Venus-like cloud droplets). Furthermore, spectral information can
be used to infer properties including the planet temperature, diameter, mass, surface gravity, and
atmospheric pressure.

Life detection. Let us now come back to the most exciting theme of life detection. The first
thing to consider is the definition of life. Quite apart from the philosophical point of view which
is beyond the scope of the present work, we will adopt the traditional definition that life signifies
“far from equilibrium organic systems, transforming stellar light into complex organisms”. An
admitted prerequisite in an anthropomorphic view based on our knowledge of life on Earth is
the suitability of a planet for supporting life, or habitability. With the general consensus among
biologists that carbon-based life requires liquid water for its self-sustaining chemical reactions, the
search for habitable planets has therefore focused on identifying environments in which liquid water
is stable over billions of years. This environmental constraint is primarily controlled by the star-
planet separation, but is affected by factors such as planet rotation combined with atmospheric
convection. For Earth-like planets orbiting main-sequence stars, the inner edge is bounded by
water loss and the runaway greenhouse effect, as exemplified by the C'Os-rich atmosphere and
resulting temperature of Venus. The outer boundary is determined by C'O, condensation and
runaway glaciation. These considerations result, for a Sun-like star, in an inner habitability
boundary at about 0.7 AU and an outer boundary at around 1.5 AU or beyond (Kasting &
Catling 2003).

Within the 1-AU habitability zone, Earth-like planets can be considered as those with masses
between about 0.5 and 10 Earth masses, or equivalently, assuming Earth density, radii between
0.8 and 2.2 Earth radii. Planets below this mass in the habitable zone are likely to lose their life-
supporting atmospheres because of their low gravity and lack of plate tectonics, while more massive
systems are unlikely to be habitable because they are expected to build an H-He atmosphere and
become gas giants. Habitability is also likely to be governed by the range of stellar types for which
life has enough time to evolve, i.e., stars not more massive than spectral type A. However, even F
stars have narrower continuously habitable zones because they evolve more strongly (and rapidly),
while planets orbiting in the habitable zones of late K and M stars become trapped in synchronous
rotation due to tidal damping, which may preclude life apart from close to the light-shadow line.
Mid- to early-K and G stars may therefore be optimal for the development of life.

Some new ideas about the possibility of life developing around subgiant and red giant stars
have recently been suggested (Lopez et al. 2005). Indeed, the habitable zone is expected to evolve
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Figure 1.6: Left: Earth spectral contrast in the visible. Spectral feature of biosignatures like
O2, O3, H2O clearly appears. Note that the C'Os feature is absent in the visible. Right: Earth
spectral contrast in the thermal infrared where the C'O5 feature appears.

with time as the star gets older. In other words, the distance between the star and the habitable
zone, as well as its width, increases with time as a consequence of stellar evolution. The habitable
zone moves outwards after the star leaves the main sequence, sweeping a wider range of distances
from the star until the star reaches the tip of the asymptotic giant branch. Currently there is no
clear evidence as to when life actually formed on the Earth, but recent isotopic data suggest life
existed at least as early as 700 Myr years after the Earth was formed. Thus, if life could form
and evolve over time intervals from 500 Myr to one Gyr, there could be habitable planets with
life around red giant stars. For a solar-mass star at the first stages of its post main-sequence
evolution, the temporal transit of the habitable zone is estimated by Lopez et al. (2005) to be
several Gyr at 2 AU and around 100 Myr at 9 AU. Under these circumstances life could develop
at distances in the range 2 — 9 AU in the environment of subgiant or giant stars, and in the far
distant future in the environment of our own solar system. After a star completes its first ascent
along the red giant branch and the He flash takes place, there is an additional stable period of
quiescent He-core burning during which there is another opportunity for life to develop. For a
solar-mass star there is an additional Gyr with a stable habitable zone in the region from 7 to 22
AU.

Detecting and characterizing an exoplanet in the habitable zone put strong constraints on the
angular separation between the star and its potential Earth-like companion. For instance, it would
be about 100 mas for a planet at 1 AU from a solar-type star located at 10 parsecs. Since the only
known way to remotely assess the presence of life on a rocky extrasolar planet is to investigate
the chemical composition of its atmosphere by means of spectroscopy, the planetary and stellar
spectra have to be distinguished. This is possible only by spatially resolving the two components
of the system. Indirect methods are not appropriate, except the transit method which can provide
spectral information on the planetary emission without actually resolving the two components
when the contrast is not too large (see, e.g. Ehrenreich et al. 2006).

Owen (1980) argued that large-scale biological activity on a telluric planet necessarily produces
a large quantity of Os. Photosynthesis builds organic molecules from C'O, and H50O with the help
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of H* ions which can be provided from different sources. In the case of oxygenic bacteria on Earth,
H™ ions are provided by the photodissociation of H,O, in which case oxygen is produced as a
by-product. However, this is not the case for anoxygenic bacteria, and thus Os is to be considered
as a possible but not a necessary by-product of life (for this signature of biological activity, as well
as for any other, a key issue is that of false positives, i.e., cases where the signature is detected
but there is no actual life on the planet, while the case of false negatives, when there is some
life on the planet but the signature is absent, is significantly less “serious”). Indeed, the Earth’s
atmosphere was Os-free until about 2 billion years ago, i.e., absent for more than 1.5 billion years
after life originated. Owen (1980) also noted the possibility, quantified by Schneider (1994) based
on transit measurements, of using the 760-nm band of oxygen as a spectroscopic tracer of life
on another planet since, being highly reactive with reducing rocks and volcanic gases, it would
disappear in a short time in the absence of a continuous production mechanism. Plate tectonics
and volcanic activity provide a sink for free O, and are the result of internal planet heating by
radioactive uranium and of silicate fluidity, both of which are expected to be generic whenever
the mass of the planet is sufficient and when liquid water is present. For sufficiently small planet
masses, volcanic activity disappears some time after planet formation, as do the associated oxygen
sinks. Oj is itself a tracer of Oy, with a prominent spectral signature at 9.6 yum in the infrared.
These considerations are motivating the development of infrared space interferometers for the
study of molecular species such as HyO at 6-8 um, C'H, at 7.7 um, O3 at 9.6 ym, CO, at 15 ym
and H,O at 18 um (Angel et al. 1986). Higher resolution studies might reveal the presence of
CHy, its presence on Earth resulting from a balance between anaerobic decomposition of organic
matter and its interaction with atmospheric oxygen; its co-existence with O, being highly outside
equilibrium, it could be a strong evidence for the existence of life.

The possibility that O, and O3 are not unambiguous identifications of Earth-like biology, but
rather a result of abiotic processes, has been considered in detail by Léger et al. (1999) and Selsis
et al. (2002). They considered various production processes such as abiotic photodissociation of
COy and H50 followed by the preferential escape of hydrogen from the atmosphere. In addi-
tion, cometary bombardment could bring Oy and Oj sputtered from H,O by energetic particles,
depending on the temperature, greenhouse blanketing, and presence of volcanic activity. They
concluded that a simultaneous detection of significant amounts of H,O and O3 in the atmosphere
of a planet in the habitable zone presently stands as a criterion for large-scale photosynthetic
activity on the planet. Such an activity on a planet illuminated by a star similar to the Sun, or
cooler, is likely to be a significant indication that there is local biological activity, because this
synthesis requires the storage of the energy of at least 2 photons (8 in the case of Earth) prior to
the synthesis of organic molecules from H,O and C'O,. This is likely to require delicate systems
that have developed during a biological evolutionary process. The biosignature based on O3 seems
to be robust because no counter example has been identified. It is not the case for the biosignature
based on Oy (Selsis et al. 2002), where false positives can be encountered. This puts a hierarchy
between observations that can detect Oy and those that can detect Os.
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1.3 Circumstellar disks

Let us now come back to the planetary formation question in more details. First of all, planetary
and stellar formation and evolution are closely linked. The scenario of star formation has been
divided, according to different stages of evolution, in four classes from class 0 to class II1. Stars
are formed from a cloud of dust and gas where turbulent processes lead dense enough regions to
collapse, leading to an embedded pre-stellar class 0 core. A significant portion of the left-over
dust and gas spirals into a class I protostar adding to its mass (this is known as accretion). This
produces a flattened disk that is rotating around the central protostar. The grains which remains
in the disks are subjected to many forces and frequently collide with each other. Generally, at
the same time, bipolar outflows from forming star-disk systems appear. Class II objects, or young
stellar objects (YSO) comprising T Tauri and Herbig AeBe stars, see their spherical envelope
dissipate which makes the central star and the accretion disk observable over the whole spectrum.
The last division of this classification corresponds to the moment where the gas reservoir has
dissipated and the accretion stops, leading to a class 1l star with planetesimals and forming
planets in a more tenuous disk (e.g. 3 Pic, AU Mic). This disk is replenished by collisions of
planetesimals and evolves into a debris disk (e.g. Fomalhaut, Vega). In the transition between
class II and IIT objects, we find the TW Hydrae-like objects (e.g. PDS70, see here below), which
see their disk currently being cleared.

1.3.1 Young stellar objects

The study of young and intermediate class Il-class I objects, i.e., between 1 and 30 Myr, is of
special importance to constrain the planet formation scenario. This age range indeed corresponds
to the timescale of disk dissipation and planetesimal building. The most natural explanation for
the presence of planets is that the growth from micron-sized dust to planetesimals is extremely
efficient. Possible mechanisms for such an efficient growth are the gravitational instability of the
solids themselves or due to turbulence induced by shear, or the collisional aggregation of particles.
Once planetesimals grow beyond the km-size, runaway growth is thought to drive those which
are far enough from the central star to planetary size. This scenario of planet formation is now
currently approved for low and intermediate mass stars but is still to be proven for massive stars.
An accurate study of the inner (at a few AU) and outer (up to several hundreds of AU) disk regions
searching for small-scale structures is required to answer questions related to planet formation such
as:

- evolution of the dust phase (size, chemistry);
- evolution of dust and gas distribution in the radial and vertical direction;

- signs for planet formation and for already formed planets (local dust concentrations revealing
accretion regions around the planet, grain growth, inner clearings or gaps, large-scale spiral
structures, etc.).

For that, very good spatial resolutions and dynamic range are needed both in visible and thermal
infrared in order to observe both scattered light and dust re-emission and to study the geometry,
chemical composition and structure of the disk. In the visible and near-IR (reflected light) for
example, emission line regions and forbidden emission lines in jets, the most prominent being Hc,
are accessible. For resolving dust absorption-emission, crystalline (silicate), amorphous phases and
Polycyclic Aromatic Hydrocarbons (PAH) features and taking into account the kinematics involved
(e.g., velocity distribution in forbidden line emission in the jets of the order of a few hundreds
km/s), a spectral analysis in the infrared domain (thermal emission) is necessary (6-12 ym and 18-
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Figure 1.7: Left: 8 Pic observed at 0.5 micron from Mauna Kea with University of Hawaii 2.2-
meter telescope (Kalas & Jewitt 1995). Light from the star is blocked by a 6.5” diameter opaque
coronagraph inserted at the focal plane of the telescope, revealing the much fainter dust disk.
Right: [ Pic observed at 1.2 microns (J band) with ADONIS (ADaptive Optics Near Infrared
System) at the ESO 3.6-meter telescope (Mouillet et al. 1997).

30 pm). Again, the complementarity between the two observing domains is indubitable. However,
contrasts ranging hetween 107! and 10~* are expected in the near-IR depending on the age and
geometry of the disk. Imaging of large regions with a high dynamic range is therefore essential
for features related to planet formation but not only. High contrast imaging is also mandatory for
studying features related to stellar physics such as outflows, jets, expected structures like outbursts
due to increased accretion rate, etc.

As an illustrative example, the paper presented in Sect. 1.3.3 concentrates on the high con-
trast imaging of a circumstellar disk around a young T Tauri star (PDS70) thanks to a modern
coronagraphic tool. Note that an overview of high dynamic range detection methods will be the
subject of a following section (Sect. 1.5).

1.3.2 Debris disks

The first discovery of circumstellar dust around a main-sequence star dates back to the launch
of the Infra-Red Astronomical Satellite (IRAS), with which Aumann et al. (1984) quickly found
Vega’s far-infrared flux to be in excess with respect to the expected photospheric flux. Similar
excesses were discovered soon after around a large number of main-sequence stars using photomet-
ric observations with infrared telescopes such as IRAS (e.g. Aumann 1988; Mannings & Barlow
1998) or ISO (e.g. Fajardo-Acosta et al. 1999; Laureijs et al. 2002). These studies have shown
that about 10% of main-sequence stars have excess emission in the 25 pm region, with a larger
occurrence around early-type stars, and that this proportion increases to about 17% at 60 um.
Infrared excesses around main-sequence stars are now commonly understood as the signature of
second-generation dust grains originating from collisions between small bodies (asteroids) or from
the evaporation of comets (Backman & Paresce 1993), like the zodiacal disk in our solar sys-
tem. These disks are supposed to be continuously replenished by these processes as dust grains
have a limited lifetime of a few Myr at most, due to the effects of collisions, radiation pressure
and Poynting-Roberston drag (Dominik & Decin 2003). They have to be distinguished from the
protoplanetary disks of gas and dust detected around pre main-sequence stars, which originate
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from primordial interstellar medium, are optically thick and dissipate on timescales of 10 Myr,
comparable to the cessation of accretion (Mamajek et al. 2004).

However, unlike the solar zodiacal disk, these debris disks are much more massive and composed
of cold dust grains, assumed to be arranged in structures similar to the solar Kuiper Belt at
several tens of AU from their parent star. This assumption was confirmed by imaging some of
these debris disks, first in the visible regime where the stellar light scattered by dust particles
has been evidenced around young main-sequence stars such as § Pic (Smith & Terrile 1984, see
Fig. 1.7) or AU Mic (Kalas et al. 2004), and then in the sub-millimetric and millimetric regimes,
where ring-like structures of cold dust were first discovered around Vega, (8 Pic, Fomalhaut and
¢ Eri (Holland et al. 1998; Greaves et al. 1998; Koerner et al. 2001). These structures suggest
that planets may be forming or may have already formed in these systems, because they generally
show planet-related features such as central clearings inside the cold dust ring or the presence
of warps, clumps or rings. However, the lack of angular resolution and/or dynamic range has
prevented these techniques from imaging more than a dozen of disks, and have mainly limited the
investigations to the outer parts of these disks, which are not relevant in the context of future
planet-finding missions like Darwin/TPF (see Sect. 1.5.4).

Knowledge of dust distribution in the first few AUs around solar-type stars is indeed currently
mostly limited to the observations of the solar zodiacal cloud. The zodiacal cloud, a sparse disk
of 10-100 pm diameter silicate grains, is in fact the most luminous component of the solar system
after the Sun. Its optical depth is only ~10~7, but its integrated emission at 10 pm is about
300 times larger than the flux of an Earth-sized planet. The presence of circumstellar disks
(exozodiacal disks, or ezozodi) around the Darwin/TPF targets may present a severe limitation
to their Earth-like planet detection capabilities, as such clouds would become the main source
of noise if they are more than 20 times as dense as the solar zodiacal cloud. The prevalence of
exozodiacal disks around nearby solar-type stars must therefore be assessed before finalizing the
design of the Darwin/TPF missions.

1.3.3 Article: Coronagraphic imaging of three Weak-line T Tauri Stars:
evidence of planetary formation around PDS70

The following paper, accepted for publication in Astronomy & Astrophysics, deals with corona-
graphic observations of young stars using the NAOS-CONICA adaptive optics system of the VLT
and the FQPM coronagraph installed at its focus. Results are very interesting since a disk has
been imaged around PDS70, showing evidences of planetary formation taking place right now. It
proves the importance and utility of new generation coronagraphic tools in this context.
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ABSTRACT

Context. High angular resolution imaging of nearby pre-main seqeestars with ages between 1 and 30 Myr can give valuable irftiomon
planet formation mechanisms. This range of ages is thoogidrrespond to the dissipation of the optically thick dusk@urrounding young
stars and to the end of the planet formation.

Aims. This paper presents new observations of three weak-linafli $sars (WTTS) of intermediate ages ranging from 7 to 16.Myaims at
increasing the knowledge and sample of circumstellar disgand “old” WTTS.

Methods. We observed three stars with the VLT's NAOS-CONICA adaptiptics system in coronagraphic mode. The four-quadrarggpha
mask coronagraph was used to improve the dynamic range @mta of~ 100) while preserving the high angular resolution (innerkitg
angle of 015).

Results. One object of our sample (PDS 70), a K5 star, exhibits a bromerticompanion and a disk in scattered light with a surfagghlbness
power law ofr 28, extending from a distance of 14 to 140 AU (assuming a stdiiance of 140 pc) and an integrated luminosity o7 i@y in
theKs-band. The mass of the companion can be estimated to be w&ithimge between 27 and 50 Jupiter masses wittffantive temperature
of 2750+ 100K. This object also shows a resolved outflow stretching up 50 AU.

Conclusions. This newly detected circumstellar disk shows strong siritiés with the disk around TW Hya, and adds to the observeulijze
tion of “old” TTS surrounded by circumstellar material. Mower, three clues of planetary formation are brought tat kxy this study.

Key words. Stars: individual: PDS 70, PDS 81, PDS 99 — Stars: planetgstems: protoplanetary disks — Stars: circumstellar matte
Instrumentation: adaptive optics — Methods: observationa

1. Introduction (e.g., Haisch et al. 2001; Mosqueira & Estrada 2006) have to

) ) .. be confirmed by further observations in this age range. When
Three diferent periods of star formation are generally distin,q gas reservoir is dissipated and the accretion stops tla

guished. Young stars like those in Taurus and Chamaele8n (dgyrs are left with planetesimals, potentially continuitanet
Myr) are embedded in their cocoon emitting only in the fagymation in a more tenuous disk. The most natural explanati
infrared and millimeter wavelengths. Older stqrs _Ilke VERED for the presence of planets is that the growth from micraedi
Myr) or Fomalhaut (200 Myr) show large dissipated debrig,st o planetesimals is extremefjieient. Once planetesimals
disks residing between 50 and 150 AU. In between, we find by, peyond the km-size, runaway accretion is thought teedri
Jects of intermediate age likePic or Au Mic (20 Myr), which  {nse that are far enough from the central star to planeizey s
are surrounded by disks of gas and dust still in the processi9fe jternative scenario of gravitational instabilityoposed

forming planets. by Boss (2002), could also be at the origin of planet forntatio
The study of objects between 1 and 30 Myr is therefoegound low and intermediate mass stars.

of special importance to constrain the planet formation sce
nario. Moreover, previous works indicating that the 1 to 10 The main observable feature at these early formation stages
Myr period is likely to be the timescale for disk dissipatiotis the general morphology of the disk (brightness profilgnas
metries, etc.) from which timescales for disk accretiossigia-
Send offprint requests to: P. Riaud, email riaud@astro.ulg.ac.be tion, and planet building can be inferred, as we will discUss
* Based on observations obtained with NAGQPM at the Paranal better understand these phenomena, one needs to increase th
Observatory, Chile, in ESO programs 075.C-0730(A). number of observations of young and intermediate objects. A




2 Riaudet al.: Coronagraphic imaging of weak-line TTauri stars

classical reservoir for young stars is the TW Hydra assiatiat served under poor seeing conditions during the first night. F
which contains various PMS stars. Only three opticallykhicghis reason, PDS 70 was re-observed during the second night,
disks have been detected so far in young associationsy firdiut with another reference star (TTS18). The two other WTTS
around TW Hya (Weinberger et al. 2002; Krist et al. 2000)vere also observed with their proper reference star: PDS 81
GM Aurigae (Schneider et al. 2003), and recently around PD&th HIC 89529 and PDS 99 with SS300. Itis to be noted that,
144 (Perrin et al. 2006). Other young stellar associatioist e to close the loop, AO wavefront sensing is directly perfodme
in our neighbourhood<« 150 pc), such as Centaurus, Lupusn the visible on the target under acquisition, be it a refeee
or Ophiuchus, and their observation is actually far frormigei star or the scientific object. It is necessary to have the same
completed. atmospheric turbulence corrections between the targetrend

In this paper, we present the results of coronagraphic aleference star. For that, all reference stars were choséineio
servations of three PMS stars (T Tauri) with ages comprissiinilar magnitudes in the V band (for similar AO correction)
between 7 and 16 Myr (in Scorpius, Corona Australis, arhdKs-band (for similar a signal-to-noise ratio in the CONICA
Centaurus). These observations were performed in the neamera). Due to the need for similar colours, almost all ef th
infraredK s-band with the VLT's NACO adaptive optics systenobserved objects are young stars (T Tauri). This could lead t
during 3 nights from the 22th to the 24th of June 2005. One stMe issues in circumstellar material detections, as tee-re
of our sample (PDS 70, a K5 star) presents a large disk andreces are also likely to possess a disk. This eventualitpdws
jet-like structure. The detection of the disk in scatterigthitl carefully checked by looking at their thermal infrared esszes
was possible thanks to the four-quadrant phase-mask (FQRMdhe IRAS catalog (see Table 2).

coronagraph (Rouan et al. 2000; Riaud et al. 2001). This new The total integration time ranged from 900 to 2200s de-
generation coronagraphic device allows both good steXar @ending on the target. To calibrate time-dependent PSB&-vari
tinction and high angular resolution imaging. tions, we acquired reference coronagraphic images niniety m
In Sect. 2, we describe the targets, the data analysis piiges before or after the scientific exposures at almost tine sa
cedure, and the associated observational artefacts gtéké parallactic angle. To reduce drift and pupil rotation, theget

effect of the FQPM coronagraph into account. In Sect. 3, wear centering was checked and corrected every 60s.
present thds-band observation results. Section 4 is then dedi-

cated to the discussion of the general properties of the RDS 7 .
disk. Two complementary numerical models are introduced fg-2. Data analysis
that purpose. They show that the presence of a young cold d_|.1ﬁt

disk under dissipation reproduces the observed disk ctearac. € sum of |n_d|V|duaI short coroqagraE)h|c |mage”s_|s prazss
in the following way. A normalized “super-flat” is created

by taking the median of five lamp-flats with appropriate dark
frame subtractions. The NACO coronagraphic mode requires

istics and sheds new light on former thermal infrared data.

2. Observations and data analysis the calibration of each target star with a correspondingiamed
) sky exposure, allowing the subtraction of the backgrourdi an
2.1. Observations dark contributions. The subsequent normalization of eabh s

Observations were performed with the VLT’s NAOS-CONIcATacted image with the “super-flat” provides a first stageaiad
adaptive optics system (NACO) in the coronagraphic mode, (0Cessing. However, as we will see, this simple treatmdht w

ing the FQPM coronagraph. This phase mask coronagraph J¥¥scompletely prevent the presence of an electronic naise d

a four quadrant phase-shift distribution in the focal plane td© the readout process, as well as two electronic ghostseof th
provide an €icient destructive interference of the on-axis staft» @PPpearing on both sides of the detector center.
The FQPM coronagraph has been validated on a test bench inNext, all images are co-added with a sub-pixel centering
monochromatic light (Riaud et al. 2003) showing peak atteAtocess. Indeed, because of the camera sampling of 13.27
uation of~ 10°, and recently, in polychromatic light betweerinas per pixel, it has been empirically demonstrated that a
500 to 900 nm, (Mawet et al. 2006) with a peak attenuation 8fib-pixel precision of 2 mas rms is necessary to achieve an
~ 750. A monochromatic device manufactured on an infragificient coronagraphic image addition. For this operation, a
substrate has been installed and commissionned on the NA®O-dimensional Gaussian fit of the dark center of the FQPM
instrument (Boccaletti et al. 2004). Under good seeing son§FWHM of 60 mas) coronagraph provides the needed sub-pixel
tions (< 078), a peak attenuation of about 10-30 is routinelgrecision for the centering in the Fourier domain. Doing thi
obtained, for an inner working angle df15. we obtained about = 0.05 pixel or 0.7 mas rms of centering

A Samp|e of young stellar objects were imaged during thr&gror, which is 3 times better than the SpeCification meietbn
nights (June 22 to 24, 2005), using the visible wavefront sefere above. In the reduced and co-added images, fineaied
sor of NACO (Rouan et al. 2000). All FQPM coronagraphigtarlight appears in fact much brighter than the flux of afoeta
images were taken with tH¢; filter and the S13 camera (13.27disk. Fig. 1 shows the preprocessed coronagraphicimage of t
magpixel). This relatively high image sampling (4 pixels pePDS 70 source. One can notice the classical structure of FQPM
1/d) allows a precise centering on the phase mask coronagragionagraphic images: four peaks at the center surrouryded b
and therefore a good reference subtraction for the datgsisal & large smooth starlight halo.
The observing conditions are reported in Table 1. Two object A reference star is then subtracted to increase the contrast
PDS 70 and its associated reference star HBC 609, were obthe coronagraphic image by minimizing th&eet of the
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Table 1. VLT /NACO observing log of 7 stars in th&s-band with the FQPM coronagraph.

Target a (J2000) 6 (J2000) UT date Exposure time  DIT Seeing 75(ms)  Airmass Strehl Astigmatism
PDS 70 14:08:10 -41:23:53 A¥/2005 1500 s 5s N 1.1 11 20%:+ 3% 134 +2°
HBC609°f 15:59:16  -41:57:10 2R7/2005 900 s 5s 'm7-2'7 1-0.8 1.05 15%t+ 6% 132+ 2°
PDS 70 14:08:10 -41:23:53 A®/2005 1140 s 5s " 1.5 1.1 32%+ 3% 130 + 2°
TTS18° 15:14:47  -42:20:14 287/2005 1080 s 5s "9 1.6 11 35%+ 2% 128 + 2°
PDS 81 16:14:08 -19:38:28 M¥/2005 2200 s 5s 1 1.8 1.05 30%+ 9% 130 £ 2°
HIC89529%  18:16:07 -18:37:03 287/2005 2200 s 3s 1 1.8 11 35%:+ 8% 132+ 2°
PDS 99 19:09:46  -37:04:26 /¥/2005 960 s 4s "1 1.8 1.3 28%=+ 10% 122 + 2°
SS300°f 17:18:08 -38:08:27 207/2005 960 s 4s m 1.4 1.4 30%+ 7% 128 + 2°

* 19 corresponds to the atmospheric correlation time aphBecorded during the observation.
ref Reference stars.

increasing the weight of pixels with large deviation relatio
the shot noise. For example, this parameter is setto 1 ifthe s
traction in the pixel (i, j) is lower than three time the shotgse

M
o Companion E T
Vlopj, Otherwise it is set to 10:

Readout Noise o TP

. FQPM cross

_ { 10 if |(lonj — @.lrer — B)| > 3\/|_0bi 2

1 if (Iob — @.lref — B)I < 3 Vioh;
Starlight halo
In fact, tests have been carried out with the param®ter

ranging from 1 to 100, and 10 is the retained tradlevalue.
It is to be noted that if the reference star possesses circum-
3 stellar features, it would create a false over-subtradssne.
Electronic Ghost n However, we have noted that the calculus of the optimtlat
minimizese is a robust procedure little sensitive to the exact
value ofS and to the presence of circumstellar features around
the reference.

Finally, it can be convenient to know the flux level in the
Fig. 1. Preprocessed coronagraphic image of PDS 70 obtained by gigel (i, j) relative to the azimuthally median value in awroat
sum of 19 images (19 minutes of total exposure time). The FQRMe distance = \/m For that, an azimuthally averaged
cross and the dark hole in the center of the image are clessilyle.  rofjle is removed from the reduced data to further enharee th
Four bright peaks are surrounded by a residual starlight (&8 in ot of imperfectly circular circumstellar featurBefore
diameter). We also show two electronic ghosts and the neiséathe ;0 ation it is necessary to check the image to deftect t
readout. The logarithmic brightness scale ranges betwee @000 ’ . .
ADU. presence of perfectly plrcular glrcumste!lar featuregmbhuer,

it is to be noted that this operation can give a negative viaue
data below the median profile.

diffracted starlight smoothed halo in a field of view (FOV) of
3’5 in diameter centered on the FQPM mask. Lggf, Irer be
the flux for the target and the reference star, respectively,
the coronagraphic image. For a proper subtraction, a cilssithe dominant source of residuals after subtraction is the
least square procedure is applied. The corresponding fifere speckle noise due to the variation of the turbulence coorti
merit functione corresponds to the residue of the subtractigfetween the science object and the reference star. The frain e

2.3. Residual noise

between the target and the reference: fectis that the resulting Strehl ratio after adaptive aptiorrec-
. o ) . tion is different for both stars. Moreover, due to the relatively
€= Z oni(i, J) — alrer(i, J) — AI” x S, J) (1) faint V magnitude of our targets, the performance of the adap
¥ lobi(i, J) tive optics system is limited by the shot noise and therefore

provides incomplete correction of low-order aberratioks |
The minimization parameter is the scale intensity factor astigmatismZs, Zs), coma &7, Zg), or trifoil (Zo, Z10). Indeed,
for the reference imagg. corresponds to the backgrounfi-o all coronagraphic images present a strong residual astigma
set between the reference and targetimages. The latteteis deism that is oriented in the East direction at about°1@ee
mined by taking the median value of the image parts where fable 1), leading, after subtraction, to an important sfeeght-
significant signal is detected. The S function is a pixeln@r tern oriented according to the astigmatism mismatch betwee
function used to mitigate the image over-subtraction idspe the target and the reference stars. Therefore, a calibrafio
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the astigmatism for all stars has been performed on the i®3. PDS 70 (IRAS 14050-4109) in Centaurus
age taken without the coronagraph. For that, we fit a 2-D el- . ) . )
liptical Gaussian profile on the PSF image using the IDL tasgwing to the better adaptive optics corrections for the PDS 7

GAUSS2DFIT. For PDS 70, the presence of a companion gpurce (see Table 1), th(_a final image presents a smalle_rlepeck
lows us to calibrate this astigmatism directly in the coron&§©iS€ than for the previous targets. Table 3 summarizes the
graphic image using the same procedure. main characteristics of the star in the near- and mid-iefitar

The presence of an optically thick circumstellar disk has al

ready been suggested by the detection of a mid-infraredsexce
Table 2. Spectral and photometric characteristics of the stars. and of a strong emission in the millimeter regime (Metchev
et al. 2004). In ouKs-band coronagraphic data, a large disk
feature in scattered light is detected as well as a companion

* T * i . . . . . .
Target Sp. My Mk Fpm 307 Fiam 377 Thedisk orientation is 155 2.5° (i.e., not related to the resid-
PDS 70 Ks 120 85 270 24 430 516 g astigmatism, orientated at 130 2°).
HBC609 K8 120 86 nd - nd -
TTS18 K1 113 90 nd - nd -

PDS 81 Mo 118 7.7 610 48.8 1320 158'4Table3.Main characteristics of the PDS 70 star.
HIC89529 M1? 113 75 nd - nd -

PDS 99 M2 131 83 580 406 1430 8538

SS300 M2? 121 74 nd - nd - Age (Myr) - 10
. . . . Temperature (K) 4406
* The flux in 12umand 2min mJy is provided by the IRAS cata- Stellar mass (solar mass) 82 (K5 estimation)
N E’)Igo(g%ue%ﬁgael#rec:rei:ﬁrli J1988)' Stellar radius (solar radius) .
: Y- Stellar luminosity (solar unit) B84
nd Not detected with IRAS. Stellar luminosity (bolometric in solar unit) T8
Distance (pc) 140
Temperature of the dust 27045
In addition to the speckle noise, all subtracted images also Dust luminosity fractionfq = Lir/L. 0.29'/0.24
exhibit various residual features: A 0.74"/08L
o two electronic ghosts, which can only be subtracted at the U/B/V (mag) 143&3'1512}5
level of the shot noise (8); J/RI-I//I S??qg;g) 915;;21;55:4**
e some residuals due to the spideffigiction pattern; N (mag) RGPS

e a negligible dither (electronic) noise due to the read-oige 60/ 100um 0.9152.11 Jy*
of the InSb Aladdin 3 camera of CONICA.

T (Gregorio-Hetem & Hetem 2002)

. . # (Metchev et al. 2004)
3. Observations in the Ks-band * (Kessler-Silacci et al. 2005)

(Skrutskie et al. 2006)

This section is devoted to the presentation of the obsemvati
& (Neugebauer et al. 1988)

results for our three targets. First of all, PDS 81 and PDS 99
present some bright residual speckles near the cante®(5).
These residuals are in general oriented as the residugiresti
tism. This speckle structure in the final image partly présen
the detection of faint disk-like structures with angulapae-

tions smaller than’® — 1. 3.3.1. Circumstellar feature analysis

The residual speckles from the coronagraphic image of #re st
3.1. PDS 81 (IRAS 16112-1930) in Scorpius are particularly sensitive to instrumental drifts. To ie&se the

robustness of the disk detection, all reference stars (HB% 6
For PDS 81, the coronagraphic image after all data analy$isS 18, HIC 89529, SS300) were subtracted from the PDS
presents residual circular features near the center (se€Fi 70 image following the data analysis procedure presentes he
Their orientations strongly depend on the reference stad usibove. Then, a median image between the four subtracted im-
(astigmatism mismatch). No significant extended structsireages was derived. It must be noted that the speckle level of
detected. this final image can be determined by an analysis of the six
cross subtractions between the four references. The refsult
this procedure is that the speckle noise can be estimated and
compared with the median image of PDS 70. The last data re-
For PDS 99, images were obtained with a worse seeifi)) (1 duction step, as mentioned in Sect. 2.2, consists of sultgac
than PDS 70. The final coronagraphic image presents a resid-azimuthally averaged profile. In the case of PDS 70, this
ual speckle pattern within’8 and oriented according to refer{eaves an important over-subtraction residual in the tdoac
ence star astigmatism (see Fig. 2 where the reference i93S3perpendicular to the disk. Fig. 3 shows the median frame ob-
Again, no large-scale circumstellar feature is detected. tained.

3.2. PDS 99 (IRAS 19063-3709) in Corona Australis
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Fig. 2. Coronagraphic images: left, PDS 99 (SS300 reference gtdryight, PDS 81 (HIC89529 reference star). The referenbérattion
reveals bright residual speckles near the center but ne xgnsion. For PDS 81, we can see residuals due to fileeeditial spider rotation
with respect to the reference star. The brightness scabdgasithmic.

Fig. 3. Left: final image of PDS 70 star after the data analysis pro@e@xplained in Sect. 2. The two white ellipses show the-mad
ghost residuals, the white cross shows the location of tidespliffraction pattern, and the FQPM orientation is displayed irebRight:
numerical coronagraphic model of the optical train respdscalibrate the contamination due to the spider rotathimtih(images have the
same orientation and pixel scale).

The knowledge of the spider filiacted light in the final screens (corresponding to a 1 second exposure time). All am-
image is mandatory to calibrate the subsequent contammatiplitude images were then passed through by a monochromatic
For that, we simulated adaptive optics snapshot coronhgrag-QPM coronagraph with a working wavelength of3:m.
images under a low Strehl ratie: (30%), taking into account )
pupil rotation during the exposure time. Between the first an | "€ frames produced with the 750 phase screens were co-
the last exposure on PDS 70, the spider rotates byT& cor- added, rescaled (bilinear approximation), shifted, aridteal

rected atmospheric turbulence was simulated with 750 phé%énatqh image size., pqsition, and ipclination. Thankg ts th
simulation, the contribution of the spider to théfdicted light
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15.5 magf'2- 10 mag?

4 335"
|'IIEIII

L 235°

a9

Fig. 4. Final image of PDS 70 after the complete data processingised in Sects. 2 and 3. To improve the detection, the finajemas
smoothed using a Gaussian beam with FWH\pixels= 1/d. The circular disk is seen with an inclination of.82+ 1.6° and a position angle
of 155 + 2.5°. Perpendicular to the disk, a jet cone is detected in thegforend with a total opening angle of °L2n the opposite direction
of the jet only some residuals are detected. Thitedence can be explained by the strong absorption of the diskda The scattered image
shows only the thin layer of the disk corresponding ta 1. The brightness scale is logarithmic between levels dt3.dnd 282.72 photons
after a proper photometric calibration on the companiore ddntour plots show the disk brightness intensity with tlees of 10, 11, 12, 13,
14, 15, and 15.5nag/ar csec®

was calibrated. This contribution comprises two main fezgu AU from PDS 70A. The companion is very similar to 2M1207

e the large scale classical four arm spideffrdiction pattern A (Chabrier et al. 2000) as far as luminosity and age (also 5

(Fig. 3, right); to 10 Myr) are concerned. We have thus used the dusty mod-

e and an inner halor(< 0’6) slightly brighter, but still 20 to els of Chabrier et al. (2000) and Béi@et al. (2002, 2003) to

50 times fainter than the residual flux detected around PDS m@del PDS 70B. The mass of the companion can then be esti-

(Fig. 3). mated to be in a range between 27 and 50 Jupiter masses with

The final result (Fig. 4) shows only a weak contamination dwa dfective temperature of 2750 100 K, both values in favor

to the spider contribution (as compared with Fig. 3, whereaf a brown dwarf type. The confirmation that the companion

is not removed). For example, some insignificant artifatts ia bounded would be interesting in that it would increase the

angular separations greater théhwlere removed. population of the "brown dwarf desert” (see Matzner & Levin
2005).

3.3.2. Companion analysis

The coronagraphic image of PDS 70 shows the presence of a

possible companion (PDS 70B) to the North. We do not have _

astrometric data to confirm its bounded character. Its K maf- Discussion

nitude is 1329+ 0.02. TheKs-band photometry has been per-

formed with the DAOPHOT package included in the IDL asn the following, we discuss the properties of the PDS
trolib library. We checked the photometry accuracy with-va70 disk by interpreting our near-infrared observationsc{Se
ious aperture radii ranging from 10 to 80 pixels. Best rasult.1). Thermal infrared photometry data and the geometrical
were obtained with a radius of 30 pixels for the compani®hape knowledge acquired provide a robust Spectral Energy
and 70 pixels for the PDS 70 star. If this previously unknowBistribution (SED) fitting for this object (Sect. 4.2). Flha
companion was gravitationally linked with PDS 70 (140 pt), the disk modeling will allow us to constrain the disk mass and
would correspond to a M8 stellar type located at.38% 0.06 extension (Sect. 4.3).
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4.1. Near infrared observations AU in a cone of+10° around 155 and gives a fitted power
S ] ] , law of r=28#01 for the S-E direction and af 27501 for the N-
Disk fitting. The high dynamic range provided by the FQPNy girection. The quoted uncertainties are not due to the pho-
on the NACO instrument allowed the detection of the fainkdig,, noise, but rather to the speckle noise near the maskrcente
of PDS 70. The classical method for measuring the elliptigy,o surface brightness peaks AL N-W) and 019 (S-W) (14
ity of circumstellar disks is to calculate the radii of isapal 5,4 26 AU, respectively) around 10 magesec2 or 65.7 mJy
contours as a function of the azimuthal angle. Unfortuyatel. cco--2 The disk brightness fallsfbmore sharply in the N-
the presence of the FQPM cross imposes that we only \if girection, while presenting a weaker surface brightriess.
isophots in the non-attenuated zones of the disk coronB@rapiference of the disk extension between the S-E and N-W di-
image (see Fig. 4). The resulting best fit for four isophot&®ga e tions is clearly visible in Fig. 4. We also note that thekdi

e = 0.466=+ 0.025 wheree s the disk ellipticity. This ﬁz takes prightness seems to flatten with an oscillation inside 30 AU.
the previously determined disk orientation of 1552.5° into large jet in the E-W direction (PA235 + 1°) is also detected

account. If this ellipticity is interpreted as the resulttoé in- .} angular distances betweef2® and 4 (~ 41 to 550 AU)
clination of a circular disk (cag, the measured inclination is ;i 4 brightness of 15 maarcsec2. Note that the jet orien-

i = 622° + 1/6 The to/tal disk flux, measured in an annUgion and the spider iraction pattern are angularly separated
lus between 05 and 1 (7.4 to 140 AU assuming 140 pchy ony @, We also notice that in the opposite direction (E),
for the distance of PDS 70) is 16+ 0.8mJy (1149+ 0.05 gt 4 few faint features (15.5 to 16 magpsec2) are detected.

mayg) in theKs-band. The error bar is related to the photomeipg gpservation is compatible with the strong absorptign b
ric error, but ground-based observations under mediunmgeei,q thick disk ahead.

conditions always lead to systematic uncertainties, ngaitiis
value a lower bound. Indeed, the various sources of resdual

add to the measured flux. ) o ) . )
Potential planet detectivity. It would be interesting to estimate

the detection limit of the NAC@-QPM imaging for young
Radius in AU planets as a function of the angular separation in this case .
R I T For that, we calculated an azimuthally averaged profilegerp
dicular to the main disk orientation (see Fig. 5). We then es-
- timated the & contrast with respect to PDS 70 (Fig. 6). The
: luminosity of the putative young planet is calculated witle t
mass-dependent evolutionary model of Beeat al. (2003).

Radius in AU
0 50 100 150 200 250
I R A I S B
16F 1 My (10 Myr) E

Surface brightness in mag/"?

i

! ‘ | H ||

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Radius in arcsec

C_ ) ) ) 2 My (10 Myr)
Fig. 5. Surface brightness power law analysis: the figure shows an av
eraged profile of the disk in a cone #10° around 155. The dashed

A(m) mag — 50 detectivity

line shows the power law fit for the two opposite directionthefdisk. 3 My (10 Myr)

The results are 28 (S-E) and=27° (N-W) for angular separations be- E R

tween 021 to @55 in radius. The disk profile near the center 0’21 E E

is flat with an oscillation around’Q5 corresponding to distance of 20 F

AU. The error bars represent the minimum and the maximumesalu F 5 My (10 Myr) ]
encountered in the disk. Profiles for distance- 1’25 are readout o) A O O I

noise limited. For comparison, we show the averaged proéitpgn- 0.0 0.5 0 1.5 2.0
dicular to the main disk orientation, consisting mostly tdrdight Angulor separation in arcsec

residuals, with plus signs. Fig. 6. 50 contrast irAmvs. angular separation in arcsec (bottom) and

AU (top). The solid line represents the detection limit atdiven by
the averaged profile perpendicular to the main disk oriemtafThe
The averaged disk surface brightness inkéband is pre- four dotted lines refers to the expecté¥ of young giant planets for
sented in Fig. 5. The profile is calculated between 30 and @ 1M;. The detection limitis ®; at @’'7 and 3, at 0'3.
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The Ks magnitude of the 10 Myr planet is then computedU, according to thés-band observation showing a disconti-
for masses ranging from 1 toM;. Finally, these planet fluxes nuity at this particular distance:(0”21, see Fig 5). Indeed, the
are compared to theo5detectivity curve (Fig. 6). The detec-surface brightness profile of the disk shows fiettent power
tion limitis 2Mj at 0’7 and 3V; at O’3. These results are to belaw at short distances, where it seems to be flatter. It is to be
compared with the detectivity of the spectrafeiential imag- noted that only high resolution imaging in the N band could
ing (SDI) method presented in Masciadri et al. (2005). provide the precise temperature variation of the disk.

The main result of this observationally constrained model
is that a cold disk with a temperature gradient from 85 K at 30
AU to 35 K at 180 AU fits the 60 and 1Q@m IRAS photome-
The interpretation of the dust emission in young disks sadie try well. However, concerning the 2Bn photometry, the simu-
models describing how radiation is transferred througimthelated flux remained 2 times lower. Thigidirence can possibly
However, these models are not well constrained becausebgfexplained by the presence of a strong amorphous silicate
the lack of observation. Let us then derive some basic ch@mission feature around 2025:m. This emission originates
acteristics of the disk by revisiting previous mid-infraleEDs  from the Mie scattering of amorphous Olivine and Pyroxene
with the new constraints provided by the coronagraphic enaglust grains with sizes betweengh and 5um (Kessler-Silacci
Indeed, the observed disk morphology and orientation heelp £t al. 2006). The final result of this fit is displayed in Figlt7.
move the degeneracy of SED modeling. is to be noted that the stellar atmospherdisaed by a strong

It is known from previous observations (Metchev et areddening gy = 0.78).

2004; Kessler-Silacci et al. 2005) that the PDS 70 disk ptsse ~ These new insights on the PDS 70 SED analysis seem to
a large infrared luminosityl(r/L. = 0.24 — 0.34) similar to confirm the beginning of the disk clearing process.

the TW Hydra stars. This excess corresponds to the thermal re

emission of an optically thick disk in response to the cdntra

star heating. 10-9

4.2. Thermal infrared data revisited

SED of PDS 70 (Class IIl)

SED fitting. Metchev and collaborators came to the conclu-
sion that the PDS 70 circumstellar environment radiatesat t
different temperatures: 278 10 K corresponding to an in-
ner disk of warm dust and 4% 5 K for an outer component 107100
(Metchev et al. 2004) corresponding to a young cold dissi- .
pating debris disk. Unfortunately, their SED fit is not peeCi
enough to give further valuable information concerning PDS
70. Therefore, we performed a new fit with the same data (pho-
tometry between the B band and 1®) plus one data point o=t
at 1Q7um obtained with the Long Wavelength Spectrometer

at the W.M. Keck Observatory. The B to | photometry was

taken from Gregorio-Hetem & Hetem (2002), while J to K was

taken from the 2MASS catalog (Skrutskie et al. 2006). The
12/25/60/100um data points were taken from the IRAS cat- ol
alog (Neugebauer et al. 1988). All photometric data are sum- | 10 100 1000
marized in Table 3. Wavelength in microns

2002 _N: ;(;S:k:]ilzt'[eg'? ;Iat{g%zr;r:;i%mofei é(()?(l)?(relto& (H)a Liszh”gtlg. 7.Measured spectral energy distribution (SED) for PDS 70 com-
' ' ff = +109(9) = pared to that of a reddened NextGen stellar atmosphere mattel

was used to fit the stellar flux up tqui. Then, up to 12m, 1 "_ 4400K, log(g) = 4. The dashed line includes a simple 270 K
a stellar spectrum and blackbody with dfeetive temperature blackbody in addition; the dash-dotted line, a 270 K and a 4fiaick-
of 270K was used to model the inner optically thick disk. Ayody as suggested by Metchev. The continuous line includeg70
simple cold component at #5gave a strong mismatch withk component plus a temperature gradiehte r~0.5) from 85 K (30
the far infrared IRAS photometry, although the IRAS data sU) to 35 K (180 AU).
quite accurate and therefore relevant for this target (sddeT
2).

To remedy this mismatch, we performed a simulation of
the outer disk using the DISKPIC program included in th€&hermal infrared spectroscopy. Kessler-Silacci and collabo-
GENIEsim package (Absil et al. 2006), which simulates thators (Kessler-Silacci et al. 2005) have recently preskpho-
thermal emission from an optically thin debris disk. We asemetry and spectra in the N band (9 to ig). They ob-
sumed that the disk contributing to the far-infrared enoissi served a wide feature for PDS 70 in the 10.2-14n3 band
was optically thin and that the temperature varies &8, with and explained it by the emission of either various crystalli
r the distance to the star. We then fixed the transition betweslicates or amorphous grains of increased sizes. Howtheer,
the inner (optically thick) and outer disk (optically thiamf~ 30 flux in the amorphous Olivine band.@m/Fgg) is 275+ 0.3

nnnnn

AFa [erg s=1 cm~2]

/ \ / 4
. \ ’ \ 4
,/ N \ \
. N/ \ 4
My’ W,/
= \
|
it
Touter=B5 — 30 K ¢ B
. .
Y ]
| b
L Towe=45 K ) ]

(Metchev et al. 2004)
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Fig. 8. Left: Numerical simulation irKs-band (scattered light) of the PDS 70 disk without PSF cartiah. Right: Same with PSF convolution
and FQPM cross transmission map. For that, we created aedimtlisk and added it to the TTS18 reference star. The imageobtained
using the second part of our data reduction algorithm (see 3€). The disk orientation was set to 1%d the inclination to 62 We also
show the contour plots corresponding to 10 to Ifbdg)/arcsec? brightness scales. We choose a disk mass@ii, without the envelope.
All images are display in the logarithmic scale with the samis as the Fig. 4.

times that of the continuum, whereas the cristalline Foitste density. Moreover, in the visible and the near-infraredtden
one (113um/F113) is only 168 + 0.18 (ratio F113/F9g = butions, stellar radiation penetrates the disk only dowarto
0.61 + 0.14). The absence of the 11.8n silicate cristalline optical depth of 1. Due to this limitation, the inferred mask
feature indicates that the observed broadening is morty likenly be a lower bound (far-infrared or millimeter observas
related to grain growth and removal, indicating a possildep could accuratly give the actual disk mass).

etary formation. Indeed, the formation of a cold debris désk Adding the geometrical constraints given by the corona-
dynamically alleviated by the presence or the formationiof %aphic image, the disk inclination is fixed to°62nd the im-
ant planets that are ejecting small objects at the peripbryaye grientation with respect to the North is 338/ must also
the disk (Moro-Martin & Malhotra 2005). consider image characteristics like sampling (1.858p&l),
convolution by the PSF of PDS 70 without a coronagraphic de-
vice, the FQPM orientation, and attenuation in the NACO field
of view. Taking all this into account to reproduce the obsedrv

To model the scattered light image, we used a 3-dimensiof§PMelry of the disk, the model requires a disk radiarger
scattering code developed by Whitney & Hartmann (1998121 500 AU with a total mastdp between 0.001 to 0.00%.

1993) to deduce some information about the disk structure. 1A/\’/e can compare our resu!ts for the circumstellar disk around
three free parameters of the model are the full disk nhgs DS 70 star (@ K5 star) with the case of the TW Hydra face-

the maximum radial extensiog, and the flare angle;. Inad- © disk (@ K7 star). The same model gives an expected mass
dition, the model uses mixed grains with a dust size distigpu ©f the TW Hya disk of 0.001M, (Weinberger et al. 2002)
n(a) o a-P, where the grain sizaranges from 0.Lm (ISM) to compatible with our study, whereas the thermal infraredsemi
1 cm (large grain in a dust disk). Since our observations do " Model of Calvet et al. (2002) gives a mass of M
allow us to constrain the exponembf the power law, we have This mass discrepancy is representative of the scattefied th
used a classical dust size distribution whpre 3.5. disk layer versus the far-infrarganillimeter deeper disk prob-

' ing as explained before. The disk radigs = 500AU is the

A warm optically thick disk composed of mixed dust, 9asyinimum disk size that does not induce a large asymmetry of

and large grains will naturally flare as a consequence of Vgfs gisk extension, which is not observed in the coronageaph
tical hydrostatic equilibrium. However, the flare anglegar mages.

eter does not appear to be critical for the PDS 70 disk since

the coronagraphic observation shows only large disk distsn

(r > 20AU). In fact, our data gives only constraints for the disl.4. Dynamical considerations.

mass and its radial extension. The remaining free parameter

Mp andrp are coupled by the disk density, i.e., a larger diskhe transition of the disk profile arourad ~ 28— 30 AU , is
could reproduce the scattered light observation with a towlkkely due to a young giant planet orbiting at ~ 9.9 — 10.6

4.3. Modeling the scattered light image
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AU in the inner disk. Indeed, circumstellar material exteri instrument. The authors are also grateful to the anonymefesee
to the planet is expected to gain angular momentum from tivo help improve the manuscript.

system and to move away, while material interior to the plane

!oses angular mome_ntum gnd migrates toward the st_ar. A_qsgferences

is expected to form if the tidal force overcomes the visgosit

The two main parameters of the tidal interaction are th@ra#bsil, O., den Hartog, R., Gondoin, P., et al. 2006, A&A, 4487

of the planet and the star massgs; M,/Ms and the Reynolds Bardfe, I., Chabrier, G., Allard, F., & Hauschildt, P. H. 2002, A&A
number within the inner disRe. If q > 1/Reandg? < 1/Re,a _ 382,963 _

gap should form with the gap edge at the outer Lindblad ref@rdfe. I, Chabrier, G., Barman, T. S., Allard, F., & HauschiltH.

; - . 003, A&A, 402, 701
nance. The Lindolad resonance can be determingd easity figrlCcy'a” Riaud,p, Baucoz, P, et 2004, PASP, 1061
L = wp/(1+m), wherewp = M™(1+q) ap " ISthe poss AL P. 2002, Apd, 567, L149

angular frequency of the orbiting plan&,is the gravitational Calvet, N., D'Alessio, P., Hartmann, L., et al. 2002, ApJ856008

constant, anch = 1 for the first Lindblad resonance (Rice et alchabrier, G., Barie, 1., Allard, F., & Hauschildt, P. 2000, ApJ, 542

2003a,b). The ratio between the outer Lindblad resonande an4e4

planet semi-major axis becomasa, = 2¥?form= 1, giving Claret, A. & Hauschildt, P. H. 2003, A&A, 412, 241

ap ~ 10 AU in our case. Gregorio-Hetem, J. & Hetem, A. 2002, MNRAS, 336, 197
Haisch, K. E., Lada, E. A., & Lada, C. J. 2001, ApJ, 553, L153
Hartung, M., Herbst, T. M., Close, L. M., et al. 2004, A&A, 42117

5. Conclusion Hauschildt, P. H., Allard, F., & Baron, E. 1999, ApJ, 512, 377

) ] ) ) Kessler-Silacci, J., Augereau, J.-C., Dullemond, C. Rl.&006, ApJ,
We have discovered an optically thick dust disk around PDSg39, 275

70, a young star in the Centaurus association (140 pc). THessler-Silacci, J. E., Hillenbrand, L. A., Blake, G. A., &dyer,
maximum disk extension observed in the coronagraphic im-M. R. 2005, ApJ, 622, 404
age is around 180 AU and presents an important anisotropyKiiist, J. E., Stapelfeldt, K. R., Ménard, F., Padgett, D.& Burrows,
the S-E extension. Provided that it is gravitationally #dka  C-J. 2000, ApJ, 538, 793
brown dwarf companion (27-581,) with an efective temper- Masciadri, E., Mundt, R., Henning, T., Alvarez, C., & Baroagt

ature around 2750 K has also been detected at about 300 AlYavascués, D. 2005, ApJ, 625, 1004
from its host star. Mawet, D., Riaud, P., Baudrand, J., et al. 2006, A&A, 448, 801

. . . . Metchev, S. A,, Hillenbrand, L. A., & Meyer, M. R. 2004, A
The disk anisotropy (S-E) can be explained either by ther- 455 Y P

mal instabilities or by the dynamicaffects of the brown dwarf y1or0-Martin, A. & Malhotra, R. 2005, ApJ, 633, 1150

companion. The inner disk (radial distances less than 30 AMbsqueira, I. & Estrada, P. R. 2006, Icarus, 180, 93

seems to be flatter. The shape of the SED, the dust grain prRpugebauer, G., Habing, H., & Chester, T. 1988, IRAS Cattul

erties in the thermal infrared, and dynamical considenatare  Atlases Explanatory Supplement, Vol. 1 (Beichman C.)

in strong agreement with the formation of a young giant planeerrin, M. D., Duchene, G., Kalas, P., & R., G. J. 2006, Aprass

at ~ 10AU, which is currently clearing the inner disk by theRiaud, P., Boccaletti, A., Baudrand, J., & Rouan, D. 20035PAL15,

gravitational tidal force. Indeed, the thermal infraredstiata 712 . . .

indicate the prevalence of large amorphous features (ilior R'%%'lpbfggci'g"‘lﬁ% Rouan, D., Lemarquis, F., & LaeyA.

of grain .grOWth and planetary forma.tlon) rather than clista IBice, W K. M.,’ Arm’itage, P. J., Bonnell, I. A., et al. 2003aNRAS,

ones. Finally, our model of the optically thick disk at 270 346 L36

reproduces the scattered light observations. Howevelatge Rice, W K. M., Wood, K., Armitage, P. J., Whitney, B. A., &

thermal emission in the far infrared can only be explained by gjorkman, J. E. 2003b, MNRAS, 342, 79

the presence of a young cold debris disk with temperatures B@uan, D., Riaud, P., Boccaletti, A., Clénet, Y., & Labeyr. 2000,

tween 35 K and 85 K at large distances30AU) with respect  PASP, 112, 1479

to the central star. This double disk model fits the PDS 70 SEohneider, G., Wood, K., Silverstone, M. D, et al. 2003,12F, 1467

very well and is corroborated by the numerical model. Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, A31, 1163
Further analysis should be undergone using the J and/fginberger, A. J., Becklin, E. E., Schneider, G., etal. 204, 566,

bands, polarimetry and SDI observations (Hartung et al4)20(%/w‘:'i?r?e B. A & Hartmann. L. 1992. ApJ. 395. 529

f[o infer the |nnerd|sl_< prqpertles. It would also b(_a mteln_gsto Whitneillz B A.&Hartmann: L 1993: AEJ:402: 605

image the CO map in millimeter wavelengths with an interfer-

ometric array to assess gas dissipation in the disk.
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1.4 Extragalactic astrophysics

Until a few years ago, extragalactic astrophysics was not a predilected science topic for high
contrast /high angular resolution imaging due to the limitations in sensitivity. Galaxies are rather
spread out with relatively low surface brightness, hence high contrast cases do not seem to be
prevalent. Typical galaxy K-band surface brightness is indeed of the order of 15-25 magnitudes
per square arcsec (Brown et al. 2003). An exception is the case of active galaxies: Seyfert types
and quasi-stellar objects (QSO) for example. In active galaxies, the nuclear region contains a
very energetic and bright source. These so-called active galactic nuclei (AGN) produce non-stellar
energy in terms of luminosity (L = 10® — 10'® L) and in terms of spectrum (flat and extending
from radio to gamma-rays). Other remarkable characteristics are their high efficiencies of matter-
energy conversion (about 0.1), the apparent compactness of the source (less than a few light days),
the rapid time variabilities (a few hours) and the presence of relativistic jets. The most widely-
accepted model comprises a central black hole in the supermassive (10° M) or hypermassive
(10° M) range surrounded by an accretion disk responsible for the radiative energy and matter
(outflows) release.

Observationally, the orientation of the AGN with respect to the line of sight is supposed to
account for the two main classes, Seyfert 1 (broad emission lines) and Seyfert 2 (narrow lines).
The dominating contribution to the Seyfert 1 signal comes from the so-called broad emission
line regions (BLR), supposedly composed of small high-density gas clouds orbiting around the
nucleus (ranging from a few light days to a few light years in the most luminous ones). At larger
radii (1-100 pc), the nucleus is surrounded by an obscuring torus of cold gas and dust, the main
contributor to the Seyfert 2 signal. Bright Seyfert nucleus magnitudes start around K = 8, and
bright QSOs around K = 10, giving moderate contrast ratios which often allow imaging of the
underlying galaxy from the ground or space with relatively conventional equipment, but which
would surely benefit from advances in high contrast imaging techniques.

As a matter of fact, the Keck-interferometer (Keck-1), the very large telescope-interferometer
(VLTI) and adaptive optics system NAOS-CONICA (NACO) both recently made major break-
throughs in the field of AGN studies. For example, Gratadour et al. (2005) observed the nucleus of
NGC 1068 in the K band with NACO (Fig. 1.8), using the four-quadrant phase-mask coronagraph
(FQPM, see Sect. 1.5.3). As the K-band emission is dominated by an intense compact central
source, previous K-band adaptive optics images were severely affected by the limited exposure
time and by scattered light in the immediate vicinity of the source. Thanks to the use of this new
type of coronagraph coupled with adaptive optics, the complex dust structure near the central
core is becoming observable at a resolution of 0.07 arcsec.

Wittkowski et al. (2004) used the VINCI instrument of the VLTI on the same AGN (NGC
1068) but at a smaller scale, thanks to the enhanced resolution provided by the interferometer.
Their measurements support a multi-component model for the intensity distribution, where a part
of the flux originates from scales smaller than 5 mas (0.4 pc), and another part from larger scales.
Additional observations of NGC 1068 were obtained in the mid-infrared with MIDI at VLTI. Jaffe
et al. (2004) detected warm (320 K) dust in a structure 2.1-pc thick and 3.4 pc in diameter,
surrounding a smaller hot structure. This thick dust structure cannot be supported for the length
of the active phase of the AGN and requires a continual replenishment from a nearby source.
With the Keck interferometer (Keck-I), Swain et al. (2003) have reported an expectedly compact
nucleus for NGC 4151, another nearby AGN, suggesting that the emission mainly originates from
the central accretion disk.

One can therefore definitely argue that the recent results obtained at the VLT and the Keck
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Figure 1.8: Reference subtracted Ky band coronagraphic image of NGC 1068 in a log-scale
representation taken with the VLT’s adaptive optics system NACO in the four-quadrant phase-
mask coronagraphic mode (Gratadour et al. 2005). North of the nucleus, an elongated, bending
structure, and a series of four elongated and well aligned knots can be well identified. These are
thought to be tracers of shocks induced in the ISM by the passage of the jet, very close to its
origin. Moreover, precise relative photometry supports the interpretation of very small dust grains
transiently heated by UV photons of the central source. To the South, a new group of filamentary
structures, distributed in a cone at about 150 pc from the core, is detected. They might trace the
redshifted southern narrow line region, seen through the dust. Finally, on larger scale (within a
radius of 300 pc) the source shows to have an overall biconical shape whose angle matches well
with the bicone observed in the UV-visible.

observatories on NGC 1068 and NGC 4151 should definitely convince the community of the great
potential of high dynamic range/high angular resolution imaging to make new and revolutionary
science in this field. Let us then describe here below an example of extragalactic science case that
would benefit from the recent advances in high dynamic range imaging.

Studying high redshift quasar host galaxies is fundamental to understand the link between
quasar activity and galaxy formation in the early universe as well as their subsequent evolution
up to present days. In the local universe (z < 0.3), ground- (McLeod & Rieke 1994; Taylor
et al. 1996; Percival et al. 2001) and space-based (Disney et al. 1995; Schade et al. 2000; Dunlop
et al. 2003; Pagani et al. 2003) imaging indicates that the majority of quasar hosts are massive
galaxies dominated by the spheroidal component. These observations, together with the fact that
local massive spheroids have an inactive supermassive black hole in their centers (Ferrarese 2002)
tend to show that quasar activity is linked to the total mass of the system. In other words, the
formation of massive galaxies and the fuelling of the inner black hole is fundamentally connected.
Moreover, it is known that the cosmological evolution of the quasar population (Boyle 2001) is
similar to the evolution of the star formation history (Franceschini et al. 1999).

The characterization of quasar host galaxies in the quasar peak activity redshift range (z ~
2 — 3) is therefore mandatory to understand these links with the underlying question of the
existence or not of the process of hierarchical merging. This model indeed predicts a significant
drop in the host mass at these early stages.
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In this context, the work of Falomo from the ground (Falomo et al. 2001, 2004) and Kukula from
space (Kukula et al. 2001) for instance, indicate that the luminosity of host galaxies is consistent
with the passive evolution of massive spheroids. However, in these studies, the main limitation
of host detection is the light contamination by the extreme nucleus activity. The techniques
used so far to characterize the host galaxies have not been optimal because the direct PSF (point-
spread function) subtraction involves a major observational difficulty, all the more from the ground
because of the uncorrected atmospheric turbulence and quasi-static aberrations (see Sect. 2.1.3).
From space with the Hubble space telescope (HST), unfortunately, the quasar peak activity epoch
is not attainable because of the modest aperture. The problem of PSF evaluation and subsequent
subtraction have already been studied (Falomo et al. 2005; Kuhlbrodt et al. 2005). The best way
to overcome or at least minimize the subtraction errors is to remove or attenuate the coherent
contribution of the QSO nucleus by proper high contrast imaging techniques such as coronagraphy.

A first coronagraphic image of the nearest quasar 3C 273 has been taken in January 2003 with
the ACS instrument onboard HST in the visible (Martel et al. 2003). Unfortunately, the HST /ACS
is strongly limited by the large size of the Lyot mask (1.8” in diameter) preventing detection
closer than 0.9” from the central source, and yielding a relatively low rejection factor (~ 2). This
limitation of existing state-of-the-art facilities is an additional motivation for considering recent
advances in high dynamic range imaging techniques.
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1.5 Detection and characterization techniques

Before going into the details of high contrast direct imaging techniques, let us briefly review
the detection methods that can be and that have been used in the most representative case of
extrasolar planet detection (for more details, see Mawet (2002), for instance).

1.5.1 Overview

Detection methods for extrasolar planets can be broadly classified into those based on (see Fig. 1.9):

dynamical effects (radial velocity, astrometry, or timing in the case of the pulsar planets);

microlensing effects (astrometric or photometric);

photometric signals (transits and direct imaging in the visible or infrared);

- miscellaneous effects (such as magnetic superflares, or radio emission).

Each method has its own strengths, and advances in each field will bring specific and often com-
plementary discovery and diagnostic capabilities. Detection is a pre-requisite for the subsequent
steps of detailed physico-chemical characterization demanded by the emerging disciplines of exo-
planetology and exobiology.
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Figure 1.9: Detection methods for extrasolar planets. We have allowed ourselves to update this
diagram from Perryman (2000). The lower extent of the lines indicates, roughly, the detectable
masses that are in principle within reach of present measurements (solid lines), and those that
might be expected within the next 10-20 years (dashed). The (logarithmic) mass scale is shown
on the left. The miscellaneous signatures to the upper right are less well quantified in mass
terms. Solid arrows indicate (original) detections according to approximate mass, while open
arrows indicate further measurements of previously-detected systems. A question mark indicates
uncertain or unconfirmed detections. The figure takes no account of the number of planets that
may be detectable by each method.
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1.5.2 Indirect detection methods

Almost all planets discovered so far have been evidenced with indirect methods, which rely on the
effect of the planet on its parent star. Most of the discoveries up to now have been obtained thanks
to precise measurements of the host star’s radial velocity through spectroscopic observations,
showing small shifts in the stellar spectral lines (typically a tens of meters per second) as the star
moves back and forth due to the gravitational pull of its planet. Another successful technique
relies on the dimming of the apparent stellar flux as the planet transits in front of the stellar disk.
Even though the probability to detect such a transit is rather low (p = R./a is about 10% for a
hot Jupiter), ten hot Jupiters have been either found or confirmed using this technique.

The current technical and physical limitations of these methods have not allowed yet the detec-
tion of Earth-mass planets: the smallest planet discovered to date by radial velocity measurements
has a minimum mass of 7.5 Mg (Rivera et al. 2005), while the smallest ever detected (5.5 Mg) has
been revealed by a microlensing event (Beaulieu et al. 2006).

Although future space-based missions for transit searches (CoRoT, Kepler) or astrometric
surveys (SIM, Gaia) are expected to push this limit down to one or a few Earth masses, they will
still be restricted to the measurements of orbital parameters and will therefore provide limited
information on the physics of these supposedly rocky bodies. Indirect methods still have many
bright years ahead, but will gradually be complemented and replaced by direct methods, which
aim at exoplanet imaging and could eventually lead to the detection of signposts of life outside
our solar system.

1.5.3 Direct imaging methods: coronagraphy

Direct imaging of extrasolar systems is still in its first steps: it has only recently allowed imaging
its first four extrasolar planets, in very favorable cases where the flux ratio between the star and
its planet was only a few hundredths and the angular separation between them relatively large (see
Sect. 1.2.3). These discoveries have been made possible only recently with the advent of adaptive
optics (AO) systems on large ground-based telescopes, which correct for the distortion induced by
the Earth’s atmosphere in order to provide sharp images of relatively bright astronomical objects.
The addition of a coronagraphic mask in the focal plane, optimized to dim the stellar light, should
in a near future enhance the capability of large AO-corrected telescopes to distinguish giant planets
around nearby stars with contrasts up to a few thousands. In space, where conditions are most
favorable, coronagraphs are even envisioned to tackle the extremely high dynamics involved in
Earth-like exoplanet imaging. But what does one exactly mean by “coronagraphy” 7

As initially conceived by Lyot (1939), a coronagraph is a device to suppress instrumental light
diffraction by the use of a sequence of stops for the specific purpose of observing the solar corona.
Since the Lyot coronagraph addresses light diffraction, a “coronagraph” has become a generic term
for a system to suppress diffraction and scattered light in a telescope for astronomical purposes.
In common usage, any system to achieve high contrasts with a single-aperture telescope is referred
to as a coronagraph, even in cases where there is no physical or historical basis for the connection
to the original problem of observing the solar corona. A practical definition that encompasses the
current usage of the term is that a coronagraph is a device to suppress the noise associated with
stellar light by rejecting it from an area of interest in the focal plane of a telescope. This light
must be rejected because of the associated twofold noise issue: wavefront distortions that produce
artifacts in the image that resemble planets (speckle noise), and photon shot noise.

Recent years have seen extensive developments of new concepts, all of which strive to search
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Figure 1.10: Existing coronagraphic concepts (non exhaustive). See text for details. Taken from
Quirrenbach et al. (2004).

for the ideal coronagraph, a device that confines the stellar light as tightly as possible with the
maximum efficiency to reveal images of extrasolar planets. A preliminary classification of the
families of coronagraphs that have been developed is presented in Fig. 1.10. At first sight, the
diversity of approaches is surprising. However, such a variety is representative of the dynamism
of the community to always search for very efficient solutions at the frontier of scientific goals and
technical constraints.

A primary division one could artificially define is between the mechanism the coronagraphs
use as a “light dump”, i.e., the method by which the stellar light is segregated: dumping the light
in a sequence of stops in the image and exit pupil plane, as with a classical Lyot coronagraph
(see Fig. 1.11); dumping the light in a confined region of the image plane or image stop; and
one rejecting light by interference beam combination at a beam splitter, with a close parallel in
nulling interferometry. The image-stop solutions are generally one-stage Fourier spatial filters:
application of a method for controlling spatial frequencies in the pupil plane is used to confine the
light in the image plane. The pupil-stop family of coronagraphs shares the property of having two
(or in some cases more) stages of Fourier spatial filtering, one in the first image plane, and one
in the exit pupil plane. Hybrid approaches can be generalized to an expanded number of filtering
steps, and there is currently fertile development in mutually optimizing these designs.

A secondary division is between the occultation method implemented by the coronagraphic
system. Derived from the original approach of Lyot, amplitude coronagraphsblock the light directly
either in the image or in the pupil plane, whereas phase-mask coronagraphs are transparent but
induce spatially-distributed phase shifts with the goal of destructively reject the starlight out of
the so-called discovery zone.
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Figure 1.11: Traditional coronagraphic optical bench scheme. L1, L2, and L3 are three lenses in
the optical system. L1 provides a large F'/d ratio on the coronagraph to minimize spatial defects,
L2 images the pupil in the second plane, the Lyot stop (I-S) suppresses the diffracted starlight,
and finally L3 forms the coronagraphic image on the detector D.

Amplitude coronagraphs

Amplitude coronagraphs, derived from Lyot’s original design (Fig. 1.11), have recently benefited
from numerous refinements. One of the first evolution of the hard-edge Lyot coronagraph was
the smoothing of its transmittance thanks to a Gaussian apodization intended at optimizing the
relayed pupil-plane filtering by the Lyot stop (Watson et al. 1991). The same philosophy of
optimized focal-plane amplitude filtering is applied by the so-called “band-limited /notch-filter”
masks (Kuchner & Traub 2002; Kuchner & Spergel 2003; Debes et al. 2004; Kuchner et al. 2005;
Shaklan & Green 2005; Crepp et al. 2005). These sophistications of the rejection capabilities of
the Lyot coronagraph have unfortunately a price: a reduced optical throughput and discovery
space.

Apodization also reveals to be an efficient solution if applied directly at the entrance pupil of the
coronagraphic instrument (Aime et al. 2002; Soummer et al. 2003a; Aime 2005b,a; Soummer 2005).
The cited schemes still require a classical hard-edge Lyot spot at the instrument focus whereas the
so-called “shaped pupils” (nonuniform pupil transmittance) do not (Nisenson & Papaliolios 2001;
Kasdin et al. 2003, 2005; Vanderbei et al. 2003b,a, 2004). In this respect, the first ones still belong
to the pupil-stop family (2-stage Fourier filtering) while the last ones belong to the image-stop
family (1-stage Fourier filtering). Let us also mention the very special case of the phase-induced
amplitude apodization (PTAA, Guyon 2003; Guyon et al. 2005; Galicher et al. 2005; Pluzhnik et al.
2006; Martinache et al. 2006), which is an alternative to classical pupil-apodization techniques
obtained by reflection of an unapodized flat wavefront on two well-shaped aspheric mirrors. This
technique theoretically preserves both the angular resolution and light gathering capabilities of
the unapodized pupil and is expected to provide excellent rejection capabilities. The drawback of
the PTAA comes from the very difficult manufacturing of the aspheric mirrors with the required
surface qualities.

Phase-mask coronagraphs

As already mentioned, amplitude coronagraphs (except the PIAA) possess a major inherent weak-
ness: the physical extension of the opaque zone occults quite a significant region centered on the
optical axis and thus all the sources behind it. This inevitably leads to a loss of global throughput
and search efficiency. For this reason, new types of coronagraphs have been designed as alternative
solutions to the amplitude coronagraphs. This new family of components acts on the phase instead
of acting on the amplitude, they are therefore called phase-mask coronagraphs. The phase-mask
coronagraphs are not affected by the inherent “dead zone” of the amplitude coronagraphs.

With a close parallel to nulling interferometry (Sect. 1.5.4), Gay & Rabbia (1996) proposed
the concept of the “achromatic interfero-coronagraph” (AIC), which is a modified Michelson’s
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Figure 1.12: Principle of the FQPM. Top left: Airy pattern image. Top middle: FQPM focal
plane phase distribution. Top right: relayed pupil plane where the redistribution of the light
thanks to the FQPM takes place. Bottom left: entrance pupil. Bottom middle: image phase
after transmission through the mask. Bottom right: final image where the numerical residuals are
shown. In principle the attenuation of the FQPM is infinite in the perfect unobscured /unaberrated
pupil case.

interferometer exploiting pupil rotation and therefore avoiding the use of physical masks (Gay
et al. 1997; Baudoz et al. 2000a,b). The beam goes through a focus which provides an achromatic
m-phase shift to produce a self-destructive interference for an on-axis source. It is also worth
noting the existence of the so-called visible nulling coronagraph (VNC, Levine et al. 2006) which
consists in a 4-beam nulling interferometer (dual Bracewell, see Fig. 1.15 in Sect. 1.5.4) synthesized
from the telescope pupil, producing a very deep 6* null (Sect. 2.1.1) thanks to crossed lateral
shears and phase-plate phase shifters, which is then filtered by a coherent array of single-mode
fibers to suppress the residual scattered light. A totally symmetric alternative has been proposed
by Ren & Serabyn (2005) in which the phase shift is performed thanks to orthogonal rooftop
reflectors inducing an achromatic relative field flip (Sect. 2.2.3) between the two interferometer
arms (rotational shearing interferometer).

Roddier & Roddier (1997) suggested to use a disk phase mask at the image plane with a size
typically half the diameter of the Airy peak. The starlight self-cancellation in the relayed geometric
pupil area is also provided by a destructive interference thanks to the mask m-phase shift (Guyon
et al. 1999). The disk phase-mask coronagraph (DPMC), unlike the AIC, still requires a pupil-
plane diaphragm (Lyot stop) to efficiently remove the diffracted starlight residual, and is moreover
highly chromatic. Let us also mention the dual-zone phase mask (DZPM, Soummer et al. 2003b),
which is an evolution of the DPMC, partly solving the chromaticity issue of the later, but requiring
entrance pupil apodization to provide its full rejection potential.

Later on, Rouan et al. (2000) proposed a very performing design, the so-called four-quadrant
phase-mask coronagraph (FQPM). We shall linger a little bit more on this coronagraph for it is
the starting germ of this thesis. The principle of the FQPM is to divide the focal plane in four
equal areas centered on the optical axis, with two of them providing a w-phase shift. This causes
destructive interference to occur inside the relayed geometric pupil area (see Fig. 1.12). The final
image is then formed after proper filtering through a classical pupil-plane Lyot stop. To be as
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Figure 1.13: Panoramic view of the VLT’s four UTs (Unitary Telescopes) and three ATs (Aux-
iliary Telescopes). NAOS-CONICA is installed at the UT4 (right). ©ESO.

exhaustive as possible, let us also mention the phase-knife coronagraph (PKC, Abe et al. 2001,
2003), a variant of the FQPM.

The FQPM has been extensively studied theoretically (Riaud et al. 2001), it has been validated
on an optical bench both in monochromatic light (Riaud et al. 2003) and polychromatic white
light (Mawet et al. 2006, see Sect. 2.3), and installed on the NAOS-CONICA adaptive optics at the
VLT (see Fig. 1.13 and Boccaletti et al. 2004). Since then, it has given promising scientific results
on circumstellar disks (Riaud et al. 2006, see Sect. 1.3.3) and close AGN environments (Gratadour
et al. 2005), as well as perspectives for future instruments such as the mid-IR instrument (MIRI)
of the James Webb space telescope (JWST, formerly the next-generation space telescope), the
infrared successor of HST, and the VLT-planet finder (recently renamed SPHERE). Let us now
present briefly these two important projects for the FQPM and its heirs.

JWST/MIRI. By 2013, JWST will be the largest telescope operating in space (Fig. 1.14,
left), providing a wide and continuous spectral coverage from the visible (0.6 pm) to the mid-IR
(28 pm) wavelengths, using its imaging and spectroscopic facilities. With a diameter of 6.57 m,
JWST will provide an unprecedented sensitivity at all wavelengths. The JWST is a key mission in
the NASA Origins program. The main objectives of this ambitious mission are the understanding
of the universe, the birth and formation of stars and their planetary systems. To achieve this
program, JWST will include four instruments one of which (MIRI) is dedicated to the study
of faint red-shifted galaxies. This instrument is also particularly well suited to a coronagraphic
search of extrasolar planets. The expected detection capability of the FQPM as calculated by
Boccaletti et al. (2005) with inputs from successful infrared cryogenic breadboarding (Baudoz
et al. 2004) is that planetary companions can be searched for around nearby stars. Up-to-date
results presented in Baudoz et al. (2006) show that, from the pure detectivity point of view, the
expected performance of the instrument should allow the imaging (SN R ~ 10, 1-hour integration
time) of a giant exoplanet orbiting at 10 AU from its parent star located at 10 pc, and with
a temperature > 400 K, i.e., according to evolutionary models (see, e.g. Burrows et al. 1997),
corresponding to a few Jupiter masses. Multi-wavelength coronagraphic observations will allow
the characterization of giant exoplanets by measuring their effective temperatures as well as the
ammonia abundance in their atmosphere. MIRI will also be capable of detecting circumstellar
disks one order of magnitude brighter than the Kuiper belt in the solar system.
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Figure 1.14: Left: James Webb Space Telescope (JWST) at 1.2 in 2013 (©NASA). Right:
VLT-PF/SPHERE implementation on the VLT’s Nasmyth platform showing the common path
with the XAO system and the three science instruments IRDIS (Infra-Red Dual-beam Imager
and Spectrograph), IFS (Infra-red Integral Field Spectrograph) and ZIMPOL (Zurich Imaging
Polarimeter). ©ESO.

VLT-planet finder/SPHERE. The FQPM or one of its achromatic heir is also foreseen for the
coronagraphs of the VL T-planet finder (a second-generation instrument for the VLT, see Fig. 1.14,
right, and Mouillet et al. 2003; Beuzit et al. 2005; Boccaletti & Mouillet 2005). In order to pave the
way towards extremely-large telescopes (ELTSs) and space interferometers, one needs to progres-
sively gain orders of magnitude in contrast in the close vicinity of bright stars. The VLT-planet
finder, recently renamed SPHERE, is one of the mandatory steps aimed at detecting and charac-
terizing hot extrasolar planets and circumstellar environments through the direct analysis of their
emitted photons in the visible and at near-IR wavelengths. This near-future (2011), near-infrared
extreme adaptive optics instrument (XAO) for the VLT (41x41 actuators leading to an expected
Strehl ratio® of 90% in H band), will be equipped with high-performance tools for the removal of
coherent and incoherent starlight: phase coronagraphs and differential imaging. The latter tech-
nique takes advantage of the physical properties of giant planets/circumstellar disks in scattered
light: either the spectral features or the polarization of the planet atmosphere/circumstellar disks
is used to increase the sensitivity through subtraction methods, defeating the so-called speckle
noise (Racine et al. 1999; Marois et al. 2000, 2005; Lenzen et al. 2004, 2005, see also Sect. 2.1.3).

Consequently, the detection of planets with SPHERE will allow characterizing their atmosphere
to some extent: effective temperature (depth of C Hy and H,O features with near-IR low-resolution
spectro-photometry), dust grain size and cloud characteristics (degree of polarization), planet
radius and geometric albedo. The contrast of 107* to 107% at angular separations of 0.1 to 1.5”
that will be achieved, with a gain of up to 8 magnitudes with respect to current instruments,
should allow discovering and characterizing planets in the 1-10 M; mass range and 1-1000 year

period range, i.e., all the gas giants that were expected before the discovery of hot Jupiters.

It is to be noted that coronagraphs, thanks to their quite easy and straightforward imple-
mentation, are now available in almost every professional observatory’. They are also foreseen
for numerous ground- and space-based projects. We have already mentioned the VLT-planet

6The modern definition of the Strehl ratio is the ratio of the observed peak intensity at the detection plane of
a telescope or other imaging system from a point source compared to the theoretical maximum peak intensity of a
perfect optical system working at the diffraction limit.

"In fact, Lyot coronagraphs are widespread but to our knowledge, the VLT is the only observatory equipped with
an enhanced coronagraph like the FQPM, which is commissioned and thus officially available to the community.
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finder (SPHERE) and JWST’s MIRI coronagraphic subsystem, but we must also cite space-based
projects like SEE-COAST (see Sect. 6.4), ECLIPSE (Trauger et al. 2003), EPIC (Clampin et al.
2004), which are 1.5-meter class telescopes working in the visible and the Japanese SPICA project
(Matsumoto 2005), a 3.5-meter telescope for mid- and far-infrared coronagraphic observations.
From the ground let us cite: at the Subaru telescope, HICIAO, the extreme adaptive optics suc-
cessor of the coronagraphic imager with adaptive optics (CIAO, Murakawa et al. 2004); at Gemini,
the Gemini planet imager (GPI, Macintosh et al. 2006), etc. Of course, we must also cite the most
ambitious terrestrial planet finder-coronagraph (TPF-C, Ford et al. 2004), a major NASA mission
project, planned for launch around 2015, designed to detect Earth-like planets around nearby
stars, to characterize them in terms of atmospheric and surface constituents, and to search for
signs of life on them. TPF-C will try to detect extrasolar planets using visible- and near-infrared
filter photometry. It will characterize those planets using low-resolution spectroscopy. Potentially
detectable species include, as already mentioned, H,O, O, O3, C'Hy, CO,, Rayleigh scattering,
and the “red-edge” signature of chlorophyll in the leaves of land plants. The mission is designed
around a telescope with a large off-axis primary mirror (8 m by 3.5 m), and a focal-plane instru-
mentation comprising a coronagraph, a deformable mirror speckle nuller (see, e.g. Bordé & Traub
2006), and a spectrograph.

1.5.4 Nulling interferometry

The angular resolution necessary to achieve most-wanted science cases of high contrast astro-
physics, such as Earth-like planet detection and characterization, can hardly be accomplished
with current monolithic telescopes in the mid-infrared regime, where the angular resolution A/D
is limited to about 250 mas. Larger telescopes, up to 100 m in diameter, are currently being
studied but, as such large apertures are not expected to be feasible in space, they will still be
limited by the presence of the Earth’s atmosphere which degrades the images and restricts the
observations to the infrared transparency windows (e.g. the N band, between 8 and 13 pm). In
order to benefit both from the full infrared electromagnetic spectrum and from a high angular
resolution, space-based nulling interferometric missions have been proposed. The principle of in-
terferometry is to synthesize the resolving power of a large monolithic telescope by combining the
light collected by several smaller telescopes, separated by a distance equivalent to the required
diameter for the large telescope.

In addition to the increased angular resolution, interferometry also provides a natural way to
dim the stellar light, by using the wave properties of light: by inserting phase-shifting devices in
the path of the light beams, one can adjust their respective phases in order to produce a totally
destructive interference on the optical axis (see Fig. 1.15). This technique, referred to as “nulling
interferometry” dates back to almost 30 years, when Bracewell (1978) proposed in a letter to Nature
to “detect non-solar planets by spinning infrared interferometer”. The rationale of this proposal
was already based on the limited performances of indirect techniques (astrometry, radial velocity)
and on the inability of “direct photography” to detect small and faint extrasolar planets around
bright stars: even when a telescope point-spread function is very well calibrated and subtracted,
the shot noise associated with stellar light remains, outshining any faint signal nearby. Bracewell
thus proposed a way to enhance the planet over star flux ratio by placing a destructive interference
on the star and a constructive one on the planet. The initial proposal was aiming at the detection
of Jupiter-like planets in the far-infrared (40 um) with a moderate interferometer baseline (7.7 m),
but the key features of future missions for Earth-like planet detection were already included.

Since the first proposal of an infrared nulling interferometer to detect and characterize Earth-
like planets, the technique has been studied and improved by many authors, leading to the current



1.5. DETECTION AND CHARACTERIZATION TECHNIQUES 45

entrance
pupil

pupil plane

phase shift &
recombination

bright output

T

dark (nulled) output

Figure 1.15: Principle of the Bracewell two-telescope interferometer. The light coming from the
two telescopes is collimated while put in phase opposition thanks to a phase shifter. The light is
recombined in the pupil plane, leading to a constructive interference on one output of the beam
splitter and a destructive one on the other output. The detection is generally made on single-pixel
detectors.

view of the future planet finding missions (Fridlund 2004a): a flotilla of 3 to 6 free-flying telescopes
of moderate diameter (~ 3 m) capable of searching for planets around the 150 closest F, G and
K-type stars in a 5 year mission. A road map of technological developments was set up in order
to reach that goal in the 2015 time frame, both at the European space agency (ESA) with the
Darwin mission (Fridlund 2004b), and at NASA with the terrestrial planet finder-interferometer
(TPF-I, Beichman et al. 1999). More pragmatically, such challenging missions are not foreseen
before ESA’s 2020 Cosmic Vision horizon.

Before launching such an ambitious observatory, intermediate technological and scientific steps
are mandatory. In this context, a mission has been proposed as an answer to the CNES call for
ideas for a scientific payload on its formation-flying technological mission (Pegase, Ollivier et al.
2005). It consists of a Bracewell interferometer operating in the infrared (1.5-5 pum) and visible
regimes. It has small telescopes (40 cm) but a substantial baseline (25 to 500 m). Its angular
resolution reaches 1 mas at 4 microns. Its main scientific objectives are the spectroscopic study
of low-mass companions including Pegasides and brown dwarfs bounded to other stars, with the
goal of determining the composition of the atmospheres of these objects as well as their internal
structure.

However, there remains two major unknown parameters driving the design of these missions:
the incidence of Earth-like planets around nearby stars, and the amount of dust to be expected in
their habitable zone. The first parameter will be addressed to a large extent by future space mis-
sions that will search for planets with the transit method (CoRoT and Kepler), as they are expected
to be sensitive to planets down to one Earth radius (Bordé et al. 2003). The second parameter is
more difficult to assess with current instruments, because it requires both high angular resolution
and high dynamic range imaging capabilities. In the context of the Darwin programme, ESA and
ESO have initiated a definition study for a ground-based technology and science demonstrator
called GENTE (Absil et al. 2006, Ground-based European Nulling Interferometry Experiment).



46 CHAPTER 1. HIGH CONTRAST ASTROPHYSICS

Figure 1.16: Darwin space interferometer’s six telescopes (original configuration), central view
combining spacecraft, and communication satellite at L2. ©ESA.

This collaboration was initiated because ESO’s VLT interferometer was soon identified to be the
best place to install a European nulling instrument. A letter of intent, signed by the two agencies,
was sent to the European astronomy community in mid-2001, identifying the objectives of the
GENIE instrument:

1. To gain required technological experience and demonstrate the technique of nulling interfer-
ometry with a breadboard representative of the Darwin mission;

2. To carry out required precursor science:
- detection and measurement of exozodiacal disks associated with the Darwin targets,

- detection and characterization of large sub-stellar companions around the Darwin tar-
gets;
3. To allow European scientists to gain experience with a nulling interferometer in doing prac-

tical astronomy, and to train a new generation of “interferometrists” in preparation of the
utilization of Darwin;

4. To carry out unique and valuable science.

While GENIE was unfortunately put on hold by ESA and ESO, other nulling experiments have
been working for a few years or are about to be operational. The first and only nulling exper-
iment to have published astrophysical results so far is the Bracewell infrared nulling cryostat
(BLINC). This instrument was first installed on the segmented version of the multi-mirror tele-
scope (MMT), using the beams from two of its 1.8-meter segments, and produced first scientific
results on late-type giant stars around which dust outflows were detected (Hinz et al. 1998). After
the refurbishment of the MMT in 1999, BLINC was re-installed on the new 6.5-meter monolithic
telescope (Hinz et al. 2000). Tt was also used in the southern hemisphere, at the Magellan T
telescope.

Because it operates in the mid-infrared (10-12 pm), where the background emission is huge
(especially for a non-cryogenic instrument), the Keck interferometric nuller (KIN) implements
an original way of removing the background emission in addition to the removal of the stellar
light. This method is based on phase chopping, a technique currently considered for the Darwin
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and TPF-I space missions. In order to modulate the signal from off-axis sources in front of the
background emission, a dual-baseline nuller is synthesized by creating two distinct sub-apertures
on each of the two Keck telescopes and then cross-combining the outputs of the two individual
nulling beam combiners with a standard interferometric beam combiner (Serabyn et al. 2004).
The beam combination in the two individual nullers is performed with modified Mach-Zehnder
beam combiners (Serabyn & Colavita 2001). The KIN was designed to achieve exozodiacal disk
detection at the 30-zodi® level around a G2V star located at 10 pc. This level of performance
requires a deep and stable instrumental rejection ratio (see Sect. 2.1) of at least 10® at 10 ym.
The integration and test laboratory of the Keck interferometer at JPL was used to demonstrate
the capability of the instrument to reach such a performance: a broadband null depth better
than 10~® was obtained and stabilized for periods of many minutes (Serabyn et al. 2004). This
led to the decision to deploy the hardware at the Mauna Kea observatory, where it is currently
in commissioning phase (first N-band fringes obtained in August 2004, first stable null at 1072
obtained in May 2005) and should soon provide its first scientific results.

The LBT interferometer, which combines the light from two 8.4-meter telescopes placed side
by side on a single rigid alt-azimuth mount, is very well suited to develop and exploit the basic
Bracewell nulling method. With its short baseline of 14.4 m, it provides an angular resolution of
70 mas in the mid-infrared, which corresponds to the typical angular size of habitable zones around
nearby G-type stars. The LBTI instrument is composed, amongst other things, of the nulling
interferometer for the LBT (NIL), and the nulling optimized mid-infrared camera (NOMIC),
which forms an image of the field around the star and is capable of detecting infrared emission
from surrounding dust disks and planets (Herbst & Hinz 2004). It is to be noted that the NIL
instrument relies on an upgraded version of the BLINC instrument. The targeted null depth with
the NIL instrument is 107*, with the objective to detect exozodiacal disks similar to the solar
zodiacal disk (1-zodi level). Background subtraction, cophasing uncertainties and the absence
of spatial filtering, even with the 670-actuator deformable mirror, could however prevent such a
null depth with the current design of the nulling instrument. The first 8.4-meter mirror of the
LBT was installed and achieved its first light in 2005. The second primary mirror has recently
been transported from the University of Arizona to Mount Graham and has also been installed.
The nulling instrument will be used to perform a survey called NIREST (nulling infra-red survey
of exo-systems for TPF) of 80 TPF-I candidate stars. Its purpose is to search for and measure
zodiacal dust emission strong enough to compromise TPF-I’s performance. A by-product of the
survey will be the detection of thermal emission from extrasolar giant planets.

1.5.5 Perspectives in Antarctica

One of the main limitations of coronagraphic observations as well as ground-based nulling in-
terferometers is related to the influence of atmospheric turbulence. Active compensation of the
harmful effects of turbulence requires real-time control systems to be designed with challenging
performance. The choice of a good astronomical site with (s)low turbulence is therefore of critical
importance. In this respect, recent studies suggest that the high Antarctic plateau might be the
best place on Earth to perform high resolution observations in the infrared domain, thanks to
its very stable atmospheric conditions (Agabi et al. 2006). Dome C is considered as “halfway to
space”. For this reason, many interferometer concepts have recently been proposed, all taking
advantage of the expected unprecedented site quality.

The ALADDIN concept is an integrated Antarctic-based L-band nulling breadboard with rel-

81 zodi corresponds to the brightness of our solar system’s zodiacal disk.
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atively modest collectors (1 m) and baseline (< 40 m). Because of its privileged location, this is
sufficient to achieve a sensitivity (in terms of detectable exozodiacal dust levels) which is 1.6 to
3.5 times better than an equivalent nulling instrument on a large interferometer (such as GENIE
at the VLTT), bringing it below the 20-zodi threshold value identified to carry out the Darwin
precursor science (Absil 2006). An integrated design would enable top-level optimization and full
access to the light collectors for the duration of the experiment, while reducing the complexity of
the nulling breadboard. One can also mention the Antarctic plateau interferometer (API, Swain
et al. 2004), an instrument concept capable of studying exoplanets in the habitable zone. API
would use three 2-meter class telescopes, high dynamic range spectroscopy, and differential closure
phase to achieve 107° contrast ratio measurements. Combining existing interferometer technology
(adapted to the Antarctic environment) and containerized packaging would make it possible to be-
gin operation at Dome C in 5 years. There is also the kiloparsec explorer for optical planet search
(KEOPS, Vakili et al. 2004), an interferometer to be placed at Dome C plateau of Antarctica. It
consists of an interferometric array of 39 telescopes 1 m to 2 m in diameter spread over kilometric
baselines and operated in the thermal IR region. It could search and characterize all potential
exoEarths within the 1 kpc diameter region observable from Dome C. Even in the very difficult
operation conditions of Antarctica, such a facility could compete with future space missions but
at a much lower cost, both for exoplanet studies and for sub-mas snap-shot imaging of galactic
and extragalactic compact sources.
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Abstract. The detection and characterization of extrasolar planets, as for every science case
of high dynamic range imaging, require unprecedented levels of light suppression. The process
of destructive interference is therefore submitted to very severe tolerances which translate into
tight constraints on key components such as the achromatic phase shifters (APS). In this chapter,
after exposing the basics of destructive interference processes, specificities proper to phase-mask
coronagraphy and nulling interferometry implementations will be reviewed. Then, the existing
concepts of achromatic phase shifters will be exposed.



50 CHAPTER 2. THE NEED FOR ACHROMATIC PHASE SHIFTERS

2.1 Interferometric and coronagraphic nulling

Nulling the light signifies creating a desctructive interference between different coherent wave-
fronts. As already mentioned in Sect 1.5.4, the idea of exploiting this phenomenon for high
dynamic range imaging in astrophysics was first exposed by Bracewell (1978). He proposed a way
to enhance the planet over star flux ratio by placing an interference pattern sin®(7/®) with a
maximum on a planet at ¢ = ®/2 and a minimum on the on-axis star, i.e., centered at § = 0. ® is
defined as follows: ® = \/b, with A the wavelength, and b the interferometric baseline length. As
already presented in Sect. 1.5.4 and Fig. 1.15, the interference pattern is generated by overlapping
the light beams collected by two telescopes on a balanced beam splitter in the pupil plane while
tuning their respective phases by means of phase-shifting devices so that all the on-axis stellar
light is sent to only one of the two complementary outputs of the beam splitter. Such a configu-
ration happens when a phase shift of 7 radians is maintained between the two input beams. This
is in contrast with classical pupil-plane interferometry, where the optical path difference between
the beams is modulated in order to record a complete interferogram.

It is worth emphasizing once again that the underlying principle common to all phase coro-
nagraphs is quite the same as in nulling interferometry. Indeed, the single-telescope incoming
wavefront is artificially divided into several parts which are phase shifted with respect to each
other and then recombined in the following optical train to form a high contrast image. One of
the major differences between nulling interferometry and phase-mask coronagraphy concerns the
latter point: in nulling interferometry, no image is formed, the detection being generally made on
a single pixel.

For interferometry as well as for coronagraphy, the quality of the nulling process is quantified
by the so-called rejection ratio R, or its inverse, the null depth N

N(r, A t) = R (1, A 1) — Amin (2.1)
]maar

where I,,;, is the total residual intensity of the destructive output (resp. with the coronagraph)
and 1,4, the total intensity of the constructive output (resp. without the coronagraph). In order
to maximize the rejection ratio or equivalently minimize the null depth, several conditions must be
satisfied by the interfering wavefronts. These conditions translate into tight spatial, spectral and
temporal constraints in interferometry as well as in phase coronagraphy, because of the convolution
process of the phase mask in the focal plane.

2.1.1 Spatial constraints: geometrical leakage

Nulling interferometer. Even with an ideal Bracewell interferometer, the stellar signal is
perfectly cancelled only on the optical axis. Part of the starlight will therefore leak through the
created transmission map due to the finite size of the stellar photosphere, an effect referred to as
geometric stellar leakage because it is related to the physical arrangement of the telescopes and
to the angular size of the stellar photosphere. The transmission close to the center of the field of
view is proportional to the square of the off-axis angle 6, so that the Bracewell configuration is
called a “#? configuration”. The rejection ratio in this case is then given by
2
R = 4 (/\/b) (2.2)
O

T2

It depends on two parameters: the ratio of wavelength to baseline, which sets the angular resolution
of the interferometer, and the angular radius of the star #,. The rejection ratio decreases for longer
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baselines (or shorter wavelengths) as the star gets more and more resolved. Although the residual
stellar leakage can theoretically be removed by rotational modulation if the star is symmetric, the
shot noise associated with the detected leakage still remains and generally represents one of the
major noise contributions in the context of Earth-like planet detection. This limitation can be
overcome by using more than two telescopes to produce the destructive interference. This idea
was first considered by Angel (1990), who proposed to use a four-telescope array to reach a deeper
null, proportional to #* close to the optical axis instead of 62 for the two-telescope Bracewell
interferometer.

The potential of multi-telescope arrays was then exploited in the context of the initial Darwin
and TPF-I projects: an array of four to five telescopes arranged on a circle and providing a
0% central transmission was suggested for the Darwin mission (Léger et al. 1996), while a four-
telescope linear array with a 6° central transmission was proposed for the TPF-I mission (Angel &
Woolf 1997). Later on, a general condition was derived by Absil (2001) to reach a §* transmission
for an arbitrary telescope array.

Coronagraphs. Coronagraphs are also affected by the finite size of the star. This stellar leakage
can be treated by considering the stellar disk as a sum of off-axis point sources (Riaud et al.
2003), therefore assimilating the spatial leak to pointing errors (i.e., tip-tilt). The sensitivity
of coronagraphs to such low-order aberrations strongly depends on the coronagraph design and
whether it acts on the amplitude or the phase. It can however be minimized in both approaches
by increasing the power n of off-axis 6" transmission (higher-order masks, Foo et al. 2005; Lloyd &
Sivaramakrishnan 2005; Mawet et al. 2005b; Palacios 2005; Shaklan & Green 2005). In the case of
pure phase-mask coronagraphs, the family of coronagraphs the most sensitive to the finite size of
stars, it is to be noted that the stellar leakage can anyway always be partially removed by adding
a Lyot dot in the center. It is worth noting that the physical extension of this opaque mask is by
far smaller than in pure amplitude masks (Roddier & Roddier 1997; Riaud et al. 2003).

2.1.2 Spectral constraints: achromaticity

Expression 2.2 for the rejection rate is valid only for a perfect Bracewell interferometer. In practice,
for nulling interferometers but also for coronagraphs, the rejection rate is degraded by atmospheric
turbulence (for ground-based facilities) and various instrumental effects causing imperfect co-
phasing of the light beams, wavefront errors, intensity mismatches and polarization errors (Ollivier
1999). This contribution, called instrumental leakage and independent of the stellar diameter to the
first order, adds to the geometric leakage at the destructive output of the interferometer (resp. the
final image of the coronagraphic instrument). Moreover, in the framework of high contrast imaging,
one usually deals with large spectral bandwidths. In order to preserve the full efficiency of the
destructive interference process, the phase shift must be achromatic. If not the case, the destructive
interference is not complete at all wavelengths and some light from the central bright object is
not suppressed. This instrumental leakage could prevent the detection of the light from the
faint feature, because of the noise created by the residual light escaping the destructive process.
Approximate expressions can be derived for the various chromatic contributors to instrumental
leakage, although it is dominated by nonlinear, second-order error terms (Lay 2004). In practice,
it is commonly admitted that “achromaticity” is reached as soon as the sensitivity to wavelength
change is faint enough to be tolerable in the concerned application.

Let
U;(\) = Aj(/\)ei%"hﬁi%(/\) (2.3)
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be the complex amplitude of the wavefront number j. A; is its amplitude (A? = [;) whereas h; and
¢, are the optical path delay (OPD) and phase shift experienced by the wavefront, respectively. In
a two-way interferometer, with A? = A2 = A? = I, the transmitted intensity at the recombination
step is

) = [0+ Do = 210 [ 1+-cos (Bt = h) 4 (a0 = as00)) | 20

Phase control

Let us assume that the zero-OPD (hy — hy = 0) is always satisfied by a proper set-up adjustment.
The ideal phase shift for nulling in a two-way interferometer (or phase coronagraph) requires that
Ap(N) = ¢2(A) — ¢1(N) = . In this perfect case I(\) = I, = 0 such that the on-axis light is
totally suppressed, leading to an infinite rejection ratio. However, at least for some wavelengths,
the phase shift is in practice not perfectly equal to 7 but rather to A¢(\) = m+€(\), where e()) is
the wavelength dependent residual phase shift error. The corresponding total residual light over
the bandwidth A\ is subsequently given by

Lpin = /A/\ I(N)d\ = 21 /A/\ [1+ cos (7 + €(X))] dA (2.5)

If € is small, the average null depth over the whole considered spectral bandwidth A\ resumes to

I Jar €N)2dN o2
N = Zmin _ JAX _9 9
Lz ZVAD 4 (26)

with o2, the variance of the phase shift over the bandpass AN.

For example, the target null depth of 1075 requires a maximum phase-shift standard deviation
o = 6.325 x 107 radian rms over the whole bandwidth. A more severe figure of merit would
be obtained by imposing a given null depth at each wavelength instead of an average one. In
this case, Eq. 2.6 holds true provided that the standard deviation o is replaced by the residual
phase-shift error ¢(\) at each wavelength.

Intensity mismatch

The effect of unequal intensities in the interfering wavefronts is to induce a non-null transmission
on the optical axis: the additional amount of light in one of the wavefronts will not interfere
and thus contribute as a background emission. In case of intensity mismatch A? # A2 | Eq. 2.4
becomes

Lin = |UL(N) + Us( V)2 = [A1 (X)) + Ag(\)e e 2 (2.7)

_ A
=2

Assuming an intensity ratio g(\) the null depth becomes

(14 /q(N)?

For example, to obtain a single-wavelength target null depth of 107 assuming a phase error e
of 6.300 x 1073 radian, the intensity ratio ¢ must be kept above 0.999 (an intensity mismatch of
0.1%). Assuming e = 0, ¢ has to remain larger than 0.99, i.e., a 1% intensity mismatch.
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Polarization mismatch

There are various types of polarization errors, but they can always be converted into phase or
intensity errors (Serabyn 2000). In case of alignment mismatches between linear polarization
vector angles 0, # 05, Eq. 2.4 transforms into

Lnin = |UL(N) + Us( V)2 = [A1(N) cos By + Ag(X) cos By’ THeA)|2 (2.9)

Assuming this time a misalignment A8 = 6, — 61, Eq. 2.8 still applies but with ¢ = cos A§>.
Specifying ¢ > 0.999 means that A6 must be smaller than 0.032 radian, for example.

Wavefront errors

When high rejection ratios are needed, requirements directly translate into drastic optical con-
straints on the instrument optical components but also on incoming wavefront qualities. One of
the most harmful contributors to instrumental leakage is the corrugation of wavefronts, especially
for ground-based instruments where atmospheric turbulence produces large phase errors across
the pupils.

Nulling interferometer. In interferometry, wavefront errors produce a mismatch between the
shapes of the two beams to be combined. If 03)12(/\) designates the wavelength-dependent phase
variance over each pupil, the null depth is (Mennesson et al. 2002)

1

N(A) = I (02, (N) +05,(N) - (2.10)
For instance, if a rejection ratio of 103 (or equivalently a null depth of 1073) is required, Eq. 2.10
shows that the standard deviation o4 of the phase across the pupil cannot be larger than 4.5 x 1072
radian, which corresponds to a A\/140 rms wavefront quality. Such a low wavefront aberration is
extremely challenging to reach from the ground, even in the mid-infrared. It corresponds to a
Strehl ratio of 99.8% while state-of-the-art adaptive optics systems on large telescopes provide a
Strehl ratio hardly above 50% in the near-infrared K band, or about 97% in the mid-infrared N
band. Spatial filtering is therefore necessary for removing high-frequency wavefront aberrations.

Better than the classical spatial filtering by simple pinholes (Ollivier & Mariotti 1997), single-
mode wavequides efficiently correct wavefront defects of both high- and low-order spatial frequen-
cies, ensure a perfect matching of the amplitude profiles coming from the various beams, and can
be used with almost optimum coupling efficiency over a broad optical bandpass. When a single-
mode waveguide is used, the incoming wavefront excites the fundamental mode of the guide. The
latter is the only one that is allowed to propagate. Its amplitude profile is fully determined by the
physical properties of the guide, independently of the incoming wavefront. Corrugations will only
affect the amount of energy coupled into the guide: phase errors convert into intensity errors.

Single-mode waveguides greatly enhance the feasibility of high dynamic range interferometry.
Mennesson et al. (2002) demonstrate that wavefront qualities required for a 107% null depth
with single-mode waveguide filtering are relaxed from \/4400 to A\/63 () is the infrared observing
wavelength), corresponding to optical commercial standards. It is to be noted that using a pinhole
still relaxes the uncorrected case by a factor of 10, leading to a tolerance of A/400.
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Coronagraphs. As far as coronagraphs are concerned, defining a sensitivity to wavefront aber-
rations is not as straightforward as in pupil plane interferometry. Indeed, according to the spatial
frequency of the aberration, the final coronagraphic image will be affected at a certain location
in the detector focal plane. As the useful working zones, i.e., the so-called discovery space, are
concentrated around the optical axis, high-spatial-frequency corrugations are not critical while
low-order aberrations like tip-tilt strongly contaminates the central field of view. For this reason,
wavefront corrugations as well as stellar leakage are considered as low-order aberrations that must
be overcome by adapting the coronagraph design and improving the power spectral density (PSD)
of wavefront generated by the optical train before the coronagraph, e.g., thanks to a dedicated
fast-steering (or tip-tilt) mirror. In fact, whatever the coronagraphic system, an imperfect wave-
front will feed the coronagraph with light partly incoherent that will be spread in a speckle halo.
The final signal-to-noise ratio, and subsequently the integration time, will depend on the level of
this PSF halo up to a certain point as we will discuss below. For this reason, the performance of
the wavefront correction systems (adaptive optics, for example) is a critical point which must be
addressed thoroughly.

2.1.3 Temporal constraints: stability

Nulling interferometer. In the above discussion, we have neglected another important source
of noise: instrumental and stellar leakage contributes both as a bias (referred to as null floor
leakage), by introducing a non-null average amount of additional stellar light, and as a noise, which
relates to its temporal variability. Phase-chopping techniques allow for the subtraction of the null-
floor leakage, which is the same in the two chopped states provided that there is no systematic
difference between them. The bias will therefore contribute only as an additional source of shot
noise. On the other hand, most of the instrumental noise is not suppressed by phase chopping, as
proven by Lay (2004). This contribution, now referred to as instability noise, but as systematic
noise in Lay (2004) or variability noise in Chazelas et al. (2006), is dominated by nonlinear, second-
order terms related to the perturbations in the amplitudes, phases and polarisation angles of the
electric fields from each telescope. The disturbance power spectra mix with each other so that
perturbations at all frequencies, including DC, have an effect. Although a simple binary phase
chop removes a number of these systematic errors, it has no effect on the dominant amplitude-
phase cross terms and on the co-phasing errors. There is no phase chopping scheme that can
remove the systematic errors without also removing the planet signal (Lay 2004).

The two independent studies cited here above (Lay 2004; Chazelas et al. 2006) have recently
revisited the instrumental requirements for the Darwin and TPF-I missions in order to reduce
instrumental stellar leakage down to a sufficiently low level for Earth-like planet detection. Both
showed that the requirements on amplitude and phase control do not come from the null-floor
leakage, but from instability noise. According to Lay (2004), the phase of the signal from each
collector should be controlled to about 1 millirad (~ 1.5 nm at 10 gm) and the amplitude to
about 0.1%. It must be noted that it is in fact impossible to obtain a stable null floor without
also having a deep instrumental null, because instrumental perturbations are expected to have a
significant dynamic component.

A major property of instability noise is that it does not depend on the actual architecture of the
interferometer to the first order: #? and 0* configurations produce similar amounts of instability
noise if they are subject to the same amplitude and phase perturbations. Another major property
is that instability noise significantly increases at short wavelengths. It is in fact expected that
instability noise could exceed shot noise at short wavelengths and become the dominant source
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of noise. In that case, the advantage of #* configurations with respect to #? configurations would
almost disappear.

Coronagraphs. Coronagraphic techniques possess their own “instability noise”, known as the
speckle noise. Speckles arise from diffraction residuals due to uncorrected atmospheric aberrations
left by the adaptive optics system as well as quasi-static aberrations mostly originating from the
optical train. Several smart techniques of speckle calibrations were already proposed. Each of them
takes advantage of the planet properties like its spectral signatures (see below), its polarization
(Baba & Murakami 2003) or its coherence with respect to the star (Guyon 2004). The most
developed technique so far is probably the spectral differential imaging (SDI, Marois et al. 2000)
first implemented inside the TRIDENT camera at the Canada France Hawaii telescope (CFHT,
Marois et al. 2005) and more recently at the VLT (Lenzen et al. 2004, 2005). The idea is to
record simultaneously two images in two different but spectrally close filters on the same detector.
If phase aberrations are small, the images are identical once rescaled in intensity and spatially
matched. The mutual subtraction of the two images removes the residual speckles except those
resulting from the so-called common and non-common path errors. The latter are induced by
the optical train downstream of the coronagraph (dichroic, beam splitters, etc.). Cavarroc et al.
(2006) showed that any study where common static aberrations are neglected leads to unrealistic
results where the variance of the residual intensity converges to 0 for an infinitely long exposure.
Moreover, this study also showed that the fundamental detection limit has a quadratic dependence
in common path errors and a linear one in non-common ones. As expected, improvement of the
detectability can be obtained if the PSD of the static phase aberrations is decreased, especially at
low frequencies (low-order aberrations).

2.2 Achromatic phase shifters

The most simple way to induce a phase shift A¢ between two coherent wavefronts 1 and 2 is to
add an optical path delay (OPD) either of air or of a given material of refractive index n
2

Agp = 5N (n1(A)er — na(N)es) (2.11)
In this equation, ni(A)e; and na(A)ey are the optical path experienced by the wavefront 1 and
2, respectively, i.e., the product of the physical distance e; by the refractive index n; of the
propagating medium. However, it clearly appears that such a phase shift is highly chromatic
because of the hyperbolic dependence in A and because of the intrinsic refractive-index dispersions
of the used materials. One needs achromatic phase shifters that would allow inducing a constant
phase shift over a predefined wavelength range. Several techniques already exist and we will briefly
describe them.

2.2.1 Dispersive plate APS

This approach, directly inspired by the techniques used by optical designers to minimize lens
chromatic aberrations, uses a given number of glass or dielectric plates, whose materials and
thicknesses are optimized together with the free-air OPD?, mutually neutralizing the various dis-
persion gradients in order to introduce a given achromatic phase difference between the interfering

9The free-air OPD is regulated by the so-called delay lines.
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Figure 2.1: APS with dispersive wedged plates. Here is shown a 6-plate arrangement.

wavefronts. In other words, this gives an OPD varying as linearly as possible with wavelength
over a given spectral range, resulting in an achromatic phase shift. The number of elements,
their thickness and nature can used to minimize the residuals. Fine tuning towards minimum is
obtained by slightly adjusting the thickness of some elements either by tilting them in case of
parallel plates, or by translating them in case of wedged plates (Mieremet et al. 2000, Fig. 2.1).

Assuming N pairs of e;-thick plates made of N materials of different refractive index n;, the
expression of the differential phase shift between the considered wavefronts is therefore

Ad(N) = 277 (OPD 3 e h) - 1]) (2.12)

where OPD is the optical path delay when no plate is inserted. The design optimization rule
consists in minimizing the residual phase shift error with respect to its nominal value ¢, e(\) =
A¢p(N\) — ¢ over the specified wavelength range. The free parameters are the different thicknesses
e; and the choice of materials with different n;(\).

2.2.2 Focus-crossing APS

A beam crossing a focus is achromatically phase shifted by 7 radians, with respect to a parallel
beam following an equal optical path. This property allows for an extinction by destructive
interference when recombining two such beams, with the additional effect of a centro-symmetric
rotation of pupilla on one beam. It is to be noted that the AIC is based on this property for a
single aperture (Gay & Rabbia 1996).

The AIC has been validated in the lab and tested on the sky (Baudoz et al. 2000a,b). Nulling
can be achieved with a 2-aperture interferometer using this phase-shifting property in one arm.
The m-phase shift is obtained means of a cat’s eye device (see Fig. 2.2). Since this set-up only
uses mirrors, no dispersion occurs and the produced phase shift is intrinsically achromatic.

2.2.3 Field-reversal APS

This method provides a phase shift of 7 radians, based on the achromatic reversal of the electric-
field vector on one of two interfering waves. This reversal is performed by a rotational shearing
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Arm 1

= A

Arm 2

Figure 2.2: Basic set-up for an APS using focus crossing. An extra-focus is inserted in one of
the two arms of the interferometer, by means of a cat’s eye made of curved mirrors, thus yielding
an achromatic phase shift of 7. In the other arm, an optical train made of flat mirrors affords the
optical path balance.

interferometer with a fixed shear of 180°, by means of rooftop mirrors whose summit lines are seen
orthogonal by the wavefronts (hence, the incidence planes are perpendicular). Indeed, arranging
two successive 45° reflections in such a way that their incidence planes are orthogonal with re-
spect to each other results in a combination of the s component of the first reflection with the p
component!? of the second one and vice versa, resulting in an effective reversal of the electric-field
vector (Serabyn & Colavita 2001, Fig. 2.3).

Figure 2.3: Field-reversal APS in the two-periscope configuration.

10The components of the electric field parallel and perpendicular to the incidence plane, which is defined by the
wave vector and the surface normal, are termed “p-like” (parallel) and “s-like” (senkrecht, i.e., perpendicular in
German).
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As long as the reflection properties of both mirrors are identical and the angle of incidence
is exactly 45° on both mirrors, the electric-field vector reversal is perfect over the full reflective
spectral range of the mirror coating. It is to be noted that, like the focus-crossing APS, this setup
induces a centro-symmetric rotation of the pupilla of one beam with respect to the other.

2.2.4 Quarterwave-mirror APS

Let us consider a simple boundary separating two dielectric media. Reflectance is identical on
both sides except that on one side, the reflected beam undergoes a m-phase shift while it undergoes
no phase shift on the other side. The design principle of thin-film APS is based on the extension
of this boundary property to a whole multi-layer stack (Lemarquis & Riaud 2003).

2.2.5 Vectorial APS

Implementation of a vectorial phase shift, i.e., a phase retardance taking place between the orthog-
onal polarization states, is straightforward in a nulling interferometer (resp. phase-mask corona-
graph). Considering two identical components belonging to the two distinct interferometer arms
1 and 2 (resp. adjacent quadrants of the FQPM), rotated by ninety degrees around the optical
axis and from one another, then the parallel polarization states s; and ps, so and p; from the two
interferometer arms (resp. ajdacent quadrants) are two by two in phase opposition. It must be
noted that there is a strong constraint on the alignment of the components (see Sect. 8.4).

Birefringent plates

This approach uses a set of plane parallel retardation plates made of birefringent crystals, cascaded
along the propagation axis and oriented perpendicular to it. The achromaticity is once again given
by combining plates of different birefringent materials with properly-chosen thicknesses. Since
the dispersion of the birefringence is different for the different materials, it is possible to make
the subsequent phase shift achromatic within a given wavelength range (Hariharan 1996). The
interest in using naturally birefringent phase shifters and a reason for their commercial success
is that natural birefringence is usually two orders of magnitudes smaller than the indices. This
constatation implies that thickness errors contribute two orders of magnitude less to the phase
shift. On the other hand, very accurate knowledge of the birefringence is necessary.

“Arm 2

Figure 2.4: Fresnel-rhomb APS. Here is shown the double rhomb configuration implemented in
the nulling mode (see Sect. 8.4).



2.3. ARTICLE: White-light lab results with an achromatic FQPM 59

Fresnel rhombs

Fresnel rhombs are conventional devices in optical engineering, used to transform a linearly-
polarized incident field into a circularly-polarized one at the output of the device. This transfor-
mation results from a 7/2-phase shift performed between the s and p components of the incident
field, suitably oriented to have s and p components of equal amplitudes. Cascading two such
rhombs usually provides a m-phase shift (Fig. 2.4). In fact, the use of Fresnel rhombs is based
on properties of light at total reflection, where the s and p components undergo different phase
behaviors. The total internal reflection (TIR) phenomenon comes indeed with a differential phase
shift between the vectorial orthogonal polarization states. This vectorial phase shift takes the

following form (Born & Wolf 1999a)

I a——
A¢ps_, = 2arctan [COSQ sin_ 0 n“] (2.13)

sin® 6

where 6 is the angle of incidence, greater or equal to 6., the critical angle defined as sinf,. =
ny = ng/n; and where n; and n; are the refractive indices of the incident and external media,
respectively. Despite the natural dispersion of the material indices, this phase shift is considered
as achromatic for standard applications (Rochford et al. 1997; Anderson 1988). It is to be noted
that Fresnel rhombs are also commercially available. It is a well-proven technology.

2.3 Article: The Four-Quadrant Phase-Mask Coronagraph:
whate-light laboratory results with an achromatic de-
vice

As an illustration of the implementation of “classical” APS in a nulling setup, let us present the

following paper (published in Astronomy & Astrophysics) where we report a laboratory exper-

iment assessing the performance of a four-quadrant phase-mask coronagraph implemented with
achromatic halfwave plates (see Fig. 2.5, and Mawet et al. 2006).

Figure 2.5: Four-quadrant phase-mask with achromatic halfwave plates. Left: mounting pad
under microscope. Right: the assembled component, consisting of a silicate substrate with a hole
at its center, and the four M gF> and four quartz plates glued on its both sides.
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Quartz—MgF2 achromatic halfwave plate FQPM for YJHK
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Figure 2.6: Four-quadrant phase mask with achromatic halfwave plates for VLT-PF/SPHERE,
from Y to K band. Here is shown the theoretical performance of the component in terms of
starlight residuals due to the imperfect destructive interference process, or in other words, the null
depth. Note that the plate optimal thicknesses for a nominal temperature of 15°C are also shown.

In this work, we demonstrate the feasibility of the FQPM coronagraph achromatization by
means of birefringent elements, paving the way towards more complex solution involving sub-
wavelength gratings. The halfwave-plate technique (HWP) was proved more convenient both to
manufacture and to implement than the dispersive achromatization such as the dispersive plate
concept. As already mentioned, this conclusion comes directly from the fact that the fundamental
constraint on the thickness control is relaxed by a factor comparable to the ratio between material
indices and birefringences (often < 1072) leading to a control at the 100-nm level versus 1-nm
with the dispersive plate scheme. On the other hand, birefringences must be known with a very
good precision as well as their variations with temperature (Hale & Day 1988; Etzel et al. 2000)
as illustrated in Fig. 2.7 (right).

In our experiment, we selected the Quartz-MgF, doublet for application up to the near-
infrared domain on ground-based telescopes (up to 2.6 um). Results in white light are promising:
we obtained a residual level of 107* at 2.50/D. The chromatic residue is sufficiently small to
allow the use of this plate stack on a very large spectral range from the R band to the K band
for moderate Strehl ratios. We also propose this type of achromatic mask for use on the ESO’s
VLT-planet finder instrument (SPHERE). For that, a specifically-optimized component has been
designed for simultaneous use in the Y, J, H (and K) bands (see Fig. 2.6). Theoretical results are
well within specifications and the experimentation in the visible has confirmed the feasibility and
the interest of the technique. A new component under assembly for this wavelength regime will
soon be tested (see here below).

The drawback of the technique is the very delicate cutting and assembly of the different plates
into the four quadrants and on two stacked stages (see Fig. 2.5) but also the huge chromatic
defocus induced by the mounting optical thickness (see Fig. 2.7, left). This defocus is responsible
for very complicate Fresnel diffraction effects that were already proven to affect the measurements.
Moreover, the defocus is different for the two orthogonal polarization states and is wavelength
dependent. Another issue concerns the long-term stability of the mounting since the different
plates are simply glued on both side of a thick substrate (see Fig. 2.5).
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Figure 2.7: Left: defocus error induced by the Quartz-M gF, mounting optimized for VLT-PF
for Y, J, H and K bands. Right: temperature sensitivity of the same component.
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As far as the tests of these achromatic near-infrared components are concerned, a specific
optical bench is under assembly at LESIA!'. This testbed is similar to the one presented in the
following paper except that it uses mirrors instead of lenses, i.e., it is a pure reflective bench (see
the optical scheme in Fig. 2.8). It will be devoted to the qualification of the VLT-PF/SPHERE
coronagraphs and will therefore operate in the H and K bands.

Coronagraph

S

M2

M4

Figure 2.8: Ray-tracing scheme of the H/K-band test bench for the VLT-PF/SPHERE corona-
graph qualifications. S is the spatially filtered wideband source (black body at 3400 K). M1, M3
and M4 are paraboloid mirrors with 750 mm, 400 mm and 750 mm focal lengths, respectively.
M2 and M5 are plane mirrors. EP is the entrance pupil of diameter D = 18.75 mm, providing a
f/D = 40 at the coronagraphic focal plane, which is the SPHERE specification. L-S is the Lyot

M5

stop. Courtesy of Jacques Baudrand and Pierre Riaud.

L-S

D

"Laboratoire d’Etudes Spatiales et d’Instrumentation en Astrophysique, Paris-Meudon Observatory.
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ABSTRACT

Achromatic coronagraphs are the subject of intensive reBeince they will be mandatory for many programs which didegecting and char-
acterizing exoplanets. We report a laboratory experimssgessing the performance of the Four-Quadrant Phase-Maskagraph (FQPM)
over a broadband wavelength ran&ey 2). The achromatization of the FQPM is provided by achrootzdifwave plates (HWP). These phase
shifters combine birefringent plates made dfetient materials with properly chosen thicknesses. The HWRrtess control is relaxed by two
orders of magnitudes with respect to the classical (noeffimgent) dispersive plate approach. In our experimentigesl a two stage stack of
Quartz and MgFE. This combination allows to cover a large spectral rangaénvisible (508-900 nm) with a small phase error residual around
7 (~0.12rad rms). With this achromatization, we obtained agnathtion of 755 on the white light PSF peak. This solutionrisadly applicable

to ground-based telescopes using high order adaptivesapith as the ESO’s VLT-Planet Finder project and couldyebsitransposed in the
mid-infrared domain for future space-based missions liIR&RD/IN/TPF.

Key words. instrumentation: adaptive optics — techniques: high argesolution — stars: planetary systems — methods: oligarah

1. Introduction presenting the principles and an extensive numerical study

. . . . . (Rouan et al. 2000; Riaud et al. 2001), a third paper (Riaud
Direct detection of faint sources around bright astroptaisi et al. 2003) reported the laboratory results with a real com-

objects such as exoplanets orbiting their parent star sdiér ponent in monochromatic light. Since then, the actual perfo

ficult due to the large flux ratio. For example, extrasoIamal_amance of the setup has been largely improved: we have ob-

. 2o . .
ets are typically 16-10’ times fainter than their host star iNined a very stable peak attenuation of #0d a total rejec-

the infrared. Th_erefore, the study of such objects neaesit }ion factor of 1. The current setup only works accurately for

coronagraphic instruments and nearly perfect waveframts . _. . ; :

optimal operations. Subsequently. this challending sease & single wavelength. Observing with a large bandwidth lilee t

r; uires-p ' q Y. ging K band (2-2.4 um) with a monochromatic mask would yield
q ) a theoretical rejection of only 150. However, for grouncdséd

— for Extrasolar Earth-like planets, dedicated space-balsed telescopes using today’s state of the art adaptive opticsy s
servatories like the DARWINPF projects (see Léger etalas NACO (VLT's NAOS-CONICA, Rousset et al. 1998), a
1996, for instance); monochromatic phase mask isfiscient for the fullK band,

— for Extrasolar Giant Planets (EGPs), space-based obseiiace the main limitation comes from the residual uncompen-
tories or Extreme-Adaptive Optics ground-based imagirsgted wavefront errors (Boccaletti et al. 2004).

f;g:élg;('es, like the ESO's VLT-Planet Finder (Mouillet et a For higher order corrections such as planned for the ESO’s
VLT-Planet Finder second generation instrument on the VLT,

A few years ago, we proposed a new device, the Four-Quadrgdrg chromaticity issue of the FQPM is no longer negligible.
Phase-Mask coronagraph (FQPM), to advantageously repldtareover, this instrument requires multi-wavelength eper
Lyot-type amplitude coronagraphs. The FQPM uses a faimns (09-2.5um). An achromatic device is thus needed. We
quadrantz phase shift distribution in the focal plane taherefore propose to implement commercially available@ch
provide a self-destructive interference for a centerechtpomatic halfwave plates (HWP) in an original way to repro-
like monochromatic source. The FQPM provides significantjuce the particular FQPM focal plane phase shift distrdouti
smaller working distances than Lyot-type coronagraphs 8sction 2 describes the principle of birefringent achraenat
well as better rejection factors at high Strehl ratios. Aftearders and presents numerical simulations to asses®tluabr
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5 The hyperbolic phase shift dependencetimakes the tech-

nigue unapplicable for high performance use over a large-spe

tral bandwidth. In fact, it was shown (Riaud et al. 2003) that

the broadband total rejection for a monochromatic mask is
48

T~ —R (2)

2

whereR = 1/AA is the spectral resolution. Figure 1 shows
the total rejection expected for a monochromatic component
with respect to the spectral resolution. We clearly notise i
rapid deterioration in the broadband cases. For examptbein

2 500-900 nm wavelength rang®{E 1.75), the highest total re-
jection expected with a monochromatic mask is anty 15. In

this case, the coronagraphic numerical simulation givesak p
attenuation of 35 (see Sect. 3.4).

o Numerical Simulations In order to detect and characterize young EGPs, next gen

Rejection factor

¢ —— 48R*/n? 1 eration AO instruments like the ESO’s VLT-Planet Finder wil
i i require larger stellar rejections for several broadbartdréil
100 L L (from J to K). Numerical simulation irH band assuming a
1 10 100 Strehl ratio of 80% gave a coronagraphic peak attenuation of
Resolution R about 450. This result was obtained assuming a phase shift el

Fig. 1. Rejectiont of a monochromatic component as a function ofor with respect tor of 0.01 rad. This value can be considered

the spectral resolutioR. The continuous line is for the analytical for-as a specification on the mask chromatic residuals since th

mula whereas the diamonds show coronagraphic numericalaion same simulation with a.0 rad error showed an evident degra-

results. dation of the peak attenuation of aboub &fter speckle cali-
bration. A specific broadband coronagraph is thereforesiece

limitations of this technique regarding the total rejention  S&ry- Achromatic waveplates are the solution we consider in

Sect. 3, after reviewing some manufacturing issues, weeptestNis paper.

the results of our white light coronagraphic experiment. We

discuss in Sect. 4 the possibility of extending this techaiq 2 2. Achromatic waveplates

to other wavelength ranges, like the mid-infrared domaie. W

also discuss a very promising technique using synthete bilVaveplates are optical elements which introduce a phatie shi

fringence created on a unique substrate made of any tragpapetween the polarization componergsand p of the inci-
material. dent light. Most of them use the birefringence phenomenon.

Birefringence is a natural property of anisotropic crystalit
o can also be artificially created using one-dimensional swiew
2. Principle length gratings (Mawet et al. 2005b). The birefringencesis d

Before presenting the principle of an achromatic FQPM, get {{ned as follows
first define the metrics we shall use (Boccaletti et al. 20A4).An —heen 3)
e . . — lle (0]
coronagraph’s ability to suppress the on-axis starlight loa
quantified with two diferent parameters: wheren, andn, are the ordinary and extraordinary indices as-
sociated with the two privileged directions of vibratiagand
p. If the birefringencé\n is negative, the medium is said “nega-
tive uniaxial”. In this case, one defines the fast (resp. sbxis
as the axis associated with the extraordinary (resp. orglina
fhdex. Conversely, if the birefringence is positive, thedinen
It is important to note that these metrics are not alwaysedla IS Said “positive uniaxial’. In this case, the fast (respvs)
in the same way according to the working conditions. axis is defined as the axis associated with the ordinary (resp
extraordinary) index.

) Achromatic waveplates (halfwave, quarterwave,...) are

2.1. Monochromatic phase masks commonly produced by combining two plates offeient bire-

In the past, our team only manufactured monochromatic phd4B9ent materials with properly chosen thicknesses. Sthe

masks using thin film deposition or etching techniques basgigPersion of the birefringence isftérent for the two mate-
on the “index step” principle: a step of heighin a material of Mals, it is possible to make Optical Path ffgrence (OPD)

refractive indexn at the wavelength induces a phase shift values linear withl within a given wavelength range. Hence,

— thetotal rejection: ratio of total intensity of the directimage
to that of the coronagraphic image;

— the peak attenuation: ratio of the maximum (on-axis) inten-
sity of the direct image to that of the coronagraphic imag

e ! Expected performance for the 1340 actuators of the VLT-PF
Ag = 7(” —-1)h (1) Adaptive Optics.



Mawet et al.: FQPM with achromatic halfwave plates 803

0 Tt
lt - =Tl lt -=0
m o]0
b b e
Ne ) Ny ’lt/ [t
4?]2 - )>ng _=0 =TI
Quartz
b .- b ) -
A No k- Ne | exit states of polarization
Mo Me ) ==y 0
<-|-=, | -, Ne \Ii Mo
n n
e V 0
n ) o MgF
PP RN (S
S A ng
lt/; p
no polarized light FQ-PM with halfwave plates

Fig. 2. Principle of a FQPM using halfwave plates. Each individusdrant consists of a two material stack (Quartz, MjgFwo quadrants

along one diagonal are rotated by @ound their normals with respect to the two others. Thewifisa and b stand for the Quartz and MgF
plates whereas the o and e ones, for the ordinary and eximaoydndices, respectively. The bottom right picture shdte final component
assembled on a silicate substrate. Fixation points (dpgloa) are clearly visible at the waveplate external ed@as. 8 mm-diameter circular
working area is at the center of the component.

the retardation of the resulting waveplate can be made littb the phase shift two orders of magnitude less. On the other
sensitive to the wavelength (Hariharan 1996). We considehand, we need very accurate measurements of the birefdagen
combination of two such birefringent plates of thicknesses for the used materials, over the range of wavelengths to be
and d, and of birefringenceg\n, and An,. The usualcon- covered. This is generally the case for commercially atséela
dition for achromatism is that the retardation of the systedevices.

A¢ = 2/—1”(df,1Ana + dpAnp) should be equal to half a wave (for a

halfwave retarder) at two selected wavelengthandis; while

minimizing the phase shift error with respect to the chosen 12.3. FQPM with waveplates

tardation value over thg; — 14 wavelength range. Therefore

we have This section explains how the concept of polarization phase
A shifters is adapted to the FQPM. Leand p be the global po-

daAna(42) + dpAnp(A2) = > (4) larization components of the incoming light. In each of therf
A3 guadrants made of cut halfwave plates,sla@dp global polar-

daANa(43) + dpAnp(43) = > (5) ization states are projected according to the local fasstovd

. axis orientations of the two-level stack. We have alreagynse
e = minf IAG() — n2 dA ©) that two indices, th_e ordinary mdeng_ and_the extraordinary in-
I dexne, can be assigned to these directions. Let us now assume

. that the four cut quadrants are strictly identical (samefeve|
WhereAn(dz), Any(dz), Ana(1s) et An(ds) are, respectively, stack) and implemented in the following way: two of them in

the values of the birefringence of the two materials at theePeO opposite auadrants alona one diagonal are rotated by 90
two wavelengths. A solution for Egs. (4)—(6) can be obtain g© oPp qu g 9 y

L . . o S . I%wound their normals with respect to the two others. Thig ant
by combining a material with a positive birefringence Wlts mmetrical configuration mimics the FQPM particular focal
one having a negative birefringence. Conversely, two risdser Y 9 P

whose birefringences have the same sign can be combiner e$i7rr1 -prs]';stz S;StZF{;tif;iL%r ézghp?argl)lelsﬂgﬂ g%t:;t'?:(g/m'
their fast axis are set perpendicular. Let us mention theiape 9 P 9- ). 9

case of the so-called “superachromatic’ retarder (Freekat. with natural light. In practice, all plates have to be podidtand

1976): it consists of three pairs of two materials. This agunfi cutin .the same materiql blgnk o obtain homogeqous compo-

ration is very performing but is bulky and would therefore innents in terms of refractive index and surface quality.

duce a huge defocus error and a ghost problem (12 interfaces) Another way to make the FQPM achromatic was proposed
The interest in using naturally birefringent phase stsfteand tested by Baba et al. (2002): the polarization interfete

and a reason why they are commercially available comes froim coronagraph. It is in fact a FQPM whose phase shift is pro-

the fact that, usually, the birefringence is two orders ofma vided by a Liquid-Crystal (LC) device sandwiched between

tudes smaller than the indices. So a thickness error coitéisb two crossed polarizers. This method allows a broadband use
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pRopTTTTITTTIT I T ] The four Quartz plates are assembled on one side and the fot

remaining Mgk, plates on the other one. According to the im-
plementation scheme presented here abover thiease shift
between adjacent quadrants is provided by rotating thefast
of two quadrant stacks along one diagonal by &fund their
normals. Each of the 8 individual plates is polishgflQ PTV
at 550 nm) and cut parallel to the optical axis with a micromet
N b ric precision. The edge parallelism cutting error with issp
000 ==~~~ ;*:*8;1’0;{/’ ra ;m; ********* ] to each plate fagglow axis is below 30 arcsecs. All plates are
i 18 ey 1 anti-reflection coated for the considered bandwidth (réflec
ity <1%). One of us (O. D.) assembled the eight plates with
a high precision€10um) while respecting orientations, align-
ments and coplanarity<(0 arcmin) for the two stages. This
task revealed to be practicallyfiicult and long to achieve
within the specifications. For example, the coplanarityiéss
r 1 was overcome only by performing the assembly in a clean en-
0200ty I I I ] vironment and under in situ interferometric metrology.ded,
0° PO et g e a 4um dust particle, for instance, can induce a 14 arcmin out-
of-plane deviation.

In order to hide the imperfections at the edges result-

length (microns). The diamonds indicate the points wheeehtine- ing from the cutting process, we added a thin opaque spidei

fringences have been precisely measured by the manufacture (& fungstenwire 18min diameter) over the four quadrant tran-
phase error standard deviation over the full wavelengtiyeais Sitions. Indeed, the rough cut edges at the transitionschatak
0.118 rad rms. erwise difract too much light inside the geometric pupil area.

010~

Quartz / MgF;

A¢ in radian

—0.10

Fig. 3. Numerical simulation result for achromatic halfwave péate
The curve shows the phase residuals arouidradian versus was¢

of the coronagraph, but only with linearly polarized lighthe 3.2. Optical setup

visible.
The optical bench is the one used for the FQPM monochro-

matic tests (see Riaud et al. 2003). The white light source is
2.4. Theoretical performance a halogen lamp at a temperature of 3400 K (¥@0and the
The selected retarder in our experiment is a combination SoeftuP Is feeded with an core fiber (single m_"d‘? _for wave-

lengths longer than 620 nm). All lenses are in silica (infras

Quartz (SIQ.) and Mgk crystal plates. Quartz anq Mgfare .301) with low frequency surface errors lower thaf20 PTV
often associated for the good matching of their respective S

S . . or 1/80 rms across 10 mm in diameter and AR coated for use
birefringence dispersions. Both are transparent fromuthe

o .
traviolet to the near infrared, have low indices (low Frésngetween 400 ‘f”?d 1100nm _(reflect_Mft)‘L/operlnterface).T_he
ntrance pupil is a hole with a diameter a7& mm. In this

losses) _and_ can be easily polished (low wavefront errois;. Tgonfiguration thef —number is 253 and the size of the Airy pat-
mean birefringences over the wavelength ramge<500 nm)- . . .

. tern projected on the achromatic phase mask/ ts= 176um
A4(=900 nm)) are respectivelyn, ~ 0.00900 for Quartz (pos- at 700 nm. This size is one order of magnitude above the pre
itive uniaxial) andAn, ~ —0.01190 for Mgk, (negative uni- . g P

axial). Note that birefringence values at the 1 @vel of pre- gfrlgrr:aOfr;hiigléa;reagt?éisgpfhn:le?j# Z‘)(.)thlk?:”yl,J tﬁ f\',l;[eerut:: da
cision can be easily found in the literature for these makeri grap 9 Pupt,

For the working spectral range, we found the following Codj_laphragm of 35am in diameter, designed to undersize the

o ) s pupil by about 23% in diameter. This size for the Lyot stop
gkl)e :of GC;FI%ane?Otrh&z;rsslsfiﬁgf 38‘:',3'61’; 2;2; tQtitwj:risailggal(.i'e' nearly 80%) corresponds to a tradébetween the dirac-

phase shift error obtained for this optimal solution, witstan- tion residuals fllterlng and'global throughput (see R'al.JHIEt .
o 2001). The Strehl ratio estimated for the 532 nm PSF image is
dard deviationr = 0.118rad rms over the full spectral band

0 g i
The total rejection for a nulling phase mask coronagraphgaeig?r’gr/o’ which is equivalentta/180 rms for the total wavefront

related to the phase error standard deviadidoy r = % (Riaud
et al. 2003), we therefore obtain ~ 290 assuming phase

errors only. 3.3. Acquisition and data processing

All images were recorded with a ST8 XE Shig camera
3. Laboratory results equipped by a KAF 1600 E CCD chip cooled by one Peltier
3.1. Ach tic FOPM bi mod_ule. The samph_ng in our conflguratlon X33 binning) is
chromatic FQ assemoly 43 pixels perlp/d, with 1o = 700 nm being the central wave-
The achromatic phase mask assembly is mounted on a silmagth of the 5086900 nm bandpass filter. To assess the broad-
substrate 1 mm thick with a central hole of 8 mm in diametdyand coronagraphic performance of the component, we firs



Mawet et al.: FQPM with achromatic halfwave plates 805

(Nd:YAG) (He—Ne) Coronagraphic profile for 500-900 nm bandpass
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Fig. 4. This figure presents the spectral filter response as measaredrig. 5. Experimental and theoretical coronagraphic profiles: ttey g
our coronagraphic bench. The spectral sampling is 0.5pimet. The solid curve is the experimental PSF for the 5800 nm bandpass.
two peaks below, convolved with the PSF, correspond to i@lim  The total exposure time for the PSF is 60 s. The continuousk titae
lines obtained with a YAG:Nd and a HeNe laser, respectively. The shows the coronagrapic profile obtained with our achromatice-
maximum transmission of the filter is 963%. plate mask. The coronagraphic image was obtained addity égf
posures of 30 s each. The dashed line presents the corohagsap-
ulation results taking into account the waveplate phaseduals, the
acquired a coronagraphic image with the white halogen larfipfocus error, the spectral response of the halogen lamfhaream-
and the bandpass filter characterized in Fig. 4. The exposfif& For comparison, the dotted line presents the simulagisuits for
time was about 30s. Forty exposures wereadded to im- a monochromatlc mask useq in the same COHdIFIOﬂS.. All cuaves
he signal-to-noise ratio up to 1000. The next stepta/a azimuthally averaged (for this reason, the on-axis attéoniseems
prove't . g - p. . . .Sto be greater than the measured peak attenuation value pf 755
record direct non-coronagraphic images in the same conditi
but with a shorter exposure time to avoid saturation (1 d)). Al

images were then subtracted with a median dark frame. Resgle Sect. 2.4). In Fig. 6, we notice, in agreement with the-co
in terms of coronagraphic rejection normalized profilestise nagraphic profile of Fig. 5, that the residual level of 465
played in Figs. 5 and 7. quickly reached at 8./d.

The visible waveplates are optimized for the 5600 nm The shape of the polychromatic coronagraphic image
wavelength range but they are also quite good for thigig. 6) is similar to the classical FQPM case except that it i
700-1000 nm range. Therefore, we have also tested the cogdmewnhat blurred compared to the monochromatic one (Riaud
ponent with a Schott RG 645 highpass filter with a maximuet al. 2003). To understand the blurrinfjeet due to the large
transmission of 91%. The cufat long wavelengths is ensurethandwidth R ~ 1.75), we simulated a polychromatic PSF pass-
by the CCD low sensitivity around Lum. In Fig. 7, the corre- ing through the coronagraph in order to quantify the redilua
sponding coronagraphic rejection profile is also shown. |n the Fourier transform calculations, we took into accahet
size of the pupil for each wavelength as well as the diamédter o
the Lyot stop in the relayed pupil. The dashed line in Figs. 5
and 7 presents simulation results taking into account the cu
The attenuation on the stellar peak is about 755 fonulative éfects of the halfwave plates phase residuals, defo-
the 500-900 nm bandpass (see Fig. 5) and 561 for theis errors induced by the use of simple lenses (no achromats)
700-1000 nm one (see Fig. 7). The total rejection is 294 f@nd the presence of a small spider on the mask transitions. Fo
the first bandpass and 256 for the second one. The resultsoagparison, the dotted line presents the simulation res$oitt
obtained indicate that the attenuation on the central psakaimonochromatic mask used in the same conditions.
mostly limited by the mask residual chromatism ratherth@nt  Given the spectral response of our Halogen lamp and band-
surface roughness:(po/1000 rms) or the size of the sourcepass filter, the calculated total rejection of the achrooairo-
Indeed, before each polychromatic measurements, theabptitagraphic device for the bandpass 5000 nm is 340 and the
bench was calibrated with a monochromatic mask and a lasgpected attenuation on the stellar peak is roughly 450. The
diode source, routinely giving a peak attenuation of ab@8t 1first value (total) is not far from measurements (294) wherea
(see Riaud et al. 2003). Moreover, the measurements of thette second one (peak) is better in practice (755). For campar
tal rejection are in agreement with the theoretical perfomoe  son, the theoretical total rejection for the monochromatisk

3.4. Performance
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Coronagraphic image Coronagraphic profile for 700—1000 nm bandpass
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Fig. 6. Polychromatic coronagraphic residual image (logarithmic 10-6[~ e Simulation result (mono) -

scale) for 508900 nm bandpass. We use a 77% Lyot stopsia- oo donno oo oo booon

tial filtering. The angular resolution is given fag = 700 nm and for ¢ WAhgu‘m Sjpomﬁm if Ao/d 0\04:850 hmf ¢

the entrance pupil (full pupil without diaphragm). The siasl FQPM

four-spot pattern is easily recognizable though somewlatea. Fig. 7. Experimental and theoretical coronagraphic profiles: tiey g
solid curve is the experimental PSF for the #0000 nm bandpass.
The total exposure time for the PSF is 60 s. The continuouck bitae
shows the coronagrapic profile obtained with our achromatige-
plate mask. The coronagraphic image was obtained addiy dgf
posures of 30 s each. The dashed line presents the corohegsap-
ulation results taking into account the waveplate phaseuets, the

. . . focus error, the spectral response of both the halogem deh the
in the 500-900 nm range is only 35. The discrepancy betwe%ﬁmera. For comparison, the dotted line presents the diowlesults

the.SImuIated and measured pt.aaklattenuatloln value couid befgr a monochromatic mask used in the same conditions. Alleziare
plained by complex Fresnelfifiaction efects induced by the azimuthally averaged (for this reason, the on-axis attémaeems

spider intended to mask cutting imperfections. Indeedsotal 1, pe greater than the measured peak attenuation value pf 561
Fourier propagation is not able to reproduce the four-spmps

of the actual broadband coronagraphic image (see Fig. 8). It

to be noted that the small width of the spider wires 48in 4 perspectives
diameter corresponds ty7d at 4 = 500 nm) does notféect

the optical throughput nor the inner working distance. 4.1. Near infrared

The ratio between the two values (peak and total) is low the framework of the second generation instrumentation f
in the polychromatic casex(.32) compared to previous ratiothe VLT (VLT-Planet Finder project) and following the retul
obtained in the narrow band case with a laser died)( see presented hereabove, we have proceeded with the manufactu
Riaud et al. 2003). This observation is directly relatedhe ting of near infrared components, using the same birefringen
polychromatic blurring fect. combination. Indeed, the Quartz transparency is well ddde

N wavelength ranges up to&u:m and Mgk is transparent up to
For an actual stellar source, the rejection factor could % g 9 p toG gk P P

. . . Co %,um. In Table 1, we present threefidirent optimizations in
more important, depending on the maximum emissivity of tr{ﬁe range 7002500 nm. The first one which covers the whole
star. For example with the proposed 5@00 nm achromatiza- )

. : . spectral range was assembled and will be tested soon. Tee lar
tion, a G2V and a M2V type stars would give better rejectlorP ge . S
ectral range is achieved at the cost of a lower rejecticinfa

factors. Indeed the maximum black body emissivity for the?s_‘?

stars coincides with the two points of exacphase shift (see owever, this component is well adapted to an instrumest lik
Fig. 3) P p NACO for which Strehl ratios of 50% are routinely obtained.

The situation is quite dierent for VLT-PF, an instrument

It is interesting to compare the results of our achromatspecifically optimized to image and characterize EGPs. For
FQPM to the polarization interferometric coronagraph prdhat, VLT-PF will include several coronagraphs each dedita
posed by Baba et al. (2002). The peak attenuationSét- to a specific set of filters. The principle of detection rebashe
ter in our case but this value has to be balanced beca@multaneous Oferential Imaging (SDI) method which con-
of our slightly smaller bandpass (56800 nm compared to sists in subtracting images taken simultaneously fewint
370-830 nm). It must also be noted that the throughput of threavelengths (Marois et al. 2005). Such an instrument is al-
experiment presented in Baba et al. (2002) is limited bywie t ready included in NACO although without coronagraphic ca-
polarizers to onlyk25%. pabilities (Hartung et al. 2004). This method provides self
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Table 1.Halfwave plate achromatization for various wavelengtlgesfrom the/ band up to thé\ band. The table summarizes the optimized
thicknesses for the chosen doublet materials. The lasgiires the total rejection factor.

Filters 500-900 nmR = 1.75) 700-2500 nmR=09) H((R=47) K(R=55) N(R=438)
Couple (#b) QuartzMgF, CdSCdSe
da (um) 8411 14887 13322 1219 1794
dp (um) 6747 1168 105@ 9771 16188
7 (total rejection) 340 260 7900 A7x 1P 216x 10°

reference subtraction while minimizing speckle residuidls approaches. Moreover, the few ones that can be found
expected to significantly improve the direct detection ofASG have large refractive indices, thereby inducing more lpsse
and brown dwarfs. Basically, two or more wavelengthsare due to spurious Fresnel reflections. Nonetheless, the eoupl
served simultaneously like for instance in tHeband: 1.575, CdSCdSe is a good candidate to perform achromatization op-
1.600 and 1.62%m. The 1.625um line corresponds to thetimizations in the thermal infrared. The phase shift reaigu
methane feature which, if present, shall be revealed by stibr this doublet with optimized thicknesses give a totaécej
traction (stars have no methane signature contrary to lossméon = = 2.1 x 10° for a theoretical spectral resoluti®= 2.75
objects). In theK band, the same method could also determime the N band (3-13um, see Table 1). If a third material was
EGPCO,/CHj, proportions, which would constrain models ofncorporated, the equivalent total rejection could reath As
their atmospheres (Burrows et al. 2004; Chabrier et al. 20G4id before, there are not many candidates, but a solutittn wi
Sudarsky et al. 2003). However, the SDI method requires vekgGaSe, for instance, is feasible.
low phase errors for proper subtraction of the adjacent wave
length narrow band images. For that reasons, we have sdarcg% Artificially birefri ¢ at
for optimal solutions in théd andK bands and the results are™ ™" rficially birefringent wavepiates
presented in Table 1. Larger rejection rates are clearlitit® Another solution to achromatize the phase shift of the FQPM
when the spectral range is narrower since the chromaticeepheslies in the subwavelength grating technology. The peoiod
residual is also reduced. subwavelength gratings is smaller than the wavelengthef th
incident light. They do not diract light as classical spectro-
scopic gratings in the sense that only the zeroth transinitte
and reflected orders are allowed to propagate outside the gra
Earth-like planet detection is optimal at the planet's maxin ing region, leaving incident wavefronts free from any ferth
emissivity, i.e. in the thermal infrared, around 4. One of aberrations. For this reason, they are often called ZeroteO
the most relevant biosignature is the strong Ozone spdetral Gratings (ZOGs). ZOGs present very specific properties: 1-D
ture (DesMarais et al. 2003), aroundSum. For this reason, modulated ZOGs artificially create unique anisotropic aisd d
theN band appears to be a well-suited choice. persive characteristics which can be used to synthesize-ach

Infrared nulling interferometry (Bracewell 1978), considmatic waveplates from isotropic materials. This phenomésio
ered for space-based missions like DARWIRF (Léger et al. referred to as form birefringence. Two extensive studiethen
1996) or ground-based experiments like Keck-I (Serabyh et @inplementation and optimization of such structures in oero
2004), is an interesting technique to achieve both high anguagraphy were recently presented (Mawet et al. 2005a; Mawet
resolution and high contrast detectiomaracterization of exo- €t al. 2005b). Results of these studies are very promisitiy wi
planets. This technique consists in adjusting the phasteof total rejections larger than $@or usual astrophysical bandfil-
beams coming from various telescopes (two in the most simgs. The ZOG technology does not require any delicate assem
configuration) to produce a pupil plane destructive interfiee  bly since the four gratings are engraved on a unique substrat
on the optical axis. The phase shift, for instance) may be This solution is monolithic and therefore much more thetynal
provided in broad bands thanks to achromatic HWP. stable. Furthermore, this technology igfstiently flexible to

An alternative to nulling interferometry is to recombine coaccommodate a great variety of dielectric materials anétig v
herently all the telescopes in a single image plane. The HW4ell adapted to mid-infrared wavelength ranges.
achromatic FQPM should then be regarded as an interesting so
lution if implemented at the Fizeau or densified focus of su
an interferometer (Riaud et al. 2002). This approach would
necessitate a minimum of three telescopes toflieient (the We have demonstrated the feasibility of the FQPM corona-
main limitation of this method would be the cross-talk beéwe graph achromatization by means of birefringent elemerits. T
sub-pupils). Preliminary numerical simulations showlgiat halfwave plates technique was proved more convenient both
attenuations of more than 46r a dilution factor (ratio of the to manufacture and to implement than the dispersive achrom-
interferometer baseline to the sub-pupil diameter) grehtn atization such as the dispersive plate concept (Mieremat et
15 (Riaud et al. in preparation). 2000). This conclusion comes directly from the fact that the

However, in the mid-infrared domain, the lack of birefundamental constraint on the thickness control is reldxed
fringent materials would be the major problem for both factor comparable to the ratio between material indicels an

4.2. Towards the thermal infrared

Conclusions
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birefringences (often<107?) leading to a control at the Burrows, A., Sudarsky, D., & Hubeny, I. 2004, ApJ, 609, 407
~100 nm level versus 1 nm with the dispersive plate schemeChabrier, G., Allard, F., Bafée, I., Barman, T., & Hauschildt,
In our experiment, we selected ti@uartz-MgF doublet P. H. 2004, in Extrasolar Planets: Today and Tomorrow, ed. J.
for application up to the near infrared domain on groundedas ~ P- Beaulieu, A. Lecavelier des Etangs, & C. Terquem, Pro& AS
telescopes (until Bum). Results in white light are promising: _ €onf-, 321,131 _ o
we obtained a residual level of 10at 251/d. The chromatic DesMarais, D. J., L'n’. D., Harwit, M".et al. 2001, B|05|gmz§ts and
residue is sfliciently small to allow the use of this plate stack Plan.etar.y Properties to pe Inv estigated by the TPF MissiBb,
Publication 01-008, California Inst. Of Technology, Paaa)
on a very large spectral range from tRéand to theK band CA, 57
for moderate Strehl ratios. We also propose this type of@chgecker, 3. E., & Serkowski, K. 1976, Appl. Opt., 15, 605
matic mask Optimized forthe ESO’s VLT-Planet Finder prnjeqqariharan’ P. 1996, Opt Engineering’ 35, 3335
Theoretical results are well within its specifications ameléx- Hartung, M., Herbst, T. M., Close, L. M., et al. 2004, A&A, 42117
perimentation in the visible has confirmed the feasibilityla Léger, A., Mariotti, J. M., Mennesson, B., et al. 1996, |carle3, 249
the interest of the technique. Marois, C., Doyon, R., Nadeau, D., et al. 2005, PASP, 117, 745
We also expect to manufacture a monolithic componeMawet, D., Riaud, P., Absil, O., & Surdej, J. 2005a, ApJ, 6BE)1
made of artificially birefringent waveplates using the mitee- Mawet, D., Riaud, P., Surdej, J., & Baudrand, J. 2005b, AQpit.,
ible ZOG technology. This would open further possibilitias 44,7313

. - - . Mieremet, A. L., Braat, J. J., Bokhove, H., & Ravel, K. 2000,
{]/IE_P_ ggﬁﬁf??ﬁ%@&?ﬁ%ﬁ:ee based facilities like the in Interferometry in Optical Astronomy, ed. P. J. Léna, & A.
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Subwavelength gratings
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Theory and manufacturing of
subwavelength gratings
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Abstract. As the spatial period of a grating tapers off with respect to the wavelength of the
incident electromagnetic wave, the interaction between the field and the structural modulation
becomes more and more complex. From resonance effects to homogenization, the grating acquires
very special properties that were historically first considered as defects but are now seen as keys
to engineer new optical media. In the subwavelength domain, scalar theories of diffraction fail
so that the vectorial nature of light must be taken into account. Several approaches to rigorous
diffraction theory exist. The most popular one is the so-called rigorous coupled-wave analysis
(RCWA ), which is a resolution of Mazwell’s equations in the frequency space. We chose to use
RCWA for its efficiency to model the type of gratings under study in this work. This chapter is
devoted to the mathematical formulation of RCWA, as well as the description of subwavelength
gratings, together with the techniques to manufacture them.
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3.1 Diffraction by a grating

3.1.1 Scalar diffraction theory

For a large variety of diffractive elements such as classical gratings, it is possible to consider the
wavefield as scalar. The hypothesis is to only consider one transverse component of the electric or
magnetic field. The mathematical treatment starts with the time-independent Helmholtz equation
derived from the Maxwell’s equations

(V2 +n?k*)U(z,y,2) =0 (3.1)

In order to describe wave propagation, the scalar field U(x,y, z) is decomposed into plane waves
by means of a Fourier transformation

U(z,y,2) ://U(Vx,1/%uz)ezm(wwyw%z)duxdyyduz (3.2)

Vg, vy and v, are called spatial frequencies and denote the propagation directions of the components
of the wavefield. Inserting Eq. 3.2 into Eq. 3.1, we derive the differential equation

02U (v, Vy, Vz)
022

+ B [1 =X+ )] UV, vy, v2) = 0 (3.3)

By solving this equation, we obtain the general equation for light propagation in a homogeneous
medium

U(x’y’@:////U(:Uo,ymzo)eQ’”'[”z(m‘xOH”y(y‘yO)*ZAZO\/1_A2(”5+”5)]d1/xduydmodyo (3.4)

This equation describes the complex amplitude propagation from an object plane z; to a plane
z. In the paraxial approximation, i.e., for small angles 6 to the optical axis, this equation can be

written as .
1
U(%yvz) X X//U(iUo,yo,Zo)

Equation 3.5 is known as Kirchhoff’s diffraction integral. It mathematically describes Huygens
principle, which states that the wavefield at a location z behind a diffraction screen is described

by a superposition of spherical waves @ originating at the occulting screen.

e’L

ikr
- cos Odxodyo (3.5)

3.1.2 Fresnel and Fraunhofer diffraction

Kirchhoff’s diffraction integral can be approximated to describe the two most important regimes
in scalar diffraction theory. In order to describe near-field diffraction or “Fresnel diffraction”, we
approximate the distance r between object and observation plane by a quadratic Taylor expansion

1/2

r= () :1+ (=) (yjy)] (36)
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In this case, corresponding to a paraboloidal approximation of spherical waves, the diffraction
integral is approximated by a Fresnel transform

i 6ik(zfzo)

U(I, Y, Z) ~ / / U(.To, Yo, 20)6/\(;172@ [(wfxo)QJr(y*yo)Q] dﬁody(] (3.8)

Az — 2

If we approximate Kirchhoff’s integral for even larger distances (z — z) we reach the regime of
“far-field” of “Fraunhofer” diffraction. This approximation of spherical waves by plane waves is
valid if 2z — 29 > 1k(2% + y3). In this case, the diffraction integral can be written as

i eik(zfzo)

17 .zt
U(ZL‘, Y, Z) X e ==20) (12+y2) / / U(l’o, Yo, 20)6727” Mg*zg? dxodyo (39)

Az — 2

This equation simply resumes to a Fourier transform of the input amplitude distribution U (xg, yo, 20)-
For this reason, the Fraunhofer approximation is widely used for the diffraction analysis of most
of classical optical applications.

3.1.3 Grating equation

Although diffraction was originally considered as a limitation to the performance of optical sys-
tems, the advantageous use of the phenomenon has been known for two centuries in the form of
diffraction gratings, elements that periodically modulate the incident wavefront. Their particular
significance lies in the characteristics of the diffracted field: an ideal grating generates a set of
waves called diffraction orders that propagate into discrete directions. The grating equation that
gives the diffraction angles 6, for the different diffraction orders m, naturally derives from the
scalar diffraction theory applied to a grating of N slits but can also be easily retrieved by simple
geometrical considerations. It can be written as

mA
nL[][SiIlQm:l:n]SiIleO: T (310)
where 6, is the incidence angle of the plane wave of wavelength A impinging upon the grating
of spatial period A. n; and n;;; are the refractive indices of the incident (superstrate) and
transmitting (substrate) media, respectively (see Fig. 3.1). By convention, the plus sign with the
index n; corresponds to the reflection and the minus sign with the index n;;; to the transmission.

Figure 3.1: Illustration of the grating equation for the first order of diffraction in reflection and
in transmission. The fundamental polarization modes T'E and T'M are shown together with the
grating vector K which is perpendicular to the grating lines and whose modulus |K| = 27 /A.
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The amplitudes of the diffraction orders are then determined by the physical structure of the
periodic modulation. In 90% of the practical cases, a simple Fourier transform is sufficient to give
reliable results provided that the Fraunhofer diffraction hypothesis are met. The use of diffraction
gratings in spectroscopic applications is motivated by their wavelength selectivity and by their
capability to decompose the incident light into a spectrum.

3.2 The vectorial nature of light

Since the development of electromagnetic theory, it has been known that any form of light can
be represented by two orthogonal linearly polarized waves, reflecting the boson nature of elec-
tromagnetic interactions. These two mutually independent fundamental polarization modes are
commonly named T'E, or “transverse electric’” polarization where the E vector is perpendicular
to the plane of incidence'? and TM, or “transverse magnetic” polarization whereas the same con-
dition holds for the H vector (see Fig. 3.1). Once the transverse field component is known, the
other field vector that lies in the plane of incidence is obtained from Maxwell’s equations.

3.2.1 Wood anomalies

Wood (1902) discovered abrupt variations of the diffraction efficiency with wavelength for a grating
illuminated by a continuous-spectrum light source, which could not be explained using scalar
diffraction theories. This effect, the so-called Wood (or Rayleigh-Wood) anomaly (Rayleigh 1907),
originates from the vanishing or appearance of a higher diffraction order propagating at the grazing
angle, i.e., along the surface of the grating. Another type of anomaly are the so-called resonance
anomalies, such as the plasmon anomalies of metallic gratings and the anomalies of dielectric
coated gratings like guided-mode resonances, which are due to the excitation of leaky waves or
surface waves (Neviére 1980; Lenaerts 2005). Common to these anomalous effects is that they are
highly polarization dependent, and the full vectorial electromagnetic diffraction theory has to be
applied to predict their qualitative and quantitative form (Andrewartha et al. 1979).

To explain the newly-observed resonance phenomena, Lord Rayleigh made the first attempt to
solve the electromagnetic problem of gratings in 1907 (Rayleigh 1907). He suggested that the field
may be expressed as simple expansion series both inside and outside the modulated region of the
grating. The Rayleigh expansion is still used to describe the propagation of the electromagnetic
field outside the grating, but the latter assumption was found numerically unsatisfactory in certain
cases after over half a century.

In addition to the question of anomalies, the demand for electromagnetic analysis arose with
the advance of the fabrication technologies to smaller and smaller groove spacings with respect
to the wavelength. Scalar theories fail for such gratings that are operating in and below what is
called the resonance domain. Vectorial nature of light must definitely be taken into account.

3.2.2 Vectorial theories of diffraction

In the vectorial theories of diffraction, the vector characteristics of the electromagnetic field are
considered via the boundary conditions resulting from Maxwell’s equations. They describe the
coupling between the individual components of the electromagnetic wavefield. These theories are,

I2The plane of incidence is defined by the wave vector and the surface normal. In case of normal incidence, it is
defined by the wave vector and the grating vector K (see Fig. 3.1).
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for this reason, often quite abusively qualified as “rigorous”. They are rigorous only in the sense
that they arrive at the solution without simplifying assumptions and without iterative techniques.
But, in general, the accuracy of the solution still depends on the fidelity of the physical problem
description. A large number of rigorous vectorial theories have been presented since the 1960’s,
the majority of which can be classified as integral or differential (Petit 1980; Maystre 1984).

Integral methods differ significantly from the differential methods that are based on the solution
of differential equations. In the method developed by Maystre (1984), the field is represented as
an integral of an unknown function ¢(x) over a given boundary that separates two half spaces.
In the case of a perfectly conducting grating, ¢(z) corresponds to the surface current density,
but it has no direct physical significance for dielectric or partially-conducting gratings. The field
outside the surface-relief grating is obtained by solving ¢(z) from the integral equations derived
from the Helmholtz equation and the boundary conditions. The method can be generalized to
gratings containing several layers of different materials. Integral methods are in general rather
complicated theoretically and numerically, but they are very stable and perform well even for
deep metallic gratings. One advantage of integral methods is that continuous boundaries can
be handled accurately, whereas in the differential methods the boundaries must be discretized
into slabs, thereby being approximated by staircase-like structures. On the other hand, integral
methods are not suitable for graded-index gratings such as sinusoidal holographic volume gratings.
Their applicability to discontinuous profiles such as binary gratings is questionable as well; the
profile may be approximated by its truncated Fourier-series representation, but the convergence
is not always satisfactory due to Gibbs phenomenon.

3.2.3 Rigorous Coupled-Wave Analysis

In this section, we present a stable and efficient three-dimensional RCWA algorithm for the dif-
fraction of multi-layer stacks with two-dimensional gratings and homogeneous layers. The RCWA
is part of the family of the differential methods, it is also called the Fourier modal method (FMM),
because it is based on a decomposition of the field in a Fourier basis. The accuracy of the solution
depends solely on the number of terms in the field space-harmonic expansion, with conservation of
energy always being satisfied. The basic formulation of the algorithm (Moharam & Gaylord 1981)
is to express the electromagnetic fields in the regions bounding the grating structure (the incident
and transmitting regions) as solutions to Maxwell’s equations and to express the fields within
the grating region as space-harmonic expansions which are also solutions to Maxwell’s equations.
The tangential field components are then matched at each layer boundary within the structure to
ensure continuity.

The RCWA algorithm was first exposed by Moharam & Gaylord (1981) for the investigation
of holographic gratings. They then extended its application to surface relief gratings (Moharam &
Gaylord 1982, 1983a) in conical incidence (Moharam & Gaylord 1983b; Moharam et al. 1995a), for
metallic gratings (Moharam & Gaylord 1986), and later on to two-dimensional gratings (Moharam
1988). However, despite its versatility and simplicity, the coupled-wave method was used with
caution because of very slow convergence in T'M polarization (see Peng & Morris (1995) for
instance). This numerical issue, also affecting the differential theory, was identified by Li &
Haggans (1993) and Turunen (1996), and later on empirically solved for the RCWA by Lalanne &
Morris (1996); Lalanne (1997a) and Granet & Guizal (1996). Li (1996b) gave both reformulations
a firm mathematical foundation while Popov & Neviére (2000) applied it to the differential theory.
The new formulation converges faster because it uniformly satisfies the boundary conditions in the
grating region, whereas the old formulations do so only nonuniformly. In other words, it uniformly
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Region Il
Figure 3.2: Three-dimensional geometry of the diffraction problem by a two-dimensional grating.

preserves the continuity of the electromagnetic field quantities that should be continuous across
permittivity discontinuities.

Arbitrary-profile gratings must nevertheless still be discretized into layers of homogeneous per-
mittivity modulation where the electromagnetic field is determined and then matched in sequence
at the interfaces. Even if the staircase approximation has recently been questioned (Popov et al.
2002), it is valid for the majority of conventional problems. However, as for multilevel gratings, the
analysis methods of discretized gratings face a common difficulty associated with the exponential
functions of the spatial variable in the direction of wave propagation, i.e., perpendicular to the
grating plane. In order to solve this issue, Moharam et al. (1995b) proposed the “enhanced trans-
mittance matrix method” and Li (1996a, 1997), the “S-Matrix” and “R-Matrix” algorithms. The
most important criterion for achieving unconditional numerical stability with these algorithms is
to avoid the exponentially-growing functions in every step of the matrix recursion. From the point
of view of numerical efficiency, the S-matrix algorithm is generally preferred even if exceptional
cases are noted.

We will now expose the three-dimensional RCWA algorithm for two-dimensional gratings in its
latest version implementing the latest numerical patches presented here above. Let us consider the
geometry of Fig. 3.2 illustrating a grating structure consisting of a two-dimensional grating layer.
For presentation purpose, we have only sketched one layer in the region II, but in general, the
structure can be a stack of any number of grating layers embedded with homogeneous ones in any
arbitrary order. To apply RCWA to the stack, all grating layers must have the same periodicity
A, along the X direction, and the same periodicity A, along the Y direction. f, and f, are the
so-called “filling factor” along the X and Y directions, respectively. They are defined as the ratio
of the width of the grating ridges over the grating period. The thickness of the [;;, layer is h;, with
[ the layer index. The number of layers in the stack is L and the total thickness of the stack is
Hp = Zlel hy (see Fig. 3.3).

The whole stack can be divided into three regions: the incident region (Region I), the stack
region (Region II) and the exit region (Region III). Region I and III correspond to the superstrate
and substrate and are isotropic dielectric media characterized by optical refractive indices n;
and nyy, respectively. Instead of refractive indices, we shall use the permittivities ¢; = n? and
€rrr = n3;;. The permittivity distribution in each grating layer of the intermediate region I is
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periodically modulated in the X and Y direction (periods A, and A,). Since the RCWA (or the
FMM) requires the expansion of the field and permittivity in Fourier series, let us expand the
permittivity and its inverse in Fourier series of the spatial harmonics as follows

- 2mgx - 2mh
a(z,y) = Zez,ghe(]ﬁﬂﬁ) (3.11)
g,h

2mgx | - 2mhy
e ' (x,y) = ZAz,ghe(’ R (3.12)
g,h
in which ¢ g, and A; g, are the Fourier coefficients for the I, layer. They are therefore easily
calculated by a two-dimensional Fourier transform.

A unit-amplitude monochromatic plane wave with vacuum wavelength )\, is assumed to im-
pinge from region I with arbitrary linear polarization. Suppressing the time dependence e/“!, its
electric field is given by

Einc(x7 Y, Z) = ge_jk.ﬁ (313)
The wave vector in the incident region k is given by
k= kons (sin 0 cos gz + sin @ sin ¢y + cos Hg) (3.14)
in which kg = 27” The unit polarization vector u of the incident wave is given in terms of the
angles 0, ¢, ¥
U Upl + UyY + U2 (3.15)
= (costcosfcosp —sinysing)x (3.16)
+ (costp cos fsin ¢ + sinipcos @) y (3.17)
— (cosvpsinf) z (3.18)

in which 6 is the polar angle, and ¢ the azimuth angle. The angle between the electric-field vector
and the incident plane is .

Field expressions in Regions I and III

In the regions I and IIT with constant refractive index, wave propagation is described by the
Helmholtz equation 3.1. The simplest general solutions are plane waves, of which only a discrete
set is allowed for a grating. The diffracted fields in regions I and ITI may be expressed in the form
of the so-called Rayleigh expansions (Rayleigh 1907; Maystre 1984)

El = Einc + Z Z Emne_j<Ezmx+kyny_klz’mnz) (319)

m=—00 N=—00

Eir= Z Z Imnefj(Emﬂky”yikmz’mn(Z7ZL)) (3.20)

in which R, and T, are the complex amplitudes of the electric fields of mn-th reflected and
transmitted orders, respectively. The wave vector components k,,, and k,, arise from phase
matching and the Floquet conditions'® and are given by

kpm = ko (nl sin 6 cos ¢ — m%) (3.21)

13For the mathematical demonstration of the Floquet theorem and the subsequent Rayleigh expansion, see for
instance Moreau (2002).
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A
kyn = ko (n; sin 6 cos ¢ — nA—O> (3.22)
v

and

1/2 971/2

2 k 2 kyn 2 k 2 kyn
ko |nf = (%) = (%) > (%) + (%)
) ) 1/2 ) ,71/2 (3.23)
ik | (e k)" _ 2 kom Fyn
i [(s2) "+ ()"t m< ()" (32)]

with [ =I, III. Diffraction orders with real-valued ki ,,,, correspond to plane waves propagating in
the regions I and 111, respectively, or homogeneous waves.

lz;mn —

Field expressions in Region 11

In the grating region, the fields may be expressed as a Fourier expansions in terms of the spatial
harmonics

Ei= 30 32 Sim(z)e ety (3.21)

m=—0o0 N=—00

=y LD D U)ot (3.25)

m=—00 N=—00

in which €y and fio are the permittivity and permeability of free space, respectively. S, ,,, and U, ,,,,
are the amplitudes of the spatial harmonics of the fields such that £, and H, satisfy Maxwell’s
equations in the [, grating layer

V x E, = —jwpH, (3.26)
V x H, = —jwe(z,y)eE, (3.27)

Let us emphasize that the name “rigorous coupled-wave analysis” stems from the interpretation
of S;,,, and U, ., as amplitude functions of waves that are mutually coupled so that only the
complete set rather than any single wave fulfills Maxwell’s equations. Substituting Eqgs. 3.24 and
3.25 into Eqgs. 3.26 and 3.27 and eliminating the z components of the fields, an infinite set of
first-order differential equations can be derived

&9’%—727(2) = Upmn(2) + kk—yg i i Arm—pn—q(—=kygUiapg + kapUsypq)
P h—
881’5—727('2) = —Uymn(2) + kl:;n pi:o qij:oo Alm—pn-q(=kygUiapg + kapUlypq)
aUlg—f;(Z) _ pi:oo qi:m ClmnaStiam - kk—yél(kmslyymn + kiypSiemn)
aUlg—:/n(Z) _ i i €LmpnaSiums + ]{Z—é”(kmsl,ymn + kypStzmn) (3.28)

p=—00 g=—00

in which 2/ = kgz, p = m—g, and ¢ = n—h. The indices m and n run over the different diffraction
orders, while g and A run over the Fourier harmonics of the permittivity and its inverse. In order
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to numerically solve this set of coupled differential equations, the set is truncated to finite size
and expressed in matrix form

Siy 0 0 P11 P2 Sty
0 | Six _ 0 0 Pi21 P22 Six (3.29)
0z | Uy Qi Q2 O 0 Uy '
Ui Q21 Q22 O 0 Ui«
with ) ,
| Prix Piiz | kye; ke  IT—kye 'k
Pl B |: P1721 P1’22 1 a |: kxﬁl_lkx —1I —kXEI_lky (330)
and
| Qi Quaz | kiky oA+ (1 —a)g — K2
Qi = [ Q21 Quzz | | K2 —aa— (1—-a)A;? —kyk, (3.31)

To improve the computational efficiency, Eq. 3.29 can be further reduced to two second-order
equations, shown in matrix form as

928,
[ A | -0 { o } (3.32)
0z'2 X
with
Q- k2+D [ael + (1 - oz)Al_l} k, (el_lkX [ozAl_l +(1- oz)q] — kx) (3.33)
T kx (g 'ky [aa + (1 —a)ATY] — ky) k2 +B oA + (1 —a)q) '

in which B = kx.sl_lkx —I and D= kyel_lky —I. ¢ and A, are the permittivity and inverse
permittivity matrices which consist of the harmonic coefficients ¢ 4, and A; 45, defined in Eqgs. 3.11
and 3.12. The diagonal matrices ky and ky are formed by the elements k,,,/ko and k,,/ko. If M
and N are the numbers of spatial harmonics retained along the X and Y directions, then I is the
identity matrix of dimension MN.

The improved eigenvalue formulation proposed by Lalanne (1997b) is here adopted. The real
positive a parameter depends on the grating geometry and ranges in the interval [0,1]. For
example, in the case of symmetric gratings, i.e., with f, = f,, @ has to be optimally at 0.5. In
the asymptotic case of f, = 1, i.e., when the two-dimensional grating becomes a one-dimensional
grating with a periodicity along the X direction, e has to be unitary, leading to the case depicted
in Lalanne & Morris (1996).

The coupled-wave equations 3.32 are then solved by finding the eigenvalues and eigenvectors
of €, which is a matrix of rank 2MN. Compared to the eigenvalue problem of Eq. 3.28, which is
of rank 4MN, the computational efficiency is improved by a factor 8. The spatial harmonics of
the tangential electric field in the grating layers may be written as

2MN

Stymn(2) = Z Wi, mn [dl,iefkogl’i(Z*HH) + Uz,iekoal”‘(szl)] (3.34)
i=1

2MN
Sl,zmn(z) = Z W12, mm [dl’iefkoaz,i(szlq) + ul’iekoaz,i(szz)} (3.35)

i=1
in which the w’s are elements of Wy, the eigenvector matrix, and the ¢’s are elements of 3, which
is the diagonal matrix of the positive square roots of the eigenvalues of €;. u¥ and dV are column
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Figure 3.3: Staircase approximation of arbitrary-profile gratings.

vectors whose elements are the complex amplitudes of the modes propagating upward (in the -Z
direction) and downward (in the Z direction), respectively. Their 4AMN unknown coefficients will
be determined from matching the boundary conditions at the appropriate interfaces. H; represents
the cumulative depth of the structure to the l;;, layer and is given by H, 25':1 h;, in which
hy is the thickness of the [, layer. Substituting Eqs. 3.34 and 3.35 into Eq. 3.28 to deduce the
magnetic fields in the grating layers, we can write in matrix form

Siy WX WiiXie

Six | _ | Wi2Xin WXy, d® (3.36)
Uy Vi1 X1 ViiXi2 ul .
U« —Vi2Xi1 VX2

where X ; and X 2 are 2MNx2MN diagonal matrices with diagonal elements equal to e kooi(z—Hi1)

and eFooiz=Hi) regpectively, and in which
Vi1 = Q11 W1+ Q1712W1,2)21_1 (3.37)
Vi = (Qi21Wi1 + Q1,22W1,2)Ef1 (3.38)

Once the eigenmodes and their propagating constants are known in every layer, we use the S-matrix
algorithm to compute the up-wave u® and down-wave d) amplitude vectors (see Fig. 3.3). We
define the S-matrix S that links the waves in the section [ + 1 and those of medium 0 in this

way
{ u(](ll(z)l) ] _ g [ d‘éll(i)l) ] (3.39)
with 1 1
S0 IT{EI} ;{é:))j (3.40)
u

The transmission and reflection submatrices in Eq. 3.40 are computed in a recursive way. If, as
usual, no light is impinging on the grating from the output region, i.e., u®) = 0, only R% and T<(:11<)1
are required for computing the reflected and transmitted waves, u™*% and d©. The recursion
formulae are

—1

RO, = rlh+ tORGY [1-rQRGY] el (3.41)
1 1-1 Dod-1]"", a

Th = Toat [1-rORGY] e (3.42)
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The matrices denoted by lowercase letters are the reflection and transmission submatrices that
relate the waves in the two adjacent layers [ and [ + 1. They are given by

t0 = 2[W(l)_IW(”l)+V(‘)—1V(l+1)}_1X“)

el = (WO-1W 0+ +V(1>—1V(1+1>]—1 (WO TWHD _ y 01y (+1)]

u

rg) — X0 |:V(1+1)—1V(1) +W(l+1)’1W(l)}_1 [V(“l)*lV(‘) _ W(”l)*lW(l)] x®
u

), = 2XO [V 1y O L W -tw 0]

in which W = [W} 1; Wy,], VO = [V} 1; V5] and XY = [X;]. The recursion is initialized by
setting S equal to the identity matrix. Matrices SO are computed recursively until matrix
S is obtained. The amplitudes of the modes propagating backward in the input region I, u@+b
and forward in the output region III, d(?), are obtained from Eq. 3.39, where u® = 0 and d®@+b
represent the components of the incident wave.

The numerical stability of the S-matrix algorithm is rooted in the construction of the propaga-
tion matrix S itself. Indeed, the problem-causing, growing-exponential function, X; o = ekoor,i(z—H)
that could lead to truncation-error propagation, is absent from the S-matrix algorithm. If we de-
fine the diffraction efficiency in reflection (resp. transmission) DEg ., (resp. DEr,,,) by the
amount of light that is back-reflected (resp. transmitted) into the diffraction order mn, DERg ;n
(resp. DEr,,,) is simply equal to the z component of the time-averaged Poynting vector and is
related to the electric field components by the following relations:

klz mn 2
DEgyn = Re | —— | |R 3.43
o = B (2222 ) |8, (3.43
DBy = Re (2102 Y g (3.44)
’ k‘[[[ cos 6 —mn

Thanks to numerous improvements, RCWA can be now considered as a well-established nu-
merical technique for the study of grating-diffraction problems. It can efficiently solve almost all
grating-stack configurations and has even recently been extended to waveguide and integrated
optics computational problems (Lalanne & Silberstein 2000; Silberstein et al. 2001; Cao et al.
2002).

3.3 Subwavelength gratings

3.3.1 Definition

Subwavelength gratings are gratings which spatial period is smaller than the wavelength of the
incident light. They do not diffract light in the sense that only the zeroth transmitted and reflected
orders are allowed to propagate outside the grating region. All but the zeroth order are evanescent,
leaving incident wavefronts free from any further aberrations (Richter et al. 1995). For this reason,
subwavelength gratings are often called zero-order gratings (ZOGs). The condition under which a
diffraction order propagates or not is determined by the grating equation 3.10 from which a “ZOG
condition” on the grating period-to-wavelength ratio can be derived

A 1
<
Y <

3.45
nysinf 4+ max (nr, nyyr) | |
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Figure 3.4: Homogenization of subwavelength gratings. Subwavelength gratings are considered
as homogeneous media with effective properties that can be determined with more or less precisions
according to the complexity of the chosen theoretical approach.

The zeroth order is still influenced by structure of the period and subwavelength gratings present
very specific properties like, for example, unique anisotropic and dispersive characteristics which
can be wisely used for numerous applications. One can really speak of refractive index engineering
since the optical effective properties of the structures can be controlled by their geometry.

3.3.2 Effective medium theories

The foundations of the effective medium approximations to zero-order gratings rely on the fact
that upon transmission through a subwavelength grating, the zeroth order experiences effective
refractive indices resulting from the averaging of the dielectric constants of the grating media.
This phenomenon is also known as the homogenization of subwavelength gratings (Fig. 3.4). To
calculate these so-called effective refractive indices n.s, scalar theories of diffraction are ineffective
(see, e.g. Glytsis 2002). The vectorial nature of light must of course be taken into account. Before
using a tool as complex as RCWA, several simpler approaches are possible depending on the grating
period-to-wavelength ratio and the precision required. In fact, the objective of homogenization is
to provide a simplified model of composite materials whose rigorous analysis is computationally
difficult and sometimes even impossible. It is also often a practical way to qualitatively describe
the complex behaviors of subwavelength gratings.

For a binary 1D surface-relief grating in the quasi-static limit, i.e., when the ratio % << 1, a
simple averaging treatment leads to the two following effective indices for the TE and T'M states
of polarization (Born & Wolf 1999h)

1/2
nlf o = (Fn2+ (1 — F)n})" (3.46)
2.9 1/2
T™ g1
= 3.47
o= (Fret ) 40

where n, and n; are the structure’s real indices, and where F'is the 1D filling factor. This straight-
forward approach that only considers the propagation of the zeroth order inside the modulated
region neglecting higher-order modes is called the zeroth-order effective medium theory (EMTO).

But when the ratio % is no longer negligible, the latter closed-form expressions for the effective
refractive indices are no longer correct. In such a case, higher-order effective medium theories
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like the second-order effective medium theory (EMT2) which is deduced from the electromagnetic
propagation in stratified media theory, allows to derive the following expressions for the effective
indices (Rytov 1956; Yariv & Yhe 1984; Brundrett et al. 1994)

1/2
1 /A
nefre = | (i) + 3 <X) T F (1= F)*(ng — ng>2] (3.48)
1 /AN 11\’ v
Meffa = [(né%o)? t3 (X) - F) (ﬁ a F) (nZ]MLO)G(an?O)ZI (3.49)
a b

In addition to the dependence on the wavelength, we also notice the dependence of the effective
indices versus other parameters available in a possible design procedure: the grating period A, the
filling factor I’ and the grating real indices n, and n,. It is important to note that in some cases,
the grating effective properties are not intrinsic to the periodic structure but are rather related to
the whole diffraction problem (Lalanne & Lemercier-Lalanne 1997).

Homogenization theories have extensively been studied in the 1990’s. They have been applied
to a large variety of grating problems: for lamellar gratings (Gu & Yeh 1996), in conical mounting
(Haggans et al. 1993), for two-dimensional subwavelength binary gratings (Grann et al. 1994;
Kikuta et al. 1998), for volume gratings (Campbell & Kostuk 1995; Gu & Yeh 1995; Lalanne &
Hugonin 1998; Joubert et al. 2002). But nowadays, and thanks to increased computing efficiencies,
these approximate and sometimes unfortunately misleading approaches are abandoned in favor of
more complex and accurate theories, like RCWA.

3.4 Manufacturing techniques

Subwavelength gratings and micro-optics fabrication in general make use of lithographic technolo-
gies. Lithography is the name for a sequence of processing steps for structuring the surfaces of
planar substrates (Herzig 1997; Sinzinger & Jahns 2003). Two types of lithographic fabrication
procedures can be distinguished: mask lithography and scanning lithography. In mask lithogra-
phy the pattern of the component is encoded as an amplitude distribution in a lithographic mask.
Uniform illumination of the mask is used to expose a photosensitive coating on the substrate.
In scanning lithography, no mask is used. Rather, local variation of the photoresist exposure is
achieved in a so-called direct-writing process. To this end, a laser or electron beam is scanned
over the substrate, while the beam intensity and exposure time of the beam are modulated. After
the exposure of the photoresist layer, a development step converts the exposed photoresist into a
surface profile. In a further processing step, the surface profile of the photoresist pattern can be
transferred into the substrate.

3.4.1 Lithography of resists
Mask lithography

Widely used in micro-electronics or for high-volume fabrication of micro-chips, this technique
forms the contrasted image through a mask previously manufactured according to the pattern
to be projected onto a photosensitive material (Fig. 3.5). Different variants exist such as the
contact and non-contact copy. This technique is especially useful for large-batch process and

when alignment between different masks has to be performed in a multi-layer process (Sinzinger
& Jahns 2003).
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Figure 3.5: Principle of mask lithography. According to the position of the amplitude mask
relative to the substrate and the illumination configuration, we can distinguish three types of
mask lithography techniques: 1- contact printing where the mask is brought in contact with the
resist, 2- proximity printing where a gap is maintained between the mask and the substrate, and
3- projection printing where the mask pattern is imaged onto the wafer optically. In this case very
sophisticated optical (reduction) systems are necessary.

Scanning lithography

Direct Writing Laser (DWL). This is the most flexible technique based on a UV or blue
laser beam scanned over the surface to be patterned (Fig. 3.6). Any kind of binary or multilevel
pattern can be recorded thanks to the combination of a laser focussing system with an accurate
moving table underneath. DWL process therefore uses the laser beam as a controlled writing tool
for generating patterns onto a photosensitive layer (photoresist). A chemical processing of the
exposed material is necessary in order to transform the previously contrasted illuminating pattern
into a relief structure after the exposure step.

Electron/focused ion-beam lithography. In electron-beam (e-beam) lithography, a pattern
on top of an electroresist-coated substrate is derived from imagery techniques based on an electron-
beam scanning (e.g. Kajanto et al. 1989). Electrons are used for changing the structure of elec-
troresist (Fig. 3.6). Illuminated areas become more soluble than other ones, making the subsequent
chemical process more efficient onto exposed parts. Nanometric resolutions are achievable onto
rather small substrates. Moreover, the substrate has to be prepared with an underneath conduc-
tive layer in order to avoid any charging effect. In focused ion-beam (FIB) writing, a focused ion
beam instead of electron beam is used for patterning the surface at nanometric scale.

laser,|electron or ion beam

patterned
. surface
o : chemical -
resist development ‘ ‘ resist
substrate substrate

Figure 3.6: Principle of Scanning lithography.
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Figure 3.7: Principle of holographic lithography.

Holographic lithography

Holographic recording is a maskless photolithographic technique particularly suitable for recording
diffractive structures into photoresists or gelatins. Periodic patterns ranging from a few hundreds
up to several thousands lines per millimeter can be recorded in a single process. The holographic
recording of diffraction gratings is a very efficient manufacturing technique, especially for large-
scale gratings where direct ruling (one line at a time) becomes unpractical. It consists in recording
in a photosensitive material the contrast pattern of two mutually-coherent interfering laser beams
(Fig. 3.7). The recording material is usually dichromated gelatin (DCG) or a photoresist. After a
wet chemical process, the resulting grating is a volume-phase holograms (VPH) or a surface-relief
grating, respectively.

Nano-imprint lithography

In recent years, researchers have investigated a number of alternative and potentially low-cost
methods: most notably, micro-contact printing, nano-imprint technology, AFM lithography and
dip-pen lithography. Since the mid-1990s, nano-imprint lithography (NIL), initially proposed and
developed by the Chou group (Chou et al. 1996), has emerged as one of the most promising
technologies for high-throughput nanoscale patterning. In this method and its variants, such
as step-and-flash imprint lithography (S-FIL), pattern replication is done nontraditionally by
deforming mechanically the resist materials, which makes them completely free from the resolution-
limiting factors such as light diffraction and beam scattering that are often inherent with the more
traditional approaches (Guo 2004).

The principle of nano-imprint lithography is quite simple. As shown in Fig. 3.8, NIL uses a
hard mould that contains nanoscale features defined on its surface to emboss into polymer material
cast on the wafer substrate under controlled temperature and pressure conditions, thereby creating

Pressure and/or heat and/or UV illumination

mold

patterned
surface

resist ‘ ‘ resist

substrate substrate

Figure 3.8: Principles of nano-imprint (NIL) and step-and-flash imprint lithography (S-FIL)
lithography.
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Figure 3.9: Etching principle.

a thickness contrast in the polymer material, which can be further transferred through the resist
layer via an anisotropic etching based on an Os-plasma process. Nano-imprint lithography has
the capability of patterning sub-10 nm features, yet it only entails simple equipment and easy
processing. This is the key reason why NIL has attracted wide attention within only a few years
after its inception (Guo 2004). S-FIL is another great success as a mechanical printing method.
In the S-FIL process, the substrate is first coated with an organic transfer layer; then a surface
treated, transparent template with surface relief patterns is brought close and aligned to the
coated substrate. Once in the proximity, a drop of low viscosity, photopolymerizable organosilicon
solution is introduced into the gap between the template and the substrate. The organosilicon
fluid spreads out and fills the gap under capillary action. Next the template is pressed against
the substrate to close the gap, and the assembly is irradiated with UV light, which cures the
photopolymer to make it a solidified and a silicon-rich replica of the template.

3.4.2 Pattern transfer into the substrate

In the previous section, we have presented the processing steps necessary to prepare the substrate
for the actual structuring step. We have seen how the desired pattern is transferred into a mask,
or directly written into the photosensitive layer on the substrate. In this section, we will focus on
techniques applicable for the transfer of the mask pattern into the substrate.

Etching

Generally, we distinguish between isotropic and anisotropic etching processes (Sinzinger & Jahns
2003). For isotropic etching the substrate material is removed at the same speed (i.e., the etch
rate) in all directions. In the case of anisotropic etching, the etch rates are different in different
directions. Both anisotropic and isotropic etching processes are important for the fabrication of
micro-optical components. But for the fabrication of diffractive optical elements (DOEs) such as
subwavelength gratings, steep edges have to be etched. For this, anisotropic etching processes are
used. There exists three main families of etching techniques: wet etching, dry etching and direct
ablation sometimes called laser micro-machining.

Wet etching consists in immersing the masked sample into a liquid corrosive solution. Due
to its high isotropy, the wet etching technique solution was not considered in this work since it
appears to be incompatible with the kind of structures we will deal with.

Dry or plasma-enhanced etching, on the other hand, is a pure physical etching process, highly
anisotropic (Fig. 3.9). Typical representatives of this group of technologies are sputter etching
and ion-beam etching, which is sometimes referred as to ion-beam milling. A plasma is formed
in the chamber containing the substrate or in a separate chamber for ion-beam processes. The
chemically-inert plasma ions (e.g. Ar™) are used to physically destroy the bonds of the substrate
material and thus deplete the material. This etching is anisotropic because the ballistic effect
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occurs mainly in the direction of the accelerated plasma ions (see Fig. 3.9). A chemical dimension
can be added in order to increase the selectivity of the process between two different materials.
Reactive ion etching (RIE) and reactive ion/plasma-beam etching (RIBE/RPBE) sometimes also
referred to as chemically assisted ion-beam etching (CAIBE) makes use of both the ballistic
effect and chemical reactivity of a beam of reactive ions to remove material or create structures
into a substrate. The various parameters (gas melanges, beam energy, beam incidence, etc.)
characterizing the etching process are optimized for the transfer of structures previously recorded
in a masking layer into various materials. The interest of these techniques particularly comes
from their directionality (vertical structures) and their high selectivity, which is the potential to
efficiently etch one material and not another coexisting one.

For laser micro-machining applications excimer (excited dimmer) pulsed lasers of frequency-
doubled Nd:YAG are generally used (A = 193 nm). For both types of laser the fundamental
principle of laser ablation is the same. It is initiated by the fast deposition of a large amount of
energy directly into the substrate material, causing a dissociation of the substrate molecules. If this
dissociation occurs fast enough, the material is removed from the substrate in a micro-explosion.

3.4.3 In situ monitoring

The different steps leading to diffractive components involve a design phase that must take techno-
logical limitations into account, a fabrication phase, and a final qualification phase. With current
manufacturing techniques, feature lines and periods of the order of a few tens or hundreds of
nanometers are manufacturable. For the determination of the grating profiles, for instance, scan-
ning electron microscopy (SEM) is the reference metrology method. This approach is however
time consuming, destructive (the wafer has in general to be cleaved and metallized) and limited
to a small subset of the diffractive components of the etched wafer.

A well-known method for nondestructive testing based on the measurement and analysis of light
scattered from a corrugated surface is optical scatterometry. In the case of periodic structures,
light scattering takes the form of diffraction into orders. The information about the structure is
routinely obtained from the distribution of intensities in the various diffracted orders. The inverse
problem, which consists of reconstructing the grating geometry from the observed far-field data,
is ill posed. In practice, a priori knowledge is introduced, and the grating profile is described
by a finite number of parameters. Many independent measurements are performed by means of
scanning over the angles of incidence and wavelength and by use of two orthogonal polarizations.
Then the geometry that corresponds to the smallest deviation from the measurements is chosen.

In diffractive optics, this approach has been applied to a large variety of problems: metallic
gratings, large-period gratings (Naqvi et al. 1994), subwavelength gratings (Marx & Psaltis 1997;
Lalanne et al. 1999; Marciante et al. 2003; Yu et al. 2004). In semiconductor metrology, intensity
measurements and ellipsometry are now widely used for in situ control and monitoring of growth
and etching of periodic silicon surfaces (Blayo et al. 1995).
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Abstract. Developments in micro-lithography and associated techniques now make possible to
practically use the special ability of subwavelength gratings to synthesize artificial media. From
achromatic waveplates and anti-reflective structures to polarization-manipulation elements, the
number of potential applications now attracts many research interests in various fields. In this
chapter, we will review briefly the principal applications of subwavelength while lingering on those
that are potentially interesting for astrophysical subjects like phase coronagraphy and nulling in-
terferometry.



92 CHAPTER 4. USE OF SUBWAVELENGTH GRATINGS

4.1 Subwavelength gratings as phase retarders

One-dimensional subwavelength gratings, i.e., subwavelength gratings that are modulated along
a single dimension and therefore supposed infinite along the other, can act as vectorial phase
retarders, i.e., leading to a phase difference taking place between the orthogonal ordinary and
extraordinary polarization states TE (or s) and TM (or p). For this reason, they can be engi-
neered to provide artificial birefringent waveplates with very specific properties, in transmission
as well as in reflection. As seen before, the physical reason for their artificial anisotropy or “form
birefringence” is that the impinging light literally sees two different media as its wavefield vibrates
in parallel or perpendicularly to the grating grooves, leading to two different effective indices for
the orthogonal polarization states T'E and T'M.

4.1.1 Transmission mounting

The propagation through the artificial birefringent medium leads to the following phase shift

2

Aorp—rm = ~ h Anpg_7a (4.1)

Antorm = Anpp_ry is called the “form birefringence”. The term “form” has to be emphasized.
Indeed, this property is essentially given by the geometry of the structure, no longer only by
the intrinsic characteristics of the materials (Flanders 1983; Xu et al. 1995; Jin Kim et al. 1995;
Schmitz et al. 1995; Brundrett et al. 1996).

The wavelength dependence of the effective indices nl/; and nlf; (see Eqs. 3.48 and 3.49) is
also found in the form birefringence. This phenomenon, which is amplified just before the frontier
of the resonant domain, is called the dispersion of form birefringence. Kikuta et al. (1997) were
the first to propose achromatic quarterwave plates made of subwavelength grating structures using
this property. They showed that the key point is to carefully control the geometry of the grating
structure to tune the form birefringence in order to compensate for the hyperbolic dependence of
the phase shift (oc 1/, see Eq. 4.1) and thus make it achromatic. In practice, one has to search
to make the form birefringence Any,,,, be proportional to A/2h (see Fig. 4.2).

The subsequent phase shift can be made quasi-achromatic over reasonable spectral ranges.
Typically, m-phase shifts (halfwave plates) with error standard deviations varying between o =

™
TEA k

E il

[ |

A, TE / L.

Figure 4.1: The transmission through a subwavelength grating leads to a differential phase shift
between the polarization components T'E and T'M.
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Figure 4.2: RCWA-calculated form birefringence An gy, = Angrp_7y of a silicon subwave-
length grating, with respect to the normalized wavelength for various filling factors F' between
0.6 and 0.73. The “ideal” quoted curve is the ideal birefringence that would lead to a perfect
achromatization, i.e., proportional to A\/2h. Unfortunately, this idyllic behavior is only tangen-
tially approached in practice.

5 x 1072 and ¢ = 1072 radian rms can be obtained over bandpass with a spectral resolution
Ry ~ A/AX = 5. A representative example in the K band (2 — 2.4 um) is shown in Fig. 4.3 (left)
where standard deviation of the phase-shift error with respect to 7 is o = 7.5 x 1072 radian rms.
The structure corresponding to this performance is a silicon surface-relief grating with a period
A, = 475 nm, a thickness of 2.956 ym and a silicon/silica filling factor F' = 85%, i.e., with an
aspect ratio' of ~ 7. The transmittances shown in Fig. 4.3 (right), which remains substantially
different for the orthogonal polarization states TE and T'M, is above 90% for both of them despite
the high refractive index of the silicon substrate (ng; ~ 3.4). Such a high value is reached thanks
to a 360 nm-thick (A\/4n) silicate anti-reflective layer on top of the grating. Optimization of
the transmittance properties of subwavelength gratings in the transmission mounting probably
constitutes their main weakness as we will discuss in the following chapter.

Bokor et al. (2001) theoretically investigated the possibility of making achromatic phase re-
tarders with subwavelength gratings in slanted illumination. They numerically obtained the rel-
atively modest performance of 90°45.9° over the 470 — 630 nm wavelength range, and with a
design somewhat uneasy to handle since the component is optimized at a high incidence angle
(~ 60°). Kikuta’s design, by contrast, is optimized for normal incidence making it easier to insert
in an existing optical train. Moreover, Kikuta’s approach was also practically demonstrated in
the mid-infrared by Nordin & Deguzman (1999) and Deguzman & Nordin (2001). They indeed
manufactured a broadband form-birefringent quarterwave plate for the 3.5 to 5 ym wavelength
range by engraving an optimized subwavelength grating in a silicon substrate. They measured a
phase retardation varying from 89° to 102° over their selected bandwidth, in accordance to the
RCWA predictions. Recently, the technology was implemented in the visible wavelength range by

14The aspect ratio of a grating is defined as the ratio of its thickness to the feature line: the higher the aspect
ratio, the more difficult the fabrication.
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Figure 4.3: RCWA-calculation results (T'E-T'M phase shift on the left, and TE-TM trans-
mittances on the right) in the transmission mounting for a silicon/silica subwavelength grating
halfwave plate. The grating parameters were optimized to provide the best achromatic phase shift
for the K band (2-2.4 pum) with the selected materials.

Yi et al. (2003) and Yu et al. (2006). It is even commercialized for optical pickup units (Deng et al.
2005). The performance of the optical pickup device is the current state-of-the-art reference for
this technology with a measured retardance of 90°+3° and a mean transmittance greater than 95%
over the 640-800 nm wavelength range, which is somewhat close to the theoretical limit derived
here above.

It is worth noting that Yang & Yeh (1996, 1997) and Wang et al. (2005a) proposed to use,
and successfully measured photoinduced form birefringence in photopolymers. Unfortunately,
due to the faint index modulation, volume gratings are inappropriate to synthesize achromatic
waveplates. Another idea to further enhance the form birefringence was suggested by Han &
Kostuk (1996): engraving a subwavelength grating in a uniaxial birefringent material would allow
reducing the thickness of the sample. But, they also observed nonlinear effects when the natural
and artificial optical axes were crossed.

4.1.2 Reflection mounting

High-spatial-frequency lamellar gratings are also known to function as phase compensators, quar-
terwave and halfwave phase retarders, and polarization rotators that operate on zero-order specu-
larly reflected beams (see Fig. 4.4). In other words, subwavelength gratings are also able to handle
the reflection mode to provide vectorial phase shifts. Just as in the transmission mounting, con-
trolling the geometrical parameters of these gratings allows engineering the phase retardation and
polarization conversion introduced to the reflected beam. However, it is also known that variations
of wavelength and polar angle of incidence affect the performance of these elements more strongly
than variations of other geometrical and operational parameters (Haggans et al. 1993; Kleemann

& Guther 1993).

In the particular total internal reflection (TIR) configuration, we have discovered that the
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Figure 4.4: Reflection upon a subwavelength grating leading to a differential phase shift between
the polarization components TE and T M.

behavior of subwavelength gratings was appropriate to generate super-achromatic phase shifts
(Mawet et al. 2003, 2005a). In fact, the TIR phenomenon is known to come with a differen-
tial retardation between the vectorial TE and T'M polarization components taking the following
classical form (Born & Wolf 1999a)

AngE—TM = 2arctan

nZ cos 6 cos 0

g 2 Y )
—\/Sn@n] g uretan [—\/Sw”] 42

where 6 is the angle of incidence, greater or equal to 6., the critical angle defined as sinf, = ny,; =
n¢/n;, with n; and n; the refractive indices of the incident and external media, respectively. This
property is exploited in the well-known Fresnel rhombs (Anderson 1974, 1988; Rochford et al. 1997;
Rochford & Wang 1997; Wang et al. 1997). We found that engraving a subwavelength grating on
the TIR interface leads to a significant improvement over the Fresnel-rhomb technology which is
limited by the intrinsic index dispersion of the material used (Mawet et al. 2003, 2005a). Indeed,
interaction between the subwavelength grating and the vectorial electromagnetic field leads to
interesting effects on the phase of the external propagating fields, the TIR configuration ensuring
the 100% diffraction efficiency in the reflected specular beam. The principle of what we named
the total internal reflection grating achromatic phase shifter (TIRG APS) is to optimize a sub-
wavelength grating in the TIR incidence condition to induce a super-achromatic phase retardance.

Subwavelength gratings in TIR can act as achromatic waveplates on their own but they can
also be optimized to compensate for untreated surfaces in the optical train. Super-achromaticity
can indeed be reached by using traditional Fresnel-rhomb phase retarders, i.e., several bare TIR
interfaces (4 in the case of a double Fresnel rhomb), provided that at least one of them is engraved
with an optimized subwavelength grating. In Fig. 4.5, we show the m/2-phase shifts induced
by the cascade combination of two bare ZnSe/air interfaces in total internal reflection (§ =
65.06°), the same with engineered subwavelength gratings engraved on the TIR interfaces, and
the combination of one bare interface and the optimized grating. It clearly appears that the
optimized subwavelength grating exactly compensates the natural drift of the bare ZnSe TIR
phase shift. Flexibility given by each design parameter defining the grating structure indeed
allows a fine tuning of the phase-shift dispersion by the required amount for a substantial and
benefic compensation.

Quantitatively, achromatizations of ¢ < 1072 radian rms can theoretically be obtained over
wavelength ranges with a spectral resolution as low as Ry ~ A/AX ~ 1. An application of such a
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Figure 4.5: RCWA-calculation results in the reflection mounting. ZnSe subwavelength grating
quarterwave plate in TIR incidence in the 6-14 pym wavelength range. A single subwavelength
grating is able to compensate for the intrinsic dispersion of the material.

structure will be presented in Chapter 8 where we will perform the design of an optimized TIRG
APS for nulling interferometry.

Phenomenologically, the use of subwavelength gratings in TIR incidence implies that the field
interacts with the structure only by means of its evanescent waves. The phase shift between
the orthogonal polarization components arises due to the fact that their associated vanishing
fields penetrate more or less deeply into the modulated region, inducing a pseudo-optical path
difference responsible for the phase shift (Fig. 4.6). This differential skin effect can be explained
by the anisotropy of the T'E-T'M zero-order effective indices. The achromaticity of the subsequent
phase retardance can be understood from the particular grating-induced artificial dispersions of
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Figure 4.6: Electromagnetic field visualization for the T'E and T'M amplitudes illustrating the
differential skin effect responsible for the phase shift. Indeed, it can easily be seen that the TE
field penetrates more deeply than the T'M one.
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the form birefringence but, most of all in the reflection mounting case, by the complex interaction
between the higher order vanishing modes.

It is to be mentioned that Liu & Azzam (1996) proposed one- and two-dimensional sub-
wavelength surface-relief gratings on gold substrates to perform a quarterwave retardance upon
reflection at 10.6 pm. However, their theoretical modelling is questionable because their use of
effective medium theory is inappropriate. Kettunen & Wyrowski (1998) also suggested a hybrid
approach where the grating is optimized as if it were to be used in transmission, but is in fact
illuminated in a quasi-normal incidence reflection mode. This configuration is possible thanks to
the grating implementation on top of a dielectric high-reflection stack, or a reflective metal layer.
The advantage of this method over the purely transmission-mode phase retarder is the reduced
aspect ratio of the structures, making them easier to manufacture. Indeed, the incoming beam
passes twice in the structure as it goes down and up so that the effective thickness is twice the
real one.

4.2 Subwavelength gratings as anti-reflective structures

Bernhard (1967) discovered that the corneas of night-flying moths was covered with a fine regular
hexagonal array of protuberances which has a period of about 200 nm, similar depth, and with a
cross section that is approximately sinusoidal (Fig. 4.7). This geometry induces a natural index
gradient which was identified as a natural mean to reduce the reflection over a wide spectral and
angular bandwidth, improving the moth’s camouflage. This principle is the same as the one used
for anechoic chambers.

4.2.1 Fresnel parasitic reflections

Fresnel reflections from surfaces in optical systems are cumbersome, particularly when there are
many surfaces in the system: the total power loss can be considerable, and stray light that is due to
the reflections tends to reduce the contrast in imaging systems. Optical coatings are the standard
way to reduce reflections from optical surfaces, but they are rather expensive and unfortunately

Figure 4.7: SEM picture of the cornea of a night-flying moth showing an hexagonal array of
protuberances which has a period of about 200 nm, similar depth, and with a cross section that
is approximately sinusoidal.
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often a source of critical issues in numerous applications like broadband treatments for instance.
Indeed, multi-layer thin films have problems associated with limitations in the coating materials,
especially in the infrared (Shanbhogue et al. 1997). Classical coatings also exhibit various physical
and chemical side effects affecting adhesion, thermal mismatch and the durability of the thin-
film stack (Traylor Kruschwitz & Pawlewicz 1997). These problems are of course exacerbated in
astrophysical applications, especially in space where stability constraints are emphasized.

In fact, unwanted Fresnel reflections come from the sudden transition from an optical medium
of refractive index n; to another one characterized by a different index n;;;. The fraction R of
light intensity which is reflected at normal incidence is given by the well-known Fresnel relation

R— M (4.3)

(nrrr + n1)2
If, like on the moth’s eye, there is a gradual change of index, we can regard the net reflectance as
the resultant of an infinite series of infinitesimal reflections at each incremental change of index.
Since the reflections come from different depths from the surface, all of them will have different
phases. If the transition takes place over at least a significant fraction of a wavelength, the resultant

reflection can be significantly reduced because all phases will be present and destructively interfere
with each other (Wilson & Hutley 1982).

This kind of “impedance matching” between the incident and substrate indices can in fact
be implemented via two methods: the classical quarterwave transformer design and the graded-
or tapered-index design (Collins 1966). The quarterwave transformer design requires a stack of
discrete index layers on a substrate, where the depth of each layer is a quarterwave in the layer,
and the index of refraction of each layer is designed with use of the optimal Tschebyscheff syn-
thesis technique. Indeed, the so-called quarter-wavelength Tschebyscheff impedance-transformer
method, widely used in antenna applications, allows the matching of the impedances (refractive
indices in this context) of the external medium and the substrate, and can theoretically achieve
any desired attenuation and bandwidth specification (Riblet 1957; Young 1961). The resultant in-
terference coating produces a bandpass filter, where the bandwidth of the bandpass region and the
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Figure 4.8: Klopfenstein tapered subwavelength grating structure as depicted in Grann & Mo-
haram (1996).
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maximum threshold level depend on the number of discrete quarterwave layers placed on the sub-
strate. The graded-index matching design requires to continuously vary the refractive index from
the incident region into the substrate region. The length of the taper and the index-distribution
function are determined with use of the optimal Klopfenstein tapering technique (Klopfenstein
1956). This particular graded-index function (see Fig. 4.8 for its implementation with subwave-
length gratings) will produce a high-pass or short-wave filter. The cutoff frequency is the lowest
frequency (longest wavelength) at which the reflectivity is below the desired maximum threshold
level.

Regardless of the design method chosen, it may not be possible to obtain actual materials
with the properties that are needed, thus reducing the effectiveness of the AR surface. The
subwavelength grating artificial properties can be envisaged to synthesize such materials, just
like nature did for night-flying moths. It was in fact experimentally verified very soon'® by
Derrick et al. (1979) and Wilson & Hutley (1982) who proposed to use “crossed gratings” as
anti-reflective structures. Later on, with the advent of powerful numerical tools like the RCWA,
this very important application of subwavelength gratings was extensively studied in the 1D case.
According to the adopted geometry, the reflection of the surface can indeed be reduced to a level
as low as that achieved with very complex multilayer antireflection design (Gaylord et al. 1987;
Brundrett et al. 1994; Brauer & Brygdahl 1994; Dos Santos & Bernardo 1997). The subwavelength
properties of gratings involved here insure that the transmitted wavefront is NOT altered (Raguin
& Morris 1993a).

Although 1D gratings are anisotropic and therefore can only be used as anti-reflecting struc-
tures for a single polarization at a time, the principle gave birth to numerous successful prac-
tical demonstrations (see, e.g. Smith et al. 1996; Kanamori et al. 2001; Brundrett et al. 1998)
that have succeeded in convincing the industry of the potential applications of such components,
e.g., for solar energy applications (Heine & Morf 1995). However, it quickly appeared that the
dual-polarization use was mandatory in several fields where natural light is predominant like, for
example, infrared optics for military and astrophysical instruments (Grann et al. 1995).

4.2.2 Structure of the anti-reflective subwavelength grating

Soon arose the following question: what is the surface-relief pattern for the optimum anti-reflection
properties 7 What surface-relief shape produces the least reflection over the broadest bandwidth
7 Southwell (1991) tried to answer it with “pyramid-array” surface-relief structures. However,
Southwell used approximate 2D-EMT (two-dimensional effective medium theory) closed-form ex-
pressions that were later on proven to significantly differ from the exact results obtained by the
RCWA (Grann et al. 1995). This is a good example of the limitation of the effective medium tech-
niques (Sect. 3.3.2) and a reason why they are no longer so used. Two years after Southwell, Raguin
& Morris (1993b) determined the optimum design dimensions for multilevel two-dimensional sub-
wavelength binary gratings with triangular or pyramidal profiles to minimize reflections. The
optimum design dimensions were obtained by systematic adjustments of the depth and the filling
factor of the profile.

Later on, Grann et al. (1995) established that, for the optimum design of tapered-grating
structures, the best graded-index profile was expectedly produced by the Klopfenstein taper. They
subsequently developed a technique to design such a taper with subwavelength gratings, using
RCWA (Fig. 4.8). The theoretical performances of this optimal profile are extremely good with

15Tn fact, it is worth noting that Joseph Fraunhofer already noted that acid etching of certain glass surfaces
substantially reduced the reflection.
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Figure 4.9: Left: photoresist pattern originated by DWL (SEM, view from the top). Right:
crossed-sinusoidal profile obtained by holography on photoresist (SEM, oblique view). Courtesy
of Denis Vandormael and Jérome Loicq (CSL).

simulated results (Grann & Moharam 1996) characterized by reflectivities < 0.3% over bandwidths
corresponding to a spectral resolution Ry ~ 0.8. However, in practice, such a performance cannot
be achieved, and the actual profile depends on the manufacturing process.

When we were asked to study anti-reflective subwavelength gratings in the framework of ther-
mal infrared applications (i.e., the AR treatment of the dispersive plate APS for Darwin, see
Sect. 2.2.1 and Nulltimate consortium 2002), we chose a more pragmatic approach, based on the
actual available techniques for manufacturing subwavelength gratings (see Sect. 3.4): photolitho-
graphy (Fig. 4.9, left), holography (Fig. 4.9, right) and lase micro-machining (Fig. 4.10). Even if
photolithography can provide smooth profiles thanks to gray-level lithography (Sinzinger & Jahns
2003), usually, binary profiles are better mastered in terms of reproducibility and resolution. Pho-
tolithography has also the advantage that large areas can be treated (according to plasma-process
capabilities), but large depths are in general difficult to achieve (Nikolajeff et al. 2000). On the
contrary, holography naturally provides sinusoidal profiles. Two-dimensional symmetric profiles
can be obtained with this technique by recording two 1D profiles, flipped by 90 degrees with
respect to each other.

The use of excimer laser to directly ablate substrates naturally provides smooth profiles (see
Fig. 4.10). It offers many other advantages (Dubreuil et al. 1998): new substrates can be tested
very easily provided that the ablation curve (the ablated depth versus the laser fluence) is known,
and high depths can be reached. However, the achievable resolution depends on the substrate, the
excimer laser wavelength, and on the numerical aperture, NA, i.e., the optics used to image the
mask on the sample. For example, working at A = 193 nm with NA = 0.15, leads to a resolution
W = 1pum. It is also to be noted that the technique can be investigated for curved surfaces. A
disadvantage of excimer direct ablation is the small field available. This problem is balanced by
the high repetition rate of excimer laser (100 Hz). Another issue concerns the inhomogeneity in
the laser beam which has to be taken into account to achieve regular profiles since it is likely to
create an overlapping between elementary grooved areas.
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Exitech Limited

Figure 4.10: Egg-box, moth-eye, sinusoidal profile obtained by excimer direct laser ablation
(SEM picture, (© Excitech Limited).

4.2.3 Performance assessment

As already stated, our guideline for the performance optimization of subwavelength grating anti-
reflective structures is pragmatic and in direct relation with standard manufacturing processes. We
will indeed consider and simulate two types of gratings: according to photolithographic processes
which naturally produce binary rectangular profiles, we will consider rectangular profiles and dis-
cretized pyramid profiles; according to the excimer laser direct ablation and holographic techniques
which naturally produces sinusoidal profiles, we will consider sinusoidal profiles. Illustrative re-
sults are presented in Fig. 4.11 for the 6-11 micron wavelength range, corresponding to the Darwin
first sub-band (see Sect. 8.3).

In order to theoretically demonstrate the capability of this technology, the calculations are per-
formed for the two common infrared dielectric materials possessing the highest indices, Cadmium
Telluride (CdTe: n ~ 2.7, see Annex B) and Germanium (Ge: n = 4, see Annex B). According
to Eq. 4.3, without any treatment, a bare C'dTe substrate would lead to a parasitic reflection of
21% for one interface. It would even be worse for Germanium, leading to a single-face reflection
of 36%.

The advantage of using such anti-reflection structures clearly appears in Fig. 4.11 with nev-
ertheless strong differences according to the chosen profile. The simple rectangular profile in fact
corresponds to a single quarterwave layer with an effective index depending on the filling factor.
By appropriately tuning the filling factor, the layer effective index can be chosen to provide the
exact impendance matching (n.;y = \/nnir;) between the substrate and the incident medium,
leading to a substantially better performance than with a traditional single-layer treatment where
the actual choice of materials is always limited (Fig. 4.11, top left). Still, it is not comparable to
the moth-eye profile performance, which, by realizing a perfectly smooth transition, decreases the
parasitic reflection down to the percent level over very large bandwidths (Fig. 4.11, bottom left
and right). An intermediate solution consists in approximating continuous profiles with stacks of
binary gratings, leading to multi-level profiles (Fig. 4.11, top right).

Chalcogenide AR structures. In the framework of imaging optics for infrared applications,
we have also performed RCWA calculations of anti-reflective structures for chalcogenide optical



102

CHAPTER 4.

USE OF SUBWAVELENGTH GRATINGS

Transmitted Zeroth Order Diffraction Efficiency

Transmitted Z eroth Order Diffraction E fficiency

Figure 4.11:

1.005

o

©

©
T

o

©o

~
T

o
©
o

o
©
a

4
©
=

0.93

0.995 -

o

©

©
T

CdTe BBAR 2D ZOG :
simple rectangular profile

0.985

o
©
©

0.975

Transmitted Zeroth Order Diffraction Efficiency

0.97

CdTe BBAR 2D ZOG:
4-level pyramidal profile

n n n n n n n n n

0.92
6

0.998

0.996

0.994

0.992

0.99

L L L L L L L 0.965
75 8 8.5 9 9.5 10 105 11 6

Wavelength (microns)

6.5 7 75 8 8.5 9 9.5 10 10.5 11
Wavelength (microns)

0.998

CdleBBAR 2D ZOG:
sinusoidal profile

0,996+

0.994

0,992

Transmitted Zeroth Order Diffraction E fficiency
o
0
O

o
0
@
<3

0,986

GeBBAR 2D ZOG:
sinusoidal profile

6.5

.
75 8 85 9 95 10 105 11 6
Wavelength (microns)

6.5 7 7.5 8 8.5 9 9.5 10 10.5 11
Wavelength (microns)

Anti-reflective performance of subwavelength gratings in terms of transmitted

zeroth-order diffraction efficiencies, or equivalently single-interface transmittances (RCWA calcu-
lations). Top left: simple rectangular profile for a CdT'e substrate in the 6-11 um wavelength range.
The parameters of the structure geometry are: period of 2 um, filling factor of 71%, thickness of
1.25 um. Top right: idem with a 4-level pyramidal profile with a total thickness of 4 ym. Bottom
left: idem with a crossed-sinusoidal, egg-box, or “moth-eye” profile with a total thickness of 7 um.
Bottom right: crossed-sinusoidal profile in the most constraining case of a Germanium substrate.
The period is 1 gm and the thickness 9.5 pm, making it particularly difficult to manufacture.
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Figure 4.12: Anti-reflective performance of subwavelength gratings for GASIR (RCWA calcu-
lations). Top left: single-interface transmittance of a simple rectangular profile for a GASIR
substrate in the 8-12 um wavelength range. The parameters of the structure geometry are given
in the different figures. Top right: idem for the 3-5 pum range. Bottom left: single-interface re-
flectance (logarithmic scale) for a crossed-sinusoidal, egg-box, or “moth-eye” profile. Bottom right:

idem but another solution.
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Figure 4.13: Anti-reflective subwavelength grating sensitivity to thickness/depth errors (left)
and incidence variations (right) in the moth-eye case (RCWA calculations).

components (Fig. 4.12). The continuously increasing interest in the improvement of thermal
imaging systems for spectral ranges extending up to the third window of atmospheric transparency
(8-12 pm) has led to the development of suitable and low-cost optical materials (AsySes, GASIR,
IG6, etc.). Chalcogenide glasses are extensively studied for this purpose, and used both as bulk
or fibred optical component.

4.2.4 Parameter tolerancing

We shall in this paragraph consider the AR performance sensitivity to parameter changes. The
only restriction on the period comes, on one (upper) side, from the ZOG condition, and on the
other (lower) side, from the manufacturing process capabilities. On the contrary, the response of
the AR structure to a change in the total depth of the grating in the case of a moth-eye profile
is sensitive at the one-micron level for thermal infrared applications (Fig. 4.13, left). Concerning
the tolerance to incidence angle variations, the well-known wide acceptance of such structures
is verified (Fig. 4.13, right). However, it is clear that the structure should be optimized for the
chosen working incidence.

Concerning the lateral dimensions of the profiles it is known that, if the desired overall filling
factor of the profile is preserved in the fabrication process, then nominal shape errors have a
minimal effect on the desired diffraction characteristics (Pommet et al. 1995). The tolerance of
simple rectangular treatments to parameter changes is more critical and, for thermal infrared
applications, is at the 100-nm level for the thickness and feature line control. Moreover, the
tolerance to incidence variations for simple rectangular profiles is of a few degrees only.

4.2.5 Diamond demonstrator

In collaboration with LESTA, we considered the manufacturing of a subwavelength grating anti-
reflective demonstrator in diamond. The framework of this prototyping operation was the AR
treatment of the Lyot coronagraph expected to equip the mid-infrared instrument (MIRT) of the
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Figure 4.14: SEM picture of the anti-reflective subwavelength-grating demonstrator in diamond
optimized for 24 pym. Courtesy of Mikael Karlsson (ADAMANTIS AB).

JWST (see Sect. 1.5.3). The working wavelength of this coronagraphic mode is around 24 pm
with a bandwidth Ry &~ 5. The anti-reflective structure should therefore be effective between 21.6
and 26.4 pm. Diamond was chosen because of its exceptional properties (see Annex B): hard-
ness, transparency (from 200 nm to 1 mm), high thermal conductibility, low thermal expansion,
etc. Progress in CVD (chemical vapor deposition) techniques make this material more and more
available to continuously lower prices.

We designed a grating to satisfy the bandwidth requirements using the RCWA code of Sect. 3.2.3.
Assuming a rectangular binary profile, optimizations led to the following parameters: a period of
7.8 um with a thickness of 3.65 ym and a filling factor of 74%. The theoretical results are shown in
Fig. 4.15 (left and right). The manufacturing was done by ADAMANTIS AB!. This small enter-

prize has indeed developed a very interesting know-how in the field of diamond micro-structuring
(see e.g. Karlsson et al. 2001; Karlsson & Nikolajeff 2002, 2003).

The subwavelength grating was manufactured by standard lithography and etching techniques.
A 125-nm thin aluminum film was first sputtered on top of a diamond substrate. Next, a 180-nm
thin polymethylmethacrylate (PMMA) layer was spin-coated on top of the aluminum film, and a
two-dimensional binary grating was structured in the PMMA layer by electron-beam lithography.
PMMA was then used as an etch mask in an inductively coupled plasma (ICP) etching system
to open up the aluminum. Etch parameters were: ICP power of 500 W, bias of 10 V, chamber
pressure of 5 mTorr, flow rates of 45 scem for BC'l3, and 5 scem for Cly, with a total etch time of
5 min. This process was very stable and allowed a well-controlled pattern transfer from PMMA

16 Addamantis AB is a small Swedish start-up company (Sept. 2003) issued from the technology department of
engineering sciences of the Uppsala university. Adamantis is developing techniques for and manufactures diamond
micro-structures based on customer demands. The company is currently working on diamond optical components

for space applications.
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Figure 4.15: Anti-reflective subwavelength grating demonstrator in diamond optimized for 24

pm. Left: 10 to 45 pm spectrometer data (continuous line) and theoretical RCWA expected
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points are shown with their error bars, and the RCWA calculations shown with a continuous line.

to Al.

The transfer into the underlying diamond substrates was done in an oxygen plasma in another
[CP-etching system. The advantage of using ICP over other etch systems, such as reactive ion
etching (RIE), is that ICP gives a high ion density and therefore short etch times. ICP systems
also yield better anisotropy, due to low process pressure, and smoother etched surfaces than RIE.
Carbon will easily form volatile compounds with oxygen radicals so that an oxygen plasma is
therefore suitable for diamond etching. Etch parameters were: ICP power of 600 W, bias of —140
V., chamber pressure of 2.5 mTorr, flow rates of 7 sccm for Oy and 8 scem for Ar, with total
etch times of 10-14 minutes. All samples were mounted with vacuum grease on the water cooled
aluminum RF-chuck to enhance the thermal conductivity (to avoid burning of the resist). By first
measuring the etch rate of partly covered diamond and knowing the desired grating depth, the
etch time needed for fabricating the subwavelength grating could be calculated (the etch rate of
diamond was measured to be 200 nm/min). Finally, the Al was stripped by wet etching. The
final result is shown in Fig. 4.14. The excellent definition of the rectangular profile is clearly seen.

Optical characterization of the sample was done in Sweden before sending. Spectroscopy in
reflection was used. The results are excellent and in very good agreement with theoretical pre-
dictions (Fig. 4.15). We asked the “Institut d’Astrophysique Spatiale” of Orsay (L. d’'Hendecourt)
to realize an independent measure with a different technique, the Fourier transform spectrometer
(FTS). They obtained a slightly different result that was a few percent lower in transmittance.
This discrepancy originates from the different illumination conditions in the two devices.
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4.3 Other applications of subwavelength gratings

Apart from the phase retarders and anti-reflective structures, there are many other applications
of subwavelength gratings. Their very special properties of artificial medium synthesis and their
sensitivity to polarization have been known for quite a long time and seems at last to catch the
interest of the scientific and engineer communities. Let us now briefly review the panel of possible
applications of subwavelength gratings without going into details and skipping the applications of
resonant phenomenon (for that, see e.g. Lenaerts 2005) like biosensors (see, e.g. Yih et al. 2006).

4.3.1 Polarization-selective diffractive optical elements

Phase-only diffractive optical elements (DOEs) are considered as an attractive technology for
a variety of applications in photonics and optoelectronics where arbitrary wavefront generation
is desired. The small size and ability of DOEs to generate complex wavefronts contributes to
their popularity, particularly for applications involving monochromatic illumination. Most DOEs
(Sinzinger & Jahns 2003) are designed by algorithms based on scalar diffraction theory and are
fabricated with large features relative to the operational wavelength. Unfortunately, these char-
acteristics render the DOE insensitive to polarization, which would offer an additional degree
of freedom in optical and photonic system design. Exploiting the polarization indeed enables
applications of such as polarimetric imaging and polarization-based switching.

Fabrication of form-birefringent micro-structure from a single substrate appeared very at-
tractive. Indeed, as already proven, form birefringence permits a designer to engineer desired
anisotropic properties onto a single substrate. Moreover, since the substrate does not require
natural birefringence, conventional materials can be employed, which allows mature fabrication
processes like photolithography to be used. Indeed, advances in modern lithography have removed
the previous limitation by which only long wavelengths in the infrared were accessible to ZOG-
based DOEs. Xu et al. (1995) and Schmitz et al. (1995) were the first groups to apply form
birefringence to the fabrication of computer-generated hologram (CGH). Yu et al. (2000, 2002)
extended form-birefringent design to two-dimensional polarization-selective CGHs. However, the
individual phase tranformations were restricted to binary values (0 or 7). Later on, Mirotznik et al.
(2004) further extended the method to synthesize DOEs that nearly have an arbitrary number of
phase levels, eliminating the artifacts produced by binary phase elements and allowing designers
to manufacture more general polarization-selective DOEs.

4.3.2 Polarizers

High-spatial-frequency metal gratings have long been recognized as an effective polarizer option
for the IR portion of the spectrum (Bird & Parrish 1960; Young et al. 1965). Wire-grid polariz-
ers (WGP) are indeed extensively used as polarization-sensitive elements in various applications,
ranging from remote sensing to displays for biomedical engineering, because of the excellent po-
larization performance and planar structure that allow them to be easily pixilated and integrated
into other optoelectronic devices. The wire grids of a WGP are made of a good conductor; if the
electric field is parallel to the wire grids (T'E polarization), they absorb and do not sustain an
electric vector at the surface. This makes the field strength of a T'E polarization order propagating
parallel to the surface much smaller than that of a T'M order whose electric field is orthogonal
to the wires of a WGP. In other words, an electric field oscillates orthogonally for the most part
with respect to grating wires as the light is transmitted through a wire-grid grating polarizer.
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For recent application examples, see, for instance, Nordin et al. (1999), and their micro-polarizers
for infrared imaging polarimetry, or Deguzman & Nordin (2001) for their stacked subwavelength
gratings as circular polarization filters. Let us also cite Wang et al. (2005b) who describe and
demonstrate nanowire-grid polarizers for the near-infrared with excellent extinction ratios. It is
to be noted that WGP are commercially available (Creech-Eakman et al. 2003). Polarizers are
one of the most prolific applications of subwavelength gratings.

4.3.3 Polarizing beam splitters

Polarizing beam splitters (PBSs) have numerous applications, such as magneto-optic data storage
in optical information processing and optical switching in optical communication. Conventional
PBSs, such as Wollaston prisms and PBS cubes, are both bulky and heavy, or applicable in
a narrow wavelength range. The compact size and light weight of subwavelength gratings are
advantageous to the miniaturization and integration of optical systems. Lopez & Craighead (1998)
calculated and manufactured a device that acts as a quarterwave plate at normal incidence and
as a polarizing beam splitter at an angle of incidence of ~ 40 degrees. Their device is made of a
multi-layer Si0,/Si3 N, surface-relief subwavelength grating with a period of 0.3 pm, designed for
an operating wavelength of 632.8 nm. They measured encouraging extinction ratio of about 25. Yi
et al. (2004) recently proposed a novel broadband polarizing beam splitter. Their compact design
is made of a sandwiched SiO,/Si subwavelength grating with a period of 100 nm, theoretically
providing a high polarization extinction ratio (> 1000) in a broad spectral range (from 1.3 to 2.3

pm).

4.3.4 Distributed index medium
Blazed binary subwavelength gratings

For beam deflection, the so-called blazed gratings can be designed to divert nearly 100% of the
incident power into a single diffracted order. However, it is not easy to fabricate the continuously
varying surface profile of the blazed grating with existing technology. To facilitate the manu-
facturing of such components, structures with multiple discrete surface levels were introduced.
According to the theory, a 16-level structure can deflect 99% of input beam power to a desig-
nated direction. But the multi-step alignment, particularly when the required feature size is less
than one wavelength, makes the manufacturing difficult once again. A binary-level subwavelength
grating with a space-variant (see here below) filling factor can mimic the quasi-linear phase trans-
mittance of a continuous blazed grating (Zhou & Drabik 1995). The advantage is of course at the
manufacturing step, which is easier for binary structures than for continuous ones. In some cases,
subwavelength gratings have also been demonstrated to provide efficiencies larger than those of
conventional discretized blazed gratings (Lalanne et al. 1998; Astilean et al. 1998; Lee et al. 2002).

Artificial graded-index medium

Graded-index medium are used for guiding, imaging, optical signal processing, mode matching,
coupling, and other applications. A graded-index profile can be achieved by gradually modifying
the filling factor of a one-dimensional subwavelength grating engraved into a slab waveguide along
one dimension, while the beam is confined in the other dimension by the waveguide. The use of
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subwavelength gratings offers the intrinsic advantages of on-chip integration such as miniaturiza-
tion, eliminating the need to align each component separately, and compatibility with standard
micro-fabrication techniques for manufacturability (for further details, see Levy et al. 2005).

4.3.5 Space-variant implementation of subwavelength gratings

Subwavelength gratings are said to be space-variant when the local characteristics (period, ori-
entation of the grating lines, etc.) of the structure spatially vary from point to point. Such
components are now extensively studied as polarization-control elements. The idea of using sub-
wavelength gratings with a space-variant implementation was first introduced by Davidson et al.
(1992). They showed that, by controlling the local direction and geometry of the subwavelength
grating, any polarization change and continuity can be obtained. It is of first importance to note
that sometimes, elements that can provide nonuniform space-variant polarization are required and
that such space-variant polarization manipulators are difficult to produce with natural birefringent
elements. Here are some example of practical applications:

- elements for transforming the polarization of high-power C'O, laser beams, e.g. converting
the azimuthal polarization into a linear polarization (Oron et al. 2000; Bomzon et al. 2002a)
or producing linearly polarized light with axial symmetry (Niv et al. 2003);

- computer-generated space-variant polarization elements with subwavelength metal stripes
for polarization coding of data in optical communication, optical computers and neural
networks, optical encryption (Dahan et al. 2005), tight focusing, beam shaping (Levy et al.
2004a), and particle trapping and acceleration (Bomzon et al. 2001b);

- elements for the generation of Pancharatnam-Berry geometrical phase (see the definition in
Sect. 6.3) in space-variant polarization-state manipulations (Bomzon et al. 2001¢) for the
formation of helical beams (useful in atoms/particles-trapping applications, see Biener et al.
2002), polarization-dependent focusing lens (Hasman et al. 2003) or propagation-invariant
vectorial Bessel beams (Niv et al. 2004), for instance;

- integrated components for real-time polarimetry (Bomzon et al. 2001a, 2002b,c; Biener et al.
2003b) which is very useful in military and civil remote-sensing applications;

- computer-generated depolarizers (Biener et al. 2003a) which are optical elements reducing
the degree of polarization of beams, independently of their incident polarization state with
application in optical measurement equipments, for instance;

- point-spread function shaper (Tsai et al. 2006);

- optical vortices (Niv et al. 2005b,a; Levy et al. 2004b) which will be considered in the
following chapter for their application in coronagraphy.

Let us conclude this chapter on the very interesting subject of optical vortices. It will be exten-
sively studied in Chapter 6. We will present and demonstrate the interest of using space-variant
subwavelength gratings optimized for coronagraphy thanks to the generation of achromatic optical
vortices.
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Abstract. We present in this chapter an original concept of phase-mask coronagraph imple-
mented with diffractive optical elements consisting of optimized subwavelength surface-relief grat-
ings. This integrated component is an evolution of the four-quadrant phase-mask coronagraph
(FQPM), which solves the known w-phase shift chromaticity issue of the latter. We call it the
four-quadrant zero-order grating phase-mask coronagraph (4QZOG).

5.1 FQPM with ZOGs: 4QZOG

We have already presented the FQPM coronagraph implemented by means of achromatic halfwave
plates (see Sect. 2.3). The concept of using birefringent elements in a nulling coronagraph has
therefore been successfully qualified. However, the lack of birefringent materials in certain wave-
length ranges like the thermal infrared, and some annoying issues like the bulkiness of the mount-
ing, or simply the difficulty of cutting and assembling the different plates together made us consider
the use of artificial birefringent elements (Mawet et al. 2006).

5.1.1 Implementation of the FQPM by means of subwavelength gratings

As stressed out in the previous chapter, subwavelength gratings are known to synthesize artificial
birefringent elements. Their implementation into an integrated FQPM can therefore be considered
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Figure 5.1: 4QZOG implementation. The four gratings engraved on a unique substrate are
strictly identical and integrated in the following way: two of them in two quadrants along one
diagonal are rotated by 90° around their normals with respect to the two others. This anti-
symmetrical configuration achieves the FQPM particular focal plane w-phase shift distribution
(see text for explanations).

and is illustrated in Fig. 5.1. Let s and p be the complex amplitude vectorial components of the
incoming light. In each of the four quadrants, the s and p global polarization states can be decom-
posed in the T'E; and T'M; vectorial complex amplitudes according to the line orientations of the
local grating in the 4, quadrant (i = 1,...,4). Indeed, the convention in normal incidence specifies
that the electric field of the T'E and T'M components vibrates in parallel and perpendicularly to
the grating lines, respectively. We have already shown in Sect. 3.3 that two effective indices nrg
and ngp; can be assigned to the corresponding T'E-T'M perpendicular polarization states. Let us
now assume that:

1. the four gratings engraved on a unique substrate are strictly identical;

2. they are integrated with the following implementation: two of them in two quadrants along
one diagonal are rotated by 90 degrees around their normals with respect to the two others.

The consequence of the first hypothesis is that the effective indices nrg, and npy, are identical
in each quadrant, i.e., nyg, = nrg and npy, = npyy, with 2 = 1,...,4. The second one gives the
particular anti-symmetrical configuration of Fig. 5.1 with the following result.

If, by construction,

2
AQSTEi—TMi = ThAnTEi—TMi
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Then the potentially-interfering parallel polarization states along the s-component direction for
example are phase shifted in the following way (j being an adjacent quadrant of 7)

2m

A¢TEFTM]» = 7 h(nTEi - nTMj)
2T

=~ Moz, —nru)

= A¢rp-—rm; BT

The same goes for the p-component direction. Consequently, for the s- and p-component direc-
tions respectively, the FQPM particular focal plane m-phase distribution is achieved, i.e., adjacent
quadrants are out of phase. Therefore, it works in natural light.

We will call this new structure the 4QZOG (four-quadrant zero-order grating). It must be
noted that the precision on the perpendicularity between the gratings is directly related to the
coronagraphic performance. It has to be finely controlled (see Sect. 8.4).

5.1.2 ZOG specific optimizations

The ZOG optimization consists in optimizing the m-phase shift quality within a given spectral
range for a well-chosen material. It also requires the equalization of the interfering fluxes, which
is difficult to achieve. The merit function to be minimized is the null depth over the considered
bandpass. The latter measures the darkness of the destructive interference taking place in the
pupil plane following the phase-mask coronagraph focal plane and is directly related to the phase-
shift error with respect to m, i.e., €, and the flux ratio ¢ between the orthogonal polarization states,
according to Eq. 2.6.

A well-adapted structure for example consists in a rectangular profile grating covered with
an AR layer which settles at the bottom of the grooves and on top of the ridges. As already
mentioned, subwavelength gratings can accommodate a large variety of materials and wavelength
ranges. The free parameters of the optimization concern the geometry of the grating: the period,
filling factor and thickness of the grating itself, and finally the thickness of the AR layer. Several
optimization algorithms can be used. Three were implemented and tested with our home-made
RCWA tool.

The first one is a so-called “medium scale optimization”. It uses the BFGS (Broyden 1970;
Fletcher 1970; Goldfarb 1970; Shanno 1970) quasi-Newton method with a mixed quadratic and
cubic line-search procedure. The BFGS formula is used for updating the approximation of the
Hessian matrix. The DFP (Davidson-Fletcher-Powell) formula, which approximates the inverse
Hessian matrix can also be used (Fletcher & Powell 1963; Fletcher 1980). The default line-search
algorithm, is a safeguarded mixed quadratic and cubic polynomial interpolation and extrapolation
method. This method generally requires fewer function evaluations but more gradient evaluations.
It is worth noting that the function to be minimized must be continuous, and that this algorithm
might only give local solutions.

The second one uses the “simplex-search method” as in Lagarias et al. (1998). This is a direct-
search method that does not use numerical or analytic gradients as the medium scale optimization.
If n is the length of x, a simplex in an n-dimensional space is characterized by the n+1 distinct
vectors that are its vertices. In a 2D space, a simplex is a triangle; in a 3D space, it is a pyramid.
At each step of the search, a new point in or near the current simplex is generated. The function
value at the new point is compared with the function’s values at the vertices of the simplex and,
usually, one of the vertices is replaced by the new point, giving a new simplex. This step is
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repeated until the diameter of the simplex is less than the specified tolerance. This algorithm is
generally less efficient than the first one for problems of order greater than two. However, when
the problem is highly discontinuous, it might be more robust, i.e., it can often handle discontinuity,
particularly if it does not occur near the solution which is sometimes the case with our application.
Also, it might only give local solutions.

“Genetic algorithms” have also been tried but with less success than the simplex-search method
which practically revealed to be the most efficient, i.e., the fastest to converge. The simplex method
was therefore used in most of the optimization procedures presented in this work.

5.2 Article: Subwavelength surface-relief gratings for stel-
lar coronagraphy

In the following paper, published in Applied Optics, we present and discuss the implementation of
a FQPM with subwavelength gratings. Optimized designs are presented and completely studied
thanks to the RCWA code presented in Sect. 3.2.3. A complete tolerance analysis is also per-
formed with the goal of assessing the feasibility of the component manufacturing by traditional
lithographic techniques.
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1. Introduction

Direct detection of faint sources around bright astro-
physical objects such as stars or active galactic nuclei
is difficult because of the large flux ratio between
them. For example, pB-Pictoris debris disk is 1000
times fainter than its host star in the visible spec-
trum. The study of such objects requires dedicated
instruments called coronagraphs. Coronagraphy has
been used in high dynamic imaging since its inven-
tion by Lyot in 1939.1 The Lyot coronagraph principle
is simple: it consists of an occulting mask at the tele-
scope focus, which is centered on the bright object,
and a well-dimensioned diaphragm, the so-called
Lyot stop, in the relayed pupil to remove diffraction
residuals. Lyot’s design proved to be efficient for solar
and stellar coronagraphy? and prolific, giving birth to
an entire new family of improved byproducts, the
so-called amplitude coronagraphs. Unfortunately,
amplitude coronagraphs possess a major inherent
weakness: The physical extension of the opaque zone
occults quite a significant region centered on the op-
tical axis and thus all the sources behind it. For ex-
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ample, let us mention the case of the recent notch-
filter mask.? This design presents a large central
opaque zone extending in the focal plane up to 3\/D
(D is the telescope diameter, whereas \ is the wave-
length), where the potential companion is still atten-
uated by at least 50%.

New types of coronagraph have been designed as
alternative solutions to the classical amplitude coro-
nagraphs. This family of components acts on the
phase instead of acting on the amplitude; they are,
therefore, called phase coronagraphs.# The phase
coronagraphs are not affected by the inherent central
“dead zone” of the amplitude coronagraphs. Rouan et
al.5 proposed in 2000 a promising design, the so-
called four-quadrant phase mask coronagraph
(FQPM). The principle is to divide the focal plane into
four equal areas centered on the optical axis, with two
of them providing a w phase shift. This causes de-
structive interference (“nulling”) to occur inside the
geometric pupil area (Fig. 1). The nulling phenome-
non’s quality determines the coronagraph’s perfor-
mance and is quantified by the value of the so-called
“nulling (or null) depth” coefficient over the consid-
ered spectral band.

The FQPM principle has been validated on the
bench in monochromatic light® and installed on the
NAOS-CONICA adaptive optics at the VLT (Very
Large Telescope) UT4. It has given promising prelim-
inary scientific results” and perspectives for future
instruments such as the James Webb Space Tele-
scope (JWST) (the infrared successor of the Hubble
Space Telescope) and VLT-PF8 (Planet-Finder, a pro-
posal for the second generation instruments of the
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Fig. 1. Basic FQPM coronagraphic optical bench scheme: L1, L2,
and L3 are three lenses in the optical system. L1 provides a large
(to minimize spatial defects) F/D ratio on the FQPM; L2 images
the pupil in the second plane. The Lyot stop (L-S) suppresses the
diffracted starlight, and, finally, 1.3 forms the coronagraphic image
on detector D.

Very Large Telescope). Manufacturing challenges of
the FQPM come from the 7 phase shift achievement.
So far only monochromatic masks have been realized
using thin-film deposition or etching techniques on
the “index step” principle: a step height A in a mate-
rial of refractive index n at wavelength \ induces a
phase shift:

2m

Unfortunately, this only works perfectly for a given
wavelength. The hyperbolic phase-shift dependence
in A makes it inapplicable for high-performance use of
such devices over a large spectral bandwidth . For
instance, the nominal performance of the monochro-
matic mask used on NAOS-CONICA in the K band
(2—2.4 pm) under well-corrected atmospheric turbu-
lence is about 2000 times weaker than in monochro-
matic laboratory experiments.® In this paper we
propose an original solution to achromatize and im-
plement the & phase shift on the FQPM so it could be
used over regular spectral bands corresponding to
classical astrophysical filters allowing high nulling
performances. Large band observations permit
shorter integration times and object characteriza-
tions by spectroscopic analysis. Our solution is based
on the dispersion of the so-called form birefringence
of subwavelength surface-relief gratings.

Section 2 is devoted to the presentation of the zero-
order gratings and to their very specific properties. In
Section 3 we will describe the original implementa-
tion of the gratings into the final coronagraphic com-
ponent. The theoretical design will be considered in
detail in Section 4, followed by discussion of a toler-
ance study in Section 5 to demonstrate the manufac-
turing feasibility. Finally, Section 6 will be dedicated
to the coronagraphic performance assessments.

2. Zero-Order Gratings

Zero-order gratings (ZOGs) consist of subwavelength
gratings, i.e., the period of the structure is smaller
than the wavelength of the incident light. They do not
diffract light in the sense that only the zero trans-
mitted and reflected orders are allowed to propagate
outside the grating region, leaving incident wave-
fronts free from any further aberrations.

The condition under which a diffraction order prop-
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agates or not is determined by the well-known grat-
ing equation

A m
N nsin 0+ n;grsin g,

(2)

where 0 is the angle of incidence; 0,, is the exit angle
of the mth order of diffraction; and n; and n; are the
refractive indices of the incident (superstrate) and
transmitting (substrate) media, respectively. By con-
vention, the plus sign with the index n; corresponds
to the reflection, and the minus sign corresponds to
the index nj; to the transmission. From this relation,
we can immediately derive a ZOG condition on the
grating period to the wavelength ratio

A 1
—= . . 3
N n;sin O + max(n, nyy)

Z0OGs present very specific properties: One-

dimensionally modulated ZOGs artificially create
unique anisotropic and dispersive characteristics
that can be used to synthesize achromatic wave
plates leading to a vectorial phase difference, i.e.,
between the vectorial polarization states TE (trans-
verse electric: the electrical field is perpendicular to
the plane of incidence, where the plane of incidence is
defined by the grating normal and the direction of the
incoming light) and TM (transverse magnetic: the
electrical field lies in the plane of incidence),

2w
Adrp_m = N hAng_y. 4)

To simulate grating responses and calculate the so-
called form birefringence Ang,, = Anpg_my in the sub-
wavelength and resonant domains (A = \), scalar
theories of diffraction dramatically fail. The vectorial
nature of light must be taken into account. Several
approaches are possible depending on the grating
period to wavelength ratio. In the quasi-static limit,
i.e., when the ratio A/\A << 1, a simple homogeniza-
tion treatment leads to the two following effective
indices for the TE and TM states of polarization (see
Born and Wolf®):

neff,(’)I‘E = I:F‘rl,a2 + (1 - F)nbz]W, (5)

1/2
" e

where n, and n, are the structure’s real indices, and
where F is the filling factor (ratio of the width of
grating ridges to the period, a/A) (see Fig. 2). This
straightforward approach is called the zero-order
effective-medium theory (EMTO0). When the ratio A/A
is no longer negligible, the latter closed-form expres-
sions for the effective refractive indices are no longer
correct. In such cases, the second-order effective-

o naznbz
Nero = 2 2
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Fig. 2. ZOG schematic presenting the main parameters of the
grating: the grating vector |K| = 2w/A perpendicular to the grat-
ing lines with A being the period, the grating depth &, and the
filling factor F' = a/A. (a) Two AR-layer design, where the AR-layer
thickness is h; = hs. and hy, + hy = h. (b) One AR-layer design,
where the AR-layer thickness is £, and h; = k. The grating (me-
dium II) is surrounded by the media I (superstrate) and III (sub-
strate). The incident light, making an angle 6 with the grating
normal, can be decomposed in its TE (transverse electric) and TM
(transverse magnetic) states of polarization.

medium theory (EMT2), which is deduced from the
electromagnetic propagation in stratified media the-
ory, allows us to derive these expressions for the ef-
fective indices!®;

TE e, LAYV 2
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= (neff,o ) +§ X 1TF(1_F)2

1 Ly TM\6 e |
X (z - 2) (emo ) (Mepro ) } . (8
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In addition to the dependence on the wavelength,
we also note the dependence of the effective indices
versus other parameters available in a design proce-
dure: the grating period A, the filling factor F, and the
grating real indices n, and n; (see Fig. 2). The wave-
length dependence of the effective indices is conse-
quently also found in the form birefringence Ang,,,.
This phenomenon is called the dispersion of form
birefringence. We must emphasize the term “form.”
Indeed, this property appearing just before the fron-
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Fig. 3. 4QZOG implementation: s and p are the vectorial complex
amplitude components of the incoming light of wave vector k. In
each of the four quadrants, the s and p global polarization states
are decomposed in the corresponding TE; and TM; vectorial com-
plex amplitudes according to the local grating line orientations (i is
the quadrant number). Two effective indices 7y, and nyy, can be
assigned to the corresponding perpendicular polarization states.
The four gratings engraved on a unique substrate are strictly
identical and implemented in the following way: two of them in two
quadrants along one diagonal are rotated by 90° around their
normals with respect to the two others. This antisymmetrical con-
figuration achieves the FQPM particular focal plane w-phase dis-
tribution (see text for explanations).

tier of the resonant domain is essentially given by the
geometry, no longer only by the intrinsic character-
istics of the materials. The key point is that, by
carefully controlling the geometry of the grating
structure, we will be able to tune the form birefrin-
gence to compensate for the hyperbolic dependence of
the phase shift [«1/\, see Eq. (4)] and thus make it
achromatic. This is a good example of refractive-
index engineering.

3. FQPM Implementation: the Four-Quadrant
ZOG (4QZ0G)

The implementation of the ZOG phase shifters into
the FQPM is straightforward and represented in
Fig. 3. Let s and p be the vectorial complex amplitude
components of the incoming light. In each of the four
quadrants, the s and p global polarization states can
be decomposed in the TE; and T'M; vectorial complex
amplitudes according to the line orientations of the
local grating in the ith quadrant, with: =1, ..., 4.
Indeed, the convention under normal incidence spec-
ifies that the electric field of the TE and TM compo-
nents vibrates parallel and perpendicular to the
grating lines, respectively. We have shown above that
two effective indices, ng, and ny, can be assigned to
the corresponding perpendicular polarization states.

1 December 2005 / Vol. 44, No. 34 / APPLIED OPTICS 7315



Let us assume now that (i) the four gratings engraved
on a unique substrate are strictly identical and (i1)
they are implemented in the following way: two of
them in two quadrants along one diagonal are rotated
by 90° around their normal with respect to the two
others.

The consequence of the first hypothesis is that the
effective indices ng and npy, are identical in each
quadrant, i.e., nrg, = ng and nqy, = npy, withi =1,
..., 4. The second one gives this particular antisym-
metrical configuration (Fig. 3) with the following re-
sult. If, by construction,

2
Ad)TEi—TMi = N hAnTEi—TMi

21
= N hARg oy =,

then the potentially interfering parallel polarization
states along the s component direction, for example,
are phase shifted in the following way (j being an
adjacent quadrant of 7):

™
Adrg-m; = -~ A(n1E, — )

27
= Y h(nTEi - nTMi)

= A(bTEi—TMi =,

The same goes for the p component direction. Conse-
quently, for the s and p component directions, respec-
tively, the FQPM particular focal plane w-phase
distribution is achieved, i.e., adjacent quadrants are
in phase opposition. Therefore, it works in natural
light. We will call this new structure the four-
quadrant ZOG (4QZOG). It must be noted that the
precision on the perpendicularity between the grat-
ings is directly related to the nulling performance. It
has to be finely controlled.

4. Design of the 4QZ0OG

Effective-medium theories are qualitatively interest-
ing to understand the underlying physical phenom-
ena, but only deal with zero-order diffracted waves
and disregard the evanescent higher-order ones. To
obtain the exact response of this kind of structure,
they have to be taken into account together with
external media influences in terms of multiple-beam
interferences, just as in the so-called rigorous coupled
wave analyses (RCWA).11 Moreover, this theory
gives, in addition to the phase, the intensity of the
diffracted waves (diffraction efficiencies).

A. Preliminary Considerations

The design procedure consists of the optimization of
the = phase-shift quality within a given spectral
range for a well-chosen material. It also requires the
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equalization of the interfering fluxes, which is diffi-
cult to achieve. Indeed, the difference between the
effective indices that induces the form birefringence
is also responsible for the resultant unequal TE/TM-
Fresnel reflection coefficients at the interfaces be-
tween the modulated region and the external media.
The merit function to be minimized is the null depth
N(\). The latter is directly related to the phase-shift
error with respect to m, e(\) = Abrp_mu(\) — 7, and the
flux ratio q()\) = nTE()\)/nTM()\)'

[1- a0 T+ e02ia00)
[1+ a0

We have investigated several ways to ensure a proper
flux balance, i.e., ¢ = 1. The principle is always the
same and consists of trying to minimize the index
discontinuities (impedance matching) at the inter-
faces by the following:

N\ = (9)

(i) Varying the grating profile: The structure can
have trapezoidal profiles instead of rectangular ones.
It reduces the parasitic reflection but keeps the an-
isotropy and a sufficient form birefringence disper-
sion up to a certain point.

(i) “Sandwiching” the grating: The superstrate
material can be chosen to avoid the brutal air-ZOG
interface.12 It is conceptually interesting and gives
good numerical results, but presents extreme manu-
facturing challenges, such as how to keep the grating
openings clear.

(iii) Depositing a classical antireflective (AR)
layer: The ZOG is AR treated with a single /4 layer.
The latter settles in the bottom of the openings and
on the top of the grating ridges [Fig. 2(a)]. This leads
to an original configuration, a three-layer grating
with a complex behavior governed by diffraction. We
demonstrate that this particular structure can be op-
timized to give interesting results.

Currently, subwavelength gratings are manufac-
tured more readily for the near-infrared and mid-
infrared domains because there are still difficulties
in imprinting submicrometer features. Hopefully,
the near-term potential applications (VLT-PF, for
example) of this technology concern this wave-
length domain. We will focus on the astrophysical
band filters H (1.475-1.825 pm), K (2-2.4 pm), and
N (9.3-11.6 pm). We have to choose among the re-
stricted list of infrared materials, but the ZOG tech-
nology is sufficiently flexible to accommodate the
majority of them. We will present results for dia-
mond, zinc selenide (ZnSe), cadmium telluride
(CdTe), silicon (Si), and germanium (Ge). This choice
is justified because these selected materials are com-
mon in infrared applications, they cover a large
refractive-index spectrum (2—4), and their etching
processes are well known.

B. 4QZOG Theoretical Analysis

The indices for diamond,'3 ZnSe,* CdTe,5 Si,'5 and
Ge (Ref. 15) will be taken from the following repre-



Table 1. Coefficients for Material Refractive-Index Representations

Coefficient Diamond ZnSe CdTe Si Ge
A 1 1 —2.373 X 1077 + 3.8466 1.600 X 10747 + 3.431 —6.040 X 1077 + 11.051 28
B 0.3306 4.463 95 8.057 X 10747 + 3.2215 —2.643 X 1072 9.295 X 10737 + 4.005 36
C 30625 0.0404 —1.10 X 10747 + 0.1866 4.324 x 1073 —5.392 X 107*T + 0.599 034
D 4.3356 0.461 32 —2.160 X 10727 + 12.718 -3.194 X 107* 4151 X 1077 + 0.091 45
E 11 236 0.1538 —3.160 x 10T + 18753 8.835 x 107 1.514 08T + 3426.5
F — 2.882 89 — — —
G — 2213.5 — — —
sentations: index. We also note that the rough null depth perfor-
mance is inversely proportional to the material index.
B)\2 DA2 Indeed, our AR-layer solution for the differential flux
) _ problem shows here its limitations. For this reason,
ndlamond,ZnSe,CdTe,Ge()\) (A + 2 + 2 . . . . .
N—C N-—-E and for the sake of simplicity, we will restrain our
FZ \ 12 analysig to ZnSe and diamond, both possessing the
+ 2) , (10) lowest-index values (near 2.4).
N -G Results for both selected materials in terms of null

ng(\) =A+B\+CN+ DN+ EX'. (11)

The corresponding coefficients are given in Table 1.
We assume an ambient temperature (T' = 298 K),
keeping in mind that corrections are needed if 7 is
different. Note that \ is expressed in micrometers in
all representations except for diamond, where it is
expressed in nanometers.

We have performed simulations for the H, K, and
N bands, assuming in each case a ZOG AR treated
with a YF; layer.1¢ Absorption and dispersion of YF,
have been taken into account (see Fig. 13 in Lemar-
quis et al.17). We chose YF; as a coating material, but
several other possibilities exist such as BaF,
and LaF,, which could be better choices according to
the substrate index. The grating structure in all these
simulations consists of a single rectangular profile
discretized into three levels to take the deposited AR
layer into account [Fig. 2(a)]. The results are always
discussed in terms of the null depth [Eq. (9)]. Despite
the flexibility in the design of the 4QZOG, there will
be a compromise on the substrate refractive proper-
ties. Indeed, the dispersion of the form birefringence
is proportional to the raw index n. Practically, n must
be greater than approximately 2 to sufficiently com-
pensate for the wavelength hyperbolic dependence of
the phase shift [Eq. (4)] and thus achromatize it.
Unfortunately, the intensity of the parasitic reflec-
tion phenomenon will also increase accordingly. We
have already discussed the flux imbalance problem,
but the Fresnel reflection will also be responsible for
a so-called second-order ghost in the final corona-
graphic image. This ghost comes from the double re-
flection on the back face of the substrate and on the
internal interface of the AR-treated ZOG. Its inten-
sity can be quantified assuming a reasonable AR per-
formance for the back side of the component, i.e.,
about 0.5% of reflectivity.

We can see in Fig. 4 that the ghost intensity level
significantly increases with the substrate refractive

depth are excellent either for the H, K, or N bands
(Figs. 5, 6, and 13). Indeed, the mean null depth
performances are at the 107° level over the whole
spectral range of the three considered band filters.
Without losing generality, we shall restrict further
analysis to the particular case of the K band. We have
explicated the performances in terms of phase-shift
quality and differential transmittances between the
TE and the TM states of polarization (Figs. 7 and 8).
The standard deviation of the phase around 7 is only
7 X 107 rad rms, which is good and indicates a small
residual chromaticity. As far as the transmittances
through the ZOG are concerned (zero-order diffrac-

45 K-Band 4QZ0OG
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O~ Ghost intensity o
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Fig. 4. Design level of performance according to the substrate
refractive index n. The ghost intensity level increases significantly
with n. We also note that the rough null depth performance is
inversely proportional to n. The best compromise is therefore for
the low-index values.
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L

tion efficiencies in transmission for the TE and TM
components), we note an important absorption due to
the YF; layer. This energy leakage affects the optical
throughput of the system but favorably reduces the
ghost level by absorbing a fraction of the internal
higher-order parasitic reflections.

The grating parameters of the K-band optimized
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Fig. 7. K-band 4QZOG phase shift between the TE and TM po-

larization states vs wavelength: the phase-shift quality is quanti-

fied by the phase-shift standard deviation o, (the less, the better),

which is at the very good level of 7 X 107° rad rms.
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Fig. 6. K-band 4QZOG null depth (logarithmic scale) vs wave-

length. The continuous curve is for the diamond YF; AR-coated

4QZOG, the dashed curve for the ZnSe YF; AR-coated one. p =~ 1.7

X 1075 is the mean null depth over the whole K band.

solutions for the ZnSe and diamond materials are
given in Table 2. All the fabrication aspects will be
considered in Section 5. These optimal parameter
sets have been calculated by implementing the sim-
plex search method!? with our RCWA algorithm. One

K-band 4QZOG
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Fig. 8. K-band 4QZOG transmittances (zero-order diffraction ef-
ficiencies in transmission for the TE and TM components) vs wave-
length, including the mean optical throughput of the component,
which is ~93.6%, taking absorption into account. The amplitude
peak-to-valley variations for the two polarizations TE and TM over
the whole band range from 1.5% to 3%.



Table 2. K-Band Diamond and ZnSe 4QZOG Parameters
(Two AR-Layer Design)

Parameters Diamond ZnSe
Grating period A 0.740 pm 0.708 pm
Grating depth 3.238 pm 3.116 pm
h (= hy + hy)

Grating filling factor ¥ 70% 72%
(= a/N)

YF; AR-layer thickness 423 nm 404 nm
hag (= by = hg)

can see that only minor corrections are needed be-
tween the ZnSe and the diamond designs; though
their dispersions are quite different, their indices are
very close. Parameters for other bands may be de-
rived by simple scaling operations, with little correc-
tions to take the index dispersion and/or absorption
of the substrate and AR layer again into account.

In conclusion, the results we obtained, taking
phase defects and amplitude inequalities into ac-
count, are very good with deep (=10°) average nulls
over the considered wavelength bands. This level of
performance is sufficient in the case of phase coron-
agraphy, as we will see in Section 6.

5. Tolerancing and Manufacturing

The filling factor (¥) is the determinant parameter of
the grating structure and the most difficult to control
during the fabrication process. Its influence can be
analyzed by varying it and finding the best solutions
in terms of the free parameters that remain; the
grating period, depth, and the AR-layer thickness.
Figure 9 shows the optimal configuration null depth
as a function of the grating filling factor F. This cal-
culation clearly points out that the best solutions
occur for the largest F with some local minima. The
corresponding parameter adjustments are given in
Fig. 10, where, for each F, the optimal period and
depth have been recomputed. We logically note that
the updated depth increases with F. Indeed, the form
birefringence that can be considered as an optical
anisotropy is inversely proportional to F, whereas its
wavelength dispersion increases accordingly. Conse-
quently, a given phase shift will be obtained for a
deeper grating. These considerations illustrate the
design’s strong sensitivity to the parameters.

To assess the actual feasibility of the component
fabrication, we have performed several tolerance sim-
ulations. By varying each parameter independently
around an optimal solution, the specifications would
impose an unrealistic tight control of the profile and
depth of the grating (at the nanometer level). We
have adopted a more physical approach that requires
the scanning of the parameter space searching afford-
able solutions in terms of a well-chosen merit figure.
In our application, the latter is the null depth as
defined in Eq. (9) and integrated over the whole con-
sidered wavelength band. These time-consuming
RCWA calculations have led to interesting results
(Fig. 11), demonstrating that the manufacturing is

Optimized Diamond K-band 4QZ0OG

T T T T

2 YF3 AR layer design

107+ 1
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)
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0.5 0.6
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Fig. 9. Null depth (logarithmic scale) versus the grating filling
factor (F). An optimal solution has been calculated at each F value.
We note that best null depths occur for the largest F values with
some local minima. We have overplotted in gray the one AR-layer
case in which we notice a tiny average degradation of the null
depth (negligible in our application) but a nonnegligible shift in
optimal filling factors for the manufacturing.

within the reach of current microelectronic technol-
ogy. The fabrication implies the traditional lithogra-
phy step defining the profile mask either with direct
laser writing or e-beam lithography and then the
transfer of the pattern into the substrate by plasma

15 10
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Fig. 10. Double plot of the grating depth and period vs the filling
factor (F). The calculations show the optimal recomputed grating
period (left) and depth (right) for the best null depth at each F. We
note that the depth increases with F. The period shows a parabolic
behavior.
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Fig. 11. 4QZOG null depth sensitivity (logarithmic scale) to the

grating depth 2 and filling factor F parameter variations. Each
point in this figure represents the average null depth over the
whole K band for a given set of 2 and F but retaining the best
solution among several AR-layer thicknesses (with a 2% tolerance)
to accommodate this a posteriori possibility of correction.

etching. These techniques are more adapted to small
filling factors. This is the reason why we have always
privileged the lowest ones in our optimal results, i.e.,
around F = 70% (see Fig. 11). It is to be noted that
such structures with similar aspect ratios (the aspect
ratio is the ratio between the grating depth and the
width of the grating ridges) have already been suc-
cessfully produced in silicon!8 using these methods.
Assuming a classical realistic resolution of 10 nm
in thickness (2%) for an a posteriori correction with
the AR layer, we can ensure a grating etching depth
tolerance of about 100 nm at the null depth level of
10~* (affordable solution). This result also assumes a
perfect a priori metrology of the photolithographic
mask using either the scanning electron microscope
or the atomic force microscope. These conclusions
have led us to seriously consider the fabrication of the
component that is under study with the collaboration
of “Adamantis AB” at the Angstrom Laboratory (Uni-
versity of Uppsala, Sweden). Indeed, they have de-
veloped a very robust and well-proven process for
diamond microstructuring.19-2° The preliminary man-
ufacturing assessments have already led us to con-
sider the possibility of depositing the AR layer on the
bare substrate before etching. In such a case, there
will only be one layer settling at the top of the grating
ridges [see Fig. 2(b)]. Corresponding numerical sim-
ulations have only tackled a tiny average degradation
of the final performances but negligible in our appli-
cation (Fig. 9). The reason is that the great-
est contribution to the parasitic Fresnel reflections
comes from the first interface (air—ZOG) where the
index discontinuities are the largest. It should be
noted that in the one AR-layer design, there is a
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Fig. 12. K-band 4QZOG coronagraphic profile (logarithmic scale)
vs the angular separation in \,./D unity, D being the telescope
diameter. The gray curve corresponds to the polychromatic Airy
disk. The dashed curve represents the wide band 4QZOG azimuth-
ally averaged profile where the peak-to-peak null depth is about
6 X 10 °. The continuous curve corresponds to the previous case
with a tiny circular Lyot opaque mask (0.55 A,.q/D of diameter) to
get rid of the chromatic residuals and ghost image. The peak-to-
peak null depth is approximately 107,

nonnegligible correction of the other grating param-
eters with respect to the two-layer one. In conclusion,
both designs work and the choice belongs to the man-
ufacturer.

6. Coronagraphic Simulations

We have performed polychromatic coronagraphic
simulations for the K-band 4QZOG. These calcula-
tions try to simulate the broadband response of the
component on a perfect optical bench. It thus only
tackles chromatic effects. We have linked the output
results of our RCWA code in terms of phase and
amplitude transmittances to a traditional Fourier
propagation coronagraphic simulator.2! The results
are excellent (Fig. 12) and are in good agreement with
the corresponding null depth curve (Fig. 6).

The polychromatic null depth on the Airy peak is
about 6 X 10°%. The 10" speckle level is very quickly
reached at 2\ ci/D  (Apea = 2.2 wm), where D is the
telescope diameter. Better performances (10~ on the
peak) can be achieved by placing at the center of the
component, a tiny* circular Lyot opaque mask of
0.55\ ,.q/D, which is the diameter encircling half of
the Airy disk energy. By doing this, we remove a large
part of the 4QZ0OG chromatic residuals and also pre-
vent the annoying ghost problem to a certain point.
These performances are comfortably 1 order of mag-
nitude above the H-band/K-band VLT-PF specifica-
tion. Indeed, the main limitation for ground-based
observations comes from the atmospheric turbulence
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Fig. 13. N-band 4QZOG null depth (logarithmic scale) versus
wavelength. The continuous curve is for the diamond YF; AR-
coated 4QZOG, the dashed curve for the ZnSe YF; AR-coated one.
p = 4 X 107° is the mean null depth over the whole K band.

residuals (the so-called speckles) after adaptive optics
corrections of the incoming fluctuating wavefronts.
For this independent reason, the baseline dynamic
will be limited to a maximum null depth of 107,

Another potential application of the 4QZOG could
be an infrared interferometer in the N band for
NASA’s Terrestrial Planet Finder and ESA’s Infra-
Red Space Interferometer—-DARWIN missions; the
main limitation of the nulling interferometer will be
the leakages from the partially resolved stellar diam-
eter. Therefore, the performance obtained in our
theoretical simulations (Fig. 13) would again be suf-
ficient.

7. Conclusion

We have presented an original solution to the chro-
maticity problem of the « phase shift for the FQPM
coronagraph by using subwavelength gratings
(ZOGs). Indeed, the birefringence of ZOGs can be
controlled by the geometry to compensate for the hy-
perbolic dependence of the phase shift and intrinsic
material dispersions. We call this new design the
“4QZ0OG.” The results (null depth = 107°%) are within
ground-based instrument specifications for exoplanet
detection (VLT-PF) and could also be envisaged
for future ambitious space-based missions (TPF/
DARWIN). We have also demonstrated the feasibility
of the component fabrication with realistic toler-
ances. Its manufacturing is under assessment by
“Adamantis AB” (Angstrom Laboratory, Uppsala
University, Sweden). It will be the subject of a forth-
coming paper.

D. Mawet acknowledges the financial support of
the Belgian “Fonds pour la formation a la Recherche
dans I'Industrie et dans ’Agriculture.” P. Riaud and
J. Surdej acknowledge the financial support of the
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5.3 Diamond FQPM and 4QZOG

It soon appeared that diamond was a privileged material for near-infrared coronagraphy because
of its exceptional properties. Indeed, as already mentioned in Sect. 4.2.5, diamond is not only
the hardest material on Earth, it also exhibits the highest thermal conductivity of all solids,
shows a record wide optical transmission window (from 200 nm to ~ 1 mm, with some absorption
features between 3 and 6 pm, see Annex B), is inert to most chemicals and extremely resistant.
Whereas those unique properties have been known for a long time there have been mainly two
hurdles limiting the usage of diamond in various applications: the lack of an industrially viable
process for producing synthetic diamond, and the extreme difficulty in machining diamond to
desired surface structures. In recent years there has however been considerable progress in the
development of chemical vapour deposition (CVD) processes for producing synthetic diamond,
resulting in high-quality diamond that can now be bought from several vendors.

5.3.1 Diamond FQPM

In the framework of our fruitful collaboration with ADAMANTIS AB (see Sect. 4.2.5), they were
asked by the LESTA to manufacture prototypes of FQPM in diamond for the coronagraphs of MIRI
(the mid-infrared camera and spectrometer of the JWST, see Sect. 1.5.3). The prototypes had to
be monochromatic, i.e., based on the index-step principle, and designed to operate at 4.77 and
15.5 pm. The step specifications were therefore hy7r = 4.77/2(Ngiamona(4.77) — 1) = 1.7271 pm
for the smallest wavelength and his5 = 15.5/2(ngigmena(15.5) — 1) = 5.6142 um for the largest
one. The manufacturing was done by standard lithography and etching techniques adapted to
diamond micro-structuring (see Sect. 4.2.5). The final result was really convincing with very steep
transitions between adjacent quadrants. The WYKO profilometer measurements gave a few tens
of nanometers of precision for the heights given above, leading to slopes approaching the ninety
degrees without any difficulty, which is one of the particularities of the used ICP-etching technique.

The two diamond FQPM were manufactured for two distinct wavelengths, i.e., with a given
step, which had to be accurately controlled for qualification. For that purpose, a low-resolution
spectroscopic device to disperse the coronagraphic image and hence derive the operating wave-
length was implemented on the LESIA optical bench. The principle is to use the coherence length
of the operating laser to measure the wavelengths of different orders k£ of the null, given that the
phase shift ¢ = (2k + 1)7, and according to the following relation

2m

2k+ 1) = )\—k(n()\,T) —1)h (5.1)
A transmission grating (110 lines/mm) with about 25% of transmission in the first order was
used to obtain a pixel sampling of about 0.26 nm on the CCD between 500 and 800 nm. The
wavelength calibration was performed on the He — Ne laser line at 632.8 nm and the sodium
yellow lines at 589 and 589.6 nm. A coronagraphic image was first acquired with a white halogen
lamp at 3400 K with a long exposure time (30-120 s). Then a direct image was recorded without
the coronagraphic mask (off-axis image) and a shorter exposure time (1-5 s). These two spectra
were then divided to derive the wavelength dependence of the rejection factor. By applying this
method for the control of the step height accuracy in the two diamond components, very precise
values could be measured, and were only a few nanometers out of the specifications (see Fig. 5.2).
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Figure 5.2: Low-resolution visible spectroscopy of diamond IR masks. Left: 4.77 pm mask with
a step measured at 1.731 pym. Right: 15.5 ym mask with a step measured at 5.586 pm. Courtesy
of Jacques Baudrand (LESIA).

The first component, optimized for 4.77 pm was then measured in the nulling mode at its
operating wavelength on the LESIA cryogenic testbed (Baudoz et al. 2004, 2006). For that, a
three-layer Y F3/ZnSe/Y F3 anti-reflection coating was first deposited on the masks by the Fresnel
institute'”. The measurements were again very convincing with stellar peak attenuations of ~ 400
while the measured contrast at 2\/D was as good as 107%. Still, this performance was limited
by the spectral resolution (R) = 10) and the angular size of the artificial source, not perfectly
point-like.

5.3.2 Diamond 4QZOG

This successful demonstration of the micro-structured diamond reliability for astrophysical pur-
poses has led us to envisage the manufacturing of a 4QZOG in diamond according to our calculated
design for the K band, and using the same advanced lithographyic techniques available and appar-
ently well mastered by ADAMANTIS AB. The specification were taken from Mawet et al. (2005¢)
and are summarized in Fig. 5.3.

The first trials of e-beam mask writing in PMMA were encouraging and after some iterations
finally approached the feature line specifications (Fig. 5.4). Unfortunately, for some very sad
reasons, this operation was not pursued further. We would like to warmly thank Mikael Karlsson
of ADAMANTIS for his fantastic work on diamond components. We are looking forward to
working again together.

"TLaboratory “Unité mixte de recherche” based in Marseille.
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Useful area = @5 mm

CVD diamond
substrate zJZ 6 mm
thickness = 0.5 mm

Pitch =770 nm - Fill factor = 69%
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CVD Diamond substrate

Figure 5.3: Schematic of the diamond 4QZOG specifications: period — 770 nm + 50 nm; filling
factor = 69%, i.e., openings = 239 nm =+ 10 nm; depth = 2900 nm =+ 20 nm. Orientation between
quadrants: +10 arcsec. Transitions at quadrant boundaries < 1um.
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Figure 5.4: SEM pictures of a 4QZOG pattern imprinted in a PMMA resin mask using e-beam
lithography. Courtesy of Mikael Karlsson (ADAMANTIS AB).
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Annular groove phase-mask coronagraph
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Abstract. We present in this chapter a totally new concept of phase-mask coronagraph imple-
mented with optimized subwavelength surface-relief gratings that provide an achromatic vectorial
phase shift. This original design consists in a space-variant subwavelength grating inducing an
optical vortex: the annular groove phase-mask (AGPM) coronagraph is fully symmetric and free
from any “dead zomes”, i.e., focal-plane areas where potential companions or circumstellar features
are attenuated, or hidden.

6.1 Principle of the AGPM

The idea of the annular groove phase-mask (AGPM) coronagraph was to suppress the “dead zones”
resulting from the quadrant transitions of the FQPM /4QZOG. Indeed, the latter induce a non-
negligible attenuation of the superimposed circumstellar features or potential companions lying
on them (Riaud et al. 2001). These dead zones represent quite a significant portion of the focal
plane (about 10% at 6A/D). They induce a substantial loss of discovery space and information as
well as obvious misleading artifacts in the case of extended objects like circumstellar disks (see,
e.g. Sect. 1.3.3).
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6.1.1 Space-variant subwavelength gratings leading to optical vortices

The concentric grooves of the AGPM coronagraph (Fig. 6.1) are in fact a space-variant subwave-
length grating that synthesizes a spiral-phase plate leading to the subsequent formation of an
optical vortex. Indeed, at the center of the component, the phase possesses a screw dislocation
inducing a phase singularity, i.e., an optical vortex. The central singularity forces the intensity
to vanish by a total destructive interference, creating a dark core. The optical-vortex dark core
propagates and is conserved along the optical axis.

Figure 6.1: Schematic of the AGPM specific space-variant implementation of subwavelength
gratings together, with the induced spiral phase ramp of 4.

6.1.2 Optical vortices as coronagraphs

Vortices are fascinating features of waves and are commonly found in nature. In fluids, they
appear as whirlpools, smoke rings, hurricanes, tornadoes. In cosmology the spirals of galaxies
can be considered as vortices with their central singularity as well: supermassive black holes are
suspected to be at the center of massive galaxies. In quantum mechanics, they are known to form
in Bose-Einstein condensates, superfluids and superconductors. Optical vortices have been for
twenty years at the heart of a resurgence leading to new potential applications, and among them,
one of particular interest in modern astrophysics.

Whether a dark core is created in the pupil or focal plane of a telescope will determine the
way it further evolves. In Swartzlander (2001), the author already proposed to create an optical
vortex in the pupil plane to peer at the faint monochromatic signal in the relayed focal plane
with appropriate filtering. In Mawet et al. (2005b), we proposed to do the inverse, i.e., creating
an optical vortex in the focal plane, filtering in the relayed pupil plane and making the detection
in a final image plane. This solution is theoretically much more attractive. Indeed, unlike the
“optical vortex coronagraph” presented in Swartzlander (2001), it can be analytically demonstrated
(Mawet et al. 2005b, see here below) that the theoretical attenuation of the AGPM is infinite
in the ideal case'®. Furthermore, the ZOG unique properties permit a broadband use as in
the 4QZOG case whereas the component proposed in Swartzlander (2001) is monochromatic.

8This remarkable property has later on been independently confirmed in Foo et al. (2005).
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Indeed, the ZOG parameters (period, depth, filling factor) are the same in the 4QZOG and AGPM
configurations. The only difference between them concerns the geometry of the subwavelength
grating implementation.

6.2 4QZOG vs AGPM

As can be seen in Fig. 6.2, the phase behavior of the AGPM is totally different from that of
the 4QZOG (or FQPM) one. In the focal plane, the spatial variation of the phase is completely
smooth for the AGPM while abrupt at the quadrant transitions for the 4QZOG (or FQPM). In
the relayed pupil plane the rejection outside the pupil area is circularly symmetric for the AGPM
while concentrated in four zones for the 4QZOG (FQPM). These simulated images stress out the
advantage of the AGPM versus 4QZOG (FQPM) as far as discovery zone is concerned. In the
case of extended objects, such an advantage of the AGPM over the 4QZOG (FQPM) is significant
and not to be neglected.

Figure 6.2: 4QZOG versus AGPM. Top: 4QZOG (left) vs AGPM (right) focal plane phase
distribution of the product of the mask with a slightly aberrated Airy pattern (the phase scale in
radian goes from —m/2 to 7/2). We distinguish the brutal vs smooth phase transitions of the first
with respect to the second. Bottom: pupil-plane intensity distribution. In both cases, the light is
rejected outside the geometric pupil area but in the AGPM case (right), it is completely circularly
symmetric.
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6.3 Article: Annular Groove Phase-Mask Coronagraph

In the following paper, published in the Astrophysical Journal, we present the AGPM through a
complete vectorial analysis, mixing a Jones-matrix formalism to RCWA. From the principle and
RCWA calculations to realistic coronagraphic simulations, this original component is proven to
be very interesting.
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ABSTRACT

We present a new phase mask coronagraph consisting in an optical vortex induced by a space-variant sur-
face relief subwavelength grating. Phase mask coronagraphy is a recent technique aiming at accommodating both
high dynamic and high angular resolution imaging of faint sources around bright objects such as exoplanets orbiting
their parent stars or host galaxies of active galactic nuclei. Subwavelength gratings are known to be artificially bire-
fringent. Their unique dispersive characteristics can be controlled through the grating geometry in order to synthe-
size achromatic phase shifters. We show that implementing them in a ring-shaped way produces a fully symmetric
and achromatic coronagraph without any gap or “dead zone.”” The practical manufacturing of the device is also

discussed.

Subject headings: circumstellar matter — planetary systems — techniques: high angular resolution

1. INTRODUCTION

Direct detection of faint sources around bright astrophysical
objects such as stars or active galactic nuclei (AGN) is very dif-
ficult due to the large flux ratio between them. For example, an
Earth-like exoplanet is typically 6 x 10° times fainter than its host
star in the visible and 7 x 10° times fainter in the thermal infrared,
while the contrast of already known debris disks around main-
sequence stars is generally larger than 1000 in the visible (e.g., 8
Pictoris’s disk; see Smith & Terrile 1984). The circumnuclear
structures of AGNs (obscuring torus, jet-induced structures,
etc.) are at least 100 times less luminous than the central engine
at visible and near-IR wavelengths (e.g., NGC 1068; see Rouan
et al. 2004, for instance). The study of such objects therefore re-
quires dedicated instruments such as coronagraphs. Current co-
ronagraph designs are either pure amplitude masks (Lyot 1939)
or pure phase masks (Roddier & Roddier 1997; Rouan et al. 2000;
Soummer et al. 2003). Let us mention the special case of the
achromatic interferocoronagraph (AIC; Gay & Rabbia 1996),
which consists of a single-pupil achromatic nulling interferom-
eter and also the so-called vortex spatial filter, which is a mono-
chromatic pupil plane mask (Swartzlander 2001). The phase
mask coronagraphs have been designed as alternative solutions
to the amplitude coronagraphs to correct their inherent weak-
ness: the physical extension of the opaque zone occults quite a
significant fraction of the central field and thus all sources lo-
cated behind it, i.e., near the bright object.

The four-quadrant phase mask coronagraph (FQ-PM) pro-
posed by Rouan et al. (2000) is a very well performing design.
The principle is to divide the focal plane into four equal areas
centered on the optical axis, with two of them on a diagonal
providing a 7 phase shift. This causes destructive interference
(“nulling”™) to occur inside the geometric pupil area. The FQ-PM
coronagraph has been validated on a laboratory bench in mono-
chromatic light (Riaud et al. 2003) and installed on the NAOS-
CONICA adaptive optics instrument (Boccaletti et al. 2004) at
the ESO’s Very Large Telescope (VLT). It has given promising
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preliminary scientific results (Gratadour et al. 2005) and per-
spectives for future instruments such as the European Mid-IR
Instrument for NASA’s James Webb Space Telescope (Baudoz
et al. 2005) or the VLT Planet Finder, a second-generation in-
strument for the VLT (Mouillet et al. 2003). Unfortunately, the
FQ-PM still possesses two drawbacks. First, the 7 phase shift is
difficult to achieve in practice without or with a low chromatic-
ity. Several solutions have nevertheless been studied; a very
promising one we have recently proposed uses the unique dis-
persive characteristics of subwavelength gratings (Mawet et al.
2005). Second, the four phase transitions between adjacent quad-
rants create four 4/D-large “dead zones,” where the potential
circumstellar signal or companion is attenuated by up to 4 mag
(Riaud et al. 2001).

In this paper, we propose a new design of a phase mask
coronagraph derived from the FQ-PM that inherently allows
the reduction of the chromaticity issues down to an acceptable
level and totally suppresses the annoying dead zones of the lat-
ter. This new coronagraph is referred to as the annular groove
phase mask (AGPM) coronagraph, since it is made up of a con-
centric circular subwavelength grating (see Fig. 1). The paper
is organized as follows. In § 2 we present the principles of the
AGPM coronagraph by introducing the subwavelength grat-
ings, describing their so-called space-variant implementation,
and finally discussing the chosen design. Section 3 is devoted to
the realistic numerical simulations of the AGPM performance
based on a three-stage modeling. In § 4 we briefly provide some
manufacturing hints. Finally, we conclude by giving some per-
spectives on future applications in § 5. Some results and math-
ematical developments are detailed in the appendices.

2. PRINCIPLES OF THE AGPM CORONAGRAPH

The AGPM coronagraph is a focal plane microcomponent con-
sisting of a concentric circular surface-relief grating with rectan-
gular grooves of depth /4 equally separated by the period A (see
Fig. 1). This coronagraph, working in natural light, is a pure vec-
torial phase mask, i.e., it induces a differential phase shift be-
tween the local polarization components of the incident natural
(or polarized) light. As for every other coronagraph, the AGPM
coronagraph is complemented by a well-dimensioned diaphragm
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Fic. 1.—AGPM coronagraph scheme. The AGPM consists of a concentric
circular surface-relief subwavelength grating with rectangular grooves of depth
h and a periodicity A.

in the relayed pupil plane (Lyot stop) to suppress the diffracted
starlight (for the optical implementation, see Fig. 2).

2.1. Subwavelength Gratings

When the period A of the grating is smaller than the wave-
length of the incident light, it does not diffract as a classical
spectroscopic grating. All the incident energy is forced to prop-
agate only in the zeroth order, leaving incident wave fronts free
from any further aberrations. The subwavelength gratings are
therefore often called zeroth-order gratings (ZOGs). Whether a
diffraction order propagates or not is determined by the well-
known grating equation, from which a “ZOG condition”’ on the
grating period to wavelength ratio can be derived,

A 1
Z<
AT

(1)

. b
nysin x + max (ng, nup)

where x is the angle of incidence and n; and nyy; are the re-
fractive indices of the incident (superstrate) and transmitting
(substrate) media, respectively (see Fig. 3). This type of grating
behaves like homogeneous media with unique characteristics,
which can be used to synthesize artificial birefringent achro-
matic wave plates (Kikuta et al. 1997; Nordin & Deguzman
1999) or monolithic antireflective structures (see, e.g., Karlsson
& Nikolajeff 2003). Quarter-wave or half-wave plates are ex-
tensively used in astrophysics for polarimetric studies. Subwave-
length gratings constitute an elegant and flexible solution to
produce these plates.

The key point is that by carefully controlling the geometry of
the grating structure (via the grating parameters: the period A, the
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Fic. 3—ZOG scheme presenting the main grating parameters: the grating
vector |K| = 27/A, perpendicular to the grating lines, where A is the period; the
grating depth 4; and the so-called filling factor F, such that FA is the width of
the grating ridges. The vectors TE and TM are the vectorial orthogonal po-
larization components of the y-incident light. Here n; and nyyy are the refractive
indices of the incident and transmitting media, respectively. The parameters 7,
and n, are the refractive indices of the grating itself (in our case, n; = n; and
ny = nyy). Finally, TE is the transverse electric vibration, where the electric field
vector is perpendicular to the plane of incidence (the plane of incidence is
defined by the grating normal and the direction of the incoming light, in our case
by the grating normal and the grating vector), and TM is the transverse magnetic
one (the electric field vector lies in the plane of incidence).

depth 4, and the width of the grating ridges F'A, where Fis the fill-
ing factor), one can finely adjust the so-called form birefringence

Antg_tm(4) = nte(Ad) — ntm(4), (2)

where n1g and nty are the two effective indices associated with
the subwavelength structure, one for each polarization state: TE
(transverse electric, see Fig. 3) and TM (transverse magnetic).
Intuitively, one can understand this artificial anisotropy and the
existence of two distinct effective indices: the incident light sees
two different media as its vectorial components vibrate parallel
or orthogonal to the grating lines. The goal is to make the form
birefringence proportional to the wavelength in order to com-
pensate for the hyperbolic dependence of the subsequent dif-
ferential phase shift between the two polarization components
TE and TM and thus achromatize it at the required value of ,

2
Adre—t™m(4) = %hAnTE—TM()L) T, (3)

where / is the optical path through the birefringent medium.

2.2. Space-variant ZOGs

The concentric circular grooves of the AGPM coronagraph
are in fact what is called a “space-variant” ZOG: when the local
characteristics (period, orientation of the grating lines, etc.) of
the structure vary from point to point, it is said to be space var-
iant. Such components were recently extensively studied as po-
larization control elements (Niv et al. 2003; Biener et al. 2002;

L1 AGPM L2

LS

L3 D

Fic. 2.—Basic AGPM coronagraphic optical bench scheme. L1, L2, and L3 are three lenses in the optical system. L1 provides a large (to minimize spatial defects)
F/d ratio on the AGPM, L2 images the pupil in the second plane, the Lyot stop (L-S) suppresses the diffracted starlight, and finally L3 forms the coronagraphic image

on the detector D.
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Fic. 4—Space-variant ZOG vectorial analysis. Here s and p are the unit
vectors of the chosen Cartesian basis, whereas w and r are the polar coordinate
unit vectors. In addition, TE (transverse electric) and TM (transverse magnetic)
are the polarization unit vectors according to the local grating line orientations.
By definition, in normal incidence, the TE (TM) components are orthogonal
(parallel) to the local grating vector K(s, p) [= K(w, )], spanning angles 6(s, p)
and 6’ (w, r) with respect to s and r, respectively. Finally, A(s, p) [= A(w, r)] is the
grating period.

Bomzon et al. 2002; Levy et al. 2004). Applications are numer-
ous: for example, polarimetry, laser-beam shaping, laser machin-
ing, tight focusing, particle acceleration, and atom trapping.
Space-variant ZOGs are typically described by a function rep-
resenting the grating vector spatial variation,

K(s,p) = Ko(s, p)|cos (s, p)s + sin 6(s, p)p], (4)

where s and p are the Cartesian unit vectors and Ky(s,p) =
27/A(s, p) is the grating vector modulus corresponding to the lo-
cal period A(s, p). Here 6(s, p) is the local direction of the grat-
ing vector with respect to s, the space-variant grating vector
always being perpendicular to the local grating lines (see Fig. 4).
In polar coordinates, we have

K(r,w) = Ko(r, w)[cos 0'(r,w)r +sin 0’ (r, w)w],  (5)

where r and w are the polar coordinate unit vectors. Here 6’(w, )
is the local direction of the grating vector with respect to r (see
Fig. 4). Let us now consider the general case of the spiral geo-
metric phase space-variant ZOGs. The grating groove direction
in this case is given by 0(s, p) = L,w/2 or 0'(r,w) = (1,/2 — 1w,
where [, is the so-called topological Pancharatnam charge (a
nonsigned integer; see Appendix B). The grating vector there-
fore becomes

K(r,w) = Ky(r, w){cos [(lp/2 - l)w}r + sin [(ZP/Z - l)w] w}.
(6)

The continuity of the grating grooves is ensured by imposing
V x K = 0, which also implies that the grating vector derives
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Fic. 5.—Binary grating geometry for topological charges /, ranging from 1 to
6. Only the /, = 2 geometry possesses the required circular symmetry for use
with constant ZOG parameters, which permit achromatization. The component
centers have been occulted for presentation purposes.

from a grating function ® (K = V®). Integration over an arbi-
trary path yields

1,/2—1
ro (10" cos (I,/2 — Dw
-2 (2 i £,
2= Mo <’> G- " """ @)
20- 21 (), I, =2.

This function describes a family of binary gratings depend-

ing on the topological charge /, (Fig. 5). Let us remark that

the continuity criterion has been introduced for manufacturing

convenience. In the [, = 2 case, the circular symmetry allows the

choice of any pure radial function. The AGPM corresponds to
r

D rgpm(r, w) = 27TA—, l, =2. (8)
0

The family of spiral phase space-variant ZOGs creates an
“optical vortex.” Indeed, at the center of these components, the
phase possesses a screw dislocation inducing a phase singular-
ity, i.e., an optical vortex. The central singularity forces the in-
tensity to vanish by a total destructive interference, creating a
dark core. This dark core propagates and is conserved along the
optical axis. Whether a dark core is created in the pupil or focal
plane of a telescope will determine the way it further evolves.
Swartzlander (2001) proposed to create an optical vortex in the
pupil plane to peer at the faint monochromatic signal in the re-
layed focal plane with appropriate filtering. In this paper, we
propose to do the inverse, i.e., to create an optical vortex in the
focal plane, filter in the relayed pupil plane, and make the detec-
tion in a final image plane. This solution is theoretically much
more attractive, as we will see. Furthermore, the ZOG’s unique
properties permit an efficient broadband use.

2.3. AGPM Coronagraph

The AGPM coronagraph corresponds to the spiral phase
of topological charge /, = 2, implying that the Pancharatnam
phase (see Appendix B) undergoes two 27 phase jumps within
one revolution around the optical axis (see Fig. 6). This phase
modification results solely from the polarization manipulation
and is purely geometrical in nature. In the /, = 2 case, a given
polarization state repeats itself 2/, = 4 times. This point is ar-
gued for the linear polarization case in § Al (a full analytical
treatment of the polarization using space-variant Jones matrices
is presented in Appendix A). We also show in § A2 that the
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Fic. 6.—Pancharatnam phase ramp of the AGPM coronagraph: ¢, = 2w.
The associated topological charge is /, = 2. Within one revolution around the
optical axis, i.e., w = 2, one easily confirms that ¢, = 2(2m).

Jones vector for the output components can also be described in
a helical polarization basis, with right-handed (RC) and left-
handed (LO) circularly polarized input fields. In this particular
case and under ideal conditions, we obtain at the output

0 e—i(2w+7r/2)
RC = [el_(ZM/z) } LO = l . . 9)

The Pancharatnam phase clearly appears as the argument of
the exponential, ¢, = 2w. Therefore, within one revolution,
i.e., w = 2m, one easily confirms that ¢, = 2(27). In addition,
the helical basis allows us to decouple the output polarization
components. This facilitates the forthcoming Fourier analysis.

We demonstrate in Appendix C, thanks to Sonine’s integral
(Sneddon 1951, p. 55), that in the /, = 2 configuration the vortex
propagation up to the relayed pupil plane evolves into a perfect
destructive interference, totally rejecting the starlight outside
the geometric pupil area (we also analytically demonstrate that
the perfect attenuation holds true for even values of /). Like the
FQ-PM, the theoretical attenuation of the AGPM is therefore
infinite in the perfect achromatic and circular filled pupil case
(Riaud et al. 2001). We have also chosen the /, = 2 case for the
following reason: in order to be achromatic, the space-variant
Z0G local characteristics (grating period, depth, and filling fac-
tor) are well defined and do not tolerate any departure from op-
timal values within the tolerances (see § 4). We note in Figure 5
that only the /, = 2 case affords the required symmetry to ful-
fill this constraint. The other configurations (I, # 2) all imply a
variation of the grating period that would destroy the achromatic
characteristics of the phase shift. Moreover, such a variation of
the period could lead the grating to exit the subwavelength
domain with dramatic consequences: higher diffraction orders
would show up.

The AGPM implementation of the space-variant ZOG is
thus totally circularly symmetric. The grating vector is constant in
modulus and aligned with the radius. In other words, the AGPM
coronagraph can be seen as a FQ-PM coronagraph in polariza-
tion. Indeed, if we consider the four cardinal points on the AGPM,
the resulting phase shift distribution is analogous to the FQ-PM for
each parallel potentially interfering polarization state (see Fig. 7).
This argument holds true for each azimuth angle and for each ra-
dius, and thus for the whole focal plane.

Vol. 633
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Fic. 7.—AGPM scheme and analogy with the FQ-PM coronagraph. The
AGPM can be seen as a polarization FQ-PM. The parallel potentially interfering
polarization states are out of phase according to the FQ-PM focal plane phase
shift distribution. Here ¢ 1 and ¢y are the output phases of the polarization
components TE and TM such that A¢tg_1tv = |p1E — pTM| = 7.

3. NUMERICAL RESULTS IN A REALISTIC CASE

We have performed realistic numerical simulations that rely
on a three-stage modeling:

1. A “rigorous coupled wave analysis” stage, where the
form birefringence of the local grating is optimized, leading to
the space-variant ZOG Jones matrix Jzog(s, p). At this stage,
the final performance of the coronagraph can already be quan-
tified by the null depth.

2. The analytical polarization treatment based on Jones cal-
culus, which gives the spatial distribution of the linear/helical
polarization components of the incident light. We use for this
step the results obtained in Appendix A.

3. A scalar far-field Fourier propagation coronagraphic code
for each polarization state.

To simulate the grating response and calculate the form bire-
fringence Angym = Antg_TMm in the subwavelength and reso-
nant domain (A =& 1), scalar theories of diffraction dramatically
fail. The vectorial nature of light must be taken into account,
implying a resolution of the Maxwell equations by the so-called
rigorous coupled wave analysis (RCWA; Moharam & Gaylord
1981). RCWA gives the full diffractive characteristics of the
simulated structure.

The ZOG form birefringence optimization has already been ex-
tensively presented in Mawet et al. (2005) in the context of the
FQ-PM achromatization for the H, K, and N bands (4QZOG). We
focus here on the mostly used K band, but the conclusions are
applicable to other band filters. In Figure 8 we present the RCWA
results for a subwavelength surface-relief grating engraved on
the surface of a diamond (C) or ZnSe substrate and covered by a
~A/4 antireflective (AR) layer of YF3. The latter settles at the
bottom of the grooves and on top of the grating ridges. The null
depth, which characterizes the darkness of the destructive inter-
ference taking place in the relayed pupil plane of the telescope,
takes into account the phase errors with respect to m, €(1) =
A¢te_tm(A) — 7, and amplitude mismatches g(1) = nte(L)/
ntM(4) in the following way:

aD]” + e /a)
1+ /a@)’

NQ) = [1- (10)
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Fic. 8.—K-band AGPM coronagraph null depth vs. wavelength. The solid
curve is for the diamond YF; AR coated ZOG. The dot-dashed curve is for
the ZnSe YF3 AR coated one. The mean null depth over the whole K band is
p1.7x1073,

We can notice in Figure 7 the efficiency of the ZOG solution in
solving the chromaticity problem for the K band with a mean
null depth ;1 = 1.7x 107>, As said before, deep nulls can also be
achieved for other usual band filters (see Table 1). It must be
noted that the optical throughput efficiency of the optimized
Z0G is >90%. For the sake of clarity, the third stage of the AGPM
simulations (Fourier propagation) has been performed for the
Kband only. We have used an IDL code for Fraunhofer diffraction
analysis (Riaud et al. 2001). To minimize the aliasing effect of
the fast Fourier transform, we have used large arrays (up to
2048 x2048) for the calculation. The intrinsic performance of the
coronagraph will be limited by the phase residuals with respect
to 7 and the transmittance mismatches between the two polar-
ization states TE and TM, as well. We have also assumed wave
front qualities of 4¢p/250 rms, where A is the central wavelength
of the considered filter. In our case (K band: 4y = 2.2 um), this
hypothesis leads therefore to wave front qualities of ~A4/70 rms,
with 4 = 632.8 nm. This is quite a severe but somewhat realis-
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tic figure. Indeed, the Virgo team (Mackowski et al. 1999; Brillet
et al. 2003) has demonstrated state-of-the-art mirror quality with
an excellent polishing realization (4/226 rms at 632.8 nm) within
the framework of gravitational wave detection. This technology is
directly applicable to our case.

The final results of our three-stage calculation are excellent
(see Fig. 9). As demonstrated in Appendix C in an analytical
way, the starlight is rejected outside the geometric pupil area in
a fully symmetric annular shape. The smoothness of the phase
shift occurring in the focal plane ensures the absence of the dead
zones induced by the FQ-PM/4QZOG quadrant transitions. The
final K-band polychromatic image reveals the simulated compan-
ion 15 mag fainter. The coronagraphic profile functions of the
angular separation in A/d (d is the telescope diameter) show a peak-
to-peak attenuation of about 107> (Fig. 10). The speckle level
of ~1077 is quickly reached at a few 4/d. The AGPM corona-
graphic behavior is very similar to the achromatic 4QZOG coro-
nagraph (Mawet et al. 2005), but with a total symmetry.

Figure 11 presents the attenuation of the off-axis simulated
companion, which is also quite similar to the FQ-PM/4QZOG
in its best configuration, i.e., only along the two diagonals. Indeed,
as mentioned in the introduction, the FQ-PM/4QZOG quadrant
transitions induce a nonnegligible attenuation of the superim-
posed circumstellar features lying on them. These dead zones
represent quite a significant portion of the focal plane (about
10% at 6A/d). Thanks to the perfect AGPM circular symmetry,
this problem does not exist anymore. We also note that the in-
ner working angle of the AGPM is very good, peering well under
Ald. As far as stellar leakage is concerned, numerical simulations
show that it increases as Hf/ . close to the optical axis, just as the
FQ-PM/4QZOG (where 6,4 is the angle from the optical axis).
In fact, calculations show that for a vortex of topological charge
Ly, the stellar leakage grows as 67 ,.

4. MANUFACTURING

In the K-band diamond AGPM case, for instance, the local
Z0OG optimal parameters are

1. period, A = 740 nm;

2. filling factor, F' = 70%;

3. total depth, 2 = 3.240 pum; and
4. AR layer thickness, 420 nm.

The fabrication of the AGPM coronagraph implies no devel-
opments other than those for the 4QZOG (Mawet et al. 2005),
which is currently under assessment in diamond by Uppsala
University’s Angstrom Laboratory “Adamantis AB” (Karlsson

TABLE 1
AGPM AcHROMATIZATION (NULL DEPTH) FOR VARIOUS BAND FILTERS: VISIBLE, NEAR-IR AND MiD-IR

FiLTerR
PARAMETER V (R, =5.5) I (R, =3.75) J (R, =4.16) H(R,=4.7)
Null depth (0n-axis).........ccoeveeee 2%x1073 1.35x107* 6.5x107 3.5%x107°
Expected contrast (at 34/d)......... 1.66x1077 1.12x107¢ 5.42x1077 2.92%x1077
Grating period (Am)......orooo... 280 (n-LAF32) 305 (C) 400 (C) 525 (C)
K (R, =5.5) L (R; = 6.3) M (R; = 16.6) N (R, = 4.86)
Null depth (on-axis)..........co........ 1.7x1073 8.4x107° 5%1077 4x1073
Expected contrast (at 34/d)........ 1.42x1077 7x1078 4.2x107° 3.3x1077
Grating period (1m) ..oevreoer... 0.740 (C) 1.28 (C) 1.7194 (C) 3.29 (C)

Nores.—Here R; = A/AZ is the spectral resolution. C stands for CVD diamond, while n-LAF32 refers to a high-

index Schott glass.



Fic. 9.—Numerical simulation illustrating the diffractive behavior of the AGPM coronagraph. (a) Airy pattern provided by a perfect telescope without central
obscuration. We have also added a companion 15 mag fainter located 24/d (1 = 2.2 um) away from the star. (b) Complex amplitude of the star phase shifted by the
mask. We note that the phase mask effect is close to that obtained for the FQ-PM coronagraph, but without any discontinuity left. (¢) Picture showing the starlight
rejection in the relayed pupil plane. The diffraction pattern is annular and symmetric in this configuration. (d) Resulting coronagraphic image for the full K band,
where the fainter companion is clearly visible. All images are displayed with a nonlinear scale.
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& Nikolajeff 2003; Karlsson et al. 2001). The manufacturing is
based on microelectronic technologies. The first step consists in
the definition of the lithographic mask: one has to imprint the
concentric annular pattern in a resin coated on the chosen sub-
strate material. It can be realized by laser direct writing or e-beam
lithography. The precision of this step is critical, because it defines
once and for all the lateral dimensions of the ZOG, i.e., the fill-
ing factor (F'). The latter is the determinant parameter of the
grating structure and the most difficult to control during the fab-
rication process. A complete study of the design sensitivity to
the parameters has been presented in Mawet et al. (2005). The
conclusion was that the tolerance on the filling factor was at the
1% level but also that if the manufacturing process was inter-
actively conducted, then errors on the filling factor definition
could be compensated a posteriori. The next fabrication steps
consist in transferring the mask pattern into the substrate by an
appropriate reactive plasma beam etching down to the desired
depth, followed by the /4 AR layer deposition. Assuming a
classical realistic resolution of 10 nm in thickness (2%) for the
AR layer sputtering, we can ensure a grating etching depth
tolerance of about 20 nm at the null depth level of 107, This
value is well within reach with current technologies, especially if
in situ real-time monitoring of the grating parameters is imple-
mented during the fabrication process (Lalanne et al. 1999).

5. DISCUSSION

In this paper, we have presented a new phase mask corona-
graph that is free from any “dead zone,” thanks to its perfect
circular symmetry, and inherently quasi-achromatic. The AGPM
coronagraph consists in an optical vortex induced by a space-

variant subwavelength grating. The potential performance of the
AGPM coronagraph is very good, ensuring, for instance, a the-
oretical contrast of 1.4x 1077 at 31/d over the whole K band
with inherent perfect symmetry. The inner working angle of the
mask is ~21/d, still with a good contrast of ~<107>. Thanks to the
ZOG design flexibility, the AGPM coronagraph can accommodate
a large variety of materials and wavelength bands (see Table 1),
thus making it an attractive solution for future ambitious high-
resolution/high-contrast space- or ground-based imaging facili-
ties. For instance, the AGPM coronagraph could be used alone
on a single-pupil telescope either in space or on the ground (with
an adaptive optics system) to dramatically enhance the dynamics.
It could also be used at the Fizeau or densified focus of an in-
terferometer (Labeyrie 1996; Boccaletti et al. 2000; Riaud et al.
2002) to take advantage of the increased resolution. However, in
the Fizeau configuration, phase coronagraphs are limited by the
cross-talk between the different interferometer subpupils, whereas
in the densified one, the limitation comes from diffraction effects
induced by residual gaps between the joined subpupils (P. Riaud
etal., in preparation). Nevertheless, the AGPM should be seriously
regarded as an integrated high-contrast solution to be imple-
mented in NASA’s Terrestrial Planet Finder and/or ESA’s in-
frared space interferometer, DARWIN, missions.

D. M. acknowledges the financial support of the Belgian
“Fonds pour la formation a la Recherche dans I’Industrie et dans
I’Agriculture.” P. R. and J. S. acknowledge the financial support
of the “Pdle d’Attraction Inter-Universitaire.”

APPENDIX A
POLARIZATION TREATMENTS

Let us perform a full space-variant polarization and phase analysis of the component, assuming first that it induces an optical vortex
of [,th order. Representing it by a space-variant Jones matrix, one can find the resulting wave front for any incident polarization,

Jvonex(s7p) = M[Q(S7p)]JZOG(S7p)M[9(S7p)]_l . (Al)

Here J70G(s, p) actually describes the effects of the local ZOG form birefringence that transforms the phase (TE — TM vectorial
phase shift A¢rg_1tvm) and amplitude (TE — TM differential Fresnel parasitic reflection) of the outgoing beam,

TITE 0 ]

0 /r]TMeiA@TE—TM (Az)

JzoaG(s,p) = {

where nrg and 77y are the local grating transmittances along the TE and TM directions of polarization, respectively (the trans-
mittances can be assimilated to diffraction efficiencies). These transmittances are different because of the different Fresnel reflection
coefficients resulting from the existence of the two effective indices that give birth to the form birefringence (see eq. [2]). For the sake
of simplicity, we write A¢ = A¢re_tm. The parameter M [0(s, p)] is the 6-dependent rotation matrix

cosf —sinf
MOGs,p)]=| . : (A3)
sinf cosf
where (s, p) is the grating vector angle that defines the local grating line orientations. Thus, we have
n1E c0s?0 + 1y sin®fe™?  sin 6 cos O(nte — nTve’?)
Jvortex($, ) = . iAd ) 20 ,iA¢ (A4)
sin 8 cos G(nTE — nrme’ ‘*3) 1tM Sin“6 4+ ng cos“fe'>?

In order to carry out the analysis of the component with the scalar Fourier coronagraphic propagation code, we have to chose a
basis to project the incident polarization (natural or not).
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FiG. 12.—AGPM response to linear polarization. Left: Intensity map for an input linear horizontal polarization seen by a horizontal analyzer. Right: Same, but for
an input linear vertical polarization. Arrows show the corresponding vectorial polarization field that has been submitted to the rotation given by eqs. (A9) and (A10).
We clearly notice that a given polarization state repeats itself four times.

Al. LINEAR BASIS

We can decompose the problem by projecting the incident polarization on the orthogonal linear (s, p) basis. Therefore, we have the
following Jones vectors as linear polarization inputs:

Er=| | (43

o]

Multiplying them both by the vortex Jones matrix Jyoex(s, p), we obtain

2 220 iAd
cos“f + sin“fe
E,= 77.TE ™ N (A7)
sin 6 cos 6(nte — nrve’™?)
sin f cos — eiA?
E — o ("7TE ™ ‘ ) (Ag)
n1M Sin*6 + n1g cos*he’?

respectively, corresponding to the output polarization states to be injected in a subsequent coronagraphic code. In the perfect case
(exact 7 phase shift, i.e., A¢te_tm = 7 and unitary matched efficiencies ntg = ntm = 1) for the AGPM configuration (/, = 2 and
thus 6 = /,w/2 = w, where w is the azimuthal polar coordinate), we have

E — cos 2w (A9)
7| sin2w |’
sin 2w
E,= [ } . (A10)
—Cos 2w

This implies that in the AGPM case (/, = 2) an input linear polarization, which is horizontal, for example, will locally rotate by
twice the azimuthal angle w, as shown in Figure 12, where the corresponding output vectorial field and intensity response to linear
polarization are displayed.

A2. HELICAL BASIS

The analysis can be decoupled by projecting the incident vectorial field on a helical basis, i.e., with right- and left-handed circular
polarization unit vectors

RC:F} (A11)
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0
LO = [ X ] . (A12)

In such a case, the vortex component Jones matrix must be transformed by

Jioi(5,0) = Ulortex(s, p)U ", (A13)
with the helical-basis transformation matrix
-5l )
Finally, we have
ISR = e )| (|5 (e = ame) [ o ] | (A15)

In the perfect case where g = tv = 1 and A¢ = 7, and in the AGPM configuration case where /, = 2 and thus 0 = [,w/2 = w,
where w is the azimuthal polar coordinate, we obtain as output

0
C_
R |: oiQw—/2) :|’ (A16)
—iQu+7/2)
o=|° . ] (A17)

Therefore, the two output polarization beams are orthogonal and decoupled in the helical basis.

APPENDIX B
PANCHARATNAM TOPOLOGICAL CHARGE

The so-called Pancharatnam phase has been introduced to measure the comparison of the phases of two light beams in different
states of polarization. It is defined as the argument of the inner product of the two Jones vectors describing the two light beams to be
phase compared,

¢p = arg (E(w, r), £0,r)). (B1)

We can also define the associated topological charge of the beam, which is a nonsigned integer giving the number of times that the
azimuthal angle rotates about the phase disclination (topological defect),

= iﬂ ]{ Vo, ds. (B2)

In the AGPM case, ¢, = 2w (I, = 2), which implies that the polarization state repeats itself 2/, = 4 times (see Fig. 12).

APPENDIX C
PERFECT REJECTION PROOF

Let us now analytically compute the pupil plane intensity distribution. The latter can be expressed as the Fourier transform of the
product of the Airy disk function (a filled circular pupil is assumed) and the mask phase ramp. We have seen in § A2 that the mask
phase in the helical basis takes the simple decoupled form e’»*~™2)_Therefore, in the Fourier-plane polar coordinates (p, 1) we have

2J127Rerr) ei(lpwfﬂ/Z)

Apup(P7 P, Zp) = FT|: 27Rar (p, V). (Cl)

Explicitly,

2T
2J1TReT) i1y —oi ol
Apup(p; Y, 1y) = — / / zﬂRte; ) o= 2ipr coSW=) . g iy (C2)
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where we recognize the nth order Bessel function J,,. Indeed, various integrals can be expressed in terms of Bessel functions,

Ju(2) = py=n /027T 208 DI gy (C3)
and thus we have
App(p 0, 1)) = —it ™! zeil”l ! /0 T QrRyr)J, (27pr) dr. (C4)
e
Cl. AGPM CORONAGRAPH: /, =2
The previous result in the /, = 2 case is the so-called Sonine’s integral (Sneddon 1951, p. 55),
~ 0, 0<a<b,
s= [ 5@y - @ e (cs)
Thus, taking /, = 2, we have
0, 0 < p < Ry,
A0l =D =g e (c6)
TP

We have demonstrated that in the perfect case for /, = 2 (AGPM), the light is entirely rejected outside the geometric pupil area.

C2. GENERALIZATION TO /,TH-ORDER VORTICES

Equation (C4) corresponds to the so-called Hankel transform of /pth order of the Bessel J; function. This transform has an analytical

solution (Abramowitz & Stegun 1972, p. 487),

1, —1,—1
Ao ) =~ 2 (@) (@mRea) *

u » ¥y =—1 7—

pupl P ¥, p » (1 +1,/2)

(2mp) *(2mRee1)

L+12—1, . p?
F P p.z.i
rQr(,/2)° ‘< ’ TR )

F(l +ZP/2) Zp + 1 Zp p2
bt lig ) 0 R,
r'd, +Hra - [p/z) 217 5 a0l + ,Rt251 ) < p < Rl -

R
P 2 ’R P > tels

tel

where we recognize the gamma I" and hypergeometric ,F'; functions. This function shows perfect attenuation for even /, values only,

Apup(ﬂv ?ﬁ, lp) = 0,

p<Reandl, =2,4,6,....

(C8)
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6.4 AGPM coronagraphs onboard SEE-COAST ?

This section is devoted to the presentation of the SEE-COAST project. It has to be taken as an in-
formative preliminary presentation illustrating a potential application of the AGPM coronagraph.
The scientific goals of the mission are only superficially addressed, and the design considerations
must be taken as rough drafts.

6.4.1 Mission philosophy

SEE-COAST stands for Super-Earth Explorer — Coronagraphic Off-Axis Space Telescope. It
is a joint proposal of the University of Liége (IAGL and CSL), the Paris-Meudon Observatory
(LUTH and LESIA), OHP, UNSA (Nice), ETH Zurich, LAOG, Geneva, Amsterdam and Torun
in response to an ESA call for proposals for a small-medium mission (budget of ~ 350 Meuros)
in the framework of the Cosmic Vision program. SEE-COAST is a medium-class (1.5-2 meter)
ultraviolet-visible space telescope (Fig. 6.3) intended at comparative exoplanetology. SEE-COAST
will be optimized for high-contrast imaging. Its primary mirror and the downstream optical train
should provide a very low wavefront error of A/100 rms (A = 632.8 nm) together with an off-axis
implementation. The goal is to detect and characterize extrasolar planets thanks to low/medium-
resolution spectroscopy in the visible.

.
";

/)

) i

i
| I

Folding Primary |
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{ stee = | mirror
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Figure 6.3: SEE-COAST satellite concept. Left: artistic view of the sun-shielded off-axis visible
1.5-meter telescope with a (0.2-meter secondary. Right: preliminary optical concept with fast-
steering mirror for tip-tilt corrections. Courtesy of Pierre Riaud.
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6.4.2 Science case overview

The science case of a very good space telescope working in the visible is extremely rich. The
Hubble heritage can not suffer any comparison, for example. However, the main purpose of SEE-
COAST is to do comparative exoplanetology. Lessons from the last ten years of exoplanet hunting
are that this new field is certainly a great source of positive surprises. The kind of surprises that
make science progresses. However, the science case of SEE-COAST is very precise since it will be
conceived as a precursor mission to more ambitious and long-term projects like Darwin/TPF. As
such, SEE-COAST must prepare the work of its successor for example by sampling the exozodiacal
disks of Darwin’s potential targets for better characterization down to a few zodis. Indeed, as
already stressed out in Sect. 1.3.2, exozodiacal light mixes with the faint planetary signal and
might prevent its detection. Its knowledge is therefore mandatory to avoid the potential stellar
sources where it is too bright for the modulation techniques to be efficient (Absil et al. 2006).

The characteristics of SEE-COAST will also be unique for exoplanet hunting. High contrast
and high angular resolution imaging will be provided by its exceptional optical quality and thanks
to specific advanced coronagraphic instruments. SEE-COAST should be able to image dozens of
Jupiter-like planets in the 1-5 AU range around nearby stars up to 15 pc and provide the first
direct measurements of a broad range of fundamental characteristics. These characteristics include
orbital inclination, mass, brightness, orbital and/or rotational variabilities, etc. Low-resolution
spectroscopic (Ry &~ 15) capabilities will permit a first characterization of their atmosphere in the
visible, searching for H,O, C'H, and N Hj features among others. In this respect, SEE-COAST
will be complementary to JWST/MIRI (mid-infrared) and VLT-PF/SPHERE (near-infrared).

These observations will be of primarily importance for the comprehension of planetary for-
mation mechanisms but also will answer many questions about extrasolar planets: are zodiacal
dust disks rare or common, and how are they related to the presence of planets? What is the
frequency of planets that are inaccessible to radial velocity survey? Do stars with known radial
velocity detected planets also host Jupiter-like planets at large semimajor axes? Do ice worlds,
ocean planets or ringed planets exist?

But the most exciting goal of SEE-COAST is the potential discovery of one super-Earth
(~ 3Rg) around another star, preferably in the habitable zone. Such a discovery would definitely
revolutionize our perception of the world and lead to unpredictable consequences in numerous
fields of science but with one particular community that will be overwhelmed: the astrobiologists.
Of course, the feasibility of such a putative goal is still to be technologically demonstrated because
of the extremely stringent optical constraints that have a prior: to be tackled.

Additional science can be conducted by extending the imaging capabilities of SEE-COAST
towards the ultraviolet regime (100-300 nm). For example, the angular resolution of 20 mas in
the Lya emission line would allow imaging stellar forming regions in nearby galaxies, but also
wind interactions in cataclysmic variables, OB associations and Wolf-Rayet stars, leading to new
insights about magnetic field-plasma processes. In extragalactic astrophysics, such a telescope
would allow imaging the torus and accretion zones of nearby AGN (z < 2 ~ 750 pc), constraining
the three-dimensional geometry of the narrow line regions (NLRs) and the nuclear disks of the host
galaxies in order to probe the connection between the accreting matter, the outflowing gas, and
the ionizing radiation. Moreover, while broad emission line profiles are a characteristic signature
of the energetic processes in the center of active galaxies, the spectra of some systems also show
absorption lines. Such absorption features are generally found against the ultraviolet continuum.
Whereas the properties of the emitting clouds are reasonably well understood, less is known
about the absorbing gas, especially how it is accelerated to the high velocities observed. The
main problem in understanding such systems is that the background continuum necessary for
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absorption in active galaxies is often present only at the nucleus and at distributed, compact
hot spots. A space telescope with coronagraphic capabilities would permit the study of active
galaxies with much better spatial resolution and at UV wavelengths. Such a study of selected
nearby systems could clarify both the background against which the absorbers are seen and the
connection between the emitting and the absorbing gas.

6.4.3 Optical concept

The entire optical concept of SEE-COAST is dedicated and optimized to high contrast imaging.
For that, extreme optical qualities are mandatory, with resultant wavefront errors of A/100 rms
and an excellent stability (10 hours - 3 days). Phase-mask coronagraphs indeed require non-
obscured perfectly smooth pupils to provide their full potential of starlight rejection (Riaud et al.
2001). This is the main reason for requiring an off-axis telescope (see Fig. 6.3).

6.4.4 Coronagraphic instrument

The priority instrument is the high resolution coronagraphic camera (HRCC), which is a narrow-
field (~ 27" x 27") high dynamic range instrument optimized for providing the envisaged detection
capabilities for exoplanet imaging. This camera shall be equipped with modern coronagraphs like
the FQPM or AGPM (Fig. 6.4). Let us derive some very preliminary results assuming the use of
optimized AGPM coronagraphs and a detection scheme analog to the VLT-PF /SPHERE one, i.e.,
coronagraphy with spectral differential imaging (SDI). Let us assume that the HRCC comprises
three main filters spanning the 650-760, 750-860 and 850-960 nm wavelength ranges. Each of
them is divided into three Ry = 15 bands. This makes 9 simultaneous images that encompass
the 2048 x 2048 CCD detector, and should allow efficient SDI speckle subtractions. Preliminary
dimensioning of the three AGPM is illustrated in Fig. 6.5 together with cross subtraction profiles.
The raw nulling provided by the different coronagraph is at the ~ 5 x 107% level. Spectral

From fast steering mirror

Folding mirror AGPM mask Lyot stop Final

<V —

— E—————

27" x 277

\ Wavelength selector FOV

Figure 6.4: High resolution coronagraphic camera (HRCC) concept (rough draft). The wave-
length selection is done thanks to the proper combination of filters and gratings. It is worth
noting that a grating placed in a focal plane will disperse the light into several pupils of different
colors which can then be selected by well-dimensioned and well-positioned diaphragms. Courtesy
of Pierre Riaud.

Concave grating
in the primary focal plane
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subtraction assuming residual WFE of A\/100 rms (A = 632.8 nm) allows gaining a factor from 10
to 100, leading to a residual level at 2\/D from ~ 2 x 1077 to ~ 2 x 1078, respectively.
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Figure 6.5: Optimized AGPM for SEE-COAST. Top: 640-760 nm (left) and 740-860 nm (right)
wavelength range null depth. Bottom left: 840-960 nm wavelength range null depth. (Infrasil is
the amorphous form of Si0s). Bottom right: numerical simulation assuming residual WFE of
A/100 rms (A = 632.8 nm) and phase-mask imperfections. The dashed lines show the residual
levels of cross subtractions between filters.

Proper detection capability assessment necessitates a complex simulator (COASTSIM) under
evaluation. The latter should assess the SDI subtraction real gain with respect to speckle residue
removals. The simulator should provide the detection capability of a certain scientific target under

well defined conditions (stellar type, proximity, contrast, etc.) and accordingly the optical train
error budget (WFE, jitter, etc.).

6.4.5 Feasibility

To conclude this introductory section about the SEE-COAST project, let us discuss briefly some
technological feasibility issues.
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Feasibility of the telescope

Preliminary assessments concluded that the required A/200 rms (A = 632.8 nm) surfacing error
should be feasible assuming that a specific measurement method is developed that would ensure
an accuracy of A/400 rms (A = 632.8 nm). A secondary active mirror or dedicated fast-steering
mirror should also be considered for active compensation of centering (tip-tilt) and defocus errors.
Industrial partners (Alcatel and Astrium) are being consulted on these matters. The question of
feasibility is of course more a question of budget.

Feasibility of the coronagraphic masks

Mask feasibility with subwavelength grating is questionable since the periods required range from
360 nm to 470 nm, assuming a n-LLASf44 schott glass (high -index glass: n ~ 1.8). The subsequent
thicknesses range from 2.5 um to 3.5 um, inducing therefore aspect ratios of ~ 10 (assuming a
filling factor of 70%). Such aspect ratios are within reach of the current technologies. The
obstacle concerns more the substrate material which must be compatible with plasma-etching
recipes. Unfortunately, visible transparent high-index glasses like n-LLASf44 (Schott) are composed
of a lot of impurities that can prevent a proper etching by contaminating the vacuum chambers.
Therefore, a R&D program assessing these matters is absolutely necessary. It is worth noting that
the experience with VLT-PF/SPHERE from the ground and the JWST from space should provide
valuable information. First efforts in this direction will be presented in the following chapter.
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7

Manufacturing of 4QZ0OG and AGPM
coronagraphs
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Abstract. This chapter is devoted to the presentation of the manufacturing of JQZOG and
AGPM coronagraph prototypes that has been initiated at CEA-LETI with the collaboration of
LESIA and LAOG in the framework of the RED for VLT-PF/SPHERE. The fabrication philos-
ophy s exposed as well as a tolerance study assessing the feasibility and constraints for each step
of LETI’s specific technological pileup.

7.1 LETI operation

7.1.1 Context of the operation

We have decided, in collaboration with our colleagues of LESIA and LAOG" to initiate the re-
alization of prototypes of 4QZOG and AGPM by CEA-LETI ?°. LETI is the ideal technological
partner. Apart from their mastership of state-of-the-art technologies of micro-electronics, they in-
deed possess a good knowledge of the constraints of instrumentation for astrophysical applications
since they have already worked on integrated optics for interferometry (Fig. 7.1). Let us quote

9Laboratoire d’Astrophysique de I’Observatoire de Grenoble.

20Based in Grenoble, LETI (laboratoire d’électronique de technologie de I'information) is a laboratory operated
by the Technology Research Directorate (DRT) of the French Atomic Energy Commission (CEA). It is one of the
largest applied research laboratories in electronics in Europe.
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Figure 7.1: CEA-LETI products for astrophysical applications. Left picture: photograph of
one prototype of integrated optics component together with a match to give the spatial scale
(Malbet et al. 1999). The component features a 3-way beam combiner with photometric calibration
channels manufactured with the silicon etching technology. Right picture: photograph of a hollow
metallic waveguide input using a scanning electron microscope. The Pyrex cover is maintained
by anodic bonding on the silicon substrate. The etching depth is 10 gm. The gold deposition is
thicker at the bottom of the waveguide than along the lateral walls (Labadie et al. 2006).

the TONIC beam combiner (Monnier et al. 2004, integrated optics near-infrared interferometric
camera), successfully implemented at the IOTA interferometer (Mount Hopkins, Arizona), the
IONIC-2TK beam combiner (Lebouquin et al. 2006) which is the current beam combiner of the
VINCI instrument (VLTI), the VITRUV/VSI (VLTI Spectro-Imager) second-generation instru-
ment for the VLTI (Malbet et al. 2004) and the studies for modal filtering and beam combination
in the thermal infrared for the Darwin mission (Labadie et al. 2005, 2006).

7.1.2 Goals

The purpose of this operation fits in the framework of the development of achromatic coronagraphs
for the VLT-planet finder (SPHERE) second-generation instrument for the detection and charac-
terization of warm and young extrasolar planets (see Sect. 1.5.3). The goal is to experimentally
validate the concepts of subwavelength grating achromatization and implementation in original
phase coronagraphs such as the 4QZOG and AGPM, while relying on state-of-the-art standard
micro-electronics manufacturing technologies, such as silicon lithography. The already mentioned
flexibility of subwavelength gratings to implement achromatic waveplates will be exploited by de-
signing and optimizing the components according to a trade-off between the technological pileup
proposed by LETI and the required performances for SPHERE, while minimizing failure risks.

7.2 Design of the subwavelength grating

The first design trade-off concerns the wavelength range. On one hand, VLT-PF coronagraphic
cameras will encompass wavelengths from band I (0.9 ym) to K (2.2 gm). On the other hand,
the silicon electronic absorption loweredge starts at 1.2 micron. For this reason, we have chosen
to design the subwavelength grating for optimal operations simultaneously in H (1.5-1.8 microns)
and K bands (2-2.3 microns). Doing this, we will demonstrate the feasibility and applicability
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Figure 7.2: Scheme of the subwavelength grating structure resulting from a trade-off between
LETT technological pileup constraints and performances.

of the subwavelength grating technology for phase coronagraphs while simplifying their potential
implementation in the instrument by regrouping the two bands on a single component.

7.2.1 Technological pileup definition

The proprietary and confidential technological pileup definition, i.e., the definition of each elemen-
tary technological step?! leading to the final component, proposed by the LETI and submitted
to our approbation led to the structure presented in Fig. 7.2. It consists in a silicon substrate
imprinted with the subwavelength grating made of silicon filled with silica. The whole structure
is encapsulated with a silica thin layer acting both as a protection and an anti-reflective coating.

7.2.2 Grating optimization

Knowing the approximate structure definition, optimization procedures can be undertaken to
find the best grating parameters (period, filling factor, depth, thickness of the AR layer) to
minimize the null depth simultaneously in H and K bands. Optimization was performed using the
simplex-search method (see Sect. 5.1.2) coupled to the RCWA code with the following calculation
parameters: 21 orders of diffraction retained, 100 points in wavelength. The optimization led to
the grating geometry parameters presented in Table 7.1, and the results displayed in terms of null
depth and parasitic residual ghost level in Fig. 7.3.

The subwavelength grating technology once again demonstrates its flexibility by allowing si-
multaneous operation in two well-separated spectral bands. Indeed, the theoretical rejection factor
in the H band is 1500 and 3500 in the K band, while being always above 500 from 1.5 ym to 2.35
pm.

As already stressed out in the paper presented in Sect. 5.2, Fresnel parasitic reflections, while
diminishing the optical efficiency, can prevent the null depth from reaching very low levels because
of the intensity mismatch due to the differential effects between the polarization components T'FE
and T'M (see Eq. 2.8). Indeed, the difference between the effective indices neTf} and neT]f\f at the
origin of the form birefringence, also induces unequal T'E /T M Fresnel reflection coefficients at

21 Preliminary estimations by CEA-LETI has led to more than twenty process steps in the present case.
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Table 7.1: Optimized parameters of the H/K band Si/SiO; subwavelength grating
achromatic phase retarder.

Parameters Value
Grating period A 0.402 pm
Grating depth /thickness h | 2.1973 um
Grating filling Factor F' 80%
Si0, AR layer thickness hag 280 nm

the grating top and bottom interfaces. The SiO; AR layer equilibrates the differential effect, but
only to a certain point.

Moreover, the Fresnel parasitic reflections are also responsible for a second-order so-called
“ghost” in the final coronagraphic image. This ghost comes from the double reflection on the back
face of the substrate and on the internal interface of the AR treated ZOG. Its intensity can be
quantified assuming a reasonable AR performance for the back side of the component, i.e., about
0.5% of reflectivity. The intensity level of the ghost for the structure of Table 7.1 in Fig. 7.3
is maintained below 1073 but better performances can be achieved by improving the back face
anti-reflective efficiency. The substrate can also be tilted, or polished with a slight wedge in order
to dump the stray light.

H/K band Si/SiO2 Z0G

Null depth
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Null depth/ghost
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Figure 7.3: Performance (null depth/ghost) of the optimal subwavelength grating based on the
LETT technological pileup. The rejection factor (inverse of the null depth) is ~ 1500 in the H
band and ~ 3500 in the K band.
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7.3 Tolerancing and manufacturing philosophy

Sensitivity to each geometrical parameter such as the period, filling factor, grating and AR layer
thicknesses can be drawn. However, such a raw calculus would be useless and far from manu-
facturing reality. Let us take a different approach, based on the actual chosen process. Without
going into details for intellectual property reasons, we shall nonetheless describe the philosophy
we have selected according to the LETI know-how and suggestions.

Based on micro-electronic technologies, the components will be manufactured on silicon wafers.
The size that has been chosen for the latter is 8 inches (~ 20 ¢m). The photolithography step
where the primary mask shall be defined, will be carried out by a “micro-stepper” machine. This
machine uses the projection-printing principle as presented in Sect. 3.4.1. The working wavelength
of the CEA-LETT micro-stepper that will be used is A = 248 nm and the reduction factor of the
projection ~ 4-5. The field of view (FOV) of the “stepper” is 22 mm x 22 mm. This means
that on the entire wafer, 44 patterns can be imprinted. We have decided to spread the 4QZOG
and AGPM over the wafer and to allocate the same number of patterns to both of them, i.e.,
22 4QZOG and 22 AGPM (see Fig. 7.4). It is worth noting that the subwavelength grating
micro-geometry is exactly the same for the 4QZOG and AGPM components. The only difference
between them concerns the macroscopic implementation of the micro-structure: a four-quadrant
anti-symmetrical implementation for the 4QZOG phase masks (see Chapter 5) and a circularly
concentric one for the AGPM coronagraphs (see Chapter 6).

We have then decided to take advantage of the substantial size of the stepper field of view by
imprinting 9 (3 by 3) patterns inside each of them. Each elementary pattern is therefore about
7 mm X 7 mm. The purpose of imprinting 9 different patterns in every FOV is to minimize the
risk of failure by putting the solution into a robust frame. Indeed, having 9 patterns by stepper
FOV gives us the possibility to scan the parameter space. It is to be noted that only parameters
defining the lateral dimensions of the structure (period and filling factor) can be scanned that
way since the stepper defines the lithographic mask before any etching process takes place. The

Figure 7.4: Allocation of the 22 4QZOG and 22 AGPM micro-stepper patterns on the 8-inch
silicon wafer. Each pattern is 22 mm by 22 mm in size, corresponding to the micro-stepper field
of view.
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Figure 7.5: Micro-stepper 22 mm by 22 mm field of view for the 4QZOG (left) and AGPM
(right) patterns.

reason for being so precautious is twofold:

- thickness precision and uniformity across the wafer cannot be guaranteed by the etching
control better than a few tens of nanometers;

- the profile that is likely to emerge from the LETI confidential technology is a W-shaped
profile as illustrated in Fig. 7.6. This departure from nominal configuration, quantified by
the grating-wall slope angle « is very penalizing as we will discuss.

The nine patterns have now to be optimally determined. Referring to Fig. 7.6, let us define the
silicon (resp. silica) so-called “feature line” dy (resp. di) as the product of the grating period A by
the filling factor F' (resp. 1 — F), i.e., FA (resp. (1 — F)A). The silica feature line d; has to be
fixed once and for all since, for technological reasons, it will be common to all individual patterns
in the stepper FOV and across the whole wafer as well.

Let us take the optimal silica feature line value indirectly given in Table 7.1, i.e., d; = (1 —
0.8) % 0.402 = 0.08 um, or 80 nm. Nine values for dy must now be chosen in order to optimally
frame the solution assuming that the grating-wall slope « is likely to vary between 87.5 and 90
degrees. Indeed, numerical simulations show that below 87.5°, resonance phenomenons affect the
results by a too strong amount, especially in the H band. This behavior is easily explainable since
the slope associated with the W shape gets the lower part of the grating structure to exit the
subwavelength domain, logically beginning by the shortest wavelengths (H band). Moreover, a
double periodicity appears, enhancing overlapping effects. For these reasons, the specification on
the grating slope is the “best effort towards 90 degrees”.

The nine values for dy are then chosen to range from 250 nm to 330 nm with a 10-nm step.
Doing this, a satisfactory solution exists for all assumed slopes, as can be verified in Fig. 7.7,
Fig. 7.8, Fig. 7.9, Fig. 7.10, Fig. 7.11 and Fig. 7.12. Each of these five panels contains four graphs
in the “landscape” disposition:

1. top left, there is shown the best rejection ratio in H and K bands versus the silicon feature
line;

2. top right, this graph shows the average transmittance between the orthogonal polarization
states in H and K bands;

3. at bottom left is displayed the optimal adjustment of the grating thickness versus the feature
line;

4. at bottom right is represented the null depth of the best solution for the current grating-wall
slope angle versus wavelength.
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Figure 7.6: W-shaped profile likely to emerge from the LETI proprietary process pileup. The
new parameter to be taken into account is the angle a.

Several conclusions can be drawn and/or confirmed from this analysis: in Fig. 7.7, i.e., for a
87.5-degree slope angle, the degradation of the performance in the H band is clearly visible while
in Fig. 7.12, the 90-degree slope-angle solution appears to be the best one. In general, there is a
strong tendency for the optimal feature line to increase with the slope angle. It is also the case
for the optimal thickness adjustment. Indeed, the optimal thickness is proportional to the feature
line. It is to be noted that the anti-reflective and protective layer of SiOy was assumed to be
constant and fixed at an optimal A/4n value, i.e.; 280 nm in all cases (A = 1.7 um, n ~ 1.5).

To finally conclude this section, let us summary the design tolerances in Table 7.2.

Table 7.2: Subwavelength grating tolerancing conclusions and expected performances.

Slope angle (°) | Rejection in H Rejection in K | Feature line Thickness
87.5 100 1500 250 nm 2.1 pm
88 700 1700 250 nm 1.9 pm
88.5 500 600 250 nm 1.8 pym
89 500 700 270 nm 1.8 pm
89.5 600 2500 310 nm 2.1 pm
90 1500 3000 320 nm 2.2 pm

7.4 Selection and tests

As the process will deliver 44 x 9 coronagraphs per wafer, a huge number of components will have
to be sorted in order to select the best ones. A coronagraphic test is time consuming (because
of alignments, long integration times, etc.) so that we had to think about another procedure to
efficiently perform the selection. It will consist in polarimetric measurements (see Sect. 9.3.2 for
more details about these methods) of the vectorial T E-T'M phase-shift quality provided by the
subwavelength gratings, at certain laser wavelengths like the widespread telecom wavelengths 1.55
pm and 1.62 um, for instance. The optical implementation of these tests is very simple since it
only requires classical on-the-shelf near-IR optical components like diodes, polarizers, detectors,
etc. (see Sect. 9.3.2). The measurements should be very fast, and lead to the selection of the
best components for the coronagraphic tests on the VLT-PF/SPHERE H/K-band coronagraphic
testbed (see Fig. 2.8 in Sect. 2.3).
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Part 1V

Nulling interferometry
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Abstract. The so-called total internal reflection grating achromatic phase shifter (TIRG APS
or APSZOG) consists of a back-illuminated subwavelength grating whose physical characteristics
induce a super-achromatic phase shift between the vectorial components s (or TE) and p (or
TM) of the incident natural or polarized light, while the total internal reflection insures a 100%-
diffraction efficiency. As already stressed out, such high-performance phase shifters are required in
the fields of nulling interferometry in order to achieve large dynamics (up to 107 for the detection

of an exo-Earth in the thermal IR).
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8.1 Summary of the context

As already stated in the introductory part of this work, direct detection and characterization
of faint sources around bright astrophysical objects is very difficult due to the large flux ratio
between them. For example, an Earth-like exoplanet is typically ~ 10'° times fainter than its
host star in the visible spectrum, reducing to ~ 107 in the thermal infrared (Sect. 1.2.3). Infrared
nulling interferometry proposed by Bracewell (1978) appears to be one of the most promising
technique to achieve the high angular resolution and high dynamic range required to allow the
ambitious detection of the first exobiological tracers on extrasolar Earth-like planets, if they exist.
The nulling interferometry technique, as already introduced in Chapter 1, consists in adjusting
the phases of the beams coming from various telescopes (two in the most simple configuration)
to produce a fully destructive interference on the optical axis. The quality of the destructive
interference, or the so-called null depth (V) relies on the optical component ability to induce
a very precise phase shift (e.g. 7 for a two-telescope configuration) and a very low amplitude
mismatch over the considered wavelength range.

Unfortunately, searching for biomarkers in exoplanet atmospheres requires spectroscopic char-
acterization over large spectral bands. For example, the Darwin infrared space interferometer
(Léger et al. 1996) considered by ESA will operate in a wavelength band between 6 and 18 pm,
seeking biosignatures like the O3-HoO-COs triplet (Sect. 1.2.3). The huge flux ratio between the
parent star and the planet therefore requires unprecedented high-performance broadband achro-
matic phase shifters (APS). The performance requirement for the APS components directly comes
from the 107 planet-star contrast but also from the system architecture and the associate amount
of residual stellar leakage (Sect. 2.1.3). According to Chazelas et al. (2006), for an interferometer
with stellar leakages similar to those of a Bracewell two-telescope interferometer, a sensible value
for the mean instrumental leakage would be

N(\) =10"° (mim)m (8.1)

In addition to the APS imperfections there are many systematic sources of reduction for the
null depth (Lay 2004): e.g., telescope pointing errors, photometric unbalance, OPD errors, etc.
Consequently, the requirement for the limitation on the null depth due to the APS alone, must
be significantly lower than expressed in Eq. 8.1, i.e., N = 107% or better. In practice, we will
always apply a reasonable security coefficient for the performances of the APS by requiring a few
1077, Several concepts of APS have already been presented (Sect. 2.2). Each of them has its
advantages and drawbacks. For instance, the mirror approaches (focus-crossing APS and field-
reversal APS) are limited to m-phase shifts only (or 7/2 for the focus crossing APS). Both induce
a pupil rotation of 180° which could reveal very penalizing in terms of wavefront filtering, all
the more if no monomode waveguide are available’?. The dispersive plate approach is sensitive
to the material choices and characterizations since three different ones are needed. Given the
demanded qualities (transparency, knowledge of the dispersion, etc.), finding and selecting them
is not obvious in the thermal infrared. Moreover, the working point of the dispersive-plate APS
is quite tricky to find in practice. The solution we suggest can provide any phase-shift value and
does not induce any pupil rotation while requiring a single material. Of course, it has also its own
Achille’s heels as we will discuss.

22As of today, no satisfactory monomode waveguide is available, but R&D is very active in this domain. Of
course, the demand is very strong.
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8.2 Modulating the total internal reflection

The principle of the TTRG APS is to make us of the ability of subwavelength gratings in the total
internal reflection (TIR) configuration to induce achromatic phase shifts between the orthogonal
polarization components TE (or s) and TM (or p) (see Sect. 4.1.2) and implement it into an
APS to use in the framework of infrared nulling interferometry. For that, we propose to engrave a
subwavelength grating on the TIR interfaces of rhombohedra in order to compensate for the natural
index dispersion endured by classical Fresnel rhombs (King 1966; Bennett 1970), which is very
penalizing in the present context of nulling interferometry, especially in thermal infrared where
the choice of material is limited (Korte et al. 1988; Anderson 1988). We also demonstrate that
depositing a single thin layer of a well-chosen material can also lead to a significant improvement
over the classical Fresnel rhombs.

8.2.1 Total internal reflection grating

Interaction between the grating engraved on the TIR interface (Fig. 8.1) and the impinging vec-
torial electromagnetic field leads to interesting effects on the phase and amplitude of the totally
reflected light. As already stated in Sect. 3.3, 1D subwavelength gratings, i.e., gratings only mod-
ulated along one dimension, turn out to be artificially birefringent. It means that the structure
can be associated with two so-called effective indices, one for each polarization component 7'E and
TM. These effective indices, neTf} and neT;\f are totally dependent on the grating and incidence
geometries. As the geometry can be controlled, one can really speak of refractive-index engineer-
ing. The induced vectorial phase shift can then be made very achromatic. Achromatic means in
this case that the phase-shift value remains constant over the considered wavelength range. As the
considered leading application of the TIRG APS component is nulling interferometry 23, we chose
to optimize the grating design with the null depth as the figure of merit. The null depth somehow
is the quantitative measure of the darkness of the destructive interference (see Sect. 2.1). The TIR
configuration ensures a 100% efficiency for the back-reflected light whatever the polarization, and
therefore no amplitude mismatch?®. The figure of merit to be minimized consequently resumes

Input beam
TE ™
— TIRG,
A(I)TE-TM,z
-I-IRG1 A
A(I)TE-TM,1
Output beam
A(I)TE-TM,1+2

Figure 8.1: Schematic of the TIRG APS: it is analog to a Fresnel rhomb which TIR interfaces
are engraved with an optimized subwavelength grating. A TIRG APS designed for a m-phase
shift can possess for example two TIR interfaces, each providing a m/2-phase shift such that the
resultant is A®rp_rar142 = APrp_7Mm1 + APrE_TM2 = T/2 4+ 7/2 = m. Such a component is
to be inserted in each interferometer arm and orthogonally from one another (see Sect. 8.4).

23The TIRG APS high performances could as well be used in other applications like polarimetry or ellipsometry.
24We will see later in this chapter that, despite the TIR configuration, roughness can be a source of amplitude
mismatch.
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to N(\) = 02 /4, where o is the phase-shift error standard deviation with respect to the nominal
value of m (any other value is possible). This means that the null depth is directly proportional
to the variance of the phase shift over the considered bandpass, i.e., the achromaticity.

8.2.2 Total internal reflection thin/thick film

Instead of engraving a subwavelength grating onto the TIR interface, one can deposit a layer of a
well-chosen foreign material (Fig. 8.2).

Total internal reflection optically-thin film. The principle of the so-called total internal
reflection thin film achromatic phase shifter (TIRTF APS) is to make use of such a thin film
coated with an appropriate thickness on the TIR interface. This principle has been known in the
visible regime for quite a long time. Indeed, M gF; thin films are commonly deposited on BK7- or
silica-rhomb TIR interfaces to improve the angular and chromatic behavior of commercial Fresnel
rhombs (Clapham et al. 1969; Filinski & Skettrup 1984; Spiller 1984; Nagib & Khodier 1995).
The physical explanation of the compensation effect is the same as for subwavelength gratings
(Sect. 4.1.2): the phase difference between the polarization components is modulated by the
differential skin effect undergone by the evanescent waves and engendered by the presence of the
layer of a foreign material. In other words, light does not see the rhomb/air interface, but rather
the thin film/air interface plus the multiple interference effect between the evanescent waves inside
the layer.

Total internal reflection optically-thick film. Azzam (2004) and Azzam & Spinu (2004) also
proposed to use an optically-thick film forming a dielectric-dielectric interface with a well-chosen
and known refractive-index ratio in order to minimize entrance beam configuration sensitivity, or
more precisely, the phase shift A¢ dependence to incidence-angle variations. Indeed, it has been
known for a long time (Bennett 1970) that the optimal index ratio for this purpose, i.e., nullifying
OAP/00 = 0 while imposing A¢ = 7/4, is n = /2 + 1 = 2.414214. This index ratio roughly
corresponds to a diamond/air interface or as suggested by Azzam & Spinu (2004) to a Si/SiO,
interface working in the 1.2-4 pym range. This solution is unfortunately limited by the choice of
existing materials.

Input beam
TEX] ™

TIRTF,

TI RTF1 ......................................................................
Areq -

Output beam¢

A¢TE-TM,1+2

Figure 8.2: Schematic of the TIRTF APS component: it is analog to a Fresnel rhomb which
TIR interfaces are coated with a thin or thick film of a well-chosen foreign material.
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8.2.3 Double-rhomb configuration

Single Fresnel rhombs such as illustrated in Fig. 8.1 are known to be very sensitive to incidence
variations (Nagib & El-Bahrawy 1994; Nagib 1997, 1998). This is unfortunately also the case for
the TIRG APS. Fig. 8.3 (left) shows the standard deviation of the phase shift versus the incidence
angle in the case of a CdTe single-rhomb TIRG APS. Even if the absolute achromaticity o, is
preserved, the achromaticity with respect to 7, o, is only maintained in the N = 107 <= 0, =
2 % 1073 specification within ~ 5 arcmin. Of course, this calculus is raw and the tolerance to beam
divergence for instance has to be refined. To evaluate the real impact of the beam divergence on
the null depth, we have finely modelled the incidence geometry for the incoming diverging beam.
For that, it is worth noting that the tolerance with respect to conical angle variation?® is of several
degrees, therefore considered as negligible. Taking this into account, the incident beam can be
discretized into rectangles (instead of rings) each associated with a specific corresponding polar
angle 0 (see Fig. 8.3, right). To each of these rectangles is also associated a null depth, function
of the polar angle. The surface and therefore the energy incident on each of these rectangles is
given by the following simple relation

S(1) =[R(i+1) — R(i)] - 2R sin a(i) (8.2)
where R(i) = 6(i) - f, R=0(n) - f and «(i) = arccos %, with f, an arbitrary length. Intuitively,

we can anticipate that the outer top and bottom portions of the beam will contribute less than the
central ones where the optimal values are voluntarily centered. The actual resulting null depth is
subsequently given by

Nees = > SN (D) (8.3)

where the profile of S (normalized to 1) is given by Eq. 8.2. The calculation shows that the
tolerance of 5 arcmin mentioned here above is relaxed by a factor of 2, leading to a 10-arcmin
sensitivity, whatever the beam dimension R.
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Figure 8.3: Left: phase-shift error standard deviation versus incidence-angle variations for a
single-thomb CdT'e TIRG APS. Right: beam specific discretization for beam-divergence analysis.
R is the beam radius in this context.

25(7“ is calculated with respect to the mean phase shift whereas o, is calculated with respect to .

26The conical angle is the azimuth angle ¢ defined in Sect. 3.2.3, i.e., the angle defining the orientation of the
plane of incidence when it does not contain the grating vector.
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Figure 8.4: This scheme shows the double-thomb configuration. 6; (resp. 62) is the angle of
incidence upon the TIR interfaces of the first (resp. second) rhomb.

Nevertheless, such a substantial sensitivity would be penalizing in the present application since
the thermal infrared interferometric beam is not only likely to diverge because of Fresnel diffraction
(Chazelas 2003) but it is also likely to wander around because of vibrations (Brachet 2005). For this
reason, we chose to consider other geometries that could alleviate the entrance beam configuration
sensitivity. Note that this issue is surely not a new one since, to our knowledge, a first answer
to the problem was proposed 50 years ago by Mooney (1952) and its famous so-called “Mooney
rhomb” (pentaprism shape). Since then, there have been many proposed alternative geometries
but we chose the so-called “double-rhomb configuration” for its simplicity (the beam remains on-
axis, see Fig. 8.4) and very robust insensitivity to incidence-angle variations (Rochford et al. 1997).
Indeed, the pairs of reflections in the two rhombs are complementary (see Fig. 8.4); an increase in
the first two TIR angles due to departure from nominal incidence leads to a decrease in the last
two angles. Thus if the phase shift varies linearly with the TIR angle, the retardance changes are
cancelled (see Fig. 8.5). Therefore a wider range of incidence angle variations can be tolerated:
up to several degrees.

It is to be noted that in the double-rhomb configuration, the number of subwavelength gratings
to be imprinted (resp. thin film to be deposited) on the TIR interface may be limited to only
two out of four. Indeed, the dispersion compensation artificially introduced by the modulated
interface(s) is sufficient to reach the specifications (see Sect. 4.1.2).

ZnSe single rhomb (1 TIRG + 1 TIR) phase shift vs rhomb angle

25+ Linear domain

1.5}

Single rhomb phase shift (rad)

05

0.4 0.6 0.8 1 1.2 14 1.6 18
Rhomb angle (rad)

Figure 8.5: The double-thomb geometry allows incidence-angle variations 06 to be compensated
by the angle complementarity between the two rhombs and the linearity of the phase shift with
respect to the rhomb angle.
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8.3 Theoretical analysis

This section is devoted to the theoretical analysis of the TIRG and TIRTFEF APS. For that, we used
a RCWA code based on the theory exposed in Sect. 3.2.3 and the simplex-optimization procedure
when needed (see Sect. 5.1.2). The purpose of this analysis was to find the optimal parameters
for the APS components “achromatizing” the Darwin working wavelength range, from 6 to 18
microns. However, due to practical constraints like wavefront filtering or dichroic specifications,
the latter is expected to be divided into two or three sub-bands. In the two-band case, the first
one ranges from 6 to 11 microns while the second one ranges from 11 to 18 microns.

Before going into the details of the theoretical analysis, one had to choose the materials accord-
ing to the bandwidth specifications mentioned here above. Regarding this matter, we immediately
had to discard common infrared materials like silicon (S7) and gallium arsenide (GaAs) for their
strong multi-phonon absorption features beginning between 8 and 12 microns (see Annex B), i.e.,
the most interesting wavelengths for biosignature detection (remind that the ozone spectral signa-
ture, for instance, is centered at 9.65 um). For the same reason, we also had to discard zinc sulfide
(ZnS), another widespread infrared material (see Annex B). This is very unfortunate since these
materials are very convenient to handle.

The choice for the bulk material constituting the rhomb in fact revealed to be very difficult and
indeed severely limited since the material has to be perfectly transparent up to 18 microns and of
course available in large ingots of very good optical quality (very good homogeneity, low impurity,
etc.). For this reason, we focussed on the remaining infrared material worth considering for Darwin
(see Annex B): zinc selenide (ZnSe), cadmium telluride (CdT'e) and germanium (Ge). Although
ZnSe and Ge are in general used in the 11-18 pym range, C'dTe is the only one perfectly clear up
to 18 microns. It is to be emphasized that KRS-5, common in infrared applications (see Annex B)
despite its bad thermal conductivity (5.4 x 107 W /em/K) and expansion coefficient (5.8 x 1079),
was also considered since it is one of the rare materials transparent above 15 microns. However, it
revealed to be less efficient than C'dTe and ZnSe. Moreover, it is very difficult to handle because
of its toxicity and softness. Tts polishing was never demonstrated at better qualities than A/4
rms (A = 632.8 nm). Finally, the lack of known micro-structuring processes for this material has
therefore prevented its practical interest in the present application.

We therefore selected ZnSe, C'dTe and Ge for the rhomb bulk materials. It is worth insisting on
the fact that these materials are common in infrared applications, that they cover a large refractive
index spectrum (n = 2 — 4) and that their manufacturing processes are not totally unknown for
most of them. Note that other materials like S7, GaAs, ZnS and even diamond can be considered
as layer material candidates for the TIRTF solution, even in their phonon absorption range since
the thicknesses needed are very thin and the subsequent absorptions therefore negligible. The
refractive and absorption properties for the considered materials are summarized in Annex B.
The working temperature is assumed to be either T"= 100 K or 7" = 298 K keeping in mind that
corrections are needed if T is different.

8.3.1 ZnSe rhomb

ZnSe is available in large quantities/volumes at a relatively low cost. ZnSe is also easy to polish
with very good surface qualities. Moreover, its thermal properties are very attractive, with a low
thermal expansion coefficient (7.1 x 107¢/K) and a good thermal conductivity (0.18 W/cm/K).
Unfortunately, the chosen double-rhomb configuration inevitably lengthens the optical path in the
material. For instance, in the present case, a working angle of ~ 1.139 radians would lead to a



172 CHAPTER 8. THEORETICAL STUDY OF THE TIRG APS

0° k.,
., ’
S V= - ’
100 EN - - =~ ’ 3
\ ’ ~ ~ V4
AN 4 ~ V4
N -7
*g 10
he] 1 1
= 1
z '
5 | 1
10 !
1 ]
‘l
10° | TIRG: ND=10""
= = = TIRTF: ND=7 107’
““““ FR: ND=510"°
6 7 8 9 10 11 12 13 14

Wavelength (microns)

Figure 8.6: ZnSe double-rhomb APS: comparison between Fresnel rhomb (FR) with non-treated
TIR interfaces, TIR thin film (TIRTF) and TIR grating (TIRG). More than substantially lowering
the global (mean) null depth over the considered wavelength range, the TIRTF and the TIRG
solutions significantly decrease the strong leakage at its edges, inevitable with the bare FR solution.

physical path of ~ 17.3 cm inside the material for an entrance beam diameter of 15-20 mm. In the
second Darwin sub-band (11-18 pm), such a long path is penalizing since ZnSe begins its phonon
absorption around 14 microns. Indeed, the absorption coefficient (Hawkins 1998, see Annex B)
k is equal to 4.24 x 107% at 14 pm and 300 K, leading to an absorption of about 50%. This
value reduces to 2.52 x 1075 at 100 K, giving an absorption of 30%, which remains acceptable for
demonstration purposes. For this reason, a ZnSe TIRG APS in the double-rhomb configuration
will be limited to the 6 to 14 um wavelength range.

Results of RCWA calculus and optimization are shown in Fig. 8.6 and summarized in Table
8.1. First of all, it is worth noting that the ZnSe bare Fresnel rhomb (without any ZOG nor
coating on the TIR interface(s)) is not performing well enough according to the Darwin N = 107°
specification (Fig. 8.6, dotted line). However, depositing a foreign material at the TIR interface
or engraving a subwavelength grating onto it allows us to overcome this limitation at least in the
first 6-11 ym Darwin wavelength range. The performance is somewhat deteriorated in the larger
6-14 pum range, but it is still comfortable in the Darwin specification for the subwavelength grating
solution (Fig. 8.6, continuous line) while only by a feeble margin for the thin film one (Fig. 8.6,
dashed line). Note that in this latter case, CVD (Chemical Vapor Deposition) diamond would be
particularly appropriate as the layer material (see Sect. 9.2.2).

8.3.2 (CdTe rhomb

Availability of C'dTe ingots is more limited than ZnSe ones and the price is higher. Polishing of
CdTe is quite delicate but currently under evaluation for improvement by several manufacturers.
CdTe, which also possesses good thermal characteristics (expansion coefficient of 5.9x 1079 /K and
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Table 8.1: Null depths for the optimal Fresnel rhomb, TIRG APS, TIRTF APS
components for the selected materials (ZnSe and CdT'e). CLD stands for Carbon like
diamond (i.e., CVD diamond).

Material /band | Fresnel rhomb TIRG APS TIRTF APS
ZnSe/6 — 11 ym 1.6 x 107° 1x107® CLD/ZnS layer: 1 x 1077
ZnSe/6 — 14 pm 6x 1076 1x 1077 CLD layer: 7 x 1077
CdTe/6 — 11 um 2x 1077 2x107° CLD/ZnSe/ZnS layer: 1 x 1078
CdTe/11 — 18 pum 8 x 1077 1x10°8 CLD/ZnSe/ZnS layer: 4 x 1078
CdTe/6 — 18 um 1.6 x 1076 1 x1077 CLD/ZnSe/ZnS layer: 4 x 1077

conductivity of 0.062 W /cm/K), nevertheless appears to be more than a viable solution®’. Indeed,
as already stated, C'dTe is the only selected rhomb material perfectly clear up to 18 microns (see
Annex B). Moreover, theoretical RCWA results are excellent, showing better performance than
with ZnSe (see Table 8.1). First of all, the C'dT'e bare Fresnel-rhomb solution is worth considering
since it is theoretically performing well enough, at least for the Darwin first sub-band (6-11 pm)
but unfortunately not for the second one (11-18 um). Depositing a thin film of a foreign material
(e.g., diamond, ZnSe or ZnS) overcomes this limitation. As far as the subwavelength grating
solution is concerned, results are comfortably in the specifications for both bands.

Let us emphasize that there exists a most interesting solution achromatizing the whole Darwin
wavelength range from 6 to 18 microns with only one component: an optimized double rhomb
in C'dTe modulated with a subwavelength grating on at least two of the four TIR interfaces (see
Table 8.1).

8.3.3 (e rhomb

Germanium is a very well suitable material for classical Fresnel rhombs since its natural dispersion
is extremely low (Hawkins 1998, see Annex B). Theoretical results for the bare Fresnel rhomb are
excellent: N =4 x 1079 over the 6-11 um wavelength range. Adding a ZOG at the TIR interface
further improves this already excellent behavior. Unfortunately, Ge is not perfectly transparent
in the Darwin 11-18 pum band (its phonon absorption begins around 12 microns, see Annex B),
making it a partial solution only. It is also worth noting that Ge thermal properties are, as every
dielectric materials in general, quite satisfying with a rather low expansion coefficient (6 x 107°)
and a good conductivity (0.0602 W/cm/K).

8.4 Interferometer implementation

Implementation of the vectorial phase shift in a nulling interferometer is straightforward. Consid-
ering two strictly identical components belonging to the two distinct interferometer arms 1 and
2, rotated by ninety degrees around the optical axis and from one another, then the potentially-
interfering parallel polarization states (s; with ps and sy with p;) are two by two in phase op-
position. It must be noted that there is a strong constraint on the alignment of the components
around the optical axis with respect to each other. Let Ay be the misalignment angle between
the rhombs along the optical axis (Fig. 8.7). Ay is then directly related to the null depth N:

2Tt is to be noted that CSL possesses a CdTe growing facility (Verstraeten 2002). Samples for the present
application are being grown and will soon be qualified (dispersion and thermo-optic coefficients).
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Figure 8.7: Interferometer implementation: two strictly identical components belonging to the
two distinct interferometer arms, are rotated by ninety degrees around the optical axis and from
one another. Ay is the misalignment angle between the rhombs around the optical axis.

N = (1 +sin Ay)(1 — cos Ay)/2. Therefore, to fulfill the constraint N < 1077, we must impose
that Ay < 2 arcmin.

Departure from the nominal zero optical path length between the two components belonging
to the two interferometer arms due to manufacturing/surfacing errors and/or differential thermal
dilatations can be compensated either by slightly tilting the rhombs or making use of beam
splitters with adjustable thicknesses if in the same material. It is to be noted that a difference in
the geometry of the paired rhomb segments (e.g. length) is not expected to be an issue provided
that the segments are cut and polished together.
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8.5 Tolerancing and design of a prototype

In this section, we will discuss the design of a prototype TIRG APS intended at being one of the
four APS selected for study, fabrication and test in the framework of the Darwin R&D activities
(Nulltimate consortium 2002; CSL & TAGL 2005). The first part of the present section will be
devoted to the tolerancing of the subwavelength grating, the second one to the roughness and
homogeneity issues. In the third and last sub-section, the rhomb design will be addressed and the
final drawings presented. The choice of the material for the prototype has been made thanks to
a trade-off matrix (CSL & TAGL 2006). Even if CdT'e shows the best theoretical characteristics
in terms of transparency and performances, ZnSe was the retained material for the following
reasons:

- it is a quite cheap, easy to source, and convenient material to handle and polish (surface
qualities of A/30 rms with A = 632.8 nm are routinely obtained);

- ZnSe micro-structuring is well studied and referenced in the literature;

- it is compatible with the thickness-adjustable beam splitters of the NULLTIMATE test
bench which are planned to be in ZnSe (see Sect. 9.3.3);

- the gain provided by the TIRG solution is more obvious with ZnSe than with CdTe, i.e.,
it should be easier to measure the gain of the TIRG solution in the ZnSe case as compared
to the CdTe one®.

8.5.1 Micro-structure tolerancing

The fabrication of the TIRG APS will be based on micro-electronic technologies (Sect. 3.4). The
first classical step consists in imprinting a photomask of the grating in a resin coated on the
chosen substrate material. The precision of this step is critical because it defines once and for
all the lateral dimensions of the grating: its period A and the so-called feature line, i.e., the
period multiplied by the filling factor . This pattern will then uniformly be transferred into
the substrate by an appropriate reactive plasma-beam etching down to the desired depth. The
fabrication has to be interactive to properly compensate for process errors. In situ monitoring
(Sect. 3.4.3) is a possible solution but not the only one as we will discuss.

Let us now consider the ZnSe TIRG APS designed for the 6-14 pym wavelength range. A
rough optimization for this range leads to a ~ 900-nm period taking a fabrication constraint
already into account. Indeed, the photomask is expected to be written by a direct writing laser
(DWL, see Sect. 3.4.1) which has a 600-nm writing spot size (see Sect. 9.2). This specification
of the writing apparatus in fact already constrains the period-filling factor relation which must
satisfy (1 — F')A > 0.6 um. Then, assuming a fixed period of 900 nm, best solutions are searched
using the simpler-optimization method coupled to the RCWA algorithm (see Sect. 5.1.2) with
the free parameters left: the filling factor F', the grating thickness h and the incidence angle 6.
Results of this optimization are displayed in Fig. 8.8 (left), where the optimal null depth is plotted
versus the feature line, i.e., the product of the 900-nm fixed period and the varying filling factor.
Continuous variations are imposed to the feature line while letting the optimization algorithm
find the corresponding adjustment of the thickness that minimizes the null depth (see Fig. 8.8,
right). The best null depth, in this case the minimum one, is ~ 1.5 x 10~7. This optimal value is

28The CdTe bare Fresnel rhomb already provides a deep null without any ZOG or thin/thick film (Table 8.1)
while for ZnSe, the null passes from Ngg(6, 14 um) > 10~° for the Fresnel rhomb to N7rpq(6, 14 um) a2 10~7 for
the TTRG APS (see Table 8.1 and Fig. 8.6).
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Figure 8.8: 6-14 ym ZnSe double-rhomb APS with 900 nm period. Left: optimized null depth
versus feature line. Right: thickness adjustment (optimized) versus feature line.

obtained for the 220-nm feature line. The corresponding adjusted thickness is ~ 1.43 ym. If we
calculate the grating aspect ratio, we find 6.5 which is somewhat demanding (but not impossible)
given the nature of the material to be subsequently etched. To relax this difficulty, we chose the
conservative size of 250 nm for the feature line. Doing this, the adjusted thickness is 1.23 ym and
the aspect ratio subsequently reduces to ~ 5, which is more comfortable. The 250-nm feature line
choice can therefore be considered as the second trade-off between performance and feasibility. Let
us now fix the feature line to 250 nm, keep the period at 900 nm and vary the thickness artificially,
letting the optimization algorithm find the corresponding incidence polar angle 6 adjustment that
minimizes the null depth. Results of this analysis are shown in Fig. 8.9 left and right. Provided
that the polar angle can be adjusted with a sub-arcmin precision, the N ~ 2.5 x 10~7 tolerance
on the thickness definition is 1.23 4= 25 nm, i.e., ~ 2%, which is feasible.

The conclusion of this tolerance analysis is that, provided that there are interactions between
measurements and manufacturing at each key step, the N ~ 2.5 x 1077 tolerance on the definition
of the grating paramaters is comfortable, up to 50 nanometers for the feature line (if we accept
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Figure 8.9: 6-14 um ZnSe double-rhomb APS with a 900-nm period and 250-nm feature line.
Left: angle-optimized null depth vs thickness. Right: corresponding angle adjustment vs thickness.
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Figure 8.10: Trapezoidal profile likely to emerge from the plasma-etching process. The new
parameter to be taken into account is the grating slope angle a.

to relax the aspect ratio manufacturing constraint) and about the same for the thickness. A
posteriori correction is reported on the incidence polar angle with a sub-arcmin precision (i.e.,
~ 30”) which is very convenient since the double-rhomb geometry ensures the insensitivity to the
entrance beam incidence configuration (i.e., input angle and beam divergence) at the macroscopic
level.

8.5.2 Grating slope angle

Departure from the nominal assumed grating profile, i.e., a perfectly rectangular one, is likely to
naturally emerge from the plasma-beam etching process (Fig. 8.10). Generally, one can expect
that if the desired overall filling factor of the profile is preserved in the fabrication process, then
shape errors have a minimal effect on the desired diffraction characteristics (Pommet et al. 1995).
However, as we will see, departure from rectangularity induces further constraints on the litho-
graphic mask definition and the plasma-beam etching, as well as on the overall performances.

Calculations assessing the sensitivity to the grating slope angle are summarized in Fig. 8.11 and
Fig. 8.12. Null depth performance is significantly compromised for slope angles smaller than 85
degrees. Moreover, the grating-parameter adjustments (feature line, thickness and polar angle)
are very penalizing. For example, a 88°-slope angle already leads to significantly lower the feature
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Figure 8.11: Grating slope-angle tolerancing. Left: null depth versus grating slope angle in
degrees. Right: corresponding feature line adjustment versus grating slope angle.
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Figure 8.12: Grating slope-angle tolerancing. Left: corresponding thickness adjustment versus
slope angle. Right: TIR angle adjustment versus slope angle.

line (down to ~ 200 nm) to keep the N ~ 2.5 x 1077 performance. Moreover, the corresponding
thickness adjustment is not in favor of keeping the aspect ratio in a reasonable range. At 80°,
it is unrealistic, with a feature line smaller than 50 nm and a thickness of about 1.7 um, all of
them leading to a poor N ~ 2.5 x 107%. For these reasons, the specification on the slope angle is
once again: “best effort towards 90°”. In any case, the mandatory a priori knowledge of the
global slope angle is required.

8.5.3 Thin-film solution tolerancing

As far as the TIRTF APS component is concerned, tolerancing can be envisaged in another way.
Since the parameter space is limited to two variables, i.e., the thickness of the layer and the angle
of incidence, the working points can be drawn in two-dimensional maps. From Fig. 8.13, we can
conclude that the tolerance on the thickness is several percent (~ 10%). It is to be noted that
coatings are routinely deposited with a precision of ~ 1-2% on the thicknesses (see Sect. 9.2).
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Figure 8.13: 2D maps of the null depth (log scale, 107%) according to the variables “thickness
of the layer” and “incidence angle”. Left: ZnSe TIRTF APS coated with diamond for the 6 to 14
micron band. Right: CdTe TIRTF APS coated with diamond for the 6 to 18 micron band.
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8.5.4 Roughness and homogeneity

Roughness and material homogeneity both affect the wavefront quality and phase shift between
the interferometer arms. Let us discuss them separately here below.

Roughness

Roughness is a general term for designing randomness in material surface topographies. Unfortu-
nately, the spatial information is often “forgotten” and this can sometimes be misleading. In the
present application, three spatial scales can be distinguished: the macroscopic scale with typical
dimensions belonging to the 10 ym to centimeter range, 10-100 ym being the typical size of ZnSe
micro-crystal grains; the microscopic scale with dimensions ranging from the micrometer to 10-
100 pm, and the nanoscopic scale with typical dimensions below the micrometer, down to a few
nanometers.

The macroscopic-scale roughness is related to global wavefront errors (WFE) and large-scale
micro-irregularities. Darwin specifications on WFE taking spatial filtering into account have led
to the Ag32.8/30 rms surfacing constraint (see Sect. 2.1.2). As already mentioned here above,
this tight specification was one of the reasons for the choice of ZnSe. Concerning large-scale
micro-irregularities, the scalar scattering theory provides simple formulae yielding approximate
quantities which are nonetheless sufficient in many applications (Hadaway et al. 2001). When
a surface is illuminated, some light will be specularly reflected, some will be backscattered, and
the rest will be transmitted or absorbed. The so-called total integrated scattering (7'15) is the
fraction of backscattered light divided by the total light reflected from the sample (backscattered
plus specularly reflected light). T'1S can be directly related to a rms roughness ¢ if the scattering
is caused by surface micro-irregularities over the entire surface, with heights small compared with
the working wavelength, and with a correlation length (related to the spacing between roughness
features) which is large compared to the working wavelength. The expression relating 7'1.S and
rms roughness is then

TIS — Ry Ro — R, _ scatt. power _ | _ o-(mmicos0/a)?

= 8.4
Ry Ry scatt. power + spec. power (84)

where Ry is the diffuse reflectance (i.e., backscattered radiation), Ry is the total reflectance (spec-
ular plus diffuse), Ry is the specular reflectance, n is the refraction index of the scattering material,
0 the angle of incidence, and A\ the wavelength of the impinging light. A numerical application
with § &~ 5 nm (average between ZnSe bare and treated surfaces), n =1, 6 = 65°, and A = 6 um
yields TIS ~ 2 x 107°. This already small value must be considered as an upper bound and with
extreme precautions since the T'I.S energy is spread out with an unknown angular dependence,
i.e., the incoherent T'1S fraction backscattered into the specular shall be much smaller than the
calculated amount. As far as the grating dimensions are concerned on these macroscopic scales,
they of course have to be homogeneous at the levels specified in the analysis presented here above.

The microscopic-scale roughness directly mixes with the grating dimension definition. In this
respect, localized defects can be tolerated as far as the grating dimensions are globally respected.
Indeed, spatial filtering precisely aims at filtering the high-spatial frequencies induced by small
imperfections. Moreover, one interesting theoretical property of subwavelength gratings is that the
global periodicity acts as an energy concentrator through the physical law depicted by the grating
equation (see Eq. 3.45). Indeed, being subwavelength implies that energy cannot be diffracted
into higher orders. Unfortunately, the subwavelength grating concept is a theoretical idealization.
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Perturbations of any kind to the idealistic profile will always lead to diffusion and degradation
of the nominal performances. Modelling micrometric defects is not an easy task and requires
some tricks since, to our knowledge, there exists no simple method that allows mixing periodic
structures, i.e., gratings, to randomness. In general, these problems are treated separately. Let us
nevertheless attempt to quantify the effect of the present considered type of randomness. First of
all, we will split the 1 pm to 10-100 pum range into the 1-10 pm and 10-100 pm ranges according
to the minimum uniform grating size allowing the use of RCWA. Indeed, one of the working
hypothesis of RCWA calculations is that structures are supposed to be infinitely periodic. In
practice, the applicability of the algorithm can however be extended to finite-number-of-period
gratings down to a minimum size of ~ 10-20 periods, i.e., ~ 15 um in the present case (Wu &
Glytsis 2002; Hirayama et al. 1997).

Roughness in the 10-100 pm scales can then be estimated by Monte-Carlo simulations dividing
the beam into cells encompassing 10 to 20 periods of the subwavelength grating, i.e., with a typical
size of ~ 15 um. As stressed out here above, this discretization allows the use of the RCWA
algorithm within each elementary cell with a sufficient accuracy (Wu & Glytsis 2002; Hirayama
et al. 1997). As far as roughness amplitudes are concerned, they will be chosen according to the
nominal values routinely obtained by state-of-the-art ZnSe surfacing techniques at these scales,

e., 1-2 nm rms, but corrected by the expected degradation of the plasma-etching process that
is likely to increase the roughness up to ~ 5-10 nm rms (see Chapter 9). Taking the fact that

Arm 1 Arm 2

cell size =15 um x 15 um

TIRZOG1 TIRZOG3

TIRZOG2 TIRZOG4

6, =5-10 nm rms\ / 6, = 5-10 nm rms
—7

Figure 8.14: Principle of the Monte-Carlo micro-roughness analysis in the 10 — 100 um scale.
The 15 mm-pupil is discretized into cells of 15 um x 15 um in size, where the thickness h of the
grating is assumed to be affected by a Gaussian random error of o /&~ 5-10 nm rms. Since each arm
of the interferometer undergoes two TIR on two subwavelength gratings, two independent phase
screens per arm are generated and then recombined properly at one wavelength at a time, for a
total of 20 wavelengths covering the 6-14 um range. Then the mean phase-shift residual pag with
respect to phase opposition is calculated within each cell and then averaged through the entire
pupil to give the final mean null depth pp.
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Figure 8.15: Illustration of a super-cell analog to the one used for evaluating the feature line
rouhgness impact on performances. This example shows a A’ = 8A super-cell. F,.,4A is a random
variable defined by a gaussian distribution of variance o?. Here o2 is exaggerated for illustration
purposes. In practice, cells of 32 or 64A have been used.

four surfaces will independently be affected by this type of roughness into account, Monte-Carlo
simulations (see Fig. 8.14) led to a degradation of the mean null depth from the nominal value of
2.5x 1077 to 3.2 x 1077 in the case of a 5-nm rms roughness and up to 5 x 107 in the 10-nm rms
case.

Roughness in the smaller 1-10 pm scales concerns random errors on the lateral dimensions of
the grating, i.e., the feature line. From the specifications of the direct writing laser apparatus
(DWL) that is planned to be used in the fabrication of the present component (see Sect. 9.2), the
expected line-width deviations from uniformity are of the order of ~ 25 nm rms. The so-called
super-cell method (Philippe Lalanne, private communication) was implemented to numerically
estimate the influence of such errors. This tricky method is in fact derived from the application
of RCWA to the study of rough inhomogeneous films (Giovannini & Amra 1997; Giovannini et al.
1998). Let us then define a super cell encompassing 32 grating periods, i.e., 32A &~ 30 ym. Next,
each of the 32 feature lines is randomly affected by an error leading to the 25 nm rms uniformity
specified by the DWL machine’s vendor (Fig. 8.15). Each elementary period is then discretized
into 64 parts so that the super-cell is discretized into 32 x 64 = 2048 data points. In order
to ensure convergence in this particular case (see Annex A), we had to take ~ 1000 orders into
account, which is about two orders of magnitude more than in the nominal case. This has therefore
involved very long computation times so that we could only sample a few points across the 6-14 um
wavelength range. The result of these heavy and time-consuming calculations was that the phase-
shift quality seemed not to be affected by the considered type of roughness while the reflected
amplitudes were. Indeed, micro-roughness induces diffusion in the reflected beam so that the TIR
was not completely ensured for the T'E' and T'M components, giving for instance, efficiencies of
99.91% for TE and 99.97% for TM at 6 microns in the ZnSe double-rhomb case. Thanks to the
super-cell method, we therefore managed to quantify the amplitude-mismatch influence on the
performance (see Eq. 2.8) so that, in conclusion, the feature line roughness should only degrade
the null depth by ~ 2.25 x 1078,

Finally, the nanoscopic-scale roughness is not expected to induce significant perturbations of
the performances in the thermal infrared since those tiny defects will be washed out by the large-
scale periodicity (which is already sub-lambda) and the larger-scale defects treated hereabove.

Homogeneity

One of the drawbacks encountered when optical materials are used in transmission is that they
should be homogeneous enough to keep, after transmission, the beam optical quality. It is evident
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Figure 8.16: Phase variation induced by an index inhomogeneity dn of size d.

that the acceptable deviation from a perfect homogeneity depends strongly on the scale of the
defects. Regarding the required null depth of 107% this may be evaluated in the following way
(Mangin 2003): in a first approximation we consider that homogeneity defects alter the phase
only, even if light scattering should also be considered. Both effects are reduced by performing
optical filtering. Fig. 8.16 depicts the simple case where a beam crosses two plates, one of them
exhibiting a defect of thickness d, index n + dn, for a plate of thickness e and average index n.

At a wavelength A, the defect-induced phase difference can be written

2 2
5¢:¢2—¢1:Tﬂ[(ne%—dnd)—ne]:;dnd (8.5)
Over a complete optical path, Eq. 8.5 can be written
2

)

Let us now compute the rejection rate that can be achieved with a two-beam nulling interferometer
when this phase defect occurs. For the sake of simplicity, we will consider a cylindrical defect with
radius 74,5 and uniform thickness d = 2rg¢. From Eq. 2.4, we know that at the constructive
output

Ima:v ~ 41077-7’;@1[ (87)
whereas at the destructive (or dark) one, we have
562
Imin ~ 2[0771'7"§ef (88)
The null depth therefore resumes to
5 2
N o Dnin _ 2Dy 00 (8.9)
Lo 4]07”‘;@1 4rzupil
substituting Eq. 8.5 into Eq. 8.9, we have
4r2dn®ra,
= ! (8.10)

pupil
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Given a null detph /N, the maximum value for 74 is therefore

222 N\ VA
Tiey = (Lpl> (8.11)

A72Hn?

Imposing N = 1077 and assuming the smallest wavelength A = 6 um, a beam size of 15 mm so
that 7,1 = 7.5 mm, and on ~ 3 x 107 for the ZnSe (homogeneity value routinely obtained),
we have 74efmar ~ 870 pm.

This value considers a single defect and is given for illustration. Of course several defects may
affect a pupil. In that case, the budget has to be performed over all the defects. In the actual
Darwin instrument, monomode optical filtering will further decrease very significantly the impact
of such defects on the wavefront. During the present study, as no such modal filtering is available,
we will therefore assume a classical pinhole filtering which diameter is a fraction 1/k of the Airy
disk at 6 pm. Now, we estimate the improvement provided by this filtering and the resulting
features of acceptable defects. In that case, the gain in terms of rejection rate can be computed,
according to the size of the defect. In the focal plane, the PSF of a defect n times smaller (in
diameter) than the pupil size will be n times larger (still in diameter) (this is a classical property
of Fourier transforms, Ollivier & Mariotti 1997; Mennesson et al. 2002). As a consequence, the
amount of defect energy kept after filtering is n? smaller than the pupil energy. In addition, the
fact that the filter is about k times smaller than the Airy disk increases the nulling depth by an
additional factor k. Thus one can write

N N Tier N B Amon®rl, ;
after filtering ™~ kT before filtering — ]€>\2—4 (812)
TPUPil rpupil
The maximum value for r4.; then becomes
kA2t NN O
Tdef = —C pupil (813)
4726n?

Imposing again N = 1077 and assuming the smallest wavelength A\ = 6 yum, a beam size of 15 mm
so that 7p,p; = 7.5 mm, on ~ 3 x 1079 for the ZnSe inhomogeneity and k = 8 (Mennesson et al.
2002), we have 74efmae ~ 2.5 mm, which is quite comfortable since the micro-crystals of CVD
ZnSe are known to be ~ 40-60 um in size.

Putting it the other way around is more significant since even without spatial filtering, the
contribution to the null depth of a single én ~ 3 x 107% defect of ~ 40-60 um is only of ~ 10~!2
(107'8 with spatial filtering).

8.5.5 Rhombohedra design

Some specific macroscopic tolerancing issues will now be considered in this section. The micro-
structure sensitivity analysis conclusion was that the tolerance on the grating parameters mainly
resumes to the sole fine control of the incidence polar angle which is in turn alleviated by the use
of the double-rhomb configuration. However, the previous analysis neglected parasitic-reflection
phenomenons due to the rhomb in/out interfaces. Thus, the macroscopic components have still to
be optimized for stray-light dumping. Broadband anti-reflective treatments will be necessary as
well as appropriate wedge angles at the different interfaces as we will discuss. For that, we decided
to model the double-rhomb geometry (see Fig. 8.17) in order to perform a ray-tracing analysis.
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Figure 8.17: Double-rhomb geometrical scheme and definition of the wedge angle w.

Ray tracing

Ray-tracing analysis was performed with the ZEMAX optical analysis software?®. The loaded
geometry was that of the nominal ZnSe double-rhomb configuration (Fig. 8.17). First results
were expectedly affected by strong parasitic light issues originating from the parallelism of the
in/out interfaces of the two rhombs and the relatively high refractive index of ZnSe (n ~ 2.4,
leading to a reflection coefficient of ~ 17% per interface). We therefore immediately chose to
adopt the wedge solution with the main purpose of ejecting spurious reflections away from the
main beam. Indeed, wedging the in/out interfaces with respect to each other by an angle w (see
Fig. 8.17) allows deviating higher-order parasitic beams of at least

0 > 2nw (8.14)

with n, the refractive index of the material. The specification of the wedge angle w is not trivial
and requires a fine analysis as we will discuss.

First, the wedge angle must be large enough so that the spurious reflections are rejected. Re-
jection occurs when the coupling efficiency of the output beam into the single-mode waveguide (or
the pinhole) that acts as a wavefront filter becomes negligible. When a beam is tilted with respect
to the maximum coupling into the single-mode waveguide, the coupling efficiency decreases with
the distance of the Airy image to the center of the guide. In order to reject stray light, the overall
transmission efficiency of the parasitic beam must be significantly below the nulling performance,
i.e., ~ 1077. This transmission efficiency results from the throughput of the rhomb interfaces, and
on the coupling efficiency into the single-mode waveguide. From numerical computations, we de-
rive that the distance d between the center of the single-mode guide and the image of the parasitic
beam must exceed k=25 times the mode size A in order to attenuate the parasitic deviated beam
well below the 1077 level. According to Ruilier (1999), the latter depends on the coupling optics
focal length f, the wavelength A, and the beam diameter B as follows

A=071Af/B (8.15)

2Results presented is this section have independently been confirmed by Jéréme Loicq (CSL) on ASAP.
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From A = f6, we finally derive the minimum value of 6
0 > 0.71k\/B (8.16)

which in turn provides the minimum wedge angle w

A
355k—— 1
w > 0355k (8.17)

For example, if B = 15 mm and A\ = 14 um, w > 3.5 mrad, i.e., ~ 10 arcmin.

On the other hand, the disadvantage of having wedged plates is that they introduce deviation
and dispersion. Deviation being, by definition, identical at all wavelengths, it can be compensated
for by the adjustment of a mirror, for all wavelengths at the same time. The maximum wedge-
angle requirement is therefore driven by dispersion. As written above, the deviation of a beam
translates into a variation of the coupling efficiency. Dispersion therefore creates a differential
coupling efficiency according to wavelength. In principles, if both effects are identical in the two
interferometer arms, the consequence on the nulling is negligible. Moreover, the double-rhomb
configuration, if perfectly anti-symmetrical as depicted in Fig. 8.17, allows cancelling the deviation
and therefore dispersion since the wedges are assumed identical for both rhombs, in the same
material and opposed.

In practice, wedging the plate at the minimum ~ 10 arcmin specification is not sufficient. This
result was at first very surprising given the reasoning presented here above. The explanation is
nevertheless very logical. Indeed, the analytical analysis does not take interactions between the
two rhombs into account. These multiple interactions prevent certain parasitic rays from being
deviated outside the main beam. Empirical ray-tracing analysis has led us to fix the wedge angle
at 1° for efficiently reject the stray light as can be seen in Fig. 8.18. Such a substantial value is
nevertheless a compromise, leaving some ghost residuals in the pupilla (at the 107 level). The
reason for the trade-off is to prevent interfaces from being too tilted with respect to the main
beam. Indeed, transmission through a tilted surface leads to differentiation between s and p
perpendicular polarization components of the impinging light. Above one degree, the latter would
lead to polarization disturbances above the required level of 107 (for 1°, the exact disturbance
taking the 4 interfaces into account is 3.4x 1078). In any case, stray-light residuals can be prevented
thanks to the use of almost classical anti-reflection coatings with a reasonable specification on the
reflectance which has to remain below 2% over the working wavelength range of 6-14 ym (see here
below).

Let 6y (resp. 63) be the angle of incidence upon the TIR interfaces of the first (resp. second)
rhomb (see Fig. 8.4). Another consequence of the wedge-angle presence is that upon refraction
through the input face, the TIR angle on the two first TIR interfaces 6, is disturbed by the
angle €(\) = arcsinﬁsin w, leading to 6; = 6 + € in the first rhomb while in the second no
perturbation occurs because of the deviation compensation provided by the anti-symmetrical
wedge implementation, so that 5 = 6. This effect must be corrected by manufacturing the rhomb
with an effective angle 6’ different from the designed TIR angle 6. The required transformation
restoring symmetry is 8’ = 6 — /2. Doing this, in the nominal configuration, we have 6; = 64 ¢/2
and 0y = 0 — €/2, and the linearity of the phase shift with respect to the incidence angle allows
a quasi-perfect compensation, provided that 6 is centered on the optimal nominal value. Once
again, it is worth emphasizing the robustness of the double-rhomb geometry that allows relaxing

incidence-related design obstacles.
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Figure 8.18: Ray-tracing analysis of the ZnSe double-rhomb with a wedge angle w = 1°.
Main ghosts (orange) are ejected sufficiently far from the main beam (red). Residuals at the
1073 — 10™* level are spread around the optical axis. Some of them reenters the pupil near the
edges. Isolation shows those penalizing rays undergoing at least four reflections. This means that
a 2% anti-reflection coating is sufficient to level them down to the 10~7 specification.
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Comments about anti-reflective treatments

One of the conclusions of the stray-light analysis presented here above is the necessity of treating
the different input/output faces of the rhombs by appropriate anti-reflective structures. Although
subwavelength gratings are mostly appropriate for this purpose (see Sect. 4.2), we have chosen
classical multi-layer coatings for two main reasons:

- these traditional treatments are widespread and proposed by many manufacturers for the
thermal infrared (8-12 um range);

- they are currently cheaper than subwavelength gratings that still need further R&D for
practical implementation and cost reduction.

We firstly propose to use the ZnS-Y F3 couple as coating materials for ZnSe substrates (Fig. 8.19).
Refractive indices used for calculations are given in Annex B for ZnS, and are taken from Lemar-
quis et al. (1998) for Y F3. It is to be noted that thin film refractive indices, which depend on
deposition technologies and parameters, may be slightly different so that it becomes difficult to
choose one dispersion law rather than another. Now, even if an accurate knowledge of thin film
indices is mandatory for manufacturing, the optimum performance is not very sensitive to a slight
index deviation, provided that the layer thicknesses are re-optimized.

The case of Y Fj is a bit different since fluoride materials in thin film form are known to be sen-
sitive to moisture. According to the deposition parameters, fluoride films are more or less porous,
and water adsorption can be observed. This induces absorption bands in the infrared spectral
range that are characteristic of water, especially at 2.9 um, 6 ym and beyond 11 um. Obviously,
this absorption will decrease coating transmittance. To take this phenomenon into account, we
used dispersion laws for both the refractive index and the extinction coefficient (Lemarquis et al.
1998). It is worth mentioning that these calculations still demand optimization from thin film spe-
cialists. The results presented in this paragraph are preliminary and for illustration purposes only.
Knowing this, let us present another solution using BaF, instead of Y F3 (Fig. 8.20), alleviating
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Figure 8.19: 3-layer ZnS-Y F3 anti-reflective coating for ZnSe for the 6-14 pm wavelength range.
Absorption due to Y F3 is quite significant. Courtesy of Pierre Riaud (IAGL).
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Figure 8.20: 5-layer ZnS-BaF, anti-reflective coating for ZnSe for the 6-14 pm wavelength
range. Courtesy of Pierre Riaud (IAGL).

short-wavelength absorption issues.

In nulling interferometry, identical components have to be placed on each arm of the inter-
ferometer in order to maintain a perfect balance for both phase and intensity properties. To
obtain such a result for multi-layer coatings, similar coatings must be manufactured simultane-
ously during a single-deposition process. Similar coatings will have identical optical properties if
the layer thicknesses are rigorously identical. However, since the samples cannot be located at
the same place in the deposition chamber, a slight thickness mismatch can appear between the
coatings. These considerations have specifically been studied for Darwin in Lemarquis (2003) with
the conclusions that lateral uniformity of the coating does not seem to be a critical problem. On
the contrary, radial uniformity should be regarded carefully. Taking the uniformity of standard
deposition chambers into account, and considering a simple rotation of the substrates during de-
position, coatings cannot be considered as uniform for the Darwin requirements. In that case, the
orientation of the components inside the deposition chamber must be taken in account in order
to have a correct compensation of phase shifts between the two arms of the interferometer. An-
other solution to suppress this constraint is to use planetary movements of the substrates during
deposition. However, this solution is not of frequent use for manufacturers.

Final geometry of the prototype

The prototype was chosen to be a ZnSe double rhomb engraved with two subwavelength gratings,
one on each rhomb, leaving one bare TIR interface per rhomb. The prototype was optimized for
the 6-14 pym wavelength range and not above because of the absorption of ZnSe. The beam size
is assumed to be 15 mm in diameter, according to the NULLTIMATE test bench specification
(see Sect. 9.3.3).

Assuming a rectangular profile for the baseline subwavelength grating (period A = 900 nm,
feature line of 250 nm and thickness of 1.23 um), the optimal TIR incidence polar angle was



8.5. TOLERANCING AND DESIGN OF A PROTOTYPE 189

Figure 8.21: 3D view of the ZnSe double-rhomb TIRG APS prototype, and draft of the me-
chanical mount under optimization for alleviating thermal and mechanical stresses.

found by RCWA analysis to be 1.1396 radian (see Fig. 8.9, right). Since the stray-light analysis
led to wedges of 1°, the latter must be corrected accordingly as explained here above, leading to a
rhomb angle of 1.1352 radian. Taking a comfortable clearance margin, the input faces are chosen
to oversize the beam diameter of the NULLTIMATE test bench (15 mm) by several millimeters:
we will take 20 mm x 20 mm. The geometry is now completely constrained and final drawings
defining the rhomb dimensions can be made (see Annex C). An artistic 3D view of the component
mounted in a rough draft of mechanical mount is presented in Fig. 8.21.

Mechanical mount

In this paragraph, we shall draw some specific design-dependent constraints on thermal and me-
chanical aspects to be taken into account in the mechanical-mount conception (see the rough draft
presented in Fig. 8.21).

Rhomb spacing. The wedge-induced deviation of the chief beam at the output of the first
rhomb is a function of wavelength. As a direct consequence, the second rhomb thickness “seen”
by each of the wavelengths is different. The amplitude of the thickness variation depends on the
spacing D between the two rhombs (Fig. 8.17). Nevertheless, if this spacing is exactly the same
in the two arms of the interferometer, whichever its actual value, no performance loss occurs since
the interferometer remains symmetrical. When the spacing differs between the arms, a differential
thickness difference appears, which cannot be compensated for nor by the delay lines nor by the
thickness adjustable beam splitters.

Let us derive the constraint on the differential spacing 6D. The thickness difference ey, — ey,
in the second rhomb between two beams of wavelengths \; and A, is related to the spacing D, the
angular dispersion of the beam going out of the first rhomb & and the wedge angle of the second
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one w
ex, — ex, = wDE (8.18)
Differentiating the former equation with respect to D leads to
Oe
- 8.19
= (519

Let us now assess the thomb thickness variation §¢ which generates a nulling degradation of 1078
at a given wavelength A. This value directly comes from the sensitivity of the null depth to the
OPD, and the relation between the OPD and the rhomb dimension, as follows

5t — ﬂ (8.20)
w(n—1)
For the overall null depth to remain insignificantly degraded, the differential thickness difference
de must remain lower than §t. If we suppose that the bench configuration (delay lines, beam
splitters, etc.) is optimized for the chief ray, then ¢ is taken to be equal to the PTV deviation
divided by 2. A numerical application for the 6 ym wavelength and the ZnSe 1°-wedged double
rhomb yields §t = 0.136 nm, &, = 6 x 107° rad, w = 1 degree, so that

0D < 0.1 mm (8.21)

Temperature effects. The prototype will first be tested at room temperature. It has been
optimized accordingly. However, it is planned to be tested at cryogenic temperatures as well on
the NULLTIMATE testbed, at 100 K precisely (see Sect. 9.3.3). Three effects of temperature will
be considered:

- refractive-index variations with temperature;
- thermal expansion of the component;
- heat transfer during cooling.

Once again, the double-rhomb configuration robustness allows for a comfortable tolerance as far
as refractive-index variations are concerned since cooling will impact on the performance through
a mere global shift in the ZnSe refractive index while conserving the global achromaticity. In-
deed, the dispersion of the thermo-optic coefficients of ZnSe is low (see Annex B). Therefore, a
simple geometrical modelling of the main beam using the Snell-Descartes refraction law at each
interface coupled to the RCWA code simulating the grating response has led to the conclusion
that adjustments within a 10-arcmin range are sufficient for switching between the cold and hot
configuration of the double-rhomb TIRG APS. This modelling also take chromatic refraction into
account, and departure from nominal performance was found to be kept within a few 10~® be-
tween the two configurations. The lesson of this analysis is that the mechanical mount of the
double rhomb must allow varying the angle between the two rhombs with a subarcmin precision,
or that two different mounts are needed. The two interferometer arm mounts are planned to be
implemented on a 3-rotation axis deck so that the general orientation of the double rhomb as a
whole can be controlled independently. This control is convenient for possible OPD adjustment
though the NULLTIMATE test bench is expected to be equipped with ZnSe beam splitters which
are adjustable in thickness (see Sect. 9.3.3).

Thermal dilatations/contractions will only impact the geometry of the grating to a negligible
level since the thermal expansion coefficient v of ZnSe at ambient temperature is 7.1 x 1075/K
leading for the typical dimension of the grating, i.e., ~ 1 um, and a AT = 200 K to a dilata-
tion/contraction of only 107% x 7.1 x 107% x 200 ~ 1 nm. As far as the dilatation/contraction
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of the whole rhomb is concerned, the mount has to be conceived for tolerating differences of
0.08 x 7.1 x 107% x 200 ~ 0.12 mm. In this respect, the choice of the mount material is of critical
importance. Indeed, it must be chosen with a thermal expansion coefficient very similar to that of
ZnSe in order to avoid differential effects. Let us suggest the use of Titanium (for example, the
T A6V alloy) since its thermal expansion coefficient is 8 x 1076 /K, i.e., very close to ZnSe, just like
its thermal conductivity: 0.16 W/cm/K. It is to be noted that the thermal expansion coefficient
is actually temperature-dependent, which was neglected here above. It indeed decreases with the
temperature. Our calculations are therefore conservative.

The cooling time necessary to lower the temperature of a ZnSe rhomb from 298 K to 100 K
thanks to conduction can be estimated by simple heat-transfer considerations and knowing the
ZnSe thermal properties:

- heat capacity p. = 0.356 J/gr/K;
- thermal conductivity k£ = 0.18 W /cm/K.

Newton’s law of cooling indeed states the following
T<t) = Tenw + (T(()) - Tenv) e T (8.22)

where T'(t) is the thomb temperature at time ¢, 7'(0) is its initial temperature, T,,, is the tem-
perature of the environment of the rhomb (i.e., its thermal contact), and 7 is a characteristic
time defined as 7 = fﬁ{%, with M the total mass of the rhomb, d its thickness, and A the area
of the thermal contact surface. In the present case, since the density of ZnSe is ~ 5.2¢gr/cm?,
the mass of a single rhomb is 166 gr, its thickness is ~ 2 ¢cm, and the contact surface is assumed
to be a lateral one, i.e., with an area of ~ 16cm?. A numerical application with T'(0) = 298 K
and T,,, = 100 K give ~ 300 s for cooling the component down to 100 K + 0.1 K. This is of
course a raw calculation with the sole purpose of demonstrating that the characteristic cooling
time of a ZnSe rhomb is much smaller than the expected cooling time of the bench (several days)
assuming that the contact is at least made on one lateral face of the rhomb. However, it is worth
noting that cooling time is also driven by the admissible strain caused by internal thermal gradi-
ents. When the surface of a solid body is subjected to a temperature change AT, a compressive
stress ATyE/(1 —v) indeed appears (Roark’s formulas, Young 1989), with F = 6.72 x 10'° N/m?
the ZnSe Young modulus, and v = 0.28 the ZnSe Poisson ratio. This stress must remain be-
low the rupture modulus of ZnSe, which is 5.51 x 107 N/m?. The maximum admissible internal

temperature gradient is therefore AT, < 83 K, which is quite comfortable.

Now, we possess all the necessary tools and data for realistically calculating a minimum cooling
time respecting the maximum admissible thermal gradient of 83 K. The heat to extract from the
ZnSe rhomb of 166 gr to cool it from 298 K down to 100 K (AT, ~ 200 K) amounts to
Q = peMAT,, ~ 1.1 x 10*J. In a first step, let us impose the AT,,,, = 83 K gradient to cool
the component down to 183 K, or equivalently to evacuate (' = 6800 J. The needed cooling time
for that resumes to t = dQ'/(kAAT,..) =~ 57 s. Then, using the Newton’s law (Eq. 8.22), the
remaining time to pass from 183 K to 100 K £+ 0.1 K, is ~ 276 s, leading to a total minimum
cooling time of 333 s, which remains much smaller than the expected cooling time of the test
bench.

A more detailed study of sensitivity to temperature gradient or variability should rather define
the temperature regulation within the bench than the design of the APS by itself. For more
details about these particular considerations, see Valette (2004). The conclusion of the latter
work is that thermalization of the support is strongly improved by good thermal screening if
thermal conductivity of the component is high and temperature low. Shape of optical components
should not vary if good thermal shielding is achieved.
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Figure 8.22: ZnSe double-rhomb TIRG APS prototype. Draft of mechanical implementation at
45° for alleviating stress-birefringence issues by letting the rhombs laying under their own weight.
The mechanical mount seems to enclose them but there is in fact no contact. The apparent
enclosure is just to prevent them from falling.

Stress-induced birefringence. Stress birefringence can be a strong obstacle to the final per-
formance of the TIRG APS. Indeed, the macroscopic optical length inside the rhomb is as long
as ~ 17 em. ZnSe, by its cubic and polycristalline nature, is not birefringent but as every ex-
isting material, when submitted to stresses, it becomes anisotropic. Stress-optic coefficient of
ZnSe in the thermal infrared has been measured by Mariner & Vedam (1981): C=10.6m ~ —12
brewsters3’. The stress-optic coefficient is directly related to the stress-induced birefringence by

An = Cyo (8.23)

where o is the applied uniaxial stress. Imposing that the phase shift perturbation must remain
below the 1072 radian level at 6 um®!, i.e., below the ~ 10~7 null depth, implies that an uniaxial
applied load must remain below ~ 470 N/m? = 47Pa = 4.7 gr/cm? which is very stringent and
should be a sufficient motivation for a finite element analysis of the rhomb stresses in its working
conditions. Indeed, applied loads will be localized and the propagation of their associated stresses
in the bulk material up to the optical zones are a priori unknown. Moreover, the weight of a single
rhomb is 166 gr. Assuming that the rhombs will lay on their whole lateral face of ~ 16 cm?, this
nevertheless makes it twice too strong. Manufacturing mounts such that both rhombs lay at a
45° angle from the horizontal in the bench should relax this constraint roughly by distributing the
rhomb weight on the perpendicular face where one half can be sacrificed since no light impinges

301 brewster = 10712 m?/N.
3'We will assume that the stress-optic coefficient does not depend on .
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on it (see Fig. 8.22). A preliminary finite-element analysis was therefore performed (see Annex
D). The conclusion of this quick analysis is that the expected phase-perturbation upper bound
resumes to ~ 6 x 1074 radian at 6 um, corresponding to a null-depth degradation of ~ 1.6 x 107".

Of course, these problems are not expected in space. In any case, they must be taken into
account by the mechanical mount conception but also during manufacturing, i.e., cutting and
polishing of the rhombs, in order to avoid residual stresses. For that, the elastic limit of ZnSe
(55.1 MPa) must not be exceeded, which, actually, should not be a problem.

8.6 Summary

As the conclusion of the present chapter, we will tentatively draw an error budget for the ZnSe
6-14 pm double-thomb TIRG APS summarizing all the points described in the different sections
here above. The hypothesis of independency of every contribution to the resultant null depth is of
course questionable but this is quite a conservative way of assessing the final performance of the
component. The error budget is constructed on the basis of the nominal performance of 1.5 x 1077
resulting from the sole optimization of the ZnSe subwavelength grating in the double-rhomb
configuration (2 TIRG and 2 TIR interfaces) for the 6-14 pum wavelength range. Two situations
are considered: an optimistic and a pessimistic one. The main difference between them concerns
the degree of mastership in the control of the micro-structure design parameters.

Table 8.2: ZnSe 6-14 uym double-rhomb TIRG APS tentative error budget.

Optimistic Pessimistic
ZOG control 2.5 x 1077 (2° slope) 5x 1077 (5° slope)
Thickness roughness 7% 107® (5 nm rms) 2.5 x 1077 (10 nm rms)
Lateral roughness 2.25 x 107% (25 nm rms)  2.25 x 107® (25 nm rms)
Homogeneity 1078 (with spat. filt.) 107'% (w/o spat. filt.)
Polarization disturbance (1° wedge) 3.4 %1078 3.4 %1078
Ghost 1077 1077
Rhomb spacing (<0.1 mm) 1078 1078
Temperature effects 10-8 108
Stress birefringence 1077 1076
Total 6 x 107 2% 107°

8.7 Article: Use of subwavelength gratings in total inter-
nal reflection as achromatic phase shifters

In this paper, published in the peer-reviewed journal Optics Fzpress, the idea of using subwave-
length gratings in total internal reflection was exposed for the first time. The principle of the
TIRG APS is described and its theoretical performances are assessed. Emphasis is put on the
phenomenological aspects of the modulated TIR. Some manufacturing hints are also given.
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1. Introduction

Direct detection and characterization of faint sources around bright astrophysical objects like
stars or Active Galactic Nuclei is very difficult due to the large flux ratio between them. For
example, an Earth-like exoplanet is typically 10” times fainter than its host star in the visible
spectrum, 10° in the thermal infrared. Infrared nulling interferometry proposed by R. Bracewell
in 1978 [1], appears to be the most promising technique to achieve the high angular resolution
and high dynamic range required to allow the ambitious detection of the first exobiological trac-
ers. The nulling interferometry technique consists in adjusting the phases of the beams coming
from various telescopes (two in the most simple configuration) to produce a fully destructive
interference on the optical axis. The quality of the destructive interference, or the so-called Null
Depth (ND) relies on the optical components ability to induce a very precise phase shift (e.g.
m) and a very low amplitude mismatch over the considered wavelength range. Unfortunately,
searching biomarkers in the exoplanet atmospheres requires spectroscopic characterization over
large spectral bands. For example, the Darwin Infrared Space Interferometer [2] considered by
the European Space Agency will operate in a wavelength band between 6 and 18 microns.
High performance Achromatic Phase Shifters (APS) are therefore needed. For such broadband
interferometers, we propose to use subwavelength gratings in a total internal reflection (TIR)
configuration. These original components fit in the technological evolution of the well-known
Fresnel Rhomb technology [3] [4]. Our theoretical calculations using the Rigorous Coupled
Wave Analysis point to very promising results.

n,

Fig. 1. Schematic representation of a subwavelength grating. The main parameters of the
structure are: the grating vector |K| = 2z /A, perpendicular to the grating lines, with A being
the spatial period, the grating depth %z and the filling factor f, such that fA is the width of
the grating ridges. TE and T'M are the vectorial orthogonal polarization components of the
0-incident light. n; and n; are the refractive indices of the incident (substrate) and emergent
(transmitting) media, respectively.

2. Principle of the TIRG APS

It is a well-known fact that the TIR phenomenon comes with a differential phase shift between
the vectorial TE and TM polarization components. This vectorial phase shift takes the follow-

ing form [5]
{\/sirﬂefnﬁ] [\/sinzefnlzi]
A¢rg_ry =2arctan | —————— | —2arctan | —————— (hH
L n;;cos 8 J [ cos 6 J
where 6 is the angle of incidence, greater or equal to 6, the critical angle defined as sin6, =
ny; =n, /n; and where n; and n, are the refractive indices of the incident and emergent media, re-
spectively. This property is exploited in the well-known APS component called Fresnel Rhomb.
We demonstrate that engraving a subwavelength grating on the TIR interface leads to a signif-
icant improvement over the Fresnel Rhomb technology which is limited by the intrinsic index
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dispersion of the material used. When the period of a grating becomes smaller than the wave-
length of the incident light, it does not diffract light as usual in the sense that only the zeroth
transmitted and reflected orders are allowed to propagate outside the modulated regions, leav-
ing wavefronts free from any further aberrations. Furthermore, interaction between the grating
and the vectorial electromagnetic field leads to interesting effects on the phase and amplitude of
the external propagating fields. Indeed, one dimensional subwavelength gratings, i.e., gratings
only modulated along one dimension, turn out to be artificially birefringent. It means that the
structure can be associated with two so-called effective indices, one for each polarization com-
ponent TE and TM. These effective indices, nyg and nry; are totally dependent on the grating
and incidence geometries (see Fig. 1). One can really speak of refractive index engineering.

The principle of the Total Internal Reflection Grating Achromatic Phase Shifter (TIRG APS)
is to use a subwavelength grating in the TIR incidence condition (see Fig. 2). We will show in
the next section that by carefully controlling the grating parameters, the induced vectorial phase
shift can be made as nearly achromatic as possible. Achromatic means that the phase shift value
has to remain constant over the considered wavelength range. As the leading application of
the TIRG APS component concerns nulling interferometry (the TIRG APS high performances
could as well be used in other applications like polarimetry), we have chosen to optimize the
grating design with a figure of merit called the Null Depth. The Null Depth somehow is the
darkness of the destructive interference. The TIR configuration ensures a one hundred percent
efficiency for the back reflected light whatever the polarization, therefore no amplitude mis-
matches. The figure of merit to be minimized consequently resumes to ND(1) = 62 /4 where
o(A) is the phase shift error standard deviation with respect to the nominal value of 7 (other
values are possible). This relation, derived from the interference between two plane waves the-
ory, simply means that the Null Depth is directly proportional to the variance of the phase shift
error, i.e., the achromaticity.

Input beam
Te$>IM
2 :

Z

Output beaml

TE-TM, 142

Fig. 2. Schematic of the TIRG APS component. The TIRG APS is analog to a Fresnel
rhomb which TIR interfaces are engraved with an optimized subwavelength grating. A
TIRG APS component calculated for a & phase shift possesses two TIR interfaces, each
providing a /2 phase shift such that the resultant is APrE_ 17142 = ADrE Ty +
ADyp pyo =m/24m/2 = m. Such a component is to be inserted in each interferome-
ter arm and orthogonally from one another.

3. Theoretical design

We have carried out extensive numerical simulations focused on the two spectral bands of the
Darwin mission: the first one ranges from 6 to 11 microns, the second one from 11 to 18 mi-
crons. We have now to choose among the restricted list of IR materials keeping in mind that
the ZOG technology is flexible enough to accommodate the majority of them provided that
their transparency is sufficient. We will present simulation results for Diamond, Zinc Selenide
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Table 1. Temperature-dependant coefficients for material index representations.

Coeff. Diamond ZnSe CdTe Ge
A 1 1 —2.373x 10T +3.8466 —6.040x 10 3T +11.05128
B 0.3306  4.46395  8.057 x 1074T +3.2215 9.295 x 1073T +4.00536
C 0.030625  0.0404 —1.10x 107 4T +0.1866  —5.392 x 1047 +0.599034
D 43356 0.46132 —2.160x 10727 +12.718  4.151 x 10~*T 4+0.09145
E 0.011236  0.1538  —3.160 x 10'T + 18753 1.51408T +3426.5
F 0 2.88289 0 0
G 0 2213.5 0 0

(ZnSe), Cadmium Telluride (CdTe) and Germanium (Ge). This choice is justified in three ways:
these selected materials are common in IR applications, they cover a large refractive index spec-
trum (2-4) and their etching processes are well-known. The indices and corresponding disper-
sions for Diamond[6], ZnSe[7], CdTe[8], Ge[8] will be taken from the following Sellmeier-type
relation

2 2 2\ 172
NDiamond ZnSe.CaTe,Ge(A,T) = <A + lf{ cT l?); 7 11;7); G> 2)

The corresponding coefficients are given in Table 1. We will assume a refrigerant tempera-
ture 7 = 100K, keeping in mind that corrections are needed if 7 is different. Note that A is
expressed in microns in all representations. To simulate grating responses in the subwavelength
domain, scalar theories of diffraction dramatically fail. The vectorial nature of light must be
taken into account implying a resolution of the Maxwell equations. We use an algorithm based
on the Rigorous Coupled Wave Analysis [9] (RCWA) for the simulations of the grating re-
sponses. This algorithm also allows, for each polarization, the visualization of the electromag-
netic field distribution (amplitudes and phases). We have performed simplex optimization of
the component parameters for the selected materials and for the wavelength band ranging from
6 to 11 microns. The results are summarized in Table 2. We notice that the improvement of the
Null Depth performance between the Fresnel Rhomb and TIRG APS technology depends on
the selected material, ranging from 107 for the CdTe case up to 10* for the Diamond one. Let
us note that in the particular case of the Diamond TIRG APS, the rhomb bulk material can be,
for example, ZnSe on which a thin Diamond layer is deposited by Chemical Vapor Deposition
(CVD). In Fig. 3, we explicitly show the CdTe TIRG APS results for the two Darwin spectral
bands. These results are very good with deep nulls around 5 x 10~ in average. We have also
plotted, for comparison, the Null Depth of the corresponding Fresnel Rhomb.

Table 2. Null Depths for the optimal Fresnel Rhomb configurations and TIRG APS ones
and corresponding grating periods for the selected materials.

Diamond ZnSe CdTe Ge
Fresnel Rhomb 6 — 11 um ND  4x10*  1.73x107° 64x107 7x107°
TIRG APS 6 — 11 um ND 1.4x107%  34x1077 38x107° 35x1071°
Period 980 nm 1100 nm 1400 nm 662 nm
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Fig. 3. Continuous lines: CdTe TIRG APS performances in terms of Null Depth (logarith-

mic scale). Dotted lines: CdTe Fresnel Rhomb Null Depths (logarithmic scale). Left: 6-11

microns band, the TIRG APS mean Null Depth is uyp = 3.8 x 1072, Right: 11-18 microns

band, the TIRG APS mean Null Depth is pyp = 1.8 x 1077,

4. Phase shift and electromagnetic field visualization

To better understand the exact nature of the phase shift and its achromaticity, we propose to
visualize the distribution of the electromagnetic field (amplitudes and phases). For this purpose,
the structure is divided in three different regions: the first one is the incident medium, in this case
the substrate, the second one is the modulated region, i.¢., the grating and finally, the last one is
the external medium, usually air or vacuum. Each of these three layers is coded with 384 x 128
(x x z) pixels. The x-axis range corresponds to one period of the grating (A) whereas the z-axis
range corresponds to 3 units of depth (4). The use of the ZOG in TIR incidence implies that
the field interacts with the structure only by means of its evanescent waves. The phase shift
between the TE and TM polarization components arises due to the fact that their associated
vanishing fields penetrate more or less deeply into the modulated region. Figure 4 shows that the
TM component penetrates less deeper than the TE one inducing a pseudo-Optical Path Delay
responsible for the phase shift. This differential skin effect can be explained by the difference in
the TE — T M zeroth order effective indices. The achromaticity of the subsequent phase shift can
be understood from the particular grating-induced artificial dispersions of the effective indices
(see Fig. 4 bottom right) but, most of all, by the complex interaction between the higher order
vanishing modes.

5. Discussion: implementation and manufacturing

Implementation of the vectorial phase shift in a nulling interferometer is straightforward. Con-
sidering two identical components belonging to the two distinct interferometer arms, rotated
by ninety degrees around the optical axis and from one another, then the potentially-interfering
parallel polarization states are two by two in phase opposition. It must be noted that there is a
strong constraint on the alignment of the components. Let Ay be the misalignement angle. Ay
is geometrically related to the Null Depth ND by vectorial additions of the phase shifted polar-
ization components: ND = (1+sinAy)(1 —cosAy)/2. Thus, in order to fulfill the constraint
ND = 10~°, we must reach Ay < 6 arcmin.

The fabrication of the TIRG APS is based on micro-electronic technologies. The first step
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Fig. 4. Electromagnetic field RCWA visualization in the CdTe TIRG APS case at 6 microns.
Top left: TE component field. Top right: TM component. Bottom left: TE — TM phase
shift field visualization. Bottom right: TIRG APS TE — T M phase shift versus wavelength
together with the effective indices.

consists in imprinting a grating mask in a resin coated on the chosen substrate material. It
can be realized by laser direct writing or e-beam lithography. The precision of this step is
critical because it defines once and for all the lateral dimensions of the ZOG, i.e., the filling
factor f. This pattern is then uniformly transferred in the substrate by an appropriate reactive
plasma beam etching down to the desired depth. The fabrication must be interactive to properly
compensate for process errors, e.g. by using in situ monitoring [10]. To summarize, we have
presented a new concept of APS relying on subwavelength grating technology. The TIRG APS
consists in a grating optimized at TIR incidence. Theoretical results are excellent with deep
nulls around (less than 5 x 10~2 for the CdTe) over wavelength ranges corresponding to a
spectral resolution Ry = A /AA < 1.5. A prototype is currently under realization in collaboration
with the “Centre Spatial de Liege”.
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Abstract. The TIRG APS is a hybrid component, comprising micro-structures engraved into
traditional bulk optics. Manufacturing of hybrid optics is very demanding since the techniques
involved are not unique and since their combination or synergy makes it very complex. A long
learning phase is therefore required. Compared to micro-electronics industry, the processes are
somehow similar or derived. However, the materials and constraints are not the same, and in
general, not limited to wafered substrates. A process optimization taking into account the knowledge
of physical and chemical properties is also required. The University environment is helpful to
develop those techniques, but an industrial support is absolutely required.
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9.1 Preliminary attempts

Prior to the manufacturing of the TIRG APS and before receiving the needed resources, we
have conducted a preparatory work to assess the difficulties associated with the following main
fabrication steps:

- subwavelength-grating mask making and fine control;
- etching of exotic materials.

The preliminary attempts we performed, revealed to be time consuming on one hand, but also
very fruitful in terms of learning on the other hand.

9.1.1 Mask making using holography

As already emphasized in Sect. 3.4.1, the holographic recording is a very efficient manufacturing
technique for producing masks of diffraction gratings since it allows treating very large areas at
once. The grating period can also be easily defined by the holographic method since one only has
to properly superpose two coherent plane waves of wavelength \g while imposing between them
an angle 0y defined by the well-known Bragg relation

Ao

A= o 0o (9-1)

Unfortunately, the filling factor that characterizes the feature line consistent with the chosen
period, cannot be directly defined since the cross interference pattern between the two plane
waves induces a sinusoidal intensity distribution. According to the recording-medium choice, this
sinusoidal distribution will induce a surface pattern which actual feature-line width is hardly
predictable. This limitation can prevent the use of the holographic technique in the present
application as we will discuss.

During Summer 2003, we performed many holographic recording trials at HOLOLAB (more
than 150 samples were produced), trying to develop a reproducible process for controlling the
feature line of holographic patterns. For that, we chose to use the very popular Microposit S-1805
photoresist from Shipley. This synthetic photosensitive polymer is part of the positive resin family.
This means that illuminated zones are removed in a dedicated developer bath (e.g., Microposit MF-
319 developer). The underlying process of chemically developable resins is very simple: through
a proper illumination in the resin sensitive wavelength regime (for the S-1805: 350-480 nm, i.e.,
encompassing the i and g lines), polymeric chains are destroyed by the impinging light so that a
solvent (the developer) can easily remove them.

The conditioning of photoresin is a liquid with a given viscosity. By adjunction of a solvent
(e.g., Microposit EC Solvent), the latter can be modified. A layer of a given thickness is deposited
on a cleaned substrate by spin-coating. According to the resin viscosity, the duration and rotation
speed of the spin-coater, different thicknesses can be obtained. A post-bake processing is also
necessary after the deposition in order to evaporate solvent residuals. We performed the exposure
step by using the Lloyd-mirror mounting as illustrated in Fig. 3.7. The angle 6, was chosen to
provide a period of 1 um, i.e., according to Eq. 9.1, 6y = 12°. The coherent field was provided
by a spatially filtered Krt laser emitting at 413 nm (available at HOLOLAB). An important
parameter we had to control was the exposure time. It indeed directly determines the amount
of energy received by the photoresist, and therefore the degree of destruction of the polymeric
chains, which directly translates into reactivity to the development process (i.e., solubility of the
exposed parts of the photoresist).
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In fact, the goal of this work was to produce a chrome master for subsequent copy-contact
replication (see Sect. 3.4.1). For that, we evaporated a thin chrome layer (~ 50 nm) by thermal
deposition on top of the photoresist grating. The chrome layer settles indeed on the cleared part
of the substrate and on top of the photoresist “domes” (see Fig. 9.1, left). In order to leave
the substrate with the chrome strips only (see Fig. 9.1, right), we then removed the photoresist
thanks to a lift-off process involving an intermediary layer which was a prior: deposited between
the substrate and the photoresist layer. Thanks to an accurate control of the process, the lift-
off layer (LOL2000, from Shipley) is etched more readily than the photoresist layer during the
chemical development. This results in the formation of small cavities underneath the photoresist
layer, allowing the coated areas not to be attached to the residual parts which have to be removed
with the mask at the end of the process (see Fig. 9.1, left). The best results we obtained to lead to
the chrome mask depicted in Fig. 9.1 (right) were obtained for the following process parameters:

- total exposure energy of 50 mJ/cm?;
- 25 s development in a 4 : 1 Microposit MF-319 : distilled water bath;
- rinsing of the samples with deionized water and drying.

Given the number of determining steps in the process, the obtention of a given feature line was
prevented at that time by the extremely varying environmental conditions of the lab (Fig. 9.3,
top and middle). Indeed, the chemical reactions leading to the photoresist-profile definition are
very sensitive to the illumination stability. Moreover, the development reactions are kinetically
very fast and therefore difficult to manage. The conclusion of this work was that a very stable
environment in terms of temperature, humidity, cleanliness, laser stability, etc., is necessary for
reproducibility.

In fact, we experimentally noticed what has already been predicted: commercial photoresists
are engineered and optimized for binary illumination, e.g., with direct writing laser apparatus
(DWL, see Sect. 3.4.1). Unfortunately, the intrinsic sinusoidal nature of the holographic process
prevents the required binarity up to a certain point (Fig. 9.2). Any drift in the exposure or
developing time will indeed induce an error on the filling factor definition achievable onto the
photosensitive surface. Some recent results obtained at HOLOLAB (C. Lénaerts, private commu-
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Figure 9.1: Left: developed photoresist grating where the lift-off layer cavities are clearly visible.
Right: chrome mask originated from the previous holographically recorded photoresist grating.
SEM measurements courtesy of Denis Vandormael (CSL).
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Figure 9.2: AFM picture of a holographically recorded photoresist grating showing the sinusoidal
surface pattern reaching the substrate. The measurements were performed at CSL (Courtesy of
Denis Vandormael).

nication) are in this respect nevertheless encouraging (Fig. 9.3, bottom). The difference between
these attempts and the previous ones was the absence of the lift-off layer. The latter seems to
induce a greater variability in the process control. The explanation directly comes from the reac-
tivity of the LOL2000 compound in the developer bath. Here are the details of the new process:

- total exposure energy of 40 mJ/cm?;
- 20 s development in pure Microposit MF-319 developer;
- rinsing of the samples with deionized water and drying.

The rather same geometrical illumination conditions as presented here above were used. These
resulted in a grating which period is 900 nm, and a feature line of ~ 250-300 nm. It is worth
noting that there are still some uncertainties about the feature-line definition, and the roughness
of the grating walls is clearly visible (see Fig. 9.3, bottom). It is also important to note that
some resists can show a different behavior with respect to the illumination pattern. For example
the SU-8 photoresist (MicroChem Corp.) has recently been reported to present vertical walls and
reproducible feature lines in case of holographic lithography (Pang et al. 2005).

In conclusion, for applications where the definition of the filling factor is relaxed or not critical,
this method is extremely efficient. For information, these masks were then used as lithographic
mask to etch SiO; substrates (Mawet 2004). In the present application and despite the recent
improvements obtained in the lab, the sensitivity of the process still prevents its practical utility.
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Figure 9.3: SEM pictures of photoresist (S-1805) holographic gratings showing the reproducibil-
ity issue of this process. The two SEM images above were taken from a unique grating at two
different locations on the substrate. Idem for the two images in the middle for a second sample
processed exactly the same way (see text for process details). Bottom: photoresist grating ob-
tained at HOLOLAB with the latest optimized process (courtesy of Cédric Lenaerts, HOLOLAB).
At last, a certain reproducibility has been reached. This is in contrast with the top picture case.
The difference between them is the absence of the lift-off layer in the latest attempts.
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Figure 9.4: SEM pictures of the photoresist (S-1805) mask of the FQPM pattern manufactured
by contact lithography showing a submicron resolution in the edge definition and and central gap
size lower than the 3 um specification. Courtesy of Denis Vandormael (CSL).

9.1.2 Reactive ion etching of ZnSe

Reactive ion etching of II-VI compounds has been the subject of extensive researches since the
early 1990s (Clausen et al. 1988; Pearton & Ren 1993; Sparing et al. 1996; Chen et al. 2000;
Legge et al. 2001). Most of these studies referred to a methane/hydrogen-based chemistry. In
the framework of the technological developments of the FQPM coronagraphs for the mid-infrared
imager (MIRI) of the JWST (see Sect. 1.5.3), CSL and TAGL proposed to realize the FQPM phase
mask by reactive ion etching of ZnSe. This work was coordinated by LESIA who also initiated
concurrent studies on other substrate compounds like Germanium (performed by CEA-Saclay) and
diamond (performed by ADAMANTIS AB from Uppsala, see Sect. 5.3.1). The ZnSe prototypes
had to be monochromatic, i.e., based on the index-step principle, and designed to operate at 4.77
and 15.5 pm. The step specifications were therefore hy 77 = 4.77/2(nzp5¢(4.77) — 1) = 1.63 um for
the smallest wavelength and hy55 = 15.5/2(nzps.(15.5) — 1) = 5.62 um for the largest one.

We contributed to these developments by performing the photolithographic resist masks using
the Kr* laser available at HOLOLAB. The optical mounting we used was quite simple and
implemented the contact lithography technique (see Sect. 3.4.1) by employing a spatially filtered
and collimated coherent beam. The chrome mask made by a subcontractor (Optimask) was
brought into contact with the resist-coated substrate by means of an applied load. This transfer
step revealed critical in the definition of the four-quadrant feature since the edges at the transitions
between adjacent quadrants had to be as steep as possible, i.e., with a lateral width lower than
1 um. Moreover, the center of the quadrant had also to be defined as precisely as possible because it
is the spot of focalization of the Airy pattern corresponding to the star to be extinguished. Gaps
or bumps, which are inevitable due to the limited resolution of contact lithography (~ 1 pm),
are not allowed to be more than 3 um-wide in principle. After some trials, we finally managed
this critical step reproducibly while achieving a submicron resolution in the transfer process (see
Fig. 9.4).

The etching attempts performed at CSL on ZnSe (and C'dTe) substrates using the produced
photomask have shown that the crystalline state of the material to be etched is of primary im-
portance. Fig. 9.5 illustrates the dramatic effect of the C'H,-H, process on the surface quality of
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methane/hydrogen chemistry. This image shows the differential etching selectivity induced by
the crystallite orientations. Courtesy of Denis Vandormael (CSL).
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Figure 9.6: WYKO profilometer picture of the methane/hydrogen etched single- crystal ZnSe
FQPM mask for 4.77 um. Courtesy of Denis Vandormael (CSL).
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Figure 9.7: Left: SEM picture of the ZnSe 4.77 pym FQPM (Courtesy of Denis Vandormael).
Right: low-resolution spectroscopy (see Sect. 5.3.1 for details about this technique) of the ZnSe
4.77 pm mask with a step measured at 1.626 pm. Courtesy of Jacques Baudrand (LESIA).

the sample: a CVD-grown sample of polycrystalline ZnSe was indeed etched by reactive plasma-
beam etching (RPBE, see Sect. 3.4.2) according to a C'Hy-Hy-Ar chemistry. A polymer Kapton
tape was used to mask half a sample in order to delimit a step onto the etched substrate, for
metrology purposes. One can easily observe the roughness alteration, due to a differential etching
rate between crystallites with different local orientations. The same behavior was observed with
polycrystalline C'dT'e samples. For this reason, we switched to single-crystal samples and man-
aged finally to etch the FQPM pattern to the specifications. Results are displayed in Fig. 9.6 for
the WYKO (see Annex E) measurement and in Fig. 9.7 for the SEM picture and low-resolution
spectroscopy (see Sect. 5.3.1).

From these preliminary attempts, it appears that the methane/hydrogen-based chemistry is
efficient for single-crystal compounds only. Unfortunately, this kind of samples is quite difficult
to source. Indeed, our experience showed that manufacturers are not always able to ensure a
100% single- crystal/single- grain/twin-free quality. A residual twin or grain boundary can have
dramatic effects after an etching process. Moreover, the raw price for a single- crystal material is
rather prohibitive: ~ 10,000.00 dollars for a 18 x 18 x 18 mm? optically polished sample. And,
as mentioned earlier, there is virtually no guarantee that the material quality is correct prior to
the etching process.

Hopefully, a BCl3-based chemistry appears to be a very promising alternative for etching
polycrystalline II-VI compounds. Indeed, it has been recently shown in the literature that, for
ZnSe, this chemistry is rather insensitive to the local crystallite orientations (Kurisu et al. 2002).
Very recent attempts at CSL were encouraging in this respect. Efforts are now put to increase
the mastering of this process as far as selectivity of the chosen photomask is concerned.

9.1.3 Mask high-resolution replication by contact printing

Contact printing is the simplest way to transfer a given feature upon a photoresit-coated substrate
(see Sect. 3.4.1 and the FQPM example here above). We tried to perform a contact copy of a
flat, binary grating mask onto another photoresist-coated substrate. The master used was the
one originated from the process exposed here above (Fig. 9.1, left). This could have been a
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way of structuring a mask coated onto a bulky substrate thanks to an intermediate flat mask.
Transferring a 1 um-period grating was not an issue despite the fringing effects occurring from
the residual air trapped in between the photoresist layer and the mask. Indeed, Newton-ring
fringes can alter significantly the copy into the photoresist. The dimension of the features to be
copied (of the order of one wavelength) can prevent to use a coherent laser light because of these
multiple interference effects. Moreover, reproducing the filling factor between the master and
the replica was impossible even in non-coherent light illumination because of near-field Fresnel
diffraction. Contact copy needs an intimate contact between the two parts (pseudo molecular
adhesion), which is very difficult to achieve in our case, especially with materials as fragile as
ZnSe or CdTe. Actually, state-of-the-art contact photolithography achievable resolutions are at
the micrometer level, which is not sufficient for the present application, unfortunately.

9.2 Manufacturing of the TIRG APS

Manufacturing the TIRG APS is a completely original work since it implies conjugating micro-
optics to macro-optics. Indeed, one has to engrave an extremely fine and precise structure onto
the surface of macroscopic rhombohedra. The rhombs also possess a precise geometry and must
be conceived for facing tough thermal and mechanical constraints.

9.2.1 Fabrication plan

The most appropriate method to manufacture the micro-pattern into the rhomb material is based
on nano-imprint and dry-etching processes (see Sect. 3.4). The first one is necessary for masking
the parts of the substrates to be protected during the etching step. Direct writing laser (DWL,
see Sect. 3.4.1) or mask-exposure techniques are not directly applicable onto the rhomb facets
since those classical micro-lithography methods are designed for accommodating thin and flat
substrates only, such as wafers for micro-electronics. Indeed, the maximum clearance between
the substrate holder and the writing head (6 mm) of standard DWL tool is not compatible with
the considered components (~ 20 mm-thick rhombs). To our knowledge, this is the case for all
the commercially-available equipments. As far as the contact and holographic lithography are
concerned, our preliminary investigations have shown that they are not adapted in this context.
Hopefully, the nano-imprint alternative allows replicating onto a thick substrate a mask previously
originated by conventional photolithography onto a thin substrate.

Fig. 9.8 illustrates the principle. A master is originated by illuminating (with a contrasted
pattern) a photoresist layer coated on a thin substrate. For this step, we have chosen to use the
direct writing laser (DWL, see Sect. 3.4.1) tool available at CSL. This technique appeared indeed
to be particularly appropriate for recording the kind of pattern details we have to deal with.
Electron-beam lithography and focused ion-beam writing are too expensive, and time-consuming
techniques, generally dedicated to the recording of very high-resolution but small-area patterns. In
the present case, there is no need for such high-resolution processes. In addition, these techniques
are not easily available for the type of R&D study we have to perform. Although holographic
recording is fully oriented towards the recording of linear diffractive structures, it does not allow
an easy control of the filling factor, as noticed in the preliminary investigations presented here
above.

State-of-the-art DWL machines, on the other hand, can achieve the filling-factor control and
reproducibility that is needed in the present case. Moreover, the DWL minimum feature line
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Figure 9.8: Nano-imprint lithography for the TIRG APS.

characteristic is within the specifications of the component to be fabricated (linewidth ~ 0.6
pm). The DWL machine available at CSL (DWLG66 from Heidelberg instrument, Fig. 9.9) uses a
collimated 442-nm HeC'd laser beam as a controlled writing tool for imprinting features with sizes
down to the 0.6 pm-linewidth spec onto photoresit-coated substrates as large as 140 x 140 mm.
Writing pattern is performed by accurately moving the substrate underneath the focused laser??
(position accuracy ~ 40 nm). The photoresist relief structure is then classically obtained after a
chemical process (development), as shown in Fig. 9.10.

The rest of the process pileup illustrated in Fig. 9.8 follows these steps: a mould is generated
from the produced photoresist master and it is used to emboss a polymer layer deposited onto
the rhomb facet, using either conventional NIL or S-FIL (see Sect. 3.4.1). After demoulding, the
polymer residual layer is removed by an oxygen plasma in order to clear the substrate where it
is supposed to be subsequently etched. The remaining polymer pattern serves as a lithographic
mask for the subsequent reactive plasma-beam etching (RPBE, see Fig. 9.11) process. As already
stated in Sect. 3.4.2, RPBE makes use of both the ballistic effect and chemical reactivity of a
beam of reactive ions to remove or create structures into a substrate. The various parameters (gas
melanges, beam energy, beam incidence, etc.) characterizing the etching process are optimized
for the transfer into various materials. The interest of such a technique particularly comes from
its high selectivity, i.e., the potential to efficiently etch one material and not another coexisting
one, and its directionality (anisotropy). RPBE is widely used in the fabrication of micro-optical
elements, micro-sensors and other micro-machines. The infrared material (ZnSe or CdTe) is
engraved using a selective chemistry which leaves intact the polymer mask but etches the infrared
substrate. Our preliminary investigation have shown that a C'Hy-Hy-Ar chemistry is convenient
for single-crystal samples while BC'l3-based plasma are more adapted to polycristalline forms. It is
worth mentioning again that the etched depth can be controlled in real time with an interferometric
in situ device (Lalanne et al. 1999).

Although mask selectivity is of primary importance, we need to pay attention to the mask-
removal step. This remark is particularly critical for the etching of materials such as ZnSe and

32The laser beam is apodized with a Gaussian. The sensitized profile characteristic is subsequently defined by
the intensity of exposition (writing speed and laser power). The laser must therefore be extremely stable and the
installation conditioned in temperature (at the 0.1° C level).
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Figure 9.9: Direct writing laser 66 (DWL66) from Heidelberg instrument available at CSL.

CdTe. Indeed, for these materials, classical corrosive mask removers are prohibited (only alcohol
or acetone-based solutions, for instance, can be used). Therefore metal-based masks are not
allowed and polymer-based materials such as photoresist appear to be the only suitable solutions
since most of them are solvable in acetone. Preliminary attempts have also shown that photoresist
is appropriate for methane/hydrogen processes. According to the literature, photoresist shall also
be compatible with BC'ls-based dry-etching processes. If an additional lithographic process is

0.62um
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Figure 9.10: Master mould showing the micro-pattern on photoresist to be transferred by nano-
imprint. The period and filling factors correspond to the design specifications, i.e., A = 0.9 um
for the period and ~ 250 nm for the feature line. Courtesy of Jérome Loicq (CSL).
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Figure 9.11: Pattern transfer from nano-imprinted mask into a substrate by dry etching.

considered (nano-imprint), we also have to perform the same kind of qualification for the masking
material with respect to the chosen etching process.

9.2.2 Thin-film deposition

According to the material to be deposited and the required precision, different techniques can
be considered. Indeed, classical evaporation is still used for simple coatings (like ZnSe), but
advanced techniques allow preparing more compact-layer coatings such as ZnS, for instance,
which necessitates specific ion assisted deposition (IAD) techniques (Lemarquis et al. 1998). It is
to be noted that the well-known precision of the thickness control of these techniques can be an
issue when one deals with very thin layers (typically less than 50 nm). However, the tolerance
analysis presented in Sect. 8.5.3 shows that it is still within reach. As far as diamond deposition
is concerned, commercial treatments by chemical vapor deposition (CVD) are already available
for Ge or St substrates. To our knownledge, it has never been demonstrated on ZnSe and C'dTe
substrates. This may be due to the very high temperature needed for the diamond growth,
i.e., over 800°C (Dore et al. 1998). However, new promising approaches for diamond deposition
are currently studied to lower the growing temperature. Good results have been reported with
temperature around 400°C (Xiao et al. 2004). In the case of CVD diamond, thickness control is
ensured by the relatively slow growing rate, i.e., ~ 200 nm per hour (the final roughness is ~ 5
nm rms).

9.3 Tests

The development of innovative technologies must obligatorily be accompanied by appropriate tests
for qualification of the component expected performances, always keeping in mind the theoretical
results against with the measurements have to be confronted.

9.3.1 Structural metrology

In situ monitoring (see Sect. 3.4.3) is often referred to as the optimal way to control each step of the
manufacturing process. However, implementation of real-time measurements during fabrication
is sometimes tricky. For this reason, we decided to independently control each fabrication step
ex situ by nano-scale classical metrology based on the available techniques at CSL (see Fig. 9.12,
left, and Annex E for the detailed characteristics of the different devices).

After each fabrication step and the related accurate nano-scale metrology, the theoretical model
based on RCWA will be used to update the design parameters according to the measurement. The
corrected parameters will be re-injected to the next manufacturing step, which will generate a new
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Figure 9.12: Left: scanning-electron microscopy and optical profilometry (WYKO) equipments
at CSL (see Annex E for the specifications). Right: interaction between theory, fabrication and
measurements.

measured error, and so on (see Fig. 9.12, right). As mentioned and illustrated in the previous sec-
tion, this procedure, in conjunction with the design and tolerancing study, will finally demonstrate
the TTIRG APS manufacturing feasibility using the selected micro-fabrication technique.

In particular, initial and final roughness will be measured by the optical profilometry (WYKO).
Scanning-electron and atomic force microscopy will check the mask quality and its relevance with
respect to theoretical values. These techniques will allow us to validate the accuracy in the transfer
of the micro-structure into the material.

9.3.2 Functional metrology

Several functional tests will be carried out to assess the functional performance of the component,
i.e., its phase-shifting ability and its achromatic nature. Provided that the sample size and geom-
etry is compatible with the apparatus, the direct and most appropriate tool for performing those
measurements is an infrared ellipsometer. This kind of device (available at CSL, see Fig. 9.13,
and Annex E for its characteristics) can indeed directly measure the phase shift between the
perpendicular polarization components A¢rg_ 7 in the considered 6-14 pm range.

We can also use three different methods to measure the phase retardance between the po-
larization components T'FE and T'M so that accuracy can be demonstrated and studied. Two
methods make use of modified versions of standard polarimetric measurements and require rotat-
ing polarizers. These can be complemented by an interferometric method that is less sensitive to
polarizer quality but is more sensitive to coherence effects in the retarders. Before exposing these
methods, it is worth emphasizing that these measurements can advantageously be performed at
other wavelengths than the working ones (6-14 pum in the present application), for the sake of
simplicity and for cost reasons (thermal infrared optical components and cryogenic cameras are
very costly). Indeed, reverse engineering can be used at the measurement wavelengths (e.g., 1.55
pm, the widespread telecom wavelength) to extrapolate the component performance in its working

bandpass thanks to the RCWA code.

The first method makes use of a standard polarimetric technique modified to reduce error
sources (see Fig. 9.14a). Linearly polarized light is incident upon the retarder, and the light
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substrate

Figure 9.13: Left: infrared spectroscopic ellipsometer SE900 from SENTECH available at CSL.
Right: ellipsometer scheme showing the source providing an incident linear polarization field Ej;
through polarizer P, which transforms into a elliptical polarization F, upon reflection on the
sample. The analyser A provides direct measurements of ¢ and A¢,_,, (or A¢rr_7a) thanks to
the so-called ellipsometric equation p = R,/Rs = tan e'APs—p where R, and R are the complex
reflection coefficient for s and p.

emerges with an elliptical polarization. The intensities of the two orthogonal polarization states
are measured simultaneously with a Wollaston polarizer and photodiodes. A governing equation
relates the ratio of these two intensities to the orientations of the input polarizer, the Wollaston
polarizer, and the retardance. Use of the ratio of the transmitted intensities normalizes fluctuations
in laser power as well as differences in detector gains. These intensities are measured as the input
polarizer is rotated through a known range of angles, and a least-squares fit to the governing
equation is performed to determine the phase retardance. Phase-retardance measurements in
the visible with an expanded uncertainty between 0.047° and 0.11° have been obtained with this
system (Williams et al. 1997).

The second method is a null technique adapted from ellipsometry. Before the retarder is
inserted, the polarizer and the analyzer are crossed, and the biasing waveplate axes are aligned
parallel to the polarizers (see Fig. 9.14b). Then the retarder is inserted and oriented with its
retardance axes at 45° to those of the quarterwave plate. The polarizer is rotated until extinction
occurs and the phase retardance is twice the angle of rotation. Retardance measurements with
an expanded uncertainty less than 0.1° have been demonstrated in the visible. Advantages of
this technique include a weak dependence on the stability of the laser, on the linearity of the
photodiode, and on the accuracy of the quarterwave plates. The instrument is very sensitive to
the accuracy with which the azimuthal positions of the polarizer and the analyzer can be read.
An error of 1° in the orientation of the polarizer converts to an error of 2° in the measured phase
retardance.

Finally, an accurate interferometer that directly measures the phase shift between s and p
polarized fields can also be used (Rochford & Wang 1997). The retarder is placed in one arm of a
Michelson interferometer (see Fig. 9.14¢), and the input beam is linearly polarized at 45° so that the
fast and the slow axes of the retarder are equally illuminated. At the output of the interferometer,
a polarizing beam splitter with axes aligned to coincide with the retarder axes separates the
light into two orthogonally polarized beams that are separately detected. The detected outputs
follow the common sinusoidal transfer function typical of a Michelson interferometer, but the
sinusoids differ by a phase bias equal to twice the actual retardance. Translating one of the
mirrors at constant velocity with a piezoelectric driver scans the transfer function with time and
produces the biased sinusoidal waveforms. The phase difference between the two waveforms is
accurately determined by the acquisition of the data with a computer and the application of
discrete Fourier analysis. Because the two beams traverse a common path, small path changes
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Figure 9.14: Layouts for polarization phase-shift measurements. a) Design of a polarimeter
for retardance measurements. b) Null polarimeter for retardance measurements. c¢) Michelson
interferometer of polarization retardance measurements. Components include polarizers P, mirrors
M, quarterwave plates QWP, beam expander BE, beam splitters BS and polarizing beam splitters
PBS.

caused by acoustics or temperature changes, for example affect both beams equally so the phase
difference is unchanged. Retardance measurements with expanded uncertainties between 0.08°
and 0.1° have been demonstrated in the visible using this method.

9.3.3 Final tests on the NULLTIMATE bench

Under the supervision and financing of ESA, TAS?? is at the head of a large consortium involved
in the development and characterization of different concepts of achromatic phase shifters for the
Darwin mission. This project, called NULLTIMATE (NULling Low Temperature Interferometer
for Multi-Achromatic phase shifters TEsting), aims at determining and characterizing the four

33 The Institut d’Astrophysique Spatiale (IAS) is a laboratory of the National Center of Scientific Research
(CNRS) and of the University of Paris-Sud 11. In addition to having the status of Observatory, the IAS comprises
140 scientists, engineers, technicians, administrators and graduate students. It is worth mentioning that IAS
possesses a great experience in nulling interferometry breadboarding (Ollivier 1999; Brachet 2005).
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Figure 9.15: Scheme of the NULLTIMATE test bench. Courtesy of Bruno Chazelas (IAS).

APS solutions the most adapted to the current Darwin specifications. The different APS should
allow rejection rates of 10° in the 6-18 um wavelength range while ensuring a global 95% optical
throughput. The four selected APS after a preliminary study are: the dispersive-plate APS, the
focus-crossing APS, the field-reversal APS and the TIRG APS (see Sect. 2.2). The test bench is
under definition and is expected to perform the first measurements in 2007. The measurements
and tests are planned to be conducted firstly at ambient temperature and then at cryogenic
temperature, i.e., 100 K (not before 2009). A preliminary scheme of the bench is shown in
Fig. 9.15. It is worth noting that the beam splitters are planned to be constructed in ZnSe as
well as adjustable in thickness for chromatic OPD compensation (on top of the classical delay
lines).



Conclusion

Objectives and results

In this dissertation, we have provided a detailed discussion of the scientific case, theory, design,
tolerancing and manufacturing of optical micro-components based on optimized subwavelength
gratings. We have demonstrated the utility of these nano-engineered meta-materials in the frame-
work of high dynamic range astrophysics, and in particular in the most appealing field of extrasolar
planetary system imaging and characterization. Subwavelength gratings provide new and original
solutions for the very demanding detection techniques involved in the fulfilment of this ambitious
scientific goal, i.e., phase-mask coronagraphy and nulling interferometry.

The first chapter of this thesis, beyond the introduction of the scientific context, was an
opportunity to present our contribution to the demonstration of the practical utility of new coro-
nagraphic techniques for actual observations of young forming extrasolar systems. Using the
four-quadrant phase-mask coronagraph installed at the focus of one of the most performing adap-
tive optics systems in the world (NACO at the VLT) as a high dynamic range imaging tool, we
have contributed to the detection of an optically thick circumstellar disk around the young star
PDS70, within which evidence of planetary formation was found. In Chapter 2, we went into the
theoretical details of the high dynamic range imaging techniques while emphasizing the necessity
of a family of components, the achromatic phase shifters, used both in phase coronagraphy and
nulling interferometry. As an illustration of the practical implementation of existing techniques, we
have demonstrated the concept, feasibility and actual laboratory performance of vectorial phase
shifters (viz. commercial waveplates) in the fabrication of an achromatic four-quadrant phase-
mask coronagraph, paving the way towards more complex solutions like the use of meta-material
synthesized by optimized subwavelength gratings.

In the second part of this work, Chapter 3 was devoted to the presentation of the theoretical
aspects and existing manufacturing techniques for subwavelength gratings. The theoretical tool
for analyzing and designing subwavelength gratings, the so-called rigorous coupled-wave analysis
(RCWA), is no less than a numerical resolution of the Maxwell’s equations. Indeed, at the sub-
wavelength scale, one has to take into account the vectorial nature of light since traditional scalar
diffraction theories like the Fraunhofer or even the Fresnel approximations dramatically fail at
describing the complex behavior of the micro-structured matter. The use of RCWA at University
of Liége dates back to the early 1990s. It was firstly implemented and developed at HOLOLAB,
benefiting from improvements by successive generations of researchers and taking advantage from
the contributions of a very active scientific community. Motivated by new specific needs, our con-
tribution to this endeavor in Liége was to entirely reprogram the algorithm in the modern, versatile
and performing language of MATLAB. We have also implemented new functionalities like conical
diffraction and three-dimensional analysis for multilayered two-dimensional gratings, making it
a complete tool for treating almost every grating-related diffraction problem. In Chapter 4, we
described as exhaustively as possible the different applications of subwavelength gratings, while
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underlining their potential in high dynamic range imaging techniques. Our original contribution
in this chapter consists in the study of anti-reflective structures made of specific two-dimensional
subwavelength gratings for infrared astrophysical applications. In this regard, we have presented
a theoretical analysis using RCWA as well as the result of a practical demonstration, involving
the fabrication of a prototype in diamond with an industrial partner and the subsequent fruitful
laboratory tests.

The third part of this dissertation contains the heart of our contribution to the field of new
technologies for high dynamic range imaging, viz. the presentation and complete analysis of the
new and original 4QZOG (Chapter 5) and AGPM components (Chapter 6). Both of them make
use of optimized subwavelength gratings with the purpose of enlarging their useable bandwidth
thanks to an integrated solution. While the 4QZOG is an achromatic evolution of the FQPM
coronagraph, the AGPM is a totally new design of coronagraph providing a new way to reject
starlight while being completely free from the dead zones inherent to the quadrant transitions of
the FQPM. The AGPM creates a so-called optical vortex, which we have analytically demonstrated
to entirely reject a perfectly centered coherent source. Unfortunately, the fabrication of such com-
ponents requires state-of-the-art manufacturing technologies and related industrial support which
is very costly. For these reasons, as of today, no prototype has been delivered but an ambitious
programme, which has received financial support from public funds in Belgium and France, is
underway at CEA-LETTI in collaboration with our partners of LESIA and LAOG (Chapter 7).

In the last part of this dissertation, we present a new high performance achromatic phase shifter
(APS) concept making also use of optimized subwavelength gratings. This concept aims at im-
proving the performance of Fresnel rhomb components in the framework of nulling interferometry.
Chapter 8 is dedicated to the presentation of the principle of the so-called total internal reflection
grating APS (TIRG APS). It also describes the design and tolerancing of a prototype to be tested
in the framework of the R&D activities for the Darwin mission (ESA). As far as the practical
realization of this prototype is concerned, industrial and financial supports are also mandatory.
Therefore, in collaboration with our partners at CSL, we asked —and finally obtained— a grant
from ESA for the manufacturing of TIRG APS prototypes at the CSL, which is the subject of
Chapter 9.

Perspectives

The main perspective of the present thesis is the use of new generation tools to conduct advanced
observations in the fields of high dynamic range imaging, as exposed in Chapter 1. More pragmat-
ically, the short-term prospects concern the implementation of one of the achromatic phase-mask
coronagraphs developed here inside the VLT-PF/SPHERE instrument. It will be either an achro-
matic FQPM constructed from halfwave plates as presented in Chapter 2, or a 4QZOG/AGPM
(Chapters 5 and 6) made of subwavelength gratings if the operation conducted at CEA-LETT is
successful (Chapter 7), or even both of them. In fact, the two techniques appear to be comple-
mentary since the halfwave-plate FQPM concept offers extremely wideband capabilities (R) ~ 2)
but at the cost of stability (delicate bulky mounting, temperature sensitivity, etc.) and discovery
space (FQPM dead zones at the quadrant transitions), while the subwavelength grating solution
is an integrated one (very compact, lightweight and stable) offering equal performances but on
slightly smaller bandpass (R) =~ 5), and provides the possibility of manufacturing the AGPM,
alleviating one of the most annoying Achilles’heel of the FQPM coronagraph.

Of course, VLT-PF/SPHERE is not the unique project of high dynamic range imaging from
the ground. Many other extreme (or not) adaptive optics systems equipped with coronagraphs
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are foreseen in almost every large observing facility in the world (Subaru, Keck, Palomar, Gemini,
AEOS, etc.). The micro-components we are about to manufacture would advantageously replace
classical Lyot coronagraphs that are still often envisaged for these instruments. As already men-
tioned in the first chapter of this dissertation, numerous projects of coronagraphic space telescopes
are also being currently considered. The SEE-COAST project was introduced in Chapter 6. It
will very soon be proposed to ESA as an answer to the call for small missions in the framework of
the Cosmic Vision program. On the NASA side, no less than four similar projects have also been
suggested to the Discovery program.

Unfortunately all these projects only partially make up for the recent announcement of the
sine die deferment of the NASA’s Terrestrial Planet Finder program (TPF-Coronagraph and TPF-
Interferometer) and the cutback of a great part of the associated research budgets. Nevertheless,
the direct detection of Earth-like extrasolar planets orbiting nearby stars and the search for signa-
tures of biological activity in their atmospheres are still high-priority objectives in the community.
Fortunately, ESA is still pursuing its road map program towards the ambitious Darwin space
interferometer by funding many R&D activities for demonstrating the high dynamic range capa-
bilities of infrared nulling interferometers. The development of the TIRG APS (Chapters 8 and
9) and the participation to the NULLTIMATE consortium is part of our contribution to this road
map full of perspectives.
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Part V

Appendices






A

RCWA convergence

Throughout this work, we have used the RCWA algorithm exposed in Chapter 3 for calculating
the quantitative behavior of subwavelength gratings. Though the implementation of the RCWA
code was performed using the latest refinements of the theory (Sect. 3.2.3), it must be tested
against convergence. Since the main figure of merit used in this work was the null depth (Eq. 2.6),
it appeared naturally as the test figure for convergence. In Fig. A.1, we show the residual between
the null depth calculated for a given number of retained orders and the 513 retained order case.
The test case was the ZnSe double rhomb as depicted in Sect. 8.5 with the following parameters:
period of 900 nm, feature line of 250 nm, thickness of 1.23 pm, incidence angle of § = 1.1396 rad,
wavelength range from 6 to 14 um (20 interpolation points). Assuming a convergence criterium of
1078 on the null depth, we concluded that ~ 21 orders or more was a reasonable value for ensuring

a valuable accuracy.

It is also to be noted that energy conservation is always checked in the algorithm with a
threshold at 10719,

Null depth (107%)

_10 L

Mo 25 50 75 100 125 150 175 200 225 250

Number of retained orders
Figure A.1: Residual null depth error with respect to the 513 retained order case (logarithmic
scale) versus the number of retained orders (2N 4 1).
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B

Infrared materials for the TIRG APS

We have performed an exhaustive survey on transparent materials in the thermal infrared. Four
main families of materials were investigated: chalcogenides, halides, fluorides and crystalline semi-
conductors. Since the TIRG APS solution that have been investigating requires the beam to travel
quite a long path through the bulk material (around 20 ¢m), the most important criterion is their
very good transparency in the two Darwin bands (6-11 and 11-18 pm). The second one concerns
the homogeneity of available ingots since the considered APS requires large volumes. Optical
characteristics like refractive index dispersions are not restraining since the TIRG APS has the
ability and flexibility to compensate for natural dispersions in order to reach the proper effect on
the phase. For the same reason, thermo-optic coefficients will not be considered here. Birefringent
materials are avoided in order not to complicate the design (e.g., the alignment of optical axis
with the rhomb and the subwavelength grating would be tricky). Thermo-mechanical stability
together with hygroscopy may be limitative for some materials and should also be considered.

B.0.4 Chalcogenides

The continuously increasing interest in the improvement of thermal imaging systems for spectral
ranges extending up to the third window of atmospheric transparency (8-12 pm) has lead to the
development of suitable and low-cost optical materials (AsySes, GASIR, IG6, etc.). Chalcogenide
glasses are extensively studied for this purpose, and used both as bulk or fibred optical component.
Chalcogenide cut-off wavelengths are in the second Darwin band (around 14 pum). Therefore, they
can only be considered for the first band. These materials are soft and their behaviour at low
temperature is unknown.

B.0.5 Halides

Halides (Ta, Ib/I1Ib-VIIb) like NaCl and K Br are known for their good transparency in the
thermal infrared and also for their relatively low refractive indices. However, their hygroscopy,
softness and cleavability makes them not suitable for our application except maybe KRS-5 which
should be considered apart. KRS-5 is indeed transparent in both Darwin bands, is not sensitive
to moisture and has no cleavage planes. On the other hand, microstructuring of KRS-5 is not
common and therefore not well referenced in the literature. Silver halides (AgCl, AgBr, etc.) are
in general hygroscopic. They also possess clivage planes and are soft. Their use in infrared optical
fibers is less critical since they are covered by the surrounding protective layer. Moreover, AgC'l
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and AgBr are photosensitive to visible light. This would lead to major difficulties for a proper
implementation (manufacturing and laser alignments, etc.).

B.0.6 TeX glasses

As far as tellurium glasses are concerned, only the Rennes University in France actually manu-
factures these materials (TeX glasses). Again, these materials are widely used in fiber optics to
replace chalcogenide glasses. Unfortunately, the losses between 7 and 9.5 um are already at an
unacceptable level (0.5-1 dB/m).

B.0.7 Fluorides

These materials (Ila — (VIIb),) are grown in large dimensions with good optical homogeneity
(BaFy, CaF;, ete.) but possess a cleavage plane (111). Moreover their cut-off wavelengths (ranging
from 9 to 12 um) are too low for our application.

B.0.8 Crystalline semiconductors

Crystalline semiconductors are either pure elements IVb (Si, Ge) or IIb-VIb and I1Ib-Vb com-
pounds. Most of their relevant physical properties are already quite well known. For optical
purposes Si, Ge, GaAs and CdTe are used as bulk single crystals while best optical proper-
ties for ZnS and ZnSe are obtained with polycrystalline CVD compounds. ZnSe can also be
available in single crystals but at a higher cost and with homogeneity problems. C'dT'e polycrys-
talline substrates can also be obtained. These materials are known to be thermally, mechanically
and chemically stable. Moreover, processes to micro-structure semiconductors are well referenced
though etching chemistries are delicate for some of them (ZnSe and C'dTe for instance). The
main characteristic of crystalline semiconductors is the quite high values of their refractive index.
They depict also a rather complicated absorption structure in the region of the long wavelength
cut-off that affects the true useful spectral range compared to the usually admitted transmission
window. Let us detail here below the characteristics of some of the principal semiconductors.
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Diamond

Diamond is a very interesting material for optical purposes. Indeed, its index wavelength dispersion
is very low (see Fig. B.1, left). It is transparent from the UV to the mm waves, with some phonon
absorption features between 2.5 and 6 um (see Fig. B.1, right). It possesses the highest hardness
and thermal conductivity of all materials. Quite apart from the cost, the only drawback is that
large volumes are not available since its fabrication is based on Chemical Vapor Deposition (CVD)
processes, unfortunately limited with diamond to thin wafer manufacturing (not more than a few
mm thick).

We have used the following Sellmeier representation for the refractive index dispersion of CVD
diamond (Bundy 1962)

(B.1)

BA? D2 \'?
ndi(zmond(A) — (A + 2 _ C + 2 _ E)

with the corresponding coefficients given in Table B.1.

Table B.1: Sellmeier coefficients for diamond index representations at room temper-
ature. CLD stands for Carbon like diamond.

Coeff. CLD
A 1
B 0.3306
C 0.030625
D 4.3356
E 0.011236
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Figure B.1: Diamond refractive index dispersion at ambient temperature (left) and measured
(courtesy Jacques Baudrand, LESTA) phonon absorption (right).
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Silicon/Gallium Arsenide. Both Si and GaAs are very well known materials for their exten-
sive use in micro-electronic technologies. However, more than their cut-off wavelengths (8 and 12
pm, respectively), their infrared multi-phonon absorption features makes them unsuitable for the
Darwin application (see Fig. B.2, right). However, it is worth noting that Si is one of the most
interesting materials for application up to ~ 9 pm since its processing is very well mastered. S7
has been chosen for the fabrication of the prototypes 4QZOG and AGPM (see Chapter 7).

We have used the following Sellmeier representation for the refractive index dispersion of S%

(Hawkins 1998)

nsi(AT) = (A+ BA+CN + DX + EXY)'/?

with the corresponding coefficients given in Table B.2.

(B.2)

Table B.2: Sellmeier coefficients for silicon temperature-dependent index representa-
tion.

Coeff. Si
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Figure B.2: Silicon refractive index dispersion (left) and predicted phonon absorption (right).
Data from Hawkins (1998).
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Germanium. Ge is a very interesting material for infrared applications. Apart from its very
high index (around 4), its wavelength dispersion in the thermal infrared is extremely low (Fig. B.3,
left). However, some absorption features in the second Darwin band makes it partly unsuitable
for the Darwin specifications. Indeed, let us remind that the TIRG APS requires the beam to
travel a long path into the material, making even a small absorption very penalizing.

We have used the following Sellmeier temperature-dependent representation for the refractive
index dispersion of Ge (Hawkins 1998)

2 )2 1/2
BX D ) (B.3)

nGe()\,T): (A+)\2—C+ X _E

with the corresponding coefficients given in Table B.3.

Table B.3: Temperature-dependent coefficients for Ge index representation.

Coeft. Ge
A —6.040 x 107%T + 11.05128
B 9.295 x 10737 + 4.00536
C —5.392 x 107*T + 0.599034
D 4.151 x 10747 + 0.09145
E 1.51408T + 3426.5
Ge dispersion x107* Ge phonon absorption
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Figure B.3: Germanium refractive index dispersion (left) and predicted phonon absorption
(right). Data from Hawkins (1998).
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Zinc Selenide. ZnSe is a clear yellow polycrystalline material with a grain size of approximately
10 to 70 pm, transmitting in the range 0.5-15 pum providing extremely low bulk losses from scatter.
Physical Vapor Transport (PVT) grown samples are monocrystalline but difficult to find with a
good homogeneity. Having a very low absorption of energy makes it useful for optical components
in high power laser window and multispectral applications, providing good imaging characteristics.
ZnSe is also useful in high resolution thermal imaging systems. However, some absorption features
starting at ~ 14 um makes it unsuitable for the second Darwin band. ZnSe wavelength dispersion
is quite high and temperature sensitive.

We have used the following Sellmeier temperature-dependent representation for the refractive
index dispersion of ZnSe (Hawkins 1998)

(B.4)
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with the corresponding coefficients given in Table B.4.

Table B.4: Temperature-dependent coefficients for ZnSe index representations.

Coeft. ZnSe
A 1.509 x 10747 + 2.407
B —1.801 x 107°T — 2.564 x 10~*
C 1.300 x 1077 — 1.308 x 10~°
D —3.878 x 10787 — 1.480 x 1075
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Figure B.4: ZnSe refractive index dispersion (left) and predicted phonon absorption (right).
Data from Hawkins (1998).
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Zinc Sulfide. ZnS exists both in a natural and synthetic crystalline form possessing cubic (Zinc
blende) or hexagonal (Wurtzite) lattice structures. A variety of techniques have been developed
to obtain synthetic Zn.S in large, high purity crystals, including evaporation, sublimation, high
pressure growth from molten ZnS, and sintered hot-pressed polycrystalline ZnS (IRTRAN 2).
The most popular and easily available ZnS is the CVD ZnS (CleartranR) material. ZnS has its
transparency window up to approximately 10 um where multi-phonon absorption dominates. For
this reason, it is not suitable for the Darwin application.

We have used the following Sellmeier temperature dependent representation for the refractive
index dispersion of ZnS (Hawkins 1998)

nzns(\NT) = (A+ BA 4+ CA? + DA + EXY)? (B.5)

with the corresponding coefficients given in Table B.5.

Table B.5: Temperature-dependent coefficients for ZnS index representation.

Coeff. ZnS

A 5.608 x 107°T + 2.282

B —8.671 x 1077 — 1.563 x 102

C 5.549 x 10777 + 2.067 x 1073

D 2.597 x 10787 — 1.714 x 1074

E —9.798 x 107107 +2.884 x 106
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Figure B.5: ZnS refractive index dispersion (left) and predicted phonon absorption (right).
Data from Hawkins (1998).
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Cadmium Telluride. Among the long wavelength (above 18 ym) transparent 1I-VI materials
available, cadmium telluride has proven to provide good optical performance across a wide range
of temperatures and has adequate mechanical robustness to be used as a substrate material.
Compared to the limited selection of alternative materials capable of transmitting at these long
wavelengths (e.g., KRS-5, KRS-6, C'sI, C'sBr, diamond), C'dTe has a high resistance to moisture,
is available at a reasonable price and can operate at elevated deposition temperatures without
disassociating. It is however the softest of the II-VI materials and is most easily scratched or
prone to cleaving (in its monocrystalline form). The external transmittance spectrum has a far-
infrared multi-phonon absorption edge starting at approximately 26 um. It is to be noted that its
wavelength dispersion is quite low (DeBell et al. 1979; Hawkins 1998).

We have used the following Sellmeier temperature-dependent representation for the refractive-
index dispersion of C'dTe (Hawkins 1998)

(B.6)

BX DX Fx N\
neare(NT) = (A+ A2 — (O + A F + A2 —G)

with the corresponding coefficients given in Table B.6.

Table B.6: Temperature-dependent coefficients for C'd7Te index representations.

Coeff. CdTe
—2.973 x 10747 + 3.8466
B 8.057 x 10747 + 3.2215
C —1.10 x 107*T + 0.1866
D —2.160 x 10727 + 12.718
E —3.160 x 10T + 18753
CdTe dispersion
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0 5 10 15 20

Wavelength (microns)

Figure B.6: CdTe refractive index dispersion (left). Note that absorption is not shown because
it does not occur in the bandpass of interest. Data from Hawkins (1998).
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Drawings of the ZnSe 6-14 ym TIRG APS
prototype
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Figure C.1: ZnSe rhomb TIRG APS prototype drawing.
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Figure C.2: ZnSe double rhomb TIRG APS prototype drawing.
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Finite element analysis of a ZnSe rhomb

Let us recall what has already been stressed out in Sect. 8.5.5. Given the stress-optic coefficient of
ZnSe (Cyx=10.6,m ~ —12 brewsters), if we impose that the phase-shift perturbation must remain
below the 1073 radian level at 6 um, i.e., below the ~ 10~7 null depth, it implies that an uniaxial
applied load must remain below ~ 470 N/m? = 47 Pa = 4.7 gr/cm? which is very stringent.

To assess the propagation of the stresses up to the optical zones, a preliminary finite element
analysis was performed with CATTA. The input configuration simulates the mount illustrated in
Fig. 8.21 in the 45° configuration shown in Fig. 8.22. No applied loads other than the gravitational
acceleration (9.81 m/s?) were considered. The mount of Fig. 8.21 was taken into account as a
sliding support so that the resultant loads are normal to the contact surfaces. The rhomb therefore
just leans in its mechanical mount. The contact surfaces are shown in Fig. D.2 together with the
results of the finite element analysis. The following mechanical properties of ZnSe were loaded
in the program:

density 5270kg/m?;

Young coefficient F = 6.72 x 10'° N/m?;

Poisson coefficient v = 0.28;

- elastic limit (rupture modulus) of 5.51 x 107 N/m?.

The mesh for the static analysis was performed by 87177 “OCTREE” tetrahedral elements and
18758 nodes. Results in terms of Von Mises stresses®® (mathematically defined here below) are
displayed in Fig. D.2 and Fig. D.3 (cut along the major diagonal of the rhomb). The colors are
chosen such that blue parts are under the 470 N/m? criterium whereas the red ones are above. The
calculus shows that the bottom of the rhomb is under stress beyond the specification calculated
here above whereas the upper part is comfortably below.

This analysis allows us to quantify the effect of stress birefringence more precisely. Indeed,
following the finite element analysis results, we can consider that one third of the rhomb (bottom) is
at the mean stress value of ~ 750 N/m? while the remaining two thirds (top) are at the mean value
of ~ 150 N/m?2. Then, the phase perturbation resumes to 6 x 10~* radian at 6 pum, corresponding
to a null depth of 1.6 x 1077. It is to be noted that this value is an upper bound since the Von
Mises stress is a scalar defined as

OvM = \/(Ul — 02)2 * (02 _203)2 i (03 — 01)2 (Dl)

34The von Mises stress is derived from the distortion energy theory and is a simple way to combine stresses in
three dimensions to calculate failure criteria of ductile materials. In this way, the strength of material in a 3D state
of stress can be compared to a test sample that was loaded in one dimension.
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where o1, 09 and o5 are the principal uniaxial stresses®®. Since only uniaxial stresses o, and Op
perpendicular to the interferometric beam induce birefringence that can affect the propagation
(birefringence along the beam direction does not enter into account), the Von Mises stress can
only be an upper bound. A complete analysis linking the principal stresses (or the stress tensor) to
the beam vectorial basis could directly deduce the resultant birefringence affecting the beam (see
Fig. D.1). Unfortunately, such an analysis would demand modifying the software. Nevertheless,
as already suggested, one can already state that stress birefringence should logically be minimized
by the 45° configuration since in such a case, o, and o, should compensate for each other (to
be confirmed). This symmetrization is another argument alleviating the stress birefringence issue
since both components in the two interferometer arms are submitted to symmetrical constraints.

(O ‘

Gj;
A 7163
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o e 23 Gp
Z 13
G;,
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R >0,
y G, Gz
P Gii 2
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Figure D.1: Generalized stress tensor notation where the principal stresses o1, oo and o3 are also
shown. The beam of wave vector k passes by the point P and possesses its own reference frame
defined by its direction, the s and p polarization components. The optical effect of mechanical
constraints on stress birefringence is actually described by An = Cy(0s — 0p). Symmetrization
of the loads, like in the suggested 45° configuration, should equalize o and o, and subsequently
minimize the stress-induced birefringence An.

35Principal stresses are the maximum and minimum values of the normal stresses. Eigenvalues of a stress tensor
show the principal stresses, and the eigenvectors show the direction of the principal stresses (see Fig. D.1).
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Figure D.2: Finite element analysis of the mounted ZnSe rhomb showing the Von Mises stresses.
The contact surfaces are pointed out by the blue double lines with a brown double shell symbolizing
the sliding support. The contact are made on the whole lateral face, its bottom chamfer, on the
upper half part of the bottom face and its chamfers, and on the 4 chamfers of the input face. The
colors are chosen such that blue parts are under the 470 N/m? criterium whereas the red one are
above.
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Figure D.3: Finite element analysis of the mounted ZnSe rhomb: same as here above but cut
along the long diagonal of the rhomb.
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TIRG APS metrology: equipment
characteristics

The surface morphology analysis is performed by Optical Interferometry thanks to a Zygo Mark
IV and Minifiz:

Fizeau interferometers;

- beam dimension of 4 inches (/= 101 mm);
reference lenses (flat, f/1.5, /3.3, f/7.2);
accuracy of A/20 (= 0.03 um) PV (flat reference), A/10 (=~ 0.06 pum) PV (spherical reference).

For the surface structure analysis, Optical Profilometry is performed with a Wyko optical profiler
with the following characteristics:

- vertical resolution of 0.3 nm;
- lateral resolution of 0.1 — 13 pm;
- range of 60 ym up to 5 mm.

For surface topography and roughness analysis, a Scanning Electron Microscopy (SEM) Hitachi
S3500-N Scanning Electron Microscope:

- classical “High Vacuum” mode;

- “Low Vacuum” mode for insulating samples (without metallization);
- secondary and backscattered electron detectors;

- Sample diameter of maximum 12 cm;

- resolution of 3 nm (high vac), a few tens nm (low vac);

- magnification: x30 up to x200,000.

For better vertical resolution and precision, surface topography and roughness analysis can also
be performed by Atomic Force Microscopy (AFM) thanks to a Nanosurf EasyScan Dynamic Force
Microscope, having the following characteristics:

- high resolution mode;
- Contact and non-contact mode;
- XY range < 10 um, Z range < 2.6 pum;

- resolution: XY ~ 0.3 nm , Z ~ 0.05 nm.
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For functional measurement, an infrared ellipsometer can be used. This kind of apparatus indeed
directly measures the phase shift between the perpendicular polarization components A¢rg_r-
The infrared spectroscopic ellipsometer SE900 from SENTECH has the following characteristics:

- spectral range from 2 to 25 pm;
- angle of incidence from 10° to 80°;
- repeatability on A¢rp_7y < 0.1° ~ 2 x 1073 rad;

- sample size: 30 mm x 30 mm.
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Article: A new family of planets?
“Ocean-Planets”

In the following paper, published in Icarus, “Ocean Planets” possible formation, composition,
internal structure and atmosphere are considered. The existence of ocean is discussed as well
as their possible exobiology interest. Our contribution to this work concerned the study of the
influence of greenhouse-effect compounds on the existence of an ocean. Indeed, ice content in
carbon dioxide for example would be a major obstacle to the formation of an ocean if there
were not any potential physical mechanism to prevent it from being in the atmosphere. Let us
summarize the content and our contribution to this paper here below.

Discussions of extrasolar planets often quietly assume that any object with mass ~ 1My
orbiting in a star’s habitable zone will be terrestrial, i.e., composed mostly of silicates and iron-
peak elements like the Earth. However, Léger et al. (2004) suggest that the habitable zones
of nearby stars could harbor other similar-looking beasts. Planets composed substantially of
volatiles can conceivably form with masses up to ~ 10M, and migrate inward to the habitable
zone. Kuchner (2003) estimates that Earth-sized volatile-rich planets can retain their volatiles for
billions of years at ~ 1 AU, protected by thick atmospheres that slowly undergo hydrodynamic
escape. Depending on their distance to the star and properties of their atmospheres, some volatile-
rich planets can develop a surface water ocean (with a depth of ~ 100 km) and can be called Ocean
Planets.

Let us consider that initially, 50% of the building blocks of the planet are made of ices that
have a composition similar to that of comets, i.e., 90% H,O, 5% N Hs, and 5% CO, by mass.
Compared to the situation depicted in a pure ice ball case, this could cause major changes because
the total amount of CO, and N Hj is huge, several hundred times that present in Venus or the
Earth (carbonates). If a significant part of these gases were in the atmosphere, it would have
severe consequences: it would maintain it into a hot state and prevent the formation of an ocean
of liquid water. This is what happens in Uranus and Neptune: because they contain 1 to 4 Earth
masses of hydrogen and helium (Podolak et al. 2000), even the small intrinsic heat flux maintains
the atmosphere in a state such that the temperature at its bottom is larger than water’s critical
temperature (647 K). Consequently, the interiors of Uranus and Neptune are fluid (Cavazzoni et al.
1999). However, four processes may limit the initial amount of CO, and N Hj in the atmosphere
and thus permit the existence of an ocean

- they are partially soluble in the liquid and solid. For example, at low pressure and 7" ~ 300
K, NH,HCOs is soluble in water (12 g per 100 g water), as is (N Hy)oCO3 (100 g per 100
g water);
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- NHjz and CO, are known to easily form hydrates/clathrates when the temperature is not
too high (less than 280 K for C'O;) (Leliwa-Kopystynski et al. 2002);

- phase separation in the interior may sequester elements at deeper levels, in which case they
would be unavailable to form a massive atmosphere. The driving force for this sequestration
is gravity. For instance, solid C'O, is denser than solid H,O, at least in the domain where
experimental data are available (P <60 GPa; see, e.g. Yoo et al. 1999), e.g., by a factor 1.3
at 10 GPa and 1.2 at 50 GPa. If at high pressure H,O and C'O, separate into two phases
the latter will sink down into the thick ice layer and most of the COy will be locked into
the solid ice mantle. How much carbon dioxide remains in the upper parts of the planet,
including in the atmosphere, is an open question and conservatively, will be treated as a free
parameter. However, it is pointed out that only a minute fraction of the C'O5 reservoir is in
the atmosphere;

- evaporation processes may erode some of the more volatile gases, especially in the early
period of high X and EUV activity of the central star (Lammer et al. 2003).

Apart from the detectability point of view, the interest of such planets is twofold, covering both
planetology and exobiology. They would be a type of objects we do not have in the Solar System
and would significantly extend the field of planetology. The search for a form of life similar to
that which has developed on Earth would open a new field in exobiology because the conditions
of the environment would be quite different from the terrestrial ones. The elements necessary to
living bodies (P, S, Fe, Mg, Na, K, etc.) could be brought to the surface by micro-meteorites
or found in the ocean as dissolved species.

It could even tell us something about the emergence of life on Earth. For instance, if some
form of life is discovered on an Ocean Planet, it would indicate that it has occurred in the absence
of black smokers because on these planets these structures are not expected, liquid water and
silicates being separated by thousands of kilometers of ice. Indeed, around stars with not too high
a C'/O ratio, planetesimals built in the cold regions of the protoplanetary disk contain a significant
fraction of water ice. In our Solar System, this is the case for all the moons of the giant planets
except lo. Uranus and Neptune can themselves be considered as “ice giants™: their interior density
is indeed very similar to that of compressed water ice (Podolak et al. 2000). However, Uranus
and Neptune also contain about 1 to 4 Earth masses of hydrogen and helium in the form of an
outer envelope. The case of these new planets would be different because they contain much less
hydrogen.

Mid-future space missions searching for planetary transits in the habitable zone (Kepler),
possibly coupled with radial velocity follow-up, should provide us with valuable information about
their existence and properties. Indeed, by coupling the radial velocity information of mass to the
transit information about radius, density can be inferred and thus their composition. If they are
as resistant with respect to the evaporation and photolysis of their atmospheres as some models
predict (Kuchner & Spergel 2003; Selsis et al. 2006) CoRoT (launch scheduled in 2007) will detect
the hottest ones.
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Abstract

A new family of planets is considered which is in between the rocky terrestrial planets and the gaseous giants, “Ocean-Planets.” We present the possible
formation, composition and internal structure of these putative planets. We consider their oceans, as well as their possible Exobiology interest. These exoplanets
should be detectable by Space missions such as Eddington, Kepler, and possibly COROT (launch scheduled in 2006). They have a density lower than that of
rocky planets. Their rather large radius would make them attractive targets for exoplanet spectroscopic missions such as Darwin/TPF, all the more because a

robust biosignature appears to exist.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Extrasolar planets; Ices; Exobiology

1. Introduction

The extrasolar planetary systems discovered thus far show a surprising
diversity of orbital parameters. Most of these systems do not resemble our
own Solar System. There is presently no consensus as to why these plane-
tary systems are so diverse, but it seems that migration due to interactions
between planets and the protoplanetary disk is an important ingredient (Lin
etal., 1996; Ward, 1997; Trilling et al., 1998). It seems reasonable to assume
that planets resembling our Uranus and Neptune, or slightly less massive
ones, may have formed in cold regions of a protoplanetary disk and mi-
grated inward, possibly into the so-called “Habitable-Zone” where liquid
water can be present at their surface. These planets would be extremely
interesting as their large radius makes them rather easily detectable by tran-
sit missions (COROT, Eddington, Kepler) and analysable by Darwin/TPFE.
A planet with twice the Earth radius requires an integration time 16 times
shorter than an Earth analogue, for the same distance and S/N conditions.

The interest of such planets is twofold, covering both Planetology and
Exobiology. They would be a type of objects we do not have in the Solar
System and would significantly extend the field of Planetology. The search
for a form of life similar to that which has developed on Earth would open
anew field in Exobiology because the conditions of the environment would
be quite different from the terrestrial ones. The elements necessary to living
bodies (P, S, Fe, Mg, Na, K, ...) could be brought to the surface by micro-
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meteorites or found in the ocean as dissolved species. It could even tell
us something about the emergence of life on Earth. For instance, if some
form of life is discovered on an Ocean-Planet, it would indicate that it has
occurred in the absence of Black Smokers because on these planets these
structures are not expected, liquid water and silicates being separated by
thousands of kilometres of ice.

Around stars with not too high a C/O ratio, planetesimals built in the
cold regions of the protoplanetary disk contain a significant fraction of wa-
ter ice. In our Solar System, this is the case for all the moons of the giant
planets except Io. Uranus and Neptune can themselves be considered as “ice
giants™: their interior density is indeed very similar to that of compressed
water ice (Podolak et al., 2000). However, Uranus and Neptune also con-
tain about 1 to 4 Earth masses of hydrogen and helium in the form of an
outer envelope. The case of the planets we consider in this Note is different
because they contain much less hydrogen.

Of course, many parameters drive the structure and composition of plan-
ets. As planet formation is not well understood, and to limit the scope of this
study, we choose to make the following assumptions:

(1) Only planets with masses in the range 1 < M /Mg < 8§ are consid-
ered. The lower boundary is for the selection of planets that are easier
to detect, and the upper one for objects that have not accreted a large
amount of Hy (Wuchterl et al., 2000). It is pointed out that the biggest
objects of that type (M ~ 6-8Mg) are of special interest because
they are accessible to Transit detection and possibly to Radial Veloc-
ity measurements so that their radius and mass could be determined
simultaneously.
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(2) These planets are supposed to form relatively far from the star (further
than the snowline, e.g., ~ 5-10 AU) and migrate inward (to ~ 1 AU)
on a timescale which is of the order of < 1 Myr (e.g., Lin et al., 1996).

(3) We assume that the planets are mostly made of refractory material
(metals and silicates) and ices. From what we know of the composition
of the protosolar nebula, we envision respective fractions of ~ 50% of
metals and silicates, and ~ 50% ices, by mass. Because of the rela-
tively small masses and closeness to the star after the initial migration,
the planets should contain only trace amounts of hydrogen and helium
(Lammer et al., 2003). Most of the ices should be in the form of H,O,
but their exact composition is crucial and will be discussed further.

The questions that arise are:

(i) What should be the internal structure of these planets?
(i1) Under which conditions will a water ocean be present, and what will
be its depth?
(iii) What are their atmospheric properties?

In this Note, we attempt to provide the first steps towards answering these
questions.

2. Internal structure
2.1. An outline of the cooling history of a planetary water ball

The knowledge of the temperature of the planetary interior is essential
for determining its structure. Depending on the 7 and P profiles, the in-
terior may be solid, liquid or gaseous. For simplicity, we first examine the
case of a giant ball made of pure water.

The energy acquired by the planet (mass M and radius R) is of the
order of, e.g., ~ (1 /2)wGM2 /R, G being the gravitational constant,
a factor accounting for the density distribution inside the planet (w = 3/5
for a uniform density) and assuming that half of the energy was radiated
directly to space (perfect gas approximation). This would correspond to a
temperature 7; ~ uw GM /kg R ~ 25,000 to 75,000 K for M =1 to 6Mg
if all this energy was converted into heat and stored in the gaseous planet
(e ~ 18 is the mass of a water molecule, kg the Boltzmann constant, we
used R ~ 10,000 to 20,000 km). This estimate is very rough (for example,
and among many simplifications, it neglects the fact that accretion did not
entirely take place at the same time and that water is partially decomposed
at these temperatures) but it shows that these planets could have had an early
stage in which they were at least partially gaseous. We now show that this
stage was necessarily short.

Considering first an isolated planet and assuming a gaseous atmosphere
of pure water (with a grey opacity « ~ 0.1 cm? gfl, e.g., Auman, 1966).
The level at which the atmospheric temperature 7 is equal to the effective
temperature T is for an optical depth ~ 1 (Eddington approximation) or
pressure Py ~ 2g/3x, g being the surface gravity, i.e., a few mbars. The
assumption of an atmosphere of pure water vapour implies, in order for
water to remain in vapour form at Py, that Tgr > 270 K. The planet can
spend at most T ~ Eg/ (47w R%o Te4ff) ~ 5 to 20 Myr in this partially gaseous
state (this timescale could be shorter because the effective temperature is
likely higher at the beginning).

When the cooling of the atmosphere has led to a temperature lower
than 270 K water begins to condense and falls down towards the planetary
interior where it vaporises, absorbing the corresponding latent heat. This
process provides an efficient cooling of the interior. Progressively, it cools
down until condensed water cannot vaporise anymore and sinks towards the
planetary centre as high-pressure ice. A thick ice shell forms. If the accre-
tion rate is not high enough, the planet may never reach this gaseous state
for water.

The case of a planet at a given distance from its star is discussed in
Section 2.4. The basic cooling mechanism remains the same but the planet

effective temperature is now governed by the radiative exchange with its
surroundings. The migration time (< 1 Myr) is shorter than the upper limit
for the cooling time that we derived. Then, it is possible that an Ocean-
Planet cools mainly when at ~ 1 AU.

The presence of silicates/iron does not qualitatively alter this analysis:
“rocks” are expected to rapidly differentiate from ices, settle towards central
regions, and adjust thermally to the surrounding envelope by conduction.

Note that lo, Europa, and Ganymede are differentiated, as are all other
major solid planets of the Solar System.

2.2. Composition of ices

We expect that initially, ices had a composition similar to that of comets,
i.e., 90% HyO, 5% NH3z, and 5% CO, by mass. Compared to the situ-
ation depicted in the pure ice ball case, this could cause major changes
because the total amount of CO; and NH3 is huge, several hundred times
that present in Venus or the Earth (carbonates). If a significant part of these
gases were in the atmosphere, it would have severe consequences: it would
maintain the atmosphere into a hot state and prevent the formation of an
ocean of liquid water. This is what happens in Uranus and Neptune: be-
cause they contain 1 to 4 Earth masses of hydrogen and helium (Podolak
et al., 2000), even the small intrinsic heat flux maintains the atmosphere in
a state such that the temperature at its bottom is larger than water’s critical
temperature (647 K). Consequently, the interiors of Uranus and Neptune are
fluid (e.g., Cavazzoni et al., 1999).

However, four processes may limit the initial amount of CO, and NH3
in the atmosphere:

(i) they are partially soluble in the liquid and solid. For example, at low
pressure and 7 ~ 300 K, NH4HCO3 is soluble in water (12 g per 100 g
water), as is (NH4)2CO3 (100 g per 100 g water);

(i) NH3 and CO, are known to easily form hydrates/clathrates when
the temperature is not too high (less than 280 K for CO;) (Leliwa-
Kopystynski et al., 2002; Sloan, 1998);

(iii) phase separation in the interior may sequester elements at deeper lev-
els, in which case they would be unavailable to form a massive at-
mosphere.

The driving force for this sequestration is gravity. For instance, solid COp
is denser than solid H,O, at least in the domain where experimental data
are available (P < 60 GPa; Yoo et al., 1999; Hemley et al., 1987), e.g., by
a factor 1.3 at 10 GPa and 1.2 at 50 GPa. If at high pressure H>O and CO,
separate into two phases the latter will sink down into the thick ice layer
and most of the COy will be locked into the solid ice mantle. How much
carbon dioxide remains in the upper parts of the planet, including in the
atmosphere, is an open question and conservatively, will be treated as a free
parameter. However, it is pointed out that only a minute fraction of the CO;
reservoir is in the atmosphere;

(iv) the evaporation processes discussed in Section 4.1 may erode some of
the more volatile gases, especially in the early period of high X and
EUV activity of the central star (Lammer et al., 2003).

2.3. Internal structure modelling

A model for planet interior is used that has been developed for the Earth
interior and expanded to extrasolar terrestrial planets (Dubois, 2002). Quan-
tities depend upon the radius, r (1D model). They are the planetary mass
located between O and r, local density, gravity and pressure, m(r), p(r),
g(r), and P(r), respectively.

Density is a function of material, pressure and temperature. The latter
dependence is not major and will be neglected. High-pressure laboratory
experiments have been performed that provide equations of state p(P) for
the different materials. The adopted relations are as follows:
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— main metals in the centre of a telluric planet are Fe and Ni. The equa-
tion of state of iron by Anderson and Ahrens (1994), is used;

— main kinds of silicates in the Solar System are the Fe and Mg rich
silicates. Their phase at high pressure is Perovskite (P > 23 MPa; An-
derson, 1997) with the p(P) relation as measured by Duffy and Arhens
(1995);

— the phase diagram of H>O is complex, with 10 ice phases (Durham and
Stern, 2001). The ice p(P) relation has been measured up to 128 GPa
by Hemley et al. (1987) and we extrapolate it for higher pressures.

Inputs are: the total mass of the planet, the fractions of metals, silicates and
ices. Outputs are the outer planetary radius, the outer radius of the different
material shells, variation with radius of the different physical quantities.

For a given mass of the planetary components, a self-consistent solu-
tion of the density, gravity and pressure functions, p(r), g(r), and P(r), is
required that fulfils the mass conditions

R;

M; =4 / pi (rrdr, %)
Ri_1

where the index, i, corresponds to the metal, silicates and ice component,

respectively, and R; the outer radius of component (i); the gravity and pres-
sure relations are

g(r)=Gm(r)/r?, @
Rp]
P(r) = / p(0)g(x) dx, 3

¥

where Ry is the planetary radius. For a 6Mg planet, with the relative
amounts of material as described in Section 1 and deduced from the Earth’s
values (Javoy, 1999), i.e., m 17% metals, 33% silicates, and 50% ices, the
internal structure calculated is shown in Fig. 1. The planetary radius is
Rpl = 2.0Rg, central pressure 1600 GPa and surface gravity 1.54gq. The
internal structure of a 6Mg rocky planet and that of Earth are also shown
for comparison.

2.4. Thermal structure

The interior structures may fall into three categories, depending on the
stellar distance, orbital history and atmospheric composition:

¢ ~ 100 km

6 M, Ocean-Planet
(3 M, metals & silicates

+3 M, 1LO)

(6 M, metals & silicates)

(1) a hot gaseous planet where the temperature at P = 22.1 MPa
(221 bars) is higher than the critical temperature of H>O, 647 K, with
a continuous transition from the outer atmospheric layers to the inner
supercritical fluid (no surface);

(2) aplanet with a liquid water surface;

(3) aplanet with an icy surface. See also Stevenson (1999) for the case of
isolated planets.

In the present paper we study case (2), that of an “Ocean-Planet,” where
an ocean is present with a surface temperature, 7g, in between the triple
and critical temperature of water, 273 and 647 K. The Habitable Zone can
be defined as distances to the star leading to case (2) and the fraction of
case (3) where the surface ice can melt during the local summer.

Thereafter it is shown that the temperature profile 7' (r), in the ice shell,
follows the liquid/solid transition curve with pressure 7'[P(r)] (Fig. 2 for
low pressures).

The HyOfsilicate interface is derived to be at the temperature of the
melting point of ice at the local pressure. For a 6Mg Ocean-Planet, this
pressure is 250 GPa (Fig. 1 caption) and the corresponding melting point of
ice VIIis 1150 K, as estimated from the Simon fusion equation in Mishima
and Endo (1978). It must be noted that this equation predicts very well the
later measurements by Fei et al. (1993).

It can be argued that the temperature at this interface is higher than the
ice melting temperature and most of the water shell liquid. If so, a process
analogous to that described in Section 2.1 would lead to the sinking of
(high-pressure/high-density) ice and the fast build-up of an ice shell.

It can also be argued that the temperature at the H,Ofsilicate interface
is much lower than the melting temperature of ice VII and that internal heat
is transferred by subsolidus convection in the ice layer. However, simple
comparison with models built for the internal dynamics of the icy satellites
of the giant planets in the Solar System shows that subsolidus convection
in ice is not even sufficient to remove the heat produced by the decay of
the radiogenic elements contained in the silicate shell (e.g., Grasset et al.,
2000).

The only possibility is that heat is transferred by the melting of ice and
migration of the melt towards the upper ocean. The amount of melt pro-
duced by the internal heating in the kind of planet described in this Note is
on the order of 1 km thick layer per Myr at the interface. This is quite small
compared to the size of the ice layer. Consequently, the temperature profile
in the ice mantle follows the solid/liquid transition curve, i.e., from 1150 K
at the silicate interface to the temperature at the bottom of the ocean.

¢~ 20 km

1.00

0.55

6 M, Rocky Planet Earth

(1 M, metals & silicates)

Fig. 1. From left to right: (1) calculated internal structure of a 6M g Ocean-Planet. Constituents are, from the centre to the outside, 1 Mg metals, 2Mg, silicates,
and 3Mg ice. The density (g Cm_3) at the centre, different interfaces and top is: 19.5, 15.6-8.2, 6.2-3.9, and 1.54; gravity (gg): 0, 2.1, 1.96, and 1.54; pressure
(GPa): 1580, 735, 250, and ~ 1. The upper layer is a ~ 100 km thick ocean. The mean planetary density is 4.34 gcm™—3; (2) idem for a rocky planet with the
same total mass (2Mg metals, 4Mg silicates). Density is: 21.0, 15.5-8.1, and 4.1; gravity: 0, 2.72, and 2.24; pressure: 2200, 745, and 0. The mean planetary
density is 7.74 g cm™; (3) for comparison, the structure of the Earth calculated with the same model is shown. It agrees fairly well with the actual one. Density
is: 13, 9.5-5.2, 3.3; gravity: 0, 1.04, 1.00; pressure: 340, 130, 0. The mean planetary density is 5.57 gcm_3.
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Fig. 2. Phase diagram for water (full lines). The dotted (dashed-dotted) line
describes the temperature adiabatic (isothermal) profile in the ocean that re-
sults from a given surface value (here, 280 K = 7 °C). As explained in the
text, the actual dependence is expected to be in between the adiabatic and
the isothermal cases. In the adiabatic case, the ocean depth is 72 km, the
ocean bottom temperature and pressure are 35 °C and 1.1 GPa. For a higher
(lower) surface temperature, the ocean depth would be larger (smaller), i.e.,
Touef = 30°C (0°C) leads to a 133 km (60 km) ocean depth. A flatter T
profile would lead to a shallower ocean. In the case of a isothermal pro-
file, the depth is 40, 45, and 65 km for T, = 0, 7, and 30 °C, respectively.
The gas/solid or liquid transition curve is, at the scale of the figure, indistin-
guishable from the P = 0 vertical line. The filled circle is the triple point.
The critical point ends that curve at (T = 647 K, P = 22.1 MPa). In the
solid phase, the temperature follows that of the liquid/solid transition (Sec-
tion 2.4).

The pressure in the silicate shell is larger than what is found in the
Earth’s interior. The behaviour of silicates in this domain is not known.
By analogy with our planet, we assume that the silicates are composed of
perovskite and magnesowustite and that the fossil heat plus that produced
by the decay of long-lived radiogenic elements in the silicate shell, are
transferred by subsolidus convection (e.g., Schubert et al., 2000). Without
entering into the details of this convection one can say that the temperature
profile within the silicate shell is made of a conductive temperature gradient
in the cold thermal boundary at the top of the shell, an adiabatic temperature
gradient in the well-mixed interior and a conductive temperature gradient at
the hot thermal boundary layer at its bottom.

A picture of the temperature profile results. In the metal/silicate core, the
temperature decreases from a high value in the centre (e.g., ~ 10,000 K for
a 6Mg Ocean-Planet by comparison between with the temperature at the
centre of the Earth, 5000 K, and that for Jupiter, 20,000 K) to the ice fusion
temperature at the silicate/ice boundary (e.g., 1150 K for that planet). In
the ice shell, it follows the water liquid/solid transition to the ocean bottom
temperature. The latter is discussed in Section 3.

3. Ocean

When such a planet is in the Habitable Zone of its star, its surface is
liquid. A question arises, “how deep is the ocean?.” As a first step, for the
sake of simplicity, an ocean of pure water is considered.

The temperature is a function of depth, z, with z = Rp—r, and therefore
pressure. The internal heat of the planet is transferred through the ocean.
The maximum temperature gradient is adiabatic, otherwise convection in
water would be triggered which is extremely efficient to transfer energy.

We assume an adiabatic dependence for the temperature but it could be
weaker, down to an isothermal one. One can note that for the Earth’s ocean,
the temperature at the sea floor is even lower than the temperature at the
surface as a result of streams.

The adiabatic relation is:

dT/dP =oT/(pwaterCp). @

where « is the thermal expansion coefficient and Cp the heat capacity. For
P < 1-2 GPa, values are @ ~ 3 x 107 K71, pyarer & 1 gem ™3, Cp &
47K! g_l, and the temperature is given by:

Tadiabat (2) = Tqurface + 20P (GPa). )]

The T' [P (z)] position in the phase diagram indicates whether water is liq-
uid or solid (Fig. 2). The P(z) relation depends upon the surface gravity g,
the liquid water density at low pressure pg and its compressibility K. It
reads P(z) = —K Ln(l — gpgz/K). The bottom of the ocean is obtained
when the liquid water temperature crosses the solidification line. The ocean
depth, bottom temperature and pressure result (Fig. 2). For an adiabatic de-
pendence of the temperature, a surface temperature Ty, = 7 °C leads to an
ocean depth of 72 km. For a higher (lower) T+, the ocean depth would be
larger (smaller).

If the T dependence is less steep than adiabatic, e.g., nearly isothermal,
the ocean would be shallower.

4. Atmosphere
4.1. Composition

On Ocean-Planets, the expected primary volatiles are HyO, NH3, and
CO;. As mentioned, we assume, as an example, an initial composition of
ice m 90% H, O, 5% NH3, and 5% CO». For carbonaceous compounds, this
is an important difference with the atmosphere of bodies further away from
their stars, as Titan in the Solar System, where carbon is mainly in species
such as CHy because of the lower temperatures (Reynolds et al., 1987).

NH3 is very sensitive to UV, especially for 200 < A < 300 nm where the
opacity due to other species is negligible. The fraction of its initial reservoir
that happens to be in the atmosphere will be photodissociated and converted
into Np and H» in less than 2 Myr for a planet located at 1 AU from a G2V
star. The produced Hj is subject to hydrodynamical escape and can sweep
away a fraction of Ny because the atmosphere develops an exosphere with a
high temperature 7exo governed by heating by extreme UV and stellar par-
ticles (Lammer et al., 2003). Texo obtained with the XUV heating alone can
be over 10,000 K which is much higher than the planet effective tempera-
ture Tofr (255 K for Earth).

The presence of these radiations has been observed in solar proxies by
numerous satellites (ASCA, ROSAT, EUVE, FUSE, IUE). It indicates that
a young GV star has continuous flare events producing a radiation environ-
ment several hundred times more intense than the solar environment today
(Guinan and Ribas, 2002).

After the majority of the hydrogen is lost and the heavier atmospheric
compounds begin to dominate in the upper atmosphere, a part of the nitro-
gen should be dragged away by a diffusion limited hydrogen flow (Zahnle et
al., 1990). Because the amount of nitrogen left is not sure, the partial pres-
sure of No in the atmosphere is treated as a free parameter in the present
paper. So is the CO; pressure.

4.2. Planet IR emission

The planet IR emission must be calculated in a self-consistent way as a
function of the atmospheric composition and the stellar irradiation. A key
ingredient is the temperature profile. It is to be remembered that an isother-
mal atmosphere would have no spectral feature, whatever its composition.
As a preliminary calculation, for a given ground temperature, an atmosphere
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Fig. 3. Reflected and emitted light by a 6M g Ocean-Planet, versus wavelength. In the UV-visible, the fraction of the stellar flux reflected by the planet is shown
for different values of the ground pressure of Ny, this gas being the main atmospheric component, and for situations with and without clouds. The light from
the planet is the product of the stellar emission by this fraction. The former decreases with wavelength (x )f4) and becomes negligible at A > 3 um. In the
IR, the emission is from the same planet with Tgyface = 320 K = 47°C, Py, = 5 bars and an atmosphere saturated with water vapour. Its cold tropospheric

trap (T ~ —65°C) is at 15 km. It contains CO, with a mixing ratio of 1075, As it is wet, and pretty warm at its surface, the planet is assumed to be cloudy
with a full coverage of clouds at # =5 km. Note the CO, absorption band at 15 pm and the strong HoO ones at A < 8 um and X > 16 pm.

saturated with water vapour is considered and an adiabatic decrease of T is
calculated down to an arbitrary value of 180 K. This limitation is to prevent
T from reaching unrealistic low values.

Figure 3 shows the interesting case of an Ocean-Planet with a 320 K
(47 °C) surface temperature. This case of a rather hot planet with a super-
humid atmosphere has no analogue in the Solar System. Both stellar re-
flected light and IR emission are shown.

4.3. Biosignatures?

Usually, Oy or O3, in association with HyO and CO; are candidates
biosignatures in a planetary atmosphere. To qualify them for an Ocean-
Planet, one has to show that there are no abiotic processes that can produce
a similar gas mixture.

Two cases of planetary atmospheres may result in a photochemical
build-up of O (Selsis et al., 2002):

(i) COy-rich atmospheres: Pco, > 50 mbar for dry atmospheres, Pco, >
0.5 bar for wet atmospheres, and

(ii) water-rich atmospheres loosing hydrogen to space after HoO photol-
ysis (for instance during a runaway greenhouse effect as described by
Kasting, 1988).

Both cases require weak oxygen sinks (oxidation of rocks by soil weather-
ing, and volcanic gases) to allow O3 to reach significant levels.

Ocean-Planets may gather all these characteristics: a possible high CO»
abundance, a water-rich upper atmosphere when the orbital distance is
closer than the runaway greenhouse limit (Kasting et al., 1993) and low oxy-
gen sinks in the absence of rocky surface and volcanism. Especially, due to
their inexhaustible water reservoir, runaway greenhouse phases may last for
most of their lifetime while, on Venus for instance, this phase is thought to
be shorter than a few hundred million years (Kasting, 1988). Consequently,
the presence of Og is not a reliable biosignature on Ocean-Planets because
it can be the result of abiotic processes.

Can O3 provide a better one? If O, is produced thanks to HyO photol-
ysis at high altitude, resulting hydrogenous radicals as H*, OH®, and HOj
react efficiently with O3 and prevent the formation of a dense and detectable
ozone layer. Producing abiotic O, from CO» photolysis implies a high CO;
partial pressure that masks the O3 band in the thermal infrared spectrum.

Thus, as on terrestrial planets (Selsis et al., 2002), the simultaneous detec-
tion of O3, Hy0, and CO; in the planetary mid-IR spectrum appears to
be most reliable signature of an oxygen build-up of biological origin. This
points out the superiority of Oz, with respect to Oy, as a biosignature (in
presence of HyO and CO»).

5. Conclusion

We have shown that massive ice-rich planets possibly form in exter-
nal regions of protoplanetary disks and migrate inward. Depending on their
distance to the star and properties of their atmospheres, some of them can
develop a surface water ocean and can be called “Ocean-Planets.” Such
oceans have a thickness of ~ 100 km. For a given mass, they have a den-
sity significantly lower than rocky planets and therefore a larger radius, a
favourable feature for their detection and study.

Mid-future space missions searching for planetary transits in the Hab-
itable Zone (Eddington, Kepler), possibly coupled with Radial Velocity
follow-up, should provide us with valuable information about their exis-
tence and properties. If they are as resistant, with respect to the evapora-
tion and photolysis of their atmospheres as some models predict (Kuchner,
2003) COROT (launch scheduled in 2006) will detect the hottest ones. They
have a density lower than that of rocky planets. Their rather large radius
makes them attractive targets.
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Résumé

A T'occasion du onziéme anniversaire de la découverte de la premiére planéte extrasolaire autour d’une étoile de
type solaire, au moment o1 environ 200 planétes ont été découvertes hors de notre propre systéme, de passionnantes
questions a propos de leur formation, leur évolution et pour certaines d’entre elles, leur aptitude & abriter la vie,
sont plus que jamais posées. Ces interrogations sur nos origines ont déclenché 1’émergence de nouveaux concepts
technologiques et une trés forte volonté pour pousser les technologies existantes & leur limite, tout cela pour répondre
au fantastique défi observationnel posé. ELTs, interféromeétres kilométriques au sol ou spatiaux, instruments de
nouvelle génération: l'imagerie directe de systémes extrasolaires et leur caractérisation est sans conteste I'un des
thémes observationnels les plus exigeants, tout cela a cause de 1’énorme contraste et de la minuscule séparation
angulaire entre les étoiles et leurs environements.

Cette thése est dédiée a 1’étude d’'une classe de micro-composants basés sur la technologie des réseaux sub-
lambda. Nous démontrons l'utilité des ces méta-matériaux intégrés et nano-structurés dans le domaine de I'imagerie
a trés grande dynamique. Les réseaux sub-lambda offrent en effet des solutions nouvelles et originales aux ex-
igeantes contraintes induites par les objectifs scientifiques ambitieux de I'astrophysique a haut contraste. Apreés
avoir montré 1'utilité pratique des outils coronagraphiques modernes dans ’observation de systémes planétaires en
formation, nous présentons diverses solutions pour améliorer la capacité de détection de systémes coronographiques
existants, ainsi que de nouvelles totalement intégrées et susceptibles de surclasser les systémes traditionnels au sein
des instruments de nouvelle génération. Ensuite, toujours en profitant de la flexibilité optique des réseaux sub-
lambda, nous proposons un nouveau concept de déphaseur achromatique pour 'interférométrie en frange noire,
qui devra étre construit et testé dans le cadre des activités de R&D censées ouvrir la voie & d’ambitieuses missions
d’interféromeétres spatiaux dédiés a la détection et la caractérisation de planétes semblables a la Terre.

Mots-clés: systémes planétaires extrasolaires — imagerie a haut contraste — coronographie & masque de phase —
interférométrie en frange noire  déphaseurs achromatiques réseaux sub-lambda

Abstract

At the eleventh anniversary of the discovery of the first extrasolar planet around a solar-type star, at a time
where about 200 planets have been discovered outside our own system, daunting questions about their formation,
their evolution, and for a few of them, their ability of sustaining life, are more then ever posed. These interroga-
tions about our origins have triggered the emergence of new technological concepts and a strong will for pushing
existing technologies to their limit, with the purpose of tackling the fantastic implied observational challenges.
ELTs, kilometric space-borne or ground-based interferometers, next-generation instrumentation: direct imaging of
extrasolar planetary systems and their characterization is definitely one of the most demanding observational topic
because of the huge contrast together with the small angular separation between stars and their environments.

This dissertation is devoted to the study of a class of micro-components based on the subwavelength grating
technology. We demonstrate the utility of these integrated nano-engineered meta-materials in the framework
of high dynamic range imaging. Subwavelength gratings indeed provide new and original solutions to the very
demanding constraints induced by the ambitious scientific goals of high contrast astrophysics. After showing the
practical utility of modern coronagraphic techniques in actual observations of young forming extrasolar planetary
systems, we present diverse solutions for improving the existing coronagraph detection capabilities as well as totally
new integrated ones that shall outperform the traditional systems within next-generation instruments. Then, still
using the optical flexibility of subwavelength gratings, we propose a new concept of achromatic phase shifter for
nulling interferometry to be manufactured and tested in the context of the R&D activities paving the way towards
ambitious space-borne interferometers dedicated to Earth-like planet detection and characterization.

Keywords: extrasolar planetary systems — high dynamic range imaging — phase-mask coronagraphy — nulling
interferometry — achromatic phase shifters — subwavelength gratings






