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4 Notations and acronyms



IntroductionAstronomy and optics have a long tradition of cooperation, dating back at least to the inventionof the �rst refractor by Galileo. Signi�cant breakthroughs in astronomy, and later in opticalastrophysics, i.e., observational astrophysics from the ultraviolet to the thermal infrared, havebeen linked to some major advances in optics. Indeed, theoretical astrophysics has to rely onor be confronted with observations. For a long time, this strong link has been based mostly onthe design of telescopes. With the advent of photographic plates and, more recently, of moderndetectors (CCD), the �eld of focal instrumentation has grown enormously, thanks in particular tothe emergence of new concepts in optics.Astrophysics is now facing a quantum leap in the understanding of major problems includingthe evolution of the very early universe, the presence of extrasolar planets and exobiology. At theeleventh anniversary of the discovery of the �rst extrasolar planet around a solar-type star, at atime where about 200 planets have been discovered outside our own system, daunting questionsabout their formation, evolution, and for a few of them, their habitability, are more than everposed. These interrogations about our origins have triggered the emergence of new technologicalconcepts aiming at tackling the fantastic observational challenges and a strong will for pushingexisting technologies to their limit. The most recent advances in optics have indeed allowed thefrontier set by the atmospheric turbulence and the �nite size of apertures to be broken. In fact, itis only very recently that technological breakthroughs in adaptive optics and interferometry havesucceeded in shedding new light on many �elds in high angular resolution astrophysics and theirfuture is most promising.Firstly, in the next decade, the tools of astrophysicists in optics will move for ground-basedfacilities 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 representsan extraordinary challenge. With some very recent exceptions, current 8-meter class telescopesand their associated instrumentation are extrapolated from the generation of 4-meter telescopes,sometimes leading to cumbersome instruments. Further extrapolation of classical techniques willnot work for next-generation extremely-large telescopes (ELTs). Old and known limitations willalso be exacerbated, like mirror polishing or simply the in�uence of the atmosphere. Adaptiveoptics, which can provide di�raction limited images at the focus of current telescopes, sharperby one to two orders of magnitude than images limited by the turbulence, will not be easilyextrapolated towards larger apertures since this technique relies on critical components such aswavefront sensors and deformable mirrors, revealing very bulky with traditional technologies.Secondly, and parallel to the emergence of ELTs, next generation post-VLTI interferometersare 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 developkilometric arrays of telescopes.These ELTs and kilometric interferometers will absolutely necessitate radical changes in thetechniques. For that, evolution is underway: optical �bers, integrated optics, MEMS, subwave-5



6 Introductionlength gratings, etc. The interest for micro-optics in astrophysics grows exponentially every day.Apart from the miniaturization aspects, such an attraction is comprehensible. Historically, oneof 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 temperaturewhen they are in orbit and in this context, monolithic micro-components provide an incomparablestability with respect to classical bulk optics. Alternative solutions are now emerging but at thesame time involve a technological breakthrough. None of the speci�c techniques is unique but thecombination or synergy makes it very complex.Micro-optics manufacturing techniques are inherited from the micro-electronics industry andgiven the speed at which the fabrication technologies are currently developing in this proli�csector, more accurate control of more and more parameters will be possible every year, openingthe door to rapid substantial performance improvements. Compared to micro-electronics industry,the processes are somehow similar or derived but the materials are generally di�erent. A processoptimization 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 subwavelengthgratings. Such gratings have the appealing property of being optically malleable. This ability isoften referred to as �optical property engineering�. Applications are numerous but the presentwork concentrates on astrophysical applications in the framework of the most demanding subjectof exoplanet detection and characterization. This dissertation is organized as follows. The �rst partpresents the scienti�c context and objectives of what is called �high-contrast imaging� (Chapter1). Then, in Chapter 2, we discuss the importance of one key component in high dynamic rangeimaging: the achromatic phase shifter. The second part of this work concerns the presentationof subwavelength gratings from the theoretical point of view (Chapter 3) and from the practicalone by showing their numerous applications (Chapter 4). The third part is then dedicated tothe applications of subwavelength gratings to phase coronagraphy in Chapter 5, where we presentthe 4QZOG coronagraph, Chapter 6, where the AGPM coronagraph is described, and Chapter 7where their fabrication using state-of-the-art technologies is studied. The fourth and last part ofthis work presents the application of subwavelength gratings in nulling interferometry, from thetheoretical point of view in Chapter 8, from the practical one in Chapter 9.
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Contents1.1 The need for high dynamic range . . . . . . . . . . . . . . . . . . . . 101.2 Extrasolar planets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101.2.1 Planetary population in our galaxy . . . . . . . . . . . . . . . . . . 101.2.2 Planetary formation and evolution . . . . . . . . . . . . . . . . . . . 121.2.3 Exoplanet characterization by imaging and the search for life . . . . 151.3 Circumstellar disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211.3.1 Young stellar objects . . . . . . . . . . . . . . . . . . . . . . . . . . 211.3.2 Debris disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221.3.3 Article: Coronagraphic imaging of three Weak-line T Tauri Stars:evidence of planetary formation around PDS70 . . . . . . . . . . . . 231.4 Extragalactic astrophysics . . . . . . . . . . . . . . . . . . . . . . . . 341.5 Detection and characterization techniques . . . . . . . . . . . . . . 371.5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 371.5.2 Indirect detection methods . . . . . . . . . . . . . . . . . . . . . . . 381.5.3 Direct imaging methods: coronagraphy . . . . . . . . . . . . . . . . 381.5.4 Nulling interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . 441.5.5 Perspectives in Antarctica . . . . . . . . . . . . . . . . . . . . . . . 47Abstract. High contrast imaging opportunities abound in astronomy. Some of them carrysuch high intrinsic interest that they justify considerable e�ort to master the associated technicalchallenges. From this point of view, the last decade has seen major advances on multiple fronts,scienti�c as well as technical. From the scienti�c point of view, the discovery of the �rst extrasolarplanets has triggered a renewal of the permanent question on the possible presence of life outside thesolar system. From the technical point of view, large telescopes, space telescopes, interferometers,adaptive optics, micro-optics are all advancing, building the technological foundations for futurehigh contrast imaging experiments and facilities that will certainly allow us to answer this ancestralquestion in scienti�c terms.



10 Chapter 1. High contrast astrophysics1.1 The need for high dynamic rangeAstronomy features large dynamic ranges. The ratio of the brightness of the Sun to the faintestdetected galaxy is about 1022, and current technology deals with that adequately. But astronomersinsist on studying highly-contrasted sources which are close to one another. The need for a highdynamic 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 detectionscheme to accommodate the dynamic range, and the other is the disturbing tendency of lightfrom a bright source to spread out because of physical limitations of the observing telescope(atmospheric turbulence, di�raction, etc.). One can distinguish three broad categories of targetswith relevant high contrast imaging scenarios which, while not exhaustive, cover most of the topicsof interest to astronomy: one is stars with nearby fainter stars or planets; the second is stars withfainter, diluted and extended circumstellar material; the third is active galactic nuclei (AGN) withadjacent fainter stars, disks, jets, etc.Let us now review each type of targets in more details, with an emphasis on the very popularand exciting subject of extrasolar planets.1.2 Extrasolar planetsThe discovery of the �rst extrasolar planets by Wolszczan & Frail (1992) and Mayor & Queloz(1995) has engendered a dramatic explosion in the �eld of extrasolar planet research. Three mainthemes in this topic can be identi�ed: the �rst one is the characterization and understandingof the planetary populations in our Galaxy (distribution, host-star properties, etc.); the secondone 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 planetaryatmospheres, the search for and study of biological markers, with resolved imaging and the searchfor intelligent life as the �ultimate� and much more distant goal.1.2.1 Planetary population in our galaxyThe �rst exoplanet detected around a solar-type star (51 Peg) unveiled an unexpected new typeof planets: hot Jupiters. With its projected mass of 0.468 MJ 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 parentstar. Since 1995, 45 planets have been found with semimajor axes a ≤ 0.1 AU, i.e., with orbitalperiods ≤ 10 days (see Fig. 1.1, left). Planets have also been found farther away from their hoststars, with semimajor axes up to ∼ 270 AU (AB Pic b). Most of them are assumed to be gaseousgiants similar to the Jovian planets of our solar system, as 123 of the 200 planets found to datehave a minimum mass larger than 1 MJ .The majority of the exoplanets discovered so far, i.e., 188 out of 200, were indirectly detectedby the so-called radial velocity (RV) technique in which the stellar wobble of the star movingabout 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 sin i, where M is the massof the planet and i the system inclination with respect to the plane of the sky. As the latter isgenerally 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 atthe left part of this diagram. Right: number of detected exoplanet versus minimum mass. Thedearth of companions with M sin i larger than 12 MJ con�rms the presence of a �brown dwarfdesert�. 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 currenttechniques. However, and despite the inevitable bias induced by the RV method towards highmass/short orbital period planets, remarkable statistical properties have emerged from the 200planets detected to date:- even with the bias mentioned here above, 40% of the detected planets have a projected masssmaller than 1 MJ and only 16% have a mass larger than 5 MJ . Within ∼ 0.3 AU from thecentral star, there is a de�cit of massive planets (M sin i > 4MJ);- only 6 objects have a semimajor axis smaller than 0.035 AU, which suggests that there is apileup at this rather well-de�ned separation;- according to Lineweaver & Grether (2003), at least ∼9% of Sun-like stars should have planetsin the mass and orbital period ranges M sin i > 0.3 MJ and P < 13 years and at least ∼22%should have planets in the larger range M sin i > 0.1 MJ and P < 60 years. Even this largerarea 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 boththe observed exoplanet data that probe only the high-mass, close-orbiting exoplanets andwith the observed frequency of circumstellar disks in both single and binary stars. If thefraction of Sun-like stars that possess planets is representative of all stars, this means thatout of the ∼ 300 billion stars in our Galaxy, there are between ∼ 75 and ∼ 300 billionplanetary systems;- the planet-mass distribution follows a power law dN/dM ∝M−1 (see Fig. 1.1, right), a�ectedvery little by the unknown sin i. The dearth of companions with M sin i larger than 12 MJcon�rms the presence of a �brown dwarf desert� at least for companions with orbital periodsup to about 10 years;- multiple planets are common (20 systems discovered so far), often in resonant orbits, andshow a tendency for the inner planets to be less massive, which can be interpreted either assuppressed accretion from the outer disk or as a mere selection e�ect (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 risesrapidly with stellar metallicity. Right: exoplanet minimum mass versus eccentricity. Planets ofhighest mass tend to have higher orbital eccentricities than those of lower mass which is a puzzlingtrend. 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 ourSun. The favored explanation for the high metallicity of planet host stars is of course thatplanets form more easily in a metal-rich environment;- apart from planets with a < 0.05 AU that are submitted to tidal circularization, eccentricorbits are common (see Fig. 1.2, right). This is in sharp contrast with the planets of our solarsystem. Fig. 1.2 (right) also shows that higher eccentricities are obtained for more massiveplanets, which is consistent with the trend of higher eccentricities at larger separationstogether 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 relationsof exoplanets is signi�cantly di�erent from those of binary stars (Halbwachs et al. 2005).This set of unexpected properties provides strong reasons to believe that exoplanets are formedby a di�erent mechanism than low-mass companion stars and are thus putting strong constraintson the planetary formation theories as we will discuss below.1.2.2 Planetary formation and evolutionTerrestrial 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 grainsin the protoplanetary disk (Lissauer 1993). This theory comes from the idea already proposedin the 19th century that the Earth and the other terrestrial planets were formed from meteoriticmaterial. But it is only in the 1960s that the theory was developed in a quantitative way bySafronov (1969), who calculated in details the di�erent stages of terrestrial planet formation.As far as giant planets are concerned, two theories have been proposed. According to the �rsttheory, giant planets are formed through the collapse and fragmentation of protostellar disks. Thisscenario is related to that proposed by Laplace in 1796. The second theory, proposed by Cameronin 1973, is called the core accretion model (Pollack et al. 1996). A solid core is �rst assembled



1.2. Extrasolar planets 13in the same way as terrestrial planets, i.e., by accumulation of solid particles in the outer part ofprotoplanetary disks, beyond the �snow line� (Sasselov & Lecar 2000), where they can later oncapture substantial amounts of gas from the disk in a runaway accretion process once the corehas become massive enough, i.e., by reaching the so-called cross-over mass (typically at around atenth of an Earth mass).However, the large spread of orbital periods observed for giant extrasolar planets was notexpected in any of the classical planet formation theories, shattering the understanding of theformation of planetary systems that had been patiently constructed based upon the study of asingle example: our own solar system. The diversity amongst the newly-discovered systems hastaught us how dangerous it can be to build theories on too small a data set. At a time whensearching for life as we know it becomes possible, this comes as a serious reminder to keep ourapproaches as unbiased and open as possible.Indeed, the discovery of giant planets orbiting close to their parent star completely invalidatedthe hypothesis that planets were formed in situ like in our planetary system. The temperaturein the inner regions is actually far too high to allow the condensation of solid particles and aninsu�cient amount of gas is available there to form such big planets. This contradiction is nowunderstood 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 inthe surrounding protoplanetary disk by means of angular momentum exchange. Three types ofmigration mechanisms can be distinguished:- type I migration, which applies to an embedded protoplanet of small mass for which the diskresponse can be modelled using linear analysis. In this case, the protoplanet is assumed toexcite density waves at the Lindblad resonances1 that propagate on both sides of its orbit.The torque exerted by these waves causes the protoplanet to migrate inwards the disk;- type II migration, which applies when the protoplanet is massive enough to open a gap;- runaway or type III migration, which is a new form of potentially fast migration applicableto massive disks that could be driven by coorbital torques.Apart from planet location and migration issues, the only formation model allowing quantitativecomparisons with observations is the core accretion scenario. The timescale (about 10 Myr) toform Jupiter at its present location is however uncomfortably close to the typical lifetime ofprotoplanetary disks, which is believed to be of the order of 1-10 Myr. It is to be noted thatthe �rst theory, based on local gravitational collapse of the protoplanetary disk, was proposed toallow for a more rapid formation of giant planets (Boss 1998). Unfortunately, this model is unableto account for the period-eccentricity relations of the newly-observed systems. A new model ofgiant planet formation that extends the classical core accretion model to include migration, diskevolution and gap formation can lead to much more rapid formation of giant planets, making itcompatible 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 depletionof the feeding zone as observed in classical core accretion simulations. Hence, the growing planetis never isolated and it can reach the cross-over mass on a much shorter timescale.1An external (e.g., induced by a planet) forcing gravitational potential ψm(r, φ) with azimuthal mode number
m that rotates with a pattern frequency ωp in a disk with angular velocity Ω(r) triggers a response that exchangesangular momentum with the orbit whenever, neglecting e�ects due to pressure, m(Ω(r) − ωp) is equal either 0or ±κ, with, for a Keplerian disk to adequate acuracy, κ ≡ Ω being the epicyclic frequency. The �rst possibilityoccurs when Ω = ωp and thus corresponds to a corotation resonance. The second possibility corresponds to aninner Lindblad resonance located inside the orbit for Ω = ωp + κ/m and an outer Lindblad resonance outside theorbit for Ω = ωp − κ/m.



14 Chapter 1. High contrast astrophysicsThe 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-�nements of indirect detection methods, Neptune-mass planets have also been detected (Santoset al. 2004). Over the past two years, the search for low-mass extrasolar planets has indeed ledto the detection of so-called �hot Neptunes� or �super-Earths�. These planets have masses 5-20times 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 M⊕ but the palm goes to the 5.5 M⊕ planet,OGLE-2005-BLG-390Lb (Beaulieu et al. 2006), which has been revealed by a microlensing event2.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 coreaccretion theory. Very recently, a remarkable system of three Neptune-mass planets with periodsof 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 theouter planet probably has a signi�cant gaseous envelope surrounding its rocky/icy core; the outerplanet 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 althoughthe theoretical tools for predicting migration, for example, were available for a long time but notexploited. In order to avoid being in the same uncomfortable situation of complete surprise, whynot 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 thegaseous giants. It seems reasonable to assume that planets resembling our Uranus and Neptune, orslightly less massive ones, may have formed in cold regions of a protoplanetary disk and migratedinwards, 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 havea density signi�cantly lower than rocky planets) makes them rather easily detectable by transitspace 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 thanan 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 formsubstantially from silicon carbide and other carbon compounds. Pulsar planets and low-masswhite dwarf planets are especially good candidate members of this new class for planets, but theseobjects could also conceivably form around stars like the Sun. This planet formation pathwayrequires only a factor of two of local enhancement of the protoplanetary disk's C/O ratio abovesolar's, a condition that pileups of carbonaceous grains may create in ordinary protoplanetarydisks. Hot, Neptune-mass carbon planets should show a signi�cant paucity of water vapor in theirspectra compared to hot planets with solar abundances. Cooler, less massive carbon planets mayshow hydrocarbon-rich spectra and tar-covered surfaces. The high sublimation temperatures ofdiamond, SiC, and other carbon compounds could protect these planets from carbon depletionat high temperatures.2Gravitational microlensing consists in the light ampli�cation of a background star as a foreground compactmass, such as a planet or star, passes very close to the line of sight of the more distant source.



1.2. Extrasolar planets 151.2.3 Exoplanet characterization by imaging and the search for lifeAlthough extremely di�cult, direct imaging is the most promising method as we will now discuss.Recently, Chauvin et al. (2005a) presented deep VLT3/NACO4 infrared imaging and spectroscopicobservations of the brown dwarf 2MASSWJ 1207334.393254. This ∼ 25-MJ brown dwarf, located
∼ 70 pc from Earth, has been recently identi�ed as a member of the TW Hydrae association(age ∼ 8 Myr). Using adaptive optics infrared wavefront sensing to acquire sharp images of thecircumstellar environment, Chauvin et al. (2005a) discovered a very faint and very red object atan angular separation of 778 mas (55 AU). This discovery is considered as the �rst image of anexoplanet (see Fig. 1.3), obtained ten years after the detection of Peg 51b, which demonstrates thedi�culty of the task. The discovery was made easy by the large distance of the companion andthe relatively small contrast ∆m ∼ 5. The characteristics of the planet according to evolutionarymodels are a mass M = 5 ± 2MJ and an e�ective temperature Teff = 1250 ± 200 K.

Figure 1.3: Composite image of the brown dwarf 2M1207 (Chauvin et al. 2005a). The companionappears 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 (Neuhäuser et al. 2005), AB Pic b (Chauvin et al. 2005b) and SCR 1845 b (Billeret al. 2006). The imaging of these objects was made easier since young planets and sub-stellarcompanions of a few Myr are generally much brighter than Gyr old sub-stellar objects because ofon-going contraction and possibly accretion. It is worth noting that the planetary status of thediscovered objects is not clear yet. Indeed, their mass is derived from spectral and �ux observationsthat are injected into evolutionary models like the Bara�e et al. (2003) �COND� or the Burrowset al. (1997) �Tucson� models. Unfortunately, these models are age-dependent and unapplicableto ages below 10 Myr, which reveals critical5 in the previous observations since the objects aresupposed 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 installedin 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 unittelescope (UT4).5The initial conditions imposed in the mentioned evolutionary models generally possess a great variability thatdoes not signi�cantly impact the subsequent convergence of the model. The 10-Myr age is too close to the initialstate and is therefore a�ected by its variability.



16 Chapter 1. High contrast astrophysicsImaging and characterization. From the theoretical point of view, when considering directimaging of extrasolar planets, one must have in mind the three types of emission that can bedetected (Chabrier et al. 2004):- emission due to the re�ection of starlight by the atmosphere or surface of the planet, whichstrongly depends on the star-planet distance and is modulated by the phase angle. There�ected-light luminosity Lrefl
pl is given by
Lrefl

pl (t) =
Apl

4
×
(

Rpl

a

)2

× L∗ × φ(t) (1.1)with L∗ the luminosity of the star, Apl the planet Bond albedo, Rpl the planet radius, a thedistance of the planet to the star, and φ(P, i, e, ω, t) the orbital phase factor. More light isre�ected at wavelengths where the star is bright, i.e., in the visible. It depends on the planetradius rather than its mass, and it may be strongly polarized (Stam et al. 2004). Barmanet al. (2001), Sudarsky et al. (2000, 2003) and Burrows et al. (2004), for example, describein 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
Teq = T∗ ×

√

R∗

2a
(1 − Apl)

1/4, (1.2)which is given by
Leq

pl = 4πR2
pl × σT 4

eq (1.3)with T∗ the temperature of the star, and R∗ its radius. This thermal emission stronglydepends on the star spectral type. It is also characterized by spectral features, mostly dueto CH4 and H2O absorption bands (Fig. 1.4), commonly found in spectra of Saturn massobjects up to brown dwarfs (0.3− 30MJ). Synthetic spectra in the thermal infrared regimecan be found in Allard et al. (2001) and Bara�e et al. (2003), for instance;- the intrinsic emission of the planets, due to residual cooling after their formation
Leff

pl = 4πR2
p × σT 4

eff (1.4)where Teff is the intrinsic e�ective temperature of the planet. It decreases with decreasingplanet mass and system age. This contribution to emission is independent of the orbitaldistance since the planet is self-luminous. Due to the planet e�ective temperature (100−1000K), the intrinsic emission increases towards the mid-infrared.In Fig. 1.5, we show the comparison of the black body �ux ratio for the Earth and Jupiter withrespect to the Sun, from the visible to the thermal infrared wavelengths. The di�culty of highcontrast imaging of exoplanets clearly appears on these diagrams. Indeed, the �ux re�ected byEarth-like planets is not expected to represent more than a few 10−10 of the stellar �ux in thevisible range, while its thermal emission should amount to a few 10−7 of the stellar �ux around10 µm, where it peaks.Let us now review the planet characteristics that would be accessible by imaging, assumingthat the contrast problem is solved. One of the most obvious observable accessible by imaging isthe orbit of the detected planet. Two orbital positions are in principle su�cient to determine theorbital parameters P , i, ω, Ω, To and e. However, a third observation is necessary to unambiguouslylink 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 µm.Right: Peg 51b (Hot Jupiter) expected spectral contrast, very di�erent from that of Jupiter.can be reduced from three to two in the re�ected light case because of the possible determinationof the orbital phase factor φ(P, i, e, ω, t). A second observable is the planet radius that can beconstrained to a lower limit in the re�ected light case thanks to Eq. 1.1 and from the fact that thealbedo has an upper limit of 1. It is worth noting that the thermal emission, through Eq. 1.3, givesa more precise value of the planet radius. The temperature of the planet Tpl can be determinedboth from re�ected light through Eq. 1.2 and from thermal emission through a simple blackbody �t. However, the thermal infrared approach is more robust since it does not depend onthe 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 likelyto reveal its mass. Nevertheless, the amount of Rayleigh scattering measured by low-resolutionspectroscopy in the visible is representative of the density of the atmosphere. From the latter, onecan approximately deduce the mass of the planet.
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Figure 1.5: Left: comparison between Sun, Jupiter and Earth spectral �ux from visible tothermal infrared wavelengths. Right: �ux ratio for Jupiter and Earth with respect to the Sun.



18 Chapter 1. High contrast astrophysicsOne 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 itsatmosphere, the presence of life forms, etc. Through the temporal variations of the re�ected�ux, after correction of orbital e�ects, several contributors could be disentangled among the sea-sonal e�ects, the cloud coverage variations or even the planet rotation through the successionof lands, sees, icecaps. Another advantage of visible wavelengths is that they provide a richerpalette 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 wecan obtain information about a planet in the visible that is not accessible in the infrared. For aplanet like the present Earth, we can measure spectral features of water (H2O), Chappuis ozoneband (O3), oxygen (O2), Rayleigh scattering (column abundance of all gases above the surface andclouds), �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 amolecular atmosphere and of Venus-like cloud droplets). Furthermore, spectral information canbe used to infer properties including the planet temperature, diameter, mass, surface gravity, andatmospheric pressure.Life detection. Let us now come back to the most exciting theme of life detection. The �rstthing to consider is the de�nition of life. Quite apart from the philosophical point of view whichis beyond the scope of the present work, we will adopt the traditional de�nition that life signi�es�far from equilibrium organic systems, transforming stellar light into complex organisms�. Anadmitted prerequisite in an anthropomorphic view based on our knowledge of life on Earth isthe suitability of a planet for supporting life, or habitability. With the general consensus amongbiologists that carbon-based life requires liquid water for its self-sustaining chemical reactions, thesearch for habitable planets has therefore focused on identifying environments in which liquid wateris stable over billions of years. This environmental constraint is primarily controlled by the star-planet separation, but is a�ected by factors such as planet rotation combined with atmosphericconvection. For Earth-like planets orbiting main-sequence stars, the inner edge is bounded bywater loss and the runaway greenhouse e�ect, as exempli�ed by the CO2-rich atmosphere andresulting temperature of Venus. The outer boundary is determined by CO2 condensation andrunaway glaciation. These considerations result, for a Sun-like star, in an inner habitabilityboundary 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 massesbetween about 0.5 and 10 Earth masses, or equivalently, assuming Earth density, radii between0.8 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 massivesystems are unlikely to be habitable because they are expected to build an H-He atmosphere andbecome gas giants. Habitability is also likely to be governed by the range of stellar types for whichlife has enough time to evolve, i.e., stars not more massive than spectral type A. However, even Fstars 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 synchronousrotation 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 starshave 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 CO2 feature is absent in the visible. Right: Earthspectral contrast in the thermal infrared where the CO2 feature appears.with time as the star gets older. In other words, the distance between the star and the habitablezone, as well as its width, increases with time as a consequence of stellar evolution. The habitablezone moves outwards after the star leaves the main sequence, sweeping a wider range of distancesfrom the star until the star reaches the tip of the asymptotic giant branch. Currently there is noclear evidence as to when life actually formed on the Earth, but recent isotopic data suggest lifeexisted at least as early as 700 Myr years after the Earth was formed. Thus, if life could formand evolve over time intervals from 500 Myr to one Gyr, there could be habitable planets withlife around red giant stars. For a solar-mass star at the �rst stages of its post main-sequenceevolution, the temporal transit of the habitable zone is estimated by Lopez et al. (2005) to beseveral Gyr at 2 AU and around 100 Myr at 9 AU. Under these circumstances life could developat distances in the range 2 − 9 AU in the environment of subgiant or giant stars, and in the fardistant future in the environment of our own solar system. After a star completes its �rst ascentalong the red giant branch and the He �ash takes place, there is an additional stable period ofquiescent He-core burning during which there is another opportunity for life to develop. For asolar-mass star there is an additional Gyr with a stable habitable zone in the region from 7 to 22AU.Detecting and characterizing an exoplanet in the habitable zone put strong constraints on theangular separation between the star and its potential Earth-like companion. For instance, it wouldbe about 100 mas for a planet at 1 AU from a solar-type star located at 10 parsecs. Since the onlyknown way to remotely assess the presence of life on a rocky extrasolar planet is to investigatethe chemical composition of its atmosphere by means of spectroscopy, the planetary and stellarspectra have to be distinguished. This is possible only by spatially resolving the two componentsof the system. Indirect methods are not appropriate, except the transit method which can providespectral information on the planetary emission without actually resolving the two componentswhen 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 producesa large quantity of O2. Photosynthesis builds organic molecules from CO2 and H2O with the help



20 Chapter 1. High contrast astrophysicsof H+ ions which can be provided from di�erent sources. In the case of oxygenic bacteria on Earth,
H+ ions are provided by the photodissociation of H2O, in which case oxygen is produced as aby-product. However, this is not the case for anoxygenic bacteria, and thus O2 is to be consideredas a possible but not a necessary by-product of life (for this signature of biological activity, as wellas for any other, a key issue is that of false positives, i.e., cases where the signature is detectedbut there is no actual life on the planet, while the case of false negatives, when there is somelife on the planet but the signature is absent, is signi�cantly less �serious�). Indeed, the Earth'satmosphere was O2-free until about 2 billion years ago, i.e., absent for more than 1.5 billion yearsafter life originated. Owen (1980) also noted the possibility, quanti�ed by Schneider (1994) basedon transit measurements, of using the 760-nm band of oxygen as a spectroscopic tracer of lifeon another planet since, being highly reactive with reducing rocks and volcanic gases, it woulddisappear in a short time in the absence of a continuous production mechanism. Plate tectonicsand volcanic activity provide a sink for free O2, and are the result of internal planet heating byradioactive uranium and of silicate �uidity, both of which are expected to be generic wheneverthe mass of the planet is su�cient and when liquid water is present. For su�ciently small planetmasses, volcanic activity disappears some time after planet formation, as do the associated oxygensinks. O3 is itself a tracer of O2, with a prominent spectral signature at 9.6 µm in the infrared.These considerations are motivating the development of infrared space interferometers for thestudy of molecular species such as H2O at 6-8 µm, CH4 at 7.7 µm, O3 at 9.6 µm, CO2 at 15 µmand H2O at 18 µm (Angel et al. 1986). Higher resolution studies might reveal the presence of
CH4, its presence on Earth resulting from a balance between anaerobic decomposition of organicmatter and its interaction with atmospheric oxygen; its co-existence with O2 being highly outsideequilibrium, it could be a strong evidence for the existence of life.The possibility that O2 and O3 are not unambiguous identi�cations of Earth-like biology, butrather a result of abiotic processes, has been considered in detail by Léger et al. (1999) and Selsiset al. (2002). They considered various production processes such as abiotic photodissociation of
CO2 and H2O followed by the preferential escape of hydrogen from the atmosphere. In addi-tion, cometary bombardment could bring O2 and O3 sputtered from H2O by energetic particles,depending on the temperature, greenhouse blanketing, and presence of volcanic activity. Theyconcluded that a simultaneous detection of signi�cant amounts of H2O and O3 in the atmosphereof a planet in the habitable zone presently stands as a criterion for large-scale photosyntheticactivity on the planet. Such an activity on a planet illuminated by a star similar to the Sun, orcooler, is likely to be a signi�cant indication that there is local biological activity, because thissynthesis requires the storage of the energy of at least 2 photons (8 in the case of Earth) prior tothe synthesis of organic molecules from H2O and CO2. This is likely to require delicate systemsthat have developed during a biological evolutionary process. The biosignature based on O3 seemsto be robust because no counter example has been identi�ed. It is not the case for the biosignaturebased on O2 (Selsis et al. 2002), where false positives can be encountered. This puts a hierarchybetween observations that can detect O2 and those that can detect O3.



1.3. Circumstellar disks 211.3 Circumstellar disksLet us now come back to the planetary formation question in more details. First of all, planetaryand stellar formation and evolution are closely linked. The scenario of star formation has beendivided, according to di�erent stages of evolution, in four classes from class 0 to class III. Starsare formed from a cloud of dust and gas where turbulent processes lead dense enough regions tocollapse, leading to an embedded pre-stellar class 0 core. A signi�cant portion of the left-overdust and gas spirals into a class I protostar adding to its mass (this is known as accretion). Thisproduces a �attened disk that is rotating around the central protostar. The grains which remainsin the disks are subjected to many forces and frequently collide with each other. Generally, atthe same time, bipolar out�ows from forming star-disk systems appear. Class II objects, or youngstellar objects (YSO) comprising T Tauri and Herbig AeBe stars, see their spherical envelopedissipate which makes the central star and the accretion disk observable over the whole spectrum.The last division of this classi�cation corresponds to the moment where the gas reservoir hasdissipated and the accretion stops, leading to a class III star with planetesimals and formingplanets in a more tenuous disk (e.g. β Pic, AU Mic). This disk is replenished by collisions ofplanetesimals and evolves into a debris disk (e.g. Fomalhaut, Vega). In the transition betweenclass II and III objects, we �nd the TW Hydrae-like objects (e.g. PDS70, see here below), whichsee their disk currently being cleared.1.3.1 Young stellar objectsThe study of young and intermediate class II-class III objects, i.e., between 1 and 30 Myr, is ofspecial importance to constrain the planet formation scenario. This age range indeed correspondsto the timescale of disk dissipation and planetesimal building. The most natural explanation forthe presence of planets is that the growth from micron-sized dust to planetesimals is extremelye�cient. Possible mechanisms for such an e�cient growth are the gravitational instability of thesolids 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 whichare far enough from the central star to planetary size. This scenario of planet formation is nowcurrently 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 regionssearching for small-scale structures is required to answer questions related to planet formation suchas: - 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 revealingaccretion regions around the planet, grain growth, inner clearings or gaps, large-scale spiralstructures, etc.).For that, very good spatial resolutions and dynamic range are needed both in visible and thermalinfrared 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 (re�ected light) forexample, emission line regions and forbidden emission lines in jets, the most prominent being Hα,are accessible. For resolving dust absorption-emission, crystalline (silicate), amorphous phases andPolycyclic 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 hundredskm/s), a spectral analysis in the infrared domain (thermal emission) is necessary (6-12 µm and 18-
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Figure 1.7: Left: β 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 opaquecoronagraph inserted at the focal plane of the telescope, revealing the much fainter dust disk.Right: β Pic observed at 1.2 microns (J band) with ADONIS (ADaptive Optics Near InfraredSystem) at the ESO 3.6-meter telescope (Mouillet et al. 1997).30 µm). Again, the complementarity between the two observing domains is indubitable. However,contrasts ranging between 10−1 and 10−4 are expected in the near-IR depending on the age andgeometry of the disk. Imaging of large regions with a high dynamic range is therefore essentialfor features related to planet formation but not only. High contrast imaging is also mandatory forstudying features related to stellar physics such as out�ows, jets, expected structures like outburstsdue 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 moderncoronagraphic tool. Note that an overview of high dynamic range detection methods will be thesubject of a following section (Sect. 1.5).1.3.2 Debris disksThe �rst discovery of circumstellar dust around a main-sequence star dates back to the launchof the Infra-Red Astronomical Satellite (IRAS), with which Aumann et al. (1984) quickly foundVega's far-infrared �ux to be in excess with respect to the expected photospheric �ux. Similarexcesses 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 & Barlow1998) or ISO (e.g. Fajardo-Acosta et al. 1999; Laureijs et al. 2002). These studies have shownthat about 10% of main-sequence stars have excess emission in the 25 µm region, with a largeroccurrence around early-type stars, and that this proportion increases to about 17% at 60 µm.Infrared excesses around main-sequence stars are now commonly understood as the signature ofsecond-generation dust grains originating from collisions between small bodies (asteroids) or fromthe 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 grainshave a limited lifetime of a few Myr at most, due to the e�ects of collisions, radiation pressureand Poynting-Roberston drag (Dominik & Decin 2003). They have to be distinguished from theprotoplanetary disks of gas and dust detected around pre main-sequence stars, which originate



1.3. Circumstellar disks 23from 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 composedof cold dust grains, assumed to be arranged in structures similar to the solar Kuiper Belt atseveral tens of AU from their parent star. This assumption was con�rmed by imaging some ofthese debris disks, �rst in the visible regime where the stellar light scattered by dust particleshas been evidenced around young main-sequence stars such as β Pic (Smith & Terrile 1984, seeFig. 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 �rst discovered around Vega, β Pic, Fomalhaut and
ε Eri (Holland et al. 1998; Greaves et al. 1998; Koerner et al. 2001). These structures suggestthat planets may be forming or may have already formed in these systems, because they generallyshow planet-related features such as central clearings inside the cold dust ring or the presenceof warps, clumps or rings. However, the lack of angular resolution and/or dynamic range hasprevented these techniques from imaging more than a dozen of disks, and have mainly limited theinvestigations to the outer parts of these disks, which are not relevant in the context of futureplanet-�nding missions like Darwin/TPF (see Sect. 1.5.4).Knowledge of dust distribution in the �rst few AUs around solar-type stars is indeed currentlymostly limited to the observations of the solar zodiacal cloud. The zodiacal cloud, a sparse diskof 10-100 µm diameter silicate grains, is in fact the most luminous component of the solar systemafter the Sun. Its optical depth is only ∼10−7, but its integrated emission at 10 µm is about300 times larger than the �ux of an Earth-sized planet. The presence of circumstellar disks(exozodiacal disks, or exozodi) around the Darwin/TPF targets may present a severe limitationto their Earth-like planet detection capabilities, as such clouds would become the main sourceof noise if they are more than 20 times as dense as the solar zodiacal cloud. The prevalence ofexozodiacal disks around nearby solar-type stars must therefore be assessed before �nalizing thedesign of the Darwin/TPF missions.1.3.3 Article: Coronagraphic imaging of three Weak-line T Tauri Stars:evidence of planetary formation around PDS70The 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 VLTand the FQPM coronagraph installed at its focus. Results are very interesting since a disk hasbeen imaged around PDS70, showing evidences of planetary formation taking place right now. Itproves 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 sequence stars with ages between 1 and 30 Myr can give valuable information on
planet formation mechanisms. This range of ages is thought to correspond to the dissipation of the optically thick dust disk surrounding young
stars and to the end of the planet formation.
Aims. This paper presents new observations of three weak-line T Tauri Stars (WTTS) of intermediate ages ranging from 7 to 16 Myr. It aims at
increasing the knowledge and sample of circumstellar disksaround “old” WTTS.
Methods. We observed three stars with the VLT’s NAOS-CONICA adaptiveoptics system in coronagraphic mode. The four-quadrant phase
mask coronagraph was used to improve the dynamic range (by a factor of∼ 100) while preserving the high angular resolution (inner working
angle of 0.′′15).
Results. One object of our sample (PDS 70), a K5 star, exhibits a brown dwarf companion and a disk in scattered light with a surface brightness
power law ofr−2.8, extending from a distance of 14 to 140 AU (assuming a stellardistance of 140 pc) and an integrated luminosity of 16.7mJy in
theKs-band. The mass of the companion can be estimated to be withina range between 27 and 50 Jupiter masses with an effective temperature
of 2750± 100K. This object also shows a resolved outflow stretching up to∼ 550 AU.
Conclusions. This newly detected circumstellar disk shows strong similarities with the disk around TW Hya, and adds to the observed popula-
tion of “old” TTS surrounded by circumstellar material. Moreover, three clues of planetary formation are brought to light by this study.

Key words. Stars: individual: PDS 70, PDS 81, PDS 99 – Stars: planetary systems: protoplanetary disks – Stars: circumstellar matter –
Instrumentation: adaptive optics – Methods: observational

1. Introduction

Three different periods of star formation are generally distin-
guished. Young stars like those in Taurus and Chamaeleon (1-3
Myr) are embedded in their cocoon emitting only in the far-
infrared and millimeter wavelengths. Older stars like Vega(350
Myr) or Fomalhaut (200 Myr) show large dissipated debris
disks residing between 50 and 150 AU. In between, we find ob-
jects of intermediate age likeβ Pic or Au Mic (20 Myr), which
are surrounded by disks of gas and dust still in the process of
forming planets.

The study of objects between 1 and 30 Myr is therefore
of special importance to constrain the planet formation sce-
nario. Moreover, previous works indicating that the 1 to 10
Myr period is likely to be the timescale for disk dissipation
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(e.g., Haisch et al. 2001; Mosqueira & Estrada 2006) have to
be confirmed by further observations in this age range. When
the gas reservoir is dissipated and the accretion stops, class III
stars are left with planetesimals, potentially continuingplanet
formation in a more tenuous disk. The most natural explanation
for the presence of planets is that the growth from micron-sized
dust to planetesimals is extremely efficient. Once planetesimals
grow beyond the km-size, runaway accretion is thought to drive
those that are far enough from the central star to planetary size.
The alternative scenario of gravitational instability, proposed
by Boss (2002), could also be at the origin of planet formation
around low and intermediate mass stars.

The main observable feature at these early formation stages
is the general morphology of the disk (brightness profile, asym-
metries, etc.) from which timescales for disk accretion, dissipa-
tion, and planet building can be inferred, as we will discuss. To
better understand these phenomena, one needs to increase the
number of observations of young and intermediate objects. A
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classical reservoir for young stars is the TW Hydra association,
which contains various PMS stars. Only three optically thick
disks have been detected so far in young associations: firstly
around TW Hya (Weinberger et al. 2002; Krist et al. 2000),
GM Aurigae (Schneider et al. 2003), and recently around PDS
144 (Perrin et al. 2006). Other young stellar associations exist
in our neighbourhood (< 150 pc), such as Centaurus, Lupus,
or Ophiuchus, and their observation is actually far from being
completed.

In this paper, we present the results of coronagraphic ob-
servations of three PMS stars (T Tauri) with ages comprised
between 7 and 16 Myr (in Scorpius, Corona Australis, and
Centaurus). These observations were performed in the near-
infraredKs-band with the VLT’s NACO adaptive optics system
during 3 nights from the 22th to the 24th of June 2005. One star
of our sample (PDS 70, a K5 star) presents a large disk and a
jet-like structure. The detection of the disk in scattered light
was possible thanks to the four-quadrant phase-mask (FQPM)
coronagraph (Rouan et al. 2000; Riaud et al. 2001). This new
generation coronagraphic device allows both good stellar ex-
tinction and high angular resolution imaging.

In Sect. 2, we describe the targets, the data analysis pro-
cedure, and the associated observational artefacts, taking the
effect of the FQPM coronagraph into account. In Sect. 3, we
present theKs-band observation results. Section 4 is then dedi-
cated to the discussion of the general properties of the PDS 70
disk. Two complementary numerical models are introduced for
that purpose. They show that the presence of a young cold dust
disk under dissipation reproduces the observed disk character-
istics and sheds new light on former thermal infrared data.

2. Observations and data analysis

2.1. Observations

Observations were performed with the VLT’s NAOS-CONICA
adaptive optics system (NACO) in the coronagraphic mode, us-
ing the FQPM coronagraph. This phase mask coronagraph uses
a four quadrantπ phase-shift distribution in the focal plane to
provide an efficient destructive interference of the on-axis star.
The FQPM coronagraph has been validated on a test bench in
monochromatic light (Riaud et al. 2003) showing peak atten-
uation of∼ 105, and recently, in polychromatic light between
500 to 900 nm, (Mawet et al. 2006) with a peak attenuation of
∼ 750. A monochromatic device manufactured on an infrasil
substrate has been installed and commissionned on the NACO
instrument (Boccaletti et al. 2004). Under good seeing condi-
tions (< 0.′′8), a peak attenuation of about 10-30 is routinely
obtained, for an inner working angle of 0.′′15.

A sample of young stellar objects were imaged during three
nights (June 22 to 24, 2005), using the visible wavefront sen-
sor of NACO (Rouan et al. 2000). All FQPM coronagraphic
images were taken with theKs filter and the S13 camera (13.27
mas/pixel). This relatively high image sampling (4 pixels per
λ/d) allows a precise centering on the phase mask coronagraph,
and therefore a good reference subtraction for the data analysis.
The observing conditions are reported in Table 1. Two objects,
PDS 70 and its associated reference star HBC 609, were ob-

served under poor seeing conditions during the first night. For
this reason, PDS 70 was re-observed during the second night,
but with another reference star (TTS18). The two other WTTS
were also observed with their proper reference star: PDS 81
with HIC 89529 and PDS 99 with SS300. It is to be noted that,
to close the loop, AO wavefront sensing is directly performed
in the visible on the target under acquisition, be it a reference
star or the scientific object. It is necessary to have the same
atmospheric turbulence corrections between the target andthe
reference star. For that, all reference stars were chosen for their
similar magnitudes in the V band (for similar AO correction)
andKs-band (for similar a signal-to-noise ratio in the CONICA
camera). Due to the need for similar colours, almost all of the
observed objects are young stars (T Tauri). This could lead to
some issues in circumstellar material detections, as the refer-
ences are also likely to possess a disk. This eventuality hasbeen
carefully checked by looking at their thermal infrared excesses
in the IRAS catalog (see Table 2).

The total integration time ranged from 900 to 2200s de-
pending on the target. To calibrate time-dependent PSF varia-
tions, we acquired reference coronagraphic images ninety min-
utes before or after the scientific exposures at almost the same
parallactic angle. To reduce drift and pupil rotation, the target
star centering was checked and corrected every 60s.

2.2. Data analysis

The sum of individual short coronagraphic images is processed
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
the calibration of each target star with a corresponding median
sky exposure, allowing the subtraction of the background and
dark contributions. The subsequent normalization of each sub-
tracted image with the “super-flat” provides a first stage of data
processing. However, as we will see, this simple treatment will
not completely prevent the presence of an electronic noise due
to the readout process, as well as two electronic ghosts of the
star, appearing on both sides of the detector center.

Next, all images are co-added with a sub-pixel centering
process. Indeed, because of the camera sampling of 13.27
mas per pixel, it has been empirically demonstrated that a
sub-pixel precision of 2 mas rms is necessary to achieve an
efficient coronagraphic image addition. For this operation, a
two-dimensional Gaussian fit of the dark center of the FQPM
(FWHM of 60 mas) coronagraph provides the needed sub-pixel
precision for the centering in the Fourier domain. Doing this,
we obtained aboutσ = 0.05 pixel or 0.7 mas rms of centering
error, which is 3 times better than the specification mentioned
here above. In the reduced and co-added images, the diffracted
starlight appears in fact much brighter than the flux of a putative
disk. Fig. 1 shows the preprocessed coronagraphic image of the
PDS 70 source. One can notice the classical structure of FQPM
coronagraphic images: four peaks at the center surrounded by
a large smooth starlight halo.

A reference star is then subtracted to increase the contrast
of the coronagraphic image by minimizing the effect of the
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Table 1.VLT /NACO observing log of 7 stars in theKs-band with the FQPM coronagraph.

Target α (J2000) δ (J2000) UT date Exposure time DIT Seeing τ∗0(ms) Airmass Strehl Astigmatism
PDS 70 14:08:10 -41:23:53 22/07/2005 1500 s 5s 1.′′4 1.1 1.1 20%± 3% 134◦ ± 2◦

HBC609ref 15:59:16 -41:57:10 22/07/2005 900 s 5s 1.′′7− 2.′′7 1-0.8 1.05 15%± 6% 131◦ ± 2◦

PDS 70 14:08:10 -41:23:53 23/07/2005 1140 s 5s 0.′′9 1.5 1.1 32%± 3% 130◦ ± 2◦

TTS18ref 15:14:47 -42:20:14 23/07/2005 1080 s 5s 0.′′9 1.6 1.1 35%± 2% 128◦ ± 2◦

PDS 81 16:14:08 -19:38:28 24/07/2005 2200 s 5s 1′′ 1.8 1.05 30%± 9% 130◦ ± 2◦

HIC89529ref 18:16:07 -18:37:03 24/07/2005 2200 s 3s 1′′ 1.8 1.1 35%± 8% 131◦ ± 2◦

PDS 99 19:09:46 -37:04:26 24/07/2005 960 s 4s 1′′ 1.8 1.3 28%± 10% 122◦ ± 2◦

SS300ref 17:18:08 -38:08:27 24/07/2005 960 s 4s 1.′′1 1.4 1.4 30%± 7% 128◦ ± 2◦

∗ τ0 corresponds to the atmospheric correlation time at 0.5µm recorded during the observation.
ref Reference stars.

Fig. 1. Preprocessed coronagraphic image of PDS 70 obtained by the
sum of 19 images (19 minutes of total exposure time). The FQPM
cross and the dark hole in the center of the image are clearly visible.
Four bright peaks are surrounded by a residual starlight halo (3.′′3 in
diameter). We also show two electronic ghosts and the noise due to the
readout. The logarithmic brightness scale ranges between 0and 2000
ADU.

diffracted starlight smoothed halo in a field of view (FOV) of
3.′′5 in diameter centered on the FQPM mask. LetIobj, Iref be
the flux for the target and the reference star, respectively,in
the coronagraphic image. For a proper subtraction, a classical
least square procedure is applied. The corresponding figure-of-
merit functionε corresponds to the residue of the subtraction
between the target and the reference:

ε =
∑

i, j

|Iobj(i, j) − α.Iref(i, j) − β|2 × S (i, j)
√

Iobj(i, j)
(1)

The minimization parameterα is the scale intensity factor
for the reference image.β corresponds to the background off-
set between the reference and target images. The latter is deter-
mined by taking the median value of the image parts where no
significant signal is detected. The S function is a pixel-varing
function used to mitigate the image over-subtraction issueby

increasing the weight of pixels with large deviation relative to
the shot noise. For example, this parameter is set to 1 if the sub-
traction in the pixel (i, j) is lower than three time the shot noise√

Iobj, otherwise it is set to 10:

S =

{

10 if |(Iobj − α.Iref − β)| > 3
√

Iobj

1 if |(Iobj − α.Iref − β)| < 3
√

Iobj
(2)

In fact, tests have been carried out with the parameterS
ranging from 1 to 100, and 10 is the retained trade-off value.
It is to be noted that if the reference star possesses circum-
stellar features, it would create a false over-subtractionissue.
However, we have noted that the calculus of the optimalα that
minimizesε 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
pixel (i, j) relative to the azimuthally median value in a crown at
the distancer =

√

(i2 + j2). For that, an azimuthally averaged
profile is removed from the reduced data to further enhance the
contrast of imperfectly circular circumstellar features.Before
this operation, it is necessary to check the image to detect the
presence of perfectly circular circumstellar features. However,
it is to be noted that this operation can give a negative valuefor
data below the median profile.

2.3. Residual noise

The dominant source of residuals after subtraction is the
speckle noise due to the variation of the turbulence conditions
between the science object and the reference star. The main ef-
fect is that the resulting Strehl ratio after adaptive optics correc-
tion is different for both stars. Moreover, due to the relatively
faint V magnitude of our targets, the performance of the adap-
tive optics system is limited by the shot noise and therefore
provides incomplete correction of low-order aberrations like
astigmatism (Z5, Z6), coma (Z7, Z8), or trifoil (Z9, Z10). Indeed,
all coronagraphic images present a strong residual astigma-
tism that is oriented in the East direction at about 130◦ (see
Table 1), leading, after subtraction, to an important speckle pat-
tern oriented according to the astigmatism mismatch between
the target and the reference stars. Therefore, a calibration of
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the astigmatism for all stars has been performed on the im-
age taken without the coronagraph. For that, we fit a 2-D el-
liptical Gaussian profile on the PSF image using the IDL task
GAUSS2DFIT. For PDS 70, the presence of a companion al-
lows us to calibrate this astigmatism directly in the corona-
graphic image using the same procedure.

Table 2.Spectral and photometric characteristics of the stars.

Target Sp mV mK F∗12µm 3σ† F∗25µm 3σ†

PDS 70 K5 12.0 8.5 270 24 430 51.6
HBC609 K8 12.0 8.6 nd - nd -
TTS18 K1 11.3 9.0 nd - nd -
PDS 81 M0 11.8 7.7 610 48.8 1320 158.4

HIC89529 M1? 11.3 7.5 nd - nd -
PDS 99 M2 13.1 8.3 580 40.6 1430 85.8
SS300 M2? 12.1 7.4 nd - nd -

∗ The flux in 12µm and 25µm in mJy is provided by the IRAS cata-
log (Neugebauer et al. 1988).

† Photometric error in mJy.
nd Not detected with IRAS.

In addition to the speckle noise, all subtracted images also
exhibit various residual features:
• two electronic ghosts, which can only be subtracted at the
level of the shot noise (3σ);
• some residuals due to the spider diffraction pattern;
• a negligible dither (electronic) noise due to the read-out noise
of the InSb Aladdin 3 camera of CONICA.

3. Observations in the Ks-band

This section is devoted to the presentation of the observation
results for our three targets. First of all, PDS 81 and PDS 99
present some bright residual speckles near the center (r < 0.′′5).
These residuals are in general oriented as the residual astigma-
tism. This speckle structure in the final image partly prevents
the detection of faint disk-like structures with angular separa-
tions smaller than 0.′′5− 1′′.

3.1. PDS 81 (IRAS 16112-1930) in Scorpius

For PDS 81, the coronagraphic image after all data analysis
presents residual circular features near the center (see Fig. 2).
Their orientations strongly depend on the reference star used
(astigmatism mismatch). No significant extended structureis
detected.

3.2. PDS 99 (IRAS 19063-3709) in Corona Australis

For PDS 99, images were obtained with a worse seeing (1.′′1)
than PDS 70. The final coronagraphic image presents a resid-
ual speckle pattern within 0.′′5 and oriented according to refer-
ence star astigmatism (see Fig. 2 where the reference is SS300).
Again, no large-scale circumstellar feature is detected.

3.3. PDS 70 (IRAS 14050-4109) in Centaurus

Owing to the better adaptive optics corrections for the PDS 70
source (see Table 1), the final image presents a smaller speckle
noise than for the previous targets. Table 3 summarizes the
main characteristics of the star in the near- and mid-infrared.
The presence of an optically thick circumstellar disk has al-
ready been suggested by the detection of a mid-infrared excess
and of a strong emission in the millimeter regime (Metchev
et al. 2004). In ourKs-band coronagraphic data, a large disk
feature in scattered light is detected as well as a companion.
The disk orientation is 155◦±2.5◦ (i.e., not related to the resid-
ual astigmatism, orientated at 130◦ ± 2◦).

Table 3.Main characteristics of the PDS 70 star.

Age (Myr) < 10†

Temperature (K) 4406†

Stellar mass (solar mass) 0.82 (K5 estimation)
Stellar radius (solar radius) 1.39‡

Stellar luminosity (solar unit) 0.64‡

Stellar luminosity (bolometric in solar unit) 0.78‡

Distance (pc) 140
Temperature of the dust 270‡ / 45‡

Dust luminosity fractionfd = LIR/L∗ 0.29† / 0.24‡

Av 0.74† / 0.81‡

U / B / V (mag) 14.32/13.15/12.15†

R / I (mag) 11.35/10.58†

J / H / K (mag) 9.55/8.82/8.54∗∗

N (mag) 5.49∗

60 / 100µm 0.915/2.11 Jy+

† (Gregorio-Hetem & Hetem 2002)
‡ (Metchev et al. 2004)
∗ (Kessler-Silacci et al. 2005)
∗∗ (Skrutskie et al. 2006)
+ (Neugebauer et al. 1988)

3.3.1. Circumstellar feature analysis

The residual speckles from the coronagraphic image of the star
are particularly sensitive to instrumental drifts. To increase the
robustness of the disk detection, all reference stars (HBC 609,
TTS 18, HIC 89529, SS300) were subtracted from the PDS
70 image following the data analysis procedure presented here
above. Then, a median image between the four subtracted im-
ages was derived. It must be noted that the speckle level of
this final image can be determined by an analysis of the six
cross subtractions between the four references. The resultof
this procedure is that the speckle noise can be estimated and
compared with the median image of PDS 70. The last data re-
duction step, as mentioned in Sect. 2.2, consists of subtracting
an azimuthally averaged profile. In the case of PDS 70, this
leaves an important over-subtraction residual in the direction
perpendicular to the disk. Fig. 3 shows the median frame ob-
tained.
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Fig. 2. Coronagraphic images: left, PDS 99 (SS300 reference star) and right, PDS 81 (HIC89529 reference star). The reference subtraction
reveals bright residual speckles near the center but no large extension. For PDS 81, we can see residuals due to the differential spider rotation
with respect to the reference star. The brightness scale is logarithmic.

Fig. 3. Left: final image of PDS 70 star after the data analysis procedure explained in Sect. 2. The two white ellipses show the read-out
ghost residuals, the white cross shows the location of the spider diffraction pattern, and the FQPM orientation is displayed in blue. Right:
numerical coronagraphic model of the optical train response to calibrate the contamination due to the spider rotation (both images have the
same orientation and pixel scale).

The knowledge of the spider diffracted light in the final
image is mandatory to calibrate the subsequent contamination.
For that, we simulated adaptive optics snapshot coronagraphic
images under a low Strehl ratio (≈ 30%), taking into account
pupil rotation during the exposure time. Between the first and
the last exposure on PDS 70, the spider rotates by 22◦. The cor-
rected atmospheric turbulence was simulated with 750 phase

screens (corresponding to a 1 second exposure time). All am-
plitude images were then passed through by a monochromatic
FQPM coronagraph with a working wavelength of 2.15µm.

The frames produced with the 750 phase screens were co-
added, rescaled (bilinear approximation), shifted, and rotated
to match image size, position, and inclination. Thanks to this
simulation, the contribution of the spider to the diffracted light
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Fig. 4. Final image of PDS 70 after the complete data processing discussed in Sects. 2 and 3. To improve the detection, the final image was
smoothed using a Gaussian beam with FWHM=4 pixels= λ/d. The circular disk is seen with an inclination of 62.2◦ ±1.6◦ and a position angle
of 155◦ ± 2.5◦. Perpendicular to the disk, a jet cone is detected in the foreground with a total opening angle of 12◦. In the opposite direction
of the jet only some residuals are detected. This difference can be explained by the strong absorption of the disk ahead. The scattered image
shows only the thin layer of the disk corresponding toτ < 1. The brightness scale is logarithmic between levels of 1.125 and 282.72 photons
after a proper photometric calibration on the companion. The contour plots show the disk brightness intensity with the values of 10, 11, 12, 13,
14, 15, and 15.5mag/arcsec2

was calibrated. This contribution comprises two main features:
• the large scale classical four arm spider diffraction pattern
(Fig. 3, right);
• and an inner halo (r < 0.′′6) slightly brighter, but still 20 to
50 times fainter than the residual flux detected around PDS 70
(Fig. 3).
The final result (Fig. 4) shows only a weak contamination due
to the spider contribution (as compared with Fig. 3, where it
is not removed). For example, some insignificant artifacts at
angular separations greater than 1′′ were removed.

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 mag-
nitude is 13.29± 0.02. TheKs-band photometry has been per-
formed with the DAOPHOT package included in the IDL as-
trolib library. We checked the photometry accuracy with var-
ious aperture radii ranging from 10 to 80 pixels. Best results
were obtained with a radius of 30 pixels for the companion
and 70 pixels for the PDS 70 star. If this previously unknown
companion was gravitationally linked with PDS 70 (140 pc), it
would correspond to a M8 stellar type located at 301.75± 0.06

AU from PDS 70A. The companion is very similar to 2M1207
A (Chabrier et al. 2000) as far as luminosity and age (also 5
to 10 Myr) are concerned. We have thus used the dusty mod-
els of Chabrier et al. (2000) and Baraffe et al. (2002, 2003) to
model PDS 70B. The mass of the companion can then be esti-
mated to be in a range between 27 and 50 Jupiter masses with
an effective temperature of 2750± 100 K, both values in favor
of a brown dwarf type. The confirmation that the companion
is bounded would be interesting in that it would increase the
population of the ”brown dwarf desert” (see Matzner & Levin
2005).

4. Discussion

In the following, we discuss the properties of the PDS
70 disk by interpreting our near-infrared observations (Sect.
4.1). Thermal infrared photometry data and the geometrical
shape knowledge acquired provide a robust Spectral Energy
Distribution (SED) fitting for this object (Sect. 4.2). Finally,
the disk modeling will allow us to constrain the disk mass and
extension (Sect. 4.3).
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4.1. Near infrared observations

Disk fitting. The high dynamic range provided by the FQPM
on the NACO instrument allowed the detection of the faint disk
of PDS 70. The classical method for measuring the elliptic-
ity of circumstellar disks is to calculate the radii of isophotal
contours as a function of the azimuthal angle. Unfortunately,
the presence of the FQPM cross imposes that we only fit
isophots in the non-attenuated zones of the disk coronagraphic
image (see Fig. 4). The resulting best fit for four isophots gave
e = 0.466± 0.025 wheree is the disk ellipticity. This fit takes
the previously determined disk orientation of 155◦ ± 2.5◦ into
account. If this ellipticity is interpreted as the result ofthe in-
clination of a circular disk (cosi), the measured inclination is
i = 62.2◦ ± 1.6◦. The total disk flux, measured in an annu-
lus between 0.′′05 and 1′′ (7.4 to 140 AU assuming 140 pc
for the distance of PDS 70) is 16.7 ± 0.8mJy (11.49± 0.05
mag) in theKs-band. The error bar is related to the photomet-
ric error, but ground-based observations under medium seeing
conditions always lead to systematic uncertainties, making this
value a lower bound. Indeed, the various sources of residuals
add to the measured flux.

Fig. 5.Surface brightness power law analysis: the figure shows an av-
eraged profile of the disk in a cone of±10◦ around 155◦. The dashed
line shows the power law fit for the two opposite directions ofthe disk.
The results arer−2.8 (S-E) andr−2.75 (N-W) for angular separations be-
tween 0.′′21 to 0.′′55 in radius. The disk profile near the centerr < 0.′′21
is flat with an oscillation around 0.′′15 corresponding to distance of 20
AU. The error bars represent the minimum and the maximum values
encountered in the disk. Profiles for distancer > 1.′′25 are readout
noise limited. For comparison, we show the averaged profile perpen-
dicular to the main disk orientation, consisting mostly of star light
residuals, with plus signs.

The averaged disk surface brightness in theKs-band is pre-
sented in Fig. 5. The profile is calculated between 30 and 70

AU in a cone of±10◦ around 155◦ and gives a fitted power
law of r−2.8±0.1 for the S-E direction and ofr−2.75±0.1 for the N-
W direction. The quoted uncertainties are not due to the pho-
ton noise, but rather to the speckle noise near the mask center.
The surface brightness peaks at 0.′′1 (N-W) and 0.′′19 (S-W) (14
and 26 AU, respectively) around 10 magarcsec−2 or 65.7 mJy
arcsec−2. The disk brightness falls off more sharply in the N-
W direction, while presenting a weaker surface brightness.The
difference of the disk extension between the S-E and N-W di-
rections is clearly visible in Fig. 4. We also note that the disk
brightness seems to flatten with an oscillation inside 30 AU.A
large jet in the E-W direction (PA=235◦ ± 1◦) is also detected
with angular distances between 0.′′29 and 4′′ (≈ 41 to 550 AU)
with a brightness of 15 magarcsec−2. Note that the jet orien-
tation and the spider diffraction pattern are angularly separated
by only 9◦. We also notice that in the opposite direction (E),
just a few faint features (15.5 to 16 magarcsec−2) are detected.
This observation is compatible with the strong absorption by
the thick disk ahead.

Potential planet detectivity. It would be interesting to estimate
the detection limit of the NACO/FQPM imaging for young
planets as a function of the angular separation in this case .
For that, we calculated an azimuthally averaged profile perpen-
dicular to the main disk orientation (see Fig. 5). We then es-
timated the 5σ contrast with respect to PDS 70 (Fig. 6). The
luminosity of the putative young planet is calculated with the
mass-dependent evolutionary model of Baraffe et al. (2003).

Fig. 6.5σ contrast in∆m vs. angular separation in arcsec (bottom) and
AU (top). The solid line represents the detection limit at 5σ given by
the averaged profile perpendicular to the main disk orientation. The
four dotted lines refers to the expected∆M of young giant planets for
5 to 1 MJ . The detection limit is 2MJ at 0.′′7 and 3MJ at 0.′′3.
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The Ks magnitude of the 10 Myr planet is then computed
for masses ranging from 1 to 5MJ . Finally, these planet fluxes
are compared to the 5σ detectivity curve (Fig. 6). The detec-
tion limit is 2MJ at 0.′′7 and 3MJ at 0.′′3. These results are to be
compared with the detectivity of the spectral differential imag-
ing (SDI) method presented in Masciadri et al. (2005).

4.2. Thermal infrared data revisited

The interpretation of the dust emission in young disks relies on
models describing how radiation is transferred through them.
However, these models are not well constrained because of
the lack of observation. Let us then derive some basic char-
acteristics of the disk by revisiting previous mid-infrared SEDs
with the new constraints provided by the coronagraphic image.
Indeed, the observed disk morphology and orientation help re-
move the degeneracy of SED modeling.

It is known from previous observations (Metchev et al.
2004; Kessler-Silacci et al. 2005) that the PDS 70 disk presents
a large infrared luminosity (LIR/L∗ = 0.24− 0.34) similar to
the TW Hydra stars. This excess corresponds to the thermal re-
emission of an optically thick disk in response to the central
star heating.

SED fitting. Metchev and collaborators came to the conclu-
sion that the PDS 70 circumstellar environment radiates at two
different temperatures: 270± 10 K corresponding to an in-
ner disk of warm dust and 45± 5 K for an outer component
(Metchev et al. 2004) corresponding to a young cold dissi-
pating debris disk. Unfortunately, their SED fit is not precise
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 100µm) plus one data point
at 10.7µm obtained with the Long Wavelength Spectrometer
at the W.M. Keck Observatory. The B to I photometry was
taken from Gregorio-Hetem & Hetem (2002), while J to K was
taken from the 2MASS catalog (Skrutskie et al. 2006). The
12/25/60/100µm data points were taken from the IRAS cat-
alog (Neugebauer et al. 1988). All photometric data are sum-
marized in Table 3.

A NextGen stellar atmosphere model (Claret & Hauschildt
2003; Hauschildt et al. 1999) withTe f f = 4400K, log(g) = 4
was used to fit the stellar flux up to 7µm. Then, up to 12µm,
a stellar spectrum and blackbody with an effective temperature
of 270K was used to model the inner optically thick disk. A
simple cold component at 45K gave a strong mismatch with
the far infrared IRAS photometry, although the IRAS data is
quite accurate and therefore relevant for this target (see Table
2).

To remedy this mismatch, we performed a simulation of
the outer disk using the DISKPIC program included in the
GENIEsim package (Absil et al. 2006), which simulates the
thermal emission from an optically thin debris disk. We as-
sumed that the disk contributing to the far-infrared emission
was optically thin and that the temperature varies asr−0.5, with
r the distance to the star. We then fixed the transition between
the inner (optically thick) and outer disk (optically thin)at≈ 30

AU, according to theKs-band observation showing a disconti-
nuity at this particular distance (≈ 0.′′21, see Fig 5). Indeed, the
surface brightness profile of the disk shows a different power
law at short distances, where it seems to be flatter. It is to be
noted that only high resolution imaging in the N band could
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 100µm IRAS photome-
try well. However, concerning the 25µm photometry, the simu-
lated flux remained 2 times lower. This difference can possibly
be explained by the presence of a strong amorphous silicate
emission feature around 20− 25µm. This emission originates
from the Mie scattering of amorphous Olivine and Pyroxene
dust grains with sizes between 2µm and 5µm (Kessler-Silacci
et al. 2006). The final result of this fit is displayed in Fig. 7.It
is to be noted that the stellar atmosphere is affected by a strong
reddening (AV = 0.78).

These new insights on the PDS 70 SED analysis seem to
confirm the beginning of the disk clearing process.

Fig. 7. Measured spectral energy distribution (SED) for PDS 70 com-
pared to that of a reddened NextGen stellar atmosphere modelwith
Te f f = 4400K, log(g) = 4. The dashed line includes a simple 270 K
blackbody in addition; the dash-dotted line, a 270 K and a 45 Kblack-
body as suggested by Metchev. The continuous line includes the 270
K component plus a temperature gradient (T ∝ r−0.5) from 85 K (30
AU) to 35 K (180 AU).

Thermal infrared spectroscopy. Kessler-Silacci and collabo-
rators (Kessler-Silacci et al. 2005) have recently presented pho-
tometry and spectra in the N band (9 to 12µm). They ob-
served a wide feature for PDS 70 in the 10.2-11.3µm band
and explained it by the emission of either various crystalline
silicates or amorphous grains of increased sizes. However,the
flux in the amorphous Olivine band (9.8µm/F9.8) is 2.75± 0.3
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Fig. 8.Left: Numerical simulation inKs-band (scattered light) of the PDS 70 disk without PSF convolution. Right: Same with PSF convolution
and FQPM cross transmission map. For that, we created a synthetic disk and added it to the TTS18 reference star. The image was obtained
using the second part of our data reduction algorithm (see Sect. 2.1). The disk orientation was set to 155◦ and the inclination to 62◦. We also
show the contour plots corresponding to 10 to 15.5mag/arcsec2 brightness scales. We choose a disk mass of 0.001M� without the envelope.
All images are display in the logarithmic scale with the samecuts as the Fig. 4.

times that of the continuum, whereas the cristalline Forsterite
one (11.3µm/F11.3) is only 1.68 ± 0.18 (ratio F11.3/F9.8 =

0.61 ± 0.14). The absence of the 11.3µm silicate cristalline
feature indicates that the observed broadening is more likely
related to grain growth and removal, indicating a possible plan-
etary formation. Indeed, the formation of a cold debris diskis
dynamically alleviated by the presence or the formation of gi-
ant planets that are ejecting small objects at the peripheryof
the disk (Moro-Martı́n & Malhotra 2005).

4.3. Modeling the scattered light image

To model the scattered light image, we used a 3-dimensional
scattering code developed by Whitney & Hartmann (1992,
1993) to deduce some information about the disk structure. The
three free parameters of the model are the full disk massMD,
the maximum radial extensionrD, and the flare angleα f . In ad-
dition, the model uses mixed grains with a dust size distribution
n(a) ∝ a−p, where the grain sizea ranges from 0.1µm (ISM) to
1 cm (large grain in a dust disk). Since our observations do not
allow us to constrain the exponentp of the power law, we have
used a classical dust size distribution wherep = 3.5.

A warm optically thick disk composed of mixed dust, gas,
and large grains will naturally flare as a consequence of ver-
tical hydrostatic equilibrium. However, the flare angle param-
eter does not appear to be critical for the PDS 70 disk since
the coronagraphic observation shows only large disk distances
(r > 20AU). In fact, our data gives only constraints for the disk
mass and its radial extension. The remaining free parameters
MD andrD are coupled by the disk density, i.e., a larger disk
could reproduce the scattered light observation with a lower

density. Moreover, in the visible and the near-infrared contri-
butions, stellar radiation penetrates the disk only down toan
optical depth of 1. Due to this limitation, the inferred masswill
only be a lower bound (far-infrared or millimeter observations
could accuratly give the actual disk mass).

Adding the geometrical constraints given by the corona-
gaphic image, the disk inclination is fixed to 62◦ and the im-
age orientation with respect to the North is 335◦. We must also
consider image characteristics like sampling (1.858 AU/pixel),
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 observed
geometry of the disk, the model requires a disk radiusrD larger
than 500 AU with a total massMD between 0.001 to 0.002M�.
We can compare our results for the circumstellar disk around
PDS 70 star (a K5 star) with the case of the TW Hydra face-
on disk (a K7 star). The same model gives an expected mass
of the TW Hya disk of 0.0014M� (Weinberger et al. 2002)
compatible with our study, whereas the thermal infrared emis-
sion model of Calvet et al. (2002) gives a mass of 0.06M�.
This mass discrepancy is representative of the scattered thin
disk layer versus the far-infrared/millimeter deeper disk prob-
ing as explained before. The disk radiusrD = 500AU is the
minimum disk size that does not induce a large asymmetry of
the disk extension, which is not observed in the coronagraphic
images.

4.4. Dynamical considerations.

The transition of the disk profile aroundaL ≈ 28− 30 AU , is
likely due to a young giant planet orbiting atap ≈ 9.9 − 10.6
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AU in the inner disk. Indeed, circumstellar material exterior
to the planet is expected to gain angular momentum from the
system and to move away, while material interior to the planet
loses angular momentum and migrates toward the star. A gap
is expected to form if the tidal force overcomes the viscosity.
The two main parameters of the tidal interaction are the ratio
of the planet and the star masses,q = Mp/Ms and the Reynolds
number within the inner diskRe. If q > 1/Re andq2 < 1/Re, a
gap should form with the gap edge at the outer Lindblad reso-
nance. The Lindblad resonance can be determined easily from
ΩL = ωpm/(1+m), whereωp = M1/2

s (1+ q)1/2G1/2a−3/2
p is the

angular frequency of the orbiting planet,G is the gravitational
constant, andm = 1 for the first Lindblad resonance (Rice et al.
2003a,b). The ratio between the outer Lindblad resonance and
planet semi-major axis becomesaL/ap = 23/2 for m = 1, giving
ap ≈ 10 AU in our case.

5. Conclusion

We have discovered an optically thick dust disk around PDS
70, a young star in the Centaurus association (140 pc). The
maximum disk extension observed in the coronagraphic im-
age is around 180 AU and presents an important anisotropy in
the S-E extension. Provided that it is gravitationally linked, a
brown dwarf companion (27-50MJ) with an effective temper-
ature around 2750 K has also been detected at about 300 AU
from its host star.

The disk anisotropy (S-E) can be explained either by ther-
mal instabilities or by the dynamical effects of the brown dwarf
companion. The inner disk (radial distances less than 30 AU)
seems to be flatter. The shape of the SED, the dust grain prop-
erties in the thermal infrared, and dynamical considerations are
in strong agreement with the formation of a young giant planet
at ∼ 10AU, which is currently clearing the inner disk by the
gravitational tidal force. Indeed, the thermal infrared SED data
indicate the prevalence of large amorphous features (all infavor
of grain growth and planetary formation) rather than cristalline
ones. Finally, our model of the optically thick disk at 270 K
reproduces the scattered light observations. However, thelarge
thermal emission in the far infrared can only be explained by
the presence of a young cold debris disk with temperatures be-
tween 35 K and 85 K at large distances (> 30AU) with respect
to the central star. This double disk model fits the PDS 70 SED
very well and is corroborated by the numerical model.

Further analysis should be undergone using the J and H
bands, polarimetry and SDI observations (Hartung et al. 2004)
to infer the inner disk properties. It would also be interesting to
image the CO map in millimeter wavelengths with an interfer-
ometric array to assess gas dissipation in the disk.
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34 Chapter 1. High contrast astrophysics1.4 Extragalactic astrophysicsUntil a few years ago, extragalactic astrophysics was not a predilected science topic for highcontrast/high angular resolution imaging due to the limitations in sensitivity. Galaxies are ratherspread out with relatively low surface brightness, hence high contrast cases do not seem to beprevalent. Typical galaxy K-band surface brightness is indeed of the order of 15-25 magnitudesper square arcsec (Brown et al. 2003). An exception is the case of active galaxies: Seyfert typesand quasi-stellar objects (QSO) for example. In active galaxies, the nuclear region contains avery energetic and bright source. These so-called active galactic nuclei (AGN) produce non-stellarenergy in terms of luminosity (L = 108 − 1013L�) and in terms of spectrum (�at and extendingfrom radio to gamma-rays). Other remarkable characteristics are their high e�ciencies 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 (106M�) or hypermassive(109M�) range surrounded by an accretion disk responsible for the radiative energy and matter(out�ows) release.Observationally, the orientation of the AGN with respect to the line of sight is supposed toaccount 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 emissionline regions (BLR), supposedly composed of small high-density gas clouds orbiting around thenucleus (ranging from a few light days to a few light years in the most luminous ones). At largerradii (1-100 pc), the nucleus is surrounded by an obscuring torus of cold gas and dust, the maincontributor to the Seyfert 2 signal. Bright Seyfert nucleus magnitudes start around K = 8, andbright QSOs around K = 10, giving moderate contrast ratios which often allow imaging of theunderlying galaxy from the ground or space with relatively conventional equipment, but whichwould surely bene�t from advances in high contrast imaging techniques.As a matter of fact, the Keck-interferometer (Keck-I), the very large telescope-interferometer(VLTI) and adaptive optics system NAOS-CONICA (NACO) both recently made major break-throughs in the �eld of AGN studies. For example, Gratadour et al. (2005) observed the nucleus ofNGC 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 centralsource, previous K-band adaptive optics images were severely a�ected by the limited exposuretime and by scattered light in the immediate vicinity of the source. Thanks to the use of this newtype of coronagraph coupled with adaptive optics, the complex dust structure near the centralcore 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 (NGC1068) 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 partof the �ux 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. Ja�eet 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 lengthof 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 compactnucleus for NGC 4151, another nearby AGN, suggesting that the emission mainly originates fromthe central accretion disk.One can therefore de�nitely argue that the recent results obtained at the VLT and the Keck
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Figure 1.8: Reference subtracted Ks band coronagraphic image of NGC 1068 in a log-scalerepresentation 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, bendingstructure, and a series of four elongated and well aligned knots can be well identi�ed. These arethought to be tracers of shocks induced in the ISM by the passage of the jet, very close to itsorigin. Moreover, precise relative photometry supports the interpretation of very small dust grainstransiently heated by UV photons of the central source. To the South, a new group of �lamentarystructures, distributed in a cone at about 150 pc from the core, is detected. They might trace theredshifted southern narrow line region, seen through the dust. Finally, on larger scale (within aradius of 300 pc) the source shows to have an overall biconical shape whose angle matches wellwith the bicone observed in the UV-visible.observatories on NGC 1068 and NGC 4151 should de�nitely convince the community of the greatpotential of high dynamic range/high angular resolution imaging to make new and revolutionaryscience in this �eld. Let us then describe here below an example of extragalactic science case thatwould bene�t from the recent advances in high dynamic range imaging.Studying high redshift quasar host galaxies is fundamental to understand the link betweenquasar activity and galaxy formation in the early universe as well as their subsequent evolutionup to present days. In the local universe (z ≤ 0.3), ground- (McLeod & Rieke 1994; Tayloret al. 1996; Percival et al. 2001) and space-based (Disney et al. 1995; Schade et al. 2000; Dunlopet al. 2003; Pagani et al. 2003) imaging indicates that the majority of quasar hosts are massivegalaxies dominated by the spheroidal component. These observations, together with the fact thatlocal 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, theformation 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) issimilar 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 theexistence or not of the process of hierarchical merging. This model indeed predicts a signi�cantdrop in the host mass at these early stages.



36 Chapter 1. High contrast astrophysicsIn this context, the work of Falomo from the ground (Falomo et al. 2001, 2004) and Kukula fromspace (Kukula et al. 2001) for instance, indicate that the luminosity of host galaxies is consistentwith the passive evolution of massive spheroids. However, in these studies, the main limitationof host detection is the light contamination by the extreme nucleus activity. The techniquesused so far to characterize the host galaxies have not been optimal because the direct PSF (point-spread function) subtraction involves a major observational di�culty, all the more from the groundbecause 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 epochis not attainable because of the modest aperture. The problem of PSF evaluation and subsequentsubtraction have already been studied (Falomo et al. 2005; Kuhlbrodt et al. 2005). The best wayto overcome or at least minimize the subtraction errors is to remove or attenuate the coherentcontribution of the QSO nucleus by proper high contrast imaging techniques such as coronagraphy.A �rst coronagraphic image of the nearest quasar 3C 273 has been taken in January 2003 withthe ACS instrument onboard HST in the visible (Martel et al. 2003). Unfortunately, the HST/ACSis strongly limited by the large size of the Lyot mask (1.8′′ in diameter) preventing detectioncloser than 0.9′′ from the central source, and yielding a relatively low rejection factor (∼ 2). Thislimitation of existing state-of-the-art facilities is an additional motivation for considering recentadvances in high dynamic range imaging techniques.



1.5. Detection and characterization techniques 371.5 Detection and characterization techniquesBefore going into the details of high contrast direct imaging techniques, let us brie�y reviewthe detection methods that can be and that have been used in the most representative case ofextrasolar planet detection (for more details, see Mawet (2002), for instance).1.5.1 OverviewDetection methods for extrasolar planets can be broadly classi�ed into those based on (see Fig. 1.9):- dynamical e�ects (radial velocity, astrometry, or timing in the case of the pulsar planets);- microlensing e�ects (astrometric or photometric);- photometric signals (transits and direct imaging in the visible or infrared);- miscellaneous e�ects (such as magnetic super�ares, or radio emission).Each method has its own strengths, and advances in each �eld will bring speci�c and often com-plementary discovery and diagnostic capabilities. Detection is a pre-requisite for the subsequentsteps of detailed physico-chemical characterization demanded by the emerging disciplines of exo-planetology and exobiology.
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38 Chapter 1. High contrast astrophysics1.5.2 Indirect detection methodsAlmost all planets discovered so far have been evidenced with indirect methods, which rely on thee�ect of the planet on its parent star. Most of the discoveries up to now have been obtained thanksto 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 starmoves back and forth due to the gravitational pull of its planet. Another successful techniquerelies on the dimming of the apparent stellar �ux 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 ahot Jupiter), ten hot Jupiters have been either found or con�rmed 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 measurementshas a minimum mass of 7.5 M⊕ (Rivera et al. 2005), while the smallest ever detected (5.5 M⊕) hasbeen revealed by a microlensing event (Beaulieu et al. 2006).Although future space-based missions for transit searches (CoRoT, Kepler) or astrometricsurveys (SIM, Gaia) are expected to push this limit down to one or a few Earth masses, they willstill be restricted to the measurements of orbital parameters and will therefore provide limitedinformation on the physics of these supposedly rocky bodies. Indirect methods still have manybright years ahead, but will gradually be complemented and replaced by direct methods, whichaim at exoplanet imaging and could eventually lead to the detection of signposts of life outsideour solar system.1.5.3 Direct imaging methods: coronagraphyDirect imaging of extrasolar systems is still in its �rst steps: it has only recently allowed imagingits �rst four extrasolar planets, in very favorable cases where the �ux ratio between the star andits planet was only a few hundredths and the angular separation between them relatively large (seeSect. 1.2.3). These discoveries have been made possible only recently with the advent of adaptiveoptics (AO) systems on large ground-based telescopes, which correct for the distortion induced bythe 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, shouldin a near future enhance the capability of large AO-corrected telescopes to distinguish giant planetsaround nearby stars with contrasts up to a few thousands. In space, where conditions are mostfavorable, coronagraphs are even envisioned to tackle the extremely high dynamics involved inEarth-like exoplanet imaging. But what does one exactly mean by �coronagraphy� ?As initially conceived by Lyot (1939), a coronagraph is a device to suppress instrumental lightdi�raction by the use of a sequence of stops for the speci�c purpose of observing the solar corona.Since the Lyot coronagraph addresses light di�raction, a �coronagraph� has become a generic termfor a system to suppress di�raction and scattered light in a telescope for astronomical purposes.In common usage, any system to achieve high contrasts with a single-aperture telescope is referredto as a coronagraph, even in cases where there is no physical or historical basis for the connectionto the original problem of observing the solar corona. A practical de�nition that encompasses thecurrent usage of the term is that a coronagraph is a device to suppress the noise associated withstellar light by rejecting it from an area of interest in the focal plane of a telescope. This lightmust be rejected because of the associated twofold noise issue: wavefront distortions that produceartifacts 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 fromQuirrenbach et al. (2004).for the ideal coronagraph, a device that con�nes the stellar light as tightly as possible with themaximum e�ciency to reveal images of extrasolar planets. A preliminary classi�cation of thefamilies of coronagraphs that have been developed is presented in Fig. 1.10. At �rst sight, thediversity of approaches is surprising. However, such a variety is representative of the dynamismof the community to always search for very e�cient solutions at the frontier of scienti�c goals andtechnical constraints.A primary division one could arti�cially de�ne is between the mechanism the coronagraphsuse as a �light dump�, i.e., the method by which the stellar light is segregated: dumping the lightin 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 con�ned region of the image plane or image stop; andone rejecting light by interference beam combination at a beam splitter, with a close parallel innulling interferometry. The image-stop solutions are generally one-stage Fourier spatial �lters:application of a method for controlling spatial frequencies in the pupil plane is used to con�ne thelight 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 �ltering, one in the �rst image plane, and onein the exit pupil plane. Hybrid approaches can be generalized to an expanded number of �lteringsteps, and there is currently fertile development in mutually optimizing these designs.A secondary division is between the occultation method implemented by the coronagraphicsystem. Derived from the original approach of Lyot, amplitude coronagraphs block the light directlyeither in the image or in the pupil plane, whereas phase-mask coronagraphs are transparent butinduce spatially-distributed phase shifts with the goal of destructively reject the starlight out ofthe so-called discovery zone.
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CoronagraphL L L DL-S 321Figure 1.11: Traditional coronagraphic optical bench scheme. L1, L2, and L3 are three lenses inthe 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 (L-S) suppresses the di�racted starlight,and �nally L3 forms the coronagraphic image on the detector D.Amplitude coronagraphsAmplitude coronagraphs, derived from Lyot's original design (Fig. 1.11), have recently bene�tedfrom numerous re�nements. One of the �rst evolution of the hard-edge Lyot coronagraph wasthe smoothing of its transmittance thanks to a Gaussian apodization intended at optimizing therelayed pupil-plane �ltering by the Lyot stop (Watson et al. 1991). The same philosophy ofoptimized focal-plane amplitude �ltering is applied by the so-called �band-limited/notch-�lter�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 ofthe Lyot coronagraph have unfortunately a price: a reduced optical throughput and discoveryspace.Apodization also reveals to be an e�cient solution if applied directly at the entrance pupil of thecoronagraphic 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 theso-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 �rst ones still belongto the pupil-stop family (2-stage Fourier �ltering) while the last ones belong to the image-stopfamily (1-stage Fourier �ltering). Let us also mention the very special case of the phase-inducedamplitude apodization (PIAA, 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 techniquesobtained by re�ection of an unapodized �at wavefront on two well-shaped aspheric mirrors. Thistechnique theoretically preserves both the angular resolution and light gathering capabilities ofthe unapodized pupil and is expected to provide excellent rejection capabilities. The drawback ofthe PIAA comes from the very di�cult manufacturing of the aspheric mirrors with the requiredsurface qualities.Phase-mask coronagraphsAs already mentioned, amplitude coronagraphs (except the PIAA) possess a major inherent weak-ness: the physical extension of the opaque zone occults quite a signi�cant region centered on theoptical axis and thus all the sources behind it. This inevitably leads to a loss of global throughputand search e�ciency. For this reason, new types of coronagraphs have been designed as alternativesolutions to the amplitude coronagraphs. This new family of components acts on the phase insteadof acting on the amplitude, they are therefore called phase-mask coronagraphs. The phase-maskcoronagraphs are not a�ected by the inherent �dead zone� of the amplitude coronagraphs.With a close parallel to nulling interferometry (Sect. 1.5.4), Gay & Rabbia (1996) proposedthe concept of the �achromatic interfero-coronagraph� (AIC), which is a modi�ed Michelson's
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Figure 1.12: Principle of the FQPM. Top left: Airy pattern image. Top middle: FQPM focalplane phase distribution. Top right: relayed pupil plane where the redistribution of the lightthanks to the FQPM takes place. Bottom left: entrance pupil. Bottom middle: image phaseafter transmission through the mask. Bottom right: �nal image where the numerical residuals areshown. In principle the attenuation of the FQPM is in�nite in the perfect unobscured/unaberratedpupil case.interferometer exploiting pupil rotation and therefore avoiding the use of physical masks (Gayet al. 1997; Baudoz et al. 2000a,b). The beam goes through a focus which provides an achromatic
π-phase shift to produce a self-destructive interference for an on-axis source. It is also worthnoting the existence of the so-called visible nulling coronagraph (VNC, Levine et al. 2006) whichconsists in a 4-beam nulling interferometer (dual Bracewell, see Fig. 1.15 in Sect. 1.5.4) synthesizedfrom the telescope pupil, producing a very deep θ4 null (Sect. 2.1.1) thanks to crossed lateralshears and phase-plate phase shifters, which is then �ltered by a coherent array of single-mode�bers to suppress the residual scattered light. A totally symmetric alternative has been proposedby Ren & Serabyn (2005) in which the phase shift is performed thanks to orthogonal rooftopre�ectors inducing an achromatic relative �eld �ip (Sect. 2.2.3) between the two interferometerarms (rotational shearing interferometer).Roddier & Roddier (1997) suggested to use a disk phase mask at the image plane with a sizetypically half the diameter of the Airy peak. The starlight self-cancellation in the relayed geometricpupil area is also provided by a destructive interference thanks to the mask π-phase shift (Guyonet al. 1999). The disk phase-mask coronagraph (DPMC), unlike the AIC, still requires a pupil-plane diaphragm (Lyot stop) to e�ciently remove the di�racted starlight residual, and is moreoverhighly 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 requiringentrance pupil apodization to provide its full rejection potential.Later on, Rouan et al. (2000) proposed a very performing design, the so-called four-quadrantphase-mask coronagraph (FQPM). We shall linger a little bit more on this coronagraph for it isthe starting germ of this thesis. The principle of the FQPM is to divide the focal plane in fourequal areas centered on the optical axis, with two of them providing a π-phase shift. This causesdestructive interference to occur inside the relayed geometric pupil area (see Fig. 1.12). The �nalimage is then formed after proper �ltering 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). c©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 validatedon an optical bench both in monochromatic light (Riaud et al. 2003) and polychromatic whitelight (Mawet et al. 2006, see Sect. 2.3), and installed on the NAOS-CONICA adaptive optics at theVLT (see Fig. 1.13 and Boccaletti et al. 2004). Since then, it has given promising scienti�c resultson circumstellar disks (Riaud et al. 2006, see Sect. 1.3.3) and close AGN environments (Gratadouret 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), theinfrared successor of HST, and the VLT-planet �nder (recently renamed SPHERE). Let us nowpresent brie�y 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 (0.6µm) to the mid-IR(28µm) 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 inthe NASA Origins program. The main objectives of this ambitious mission are the understandingof the universe, the birth and formation of stars and their planetary systems. To achieve thisprogram, JWST will include four instruments one of which (MIRI) is dedicated to the studyof faint red-shifted galaxies. This instrument is also particularly well suited to a coronagraphicsearch of extrasolar planets. The expected detection capability of the FQPM as calculated byBoccaletti et al. (2005) with inputs from successful infrared cryogenic breadboarding (Baudozet al. 2004) is that planetary companions can be searched for around nearby stars. Up-to-dateresults presented in Baudoz et al. (2006) show that, from the pure detectivity point of view, theexpected performance of the instrument should allow the imaging (SNR ≈ 10, 1-hour integrationtime) of a giant exoplanet orbiting at 10 AU from its parent star located at 10 pc, and witha 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 allowthe characterization of giant exoplanets by measuring their e�ective temperatures as well as theammonia abundance in their atmosphere. MIRI will also be capable of detecting circumstellardisks 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 L2 in 2013 ( c©NASA). Right:VLT-PF/SPHERE implementation on the VLT's Nasmyth platform showing the common pathwith the XAO system and the three science instruments IRDIS (Infra-Red Dual-beam Imagerand Spectrograph), IFS (Infra-red Integral Field Spectrograph) and ZIMPOL (Zurich ImagingPolarimeter). c©ESO.VLT-planet �nder/SPHERE. The FQPM or one of its achromatic heir is also foreseen for thecoronagraphs of the VLT-planet �nder (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 theway towards extremely-large telescopes (ELTs) and space interferometers, one needs to progres-sively gain orders of magnitude in contrast in the close vicinity of bright stars. The VLT-planet�nder, 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 theiremitted photons in the visible and at near-IR wavelengths. This near-future (2011), near-infraredextreme adaptive optics instrument (XAO) for the VLT (41x41 actuators leading to an expectedStrehl ratio6 of 90% in H band), will be equipped with high-performance tools for the removal ofcoherent and incoherent starlight: phase coronagraphs and di�erential imaging. The latter tech-nique takes advantage of the physical properties of giant planets/circumstellar disks in scatteredlight: either the spectral features or the polarization of the planet atmosphere/circumstellar disksis used to increase the sensitivity through subtraction methods, defeating the so-called specklenoise (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 atmosphereto some extent: e�ective temperature (depth of CH4 andH2O features with near-IR low-resolutionspectro-photometry), dust grain size and cloud characteristics (degree of polarization), planetradius and geometric albedo. The contrast of 10−4 to 10−6 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 MJ mass range and 1-1000 yearperiod 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 observatory7. They are also foreseenfor numerous ground- and space-based projects. We have already mentioned the VLT-planet6The modern de�nition of the Strehl ratio is the ratio of the observed peak intensity at the detection plane ofa telescope or other imaging system from a point source compared to the theoretical maximum peak intensity of aperfect optical system working at the di�raction limit.7In fact, Lyot coronagraphs are widespread but to our knowledge, the VLT is the only observatory equipped withan enhanced coronagraph like the FQPM, which is commissioned and thus o�cially available to the community.



44 Chapter 1. High contrast astrophysics�nder (SPHERE) and JWST's MIRI coronagraphic subsystem, but we must also cite space-basedprojects 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 mostambitious terrestrial planet �nder-coronagraph (TPF-C, Ford et al. 2004), a major NASA missionproject, planned for launch around 2015, designed to detect Earth-like planets around nearbystars, to characterize them in terms of atmospheric and surface constituents, and to search forsigns of life on them. TPF-C will try to detect extrasolar planets using visible- and near-infrared�lter photometry. It will characterize those planets using low-resolution spectroscopy. Potentiallydetectable species include, as already mentioned, H2O, O2, O3, CH4, CO2, Rayleigh scattering,and the �red-edge� signature of chlorophyll in the leaves of land plants. The mission is designedaround a telescope with a large o�-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 & Traub2006), and a spectrograph.1.5.4 Nulling interferometryThe 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 accomplishedwith current monolithic telescopes in the mid-infrared regime, where the angular resolution λ/Dis limited to about 250 mas. Larger telescopes, up to 100 m in diameter, are currently beingstudied but, as such large apertures are not expected to be feasible in space, they will still belimited by the presence of the Earth's atmosphere which degrades the images and restricts theobservations to the infrared transparency windows (e.g. the N band, between 8 and 13 µm). Inorder to bene�t both from the full infrared electromagnetic spectrum and from a high angularresolution, 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 thelight collected by several smaller telescopes, separated by a distance equivalent to the requireddiameter for the large telescope.In addition to the increased angular resolution, interferometry also provides a natural way todim the stellar light, by using the wave properties of light: by inserting phase-shifting devices inthe path of the light beams, one can adjust their respective phases in order to produce a totallydestructive interference on the optical axis (see Fig. 1.15). This technique, referred to as �nullinginterferometry� dates back to almost 30 years, when Bracewell (1978) proposed in a letter to Natureto �detect non-solar planets by spinning infrared interferometer�. The rationale of this proposalwas 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 aroundbright 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. Bracewellthus proposed a way to enhance the planet over star �ux ratio by placing a destructive interferenceon the star and a constructive one on the planet. The initial proposal was aiming at the detectionof Jupiter-like planets in the far-infrared (40 µm) 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 �rst 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
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Figure 1.15: Principle of the Bracewell two-telescope interferometer. The light coming from thetwo telescopes is collimated while put in phase opposition thanks to a phase shifter. The light isrecombined in the pupil plane, leading to a constructive interference on one output of the beamsplitter and a destructive one on the other output. The detection is generally made on single-pixeldetectors.view of the future planet �nding missions (Fridlund 2004a): a �otilla of 3 to 6 free-�ying telescopesof moderate diameter (∼ 3 m) capable of searching for planets around the 150 closest F, G andK-type stars in a 5 year mission. A road map of technological developments was set up in orderto reach that goal in the 2015 time frame, both at the European space agency (ESA) with theDarwin mission (Fridlund 2004b), and at NASA with the terrestrial planet �nder-interferometer(TPF-I, Beichman et al. 1999). More pragmatically, such challenging missions are not foreseenbefore ESA's 2020 Cosmic Vision horizon.Before launching such an ambitious observatory, intermediate technological and scienti�c stepsare mandatory. In this context, a mission has been proposed as an answer to the CNES call forideas for a scienti�c payload on its formation-�ying technological mission (Pegase, Ollivier et al.2005). It consists of a Bracewell interferometer operating in the infrared (1.5-5 µm) and visibleregimes. It has small telescopes (40 cm) but a substantial baseline (25 to 500 m). Its angularresolution reaches 1 mas at 4 microns. Its main scienti�c objectives are the spectroscopic studyof low-mass companions including Pegasides and brown dwarfs bounded to other stars, with thegoal of determining the composition of the atmospheres of these objects as well as their internalstructure.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 intheir habitable zone. The �rst 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 expectedto be sensitive to planets down to one Earth radius (Bordé et al. 2003). The second parameter ismore di�cult to assess with current instruments, because it requires both high angular resolutionand high dynamic range imaging capabilities. In the context of the Darwin programme, ESA andESO have initiated a de�nition study for a ground-based technology and science demonstratorcalled GENIE (Absil et al. 2006, Ground-based European Nulling Interferometry Experiment).
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Figure 1.16: Darwin space interferometer's six telescopes (original con�guration), central viewcombining spacecraft, and communication satellite at L2. c©ESA.This collaboration was initiated because ESO's VLT interferometer was soon identi�ed to be thebest 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 theGENIE 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 theutilization of Darwin;4. To carry out unique and valuable science.While GENIE was unfortunately put on hold by ESA and ESO, other nulling experiments havebeen working for a few years or are about to be operational. The �rst and only nulling exper-iment to have published astrophysical results so far is the Bracewell infrared nulling cryostat(BLINC). This instrument was �rst 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 �rst scienti�cresults on late-type giant stars around which dust out�ows were detected (Hinz et al. 1998). Afterthe refurbishment of the MMT in 1999, BLINC was re-installed on the new 6.5-meter monolithictelescope (Hinz et al. 2000). It was also used in the southern hemisphere, at the Magellan Itelescope.Because it operates in the mid-infrared (10-12 µm), where the background emission is huge(especially for a non-cryogenic instrument), the Keck interferometric nuller (KIN) implementsan original way of removing the background emission in addition to the removal of the stellarlight. This method is based on phase chopping, a technique currently considered for the Darwin



1.5. Detection and characterization techniques 47and TPF-I space missions. In order to modulate the signal from o�-axis sources in front of thebackground emission, a dual-baseline nuller is synthesized by creating two distinct sub-apertureson each of the two Keck telescopes and then cross-combining the outputs of the two individualnulling beam combiners with a standard interferometric beam combiner (Serabyn et al. 2004).The beam combination in the two individual nullers is performed with modi�ed Mach-Zehnderbeam combiners (Serabyn & Colavita 2001). The KIN was designed to achieve exozodiacal diskdetection at the 30-zodi8 level around a G2V star located at 10 pc. This level of performancerequires a deep and stable instrumental rejection ratio (see Sect. 2.1) of at least 103 at 10 µm.The integration and test laboratory of the Keck interferometer at JPL was used to demonstratethe capability of the instrument to reach such a performance: a broadband null depth betterthan 10−3 was obtained and stabilized for periods of many minutes (Serabyn et al. 2004). Thisled to the decision to deploy the hardware at the Mauna Kea observatory, where it is currentlyin commissioning phase (�rst N-band fringes obtained in August 2004, �rst stable null at 10−2obtained in May 2005) and should soon provide its �rst scienti�c results.The LBT interferometer, which combines the light from two 8.4-meter telescopes placed sideby side on a single rigid alt-azimuth mount, is very well suited to develop and exploit the basicBracewell nulling method. With its short baseline of 14.4 m, it provides an angular resolution of70 mas in the mid-infrared, which corresponds to the typical angular size of habitable zones aroundnearby G-type stars. The LBTI instrument is composed, amongst other things, of the nullinginterferometer for the LBT (NIL), and the nulling optimized mid-infrared camera (NOMIC),which forms an image of the �eld around the star and is capable of detecting infrared emissionfrom surrounding dust disks and planets (Herbst & Hinz 2004). It is to be noted that the NILinstrument relies on an upgraded version of the BLINC instrument. The targeted null depth withthe NIL instrument is 10−4, with the objective to detect exozodiacal disks similar to the solarzodiacal disk (1-zodi level). Background subtraction, cophasing uncertainties and the absenceof spatial �ltering, even with the 670-actuator deformable mirror, could however prevent such anull depth with the current design of the nulling instrument. The �rst 8.4-meter mirror of theLBT was installed and achieved its �rst light in 2005. The second primary mirror has recentlybeen 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 surveyof exo-systems for TPF) of 80 TPF-I candidate stars. Its purpose is to search for and measurezodiacal dust emission strong enough to compromise TPF-I's performance. A by-product of thesurvey will be the detection of thermal emission from extrasolar giant planets.1.5.5 Perspectives in AntarcticaOne of the main limitations of coronagraphic observations as well as ground-based nulling in-terferometers is related to the in�uence of atmospheric turbulence. Active compensation of theharmful e�ects of turbulence requires real-time control systems to be designed with challengingperformance. The choice of a good astronomical site with (s)low turbulence is therefore of criticalimportance. In this respect, recent studies suggest that the high Antarctic plateau might be thebest place on Earth to perform high resolution observations in the infrared domain, thanks toits very stable atmospheric conditions (Agabi et al. 2006). Dome C is considered as �halfway tospace�. For this reason, many interferometer concepts have recently been proposed, all takingadvantage 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.



48 Chapter 1. High contrast astrophysicsatively modest collectors (1 m) and baseline (≤ 40 m). Because of its privileged location, this issu�cient to achieve a sensitivity (in terms of detectable exozodiacal dust levels) which is 1.6 to3.5 times better than an equivalent nulling instrument on a large interferometer (such as GENIEat the VLTI), bringing it below the 20-zodi threshold value identi�ed to carry out the Darwinprecursor science (Absil 2006). An integrated design would enable top-level optimization and fullaccess to the light collectors for the duration of the experiment, while reducing the complexity ofthe nulling breadboard. One can also mention the Antarctic plateau interferometer (API, Swainet al. 2004), an instrument concept capable of studying exoplanets in the habitable zone. APIwould use three 2-meter class telescopes, high dynamic range spectroscopy, and di�erential closurephase to achieve 10−5 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. Itconsists of an interferometric array of 39 telescopes 1 m to 2 m in diameter spread over kilometricbaselines and operated in the thermal IR region. It could search and characterize all potentialexoEarths within the 1 kpc diameter region observable from Dome C. Even in the very di�cultoperation conditions of Antarctica, such a facility could compete with future space missions butat a much lower cost, both for exoplanet studies and for sub-mas snap-shot imaging of galacticand extragalactic compact sources.
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50 Chapter 2. The need for achromatic phase shifters2.1 Interferometric and coronagraphic nullingNulling the light signi�es creating a desctructive interference between di�erent coherent wave-fronts. As already mentioned in Sect 1.5.4, the idea of exploiting this phenomenon for highdynamic range imaging in astrophysics was �rst exposed by Bracewell (1978). He proposed a wayto enhance the planet over star �ux ratio by placing an interference pattern sin2(πθ/Φ) with amaximum on a planet at θ = Φ/2 and a minimum on the on-axis star, i.e., centered at θ = 0. Φ isde�ned as follows: Φ = λ/b, with λ the wavelength, and b the interferometric baseline length. Asalready presented in Sect. 1.5.4 and Fig. 1.15, the interference pattern is generated by overlappingthe light beams collected by two telescopes on a balanced beam splitter in the pupil plane whiletuning their respective phases by means of phase-shifting devices so that all the on-axis stellarlight is sent to only one of the two complementary outputs of the beam splitter. Such a con�gu-ration happens when a phase shift of π radians is maintained between the two input beams. Thisis in contrast with classical pupil-plane interferometry, where the optical path di�erence betweenthe 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 incomingwavefront is arti�cially divided into several parts which are phase shifted with respect to eachother and then recombined in the following optical train to form a high contrast image. One ofthe major di�erences between nulling interferometry and phase-mask coronagraphy concerns thelatter point: in nulling interferometry, no image is formed, the detection being generally made ona single pixel.For interferometry as well as for coronagraphy, the quality of the nulling process is quanti�edby the so-called rejection ratio R, or its inverse, the null depth N
N(r, λ, t) = R−1(r, λ, t) =

Imin

Imax

(2.1)where Imin is the total residual intensity of the destructive output (resp. with the coronagraph)and Imax, the total intensity of the constructive output (resp. without the coronagraph). In orderto maximize the rejection ratio or equivalently minimize the null depth, several conditions must besatis�ed by the interfering wavefronts. These conditions translate into tight spatial, spectral andtemporal constraints in interferometry as well as in phase coronagraphy, because of the convolutionprocess of the phase mask in the focal plane.2.1.1 Spatial constraints: geometrical leakageNulling interferometer. Even with an ideal Bracewell interferometer, the stellar signal isperfectly cancelled only on the optical axis. Part of the starlight will therefore leak through thecreated transmission map due to the �nite size of the stellar photosphere, an e�ect referred to asgeometric stellar leakage because it is related to the physical arrangement of the telescopes andto the angular size of the stellar photosphere. The transmission close to the center of the �eld ofview is proportional to the square of the o�-axis angle θ, so that the Bracewell con�guration iscalled a �θ2 con�guration�. The rejection ratio in this case is then given by
R =
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)2 (2.2)It depends on two parameters: the ratio of wavelength to baseline, which sets the angular resolutionof the interferometer, and the angular radius of the star θ?. The rejection ratio decreases for longer



2.1. Interferometric and coronagraphic nulling 51baselines (or shorter wavelengths) as the star gets more and more resolved. Although the residualstellar leakage can theoretically be removed by rotational modulation if the star is symmetric, theshot noise associated with the detected leakage still remains and generally represents one of themajor noise contributions in the context of Earth-like planet detection. This limitation can beovercome by using more than two telescopes to produce the destructive interference. This ideawas �rst considered by Angel (1990), who proposed to use a four-telescope array to reach a deepernull, proportional to θ4 close to the optical axis instead of θ2 for the two-telescope Bracewellinterferometer.The potential of multi-telescope arrays was then exploited in the context of the initial Darwinand TPF-I projects: an array of four to �ve telescopes arranged on a circle and providing a
θ4 central transmission was suggested for the Darwin mission (Léger et al. 1996), while a four-telescope linear array with a θ6 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 θ2p transmissionfor an arbitrary telescope array.Coronagraphs. Coronagraphs are also a�ected by the �nite size of the star. This stellar leakagecan be treated by considering the stellar disk as a sum of o�-axis point sources (Riaud et al.2003), therefore assimilating the spatial leak to pointing errors (i.e., tip-tilt). The sensitivityof coronagraphs to such low-order aberrations strongly depends on the coronagraph design andwhether it acts on the amplitude or the phase. It can however be minimized in both approachesby increasing the power n of o�-axis θn transmission (higher-order masks, Foo et al. 2005; Lloyd &Sivaramakrishnan 2005; Mawet et al. 2005b; Palacios 2005; Shaklan & Green 2005). In the case ofpure phase-mask coronagraphs, the family of coronagraphs the most sensitive to the �nite size ofstars, it is to be noted that the stellar leakage can anyway always be partially removed by addinga Lyot dot in the center. It is worth noting that the physical extension of this opaque mask is byfar smaller than in pure amplitude masks (Roddier & Roddier 1997; Riaud et al. 2003).2.1.2 Spectral constraints: achromaticityExpression 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 atmosphericturbulence (for ground-based facilities) and various instrumental e�ects causing imperfect co-phasing of the light beams, wavefront errors, intensity mismatches and polarization errors (Ollivier1999). This contribution, called instrumental leakage and independent of the stellar diameter to the�rst order, adds to the geometric leakage at the destructive output of the interferometer (resp. the�nal 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 e�ciency of thedestructive interference process, the phase shift must be achromatic. If not the case, the destructiveinterference is not complete at all wavelengths and some light from the central bright object isnot suppressed. This instrumental leakage could prevent the detection of the light from thefaint 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 instrumentalleakage, 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 wavelengthchange is faint enough to be tolerable in the concerned application.Let

Uj(λ) = Aj(λ)ei 2π
λ

hj+iφj(λ) (2.3)



52 Chapter 2. The need for achromatic phase shiftersbe the complex amplitude of the wavefront number j. Aj is its amplitude (A2
j = Ij) whereas hj and

φj are the optical path delay (OPD) and phase shift experienced by the wavefront, respectively. Ina two-way interferometer, with A2
1 = A2

2 = A2 = I0, the transmitted intensity at the recombinationstep is
I(λ) = |U1(λ) + U2(λ)|2 = 2I0

[

1 + cos

(

2π

λ
(h2 − h1) + (φ2(λ) − φ1(λ))

)] (2.4)Phase controlLet us assume that the zero-OPD (h2 −h1 = 0) is always satis�ed by a proper set-up adjustment.The ideal phase shift for nulling in a two-way interferometer (or phase coronagraph) requires that
∆φ(λ) = φ2(λ) − φ1(λ) = π. In this perfect case I(λ) = Imin = 0 such that the on-axis light istotally suppressed, leading to an in�nite rejection ratio. However, at least for some wavelengths,the phase shift is in practice not perfectly equal to π but rather to ∆φ(λ) = π+ε(λ), where ε(λ) isthe wavelength dependent residual phase shift error. The corresponding total residual light overthe bandwidth ∆λ is subsequently given by
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[1 + cos (π + ε(λ))] dλ (2.5)If ε is small, the average null depth over the whole considered spectral bandwidth ∆λ resumes to
N =
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(2.6)with σ2, the variance of the phase shift over the bandpass ∆λ.For example, the target null depth of 10−5 requires a maximum phase-shift standard deviation

σ = 6.325 × 10−3 radian rms over the whole bandwidth. A more severe �gure of merit wouldbe obtained by imposing a given null depth at each wavelength instead of an average one. Inthis case, Eq. 2.6 holds true provided that the standard deviation σ is replaced by the residualphase-shift error ε(λ) at each wavelength.Intensity mismatchThe e�ect of unequal intensities in the interfering wavefronts is to induce a non-null transmissionon the optical axis: the additional amount of light in one of the wavefronts will not interfereand thus contribute as a background emission. In case of intensity mismatch A2
1 6= A2

2 , Eq. 2.4becomes
Imin = |U1(λ) + U2(λ)|2 = |A1(λ) + A2(λ)ei(π+ε(λ))|2 (2.7)Assuming an intensity ratio q(λ) =
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, the null depth becomes
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(2.8)For example, to obtain a single-wavelength target null depth of 10−5 assuming a phase error εof 6.300 × 10−3 radian, the intensity ratio q must be kept above 0.999 (an intensity mismatch of

0.1%). Assuming ε = 0, q has to remain larger than 0.99, i.e., a 1% intensity mismatch.



2.1. Interferometric and coronagraphic nulling 53Polarization mismatchThere are various types of polarization errors, but they can always be converted into phase orintensity errors (Serabyn 2000). In case of alignment mismatches between linear polarizationvector angles θ1 6= θ2, Eq. 2.4 transforms into
Imin = |U1(λ) + U2(λ)|2 = |A1(λ) cos θ1 + A2(λ) cos θ2e

i(π+ε(λ))|2 (2.9)Assuming this time a misalignment ∆θ = θ2 − θ1, Eq. 2.8 still applies but with q = cos ∆θ2.Specifying q > 0.999 means that ∆θ must be smaller than 0.032 radian, for example.Wavefront errorsWhen 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 ofthe most harmful contributors to instrumental leakage is the corrugation of wavefronts, especiallyfor ground-based instruments where atmospheric turbulence produces large phase errors acrossthe pupils.Nulling interferometer. In interferometry, wavefront errors produce a mismatch between theshapes of the two beams to be combined. If σ2
φ1,2

(λ) designates the wavelength-dependent phasevariance over each pupil, the null depth is (Mennesson et al. 2002)
N(λ) =
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(λ) + σ2
φ2

(λ)
)

. (2.10)For instance, if a rejection ratio of 103 (or equivalently a null depth of 10−3) is required, Eq. 2.10shows that the standard deviation σφ of the phase across the pupil cannot be larger than 4.5×10−2radian, which corresponds to a λ/140 rms wavefront quality. Such a low wavefront aberration isextremely challenging to reach from the ground, even in the mid-infrared. It corresponds to aStrehl ratio of 99.8% while state-of-the-art adaptive optics systems on large telescopes provide aStrehl ratio hardly above 50% in the near-infrared K band, or about 97% in the mid-infrared Nband. Spatial �ltering is therefore necessary for removing high-frequency wavefront aberrations.Better than the classical spatial �ltering by simple pinholes (Ollivier & Mariotti 1997), single-mode waveguides e�ciently correct wavefront defects of both high- and low-order spatial frequen-cies, ensure a perfect matching of the amplitude pro�les coming from the various beams, and canbe used with almost optimum coupling e�ciency over a broad optical bandpass. When a single-mode waveguide is used, the incoming wavefront excites the fundamental mode of the guide. Thelatter is the only one that is allowed to propagate. Its amplitude pro�le is fully determined by thephysical properties of the guide, independently of the incoming wavefront. Corrugations will onlya�ect 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 10−6 null depthwith single-mode waveguide �ltering are relaxed from λ/4400 to λ/63 (λ is the infrared observingwavelength), corresponding to optical commercial standards. It is to be noted that using a pinholestill relaxes the uncorrected case by a factor of 10, leading to a tolerance of λ/400.



54 Chapter 2. The need for achromatic phase shiftersCoronagraphs. As far as coronagraphs are concerned, de�ning a sensitivity to wavefront aber-rations is not as straightforward as in pupil plane interferometry. Indeed, according to the spatialfrequency of the aberration, the �nal coronagraphic image will be a�ected at a certain locationin the detector focal plane. As the useful working zones, i.e., the so-called discovery space, areconcentrated around the optical axis, high-spatial-frequency corrugations are not critical whilelow-order aberrations like tip-tilt strongly contaminates the central �eld of view. For this reason,wavefront corrugations as well as stellar leakage are considered as low-order aberrations that mustbe 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 dedicatedfast-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 �nal signal-to-noise ratio, and subsequently the integration time, will depend on the level ofthis PSF halo up to a certain point as we will discuss below. For this reason, the performance ofthe wavefront correction systems (adaptive optics, for example) is a critical point which must beaddressed thoroughly.2.1.3 Temporal constraints: stabilityNulling interferometer. In the above discussion, we have neglected another important sourceof noise: instrumental and stellar leakage contributes both as a bias (referred to as null �oorleakage), by introducing a non-null average amount of additional stellar light, and as a noise, whichrelates to its temporal variability. Phase-chopping techniques allow for the subtraction of the null-�oor leakage, which is the same in the two chopped states provided that there is no systematicdi�erence between them. The bias will therefore contribute only as an additional source of shotnoise. On the other hand, most of the instrumental noise is not suppressed by phase chopping, asproven by Lay (2004). This contribution, now referred to as instability noise, but as systematicnoise 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 theelectric �elds from each telescope. The disturbance power spectra mix with each other so thatperturbations at all frequencies, including DC, have an e�ect. Although a simple binary phasechop removes a number of these systematic errors, it has no e�ect on the dominant amplitude-phase cross terms and on the co-phasing errors. There is no phase chopping scheme that canremove 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 recentlyrevisited the instrumental requirements for the Darwin and TPF-I missions in order to reduceinstrumental stellar leakage down to a su�ciently low level for Earth-like planet detection. Bothshowed that the requirements on amplitude and phase control do not come from the null-�oorleakage, but from instability noise. According to Lay (2004), the phase of the signal from eachcollector should be controlled to about 1 millirad (∼ 1.5 nm at 10 µm) and the amplitude toabout 0.1%. It must be noted that it is in fact impossible to obtain a stable null �oor withoutalso having a deep instrumental null, because instrumental perturbations are expected to have asigni�cant dynamic component.A major property of instability noise is that it does not depend on the actual architecture of theinterferometer to the �rst order: θ2 and θ4 con�gurations produce similar amounts of instabilitynoise if they are subject to the same amplitude and phase perturbations. Another major propertyis that instability noise signi�cantly increases at short wavelengths. It is in fact expected thatinstability noise could exceed shot noise at short wavelengths and become the dominant source



2.2. Achromatic phase shifters 55of noise. In that case, the advantage of θ4 con�gurations with respect to θ2 con�gurations wouldalmost disappear.Coronagraphs. Coronagraphic techniques possess their own �instability noise�, known as thespeckle noise. Speckles arise from di�raction residuals due to uncorrected atmospheric aberrationsleft by the adaptive optics system as well as quasi-static aberrations mostly originating from theoptical train. Several smart techniques of speckle calibrations were already proposed. Each of themtakes 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 mostdeveloped technique so far is probably the spectral di�erential imaging (SDI, Marois et al. 2000)�rst 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 torecord simultaneously two images in two di�erent but spectrally close �lters on the same detector.If phase aberrations are small, the images are identical once rescaled in intensity and spatiallymatched. The mutual subtraction of the two images removes the residual speckles except thoseresulting from the so-called common and non-common path errors. The latter are induced bythe 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 unrealisticresults where the variance of the residual intensity converges to 0 for an in�nitely long exposure.Moreover, this study also showed that the fundamental detection limit has a quadratic dependencein common path errors and a linear one in non-common ones. As expected, improvement of thedetectability can be obtained if the PSD of the static phase aberrations is decreased, especially atlow frequencies (low-order aberrations).2.2 Achromatic phase shiftersThe most simple way to induce a phase shift ∆φ between two coherent wavefronts 1 and 2 is toadd an optical path delay (OPD) either of air or of a given material of refractive index n
∆φ =

2π

λ
(n1(λ)e1 − n2(λ)e2) (2.11)In this equation, n1(λ)e1 and n2(λ)e2 are the optical path experienced by the wavefront 1 and2, respectively, i.e., the product of the physical distance ei by the refractive index ni of thepropagating medium. However, it clearly appears that such a phase shift is highly chromaticbecause of the hyperbolic dependence in λ and because of the intrinsic refractive-index dispersionsof the used materials. One needs achromatic phase shifters that would allow inducing a constantphase shift over a prede�ned wavelength range. Several techniques already exist and we will brie�ydescribe them.2.2.1 Dispersive plate APSThis approach, directly inspired by the techniques used by optical designers to minimize lenschromatic aberrations, uses a given number of glass or dielectric plates, whose materials andthicknesses are optimized together with the free-air OPD9, mutually neutralizing the various dis-persion gradients in order to introduce a given achromatic phase di�erence between the interfering9The free-air OPD is regulated by the so-called delay lines.
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1 2 3

4 5 6

Arm 1

Arm 2Figure 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 wavelengthover 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 isobtained by slightly adjusting the thickness of some elements either by tilting them in case ofparallel plates, or by translating them in case of wedged plates (Mieremet et al. 2000, Fig. 2.1).Assuming N pairs of ei-thick plates made of N materials of di�erent refractive index ni, theexpression of the di�erential phase shift between the considered wavefronts is therefore
∆φ(λ) =

2π

λ

(

OPD +
N
∑

i=1

ei [ni(λ) − 1]

) (2.12)where OPD is the optical path delay when no plate is inserted. The design optimization ruleconsists in minimizing the residual phase shift error with respect to its nominal value φ, ε(λ) =
∆φ(λ) − φ over the speci�ed wavelength range. The free parameters are the di�erent thicknesses
ei and the choice of materials with di�erent ni(λ).2.2.2 Focus-crossing APSA beam crossing a focus is achromatically phase shifted by π radians, with respect to a parallelbeam following an equal optical path. This property allows for an extinction by destructiveinterference when recombining two such beams, with the additional e�ect of a centro-symmetricrotation of pupilla on one beam. It is to be noted that the AIC is based on this property for asingle aperture (Gay & Rabbia 1996).The AIC has been validated in the lab and tested on the sky (Baudoz et al. 2000a,b). Nullingcan be achieved with a 2-aperture interferometer using this phase-shifting property in one arm.The π-phase shift is obtained means of a cat's eye device (see Fig. 2.2). Since this set-up onlyuses mirrors, no dispersion occurs and the produced phase shift is intrinsically achromatic.2.2.3 Field-reversal APSThis method provides a phase shift of π radians, based on the achromatic reversal of the electric-�eld vector on one of two interfering waves. This reversal is performed by a rotational shearing
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Arm 1

Arm 2Figure 2.2: Basic set-up for an APS using focus crossing. An extra-focus is inserted in one ofthe two arms of the interferometer, by means of a cat's eye made of curved mirrors, thus yieldingan achromatic phase shift of π. In the other arm, an optical train made of �at mirrors a�ords theoptical path balance.interferometer with a �xed shear of 180◦, by means of rooftop mirrors whose summit lines are seenorthogonal by the wavefronts (hence, the incidence planes are perpendicular). Indeed, arrangingtwo successive 45◦ re�ections 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 �rst re�ection with the pcomponent10 of the second one and vice versa, resulting in an e�ective reversal of the electric-�eldvector (Serabyn & Colavita 2001, Fig. 2.3).

Arm 2

Arm 1

Figure 2.3: Field-reversal APS in the two-periscope con�guration.10The components of the electric �eld parallel and perpendicular to the incidence plane, which is de�ned by thewave vector and the surface normal, are termed �p-like� (parallel) and �s-like� (senkrecht, i.e., perpendicular inGerman).



58 Chapter 2. The need for achromatic phase shiftersAs long as the re�ection properties of both mirrors are identical and the angle of incidenceis exactly 45◦ on both mirrors, the electric-�eld vector reversal is perfect over the full re�ectivespectral range of the mirror coating. It is to be noted that, like the focus-crossing APS, this setupinduces a centro-symmetric rotation of the pupilla of one beam with respect to the other.2.2.4 Quarterwave-mirror APSLet us consider a simple boundary separating two dielectric media. Re�ectance is identical onboth sides except that on one side, the re�ected beam undergoes a π-phase shift while it undergoesno phase shift on the other side. The design principle of thin-�lm APS is based on the extensionof this boundary property to a whole multi-layer stack (Lemarquis & Riaud 2003).2.2.5 Vectorial APSImplementation 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 arms1 and 2 (resp. adjacent quadrants of the FQPM), rotated by ninety degrees around the opticalaxis and from one another, then the parallel polarization states s1 and p2, s2 and p1 from the twointerferometer arms (resp. ajdacent quadrants) are two by two in phase opposition. It must benoted that there is a strong constraint on the alignment of the components (see Sect. 8.4).Birefringent platesThis approach uses a set of plane parallel retardation plates made of birefringent crystals, cascadedalong the propagation axis and oriented perpendicular to it. The achromaticity is once again givenby combining plates of di�erent birefringent materials with properly-chosen thicknesses. Sincethe dispersion of the birefringence is di�erent for the di�erent materials, it is possible to makethe subsequent phase shift achromatic within a given wavelength range (Hariharan 1996). Theinterest in using naturally birefringent phase shifters and a reason for their commercial successis that natural birefringence is usually two orders of magnitudes smaller than the indices. Thisconstatation implies that thickness errors contribute two orders of magnitude less to the phaseshift. On the other hand, very accurate knowledge of the birefringence is necessary.

Arm 2

Arm 1

Figure 2.4: Fresnel-rhomb APS. Here is shown the double rhomb con�guration implemented inthe nulling mode (see Sect. 8.4).



2.3. Article: White-light lab results with an achromatic FQPM 59Fresnel rhombsFresnel rhombs are conventional devices in optical engineering, used to transform a linearly-polarized incident �eld into a circularly-polarized one at the output of the device. This transfor-mation results from a π/2-phase shift performed between the s and p components of the incident�eld, suitably oriented to have s and p components of equal amplitudes. Cascading two suchrhombs usually provides a π-phase shift (Fig. 2.4). In fact, the use of Fresnel rhombs is basedon properties of light at total re�ection, where the s and p components undergo di�erent phasebehaviors. The total internal re�ection (TIR) phenomenon comes indeed with a di�erential phaseshift between the vectorial orthogonal polarization states. This vectorial phase shift takes thefollowing form (Born & Wolf 1999a)
∆φs−p = 2 arctan

[

cos θ
√

sin2 θ − n2
ti

sin2 θ

] (2.13)where θ is the angle of incidence, greater or equal to θc, the critical angle de�ned as sin θc =
nti = nt/ni and where ni and nt are the refractive indices of the incident and external media,respectively. Despite the natural dispersion of the material indices, this phase shift is consideredas achromatic for standard applications (Rochford et al. 1997; Anderson 1988). It is to be notedthat Fresnel rhombs are also commercially available. It is a well-proven technology.2.3 Article: The Four-Quadrant Phase-Mask Coronagraph:white-light laboratory results with an achromatic de-viceAs an illustration of the implementation of �classical� APS in a nulling setup, let us present thefollowing paper (published in Astronomy & Astrophysics) where we report a laboratory exper-iment assessing the performance of a four-quadrant phase-mask coronagraph implemented withachromatic halfwave plates (see Fig. 2.5, and Mawet et al. 2006).

Figure 2.5: Four-quadrant phase-mask with achromatic halfwave plates. Left: mounting padunder microscope. Right: the assembled component, consisting of a silicate substrate with a holeat its center, and the four MgF2 and four quartz plates glued on its both sides.
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ABSTRACT

Achromatic coronagraphs are the subject of intensive research since they will be mandatory for many programs which aim at detecting and char-
acterizing exoplanets. We report a laboratory experiment assessing the performance of the Four-Quadrant Phase-Mask coronagraph (FQPM)
over a broadband wavelength range (R ≈ 2). The achromatization of the FQPM is provided by achromatic halfwave plates (HWP). These phase
shifters combine birefringent plates made of different materials with properly chosen thicknesses. The HWP thickness control is relaxed by two
orders of magnitudes with respect to the classical (non-birefringent) dispersive plate approach. In our experiment weused a two stage stack of
Quartz and MgF2. This combination allows to cover a large spectral range in the visible (500−900 nm) with a small phase error residual around
π (≈0.12 rad rms). With this achromatization, we obtained an attenuation of 755 on the white light PSF peak. This solution is directly applicable
to ground-based telescopes using high order adaptive optics such as the ESO’s VLT-Planet Finder project and could easily be transposed in the
mid-infrared domain for future space-based missions like DARWIN/TPF.

Key words. instrumentation: adaptive optics – techniques: high angular resolution – stars: planetary systems – methods: observational

1. Introduction

Direct detection of faint sources around bright astrophysical
objects such as exoplanets orbiting their parent star is very dif-
ficult due to the large flux ratio. For example, extrasolar plan-
ets are typically 104−107 times fainter than their host star in
the infrared. Therefore, the study of such objects necessitates
coronagraphic instruments and nearly perfect wavefronts for
optimal operations. Subsequently, this challenging science case
requires:

– for Extrasolar Earth-like planets, dedicated space-basedob-
servatories like the DARWIN/TPF projects (see Léger et al.
1996, for instance);

– for Extrasolar Giant Planets (EGPs), space-based observa-
tories or Extreme-Adaptive Optics ground-based imaging
facilities, like the ESO’s VLT-Planet Finder (Mouillet et al.
2003).

A few years ago, we proposed a new device, the Four-Quadrant
Phase-Mask coronagraph (FQPM), to advantageously replace
Lyot-type amplitude coronagraphs. The FQPM uses a four
quadrantπ phase shift distribution in the focal plane to
provide a self-destructive interference for a centered point
like monochromatic source. The FQPM provides significantly
smaller working distances than Lyot-type coronagraphs as
well as better rejection factors at high Strehl ratios. After

presenting the principles and an extensive numerical study
(Rouan et al. 2000; Riaud et al. 2001), a third paper (Riaud
et al. 2003) reported the laboratory results with a real com-
ponent in monochromatic light. Since then, the actual perfor-
mance of the setup has been largely improved: we have ob-
tained a very stable peak attenuation of 105 and a total rejec-
tion factor of 104. The current setup only works accurately for
a single wavelength. Observing with a large bandwidth like the
K band (2−2.4µm) with a monochromatic mask would yield
a theoretical rejection of only 150. However, for ground-based
telescopes using today’s state of the art adaptive optics, such
as NACO (VLT’s NAOS-CONICA, Rousset et al. 1998), a
monochromatic phase mask is sufficient for the full K band,
since the main limitation comes from the residual uncompen-
sated wavefront errors (Boccaletti et al. 2004).

For higher order corrections such as planned for the ESO’s
VLT-Planet Finder second generation instrument on the VLT,
the chromaticity issue of the FQPM is no longer negligible.
Moreover, this instrument requires multi-wavelength opera-
tions (0.9−2.5µm). An achromatic device is thus needed. We
therefore propose to implement commercially available achro-
matic halfwave plates (HWP) in an original way to repro-
duce the particular FQPM focal plane phase shift distribution.
Section 2 describes the principle of birefringent achromatic re-
tarders and presents numerical simulations to assess theoretical
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Fig. 1. Rejectionτ of a monochromatic component as a function of
the spectral resolutionR. The continuous line is for the analytical for-
mula whereas the diamonds show coronagraphic numerical simulation
results.

limitations of this technique regarding the total rejection. In
Sect. 3, after reviewing some manufacturing issues, we present
the results of our white light coronagraphic experiment. We
discuss in Sect. 4 the possibility of extending this technique
to other wavelength ranges, like the mid-infrared domain. We
also discuss a very promising technique using synthetic bire-
fringence created on a unique substrate made of any transparent
material.

2. Principle

Before presenting the principle of an achromatic FQPM, let us
first define the metrics we shall use (Boccaletti et al. 2004).A
coronagraph’s ability to suppress the on-axis starlight can be
quantified with two different parameters:

– the total rejection: ratio of total intensity of the direct image
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 image.

It is important to note that these metrics are not always related
in the same way according to the working conditions.

2.1. Monochromatic phase masks

In the past, our team only manufactured monochromatic phase
masks using thin film deposition or etching techniques based
on the “index step” principle: a step of heighth in a material of
refractive indexn at the wavelengthλ induces a phase shift

∆φ =
2π
λ

(n − 1)h (1)

The hyperbolic phase shift dependence inλ makes the tech-
nique unapplicable for high performance use over a large spec-
tral bandwidth. In fact, it was shown (Riaud et al. 2003) that
the broadband total rejection for a monochromatic mask is

τ ≈ 48
π2

R2 (2)

whereR = λ/∆λ is the spectral resolution. Figure 1 shows
the total rejection expected for a monochromatic component
with respect to the spectral resolution. We clearly notice its
rapid deterioration in the broadband cases. For example, inthe
500−900 nm wavelength range (R = 1.75), the highest total re-
jection expected with a monochromatic mask is onlyτ = 15. In
this case, the coronagraphic numerical simulation gives a peak
attenuation of 35 (see Sect. 3.4).

In order to detect and characterize young EGPs, next gen-
eration AO instruments like the ESO’s VLT-Planet Finder will
require larger stellar rejections for several broadband filters
(from J to K). Numerical simulation inH band assuming a
Strehl ratio of 80%1 gave a coronagraphic peak attenuation of
about 450. This result was obtained assuming a phase shift er-
ror with respect toπ of 0.01 rad. This value can be considered
as a specification on the mask chromatic residuals since the
same simulation with a 0.1 rad error showed an evident degra-
dation of the peak attenuation of about 3.5 after speckle cali-
bration. A specific broadband coronagraph is therefore neces-
sary. Achromatic waveplates are the solution we consider in
this paper.

2.2. Achromatic waveplates

Waveplates are optical elements which introduce a phase shift
between the polarization componentss and p of the inci-
dent light. Most of them use the birefringence phenomenon.
Birefringence is a natural property of anisotropic crystals but
can also be artificially created using one-dimensional subwave-
length gratings (Mawet et al. 2005b). The birefringence is de-
fined as follows

∆n = ne− no (3)

whereno andne are the ordinary and extraordinary indices as-
sociated with the two privileged directions of vibration,s and
p. If the birefringence∆n is negative, the medium is said “nega-
tive uniaxial”. In this case, one defines the fast (resp. slow) axis
as the axis associated with the extraordinary (resp. ordinary)
index. Conversely, if the birefringence is positive, the medium
is said “positive uniaxial”. In this case, the fast (resp. slow)
axis is defined as the axis associated with the ordinary (resp.
extraordinary) index.

Achromatic waveplates (halfwave, quarterwave,...) are
commonly produced by combining two plates of different bire-
fringent materials with properly chosen thicknesses. Since the
dispersion of the birefringence is different for the two mate-
rials, it is possible to make Optical Path Difference (OPD)
values linear withλ within a given wavelength range. Hence,

1 Expected performance for the 1340 actuators of the VLT-PF
Adaptive Optics.
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plates whereas the o and e ones, for the ordinary and extraordinary indices, respectively. The bottom right picture shows the final component
assembled on a silicate substrate. Fixation points (optical glue) are clearly visible at the waveplate external edges.The 8 mm-diameter circular
working area is at the center of the component.

the retardation of the resulting waveplate can be made little
sensitive to the wavelength (Hariharan 1996). We consider a
combination of two such birefringent plates of thicknessesda

and db and of birefringences∆na and ∆nb. The usualcon-
dition for achromatism is that the retardation of the system
∆φ = 2π

λ
(da∆na + db∆nb) should be equal to half a wave (for a

halfwave retarder) at two selected wavelengthsλ2 andλ3 while
minimizing the phase shift error with respect to the chosen re-
tardation value over theλ1 − λ4 wavelength range. Therefore
we have

da∆na(λ2) + db∆nb(λ2) =
λ2

2
(4)

da∆na(λ3) + db∆nb(λ3) =
λ3

2
(5)

ε = min
∫ λ4

λ1

|∆φ(λ) − π|2 dλ (6)

where∆na(λ2), ∆nb(λ2), ∆na(λ3) et ∆nb(λ3) are, respectively,
the values of the birefringence of the two materials at these
two wavelengths. A solution for Eqs. (4)–(6) can be obtained
by combining a material with a positive birefringence with
one having a negative birefringence. Conversely, two materials
whose birefringences have the same sign can be combined if
their fast axis are set perpendicular. Let us mention the special
case of the so-called “superachromatic” retarder (Freckeret al.
1976): it consists of three pairs of two materials. This configu-
ration is very performing but is bulky and would therefore in-
duce a huge defocus error and a ghost problem (12 interfaces).

The interest in using naturally birefringent phase shifters
and a reason why they are commercially available comes from
the fact that, usually, the birefringence is two orders of magni-
tudes smaller than the indices. So a thickness error contributes

to the phase shift two orders of magnitude less. On the other
hand, we need very accurate measurements of the birefringence
for the used materials, over the range of wavelengths to be
covered. This is generally the case for commercially available
devices.

2.3. FQPM with waveplates

This section explains how the concept of polarization phase
shifters is adapted to the FQPM. Lets andp be the global po-
larization components of the incoming light. In each of the four
quadrants made of cut halfwave plates, thes andp global polar-
ization states are projected according to the local fast andslow
axis orientations of the two-level stack. We have already seen
that two indices, the ordinary indexno and the extraordinary in-
dexne, can be assigned to these directions. Let us now assume
that the four cut quadrants are strictly identical (same two-level
stack) and implemented in the following way: two of them in
two opposite quadrants along one diagonal are rotated by 90◦

around their normals with respect to the two others. This anti-
symmetrical configuration mimics the FQPM particular focal
planeπ-phase distribution for each parallel and potentially in-
terfering state of polarization (see Fig. 2). Such a design works
with natural light. In practice, all plates have to be polished and
cut in the same material blank to obtain homogenous compo-
nents in terms of refractive index and surface quality.

Another way to make the FQPM achromatic was proposed
and tested by Baba et al. (2002): the polarization interferomet-
ric coronagraph. It is in fact a FQPM whose phase shift is pro-
vided by a Liquid-Crystal (LC) device sandwiched between
two crossed polarizers. This method allows a broadband use
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Fig. 3. Numerical simulation result for achromatic halfwave plates.
The curve shows the phase residuals aroundπ in radian versus wave-
length (microns). The diamonds indicate the points where the bire-
fringences have been precisely measured by the manufacturer. The
phase error standard deviation over the full wavelength range is
0.118 rad rms.

of the coronagraph, but only with linearly polarized light in the
visible.

2.4. Theoretical performance

The selected retarder in our experiment is a combination of
Quartz (SiO2) and MgF2 crystal plates. Quartz and MgF2 are
often associated for the good matching of their respective
birefringence dispersions. Both are transparent from theul-
traviolet to the near infrared, have low indices (low Fresnel
losses) and can be easily polished (low wavefront errors). The
mean birefringences over the wavelength range (λ1(=500 nm)−
λ4(=900 nm)) are respectively∆na ≈ 0.00900 for Quartz (pos-
itive uniaxial) and∆nb ≈ −0.01190 for MgF2 (negative uni-
axial). Note that birefringence values at the 10−5 level of pre-
cision can be easily found in the literature for these materials.
For the working spectral range, we found the following cou-
ple of optimized thicknesses:da = 841.1µm for Quartz and
db = 674.7µm for MgF2. In Fig. 3, we present the residual
phase shift error obtained for this optimal solution, with astan-
dard deviationσ = 0.118 rad rms over the full spectral band.
The total rejection for a nulling phase mask coronagraph being
related to the phase error standard deviationσ byτ = 4

σ2 (Riaud
et al. 2003), we therefore obtainτ ≈ 290 assuming phase
errors only.

3. Laboratory results

3.1. Achromatic FQPM assembly

The achromatic phase mask assembly is mounted on a silica
substrate 1 mm thick with a central hole of 8 mm in diameter.

The four Quartz plates are assembled on one side and the four
remaining MgF2 plates on the other one. According to the im-
plementation scheme presented here above, theπ phase shift
between adjacent quadrants is provided by rotating the fastaxis
of two quadrant stacks along one diagonal by 90◦ around their
normals. Each of the 8 individual plates is polished (λ/10 PTV
at 550 nm) and cut parallel to the optical axis with a micromet-
ric precision. The edge parallelism cutting error with respect
to each plate fast/slow axis is below 30 arcsecs. All plates are
anti-reflection coated for the considered bandwidth (reflectiv-
ity <1%). One of us (O. D.) assembled the eight plates with
a high precision (<10µm) while respecting orientations, align-
ments and coplanarity (<10 arcmin) for the two stages. This
task revealed to be practically difficult and long to achieve
within the specifications. For example, the coplanarity issue
was overcome only by performing the assembly in a clean en-
vironment and under in situ interferometric metrology. Indeed,
a 4µm dust particle, for instance, can induce a 14 arcmin out-
of-plane deviation.

In order to hide the imperfections at the edges result-
ing from the cutting process, we added a thin opaque spider
(a tungsten wire 18µm in diameter) over the four quadrant tran-
sitions. Indeed, the rough cut edges at the transitions would oth-
erwise diffract too much light inside the geometric pupil area.

3.2. Optical setup

The optical bench is the one used for the FQPM monochro-
matic tests (see Riaud et al. 2003). The white light source is
a halogen lamp at a temperature of 3400 K (100W) and the
setup is feeded with a 4µm core fiber (single mode for wave-
lengths longer than 620 nm). All lenses are in silica (infrasil
301) with low frequency surface errors lower thanλ/20 PTV
or λ/80 rms across 10 mm in diameter and AR coated for use
between 400 and 1100 nm (reflectivity<1% per interface). The
entrance pupil is a hole with a diameter of 1.78 mm. In this
configuration thef−number is 253 and the size of the Airy pat-
tern projected on the achromatic phase mask isλ/d = 176µm
at 700 nm. This size is one order of magnitude above the pre-
cision of the plate adjustment (≈10µm). Finally, to filter the
coronagraphic diffraction at the edge of the pupil, we used a
diaphragm of 350µm in diameter, designed to undersize the
pupil by about 23% in diameter. This size for the Lyot stop
(i.e. nearly 80%) corresponds to a trade-off between the diffrac-
tion residuals filtering and global throughput (see Riaud etal.
2001). The Strehl ratio estimated for the 532 nm PSF image is
99.8%, which is equivalent toλ/180 rms for the total wavefront
error.

3.3. Acquisition and data processing

All images were recorded with a ST8 XE Sbig camera
equipped by a KAF 1600 E CCD chip cooled by one Peltier
module. The sampling in our configuration (3× 3 binning) is
43 pixels perλ0/d, with λ0 = 700 nm being the central wave-
length of the 500−900 nm bandpass filter. To assess the broad-
band coronagraphic performance of the component, we first
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Fig. 4. This figure presents the spectral filter response as measuredon
our coronagraphic bench. The spectral sampling is 0.55 nm/pixel. The
two peaks below, convolved with the PSF, correspond to calibration
lines obtained with a YAG:Nd and a He− Ne laser, respectively. The
maximum transmission of the filter is 96± 3%.

acquired a coronagraphic image with the white halogen lamp
and the bandpass filter characterized in Fig. 4. The exposure
time was about 30 s. Forty exposures wereco-added to im-
prove the signal-to-noise ratio up to 1000. The next step wasto
record direct non-coronagraphic images in the same conditions
but with a shorter exposure time to avoid saturation (1 s). All
images were then subtracted with a median dark frame. Results
in terms of coronagraphic rejection normalized profiles aredis-
played in Figs. 5 and 7.

The visible waveplates are optimized for the 500−900 nm
wavelength range but they are also quite good for the
700−1000 nm range. Therefore, we have also tested the com-
ponent with a Schott RG 645 highpass filter with a maximum
transmission of 91%. The cutoff at long wavelengths is ensured
by the CCD low sensitivity around 1.1µm. In Fig. 7, the corre-
sponding coronagraphic rejection profile is also shown.

3.4. Performance

The attenuation on the stellar peak is about 755 for
the 500−900 nm bandpass (see Fig. 5) and 561 for the
700−1000 nm one (see Fig. 7). The total rejection is 294 for
the first bandpass and 256 for the second one. The results we
obtained indicate that the attenuation on the central peak is
mostly limited by the mask residual chromatism rather than the
surface roughness (≈λ0/1000 rms) or the size of the source.
Indeed, before each polychromatic measurements, the optical
bench was calibrated with a monochromatic mask and a laser
diode source, routinely giving a peak attenuation of about 105

(see Riaud et al. 2003). Moreover, the measurements of the to-
tal rejection are in agreement with the theoretical performance

Fig. 5. Experimental and theoretical coronagraphic profiles: the grey
solid curve is the experimental PSF for the 500−900 nm bandpass.
The total exposure time for the PSF is 60 s. The continuous black line
shows the coronagrapic profile obtained with our achromaticwave-
plate mask. The coronagraphic image was obtained adding forty ex-
posures of 30 s each. The dashed line presents the coronagraphic sim-
ulation results taking into account the waveplate phase residuals, the
defocus error, the spectral response of the halogen lamp andthe cam-
era. For comparison, the dotted line presents the simulation results for
a monochromatic mask used in the same conditions. All curvesare
azimuthally averaged (for this reason, the on-axis attenuation seems
to be greater than the measured peak attenuation value of 755).

(see Sect. 2.4). In Fig. 6, we notice, in agreement with the coro-
nagraphic profile of Fig. 5, that the residual level of 10−4 is
quickly reached at 2.5λ/d.

The shape of the polychromatic coronagraphic image
(Fig. 6) is similar to the classical FQPM case except that it is
somewhat blurred compared to the monochromatic one (Riaud
et al. 2003). To understand the blurring effect due to the large
bandwidth (R ≈ 1.75), we simulated a polychromatic PSF pass-
ing through the coronagraph in order to quantify the residuals.
In the Fourier transform calculations, we took into accountthe
size of the pupil for each wavelength as well as the diameter of
the Lyot stop in the relayed pupil. The dashed line in Figs. 5
and 7 presents simulation results taking into account the cu-
mulative effects of the halfwave plates phase residuals, defo-
cus errors induced by the use of simple lenses (no achromats)
and the presence of a small spider on the mask transitions. For
comparison, the dotted line presents the simulation results for
a monochromatic mask used in the same conditions.

Given the spectral response of our Halogen lamp and band-
pass filter, the calculated total rejection of the achromatic coro-
nagraphic device for the bandpass 500−900 nm is 340 and the
expected attenuation on the stellar peak is roughly 450. The
first value (total) is not far from measurements (294) whereas
the second one (peak) is better in practice (755). For compari-
son, the theoretical total rejection for the monochromaticmask
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Fig. 6. Polychromatic coronagraphic residual image (logarithmic
scale) for 500−900 nm bandpass. We use a 77% Lyot stop forspa-
tial filtering. The angular resolution is given forλ0 = 700 nm and for
the entrance pupil (full pupil without diaphragm). The classical FQPM
four-spot pattern is easily recognizable though somewhat blurred.

in the 500−900 nm range is only 35. The discrepancy between
the simulated and measured peak attenuation value could be ex-
plained by complex Fresnel diffraction effects induced by the
spider intended to mask cutting imperfections. Indeed, classical
Fourier propagation is not able to reproduce the four-spot shape
of the actual broadband coronagraphic image (see Fig. 6). Itis
to be noted that the small width of the spider wires (18µm in
diameter corresponds toλ/7d at λ = 500 nm) does not affect
the optical throughput nor the inner working distance.

The ratio between the two values (peak and total) is low
in the polychromatic case (≈1.32) compared to previous ratio
obtained in the narrow band case with a laser diode (≈10, see
Riaud et al. 2003). This observation is directly related to the
polychromatic blurring effect.

For an actual stellar source, the rejection factor could be
more important, depending on the maximum emissivity of the
star. For example with the proposed 500−900 nm achromatiza-
tion, a G2V and a M2V type stars would give better rejection
factors. Indeed the maximum black body emissivity for these
stars coincides with the two points of exactπ phase shift (see
Fig. 3).

It is interesting to compare the results of our achromatic
FQPM to the polarization interferometric coronagraph pro-
posed by Baba et al. (2002). The peak attenuation is 6.5 bet-
ter in our case but this value has to be balanced because
of our slightly smaller bandpass (500−900 nm compared to
370−830 nm). It must also be noted that the throughput of the
experiment presented in Baba et al. (2002) is limited by the two
polarizers to only<25%.

Fig. 7. Experimental and theoretical coronagraphic profiles: the grey
solid curve is the experimental PSF for the 700−1000 nm bandpass.
The total exposure time for the PSF is 60 s. The continuous black line
shows the coronagrapic profile obtained with our achromaticwave-
plate mask. The coronagraphic image was obtained adding forty ex-
posures of 30 s each. The dashed line presents the coronagraphic sim-
ulation results taking into account the waveplate phase residuals, the
defocus error, the spectral response of both the halogen lamp and the
camera. For comparison, the dotted line presents the simulation results
for a monochromatic mask used in the same conditions. All curves are
azimuthally averaged (for this reason, the on-axis attenuation seems
to be greater than the measured peak attenuation value of 561).

4. Perspectives

4.1. Near infrared

In the framework of the second generation instrumentation for
the VLT (VLT-Planet Finder project) and following the results
presented hereabove, we have proceeded with the manufactur-
ing of near infrared components, using the same birefringent
combination. Indeed, the Quartz transparency is well suited for
wavelength ranges up to 2.6µm and MgF2 is transparent up to
8.5µm. In Table 1, we present three different optimizations in
the range 700−2500 nm. The first one which covers the whole
spectral range was assembled and will be tested soon. The large
spectral range is achieved at the cost of a lower rejection factor.
However, this component is well adapted to an instrument like
NACO for which Strehl ratios of 50% are routinely obtained.

The situation is quite different for VLT-PF, an instrument
specifically optimized to image and characterize EGPs. For
that, VLT-PF will include several coronagraphs each dedicated
to a specific set of filters. The principle of detection relieson the
Simultaneous Differential Imaging (SDI) method which con-
sists in subtracting images taken simultaneously at different
wavelengths (Marois et al. 2005). Such an instrument is al-
ready included in NACO although without coronagraphic ca-
pabilities (Hartung et al. 2004). This method provides self
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Table 1.Halfwave plate achromatization for various wavelength ranges from theV band up to theN band. The table summarizes the optimized
thicknesses for the chosen doublet materials. The last linegives the total rejection factor.

Filters 500–900 nm (R = 1.75) 700–2500 nm (R = 0.9) H (R = 4.7) K (R = 5.5) N (R = 4.8)
Couple (a/b) Quartz/MgF2 CdS/CdSe

da (µm) 841.1 1488.7 1332.2 1219 1798.1
db (µm) 674.7 1168 1057.9 977.1 1618.8

τ (total rejection) 340 260 7900 1.47× 105 2.16× 105

reference subtraction while minimizing speckle residuals. It is
expected to significantly improve the direct detection of EGPs
and brown dwarfs. Basically, two or more wavelengths areob-
served simultaneously like for instance in theH band: 1.575,
1.600 and 1.625µm. The 1.625µm line corresponds to the
methane feature which, if present, shall be revealed by sub-
traction (stars have no methane signature contrary to low mass
objects). In theK band, the same method could also determine
EGPCO2/CH4 proportions, which would constrain models of
their atmospheres (Burrows et al. 2004; Chabrier et al. 2004;
Sudarsky et al. 2003). However, the SDI method requires very
low phase errors for proper subtraction of the adjacent wave-
length narrow band images. For that reasons, we have searched
for optimal solutions in theH andK bands and the results are
presented in Table 1. Larger rejection rates are clearly feasible
when the spectral range is narrower since the chromatic phase
residual is also reduced.

4.2. Towards the thermal infrared

Earth-like planet detection is optimal at the planet’s maximum
emissivity, i.e. in the thermal infrared, around 12µm. One of
the most relevant biosignature is the strong Ozone spectralfea-
ture (DesMarais et al. 2003), around 9.65µm. For this reason,
theN band appears to be a well-suited choice.

Infrared nulling interferometry (Bracewell 1978), consid-
ered for space-based missions like DARWIN/TPF (Léger et al.
1996) or ground-based experiments like Keck-I (Serabyn et al.
2004), is an interesting technique to achieve both high angular
resolution and high contrast detection/characterization of exo-
planets. This technique consists in adjusting the phases ofthe
beams coming from various telescopes (two in the most simple
configuration) to produce a pupil plane destructive interference
on the optical axis. The phase shift (π, for instance) may be
provided in broad bands thanks to achromatic HWP.

An alternative to nulling interferometry is to recombine co-
herently all the telescopes in a single image plane. The HWP
achromatic FQPM should then be regarded as an interesting so-
lution if implemented at the Fizeau or densified focus of such
an interferometer (Riaud et al. 2002). This approach would
necessitate a minimum of three telescopes to be efficient (the
main limitation of this method would be the cross-talk between
sub-pupils). Preliminary numerical simulations show starlight
attenuations of more than 106 for a dilution factor (ratio of the
interferometer baseline to the sub-pupil diameter) greater than
15 (Riaud et al. in preparation).

However, in the mid-infrared domain, the lack of bire-
fringent materials would be the major problem for both

approaches. Moreover, the few ones that can be found
have large refractive indices, thereby inducing more losses
due to spurious Fresnel reflections. Nonetheless, the couple
CdS/CdSe is a good candidate to perform achromatization op-
timizations in the thermal infrared. The phase shift residuals
for this doublet with optimized thicknesses give a total rejec-
tion τ = 2.1× 105 for a theoretical spectral resolutionR = 2.75
in the N band (9−13µm, see Table 1). If a third material was
incorporated, the equivalent total rejection could reach 106. As
said before, there are not many candidates, but a solution with
AgGaSe2, for instance, is feasible.

4.3. Artificially birefringent waveplates

Another solution to achromatize the phase shift of the FQPM
relies in the subwavelength grating technology. The periodof
subwavelength gratings is smaller than the wavelength of the
incident light. They do not diffract light as classical spectro-
scopic gratings in the sense that only the zeroth transmitted
and reflected orders are allowed to propagate outside the grat-
ing region, leaving incident wavefronts free from any further
aberrations. For this reason, they are often called Zeroth Order
Gratings (ZOGs). ZOGs present very specific properties: 1-D
modulated ZOGs artificially create unique anisotropic and dis-
persive characteristics which can be used to synthesize achro-
matic waveplates from isotropic materials. This phenomenon is
referred to as form birefringence. Two extensive studies onthe
implementation and optimization of such structures in coron-
agraphy were recently presented (Mawet et al. 2005a; Mawet
et al. 2005b). Results of these studies are very promising with
total rejections larger than 105 for usual astrophysical bandfil-
ters. The ZOG technology does not require any delicate assem-
bly since the four gratings are engraved on a unique substrate.
This solution is monolithic and therefore much more thermally
stable. Furthermore, this technology is sufficiently flexible to
accommodate a great variety of dielectric materials and is very
well adapted to mid-infrared wavelength ranges.

5. Conclusions

We have demonstrated the feasibility of the FQPM corona-
graph achromatization by means of birefringent elements. The
halfwave plates technique was proved more convenient both
to manufacture and to implement than the dispersive achrom-
atization such as the dispersive plate concept (Mieremet etal.
2000). This conclusion comes directly from the fact that the
fundamental constraint on the thickness control is relaxedby
a factor comparable to the ratio between material indices and
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birefringences (often<10−2) leading to a control at the
≈100 nm level versus 1 nm with the dispersive plate scheme.

In our experiment, we selected theQuartz-MgF2 doublet
for application up to the near infrared domain on ground-based
telescopes (until 2.6µm). Results in white light are promising:
we obtained a residual level of 10−4 at 2.5λ/d. The chromatic
residue is sufficiently small to allow the use of this plate stack
on a very large spectral range from theR band to theK band
for moderate Strehl ratios. We also propose this type of achro-
matic mask optimized for the ESO’s VLT-Planet Finder project.
Theoretical results are well within its specifications and the ex-
perimentation in the visible has confirmed the feasibility and
the interest of the technique.

We also expect to manufacture a monolithic component
made of artificially birefringent waveplates using the moreflex-
ible ZOG technology. This would open further possibilitiesin
high contrast imaging for ground/space-based facilities like the
VLT-PF and TPF/DARWIN projects.
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74 Chapter 3. Theory and manufacturing of ZOGs3.1 Di�raction by a grating3.1.1 Scalar di�raction theoryFor a large variety of di�ractive elements such as classical gratings, it is possible to consider thewave�eld as scalar. The hypothesis is to only consider one transverse component of the electric ormagnetic �eld. The mathematical treatment starts with the time-independent Helmholtz equationderived from the Maxwell's equations
(∇2 + n2k2)U(x, y, z) = 0 (3.1)In order to describe wave propagation, the scalar �eld U(x, y, z) is decomposed into plane wavesby means of a Fourier transformation

U(x, y, z) =

∫ ∫

Ũ(νx, νy, νz)e
2πi(νxx+νyy+νzz)dνxdνydνz (3.2)

νx, νy and νz are called spatial frequencies and denote the propagation directions of the componentsof the wave�eld. Inserting Eq. 3.2 into Eq. 3.1, we derive the di�erential equation
∂2Ũ(νx, νy, νz)

∂z2
+ k2

[

1 − λ2(ν2
x + ν2

y)
]

Ũ(νx, νy, νz) = 0 (3.3)By solving this equation, we obtain the general equation for light propagation in a homogeneousmedium
U(x, y, z) =

∫ ∫ ∫ ∫

U(x0, y0, z0)e
2πi[νx(x−x0)+νy(y−y0)+

z−z0
λ

√
1−λ2(ν2

x+ν2
y)]dνxdνydx0dy0 (3.4)This equation describes the complex amplitude propagation from an object plane z0 to a plane

z. In the paraxial approximation, i.e., for small angles θ to the optical axis, this equation can bewritten as
U(x, y, z) ∝ i

λ

∫ ∫

U(x0, y0, z0)
eikr

r
cos θdx0dy0 (3.5)Equation 3.5 is known as Kirchho�'s di�raction integral. It mathematically describes Huygensprinciple, which states that the wave�eld at a location z behind a di�raction screen is describedby a superposition of spherical waves eikr

r
originating at the occulting screen.3.1.2 Fresnel and Fraunhofer di�ractionKirchho�'s di�raction integral can be approximated to describe the two most important regimesin scalar di�raction theory. In order to describe near-�eld di�raction or �Fresnel di�raction�, weapproximate the distance r between object and observation plane by a quadratic Taylor expansion

r = (z − z0)

[

1 +

(

x− x0

z − z0

)2

+

(

y − y0

z − z0

)2
]1/2 (3.6)

≈ (z − z0)

[

1 +
1

2

(

x− x0

z − z0

)2

+
1

2

(

y − y0

z − z0

)2
] (3.7)



3.1. Diffraction by a grating 75In this case, corresponding to a paraboloidal approximation of spherical waves, the di�ractionintegral is approximated by a Fresnel transform
U(x, y, z) ≈ i

λ

eik(z−z0)

z − z0

∫ ∫

U(x0, y0, z0)e
iπ

λ(z−z0) [(x−x0)2+(y−y0)2]dx0dy0 (3.8)If we approximate Kirchho�'s integral for even larger distances (z − z0) we reach the regime of�far-�eld� of �Fraunhofer� di�raction. This approximation of spherical waves by plane waves isvalid if z − z0 � 1
2
k(x2

0 + y2
0). In this case, the di�raction integral can be written as

U(x, y, z) ∝ i

λ

eik(z−z0)

z − z0

e
iπ

λ(z−z0)
(x2+y2)

∫ ∫

U(x0, y0, z0)e
−2πi

xx0+yy0
λ(z−z0) dx0dy0 (3.9)This equation simply resumes to a Fourier transform of the input amplitude distribution U(x0, y0, z0).For this reason, the Fraunhofer approximation is widely used for the di�raction analysis of mostof classical optical applications.3.1.3 Grating equationAlthough di�raction 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 ofdi�raction gratings, elements that periodically modulate the incident wavefront. Their particularsigni�cance lies in the characteristics of the di�racted �eld: an ideal grating generates a set ofwaves called di�raction orders that propagate into discrete directions. The grating equation thatgives the di�raction angles θm for the di�erent di�raction orders m, naturally derives from thescalar di�raction theory applied to a grating of N slits but can also be easily retrieved by simplegeometrical considerations. It can be written as

nI,III sin θm ± nI sin θ0 =
mλ

Λ
(3.10)where θ0 is the incidence angle of the plane wave of wavelength λ impinging upon the gratingof spatial period Λ. nI and nIII are the refractive indices of the incident (superstrate) andtransmitting (substrate) media, respectively (see Fig. 3.1). By convention, the plus sign with theindex nI corresponds to the re�ection and the minus sign with the index nIII to the transmission.
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Figure 3.1: Illustration of the grating equation for the �rst order of di�raction in re�ection andin transmission. The fundamental polarization modes TE and TM are shown together with thegrating vector K which is perpendicular to the grating lines and whose modulus |K| = 2π/Λ.



76 Chapter 3. Theory and manufacturing of ZOGsThe amplitudes of the di�raction orders are then determined by the physical structure of theperiodic modulation. In 90% of the practical cases, a simple Fourier transform is su�cient to givereliable results provided that the Fraunhofer di�raction hypothesis are met. The use of di�ractiongratings in spectroscopic applications is motivated by their wavelength selectivity and by theircapability to decompose the incident light into a spectrum.3.2 The vectorial nature of lightSince the development of electromagnetic theory, it has been known that any form of light canbe represented by two orthogonal linearly polarized waves, re�ecting the boson nature of elec-tromagnetic interactions. These two mutually independent fundamental polarization modes arecommonly named TE, or �transverse electric`� polarization where the E vector is perpendicularto the plane of incidence12 and TM , or �transverse magnetic� polarization whereas the same con-dition holds for the H vector (see Fig. 3.1). Once the transverse �eld component is known, theother �eld vector that lies in the plane of incidence is obtained from Maxwell's equations.3.2.1 Wood anomaliesWood (1902) discovered abrupt variations of the di�raction e�ciency with wavelength for a gratingilluminated by a continuous-spectrum light source, which could not be explained using scalardi�raction theories. This e�ect, the so-called Wood (or Rayleigh-Wood) anomaly (Rayleigh 1907),originates from the vanishing or appearance of a higher di�raction order propagating at the grazingangle, i.e., along the surface of the grating. Another type of anomaly are the so-called resonanceanomalies, such as the plasmon anomalies of metallic gratings and the anomalies of dielectriccoated gratings like guided-mode resonances, which are due to the excitation of leaky waves orsurface waves (Nevière 1980; Lenaerts 2005). Common to these anomalous e�ects is that they arehighly polarization dependent, and the full vectorial electromagnetic di�raction theory has to beapplied to predict their qualitative and quantitative form (Andrewartha et al. 1979).To explain the newly-observed resonance phenomena, Lord Rayleigh made the �rst attempt tosolve the electromagnetic problem of gratings in 1907 (Rayleigh 1907). He suggested that the �eldmay be expressed as simple expansion series both inside and outside the modulated region of thegrating. The Rayleigh expansion is still used to describe the propagation of the electromagnetic�eld outside the grating, but the latter assumption was found numerically unsatisfactory in certaincases after over half a century.In addition to the question of anomalies, the demand for electromagnetic analysis arose withthe advance of the fabrication technologies to smaller and smaller groove spacings with respectto the wavelength. Scalar theories fail for such gratings that are operating in and below what iscalled the resonance domain. Vectorial nature of light must de�nitely be taken into account.3.2.2 Vectorial theories of di�ractionIn the vectorial theories of di�raction, the vector characteristics of the electromagnetic �eld areconsidered via the boundary conditions resulting from Maxwell's equations. They describe thecoupling between the individual components of the electromagnetic wave�eld. These theories are,12The plane of incidence is de�ned by the wave vector and the surface normal. In case of normal incidence, it isde�ned by the wave vector and the grating vector K (see Fig. 3.1).



3.2. The vectorial nature of light 77for this reason, often quite abusively quali�ed as �rigorous�. They are rigorous only in the sensethat they arrive at the solution without simplifying assumptions and without iterative techniques.But, in general, the accuracy of the solution still depends on the �delity of the physical problemdescription. A large number of rigorous vectorial theories have been presented since the 1960's,the majority of which can be classi�ed as integral or di�erential (Petit 1980; Maystre 1984).Integral methods di�er signi�cantly from the di�erential methods that are based on the solutionof di�erential equations. In the method developed by Maystre (1984), the �eld is represented asan integral of an unknown function φ(x) over a given boundary that separates two half spaces.In the case of a perfectly conducting grating, φ(x) corresponds to the surface current density,but it has no direct physical signi�cance for dielectric or partially-conducting gratings. The �eldoutside the surface-relief grating is obtained by solving φ(x) from the integral equations derivedfrom the Helmholtz equation and the boundary conditions. The method can be generalized togratings containing several layers of di�erent materials. Integral methods are in general rathercomplicated theoretically and numerically, but they are very stable and perform well even fordeep metallic gratings. One advantage of integral methods is that continuous boundaries canbe handled accurately, whereas in the di�erential methods the boundaries must be discretizedinto slabs, thereby being approximated by staircase-like structures. On the other hand, integralmethods are not suitable for graded-index gratings such as sinusoidal holographic volume gratings.Their applicability to discontinuous pro�les such as binary gratings is questionable as well; thepro�le may be approximated by its truncated Fourier-series representation, but the convergenceis not always satisfactory due to Gibbs phenomenon.3.2.3 Rigorous Coupled-Wave AnalysisIn this section, we present a stable and e�cient three-dimensional RCWA algorithm for the dif-fraction of multi-layer stacks with two-dimensional gratings and homogeneous layers. The RCWAis part of the family of the di�erential methods, it is also called the Fourier modal method (FMM),because it is based on a decomposition of the �eld in a Fourier basis. The accuracy of the solutiondepends solely on the number of terms in the �eld space-harmonic expansion, with conservation ofenergy always being satis�ed. The basic formulation of the algorithm (Moharam & Gaylord 1981)is to express the electromagnetic �elds in the regions bounding the grating structure (the incidentand transmitting regions) as solutions to Maxwell's equations and to express the �elds withinthe grating region as space-harmonic expansions which are also solutions to Maxwell's equations.The tangential �eld components are then matched at each layer boundary within the structure toensure continuity.The RCWA algorithm was �rst exposed by Moharam & Gaylord (1981) for the investigationof 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), formetallic gratings (Moharam & Gaylord 1986), and later on to two-dimensional gratings (Moharam1988). However, despite its versatility and simplicity, the coupled-wave method was used withcaution because of very slow convergence in TM polarization (see Peng & Morris (1995) forinstance). This numerical issue, also a�ecting the di�erential theory, was identi�ed 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 reformulationsa �rm mathematical foundation while Popov & Nevière (2000) applied it to the di�erential theory.The new formulation converges faster because it uniformly satis�es the boundary conditions in thegrating region, whereas the old formulations do so only nonuniformly. In other words, it uniformly
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Figure 3.2: Three-dimensional geometry of the di�raction problem by a two-dimensional grating.preserves the continuity of the electromagnetic �eld quantities that should be continuous acrosspermittivity discontinuities.Arbitrary-pro�le gratings must nevertheless still be discretized into layers of homogeneous per-mittivity modulation where the electromagnetic �eld is determined and then matched in sequenceat 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, theanalysis methods of discretized gratings face a common di�culty associated with the exponentialfunctions of the spatial variable in the direction of wave propagation, i.e., perpendicular to thegrating 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. Themost important criterion for achieving unconditional numerical stability with these algorithms isto avoid the exponentially-growing functions in every step of the matrix recursion. From the pointof view of numerical e�ciency, the S-matrix algorithm is generally preferred even if exceptionalcases are noted.We will now expose the three-dimensional RCWA algorithm for two-dimensional gratings in itslatest version implementing the latest numerical patches presented here above. Let us consider thegeometry 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, thestructure can be a stack of any number of grating layers embedded with homogeneous ones in anyarbitrary order. To apply RCWA to the stack, all grating layers must have the same periodicity
Λx along the X direction, and the same periodicity Λy along the Y direction. fx and fy are theso-called ��lling factor� along the X and Y directions, respectively. They are de�ned as the ratioof the width of the grating ridges over the grating period. The thickness of the lth layer is hl, with
l the layer index. The number of layers in the stack is L and the total thickness of the stack is
HL =

∑L
l=1 hl (see Fig. 3.3).The whole stack can be divided into three regions: the incident region (Region I), the stackregion (Region II) and the exit region (Region III). Region I and III correspond to the superstrateand substrate and are isotropic dielectric media characterized by optical refractive indices nIand nIII , respectively. Instead of refractive indices, we shall use the permittivities εI = n2

I and
εIII = n2

III . The permittivity distribution in each grating layer of the intermediate region II is



3.2. The vectorial nature of light 79periodically modulated in the X and Y direction (periods Λx and Λy). Since the RCWA (or theFMM) requires the expansion of the �eld and permittivity in Fourier series, let us expand thepermittivity and its inverse in Fourier series of the spatial harmonics as follows
εl(x, y) =

∑

g,h

εl,ghe

�
j 2πgx

Λx
+j 2πhy

Λy

� (3.11)
ε−1
l (x, y) =

∑

g,h

Al,ghe

�
j 2πgx

Λx
+j 2πhy

Λy

� (3.12)in which εl,gh and Al,gh are the Fourier coe�cients for the lth layer. They are therefore easilycalculated by a two-dimensional Fourier transform.A unit-amplitude monochromatic plane wave with vacuum wavelength λ0 is assumed to im-pinge from region I with arbitrary linear polarization. Suppressing the time dependence ejωt, itselectric �eld is given by
Einc(x, y, z) = ue−jk·r (3.13)The wave vector in the incident region k is given by

k = k0nI

(

sin θ cosφx+ sin θ sinφy + cos θz
) (3.14)in which k0 = 2π

λ
. The unit polarization vector u of the incident wave is given in terms of theangles θ, φ, ψ

u = uxx+ uyy + uzz (3.15)
= (cosψ cos θ cosφ− sinψ sinφ)x (3.16)

+ (cosψ cos θ sinφ+ sinψ cosφ) y (3.17)
− (cosψ sin θ) z (3.18)in which θ is the polar angle, and φ the azimuth angle. The angle between the electric-�eld vectorand the incident plane is ψ.Field expressions in Regions I and IIIIn the regions I and III with constant refractive index, wave propagation is described by theHelmholtz equation 3.1. The simplest general solutions are plane waves, of which only a discreteset is allowed for a grating. The di�racted �elds in regions I and III may be expressed in the formof the so-called Rayleigh expansions (Rayleigh 1907; Maystre 1984)

EI = Einc +
∞
∑

m=−∞

∞
∑

n=−∞

Rmne
−j(kxmx+kyny−kIz,mnz) (3.19)

EIII =
∞
∑

m=−∞

∞
∑

n=−∞

Tmne
−j(kxmx+kyny−kIIIz,mn(z−ZL)) (3.20)in which Rmn and Tmn are the complex amplitudes of the electric �elds of mn-th re�ected andtransmitted orders, respectively. The wave vector components kxm and kyn arise from phasematching and the Floquet conditions13 and are given by

kxm = k0

(

nI sin θ cosφ−m
λ0

Λx

) (3.21)13For the mathematical demonstration of the Floquet theorem and the subsequent Rayleigh expansion, see forinstance Moreau (2002).



80 Chapter 3. Theory and manufacturing of ZOGs
kyn = k0

(

nI sin θ cosφ− n
λ0

Λy

) (3.22)and
klz,mn =
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]1/2 (3.23)with l =I, III. Di�raction orders with real-valued klz,mn correspond to plane waves propagating inthe regions I and III, respectively, or homogeneous waves.Field expressions in Region IIIn the grating region, the �elds may be expressed as a Fourier expansions in terms of the spatialharmonics

El =
∞
∑

m=−∞

∞
∑

n=−∞

Sl,mn(z)e−j(kxmx+kyny) (3.24)
H l = −j

√

ε0
µ0

∞
∑

m=−∞

∞
∑

n=−∞

U l,mn(z)e−j(kxmx+kyny) (3.25)in which ε0 and µ0 are the permittivity and permeability of free space, respectively. Sl,mn and U l,mnare the amplitudes of the spatial harmonics of the �elds such that El and H l satisfy Maxwell'sequations in the lth grating layer
∇× El = −jωµH l (3.26)

∇×H l = −jωεl(x, y)ε0El (3.27)Let us emphasize that the name �rigorous coupled-wave analysis� stems from the interpretationof Sl,mn and U l,mn as amplitude functions of waves that are mutually coupled so that only thecomplete set rather than any single wave ful�lls Maxwell's equations. Substituting Eqs. 3.24 and3.25 into Eqs. 3.26 and 3.27 and eliminating the z components of the �elds, an in�nite set of�rst-order di�erential equations can be derived
∂Sl,ymn(z)

∂z′
= Ul,xmn(z) +

kyn

k2
0

∞
∑

p=−∞

∞
∑

q=−∞

Al,m−p,n−q(−kyqUl,xpq + kxpUl,ypq)

∂Sl,xmn(z)

∂z′
= −Ul,ymn(z) +
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k2
0

∞
∑

p=−∞

∞
∑

q=−∞

Al,m−p,n−q(−kyqUl,xpq + kxpUl,ypq)

∂Ul,ymn(z)

∂z′
=

∞
∑

p=−∞

∞
∑

q=−∞

εl,m−p,n−qSl,xpq +
kyn

k2
0

(kxmSl,ymn + kypSl,xmn)

∂Ul,xmn(z)

∂z′
=

∞
∑

p=−∞

∞
∑

q=−∞

εl,m−p,n−qSl,ypq +
kxm

k2
0

(kxmSl,ymn + kypSl,xmn) (3.28)in which z′ = k0z, p = m−g, and q = n−h. The indices m and n run over the di�erent di�ractionorders, while g and h run over the Fourier harmonics of the permittivity and its inverse. In order



3.2. The vectorial nature of light 81to numerically solve this set of coupled di�erential equations, the set is truncated to �nite sizeand expressed in matrix form
∂

∂z′









Sl,y
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Ul,y
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=









0 0 Pl,11 Pl,12

0 0 Pl,21 Pl,22

Ql,11 Ql,12 0 0

Ql,21 Ql,22 0 0
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Ul,x









(3.29)with
Pl =

[

Pl,11 Pl,12

Pl,21 Pl,22

]

=

[

kyε
−1
l kx I − kyε

−1
l ky

kxε
−1
l kx − I −kxε

−1
l ky

] (3.30)and
Ql =

[

Ql,11 Ql,12

Ql,21 Ql,22

]

=

[

kxky αA−1
l + (1 − α)εl − k2

y

k2
x − αεl − (1 − α)A−1

l −kxky

] (3.31)To improve the computational e�ciency, Eq. 3.29 can be further reduced to two second-orderequations, shown in matrix form as
[

∂2Sl,y

∂z′2

∂2Sl,x

∂z′2

]

= Ω

[
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] (3.32)with
Ω =

[

k2
x + D
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l

]

ky

(

ε−1
l kx

[

αA−1
l + (1 − α)εl

]

− kx

)

kx

(

ε−1
l ky

[

αεl + (1 − α)A−1
l

]

− ky

)

k2
y + B

[

αA−1
l + (1 − α)εl

]

] (3.33)in which B = kxε
−1
l kx − I and D = kyε

−1
l ky − I. εl and Al are the permittivity and inversepermittivity matrices which consist of the harmonic coe�cients εl,gh and Al,gh de�ned in Eqs. 3.11and 3.12. The diagonal matrices kx and ky are formed by the elements kxm/k0 and kyn/k0. If Mand N are the numbers of spatial harmonics retained along the X and Y directions, then I is theidentity matrix of dimension MN.The improved eigenvalue formulation proposed by Lalanne (1997b) is here adopted. The realpositive α parameter depends on the grating geometry and ranges in the interval [0, 1]. Forexample, in the case of symmetric gratings, i.e., with fx = fy, α has to be optimally at 0.5. Inthe asymptotic case of fy = 1, i.e., when the two-dimensional grating becomes a one-dimensionalgrating with a periodicity along the X direction, α has to be unitary, leading to the case depictedin Lalanne & Morris (1996).The coupled-wave equations 3.32 are then solved by �nding the eigenvalues and eigenvectorsof Ω, which is a matrix of rank 2MN. Compared to the eigenvalue problem of Eq. 3.28, which isof rank 4MN, the computational e�ciency is improved by a factor 8. The spatial harmonics ofthe tangential electric �eld in the grating layers may be written as

Sl,ymn(z) =
2MN
∑

i=1

wl1,mn

[

dl,ie
−k0σl,i(z−Hl−1) + ul,ie

k0σl,i(z−Hl)
] (3.34)

Sl,xmn(z) =
2MN
∑

i=1

wl2,mn

[

dl,ie
−k0σl,i(z−Hl−1) + ul,ie

k0σl,i(z−Hl)
] (3.35)in which the w's are elements of Wl, the eigenvector matrix, and the σ's are elements of Σ, whichis the diagonal matrix of the positive square roots of the eigenvalues of Ωl. u(l) and d(l) are column
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Figure 3.3: Staircase approximation of arbitrary-pro�le gratings.vectors whose elements are the complex amplitudes of the modes propagating upward (in the -Zdirection) and downward (in the Z direction), respectively. Their 4MN unknown coe�cients willbe determined from matching the boundary conditions at the appropriate interfaces. Hl representsthe cumulative depth of the structure to the lth layer and is given by Hl =
∑l

l′=1 hl′ , in which
hl′ is the thickness of the lth layer. Substituting Eqs. 3.34 and 3.35 into Eq. 3.28 to deduce themagnetic �elds in the grating layers, we can write in matrix form
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d(l)

u(l)

] (3.36)whereXl,1 andXl,2 are 2MNx2MN diagonal matrices with diagonal elements equal to e−k0σl,i(z−Hl−1)and ek0σl,i(z−Hl), respectively, and in which
Vl,1 = (Ql,11Wl,1 + Ql,12Wl,2)Σ

−1
l (3.37)

Vl,2 = (Ql,21Wl,1 + Ql,22Wl,2)Σ
−1
l (3.38)Once the eigenmodes and their propagating constants are known in every layer, we use the S-matrixalgorithm to compute the up-wave u(l) and down-wave d(l) amplitude vectors (see Fig. 3.3). Wede�ne the S-matrix S(l) that links the waves in the section l + 1 and those of medium 0 in thisway
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= S(l)

[

u(0)

d(l+1)

] (3.39)with
S(l) =
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T
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uu R

(l)
ud

R
(l)
du T

(l)
dd

] (3.40)The transmission and re�ection submatrices in Eq. 3.40 are computed in a recursive way. If, asusual, no light is impinging on the grating from the output region, i.e., u(0) = 0, only R
(l)
ud and T

(l)
ddare required for computing the re�ected and transmitted waves, u(L+1) and d(0). The recursionformulae are
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3.3. Subwavelength gratings 83The matrices denoted by lowercase letters are the re�ection and transmission submatrices thatrelate the waves in the two adjacent layers l and l + 1. They are given by
t(l)
uu = 2

[

W(l)−1W(l+1) + V(l)−1V(l+1)
]−1

X(l)

r
(l)
ud =

[

W(l)−1W(l+1) + V(l)−1V(l+1)
]−1 [

W(l)−1W(l+1) − V(l)−1V(l+1)
]

r
(l)
du = X(l)

[

V(l+1)−1V(l) + W(l+1)−1W(l)
]−1 [

V(l+1)−1V(l) − W(l+1)−1W(l)
]

X(l)

t
(l)
dd = 2X(l)

[

V(l+1)−1V(l) + W(l+1)−1W(l)
]−1in which W(l) = [Wl,1;Wl,2], V(l) = [Vl,1;Vl,2] and X(l) = [Xl,1]. The recursion is initialized bysetting S(−1) equal to the identity matrix. Matrices S(l) are computed recursively until matrix

S(L) is obtained. The amplitudes of the modes propagating backward in the input region I, u(L+1)and forward in the output region III, d(0), are obtained from Eq. 3.39, where u(0) = 0 and d(L+1)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, Xl,2 = ek0σl,i(z−Hl)that could lead to truncation-error propagation, is absent from the S-matrix algorithm. If we de-�ne the di�raction e�ciency in re�ection (resp. transmission) DER,mn (resp. DET,mn) by theamount of light that is back-re�ected (resp. transmitted) into the di�raction order mn, DER,mn(resp. DET,mn) is simply equal to the z component of the time-averaged Poynting vector and isrelated to the electric �eld components by the following relations:
DER,mn = Re

(

kIz,mn

kI cos θ

)

|Rmn|2 (3.43)
DET,mn = Re

(

kIIIz,mn

kIII cos θ

)

|Tmn|2 (3.44)Thanks to numerous improvements, RCWA can be now considered as a well-established nu-merical technique for the study of grating-di�raction problems. It can e�ciently solve almost allgrating-stack con�gurations and has even recently been extended to waveguide and integratedoptics computational problems (Lalanne & Silberstein 2000; Silberstein et al. 2001; Cao et al.2002).3.3 Subwavelength gratings3.3.1 De�nitionSubwavelength gratings are gratings which spatial period is smaller than the wavelength of theincident light. They do not di�ract light in the sense that only the zeroth transmitted and re�ectedorders 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 adi�raction order propagates or not is determined by the grating equation 3.10 from which a �ZOGcondition� on the grating period-to-wavelength ratio can be derived
Λ

λ
≤ 1

nI sin θ + max (nI , nIII)
(3.45)
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Figure 3.4: Homogenization of subwavelength gratings. Subwavelength gratings are consideredas homogeneous media with e�ective properties that can be determined with more or less precisionsaccording to the complexity of the chosen theoretical approach.The zeroth order is still in�uenced by structure of the period and subwavelength gratings presentvery speci�c properties like, for example, unique anisotropic and dispersive characteristics whichcan be wisely used for numerous applications. One can really speak of refractive index engineeringsince the optical e�ective properties of the structures can be controlled by their geometry.3.3.2 E�ective medium theoriesThe foundations of the e�ective medium approximations to zero-order gratings rely on the factthat upon transmission through a subwavelength grating, the zeroth order experiences e�ectiverefractive 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). Tocalculate these so-called e�ective refractive indices neff , scalar theories of di�raction are ine�ective(see, e.g. Glytsis 2002). The vectorial nature of light must of course be taken into account. Beforeusing a tool as complex as RCWA, several simpler approaches are possible depending on the gratingperiod-to-wavelength ratio and the precision required. In fact, the objective of homogenization isto provide a simpli�ed model of composite materials whose rigorous analysis is computationallydi�cult and sometimes even impossible. It is also often a practical way to qualitatively describethe complex behaviors of subwavelength gratings.For a binary 1D surface-relief grating in the quasi-static limit, i.e., when the ratio Λ
λ
<< 1, asimple averaging treatment leads to the two following e�ective indices for the TE and TM statesof polarization (Born & Wolf 1999b)

nTE
eff,0 = (Fn2

a + (1 − F )n2
b)

1/2 (3.46)
nTM

eff,0 =

(

n2
an

2
b

Fn2
b + (1 − F )n2

a

)1/2 (3.47)where na and nb are the structure's real indices, and where F is the 1D �lling factor. This straight-forward approach that only considers the propagation of the zeroth order inside the modulatedregion neglecting higher-order modes is called the zeroth-order e�ective medium theory (EMT0).But when the ratio Λ
λ
is no longer negligible, the latter closed-form expressions for the e�ectiverefractive indices are no longer correct. In such a case, higher-order e�ective medium theories



3.4. Manufacturing techniques 85like the second-order e�ective medium theory (EMT2) which is deduced from the electromagneticpropagation in strati�ed media theory, allows to derive the following expressions for the e�ectiveindices (Rytov 1956; Yariv & Yhe 1984; Brundrett et al. 1994)
nTE
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[
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(
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[
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eff,0)

6(nTE
eff,0)

2

]1/2 (3.49)In addition to the dependence on the wavelength, we also notice the dependence of the e�ectiveindices versus other parameters available in a possible design procedure: the grating period Λ, the�lling factor F and the grating real indices na and nb. It is important to note that in some cases,the grating e�ective properties are not intrinsic to the periodic structure but are rather related tothe whole di�raction problem (Lalanne & Lemercier-Lalanne 1997).Homogenization theories have extensively been studied in the 1990's. They have been appliedto 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 e�ciencies,these approximate and sometimes unfortunately misleading approaches are abandoned in favor ofmore complex and accurate theories, like RCWA.3.4 Manufacturing techniquesSubwavelength 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 ofplanar substrates (Herzig 1997; Sinzinger & Jahns 2003). Two types of lithographic fabricationprocedures 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 isachieved in a so-called direct-writing process. To this end, a laser or electron beam is scannedover the substrate, while the beam intensity and exposure time of the beam are modulated. Afterthe exposure of the photoresist layer, a development step converts the exposed photoresist into asurface pro�le. In a further processing step, the surface pro�le of the photoresist pattern can betransferred into the substrate.3.4.1 Lithography of resistsMask lithographyWidely used in micro-electronics or for high-volume fabrication of micro-chips, this techniqueforms the contrasted image through a mask previously manufactured according to the patternto be projected onto a photosensitive material (Fig. 3.5). Di�erent variants exist such as thecontact and non-contact copy. This technique is especially useful for large-batch process andwhen alignment between di�erent 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 maskrelative to the substrate and the illumination con�guration, we can distinguish three types ofmask lithography techniques: 1- contact printing where the mask is brought in contact with theresist, 2- proximity printing where a gap is maintained between the mask and the substrate, and3- projection printing where the mask pattern is imaged onto the wafer optically. In this case verysophisticated optical (reduction) systems are necessary.Scanning lithographyDirect Writing Laser (DWL). This is the most �exible technique based on a UV or bluelaser beam scanned over the surface to be patterned (Fig. 3.6). Any kind of binary or multilevelpattern can be recorded thanks to the combination of a laser focussing system with an accuratemoving table underneath. DWL process therefore uses the laser beam as a controlled writing toolfor generating patterns onto a photosensitive layer (photoresist). A chemical processing of theexposed material is necessary in order to transform the previously contrasted illuminating patterninto a relief structure after the exposure step.
Electron/focused ion-beam lithography. In electron-beam (e-beam) lithography, a patternon 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 subsequentchemical process more e�cient onto exposed parts. Nanometric resolutions are achievable ontorather small substrates. Moreover, the substrate has to be prepared with an underneath conduc-tive layer in order to avoid any charging e�ect. In focused ion-beam (FIB) writing, a focused ionbeam instead of electron beam is used for patterning the surface at nanometric scale.
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Figure 3.6: Principle of Scanning lithography.
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Figure 3.7: Principle of holographic lithography.Holographic lithographyHolographic recording is a maskless photolithographic technique particularly suitable for recordingdi�ractive structures into photoresists or gelatins. Periodic patterns ranging from a few hundredsup to several thousands lines per millimeter can be recorded in a single process. The holographicrecording of di�raction gratings is a very e�cient manufacturing technique, especially for large-scale gratings where direct ruling (one line at a time) becomes unpractical. It consists in recordingin 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 awet chemical process, the resulting grating is a volume-phase holograms (VPH) or a surface-reliefgrating, respectively.Nano-imprint lithographyIn recent years, researchers have investigated a number of alternative and potentially low-costmethods: most notably, micro-contact printing, nano-imprint technology, AFM lithography anddip-pen lithography. Since the mid-1990s, nano-imprint lithography (NIL), initially proposed anddeveloped by the Chou group (Chou et al. 1996), has emerged as one of the most promisingtechnologies for high-throughput nanoscale patterning. In this method and its variants, suchas step-and-�ash imprint lithography (S-FIL), pattern replication is done nontraditionally bydeforming mechanically the resist materials, which makes them completely free from the resolution-limiting factors such as light di�raction and beam scattering that are often inherent with the moretraditional approaches (Guo 2004).The principle of nano-imprint lithography is quite simple. As shown in Fig. 3.8, NIL uses ahard mould that contains nanoscale features de�ned on its surface to emboss into polymer materialcast on the wafer substrate under controlled temperature and pressure conditions, thereby creating
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Figure 3.8: Principles of nano-imprint (NIL) and step-and-�ash 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 resistlayer via an anisotropic etching based on an O2-plasma process. Nano-imprint lithography hasthe capability of patterning sub-10 nm features, yet it only entails simple equipment and easyprocessing. This is the key reason why NIL has attracted wide attention within only a few yearsafter its inception (Guo 2004). S-FIL is another great success as a mechanical printing method.In the S-FIL process, the substrate is �rst coated with an organic transfer layer; then a surfacetreated, transparent template with surface relief patterns is brought close and aligned to thecoated substrate. Once in the proximity, a drop of low viscosity, photopolymerizable organosiliconsolution is introduced into the gap between the template and the substrate. The organosilicon�uid spreads out and �lls the gap under capillary action. Next the template is pressed againstthe substrate to close the gap, and the assembly is irradiated with UV light, which cures thephotopolymer to make it a solidi�ed and a silicon-rich replica of the template.3.4.2 Pattern transfer into the substrateIn the previous section, we have presented the processing steps necessary to prepare the substratefor 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 ontechniques applicable for the transfer of the mask pattern into the substrate.EtchingGenerally, we distinguish between isotropic and anisotropic etching processes (Sinzinger & Jahns2003). For isotropic etching the substrate material is removed at the same speed (i.e., the etchrate) in all directions. In the case of anisotropic etching, the etch rates are di�erent in di�erentdirections. Both anisotropic and isotropic etching processes are important for the fabrication ofmicro-optical components. But for the fabrication of di�ractive optical elements (DOEs) such assubwavelength gratings, steep edges have to be etched. For this, anisotropic etching processes areused. There exists three main families of etching techniques: wet etching, dry etching and directablation sometimes called laser micro-machining.Wet etching consists in immersing the masked sample into a liquid corrosive solution. Dueto its high isotropy, the wet etching technique solution was not considered in this work since itappears 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, highlyanisotropic (Fig. 3.9). Typical representatives of this group of technologies are sputter etchingand ion-beam etching, which is sometimes referred as to ion-beam milling. A plasma is formedin the chamber containing the substrate or in a separate chamber for ion-beam processes. Thechemically-inert plasma ions (e.g. Ar+) are used to physically destroy the bonds of the substratematerial and thus deplete the material. This etching is anisotropic because the ballistic e�ect



3.4. Manufacturing techniques 89occurs mainly in the direction of the accelerated plasma ions (see Fig. 3.9). A chemical dimensioncan be added in order to increase the selectivity of the process between two di�erent materials.Reactive ion etching (RIE) and reactive ion/plasma-beam etching (RIBE/RPBE) sometimes alsoreferred to as chemically assisted ion-beam etching (CAIBE) makes use of both the ballistice�ect and chemical reactivity of a beam of reactive ions to remove material or create structuresinto a substrate. The various parameters (gas melanges, beam energy, beam incidence, etc.)characterizing the etching process are optimized for the transfer of structures previously recordedin a masking layer into various materials. The interest of these techniques particularly comesfrom their directionality (vertical structures) and their high selectivity, which is the potential toe�ciently 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 (λ = 193 nm). For both types of laser the fundamentalprinciple of laser ablation is the same. It is initiated by the fast deposition of a large amount ofenergy directly into the substrate material, causing a dissociation of the substrate molecules. If thisdissociation occurs fast enough, the material is removed from the substrate in a micro-explosion.3.4.3 In situ monitoringThe di�erent steps leading to di�ractive components involve a design phase that must take techno-logical limitations into account, a fabrication phase, and a �nal quali�cation phase. With currentmanufacturing techniques, feature lines and periods of the order of a few tens or hundreds ofnanometers are manufacturable. For the determination of the grating pro�les, for instance, scan-ning electron microscopy (SEM) is the reference metrology method. This approach is howevertime consuming, destructive (the wafer has in general to be cleaved and metallized) and limitedto a small subset of the di�ractive components of the etched wafer.A well-known method for nondestructive testing based on the measurement and analysis of lightscattered from a corrugated surface is optical scatterometry. In the case of periodic structures,light scattering takes the form of di�raction into orders. The information about the structure isroutinely obtained from the distribution of intensities in the various di�racted orders. The inverseproblem, which consists of reconstructing the grating geometry from the observed far-�eld data,is ill posed. In practice, a priori knowledge is introduced, and the grating pro�le is describedby a �nite number of parameters. Many independent measurements are performed by means ofscanning 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 di�ractive optics, this approach has been applied to a large variety of problems: metallicgratings, 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, intensitymeasurements and ellipsometry are now widely used for in situ control and monitoring of growthand etching of periodic silicon surfaces (Blayo et al. 1995).
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4Use of subwavelength gratings
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92 Chapter 4. Use of subwavelength gratings4.1 Subwavelength gratings as phase retardersOne-dimensional subwavelength gratings, i.e., subwavelength gratings that are modulated alonga single dimension and therefore supposed in�nite along the other, can act as vectorial phaseretarders, i.e., leading to a phase di�erence taking place between the orthogonal ordinary andextraordinary polarization states TE (or s) and TM (or p). For this reason, they can be engi-neered to provide arti�cial birefringent waveplates with very speci�c properties, in transmissionas well as in re�ection. As seen before, the physical reason for their arti�cial anisotropy or �formbirefringence� is that the impinging light literally sees two di�erent media as its wave�eld vibratesin parallel or perpendicularly to the grating grooves, leading to two di�erent e�ective indices forthe orthogonal polarization states TE and TM .4.1.1 Transmission mountingThe propagation through the arti�cial birefringent medium leads to the following phase shift
∆φTE−TM =

2π

λ
h∆nTE−TM (4.1)

∆nform = ∆nTE−TM 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 bythe 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 e�ective indices nTE
eff and nTE

eff (see Eqs. 3.48 and 3.49) isalso found in the form birefringence. This phenomenon, which is ampli�ed just before the frontierof the resonant domain, is called the dispersion of form birefringence. Kikuta et al. (1997) werethe �rst to propose achromatic quarterwave plates made of subwavelength grating structures usingthis property. They showed that the key point is to carefully control the geometry of the gratingstructure to tune the form birefringence in order to compensate for the hyperbolic dependence ofthe phase shift (∝ 1/λ, see Eq. 4.1) and thus make it achromatic. In practice, one has to searchto make the form birefringence ∆nform be proportional to λ/2h (see Fig. 4.2).The subsequent phase shift can be made quasi-achromatic over reasonable spectral ranges.Typically, π-phase shifts (halfwave plates) with error standard deviations varying between σ =
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Figure 4.1: The transmission through a subwavelength grating leads to a di�erential phase shiftbetween the polarization components TE and TM .
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Figure 4.2: RCWA-calculated form birefringence ∆nform = ∆nTE−TM of a silicon subwave-length grating, with respect to the normalized wavelength for various �lling factors F between0.6 and 0.73. The �ideal� quoted curve is the ideal birefringence that would lead to a perfectachromatization, i.e., proportional to λ/2h. Unfortunately, this idyllic behavior is only tangen-tially approached in practice.
5 × 10−3 and σ = 10−2 radian rms can be obtained over bandpass with a spectral resolution
Rλ ≈ λ/∆λ ≈ 5. A representative example in the K band (2 − 2.4µm) is shown in Fig. 4.3 (left)where standard deviation of the phase-shift error with respect to π is σ = 7.5 × 10−3 radian rms.The structure corresponding to this performance is a silicon surface-relief grating with a period
Λx = 475 nm, a thickness of 2.956 µm and a silicon/silica �lling factor F = 85%, i.e., with anaspect ratio14 of ∼ 7. The transmittances shown in Fig. 4.3 (right), which remains substantiallydi�erent for the orthogonal polarization states TE and TM , is above 90% for both of them despitethe high refractive index of the silicon substrate (nSi ≈ 3.4). Such a high value is reached thanksto a 360 nm-thick (λ/4n) silicate anti-re�ective layer on top of the grating. Optimization ofthe transmittance properties of subwavelength gratings in the transmission mounting probablyconstitutes 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◦±5.9◦ over the 470 − 630 nm wavelength range, and with adesign 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 insertin an existing optical train. Moreover, Kikuta's approach was also practically demonstrated inthe mid-infrared by Nordin & Deguzman (1999) and Deguzman & Nordin (2001). They indeedmanufactured a broadband form-birefringent quarterwave plate for the 3.5 to 5 µm wavelengthrange by engraving an optimized subwavelength grating in a silicon substrate. They measured aphase retardation varying from 89◦ to 102◦ over their selected bandwidth, in accordance to theRCWA predictions. Recently, the technology was implemented in the visible wavelength range by14The aspect ratio of a grating is de�ned as the ratio of its thickness to the feature line: the higher the aspectratio, the more di�cult the fabrication.
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Figure 4.3: RCWA-calculation results (TE-TM phase shift on the left, and TE-TM trans-mittances on the right) in the transmission mounting for a silicon/silica subwavelength gratinghalfwave plate. The grating parameters were optimized to provide the best achromatic phase shiftfor the K band (2-2.4 µm) 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 forthis 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 derivedhere 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 achromaticwaveplates. Another idea to further enhance the form birefringence was suggested by Han &Kostuk (1996): engraving a subwavelength grating in a uniaxial birefringent material would allowreducing the thickness of the sample. But, they also observed nonlinear e�ects when the naturaland arti�cial optical axes were crossed.4.1.2 Re�ection mountingHigh-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 re�ected beams (see Fig. 4.4). In other words, subwavelength gratings are also able to handlethe re�ection 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 andpolarization conversion introduced to the re�ected beam. However, it is also known that variationsof wavelength and polar angle of incidence a�ect the performance of these elements more stronglythan variations of other geometrical and operational parameters (Haggans et al. 1993; Kleemann& Guther 1993).In the particular total internal re�ection (TIR) con�guration, we have discovered that the
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Figure 4.4: Re�ection upon a subwavelength grating leading to a di�erential phase shift betweenthe polarization components TE and TM .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 di�eren-tial retardation between the vectorial TE and TM polarization components taking the followingclassical form (Born & Wolf 1999a)
∆φTE−TM = 2 arctan
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] (4.2)where θ is the angle of incidence, greater or equal to θc, the critical angle de�ned as sin θc = nti =
nt/ni, with ni and nt the refractive indices of the incident and external media, respectively. Thisproperty 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 onthe TIR interface leads to a signi�cant improvement over the Fresnel-rhomb technology which islimited by the intrinsic index dispersion of the material used (Mawet et al. 2003, 2005a). Indeed,interaction between the subwavelength grating and the vectorial electromagnetic �eld leads tointeresting e�ects on the phase of the external propagating �elds, the TIR con�guration ensuringthe 100% di�raction e�ciency in the re�ected specular beam. The principle of what we namedthe total internal re�ection 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 canalso be optimized to compensate for untreated surfaces in the optical train. Super-achromaticitycan indeed be reached by using traditional Fresnel-rhomb phase retarders, i.e., several bare TIRinterfaces (4 in the case of a double Fresnel rhomb), provided that at least one of them is engravedwith an optimized subwavelength grating. In Fig. 4.5, we show the π/2-phase shifts inducedby the cascade combination of two bare ZnSe/air interfaces in total internal re�ection (θ =
65.06◦), the same with engineered subwavelength gratings engraved on the TIR interfaces, andthe combination of one bare interface and the optimized grating. It clearly appears that theoptimized subwavelength grating exactly compensates the natural drift of the bare ZnSe TIRphase shift. Flexibility given by each design parameter de�ning the grating structure indeedallows a �ne tuning of the phase-shift dispersion by the required amount for a substantial andbene�c compensation.Quantitatively, achromatizations of σ ≤ 10−3 radian rms can theoretically be obtained overwavelength ranges with a spectral resolution as low as Rλ ≈ λ/∆λ ≈ 1. An application of such a
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Figure 4.5: RCWA-calculation results in the re�ection mounting. ZnSe subwavelength gratingquarterwave plate in TIR incidence in the 6-14 µm wavelength range. A single subwavelengthgrating 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 TIRGAPS for nulling interferometry.Phenomenologically, the use of subwavelength gratings in TIR incidence implies that the �eldinteracts with the structure only by means of its evanescent waves. The phase shift betweenthe orthogonal polarization components arises due to the fact that their associated vanishing�elds penetrate more or less deeply into the modulated region, inducing a pseudo-optical pathdi�erence responsible for the phase shift (Fig. 4.6). This di�erential skin e�ect can be explainedby the anisotropy of the TE-TM zero-order e�ective indices. The achromaticity of the subsequentphase retardance can be understood from the particular grating-induced arti�cial dispersions of
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Figure 4.6: Electromagnetic �eld visualization for the TE and TM amplitudes illustrating thedi�erential skin e�ect responsible for the phase shift. Indeed, it can easily be seen that the TE�eld penetrates more deeply than the TM one.



4.2. Subwavelength gratings as anti-reflective structures 97the form birefringence but, most of all in the re�ection mounting case, by the complex interactionbetween 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 uponre�ection at 10.6 µm. However, their theoretical modelling is questionable because their use ofe�ective medium theory is inappropriate. Kettunen & Wyrowski (1998) also suggested a hybridapproach where the grating is optimized as if it were to be used in transmission, but is in factilluminated in a quasi-normal incidence re�ection mode. This con�guration is possible thanks tothe grating implementation on top of a dielectric high-re�ection stack, or a re�ective metal layer.The advantage of this method over the purely transmission-mode phase retarder is the reducedaspect ratio of the structures, making them easier to manufacture. Indeed, the incoming beampasses twice in the structure as it goes down and up so that the e�ective thickness is twice thereal one.4.2 Subwavelength gratings as anti-re�ective structuresBernhard (1967) discovered that the corneas of night-�ying moths was covered with a �ne regularhexagonal array of protuberances which has a period of about 200 nm, similar depth, and with across section that is approximately sinusoidal (Fig. 4.7). This geometry induces a natural indexgradient which was identi�ed as a natural mean to reduce the re�ection over a wide spectral andangular bandwidth, improving the moth's camou�age. This principle is the same as the one usedfor anechoic chambers.4.2.1 Fresnel parasitic re�ectionsFresnel re�ections from surfaces in optical systems are cumbersome, particularly when there aremany surfaces in the system: the total power loss can be considerable, and stray light that is due tothe re�ections tends to reduce the contrast in imaging systems. Optical coatings are the standardway to reduce re�ections from optical surfaces, but they are rather expensive and unfortunately

Figure 4.7: SEM picture of the cornea of a night-�ying moth showing an hexagonal array ofprotuberances which has a period of about 200 nm, similar depth, and with a cross section thatis approximately sinusoidal.



98 Chapter 4. Use of subwavelength gratingsoften a source of critical issues in numerous applications like broadband treatments for instance.Indeed, multi-layer thin �lms have problems associated with limitations in the coating materials,especially in the infrared (Shanbhogue et al. 1997). Classical coatings also exhibit various physicaland chemical side e�ects a�ecting adhesion, thermal mismatch and the durability of the thin-�lm stack (TraylorKruschwitz & Pawlewicz 1997). These problems are of course exacerbated inastrophysical applications, especially in space where stability constraints are emphasized.In fact, unwanted Fresnel re�ections come from the sudden transition from an optical mediumof refractive index nI to another one characterized by a di�erent index nIII . The fraction R oflight intensity which is re�ected at normal incidence is given by the well-known Fresnel relation
R =

(nIII − nI)
2

(nIII + nI)
2 (4.3)If, like on the moth's eye, there is a gradual change of index, we can regard the net re�ectance asthe resultant of an in�nite series of in�nitesimal re�ections at each incremental change of index.Since the re�ections come from di�erent depths from the surface, all of them will have di�erentphases. If the transition takes place over at least a signi�cant fraction of a wavelength, the resultantre�ection can be signi�cantly reduced because all phases will be present and destructively interferewith each other (Wilson & Hutley 1982).This kind of �impedance matching� between the incident and substrate indices can in factbe 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 ofdiscrete 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 Tschebysche� syn-thesis technique. Indeed, the so-called quarter-wavelength Tschebysche� impedance-transformermethod, widely used in antenna applications, allows the matching of the impedances (refractiveindices in this context) of the external medium and the substrate, and can theoretically achieveany desired attenuation and bandwidth speci�cation (Riblet 1957; Young 1961). The resultant in-terference coating produces a bandpass �lter, where the bandwidth of the bandpass region and the

H

Lx LyFigure 4.8: Klopfenstein tapered subwavelength grating structure as depicted in Grann & Mo-haram (1996).



4.2. Subwavelength gratings as anti-reflective structures 99maximum 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 fromthe incident region into the substrate region. The length of the taper and the index-distributionfunction are determined with use of the optimal Klopfenstein tapering technique (Klopfenstein1956). This particular graded-index function (see Fig. 4.8 for its implementation with subwave-length gratings) will produce a high-pass or short-wave �lter. The cuto� frequency is the lowestfrequency (longest wavelength) at which the re�ectivity is below the desired maximum thresholdlevel.Regardless of the design method chosen, it may not be possible to obtain actual materialswith the properties that are needed, thus reducing the e�ectiveness of the AR surface. Thesubwavelength grating arti�cial properties can be envisaged to synthesize such materials, justlike nature did for night-�ying moths. It was in fact experimentally veri�ed very soon15 byDerrick et al. (1979) and Wilson & Hutley (1982) who proposed to use �crossed gratings� asanti-re�ective 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 re�ection of the surface can indeed be reduced to a levelas low as that achieved with very complex multilayer antire�ection design (Gaylord et al. 1987;Brundrett et al. 1994; Brauer & Brygdahl 1994; Dos Santos & Bernardo 1997). The subwavelengthproperties 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-re�ecting 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 thedual-polarization use was mandatory in several �elds where natural light is predominant like, forexample, infrared optics for military and astrophysical instruments (Grann et al. 1995).4.2.2 Structure of the anti-re�ective subwavelength gratingSoon arose the following question: what is the surface-relief pattern for the optimum anti-re�ectionproperties ? What surface-relief shape produces the least re�ection over the broadest bandwidth? Southwell (1991) tried to answer it with �pyramid-array� surface-relief structures. However,Southwell used approximate 2D-EMT (two-dimensional e�ective medium theory) closed-form ex-pressions that were later on proven to signi�cantly di�er from the exact results obtained by theRCWA (Grann et al. 1995). This is a good example of the limitation of the e�ective 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 pro�les to minimize re�ections. Theoptimum design dimensions were obtained by systematic adjustments of the depth and the �llingfactor of the pro�le.Later on, Grann et al. (1995) established that, for the optimum design of tapered-gratingstructures, the best graded-index pro�le was expectedly produced by the Klopfenstein taper. Theysubsequently developed a technique to design such a taper with subwavelength gratings, usingRCWA (Fig. 4.8). The theoretical performances of this optimal pro�le are extremely good with15In fact, it is worth noting that Joseph Fraunhofer already noted that acid etching of certain glass surfacessubstantially reduced the re�ection.
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Figure 4.9: Left: photoresist pattern originated by DWL (SEM, view from the top). Right:crossed-sinusoidal pro�le obtained by holography on photoresist (SEM, oblique view). Courtesyof Denis Vandormael and Jérôme Loicq (CSL).
simulated results (Grann & Moharam 1996) characterized by re�ectivities ≤ 0.3% over bandwidthscorresponding to a spectral resolution Rλ ≈ 0.8. However, in practice, such a performance cannotbe achieved, and the actual pro�le depends on the manufacturing process.When we were asked to study anti-re�ective subwavelength gratings in the framework of ther-mal infrared applications (i.e., the AR treatment of the dispersive plate APS for Darwin, seeSect. 2.2.1 and Nulltimate consortium 2002), we chose a more pragmatic approach, based on theactual 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 ifphotolithography can provide smooth pro�les thanks to gray-level lithography (Sinzinger & Jahns2003), usually, binary pro�les are better mastered in terms of reproducibility and resolution. Pho-tolithography has also the advantage that large areas can be treated (according to plasma-processcapabilities), but large depths are in general di�cult to achieve (Nikolaje� et al. 2000). On thecontrary, holography naturally provides sinusoidal pro�les. Two-dimensional symmetric pro�lescan be obtained with this technique by recording two 1D pro�les, �ipped by 90 degrees withrespect to each other.The use of excimer laser to directly ablate substrates naturally provides smooth pro�les (seeFig. 4.10). It o�ers many other advantages (Dubreuil et al. 1998): new substrates can be testedvery easily provided that the ablation curve (the ablated depth versus the laser �uence) is known,and high depths can be reached. However, the achievable resolution depends on the substrate, theexcimer laser wavelength, and on the numerical aperture, NA, i.e., the optics used to image themask on the sample. For example, working at λ = 193 nm with NA = 0.15, leads to a resolution
W = 1µm. It is also to be noted that the technique can be investigated for curved surfaces. Adisadvantage of excimer direct ablation is the small �eld available. This problem is balanced bythe high repetition rate of excimer laser (100 Hz). Another issue concerns the inhomogeneity inthe laser beam which has to be taken into account to achieve regular pro�les since it is likely tocreate an overlapping between elementary grooved areas.
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Figure 4.10: Egg-box, moth-eye, sinusoidal pro�le obtained by excimer direct laser ablation(SEM picture, c© Excitech Limited).4.2.3 Performance assessmentAs already stated, our guideline for the performance optimization of subwavelength grating anti-re�ective structures is pragmatic and in direct relation with standard manufacturing processes. Wewill indeed consider and simulate two types of gratings: according to photolithographic processeswhich naturally produce binary rectangular pro�les, we will consider rectangular pro�les and dis-cretized pyramid pro�les; according to the excimer laser direct ablation and holographic techniqueswhich naturally produces sinusoidal pro�les, we will consider sinusoidal pro�les. Illustrative re-sults are presented in Fig. 4.11 for the 6-11 micron wavelength range, corresponding to the Darwin�rst 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, CadmiumTelluride (CdTe: n ≈ 2.7, see Annex B) and Germanium (Ge: n ≈ 4, see Annex B). Accordingto Eq. 4.3, without any treatment, a bare CdTe substrate would lead to a parasitic re�ection of
21% for one interface. It would even be worse for Germanium, leading to a single-face re�ectionof 36%.The advantage of using such anti-re�ection structures clearly appears in Fig. 4.11 with nev-ertheless strong di�erences according to the chosen pro�le. The simple rectangular pro�le in factcorresponds to a single quarterwave layer with an e�ective index depending on the �lling factor.By appropriately tuning the �lling factor, the layer e�ective index can be chosen to provide theexact impendance matching (neff =

√
nInIII) between the substrate and the incident medium,leading to a substantially better performance than with a traditional single-layer treatment wherethe actual choice of materials is always limited (Fig. 4.11, top left). Still, it is not comparable tothe moth-eye pro�le performance, which, by realizing a perfectly smooth transition, decreases theparasitic re�ection down to the percent level over very large bandwidths (Fig. 4.11, bottom leftand right). An intermediate solution consists in approximating continuous pro�les with stacks ofbinary gratings, leading to multi-level pro�les (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-re�ective structures for chalcogenide optical
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Figure 4.11: Anti-re�ective performance of subwavelength gratings in terms of transmittedzeroth-order di�raction e�ciencies, or equivalently single-interface transmittances (RCWA calcu-lations). Top left: simple rectangular pro�le for a CdTe substrate in the 6-11 µm wavelength range.The parameters of the structure geometry are: period of 2 µm, �lling factor of 71%, thickness of
1.25µm. Top right: idem with a 4-level pyramidal pro�le with a total thickness of 4 µm. Bottomleft: idem with a crossed-sinusoidal, egg-box, or �moth-eye� pro�le with a total thickness of 7 µm.Bottom right: crossed-sinusoidal pro�le in the most constraining case of a Germanium substrate.The period is 1 µm and the thickness 9.5 µm, making it particularly di�cult to manufacture.
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Figure 4.12: Anti-re�ective performance of subwavelength gratings for GASIR (RCWA calcu-lations). Top left: single-interface transmittance of a simple rectangular pro�le for a GASIRsubstrate in the 8-12 µm wavelength range. The parameters of the structure geometry are givenin the di�erent �gures. Top right: idem for the 3-5 µm range. Bottom left: single-interface re-�ectance (logarithmic scale) for a crossed-sinusoidal, egg-box, or �moth-eye� pro�le. Bottom right:idem but another solution.
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Figure 4.13: Anti-re�ective 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 thermalimaging systems for spectral ranges extending up to the third window of atmospheric transparency(8-12 µm) has led to the development of suitable and low-cost optical materials (As2Se3, GASIR,IG6, etc.). Chalcogenide glasses are extensively studied for this purpose, and used both as bulkor �bred optical component.4.2.4 Parameter tolerancingWe shall in this paragraph consider the AR performance sensitivity to parameter changes. Theonly restriction on the period comes, on one (upper) side, from the ZOG condition, and on theother (lower) side, from the manufacturing process capabilities. On the contrary, the response ofthe AR structure to a change in the total depth of the grating in the case of a moth-eye pro�leis sensitive at the one-micron level for thermal infrared applications (Fig. 4.13, left). Concerningthe tolerance to incidence angle variations, the well-known wide acceptance of such structuresis veri�ed (Fig. 4.13, right). However, it is clear that the structure should be optimized for thechosen working incidence.Concerning the lateral dimensions of the pro�les it is known that, if the desired overall �llingfactor of the pro�le is preserved in the fabrication process, then nominal shape errors have aminimal e�ect on the desired di�raction characteristics (Pommet et al. 1995). The tolerance ofsimple rectangular treatments to parameter changes is more critical and, for thermal infraredapplications, is at the 100-nm level for the thickness and feature line control. Moreover, thetolerance to incidence variations for simple rectangular pro�les is of a few degrees only.4.2.5 Diamond demonstratorIn collaboration with LESIA, we considered the manufacturing of a subwavelength grating anti-re�ective demonstrator in diamond. The framework of this prototyping operation was the ARtreatment of the Lyot coronagraph expected to equip the mid-infrared instrument (MIRI) of the
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Figure 4.14: SEM picture of the anti-re�ective subwavelength-grating demonstrator in diamondoptimized for 24 µm. Courtesy of Mikael Karlsson (ADAMANTIS AB).JWST (see Sect. 1.5.3). The working wavelength of this coronagraphic mode is around 24 µmwith a bandwidth Rλ ≈ 5. The anti-re�ective structure should therefore be e�ective between 21.6and 26.4 µm. 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 moreavailable 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 pro�le, optimizations led to the following parameters: a period of7.8 µm with a thickness of 3.65 µm and a �lling factor of 74%. The theoretical results are shown inFig. 4.15 (left and right). The manufacturing was done by ADAMANTIS AB16. This small enter-prize has indeed developed a very interesting know-how in the �eld of diamond micro-structuring(see e.g. Karlsson et al. 2001; Karlsson & Nikolaje� 2002, 2003).The subwavelength grating was manufactured by standard lithography and etching techniques.A 125-nm thin aluminum �lm was �rst sputtered on top of a diamond substrate. Next, a 180-nmthin polymethylmethacrylate (PMMA) layer was spin-coated on top of the aluminum �lm, and atwo-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 systemto open up the aluminum. Etch parameters were: ICP power of 500 W, bias of 10 V, chamberpressure of 5 mTorr, �ow rates of 45 sccm for BCl3, and 5 sccm for Cl2, with a total etch time of5 min. This process was very stable and allowed a well-controlled pattern transfer from PMMA16Adamantis AB is a small Swedish start-up company (Sept. 2003) issued from the technology department ofengineering sciences of the Uppsala university. Adamantis is developing techniques for and manufactures diamondmicro-structures based on customer demands. The company is currently working on diamond optical componentsfor space applications.
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Figure 4.15: Anti-re�ective subwavelength grating demonstrator in diamond optimized for 24
µm. Left: 10 to 45 µm spectrometer data (continuous line) and theoretical RCWA expectedresults (dotted line). Right: zoom on the 21-26 µm working wavelength range where the datapoints 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 anotherICP-etching system. The advantage of using ICP over other etch systems, such as reactive ionetching (RIE), is that ICP gives a high ion density and therefore short etch times. ICP systemsalso 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 istherefore suitable for diamond etching. Etch parameters were: ICP power of 600 W, bias of −140V, chamber pressure of 2.5 mTorr, �ow rates of 7 sccm for O2 and 8 sccm for Ar, with totaletch times of 10-14 minutes. All samples were mounted with vacuum grease on the water cooledaluminum RF-chuck to enhance the thermal conductivity (to avoid burning of the resist). By �rstmeasuring the etch rate of partly covered diamond and knowing the desired grating depth, theetch time needed for fabricating the subwavelength grating could be calculated (the etch rate ofdiamond was measured to be 200 nm/min). Finally, the Al was stripped by wet etching. The�nal result is shown in Fig. 4.14. The excellent de�nition of the rectangular pro�le is clearly seen.Optical characterization of the sample was done in Sweden before sending. Spectroscopy inre�ection 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 di�erent technique, the Fourier transform spectrometer(FTS). They obtained a slightly di�erent result that was a few percent lower in transmittance.This discrepancy originates from the di�erent illumination conditions in the two devices.



4.3. Other applications of subwavelength gratings 1074.3 Other applications of subwavelength gratingsApart from the phase retarders and anti-re�ective structures, there are many other applicationsof subwavelength gratings. Their very special properties of arti�cial medium synthesis and theirsensitivity to polarization have been known for quite a long time and seems at last to catch theinterest of the scienti�c and engineer communities. Let us now brie�y review the panel of possibleapplications of subwavelength gratings without going into details and skipping the applications ofresonant phenomenon (for that, see e.g. Lenaerts 2005) like biosensors (see, e.g. Yih et al. 2006).4.3.1 Polarization-selective di�ractive optical elementsPhase-only di�ractive optical elements (DOEs) are considered as an attractive technology fora variety of applications in photonics and optoelectronics where arbitrary wavefront generationis desired. The small size and ability of DOEs to generate complex wavefronts contributes totheir popularity, particularly for applications involving monochromatic illumination. Most DOEs(Sinzinger & Jahns 2003) are designed by algorithms based on scalar di�raction theory and arefabricated with large features relative to the operational wavelength. Unfortunately, these char-acteristics render the DOE insensitive to polarization, which would o�er an additional degreeof freedom in optical and photonic system design. Exploiting the polarization indeed enablesapplications 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 desiredanisotropic properties onto a single substrate. Moreover, since the substrate does not requirenatural birefringence, conventional materials can be employed, which allows mature fabricationprocesses like photolithography to be used. Indeed, advances in modern lithography have removedthe 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 �rst groups to apply formbirefringence to the fabrication of computer-generated hologram (CGH). Yu et al. (2000, 2002)extended form-birefringent design to two-dimensional polarization-selective CGHs. However, theindividual phase tranformations were restricted to binary values (0 or π). Later on, Mirotznik et al.(2004) further extended the method to synthesize DOEs that nearly have an arbitrary number ofphase levels, eliminating the artifacts produced by binary phase elements and allowing designersto manufacture more general polarization-selective DOEs.4.3.2 PolarizersHigh-spatial-frequency metal gratings have long been recognized as an e�ective polarizer optionfor 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 integratedinto other optoelectronic devices. The wire grids of a WGP are made of a good conductor; if theelectric �eld is parallel to the wire grids (TE polarization), they absorb and do not sustain anelectric vector at the surface. This makes the �eld strength of a TE polarization order propagatingparallel to the surface much smaller than that of a TM order whose electric �eld is orthogonalto the wires of a WGP. In other words, an electric �eld oscillates orthogonally for the most partwith respect to grating wires as the light is transmitted through a wire-grid grating polarizer.



108 Chapter 4. Use of subwavelength gratingsFor recent application examples, see, for instance, Nordin et al. (1999), and their micro-polarizersfor infrared imaging polarimetry, or Deguzman & Nordin (2001) for their stacked subwavelengthgratings as circular polarization �lters. Let us also cite Wang et al. (2005b) who describe anddemonstrate nanowire-grid polarizers for the near-infrared with excellent extinction ratios. It isto be noted that WGP are commercially available (Creech-Eakman et al. 2003). Polarizers areone of the most proli�c applications of subwavelength gratings.4.3.3 Polarizing beam splittersPolarizing beam splitters (PBSs) have numerous applications, such as magneto-optic data storagein optical information processing and optical switching in optical communication. ConventionalPBSs, such as Wollaston prisms and PBS cubes, are both bulky and heavy, or applicable ina narrow wavelength range. The compact size and light weight of subwavelength gratings areadvantageous 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 andas a polarizing beam splitter at an angle of incidence of ∼ 40 degrees. Their device is made of amulti-layer SiO2/Si3N4 surface-relief subwavelength grating with a period of 0.3 µm, designed foran operating wavelength of 632.8 nm. They measured encouraging extinction ratio of about 25. Yiet al. (2004) recently proposed a novel broadband polarizing beam splitter. Their compact designis made of a sandwiched SiO2/Si subwavelength grating with a period of 100 nm, theoreticallyproviding a high polarization extinction ratio (≥ 1000) in a broad spectral range (from 1.3 to 2.3
µm).4.3.4 Distributed index mediumBlazed binary subwavelength gratingsFor beam de�ection, the so-called blazed gratings can be designed to divert nearly 100% of theincident power into a single di�racted order. However, it is not easy to fabricate the continuouslyvarying surface pro�le 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 de�ect 99% of input beam power to a desig-nated direction. But the multi-step alignment, particularly when the required feature size is lessthan one wavelength, makes the manufacturing di�cult once again. A binary-level subwavelengthgrating with a space-variant (see here below) �lling factor can mimic the quasi-linear phase trans-mittance of a continuous blazed grating (Zhou & Drabik 1995). The advantage is of course at themanufacturing step, which is easier for binary structures than for continuous ones. In some cases,subwavelength gratings have also been demonstrated to provide e�ciencies larger than those ofconventional discretized blazed gratings (Lalanne et al. 1998; Astilean et al. 1998; Lee et al. 2002).Arti�cial graded-index mediumGraded-index medium are used for guiding, imaging, optical signal processing, mode matching,coupling, and other applications. A graded-index pro�le can be achieved by gradually modifyingthe �lling factor of a one-dimensional subwavelength grating engraved into a slab waveguide alongone dimension, while the beam is con�ned in the other dimension by the waveguide. The use of



4.3. Other applications of subwavelength gratings 109subwavelength gratings o�ers the intrinsic advantages of on-chip integration such as miniaturiza-tion, eliminating the need to align each component separately, and compatibility with standardmicro-fabrication techniques for manufacturability (for further details, see Levy et al. 2005).4.3.5 Space-variant implementation of subwavelength gratingsSubwavelength 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. Suchcomponents are now extensively studied as polarization-control elements. The idea of using sub-wavelength gratings with a space-variant implementation was �rst introduced by Davidson et al.(1992). They showed that, by controlling the local direction and geometry of the subwavelengthgrating, any polarization change and continuity can be obtained. It is of �rst importance to notethat sometimes, elements that can provide nonuniform space-variant polarization are required andthat such space-variant polarization manipulators are di�cult to produce with natural birefringentelements. Here are some example of practical applications:- elements for transforming the polarization of high-power CO2 laser beams, e.g. convertingthe 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 stripesfor polarization coding of data in optical communication, optical computers and neuralnetworks, 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 de�nition inSect. 6.3) in space-variant polarization-state manipulations (Bomzon et al. 2001c) for theformation of helical beams (useful in atoms/particles-trapping applications, see Biener et al.2002), polarization-dependent focusing lens (Hasman et al. 2003) or propagation-invariantvectorial 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 reducingthe degree of polarization of beams, independently of their incident polarization state withapplication 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 thefollowing 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-variantsubwavelength gratings optimized for coronagraphy thanks to the generation of achromatic opticalvortices.
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5Four-quadrant zero-order gratingphase-mask coronagraph
Contents5.1 FQPM with ZOGs: 4QZOG . . . . . . . . . . . . . . . . . . . . . . . 1135.1.1 Implementation of the FQPM by means of subwavelength gratings . 1135.1.2 ZOG speci�c optimizations . . . . . . . . . . . . . . . . . . . . . . . 1155.2 Article: Subwavelength surface-relief gratings for stellar coron-agraphy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1165.3 Diamond FQPM and 4QZOG . . . . . . . . . . . . . . . . . . . . . . 1265.3.1 Diamond FQPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1265.3.2 Diamond 4QZOG . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127Abstract. We present in this chapter an original concept of phase-mask coronagraph imple-mented with di�ractive 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 π-phase shift chromaticity issue of the latter. We call it thefour-quadrant zero-order grating phase-mask coronagraph (4QZOG).5.1 FQPM with ZOGs: 4QZOGWe have already presented the FQPM coronagraph implemented by means of achromatic halfwaveplates (see Sect. 2.3). The concept of using birefringent elements in a nulling coronagraph hastherefore been successfully quali�ed. 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 di�culty of cutting and assembling the di�erent plates together made us considerthe use of arti�cial birefringent elements (Mawet et al. 2006).5.1.1 Implementation of the FQPM by means of subwavelength gratingsAs stressed out in the previous chapter, subwavelength gratings are known to synthesize arti�cialbirefringent 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 arestrictly identical and integrated in the following way: two of them in two quadrants along onediagonal are rotated by 90◦ around their normals with respect to the two others. This anti-symmetrical con�guration achieves the FQPM particular focal plane π-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 theincoming light. In each of the four quadrants, the s and p global polarization states can be decom-posed in the TEi and TMi vectorial complex amplitudes according to the line orientations of thelocal grating in the ith quadrant (i = 1, ..., 4). Indeed, the convention in normal incidence speci�esthat the electric �eld of the TE and TM components vibrates in parallel and perpendicularly tothe grating lines, respectively. We have already shown in Sect. 3.3 that two e�ective indices nTEand nTM can be assigned to the corresponding TE-TM perpendicular polarization states. Let usnow 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 alongone diagonal are rotated by 90 degrees around their normals with respect to the two others.The consequence of the �rst hypothesis is that the e�ective indices nTEi
and nTMi

are identicalin each quadrant, i.e., nTEi
= nTE and nTMi

= nTM , with i = 1, ..., 4. The second one gives theparticular anti-symmetrical con�guration of Fig. 5.1 with the following result.If, by construction,
∆φTEi−TMi

=
2π

λ
h∆nTEi−TMi

=
2π

λ
h∆nTE−TM ≈ π



5.1. FQPM with ZOGs: 4QZOG 115Then the potentially-interfering parallel polarization states along the s-component direction forexample are phase shifted in the following way (j being an adjacent quadrant of i)
∆φTEi−TMj

=
2π

λ
h(nTEi

− nTMj
)

=
2π

λ
h(nTEi

− nTMi
)

= ∆φTEi−TMi
≈ πThe same goes for the p-component direction. Consequently, for the s- and p-component direc-tions respectively, the FQPM particular focal plane π-phase distribution is achieved, i.e., adjacentquadrants 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 benoted that the precision on the perpendicularity between the gratings is directly related to thecoronagraphic performance. It has to be �nely controlled (see Sect. 8.4).5.1.2 ZOG speci�c optimizationsThe ZOG optimization consists in optimizing the π-phase shift quality within a given spectralrange for a well-chosen material. It also requires the equalization of the interfering �uxes, whichis di�cult to achieve. The merit function to be minimized is the null depth over the consideredbandpass. The latter measures the darkness of the destructive interference taking place in thepupil plane following the phase-mask coronagraph focal plane and is directly related to the phase-shift error with respect to π, i.e., ε, and the �ux ratio q between the orthogonal polarization states,according to Eq. 2.6.A well-adapted structure for example consists in a rectangular pro�le grating covered withan AR layer which settles at the bottom of the grooves and on top of the ridges. As alreadymentioned, subwavelength gratings can accommodate a large variety of materials and wavelengthranges. The free parameters of the optimization concern the geometry of the grating: the period,�lling factor and thickness of the grating itself, and �nally the thickness of the AR layer. Severaloptimization algorithms can be used. Three were implemented and tested with our home-madeRCWA tool.The �rst 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 andcubic line-search procedure. The BFGS formula is used for updating the approximation of theHessian matrix. The DFP (Davidson-Fletcher-Powell) formula, which approximates the inverseHessian matrix can also be used (Fletcher & Powell 1963; Fletcher 1980). The default line-searchalgorithm, is a safeguarded mixed quadratic and cubic polynomial interpolation and extrapolationmethod. 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 algorithmmight 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 distinctvectors 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 functionvalue 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



116 Chapter 5. 4QZOG phase-mask coronagraphrepeated until the diameter of the simplex is less than the speci�ed tolerance. This algorithm isgenerally less e�cient than the �rst one for problems of order greater than two. However, whenthe 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 methodwhich practically revealed to be the most e�cient, i.e., the fastest to converge. The simplexmethodwas therefore used in most of the optimization procedures presented in this work.5.2 Article: Subwavelength surface-relief gratings for stel-lar coronagraphyIn the following paper, published in Applied Optics, we present and discuss the implementation ofa FQPM with subwavelength gratings. Optimized designs are presented and completely studiedthanks 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 traditionallithographic techniques.





















126 Chapter 5. 4QZOG phase-mask coronagraph5.3 Diamond FQPM and 4QZOGIt soon appeared that diamond was a privileged material for near-infrared coronagraphy becauseof its exceptional properties. Indeed, as already mentioned in Sect. 4.2.5, diamond is not onlythe 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 absorptionfeatures between 3 and 6 µm, 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 twohurdles limiting the usage of diamond in various applications: the lack of an industrially viableprocess for producing synthetic diamond, and the extreme di�culty in machining diamond todesired surface structures. In recent years there has however been considerable progress in thedevelopment 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 FQPMIn the framework of our fruitful collaboration with ADAMANTIS AB (see Sect. 4.2.5), they wereasked by the LESIA 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 tobe monochromatic, i.e., based on the index-step principle, and designed to operate at 4.77 and15.5 µm. The step speci�cations were therefore h4.77 = 4.77/2(ndiamond(4.77) − 1) = 1.7271µmfor the smallest wavelength and h15.5 = 15.5/2(ndiamond(15.5) − 1) = 5.6142µm for the largestone. The manufacturing was done by standard lithography and etching techniques adapted todiamond micro-structuring (see Sect. 4.2.5). The �nal result was really convincing with very steeptransitions between adjacent quadrants. The WYKO pro�lometer measurements gave a few tensof nanometers of precision for the heights given above, leading to slopes approaching the ninetydegrees without any di�culty, 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 givenstep, which had to be accurately controlled for quali�cation. For that purpose, a low-resolutionspectroscopic 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 lengthof the operating laser to measure the wavelengths of di�erent orders k of the null, given that thephase shift φ = (2k + 1)π, and according to the following relation
(2k + 1)π =

2π

λk

(n(λ, T ) − 1)h (5.1)A transmission grating (110 lines/mm) with about 25% of transmission in the �rst order wasused to obtain a pixel sampling of about 0.26 nm on the CCD between 500 and 800 nm. Thewavelength calibration was performed on the He − Ne laser line at 632.8 nm and the sodiumyellow lines at 589 and 589.6 nm. A coronagraphic image was �rst acquired with a white halogenlamp at 3400 K with a long exposure time (30-120 s). Then a direct image was recorded withoutthe coronagraphic mask (o�-axis image) and a shorter exposure time (1-5 s). These two spectrawere then divided to derive the wavelength dependence of the rejection factor. By applying thismethod for the control of the step height accuracy in the two diamond components, very precisevalues could be measured, and were only a few nanometers out of the speci�cations (see Fig. 5.2).
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Figure 5.2: Low-resolution visible spectroscopy of diamond IR masks. Left: 4.77 µm mask witha step measured at 1.731 µm. Right: 15.5 µm mask with a step measured at 5.586 µm. Courtesyof Jacques Baudrand (LESIA).The �rst component, optimized for 4.77 µm was then measured in the nulling mode at itsoperating wavelength on the LESIA cryogenic testbed (Baudoz et al. 2004, 2006). For that, athree-layer Y F3/ZnSe/Y F3 anti-re�ection coating was �rst deposited on the masks by the Fresnelinstitute17. The measurements were again very convincing with stellar peak attenuations of ∼ 400while the measured contrast at 2λ/D was as good as 10−4. Still, this performance was limitedby the spectral resolution (Rλ = 10) and the angular size of the arti�cial source, not perfectlypoint-like.5.3.2 Diamond 4QZOGThis 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 calculateddesign for the K band, and using the same advanced lithographyic techniques available and appar-ently well mastered by ADAMANTIS AB. The speci�cation were taken from Mawet et al. (2005c)and are summarized in Fig. 5.3.The �rst trials of e-beam mask writing in PMMA were encouraging and after some iterations�nally approached the feature line speci�cations (Fig. 5.4). Unfortunately, for some very sadreasons, this operation was not pursued further. We would like to warmly thank Mikael Karlssonof ADAMANTIS for his fantastic work on diamond components. We are looking forward toworking again together.
17Laboratory �Unité mixte de recherche� based in Marseille.
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Figure 5.3: Schematic of the diamond 4QZOG speci�cations: period = 770 nm ± 50 nm; �llingfactor = 69%, i.e., openings = 239 nm ± 10 nm; depth = 2900 nm ± 20 nm. Orientation betweenquadrants: ±10 arcsec. Transitions at quadrant boundaries < 1µm.

Figure 5.4: SEM pictures of a 4QZOG pattern imprinted in a PMMA resin mask using e-beamlithography. Courtesy of Mikael Karlsson (ADAMANTIS AB).
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Contents6.1 Principle of the AGPM . . . . . . . . . . . . . . . . . . . . . . . . . . 1296.1.1 Space-variant subwavelength gratings leading to optical vortices . . 1306.1.2 Optical vortices as coronagraphs . . . . . . . . . . . . . . . . . . . . 1306.2 4QZOG vs AGPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1316.3 Article: Annular Groove Phase-Mask Coronagraph . . . . . . . . . 1326.4 AGPM coronagraphs onboard SEE-COAST ? . . . . . . . . . . . . 1436.4.1 Mission philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1436.4.2 Science case overview . . . . . . . . . . . . . . . . . . . . . . . . . . 1446.4.3 Optical concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1456.4.4 Coronagraphic instrument . . . . . . . . . . . . . . . . . . . . . . . 1456.4.5 Feasibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146Abstract. 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 vectorialphase shift. This original design consists in a space-variant subwavelength grating inducing anoptical vortex: the annular groove phase-mask (AGPM) coronagraph is fully symmetric and freefrom any �dead zones�, i.e., focal-plane areas where potential companions or circumstellar featuresare attenuated, or hidden.6.1 Principle of the AGPMThe 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 lyingon them (Riaud et al. 2001). These dead zones represent quite a signi�cant portion of the focalplane (about 10% at 6λ/D). They induce a substantial loss of discovery space and information aswell as obvious misleading artifacts in the case of extended objects like circumstellar disks (see,e.g. Sect. 1.3.3).



130 Chapter 6. Annular groove phase-mask coronagraph6.1.1 Space-variant subwavelength gratings leading to optical vorticesThe 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 anoptical vortex. Indeed, at the center of the component, the phase possesses a screw dislocationinducing a phase singularity, i.e., an optical vortex. The central singularity forces the intensityto vanish by a total destructive interference, creating a dark core. The optical-vortex dark corepropagates and is conserved along the optical axis.

h

LxFigure 6.1: Schematic of the AGPM speci�c space-variant implementation of subwavelengthgratings together, with the induced spiral phase ramp of 4π.6.1.2 Optical vortices as coronagraphsVortices are fascinating features of waves and are commonly found in nature. In �uids, theyappear as whirlpools, smoke rings, hurricanes, tornadoes. In cosmology the spirals of galaxiescan be considered as vortices with their central singularity as well: supermassive black holes aresuspected to be at the center of massive galaxies. In quantum mechanics, they are known to formin Bose-Einstein condensates, super�uids and superconductors. Optical vortices have been fortwenty 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 theway it further evolves. In Swartzlander (2001), the author already proposed to create an opticalvortex in the pupil plane to peer at the faint monochromatic signal in the relayed focal planewith appropriate �ltering. In Mawet et al. (2005b), we proposed to do the inverse, i.e., creatingan optical vortex in the focal plane, �ltering in the relayed pupil plane and making the detectionin a �nal 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 in�nitein the ideal case18. Furthermore, the ZOG unique properties permit a broadband use as inthe 4QZOG case whereas the component proposed in Swartzlander (2001) is monochromatic.18This remarkable property has later on been independently con�rmed in Foo et al. (2005).



6.2. 4QZOG vs AGPM 131Indeed, the ZOG parameters (period, depth, �lling factor) are the same in the 4QZOG and AGPMcon�gurations. The only di�erence between them concerns the geometry of the subwavelengthgrating implementation.6.2 4QZOG vs AGPMAs can be seen in Fig. 6.2, the phase behavior of the AGPM is totally di�erent from that ofthe 4QZOG (or FQPM) one. In the focal plane, the spatial variation of the phase is completelysmooth for the AGPM while abrupt at the quadrant transitions for the 4QZOG (or FQPM). Inthe relayed pupil plane the rejection outside the pupil area is circularly symmetric for the AGPMwhile concentrated in four zones for the 4QZOG (FQPM). These simulated images stress out theadvantage of the AGPM versus 4QZOG (FQPM) as far as discovery zone is concerned. In thecase of extended objects, such an advantage of the AGPM over the 4QZOG (FQPM) is signi�cantand not to be neglected.
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Figure 6.2: 4QZOG versus AGPM. Top: 4QZOG (left) vs AGPM (right) focal plane phasedistribution of the product of the mask with a slightly aberrated Airy pattern (the phase scale inradian goes from −π/2 to π/2). We distinguish the brutal vs smooth phase transitions of the �rstwith respect to the second. Bottom: pupil-plane intensity distribution. In both cases, the light isrejected outside the geometric pupil area but in the AGPM case (right), it is completely circularlysymmetric.



132 Chapter 6. Annular groove phase-mask coronagraph6.3 Article: Annular Groove Phase-Mask CoronagraphIn the following paper, published in the Astrophysical Journal, we present the AGPM through acomplete vectorial analysis, mixing a Jones-matrix formalism to RCWA. From the principle andRCWA calculations to realistic coronagraphic simulations, this original component is proven tobe 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 ;109 times fainter than its host
star in the visible and 7 ;106 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., �
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 phasemasks (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 � 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

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 � 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 k /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 x 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 x 4 we briefly provide some
manufacturing hints. Finally, we conclude by giving some per-
spectives on future applications in x 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 h equally separated by the period � (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

1 Ph.D. student, under ‘‘FRIA’’ contract.
2 Postdoctoral position, under ‘‘PAI’’ contract.
3 Ph.D. student, under ‘‘FNRS’’ contract.
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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 � 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,

�

k
� 1

nI sin �þmax (nI; nIII)
; ð1Þ

where � is the angle of incidence and nI and nIII 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�, the

depth h, and the width of the grating ridgesF�, where F is the fill-
ing factor), one can finely adjust the so-called form birefringence

�nTE�TM(k) ¼ nTE(k)� nTM(k); ð2Þ

where nTE and nTM 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 �,

��TE�TM(k)¼
2�

k
h�nTE�TM(k) � �; ð3Þ

where h 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;

Fig. 1.—AGPM coronagraph scheme. The AGPM consists of a concentric
circular surface-relief subwavelength grating with rectangular grooves of depth
h and a periodicity �.

Fig. 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.

Fig. 3.—ZOG scheme presenting the main grating parameters: the grating
vector jKj ¼ 2�/�, perpendicular to the grating lines, where � is the period; the
grating depth h; and the so-called filling factor F, such that F� is the width of
the grating ridges. The vectors TE and TM are the vectorial orthogonal po-
larization components of the �-incident light. Here nI and nIII are the refractive
indices of the incident and transmitting media, respectively. The parameters n1
and n2 are the refractive indices of the grating itself (in our case, n1 ¼ nI and
n2 ¼ nIII). 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), andTM is the transverse magnetic
one (the electric field vector lies in the plane of incidence).
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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)¼ K0(s; p) cos �(s; p)sþ sin �(s; p)p½ �; ð4Þ

where s and p are the Cartesian unit vectors and K0(s; p) ¼
2�/�(s; p) is the grating vector modulus corresponding to the lo-
cal period �(s, p). Here �(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; !)¼ K0(r; !) cos �
0(r; !)rþ sin �0(r; !)w½ �; ð5Þ

where r andw are the polar coordinate unit vectors. Here � 0(!, r)
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 �(s; p) ¼ lp!/2 or �

0(r; !) ¼ (lp/2� 1)!,
where lp is the so-called topological Pancharatnam charge (a
nonsigned integer; see Appendix B). The grating vector there-
fore becomes

K(r; !)¼ K0(r; !) cos (lp=2� 1)!
� �

rþ sin (lp=2� 1)!
� �

w

� �

:

ð6Þ

The continuity of the grating grooves is ensured by imposing
: < K ¼ 0, which also implies that the grating vector derives

from a grating function � (K ¼ :�). Integration over an arbi-
trary path yields

�(r; !) ¼
2�

r0

�0

r0

r

� �lp=2�1
cos (lp=2� 1)!

(lp=2� 1)
; lp 6¼ 2;

2�
r0

�0

f (r); lp ¼ 2:

8

>

>

<

>

>

:

ð7Þ

This function describes a family of binary gratings depend-
ing on the topological charge lp (Fig. 5). Let us remark that
the continuity criterion has been introduced for manufacturing
convenience. In the lp ¼ 2 case, the circular symmetry allows the
choice of any pure radial function. The AGPM corresponds to

�AGPM(r; !) ¼ 2�
r

�0

; lp ¼ 2: ð8Þ

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 lp ¼ 2, implying that the Pancharatnam
phase (see Appendix B) undergoes two 2� 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 lp ¼ 2 case, a given
polarization state repeats itself 2lp ¼ 4 times. This point is ar-
gued for the linear polarization case in x A1 (a full analytical
treatment of the polarization using space-variant Jones matrices
is presented in Appendix A). We also show in x A2 that the

Fig. 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) [¼ K(!; r)], spanning angles �(s, p)
and � 0(!, r) with respect to s and r, respectively. Finally,�(s, p) [ =�(!, r)] is the
grating period.

Fig. 5.—Binary grating geometry for topological charges lp ranging from 1 to
6. Only the lp ¼ 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.
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Jones vector for the output components can also be described in
a helical polarization basis, with right-handed (R@) and left-
handed (L’) circularly polarized input fields. In this particular
case and under ideal conditions, we obtain at the output

R@ ¼
0

e i(2!��=2)

� �

; L’ ¼ e�i(2!þ�=2)

0

" #

: ð9Þ

The Pancharatnam phase clearly appears as the argument of
the exponential, �p ¼ 2!. Therefore, within one revolution,
i.e., ! ¼ 2�, one easily confirms that �p ¼ 2(2�). 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 lp ¼ 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 lp). 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 lp ¼ 2 case for the
following reason: in order to be achromatic, the space-variant
ZOG 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 x 4). We note in Figure 5
that only the lp ¼ 2 case affords the required symmetry to ful-
fill this constraint. The other configurations (lp 6¼ 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.

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 �nform ¼ �nTE�TM in the subwavelength and reso-
nant domain (� � k), scalar theories of diffraction dramatically
fail. The vectorial nature of light must be taken into account,
implying a resolution of theMaxwell 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 theH,K, andN 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
�k/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 �, �(k) ¼
��TE�TM(k)� �, and amplitude mismatches q(k) ¼ �TE(k)/
�TM(k) in the following way:

N (k)¼ 1�
ffiffiffiffiffiffiffiffi

q(k)
p� �2 þ �(k)2

ffiffiffiffiffiffiffiffi

q(k)
p

1þ
ffiffiffiffiffiffiffiffi

q(k)
p� �2

: ð10Þ

Fig. 6.—Pancharatnam phase ramp of the AGPM coronagraph: �p ¼ 2!.
The associated topological charge is lp ¼ 2. Within one revolution around the
optical axis, i.e., ! ¼ 2�, one easily confirms that �p ¼ 2(2�).

Fig. 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 �TE and �TM are the output phases of the polarization
components TE and TM such that ��TE�TM ¼ j�TE � �TMj ¼ �.
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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 � � 1:7 ;10�5. 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
ZOG is >90%. For the sake of clarity, the third stage of the AGPM
simulations (Fourier propagation) has been performed for the
K band 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 ; 2048) for the calculation. The intrinsic performance of the
coronagraph will be limited by the phase residuals with respect
to � and the transmittance mismatches between the two polar-
ization states TE and TM, as well. We have also assumed wave
front qualities of k0/250 rms, where k0 is the central wavelength
of the considered filter. In our case (K band: k0 ¼ 2:2 �m), this
hypothesis leads therefore to wave front qualities of�k /70 rms,
with k ¼ 632:8 nm. This is quite a severe but somewhat realis-

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 (k/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 k/d (d is the telescope diameter) showapeak-
to-peak attenuation of about 10�5 (Fig. 10). The speckle level
of �10�7 is quickly reached at a few k/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 6k /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
k/d. As far as stellar leakage is concerned, numerical simulations
show that it increases as �2

k/d close to the optical axis, just as the
FQ-PM/4QZOG (where �k /d is the angle from the optical axis).
In fact, calculations show that for a vortex of topological charge
lp, the stellar leakage grows as �

lp
k/d .

4. MANUFACTURING

In the K-band diamond AGPM case, for instance, the local
ZOG optimal parameters are

1. period, � ¼ 740 nm;
2. filling factor, F ¼ 70%;
3. total depth, h ¼ 3:240 �m; 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 Angström Laboratory ‘‘Adamantis AB’’ (Karlsson

TABLE 1

AGPM Achromatization (Null Depth) for Various Band Filters: Visible, Near-IR and Mid-IR

Filter

Parameter V (Rk ¼ 5:5) I (Rk ¼ 3:75) J (Rk ¼ 4:16) H (Rk ¼ 4:7)

Null depth (on-axis)..................... 2; 10�5 1:35 ;10�4 6:5 ; 10�5 3:5 ; 10�5

Expected contrast (at 3k /d )......... 1:66; 10�7 1:12 ;10�6 5:42; 10�7 2:92; 10�7

Grating period (nm)..................... 280 (n-LAF32) 305 (C) 400 (C) 525 (C)

K (Rk ¼ 5:5) L0 (Rk ¼ 6:3) M (Rk ¼ 16:6) N (Rk ¼ 4:86)

Null depth (on-axis)..................... 1:7 ; 10�5 8:4 ;10�6 5 ;10�7 4 ; 10�5

Expected contrast (at 3k /d )......... 1:42; 10�7 7 ; 10�8 4:2 ; 10�9 3:3 ; 10�7

Grating period (�m) .................... 0.740 (C) 1.28 (C) 1.7194 (C) 3.29 (C)

Notes.—Here Rk ¼ k/�k is the spectral resolution. C stands for CVD diamond, while n-LAF32 refers to a high-
index Schott glass.

Fig. 8.—K-band AGPM coronagraph null depth vs. wavelength. The solid
curve is for the diamond YF3 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
� � 1:7 ;10�5.
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Fig. 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 2k /d (k ¼ 2:2 �m) 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. (c) 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.

Fig. 10.—Theoretical radial profiles obtained with the K-band AGPM. The
solid line shows the coronagraphic profile. The residual central peak is due to
the effect of the phase errors (residual chromatism) around the � phase shift. In
this case, a starlight speckle level of 10�7 is reached at 3k/d. The dashed line
shows the polychromatic Airy pattern for the full K band. The diaphragm (Lyot
stop) is open at 80%.

Fig. 11.—Degradation of the coronagraphic performance function of angular
separation. This figure compares the companion attenuation for the AGPM vs.
the classical 4QZOG in its best configuration, i.e., at least 1k /d away from a
quadrant transition. This degradation is measured on the total energy. The solid
line shows the exponential fit on the simulated data (open diamonds) for the
AGPM coronagraph. The dashed line shows the exponential fit on the simulated
data (plus signs) for the FQ-PM/4QZOG coronagraph.



& 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 k/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 10�5. 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 1:4 ;10�7 at 3k /d over the whole K band
with inherent perfect symmetry. The inner working angle of the
mask is�k /d, still with a good contrast of�10�5. 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
et al., in preparation). Nevertheless, theAGPMshould 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.
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‘‘Fonds pour la formation à la Recherche dans l’Industrie et dans
l’Agriculture.’’ P. R. and J. S. acknowledge the financial support
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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 lpth order. Representing it by a space-variant Jones matrix, one can find the resulting wave front for any incident polarization,

Jvortex(s; p) ¼ M �(s; p)½ �JZOG(s; p)M �(s; p)½ ��1: ðA1Þ

Here JZOG(s, p) actually describes the effects of the local ZOG form birefringence that transforms the phase (TE � TM vectorial
phase shift ��TE�TM) and amplitude (TE� TM differential Fresnel parasitic reflection) of the outgoing beam,

JZOG(s; p)¼
�TE 0

0 �TMe
i��TE�TM

� �

; ðA2Þ

where �TE and �TM 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 �� ¼ ��TE�TM. The parameter M [�(s, p)] is the �-dependent rotation matrix

M �(s; p)½ �¼ cos � �sin �

sin � cos �

� �

; ðA3Þ

where �(s, p) is the grating vector angle that defines the local grating line orientations. Thus, we have

Jvortex(s; p)¼
�TE cos

2�þ �TM sin2�e i�� sin � cos � �TE � �TMe
i��


 �

sin � cos � �TE � �TMe
i��


 �

�TM sin2�þ �TE cos
2�e i��

" #

: ðA4Þ

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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A1. 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:

Ep ¼
1

0

� �

; ðA5Þ

Es ¼
0

1

� �

: ðA6Þ

Multiplying them both by the vortex Jones matrix Jvortex(s, p), we obtain

Ep ¼
�TE cos

2�þ �TM sin2�e i��

sin � cos � �TE � �TMe
i��


 �

" #

; ðA7Þ

Es ¼
sin � cos � �TE � �TMe

i��

 �

�TM sin2�þ �TE cos
2�e i��

" #

; ðA8Þ

respectively, corresponding to the output polarization states to be injected in a subsequent coronagraphic code. In the perfect case
(exact � phase shift, i.e., ��TE�TM ¼ � and unitary matched efficiencies �TE ¼ �TM ¼ 1) for the AGPM configuration (lp ¼ 2 and
thus � ¼ lp!/2 ¼ !, where ! is the azimuthal polar coordinate), we have

Ep ¼
cos 2!

sin 2!

� �

; ðA9Þ

Es ¼
sin 2!

�cos 2!

� �

: ðA10Þ

This implies that in the AGPM case (lp ¼ 2) an input linear polarization, which is horizontal, for example, will locally rotate by
twice the azimuthal angle !, 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

R@ ¼
1

0

� �

; ðA11Þ

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.
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L’ ¼
0

1

� �

: ðA12Þ

In such a case, the vortex component Jones matrix must be transformed by

J
@’
vortex(s; p)¼UJvortex(s; p)U

�1; ðA13Þ

with the helical-basis transformation matrix

U ¼ 1
ffiffiffi

2
p 1 i

1 �i

� �

: ðA14Þ

Finally, we have

J
@’
vortex(s; p)¼

1

2
�TE þ �TMe

i��

 � 1 0

0 1

� �

þ 1

2
�TE � �TMe

i��

 � 0 e i2�

e�i2� 1

" #

: ðA15Þ

In the perfect case where �TE ¼ �TM ¼ 1 and �� ¼ �, and in the AGPM configuration case where lp ¼ 2 and thus � ¼ lp!/2 ¼ !,
where ! is the azimuthal polar coordinate, we obtain as output

R@ ¼
0

e i(2!��=2)

� �

; ðA16Þ

L’ ¼ e�i(2!þ�=2)

0

" #

: ðA17Þ

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 ¼ arg hE(!; r);E(0; r)i: ðB1Þ

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),

lp ¼
1

2�

I

:�p ds: ðB2Þ

In the AGPM case, �p ¼ 2! (lp ¼ 2), which implies that the polarization state repeats itself 2lp ¼ 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 x A2 that the mask
phase in the helical basis takes the simple decoupled form e i(lp!��/2). Therefore, in the Fourier-plane polar coordinates (	,  ) we have

Apup(	;  ; lp) ¼ FT
2J1(2�Rtelr)

2�Rtelr
e i(lp!��=2)

� �

(	;  ): ðC1Þ

Explicitly,

Apup(	;  ; lp) ¼ �i

Z 1

0

Z 2�

0

2J1(2�Rtelr)

2�Rtelr
e i(lp!)e�2i	r cos(!� )r dr d!; ðC2Þ

ANNULAR GROOVE PHASE MASK CORONAGRAPH 1199No. 2, 2005



where we recognize the nth order Bessel function Jn. Indeed, various integrals can be expressed in terms of Bessel functions,

Jn(z) ¼
1

2�i�n

Z 2�

0

e iz cos �e in� d�; ðC3Þ

and thus we have

Apup(	;  ; lp) ¼ �i l p�1 2e
ilp 

Rtel

Z 1

0

J1(2�Rtelr)Jlp (2�	r) dr: ðC4Þ

C1. AGPM CORONAGRAPH: lp ¼ 2

The previous result in the lp ¼ 2 case is the so-called Sonine’s integral (Sneddon 1951, p. 55),

S ¼
Z 1

0

y1þ��kJk(ay)J�(by) dy ¼
0; 0 < a < b;

b�(a2 � b2)k���1

2k���1ak�(k� �)
; 0 < b < a:

8

<

:

ðC5Þ

Thus, taking lp ¼ 2, we have

Apup(	;  ; lp ¼ 2) ¼
0; 0 < 	 < Rtel;

e i2 

�	2
; 0 < Rtel < 	:

8

<

:

ðC6Þ

We have demonstrated that in the perfect case for lp ¼ 2 (AGPM), the light is entirely rejected outside the geometric pupil area.

C2. GENERALIZATION TO lpTH-ORDER VORTICES

Equation (C4) corresponds to the so-called Hankel transform of lPth order of the Bessel J1 function. This transform has an analytical
solution (Abramowitz & Stegun 1972, p. 487),

Apup(	;  ; lp) ¼ �i1�lp
2e ilp 

Rtel

(2�	)lp (2�Rtel)
�lp�1 �(1þ lp=2)

�(lp þ 1)�(1� lp=2)
2 F1

lp þ 1

2
;
lp

2
; lp þ 1;

	2

R2
tel

� �

; 0 < 	 < Rtel;

(2�	)�2(2�Rtel)
�(1þ lp=2)

�(2)�(lp=2)
2 F1

lp þ 1

2
;
2� lp

2
; 2;

	2

R2
tel

� �

; 	 > Rtel;

8

>

>

>

<

>

>

>

:

ðC7Þ

where we recognize the gamma � and hypergeometric 2F1 functions. This function shows perfect attenuation for even lp values only,

Apup(	;  ; lp) ¼ 0; 	 < Rtel and lp ¼ 2; 4; 6; : : : : ðC8Þ

REFERENCES

Abramowitz, M., & Stegun, I. A. 1972, Handbook of Mathematical Functions
(New York: Dover)

Baudoz, P., Boccaletti, A., Riaud, P., Cavarroc, C., Baudrand, J., Reess, J. M.,
& Rouan, D. 2005, PASP, submitted

Biener, G., Niv, A., Kleiner, V., & Hasman, E. 2002, Opt. Lett., 27, 1875
Boccaletti, A., Riaud, P., Baudoz, P., Baudrand, J., Rouan, D., Gratadour, D.,
Lacombe, F., & Lagrange, A.-M. 2004, PASP, 116, 1061

Boccaletti, A., Riand, P., Moutou, C., & Labeyrie, A. 2000, Icarus, 145, 628
Bomzon, Z., Niv, A., Biener, G., Kleiner, V., & Hasman, E. 2002, Appl. Opt.,
41, 5218

Brillet, A., Vinet, J.-Y., Loriette, V., Mackowski, J.-M., Pinard, L., & Remillieux,
A. 2003, Phys. Rev. D, 67, 102006

Gay, J., & Rabbia, Y. 1996, CR Acad. Sci. Paris, 332, 265
Gratadour, D., Rouan, D., Boccaletti, A., Riaud, P., & Clénet, Y. 2005, A&A,
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6.4. AGPM coronagraphs onboard SEE-COAST ? 1436.4 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 scienti�c goals of the mission are only super�cially addressed, and the design considerationsmust be taken as rough drafts.
6.4.1 Mission philosophySEE-COAST stands for Super-Earth Explorer � Coronagraphic O�-Axis Space Telescope. Itis a joint proposal of the University of Liège (IAGL and CSL), the Paris-Meudon Observatory(LUTH and LESIA), OHP, UNSA (Nice), ETH Zurich, LAOG, Geneva, Amsterdam and Torunin 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-COASTwill be optimized for high-contrast imaging. Its primary mirror and the downstream optical trainshould provide a very low wavefront error of λ/100 rms (λ = 632.8 nm) together with an o�-axisimplementation. The goal is to detect and characterize extrasolar planets thanks to low/medium-resolution spectroscopy in the visible.

Primary

Secondary

Folding
mirror

Paraboloid

Folding
mirror

Fast steering
mirrorFigure 6.3: SEE-COAST satellite concept. Left: artistic view of the sun-shielded o�-axis visible1.5-meter telescope with a 0.2-meter secondary. Right: preliminary optical concept with fast-steering mirror for tip-tilt corrections. Courtesy of Pierre Riaud.



144 Chapter 6. Annular groove phase-mask coronagraph6.4.2 Science case overviewThe science case of a very good space telescope working in the visible is extremely rich. TheHubble heritage can not su�er any comparison, for example. However, the main purpose of SEE-COAST is to do comparative exoplanetology. Lessons from the last ten years of exoplanet huntingare that this new �eld is certainly a great source of positive surprises. The kind of surprises thatmake science progresses. However, the science case of SEE-COAST is very precise since it will beconceived as a precursor mission to more ambitious and long-term projects like Darwin/TPF. Assuch, SEE-COAST must prepare the work of its successor for example by sampling the exozodiacaldisks of Darwin's potential targets for better characterization down to a few zodis. Indeed, asalready stressed out in Sect. 1.3.2, exozodiacal light mixes with the faint planetary signal andmight prevent its detection. Its knowledge is therefore mandatory to avoid the potential stellarsources where it is too bright for the modulation techniques to be e�cient (Absil et al. 2006).The characteristics of SEE-COAST will also be unique for exoplanet hunting. High contrastand high angular resolution imaging will be provided by its exceptional optical quality and thanksto speci�c advanced coronagraphic instruments. SEE-COAST should be able to image dozens ofJupiter-like planets in the 1-5 AU range around nearby stars up to 15 pc and provide the �rstdirect measurements of a broad range of fundamental characteristics. These characteristics includeorbital inclination, mass, brightness, orbital and/or rotational variabilities, etc. Low-resolutionspectroscopic (Rλ ≈ 15) capabilities will permit a �rst characterization of their atmosphere in thevisible, searching for H2O, CH4 and NH3 features among others. In this respect, SEE-COASTwill 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 zodiacaldust disks rare or common, and how are they related to the presence of planets? What is thefrequency of planets that are inaccessible to radial velocity survey? Do stars with known radialvelocity 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(∼ 3R⊕) around another star, preferably in the habitable zone. Such a discovery would de�nitelyrevolutionize our perception of the world and lead to unpredictable consequences in numerous�elds 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 becauseof the extremely stringent optical constraints that have a priori to be tackled.Additional science can be conducted by extending the imaging capabilities of SEE-COASTtowards the ultraviolet regime (100-300 nm). For example, the angular resolution of 20 mas inthe Lyα emission line would allow imaging stellar forming regions in nearby galaxies, but alsowind interactions in cataclysmic variables, OB associations and Wolf-Rayet stars, leading to newinsights about magnetic �eld-plasma processes. In extragalactic astrophysics, such a telescopewould allow imaging the torus and accretion zones of nearby AGN (z < 2 ≈ 750 pc), constrainingthe three-dimensional geometry of the narrow line regions (NLRs) and the nuclear disks of the hostgalaxies in order to probe the connection between the accreting matter, the out�owing gas, andthe ionizing radiation. Moreover, while broad emission line pro�les are a characteristic signatureof the energetic processes in the center of active galaxies, the spectra of some systems also showabsorption lines. Such absorption features are generally found against the ultraviolet continuum.Whereas the properties of the emitting clouds are reasonably well understood, less is knownabout the absorbing gas, especially how it is accelerated to the high velocities observed. Themain problem in understanding such systems is that the background continuum necessary for



6.4. AGPM coronagraphs onboard SEE-COAST ? 145absorption in active galaxies is often present only at the nucleus and at distributed, compacthot spots. A space telescope with coronagraphic capabilities would permit the study of activegalaxies with much better spatial resolution and at UV wavelengths. Such a study of selectednearby systems could clarify both the background against which the absorbers are seen and theconnection between the emitting and the absorbing gas.6.4.3 Optical conceptThe 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 λ/100 rmsand 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 o�-axis telescope (see Fig. 6.3).6.4.4 Coronagraphic instrumentThe priority instrument is the high resolution coronagraphic camera (HRCC), which is a narrow-�eld (∼ 27′′×27′′) high dynamic range instrument optimized for providing the envisaged detectioncapabilities for exoplanet imaging. This camera shall be equipped with modern coronagraphs likethe FQPM or AGPM (Fig. 6.4). Let us derive some very preliminary results assuming the use ofoptimized AGPM coronagraphs and a detection scheme analog to the VLT-PF/SPHERE one, i.e.,coronagraphy with spectral di�erential imaging (SDI). Let us assume that the HRCC comprisesthree main �lters spanning the 650-760, 750-860 and 850-960 nm wavelength ranges. Each ofthem is divided into three Rλ = 15 bands. This makes 9 simultaneous images that encompassthe 2048 × 2048 CCD detector, and should allow e�cient SDI speckle subtractions. Preliminarydimensioning of the three AGPM is illustrated in Fig. 6.5 together with cross subtraction pro�les.The raw nulling provided by the di�erent coronagraph is at the ∼ 5 × 10−6 level. Spectral
From fast steering mirror

27” x 27”

Figure 6.4: High resolution coronagraphic camera (HRCC) concept (rough draft). The wave-length selection is done thanks to the proper combination of �lters and gratings. It is worthnoting that a grating placed in a focal plane will disperse the light into several pupils of di�erentcolors which can then be selected by well-dimensioned and well-positioned diaphragms. Courtesyof Pierre Riaud.



146 Chapter 6. Annular groove phase-mask coronagraphsubtraction assuming residual WFE of λ/100 rms (λ = 632.8 nm) allows gaining a factor from 10to 100, leading to a residual level at 2λ/D from ∼ 2 × 10−7 to ∼ 2 × 10−8, 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 isthe amorphous form of SiO2). Bottom right: numerical simulation assuming residual WFE of
λ/100 rms (λ = 632.8 nm) and phase-mask imperfections. The dashed lines show the residuallevels of cross subtractions between �lters.Proper detection capability assessment necessitates a complex simulator (COASTSIM) underevaluation. The latter should assess the SDI subtraction real gain with respect to speckle residueremovals. The simulator should provide the detection capability of a certain scienti�c target underwell de�ned conditions (stellar type, proximity, contrast, etc.) and accordingly the optical trainerror budget (WFE, jitter, etc.).6.4.5 FeasibilityTo conclude this introductory section about the SEE-COAST project, let us discuss brie�y sometechnological feasibility issues.



6.4. AGPM coronagraphs onboard SEE-COAST ? 147Feasibility of the telescopePreliminary assessments concluded that the required λ/200 rms (λ = 632.8 nm) surfacing errorshould be feasible assuming that a speci�c measurement method is developed that would ensurean accuracy of λ/400 rms (λ = 632.8 nm). A secondary active mirror or dedicated fast-steeringmirror 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 offeasibility is of course more a question of budget.Feasibility of the coronagraphic masksMask feasibility with subwavelength grating is questionable since the periods required range from360 nm to 470 nm, assuming a n-LASf44 schott glass (high -index glass: n ≈ 1.8). The subsequentthicknesses range from 2.5µm to 3.5µm, inducing therefore aspect ratios of ∼ 10 (assuming a�lling factor of 70 %). Such aspect ratios are within reach of the current technologies. Theobstacle concerns more the substrate material which must be compatible with plasma-etchingrecipes. Unfortunately, visible transparent high-index glasses like n-LASf44 (Schott) are composedof 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 thatthe experience with VLT-PF/SPHERE from the ground and the JWST from space should providevaluable information. First e�orts in this direction will be presented in the following chapter.
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7Manufacturing of 4QZOG and AGPMcoronagraphs
Contents7.1 LETI operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1497.1.1 Context of the operation . . . . . . . . . . . . . . . . . . . . . . . . 1497.1.2 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1507.2 Design of the subwavelength grating . . . . . . . . . . . . . . . . . . 1507.2.1 Technological pileup de�nition . . . . . . . . . . . . . . . . . . . . . 1517.2.2 Grating optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 1517.3 Tolerancing and manufacturing philosophy . . . . . . . . . . . . . . 1537.4 Selection and tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155Abstract. This chapter is devoted to the presentation of the manufacturing of 4QZOG andAGPM coronagraph prototypes that has been initiated at CEA-LETI with the collaboration ofLESIA and LAOG in the framework of the R&D for VLT-PF/SPHERE. The fabrication philos-ophy is exposed as well as a tolerance study assessing the feasibility and constraints for each stepof LETI's speci�c technological pileup.7.1 LETI operation7.1.1 Context of the operationWe have decided, in collaboration with our colleagues of LESIA and LAOG19 to initiate the re-alization of prototypes of 4QZOG and AGPM by CEA-LETI 20. LETI is the ideal technologicalpartner. 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 applicationssince they have already worked on integrated optics for interferometry (Fig. 7.1). Let us quote19Laboratoire d'Astrophysique de l'Observatoire de Grenoble.20Based in Grenoble, LETI (laboratoire d'électronique de technologie de l'information) is a laboratory operatedby the Technology Research Directorate (DRT) of the French Atomic Energy Commission (CEA). It is one of thelargest applied research laboratories in electronics in Europe.
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Figure 7.1: CEA-LETI products for astrophysical applications. Left picture: photograph ofone 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 calibrationchannels manufactured with the silicon etching technology. Right picture: photograph of a hollowmetallic waveguide input using a scanning electron microscope. The Pyrex cover is maintainedby anodic bonding on the silicon substrate. The etching depth is 10 µm. The gold deposition isthicker at the bottom of the waveguide than along the lateral walls (Labadie et al. 2006).the IONIC beam combiner (Monnier et al. 2004, integrated optics near-infrared interferometriccamera), successfully implemented at the IOTA interferometer (Mount Hopkins, Arizona), theIONIC-2TK beam combiner (Lebouquin et al. 2006) which is the current beam combiner of theVINCI instrument (VLTI), the VITRUV/VSI (VLTI Spectro-Imager) second-generation instru-ment for the VLTI (Malbet et al. 2004) and the studies for modal �ltering and beam combinationin the thermal infrared for the Darwin mission (Labadie et al. 2005, 2006).7.1.2 GoalsThe purpose of this operation �ts in the framework of the development of achromatic coronagraphsfor the VLT-planet �nder (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 experimentallyvalidate the concepts of subwavelength grating achromatization and implementation in originalphase coronagraphs such as the 4QZOG and AGPM, while relying on state-of-the-art standardmicro-electronics manufacturing technologies, such as silicon lithography. The already mentioned�exibility of subwavelength gratings to implement achromatic waveplates will be exploited by de-signing and optimizing the components according to a trade-o� between the technological pileupproposed by LETI and the required performances for SPHERE, while minimizing failure risks.7.2 Design of the subwavelength gratingThe �rst design trade-o� concerns the wavelength range. On one hand, VLT-PF coronagraphiccameras will encompass wavelengths from band I (0.9 µm) to K (2.2 µm). On the other hand,the silicon electronic absorption loweredge starts at 1.2 micron. For this reason, we have chosento 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-o� betweenLETI technological pileup constraints and performances.of the subwavelength grating technology for phase coronagraphs while simplifying their potentialimplementation in the instrument by regrouping the two bands on a single component.7.2.1 Technological pileup de�nitionThe proprietary and con�dential technological pileup de�nition, i.e., the de�nition of each elemen-tary technological step21 leading to the �nal component, proposed by the LETI and submittedto our approbation led to the structure presented in Fig. 7.2. It consists in a silicon substrateimprinted with the subwavelength grating made of silicon �lled with silica. The whole structureis encapsulated with a silica thin layer acting both as a protection and an anti-re�ective coating.7.2.2 Grating optimizationKnowing the approximate structure de�nition, optimization procedures can be undertaken to�nd the best grating parameters (period, �lling factor, depth, thickness of the AR layer) tominimize the null depth simultaneously in H and K bands. Optimization was performed using thesimplex-search method (see Sect. 5.1.2) coupled to the RCWA code with the following calculationparameters: 21 orders of di�raction retained, 100 points in wavelength. The optimization led tothe grating geometry parameters presented in Table 7.1, and the results displayed in terms of nulldepth and parasitic residual ghost level in Fig. 7.3.The subwavelength grating technology once again demonstrates its �exibility by allowing si-multaneous operation in two well-separated spectral bands. Indeed, the theoretical rejection factorin the H band is 1500 and 3500 in the K band, while being always above 500 from 1.5 µm to 2.35
µm.As already stressed out in the paper presented in Sect. 5.2, Fresnel parasitic re�ections, whilediminishing the optical e�ciency, can prevent the null depth from reaching very low levels becauseof the intensity mismatch due to the di�erential e�ects between the polarization components TEand TM (see Eq. 2.8). Indeed, the di�erence between the e�ective indices nTE

eff and nTM
eff at theorigin of the form birefringence, also induces unequal TE/TM Fresnel re�ection coe�cients at21Preliminary estimations by CEA-LETI has led to more than twenty process steps in the present case.



152 Chapter 7. Manufacturing of 4QZOG and AGPM coronagraphsTable 7.1: Optimized parameters of the H/K band Si/SiO2 subwavelength gratingachromatic phase retarder. Parameters ValueGrating period Λ 0.402 µmGrating depth/thickness h 2.1973 µmGrating �lling Factor F 80%
SiO2 AR layer thickness hAR 280 nmthe grating top and bottom interfaces. The SiO2 AR layer equilibrates the di�erential e�ect, butonly to a certain point.Moreover, the Fresnel parasitic re�ections are also responsible for a second-order so-called�ghost� in the �nal coronagraphic image. This ghost comes from the double re�ection on the backface of the substrate and on the internal interface of the AR treated ZOG. Its intensity can bequanti�ed assuming a reasonable AR performance for the back side of the component, i.e., about

0.5% of re�ectivity. The intensity level of the ghost for the structure of Table 7.1 in Fig. 7.3is maintained below 10−3 but better performances can be achieved by improving the back faceanti-re�ective e�ciency. The substrate can also be tilted, or polished with a slight wedge in orderto dump the stray light.
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Figure 7.3: Performance (null depth/ghost) of the optimal subwavelength grating based on theLETI technological pileup. The rejection factor (inverse of the null depth) is ∼ 1500 in the Hband and ∼ 3500 in the K band.



7.3. Tolerancing and manufacturing philosophy 1537.3 Tolerancing and manufacturing philosophySensitivity to each geometrical parameter such as the period, �lling factor, grating and AR layerthicknesses can be drawn. However, such a raw calculus would be useless and far from manu-facturing reality. Let us take a di�erent approach, based on the actual chosen process. Withoutgoing into details for intellectual property reasons, we shall nonetheless describe the philosophywe 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 cm). The photolithography stepwhere the primary mask shall be de�ned, will be carried out by a �micro-stepper� machine. Thismachine uses the projection-printing principle as presented in Sect. 3.4.1. The working wavelengthof the CEA-LETI micro-stepper that will be used is λ = 248 nm and the reduction factor of theprojection ∼ 4-5. The �eld of view (FOV) of the �stepper� is 22 mm × 22 mm. This meansthat on the entire wafer, 44 patterns can be imprinted. We have decided to spread the 4QZOGand 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 gratingmicro-geometry is exactly the same for the 4QZOG and AGPM components. The only di�erencebetween them concerns the macroscopic implementation of the micro-structure: a four-quadrantanti-symmetrical implementation for the 4QZOG phase masks (see Chapter 5) and a circularlyconcentric one for the AGPM coronagraphs (see Chapter 6).We have then decided to take advantage of the substantial size of the stepper �eld of view byimprinting 9 (3 by 3) patterns inside each of them. Each elementary pattern is therefore about7 mm × 7 mm. The purpose of imprinting 9 di�erent patterns in every FOV is to minimize therisk of failure by putting the solution into a robust frame. Indeed, having 9 patterns by stepperFOV gives us the possibility to scan the parameter space. It is to be noted that only parametersde�ning the lateral dimensions of the structure (period and �lling factor) can be scanned thatway since the stepper de�nes the lithographic mask before any etching process takes place. The
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Figure 7.5: Micro-stepper 22 mm by 22 mm �eld 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 etchingcontrol better than a few tens of nanometers;- the pro�le that is likely to emerge from the LETI con�dential technology is a W-shapedpro�le as illustrated in Fig. 7.6. This departure from nominal con�guration, quanti�ed bythe grating-wall slope angle α is very penalizing as we will discuss.The nine patterns have now to be optimally determined. Referring to Fig. 7.6, let us de�ne thesilicon (resp. silica) so-called �feature line� d2 (resp. d1) as the product of the grating period Λ bythe �lling factor F (resp. 1 − F ), i.e., FΛ (resp. (1 − F )Λ). The silica feature line d1 has to be�xed once and for all since, for technological reasons, it will be common to all individual patternsin 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., d1 = (1 −
0.8) ∗ 0.402 = 0.08µm, or 80 nm. Nine values for d2 must now be chosen in order to optimallyframe the solution assuming that the grating-wall slope α is likely to vary between 87.5 and 90degrees. Indeed, numerical simulations show that below 87.5◦, resonance phenomenons a�ect theresults by a too strong amount, especially in the H band. This behavior is easily explainable sincethe slope associated with the W shape gets the lower part of the grating structure to exit thesubwavelength domain, logically beginning by the shortest wavelengths (H band). Moreover, adouble periodicity appears, enhancing overlapping e�ects. For these reasons, the speci�cation onthe grating slope is the �best e�ort towards 90 degrees�.The nine values for d2 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 veri�ed in Fig. 7.7,Fig. 7.8, Fig. 7.9, Fig. 7.10, Fig. 7.11 and Fig. 7.12. Each of these �ve panels contains four graphsin the �landscape� disposition:1. top left, there is shown the best rejection ratio in H and K bands versus the silicon featureline;2. top right, this graph shows the average transmittance between the orthogonal polarizationstates in H and K bands;3. at bottom left is displayed the optimal adjustment of the grating thickness versus the featureline;4. at bottom right is represented the null depth of the best solution for the current grating-wallslope angle versus wavelength.
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Figure 7.6: W-shaped pro�le likely to emerge from the LETI proprietary process pileup. Thenew parameter to be taken into account is the angle α.Several conclusions can be drawn and/or con�rmed from this analysis: in Fig. 7.7, i.e., for a87.5-degree slope angle, the degradation of the performance in the H band is clearly visible whilein Fig. 7.12, the 90-degree slope-angle solution appears to be the best one. In general, there is astrong tendency for the optimal feature line to increase with the slope angle. It is also the casefor the optimal thickness adjustment. Indeed, the optimal thickness is proportional to the featureline. It is to be noted that the anti-re�ective and protective layer of SiO2 was assumed to beconstant and �xed at an optimal λ/4n value, i.e., 280 nm in all cases (λ ≈ 1.7µm, n ≈ 1.5).To �nally 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 Thickness87.5 100 1500 250 nm 2.1 µm88 700 1700 250 nm 1.9 µm88.5 500 600 250 nm 1.8 µm89 500 700 270 nm 1.8 µm89.5 600 2500 310 nm 2.1 µm90 1500 3000 320 nm 2.2 µm
7.4 Selection and testsAs the process will deliver 44× 9 coronagraphs per wafer, a huge number of components will haveto be sorted in order to select the best ones. A coronagraphic test is time consuming (becauseof alignments, long integration times, etc.) so that we had to think about another procedure toe�ciently perform the selection. It will consist in polarimetric measurements (see Sect. 9.3.2 formore details about these methods) of the vectorial TE-TM phase-shift quality provided by thesubwavelength gratings, at certain laser wavelengths like the widespread telecom wavelengths 1.55
µm and 1.62 µm, for instance. The optical implementation of these tests is very simple since itonly 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 thebest components for the coronagraphic tests on the VLT-PF/SPHERE H/K-band coronagraphictestbed (see Fig. 2.8 in Sect. 2.3).
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Part IVNulling interferometry





8Theoretical study of the total internalre�ection grating APS
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TM) of the incident natural or polarized light, while the total internal re�ection insures a 100%-di�raction e�ciency. As already stressed out, such high-performance phase shifters are required inthe �elds of nulling interferometry in order to achieve large dynamics (up to 107 for the detectionof an exo-Earth in the thermal IR).



166 Chapter 8. Theoretical study of the TIRG APS8.1 Summary of the contextAs already stated in the introductory part of this work, direct detection and characterizationof faint sources around bright astrophysical objects is very di�cult due to the large �ux ratiobetween them. For example, an Earth-like exoplanet is typically ∼ 1010 times fainter than itshost star in the visible spectrum, reducing to ∼ 107 in the thermal infrared (Sect. 1.2.3). Infrarednulling interferometry proposed by Bracewell (1978) appears to be one of the most promisingtechnique to achieve the high angular resolution and high dynamic range required to allow theambitious detection of the �rst exobiological tracers on extrasolar Earth-like planets, if they exist.The nulling interferometry technique, as already introduced in Chapter 1, consists in adjustingthe phases of the beams coming from various telescopes (two in the most simple con�guration)to produce a fully destructive interference on the optical axis. The quality of the destructiveinterference, or the so-called null depth (N) relies on the optical component ability to inducea very precise phase shift (e.g. π for a two-telescope con�guration) and a very low amplitudemismatch 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 µm,seeking biosignatures like the O3-H2O-CO2 triplet (Sect. 1.2.3). The huge �ux ratio between theparent star and the planet therefore requires unprecedented high-performance broadband achro-matic phase shifters (APS). The performance requirement for the APS components directly comesfrom the 10−7 planet-star contrast but also from the system architecture and the associate amountof residual stellar leakage (Sect. 2.1.3). According to Chazelas et al. (2006), for an interferometerwith stellar leakages similar to those of a Bracewell two-telescope interferometer, a sensible valuefor the mean instrumental leakage would be
N(λ) = 10−5

(

λ

7µm

)3.37 (8.1)In addition to the APS imperfections there are many systematic sources of reduction for thenull 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, mustbe signi�cantly lower than expressed in Eq. 8.1, i.e., N = 10−6 or better. In practice, we willalways apply a reasonable security coe�cient for the performances of the APS by requiring a few
10−7. Several concepts of APS have already been presented (Sect. 2.2). Each of them has itsadvantages and drawbacks. For instance, the mirror approaches (focus-crossing APS and �eld-reversal APS) are limited to π-phase shifts only (or π/2 for the focus crossing APS). Both inducea pupil rotation of 180◦ which could reveal very penalizing in terms of wavefront �ltering, allthe more if no monomode waveguide are available22. The dispersive plate approach is sensitiveto the material choices and characterizations since three di�erent ones are needed. Given thedemanded qualities (transparency, knowledge of the dispersion, etc.), �nding and selecting themis not obvious in the thermal infrared. Moreover, the working point of the dispersive-plate APSis quite tricky to �nd in practice. The solution we suggest can provide any phase-shift value anddoes not induce any pupil rotation while requiring a single material. Of course, it has also its ownAchille's heels as we will discuss.22As of today, no satisfactory monomode waveguide is available, but R&D is very active in this domain. Ofcourse, the demand is very strong.



8.2. Modulating the total internal reflection 1678.2 Modulating the total internal re�ectionThe principle of the TIRG APS is to make us of the ability of subwavelength gratings in the totalinternal re�ection (TIR) con�guration to induce achromatic phase shifts between the orthogonalpolarization components TE (or s) and TM (or p) (see Sect. 4.1.2) and implement it into anAPS to use in the framework of infrared nulling interferometry. For that, we propose to engrave asubwavelength grating on the TIR interfaces of rhombohedra in order to compensate for the naturalindex dispersion endured by classical Fresnel rhombs (King 1966; Bennett 1970), which is verypenalizing in the present context of nulling interferometry, especially in thermal infrared wherethe choice of material is limited (Korte et al. 1988; Anderson 1988). We also demonstrate thatdepositing a single thin layer of a well-chosen material can also lead to a signi�cant improvementover the classical Fresnel rhombs.8.2.1 Total internal re�ection gratingInteraction between the grating engraved on the TIR interface (Fig. 8.1) and the impinging vec-torial electromagnetic �eld leads to interesting e�ects on the phase and amplitude of the totallyre�ected light. As already stated in Sect. 3.3, 1D subwavelength gratings, i.e., gratings only mod-ulated along one dimension, turn out to be arti�cially birefringent. It means that the structurecan be associated with two so-called e�ective indices, one for each polarization component TE and
TM . These e�ective indices, nTE

eff and nTM
eff are totally dependent on the grating and incidencegeometries. 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 inthis case that the phase-shift value remains constant over the considered wavelength range. As theconsidered leading application of the TIRG APS component is nulling interferometry 23, we choseto optimize the grating design with the null depth as the �gure of merit. The null depth somehowis the quantitative measure of the darkness of the destructive interference (see Sect. 2.1). The TIRcon�guration ensures a 100% e�ciency for the back-re�ected light whatever the polarization, andtherefore no amplitude mismatch24. The �gure of merit to be minimized consequently resumes
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DfTE-TM,1+2Figure 8.1: Schematic of the TIRG APS: it is analog to a Fresnel rhomb which TIR interfacesare engraved with an optimized subwavelength grating. A TIRG APS designed for a π-phaseshift can possess for example two TIR interfaces, each providing a π/2-phase shift such that theresultant is ∆ΦTE−TM,1+2 = ∆ΦTE−TM,1 + ∆ΦTE−TM,2 = π/2 + π/2 = π. Such a component isto 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 con�guration, roughness can be a source of amplitudemismatch.



168 Chapter 8. Theoretical study of the TIRG APSto N(λ) = σ2/4, where σ is the phase-shift error standard deviation with respect to the nominalvalue of π (any other value is possible). This means that the null depth is directly proportionalto the variance of the phase shift over the considered bandpass, i.e., the achromaticity.8.2.2 Total internal re�ection thin/thick �lmInstead of engraving a subwavelength grating onto the TIR interface, one can deposit a layer of awell-chosen foreign material (Fig. 8.2).Total internal re�ection optically-thin �lm. The principle of the so-called total internalre�ection thin �lm achromatic phase shifter (TIRTF APS) is to make use of such a thin �lmcoated with an appropriate thickness on the TIR interface. This principle has been known in thevisible regime for quite a long time. Indeed, MgF2 thin �lms are commonly deposited on BK7- orsilica-rhomb TIR interfaces to improve the angular and chromatic behavior of commercial Fresnelrhombs (Clapham et al. 1969; Filinski & Skettrup 1984; Spiller 1984; Nagib & Khodier 1995).The physical explanation of the compensation e�ect is the same as for subwavelength gratings(Sect. 4.1.2): the phase di�erence between the polarization components is modulated by thedi�erential skin e�ect undergone by the evanescent waves and engendered by the presence of thelayer of a foreign material. In other words, light does not see the rhomb/air interface, but ratherthe thin �lm/air interface plus the multiple interference e�ect between the evanescent waves insidethe layer.Total internal re�ection optically-thick �lm. Azzam (2004) and Azzam & Spinu (2004) alsoproposed to use an optically-thick �lm forming a dielectric-dielectric interface with a well-chosenand known refractive-index ratio in order to minimize entrance beam con�guration sensitivity, ormore precisely, the phase shift ∆φ dependence to incidence-angle variations. Indeed, it has beenknown for a long time (Bennett 1970) that the optimal index ratio for this purpose, i.e., nullifying
∂∆φ/∂θ = 0 while imposing ∆φ = π/4, is n =

√
2 + 1 = 2.414214. This index ratio roughlycorresponds to a diamond/air interface or as suggested by Azzam & Spinu (2004) to a Si/SiO2interface working in the 1.2-4 µm range. This solution is unfortunately limited by the choice ofexisting materials.
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TM
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TE-TM,2Df

TE-TM,1+2DfFigure 8.2: Schematic of the TIRTF APS component: it is analog to a Fresnel rhomb whichTIR interfaces are coated with a thin or thick �lm of a well-chosen foreign material.



8.2. Modulating the total internal reflection 1698.2.3 Double-rhomb con�gurationSingle Fresnel rhombs such as illustrated in Fig. 8.1 are known to be very sensitive to incidencevariations (Nagib & El-Bahrawy 1994; Nagib 1997, 1998). This is unfortunately also the case forthe TIRG APS. Fig. 8.3 (left) shows the standard deviation of the phase shift versus the incidenceangle in the case of a CdTe single-rhomb TIRG APS. Even if the absolute achromaticity σµ
25 ispreserved, the achromaticity with respect to π, σπ, is only maintained in the N = 10−6 ⇐⇒ σπ =

2×10−3 speci�cation within ∼ 5 arcmin. Of course, this calculus is raw and the tolerance to beamdivergence for instance has to be re�ned. To evaluate the real impact of the beam divergence onthe null depth, we have �nely modelled the incidence geometry for the incoming diverging beam.For that, it is worth noting that the tolerance with respect to conical angle variation26 is of severaldegrees, therefore considered as negligible. Taking this into account, the incident beam can bediscretized into rectangles (instead of rings) each associated with a speci�c corresponding polarangle θ (see Fig. 8.3, right). To each of these rectangles is also associated a null depth, functionof the polar angle. The surface and therefore the energy incident on each of these rectangles isgiven by the following simple relation
S(i) = [R(i+ 1) −R(i)] · 2R sinα(i) (8.2)where R(i) = θ(i) · f , R = θ(n) · f and α(i) = arccos R(i)

R
, with f , an arbitrary length. Intuitively,we can anticipate that the outer top and bottom portions of the beam will contribute less than thecentral ones where the optimal values are voluntarily centered. The actual resulting null depth issubsequently given by

Nres =
∑

i

S(i)N(i) (8.3)where the pro�le of S (normalized to 1) is given by Eq. 8.2. The calculation shows that thetolerance of 5 arcmin mentioned here above is relaxed by a factor of 2, leading to a 10-arcminsensitivity, whatever the beam dimension R.

37.95 38 38.05 38.1
0

0.5

1

1.5

2

2.5

3

3.5
x 10

−3

Non conical incidence angle (θ)

P
ha

se
 s

hi
ft 

st
an

da
rd

 d
ev

ia
tio

n 
( σ

, r
ad

)

σπ
σµ

a 1

a ( i )

a 3

R ( i ) = q ( i ) * f

R

Figure 8.3: Left: phase-shift error standard deviation versus incidence-angle variations for asingle-rhomb CdTe TIRG APS. Right: beam speci�c discretization for beam-divergence analysis.R is the beam radius in this context.25σµ is calculated with respect to the mean phase shift whereas σπ is calculated with respect to π.26The conical angle is the azimuth angle φ de�ned in Sect. 3.2.3, i.e., the angle de�ning the orientation of theplane of incidence when it does not contain the grating vector.



170 Chapter 8. Theoretical study of the TIRG APS
q-dq

q-dq q+dq

q+dq

q1

q1 q2

q2Figure 8.4: This scheme shows the double-rhomb con�guration. θ1 (resp. θ2) is the angle ofincidence upon the TIR interfaces of the �rst (resp. second) rhomb.Nevertheless, such a substantial sensitivity would be penalizing in the present application sincethe thermal infrared interferometric beam is not only likely to diverge because of Fresnel di�raction(Chazelas 2003) but it is also likely to wander around because of vibrations (Brachet 2005). For thisreason, we chose to consider other geometries that could alleviate the entrance beam con�gurationsensitivity. Note that this issue is surely not a new one since, to our knowledge, a �rst answerto the problem was proposed 50 years ago by Mooney (1952) and its famous so-called �Mooneyrhomb� (pentaprism shape). Since then, there have been many proposed alternative geometriesbut we chose the so-called �double-rhomb con�guration� 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 re�ections in the two rhombs are complementary (see Fig. 8.4); an increase inthe �rst two TIR angles due to departure from nominal incidence leads to a decrease in the lasttwo angles. Thus if the phase shift varies linearly with the TIR angle, the retardance changes arecancelled (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 con�guration, the number of subwavelength gratingsto be imprinted (resp. thin �lm to be deposited) on the TIR interface may be limited to onlytwo out of four. Indeed, the dispersion compensation arti�cially introduced by the modulatedinterface(s) is su�cient to reach the speci�cations (see Sect. 4.1.2).
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8.3. Theoretical analysis 1718.3 Theoretical analysisThis section is devoted to the theoretical analysis of the TIRG and TIRTF APS. For that, we useda RCWA code based on the theory exposed in Sect. 3.2.3 and the simplex-optimization procedurewhen needed (see Sect. 5.1.2). The purpose of this analysis was to �nd the optimal parametersfor the APS components �achromatizing� the Darwin working wavelength range, from 6 to 18microns. However, due to practical constraints like wavefront �ltering or dichroic speci�cations,the latter is expected to be divided into two or three sub-bands. In the two-band case, the �rstone 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 speci�cations mentioned here above. Regarding this matter, we immediatelyhad to discard common infrared materials like silicon (Si) and gallium arsenide (GaAs) for theirstrong 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 9.65µm). For the same reason, we also had to discard zinc sul�de(ZnS), another widespread infrared material (see Annex B). This is very unfortunate since thesematerials are very convenient to handle.The choice for the bulk material constituting the rhomb in fact revealed to be very di�cult andindeed severely limited since the material has to be perfectly transparent up to 18 microns and ofcourse 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 (CdTe) and germanium (Ge). Although
ZnSe and Ge are in general used in the 11-18 µm range, CdTe is the only one perfectly clear upto 18 microns. It is to be emphasized that KRS-5, common in infrared applications (see Annex B)despite its bad thermal conductivity (5.4× 10−3 W/cm/K) and expansion coe�cient (5.8× 10−5),was also considered since it is one of the rare materials transparent above 15 microns. However, itrevealed to be less e�cient than CdTe and ZnSe. Moreover, it is very di�cult to handle becauseof its toxicity and softness. Its polishing was never demonstrated at better qualities than λ/4rms (λ = 632.8 nm). Finally, the lack of known micro-structuring processes for this material hastherefore prevented its practical interest in the present application.We therefore selected ZnSe, CdTe andGe for the rhomb bulk materials. It is worth insisting onthe fact that these materials are common in infrared applications, that they cover a large refractiveindex spectrum (n = 2 − 4) and that their manufacturing processes are not totally unknown formost of them. Note that other materials like Si, GaAs, ZnS and even diamond can be consideredas layer material candidates for the TIRTF solution, even in their phonon absorption range sincethe thicknesses needed are very thin and the subsequent absorptions therefore negligible. Therefractive and absorption properties for the considered materials are summarized in Annex B.The working temperature is assumed to be either T = 100 K or T = 298 K keeping in mind thatcorrections are needed if T is di�erent.8.3.1 ZnSe rhomb
ZnSe is available in large quantities/volumes at a relatively low cost. ZnSe is also easy to polishwith very good surface qualities. Moreover, its thermal properties are very attractive, with a lowthermal expansion coe�cient (7.1 × 10−6/K) and a good thermal conductivity (0.18 W/cm/K).Unfortunately, the chosen double-rhomb con�guration inevitably lengthens the optical path in thematerial. For instance, in the present case, a working angle of ∼ 1.139 radians would lead to a
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k is equal to 4.24 × 10−6 at 14 µm and 300 K, leading to an absorption of about 50%. Thisvalue reduces to 2.52× 10−6 at 100 K, giving an absorption of 30%, which remains acceptable fordemonstration purposes. For this reason, a ZnSe TIRG APS in the double-rhomb con�gurationwill be limited to the 6 to 14 µm wavelength range.Results of RCWA calculus and optimization are shown in Fig. 8.6 and summarized in Table8.1. First of all, it is worth noting that the ZnSe bare Fresnel rhomb (without any ZOG norcoating on the TIR interface(s)) is not performing well enough according to the Darwin N = 10−6speci�cation (Fig. 8.6, dotted line). However, depositing a foreign material at the TIR interfaceor engraving a subwavelength grating onto it allows us to overcome this limitation at least in the�rst 6-11µm Darwin wavelength range. The performance is somewhat deteriorated in the larger
6-14µm range, but it is still comfortable in the Darwin speci�cation for the subwavelength gratingsolution (Fig. 8.6, continuous line) while only by a feeble margin for the thin �lm one (Fig. 8.6,dashed line). Note that in this latter case, CVD (Chemical Vapor Deposition) diamond would beparticularly appropriate as the layer material (see Sect. 9.2.2).
8.3.2 CdTe rhombAvailability of CdTe 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 coe�cient of 5.9×10−6/K and



8.4. Interferometer implementation 173Table 8.1: Null depths for the optimal Fresnel rhomb, TIRG APS, TIRTF APScomponents for the selected materials (ZnSe and CdTe). CLD stands for Carbon likediamond (i.e., CVD diamond).Material/band Fresnel rhomb TIRG APS TIRTF APS
ZnSe/6 − 11 µm 1.6 × 10−6 1 × 10−8 CLD/ZnS layer: 1 × 10−7

ZnSe/6 − 14 µm 6 × 10−6 1 × 10−7 CLD layer: 7 × 10−7

CdTe/6 − 11 µm 2 × 10−7 2 × 10−9 CLD/ZnSe/ZnS layer: 1 × 10−8

CdTe/11 − 18 µm 8 × 10−7 1 × 10−8 CLD/ZnSe/ZnS layer: 4 × 10−8

CdTe/6 − 18 µm 1.6 × 10−6 1 × 10−7 CLD/ZnSe/ZnS layer: 4 × 10−7conductivity of 0.062 W/cm/K), nevertheless appears to be more than a viable solution27. Indeed,as already stated, CdTe is the only selected rhomb material perfectly clear up to 18 microns (seeAnnex B). Moreover, theoretical RCWA results are excellent, showing better performance thanwith ZnSe (see Table 8.1). First of all, the CdTe bare Fresnel-rhomb solution is worth consideringsince it is theoretically performing well enough, at least for the Darwin �rst sub-band (6-11 µm)but unfortunately not for the second one (11-18 µm). Depositing a thin �lm of a foreign material(e.g., diamond, ZnSe or ZnS) overcomes this limitation. As far as the subwavelength gratingsolution is concerned, results are comfortably in the speci�cations for both bands.Let us emphasize that there exists a most interesting solution achromatizing the whole Darwinwavelength range from 6 to 18 microns with only one component: an optimized double rhombin CdTe modulated with a subwavelength grating on at least two of the four TIR interfaces (seeTable 8.1).8.3.3 Ge rhombGermanium is a very well suitable material for classical Fresnel rhombs since its natural dispersionis extremely low (Hawkins 1998, see Annex B). Theoretical results for the bare Fresnel rhomb areexcellent: N = 4× 10−9 over the 6-11 µm wavelength range. Adding a ZOG at the TIR interfacefurther improves this already excellent behavior. Unfortunately, Ge is not perfectly transparentin the Darwin 11-18 µm 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 everydielectric materials in general, quite satisfying with a rather low expansion coe�cient (6 × 10−6)and a good conductivity (0.0602 W/cm/K).8.4 Interferometer implementationImplementation 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 and2, rotated by ninety degrees around the optical axis and from one another, then the potentially-interfering parallel polarization states (s1 with p2 and s2 with p1) are two by two in phase op-position. It must be noted that there is a strong constraint on the alignment of the componentsaround the optical axis with respect to each other. Let ∆χ be the misalignment angle betweenthe rhombs along the optical axis (Fig. 8.7). ∆χ is then directly related to the null depth N :27It is to be noted that CSL possesses a CdTe growing facility (Verstraeten 2002). Samples for the presentapplication are being grown and will soon be quali�ed (dispersion and thermo-optic coe�cients).
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90°+/-Dc

Figure 8.7: Interferometer implementation: two strictly identical components belonging to thetwo distinct interferometer arms, are rotated by ninety degrees around the optical axis and fromone another. ∆χ is the misalignment angle between the rhombs around the optical axis.
N = (1 + sin ∆χ)(1 − cos ∆χ)/2. Therefore, to ful�ll the constraint N < 10−7, we must imposethat ∆χ ≤ 2 arcmin.Departure from the nominal zero optical path length between the two components belongingto the two interferometer arms due to manufacturing/surfacing errors and/or di�erential thermaldilatations can be compensated either by slightly tilting the rhombs or making use of beamsplitters with adjustable thicknesses if in the same material. It is to be noted that a di�erence inthe geometry of the paired rhomb segments (e.g. length) is not expected to be an issue providedthat the segments are cut and polished together.



8.5. Tolerancing and design of a prototype 1758.5 Tolerancing and design of a prototypeIn this section, we will discuss the design of a prototype TIRG APS intended at being one of thefour APS selected for study, fabrication and test in the framework of the Darwin R&D activities(Nulltimate consortium 2002; CSL & IAGL 2005). The �rst part of the present section will bedevoted to the tolerancing of the subwavelength grating, the second one to the roughness andhomogeneity issues. In the third and last sub-section, the rhomb design will be addressed and the�nal drawings presented. The choice of the material for the prototype has been made thanks toa trade-o� matrix (CSL & IAGL 2006). Even if CdTe shows the best theoretical characteristicsin terms of transparency and performances, ZnSe was the retained material for the followingreasons:- it is a quite cheap, easy to source, and convenient material to handle and polish (surfacequalities of λ/30 rms with λ = 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 testbench 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 comparedto the CdTe one28.8.5.1 Micro-structure tolerancingThe fabrication of the TIRG APS will be based on micro-electronic technologies (Sect. 3.4). The�rst classical step consists in imprinting a photomask of the grating in a resin coated on thechosen substrate material. The precision of this step is critical because it de�nes once and forall the lateral dimensions of the grating: its period Λ and the so-called feature line, i.e., theperiod multiplied by the �lling factor F . This pattern will then uniformly be transferred intothe substrate by an appropriate reactive plasma-beam etching down to the desired depth. Thefabrication 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 µm wavelength range. Arough optimization for this range leads to a ∼ 900-nm period taking a fabrication constraintalready 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 speci�cationof the writing apparatus in fact already constrains the period-�lling factor relation which mustsatisfy (1 − F )Λ > 0.6µm. Then, assuming a �xed period of 900 nm, best solutions are searchedusing the simplex-optimization method coupled to the RCWA algorithm (see Sect. 5.1.2) withthe free parameters left: the �lling factor F , the grating thickness h and the incidence angle θ.Results of this optimization are displayed in Fig. 8.8 (left), where the optimal null depth is plottedversus the feature line, i.e., the product of the 900-nm �xed period and the varying �lling factor.Continuous variations are imposed to the feature line while letting the optimization algorithm�nd 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 × 10−7. This optimal value is28The CdTe bare Fresnel rhomb already provides a deep null without any ZOG or thin/thick �lm (Table 8.1)while for ZnSe, the null passes from NFR(6, 14µm) > 10−5 for the Fresnel rhomb to NTIRG(6, 14µm) ≈ 10−7 forthe TIRG APS (see Table 8.1 and Fig. 8.6).
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Figure 8.8: 6-14 µm ZnSe double-rhomb APS with 900 nm period. Left: optimized null depthversus feature line. Right: thickness adjustment (optimized) versus feature line.obtained for the 220-nm feature line. The corresponding adjusted thickness is ∼ 1.43µm. If wecalculate the grating aspect ratio, we �nd 6.5 which is somewhat demanding (but not impossible)given the nature of the material to be subsequently etched. To relax this di�culty, we chose theconservative size of 250 nm for the feature line. Doing this, the adjusted thickness is 1.23µm andthe aspect ratio subsequently reduces to ∼ 5, which is more comfortable. The 250-nm feature linechoice can therefore be considered as the second trade-o� between performance and feasibility. Letus now �x the feature line to 250 nm, keep the period at 900 nm and vary the thickness arti�cially,letting the optimization algorithm �nd the corresponding incidence polar angle θ adjustment thatminimizes the null depth. Results of this analysis are shown in Fig. 8.9 left and right. Providedthat the polar angle can be adjusted with a sub-arcmin precision, the N ≈ 2.5 × 10−7 toleranceon the thickness de�nition is 1.23 ± 25 nm, i.e., ∼ 2%, which is feasible.The conclusion of this tolerance analysis is that, provided that there are interactions betweenmeasurements and manufacturing at each key step, the N ≈ 2.5×10−7 tolerance on the de�nitionof 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 µm 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 pro�le likely to emerge from the plasma-etching process. The newparameter to be taken into account is the grating slope angle α.to relax the aspect ratio manufacturing constraint) and about the same for the thickness. Aposteriori 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 theentrance beam incidence con�guration (i.e., input angle and beam divergence) at the macroscopiclevel.8.5.2 Grating slope angleDeparture from the nominal assumed grating pro�le, i.e., a perfectly rectangular one, is likely tonaturally emerge from the plasma-beam etching process (Fig. 8.10). Generally, one can expectthat if the desired overall �lling factor of the pro�le is preserved in the fabrication process, thenshape errors have a minimal e�ect on the desired di�raction characteristics (Pommet et al. 1995).However, as we will see, departure from rectangularity induces further constraints on the litho-graphic mask de�nition 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 andFig. 8.12. Null depth performance is signi�cantly compromised for slope angles smaller than 85degrees. Moreover, the grating-parameter adjustments (feature line, thickness and polar angle)are very penalizing. For example, a 88◦-slope angle already leads to signi�cantly lower the feature
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Figure 8.11: Grating slope-angle tolerancing. Left: null depth versus grating slope angle indegrees. Right: corresponding feature line adjustment versus grating slope angle.
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Figure 8.12: Grating slope-angle tolerancing. Left: corresponding thickness adjustment versusslope angle. Right: TIR angle adjustment versus slope angle.line (down to ∼ 200 nm) to keep the N ≈ 2.5 × 10−7 performance. Moreover, the correspondingthickness 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 µm, all ofthem leading to a poor N ≈ 2.5 × 10−6. For these reasons, the speci�cation on the slope angle isonce again: �best e�ort towards 90◦�. In any case, the mandatory a priori knowledge of theglobal slope angle is required.8.5.3 Thin-�lm solution tolerancingAs 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 angleof incidence, the working points can be drawn in two-dimensional maps. From Fig. 8.13, we canconclude that the tolerance on the thickness is several percent (∼ 10%). It is to be noted thatcoatings are routinely deposited with a precision of ∼ 1-2% on the thicknesses (see Sect. 9.2).
6−14 µm ZnSe TIR Diamond TF APS: null depth map
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6−18 µm CdTe TIR Diamond TF: null depth map
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Figure 8.13: 2D maps of the null depth (log scale, 10−α) according to the variables �thicknessof the layer� and �incidence angle�. Left: ZnSe TIRTF APS coated with diamond for the 6 to 14micron band. Right: CdTe TIRTF APS coated with diamond for the 6 to 18 micron band.



8.5. Tolerancing and design of a prototype 1798.5.4 Roughness and homogeneityRoughness and material homogeneity both a�ect the wavefront quality and phase shift betweenthe interferometer arms. Let us discuss them separately here below.RoughnessRoughness 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 thepresent application, three spatial scales can be distinguished: the macroscopic scale with typicaldimensions belonging to the 10µm to centimeter range, 10-100µm being the typical size of ZnSemicro-crystal grains; the microscopic scale with dimensions ranging from the micrometer to 10-
100µm, and the nanoscopic scale with typical dimensions below the micrometer, down to a fewnanometers.The macroscopic-scale roughness is related to global wavefront errors (WFE) and large-scalemicro-irregularities. Darwin speci�cations on WFE taking spatial �ltering into account have ledto the λ632.8/30 rms surfacing constraint (see Sect. 2.1.2). As already mentioned here above,this tight speci�cation was one of the reasons for the choice of ZnSe. Concerning large-scalemicro-irregularities, the scalar scattering theory provides simple formulae yielding approximatequantities which are nonetheless su�cient in many applications (Hadaway et al. 2001). Whena surface is illuminated, some light will be specularly re�ected, some will be backscattered, andthe rest will be transmitted or absorbed. The so-called total integrated scattering (TIS) is thefraction of backscattered light divided by the total light re�ected from the sample (backscatteredplus specularly re�ected light). TIS can be directly related to a rms roughness δ if the scatteringis caused by surface micro-irregularities over the entire surface, with heights small compared withthe working wavelength, and with a correlation length (related to the spacing between roughnessfeatures) which is large compared to the working wavelength. The expression relating TIS andrms roughness is then

TIS =
Rd

R0

=
R0 −Rs

R0

=
scatt. power

scatt. power + spec. power
= 1 − e−(4πnδ cos θ/λ)2 (8.4)where Rd is the di�use re�ectance (i.e., backscattered radiation), R0 is the total re�ectance (spec-ular plus di�use), Rs is the specular re�ectance, n is the refraction index of the scattering material,

θ the angle of incidence, and λ the wavelength of the impinging light. A numerical applicationwith δ ≈ 5 nm (average between ZnSe bare and treated surfaces), n = 1, θ = 65◦, and λ = 6 µmyields TIS ≈ 2× 10−5. This already small value must be considered as an upper bound and withextreme precautions since the TIS energy is spread out with an unknown angular dependence,i.e., the incoherent TIS fraction backscattered into the specular shall be much smaller than thecalculated amount. As far as the grating dimensions are concerned on these macroscopic scales,they of course have to be homogeneous at the levels speci�ed in the analysis presented here above.The microscopic-scale roughness directly mixes with the grating dimension de�nition. In thisrespect, localized defects can be tolerated as far as the grating dimensions are globally respected.Indeed, spatial �ltering precisely aims at �ltering the high-spatial frequencies induced by smallimperfections. Moreover, one interesting theoretical property of subwavelength gratings is that theglobal periodicity acts as an energy concentrator through the physical law depicted by the gratingequation (see Eq. 3.45). Indeed, being subwavelength implies that energy cannot be di�ractedinto higher orders. Unfortunately, the subwavelength grating concept is a theoretical idealization.



180 Chapter 8. Theoretical study of the TIRG APSPerturbations of any kind to the idealistic pro�le will always lead to di�usion and degradationof the nominal performances. Modelling micrometric defects is not an easy task and requiressome tricks since, to our knowledge, there exists no simple method that allows mixing periodicstructures, i.e., gratings, to randomness. In general, these problems are treated separately. Let usnevertheless attempt to quantify the e�ect of the present considered type of randomness. First ofall, we will split the 1 µm to 10-100 µm range into the 1-10 µm and 10-100 µm ranges accordingto the minimum uniform grating size allowing the use of RCWA. Indeed, one of the workinghypothesis of RCWA calculations is that structures are supposed to be in�nitely periodic. Inpractice, the applicability of the algorithm can however be extended to �nite-number-of-periodgratings down to a minimum size of ∼ 10-20 periods, i.e., ∼ 15µm in the present case (Wu &Glytsis 2002; Hirayama et al. 1997).Roughness in the 10-100 µm scales can then be estimated by Monte-Carlo simulations dividingthe beam into cells encompassing 10 to 20 periods of the subwavelength grating, i.e., with a typicalsize of ∼ 15µm. As stressed out here above, this discretization allows the use of the RCWAalgorithm within each elementary cell with a su�cient accuracy (Wu & Glytsis 2002; Hirayamaet al. 1997). As far as roughness amplitudes are concerned, they will be chosen according to thenominal values routinely obtained by state-of-the-art ZnSe surfacing techniques at these scales,i.e., 1-2 nm rms, but corrected by the expected degradation of the plasma-etching process thatis likely to increase the roughness up to ∼ 5-10 nm rms (see Chapter 9). Taking the fact that
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Figure 8.14: Principle of the Monte-Carlo micro-roughness analysis in the 10 − 100µm scale.The 15 mm-pupil is discretized into cells of 15µm × 15µm in size, where the thickness h of thegrating is assumed to be a�ected by a Gaussian random error of σ ≈ 5-10 nm rms. Since each armof the interferometer undergoes two TIR on two subwavelength gratings, two independent phasescreens per arm are generated and then recombined properly at one wavelength at a time, for atotal of 20 wavelengths covering the 6-14µm range. Then the mean phase-shift residual µ∆φ withrespect to phase opposition is calculated within each cell and then averaged through the entirepupil to give the �nal mean null depth µN .
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Figure 8.15: Illustration of a super-cell analog to the one used for evaluating the feature linerouhgness impact on performances. This example shows a Λ′ = 8Λ super-cell. FrndΛ is a randomvariable de�ned by a gaussian distribution of variance σ2. Here σ2 is exaggerated for illustrationpurposes. In practice, cells of 32 or 64Λ have been used.four surfaces will independently be a�ected by this type of roughness into account, Monte-Carlosimulations (see Fig. 8.14) led to a degradation of the mean null depth from the nominal value of
2.5× 10−7 to 3.2× 10−7 in the case of a 5-nm rms roughness and up to 5× 10−7 in the 10-nm rmscase.Roughness in the smaller 1-10 µm scales concerns random errors on the lateral dimensions ofthe grating, i.e., the feature line. From the speci�cations of the direct writing laser apparatus(DWL) that is planned to be used in the fabrication of the present component (see Sect. 9.2), theexpected line-width deviations from uniformity are of the order of ∼ 25 nm rms. The so-calledsuper-cell method (Philippe Lalanne, private communication) was implemented to numericallyestimate the in�uence of such errors. This tricky method is in fact derived from the applicationof RCWA to the study of rough inhomogeneous �lms (Giovannini & Amra 1997; Giovannini et al.1998). Let us then de�ne a super cell encompassing 32 grating periods, i.e., 32Λ ≈ 30µm. Next,each of the 32 feature lines is randomly a�ected by an error leading to the 25 nm rms uniformityspeci�ed by the DWL machine's vendor (Fig. 8.15). Each elementary period is then discretizedinto 64 parts so that the super-cell is discretized into 32 × 64 = 2048 data points. In orderto ensure convergence in this particular case (see Annex A), we had to take ∼ 1000 orders intoaccount, which is about two orders of magnitude more than in the nominal case. This has thereforeinvolved very long computation times so that we could only sample a few points across the 6-14 µmwavelength range. The result of these heavy and time-consuming calculations was that the phase-shift quality seemed not to be a�ected by the considered type of roughness while the re�ectedamplitudes were. Indeed, micro-roughness induces di�usion in the re�ected beam so that the TIRwas not completely ensured for the TE and TM components, giving for instance, e�ciencies of
99.91% for TE and 99.97% for TM at 6 microns in the ZnSe double-rhomb case. Thanks to thesuper-cell method, we therefore managed to quantify the amplitude-mismatch in�uence on theperformance (see Eq. 2.8) so that, in conclusion, the feature line roughness should only degradethe null depth by ∼ 2.25 × 10−8.Finally, the nanoscopic-scale roughness is not expected to induce signi�cant perturbations ofthe 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.HomogeneityOne of the drawbacks encountered when optical materials are used in transmission is that theyshould be homogeneous enough to keep, after transmission, the beam optical quality. It is evident



182 Chapter 8. Theoretical study of the TIRG APS

n

n

Arm 2

Arm 1

d

e

n+ nd

f1

f2

Figure 8.16: Phase variation induced by an index inhomogeneity δn of size d.that the acceptable deviation from a perfect homogeneity depends strongly on the scale of thedefects. Regarding the required null depth of 10−6 this may be evaluated in the following way(Mangin 2003): in a �rst approximation we consider that homogeneity defects alter the phaseonly, even if light scattering should also be considered. Both e�ects are reduced by performingoptical �ltering. Fig. 8.16 depicts the simple case where a beam crosses two plates, one of themexhibiting a defect of thickness d, index n+ δn, for a plate of thickness e and average index n.At a wavelength λ, the defect-induced phase di�erence can be written
δφ = φ2 − φ1 =

2π

λ
[(n e+ δn d) − n e] =

2π

λ
δn d (8.5)Over a complete optical path, Eq. 8.5 can be written

δφ =
∑

i

2π

λ
δni di (8.6)Let us now compute the rejection rate that can be achieved with a two-beam nulling interferometerwhen this phase defect occurs. For the sake of simplicity, we will consider a cylindrical defect withradius rdef and uniform thickness d = 2rdef . From Eq. 2.4, we know that at the constructiveoutput

Imax ≈ 4I0πr
2
pupil (8.7)whereas at the destructive (or dark) one, we have

Imin ≈ 2I0
δφ2

2
πr2

def (8.8)The null depth therefore resumes to
N =

Imin

Imax

=
2I0

δφ2

2
πr2

def

4I0πr2
pupil

=
δφ2r2

def

4r2
pupil

(8.9)substituting Eq. 8.5 into Eq. 8.9, we have
N =

4π2δn2r4
def

λ2r2
pupil

(8.10)



8.5. Tolerancing and design of a prototype 183Given a null detph N , the maximum value for rdef is therefore
rdef =

(

λ2r2
pupilN

4π2δn2

)1/4 (8.11)Imposing N = 10−7 and assuming the smallest wavelength λ = 6µm, a beam size of 15 mm sothat rpupil = 7.5 mm, and δn ≈ 3 × 10−6 for the ZnSe (homogeneity value routinely obtained),we have rdef,max ≈ 870µm.This value considers a single defect and is given for illustration. Of course several defects maya�ect a pupil. In that case, the budget has to be performed over all the defects. In the actualDarwin instrument, monomode optical �ltering will further decrease very signi�cantly the impactof such defects on the wavefront. During the present study, as no such modal �ltering is available,we will therefore assume a classical pinhole �ltering which diameter is a fraction 1/k of the Airydisk at 6 µm. Now, we estimate the improvement provided by this �ltering and the resultingfeatures 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 (indiameter) than the pupil size will be n times larger (still in diameter) (this is a classical propertyof Fourier transforms, Ollivier & Mariotti 1997; Mennesson et al. 2002). As a consequence, theamount of defect energy kept after �ltering is n2 smaller than the pupil energy. In addition, thefact that the �lter is about k times smaller than the Airy disk increases the nulling depth by anadditional factor k. Thus one can write
Nafter filtering ≈

r2
def

k r2
pupil

Nbefore filtering =
4π2δn2r6

def

kλ2r4
pupil

(8.12)The maximum value for rdef then becomes
rdef =

(

kλ2r4
pupilN

4π2δn2

)1/6 (8.13)Imposing again N = 10−7 and assuming the smallest wavelength λ = 6µm, a beam size of 15 mmso that rpupil = 7.5 mm, δn ≈ 3 × 10−6 for the ZnSe inhomogeneity and k = 8 (Mennesson et al.2002), we have rdef,max ≈ 2.5 mm, which is quite comfortable since the micro-crystals of CVD
ZnSe are known to be ∼ 40-60µm in size.Putting it the other way around is more signi�cant since even without spatial �ltering, thecontribution to the null depth of a single δn ≈ 3 × 10−6 defect of ∼ 40-60µm is only of ∼ 10−12(10−18 with spatial �ltering).8.5.5 Rhombohedra designSome speci�c macroscopic tolerancing issues will now be considered in this section. The micro-structure sensitivity analysis conclusion was that the tolerance on the grating parameters mainlyresumes to the sole �ne control of the incidence polar angle which is in turn alleviated by the useof the double-rhomb con�guration. However, the previous analysis neglected parasitic-re�ectionphenomenons due to the rhomb in/out interfaces. Thus, the macroscopic components have still tobe optimized for stray-light dumping. Broadband anti-re�ective treatments will be necessary aswell as appropriate wedge angles at the di�erent interfaces as we will discuss. For that, we decidedto 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 de�nition of the wedge angle w.Ray tracingRay-tracing analysis was performed with the ZEMAX optical analysis software29. The loadedgeometry was that of the nominal ZnSe double-rhomb con�guration (Fig. 8.17). First resultswere expectedly a�ected by strong parasitic light issues originating from the parallelism of thein/out interfaces of the two rhombs and the relatively high refractive index of ZnSe (n ≈ 2.4,leading to a re�ection coe�cient of ∼ 17% per interface). We therefore immediately chose toadopt the wedge solution with the main purpose of ejecting spurious re�ections away from themain beam. Indeed, wedging the in/out interfaces with respect to each other by an angle w (seeFig. 8.17) allows deviating higher-order parasitic beams of at least
θ ≥ 2nw (8.14)with n, the refractive index of the material. The speci�cation of the wedge angle w is not trivialand requires a �ne analysis as we will discuss.First, the wedge angle must be large enough so that the spurious re�ections are rejected. Re-jection occurs when the coupling e�ciency of the output beam into the single-mode waveguide (orthe pinhole) that acts as a wavefront �lter becomes negligible. When a beam is tilted with respectto the maximum coupling into the single-mode waveguide, the coupling e�ciency decreases withthe distance of the Airy image to the center of the guide. In order to reject stray light, the overalltransmission e�ciency of the parasitic beam must be signi�cantly below the nulling performance,i.e., ∼ 10−7. This transmission e�ciency results from the throughput of the rhomb interfaces, andon the coupling e�ciency 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 parasiticbeam must exceed k=25 times the mode size A in order to attenuate the parasitic deviated beamwell below the 10−7 level. According to Ruilier (1999), the latter depends on the coupling opticsfocal length f , the wavelength λ, and the beam diameter B as follows

A = 0.71λf/B (8.15)29Results presented is this section have independently been con�rmed by Jérôme Loicq (CSL) on ASAP.



8.5. Tolerancing and design of a prototype 185From A = fθ, we �nally derive the minimum value of θ
θ > 0.71kλ/B (8.16)which in turn provides the minimum wedge angle w
w > 0.355k

λ

nB
(8.17)For example, if B = 15 mm and λ = 14µm, w > 3.5 mrad, i.e., ∼ 10 arcmin.On the other hand, the disadvantage of having wedged plates is that they introduce deviationand dispersion. Deviation being, by de�nition, identical at all wavelengths, it can be compensatedfor 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 beamtranslates into a variation of the coupling e�ciency. Dispersion therefore creates a di�erentialcoupling e�ciency according to wavelength. In principles, if both e�ects are identical in the twointerferometer arms, the consequence on the nulling is negligible. Moreover, the double-rhombcon�guration, if perfectly anti-symmetrical as depicted in Fig. 8.17, allows cancelling the deviationand therefore dispersion since the wedges are assumed identical for both rhombs, in the samematerial and opposed.In practice, wedging the plate at the minimum ∼ 10 arcmin speci�cation is not su�cient. Thisresult was at �rst very surprising given the reasoning presented here above. The explanation isnevertheless very logical. Indeed, the analytical analysis does not take interactions between thetwo rhombs into account. These multiple interactions prevent certain parasitic rays from beingdeviated outside the main beam. Empirical ray-tracing analysis has led us to �x the wedge angleat 1◦ for e�ciently reject the stray light as can be seen in Fig. 8.18. Such a substantial value isnevertheless a compromise, leaving some ghost residuals in the pupilla (at the 10−4 level). Thereason for the trade-o� is to prevent interfaces from being too tilted with respect to the mainbeam. Indeed, transmission through a tilted surface leads to di�erentiation between s and pperpendicular polarization components of the impinging light. Above one degree, the latter wouldlead to polarization disturbances above the required level of 10−7 (for 1◦, the exact disturbancetaking the 4 interfaces into account is 3.4×10−8). In any case, stray-light residuals can be preventedthanks to the use of almost classical anti-re�ection coatings with a reasonable speci�cation on there�ectance which has to remain below 2% over the working wavelength range of 6-14 µm (see herebelow).Let θ1 (resp. θ2) be the angle of incidence upon the TIR interfaces of the �rst (resp. second)rhomb (see Fig. 8.4). Another consequence of the wedge-angle presence is that upon refractionthrough the input face, the TIR angle on the two �rst TIR interfaces θ1 is disturbed by theangle ε(λ) = arcsin 1

n(λ)
sinw, leading to θ1 = θ + ε in the �rst rhomb while in the second noperturbation occurs because of the deviation compensation provided by the anti-symmetricalwedge implementation, so that θ2 = θ. This e�ect must be corrected by manufacturing the rhombwith an e�ective angle θ′ di�erent from the designed TIR angle θ. The required transformationrestoring symmetry is θ′ = θ− ε/2. Doing this, in the nominal con�guration, we have θ1 = θ+ ε/2and θ2 = θ − ε/2, and the linearity of the phase shift with respect to the incidence angle allowsa quasi-perfect compensation, provided that θ is centered on the optimal nominal value. Onceagain, it is worth emphasizing the robustness of the double-rhomb geometry that allows relaxingincidence-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 su�ciently far from the main beam (red). Residuals at the
10−3 − 10−4 level are spread around the optical axis. Some of them reenters the pupil near theedges. Isolation shows those penalizing rays undergoing at least four re�ections. This means thata 2% anti-re�ection coating is su�cient to level them down to the 10−7 speci�cation.



8.5. Tolerancing and design of a prototype 187Comments about anti-re�ective treatmentsOne of the conclusions of the stray-light analysis presented here above is the necessity of treatingthe di�erent input/output faces of the rhombs by appropriate anti-re�ective structures. Althoughsubwavelength gratings are mostly appropriate for this purpose (see Sect. 4.2), we have chosenclassical multi-layer coatings for two main reasons:- these traditional treatments are widespread and proposed by many manufacturers for thethermal infrared (8-12 µm range);- they are currently cheaper than subwavelength gratings that still need further R&D forpractical implementation and cost reduction.We �rstly 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 �lm refractive indices, which depend ondeposition technologies and parameters, may be slightly di�erent so that it becomes di�cult tochoose one dispersion law rather than another. Now, even if an accurate knowledge of thin �lmindices is mandatory for manufacturing, the optimum performance is not very sensitive to a slightindex deviation, provided that the layer thicknesses are re-optimized.The case of Y F3 is a bit di�erent since �uoride materials in thin �lm form are known to be sen-sitive to moisture. According to the deposition parameters, �uoride �lms are more or less porous,and water adsorption can be observed. This induces absorption bands in the infrared spectralrange that are characteristic of water, especially at 2.9µm, 6µm and beyond 11µm. Obviously,this absorption will decrease coating transmittance. To take this phenomenon into account, weused dispersion laws for both the refractive index and the extinction coe�cient (Lemarquis et al.1998). It is worth mentioning that these calculations still demand optimization from thin �lm spe-cialists. The results presented in this paragraph are preliminary and for illustration purposes only.Knowing this, let us present another solution using BaF2 instead of Y F3 (Fig. 8.20), alleviating
YF3 (15200.00 Å)/ZnS (5000.00 Å)/YF3 (2300.00 Å) on ZnSe
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ZnSe substrateFigure 8.19: 3-layer ZnS-Y F3 anti-re�ective coating for ZnSe for the 6-14 µm wavelength range.Absorption due to Y F3 is quite signi�cant. Courtesy of Pierre Riaud (IAGL).
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BaF2 (14000.00 Å)/ZnS (1400.00 Å)/BaF2 (2400.00 Å)/ZnS (4900.00 Å)/BaF2 (1800.00 Å) on ZnSe
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ZnSe substrateFigure 8.20: 5-layer ZnS-BaF2 anti-re�ective coating for ZnSe for the 6-14 µm wavelengthrange. 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. Toobtain 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 ifthe layer thicknesses are rigorously identical. However, since the samples cannot be located atthe same place in the deposition chamber, a slight thickness mismatch can appear between thecoatings. These considerations have speci�cally been studied for Darwin in Lemarquis (2003) withthe conclusions that lateral uniformity of the coating does not seem to be a critical problem. Onthe contrary, radial uniformity should be regarded carefully. Taking the uniformity of standarddeposition 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, theorientation of the components inside the deposition chamber must be taken in account in orderto 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 duringdeposition. However, this solution is not of frequent use for manufacturers.Final geometry of the prototypeThe 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 forthe 6-14 µm wavelength range and not above because of the absorption of ZnSe. The beam sizeis assumed to be 15 mm in diameter, according to the NULLTIMATE test bench speci�cation(see Sect. 9.3.3).Assuming a rectangular pro�le for the baseline subwavelength grating (period Λ = 900 nm,feature line of 250 nm and thickness of 1.23 µm), the optimal TIR incidence polar angle was
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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 analysisled to wedges of 1◦, the latter must be corrected accordingly as explained here above, leading to arhomb angle of 1.1352 radian. Taking a comfortable clearance margin, the input faces are chosento 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 �nal drawingsde�ning the rhomb dimensions can be made (see Annex C). An artistic 3D view of the componentmounted in a rough draft of mechanical mount is presented in Fig. 8.21.Mechanical mountIn this paragraph, we shall draw some speci�c design-dependent constraints on thermal and me-chanical aspects to be taken into account in the mechanical-mount conception (see the rough draftpresented in Fig. 8.21).Rhomb spacing. The wedge-induced deviation of the chief beam at the output of the �rstrhomb is a function of wavelength. As a direct consequence, the second rhomb thickness �seen�by each of the wavelengths is di�erent. The amplitude of the thickness variation depends on thespacing D between the two rhombs (Fig. 8.17). Nevertheless, if this spacing is exactly the samein the two arms of the interferometer, whichever its actual value, no performance loss occurs sincethe interferometer remains symmetrical. When the spacing di�ers between the arms, a di�erentialthickness di�erence appears, which cannot be compensated for nor by the delay lines nor by thethickness adjustable beam splitters.Let us derive the constraint on the di�erential spacing δD. The thickness di�erence eλ1 − eλ2in the second rhomb between two beams of wavelengths λ1 and λ2 is related to the spacing D, theangular dispersion of the beam going out of the �rst rhomb ξ and the wedge angle of the second
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eλ1 − eλ2 = wDξ (8.18)Di�erentiating the former equation with respect to D leads to

∂e

∂D
= wξ (8.19)Let us now assess the rhomb thickness variation δt which generates a nulling degradation of 10−8at a given wavelength λ. This value directly comes from the sensitivity of the null depth to theOPD, and the relation between the OPD and the rhomb dimension, as follows

δt =
λ
√
N

π(n− 1)
(8.20)For the overall null depth to remain insigni�cantly degraded, the di�erential thickness di�erence

δe must remain lower than δt. If we suppose that the bench con�guration (delay lines, beamsplitters, etc.) is optimized for the chief ray, then ξ is taken to be equal to the PTV deviationdivided by 2. A numerical application for the 6 µm wavelength and the ZnSe 1◦-wedged doublerhomb yields δt = 0.136 nm, ξptv = 6 × 10−5 rad, w = 1 degree, so that
δD < 0.1 mm (8.21)Temperature e�ects. The prototype will �rst be tested at room temperature. It has beenoptimized accordingly. However, it is planned to be tested at cryogenic temperatures as well onthe NULLTIMATE testbed, at 100 K precisely (see Sect. 9.3.3). Three e�ects of temperature willbe considered:- refractive-index variations with temperature;- thermal expansion of the component;- heat transfer during cooling.Once again, the double-rhomb con�guration robustness allows for a comfortable tolerance as faras refractive-index variations are concerned since cooling will impact on the performance througha mere global shift in the ZnSe refractive index while conserving the global achromaticity. In-deed, the dispersion of the thermo-optic coe�cients of ZnSe is low (see Annex B). Therefore, asimple geometrical modelling of the main beam using the Snell-Descartes refraction law at eachinterface coupled to the RCWA code simulating the grating response has led to the conclusionthat adjustments within a 10-arcmin range are su�cient for switching between the cold and hotcon�guration of the double-rhomb TIRG APS. This modelling also take chromatic refraction intoaccount, and departure from nominal performance was found to be kept within a few 10−8 be-tween the two con�gurations. The lesson of this analysis is that the mechanical mount of thedouble rhomb must allow varying the angle between the two rhombs with a subarcmin precision,or that two di�erent mounts are needed. The two interferometer arm mounts are planned to beimplemented on a 3-rotation axis deck so that the general orientation of the double rhomb as awhole can be controlled independently. This control is convenient for possible OPD adjustmentthough the NULLTIMATE test bench is expected to be equipped with ZnSe beam splitters whichare adjustable in thickness (see Sect. 9.3.3).Thermal dilatations/contractions will only impact the geometry of the grating to a negligiblelevel since the thermal expansion coe�cient γ of ZnSe at ambient temperature is 7.1 × 10−6/Kleading for the typical dimension of the grating, i.e., ∼ 1µm, and a ∆T = 200 K to a dilata-tion/contraction of only 10−6 × 7.1 × 10−6 × 200 ≈ 1 nm. As far as the dilatation/contraction



8.5. Tolerancing and design of a prototype 191of the whole rhomb is concerned, the mount has to be conceived for tolerating di�erences of
0.08× 7.1× 10−6 × 200 ≈ 0.12 mm. In this respect, the choice of the mount material is of criticalimportance. Indeed, it must be chosen with a thermal expansion coe�cient very similar to that of
ZnSe in order to avoid di�erential e�ects. Let us suggest the use of Titanium (for example, the
TA6V alloy) since its thermal expansion coe�cient is 8×10−6/K, i.e., very close to ZnSe, just likeits thermal conductivity: 0.16 W/cm/K. It is to be noted that the thermal expansion coe�cientis actually temperature-dependent, which was neglected here above. It indeed decreases with thetemperature. Our calculations are therefore conservative.The cooling time necessary to lower the temperature of a ZnSe rhomb from 298 K to 100 Kthanks to conduction can be estimated by simple heat-transfer considerations and knowing the
ZnSe thermal properties:- heat capacity ρc = 0.356 J/gr/K;- thermal conductivity k = 0.18 W/cm/K.Newton's law of cooling indeed states the following

T (t) = Tenv + (T (0) − Tenv) e
−t/τ (8.22)where T (t) is the rhomb temperature at time t, T (0) is its initial temperature, Tenv is the tem-perature of the environment of the rhomb (i.e., its thermal contact), and τ is a characteristictime de�ned as τ = ρcM

Ak/d
, with M the total mass of the rhomb, d its thickness, and A the areaof the thermal contact surface. In the present case, since the density of ZnSe is ∼ 5.2 gr/cm3,the mass of a single rhomb is 166 gr, its thickness is ∼ 2 cm, and the contact surface is assumedto be a lateral one, i.e., with an area of ∼ 16 cm2. A numerical application with T (0) = 298 Kand Tenv = 100 K give ∼ 300 s for cooling the component down to 100 K ± 0.1 K. This is ofcourse a raw calculation with the sole purpose of demonstrating that the characteristic coolingtime 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 worthnoting 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 ∆T , a compressivestress ∆TγE/(1− ν) indeed appears (Roark's formulas, Young 1989), with E = 6.72× 1010 N/m2the ZnSe Young modulus, and ν = 0.28 the ZnSe Poisson ratio. This stress must remain be-low the rupture modulus of ZnSe, which is 5.51 × 107 N/m2. The maximum admissible internaltemperature gradient is therefore ∆Tmax ≤ 83 K, which is quite comfortable.Now, we possess all the necessary tools and data for realistically calculating a minimum coolingtime 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 (∆Ttot ≈ 200 K) amounts to
Q = ρcM∆Ttot ≈ 1.1 × 104 J. In a �rst step, let us impose the ∆Tmax = 83 K gradient to coolthe component down to 183 K, or equivalently to evacuate Q′ ≈ 6800 J. The needed cooling timefor that resumes to t = dQ′/(kA∆Tmax) ≈ 57 s. Then, using the Newton's law (Eq. 8.22), theremaining time to pass from 183 K to 100 K ± 0.1 K, is ∼ 276 s, leading to a total minimumcooling time of 333 s, which remains much smaller than the expected cooling time of the testbench.A more detailed study of sensitivity to temperature gradient or variability should rather de�nethe temperature regulation within the bench than the design of the APS by itself. For moredetails about these particular considerations, see Valette (2004). The conclusion of the latterwork is that thermalization of the support is strongly improved by good thermal screening ifthermal conductivity of the component is high and temperature low. Shape of optical componentsshould 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 at45◦ 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 apparentenclosure is just to prevent them from falling.Stress-induced birefringence. Stress birefringence can be a strong obstacle to the �nal per-formance of the TIRG APS. Indeed, the macroscopic optical length inside the rhomb is as longas ∼ 17 cm. 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 coe�cient of
ZnSe in the thermal infrared has been measured by Mariner & Vedam (1981): Cλ=10.6 µm ≈ −12brewsters30. The stress-optic coe�cient is directly related to the stress-induced birefringence by

∆n = Cλσ (8.23)where σ is the applied uniaxial stress. Imposing that the phase shift perturbation must remainbelow the 10−3 radian level at 6 µm31, i.e., below the ∼ 10−7 null depth, implies that an uniaxialapplied load must remain below ∼ 470 N/m2 = 47 Pa = 4.7 gr/cm2 which is very stringent andshould be a su�cient motivation for a �nite element analysis of the rhomb stresses in its workingconditions. Indeed, applied loads will be localized and the propagation of their associated stressesin the bulk material up to the optical zones are a priori unknown. Moreover, the weight of a singlerhomb is 166 gr. Assuming that the rhombs will lay on their whole lateral face of ∼ 16 cm2, thisnevertheless makes it twice too strong. Manufacturing mounts such that both rhombs lay at a45◦ angle from the horizontal in the bench should relax this constraint roughly by distributing therhomb weight on the perpendicular face where one half can be sacri�ced since no light impinges301 brewster = 10−12 m2/N.31We will assume that the stress-optic coe�cient does not depend on λ.



8.6. Summary 193on it (see Fig. 8.22). A preliminary �nite-element analysis was therefore performed (see AnnexD). The conclusion of this quick analysis is that the expected phase-perturbation upper boundresumes to ∼ 6× 10−4 radian at 6 µm, corresponding to a null-depth degradation of ∼ 1.6× 10−7.Of course, these problems are not expected in space. In any case, they must be taken intoaccount by the mechanical mount conception but also during manufacturing, i.e., cutting andpolishing 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 SummaryAs the conclusion of the present chapter, we will tentatively draw an error budget for the ZnSe6-14 µm double-rhomb TIRG APS summarizing all the points described in the di�erent sectionshere above. The hypothesis of independency of every contribution to the resultant null depth is ofcourse questionable but this is quite a conservative way of assessing the �nal performance of thecomponent. The error budget is constructed on the basis of the nominal performance of 1.5×10−7resulting from the sole optimization of the ZnSe subwavelength grating in the double-rhombcon�guration (2 TIRG and 2 TIR interfaces) for the 6-14 µm wavelength range. Two situationsare considered: an optimistic and a pessimistic one. The main di�erence between them concernsthe degree of mastership in the control of the micro-structure design parameters.Table 8.2: ZnSe 6-14 µm double-rhomb TIRG APS tentative error budget.Optimistic PessimisticZOG control 2.5 × 10−7 (2◦ slope) 5 × 10−7 (5◦ slope)Thickness roughness 7 × 10−8 (5 nm rms) 2.5 × 10−7 (10 nm rms)Lateral roughness 2.25 × 10−8 (25 nm rms) 2.25 × 10−8 (25 nm rms)Homogeneity 10−18 (with spat. �lt.) 10−12 (w/o spat. �lt.)Polarization disturbance (1◦ wedge) 3.4 × 10−8 3.4 × 10−8Ghost 10−7 10−7Rhomb spacing (<0.1 mm) 10−8 10−8Temperature e�ects 10−8 10−8Stress birefringence 10−7 10−6Total 6 × 10−7 2 × 10−6

8.7 Article: Use of subwavelength gratings in total inter-nal re�ection as achromatic phase shiftersIn this paper, published in the peer-reviewed journal Optics Express, the idea of using subwave-length gratings in total internal re�ection was exposed for the �rst time. The principle of theTIRG APS is described and its theoretical performances are assessed. Emphasis is put on thephenomenological aspects of the modulated TIR. Some manufacturing hints are also given.
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9Manufacturing and test considerations forthe TIRG APS
Contents9.1 Preliminary attempts . . . . . . . . . . . . . . . . . . . . . . . . . . . 2029.1.1 Mask making using holography . . . . . . . . . . . . . . . . . . . . . 2029.1.2 Reactive ion etching of ZnSe . . . . . . . . . . . . . . . . . . . . . . 2069.1.3 Mask high-resolution replication by contact printing . . . . . . . . . 2089.2 Manufacturing of the TIRG APS . . . . . . . . . . . . . . . . . . . . 2099.2.1 Fabrication plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2099.2.2 Thin-�lm deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . 2129.3 Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2129.3.1 Structural metrology . . . . . . . . . . . . . . . . . . . . . . . . . . 2129.3.2 Functional metrology . . . . . . . . . . . . . . . . . . . . . . . . . . 2139.3.3 Final tests on the NULLTIMATE bench . . . . . . . . . . . . . . . . 215Abstract. The TIRG APS is a hybrid component, comprising micro-structures engraved intotraditional bulk optics. Manufacturing of hybrid optics is very demanding since the techniquesinvolved are not unique and since their combination or synergy makes it very complex. A longlearning phase is therefore required. Compared to micro-electronics industry, the processes aresomehow similar or derived. However, the materials and constraints are not the same, and ingeneral, not limited to wafered substrates. A process optimization taking into account the knowledgeof physical and chemical properties is also required. The University environment is helpful todevelop those techniques, but an industrial support is absolutely required.



202 Chapter 9. Manufacturing and test of the TIRG APS9.1 Preliminary attemptsPrior to the manufacturing of the TIRG APS and before receiving the needed resources, wehave conducted a preparatory work to assess the di�culties associated with the following mainfabrication steps:- subwavelength-grating mask making and �ne control;- etching of exotic materials.The preliminary attempts we performed, revealed to be time consuming on one hand, but alsovery fruitful in terms of learning on the other hand.9.1.1 Mask making using holographyAs already emphasized in Sect. 3.4.1, the holographic recording is a very e�cient manufacturingtechnique for producing masks of di�raction gratings since it allows treating very large areas atonce. The grating period can also be easily de�ned by the holographic method since one only hasto properly superpose two coherent plane waves of wavelength λ0 while imposing between theman angle θ0 de�ned by the well-known Bragg relation
Λ =

λ0

2 sin θ0

(9.1)Unfortunately, the �lling factor that characterizes the feature line consistent with the chosenperiod, cannot be directly de�ned since the cross interference pattern between the two planewaves induces a sinusoidal intensity distribution. According to the recording-medium choice, thissinusoidal distribution will induce a surface pattern which actual feature-line width is hardlypredictable. This limitation can prevent the use of the holographic technique in the presentapplication as we will discuss.During Summer 2003, we performed many holographic recording trials at HOLOLAB (morethan 150 samples were produced), trying to develop a reproducible process for controlling thefeature line of holographic patterns. For that, we chose to use the very popular Microposit S-1805photoresist 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: througha 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 asolvent (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 modi�ed. A layer of a given thickness is depositedon a cleaned substrate by spin-coating. According to the resin viscosity, the duration and rotationspeed of the spin-coater, di�erent thicknesses can be obtained. A post-bake processing is alsonecessary after the deposition in order to evaporate solvent residuals. We performed the exposurestep by using the Lloyd-mirror mounting as illustrated in Fig. 3.7. The angle θ0 was chosen toprovide a period of 1 µm, i.e., according to Eq. 9.1, θ0 = 12◦. The coherent �eld was providedby a spatially �ltered Kr+ laser emitting at 413 nm (available at HOLOLAB). An importantparameter we had to control was the exposure time. It indeed directly determines the amountof energy received by the photoresist, and therefore the degree of destruction of the polymericchains, which directly translates into reactivity to the development process (i.e., solubility of theexposed parts of the photoresist).



9.1. Preliminary attempts 203In fact, the goal of this work was to produce a chrome master for subsequent copy-contactreplication (see Sect. 3.4.1). For that, we evaporated a thin chrome layer (∼ 50 nm) by thermaldeposition on top of the photoresist grating. The chrome layer settles indeed on the cleared partof the substrate and on top of the photoresist �domes� (see Fig. 9.1, left). In order to leavethe substrate with the chrome strips only (see Fig. 9.1, right), we then removed the photoresistthanks to a lift-o� process involving an intermediary layer which was a priori deposited betweenthe substrate and the photoresist layer. Thanks to an accurate control of the process, the lift-o� layer (LOL2000, from Shipley) is etched more readily than the photoresist layer during thechemical development. This results in the formation of small cavities underneath the photoresistlayer, allowing the coated areas not to be attached to the residual parts which have to be removedwith the mask at the end of the process (see Fig. 9.1, left). The best results we obtained to lead tothe chrome mask depicted in Fig. 9.1 (right) were obtained for the following process parameters:- total exposure energy of 50 mJ/cm2;- 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 wasprevented 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-pro�le de�nition arevery sensitive to the illumination stability. Moreover, the development reactions are kineticallyvery fast and therefore di�cult to manage. The conclusion of this work was that a very stableenvironment in terms of temperature, humidity, cleanliness, laser stability, etc., is necessary forreproducibility.In fact, we experimentally noticed what has already been predicted: commercial photoresistsare 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 processprevents the required binarity up to a certain point (Fig. 9.2). Any drift in the exposure ordeveloping time will indeed induce an error on the �lling factor de�nition achievable onto thephotosensitive surface. Some recent results obtained at HOLOLAB (C. Lénaerts, private commu-
LOL
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Figure 9.1: Left: developed photoresist grating where the lift-o� 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 sinusoidalsurface pattern reaching the substrate. The measurements were performed at CSL (Courtesy ofDenis Vandormael).nication) are in this respect nevertheless encouraging (Fig. 9.3, bottom). The di�erence betweenthese attempts and the previous ones was the absence of the lift-o� layer. The latter seems toinduce 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/cm2;- 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. Theseresulted in a grating which period is 900 nm, and a feature line of ∼ 250-300 nm. It is worthnoting that there are still some uncertainties about the feature-line de�nition, and the roughnessof the grating walls is clearly visible (see Fig. 9.3, bottom). It is also important to note thatsome resists can show a di�erent behavior with respect to the illumination pattern. For examplethe SU-8 photoresist (MicroChem Corp.) has recently been reported to present vertical walls andreproducible feature lines in case of holographic lithography (Pang et al. 2005).In conclusion, for applications where the de�nition of the �lling factor is relaxed or not critical,this method is extremely e�cient. For information, these masks were then used as lithographicmask to etch SiO2 substrates (Mawet 2004). In the present application and despite the recentimprovements 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 twodi�erent locations on the substrate. Idem for the two images in the middle for a second sampleprocessed 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 di�erence between them is the absence of the lift-o� layer in the latest attempts.
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Figure 9.4: SEM pictures of the photoresist (S-1805) mask of the FQPM pattern manufacturedby contact lithography showing a submicron resolution in the edge de�nition and and central gapsize lower than the 3µm speci�cation. Courtesy of Denis Vandormael (CSL).9.1.2 Reactive ion etching of ZnSeReactive ion etching of II-VI compounds has been the subject of extensive researches since theearly 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. Inthe framework of the technological developments of the FQPM coronagraphs for the mid-infraredimager (MIRI) of the JWST (see Sect. 1.5.3), CSL and IAGL proposed to realize the FQPM phasemask by reactive ion etching of ZnSe. This work was coordinated by LESIA who also initiatedconcurrent studies on other substrate compounds like Germanium (performed by CEA-Saclay) anddiamond (performed by ADAMANTIS AB from Uppsala, see Sect. 5.3.1). The ZnSe prototypeshad to be monochromatic, i.e., based on the index-step principle, and designed to operate at 4.77and 15.5 µm. The step speci�cations were therefore h4.77 = 4.77/2(nZnSe(4.77)− 1) = 1.63µm forthe smallest wavelength and h15.5 = 15.5/2(nZnSe(15.5) − 1) = 5.62µm for the largest one.We contributed to these developments by performing the photolithographic resist masks usingthe Kr+ laser available at HOLOLAB. The optical mounting we used was quite simple andimplemented the contact lithography technique (see Sect. 3.4.1) by employing a spatially �lteredand collimated coherent beam. The chrome mask made by a subcontractor (Optimask) wasbrought into contact with the resist-coated substrate by means of an applied load. This transferstep revealed critical in the de�nition of the four-quadrant feature since the edges at the transitionsbetween adjacent quadrants had to be as steep as possible, i.e., with a lateral width lower than
1µm. Moreover, the center of the quadrant had also to be de�ned as precisely as possible because itis the spot of focalization of the Airy pattern corresponding to the star to be extinguished. Gapsor bumps, which are inevitable due to the limited resolution of contact lithography (∼ 1µm),are not allowed to be more than 3µm-wide in principle. After some trials, we �nally managedthis critical step reproducibly while achieving a submicron resolution in the transfer process (seeFig. 9.4).The etching attempts performed at CSL on ZnSe (and CdTe) substrates using the producedphotomask have shown that the crystalline state of the material to be etched is of primary im-portance. Fig. 9.5 illustrates the dramatic e�ect of the CH4-H2 process on the surface quality of
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Figure 9.5: WYKO pro�lometer image of a polycristalline ZnSe sample etched with amethane/hydrogen chemistry. This image shows the di�erential etching selectivity induced bythe crystallite orientations. Courtesy of Denis Vandormael (CSL).

Figure 9.6: WYKO pro�lometer picture of the methane/hydrogen etched single- crystal ZnSeFQPM mask for 4.77 µm. Courtesy of Denis Vandormael (CSL).
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Figure 9.7: Left: SEM picture of the ZnSe 4.77 µm FQPM (Courtesy of Denis Vandormael).Right: low-resolution spectroscopy (see Sect. 5.3.1 for details about this technique) of the ZnSe4.77 µm mask with a step measured at 1.626 µm. 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 CH4-H2-Ar chemistry. A polymer Kaptontape was used to mask half a sample in order to delimit a step onto the etched substrate, formetrology purposes. One can easily observe the roughness alteration, due to a di�erential etchingrate between crystallites with di�erent local orientations. The same behavior was observed withpolycrystalline CdTe samples. For this reason, we switched to single-crystal samples and man-aged �nally to etch the FQPM pattern to the speci�cations. Results are displayed in Fig. 9.6 forthe WYKO (see Annex E) measurement and in Fig. 9.7 for the SEM picture and low-resolutionspectroscopy (see Sect. 5.3.1).From these preliminary attempts, it appears that the methane/hydrogen-based chemistry ise�cient for single-crystal compounds only. Unfortunately, this kind of samples is quite di�cultto source. Indeed, our experience showed that manufacturers are not always able to ensure a100% single- crystal/single- grain/twin-free quality. A residual twin or grain boundary can havedramatic e�ects after an etching process. Moreover, the raw price for a single- crystal material israther prohibitive: ∼ 10, 000.00 dollars for a 18 × 18 × 18mm3 optically polished sample. And,as mentioned earlier, there is virtually no guarantee that the material quality is correct prior tothe etching process.Hopefully, a BCl3-based chemistry appears to be a very promising alternative for etchingpolycrystalline 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. E�orts are now put to increasethe mastering of this process as far as selectivity of the chosen photomask is concerned.9.1.3 Mask high-resolution replication by contact printingContact 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�at, binary grating mask onto another photoresist-coated substrate. The master used was theone originated from the process exposed here above (Fig. 9.1, left). This could have been a



9.2. Manufacturing of the TIRG APS 209way of structuring a mask coated onto a bulky substrate thanks to an intermediate �at mask.Transferring a 1µm-period grating was not an issue despite the fringing e�ects occurring fromthe residual air trapped in between the photoresist layer and the mask. Indeed, Newton-ringfringes can alter signi�cantly the copy into the photoresist. The dimension of the features to becopied (of the order of one wavelength) can prevent to use a coherent laser light because of thesemultiple interference e�ects. Moreover, reproducing the �lling factor between the master andthe replica was impossible even in non-coherent light illumination because of near-�eld Fresneldi�raction. Contact copy needs an intimate contact between the two parts (pseudo molecularadhesion), which is very di�cult to achieve in our case, especially with materials as fragile as
ZnSe or CdTe. Actually, state-of-the-art contact photolithography achievable resolutions are atthe micrometer level, which is not su�cient for the present application, unfortunately.9.2 Manufacturing of the TIRG APSManufacturing the TIRG APS is a completely original work since it implies conjugating micro-optics to macro-optics. Indeed, one has to engrave an extremely �ne and precise structure ontothe surface of macroscopic rhombohedra. The rhombs also possess a precise geometry and mustbe conceived for facing tough thermal and mechanical constraints.9.2.1 Fabrication planThe most appropriate method to manufacture the micro-pattern into the rhomb material is basedon nano-imprint and dry-etching processes (see Sect. 3.4). The �rst one is necessary for maskingthe 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 facetssince those classical micro-lithography methods are designed for accommodating thin and �atsubstrates only, such as wafers for micro-electronics. Indeed, the maximum clearance betweenthe substrate holder and the writing head (6 mm) of standard DWL tool is not compatible withthe considered components (∼ 20 mm-thick rhombs). To our knowledge, this is the case for allthe commercially-available equipments. As far as the contact and holographic lithography areconcerned, 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 previouslyoriginated by conventional photolithography onto a thin substrate.Fig. 9.8 illustrates the principle. A master is originated by illuminating (with a contrastedpattern) a photoresist layer coated on a thin substrate. For this step, we have chosen to use thedirect writing laser (DWL, see Sect. 3.4.1) tool available at CSL. This technique appeared indeedto 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-consumingtechniques, generally dedicated to the recording of very high-resolution but small-area patterns. Inthe present case, there is no need for such high-resolution processes. In addition, these techniquesare not easily available for the type of R&D study we have to perform. Although holographicrecording is fully oriented towards the recording of linear di�ractive structures, it does not allowan easy control of the �lling factor, as noticed in the preliminary investigations presented hereabove.State-of-the-art DWL machines, on the other hand, can achieve the �lling-factor control andreproducibility that is needed in the present case. Moreover, the DWL minimum feature line
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2Figure 9.8: Nano-imprint lithography for the TIRG APS.characteristic is within the speci�cations of the component to be fabricated (linewidth ∼ 0.6

µm). The DWL machine available at CSL (DWL66 from Heidelberg instrument, Fig. 9.9) uses acollimated 442-nm HeCd laser beam as a controlled writing tool for imprinting features with sizesdown to the 0.6 µm-linewidth spec onto photoresit-coated substrates as large as 140 × 140 mm.Writing pattern is performed by accurately moving the substrate underneath the focused laser32(position accuracy ∼ 40 nm). The photoresist relief structure is then classically obtained after achemical 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 generatedfrom the produced photoresist master and it is used to emboss a polymer layer deposited ontothe rhomb facet, using either conventional NIL or S-FIL (see Sect. 3.4.1). After demoulding, thepolymer residual layer is removed by an oxygen plasma in order to clear the substrate where itis supposed to be subsequently etched. The remaining polymer pattern serves as a lithographicmask for the subsequent reactive plasma-beam etching (RPBE, see Fig. 9.11) process. As alreadystated in Sect. 3.4.2, RPBE makes use of both the ballistic e�ect and chemical reactivity of abeam of reactive ions to remove or create structures into a substrate. The various parameters (gasmelanges, beam energy, beam incidence, etc.) characterizing the etching process are optimizedfor the transfer into various materials. The interest of such a technique particularly comes fromits high selectivity, i.e., the potential to e�ciently etch one material and not another coexistingone, and its directionality (anisotropy). RPBE is widely used in the fabrication of micro-opticalelements, micro-sensors and other micro-machines. The infrared material (ZnSe or CdTe) isengraved using a selective chemistry which leaves intact the polymer mask but etches the infraredsubstrate. Our preliminary investigation have shown that a CH4-H2-Ar chemistry is convenientfor single-crystal samples while BCl3-based plasma are more adapted to polycristalline forms. It isworth mentioning again that the etched depth can be controlled in real time with an interferometricin 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 and32The laser beam is apodized with a Gaussian. The sensitized pro�le characteristic is subsequently de�ned bythe intensity of exposition (writing speed and laser power). The laser must therefore be extremely stable and theinstallation 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 alcoholor acetone-based solutions, for instance, can be used). Therefore metal-based masks are notallowed and polymer-based materials such as photoresist appear to be the only suitable solutionssince most of them are solvable in acetone. Preliminary attempts have also shown that photoresistis appropriate for methane/hydrogen processes. According to the literature, photoresist shall alsobe compatible with BCl3-based dry-etching processes. If an additional lithographic process is

Figure 9.10: Master mould showing the micro-pattern on photoresist to be transferred by nano-imprint. The period and �lling factors correspond to the design speci�cations, i.e., Λ = 0.9µmfor the period and ∼ 250 nm for the feature line. Courtesy of Jérôme 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 quali�cation for the maskingmaterial with respect to the chosen etching process.9.2.2 Thin-�lm depositionAccording to the material to be deposited and the required precision, di�erent techniques canbe considered. Indeed, classical evaporation is still used for simple coatings (like ZnSe), butadvanced techniques allow preparing more compact-layer coatings such as ZnS, for instance,which necessitates speci�c ion assisted deposition (IAD) techniques (Lemarquis et al. 1998). It isto be noted that the well-known precision of the thickness control of these techniques can be anissue when one deals with very thin layers (typically less than 50 nm). However, the toleranceanalysis presented in Sect. 8.5.3 shows that it is still within reach. As far as diamond depositionis concerned, commercial treatments by chemical vapor deposition (CVD) are already availablefor Ge or Si substrates. To our knownledge, it has never been demonstrated on ZnSe and CdTesubstrates. 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 depositionare currently studied to lower the growing temperature. Good results have been reported withtemperature around 400◦C (Xiao et al. 2004). In the case of CVD diamond, thickness control isensured by the relatively slow growing rate, i.e., ∼ 200 nm per hour (the �nal roughness is ∼ 5nm rms).9.3 TestsThe development of innovative technologies must obligatorily be accompanied by appropriate testsfor quali�cation of the component expected performances, always keeping in mind the theoreticalresults against with the measurements have to be confronted.9.3.1 Structural metrologyIn situ monitoring (see Sect. 3.4.3) is often referred to as the optimal way to control each step of themanufacturing process. However, implementation of real-time measurements during fabricationis sometimes tricky. For this reason, we decided to independently control each fabrication stepex 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 di�erent devices).After each fabrication step and the related accurate nano-scale metrology, the theoretical modelbased on RCWA will be used to update the design parameters according to the measurement. Thecorrected parameters will be re-injected to the next manufacturing step, which will generate a new
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NOT OKFigure 9.12: Left: scanning-electron microscopy and optical pro�lometry (WYKO) equipmentsat CSL (see Annex E for the speci�cations). Right: interaction between theory, fabrication andmeasurements.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 �nally demonstratethe TIRG APS manufacturing feasibility using the selected micro-fabrication technique.In particular, initial and �nal roughness will be measured by the optical pro�lometry (WYKO).Scanning-electron and atomic force microscopy will check the mask quality and its relevance withrespect to theoretical values. These techniques will allow us to validate the accuracy in the transferof the micro-structure into the material.9.3.2 Functional metrologySeveral 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 thosemeasurements 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 theperpendicular polarization components ∆φTE−TM in the considered 6-14 µm range.We can also use three di�erent methods to measure the phase retardance between the po-larization components TE and TM so that accuracy can be demonstrated and studied. Twomethods make use of modi�ed versions of standard polarimetric measurements and require rotat-ing polarizers. These can be complemented by an interferometric method that is less sensitive topolarizer quality but is more sensitive to coherence e�ects in the retarders. Before exposing thesemethods, it is worth emphasizing that these measurements can advantageously be performed atother wavelengths than the working ones (6-14 µm in the present application), for the sake ofsimplicity and for cost reasons (thermal infrared optical components and cryogenic cameras arevery costly). Indeed, reverse engineering can be used at the measurement wavelengths (e.g., 1.55

µm, the widespread telecom wavelength) to extrapolate the component performance in its workingbandpass thanks to the RCWA code.The �rst method makes use of a standard polarimetric technique modi�ed to reduce errorsources (see Fig. 9.14a). Linearly polarized light is incident upon the retarder, and the light
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Figure 9.13: Left: infrared spectroscopic ellipsometer SE900 from SENTECH available at CSL.Right: ellipsometer scheme showing the source providing an incident linear polarization �eld Eithrough polarizer P, which transforms into a elliptical polarization Er upon re�ection on thesample. The analyser A provides direct measurements of ψ and ∆φs−p (or ∆φTE−TM ) thanks tothe so-called ellipsometric equation ρ = Rp/Rs = tanψei∆φs−p where Rp and Rs are the complexre�ection coe�cient for s and p.emerges with an elliptical polarization. The intensities of the two orthogonal polarization statesare measured simultaneously with a Wollaston polarizer and photodiodes. A governing equationrelates the ratio of these two intensities to the orientations of the input polarizer, the Wollastonpolarizer, and the retardance. Use of the ratio of the transmitted intensities normalizes �uctuationsin laser power as well as di�erences in detector gains. These intensities are measured as the inputpolarizer is rotated through a known range of angles, and a least-squares �t to the governingequation is performed to determine the phase retardance. Phase-retardance measurements inthe visible with an expanded uncertainty between 0.047◦ and 0.11◦ have been obtained with thissystem (Williams et al. 1997).The second method is a null technique adapted from ellipsometry. Before the retarder isinserted, the polarizer and the analyzer are crossed, and the biasing waveplate axes are alignedparallel to the polarizers (see Fig. 9.14b). Then the retarder is inserted and oriented with itsretardance axes at 45◦ to those of the quarterwave plate. The polarizer is rotated until extinctionoccurs and the phase retardance is twice the angle of rotation. Retardance measurements withan expanded uncertainty less than 0.1◦ have been demonstrated in the visible. Advantages ofthis technique include a weak dependence on the stability of the laser, on the linearity of thephotodiode, and on the accuracy of the quarterwave plates. The instrument is very sensitive tothe 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 phaseretardance.Finally, an accurate interferometer that directly measures the phase shift between s and ppolarized �elds can also be used (Rochford & Wang 1997). The retarder is placed in one arm of aMichelson interferometer (see Fig. 9.14c), and the input beam is linearly polarized at 45◦ so that thefast 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 thelight into two orthogonally polarized beams that are separately detected. The detected outputsfollow the common sinusoidal transfer function typical of a Michelson interferometer, but thesinusoids di�er by a phase bias equal to twice the actual retardance. Translating one of themirrors at constant velocity with a piezoelectric driver scans the transfer function with time andproduces the biased sinusoidal waveforms. The phase di�erence between the two waveforms isaccurately determined by the acquisition of the data with a computer and the application ofdiscrete 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 polarimeterfor retardance measurements. b) Null polarimeter for retardance measurements. c) Michelsoninterferometer of polarization retardance measurements. Components include polarizers P, mirrorsM, quarterwave plates QWP, beam expander BE, beam splitters BS and polarizing beam splittersPBS.caused by acoustics or temperature changes, for example a�ect both beams equally so the phasedi�erence 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 benchUnder the supervision and �nancing of ESA, IAS33 is at the head of a large consortium involvedin the development and characterization of di�erent concepts of achromatic phase shifters for theDarwin mission. This project, called NULLTIMATE (NULling Low Temperature Interferometerfor Multi-Achromatic phase shifters TEsting), aims at determining and characterizing the four33The Institut d'Astrophysique Spatiale (IAS) is a laboratory of the National Center of Scienti�c Research(CNRS) and of the University of Paris-Sud 11. In addition to having the status of Observatory, the IAS comprises140 scientists, engineers, technicians, administrators and graduate students. It is worth mentioning that IASpossesses a great experience in nulling interferometry breadboarding (Ollivier 1999; Brachet 2005).
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Conclusion
Objectives and resultsIn this dissertation, we have provided a detailed discussion of the scienti�c case, theory, design,tolerancing and manufacturing of optical micro-components based on optimized subwavelengthgratings. 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 �eld of extrasolarplanetary system imaging and characterization. Subwavelength gratings provide new and originalsolutions for the very demanding detection techniques involved in the ful�lment of this ambitiousscienti�c goal, i.e., phase-mask coronagraphy and nulling interferometry.The �rst chapter of this thesis, beyond the introduction of the scienti�c context, was anopportunity 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 thefour-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, wehave contributed to the detection of an optically thick circumstellar disk around the young starPDS70, within which evidence of planetary formation was found. In Chapter 2, we went into thetheoretical details of the high dynamic range imaging techniques while emphasizing the necessityof a family of components, the achromatic phase shifters, used both in phase coronagraphy andnulling interferometry. As an illustration of the practical implementation of existing techniques, wehave demonstrated the concept, feasibility and actual laboratory performance of vectorial phaseshifters (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-materialsynthesized by optimized subwavelength gratings.In the second part of this work, Chapter 3 was devoted to the presentation of the theoreticalaspects and existing manufacturing techniques for subwavelength gratings. The theoretical toolfor 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 scalardi�raction theories like the Fraunhofer or even the Fresnel approximations dramatically fail atdescribing the complex behavior of the micro-structured matter. The use of RCWA at Universityof Liège dates back to the early 1990s. It was �rstly implemented and developed at HOLOLAB,bene�ting from improvements by successive generations of researchers and taking advantage fromthe contributions of a very active scienti�c community. Motivated by new speci�c needs, our con-tribution to this endeavor in Liège was to entirely reprogram the algorithm in the modern, versatileand performing language of MATLAB. We have also implemented new functionalities like conicaldi�raction and three-dimensional analysis for multilayered two-dimensional gratings, making ita complete tool for treating almost every grating-related di�raction problem. In Chapter 4, wedescribed as exhaustively as possible the di�erent applications of subwavelength gratings, while



218 Conclusionunderlining their potential in high dynamic range imaging techniques. Our original contributionin this chapter consists in the study of anti-re�ective structures made of speci�c two-dimensionalsubwavelength gratings for infrared astrophysical applications. In this regard, we have presenteda theoretical analysis using RCWA as well as the result of a practical demonstration, involvingthe fabrication of a prototype in diamond with an industrial partner and the subsequent fruitfullaboratory tests.The third part of this dissertation contains the heart of our contribution to the �eld of newtechnologies for high dynamic range imaging, viz. the presentation and complete analysis of thenew and original 4QZOG (Chapter 5) and AGPM components (Chapter 6). Both of them makeuse of optimized subwavelength gratings with the purpose of enlarging their useable bandwidththanks to an integrated solution. While the 4QZOG is an achromatic evolution of the FQPMcoronagraph, the AGPM is a totally new design of coronagraph providing a new way to rejectstarlight while being completely free from the dead zones inherent to the quadrant transitions ofthe FQPM. The AGPM creates a so-called optical vortex, which we have analytically demonstratedto 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 whichis very costly. For these reasons, as of today, no prototype has been delivered but an ambitiousprogramme, which has received �nancial support from public funds in Belgium and France, isunderway at CEA-LETI 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 re�ectiongrating APS (TIRG APS). It also describes the design and tolerancing of a prototype to be testedin the framework of the R&D activities for the Darwin mission (ESA). As far as the practicalrealization of this prototype is concerned, industrial and �nancial supports are also mandatory.Therefore, in collaboration with our partners at CSL, we asked �and �nally obtained� a grantfrom ESA for the manufacturing of TIRG APS prototypes at the CSL, which is the subject ofChapter 9.PerspectivesThe main perspective of the present thesis is the use of new generation tools to conduct advancedobservations in the �elds 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-maskcoronagraphs 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-LETI issuccessful (Chapter 7), or even both of them. In fact, the two techniques appear to be comple-mentary since the halfwave-plate FQPM concept o�ers extremely wideband capabilities (Rλ ≈ 2)but at the cost of stability (delicate bulky mounting, temperature sensitivity, etc.) and discoveryspace (FQPM dead zones at the quadrant transitions), while the subwavelength grating solutionis an integrated one (very compact, lightweight and stable) o�ering equal performances but onslightly smaller bandpass (Rλ ≈ 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 fromthe ground. Many other extreme (or not) adaptive optics systems equipped with coronagraphs



Perspectives 219are 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 replaceclassical Lyot coronagraphs that are still often envisaged for these instruments. As already men-tioned in the �rst chapter of this dissertation, numerous projects of coronagraphic space telescopesare also being currently considered. The SEE-COAST project was introduced in Chapter 6. Itwill very soon be proposed to ESA as an answer to the call for small missions in the framework ofthe Cosmic Vision program. On the NASA side, no less than four similar projects have also beensuggested to the Discovery program.Unfortunately all these projects only partially make up for the recent announcement of thesine 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 spaceinterferometer 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 and9) and the participation to the NULLTIMATE consortium is part of our contribution to this roadmap full of perspectives.
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ARCWA convergenceThroughout this work, we have used the RCWA algorithm exposed in Chapter 3 for calculatingthe quantitative behavior of subwavelength gratings. Though the implementation of the RCWAcode was performed using the latest re�nements of the theory (Sect. 3.2.3), it must be testedagainst convergence. Since the main �gure of merit used in this work was the null depth (Eq. 2.6),it appeared naturally as the test �gure for convergence. In Fig. A.1, we show the residual betweenthe 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 µm, incidence angle of θ = 1.1396 rad,wavelength range from 6 to 14 µm (20 interpolation points). Assuming a convergence criterium of
10−8 on the null depth, we concluded that ∼ 21 orders or more was a reasonable value for ensuringa valuable accuracy.It is also to be noted that energy conservation is always checked in the algorithm with athreshold at 10−10.
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Figure A.1: Residual null depth error with respect to the 513 retained order case (logarithmicscale) versus the number of retained orders (2N + 1).
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BInfrared materials for the TIRG APSWe have performed an exhaustive survey on transparent materials in the thermal infrared. Fourmain families of materials were investigated: chalcogenides, halides, �uorides and crystalline semi-conductors. Since the TIRG APS solution that have been investigating requires the beam to travelquite a long path through the bulk material (around 20 cm), the most important criterion is theirvery good transparency in the two Darwin bands (6-11 and 11-18 µm). The second one concernsthe homogeneity of available ingots since the considered APS requires large volumes. Opticalcharacteristics like refractive index dispersions are not restraining since the TIRG APS has theability and �exibility to compensate for natural dispersions in order to reach the proper e�ect onthe phase. For the same reason, thermo-optic coe�cients will not be considered here. Birefringentmaterials are avoided in order not to complicate the design (e.g., the alignment of optical axiswith the rhomb and the subwavelength grating would be tricky). Thermo-mechanical stabilitytogether with hygroscopy may be limitative for some materials and should also be considered.B.0.4 ChalcogenidesThe continuously increasing interest in the improvement of thermal imaging systems for spectralranges extending up to the third window of atmospheric transparency (8-12 µm) has lead to thedevelopment of suitable and low-cost optical materials (As2Se3, GASIR, IG6, etc.). Chalcogenideglasses are extensively studied for this purpose, and used both as bulk or �bred optical component.Chalcogenide cut-o� wavelengths are in the second Darwin band (around 14 µm). Therefore, theycan only be considered for the �rst band. These materials are soft and their behaviour at lowtemperature is unknown.B.0.5 HalidesHalides (Ia, Ib/IIIb-VIIb) like NaCl and KBr are known for their good transparency in thethermal 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 whichshould be considered apart. KRS-5 is indeed transparent in both Darwin bands, is not sensitiveto moisture and has no cleavage planes. On the other hand, microstructuring of KRS-5 is notcommon and therefore not well referenced in the literature. Silver halides (AgCl, AgBr, etc.) arein general hygroscopic. They also possess clivage planes and are soft. Their use in infrared optical�bers is less critical since they are covered by the surrounding protective layer. Moreover, AgCl



226 Appendix B. Infrared materials for the TIRG APSand AgBr are photosensitive to visible light. This would lead to major di�culties for a properimplementation (manufacturing and laser alignments, etc.).B.0.6 TeX glassesAs 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 �ber optics toreplace chalcogenide glasses. Unfortunately, the losses between 7 and 9.5 µm are already at anunacceptable level (0.5-1 dB/m).B.0.7 FluoridesThese materials (IIa − (VIIb)2) are grown in large dimensions with good optical homogeneity(BaF2, CaF2, etc.) but possess a cleavage plane (111). Moreover their cut-o� wavelengths (rangingfrom 9 to 12 µm) are too low for our application.B.0.8 Crystalline semiconductorsCrystalline semiconductors are either pure elements IVb (Si, Ge) or IIb-VIb and IIIb-Vb com-pounds. Most of their relevant physical properties are already quite well known. For opticalpurposes 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 beavailable in single crystals but at a higher cost and with homogeneity problems. CdTe polycrys-talline substrates can also be obtained. These materials are known to be thermally, mechanicallyand chemically stable. Moreover, processes to micro-structure semiconductors are well referencedthough etching chemistries are delicate for some of them (ZnSe and CdTe for instance). Themain 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 wavelengthcut-o� that a�ects the true useful spectral range compared to the usually admitted transmissionwindow. Let us detail here below the characteristics of some of the principal semiconductors.



227DiamondDiamond is a very interesting material for optical purposes. Indeed, its index wavelength dispersionis very low (see Fig. B.1, left). It is transparent from the UV to the mm waves, with some phononabsorption features between 2.5 and 6 µm (see Fig. B.1, right). It possesses the highest hardnessand thermal conductivity of all materials. Quite apart from the cost, the only drawback is thatlarge 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 fewmm thick).We have used the following Sellmeier representation for the refractive index dispersion of CVDdiamond (Bundy 1962)
ndiamond(λ) =

(

A+
Bλ2

λ2 − C
+

Dλ2

λ2 − E

)1/2 (B.1)with the corresponding coe�cients given in Table B.1.Table B.1: Sellmeier coe�cients for diamond index representations at room temper-ature. CLD stands for Carbon like diamond.Coe�. CLDA 1B 0.3306C 0.030625D 4.3356E 0.011236
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Figure B.1: Diamond refractive index dispersion at ambient temperature (left) and measured(courtesy Jacques Baudrand, LESIA) phonon absorption (right).



228 Appendix B. Infrared materials for the TIRG APSSilicon/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-o� wavelengths (8 and 12
µm, respectively), their infrared multi-phonon absorption features makes them unsuitable for theDarwin application (see Fig. B.2, right). However, it is worth noting that Si is one of the mostinteresting materials for application up to ∼ 9 µm since its processing is very well mastered. Sihas 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 Si(Hawkins 1998)

nSi(λ, T ) =
(

A+Bλ+ Cλ2 +Dλ3 + Eλ4
)1/2 (B.2)with the corresponding coe�cients given in Table B.2.Table B.2: Sellmeier coe�cients for silicon temperature-dependent index representa-tion. Coe�. SiA 1.600 × 10−4T + 3.431B −2.643 × 10−2C 4.324 × 10−3D −3.194 × 10−4E 8.835 × 10−6
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Figure B.2: Silicon refractive index dispersion (left) and predicted phonon absorption (right).Data from Hawkins (1998).



229Germanium. Ge is a very interesting material for infrared applications. Apart from its veryhigh 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 unsuitablefor the Darwin speci�cations. Indeed, let us remind that the TIRG APS requires the beam totravel a long path into the material, making even a small absorption very penalizing.We have used the following Sellmeier temperature-dependent representation for the refractiveindex dispersion of Ge (Hawkins 1998)
nGe(λ, T ) =

(

A+
Bλ2

λ2 − C
+

Dλ2

λ2 − E

)1/2 (B.3)with the corresponding coe�cients given in Table B.3.Table B.3: Temperature-dependent coe�cients for Ge index representation.Coe�. GeA −6.040 × 10−3T + 11.05128B 9.295 × 10−3T + 4.00536C −5.392 × 10−4T + 0.599034D 4.151 × 10−4T + 0.09145E 1.51408T + 3426.5
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Figure B.3: Germanium refractive index dispersion (left) and predicted phonon absorption(right). Data from Hawkins (1998).



230 Appendix B. Infrared materials for the TIRG APSZinc Selenide. ZnSe is a clear yellow polycrystalline material with a grain size of approximately10 to 70 µm, transmitting in the range 0.5-15 µm providing extremely low bulk losses from scatter.Physical Vapor Transport (PVT) grown samples are monocrystalline but di�cult to �nd with agood homogeneity. Having a very low absorption of energy makes it useful for optical componentsin high power laser window and multispectral applications, providing good imaging characteristics.
ZnSe is also useful in high resolution thermal imaging systems. However, some absorption featuresstarting at ∼ 14 µm makes it unsuitable for the second Darwin band. ZnSe wavelength dispersionis quite high and temperature sensitive.We have used the following Sellmeier temperature-dependent representation for the refractiveindex dispersion of ZnSe (Hawkins 1998)

nZnSe(λ, T ) =

(

A+
Bλ2

λ2 − C
+

Dλ2

λ2 − E

)1/2 (B.4)with the corresponding coe�cients given in Table B.4.Table B.4: Temperature-dependent coe�cients for ZnSe index representations.Coe�. ZnSeA 1.509 × 10−4T + 2.407B −1.801 × 10−5T − 2.564 × 10−4C 1.300 × 10−6T − 1.308 × 10−5D −3.878 × 10−8T − 1.480 × 10−5
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Figure B.4: ZnSe refractive index dispersion (left) and predicted phonon absorption (right).Data from Hawkins (1998).



231Zinc Sul�de. ZnS exists both in a natural and synthetic crystalline form possessing cubic (Zincblende) or hexagonal (Wurtzite) lattice structures. A variety of techniques have been developedto obtain synthetic ZnS in large, high purity crystals, including evaporation, sublimation, highpressure 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 itstransparency window up to approximately 10 µm where multi-phonon absorption dominates. Forthis reason, it is not suitable for the Darwin application.We have used the following Sellmeier temperature dependent representation for the refractiveindex dispersion of ZnS (Hawkins 1998)
nZnS(λ, T ) =

(

A+Bλ+ Cλ2 +Dλ3 + Eλ4
)1/2 (B.5)with the corresponding coe�cients given in Table B.5.Table B.5: Temperature-dependent coe�cients for ZnS index representation.Coe�. ZnSA 5.608 × 10−5T + 2.282B −8.671 × 10−6T − 1.563 × 10−2C 5.549 × 10−7T + 2.067 × 10−3D 2.597 × 10−8T − 1.714 × 10−4E −9.798 × 10−10T + 2.884 × 10−6
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Figure B.5: ZnS refractive index dispersion (left) and predicted phonon absorption (right).Data from Hawkins (1998).



232 Appendix B. Infrared materials for the TIRG APSCadmium Telluride. Among the long wavelength (above 18 µm) transparent II-VI materialsavailable, cadmium telluride has proven to provide good optical performance across a wide rangeof 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 longwavelengths (e.g., KRS-5, KRS-6, CsI, CsBr, diamond), CdTe has a high resistance to moisture,is available at a reasonable price and can operate at elevated deposition temperatures withoutdisassociating. It is however the softest of the II-VI materials and is most easily scratched orprone to cleaving (in its monocrystalline form). The external transmittance spectrum has a far-infrared multi-phonon absorption edge starting at approximately 26 µm. It is to be noted that itswavelength 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 CdTe (Hawkins 1998)
nCdTe(λ, T ) =

(

A+
Bλ2

λ2 − C
+

Dλ2

λ2 − E
+

Fλ2

λ2 −G

)1/2 (B.6)with the corresponding coe�cients given in Table B.6.Table B.6: Temperature-dependent coe�cients for CdTe index representations.Coe�. CdTe
−2.973 × 10−4T + 3.8466B 8.057 × 10−4T + 3.2215C −1.10 × 10−4T + 0.1866D −2.160 × 10−2T + 12.718E −3.160 × 101T + 18753
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Figure B.6: CdTe refractive index dispersion (left). Note that absorption is not shown becauseit does not occur in the bandpass of interest. Data from Hawkins (1998).



CDrawings of the ZnSe 6-14 µm TIRG APSprototype

Figure C.1: ZnSe rhomb TIRG APS prototype drawing.



234 Appendix C. ZnSe TIRG APS drawings

Figure C.2: ZnSe double rhomb TIRG APS prototype drawing.



DFinite element analysis of a ZnSe rhombLet us recall what has already been stressed out in Sect. 8.5.5. Given the stress-optic coe�cient of
ZnSe (Cλ=10.6 µm ≈ −12 brewsters), if we impose that the phase-shift perturbation must remainbelow the 10−3 radian level at 6 µm, i.e., below the ∼ 10−7 null depth, it implies that an uniaxialapplied load must remain below ∼ 470 N/m2 = 47 Pa = 4.7 gr/cm2 which is very stringent.To assess the propagation of the stresses up to the optical zones, a preliminary �nite elementanalysis was performed with CATIA. The input con�guration simulates the mount illustrated inFig. 8.21 in the 45◦ con�guration shown in Fig. 8.22. No applied loads other than the gravitationalacceleration (9.81 m/s2) were considered. The mount of Fig. 8.21 was taken into account as asliding support so that the resultant loads are normal to the contact surfaces. The rhomb thereforejust leans in its mechanical mount. The contact surfaces are shown in Fig. D.2 together with theresults of the �nite element analysis. The following mechanical properties of ZnSe were loadedin the program:- density 5270 kg/m3;- Young coe�cient E = 6.72 × 1010 N/m2;- Poisson coe�cient ν = 0.28;- elastic limit (rupture modulus) of 5.51 × 107 N/m2.The mesh for the static analysis was performed by 87177 �OCTREE� tetrahedral elements and18758 nodes. Results in terms of Von Mises stresses34 (mathematically de�ned here below) aredisplayed in Fig. D.2 and Fig. D.3 (cut along the major diagonal of the rhomb). The colors arechosen such that blue parts are under the 470 N/m2 criterium whereas the red ones are above. Thecalculus shows that the bottom of the rhomb is under stress beyond the speci�cation calculatedhere above whereas the upper part is comfortably below.This analysis allows us to quantify the e�ect of stress birefringence more precisely. Indeed,following the �nite element analysis results, we can consider that one third of the rhomb (bottom) isat the mean stress value of ∼ 750 N/m2 while the remaining two thirds (top) are at the mean valueof ∼ 150 N/m2. Then, the phase perturbation resumes to 6× 10−4 radian at 6 µm, correspondingto a null depth of 1.6 × 10−7. It is to be noted that this value is an upper bound since the VonMises stress is a scalar de�ned as

σV M =

√

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

2
(D.1)34The von Mises stress is derived from the distortion energy theory and is a simple way to combine stresses inthree dimensions to calculate failure criteria of ductile materials. In this way, the strength of material in a 3D stateof stress can be compared to a test sample that was loaded in one dimension.



236 Appendix D. Finite element analysis of a ZnSe rhombwhere σ1, σ2 and σ3 are the principal uniaxial stresses35. Since only uniaxial stresses σs and σpperpendicular to the interferometric beam induce birefringence that can a�ect the propagation(birefringence along the beam direction does not enter into account), the Von Mises stress canonly be an upper bound. A complete analysis linking the principal stresses (or the stress tensor) tothe beam vectorial basis could directly deduce the resultant birefringence a�ecting the beam (seeFig. 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 minimizedby the 45◦ con�guration since in such a case, σs and σp should compensate for each other (tobe con�rmed). This symmetrization is another argument alleviating the stress birefringence issuesince both components in the two interferometer arms are submitted to symmetrical constraints.
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Figure D.1: Generalized stress tensor notation where the principal stresses σ1, σ2 and σ3 are alsoshown. The beam of wave vector k passes by the point P and possesses its own reference framede�ned by its direction, the s and p polarization components. The optical e�ect of mechanicalconstraints on stress birefringence is actually described by ∆n = Cλ(σs − σp). Symmetrizationof the loads, like in the suggested 45◦ con�guration, should equalize σs and σp, and subsequentlyminimize the stress-induced birefringence ∆n.

35Principal stresses are the maximum and minimum values of the normal stresses. Eigenvalues of a stress tensorshow 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 symbolizingthe sliding support. The contact are made on the whole lateral face, its bottom chamfer, on theupper half part of the bottom face and its chamfers, and on the 4 chamfers of the input face. Thecolors are chosen such that blue parts are under the 470 N/m2 criterium whereas the red one areabove.

Figure D.3: Finite element analysis of the mounted ZnSe rhomb: same as here above but cutalong the long diagonal of the rhomb.



238 Appendix D. Finite element analysis of a ZnSe rhomb



ETIRG APS metrology: equipmentcharacteristicsThe surface morphology analysis is performed by Optical Interferometry thanks to a Zygo MarkIV and Mini�z:- Fizeau interferometers;- beam dimension of 4 inches (≈ 101 mm);- reference lenses (�at, f/1.5, f/3.3, f/7.2);- accuracy of λ/20 (≈ 0.03µm) PV (�at reference), λ/10 (≈ 0.06µm) PV (spherical reference).For the surface structure analysis, Optical Pro�lometry is performed with a Wyko optical pro�lerwith the following characteristics:- vertical resolution of 0.3 nm;- lateral resolution of 0.1 � 13 µm;- range of 60 µm up to 5 mm.For surface topography and roughness analysis, a Scanning Electron Microscopy (SEM) HitachiS3500-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);- magni�cation: x30 up to x200,000.For better vertical resolution and precision, surface topography and roughness analysis can alsobe performed by Atomic Force Microscopy (AFM) thanks to a Nanosurf EasyScan Dynamic ForceMicroscope, having the following characteristics:- high resolution mode;- Contact and non-contact mode;- XY range ≤ 10µm, Z range ≤ 2.6µm;- resolution: XY ≈ 0.3 nm , Z ≈ 0.05 nm.



240 Appendix E. TIRG APS metrology: equipment characteristicsFor functional measurement, an infrared ellipsometer can be used. This kind of apparatus indeeddirectly measures the phase shift between the perpendicular polarization components ∆φTE−TM .The infrared spectroscopic ellipsometer SE900 from SENTECH has the following characteristics:- spectral range from 2 to 25 µm;- angle of incidence from 10◦ to 80◦;- repeatability on ∆φTE−TM < 0.1◦ ∼ 2 × 10−3 rad;- sample size: 30 mm x 30 mm.



FArticle: 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 wellas their possible exobiology interest. Our contribution to this work concerned the study of thein�uence of greenhouse-e�ect compounds on the existence of an ocean. Indeed, ice content incarbon dioxide for example would be a major obstacle to the formation of an ocean if therewere not any potential physical mechanism to prevent it from being in the atmosphere. Let ussummarize the content and our contribution to this paper here below.Discussions of extrasolar planets often quietly assume that any object with mass ∼ 1M⊕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 zonesof nearby stars could harbor other similar-looking beasts. Planets composed substantially ofvolatiles can conceivably form with masses up to ∼ 10M⊕ and migrate inward to the habitablezone. Kuchner (2003) estimates that Earth-sized volatile-rich planets can retain their volatiles forbillions of years at ∼ 1 AU, protected by thick atmospheres that slowly undergo hydrodynamicescape. 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 OceanPlanets.Let us consider that initially, 50% of the building blocks of the planet are made of ices thathave a composition similar to that of comets, i.e., 90% H2O, 5% NH3, and 5% CO2 by mass.Compared to the situation depicted in a pure ice ball case, this could cause major changes becausethe total amount of CO2 and NH3 is huge, several hundred times that present in Venus or theEarth (carbonates). If a signi�cant part of these gases were in the atmosphere, it would havesevere consequences: it would maintain it into a hot state and prevent the formation of an oceanof liquid water. This is what happens in Uranus and Neptune: because they contain 1 to 4 Earthmasses of hydrogen and helium (Podolak et al. 2000), even the small intrinsic heat �ux maintainsthe atmosphere in a state such that the temperature at its bottom is larger than water's criticaltemperature (647 K). Consequently, the interiors of Uranus and Neptune are �uid (Cavazzoni et al.1999). However, four processes may limit the initial amount of CO2 and NH3 in the atmosphereand thus permit the existence of an ocean- they are partially soluble in the liquid and solid. For example, at low pressure and T ≈ 300K, NH4HCO3 is soluble in water (12 g per 100 g water), as is (NH4)2CO3 (100 g per 100g water);



242 Appendix F. Article: A new family of planets? �Ocean-Planets�- NH3 and CO2 are known to easily form hydrates/clathrates when the temperature is nottoo high (less than 280 K for CO2) (Leliwa-Kopysty«ski et al. 2002);- phase separation in the interior may sequester elements at deeper levels, in which case theywould be unavailable to form a massive atmosphere. The driving force for this sequestrationis gravity. For instance, solid CO2 is denser than solid H2O, at least in the domain whereexperimental data are available (P <60 GPa; see, e.g. Yoo et al. 1999), e.g., by a factor 1.3at 10 GPa and 1.2 at 50 GPa. If at high pressure H2O and CO2 separate into two phasesthe latter will sink down into the thick ice layer and most of the CO2 will be locked intothe 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 freeparameter. However, it is pointed out that only a minute fraction of the CO2 reservoir is inthe atmosphere;- evaporation processes may erode some of the more volatile gases, especially in the earlyperiod 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 bothplanetology and exobiology. They would be a type of objects we do not have in the Solar Systemand would signi�cantly extend the �eld of planetology. The search for a form of life similar tothat which has developed on Earth would open a new �eld in exobiology because the conditionsof the environment would be quite di�erent from the terrestrial ones. The elements necessary toliving bodies (P , S, Fe, Mg, Na, K, etc.) could be brought to the surface by micro-meteoritesor found in the ocean as dissolved species.It could even tell us something about the emergence of life on Earth. For instance, if someform of life is discovered on an Ocean Planet, it would indicate that it has occurred in the absenceof black smokers because on these planets these structures are not expected, liquid water andsilicates being separated by thousands of kilometers of ice. Indeed, around stars with not too higha C/O ratio, planetesimals built in the cold regions of the protoplanetary disk contain a signi�cantfraction of water ice. In our Solar System, this is the case for all the moons of the giant planetsexcept Io. Uranus and Neptune can themselves be considered as �ice giants�: their interior densityis indeed very similar to that of compressed water ice (Podolak et al. 2000). However, Uranusand Neptune also contain about 1 to 4 Earth masses of hydrogen and helium in the form of anouter envelope. The case of these new planets would be di�erent because they contain much lesshydrogen.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 abouttheir existence and properties. Indeed, by coupling the radial velocity information of mass to thetransit information about radius, density can be inferred and thus their composition. If they areas resistant with respect to the evaporation and photolysis of their atmospheres as some modelspredict (Kuchner & Spergel 2003; Selsis et al. 2006) CoRoT (launch scheduled in 2007) will detectthe hottest ones.
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RésuméA l'occasion du onzième anniversaire de la découverte de la première planète extrasolaire autour d'une étoile detype solaire, au moment où environ 200 planètes ont été découvertes hors de notre propre système, de passionnantesquestions à propos de leur formation, leur évolution et pour certaines d'entre elles, leur aptitude à abriter la vie,sont plus que jamais posées. Ces interrogations sur nos origines ont déclenché l'émergence de nouveaux conceptstechnologiques et une très forte volonté pour pousser les technologies existantes à leur limite, tout cela pour répondreau fantastique dé� observationnel posé. ELTs, interféromètres kilométriques au sol ou spatiaux, instruments denouvelle génération: l'imagerie directe de systèmes extrasolaires et leur caractérisation est sans conteste l'un desthèmes observationnels les plus exigeants, tout cela à cause de l'énorme contraste et de la minuscule séparationangulaire entre les étoiles et leurs environements.Cette thèse est dédiée à l'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 l'imagerieà très grande dynamique. Les réseaux sub-lambda o�rent en e�et des solutions nouvelles et originales aux ex-igeantes contraintes induites par les objectifs scienti�ques ambitieux de l'astrophysique à haut contraste. Aprèsavoir montré l'utilité pratique des outils coronagraphiques modernes dans l'observation de systèmes planétaires enformation, nous présentons diverses solutions pour améliorer la capacité de détection de systèmes coronographiquesexistants, ainsi que de nouvelles totalement intégrées et susceptibles de surclasser les systèmes traditionnels au seindes instruments de nouvelle génération. Ensuite, toujours en pro�tant de la �exibilité optique des réseaux sub-lambda, nous proposons un nouveau concept de déphaseur achromatique pour l'interférométrie en frange noire,qui devra être construit et testé dans le cadre des activités de R&D censées ouvrir la voie à d'ambitieuses missionsd'interféromètres spatiaux dédiés à la détection et la caractérisation de planètes semblables à la Terre.Mots-clés: systèmes planétaires extrasolaires � imagerie à haut contraste � coronographie à masque de phase �interférométrie en frange noire � déphaseurs achromatiques � réseaux sub-lambdaAbstractAt the eleventh anniversary of the discovery of the �rst extrasolar planet around a solar-type star, at a timewhere 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 pushingexisting 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 ofextrasolar planetary systems and their characterization is de�nitely one of the most demanding observational topicbecause 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 gratingtechnology. We demonstrate the utility of these integrated nano-engineered meta-materials in the frameworkof high dynamic range imaging. Subwavelength gratings indeed provide new and original solutions to the verydemanding constraints induced by the ambitious scienti�c goals of high contrast astrophysics. After showing thepractical utility of modern coronagraphic techniques in actual observations of young forming extrasolar planetarysystems, we present diverse solutions for improving the existing coronagraph detection capabilities as well as totallynew integrated ones that shall outperform the traditional systems within next-generation instruments. Then, stillusing the optical �exibility of subwavelength gratings, we propose a new concept of achromatic phase shifter fornulling interferometry to be manufactured and tested in the context of the R&D activities paving the way towardsambitious space-borne interferometers dedicated to Earth-like planet detection and characterization.Keywords: extrasolar planetary systems � high dynamic range imaging � phase-mask coronagraphy � nullinginterferometry � achromatic phase shifters � subwavelength gratings




