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The Fresnel Interferometric Imager

| Executive Summary
I.1 Goals

The Fresnel Interferometric Imager is a class Lsmisthat addresses several themes of the CosmicriMPlan :
Exoplanet study, matter in extreme conditions, tredUniverse taking shape. The proposed instrumsdrdsically
a general-purpose lightweight telescope, but uaimgpvel optical concept based on interferometryickvlyields
high angular resolution, high dynamic range, aneldfi while releasing constraints on positioning and
manufacturing of the optically active elements.

[.2 Principle

In this two spacecraft formation-flying mission,etimain spacecraft is the focussing element : thesried
interferometric array ; the other spacecraft htthésfield optics and detectors.

The Fresnel array is a 3.6 x 3.6 meter square @pujuwith 10 to 16 void subapertures. Focusing is achieved
with no optical element : the shape and positiorihthe subapertures being responsible for beanbtony by
diffraction for a fraction (5 to 10%) of the inciatelight. The consequence of this high number tlapertures is
high dynamic range imaging. In addition, it is putally efficient over a very broad wavelength dama

This interferometric array can be seen either aapmnture synthesis array or as a particular chsiffractive
zone plate. Beams from the individual subapertuses recombined by diffraction and interference. The
subapertures are positioned so thatmahase shift occurs at the first order of diffrantibetween neighboring
zones. As a consequence of the subaperture pasgitenv, an incoming plane-wave is turned into aespal
outgoing wavefront. An image is directly formed ttye array, the dense subaperture layout leadirrgdompact
and highly contrasted Point Spread Function (PSF).

Fresnel interferometric arrays differ on severgleass from zone plates. Their layout makes thetranmsmissive
zones connected throughout the array, allowingugeeof vacuum for the transmissive zones (subagsjtwhile
preserving mechanical cohesion of the whole frame.

Image plane

Pupil plane

Fig I-1: Circular (Soret) zone plate &
example of orthogonal Fresnel array, 15 Figl-2: Image of a point source (Point Spread Function poted by
Fresnel zones (half sides). Fresnel Transform).

|.3 Features, pros and cons

— As for an interferometric array, the angular heon of a Fresnel array is the same as that fifeal aperture
having the size of the whole array. The large numobsubapertures provides an advantage in field.

— The use of vacuum for the individual subapertetigsinates phase defects and spectral limitatishéch would
result from the use of a transparent or reflectnagerial. The spectral span of Fresnel arrays isitbed by the
characteristics of the opaque foil : towards the lMts effective opacity, towards the I.R. by Rank emission.
A spectral domain spanning from 100 nanometer®tmitrons is expected.

— The resulting wavefront quality is restrictedthg precision with which subapertures are carvéis Tonstraint
is loose compared to optical surfacing A/&0 quality wavefront (required for high dynamiaga imaging) is
obtained with either a/100 mirror (5 nanometer precision for the visibley a 0.1 millimeter precision
subaperture positioning in the plane of the Freangly. The required precision in the perpendic(panpagation)
direction is in the order of a centimeter. The mieo to which subapertures in a Fresnel array havee
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positioned is not wavelength dependant.

— The pattern of the array : all subaperture eflgsving two orthogonal (or close to orthogonaidedtions, casts
light at focus into a central peak flanked by twthogonal spikes, rather than the diffraction riegsurring with
circular apertures, or broad side lobes (caselofedi interferometric arrays). Most of the imageldiof a Fresnel
array is at very high rejection rate. To furthesrgmse the dynamic range, apodization is usedrdithmodulating
the size of subapertures from center to limb of d@hewy, else at a smaller pupil plane with "Phasduted
Amplitude Apodization" dedicated optics.

— The very large number of subapertures allowsgh field/resolution ratio, hence much wider fiettian other
interferometers : a simple law relates the achilevéibld of an interferometer to the number of qudrdures it
includes.

— Fresnel arrays act as transmission gratings. ¢dalfe incoming light is blocked by the opaqud, faimajor part
of the transmitted remains a plane wave, so orty B)% of the light is focused, this proportion €eging on the
subaperture optimization and positioning. As a egunence, a 3 to 4-fold increase in size is requvembllect the
same number of photons as a solid aperture. Th@aason in terms of image brightness depends ibtiect is
extended or unresolved. In all cases, if comparigibh filled apertures is made in terms of cosheatthan size,
per photon or per valuable datum, Fresnel arragsldiget the advantage.

— Strong chromatism occurs as a consequence ofdiffe focussing at order +11I1/A. This chromatism is
cancelled by a small diffractive element in thealomstrumentation, operating at diffraction ordér This

secondary Fresnel lens is blazed to optimize treassom. The resulting correction is complete argependent of
the wavelength. However, for a given inter-spadécliatance, the bandwidth is limited £/A =20% due to the
size of the field optics in the secondary spacéeck&fith six adjustable wavelength channels sidesioe, we

propose to cover regions of interest in the U.Visitle and I.R domains. Light will be fed into oobannel at a
time by changing the attitude of the secondary spadt, and the inter-spacecraft distance adjustedrdingly.

— Long focal lengths are implied. For example 8.8 km for a 3.6-meter array operated at respalgtiv=1 um
andA=100nm, therefore requiring formation flying in aMgravity gradient region of space.

|.4 State of the art

We propose a 3.6 meter Fresnel interferometricyathee concept has been tested for now three yemeshave
built a 22-meter focal length breadboard designtaestid it at Observatoire Midi-Pyrénées (Toulo&sance).

o ‘5/‘?';7420

Fig 1-4: Simulated quarter field PSF of an apodized 30@&zon
Fresnel array. Vertical axis : log hormalized brigless.
Horizontal plane: position in the field, in unit$ diffraction
limited resolution radius (resel).

Fig I-3: 80 mm square Fresnel primary array carved
into a thin 80um stainless steel foil, used for optical
tests. (58 Fresnel zones, 26 680 subapertures).

We have tested the efficiency of the chromatisnremtion on artificial sources, (500nmX< 750nm), the
image quality (diffraction limited) and the dynanmange. At present, the highest dynamic range détacted
double source is 6.2 Pawith this optical prototype. It has also allowedvalidate numerical simulation algorithms
for larger Fresnel interferometric arrays. Theseutations yield a dynamic range (rejection factdose to 16 for
arrays such as the 3.6 m one we propose here. Antgrrange of 18 allows detection of objects at contrasts
higher than 18 in the whole field except in the spikes, as theiting factor is the variance of the noise, not the
background residual light, which can be subtraateithe recorded images using a reference sourcenénof our
recent publications [04] we present simulations exfoplanet detections with contrasts of °10A

coronagraphic focal instrumentation will furthermrave this dynamic range. 3



Il Introduction

The class L mission we propose is a two spaceEx@itnation-Flying telescope: the "Fresnel Interfegtnic
Imager" orbiting the L2 Earth-Sun Lagrangian polhwill address different themes of the Cosmicidiisplan,
within the guideline questions: “What are the ctnds for planet formation and emergence of lifadd “How
did the Universe originate and what is it made ¢§&e section "scientific objectives").

Proposals for using Fresnel zone plates in formétiong conditions in space have been made si9831Y.M.
Chesnokov [05], R.A. Hyde [02], J.T. Early [06],daB. Massonnet [07]. Normally, diffractive opticeeausually
very chromatic, and allow observations only in ao& bandpass. The chromaticity issue has beereasield by
Hyde [02], Chesnokov [05], Faklis & Morris [08], érsolved using an optical principle by Schupmanty].[O
Broadband, chromatically corrected observationsiave possible with diffractive optics.

Our proposal differs from the previous ones in sa@vaspects. In 2004, we have proposed an intenketrc
approach, an orthogonal geometry, the use of vadnatead of an optical active media, and the highachic
range applications. The Dynamic ranigedefined here as the ratio of: the average gitgrin the image field
outside the central lobe of the Point Spread FandiPSF) and its spikes, over the maximum interisityentral
lobe of the PSF.

This Fresnel Imager proposal is by no means aseltbas, for example the TPF-C (a 4x8 meter ellgyserture
coronagraph) or TPF-I (a four 4m apertures interfexter) studied by NASA, or even Darwin (four 3nedpres
interferometer). It shares with these an exoplaletection capability, but is less specialized fus tgoal. The
3.6x3.6m size of the array has been chosen tonfiblded as a rocket payload. It could have beersemo
rectangular, for the same reasons TPF-C is eliptar larger and foldable. However, our ratiorati@resent is to
favour simplicity and feasibility, while preservitigst order scientific goals. If a mission provée efficiency of
the Fresnel Interferometer concept, then much taagays may be envisioned.

II.1 Spectral coverage

The potential spectral domain of the primary arsayery broad, being restrained at short wavelenghthe
long focal lengths involved (and by the decreaseeflectivity of the secondary field optics mirrooating) and at
long wavelengths by the Planck emission of the opamaterial of the primary array. This leads to(® 1
nanometre — 10 micrometre "global" spectral domain.

The chromaticity of the primary array operatingddfraction order 1 is cancelled by a secondaryraitive
element operating at order —1 in a pupil plane. elew, the correction concerns only the light tkatallected by
the field optics. In order to prevent vignettinige t'local”" spectral bandpass has to be limited to
AN/N =1,41 D/ Cgr for a zero unvignetted field, and less for lafigéds, D being the diameter of the field
telescope (e.g. 68 cm) afigr the side of the square primary array (e.g. 3.6 m).

The Fresnel Interferometric Imager will cover tipecstrum with six adjustable bands from Lyntato close I.R.
with angular resolutions from 7 mas at Lyn@anto 57 mas at im. These bands provide an instantanemua
= 0.2 spectral coverage for a given inter-spacediattnce. From one band to another, the spectvarage will
not be simultaneous : only one spectral band @ha will be observed in this two-spacecraft forraatflying
configuration, the inter-spacecraft distance deit@irg the central wavelength of the observed spébtind.

Six dedicated focal instrumentation channels vaiter each a spectral band. They will share thegwrRresnel
array and the 68 cm main mirror of the field optib®wnstream, all channels will provide imaging @bitities
(860x860), two or three of them will have corongdria optics and low dispersion spectro-imaging bdjtizs,
the others will have a high dispersion spectroffedh the center pixels of image the field. Henoe,dach channel
there will be two detectors, one for broadband img@nd one for spectral analysis of a local zdn@efield.

The choice of wavelengths for each band dependbetarget missions and will be developed in tHiafong
sections. — In the UV : spectro-imaging at highctae resolution for exoplanet transits, stellare&tragalactic
objects. — In the visible : stellar and exoplaneasurements at moderate spectral resolution. heliR : young
stellar objects and planetary systems.
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[1.2 Angular resolution

The 7 mas angular resolution at 120 nm wavelerggmough for resolving a planet orbiting at 0.07 fm a
10 pc distant star. The angular resolution wouldigan to 0.3 arc seconds at 5um wavelength, bugaltiw the
resolution of a Jupiter at 3 AU. Once the planeteiparated from it's star, direct detection of éanetary spectral
signatures is possible. The spectral resolutionspattrum S/N in that case will be limited, dughte necessary
residual starlight subtraction after detection e Expected rejection rates are in the order 8f thereas planet /
star contrasts up to PGire planned to be observed.

1.3 Field

Contrarily to the nuller approach, almost all tied will be at rejection rates superior to®1@nd only a small
solid angle in zodiacal and exozodiacal lights @hea covered by the PSF and its spikes) are batitrg to noise
at a given point in the field. Two exposures wil becessary to cover the whole field at high dynange and
allow exoplanet study, as published in A&A [04].

[1.3 Dynamic range

The high dynamic range applications that we hawteteon the first generation prototype require that
bandpass does not exceed a +/— 15% differencetfrerventral blaze wavelength of the correctingdiffive lens.
The optical tests made in witk\ / A = 0.15 at the 58 Fresnel zones primary array yéeld® and the numerical
simulations for a 350 Fresnel zone array reach AGconsequent improvement of these values is éggdagith the
implementation (in the optical prototype and in thenerical simulations) of a coronagraphic systéhe dynamic
range decreases for extended objects and dende $igth as galaxies or angularly extended soléersysbjects,
but the angular resolution remains unchanged.

As the present laboratory tests have been madeanitised silica diffractive lens blazed for 600 rforther
validation tests are required for the UV domain.atill change is the blaze angle, towards lowdues The
groove spacing has to be homothetic to the Frezmeé structure of the primary array, thus is noeally
wavelength dependant. Quality of the diffractivereotor is of prime importance for dynamic range tfze light
not going into its diffraction order —1 may end pgiluting the field. Optical are planned in thetdd¥/ range for
the months to come.

[l Scientific objectives

I11.1 Themes addressed

The objectives presented here correspond to diffaleemes of the Cosmic Vision plan: section 1rbrtf gas
and dust to stars and planfetsection 3.3: "Matter under extreme conditibrsnd section 4.2: "The Universe
taking shapé(High Z galaxies). Other themes, such as in 223teroids and small bodi&scould be explored by
high angular resolution and high dynamic range im@from a near-Earth position, but will not be dmped in
this proposal.

This mission will observe in the UV, visible anabst 1.R. domains, using six different spectral dedsin the
secondary spacecraft optics. The central waveleofytbur of these channels will be adjusted to mbtaquasi-
continuous coverage from Lymanto 400 nm, and two additional channels will copart of the visible and close
I.R. The central wavelength of each channel wiladgustable to some extent, but high rejectionsrated dynamic
ranges will only be achieved close to the nominavelength of each chann@dN/A <0.2),A for each band being
determined by the blaze angle of the corresponctingmatic corrector lens.

For a primary array transmission efficiency 8% ; the proposed scientific program of the Fregamelger will
correspond to that of an equivalent 1.3 m diamttkrscope in terms of collected light and 3.6 ntamms of
angular resolution. For point sources, the brigbgrger unit angle in the PSF is that of a 2.1 rmdtar aperture :
(this will be the case for spectral analysis ofidady unresolved sources).

In addition to being a possible precursor of vargé lightweight apertures in space, the strenfyiresnel
imager proposed here is also in its dynamic ramgk capability to operate over a variable spec'mage_.S_



This unique possibility could open two very impattastrophysical research domains in which membgisur
group have considerable expertise and significestiodtery results : observations in the far UV anel $tudy of
exoplanetary atmospheres.

[11.2 Observations in the far UV
Contribution by thénstitut d’Astrophysique de Parggoup (Alfred Vidal-Madjar et al).

The UV spectral range is particularly difficult teach below Lymam because of limited reflectivity at short
wavelengths. However, this domain provides a unigoéto observe gas in numerous astrophysicalctdbgnce
there are many strong electronic transitions, mhiclg of most of the atomic species, ions and mdésche study
of exoplanetary atmospheres can be achieved ugihglgnamic range techniques (transit or directgimg)

Both these subjects fall within the ESA Cosmic biisAO aimed at either the understanding of the Ehsig as a
whole as well as providing significant steps in $karch of other habitable planets.

The spectral domain below Lymam, from 912 to 1216 A, is particularly known for iisstrumental
inaccessibility (observed only via COPERNICUS ie 1080’s and FUSE between 1999-2007) as well agsfor
remarkable richness in atomic, ion and moleculaedi Many of these lines are of very importantogstysical
species ranging from the more abundant atoms imgull, D, C, N, and O, to ions in several states,ra
particular CI, CII, Clll (and CIV in the UV near 55A), Sil, Sill, Silll, Silv, Ol and OVI. The UV lao contains
some of the most important astrophysical molecasgels, HD and CO (see Fig. I1l.1).
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Figure lllI-1. This figure underlines the spectacular rise imfner of available
diagnostic lines when moving from the visible ® th and finally to the far UV
(Adapted from FUSE program).

The FUSE observatory was selected by NASA, launalddne 1999, and still operates in orbit (refeesn[10]
to [14]). In spite of the technological difficiés, particularly the poor coating efficiencies mel®10 nm, the
effective area of the FUSE observatory is stillitgunigh" because only two reflective surfaces wesed in its
design. The FUSE effective area is on the ordet50fcnd, while the proposed Fresnel array, with its 3&6nt
collecting area, taking into account the 10% edfcy (wavelength independent) of the diffractiveulgsing, the
efficiency of the two reflection field optics, tredditional focal holographic grating as a spectpbr and a
detector efficiency of about 20%, finally achieweS00 to 800 cheffective area un the far UV. Such a gain, about
a factor of 12, should give access to objects 2agniudes fainter than those presently reachecheyFtUSE
observatory, notwithstanding the gain in angulaphgtion : 7 milli-arc seconds at Lymam

To illustrate a few of the possibilities to be opdrby such a gain in sensitivity, one could mention

— the study of the intergalactic medium observetth WUSE via a small handful of bright quasars ataN&
down to 14 magnitude. The Fresnel interferometric imager wobé opened to almost all known

similar objects down to ¥8magnitude, i.e. thousands of potential targets; 6



— the study of the galactic elemental abundandbeéniSM, presently limited to #3magnitude hot stars. This
study could be extended to 16th magnitude providicaess not only to the whole Galaxy, but everetriny
ones such as Andromeda;

— the deuterium abundance, both a unique tracgalaftic evolution and of the primordial Universeuld be
evaluated much further in the Galaxy and in mosntbnly one extragalactic target as presently dopne
FUSE;

— The observation of the physical conditions furihgvards from the outer layers of the moleculaud cores,
and their interaction with the ambient radiatiogldi (for instance in dense star forming regione Iion),
particularly in H and CO molecules, will become possible while itristed for the moment, complementary
to the radio observational approach, to the siffuse envelopes of these molecular clouds; thézamh
environment of galaxies, including the cooling flowas traced by the unique OVI lines, could become
accessible beyond our own galactic environmentutoarous galactic clusters;

— The bright nucleus of the Seyfert galaxy PG 1283+has been observed with FUSE. This object of
magnitude V=15.84 could be reachable at lower natémn times with the Fresnel imager.

— the planetary formation process via the physitale of dense accretion disks, followed by diffdeéris
disks, where earth like planets are formed. Thmseesses are particularly well analysed in theUsr
spectral range where many important diagnosticlare available; only a few disks are accessiblEUSE
observations.

With a gain in sensitivity of several decades commgdo FUSE, a Fresnel telescope would allow saritig the
most abundant molecules like BINd CO in proto-planetary disks and debris disksmfurther in the Galaxy and
would allow reaching those forming planetary systdmnearby star forming region like in Taurus-Ayariand
Orion regions.

Changing the sensitivity of an observatory in acté range by a 12 factor is never a trivial stegt in the
specific case of the far UV domain, this gain wilen up access to most of the possible targets knclranging
our vision of any given problem from the curremstiifew hints, to a complete statistical and dethgurvey. The
targets available in the UV are, even now, all logitzed by the GALEX mission and thus are knownumhber in
the thousands. Moving our observational possiediin new astrophysical regions always bring neswans and
surprises.

[11.3 Study of the exoplanetary atmospheres and Ihospheres
Contribution by thdnstitut d’Astrophysique de ParadObservatoire Midi Pyrénéagoups.

With the study the exoplanetary atmospheres, thossible approaches could be considered:

1 — direct method, trying to observe the lightleeted by the planet, and through the spectralyaisal
deduce the atmospheric and surface compositios; dipproach requires direct imaging with high angula
resolution and rejection rates to properly resdheeplanet from the star;

2 — the favourable cases when the planet passd@adits parent star (often called secondary dF an
transit) allowing an evaluation of the amount afrdtary reflected light by difference;

3 — the favourable cases when a planet tramsftomt of its parent star. During these mometfis,stellar
light passing through the planetary atmospheresgafesorption signatures related to the atmosplextent,
structure, and composition.

These approaches are complementary, one shouldimetesting advantages of observing tram@sid direct
imaging or secondary transit:

— direct imaging will add orbital data such as semjor axes and sin(i), important by many aspeeth sis
obtaining a model independent planet surface temtyer. Orbital information may not be availableesthise
if there are no transits and if the induced stationds beyond the sensitivity of Doppler detection

— when a given planet transits, it also always-t@atisits which gives in all those cases the actedbe
planetary atmosphere, structure and composition theesunlit planetary atmosphere (secondary taasi
well as its terminators (primary transits);

— the probability of having a transiting planetaabut 1AU from a star is ~0.5%. Under the assumptof a
uniform distribution of planetary systems and Edikb bearing planetary systems in the Solar
neighbourhood, if one searches for such planetditect imaging within 10pc, one should find the sam
amount of potential targets to be studied via I@hsit and anti-transit within 60pc from the sun.

-7-



Among the lines that could be searched in the itiagsexoplanets spectrum, there is :
— Hydrogen at 121.6, Carbon at 130.5 nm, Oxyger3@i2 and 133.5 nm, 0Ozone at 300 nm, Na & K att600
900 nm (hot Jupiters), 03 at 800 nm.
— H,0O at 1.8um, CGQ at 1.9um. NH3 between 3 andin, CO between 4 andibn.

For direct imaging and spectroscopy, there is rieetdoth angular resolution and high dynamic raimgéne low
part of the light histogram (rejection rate). Tipearal windows will be more limited. Furthermotiee reachable
spectral resolution for exoplanets with a 3.6 msket array is as low as 70 with a S/N ratio randiogn 3 to a
few hundred (see following figures), allowing deiec of the following broad lines :

0, at 760 nm, chlorophyl break at 700 nm (possiblidifferent wavelengths depending on the stellar
spectrum). Other lines, such agtHat 1.4 & 1.8um, and CQlines between 4.2 & 4 m could be a motivation to
shift the reddest channel further into the L.R.

More lines may be observed further in the IR, Iu&iging gets harder due to the loss of angularugenl caused
by longer wavelengths.

Rapport sighal a bruit: planete a toutes autres sources de bruit

Longueur d onde centrale reimagee (microns)

Figure IlI-2: Signal over Noise ratio as a function of wavelérigr a "cold" Jupiter at 5.2
AU from a solar type star, 10 pc away. The shadwtezs where S/N<3. Zodiacal and
Exozodiacal contributions are simulated for a sdlgye planetary system.

24 hour exposure time on a 3.6 m Fresnel arrayeatipn rate 2 10, spectral resolution
70. The star-planet separation allows the angulesalution to be sufficient up tozén.
I.R. emission from the planet is observable frota 3um. The small glitch in the curve at
3 um is due to a wavelength dependant change in rejecate, PSF dependant. The
thermal emission from the array is taken into acdothe bifurcation in the S/N curve at 7
pm corresponds to two different temperatures of dpaque foil: 70K (top) and 80 K
(bottom). Numerical simulations by Denis Serre.



Rapport signal a bruit: planete a toutes autres sources de bruit
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Longueur d onde centrale reimagee (microns)

Figure 111-3: Signal over Noise ratio as a function of wavelénigr a "warm" Jupiter at 1 AU
from a solar type star, 10 pc away. The shaded monmtere S/N<3.

One hour exposure time on a 3.6 m Fresnel arrajgction rate 2 18, spectral resolution 70.
The fall in S/N ratio below 230 nm is due to therdase in number of photons from the solar
type spectrum. At the other end of the observabbeteum, the angular resolution limits the
wavelength to 1.6 microns. The shaded zone i/ 3

—
/

Rapport signal a bruit: planete a toutes autres sources de bruit

02 04 0.6 0.8 1 1.2
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Figure 111.4: "marginally reachable" Signal over Noise ratio asunction of wavelength for a
Venus at 0.7 AU from a solar type star, 10 pc awdne shaded zone is where S/N<3.

100 hour exposure time on a 3.6 m Fresnel arrajgct®on rate 2 18, spectral resolution 70.
The angular resolution limits the wavelength to hi2rons. The shaded zone is for S/N<3. An
Earth at 10 pc is beyond the reach of a 3.6 m artawould be marginally reachable, either
with a 10 m array at rejection rate 2 $0 or with the 3.6m array at rejection rate 20

In cases 2 and 3 (transit observations: referefiégdo [21], and antitransit observations: refaen[22] to [26])
there is no need for high angular resolution. Havethere is need for high dynamic range in thghtrpart of the
spectral lines, and high spectral resolution: thtaltamplitude of the line variation due to a platransit like
HD209458b is in the order of 2owhich means a required dynamic range of if@ve want to have a S/N of
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10 in the planet absorption spectrum.

The important point is that both the transiting andi-transiting atmospheric planetary studies haleady
started with both the Hubble and the Spitzer Olageries. In the transit approach, the main Hubéseilts are the
detection of several atmospheric constituents dsHaOl, Cll and H (references) as well as the demonstration
of atmospheric escape states as violent as thepooleably suffered by the early Earth and Venus, i.e
hydrodynamic escape involving all species tranggbeway within the hydrogen flow. In the secondaansit
studies, mainly with Spitzer results, the planetdmgrmal sunlit side emission has been detected thad
temperature and albedo evaluated, as well asdtehfints of emission distribution over the stellahemisphere
using timing when the planets disappears behindtiue(references are placed after each sectioith. & these
observations completed with instruments (photorseterd spectrographs) on board Hubble and Spitzes,a
simple matter to compare their performances tethsent Fresnel Telescope program.

HST - STIS is the best spectrograph used for slahepary studies. The STIS throughput of the déffier
spectrographs ranges from 1 to few percent fromUlteto visible and thus corresponds, in the casa @f4m
diameter telescope, to an effective area of therarti~500 to few 1000 ¢min the case of the 3.6 x 3.6 Fresnel
Telescope, one could again reach, with two-refbecfield optics design and a relatively simple aa#ection
grating design, and a 20% efficiency detector, Igea000 to 3000 cfreffective area system, depending upon the
spectral range considered. Here a gain by a fatt8rrelative to present observations will allove ttame studies
accomplished now over"@nagnitude stars to be done in the case of moredhaagnitude similar objects. It is
clear that this will not be enough to reach foremial Earths but will increase the number of atphese studied
by nearly a factor of 6, i.e. statistical studiesild really begin.

This study being made with a 3.6 m Fresnel Telescope can hope that if the first mission is susitsfurther
development steps of that design will allow to Iyeatach Earth type planetary atmosphere, usingo130 m
Fresnel arrays. See as a prediction of the posigbithe following Table IlI-1, taken from the Laelier des
Etangs and Ehrenreich (2005) Cosmic Vision proposal

Planet Telescope () (m) Number of targets
Type for V=8, S/N=5 (S/N>5, (HD=10m)
K-star G-star F-star (N/3v)

Earth 15 22 29 14
Venus 50 83 113 <1 (0.3)
Ocean-Planet 2.3 4.4 6.8 3400
small Earth 9 13 17 61
small Venus 36 64 92 <1(0.9)
small Ocean-Planet 1.4 2:7 4.0 13 900
super-Earth 65 113 142 <1(0.1)
super-Ocean-Planet 9 18 29 54
Hot Jupiter 2.0 3.5 5.5 40000
Hot Neptune 9.0 17 25 440
Evaporating ocean <1 <1 1150
with )=1m

Evaporating ocean 590

in Local Bubble

Table IlI-1 Taken from Lecavelier des Etangs and EhrenreRB0%) shows the number of planetary targets
accessible with an equivalent to 10m diameter ¢eles. Although this looks like a remote possibitityhe case of
a classical 10 m space telescope, a 30 m Fresmalydnaving the same colleting power and triple dagu
resolution may be a relatively simpler solution.

Using the approach of Ehrenreich et al. (2006) vaeehadapted the evaluation of the detectable ptatze 30m
Fresnel array as a follow up of our program. Welined all varieties of known extra-solar planetenfr Earth
sized planets to Jupiter-like planets, adding theimbable satellites, as well as possible Oceamgis and Early
Venus or Evaporating ocean type planets. This taelmonstrates the huge potential capabilities of design
which will still show important (in statistical ters) detections with the present proposed size6of 8 the easiest
cases since at the time of this program operatiorey more transiting planets will be known thattk¢he large
number of present and/or future ground based @@LE, TrES, XO, HAT, etc...) and/or space borngg@ams
(e.g. CoRot and Kepler ,etc.) aimed to transititanpts.
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[11.4 Study of stellar systems, photospheres and @e environments
Contribution of Margatita Karovsk&arvard SmithsonialCenter for Astrophysicseferences [27] to [28].

Since 1990s the Hubble Space Telescope (HST) has peoviding high-angular resolution views of the
Universe from UV to IR wavelengths with an angulesolution close to 0.1 arc second. The diffractionit of
this 2.5m telescope is comparable to the groundebéslescopes built over 50 years ago (e.g. Mtsdkil2.54m
telescope). However, the fact that the HST is scepand therefore free of the atmospheric seefegtsf with the
crucial capability of observing at UV wavelengthmpvided unprecedented opportunities for high-netsah
studies of many astronomical sources. For exari{$d, observations of the nearby symbiotic systemaMiB (at
130pc) demonstrate the power of sub-arcsecond angedolution by having separated the componertts®D.6"
interacting binary for the first time at UV wavetgghs where the most important signatures of aaareticcur
(Karovska et al. 1997) Mira AB is the nearest syatibisystem composed of an evolved mass-loosing AGB
(Mira A) and a wind-accreting white dwarf. HST a@tiandra images of Mira AB showed evidence for asi
direct interaction between Mira A and its companisimowing that Mira B is accreting not only fronetivind of
the AGB star, but also via direct mass exchangediska et al. 2006). This was an unexpected rdsediause the
components are separated by 70 AU and it has bssmmed in the past that the interaction between the
components in such a system can be carriedmytvia wind accretion.

Unfortunately, very few interacting binaries haweb resolved by direct imaging from the groundromfspace.
Currently, most of our accretion paradigms are thame time-resolved spectroscopic observations. Aleroof
magnitude higher (10 mas) spatial resolution in thé and optical will offer unprecedented opportigst for
detailed studies of nearby stars and interactingrigisystems.

The Fresnel Interferometric Imager (FII) will bel@lo image the Mira AB system with 100 pixels cang the
region between the components, and 100 pixels cayéhne atmosphere of Mira A. Furthermore, thell be
able to separate the components of several neanbgntly unresolved interacting binaries, includsygmbiotic
systems (e.g. CH Cyg, R Agr, and others). Symlsaie some of the most fascinating interactingesystbecause
of their dramatic transformations and extremely plax circumbinary environment. These systems amy ve
important because they are likely progenitors gfoldr planetary nebulae. They have also been i/a@se
potential progenitors of at least a fraction of Sunpvae type la, a key cosmological distance indic@Chugai
2004).

Furthermore the FIl will be able to resolve outfloand the circumbinary environments in a varietgystems,
including regions of colliding winds. The resultsliwvhave important implications for our understamgli of
accretion processes in detached binaries and &r aittreting systems in the Universe. Understandaugetion
driven flows in binaries will directly affect ournderstanding of similar flows around YSOs, inclufithe
formation of planets in the circumstellar disk.

The HST and ground-based observations detectedicigm asymmetries in the atmospheres of sevezathy
giants and supergiants, including in Mira A and I#&pOri. However, the causes of these asymmeti@ain a
mystery. Possibilities range from giant stellar tsp@onvective cells, to effects of non-sphericalsation and
massive outflows. Resolution of an order of a magla higher than that of the HST in the UV is nektte
determine the causes of asymmetries observedsde theolved stars. The Fll will be able to imageatmospheres
and the circumstellar environment of dozens of Inedira-type stars and supergiants with approxityai®0
pixels over the stellar surface, compared to oy that we currently get using the HST. This wilow
determining the causes of the asymmetries andaadsdailed study of the structure of the extendethspheres.

[11.5 Study extra-solar protoplanetary disks: The Disk Evolution Watcher (DEW)
Contribution of Prof. Ana I. Gomez de Castiniversidad Complutense de Madrid

Observations of extra-solar protoplanetary disHewalunderstanding the physical evolution and chamic
composition of disks at epochs preceding and cqmbeameous with the formation of planets. Chemical
abundances are determined by physical conditiocts &sl density, temperature and the incident radidield. The
UV radiation field plays a fundamental role in dteemical evolution of the disks:

-1. FUV continuum emission induces photodissoamttbCO enhancing organic species such as CN, HEN a
HCO+ (Aikawa and Herbst, 1999, 2001).
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-2. Lyman alpha carries about 85% of the far UVrgndlux (see TW Hya observations by Herczeg €1Gfl4
[32]). Thus the radiation field is selectively disgating species like HCN or,® while others such as CO op H
are left unaffected (van Dishoeck et al 2006).

-3. The vertical structure of the disk is contrdlley the UV radiation of the central source. Thekdian be
divided into three layers: the upper Photo-DisgtmiaRegion (PDR), the warm molecular layer belowd ¢he
mid-plane cool layer. Low molecular abundancescatesed by depletion in the mid-plane.

-4. The structure of the inner disk (r<2 AU) is trofled by the evolution of the accretion-outfl@mngine. The
engine transforms gravitational energy into meatenénergy (the outflow) and radiation. The preseat
magnetic fields makes the dissipative processesdar at high energies (UV, X-ray radiation) conguhwith
the temperature of the disk and the stellar phtteisp This radiation, in turn, controls disk evmat(see [31],
for a recent review).

The Fresnel Interferometric Imager (FIl) has thiéofeing properties that make it an ideal instrumenmtollow
the evolution from disks to planets:

-1. The high dynamical range allows to map sim@tasly the illuminating radiation field and its pemation /
diffusion in the circumstellar environment. A 1eyhdmical range makes feasible to track the radidtild to

a distance 3.2e3 times the radius of the illumhtasource. Assuming this to be the central engivith (a

characteristics radius of 10 stellar radii or 0A3), the FII will allow to map with unprecedentsdnsitivity

and resolution the inner 100 AU with a resolutidn/mas (0.98 AU at 140 pc, the distance to the Tsar

Lupus, the nearest nests of Pre-Main Sequencé.stdnis scale reduces to 0.098 AU for AB Dor (arbga
Weak-Line T Tauri star) or to 0.392 AU to TW HyaorRhis objective, possible problems caused byauadi
light will have to be investigated (Taurus is i gcliptic).

-2. The high dynamical range and resolution alléevenap the inner region jet with unprecedented|utisen
and measure the role that the jet may have inlltmination of the inner region of the disk. Thenglataneous
observation of the jet and the engine will allowtriack the correlation between engine and jet bditg and
derive parameters such as the knots excitatiopedmollimation mechanisms.

-3. The possibility to obtain simultaneously thedpa of the central source and the high resolutiaage
allows to measure the relative contribution of #agious lines to the illuminating flux: Lyman alph@l, Cli
and CIV for the Far UV and provide direct inputalan the selective absorption role on the chenezalution
of the disk.

-4. The possibility to observe in several specivaddows, extending towards the IR, will allow to pnthe
effect of the irradiation field on the disk atmosph structure (the warm molecular layer) where CO;, H,0,
NH; emission is observed. Also the role of the UV a#idn field in PAH formation could be studied since
some of the most prominent PAHs molecular bandsviten the range of the Fll. Fll will also sproeédlirect
information on the extinction law (from 100nm to0D® nm) and the properties of the dust lifted fridie disk

at different locations providing crucial informatidor future projects like ALMA.

[11.6 Extra-galactic program with the Fresnel Inter ferometric Imager
Contribution of Roser Pell@bservatoire Midi Pyrénées

Several extragalactic projects could be address#dtive proposed Fresnel Interferometric Imagerdager
Fll). These projects take advantage of the outstgndapabilities of FIl in terms of spatial resadut, wide
wavelength domain and high dynamical range as coedp@ other ground-based and space facilitiedabiai or
planned beyond 2012-2015. Fll is intended to siperations after JWST, ALMA and possibly SKA. THere,
extragalactic science with Fll has to be optimitedake maximum benefit from synergy and compleseyt
with these ongoing projects. Fll is expected tossaitially contribute to a new panchromatic viewgafaxies at
all redshifts, thus providing new clues to underdtgalaxy formation and evolution.

This is a non-exhaustive list of extragalactic ot which could be addressed with Flls:

— Evolution of the Star Formation activity in thaillerse: a complete census from high-z to the lonalerse:

Thanks to its UV to near-IR imaging capabilitiegshwbptimal spatial resolution, Fll is an ideal ishent
to study the evolution of star formation activitsgaced by the restframe UV flux, from the early époto th(_alz_



present-day universe. Indeed, JWST is an infrapgirized space telescope, hence the UV capabibifiéd| are

particularly well suited to determine the energynsies of galaxies at all redshifts, in particulamirthe mid-z

(z<~2-3) to the local universe. The expected immddtll in this area could be easily evaluated kirapolating

the recent results of GALEX, the only facility peesly available (and foreseen) in the UV. FIl ipegted to
complement and to extend the capabilities of GALB¢cause of its small FOV and high spatial resoftuti
(typically one galaxy per shot), Fll is intendediie a follow up rather than a survey instrument.déuld be

efficiently used to target galaxies selected frama-deep photometric and spectroscopic surveysc@pt near

IR).

— Mapping the Star Formation of galaxies in thaldgniverse.

The high spatial resolution of Fll in the UV to néR could be used to obtain a detailed mappinthefstar-
formation activity in the local Universe, both imaging and spectroscopic modes. An unprecedensatution
could be achieved in the study of the physical prigs of star-forming regions by combining the cdpascopic
information provided by the ISM and stars in thesgions.

- Exploring the AGN-starburst connexion.

The relationship between AGN and starburst activitgalaxies is a very important topic, closelyatetl to the
process of galaxy assembly across the cosmic @teeburst (or post-starburst) activity is usuatigdted around
the central AGN. FIl could provide a new insightoirthis subject thanks to its high spatial resolutat all
wavelengths from UV to near-IR, and to its verythdynamic range.

- Observing the first galaxies with FII : Constiagpthe physical properties of galaxies at z>7

This project is focused on the spectroscopic stfdy sample of “bright" z~7-12 galaxies, for whige could
take advantage of the spatial resolution providgd=bb in the near-IR. This is also a test casedorimproved
version of Fll with a larger aperture, which coslgstantially improve the capabilities of JWST foe study of the
first galaxies in the Universe. Indeed, most z~7galaxies are expected to have an angular sizevi@b'. The
physical properties of such distant galaxies cdddderived from Lyman alpha emission, combined mitliti-
wavelength photometry. Two different cases couléx@ored in this prospective phase :

High-z galaxies selected around the critical limemid-z strong-lensing clusters. In this case, F@/ of Fll in
the near-IR is ideally suited for this study. Tretetttion of magnitude-limited samples of z>7 gadaxs a factor
between a few and a few*10 times more efficienteinsing clusters than in blank fields (dependingF@V -
especially for a FOV of ~1-2'l-, redshift of lensasd sources, LF of sources ...), and the relaifieiency
increases with the redshift of the sources. Theesucould be either "blind" (because the positibrihe critical
lines at such high-z are known with well suitedumacy), or "pointed" after the photometric pre-sgtn of
candidates found in previous (ultra)deep surveyding clusters. The later is better suited fiar prospective
phase.

High-z galaxies selected in blank fields from poe studies. Utra-deep optical+near-IR surveysaimand
filters) are presently ongoing or planned, usinfedént wide-field IR cameras. The new generatibrgmund-
based near-IR spectrographs should be able toroorfie most promising "bright" candidates. Howewveg
combined gain of Fll in spatial resolution andadepectral resolution could be crucial to confarfraction of the
fainter candidates, as well as a privileged tesedar the next version of this telescope.

I11.7 Conclusion

The scientific program with a Fresnel Imager présgénabove covers the "short wavelength" part of its
observable domain. This choice has been made keohtise intrinsic richness of physical phenomenthe U.V.,
and also to take advantage of the larger angutaiutons induced by short wavelengths, allowingpetitive
resolutions with a modest 3.6m aperture. If infitere larger Fresnel arrays are envisioned, thdifedbe many
targets in the spectrum up to i, and sufficient angular resolution to realize dgample exoplanet study in the
IR.

The Fresnel imager can be considered as an "apenuitiplier": it uses a modest dimension two-retilen solid
aperture telescope as field optics, onto whichtligliocussed form upstream, by a diffractive ajrertarray five to
ten times larger in diameter. This Fresnel arragvigles the angular resolution, imaging capabilitesd
wavelength independent focussing efficiency (indejeat in terms of transmission, not focal lengthjo
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large aperture, without the manufacturing and weggimstraints of building and launching a largerarir Future
space telescopes of this type using 50 to 100 nfi@itercould lead to sub milli arc-seconds resao$ with two-
vessel formation flying systems having 4 to 40(@riktre focal lengths. These future missions cowddab
alternative to large solid aperture space telesopenulti-telescope space interferometers.

In case of large arrays, formation flying with maéhan two spacecrafts would allow simultaneous lag®ns
at two or more spectral bandpasses, each spacberaff at its corresponding focal length alongdpécal axis.
Central obscuration would occur with the presemitreel Fresnel design for the last-in-row recept@f:axis
Fresnel arrays solve this shadowing problem, atts of an increased manufacturing precision amdber of
subapertures.

Due to the long focal lengths of Fresnel arraysirthberration-free field of view is large: a friact of a degree.
It could even be envisioned to increase this fadldiew to a few degrees with the use of aberratiorrectors in
the focal optics. There is no point to increasimg field of view if it cannot be covered by focaitios. However,
this would allow sharing a unique primary array &osimultaneous multi target mission in the sanggoreof the
sky, undertaken by several secondary spacecrdfis.v€ry prospective paragraph and the two abowenai to be
taken too seriously for now, it's just here to shibnat "we too" can propose futuristic multiple sper@aft missions.

IV Mission profile proposed to achieve these objentes
Several points presented in this section are dpeelin more detail at section V.

IV.1 Primary optics

The primary optics will consist of a square Fresntrferometric array, 3.6 x 3.6 meters. Thishie maximum
size allowed without folding into the payload comip#ent of a large launcher. Folding would allowgler
apertures, but would require deployment systemisetaleveloped, and add technological hazards talteady
challenging formation flying and light foil aspecikthis mission.

The "Fresnel number" (number of Fresnel zoneshefproposed 3.6 x 3.6 anray, in the following notedll, is
600 to 800, leading to a minimum of 2.88 milliorbapertures interferometer. The total cutting lenbthrequired
to carve all the subapertures is 8.6 km for a 3#&ray. This length grows proportionally to the gfrel number
(i.e. as the square root of the number of subam=fulL = 4NCgr, whereCgr is the side of the square Fresnel
array.

The estimated cutting time, assuming the same tasénology as the one used for the prototype6&hburs.
The largest (central) pattern is 100 mm in size,simallest (limb) patterns are 0.5 to 0.7mm.

The weight would be in the order of 200 kg for & fim thick stainless steel foil, 3.6 x 3.6, mot taking into
account the frame and baffle. This is just an exareptrapolated from our lab prototype, the phas® zvork
started at CNES on the project should evaluater otlagerials.

For an extended source, the diameter D of a 10@%eett circular aperture yielding the same lumitpss an
array of size C is given by: D =@ t/4  where t is the transmission efficiency of #neay at order 1; For a 3.6
square array, this corresponds to a 1.3m diameéterrmn (assuming a t=0.08 transmission into orter

For an unresolved source, the average illumingi@runit angle in the PSF of a Fresnel array cpords to that
of a 100% efficient circular aperture of diameter=[.1 C 4 this corresponds to a 2.1 m diameter mirror, at
t=0.08.

The diameter of a circular aperture telescope yigldhe same angular resolution is between 3.14a#dn,
depending of the orientation in the field, the Psipport being square. The best direction angukolugon is
respectively 5.7 to 57 masXxt100 nm to Jum.
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IV.2 Secondary optics

The secondary optics consists of a "field telest@8cm in diameter. This telescope plays the dfla field
lens. It could be a 2-mirror Cassegrain off aximbmation. It is placed near the focal plane of phenary array.
Its does not image the sky, but re-images the pyiragray onto a pupil plane, where the chromaticemor is
placed.

The field mirror diameter is driven both by the ided spectral bandwidth per channel and by therel@dield.
With a 68 cm diameter "field mirror" one can acleev900 x 900 field / resolution ratio at the caintvavelength
of each channel or an unvignetted 27% relative tsplesandwidth at the centre of the field, or amynbination
thereof. Going beyond these limits starts causiggetting.

All channels will share the first reflecting mirraf the field telescope. Depending on the attitadethe
secondary spacecraft, the beam will be sent omrdift secondary field mirrors and the pupil willibeaged over
different optical channel correctors and detecteash optimized for a given spectral band.

There will be six wavelength channels from 100 maewes to 1 microns, each with a 27% relative spkct
bandwidth. A 10 to 108 dynamic range allowing detection at higher consrand a detector adapted for sampling
the 800*800 resolution elements field spanning faimto 57 mas, depending on the wavelength.

IV.3 Formation flying requirements

The mission lifetime expected is ~10 years, extbledéo 15 years. Long lived formation-flying missgowith
kilometric distances require low gravity gradierdbtained either at L2 or L1 Lagrangian orbits.

IV.4 Launch

Due to the frame size of the primary optics, thentdher recommended is a large payload and mediuss (2800
kg) capability one, such &@oyuz The weight should not be a critical parameterti@aarly for the Fresnel
Interferometric foll.

Launch fromKourou.

The spacecrafts are injected in transfer orbits2to

Soyuz and both payload spacecrafts all separatedeach other.
Spacecrafts fly separately to L2. The travel cdasd from 3 to 6 months.
The first formation-flying tests can be achievediniy the transfer phase.
Both spacecrafts undergo continuous orbit corrastto reach the final orbit.
Injection to final orbit around L2.

NoohrwbdE

IV.5 Orbit requirements

The L2 orbit proposed is a halo or Lissajous tyg@toThe spacecraft holding the Fresnel array laaiffle will be

applied periodical orbit maintenance correctiorf®e secondary spacecraft holding the field optigsecstal

channels and detectors will be set to follow thenpry at the position required by the focal lengiid optical axis
direction.

IV.6 Ground segment

The ground segments needed would be the same ath&rLagrangian point operations.
As for the Ground Station, this mission would us® 15 m antennas (Ex : Kourou, transmit bands : 5&X
It is to be defined in cooperation with the diffierenembers of our group.
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V Proposed payload instrument complement requiredd achieve science objectives

The proposed two-spacecraft formation-flying Frésmerferometric Inager is as follows:

A first spacecraft constitutes theresnel Array Spacecraft” .

This spacecraft holds the primary optics of thedebpe: the Fresnel interferometric array. It gathecident
light and focuses it into an intermediate imageelavhere the second spacecraft is located. Bedastsmds for
the entrance pupil of the instrument, its dimensidrive the angular resolution and its geometremgines the
dynamic range

A second spacecraft constitutes thexeiver spacecraft".

This second spacecraft holds the secondary optitedelescope. It receives the light coming fribra primary
optics and images the target onto detectors, adlapteix different spectral bandwidths. Likewigagimoves some
geometrical aberrations due to the primary difikecoptics, such as chromatism. Its dimensionsroeéte the
angular field and spectral coverage within eacimnbh

V.I Overview of the proposed payload elements:

lens

spacecrafl .
- receiver spacecrafl

| [T

order 0

Beam free from
chromatic aberrations

order +1

| order
Fr.'esnel
Interferometric
Array

Camera
Sensor

Optics

[T ]

S —

Fig V-1 principal payload elements and ray propagatioside the instrument. The two modules are not desca
in this figure.

The principal payload elements and the ray propagaire depicted in the figure above (Fig V.1) :

A parallel beam coming from the astrophysical obféts the first payload element: the Fresnel fiet@metric
array protected on its siddsy baffles. It behaves like a grating that focubgist by diffraction using a large
number of void subapertures punched in a thin opdojlu Because this is binary optics, we get pesitiffraction
orders (+1 ; +3 ; +5 ...) which produce real imagegative ones (-1 ; -3 ; —5...) which form vitimages, and
finally order O, which yields a parallel beam.

This Fresnel interferometric imager takes advant#gehe order +1: it is the most powerful of the diffraction
orders, higher diffraction orders have negligibbergy; and it makes a real image. Notwithstandinig, order +1
image is not directly workable, owing to its straagal chromaticity. Indeed, the product of the elangth by the
focal distance is a constant: the focal plane getber as the wavelength is shorter. Such an atenr would
cause a blurred PSF except in very narrow spdutiradwidths.

We achieve broadband imaging with a complete ctarof the chromatism, by means of a second difive
element placed in a pupil plane, which, operatindifraction order —1, applies a rigorously oppesthromatic
aberration to that of the Fresnel array. The wangtle dependence of the final focal plane is thusebed.
Initially L. Schupmann in [01] and later R. A. Hydle [02] proposed this chromatism correction phihei



We have implemented and tested an evolved versitimsooptical corrector in our prototype.

Two principal payload elements are needed to aehilke chromatic correction: field optics and a bthEresnel
lens.

— The_field opticshas two major roles in the correction schemest,fgjathering the whole focused beam from the
order +1 of the Fresnel interferometric array, dogiven spectral bandwidtiAX/A = 0.3). Second, to reimage the
primary Fresnel array onto a "pupil plane" where text element of the optical train is located: pacsl
diffractive Fresnel Lens.

— A maskis placed at the focus of the field optics in orteblock out the fraction of the parallel beander0
from the primary Fresnel array that ends up ongdigdd optics. This is required for high dynamamge imaging.

— The small blazed Fresnel Leissa diffractive optics that operatesaatier -1 and compensates for the chromatic
aberrations. Its Fresnel zones and those of theapyi Fresnel array are homothetic. We obtain & ldwel a
divergent but corrected beam, free from chomatism.

— A convergent relay opticgvhich shed the image on the detector.

— Finally, we get a camera sensorthe focal plane, at which coronagraphic or specaphic add-ons can be
appended.

V.2 Detailed Payload elements and their function :

The "Fresnel Array Spacecraft”, holds: the Fregmekferometric array and its baffles and solargdsnguidance
equipment for alignment and attitude control, irgpacecraft communication equipment.

V.2.1 Baffled Fresnel interferometric array: it is the key element

S
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Fig V-2: Our orthogonal Fresnel array geometry. Fig V-3 Standard circular amplitude Fresnel zone plate.

The Fresnel interferometric array we have desigsethe orthogonal pattern shown in Fig V.2. It it @
classical amplitude Fresnel zone plate as illustkrah Fig. V-3. However, other subaperture pattebeyond
orthogonality, are studied, which should improvéhdoansmission and dynamic range.

This thin and lightweight focussing foil can be sedso as a dense interferometric ardéy design has been
explained in depth in [04]. Two key parameters abtarise these optics:
—N : The number of Fresnel zones along orthogonal @xeand Oy.

A Fresnel zone is a concentric rim within which thage of optical phase variations, as seen fratarorl
focus, remains bounded intf+ 1] interval. Therefore, the optical path differermetween outline circles _qf?_



neighbouring Fresnel zones is one wavelength (fprded from order +1 focus). In each Fresnel zdnthie
focussing array, there are neither reflective méractive elements, but a set of opaque or voitepa. The latter

are specifically carved and positioned to block ol non-desired wavefront phases so as to combine
constructively the beam in a common focus and yaetdal image. Of course, the connectivity of ogagatterns

is required to achieve mechanical self stabilityhaf array. Numerical simulations show that theskeé number N

is particularly determinant for dynamic range. Tager N is, the higher the resulting dynamic ramgenages.

An N =600 to 800array seems to be reasonable for that missiorcanld reachl0® dynamic ranges, allowing
detections of objects at 1Dcontrast in favourable cases.

— Cgr : The side size of the square array.
This parameter determines the angular resolugign, of the imager:

Pmin = A/ Cgr

whereA is the considered wavelength. The larger the Etemmay, the better the resolution limit. Yet, tors
mission, we propose an array size of 3.6 m to siyngeployment issues. Future space telescopehisftype
could useb0 to 100 meters Fresnel arrays, leading to the micro acorsek resolution domain presently reserved to
diluted array interferometers in the radio domaig (VLBA).

The parameters presented above establish thelémgahf(A) of the Fresnel array at order +1 :
f(\) = Cgr*/ (8 NA)

The f(A) expression specifies the flying distance of thecéiger spacecraft”, which depends on the central

wavelength Xc) of the desired spectral bandwidth. In the progdosenfiguration, this flying distance has a
maximum span of fror@.5 kmin I.R (1pum) tol8.3kilometres in U.V (127 nm).

Two other parameters play an important role inRtesnel interferometric array :

— The global amplitude apodization functions of HBresnel array. These are weighting functions agpio the
subaperture sizes that diminish them with respedheéir nominal value from center to limb of theagr The
purpose is to enhance the dynamic range near titercaf the Point Spread Function (PSF). See [04.have
implemented and tested this apodization schemeripmtotype. Only mild apodizations can be apptieat way,
due to their effect on lowering array transmissi@ther apodization techniques, which are not aiteri
transmission, will be investigated, such as GuyonPtAA (Phase Induced Amplitude Apodization). These
apodizations will be applied in a pupil plane withihe secondary optical trains.

— The individual subaperture shapes : A pseudo-fratding achieving local apodization of each sudryre
could increase the order +1 focus transmissiorcieffty. Other patterns are investigated to readizeine
apodization : the order +1 light efficiency woukdis reach 12%.

At present, we use a two-dimensional orthogonayageometry (Fig V.2) with mere rectangles as seliapes.
For an array designed at wavelenjthand focal distanck in order +1, the transmission law(X,y) is defined as
follows :

T.(X y) =h(x)g(y) + g(x)h(y) with h and g definedas:

g(uy=1 if 1/u2+f02 O {(k+;°+;))Io;(k+/f]°+l)/l0 and g(u) =0 otherwise
0 0

h=1-g

In this configuration, the maximum efficiency atler +1 isEmax = Afrt, that is 4.1 % for a non-apodized array.
This is what we get with our present optical saising raw orthogonal geometry. We are currentlykivg on
higher transmission geometries that should incrésserder +1 transmission to 10%, They shouldebeet before
the end of 2007. For the numerical simulationshim tscientific objectives" part of this proposak Wwave set the
transmission rate to 8%.
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V.2.2 Tolerances in positioning and surfacing of th main array:

For this kind of grating, with &focal distance, the Optical Path Difference e($dPD) is approximately given
XAX + yAerAZx2 +y2
4f2
subaperture mispositioning, ad the subaperture mispositioning in the perpendicfiropagation) direction. The
maximum error entailed appears for defects in traerof the array, that is for x = C/2 and y= C/2. Tleiads to

252
anAOPD upper bound for the perpendicular plane. We ggdPD (Az) < AZM atAx andAy nil. The
C

ar

by |AOPD = where (X, y) are the coordinates in the arraygl@kx , Ay) the

second upper bound ist nil for the array plane JAOPD(AT) < Ar Z\/E—N/‘ , Ar =+/AX? + Ay?|. The
ar

AOPD(Ar) constraint is the most severe of the two.

We have accomplished a comparison among the talesasf three kinds of optics in Table V-I: mirrtans and
Fresnel interferometric array. It emerges thatstiace accuracy constraints are dramatically egldgr the latter.

Thin silicalensn=1,5 Mirror with surface Fresnel array with subaperture
with surface error 4z error Az position error (4x , 4y , 42)
Wavefront error formula XAX + y Ay X2 +y?
(AOPD) Az (n—1) 2Az T + AZ?
ForN = 700,Cgr = 3.6
of gr=som 0.54z 20z 3.310°Ar and 1.09 10 Az
A =600 nm
To generate A/Q qualit C ,
W%vefront, we r?eed y Az <2AQ Az <M(2Q)  Ar< —Zﬁglr\l 9 (independent ok)
Tolerance for Q=50 A/25 A /100 > 120\  (for A=300 nn)
Pick-valley tolerance foffor » »
12300 nm) 12 nm (for A=300 nn) 3 Nnm (for =300 nn) 36 pm

Table V-1 Compared tolerances involved to realize a giviek{alley wavefront quality for three types ofiopt
Q is a measure of the tolerance on the opticales@f expressed in inverse fraction of the wavelerier
reflective or refractive optics, the tolerance #ogiven wavefront quality is proportional to thewetength,

whereas for a Fresnel array, this tolerance is watvelength dependant.

The PSF of such a Fresnel array is computed id.Eignd Fig 1.4. It seems suitable for high-corti@empact-
object imaging such as exoplanets. Owing to itsagonal-only subaperture edges, light escapingéhéral lobe
of the PSF is mostly confined within two orthogospikes, whereas that of standard circular Frezmeat plate, or
to a lesser extent solid aperture, undergoes aropso dispersion in concentric rings. Hence, fdfrasnel array,
the spatial energy distribution yields four fieldagirants at very low stray light level and therefenables a high
dynamic range imaging in all the field except thikss.

We simulated that the PSF remains insignificanbigreated until a 0.3 degree of field.
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To conclude with this main payload element, we sane its most important assets and drawbacks eTé-2.

property Assets Drawbacks

Apodization can be easily performed in
entrance pupil. Low energy efficiency at focus, less than
10%.

Exactly the same angular resolution as that of
monolithic aperture of identical size.

diﬁrggggﬁs&r;?ng]g:; ?I/I-Ol’- Mere vacuum as subapertures: this eliminatéery weak optical power, which involves

. 2 . mostly of phase defects. Focussing light bylong focal lengths. They become huge as

nothing trans_mISS|0n (binary diffraction allows a broad working spectral the wavelength approaches far U.V and
optics). domain spanning from U.V to I.R. lower wavelength domains.

Concerning the accuracy of subaperture

carving, fabrication constraints should be

strongly released. In situ, the wavefront

quality would be relatively insensitive to
array warping or distortion.

%)

Strong chromatism that should be
corrected.

Mechanic cohesion of the whole optics.

Low energy efficiency at focus: 4%. Can

Orthogonal geometry of theParasite energy confined into two orthogonalpe improved to 8 or 10% by enhanced
array structure. spikes of the PSF : improves dynamic range pattern design

for compact objects.

Enhances the dynamic range and enlarges Berause the Fresnel array folil is very thin

Large number of "clean field". and I_arge and has a .hollow. structure, it
subapertures _ ] . . might be very fragile. This could
Higher field / resolution ratio. Allows much complexify launch and deployment issues,
wider fields than other interferometers [03]. as well as the array fabrication.

Table V-2 Summary of main assets and drawbacks of the Et@sterferometric array

Two lateral_baffleswill prevent Sun or Earth light from hitting thedsnel interferometric array. They will be
large enough to enable a plus our minus 20 degnegle between the Sun direction and the array pkorea 3.6
m sized array, this is a 1.3 m tall "wall" at twideast of the four sides of the array, above aidw. These baffles
should be slightly tilted outwards, to prevent aléiéd light to reach the secondary optics.

The "Fresnel Array Spacecraft" will contain separan-board opto-electronics and thrusters to caury
alignment and attitude control. It comprises traitiems, receivers, laser diodes located in therglegrray corners.
Concerning formation flying, the "Fresnel Array 8peraft" would be a in slave mode. The "receivercspraft”
measurement apparatus and calculators would cahieohlignment, attitude, and position of the "RedsArray
Spacecraft"

V.2.3 The “Field Optics” payload element

The “field optics” is the first payload elementsceantered by light in the "receiver spacecraft"isTik also the
primary component concerned with chromatism coigsactWe propose an off axis mirror telescope asl fiens,
whose primary mirror only would be common to evepgctral channel.

Two important parameters characterize this pay&echent.

— D : The diameter of its entrance pupil.
Its proposed value is D = 60-70 cm

—Fs: Its focal distance.

D determines both the observable field range andspeetral bandwidth of each channkes is related to
essential features of next payload elements inckitematism correction trains, the blazed Fresnedds.Fs is
expressed in V.2.3 and the formula establishing Bxplained in chapter VI.

Each channel will have a dedicated focal lengthmbdeFs conform to the running channel, one might envisage
a different combination of two or three optics peannel as the field optics e.g. {the common fightics primary

mirror + one specific secondary mirror + one opdiospecific lens or mirror}. Indeed, it might begreested
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that longFs focal distance be distributed among three opétahents.

With this design, the value éfs is simply selected by modifying the attitude anglehe "receiver spacecraft”
with no optical element displacement. In this mantiee beam is pointed at the dedicated field sptiecondary
mirror and channel module, assuming that the pgimairror of the field optics has sufficient unalzged image
field. In addition, a variable focal lengfleld optics is better, this allows to modulate tentral wavelength of a
spectral channel.

The field optics would also be employed as a "S@tellar Sensor” (see VI.3.3).

V.2.4 The Blazed Fresnel Lenses

Each channel will own its proper Blazed Fresneld &nperform a fitted chromatism correction.

Blazed Fresnel lens

\

How to achieve chromatism correctioN.4)

— 1 The Blazed Fresnel lens is located in the pupih@lae. at th
same location as the Fresnel interferometric amage given by thi
field optics.

— 2 For a blazed Fresnel lens working at ordér ks number o
/ Fresnel zones must be twice as that of the prifaeggnel array.
$

g=N zones—

— 3 Each Fresnel zone image of the Fresnel array haw identica
size to its corresponding Fresnel zone on the Ol&zesnel lensks
should be so adjusted to provide the correct magwion.

' — 4 As illustrated here (Fig V)4 The Fresnel array image and
}T\ blazed Fresnel lens need to be superimposed andevekred. It i
I

Image of the required that each of its Fresnel zone match mesponding image.

Fresnel Interferomefric Array
by the field lens

Fig V-4: Chromatic correction in pupil plane

1

profil continu
32 niveaux
8 niveaux
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05 [ ]

04 [ ]

o3 Lo v oo
0.4 0.5 0.6 0.7 0.8 0.9
Fig V-6: Normalised efficiency of a blazed Fresnel lensrder -1
versus wavelength (in um). The two top curves aesiq
superimposed. They correspond to a non digitizadebprofile and
a 32 steps blaze profile. The lens in the protofy@snel imager
tested has 128 levels.

Fig V-5 3D view of the five first Fresnel
zones of an order —1 -blazed Fresnel lens.

One can see clearly the concentric Fresnel zonEgiN'.5. A Fresnel lens works by refraction. Treagint
transition between a zone and the next one indapnexptical path difference of exactly one Wavelbng‘g21_



seen from —1 order focus. The blazed profile o#sithe ratio of energy sent in —1 order focus ¢hatattain 98
% (Fig V.6). When working in U.V, one ought to dgsi'blazed Fresnel mirrors" that diffract light ameflecting
grating surface.

In visible range, the blazed Fresnel lens is mddesed silica. To carve the Fresnel zones, theebrtologies are
available: chemical etching for building a contineghase profile, ionic attack with successive makdposit to
build a quantized phase profile, and "cold" ablawovoked by a femto-second laser. At the momiiet,most
evolved technology we used in our prototype isgbeond. With a 7 masks deposit, ‘a=2128-level quantized
surface profile is carved. The carving depth isgiby : Hmax = Ac/ (n(Ac) — 1), whereAc is the channel central
wavelength andn(Ac) the refraction index of the material at. If the blazed Fresnel lens is operated at
wavelengths that goes away from, its power efficiency falls (Fig V.6) but its chmatic correction capacity
remains however unimpaired.

We have to consider two pertinent parameters fbthzed Fresnel lens:

— Nb : its number of Fresnel zones. We simply bt = 2N, to satisfy condition 2 of chromatism correction
principle (Fig V.4 in V.2.3).

— @b : Its useful diameter. (equal to the outer Fresmgle diameter). A 16 mm diameter satisfactory oag
already been made for our prototype. For a 120060 Fresnel zone lens, we expect that diametaglsing
from 16 mm to 300 mm are conceivable, dependintherdesign wavelength and other variables.

Notice that the blazed Fresnel lens smallest zageatwidth ofL min = @b/ (8 N). For example, if a suited one

is built for N = 700 and®b = 20 mm, we get in = 3.6 um. At present, any technological hardneasiposed by
Lmin value : Fresnel zone widths that go down to ahsbftmicron are feasible. The maximum slope wouddab
more decisive factor. Currently, the known techhlicaitations are : khax / Lmin < 1.0 and Imin > 0.2um.

Let us establish an approximate relation linkirsg ®b , f(Ac) , andCgr that complies with the second
requirement of the chromatism correction (V.2.4) :

Fs~ f(Ac) @b/ (Pb + Cgr2)
V.2.5 Convergent relay optics

It should consist of a simple convergent optics$ tbeuses the chromatically corrected image oneoctimera
sensor. The most important parameter here is¢t flistancefro.

In the case of short wavelength (U.V), a differapproach could be considered. Seeking a way toceethe
number of reflecting surfaces, we propose a 2-aptics design that combines both the "Blazed Fidses" and
"Convergent relay optics". It could consist of ancave off-axis mirror upon which is carved a "blhZ&esnel
grating" that owns the same optical propertieshasblazed Fresnel lendllf circular homothetic Fresnel zones
blazed at order —1). The convergent power of ttreomoverall curvature would play the focussingerof the relay
optics.
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VI Basic formation flying key factors

V1.1 Key system parameters

We have placed inTable VI-1 some basic key fadrthe Fresnel Interferometric array imager. Theameters
specific to the scientific missidpAmin , Amax , @max , Pmin , Ac , AA , Q) are in blue and those which concern
particularly the distributed instrumentSdr , N , F, Ds, D) are in black.

Fundamental entrance parameters Main implied features
Description Variable Description Variable and formula
name
Size of the side of the Fresnel Co . _
Interferometric Array (metre) Cor Angular resolution limit (radian) Pmin = A/ Cgr
Fresnel Number N Central wavelength for a single channel Ac¢ = (Amax + Amin) / 2
(Number of Fresnel zones) 9 9 ¢ = (Amax + Amin)
Minimum wavelength of the Amin Wavelength span for a single channgl AN = Apax—Amin

imaging (metre)

. Inter-vessel distance. It corresponds {o
Maximum wavelength of the P

imaging (metre) Amax the focal length of the Fresnel array\at| F = (Cgr)z/ (8 NAc)
(F =f(c))
Object half-field angle Required field optics minimum pupil _
(radian) Omn diameter at nil object field Ds = Cgr A / (Ac\2)

Requested wavefront quality Field optics minimum aperture diameter

(demanchOPD < M/Q) Q required for ®maxhalffield D =Ds+ 2 FOmax

Table VI-1 Some basic spacecraft key factors for a givertsplechannel

We can distinguish two classes of parameters: gremg@gnent onesCgr , N , D} that are material variables
common for all missions, and the volatile onest ttan vary according to the desired scientific missin this

way, the main implied features depend on the chabamnel:[Amin ; Amax] and angle from the centre of the
field: ®@max. In this way, the inter-vessel distance oughtecabjusted accordingly to the median wavelength and

the diameter of field opticE), must be large enough to satisfy all channel requents. If D(j) is the required field
optics diameter of band j while there are k différgpectral channels, we take obviously :

D=max{D(}{i=1..k}

Fig VI-1 shows the field limitation entailed by tHield optics. ParametelDs corresponds to the field optics
aperture required to collect the whole “order+1ixfin the [Amin , Amax band, if we accept a quasi-nil field. B3
is a relevant parameter for a "spectrometer moBatameteD is the minimum field optics aperture diameter

required to collect all the “order+1” images inield range + O@max ; Omax]: the field in this angular range is free
from vignetting.

There is a compromise between field coverage aedtisp coverage at a given inter-spacecraft distaRor a
given size of the field optics mirror, there isimited domain in a two-dimensional field-wavebapéce where the
beams are unvignetted. This full resolution dontaimesponds to the plateau represented in Fig VI-2.
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Bandwidth extent of
order +1 collectible flux :

=

[ L[

P—

7// Rays for targets
/ A at max. field

— Field Optics

® aperfure=D

/%esnel Interferometric
Array Plane

Fig VI-1: Behavior of order +1 rays versus field and unwged field extent

Actually, even for the nominally unvignetted coitits, there may be wavelengths still coming fronsile the

interval \min; Amax. Vignetting occurs for this external part of thgectrum due to the defocused beam at the prime
focus getting larger than the field optics apertuke these external wavelengths, both the colledtex and the
angular resolution are reduced, and this a dim,rksolution PSF is added to the nominal PSF. Thigh, dynamic
range imaging requires that the bandpass is agtolgdped by a filter to remove the residual lighttside Amin;
Amax. Low dynamic range imaging and spectrometric nsosteould not require clipping the bandpasses.

—_
L=

w

surface in m?

1200

600 800

theta in asec -40 200 400

lambda in nm

FigureVI-2 Active area of the main array as a function o thavelength and the angle with regard to the @entr
of the field. The plateau corresponds to thedpkrture (unvigneted), the side-lobes corresportiéadecrease in
beam section due to vignetting by the edges dfattkoptics when at off-limit wavelengtsh (lambdafield

angles (theta). This example is for the inter-speak distance adjusted to a 600 nm central wavgien ”



V1.2 Definition of reference frames, axes, distanceand angles for the formation control.

During a pre-phase 0 study, we have establishezterfe points (Table VI-2), reference axis (Table3y
reference frames and its related trinedrons (T¥bk) for the formation and attitude control. Thase depicted in
Fig VI-3. Indices have the following meanings: "gands for "primary optics" ; "s" is related to lbdsecondary
optics" and "short optical axis" ; "b" stands fdildzed Fresnel lens" ; "L" stands for "Long optieals" ; "T"
refers to "Target axis".

reference points

definition

Op centre of the Fresnel interferometric array foil
Os centre of the field optics entrance pupil
Cb centre of (the rear) side of the blazed Fresndal len

TableVI-2 Definition of the three reference points.

reference axis | passesthrough points: particularity
"Short optical (Os , Cb Specifies the common optical axis of the paylo&dnents in the
axis" S ) "receiver spacecraft”
Connects up the two vessel centres. The Long dptiis represents
"Long optical (Op,O the vertebral column of the Fresnel Interferomdtriager formation.
axis" p,0s) All angle attitudes for servo-controlling the fortaa flying are set
up with respect to that axis
"Target axis" ( Op ,target center) Sets the formation flying direction pointed at.

Table VI-3 Definitions and particularities of the three reéace axis of the formation.

Reference Frame | Attachedto:| Trihedron |Origin XY plane Z direction
"Fresnel " Xp and Yp belong to the : .
Interferometric array Fresnel v Fresnel array plane and follo NZp IS perpend_lcul_ar to ths
" Array Xp;Yp;Zp)| Op o plane and is directed
reference frame Spacecraft” the orthogonal direction of toward the target
(FIA-RF) P subaperture edges. get.
Zsis parallel to the "Shor|
"Receiver Spacecraft “receiver Xsand Ysdirections are optical axis" and is
reference frame" spacecraft” (Xs;Ys;Zs) | Os | aligned to the orthogonal ongs directed toward the
(RS-RF) P of the camera sensor matrix. "Fresnel Array
Spacecraft”
"Long Optical Axis "Long XL Ost’h(gpélaf(rrr:eanl(:lr);te arein ZL direction is
reference frame" Optical |[(XL;YL;ZL)| Op YL : Os Op. Y pd \1_' .| [Os, Op], parallel to the
(LOA-RF) Axis" L. &5 Up, Ypand v are in

the same plane

"Long Optical Axis"

t

Table VI-4 Definitions of the three orthonormal referencarfres delineated by their respective trihedron.
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Lens
Spacecraft

Short ,
optical axis
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opfical axis

larget axis

\ Field X BLAZED \
\ Optics FRESNEL \
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spacecraft

\
\ -
\ Camera e
\ Sensor =
\ .
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Fig VI.3: reference frames, points, angles and axis ferkhesnel Interferometric Imager.

Let us define now the three attitude angles oRfesnel interferometric imager formation :

ABT = (Z7, Z1). It is the angle between the "Target axis" amd"ttong optical axis".
ABs= (Zs, ZL). ltis the angle between the "Short optical ‘aaisd the "Long optical axis".
ABp= (ZT, Zp). It is the angle between the "Target axis" arevibctor 2 direction.

These two first attitude angle®0T andABs, are the most critical for the attitude control.
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V1.3 Formation Flying Guidance Navigation & Control (GNC)

VI.3.1 Formation GNC preliminary design
We define here the distance requirements on timaaion:

AF is the error on the inter-vessel distance. Itagefnost driven by conditions 1 and 3 of chromatic
correction (V.2.4). We actually must insure tha tnage of the Fresnel interferometric array igexdty focused
in pupil plane and have the correct dimension.

AXT is simply deduced from the relatiaixT = F . ABT. It represents the distance amount of which the
"receiver spacecraft" has to be moved to comperisatee ABT error.

Ar is specific to the Fresnel interferometric ardejects (Table V-1). Not only drive they constraioh
the array construction, but also demands on areapiwg and distortion tolerances during operatiResides/ABp

tolerance is completely correlated tAerror. Consequently, the Fresnel array foil stidoé maintained rigid and
undistorted ; in addition, temperature gradient$ gmould be avoided.

We give in (Table VI-5) these attitude parametarfunction of basic spacecraft key parameters.raatees on
ABT, ABs, AF, Ar, are expressed as stability requireméntsieet during an image acquisition, which coakt |
several hours.

Description Variable name Requirement
Long optical axis pointing error AOT AOT < Ac/ Cgr
Short optical axis pointing error ABs ABs < Ac?/ (Car AN)
Fresnel array pointing error ABp (*) ABp< 1/V(NQ)
Inter-vessel distance error AF AF< F/(4NQ)
Primary array warping or distortion errof Ar Ar < Cgr/ (2N Q\/2)

TableVI-5 requirements for the Fresnel interferometric ilragprmation attitude control.

2N A2

(*) The accurate requirement fABris  Af, < ;\/SN“/12Q2+NQCgr2 - c

P NQC, or

. One can show that its value is

For short wavelength (U.V), a rough approximatigiven by: AHp <

ap
QO

relatively relaxed. This is caused by the intrinmioperties of Fresnel interferometric array fdlilat have released
tolerances (Table V-1)

Before acute attitude control, we may proceed éaritial alignment and tracking of the target. did an
astrophysical object in the field of view of thelll optics, the condition oA@T during initial alignment is
AOT (a) <Ds/ (4 F)
Then, this target order +1 image demands to bectbyrcentered in the field optics, just beforeithage

acquisition phase. We get here an initial trackiogdition onABs, driven by the necessity of centering the target
in field of the "Super Stellar Sensor" :

ABs(c) < 45 Gr / (FN)in U.Vrange andABs (c) < 22 Gyr / (F N) in I.R range.

Let us describe the way of proceeding to achiegddahmation control, in six steps:

— We first align the "Target axis" onto the "Longtical axis". The Super Stellar Sensors determhe t
correspondingABT pointing error (seeVI.3.3), which equals the aagulistance between poifdp and the
punctual target as seen from po$. The ABT angle should be so led back to nil by translatimg "receiver
spacecraft" of the abovsXt =F . ABT .

— Secondly, we align the "short optical axis" otite "long optical axis". The "receiver spacecrafuld so
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undergo a rotation, in order to minimize #h@s angle.

— Thirdly, we align the perpendicular axis to thednel interferometric arrayOp , Zp) onto the "Long optical
axis", so as to minimizABp. Only a very gross actuation is needed here beazfuhe released tolerance Afp.

— Next, a rotation of the "Fresnel Array Spacetrafound the "Long optical axis" is certainly nexay, to orient
the orthogonal spikes of the Fresnel interferoroetriay PSF into the wanted direction.

— Then, a rotation of the "receiver spacecraftuatthe "short optical axis" is expected. We atyuzted to make
Xs and ¥s parallel to the Fresnel array axip nd Yp, in the purpose of superposing the sensor masis<wsith
the two spikes of the said PSF.

— Finally, a longitudinal translation of the "reeei spacecraft” would be processed e.g. along ltre "optical
axis" with the aim of canceling the inter-vesseatalnce error\F.

VI.3.2 Formation GNC preliminary requirements

Fundamental input parameters Band 1 (UV) ‘ Band 2 (UV) Band 3 (UV) Band 4 (UV) Band 5 (Blue) Band 6 (IR)
Fresnel number (M) 700
Wavefront Quality (Q) 25
Size of square array (Cgr) {inm) 3.6
mode : spectra --= broad spectral bands, ) ol ol ol ol ol .
narrow field © imager —> vice versa imager | spectro | imager | spectro | imager | spectro | imager | spectro | imager | spectro | imager | spectro
finimum wavelength (Jm) 0123 {0,110 | 0160 | 0,143 | 0,208 | 0,186 | 0,270 | 0,241 | 0,387 | 0,345 | 0,895 | 0,500
faximum wavelength (um) 0130 ¢ 0,143 | 0169 ¢ 0,186 | 0,219 | 0,241 | 0,284 : 0,313 | 0406 { 0448 | 0940 : 1,035
Half field angle {arc second) 312 0,08 4,05 0,11 5,26 0,23 g,a2 0,23 a7y 0,33 22 B0 1,14
Main implied features

Central wavelength (jm) 0,127 0,165 0,214 0,277 0,397 0,918
Wavelength span (Jum) Qoo 0033 | 0008 0043 | 0011 Q088 | 0o14 0072 | 0020 0 0103 | 0046 0 0235
Relative spectral band 0,05 0,26 0,05 0,26 0,05 0,26 0,05 0,26 0,05 0,26 0,05 0,26
Angular resolution limit at central =25 043 12.23 15.87 2272 53 57
wavelength (mas) ’ ’ ’ ’ ’
Inter-vessel distance (m) 18295 14 0e9 10840 8355 5837 2522
('?rf?;‘)'md field optics aperture atnilfield (Ds) 19  ggg | 013 | 07 | 013 | 066 | 013 | 086 | 043 | 065 | 043 | 085
Hurrber of inear resoltion elements in 860 25 | @0 23 | se0 38 | 8BO 29 | 860 29 | 8GO 44
unvignetted field (resel)
Required diameter of Field aptics for glabal X

o 0,68
mission (m)

Tolerances for attitute control

Long optical axis pointing error (mas) 72 9.4 122 159 227 526
Short optical axis pointing error (mas) 1450 278 1885 36,1 2447 | 475 3174 61,1 454 4 875 | 10814 20582
Fresnel array pointing error (degree) 043 043 043 04z 042 041
Inter-+vessel distance error (mm) 2614 2010 154,49 194 834 36,0
Fresnel array warping or distartion error (pm) 72,7

Table VI-6 Proposed numerical values for The Fresnel Intenfgetric Imager main parameters.

In Table VI-6 are presented the essential numeneahales for the proposed class L Fresnel Interfetdm
Imager. For each channel, we consider two simuttasi®perating modes. The "imager mode" is chaiaeteby
a narrow relative spectral band (0.05 — 0.02) kad by the maximum available objet field. In théerthand, the
"spectrometer mode" gets the widest relative spebtnd (0.26) and a relatively tiny objet fielchig "spectro
mode" is dedicated to recover the spectrum of pysical objects laid in the central pixels of fiedd.

In order to have both a broad field image and th&sibility of spectral range, we propose the siemdbus use of
an imager and a spectrometer, the entrance "$litfeospectrometer taking out the central pixelgheffield.

The bandwidths indicated here are conservative. shppose a zero vignetting situation. It is pdssib increase
the field or the spectral coverage, the PSF wolvy degrade as the field increases.
Waveband choice and causes of waveband limitation:
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Once launched, the six bands will not be changed ifethey do not overlap there will be gaps betw#em in
the spectral coverage of the instrument. Here isxample of possible spectral coverage, with famds in the
UV and two at larger wavelengths:

A (Um) 0.120 0.180 0.280 0.500 0.73(Q 1.000
ANA 0.27 0.27 0.27 0.27 0.27 0.27
AV 3.21E-8 | 4.67E-8| 7.48E-§ 1.34 E 1.94E-7 4,71E-7
Amin 0.104 0.152 0.243 0.434 0.631 0.866
Amax 0.136 0.198 0.317 0.568 0.825 1.134

Table VI-7 Example of possible wavelengths channels obtawigda 68 cm field mirror and a 600 zone,
3.6x3.6 Fresnel array.

Observing at full angular resolution outside thesedefined spectral bands will be possible, butvawer
performances in dynamic range and at the cost of momplicated focal optics.

Full aperture and angular resolution can be reaehexh arbitrary wavelength by adapting the inperegcraft
distance, but this change in distance will causectiromatic dispersion corrector lens to be "oubotis" for the
resulting pupil plane, and furthermore, the sizéhefpupil will no longer be equal to the sizelwd torrecting lens.
Residual chromatism will appear. This can be solwetiaving an additional optical element (lens @ron) in the
corresponding optical train that can be shiftecewa fillimetres into position, this allowing a shit the full-
aperture corrected waveband, but this configurdiesinot been studied nor tested yet.

For a shifted waveband, far from the central wawgtle adapted to the blaze angle of the chromatiecwr, the
dynamic range will be limited by the leak in thiaZzed correcting Fresnel lens from order+1 intceottiffraction
order, ending up as stray light in the field. Thketance in waveband can be seen in fig. V-6.

In each of the six channels, the chromatic dispargiorrector lens is blazed for maximum efficieratya
predefined wavelength. The performance degrad&iondynamic range : even though it has is a b#tn 75%
efficiency in a bandAA/A = 0.4, part of light that is not transmitted engisas diffuse illumination and reduces the
dynamic range. This is not important for normal ging but crucial for very high dynamic range apgtions like
exoplanet study. The simulation of blazed Freseals|efficiency in Fig V.6 is the demonstration bhtt
phenomenon.

To put it in a nutshell, the higher the rejectioater requested, the closer we must be to the central
blazed wavelengths of each channel.
V1.3.3 Formation Flying fine navigation (super stelar sensor)

We propose to use the receiver field optics "telpet as a super fine stellar and lateral sensdrpyethe zero
order of the primary array. Both the backgroundateeference(s) and the fiducial light pattermstbe primary

array will be imaged on a dedicated detector. Tigkar separatioABT between the stellar reference and the long
optical axis [@-Op], can be measured this way.

The angular separatidsfs between the field optics telescope optical axisthe long optical axis can be
measured by the relative image position of thedi@uight patterns with regard to references inétto this super
stellar sensor.

V1.4 Mass, resources and Thrusters

In Table VI-8, the masses of the different unitmposing the formation are estimated.

Element Mass (kg)
"Fresnel Array Spacecraft" platform 400
Fresnel Interferometric Array (structure + baffldasic deployments) 200
Adaptor & SYLDA-Soyuz 300
"receiver spacecraft" platform 500
Payload units of "receiver spacecraft” 500
Grand TOTAL 1900

Table VI-8 estimated unit masses
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In case of tight mass limits for the launching aayaof Soyuz to L2 (nominally 2000 kg), the secand
spacecraft mass can be reduced at the price ofirgdilhe number of spectral channels.

Achieving the attitude control :

Both spacecrafts would be equipped withid gas propulsionfor fine lateral and longitudinal control during
operations. These would besides enaiglaction wheel off-loading: for precise attitude control, we segy
reaction wheelfor both spacecrafts

If this proposal is accepted, we propose to stsolar sail attitude control, on the "Fresnel Array Spacetraft
shipboard.

The two spacecrafts would be equipped withll-Effect Plasma Thrusters. They would manoeuvre the
spacecrafts with gross actuations : First, theyld/be involved in orbit corrections for final orbitjection around
L2. Second, they would be employed to modify therivessel distance, to change the target poirdimg) to
perform station keeping during the mission lifespéfe proposd®PS-1350 same as those which already equip
Smart-1. Their known specific impulse approachd301% and their thrust reach the range (30 mN — BI)). rAs
they require electrical power from 0.46 to 1.2 l&sch spacecraft will need 2 kW solar cells, whishrespond to
a 10 — 14 rhsurface.

The spectrum scanning implies that the spacecashifisback and forth toward each other. Scanniegsgectrum
from U.V to I.R in the six channels requires thia¢ t'receiver spacecraft’ stop at each intermedig&tnce
mentioned in Table VI-6. The formation must be sthen observing on every channel to keep theudtitcontrol.
In this way, ten accelerations or decelerationggrget are needed to cover the spectrum.

A raw estimation of gas mass can be done : assuaringcceleratioddV = 0.5 m/s , and a 1000 kg weight
spacecraft, a gas mass of 0.33 kg per target esseary.

VIl Science Operations and Archiving

In order to save propulsion reserves and missioatidu, the observing runs will have to be optirdize terms of
wavelength shift and pointing direction. The baffilowing a +/- 20 degrees pointing latitude witigard to the
plane perpendicular to the Sun direction, a core@ky coverage is possible in less than 6 months.

During the lifetime of the mission, we project tbserve 1000 target objects with a mean time pegetasf 40
hours, each target being observed sequentiallgridus wavelength channels. The inter-spacecrsfaice will be
stabilized and adapted for each band during integraof images and spectra (possibly simultaneo8sme
targets will be observed with integrations timesaag as 100 hours, others will require less thdmodr. The dead
time between integrations due to target shift amdwaveband shift is estimated at 20% of the tolalerving time.
During one single travel along the optical axigresponding to a scan of the global observabletspaca given
astrophysical target can be observed in the sigtsgidbands. Two targets can be fully imaged pendetrip.

The light feeding the spectrometric equipment wilt contribute to the image, thus creating a shiditid spot”
a few pixels wide in the image, representing thieagce slit or fibre of the spectro. An additiomaly to obtain
spectral data, without using the internal dispersguipment of a channel, is to make a rotatiom déw arc
minutes of the receiver spacecraft (field telescoptical axis), which would induce linear dispersia the final
image fields, thus providing low spectral resolnttispersed broad field.

The image and spectral data storage requiremehbevih the order of 4 megabytes per image or pectsum,
at a maximum rate of a few images and spectra par ha maximum data rate of 20 megabytes per hour,
approximately 50 kilobits per second.

Proprietary data policy : Conformally to the ESAdglines, the data will be publicly available imnegely or
after a three months delay.
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VIII Key technology areas

The different "Technology Readiness Levels" of tedbgies and payload units involved in the Fresnel
Interferometric Imager are given in table VIlI-1

Payload unit TRL
ITechnology Current developments level I mprovements to be scheduled
Design and test of subaperture patterns and
A 58 Fresnel zone-array of 80 mm square apodization functions that improve the dynam
Fresnel size has been tested. It was carved by a JV0 4 range. Industrial processes that enable carvi

interferometric array

laser in an 80pm steel foil, comprising
26 680 rectangles.

large metal foil, typically 3.6 meters. Studies g

deployment issues for future generation Fresnel

interferometric arrays (e.g. 30m).

Maksutov-Cassegrain Skywatcher mirrof

telescope as the field lerld.= 150 mm/Js

Off-axis mirror design that covers a broadban

~

c

g

n

nt

in
al
Ky.

Field Optics — 1800 isibl Such mi 07 reflectivity domain. Foresee bands both in U.
- mm, VISIDIE range. such mirrors (120nm), visible and at I.R (8um).
should be ready to operate in space.
Blazed Fresnel
Lenses for U.V and Currently surveyed. 03 Foresee "blazed Fresnel mirror" that acts by
I.R reflexion. Fresnel zones would be carved as
Blazed F L A 116 zone- 16 mm- silica blazed Fresnel grating mirror, in particular to enable working in
azed Fresnel LeNs 1os has been custom designed and built| It4 deep U.V.
in Visible band. .
blaze wavelength i&c = 600 nm.
Chromatism The chromatism correction principle was Assess this technology on vacuum environme
. . corroborated during R&T 2005-2007 action. ; ; gy on .
correction of Primary i . 04 with effective formation-flying constraints (can
. A broadband chromatism correction wag o
Fresnel array images : de done at ground facilities)
achieved around 600 nm.
Breadboard in laboratory environment
Whole Fresnel (CESR white room, Toulouse, France). This Test a model of Fresnel Interferometric Imagef
Interferometric breadboard operates on artificial targets, |is04 a relevant environment. Point real astrophysiq
Imager diffraction limited and has a proven dynamic targets and prove its imaging capabilities on s
range of 6.17
Formation-flying Theoretical studies. SIMBOL-X is alreadya Frl\tﬂazhn;?:ﬂltg?fgg?nzpr?c L;T\rlg?/rspego\ﬁrrglilr?gr;gaen
20-30 m formation flying spacecraft. R&T| 03 :

control

would extend it to 150 km.

stabilizing the formation across huge distance

£S

(> 1000 m).

Table VIII-2 TRL levels of the Fresnel interferometric imagayload units and technologies.

(c) camera

at final focus

(b) pupil plane, achromatisation
& convergence device

(a) Field telescope
reimaging the primary array onto
pupil plane in k

Fig VIII.1 : Field optics and focal instrumentationodule of the 22m focal length prototype builOdiservatoire
Midi Pyrénées, to validate the Fresnel Interferamsetmager concept. The 80 mm, 26680 aperture pyp®
Fresnel array is placed at a 22 metre optical patbstream. It is displayed in fig.1.3 at the begmgnf this
document. The field telescope used here is diaphedgto a diameter of 20 mm and used off axis. Thaatic
corrector is a custom designed fused silica diffrgclens, 20 mm in diameter with 116 cophased rigegones,
blazed for a wavelength of 600 nm. The tests dficzat sources made with this prototype prove tiead band
diffraction limited imaging and high dynamic rangapabilities of the concept (6 1@t present, without the future
coronagraphic module).
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The primary Fresnel interferometric array modulég (F3) is an 80 mm square, 58 Fresnel zones (26,68
subapertures) grid carved into an 88 metal foil.

The focal instrumentation module (Fig VIII.1) corgas a field telescope (a), which re-images theany array
onto a fused silica diffractive blazed lens (b)celd at a pupil plane. A CCD camera (c) capturesntiages at the
final image plane. We are also working on a coroaglgic design, which should also improve the dymamange.

IX Preliminary programmatics / Costs

The mission should be achievable within the cosittame constraints of an L type mission. The disttion of
costs would conform to that of Table 5b given imAax 4 of the Cosmic Vision Call.

The secondary optics should fit on a standard lgat@latform. We expect that the "receiver spaaftrto
consume the greater part of the "Total spaceardiistrial activities".

More detail would be given at the end of the Pliastidy recently opened by the French Spatial Agéhbl.E.S.
[09].

Payload / Spacecraft unit Costs (Millions euros 2007)

"Fresnel array Spacecraft"

Platform unit (comprising telemetry, power unit} .. 75
Margin on platform unit (20%) 15
All Payload elements with margin 60
Middle total 150
Contingency on "Fresnel array Satellite"(10%) 15
System Studies 8
GRAND TOTAL for the "Fresnel array Spacecraft' 173
"Receiver Spacecraft"
Platform unit (comprising telemetry, power unit} .. 100
Margin on platform unit (20%) 20
All Payload elements with margin 100
Middle total 220
Contingency on "Receiver Spacecraft"(10%) 22
System Studies 11
GRAND TOTAL for the "Receiver Spacecraft" 253
Soyuz Launcher and launch services 55
Ground Segment 60
TOTAL Fresnel Interferometric Imager Formation 541
Pre-Implementation Phase (1%) 5
ESA Internal Costs (11%) 60
GRAND TOTAL for the 10 year-mission 606

Table IX-1 Estimation of overall costs for the proposed hoiss
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Assumed share of payload costs to ESA:

1. The whole "Fresnel array Spacecraft” with itsdrel Interferometric Array.

2. The whole field optics {the primary mirror + thix secondary mirrors + standard optics}
3. The Blazed Fresnel Lenses and relay optics.

X Communications and Outreach

The collaboration has just started between astigipisys groups in France, Spain and the Centehdtophysics
in the U.S.A., The respective role and share dfkalbt defined yet, as discussions are takingepleith other
scientists who plan to join us in the near future.
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