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Preface

You have worked hard for three years in the laboratory, yawried much, and you were even lucky enough
to publish a few papers. Are the papers not enough? What ipdhn in wasting your time on a disserta-
tion? Why not use the time you have more productively? Whypdmgt do more experimental work? You
could obtain some publishable results...

While it is true that much of Chapte#ds 5, 6, and AppendixA has already been published elsewhere,
| found that writing a dissertation is an eminently usefuteise. (And this is true not only because the
dissertation gives me an opportunity to correct some exgants in my papers...)

| set out to write a comprehensive and comprehensible intitioh to Snapse and Nuvcrivare which
could be helpful to future adventurers (if any) who will epjeorking with them. ChapteB is, therefore,
not just a description: it purports to be an explanation eftéstbeds. | found that | spontaneously adopted
a style where | try to explain things in simple terms. In ortterdo that | was often led to a deeper
understanding of the subject matter.

Most of all, | am grateful for this opportunity to take a stegick, and look at my work in a broader
context, with a deeper understanding, and a better grag@afdtwork of details which is an experiment’s
fibre of being.

0.1 Teamwork

Ptolemy AlmagestX, 2) mentions that Hipparchus refrained from formulatandefinitive theory of plane-
tary motion, providing a legacy of observations to futuragrations, whom Hipparchus invited to continue
collecting data to the best of their ability. Ever since Hipghus realised that one lifetime’s worth of as-
tronomical observations cannot provide empirical evigeotsuticient scope to decide certain scientific
issues, astronomy has been the first discipline to becomeeaféself as a collectiveféort (épelda 2006

, p- 243) spanning generations. In recent decades, teanhasrkecome the rule in astronomy, especially
when it comes to the construction of instruments, data a@pn and reduction.

0.2 Initiation

How does a humble adept become a part of this wonderful adrehtrirst, there is some schoolwork in
order to acquire diicient knowledge and a some skills. But | now view all of my yeaf study as mere
preparation for the real challenge, the rite of passageddPhD”. Then he enters a cavern where the
initiation takes place, labouring there not for nine daige the Greater Eleusinian Mysteries, but for three
years!

My previous experience allowed me to realise the importarideeing with good people. | am very
grateful to Michael Heller, George Coyne, PierreéN®ayaud, Pierre &na, and Daniel Rouan who en-
couraged me and helped me choose the door on which to knock.
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0.3 Work in a team: my acknowledgments

Then the door opened, allowing me to enter and participatearMysteries. | stepped over the thresh-
old with trepidation. What frightful challenges would | hateface? Would | have to face them alone,
struggling to overcome them surrounded by ffetience or even hostility at the Temple called “Institut
d’Astrophysique Spatiale”?

| am at a loss how to express how fortunate | feel to have fouwnth & wonderful group of people
there. Let me merely list the names (in the order in which | thetn): Alain LEger, the paradigm of a
physicist; Marc Ollivier, the brilliant experimentalishd nulling pioneer; Frank Brachet, the builder of
Svynapse; Bruno Chazelas, the open-source wizard; Sophie Jacquatsaknown as Sophie Bond; Michel
Decaudin, the star optician; Alain Laue, the intrepid inceptor ofySapse; Jeel Charlet, the elusive elec-
trician; Claude Valette, the cryogenic cameraman; PasoadéB the moving spirit of the press review;
Philippe Duret, the irreplaceable and imaginative ChagfaBhadoks; Vaitua Leroi, the friendly Martian;
Peter Schuller, the fringe forebgareman; Benjamin Samuel, the Periodographic Nimrod; Ta®irau-
rent, who accompanied us on our obscure path but for a shdlg;veimd finally, Olivier Demangeon, my
courageous Successor.

| am truly sorry that | cannot list everybody, and | know thésiot right. Let me at least mention two
more categories of people. John S. Bell in one of his papeiguantum systems remarks that quantum
measurements are interactions between microscopic sygedsacroscopic systems, the latter being dif-
ficult to delimit, and he asks whether the institute’s adstiaitive st& should also be counted as a part
of the measuring apparatus. After my experience atrkgtut d’Astrophysique Spatialehave become
convinced that all the “support” dfavas very much a part of the team, and contributed signifigaatbur
work.

Last but not least | would like to mention our colleagues fidioe, Cannes, Heidelberg, &ége, Delft,
Grenoble, Pasadena — Yves Rabbia, Jean Gay, Marc Baribdft] Runhardt, Olivier Absil, Pierre Kern,
Peter R. Lawson, Bob Peters, Stefan Martin, Andrew Bootty Bappinger, and all the nulling interfer-
ometrist around the world. May the light of nulling grow evVainter!

Working as a team without reaching the expected performpa@meters and results, we had to master
our frustration, maintain good morale, perseverance aedtioity. Regardless of how the optical experi-
ment went, the sociological and psychological one was aiaesdinary success.

In most of the text, | shall not even try to describe my conttitm. More often than not the collective
“we” doesnot stand for the authdout for the teamAn account of my personaliarts will be given in the
last Chapter®.2.7).

0.4 Goals and objectives

In distinguishing goals and objectives | am following a wsaghere “goals” are general teleological per-
spectives, whereas “objectives” are concrete performpacameters to be reached by a given date. The
objectives were primarily imposed by outside commitments ESA contract). During the period of my
graduate studies they evolved quite considerably. Just esample, let me mention that at first we worked
towards testing three achromatic phase shifter prototymethe end of 2008 this goal was practically no
longer an objective (although it remained a goal — tiftedgnce being that there is no deadline set for the
tests). | shall therefore not present our work against tledraund of these shifting objectives, but rather
of the goals which remained unchanged throughout.

In this sense, the goals of this work are twofold. First, ¢heme the science goals, namely, advancement
of nulling interferometry in view of a future interferometispace mission capable of detecting biomarkers
in spectral studies of Earth-like extrasolar planets. 8dcthere are pedagogical goals of the hands-on
training in intrumental development. Although the peddgalggoals are, ultimately, the main purpose of
post-graduate study, the dissertation is not the placestuds them in any detail. Let me just say that |
am very grateful that | worked in a small group where we hadeteetbp many things from scratch and we
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knew that we simply had to take our time to do so. This meart tiia not feel like a small gear in a large
result-producing machine but rather as if | had a three-lgeay practical.

The science goals outlined above in very broad terms candmided more specifically as:

e improving the performance of thersrse testbed,
e building the NoLLrivate testbed as its successor,
e stabilising the Snarsk tested,

e testing the achromatic phase shifter prototypes.

In the conclusion of this dissertation | shall return to thgeals, present a brief evaluation of what has
been achieved so far, and indicate some pathways to be egglothe future.

0.5 Organisation of the dissertation

A Frenchrésumés added at the very end of the volume, hopefully making itexde find without a lot of
page-turning.

The first two Chapters introduce the subject. The first (Cijymives a very brief overview of the
issue of cosmic pluralism in the context of current scientiisearch. The second (Ch&pdescribes the
principles of nulling interferometry. Chapt8ris a description of the testbedslastitut d’Astrophysique
Spatiale,Orsay, called Svarse and NuLrivate. Chapterd describes a stabilisation technique which we
developed and used during our work on the testbeds. It gldskbws the paper&abor et al(2008ab).
Chapter5 is a report on the results obtained witlingpse I, closely following the articleGabor et al.
(20089. (Readers who are familiar with these papers can skip @nefit5, and go directly to Chapted
which is a presentation of our work aiming to achieve a betteterstanding of the broadband null-depth
limitation, performed on &varse Il. Chapter7 describes what was to be done, what was done, my personal
contribution, what is to be done, i.e., future work to be iegfrout on the Nirrvare testbed, and some
conclusions, including those regarding the broader comtespaceborne nulling interferometry.
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Astrobiology and Exoplanetology

Contents
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1.2.1 Indirectdetection . . . . . . . . ... 6
1.2.2 Directobservation. . . . . . . .. 7
1.2.3 Stepbystep. . . . . .. e 9

1.3 Formation-flying nulling interferometer . . . . . . . ... ... L. 9
1.3.1 Designoverview. . . . . . . . i e e e 10
1.32 Nullingratio . . . . . . . 11
1.3.3 Stability. . . . . . 13

1.1 Are we alone?

The question of cosmic pluralism has a long and complicaistdty, linked to its many interdisciplinary
overlaps. Appendi contains a study on the subjéctSpeculation was the only possible approach for
generations. The scientific community is currently devielgmbservational techniques designed to bring
the first quantitative answers. This dissertation is an acof a small part of thesdferts.

1.1.1 What s life?

The speculation on humanity’s uniqueness or mediocritpigtiess fascinating in its own right but in order

to explore all the possible scientific approaches we sha# kabroaden the horizon of our investigation to

include not only intelligent extraterrestrials but lifetime Universe in general. Hence the question: “What
is life?”

The discussion is ongoing. As the historian of science, §a®ieck, puts it:
What is life? Is it the assemblage of the operations of natrjtgrowth, and destruction, as

Aristotle thought? Or is it organization in action, as Fiephysician and biologist Francois-
Xavier Bichat defined it? Or might it be the continuous adjet of internal relations to

lpresented at the conferer@arwin’s Impact on Science, Society, and Cultbedd in Braga (Portugal), 9-12 September 2009.
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external relations, as the British philosopher and sogistdHerbert Spencer believedSt(ick
2003

Let us make it quite clear from the outset that we are not gtmrdjscuss the question of the nature of
life. Itis by and large still an open issue with a captivatigtory and an even more confused historiography
than cosmic pluralism.

We shall limit ourselves to an utilitarian approach, pravida rough outline of what exactly is meant
by the extraterrestrial life that contemporary sciencése®Ve shall completely forego certain important
chapters from the history of scientific thought, such asttleety of vitalism, in order to concentrate on the
current position of the problem, starting with the Fermidelax, introducing Drake’s Equation, and ending
with a discussion of extremophiles, silicon-based life apectroscopic biomarkers.

1.1.1.1 The Fermi Paradox
Stephen Webb presents the “canonical version” of the epissthblished byoneg1985:

Fermiwas at Los Alamos in the summer of 1950. One day, he watmgto Edward Teller
and Herbert York as they walked over to Fuller Lodge for lun@heir topic was the recent
spate of flying saucer observations. Emil Konopinski joittesim [... Then] there followed a
serious discussion about whether flying saucers could dxteespeed of light. [...] The four
of them sat down to lunch, and the discussion turned to momdame topics. Then, in the
middle of the conversation and out of the clear blue, Ferkeéds“Whereis everybody?” His
lunch partners Teller, York and Konopinski immediately erglood that he was talking about
extraterrestrial visitors. And since this was Fermi, ppehthey realised that it was a more
troubling and profound question than it first appears. Yedatls that Fermi made a series of
rapid calculations and concluded that we should have bestedilong ago and many times
over. Webb 2002pp. 17-18)

A guantitative estimate of the number of space-worthy éstrastrial civilisations in our own Galaxy,
the Milky Way, led Enrico Fermi to the conclusion that therasinbe millions of them. Dferent authors
after Fermi obtained élierent results, and it should be noted that Fermi's estimmtne of the more
optimistic ones. Indeed, it would appear that over the lixstiscades sentiments among researchers have
varied widely, and that some even find that pessimism andigti have been coming and going in waves,
an optimistic period succeeding a pessimistic one over ¢icades.

The discovery of extrasolar planets has, understandatdyght about a wave of optimistic estimates
which is largely still upon us. Let us note, however, tt&artos et al. 2003eem to indicate that our own
planetary system, the Solar system, is rather unique simaid appear that giant planets migrate towards
their stars in the early stages of the system’s formatiorenoften than not. The fact that Jupiter did not
migrate through the habitable zone is very likely an imparfactor in the emergence of life on Earth. We
shall not enter into the detail of this speculation: we heimore data are vitally needed in order to obtain
a clearer picture of comparative planetologyfifi®e it to say, that this study, as well as other convictions,
led a number of researchers to adopt a more pessimistic i@asmic pluralism in recent years. They
would appear to be in a minority, nonetheless.

1.1.1.2 Drake’s Equation

Ever since the 1960's, Fermi’'s estimate of the number ofagatrestrial civilizations in our Galaxy with
which we might come in contact has been facilitated by théofé&ation known as the Drake equation
(Drake 1961 Drake and Sobel 1992 It permits us to quantify the individual factors interueg in the
estimate:

N=R. xfyxnex fix fixfexL (1.2)
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where

e nis the number of civilizations in our galaxy with which we rhigexpect to be able to communicate
at any given time,

e R, is the rate of star formation in our galaxy,

o f, is the fraction of those stars that have planets,

e N is average number of planets that can potentially supgderpér star that has planets,
o fi is the fraction of the above that actually go on to develog lif

¢ fiis the fraction of the above that actually go on to develoglligient life,

e f;is the fraction of the above that are willing and able to comitate,

e L isthe expected lifetime of such a civilization.

In this form, the temporal limitations are included as thedurctR.L, i.e., the rate of star formation
per unit of time multiplied by the lifetime of a civilisationAnother form of the equation is often used,
determining the same temporal limitations taking the esgimN,.L/T., whereN, is the number of stars
in the Galaxy and, is a star’s lifetime. This alternative form can thus be \eritas:

n:N*xfpxnexﬂxfixfchL (1.2)

*

Contemporary empirical knowledge allows us to obtain esté® of some of these factors and of their
uncertainties. Currently, the value Bf is estimated as 7 per year (one also often encounters the olde
estimate oR, = 10 per year). Using the alternative approach, the valué, @fan be estimated as6l10',
whereasT, can be taken as equal to

M. \ 25
T, = (—) 10years (1.3)
i.e., for stars withM, = 0.75M we obtain

N. 16101
T, = (M, 25100 Peryear 8peryear -
* * 0]

roughly the same number as our estimateRor

The study of the extrasolar planets in the next two decadiéeely to lead to good estimates for the
values off, andne. The issue at hand is a better understanding of mechanismisdoie formation and
evolution of planetary systems. The factgris often understood as the number of planets per star which
are in the so called “habitable zone”, i.e. at such a distémee the star where liquid water can be found
on their surface. Naturally, this is already a statement pbsition regarding the physical and chemical
conditions for life.

So far, we have little useful observational evidence forsseasment of the factdr. Indeed, consider-
ing how controversial and problematic a definition of “lifis} it is rather doubtful that a reasonable answer
will be forthcoming in the next one or two generations.

However, if we restrict our notion of “life” somewhat, and kessome presumptions about its biochem-
istry, we may be able to find a value of the facfpthrough spectroscopy of exoplanetary atmospheres.
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1.1.1.3 Identifiable life

There are several assumptions that we can safely make dmahémistry of the life we want to search
for. There are two aspects to this restriction. One has toitlofeasibility and practicality: There may be

other sorts of life but they would be even harder to identifjile other has more to do with our scientific
understanding of the processes involved: It seems thateiasser for complex structures to form under
certain conditions rather than under other conditions.

Two or three such assumptions stand out as an intersect@mmeénsus among most researchers. Thus,
we expect this “identifiable life” to

¢ be based on the chemistry of the element carbon simply betheslternatives (e.g., silicon) appear
considerably less promising;

¢ have biomembranes defining the internal volume of the lifafas opposed to its environment;

e use liquid water: this is mostly understood as “life in a ldtwater solution” but it could just mean
that water is likely to play aile in the metabolic processes of all lifeforms.

Obviously, this still leaves a very broad space to explomeimderesting approach is based on the idea of
hypothetically detecting terrestrial life from space. @és (e.g.Kaltenegger et al. 20Q7vere conducted
to see whether the presence of a biosphere on Earth couldokavedetected by remote sensing over our
planet’s history. Spectroscopic methods may be able t@tite presence and mutual proportion of various
chemicals in the planetary atmospheres.

1.1.1.4 Spectroscopic biomarkers

Supposing that sought-after extra-solar life is somewhkat # the terrestrial biosphere, we may expect
to observe its spectroscopically blatant impact on exttarplanetary atmospheres. The possibility that
O, and G are ambiguous identifications of Earth-like biology, buhea a result of abiotic processes, has
been considered in detalL¢ger et al. 1999Selsis et al. 2002 Various production processes have been
evaluated, e.g., abiotic photodissociation of &0d HO followed by the preferential escape of hydrogen
from the atmosphere, cometary bombardment introducipgi@ Q sputtered from KO by energetic
particles. The conclusion is that a simultaneous detedaifagignificant amounts of O and Q in the
atmosphere of a planet in the habitable zone presently s@hna criterion for large-scale photosynthetic
activity on the planet. Future space missions like Darwith 8RF-I thus focus on the region betweenr

to 20um, containing the CQ H,0, and Q spectral features of the atmosphere.

Spectroscopic search for biological markers in exo-pkisstherefore a goal to be achieved. The issue
at hand is, “How?”

1.1.2 Current scientific approaches

We have introduced Drake’s equation and we mentioned the isidentifying the presence of a biosphere
on an exoplanet. Let us now take a step back and look at thegraacof current scientific approaches to
the question: “Are we alone?”

1121 SETI

Drake’s equation was inspired by the search for extrategiaésivilisations rather than extraterrestrial life as
such. We saw that some of the factors in the equation canibeegst! by astrophysical observations. There
is another avenue that is worth exploring, however. If trareeextraterrestrial civilisations out there, they
might produce artificial radiation in the domain of radio wav In other words, they might be producing
identifiable signals. And it would skice to listen attentively in order to receive them. This pamgme is
known as SETI, the Search for ExtraTerrestrial Intelligenc
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1.1.2.2 Solar System exploration

The exploration of the Solar System is an ongoing endeavatlr wany diterent goals. One of them
(arguably the oldest and most inspiring) is the search fer Currently, four objects are under scrutiny.

Mars. The planet Mars has been one of the classic 19th-Century aryl 20th-Century alien home
worlds. Extensive research is being conducted from Mari ashwell as on its surface. The main question
today is whether, in its distant past when Mars had liquidewanh its surface, any indigenous lifeforms
formed there.

Europa. It is very probable that Europa, one of Jupiter's four mooissalered already by Galileo in
1609, possesses an internal global ocean under a crust. oAio@ssion to explore this body is planned
(EJSM: Europa Jupiter System Mission).

Titan. The largest of Saturn’s moons, Titan, was the destinatidhe@Huygens-Cassini space mission.
The instruments reached Saturn’s system in June 2004. Thegedsa probe descended into Titan's atmo-
sphere discovering a new and intriguing world where liquietimane plays adte analogous to water on
Earth: there are vast lakes of methane, and methane rai@tsdkini remains in orbit around Saturn updat-
ing our knowledge of the surface of Titan at every flyby. Thestioteresting point regarding Titan is this:
If we find life there, based on methane as solvent, it becoees that life emerged independently twice in
the Solar System. If it happened twice in one planetary sysitas very likely that life is ubiquitous in the
Universe.

Enceladus. The Cassini mission discovered evidence that Enceladwstusah satellite of Saturn, resem-

bles Europa in having an ocean of liquid water under a crusteof Space mission proposals to study
the Saturn system were submitted to the US and European apaoeies (Titan Saturn System Mission,
TSSM; Titan and Enceladus Mission, TandEM), and althougdird jnission to the Jupiter system (EJSM)
was selected in February 2009, the mission to Saturn’digagebill continue to be studied.

1.1.2.3 Exoplanetology

One of the most dynamic fields of astrophysical inquiry ispanet research. Its goals are
e asurvey of planetary systems and a classification of thpagy
e a census of exoplanets and their typology, morphology anglyssics,

e a better understanding of planet formation and the undeylyechanisms, and

e a study of the properties of exoplanetary atmospheres.
This list does not pretend to be exhaustive. Its purposedhaar that exoplanetology searches for answers

that are of utmost pertinence to astrobiology.

1.2 Exoplanets

The direct observation of an exoplanet, in the sense ofifgerg and studying the photons emitted by an
exoplanet, is very challenging. There are three major cletdo be surmounted:

1. angular resolution: levels better than 0.1 arcsec ardatebecause there always is a very bright
object at a very small angular distance, viz., the parentstaund which the exoplanet revolves;
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2. the contrast in brightness between the exoplanet anthitésssuch that even the starlight contained
in the comparatively very dim outerftliaction pattern is still brighter than the planet; and

3. zodiacal and exozodiacal light, i.e., the environmerthefEarth and of the observed exoplanet (as
well as the intervening cosmic medium) contains sourcesfiifgk thermal emissions (gas and dust)
at the same wavelength as those of the exoplanet.

1.2.1 Indirect detection

These challenges mean that direct observation of exoglaaeinot be performed so far. The information
we have gained comes from indirect detection methods.

There are two types oftkects of the exoplanet on the observation of its parent star:

1. motion: the orbital movement of the exoplanet influences the mosif the observed star’'s photo-
centre;

2. photometry: the presence of the exoplanet may influence the brightrigdhe observed star.

The orbital motion of an exoplanet is coupled with an orhitation of the star around a common centre
of mass. Each of the bodies revolves on an elliptical path thie centre of mass in one of its foci. The
semimajor axis. of the star’s orbit can be expressed in terms of the seminaajerof the exoplanet’s orbit
ap and of the masses of the star and of the exoplameandm,, respectively, as follows:

My
a. = ap. (1.5)
m, + mp

This means that the star is in motion which is due to the drbitavement of the exoplanet. The star’'s
velocity vector can be decomposed into the component alomdjrie of sight from the Earth and into the
two components in the plane tangent to the celestial sphere.

There are five methods based on these phenomena:

1. Astrometry: which observes the motion of the star on the celestial gphieprovides an unambigu-
ous measure of the planet’s mass and orbital parameters.

2. Radial velocimetry: which measures the radial component of the star’s veleeityor using spectro-
scopic methods. Using this technique, the planet’s masseatetermined only indirectly aasini
wherei is the inclination of the planet’s orbit with respect to tireel of sight.

3. Pulsar timing: which also measures the radial component of the star'sitgleector, but applied to
pulsars, this quantity can be deduced from the precise giminhe their pulses.

4. Transits: If the exoplanet passes in the line of sight between itsrgastar and the Earth, the star’s
light appears to decrease somewhat during the exoplametisit in front of the star’'s disc. This
technique allows the planet’s size to be estimated. In cation with radial velocimetry, it provides
a measure of the exoplanet’s density (thgini ambiguity is minimised by the fact that orbital planes
of transiting exoplanets must be approximately alignedh wie line of sight).

5. Gravitational microlensing: When a massive object lies between the observer and thevelser
object, the image of the latter can be deformed by the grafitiie lens, i.e., the intervening object.
In asimple case, the lens amplifies the light of a faint stdhdre is a favourably positioned exoplanet
orbiting the star, then the lightcurve of the microlensirvgre contains a secondary peak due to
the exoplanet. No follow-up observations of the objecteded by this technique are likely, and
therefore the primary contribution of gravitational milenesing to exoplanetology is in statistical
estimates of exoplanet populations.
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1.2.2 Direct observation

Direct observations of exoplanets are defined by the separaf the photons emitted by the planet from
starlight and exozodiacal lightThis can be achieved by several techniques which are uesetapment.

Before we list them, itis good to realise that they must barggd as sophisticated optical contrivances,
that have to deal with a very challenging set of constrainémevithout having to deal with the distortion
of optical path and absorption in the Earth’s atmosphereuketherefore, concentrate on space where the
challenges of nulling interferometry as such are decoufotad the issues presented by atmospheric influ-
ence In this case, the solution can be found as a tréideetween diraction and the star-planet contrast.

For a circular aperture of diameter(e.g., the telescope’s primary mirror) théfdhction pattern, known
as the Airy pattern, has its first minimum at a radius of

A
=122— 1.
r = 1225 (L.6)

whereA is the wavelength. This means that working in the visible diona telescope smaller (typically a
few metres) than in the infrared ffices to overcome firaction. In the infrared domain, a single telescope
will not be practical.

At the same time it must be noted that the star-planet cdangasavelength-dependent. Fip.1 shows
that the spectrum of the Earth contains three elements:

1. The reflected sunlight with its peak in the visible domain;

b 2898umK

max = T = TEI78K wm (2.7)

2. Earth’s thermal emission with the peak at

Amax = g ¥ 10K (-8)

3. absorption features of various molecules in the Eartiveaphere.
The spectral region highlighted in Fif).1 offers two advantages over the visible:

o |t features essential biomarkers,

¢ the star-planet contrast is the least unfavourable.

As was already said, a single telescope in the infrared sgeetinge, would need to have a very large
aperture because offttiaction. The alternative is to employ interferometric teicjues. This leads us to the
disadvantages of the infrared:

e Multiple space telescopes are needed, and

e they need to fly in formation.

Coronography. The approaches studied for exoplanet observation in thieleispectral range concen-
trate on coronography. There are two basic concepts:

e A single spacecraft with a sophisticated optical payload|uiding a substantial primary mirror
(Fig. 1.2);

e A simple space telescope with another spacecraft at a destafrabout 50 000 km whoséle would
be to carry an occulting screen (Fiy3).

2Even though in some favourable cases the transit method camfait such separation of the photons emitted by the plaredf its
from starlight, it is primarily an indirect detection method.
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Figure 1.1 - Sun-Earth contrast observed from 10 pc with the main spde@tures of Q, Og,
H,0, and CQ (Beichman et al. 1999

Figure 1.2 - Terrestrial Planet Finder Coronograph. An example of alsispacecraft visible
coronograph. The observed star with its planetary systeepigesented on the left. The Sun is
on the right. The telescope is heavily shielded from sumliffBourtesy NASAIPL.)
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Figure 1.3 - New Worlds Observer. An example of a space occulter. Therénar space vessels:
a telescope and a screen-bearing spacecraft. (Courtesgsdh, Oniversity of Colorado.)

Interferometry is a technique introduced to enhance angular resolutBracewell (1978 proposed
a variant where reduction of star-planet contrast is a€lieapplying ar phase shift between the light
collected by two telescopes. A detailed discussion of tblertigjue will be provided in the next Chapt&).(

Exoplanetary radio emissions. Apart from the Sun, the brightest radio object in our sky is fitanet
Jupiter. This fact leads radio astronomers to study thelpibgsof observing radio emissions of exoplanets
(Lazio et al. 200%

1.2.3 Step by step

After the discovery of giant planets, detection technicaresgrowing more and mordfeient and will soon

be able to detect planets of comparable size to the EarthaceSmissions will be needed to detect Earth-
like planets in their stars’ habitable zones, i.e., at dists of the order of the A.U. (SIM-Lite is the mission
proposal most likely to succeed in this respect). Yet moregstul space observatories will be needed to
observe these worlds, and to measure their spectra. Thepnoosising mission proposal not only in terms
of general observations and spectroscopy but also in tefrastmbiology is theDarwinyTPF-I project, a
formation-flying nulling interferometer.

1.3 Formation-flying nulling interferometer

Léger et al(1993 proposed théarwin mission to the European Space Agency, a nulling interferome
ter comprising several telescopes and a combiner modulgyfiyi formation in space. A development
(Angel and Woolf 199y of this proposal was submitted to NASA. The American prbjsknown as the
Terrestrial-Planet Finder Interferometer (TPF-I).

It should be pointed out that although the primary ainDafwiryTPF-I is clearly the search for life in
the Universe, there are not a few other questions that theionigould elucidate. Indeed, all three main
themes of exo-planet research (as identifieBénryman et al(2005) may benefit from it:
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e characterising and understanding the planetary popuakatioour Galaxy;

¢ understanding the formation and evolution of planetaryesys (e.g. accretion, migration, interac-
tion, mass-radius relation, albedo, distribution, host ptoperties);

e the search and study of biological markers in exo-planeits, mesolved imaging and the search for
intelligent life as ‘ultimate’ and much more distant goals.

1.3.1 Design overview

Many improvements of the concept have been included oveydhes. By 2007 there was an agreement
in design principles between the researchers at NASA and, BSd the architecture for both TPF-I and
Darwin convergedl(awson et al. 2007 Fig. 1.4 shows an artist’s view of the space observatory which has
to orbit the Sun with the same angular velocity as the Eartlaba distance 1.5 million km greater than the
Earth, oscillating around the Sun-Earth L2 point. This posing ofers a number of advantages. Both the
Earth and the Sun are always “behind” the spacecratft, faiiiig cooling and observation planning. Less
propellent is required for formation flying at L2 than in Badrbit and even in an Earth-trailing orbit.

Figure 1.4 - DarwiryTPF-1 space observatory. An artist's view of the Emma X3aoenfiguration
with four telescopes. Each points in the direction of aneirexs light from the star-planet system.
The four beams are transmitted to the central beam combiniehvalso provides, together with
the communication station, metrological reference forrdguired formation flying. (Courtesy
Peter R. Lawson, NASAPL.)

Search for biomarkers is a major factor when consideringsffectral band. The values found are
6—20um. Regarding the diameter and number of telescopes, phtioriaterferometric, and technical
considerations lead to a tradé-of four 2 m apertures arranged in the so called Emma X-array.

Fig. 1.5 (Lawson and Dooley 2005hows the provenance of the photons detecte®dywin/TPF-I.
The figure shows the intensity of the local and exo-zodians@ksion, the leakage from the nulled star,
and the background from the 35 K telescope. The resultanakig-noise ratio is shown on the right-
hand scale. At um, the largest part of the measured flux is due to the star,tthére exozodiacal light,
closely followed by local zodiacal light. The signal emitt@r reflected) by the planet is several orders of
magnitude smaller.
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Figure 1.5 - The signal in photo-electrons in a®l integration period from an Earth-like planet
observed through the 1 AU, 3.5 m version of TPF. The planeivsio0, absorption at 1&m.
The spectral resolution isR0. Also shown are the other signals that contribute to tked to
photon shot noise. The bottom curve shows the signal-teen@itio (SNR) on the planet using
the right-hand scaleBgichman et al. 1999

The typical star-planet contrast that the instrument wékka to operate with is 10 First, the nulling
must reduce the contrast by a facto® 20The whole observatory must rotate around the line of sight,
maintaing a stable nulling level (Fid..6). A technique callegphase choppingor internal modulatio
(Mennesson et al. 2005Voolf and Angel 199Y is applied at the same time. The purpose of combining
rotation and phase chopping is to distinguish between the@symmetric diuse exozodiacal and the
point-like planetary emissions (Fig.7). Together with instrument stability which enables long@sure
times to reduce the noise (Sek3.3, this yields another factor 100, reaching’ 1€ar-planet contrast
reduction. An additional factor 10 can be obtained usingélenique ofpectral fitting(Lay 2006.

1.3.2 Nulling ratio

The output of a simple interferometer at any given momensisgle intensity measurement. Changing the
optical path length of one beam with respect to the otheri¢@Path Diterence, OPD) leads to variations
of intensity, i.e., when the OPD is scanned, a pattern offertence fringes emerges. Interference can only
occur between beams which are coherent with respect to é¢heh dven beams generated by the same
source may not be coherent if the OPD is too great: there igaiceoherence lengtto consider. A fringe
pattern is observable around zero OPD, spanning the cateetength. The minima and maxima of the
fringe pattern correspond to OPD’s lot/2 wherek is even for the maxima and odd for the minima. The
fringes can be circumscribed by an envelope symmetric artlue zero OPD. The form of the envelope
is given by a Fourier transform of the beam’s spectrum. @akmterferometry combines two coherent
beams constructively. In order to do this, the beams have o phase. Then the fringe pattern’s global
maximum is at zero OPD, and the fringes and the envelope hawsame symmetry. Nulling interferometry
inverses the fringes within the envelope, placing an ieterice minimum at its centre, i.e., at the zero OPD.
This can be done by introducing a phase shift tetween the two interfering beams.

3This value is a result of a trade¥o Nulling reaches its nominal performance for on-axis lighlypie., for light coming from a
point-like source. On the other hand, there is the instruimé@mére undesirable) ability to resolves the star. EC1..
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Figure 1.6 - As the interferometer rotates around the line of sight togetsstar, the planet (a3
planet is shown for clarity in this TPF-I simulation) proésca modulated signal as it moves in
and out of the interferometer fringe pattern. TPF would pek 20 such data streams, one for
each of the observed wavelengths, that would be combineectmstruct an image of the solar
system and the spectra of any detected planBtichman et al. 1999

Figure 1.7 - The emission from a face-on exo-zodiacal dust cloud (lefff) & single planet, and
as it will be measured through the interferometer’s tragsion pattern (right).Beichman et al.

1999
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The basic performance parameter of a nulling interferomstiéenulling ratio® nl,

| .
ni(A, 7) = 0

)
Imax

(1.9)

wherelmin andlmay are the minimum and maximum of the flux in fringe OPD fringekmdcf. Sec2.2).
Imin thus stands for the intensity of the on-axis dark fringe pd of the dt-axis bright fringe. The nulling
ratio is a function of the wavelength region, represented,l@nd of the integration time.,

We have already mentioned that the instrument needs todqe@nulling ratio of
nl=107, (1.10)

and that this needs to be maintained with a high level of ktybi

1.3.3 Stability

As already mentioned, because of the length of the planngaisexe times durin@arwiryTPF-1 observa-
tions, instrumental stability must be regarded as a sedonsern.Chazelas et a[2006), referring to this
fact as to thevariability noise conditionanalyse the problem, stating that instrumental staligitgquired
regardless of telescope size and stellar distance.

We have seen that although the star-planet contrast is ofrtieg of 10 (4 x 10" at 7um in the case of
the Sun and the Earth), rotation & chopping techniques adlaeduction of the contrast by a factor 100,
which means that the instrument has to provide a stablenguthitio of 10° (Eq. 1.10. As pointed out
by Lay (Lay 2009, this implies a high degree of null stability. Let us examihe contributions to the
instability of the signal, i.e., to the noise Barwir/TPF-1 measurements.

AppendixB contains a discussion of these points because our work vedsitge extent concerned with
stability (Gabor et al. 2008af. Chapte#). Here, let us merely present the result (BgLO)

-3.37
4 ) , (1.11)

omy(4, 10days)< 2.510°° (m

which is expressed in terms of a quantity we shall define ini@e2.2 In broad terms it can be interpreted
if we recall the well-known truth of photography: the longlee exposure time, the sharper the picture. This
is only true if the noise is of a certain sort. Itis called thigite noiseand it decreases with exposure time

as +/r. The aboveDarwiryTPF-I requirement implies that the instrument noise haetsuzh that it allows
for an improvement of the star-planet contrast over a pesfdd days.

4Sometimes also referred to stellar leakagealthough this term refers more properly to stray starlighe thuthe fact a star is not
a point source (Se®.1).
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In the previous Chaptet), we saw that nulling interferometry is a promising apploacfuture re-
search on exoplanets and astrobiology. We described, yrvead lay terms, the principle &farwiryTPF-
I. We listed the mission’s main requirements imposed on théng interferometer itself (Eq4.10 B.10),
deriving the requirement E®.10in detail.

The purpose of this Chapter is to discuss two-beam nulliteyfi@rometers and their components.

2.1 Bracewell’s principle

Interferometry is primarily a technique the purpose of ihi angular-resolution improvement. Without
having to resort to prohibitively large apertures, a classip-aperture interferometer can increase angular
resolution by separating two smaller telescopes by a cedlistance, called bad® The beams collected
by the individual apertures have to be combined under ciyefantrolled conditions. The interference
pattern is then analysed and spatial or angular informathoyut the target can be obtained. In order to
obtain an image, it is necessary to perform a series of meamnts with dferent lengths and orientations
of the base, densely covering the parameter space.

Each measurement is done with the telescopes aligned aed/otgsthe same object. We ensure that the
on-axis light from both telescopes arrives simultanequdy, the two optical paths are equal, to the beam-
combiner system where it merges on a single-element defecibe output is therefore a single value.
A set of such measurements for various values of Opticdl-Béfterence (OPD) forms an interference
pattern. The zero OPDflierence corresponds to the interference maximum, knowreastifte fringe. In
theory, the white fringe does not have an intensity whichldide just the sum of the intensities of the two
interfering beams: its intensity is double the sum, i.eur times the intensity of one interfering beam. This

1For the sake of simplicity, we shall refrain from discussipgatroscopic observations here.
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Figure 2.1 - Bracewell’'s nulling interferometer: two telescopes pinigtin the direction of the
star, the light of which is extinguished using an achrompltiiase shifter«{r) so that the bright-
ness contrast between the star and the planet is reduced.

is possible because in case of perfect interference of twaoetwomatic beams, there is strictly no flux at
the interference minima. Thus the mean value of the flux ie#pected sum of the two incident beams.

In the case of natural light (broad band), the white fringkiclh corresponds to zero OPD, is still well
defined, but the interference minima occur dfatient values of OPD for ffierent wavelengths. This gives
the interference pattern the characteristic shape of agpatKringes: each successive fringe less and less
pronounced.

A variant of this technique was proposed Bsacewell(1978. Instead of combining the beams con-
structively, he proposed to combine them destructivelye Thro OPD corresponds to the interference
minimum, known as the dark fringe. While this is trivial in thase of monochromatic light, natural light
cannot be combined destructively unless an achromaticgj@agth-independent) phase shift is introduced.
Supposing we have a perfectly achromatic phase shiftesttifis the phase of one of the beamsayye
obtain an inversion of the interference pattern. The dangé is symmetrically surrounded by imperfect
white fringes, called grey fringes. The on-axis light is ¢coned destructively. This property of the nulling
interferometer makes it the instrument which can increaspilar resolution and reduce the star-planet
contrast.

In its simplest form (Fig2.1), a two-telescope nulling interferometer introduceg¥iase-shift between
the two apertures, resulting in destructive interferenaegthe line of sight. At the same time, light at small
off-axis angles from the line of sight will experience constingcinterference, thus allowing a faint object
close to a bright star to be discernible.

2.2 Performance parameters

Let us recall the quantities used in characterising theopedince of nulling interferometers.

Nulling ratio  was defined in Eql.9as

nl(A, 7) = I"“‘”. (2.1)

max
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Rejection ratio is the inverse of the nulling ratio:

p(4,7) = Imax (2.2)

Imin

Spectral band where the instrument operates is an inherent part of pedoce specifications. Both its
absolute position in the electromagnetic spectrum andidgware important. The width is often expressed
as a fraction (in per cent)

%. (2.3)

Stability is a measure of how longer exposure times reduce star-ptanétast. For a set of values of
nl, calculate the moving (or running) average with a windowha turationr. Take this set of moving
averagegnl),, each averaged over exposure timeand calculate its standard deviatiogh, (7). Now,
repeat the procedure for a number ofteiient windows widths, and inspect the dependenceoqf, ()
uponr. Ifit is consistent withr=1/2 (i.e., white noise behaviour) up to a certajfy, then

oy (T = Tmax) (2.4)
is a good expression of the nuller’s stability.
Rudiments of interferometry. In the simplest, monochromatic case, we can represent k& siage with
an amplitude ofA as a function of the phase
Sy = A, (2.5)

and the corresponding intensityis:
= AL (2.6)

Let us make two such waves interfere. The resulting complaxis:

S=S1+S, = At + Ae??, (2.7)
and the intensity is
| = A1 + [Aof + 21Adl| Aol cOS@pr — 2), (2.8)
which can be expessed as
| =|1+|2+2\/|1|2COS@1—¢2). (29)

If 11 = Iy, the interference pattern’s maximuiny, corresponds t; — ¢,| = 0, i.e.,
Imax = 211 + 211 cos(0)= 4y, (2.10)
whereas the minimumyy,,, corresponds t@; — ¢,| = =, i.e.,
Imin = 211 + 217 cosfr) = 0, (2.11)

hence the nulling ratio is

nl = Jmin _ ¢ (2.12)

Imax

Let us examine the behaviour of the nulling ratio close te tHailue, i.e., fofg; — ¢2| = A < 1. In this

case we obtain
Imin _ 1+cos@+A¢) 1-cos(Ap)

| = =
: I max 1+ cosAg) 1+ cosAy)

(2.13)
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2
nl ~ % & A%SZ for A¢ < 1. (2.14)
Let us now return to the situation wheeg — ¢,| = 0, and examine what happengf+ |,. Supposing
I, =(1+é)ly, (2.15)

wheree < 1. This means that the relative flux flux mismatehy| is

A—|=|2_|1:(1+E)|1_|1=$=E. (216)
| I I I

The nulling rationl then is

nl = lmin |1+|2+2V|1|2COS€T) _ I+ 1 —24/14l5

= = = , 2.17
I max |1+|2+2V|1|2005(0) I+ 1+ 241415 ( )
Ih+(@Q+el1-211Vli+e 2+€e-2V1l+e
nl = = , (2.18)
I1+(@Q+e)l1+201Vi+e 2+e€e+2V1l+e
developingV1 + e€:
2
V1+e=1+§—%+... (2.19)
2+e-21+5-€< 2=
N € ( 2 82) _ 8 _ (2.20)
2+e+2(1+5-F) 4+2e+2%
2
nl~ <. (2.21)

2.3 Achromatic Phase Shifters

One of the key components of the Bracewell interferomettdr@dsAchromatic Phase Shifter (APS). Itis an
optical element designed to introduce a giveffiedlence in phase in a beam regardless of the wavelength.

Let us state clearly that in real life there are no perfecicapelements that would fulfil this function
ideally. There are many workable solutions, however, agvapresenting a compromise between the
“neatness” of the phase shift (how well does the real phasecsirespond to the required value), and the
width of the spectral band in which it is to be achieved.

For a given Optical-Path Berence (OPD) between the two optical paths, the correspgrutiase
differenceAy can be expressed as

A = 22 2PP (2.22)

whered is the wavelength.

The phase shift therefore depends on the wavelength= Ag(1). In order to obtain a wavelength-
independent phase shift ofat zero OPD, an APS has to be introduced into the setup.

There are alternative approaches, however. The “adaptillerhwas tested at the JPIPéters et al.
2008, and at Delft, polarisation and multi-axial nulling inferometry were studiedSpronck et al. 2006

Many different concepts of achromatic phase shifters are availaltkesiliterature Rabbia et al. 2001
2000. TheDarwin collaboration studied ten APS conced&S@A 2003, promisingnl < 1075, The spectral
range was that of 6-20m, with 6—-18um mandatory, the extension to 18— priority number 2, and
that to 4—6um priority number 3. Their various merits will eventuallyateto be evaluated experimentally.
Not all of these concepts are currently in the research amelaf@ment process. Some, although promising
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Figure 2.2 - The four APS concepts investigated by ESA.

in the long run, require a substantidlat to overcome technical hurdles chiefly because of thelbyosad
of the required spectral range (e.g., integrated optias, aeler gratings).

Out of the ten, four APS concepts were selected for furthetysby ESA in recent years (Fig.2):

1. Dielectric or Dispersive Prisms,
2. Focus Crossing or Through Focus,
3. Field Reversal or Periscope, and

4. Fresnel's Rhombs.

The Srnapsk testbed uses two pairs of GaPrisms (Sec3.11) as a Dispersive Prisms APS and, at
the same time, the prisms form an intrinsic part of the sekgabse they also function as a compensator
balancing the cumulative thickness of dielectric in theagdtpath.

A Dispersive Prisms APS prototype with three pairs of prisiithree diferent materials was developed
by Thales Alenia Space (Se®.9.3. A Focus Crossing APS prototype was designed by the Obisénea
de te d’Azur, Nice, France (SeB.9.1). And, last but not least, a Field Reversal APS prototype was
manufactured at Max-Planck-Instituirf Astronomie in Heidelberg in collaboration with Kaysdnr&de
GmbH in Munich and the IOF Fraunhofer Institute for Appliegt@s in Jena (Se®&.9.2.
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2.4 The Dispersive Prisms APS

Let us now look in more detail at the Dispersive Prisms AP3ibse it of its 0le in the S~apse setup. This
method is directly inspired by the practice of opticians vityoto minimise chromatic aberrations in lens
systems.

We shall examine one of the simplest cases when a pair ofrdigpgrisms is introduced into each arm
of the interferometer. The beams thus propagate in t#ergint media, viz., in air and in the dielectric.
The refractive indexgie Of the dielectric varies with wavelength,

Ndiel = Neiel(A). (2.23)
We shall consider air as not dispersive, i.e., its indgxdoes not vary with wavelength
Nair(A) = 1. (2.24)
Because of the presence of the dispersive elements, the giff@senceA¢ between the two beams will

vary with wavelength
A = Ag(). (2.25)

It can be expressed as
2n
A¢(A) = —- [Nair - (OPD+ €) — & Ngier(A)] (2.26)
whereeis the diference in thickness of dielectric encountered by the behliote that we can consider the

total geometric length of the optical path constant, i.ddiag dielectric into the optical path reduces the
air column in it by the same amount. We can thus write

A0 = 2 [OPD- gy + €. (M) (227)

Now we can impose
Ap(1) = 7, (2.28)
Ad(Ap) = 7, (2.29)

for two distinct wavelengthg, ». This is a set of two equations with two unknowegnd OPD,

% [OPD' Ngjr + € (nair - ndiel(/ll))] =, (230)

1

2 [OPD - N + &+ (o — Nga()] = 7. (231)
2

For given two wavelengths there are values@ind OPD which correspond to a perfett= 0. If the
material and the waveband are chosen appropriately, a Bigpe’risms APS can provide nulling better
than a specified value within the waveband ().

Let us look at the dual problem: How do we find the working pdinte have the means to explore
the parameter space (OPB? Fig.2.4 shows that there are many local minima, and thus we need to
understand this space better in order to find the global mininPerforming an OPD scan for a given value
of ewill yield a fringe packet. If the fringe packet is symmetnige find a minimum (Fig2.5). It could be
a local minimum, however. The ambiguity can be lifted by liogkat neighbouring minima. Sectidhl.5
describes a practical application of this technique.

2.5 Wavefront filtering

Another important ingredient in nulling interferometry wsavefront filtering. Achieving high levels of
destructive interference implies stringent requiremémnterms of wavefront quality. These requirements
can be reduced using a wavefront filtfgnnesson et al. 2002

There are two techniques of wavefront filtering used in nglinterferometry:
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Figure 2.3 - Nulling ratio as a function of wavelength (iom) produced by Dispersive Prisms
APS with two thicknesses of Cafone per beam. Appropriate selection of thicknesses essure
that in a given spectral band (highlighted) the nullingaaginl < 10, This is possible because

CaF, is dispersive, i.e., its refractive index varies with warejth.

Figure 2.4 - Map of the (OPDg) space. There are many local minima in the (OBDparameter
space. Nonetheless, the global minimum is unique.
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Figure2.5- Three OPD scans forfilerent values oé. Performing an OPD scan for a given value
of ewill yield a fringe packet. If the fringe packet is symmetnige find a minimum. It could be
a local minimum, however. The ambiguity can be lifted by limgkat neighbouring minima.

1. Pinholes, i.e., spatial filters;

2. Single-Mode optical Fibres (SMF’s), i.e., modal filters.

A SMF is, dfectively, a waveguide that transmits only one resonanceemdte can view the fibre
as a resonance cavity with a single resonance mode in the gpectral band. This resonance mode is a
solution of Maxwell’s equations and is not confined to theiinal volume of the fibre. In fact, it extends
from both extremities of the fibre as lobes. Therefore, wieatéhe properties of the optical field incident
upon the fibre head, the output of the fibre will be an extensfdhis proper mode.

Nulling interferometers require that the wavefront be withdistortion to a level oft/1000 if the
nulling rationl is to be less than 18 (Sec.3.3.6. The reason is easily seen when we realise that if there
are defects in the wavefront, a part of the flux arrives at hietpof interference out of phase. Without
wavefront filtering, the1/1000 requirement would be prohibitively strict becausariplies that all the
optical surfaces must be polished to that level of precision

Unfortunately, the only way to estimate the quality of SMiS'so measure it with a specialised nulling
interferometerKsendzov et al. 2007

2.6 Stability

Experimental studies of nulling interferometer testb&krébyn 20035chmidtlin et al. 20080llivier et al.
200Z% Vink et al. 2003 Alcatel, Brachet 2005show that even in simple setups, the interference patsern i
unstable, drifting with time. Even interferometers breaatioled on an optical bench in the relatively well-
controlled laboratory environment (a priori simpler th&we actualDarwin/TPF-1, with its multiple tele-
scopes rotating in space) display drif@hazelas et a[2006 give a quantitative summary of thes@ests,
using data fronOllivier (1999; Alcatel, Vink et al. (2003.

We shall discuss this issue in detail in Chapter
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2.7 State of the art

Since 1999, several groups performed a number of experahshidies of nulling interferometry in the
laboratory and on ground-based telescopes. In our bilalgigecal study we have drawn upon the summary
table prepared bZhazelag2007) and on Peter R. Lawson’s null-vs-bandwidth plo&gson 2009 Our
own updates are presented in Tal.and Fig.2.6.

Nulling interferometry is a new and challenging field of agsti By its very nature it is probably the
most sensitive, and hence the most delicate, of opticalrerpats. This means that phenomena which are
of the second or third order, and therefore rarely takengottsideration in optics, can stand out in nulling
interferometry. It is a challenge, but it also is an oppoitiuto study them.

To summarise the current state of art in terms of demonsty #tie feasibility oDarwiryTPF-I, the best
progress was made at the Jet Propulsion Laboratory. Thetidaguller demonstrated thal = 10°°
can be achieved in broadband (34 %) aroungiiO(Peters et al. 2008and the Planet Detection Testbed
demonstrated 4-beam nulling witt = 4 x 107 and the detection of a simulated planet at a contrast level
of 2 x 10° (Martin et al. 2008.
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Al

Acentral po— Null Pol | Reference Experiment
600 nm 0.5 1x10°3 — | Tavrov et al.(2005 Tokyo
632.8nm | 3x10° | 2x10* Bokhove et al(2003 TNO TPD, Delft
632.8nm | 3x10° | 29x10° | + | Bokhove et al(2003 TNO TPD, Delft
632.8nm | 3x10° | 74x107 | + | Martinetal.(2003Q Rot. Shear. Int., best
632.8nm | 3x10°% | 4x10° + | Martin et al.(2003H Rot. Shear. Int., stab.
632.8nm | 3x10°% | 1.3x10°® | — | Haguenauer and Serabg2006 | Fiber Nuller, JPL
635nm | 3x10°% | 52x10°% | + | Wallace et al(2003 Opt. PI. Det. Int., JPL
638nm | 3x10° 1x10° + | Schmidtlin et al(2005 Opt. PI. Det. Int., JPL
638nm | 3x10° | 1.11x107 | — | Samuele et al2007) Northrop, Redondo B.
650 nm 0.24 2x 1073 — | Bokhove et al(2003 TNO TPD, Delft
650 nm 0.24 1.1x10° | + | Bokhove et al(2003 TNO TPD, Delft
650 nm 0.3 21x 104 — | Vosteen et al(2005 Delft; Friedrichshafen
650 nm 0.05 83x10°% | + | Schmidtlin et al(2005 Opt. PI. Det. Int., JPL
650 nm 0.12 32x10° + | Schmidtlin et al(2005 Opt. PI. Det. Int., JPL
650 nm 0.15 1x10° — | Samuele et a(2007) Northrop, Redondo B.
650 nm 0.18 7.1x10° + | Wallace et al(2000 JPL
700 nm 0.28 7x10°3 — | Morgan et al(2003 Nulling B. Comb., JPL
1306 nm | 8x10° | 25x10° — | Flatscher et al(2003 Astrium, Friedrichshafen
154um | 3x10°% | 1.3x10°% | + | Weber(2004 MAII I, Cannes
1.545um 0.02 31x10° — | Flatscher et al(2003 Astrium, Friedrichshafen
1.55um 0.05 27x10° | — | Buisset et al(2007 MAII I, Cannes
1.55um 0.05 6x10° + | Buisset et al(2007) MAII 11, Cannes
1.55um | 1x10°2 | 43x10° — | Flatscher et al(2003 Astrium, Friedrichshafen
1.57um 0.05 1.7x10% — | Weber(2009 MAII I, Cannes
1.65um 0.18 5x 10 — | Mennesson et a(2006 Fiber Nuller, JPL
2.2um 0.18 25%x10% — | Brachet(2005 Synapsk |; IAS Orsay
3.39um | 3x10°% | 1x10° + | Gabor et al(20089 Svnapsk |I; IAS Orsay
3.39um | 3x10°%| 1x10* — | Gabor et al(20089 Svnapsk |I; IAS Orsay
9.5um 0.2 2x10° + | Gappinger et al2009 Achr. Nulling T., perisc.
9.5um 0.25 4x10° + | Gappinger et al(2009 Achr. Nulling T., perisc.
9.5um 0.25 6.7x 10 — | Gappinger et al(2009 Achr. Nulling T., FC
9.5um 0.30 9.1x10° — | Gappinger et al2009 Achr. Nulling T., 2Prism
9.5um 0.30 8.8x10° — | Gappinger et al2009 Achr. Nulling T., 1Prism
10pm 0.30 1x10*% — | Wallace et al(2004) Warm Nulling Testbed, JPL
10um | 3x10°% | 33x10°% | + | Gappinger et al2009 Achr. Nulling T., perisc.
10um 3x10°% | 1.1x10° — | Gappinger et al(2009 Achr. Nulling T., perisc.
10um 0.4 1x10° + | Peters et al(2008 Adaptive Nuller T., JPL
106um | 3x10°% | 1x10°3 — | Ollivier (1999 IAS Orsay; typ.
106um | 3x10°% | 7x10* — | Ollivier (1999 IAS Orsay; best
106um | 3x10° | 1.1x10°® | — | Martin etal.(20033 MMZ Nuller, JPL
106um | 3x10° | 7x107 + | Martin et al.(20033 MMZ Nuller, JPL
106um | 3x10°% | 73x10% | — | Martin et al.(2005 Planet Detection T., JPL
106um | 3x10° | 56x10° — | Labadie et al(2007) Grenoble
10.675um 0.18 59x10° — | Mennesson et a(2003 Keck Nuller B. Comb., JPL
10.775um 0.29 1.3x 10 — | Mennesson et a(2003 Keck Nuller B. Comb., JPL

Table 2.1 - Main nulling-interferometry laboratory results, orderaccording to spectral band
(first column). The second column gives the bandwidth (aaetifrn of the central wavelength),
the third column give the best null achieved, the “Pol” cofuimdicates whether polarisers were
used at the output. The “Reference” and “Experiment” colsimdicate the setup (“Achr. Nulling

T.”is the Achromatic Nulling Testbed at the JPL which hadesal/phase shifter options: “perisc.”
was the periscope, “FC” was the through focus or focus angs$iPrism” was a setup with ZnSe

dispersive prisms, “2Prism” was a setup with ZnSe and ZnSws).
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3.1 Introduction

3.1.1 The purpose of this Chapter

The purpose of this Chapter is to provide a detailed desonif the two nulling testbeds currently op-
erating at thdnstitut d’Astrophysique Spatiai@ Orsay, France, namely thensirse and the NiLLTIMATE
instruments.

NuLcrivate can be regarded as the successoneh8se: the know-how and insights we acquired while
working on Sn~apse went into the design of dlurmvare. This thesis is primarily a report onySapsk.
Nonetheless, sinceudcrmvate inherited many subsystems fronys@pse (certain light sources, detectors,
single-mode fibres, etc.), it will not be toofficult to describe both testbeds.

What is more, our ambition is to provide an instructive testttuture generations of students working
with these testbeds would find useful. We shall, therefareote considerable space to the reasoning behind
the design choices: and we hope that a parallel descriptibatb testbeds will help us to achieve this goal.

3.1.2 General note

It must be noted that the two experiments are still a goingeon Their full potential has not been reached
so far. If there were enough manpower, both experimentapsetould be studied in parallel. We shall see
that Srnapse is @ more elegant optical design thanihrmvare which is more straightforward but also more
robust. Certain aspects oft& sk still need to be explained fully, anduNcrivate was designed to help in
this regard. However, once a better understanding is relaghie NuLcrivarte, it could be very satisfying to
go back to Snarsk in order to verify the theory.

The fact that the experiments are ongoing does not merely Itined some set of goals has not been
reached so far, but also that the objectives themselvesilhsyslving: not knowing the full potential of the
testbeds, the work itself gradually brings forth the pdssilbjectives to be reached. | am stressing this point
because in the logical order of things the reader might exgbet a description of an experiment should
start with an account of its purpose. Should it not be the gegghat dictates the operational parameters
and therefore the choice of means to achieve them? Showwdbitkenot have evolved linearly according to
a predetermined plan, such as the one outlined below?

e Objective: compare the achromatic phase shifter perfocaanthe K band.

e Since the theoretical limits of the phase shifter protosypee to be expected at the null levels of
nl = 1075, the testbed must reach at leabt 3 x 1076,

e In order to reach such null levels, and in view of other caists (flux levels of available sources,
quality and performance of optical elements including mdittars, precision of alignment proce-
dures, sensitivity of available detectors, etc.) the sbagto have such and such an optical design.

Although there have certainly been elements of such linkming present during the development of
the testbeds in Orsay, neithern&pse nor Nurctivate can be fully understood in such a framework. As with
all pioneering projects, the testbeds can only be fully ustd@d and appreciated as vehicles of discovery.
Their ultimate purpose is not to reach certain predefinetbpeance levels buto learn in detail about
phenomena hitherto known only by extrapolation.
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Figure 3.1 - A global view of the first nulling testbed at tHastitut d’Astrophysique Spatiale
(Ollivier 1999). It operated at ambient temperature in monochromaticriseld light at 106 um
and achieveal = 7 x 1074,

This is fundamentally the reason why this Chapter does lotidhe classical, linear plan which would
define the layout as a solution to the problem of reaching lijectives with available means. The choices
were, naturally, dictated by considerations aimed at dptirg performance. However, the process was not
linear, and this Chapter would not benefit from attempts timfiothe rationale behind each experimental
choice. We shall, therefore, limit ourselves to a simplecdpton of the equipment.

3.1.3 Historical background

3.1.3.1 Monochromatic10.6 um testbed

The Institut d’Astrophysique Spatiaie Orsay, France, has been involved in nulling interferagnsince
1995 when Marc Ollivier started his thesis under Alaigger’s direction Qllivier et al. 2001 Ollivier

1999. His testbed (Fig3.1) operated at ambient temperature in monochromatic peltight at 106 um
and achieveal = 7 x 1074,

3.1.3.2 TheSyn~arsk testbed

The secondfort was the Snapse! testbed (Fig3.2), again designed for operation at ambient temperature,
but in polychromatic light in the K band, i.e., between 2.G+#n (Brachet 2005 The primary aim of this

1SYmmetric Nuller for Achromatic Phase Shifter Evaluation
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Figure 3.2 - A view of the Srnapse nulling testbed’s interferometric setuBrachet 2005photo-
graph taken in Sept. 2003).

apparatus was achromatic phase shifter testing. This pammve the optical design towards symmetry.

3.1.3.3 TheSynarsk Il testbed

It soon became apparent that stability is a crucial issualiling interferometry, and an upgraded version
of the Srnapse testbed was implemented. It is known asi&sk Il (Gabor et al. 2008c¢

3.1.3.4 TheNuLtrmare testbed

In parallel with S~arpse Il, the team planned a new setup at@@m, this time in cryogenic conditions

(Chazelas 2007 The project was called tdrrivate?. Considerable fort was dedicated to the cryogenic
design 8.3) but in the end it was decided to postpone its realisatioih inet experimental technique is fully

mastered at ambient temperature in the K band. This is whiNthermvare testbed was finally designed
for operational parameters very much like those vfs8se but with a diferent optical design (Fig.4).

3.1.3.5 ThePersEeE testbed

The IAS team is currently also involved in therRee® testbed (Fig3.5) which was designed as a demon-
strator for the Bcase mission proposal (Principal Investigator: Marc Ollivieersee is currently being
installed at the Observatory of Paris in Meudon. The desightasts of several subsystems took place at
IAS, however. The scope of our report must be limited, and lvedl soncentrate on two testbedsiNgpse

and NULLTIMATE.

2NULling Low Temperature Interferometer for Multi Achromatibgse shifter TEsting
3Pecase Experiment for Research and Stabilization of Extreme Eitinst
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Figure 3.3 - The NuLLtivate testbed was originally designed for cryogenic conditick@?{ torr,
100 K) and1 ~ 10um (Chazelas 2007

Figure 3.4 - General view of Nrcrivate (during alignment).
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Figure 3.5 - A view of the Rrsek testbed.

3.2 General overview

3.2.1 An outline

The experimental setup contains the main optical chain béystems (the sources, the interferometer
proper, the detectors), as well as a number of auxiliary ygibms (alignment instruments, experiment
control electronics and software, data acquisition hardvaad software, antivibration protection, thermal

and accoustic insulation, temperature control). All osth&vill be described in detail after we first provide

an outline of the whole.

The general purpose of both setupgy&se and NuLLrivate, is to achieve high levels of stable nulling
performance first in the K band (for our purposes definetla@$2.0, 2.5]um), and eventually at = 10um.
This means we need two identical beams, corresponding ttetescope apertures following the same
field of view on the sky, we need to combine them interferorallly, and we need to detect the result.
Both testbeds create the two identical beams by splittinmpgles beam into two. Combining the beams
interferometrically means that the optical path of bothrbganust be of equal length. We therefore need
to include delay lines and dielectric compensating plateseaziges to equate the optical paths of the two
beams. Furthermore, polychromatic nulling requires thattase shift ofr be introduced between the two
beams achromatically. And finally, when combined, the beamst be of equal flux and the wavefronts
must be of adequate quality. An additional optical subsysteamely two polarisers, one at each end of
the interferometer, proved invaluable not only in provgliadditional information but in improving the
performance.

The minimal list of optical subsystems can be outlined agvis:

e Source, generating a single beam.
e Beam splitting subsystem creating two identical beams.

e Delay lines and dielectric compensators.
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Achromatic phase shifters.

Flux balance control.

Wavefront filter.

Polarisers.

Beam combining subsystem.

Detector subsystem.
There is also a number of auxiliary systems that need to beides:

e Alignment instruments.

Temperature control.

Antivibration protection.

Thermal and accoustic insulation.

Experiment control hardware and software.

Data acquisition hardware and software.

Experiments are not fully determined by the instrumentstheit layout: the operational methodology
is a crucial part of the whole process of experimental work.shall, therefore, devote a part of this Chapter
also to an outline of certain procedures, techniques anoqwts, leaving a detailed discussion of some of
them to the following Chaptergl@nd5).

3.2.2 General layout

Let us start with a general view of each of our two testbeds.

3.2.2.1 SyNAPSE

Whereas the interferometer proper is installed on a dediagi@ical table, the sources as well as the detec-
tors reside on their own optical benches, mechanically uiged from the interferometer’s primary bench
(Fig. 3.6). These three tables are optically linked with optical fibr8ince we use single-mode fibres, the
fibre linking the interferometer with the detector also ssras a modal filter. The interferometer with its
dedicated optical table is insulated by a plexiglass enctowith an optional imposed inverse heat gradient

(Fig. 3.7).

3.2.2.2 NULLTIMATE

Fig. 3.8 shows the Nririvate testbed with its protective casing. Here, the sources andetectors are all
installed on the same optical table as the interferometgyepr The interferometer is encased in a plexiglass
enclosure, mechanically decoupled from the optical taBlgain, single-mode optical fibres are used but,
unlike in the case of Burse, they are not necessary to provide an optical link betweersturces, the
interferometer proper and the detector since these otidadystems are all installed on the same optical
table. Like in S~apsk, the purpose of the single-mode fibre linking the interfesten and the detector is
modal filtering of the wavefront. The purpose of the fibre iimtkthe sources with the interferometer proper
is less crucial, however. It merely provides the same beasmgtry regardless of which source is being
used.
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3.2. GENERAL OVERVIEW

Figure 3.6 - Synapse experimental setup: The interferometer itself is meclallyiadecoupled
from the source and detector systems. The whole setup &latsbn a granit block supported
by six pneumatic legs (passive). Further, the interferemsbptical table stands on three piezo-

electric active legsBrachet 200%

Figure 3.7 - The interferometer table of¥Sarse is enclosed in a plexiglass enclosure. Its top can
be heated in order to impose a thermal gradient to minimisteidiulence Brachet 200k
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Figure 3.8 - Nurtrimate on its optical table, with protective casing.
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3.3 Purpose of the subsystems

We have already given a first glimpse of the the function, psiepand constraints of our setup in Sec-
tion 3.2.1 In the present Section, we shall provide a qualitative igtson of the individual subsystems.

3.3.1 A point source observed by two apertures

As we have already said, the general purpose of the testbéalstudy nulling interferometry. This implies
that we need to simulate a point source observed by two apsraind combined interferometrically in a
destructive manner. The point source represents a stard@Wet simulate the planets orbiting our star.)
The two apertures represent two telescopes observing dhe Bhie rest of the setup corresponds to the
combiner module of the future space observatory.

There are (at least) two possible approaches to the sironlafi the point source observed by two
apertures:

1. Create a large collimated beam (simulating an optical fienerated by a point source), and sample
it by two separate apertures. Only a small part of the flux @auatlised in this approach.

2. Create a collimated beam, and simulate the two apertyreglitting the beam into two equal beams.
Practically all of the flux is sampled in this case, but theiges more dificult to build.

The basic parameter we need to measure is the contrast Inetinetvo fluxes: one corresponding to
the constructive interference, and the other to the desteliaterference. This is the nulling ratiol, which
we have discussed previously (Sectihf). This means that one of the basic specifications our setayes h
to meet is the photometric budget. The two beams correspgridithe two apertures need to have a flux
suficient to provide adequate signal-to-noise in the measureaiehe nulling ratio, i.e., the remnant flux
at the “bottom” of the dark fringe needs to befsziently strong.

It turns out that it is not easy to generate infrared fluxebaidvel we require, especially if we hope to
measure deep nullingn < 107°). Therefore, both Svapse and NuLirivaTE implement the second approach
to simulating a point source observed by two apertures.

3.3.2 Three remarks on single-mode fibres

As we have already discussed in detail (Secfd), nulling interferometry is very sensitive to wavefront
defects, and therefore requires modal filtering. This iggered by single-mode optical fibres (SMFs)
placed at the output of the interferometer. Three desigresshould be explained at this point.

3.3.2.1 Paired fibres

In principle, the modal filtering is performed at the outpéitite interferometer but we also use another
fibre of identical properties at the interferometer’s inplihe basic reason why both on&rpse and on
NuLcrivate it is a good idea to use identical fibres at the input and at titpud of the interferometer
again has to do with the photometric budget: using fibres idéhtical core diameters coupled to identical
collimating mirrors (df-axis parabolic mirros, see Secti8r8.3 minimises the flux losses at the output.

3.3.2.2 Intensity and phase

The second issue is a direct corollary of the purpose of theubdibre (if it works perfectly). The fibre
reduces all the information about the injected optical fieldwo parameters only: the intensity and the
phase. The incident flux will simply excite the proper modthwarying intensity and phase. We insist upon
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Beam Combiner - 1 >

Fibre Fibre

Figure 3.9 - Uni-axial (left) and multi-axial (right) beam combinatioin order to couple both

beams with the fibre identically (along the same axis) in tmef uni-axial beam combination,
the beams need to be combined by a classic beam-combin&imem. In the case of the multi-
axial beam combination, the beams non-ideally are couplddtte fibre.

these elementary observations only because it is impddaatmember that for all intents and purposes the
relevant beam combination is going to occur upon the inpeatito the output fibre.

3.3.2.3 Uni-axial vs. multi-axial

The third issue is the choice of beam-combination methotebtitput of the interferometer. There are,
generally speaking, two solutions available: uni-axiadl amulti-axial (Fig.3.9). Let us take two beams
which are to be combined interferometrically. In the maltial approach the fibre head is illuminated with
the two beams that are to be combined coming from tui@idint directions. Naturally, for each beam, the
part of the incident flux which will be coupled with the fibreshe be within the acceptance lobe of the
fibre. A more careful analysis of the injection shows thatldmupling is possible only if the convergent
incident beam and the acceptance lobe are identical (App&hd). Since the two incident beams come
from different directions, they cannot, in principle, both coincidéh the acceptance lobe. Therefore, a
part of the flux is lost.

The uni-axial approach is not ideal either. For simple gedmeeasons, the two beams propagate
through the interferometer onftérent paths. If they are to impact the fibre head coaxially trave to be
brought together by means of other optical devices, e.mgusbeam splitting plate. The simple presence
of such an additional optical element is necessarily gomtpad to flux losses. What is more, a typical
beam splitter produces two complementary output beamglat aingles, and only one of the two will be
coupled to the output fibre. Unfortunately, even introdgcamother output fibre for the complementary
output beam does not help, because the decisive processeddmmeasure is the injection into the first
fibre, and the simultaneous injection into dfelient fibre is a dferent process without a direct, usable
connection with the first.

Both Svnapse and NuLcrivate use the uni-axial injection into the output fibre, and therefrequire a
classic beam combiner. This choice was motivated by theophetric budget as well as by the fact that uni-
axial beam combination is the classical technique, whetteafimits of multi-axial techniques are under
study.

3.3.3 f-axis parabolic mirrors

This may be the appropriate point to include a discussionnottreer optical device employed on our
testbeds. In both cases, i.e., on theufse and NuLLrivate testbeds, fi-axis parabolic mirrors (OAPS)
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are used rather extensively.

1. Firstly, some of the sourcesfectively generate divergent beams, which then have to bienedéd
with OAPs. As we shall see in more detail in the next Sect®#)( this is the case of the ceramic
black body, of the supercontinuum laser source, as well gsdbser diode.

2. Then, the collimated beams have to be injected into simglde optical fibres through which they
enter the beam-splitting setup used to generate the twosekimately destined to interfere at the
end of the optical path. As we know, the testbeds simulataratbe light of which they endeavour to
eliminate interferometrically. The light beam produceth&t output of this single-mode optical fibre
simulates our “star”.

3. At the output end of the star fibre, another OAP is used teigd¢a a collimated beam, which then
enters the beam-splitting subsystem generating the twodadnich will pass through the testbed.

4. At the end of the bench, after the beam combiner, the cadbiream is injected into the output
single-mode optical fibre using another OAP.

5. And finally, at the output of the testbed’s output fibre tst IDAP is used to collimate the light exiting
the fibre, and send it to the detector.

An OAP is (usually) an intersection of a paraboloid with airgér, their principal axes parallel. The
angle between the principal axis and the radiusnning from the paraboloid’s focus to the central point of
the OAP, is its angle (Fig. C.1). It is one of the characteristics of a given OAP. The lendtthis radiusr

is
2f

= ——. 3.1
1+ cosa 31

We provide description of Gaussian beams coupling to OARPgjmendixC. Let us merely recall one
non-intuitive property. One might think that the OAP is li&éunnel, “pouring” photons into the fibre. Such
a metaphor is misleading because, in fact, it implies thatithole of a “smaller” beam could be “poured”
into a “larger” fibre. This is not the case. Fibre coupling isrmlike a resonance: the two optical fields are
best coupled when they are of identical shape.

3.3.4 Symmetry

As we have already seen in connection with the couplifigiency (Sectior8.3.2.1 3.3.3 C.3), symmetry

of the design is one the key principles in our approach. I the optical design of theySarse testbed
can be seen as an exercise in symmetry. The beam splittisystem is designed in order to produce two
identical beams, and the beam combiner is the beam sdigract counterpart.

In the case of the Dlirmvare testbed, it was decided that symmetry would take seconc: pter
simplicity. Nonetheless, interferometry is impossiblehout a certain measure of symmetryurNrimare’s
two beams are not identical, but symmetry must be respeatetitherefore the beam splitter is a mirror
image of the beam combiner.

Svnapse implements a solution proposed Berabyn and Colavité2001) (Fig. 3.10 3.11) which is
symmetric by design. The dielectric plates need coatingthabthe system produces beams of equal
intensity.

The beam-splitter plates are plane-parallel which meaatsstiay light, due to multiple internal reflec-
tions in the plate, has to be dealt with. The classic solytidrich was implemented onuicrivare, is to
use slightly prismatic plates.ySarse, however, uses a filerent approach where the stray light is deflected
from contaminating the science beam’s path by the shape rmmpfions of the plates. Wrrmare, with
its classic solution, has to deal with beam dispersion oiptisnatic beam splitter. An antisymmetrically
oriented identical optical element, acting as a compengdabe, is placed as close to the beam splitter as
possible.

In Section3.3.7we shall address the issue of balancing the thickness afatié in the two beams.
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Figure 3.10 - Serabyn-Colavita modified Mach-Zehnder beam splitter.

Figure 3.11 - Serabyn-Colavita modified Mach-Zehnder beam combiner.
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Figure 3.12 - Flux mismatch estimation

3.3.5 Flux balancing

As we have seen (Sectid13.2.9, modal filtering of the interferometer output means thatte prop-
erties of the incident optical field are reduced to only twbage diference and intensity mismatch. All
interferometers need good control over flux balance but withsetup it is one of the two most crucial
points.

3.3.5.1 Flux-mismatch estimation

When the flux-level is stable, estimating the mismatch isakivit suffices to measure flux in each beam
and compare them. When the flux-level is unstable, howeveh an expedient is not readily available.
The flux is evolving during the measurement, and flux-misimagtimation is no longer a simple matter of
comparing two scalars.

Fig. 3.12 shows a series of measurements of one and the other beanmh(itter snoves through a
position where both beams are obscured) while the flux levebnstantly changing. In order to estimate
the flux mismatch reliably, we developed an algorithm bagsethe idea that the changes of the flux can
be, under favourable conditions, considered linear. Therdhm acquires a series of measurements of
the first beam, and tries to fit a line through the measuredipolhsuccessful, it procedes to the second
beam, and repeats the procedure. In the ideal case, thétlatgq@roduces two linear fits, roughly of the
same inclination. Theftset of one line with respect to the other then represents d gstimate of the flux
mismatch.

3.3.5.2 Flux balancing

Several flux-balancing techniques were used on thaiSe testbed over the years. We based our ideas on
NuLrrivate upon this experience.

Alignment.  The first, used up to 2005was based on the fact that the alignment of the bench as &whol
was within 3 arcmin. Because of this and because the optictdvasten shift in position from one day to

4l have never used it myself.
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another, tuning the orientation of several mirrors befaeheexperimental session was not only considered
acceptable: it was necessary. Flux optimisation and bilgneas a natural part of the process.

Blades. With the improvement of alignment accuracy (within 10 an)ysand especially after implement-
ing the more solid mechanical design known ass3sk Il, it was no longer felt that touching the alignment
was acceptable unless there was clear evidence of a shdsitign. A dedicated flux-balancing device was
therefore designed. It was based on two blade-bearinglatasstages, one operated by a manual screw,
while the other by a motorised one (Newport’s “CMA-12PP”"wét “SMC200” controller).

Injection into the output fibre. The coupling of each of the two beams with the output fibre iy ve
sensitive to beam shear and tip-tilt. The relative situatibthe beams is determined at the beam-combiner
level. After that both beams encounter the same opticaleisnviz., folding mirrors, thefbaxis parabola
and the output fibre. Our alignment procedures ensure tliheaiutput of the beam combiner, the beam
shear is

d~0.1mm (3.2)

and the misalignment is
6 ~ 5arcsec (3.3)

This means that if one beam is perfectly coupled with the fiklne other necessarily is not. Fine
movement of the folding mirrors can nonetheless always findrking point where both beams are equally
well injected.

The procedure of flux balancing thus also fulfils tbéerof the last alignment procedure, compensating
for the imperfection of beam superposition.

3.3.6 Stability

If it can be said that interference is the optical phenomenbith is the most sensitive to perturbations
of all sorts, it is even more true in the case of nulling irkeoimetry. This means that one of the guiding
principles in the design of our testbeds was their mechhaiwhthermal stability.

Let us illustrate this point in terms of the optical patfffelience. If the nulling performance is to be
maintained, e.g., below the level of = 1075, then (in the absence of other perturbations) the optidhl pa
difference must be maintained within

2
A% <nl=10° (3.4)
A¢ < 2Vnl=63x10° (3.5)
%% <2Vnl=63x107° (3.6)
OPD< A;/m =103 (3.7)
In the K band {min = 2.0 um), therefore,
OPD< 10731 =2nm (3.8)

Since we want to perform our nulling experiments in the K hamelneed to make sure that we control
the OPD to within nanometric levels. On such scaesrythingmoves. We need to make sure, therefore,
to make good use of all strategies available.
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Before we outline our choices for testbed stabilisationy$estress a point we already mentioned above
(Section3.1.2. Although the declared purposes of bothngrse and NuLrrivate were tests of achromatic
phase shifter prototypes, null stability, etc., the fundatal goal of these experiments is a better under-
standing of all the issues involved in nulling interferomge® he level of accuracy and stability required for
nulling is such that it is only prudent to make sure thlhpotential perturbations are well known and under
control.

The constraint of OPD being withity 1000 is a formidable challenge in its own right. But our pasbl
is much more daunting because it is perfectly clear that O&idral is by farnot the onlyissue we have
to deal with. In order to study all the perturbativieets, we need to be able to distinguish them, and that
means making very sure that we indeed do have OPD under tsottmat we can study the impact of other
parameters.

Let us now look at the available stabilisation techniquekeyTcan be divided broadly into two cate-
gories: passive and active. The passive ones are based oretlenical design of the optical table, the
mounts, and the casing. The active ones are those emplagting I9ops.

3.3.6.1 Ambient conditions

From the very first picture of Swrse we have reproduced here (FB6), it is clear that one of the chief
concerns in its design was the issue of ambient conditions.

e We havetemperatureand humidity control (of varying quality) in both rooms wherexGpse and
NuLcrivate are installed.

e What is more, the interferometers are installed in protectia@ses to minimisair turbulenceand
reduce acoustic perturbations.

e The Svnapsk testbed’s protective case has a heating system which cadirte a temperature gradi-
ent in the volume of air, therelngducing uncontrolled convection.

e The optical tables havantivibrationfeatures and are mechanically isolated from the floor.

We shall discuss the relevance artfioiency of all these measures in due course (Se&itr).

3.3.6.2 Mechanics

The mounts of our optics likewise play a cruciaéle in the stability of the setup. The criteria to be con-
sidered concern not only their rigidity but also their preality during alignment procedures in terms of
precision, repeatability, and sensitivity. The technigalutions adopted in the initial design of\&.rse
were not very satisfactory. Hence, an improved version wggeémented under the name ofsarse Il

A different approach was taken in the making of theiwmare testbed. The details of the solution are
included in due course (SectioBsl]).

An alternative, or rather complementary, approach is widekd, e.g., at the Jet Propulsion Laboratory,
Pasadena, Ca. Servo systems may provide beam shear (fadsitidn) and tip-tilt (direction) control.
Neither S~apse nor NuLLTIMATE US€e such devices.

3.3.6.3 OPD control

No mechanical solution can guarantee the level of stahiétyuired. In the case of the most sensitive
parameters, it is therefore necessary to implement adikglisation techniques, i.e., servo systems. A
possible control system can maintain the correct OPD agupttd continuous metrology measurements.
As we have mentioned, other servo mechanisms could coffiieobéam tip-tilt and shear. Yet another
system can maintain a perfect flux balance of the two beamsth&n popular option is fringe tracking.
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Our colleagues implemented it on therBte testbed in Meudon demonstrating that it also permits flux
balancing Houairi et al. 2008Houairi 2009.

The original architecture of thevSapse testbed was designed with a metrological OPD control in mind
This system was never commissioned satisfactorily. Thddorental problem was very probably the con-
junction of two facts: (1) the mounts were noffistiently stable, and (2) the metrology beams were led
about 2 cm above the science beams (using the same optioareke but not the same points of inci-
dence). These two observations can explain why the amplidfidequired corrections exceeded the servo
system’s capacity. The result was that figtient approach, based on OPD dithering, was pursued.

In the final months of the operation of the originahgrse it was demonstrated that OPD dithering
can succeed where the original metrology control systenmdid OPD dithering is an algorithm based on
cyclic measurements of the scientific signal while creatingll OPD changes with the delay line. The
same principle was implemented in the control software efithproved Snarsk |l testbed as well as on
NULLTIMATE.

3.3.6.4 Flux balance

Another parameter liable to change spontaneously duriresarements is the flux balance. Experiments
on Svnapse have shown that this parameter is less unstable than the OPD.

In our experience, both in the case ofngese and Nuirrvate, the first hurdle is to obtain a good
estimate of the flux balance. As a direct implication of whaisvwnentioned above (Secti@m3.2), it is
impossible to obtain a measurement of the flux coming int@thiput single mode fibre from one branch of
the interferometer simultaneously with measuring its egaé coming from the other branch. Aralfor-
tiori, it is impossible to perform interferometric experimentsi@imeasuring the fluxes coming from either
of the two branches, unless integrated optics are usedFeugr combiner ondra Coude Du Foresto et al.
1998 or Vincr on VLT-1). This simple fact can make it quitefticult to obtain a fast and reliable estimate
of the flux balance.

The original Sn~arse testbed did not have a dedicated flux-balancing subsysteater in the setup’s
evolution, blades were used to reach flux balance. And fintily latest version ofSrse Il as well as
Nurrrivate balance the fluxes by tweaking the the injection into the wifipre (Sectios.2.5.].

An automated servo system, analogous to the OPD ditheriag,b@ implemented on ®lirmMaTe in
the future (Sectiof7.3.9 in order to reach and maintain the flux balance.

3.3.7 Optical path

The optical path of the two branches of the interferometartbebe equal, i.e., the integrated geometric
length of the branches A and B, weighted with the local reivacindex has to be equak peing the
geometric path):

Ln(s)ds:an(s)ds (3.9)

We consider that the beams propagate through two distindtanvehich simplifies the integrals, as we
taken(s) = n; or n, wheren, ; are constant refractive indices generically describireghtro media:

MSLA + S A = NS + N2SE. (3.10)

The reason why there are at least two media is due to the fatcivéhopted for creating our beams using a
beam splitter and combining them using a beam combiner. Gatium is therefore air, while the other it
the dielectric of the beam splitters and beam combiners.

5The reality is, naturally, somewhat more complicated, and #nitions of the refractive index along the optical patheetfthe
local inhomogeneities, temperature, presure, humidity, etc.
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If the experiments were to be performed in monochromatiat/ithe Equatior8.10would mean that
we could compensate the potentially unequal thicknesseotlidlectric in the two branchesyielectrica #
Sdielectrics With an appropriate column of air (easily implemented by inguhe delay lines). In the poly-
chromatic case, however, this approach is inadequate setae dielectric medium is, in principle, disper-
sivél. It is, therefore, necessary to replace the condiBidi®with the two conditions:

SairA = Sair,B (3.11)

SdielectricA = SdielectricB (3.12)

This implies that we need to ensure that the thickness of idleatric in the two branches of the
instrument be equal (EQ.12. In other words, either we make sure that all of our dieleqtiates are
plane-parallel and of equal thickness (if they were pristnate would have to make sure that the beam
passes exactly homologous regions of the prisms), or wetneedude a compensating devioiromatism
compensatqrinto our testbed’s design. ySapse uses plane-parallel plates but they are not necessarily
of equal thickness. The CalPrisms act as a chromatism compensatarLiNmare uses prismatic beam
splitters and dispersion compensators (Se2.4 one of which can slide perpendicular to the beam, varying
the thickness of the dielectric in the optical path.

3.4 Sources

The light sources were acquired affdrent points of the experimental work, and over the yeare weed
in the case of the two optical testbeds. In this Section, vedl phovide a list of the sources; whereas their
usage in actual experiments will be made clear in the Chagtér and6.

3.4.1 Ceramic black body

This black body source consisting of a LaCr hollow cylind2® fnm diameter, 20 cm length; Fig§.13

with a 5 mm hole on the side, conducting a currentdf7 A, emits visible and thermal radiation closely
approximating a black body at 2000 K. The radiation is filteusing interference filters, focused with an
off-axis parabola, and injected into a single-mode opticat {iBection3.5.7). In order to avoid thermal and
mechanical perturbations of the interferometer, the sosubsystem, as well as the detector subsystem, are
decoupled from the optical table.

The theoretical power output can be estimated from Platak/sBYy integratingB, (T) over our spectral

band we obtain the fluk
/lmax /lmax
F(T) = f B,(T)dA = f C—gzd—ﬂ (3.13)
A amn e —1

Taking Amin = 2.0 um, Amax = 2.5um, T = 2000 K, we obtain

min

F=4x10"Wm2sr (3.14)
For a somewhat elierently defined K band, viz., withmi, = 2.08um, andApmax = 2.40um, we have
F =285x 10*Wm—2sr, (3.15)

The étenduesQ of our beam is limited by the optical fibre which we use (Set8®.])

(/lmin + /lmax)2

SQ ~ ~ 4.88x 1072 m?sr (3.16)

and therefore the available power is
P~ 1.39%x 107" W. (3.17)

6The dispersion of the air is much less pronounced.
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Figure 3.13 - Ceramic black body (a cross-section).
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Figure 3.14 - Structure of the L5um laser beam

3.4.2 3.39umHeNe laser

Research Electro-Optics supplied us with a HeNe infra-asél It can operate at two wavelengths: 1.15
and 339um. Since we cannot easily image th&3um beam, we sometimes use th&3um for align-
ment purposes because we can observe it through an infrds@ad We discovered that the beam has an
unexpected structure (Fi§.14. This behaviour remains unexplained by the producer, lwhiekes us
wary of accepting the provided data sheet on face value.

The furnished documentation contains the following values

e beam diametet 1.55 mm;

e beam divergence 2.78 mrad= 9.55 arcmir.
If we consider the given “beam divergence” to be the halflan@yergence, we obtain a better accord with
our observations than if it were the full-angle divergence.

The nominal power of the.39um beam is given as 3 mW. We verified this value with a calorimete
and concluded that it is a good approximation. The availpblger is

P~ 2mW. (3.18)

3.4.3 Supercontinuum laser source

Fianium supplied a “white laser” @upercontinuunsource based on a non-linear, photonic crystal optical
fibre. It produces about2ZmW/nm in the spectral range of 400—2500 nm.

The time averaged power of our sourcexdi®2 W, when integrated over the whole spectral band. A
typical spectrum of such a source is given in Bdl5 Unfortunately, we do not have the spectrum of our
source. We estimate that out of the total 2 W, about 10 % gotetl band.

7One may ask how is the producer able to determine these valtteswah accuracy...
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Figure 3.15 - Spectrum of a supercontinuum laser source.

The dfective temperaturé.; of the source can be estimated. This is the temperature afck4lody
source that would emit the same flux with the sa@tendue $Q = 1%). We find that our source (over
the whole spectral range between 400 and 2500 nm) is theagoivof a black body with the impressive
effective temperature of

Ter = 140 MK. (3.19)

Looking up the values for the photonics crystal fibre usedh@Rianium supercontinuum source (the
fibre itself is made by Crystal Fibre), we found a plot of the MFmode-field diameter; MFD= 2wp;
cf. Section3.5.1) as a function of wavelength covering the wavelength range 400 to 1700 nm. The
variation is rather weak, going from MFEB 3.83um at 400 nm to MFD~ 4.20um at 1700 nm. We
graphically extrapolated, finding

MFD = 2wo ~ 4.4 um (3.20)

atA = 2.2, which gives
60=0.32 (3.21)

and therefore a parabola 6f= 33mma = 30° (cf. Section3.3.3 produces a collimated beam bf =
225 mm. Using a parabola with = 127 mm, andx = 90°, gives a beam witld = 16.2 mm.

3.4.4 2.32umlaser diode

We also purchased a spectrally single-mode laser diodesigie-mode fibred optical output from NanoPlus.
The available power is 2 mW.

As for the fibre, NanoPlus provided the information that itsveaCorning SMF 28 (225 um) fibre.
Its cutdf wavelength is 1260 nm, and the MFD’s are given for 1310 and 158, viz. 9.2 and 1@ um,
respectively. Using the given values of the indeffatience, 6 %, and the core index, at 1310 and
1550 nm, which are given ag = 1.4675 and 1.4681, respectively, we obtained an extrapolates of
Ne(1 = 2.32um) = 1.4700, and NA= 0.1258 Using the value NA= 0.125, we obtainedv,/a = 1. The
core diameter is given a2 8.3um, which means thatp = 8.3/2um.

8Two of the documents mention that “NA was measured at the onepiepower angle of a one-dimensional far-field scan at
1310nm”, one listing the value as NA0.13, while the other document gives the measured value=N0AL4.
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We obtain therefore
9 =0.178 (3.22)

which means that fof = 13 mm, andv = 35°, the beam diameter B = 5.1 mm.

3.5 Modal filters

We discussed the importance of wavefront filtering in ngllinterferometry in Sectio.5. While Svnaprse
always used SMF’s, dlurivare, originally aiming for 10um, is provided with a set of pinholes, and also
benefited from the R&D on silver halide fibres at the Universit Tel Aviv (prof. Abraham Katzir). We
are not working at 1dm, however.

3.5.1 Fluoride-Glass Single-Mode Fibres
We have five SMF fibres from Verre Fluar

e two 1-metre K-band fibres with cufiovavelengtiy, = 1.95um, and core diameters2= 6.5 um,
e three 2-metre K-band fibregg, = 1.95um, 2a = 6.5um, and
e one 2-metre L-band fibres, = 2.85um, 2a = 11um.

The transmission of the fibres is shown in Fig<dg 3.17.

Our K-band single-mode fibre (SMF) has a numerical aperth/ (©f 0.23. This is given by the
physical properties of the materials used, namely

NA= [Ne— ngladding (3.23)

The waistwy = 3.9 um, core diameter@= 6.5 um and normalised frequendy= 2.135 atd = 2.2 um.

Using
A
0=—"— 3.24
vy (3.24)
we obtain
¢ =0.18rad= 10.3° (3.25)

for the far-field angular radius (half-angle divergencefhef Gaussian TEM beam at 1€.

3.5.2 Fibre output aperturing
An interesting option for the improvement of the modal-fihg performance of our fibres is output aper-
turing (Lawson et al. 2008 With certain fibres (e.g., the silver halide fibres), pil@somay be installed

relatively easily on the exit fibrehead. Another approado isollimate the output beam and use an iris in
the image plane.

3.6 Spectral filters

We are equiped with a set of interference filters furnishetibsthumbria Optical Coatings:

e two K filters with central wavelength of.21um and full width at half maximum of @3um, i.e.,
2.045-2375um; bandwidth of 15 % (Fig3.18);
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Figure 3.16 - Transmission of the K-band single-mode fibre (iryki) vs. wavelength (intm;
courtesy VerreFlu@).

Figure 3.17 - Transmission of the L-band single-mode fibre (irykiB) vs. wavelength (inum;
courtesy VerreFlu@).
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Figure 3.18 - Transmission curve of the interference filter with centralelength of 21um
and full width at half maximum of @3um.

e a K filter with a passband of 2.21-44 um, i.e., bandwidth of 8.7 % (Fi®.19);
e an L filter with a passband of 3.257% um,i.e., bandwidth of 14 % (Fi.20); and
e a filter with 16 nm FWHM at Z44um (i.e., bandwidth of 0.7 %; Fi.27) .

3.7 Polarisers

We have two P03 polarisers from InfraSpecs. The transmmisgioves are in Fig3.22 They are realised
as a line grid of gold wires with a thickness-ofl um, and spacing of 1 um. A rough estimate based on
the knowledge of the production process allows to dedudelieavire diameter may vary within one grid
by ~ 5 %. In order to prevent the wires from touching each otherglare spacing rods between the wires.
The spacing rods are of similar thickness as the wires, wéieging o~ 50 um.

3.8 Detectors

3.8.1 Array detector

Circus is an astronomical camera system previously used on thed@afrance Hawaii Telescope. It uses
a solid-nitrogen cooled cryostat, and, since 1990, it ha®8x128 pixel InSb array, called AMBER 128.
Useful pixel size is 46 40 um?.

3.8.2 Single element detector

Electro-Optical Systems supplied a commercial, liquiglegien cooled, InSb detector. Its active surface is
0.25 mm in diameter, and its Noise Equivalent Power is

NEP=6x 10 ¥WHz /2, (3.26)
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Figure 3.19 - Transmission curve of the interference filter with a pasdhEr2.21-241 um.
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Figure 3.20 - Transmission curve of the interference filter with a pasehEr8.25-375um.
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Figure 3.21 - Transmission curve of the interference filter with centrabelength of Z44um
and full width at half maximum of 16 nm.

Figure 3.22 - Transmission curves of P03 polarisers. (Courtesy Infra§pe
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Figure 3.23 - Focus Crossing APS prototype

i.e., its specific detectivitp*, consideringdD* = VA/NEP, whereA is the active area,

D* = 4x 10" ecmHZ2wWL, (3.27)

3.9 Phase shifter prototypes

We have discussed the Achromatic Phase Shifters (APS) iio8&c3. In the context of an ESA study, we
have three APS prototypes in addition to the &aFisms forming an AP8hromatism compensator which
is an intrinsic part of the Supse testbed (cf. Se@.4).

3.9.1 Focus Crossing or Through Focus

A Focus Crossing APS prototype (APS FC; also known as Thrdtagtus APS) was developed by the
Observatoire de &e d’Azur, Nice, France (Fig3.23. The APS FC is based on the so-called Gofigat
where light undergoes a phase shiftroivhen crossing a focus. The phenomenon is independent of wave
length Gouy 1890 Boyd 1980Q. The principle of this approach is similar to the one of thehfomatic
Interfero-Coronagraph3ay and Rabbia 199@audoz et al. 2000k; Rabbia et al. 2006

APS FC comprises two modules, one bearing two confocalgeatibolic df-axis mirrors, the other,
two flat mirrors. The “confocal” module produces an achramatphase shift, a pupil rotation by and
an extra optical path (twice the focal length of a parabglaichile the role of the “flat-flat” module is to
balance this pathlength and to reproduce the beam geonfétry confocal module. At beam combination,
the resulting amplitude is nulled for an on-axis point-lé@urce, provided the wavefronts are perfectly
cophased. If not, nulling is incomplete and a residual flurams.

3.9.2 Field Reversal or Periscope

A Field-Reversal APS prototype (APS FR; also known as Pepis@PS) is shown in Fi3.24 The system
again comprises two modules, but, unlike the APS FC wher@dhfat module is for reference purposes
only, here both modules are needed to creatertpbase shift. Each module is composed of three flat
mirrors. Two reflections per beam are necessary to inducphthse shift, the third reflection merely flips
the beams so that the outgoing beams are parallel to the ingdseams.

Two reflections, arranged in such a way thahdp polarisation components are successively permuted,
flip the field vectors, inducing an achromatic phase shiftyak as a pupil rotation of. Suitably applied
to a couple of beams, a couple of periscopes generates msicatly achromatic phase shift ef(opposed
field vectors). Then a modified constructive interferometevides two nulled outputs by suitably mixing
the beams.
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Figure 3.24 - Field Reversal APS prototype

Figure 3.25 - Dispersive Prisms APS prototype

A prototype APS FC was developed at Max-Planck-InstitutAstronomie in Heidelberg in collabo-
ration with Kayser-Threde GmbH in Munich and the IOF Frauehdnstitute for Applied Optics in Jena
(Launhardt 2008

3.9.3 Dispersive prisms

The principle of this method consists in introducing digéliecplates into each arm of the interferometer.
Their number, composition and thickness are optimisedgttaag with the OPD, so that the chromaticity
of the resulting phase shift in a given spectral band is bel@pecified level. The description of\Spse
(Sec.3.11) mentions that a simple APS using two prisms of the same iahieeach arm of the interferom-
eter is an integral part of the setup. A model with three psisifithree diferent materials per interferometer
arm is under development by Thales Alenia Space. A set of tha@s of Dispersive Prisms was developed
by Thales Alenia Space (Fi§.24). The materials are Germanium, KRS5, and ZnSe.

3.10 Electronics & Software

We have already mentioned (Sect®8.2 the lock-in amplifier which is a fast and sensitive AnalomyiEal
Converter (ADC) with a precision oscillator and a computarming sophisticated software. But we shall
not go into the details of the commercial hardware with itdtho software. Rather, we shall concentrate
on the custom software used in experiment control and dajaigiton.
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Figure 3.26 - Stanford Research Systems SR830 Lock-In Amplifier.

3.10.1 Lock-in amplifier
3.10.1.1 Data sampling or transfer?

The Stanford Research Systems SR830 Lock-In Amplifier @=Rp) operates digitally, i.e., after it digitises
the input signal all of its further operation is digital. Ttheta output stream is accessible via a GPIB port. A
digital-analog converter is built in to provide an optioaaklog output, coding the output data as a voltage.
Its mainraison d’'étreis backwards compatibility: lock-in amplifiers’ operatiosed to be analog, and it
was therefore natural to use an analog output port. Withla digital lock-in amplifier this does not make
sense.

The argument for keeping with the analog output is that tigéalidata transfer is too slow. This line
of thought ignores the fact that there is a fundamentéince between the data output of an analog and
a digital lock-in amplifier. In the days of analog lock-in alifiprs the output was a raw stream, and it was
up to the user to treat it. A fully digital lock-in amplifierndhe other hand, provides a clean digital output
that does not have to be faster than, typically, the timetams. It does not make sense to acquire data at
a frequency higher tharyt because the output data stream does not require any progéfst sampling,
averaging, etc.): all that has already been done by theitoekaplifier much more cleanly than whatever
the user can do playing with the re-analogised voltage. Wéagpéns between the lock-in amplifier and the
experiment-control computer is data transfer, not datgoiaghn Sampling is done by the lock-in amplifier’s
analog-digital converter operating on the input signal.

The original Snapse architecture uses the old way of thinking about lock-in afigsk. It is only the
latest system, which we implemented on the Nmvare testbed in 2002009, that uses the digital output
directly. Srnapsk Il therefore uses the re-analogised lock-in amplifier ougampled by an external analog-
digital converter (we use commercial products of Naional Instrument&orporation).

3.10.1.2 “Dark current”

The lock-in amplifier’s output is a complex value represdrds two real numbers. This ordered pair of
numbers is provided either in its native Carthesian forma,,v@sX andY, or converted into polar co-
ordinate system, @ andd. The lock-in amplifier represents the data in the Carthefsian, and provides
the conversion to polar co-ordinates as an optional stes. thierefore faster (albeit marginally) to work
with X andY.

When the lock-in amplifier operates with a chopper wheel (asiincase), it receives alternatively the
background flux alone and the signal with the backgroundoutput can be naturally viewed as a result
of a sophisticated method of subtracting the backgrouna fite signal. Contrary to many experimenter’s
reflexes, it is therefore unnecessary to subtract a “dantentit It has already been done by the lock-in
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amplifier.

Another way of looking at this issue has to do with the behawad the co-ordinaté. It has two regimes
of behaviour:

1. When there is a signal (when there is a consistdfergince between the voltage acquired when the
chopper wheel leaves the beam path open, and when it shiltent) fluctuates around a determined
value with an amplitude of, typically, a degree.

2. When there is no signal (no consistanff@lience between the situations when the chopper wheel
opens and closes the beam path) then the valdesafiniformly distributed over 2

Naturally, the value oR has a diferent physical interpretation in the two cases. In the firstance, it is a
good estimate of the signal (unless the signal-to-noise iatery poor, e.g.< 2). In the second instance,

it is the modulus of two random variables,andY, which are both supposed to have zero mean values,
(X) = (Y) = 0. What we would really like to know is nd, but rather we would like to verify that indeed
(X) = (Y) =0, and to determine the standard deviatiogsoy. MeasuringR can merely provide an upper
limit on these values.

3.10.2 Software

As with the testbeds themselves, our custom software wesugh several stages of development. The first
system, implemented on theSpse testbed, was developed by Frank Brachet. It was entirefemented
using theNational Instrumentd abView software (for more details s@&rachet(2005). The perceived
priority in the design of this system was the integration e tetrology feedback loop, requiring fast,
real-time operation with high data transfer rates.

Once it was realised that the metrology system will no lorgea concern, other issues came to the
forefront. The main weakness of the Frank Brachet's systes tivat new functions werefiicult and
tedious to implement. Therefore, a more flexible architectvas desired.

This second stage of software development was based ongdtesrsynplemented on theSwme testbed
at the Observatory of Paris in Meudon. The basic issue tstesyset out to address in Meudon was remote
operation: the laboratory being relatively far from tHaes of the experimentators, afiegient method of
running the setup remotely became a priority. The solutias t@ create a simple server that would receive
commands via ethernet. The server was implemented usinglE&t while the commands were sent (and
responses were received) through shells running IDL, ¥oNtatLab, etc.

The Sisame architecture was adapted at IAS by Bruno Chazelas and mykselbne major dierence
being that the user interface shell was written in Python.

The third stage is an upgrade of the previousa&ie-based design. There are two keyfeiences.
Firstly, the data acquisition via the lock-in amplifiers wagrhauled, making it purely digital. And sec-
ondly, the concept of remote operation shifted.

The original $same design had the server software running on a computer in boed#ory and the user
interface running on a computer in a distafftae. Over time we started relying more and more on VNC
i.e., on remote desktop sharing software. We would run dagtserver and the user interface software on
the same computer in the experiment’s control room, briggimthis computer’s desktop remotely via VNC
on any computer connected to the network. The obvious adgartf this solution is that the user interface
software needs to be installed and kept up-to-date only ercomputer, which facilitates tweaking of the
software.

This changed mode of operation brought about a change initigtodi of labour between the server
and user interface software.

SvVirtual Network Computing
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Figure 3.28 - The first software system. Overview of the LabVietis running on the PC.
(Brachet 200p

The first software system. In order to manage the information flow of the metrology systeith ad-
equate #iciency, the software runs on twofldirent platforms simultaneously: on a dedicaktional
InstrumentsPXI computer, and on a standdriel Pentium based personal computer. Both computers are
interacting with the hardware but the PXI does so at constdatof 4 kHz, whereas the PC sends instruc-
tions to or receives information from the hardware only wheeded. It may be said that the packages
running on the PC serve primarily as a user interface to wkais happening in “real time” controled by
the PXI. The communication protocols used are summariseair3.27.

In order to perform, e.g., a null stability measurementuber runs interface software from the PC (Fig.
3.28. The main user interface is the HOSTPLabViewVirtual Instrumentyi). It ensures communication
(via TCPIP) with the PXI, and allows the possibility of running sdiéic measurement applications: from
simple data acquisition, through setting the positionshefdelay lines and of one phase shifter prism, to
optical delay line or dispersive prisms phase shifter s¢atepping the actuators in moving the optics to
modify the optical delay line length or the position of ondlad prisms of the phase shifter, while acquiring
the measured signal a preset number of times at each stop).

A closer look “under the hood” is required (Fig.29. There are two main packages running on the PXI.
The first (called RTTCP) ensures communication with the PC (via TIEIP, and the second (TCAgilent)
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Figure 3.29 - The first SW system. Overview of the LabViexs running on the PXI.Brachet
2005

is the “real-time” loop designed for thigilent metrology control system. The loop has many operating
modes (represented byfidirent CASEs in thei) which are selected, according to the information coming
from the user interface.

The metrology loop was an essential element of the P@flent, and was running permanently when-
ever the software was on. Nonetheless, the loop could rumowitactually &ecting any changes in the
position of the delay lines. In this case, the loop was mamepitoring the metrology signal, opening the
possibility of recording the OPD information. As we havesalily mentioned (Sectidh3.6.3, this setting
was the only viable option because the metrology beams ppads®/e the science beams, and therefore
the metrology was following the mechanical vibrations af tiptics at inappropriate points of incidence.
In fact, simple geometrical considerations give credipiid the opinion that the vibration amplitude at the
two levels must have beenftirent (viz., roughly twice larger at the metrology levelritat the science
beam level).

The first version of the OPD dithering algorithm (see Chagjaras implemented under this system,
in a subset of the CASEs mentioned above.

The second software system. Inheriting theNational Instrument®XI industrial computer with all of the
inputoutput operations frofto the testbed being handled by the PXI's cards, meant tleateiv $same
server (introduced in Sectidh10 had to be installed on the PXI. These machines, howevedesigned
with a different mode of operation in mind, viz., they are furnishednaitnminimalist operating system the
sole purpose of which is to run compiled LabVIEW programnieaded via ftp. It was decided to make
our PXI double boot, i.e., adding the option of running WiwdoXP for more flexibility.

The Ssame server LabVIEW vi yirtual instrumenf runs a loop waiting for messages sent to it via
ethernet (TCPIP, Fig3.30. Each message is decoded as a string of characters. Ifgheifiht characters
correspond to one of the implemented instructions (seeeTal), the appropriate code is executed and a
response (if any) is sent out again as a string of characizethernet.

The framework of the server was taken from theasie software but the commands were implemented
from scratch.

At this stage, the philosophy of the server LabVIEW vi clgsmpied that of our colleagues in Meudon:
the user was not to use the server’s front end directly, liberanteract with a shell (written in a scripting
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Figure 3.30 - The second software system. The server LabVI&ual instrument based on

the loop designed for theeSwme testbed at the Observatory of Paris in Meudon (left), runs on

a dedicated PXI industrial computer hard-connected to yiseems of the testbed. It receives
commands and sends out answers via TCP-IP to and from a Psttledr{right) implemented on

any user computer. The server itself does not provide ditatzt output.

| Command [ Description |
CMDSR830 | General communication with the lock-in amplifier.
LIA_MMSR | Versatile measurement with lock-in amplifiers.
MSR.REG1 | An acquisition of the lock-in amplifier data output.
GET.DETS | Getlock-in amplifier's gain.
SET.DETS Set lock-in amplifier’s gain.
GET.OFLT Get lock-in amplifier’s time constant.
SET.OFLT Get lock-in amplifier’s time constant.
ADJ.DETS Adjust lock-in amplifier's gain to a given voltage.
SRCDETS | Adjust lock-in amplifier's gain to the signal.
CMND_SMC | General communication with the SMC command
NSC CMND | General communication with the NSC command
ROT_SHUT | Open or close one or both interferometer branch

Table 3.1 - The second and third software system. List of commands immgritged in the Same
server (a sample).
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language), sending commands, receiving and visualisigetstbed’s response in the shell environment.

The shell Bruno Chazelas and myself implemented, is writt€&tython. Its basic module deals with the
communication via TCP-IP with the server LabVIEW vi. Anathgodule wraps the server’s eight-character
commands, generating the appropriate strings (comprisenagommand and its arguments) to be sent to the
server, providing default arguments, screening the ugert ifor invalid argument values, and decoding the
server’s response, converting the incoming string of dtara into appropriate variables. The third module
is a collection of scripts calling the commands, wrappedigydrevious module, in order to perform more
sophisticated operations (e.g., flux mismatch estimatehwdequires alternate measurements of the flux in
each branch of the interferometer).

The fact that our work isesearchin the ethymological sense, made itself manifest also imptoeess
of software development. In fact, with time it became cleand that our practice comprises three stages:

1. Firstwe would try a new experimental procedure sendinngommands one by one, manually typing
them in through the shell.

2. Once we had a good grasp of an algorithm we would write adPyshript and include it as a method,
usually, in the “tools.py” module.

3. After a while we might find that it would be better to impleméhe same function directly as one of
the commands of oureSame LabVIEW server.

A good example of this process is the procedure providingtimate of intensity mismatch (Secti8r8.5.

The OPD dithering algorithm was implemented in this versibthe software as a separate program
thread, comprising a loop, initially running “dry” (withoéyperforming any action) and accepting three
different commands: (1) start dithering or restart it after spa(R) pause dithering, and (3) stop dithering
closing down the thread. Each of these commands took additavxguments defining the duration of the
individual stages of the dithering cycle, etc.

The third software system. The third software system can be called a consequence (#sbat belated)

of fast networking. It took us a while to realise the obsodese of the &amean philosophy, which solved
the conundrum of remote experiment control by running aeseand a shell on two fierent computers
linked via TCP-IP. Fast networking makes it easy to run bbth gerver and the shell on the same ma-
chine, which the user interacts with via a remote desktopi@egincluding work from &-campus home
computers).

The advantage of this system is very practical: The origBasdme system was a little cumbersome to
develop because software versions had to be carefullylatedebetween the dedicated PXI and the user
machines running the Python package. It required additiwoek to keep track of the development and
co-ordinate the work. What is more, the “viewer” module, pdavg graphics output in the Python shell,
was liable to platform-related and installation-relatestabilities. With both the server and the command
shell running on the same machine, all of these problems elgnénated.

Working via remote desktop also had some other implicatitims main one being that the graphics
output could be implemented directly on the LabVIEW seresel. This is clearly a more logical solution
because there is no need of data transfer via the TCP-IPcoidto

3.11 SvyNAPSE

Fig. 3.32shows the interferometer with the science and metrologynisedt is set up on an optical table
with passive vibration protection, and protected from &tioland thermal perturbations by a plexiglass box
(Section3.3.6.1). The optical bench itself comprises two modified Mach-Zigrinterferometers serving

10The transfer is internal to the same computer but it still pagts®ugh the ethernet card.
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Figure 3.31 - The third software system. The server LabVIBNktual instrument based on the
loop designed for thesSame testbed at the Observatory of Paris in Meudon (top left)s rom

a dedicated computer hard-connected to the systems ofgtimte It receives commands and
sends out answers via TCP-IP to and from a Python shell (gbg)rimplemented on the same
computer. The server also provides direct output of datadptgc form. The user communicates
with the system via remote desktop (VNC; bottom).
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Figure 3.32 - Images of Snapse overlaid with science and metrology beams
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Figure 3.33 - Metrology beam splitter.

as beam-splitting and beam-recombination devi€esgbyn and Colavita 20DXcreating the two identical
beams (SectioB.3.4, delay lines, and a simple APS with two Gafrisms in each interferometer arm.

The beam-splitter and beam-combiner systems use parallelflates. Their thickness is not guaran-
teed to be identical to the required accuracy, and therefooenpensator needs to be included in the design.
The bench’s intrinsic APS, comprising two Gaprisms in each interferometer arm, fulfills this role. As
an APS, it can introduce any given phase shift, and redueeshiftomaticity in the K or L band so that the
resulting theoretical nulling performance is better thah0>.

The metrology beam (Sectiagh?2) is generated by a laser (under the optical table) and spkt ted-
icated beam splitter (Fig.33 which is suspended from the top of the tower also housinditsiebeam-
splitting plate (Fig.3.32 the tower is in the bottom-left corner of the beam-splistereadboard).

Both delay lines, based on rooftop mirrors, are motorised:

e one with a stepper motor running 25 mm (i.e., optical pathQofrBn) at 01 um reproducibility,

e and the other with a piezoelecric actuator runninguicbat a reproducibility better than 0.5 nm.

Since the bench (if well aligned) is symmetric by design fltve of the two arms can be balanced using
simply injection into the exit SMF, tweaking the orientatiof the folding mirror illuminating the #-axis
parabola (SectioB.3.5. The better the superposition of the two beams, the edmdralancing.

3.12 Synarpsk Il

The functional outline of the Birse 1l testbed is given in Fig3.34 It is very similar to the original
Svnarsk, differing only in four aspects:

¢ the external-metrology system was dismounted,

¢ there was extensive work done on the mechanics (e.g., timbiatble was changed, the tower on the
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Figure 3.34 - Synarsk |l (from left to right): Sources (three options), SMF, beapiitter subsys-
tem, Cak prisms (chromatism compensator grdAPS), optical switch, APS prototype modules,
beam-combiner subsystem, SMF, detectors (two options).

beam splitter’'s breadboard was disassembled, the beamimamtas placed on a new breadboard),
enabling us to improve the alignment,

e the Focus Crossing APS prototype was mounted, and

e new sources were coupled to the input fibreN&se originally used only the Ceramic Black Body).

For the tests of the FC APS prototype, a translation stagefalitling mirrors acts as an optical switch
to insert the prototype into the optical path.

3.13 NULLTIMATE

The general optical layout ofidirivare (Fig. 3.35) is that of a simple Mach-Zehnder interferometer, rather
than a double one as is the case withv&se. The number of optical surfaces has been reduced. The
optics are ZnSe. The beam splitter and the beam combineriaraatic (£ opening angle) and require
compensators (Sectidh3.4. One of the compensators is also a chromatism compen&sotign3.3.7).

The mechanical design uses a line-point-plane on all dleanents (Fig3.36).
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Figure 3.35 - Nurcrivate: outline of the optical layout. The beam arrives from bottoght,
going left towards two folding mirrors and a parabola whinfects it into the input fibre. The
beam leaves the diagram at top left.
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Figure 3.36 - NuLrivate. The line-point-plane system is implemented on all optataiments.
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4.1 Introduction

We have seen (Se2.6) that stability is crucial for nulling interferometry. Tibed studies suggest that it is
not easy to achieve.

OPD is one of the first quantities that needs to be controfiexhiinterferometric setup. Several strate-
gies may, and in fact, should be applied simultaneously. &peoach uses a separate metrological servo
system, based on a laser beam following the path of the bearseAdehaviour is actually under study (“sci-
entific beam”) as closely as possible. The strong points cfi systems include high accuracy, monitoring
as well as servo functions, high-frequency servo contitol, €he disadvantages have to do with the fact
that metrology always uses monochromatic lasers whereasctantific beam ultimately has to be a poly-
chromatic one. Moreover, the metrological laser is vergmofit a wavelength outside of the working band
of the experiment, which means that the OPD’s and the flawssgéhe two systems may befidirent.

An alternative approach is dither stabilisation, impletirtena servo mechanism based on the scientific
beam itself. A classical form of this technique has beendtigated byOllivier et al. (2001), although this
first experiment was inconclusive. More recen8ghmidtlin et al (2005 have demonstrated the potential
of dithering in a sequential way, obtaining good levels abdtsation with nulling ratio around 8 10 with
a laser diode at 638 nm. It was this work that provided our te@imdecisive inspiration.
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4.2 Metrology

In the original concept of Svarse, a dedicated metrology system was to monitor and control OFie
metrology system is a Michelson interferometer based onnanwercial product (HP Agilent 10716A)
operating with visible laser beams (HeNe 633 nm) that rum foues through the setup. This ensures
a precision of 0.3 nm. The drawback is that the metrology Iseeamnot easily follow exactly the same
path as the science beams (mainly because of the fundanddiitaénce between a Mach-Zehnder and a
Michelson setup). Fig3.32shows the metrology beams running about an inch above teacebeams.
The optical path comprises 16 reflections and 19 transnmissioeach arm; and the metrology beams pass
through them four times.

4.2.1 Setup and operation

The electric signal produced by the metrology detectorggided by the electronics of a commercial PCI
card. The output of the card is a 32-bit channel at 10 MHz. Edi¢hese 2? steps corresponds to 0.3 nm.
The system is thus capable of measuring distances of atiuot With a resolution of 0.3 nm.

Since the optical properties of the testbed are not likelgh@ange on timescales of 1I0MHz = 0.1 us,
the output is too fast. What is more, the piezzoelectric aotua the Fine Delay Line which is in the servo
loop, is not designed to operate at such timescales. Thed®@soutput, therefore, is averaged by custom
electronics before entering the computer that runs the Z-ddtrol loop .

4.2.2 Results

In 2005 Snapsk in this setup reachedl = 3x 107 in the K band. It also became clear that there was a
significant OPD drift.

Let us reproduce the results of two typical acquisitionshautt stabilisation. The first (Figt.1, left)
shows an acquisition of about 200 s with a mean nulling ratip= 2.7 10* with a considerable standard
deviationoyy, = 6107°. The second (Figd.1, right) is a slightly longer recording, of about 10 minutes
with a nulling ratio(nly = 2.5 104 during the first 100 seconds (withn, = 6 10°°), showing the fects of
significant drift, probably due to OPD instability.

Applying metrology stabilisation did not help, unfortueBt Fig.4.2shows a data acquisition obtained
with the metrology running. A drift quite clearly persists.

4.3 Optical Path Difference Dithering

4.3.1 Introduction

Dithering is a standard technique in control engineerinfindd as “the modification of the low-frequency
properties of an unstable nonlinear system by the appicati a high-frequency signal in order to stabilise
the system” Gelb and Vander Velde 19568

The present algorithm, however, departs in two ways frontlhssical system described by the quoted
definition (the very formulation of which is reminiscent afadog electronic signal processing). First, the
goal of the classical dithering method is to obtain a declwegbsignal: the dithered parameter is changing
continuously, and the measured signal is a convolution@f/#riations due to the dithering as well as due
to the studied system.

In our case, the experimental setup displays good stabititintermediate time scales< 100 s), and
we only have to fight against long-term drifts. Our approaels wtherefore, to reach and maintain a delay-
line positionxy corresponding to the best null simply by moving the delag kwvery few seconds, rapidly
measuring the flux at positiong + &, and moving the delay line to a new position based on thermition
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Figure 4.1 - Synapse measurements in the K spectral band. Left: The transitidwésn the
bright fringe (the first 50 seconds) and the dark fringe (leetw50 s and 240 s) was performed
manually by modifying the length of the delay line. The laattpof the curve shows the dark
current (the detector being covered). The mean rejectictoffés about 2.4 times greater than the
dark current of the detector. Right: Same measurement vaihréaficant drift.

Figure 4.2 - Synapse measurement in the K band with the external metrology systeming. A
drift is clearly present.
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obtained during these excursions. Unl&ehmidtlin et al(2005 who record data throughout the dithering
cycle (i.e., their recorded data contain points measureidgidelay-line movement and point measured at
Xo £ €), we chose to investigate a slightlyfidirent approach and to record data only during the final stage
of each dithering cycle (i.e. ab), corresponding to the best null.

Thus, the second filerence between our procedure and the classical definitidithadring is that we
do not have to perform any post-acquisition signal decartiat. Our version of dithering simply helps to
maximise the amount of time the system stays in its optintéihge i.e. employing the dithering only when
needed, with relatively long periods of unperturbed datpusition.

4.3.2 Principle

The nulling ratio in the vicinity of the dark fringe’s centngith other parameters constant, can be described
as a function of the phase shify (Eq.2.14):

Al = Imn _ 1+cos@+Ap) 1-cos@y)
" lmax  1+cos(p) 1+ cos(rp)

(4.1)

1-1+252 A2
nlz—AizzT(p for Ap <1 (4.2)
1+1_T

Bracewell’s method uses achromatic phase shifters (AP@)omuce ar phase shift independent of wave-
length (within a given band). The phase shift can be traedlatto the OPD between the two arms of the
interferometer

Ap(2) = ZH%( (4.3)

wherex is the OPD. The signal during an OPD scan can be describeddcsgra parabola around the point
where the nulling ratio reaches its minimum verays < 1)

| =ax +bx+c. (4.4)

The vertex of the parabola corresponds to the deepest ralinaible at a given moment adjusting the
delay line, i.e. the centre of the dark fringe. The drift iflimg performance due to OPD instability can
therefore be represented as a shift of the parabola andwariesx.

With the empirical knowledge of three points of a parabolacae calculate the position of its vertex
unambiguously. Since measurement of three points of trebpéa is required, the OPD has to be modified
deliberately. In our experimental setup the speed of ojparsis limited by the speed of the delay line
actuators and by the integration time required to getfécsent signal-to-noise ratio. This allows for
compensation of slow drifts (observable on time scales efwaténs or hundreds of seconds).

If data are acquired at threeflidirent OPD’s, e.g. aty, Xo + &, andxg — &, then the position of the dark
fringe, i.e. of the vertex, of the parabola, can be calculated as

=1

20, 1) =4l (4.5)

Xv = Xo

wherely, |, andl_ are the signal values measuredxgt Xo + £, andXy — &, respectively. This formula
represents a simple recipe that can be directly implemérigd4.3).

4.3.3 Cycle parameters

The choices of dithering-cycle parameters are a resultvarabtrade-€s.
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Figure 4.3 - OPD dithering cycle. The top curve shows schematically t&tipn of the delay
line whereas the bottom curve is an idealised representatithe corresponding detected signal.
From an initial position the dithering alters the OPD valyeHa(OPD) with respect to the initial
position. A measurement of the flux is performed. During taetistage, the dithering algorithm
again alters the OPD, this time by:(OPD) with respect to the initial position. Another measure
ment is performed. We thus know three points, defining a mdaafwight), which allows us to
calculate and reach a new working position of the OPD (theexesf the parabola).

4.3.3.1 Waiting times

A limitation is imposed by the delay line’'s movement. Thezaieelectric actuator reaches a position close
to the desired one very rapidly, but then its controller sakeme time, proportionate to the movement’s
amplitudes, to stabilise the system at the new position:

oL ~ (90+ 6 ﬁn) ms (4.6)

For e of 5 nm, each dithering cycle therefore implies a waitingdiaf:

37pL(e = 5nm) ~ 360 ms 4.7)

4.3.3.2 Dithering amplitude

As for the dithering amplitude itself, we accepted a limitation imposed by the gauge of #ta dcquisition
system. We used a lock-in amplifier (Secti8rl0.) and, since changing its gauge requires time, we
maintained the same gauge for all measurements;, & + £ andx,, alike.

The fluxl.(e) measured aty + £ can be approximated as

Ag? e\?
I.(e) = |maxT(p = Imax (7) s (4.8)

whereas the flux at,, expressed as
I max N, (4.9

is due to a residual flux mismatch between the two arms of tieef@rometer, polarisation issues, and other
factors contributing to nulling degradation. On the whele,found that

£=5nm (4.10)

Ap =15107, (4.11)

was well suited for our purposes.
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4.3.3.3 Integration time
The dithering cycle with a duration ety can be regarded as comprising:

e integration timer, at x,, and

e time7¢yc — v When dithering actions are performed.

The noise (assuming it is white noise in the relevant frequérand), measured by the standard devia-
tion o, decreases with the square root of the integration time.s€héng factor fowr- is therefore

e (4.12)
Tv

If 7v/7cyc = 2/3, the noise will increase by 22 %. /7.y = 9/10, the noise will increase by 5 %.
Therefore, in our experiment we did not consider it a stromgriy to increasery/7cyc beyond~ 2/3.

4.3.3.4 Integration time at auxiliary points (X, + &)
There are two possible upper limits for the integration tipef the fluxl. measurements & + ¢.

e One is given by the fact that there is no reason for the cooretipg SNR to be better than that of the
flux I, measurements ai. This can be expressed as (assuming white noise only):

7. < ylv/ls = 1y 4nl/Ap? (4.13)

e The second upper limit for. to be considered is given by the timg,_ taken up by delay-line
movements.

As a rule of thumb, since it takes, to reach a position, there is little practical gain in redgct..
to values less thanp, which leads tar. < 7p.. In practice, it is this latter upper limit that will be more
applicable.

4.4 Results

We have tested this method on thexgese testbed, and found it very convenient to use. It is higliicent
in finding the physical dark fringe (within one or two itexais; Fig.4.4, left) and reliable, driving the OPD
back to its optimal value in spite of artificial perturbatioffrig.4.4, right).

441 Kband

We performed three long dithering-stabilised data actjois, two of more than 6 hours each, and one of
2 hours 20 minutes. All three were performed with comparabléngs: 1.25 s per stage, i.e,, = 7, =
1.25 s, and 6.25 s per cydtedithering amplitudes = 5 nm, i.e.,Ap = 1.51072; lock-in amplifier’s time
constant at 100 ms.

The fluxes in the two arms of the interferometer were balarefdre the acquisition (using an ad-
justable semi-planar knife-edge) with an accuracy beltin 0.5 percent.

Fig. 4.5 presents one of the 6-hour data acquisitions, togetherdeita taken immediately before the
stabilisation was turned on and after it was turnéd Prifts are quite clearly present without the stabilisa-
tion.

LAt this point the dithering cycle could not be optimised, thetzol software allowing only for stages of equal duratioh Gabor
2009.
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Figure 4.4 - Oscilloscope measurements.
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(a) Nulling rationl from a 6 hour-long OPD dither-stabilised data acquisition

(b) Data acquisition with no stabilisation taken before afteér the long sta-
bilised run

Figure 4.5 - (a) Nulling ratio (or stellar leakagejl(t) as a function of time (blue plot), with the
moving average calculated over 625 seco(mdf))s,ss overplotted (red). (b) Data acquisitions
with no stabilisation taken immediately before and afterlting stabilised run.
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Figure 4.6 - Left: Power spectrum density of the nulling function, P8IP(Note that ¥ f com-
ponent is negligible. Right: Standard deviations of thening average of the nulling function
over the time intervat, o, (7) (curve above). A (displaced) /2 function is shown for compar-
ison (line below). Note that up to ~ 500 s, the experimental curve is consistent with#he?
behaviour, withr (500 s)~ 1.5107°.

With no beams, the lock-in amplifiersoutput was random, and the mean values oXtadY outputs
Xy~ (Y)y~0 (4.14)

This means that the measurement chain was well set up. Siecgtdndard deviations of the and Y
outputs
ox 2oy = 0.2uV, (4.15)

the acquiredR output was more than 10 times greater, and therefore thigibaén be considered to repre-
sent the measured flux directly (without “subtracting thekdarrent”; cf. Sectior8.10.1.2.

The bright-fringe signal was thus
Imax = (8.4 + 1.0) mV (4.16)

and the dark-fringe signal was
Imin=(4.0+11)uV (4.17)

The mean nulling ratiol was, therefore

(nly = (4.7 + 1.4)10* (4.18)

In order to evaluate the nulling ratio’s variability, we kel at its Power-Spectrum Density (PSD) and at
the standard deviation as a function of integration timg. &6 (left) shows the power-spectrum density of
the nulling function, PSDN(), while Fig.4.6 (right) shows the standard deviation of the mean value of the
nulling function over the time interval, o (7).

Let us now briefly list the results of this analysis. We sh@kdss them in due course (Sectidi).
Note, however, that there is no significantflcomponent in the PSD plot (Fig.6), and the standard
deviation decreases with integration timera%? up tor ~ 600 s. (Fig4.6).

The main result can therefore be stated in terms of the stdrdkviation of the mean nulling ratio
averaged over = 600 s (analysing a set of mean values for the integration éifre= 600 s where these
means correspond to a moving windw

o (T = 600s)~ 1.5 10°°. (4.19)

2This type of statistics is called theovingor running average.
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Black Body (K band)

Ttotal 6 hrs
Topt 6 hrs
(nly 4.7x 10
ol 14x 10
0’<n|)(T =600 S) 15x10°
K band 7um

1s | 10days 1s | 10days
omn(t, ) 3.710% [ 40107 | 7510° [ 81.10°
o oppy (T, ) 13nm | 440pm | 3.0nm 10pm

Table 4.1 - Stabilisation results with a ceramic black body source & Khband (2.0—-% um).
The stabilisation followed the dark fringe over a total tifyg, of 6 hours and over the whole
period maintained the nulling ratio at the same leysl) = (4.7 + 1.4)10™, with white noise
only (r~¥/2 behaviour) up tor = 600 s. The mean nulling ratio averaged over windows of the
durationr had the standard deviation,(r = 600 s)~ 1.5 x 10-°. This result is scalable and the
bottom part of the table gives its extrapolationste 1 s and 10 days in the K band and atr.
Corresponding values in OPD are also included.

In order to be able to compare this value with other experiméet us also calculate the same quantity
for r = 1 s and 10 days (1 s representing a unit of time and 10 days bengquired stability timeframe
for DarwiryTPF-1). We thus extrapolate the'/? scaling law, and obtain:

oyt =18)~3.7x 1074, (4.20)

o (T = 10days)x 4.0 x 107", (4.21)

We may also want to extrapolate from the K band {7, using the scaling law E®.10:

(10 days(7 um) ~ 1 x 10° (4.22)

omy(r = 10days7 um) ~ 8 x 10°°. (4.23)
These values can also be expressed in terms of the standaatiateof mean OPD, i.e., in units of

length. All of these expressions of the main results &8 4.19 are presented in Tablkel

4.4.2 Laser light

Working with monochromatic light, at 39 um, produced by a HeNe laser we reached

(nly = (LO+0.8)107° (4.24)

OPD-stabilised long-duration measurements were perfitnithe dithering cycle was 3 s long, out of
which 1 s was integration time &j.

The OPD dithering was able to follow the dark fringe over aqubr 11 hrs. However, at this level of
nulling, instabilities that cannot be fully controlled WiDPD manifested themselves. Fil7 shows the
PSD ando )y (r) obtained from the data taken during the first 10 min of the Tinis period represented

3This time with upgraded the software which enabled more cbairr the OPD cycle parameters
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PSD,, [Hz

Laser 339um
Thotal 11 hrs
Topt 10 min
(nly 10x10°
ol 0.8x10°
0'(n|>(‘1' =10 S) 5x 1077
3.39um 7um
1s | 10days 1s | 10days
(T, ) 1.610° [ 1.710° | 14107 | 1510
oopp(T, 2) 1.4nm | 44pm | 830pm | 27 pm

Table 4.2 - Stabilisation results with a.39um monochromatic laser source. The stabilisation
followed the dark fringe over a total timBqy of 11 hours, and maintained the nulling ratio at
the level of(nly = (1.0 + 0.8)10°° for typically 10 min, with white noise onlyr{ /2 behaviour)

up tor = 10 s. The mean nulling ratio averaged over windows of thetaura had the standard
deviationo iy (r = 10s)~ 5x 10~. This result is scalable and the bottom part of the tablesgive

its extrapolations ta = 1 s and 10 days at3um and at 1um. Corresponding values in OPD
are also included.
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Figure 4.7 - Measurements with a HeNe laser @3um. Left: Results of an OPD scan in terms
of the nulling rationl. Right: Results of a 10-minute OPD-stabilised acquisitibthe signal at
the “bottom” of the dark fringe presented in terms of stadd#eviations of the running average

of the nulling function over the time interva) o, (7). A (displaced)~*2 function is shown for
comparison (line below).



CHAPTER 4. STABILISATION 77

the time during which the system remained at the “bottom™ef dark fringe (best nulling-ratio values),
with nl ~ 1075. After that drifts deteriorated nulling performance, with~ 4 x 1074,

The plot of the standard deviations of the running averagbéehulling ratio against the width of the
averaging window (Fig4.7, right) exposes deviations from the'/?, i.e., white-noise, behaviour. The
“scalable” result (analogous to E4.19 is

omy(t =108)~5x 107", (4.25)

Tab.4.2 contains all the values derived from this.

4.5 Comparison with some other experiments

Courtesy of our colleague®(livier 1999 Alcatel, Vink et al. 2003 Brachet 2005 we were able to analyse
their nulling-experiment data Unfortunately, in all cases, the power spectral densi§OjPof the null
output displays a strong peak at low frequencies, i.e.,/d){itype behaviour, withh > 1 (Fig. 4.8).
Consequently, none of these experiments shaw'@ decrease in the standard deviation of the integrated
null value, which means that the required performance ddmmobtained during very long integrations.

Let us compare our Figg.6 and4.7 with Fig. 4.8 It is clear that the power-spectrum density of the
nulling function, PSDil), in the former case shows little or ng fLcomponent.It must be emphasised
that these three experiments in Fig8 had the goal of achieving a low null value but not maintaining
its stability. Similar conclusions can be drawn by examining the standavéations of the mean value of
the nulling functions over the time interval o (7). The dliciency of OPD dithering in stabilising the
setup stands out. This corresponds to an improvement ahgugtability with integration time.lt must
be stressed, however, that we start from modest nullingséati comparison to our colleagues.g., the
Astrium group Flatscher et al. 20Q3eachedr,, ~ 2 10" during 100 s.

4.6 Discussion

These results have to be regarded as preliminary because,sdsll see in the next two Chaptersnsrse
has not reached its designed potential so far, and the tpahihias not been fully tested. It is all the more
impressive that under these conditions OPD dithering mtdede a great help in studying the performance
of our setup, providing a method of obtaining comparablaltss

It is a promising method not only for laboratory use but alsodpace application. It does not require
dedicated hardware, and represents an interesting ogisetup stabilisation. A comparison with the
Darwin/TPF-I requirements (Se@.6, Chazelas et al. 2006 (nly = 10°° and o ,(10 days)= 3x 10°
after a 10-day integration is optimistic. As shown in Talledand4.1, our K-band results extrapolate to
DarwiryTPF-I conditions as

(nly (10daysA = 7um) = 8x 10°°, (4.26)

our 339 um-laser results extrapolate as:

(nly (10 daysA = 7um) = 2x 1071°. (4.27)

It remains to be shown that the method works at the requxaaviryTPF-I nulling level of 10° in
broadband.

In the meantime, we would like to stress that we found thertiegle very practical in experimental
work. We used it not only to reach and maintain the optimal GiROive have seen, but also to perform
“tweaking” experiments where the impact of small changestigrferometer geometry, passband and other
settings on thal and OPD can be monitored (Sé&c2.5.).

4This work was done at thiestitut d’astrophysique spatialehile preparing the articl€hazelas et a(2006
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Figure 4.8 - Comparison with three other experiments. Left column: Rapectrum distribu-

tions. Right column: Standard deviation of the running agerofnl over timer, o, (7). Top:

Results from Ollivier's nulling experiment(livier 1999 Ollivier et al. 200). Centre: Results
from the Alcatel nulling experimen#{catel), using a laser diode at 1.57um and an integrated
optics recombiner (courtesy Alcatel Space Industry; noal@hAlenia Space). Bottom: Astrium
results Flatscher et al. 20Q3courtesy Astrium, Germany).
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In our setup, we can balance the fluxes of the two interferematms by modifying the orientation
of a folding mirror which sends both beams onto the exit fibeff-axis parabola. Since the beams are
not perfectly superimposed (they are parallel to within ii3ac but laterally shifted by about 0.1 mm),
changing the point of impact on the parabola has an influendkei® mismatch. Therefore, a good example
of a tweaking experiment consists in using OPD ditheringech and maintain the dark fringe, and then
tweak the folding mirror orientation in order to minimisestlark-fringe flux.

And finally, another practical point should be mentioned.isltrue that the next step towards full
stabilisation has to involve control of intensity mismatobtween the interferometer arms. In order to
perform tests of APS prototypesmt= 10-°, however, OPD stabilisation fices in providing reliable and
reproducible results.
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The purpose of this Chapter is to provide an overview of tiselte obtained with Gapse up to 2008.
This moment in time was not chosen arbitrarily. We shall $e¢ some of the results still remain to be
interpreted. We tried many flierent approaches and by mid 2008 we started running out aebidét
the same time, new laboratory space was commissioned fotithamare testbed. In Autumn 2008, we
gradually turned our attention to this new setup. This wagssary. Because of our limited manpower we
are unable to operate two testbeds in parallel. What is madjope Nririvare brings some insights on
our Srnapsk results. In fact, NLcrivate’s design was, in many respects, inspired by our desire ta feam
our experience with Swpse and to decipher its puzzling performance. This is whyiivare is a simpler
optical design with a better signal-to-noise ratio. Sonakdation about future M.crivare experiments will
be given in Chapter.

The previous Chapter8,(4) provided a description of the experimental setup, of tHevswe systems
for the running of the experiments, as well as of the testlelilsation techniques employed and the
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stabilisation performance achieved. Here, we shall des¢he measurement techniques developed for the
testbeds, and give an overview of the results obtained. dllening Chapter §) will provide a discussion
of these results.

5.1 Preliminaries

5.1.1 Thermal and mechanical instability

We saw (Sectiol.3.6.] that the issue of ambient conditions was a major concefmeiniésign of $Napsk.
Day to day experimental work validated some of the concemdslze adopted solutions while showing that
others were to be re-evaluated.

The piezoelectric active dampening proved impractical altichately not useful. It was dicult to
operate because it required balancing the weight on the,tabtefully distributing balast. After 2005 it
was never turned on, and the piezo legs were used as a paesieneonly. As such, they proved very
valuable. This was clearly shown when there was a mechasizat-circuit, and the granit block was
directly linked with the optical table. The fringe patteradame unstable.

The passive pneumatic legs under the granite block wereikleeessential to the nulling performance.

Opening one of the two lids of the plexiglass case briefly drmhtclosing it left the fringe pattern
disturbed for up to 2 hours. Opening one of the small side sla@s usually much less disruptive, and
measurements without major OPD drifts were often possilitleim10 minutes after the door was closed.

The thermal gradient was never imposed on the air volumedrirtterferometer’'s housing after the
initial tests with the ceramic black body source (Sec8ch1) which did not appear to influence the nulling
level of nl ~ 3x 10~ in the K band (we shall see this value very often in this ChpfEhe subsequent
monochromatic measurements with thd%:m HeNe laser (SectioB.4.2 reachecl ~ 10°° without the
imposed thermal gradient.

The air conditioning in the laboratory is noticeably noiserefore, we performed a nulling experiment
with the air conditioning . It did not improve the nulling level in the K band beyond tlegywreproducible
value ofnl ~ 3x 1074,

5.1.2 Detector calibration

The InSb single-pixel detector (SectiBrB.2 with the lock-in amplifier SR830 (Sectidh10.]) was cali-
brated Brachet 2005pp. 151-153). The average gain was

g~24x10°V/W (5.1)

which means that
1V =420nW. (5.2)

5.1.3 Transmission

Theoretical estimates of the transmission of the indiviélements of $napsk for the K band can be found
in Brachet(2005 pp. 127-131). We reproduce them in the left half of Tehle

The table also lists measured values. They are given firgtarfdrm of transmission cdécients of
individual elements (except for the 83 % which corresportthiéaransmission of two elements in series: of
the Cak Prismsandthe delay lines). Values for the MMZs represent one beam dmilg measured power
in W is given after the input and after the output fibre.

In most cases, there is only a slight discrepancy betweethdwretical estimate and the measured
value. This is quite consistent with the view that the meedwalues must be considered tdfetufrom a
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theoretical transmission measured transmission
After per element cumulative | perelement cumulative
after input fibre after input fibre
input fibre 56 % 7.9nW
beam splitter MMZ 21 % 21 % 23 % 23 %
Cak, Prisms 88 % 18 %
delay lines 92 % 17 % 83 % 19%
beam combiner MMZ 11% 1.9% 10% 1.9%
output fibre 78 % 1.5% 45 % 0.9%
y total | 08% | | 07nW | \

Table 5.1 - Photometry of Snapsk in the K band Brachet 200k Theoretical estimate and mea-
sured values. These are given after each optical elementnifasurement after the MMZ'’s
correspond to one beam only; the 83 % after the delay linesgpond to the transmission of the
CaF, Prismsand the delay lines). The measured power in W is given after tpetiand after
the output fibre. The measured values must be consideredfeés fom a relative error of 10 %,
while the theoretical estimate can be inaccurate as torgmtproperties.

relative error of 10 %, and the theoretical estimate can bBecurate as to coatings’ properties. The only
measured value which is clearly less than the theoretiqa@sation is the flux at the output of the output
fibre. This is typical of the experimental reality, howevére nulling was rarely performed with optimal
coupling at the output fibre.

5.2 Techniques

Several measurement techniques have been studied§orss:

5.2.1 Zero optical path dfference and the Cak Prisms

For each position of the CafPrisms a fringe pattern can be obtained with a Long Delay koan. We
spoke about the theory in Secti@m, and we shall see an example in Secoh.5

5.2.2 Fringe dispersion

Let us briefly mention a technique studied®@iyazelag2007, pp. 143-145) as well as lBoffety and Drugeon
(2006. Placing an array detector with a dispersive prism at tliteoéthe bench while scanning the OPD,
provides a series of low-resolution spectra (Fd). In an ideal case the resulting pattern would contain a
straight dark fringe. Its deviation from the ideal form yiela measure of phase-shift chromatic@hézelas
2007).

The chief advantages of this approach is that it is inheyéntlependent of flux mismatch, and that it
works even when the signal-to-noise ratio does not allovafdirect measurement of. Nonetheless, we
have not implemented this approach. Ongidilty has to do with OPD drifts (which would have to be
stabilised using external metrology), and the other istpralc our array detector is much morefutult to
use than the single-element detector.
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@ (b)

Figure 5.1 - Evaluation of nulling by fringe dispersion. (a) A perfeclghromatic phase shifter.
(b) An imperfectly achromatic phase shifter. The centralgfe is distorted. Its deviation from a
straight line corresponds to residual phase defe€isatelas 2007

5.2.3 Fourier transform

Another technique which is under study is the Fourier tramsfof OPD scans with the Long Delay Line
(Chazelas 20Q7p. 133). The beams are recombined in a SMF which also prsvitmal filtering, and
the flux is measured using a single element detector. Thedfdransform method gives workable results
regardless of low signal-to-noise ratio for the dark-fargignal, and regardless of chromatic flux mismatch.
Unfortunately, tests show that&vrse’s Long Delay Line is not sfliciently smooth and its motor does not
move uniformly enough for the purposes of this techniqueay eventually be implemented omidrivaTE
which was designed with this option in mind.

5.2.4 Direct nulling measurements

We shall use the expression “Direct Nulling Measurement éechnical term denoting a measurement of
the bright and dark fringe intensity with a single pixel date at the output of the interferometer. This is
generally regarded as the most straightforward measutesofulling performance.

Most of the results presented in this thesis were obtaindld thie single pixel detector and the lock-
in amplifier (Sectior3.10.) measuring the interferometric output of the testbed. latiBe 3.10.1.1we
described two data acquisition methods. All of the measargsreported in this Chapter were performed
using the first one; the second one was first implemented oNdthemare testbed.

5.2.5 Experimental protocol

The direct nulling measurements were performed followinggperimental protocol which will be sum-
marised below. Let us briefly note that, as with so many otkpeets of this work, the protocol should be
considered as under development. It can be said, noneshties its basic outline has remained operative
since SNapse’s beginnings.

Note that OPD stabilisation is used not only to reach and taiirthe optimal OPD (and therefore
enabling reproducible measurementsnbfand o) but also tweaking experiments where the impact of
small changes in flux balance, Gaprism position, monochromator prism orientation, etc.tlo#nl and
OPD can be monitored and optimised.
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e Check position of optical switch: experiment with or with&C APS.
e Check Cak prism and long delay-line position.

e Start optimising injection into the exit fiber by maximisiBgam 1 flux with motorised folding mir-
rors.

e Switch to Beam 2. Remove residual flux mismatch by tweakindifig mirror orientation (aiming
for Al/l ~ 0.5%).

e Perform OPD scan with the fine delay line. Find current darigf position and the firstl value.
e Repeat OPD scan, focusing on the dark fringe. Obtain a measuat.
e Start OPD-stabilised DAQ, monitoring the flux and OPD positi

e Perform tweaking experiments.

5.2.5.1 Parameter tweaking experiments

A notable innovation of the protocol came with the realisathat OPD stabilisation allows for experiments
(Section4.6).

o tweak folding-mirror position in order to monitoninimise the impact of flux mismatch an;

¢ while monitoring its impact oml, tweak Cak prism position in order to fine-tune the prism APS.

5.2.5.2 Flux balancing

One of the preliminary procedures in our protocol is flux balag. We described its two elements
(intensity-mismatch estimation and flux balancing) in #ec8.3.5 Here, we shall only say that patience
was needed in order to perform the procedure successfulBrmrse (it only rarely took less than half an

hour) butwe never performed measurements unless we made sure #raiiptmismatch was less than 1

%1

AI—' <1% (5.3)

which corresponds to a nulling ratio (in the absence of &éoperturbative factors; EQ.21):

nl <25x107°. (5.4)

5.2.5.3 Dark current subtraction

As we have seen (Secti@10.1.2, nulling experiments often have to face the frustratirgy faat the better
the nulling performance the more likely it is to be measuréti woor signal-to-noise ratio. Being close to
the sensitivity limits of the detector system leads to thieirad temptation to “subtract the dark”. Indeed,
when the beams are stopped, the lock-in amplifier shoy® a> 0 (Fig. 5.2). Subtracting(R) from the
dark-fringe signal can improve the nulling ratio as muchvasfold.

We have shown (Sectidh10.1.2 that this temptation must be resisted, and that the adeguatedure
(unless a more careful analysis is warranted) with a wellipaheasurement chain is merely to verify that
varies randomly when the beams are stoppéamldark current” was subtracted from the dark-fringe flux.

5.3 Nulling levels reached withSynarse

This Section describes the evolution of nulling measurdamen the S~apse testbed, starting in 2004.
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5.3.1 The 2000 K black body

The first experiments with thevSarse testbed were Simple Nulling Measurements (Sechi@4) using a
setup where:

e the source was the 2000 K ceramic black body (Se@&idt),

the spectral band was defined by the “K” interference filtexc{®n3.6),

the bench contained only its generic achromatic phaseesli@ak, Prisms),

the metrology system (Secti@n2) was sometimes used for optical patifelience stabilisation, and

a thermal gradient was sometimes imposed on the air volusideirthe optical bench’s protective
case (SectioB.3.6.].

This work was performed and reported by Fradachet(2009. It has brought to light two features
of the Senapse nulling performance in the K band (2:82um). The first being the best value of the nulling
ratio of

nl=3x10"% (5.5)
The second parameter observed was the degree of nullingrpenfice stability (cf. Chaptet). Let us
reproduce the results of a typical acquisition (F&2). It is an acquisition of about 200 s with a mean
nulling ratio(nly = 3 x 10~* with a considerable standard deviation

on = 6x107°. (5.6)

5.3.2 First dfective stabilisation

We reported about our implementation and testing offéacéve OPD stabilisation system in the previous
Chapter 4.3). We saw that in the K band, at the nulling level of

nl = (4.7 +1.4)10* (5.7)

the system tracked the dark fringe o6 hrs, and over the whole period maintained the nulling ratide
same level. White noise only{*/2 behaviour) was demonstrated for acquisition times up+0600 s. The
mean nulling ratio averaged over windows of duratidmad the standard deviation

omy(r = 6008)~ 1.5x 107°. 5.8
(nl)

Implementing this approach, we have succeeded not onlalnlising the nulling performance, but
also gained a powerful instrument for bench optimisatidnec.5.2).

5.3.3 3.39um HeNe laser and polarisers

In order to find ways of improving the nulling performancelwd testbed, we started working with monochro-
matic light, at 339 um, produced by a HeNe laser (Secti®#d.2. The first results were limited to

<n|unpolarise(} =6x107. (5.9)

Introducing polarisers has led to

<n|polarisec> =10°. (5.10)
An OPD scan is shown in Figh.3. This result seems roughly consistent with our theoretitatlies
(Chazelas 20070f the dfects of polarisation mismatch (primarily due to residuajrahent errors) on
the nulling performance. Let us mention that this appareobal with the theoretical model will have to
be discussed in more detail in the following Chap®&r (Ve felt justified, however, in wanting to re-align
our optics carefully. In fact, we found that this was only gibge if some improvements were made to the
mechanics of the testbed. The upgraded setup became kn@vrazse .
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Figure 5.2 - Synapse measurements of recombined flux in the K spectral band, rieadeadivid-
ing by the mean bright fringe flux. The transition betweenkhight fringe (the first 50 seconds)
and the dark fringe (between 50 s and 240 s) was performedatiaiby modifying the length of
the delay line. The last part of the curve shows the lock-ipléier's module outpuR when the
detector was covered, illustrating that measurement chagwell set up.
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Figure 5.3 - Measurements with a HeNe laser @@%3um. Results of an OPD scan in terms of the
nulling rationl. The fact that the fringes do not seem to be of equal depthribuable to the
scan'’s step (10 nm; which is too coarse).
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polarisers

Pl without |  with
Kband [ 5x10% [ 3x10%
3.39um | 5x10° | 1x10™°

Table 5.2 - Nulling performance of &vapsk Il.

5.3.4 Svnarsk I Improved mechanics and alignment

After these encouraging results with monochromatic ligeta@ncentrated ourfi@rts on improving the
level of null in broad band. From the results of monochromateasurements we deduced that the factor
limiting nulling levels of the test bench could not be thelmad mechanical (vibrations) stability. Such
phenomena would also deteriorate monochromatic nullimfppaance.

We have also seen that improving bench alignment (to withit0 arcsec as opposed to the previous
< 3arcmin) may help reduce polarisation mismatch, greatijlifating flux balancing of the two inter-
ferometer arms. Performing direct nulling measurementh wind without polarisers in this improved
setup has demonstrated a surprising consistency with sudtseobtained with the first version of&pse
(Tab.5.2).

As we have seen in the previous Chapt#ed(d, OPD-stabilised long-duration measurements (the OPD
dithering was able to track the dark fringe over a periotll hrs, maintaining the nulling ratio at the level
of

(nly = (1.0+0.8)10° (5.11)

for typically 10 min, with white noise onlyr(*2 behaviour) up tor = 10 s. The mean nulling ratio
averaged over windows of the duratiomad the standard deviation

oyt = 108)~ 5x 1077 (5.12)

Conclusion. From these measurements we had to conclude that imprownalitmment, although very
useful as regards practical aspects of experimental vdidkjot alter overall nulling performance.

5.3.5 Supercontinuum source

The previous measurements, especially those taken witpdlzeisers, had a relatively small signal-to-
noise ratio. The noise can be quantified as, typicatly,= 0.5uV whereas the dark fringe fluxes were
typically a fewpV.

In order to improve the situation, as well as to gain new erpental possibilities (we shall see one in
Section5.3.7), we upgraded our setup and acquired a supercontinuumes@@ection3.4.3. It provides
a usable flux of about 200 mW in the K band (about a million timesge than QL7 uW, which is the flux
available from the ceramic black body).

Even with this new light source, the nulling performance wiid improve, and remained at the previ-
ously reported levels.

5.3.6 Focus crossing APS
Svnapse |l was also designed to permit measurements of the Focussi@gpgéor Through Focus) APS
prototype (Sectior.9.7). It was initially built to work in the spectral range of 6—L& (proposed range

for Darwin/TPF-I), and its optimal designed nulling performance is

nlrc apgoptimal) < 1078, (5.13)
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| A | with polarisers]
K band 3x10*
339um | 1x10°

Table 5.3 - Nulling performance of apsk Il with the Focus Crossing APS prototype.

without | with
A FC APS

| narrow band[ 34x 10 | 34x10°* |

Table 5.4 - Nulling performance of &arse Il with the narrow passband filter (16 nm FWHM)
centred around.3 um.

depending on the bench configuration. In the working coonitiof Snapse the expected value is

nlec apgexpectedx 10°7°. (5.14)

Using the Cal Prisms as chromatism compensators (Se@i@a7), we tested the FC APS prototype
with polarisers. Both in the K band and with the monochroma$9 um laser we once again obtained the
same values (Tal.3) as without the FC APS prototype and the g&fFisms used as an APS.

Conclusion. The expected performancel & 107°) was demonstrated with laser light a8B3um. Rejec-
tion performance of the FC APS in the K band (2.®+2m) was limited by the performance of thexgrse
Il testbed itself.

5.3.7 Narrow band centred at2.3 um

The high flux of the supercontinuum source in conjunctiorhveih interferometric filter with a narrow
passband (16 nm FWHM) centred around2m, enabled us to perform a number of decisive experiments
(we shall discuss their implications in the following Chexd). The results are summarised in Tabl

5.3.8 Fibre curvature

In order to explore the possibility that&pse nulling performance is limited in non-monochromatic light
by the quality of modal filtering, we performed tests with sirgle-mode fibres. Twisting the fibre around
a 40 mm diametre cylinder (3 or 8 full turns) was suggested a®ans for improving secondary-mode
rejection.

These direct nulling measurements were performed in therid i2.0—24 um) with the polarisers but
without the FC APS. The measured nulling ratio

nl=19x10* (5.15)
demonstrated some improvement. No reproducibiiedince was observed between setups with 3 and 8

full turns of the fibre.

5.3.9 L band

One of our experiments to explore the possibility thatssse nulling performance is limited in non-
monochromatic light by our modal filters was performed inltHeand (3—4um). The setup was otherwise
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unchanged. Although we have L-band single-mode fibres jsctise we used the ones designed for the K
band, i.e., with a cut® wavelength ofl. = 1.95um. Taking fibres designed for the K band and using them
in the L band reduces the throughput but may improve modatifilg properties.

These direct nulling measurements were thus performeckih ttand (3—4tm) with the polarisers but
without the FC APS. The measured nulling ratio

nl=21x10" (5.16)

again indicated some improvement. This value was obtairgaspoor signal-to-noise ratio, however, and
should be regarded as an upper limit.

5.4 Summary

An overview of our progress in terms of and stability (when available) is given in Tah5. Three points
stand out:

1. Focus-Crossing APS prototype’s nulling ability was validated with the3®um laser to the level of
1075. The performance of the setup in the K band was not limitechbyprototype.

2. Polarisation. The presence of polarisers clearly improves the nullinigrén all configurations where
we tested the nulling performance with and without polass¢éhe setup with polarisers provides better
nulling ratios. We shall see (Se6.1.3 that this dfect is not fully explained by the available theoretical
models.

3. Particularity of 3.39um-laser light? What stands out is a discrepancy between the nulling ratios
achieved with the 39um laser source and with all other tested configurations. \Wdte an issue of
chromatism, we would expect to see &elience between K-band results and the results obtainediveith
narrow (16 nm FWHM) filter at 3 um (Sec.5.3.7). Perhaps it is an issue of the Single-Mode Fibres. The
last two tests, viz., twisting the SMF (Seé®.3.8 and using the K-band SMF in the L band (S&&.9,
seem to suggest that this may be the case.

The last two issues will be discussed more closely in the Gaxzipter 6).
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] \ 1 | polarisers| APS FC| nl | stability \

Nov '05 K band - - 3x10°

May '06 K band - - 5x107% | omy(6005)
=15x10"°

Jan 07 3.39um - - 104

Jan 07 3.39um n - 6x10° | omy(105)
=5x107

Feb'08 3.39um + - 10°

Feb '08 3.39um n n 10°

Feb'08 K band - + 4x10°

Feb 08 K band + + 4x10°

May ‘08 | 2.3 pum (16 nm FWHM) T - 34%x 107

May '08 K band (SMF twist) + - 19x10°

Jun '08 L band (K-band SMF) + - <21x10*

Table 5.5 - An overview of progress onyaarse in terms ofnl and stability (when available)
expressed in terms of the standard deviation of the nuliatig-means averaged over windows of
the durationr, oy (7) (these values are scalablerad’? because there is white noise only).
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The purpose of this Chapter will be twofold: (1) to discuss Hetup’s error budget and therefore
the expected performance levels, and (2) to list and desailbthe avenues we explored while trying
to understand our results. As we have seen in the previoupt&@h@), some of results we obtained so
far on Svnapsk Il, must be regarded as preliminary until we reach a full ustiéanding of the underlying
phenomena. The two observations that require specialtiattesre

1. polarisation: there seems to be a discrepancy betweethébectical predictions and our observa-

tions;

2. why are the nulling ratios achieved with th&3um-laser light better than those obtained in other
configurations?

6.1 Tests and models

6.1.1 Detector nonlinearity

The accuracy of nulling measurements depends on the detentstem’s linearity. The nulling ratio is
calculated from two measurements: of the bright fringe, @fittie dark fringe. Since the whole purpose of
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nulling experiments is that these two measuremeifiisrdiy several orders of magnitude, itis clear that the
detection system must have a linear response curve (astofunt flux intensity).

The PhD thesis of ChristopHuisset(2007) contains a detailed study of the response curve of a de-
tection system very similar to our own, comprising a singkeldetector (InGaAs) and a lock-in amplifier
(Stanford Research 830). He used two polarisers to modthateneasured intensity over six orders of
magnitude. He concluded that the non-linearity of the di&tresystem induces an inaccuracy of less than
7 % in the nulling ratio.

After a discussion with Christophe’s director, Yves Rabhia decided to try a dlierent approach, in
order to obtain an independent estimate ourselves, butlynairconfirm that our detection system does
not significantly deviate from linearity. While we use the salock-in amplifier model, our single pixel
detector is not identical to the type Christophe used (@ihs$bh, produced bElectro-Optical Systems

We demonstrated (ApD) that our detector system is linear within an error~0fLl0%. The method
we applied is not sensitive enough to provide a better caimsfrprobably because of the geometric factor
close to the detector. A better approximation of a point sewvould be advisable.

Conclusion. A non-linearity within the measured limits:(10 %) does not explain our observations.

6.1.2 Beam path

We have already mentioned (Secti®dri?) that the better quality of the mechanics and of the aligntmen
in Synapsk |l clearly improved the setup in terms of solidness and répeibility of measurements. Re-
aligning the bench and the measurements performed on tlasioog also allowed us to eliminate certain
hypotheses that, if true, might havared insights into our results:

e vignetting,
e mismatched anfdr non-Gaussian beam profiles.

We verified whether there were any obstructions in the ojppiath in the visible with cameras, taking
pictures of the beam, and in the infrared with pinhole sc&i 6.1).

Conclusion. The measured beam profiles were consistent with the Gauszsaial distribution. We thus
verified that neither vignetting nor other beam profile misrhas a factor in our setup.

6.1.3 Polarisation

Our colleagues in NiceWeber 2004Buisset 200Y, as well as Brun&Chazelag2007) studied the issue.

Bruno Chazelag2007) concludes that if all the surfaces of:Srse are aligned with a tolerance of
+46 arcsec, the nulling ratio in the K band should be bettem #@®. At the wavelength of 39um, the
alignment tolerance necessary for< 1076 is slightly less stringent, viz+43 arcsec.

Conclusion. The improved alignment of xsiapse Il is within +10 arcsec. The fact that nulling-ratio
measurements in monochromatic light without polarisene\iige times worse than with polarisers seems
to indicate that the theoretical models do not account fethserved results.
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Figure 6.1 - Beam profiles obtained with pinhole (1.5 mm) scans in theaief. The scans on
the left represent beam 1, those on the right, beam 2. The scetop were performed vertically,
those on bottom, horizontally. Error of each poin®.2 %.
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Figure 6.2 - Lateral dispersion due to CalPrisms (left) and beam splitters (dielectric plane
parallel plates).

6.1.4 Chromatic shear and other dispersivefects
6.1.4.1 Chromatic shear

SyNAPsSE Uses two types of dielectric elements: (1) plane-parallies as beam splitters, and (2) prisms
in the intrinsic compensatgrachromatic phase shifter (Secti8ril). All of these dielectric elements are
made of Cak. Chromatic shear introduced by their presence (€.ig.between the flux at = 2.1 um and
that at 24 um is A; = 9.4 um in the case of the plane-parallel plates, aad= 11.9 um in the case of the
prisms (aurent 2008 Overall, A = 2A; — A, = 6.9um

Each beam is, therefore, laterally dispersed. If the twonatgerfectly superimposed, the flux coming
from one interferometer branch and coupled with the outfmefdifers chromatically from the coupled
flux coming from the other branch, while maintaining an ol balance.

We measured the shear of the beams, and found it to be abaunf.1n our calculations we will work
with an upper limit of 0.5 mm.

We performed numerical simulation of the coupling. We djareled the flux balance issue, supposing
that imperfect coupling was compensated for by otligrots, and thus did not influence flux balance. We
thus supposed beam 1 perfectly injected but having lesstfanxtheam 2. Our calculation uskdl, = 0.95.
With this flux mismatch, the lateral dispersion 08 &m, and beam shear of 0.5 mm, the nulling ratio should
be 12 x 1077, Under these conditions for a nulling ratio to bec407%, the lateral dispersion would have
to be at least 100-times greater tha® om.

6.1.4.2 Angular dispersion

Supposing that inner surfaces of the moving couple of,Gaftsms are not perfectly parallel, there would
be an angular dispersion between 2.1 artln which we estimated using a Zemax model of the setup.
Since the alignment of beams is within 10 arcsec, we find treatrtaximum dispersion is 0.04 arcsec.

We can compare this value with the chromatic shear discusaee. On the one hand we can consider
the ratio of the chromatic shear.9gum) to the beam radius (2.51 mm),

6.9um

_ —3
i mm = 27 % 10 (6.1)

and on the other hand we can consider the 0.04 arcsec irorehtp to the mirror’s focal length = 13 mm
and the fibre’s core radiws= 4.1 um

0.04x 510 %radx 13mm

=6.3x10" 6.2
41pm % (6.2)
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Figure 6.3 - Verification of the equality of air colums between the tworpaif Cak, Prisms. The
fixed pair's separation is 15 mm.

Therefore, the angular dispersion is even less of a problamthe worst-case chromatic-shear scenario.

6.1.4.3 Unequal air columns in Cak Prisms

Another possible chromatidfect arises from unequal air colums between the two pairs &5 @aisms.
These values were verified to be equal to within 0.1 mm (&ig. Calculations show that if the filerence
is 0.1 (worst case), then the expected nulling ratio shoald b

nl=5x107°, (6.3)

again integrating betweehnin = 2.1 um andAmax = 2.4 um.

6.1.4.4 (f-axis parabola defects

Supposing that the two beams impact two distinct regions®irjection ¢f-axis parabola in front of the
output fibre, further supposing that in one of these regibegparabolic mirror would be perfect whereas
the other one would have severe defects, tifieces on two beams would be that they would become out
of phase, and that their coupling with the output fibre wowtdubequal, i.e., there would be an intensity
mismatch. The phase defect would not be an issue becauseli Wwe corrected by the delay lines. The
flux mismatch, however, needs to be considered a little moszly.

In our worst-case-scenario model, the defects of tfieaxis parabola are causing a flux mismatch
which is fully compensated for by other means (e.g., knifgesjl. In our calculations we consider two
monochromatic beams, one atl25um, and the other at.225um. We find that in order to liminl =
3x 107, the surface of the parabolas would have to be,# RMS ora,/1.7 PTV (if the relationship
between RMS and PTV is as in the sinusoidal case). These mam@ppear less than an order of magnitude
greater than what we would expect from manufacturer’s §ipations. Let us look at the flux mismatch
that would have to be compensated for by the aforementiootf means”. It turns out to be 36 %. This
cannot be the case because there simply are no knife eddesheam path.
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Figure 6.4 - Injection shear. The axis of the fibre intersects tH&Axis Parabola (OAP; rep-
resented here as a convex lens) at a certain point. The a#tie dfeam intersects the OAP at a
different point. The distance between these two points is teetiop shears. It corresponds to
the anglex = §/r, wherer = 2f /(1 + cosd), f being the focal length of the OAP, addts angle
(Sec.3.3.3.

6.1.4.5 Narrow passband filter

After careful study of the chromatic shear and other dispergtects (which lasted a couple of months)
we found that none of them can account for our observed K-atithg ratio. What is more, we then
discovered that we had a narrow passband interferometec $ec.3.6), centred around.2 um and with

a FWHM of only 16 nm. Reducing the passbhand frafa1 of 7.5 (the values we used in our calculations
were 2.1 and 2 um) to 150, i.e., by a factor of 20, typically reduces the expéchromatic ffects by the
same factor. As was reported in the previous Cha&. 1), the measurements with the narrow passband
filter yielded approximately the same nulling ratios as vitie K band filter (34 x 10* and 4x 1074
respectively).

Conclusion. These chromaticfiects do not explain the measured nulling ratiosnaBse is not limited
by the chromatic shear, and other considered dispersiveopiena.

6.1.5 Cak Prisms: multiple working points

When searching for the working point ofv&vpsg, there are two parameters that need to be tuned: the
differential thicknesg of the dielectric represented our GaPrisms, and the optical-pathffirence OPD
realised by our delay lines (Sez.4). It could be that we did not choose the optimal working pairthis
two-dimensional parameter space. OPD scans may show siiniilge patterns corresponding to phase
shifts of (2 — 1)x, but the optimal (in terms of providing the best nulling permance) working position is
unigue. With a degraded null it is possible to mistak&orking point fortheworking point.

We verified this by a series of measurements shown in &&.examining nulling ratios at working
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Figure 6.5 - Injection tigtilt. The proper mode of the fibre is collimated by th&-®xis Parabola
(OAP; represented here as a convex lens). The axis of thagiyeitollimated beam is shown by
the dotted line. Itis at an angketo the incident beam. This means that the beam does not impact
the fibrehead at its centre but at a point which is at the distArfrom the centre of the fibre.

points ranging from-11r to +11r.

Conclusion. We verfied that the interferometer was at the optimal worlgognt in the two-dimensional
space defined by the parameters of OPD affédintial dielectric thickness.

6.1.6 Coatings

Svynapse beam splitters bare coatings (S8cl)). If these coatings were unequal, there could be a chromatic
difference between the two arms of the interferometer.

Using McLeod software, we simulated a 10 %féiience in the thickness of our coatings, and obtained

nl <10° (6.4)

Conclusion. Simulations suggest thatftBrences in thickness between beam splitters cannot limit th
testbed’s nulling ability to the observed degree.

6.1.7 Inhomogeneities

Similarly, the dielectric substrate of the beam splitters af the prisms was checked interferometrically for
inhomogeneities by our optics supplier when they startedking with it. The material was homogeneous
to a degree which would enable us to measure

nl <107 (6.5)
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Figure 6.6 - Nulling measurement at fierent Calk working points. Crosses represent a series
of measurements, ranging frorllr to +11r. Stars are another series of measurements, the
difference between the first and second series being an indidah@ measurement’s uncertainty.
The full line is an parabolic fit of the data (first series of si@@ments only). The circles and the
dotted line represent the theoretical model.
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Figure 6.7 - Verification of the spectral mismatch between the two beafg& measurements
per beam were made. “v1” and “v2” designate the two beamdergsity in arbitrary units vs.
wavelength in nm. )

Conclusion. The homogeneity of the Calased in our optics should allowwSapse to reach nulling levels
that we have not observed.

6.1.8 Spectral mismatch

If the two beams were not perfectly matched spectrally, thiéng ratio would sdfer. Therefore, we per-
formed a series of spectral measurements of the light edatténe exit of the output fibre. The spectrometer
had 256 channels between 858.68 and 2595.46 nm. It opetatBa& (with a Pelletier system). We mea-
sured each beam twice. Each of the four measurements cemifa@sscans, each scan being an average of
10 integration periods of 10 ms.

The results are presented in F&7. The diferences between the two beams are of the same order as
the diferences between the individual measurements of each bdamisTonsistent with the hypothesis
that the observed fierences between the two beams are due to measurement noise.

We calculated the nulling ratio corresponding to the situmtvhen the observed spectrafidrences
would be only due to real spectral mismatch between the twogworst-case scenario). Our estimate is

nl=38x107°. (6.6)

Conclusion. Even if the measured spectral variations were dominatedéglapectral mismatch between
the two arms of the interferometer, the corresponding mgliatios are an order of magnitude better than
the observed values in the K band.

6.1.9 Wavefront quality

We recalled the importance of wavefront quality in nullingerferometry, and the influence of modal
filtering with single-mode fibres (Sectidhb). As reported in Sectiorns.3.8and5.3.9we performed some
experiments aimed at improving secondary-mode rejeclibry were performed with relatively low levels
of flux, and their results cannot be regarded as fully redialhey do, nonetheless, seem to indicate that
more study is needed on the performance of our SMFs.

The last experiments performed om&psk Il (July 2008) before we concentrated oniddrmvare aimed
at determining the quality of the injection into the fibres.
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Since we could not easily examine the output fibre, we dedlpdrform a series of experiments on the
input fibre. In the previous experiments, th83um-laser beam was focused on the fibrehead with an OAP
(f = 13 mm,a = 35°), whereas the supercontinuum source used a dedicatedteatapple its photonic-
crystal fibre with the testbed’s input SMF. For the new experts we modified our injection system in
the case of the supercontinuum source. With another OAPgwergted a collimated beam which we then
injected into the testbed’s input SMF via the same OAP thataker used. Now, both sources were injected
into the testbed’s input fibre via the same OAPH13 mm,a = 35°). We performed nulling measurements
with both sources, obtaining

nl=10"° with 3.39um laser (6.7)

nl=4x10* with supercontinuum (6.8)

We also performed scans of the optical field at the injectmintdby translating the fibrehead vertically. We
found roughly Gaussian distributions with

FWHM = 37um with 339um laser (6.9)
FWHM = 12um with supercontinuum (6.10)

This result was unexpected. We hoped to find the exact ogpdsithat case we would have concluded
that indeed there is a problem with cladding modes in the oasiee supercontinuum source. What we
found did not allow us to draw any conclusions. Does the FWHIBI7 um in the case of the laser mean
that we are injecting some flux in the cladding? It is possdihé it does not limit the nulling ratio because
the laser beam is monochromatic and highly coherent. Onttier band, the supercontinuum beam also
should be coherent, and while its FWHM is three times smatler still about twice as large as the SMF’s
acceptance lobe.

Once again we realised that we faced a dilemma: Either peréareful diagnostics on our equipment,
or procede without delay towards our objectives (in thiec&BS prototype testing, and the commission-
ing of NuLtrivate). We opted for the latter, hoping thatuN.rmvare will either provide a good nulling
performance, or allow us to conduct better tests, mainlgkbao the higher level of flux.

6.2 Testing oNNULLTIMATE

As we have concluded in the previous Sectiénl(9, we chose to abandon the tests ornn4se and
concentrate on drrmvare. We have worked hard to achieve very high levels of flux withubdivare, and

the preliminary measurements seem to indicate that we wiitiie to work with fluxes that were beyond
our reach with Snapse (perhaps by a factor ) This is important because some of the experiments we
are planning to perform are impossible without good flux. plened experiments include:

e Monochromatic and narrow passhand compare high signal-to-noise (SNR) nulling ratios obtgin
with the 232um laser diode and with the 16 nm FWHM narrow passband filter;

e 2.32um and 3.39um laser sources compare high SNR nulling ratios obtained with two truly
monochromatic sources, emitting affdrent wavelengths, both within the SMF’s interval between
its cutdf wavelength, and 2i¢;

e Polarisation: perform high SNR nulling experiments in polarised lighg.; obtain a reproducible
nulling ratio with thes and p polarisations (as defined by the°4Bcidence on most of our optics).

6.3 Error budget

Following Serabyr(2000), it has become customary to list the contributors thataldgthe nullBuisset et al.
2007, Gappinger et al. 20Q09n an overview, summing the individual terms. We shall enaeir to provide
a similar error budget in Tabl.1, bringing together the elements already discussed in #éqars pages.
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Parameter Null Allocation
Kband | Laser 339um

Intensity mismatch4lI/1)?/16 = 0.5 % 16x10° 16x10°
Spectral intensity mismatch 3.8x10° 0
Path length control 15x10° 5x 1077
Dielectric thickness mismatch 1x10° 0
Pupil rotation 1x107° 1x10°°
Broadband source size (SMF, i.e., point source) 0 0
Sum total (single polarisation) 56x10° 2x10°®
Polarisation phase delay 48x10° ] 48x10°
Sum total (both polarisations) 1x10* 5x107°

Table 6.1 - Broadband error budget considering perfect single-modedib

Our Table closely follows that presented Gappinger et ak2009. The first line refers to the intensity
mismatch, giving the typical value achieved during our raeasents.

The second line completes, in the broadband case, the iafammprovided in the first line of the Table
where we consider the flux integrated over the whole spea#irad, which means that a chromatic intensity
mismatch may be hidden by the flux-balancing procedure.igfanl this Chapter, we discussed a number
of possible causes of such affieet. Sectior6.1.4contains several estimates obtained from measurements
of the quality of beam superposition and other alignmemtréoices. The value included in the second line
is based on the very conservative estimate obtained ind®e&tl.8as a result of direct measurements of
the spectra of our two beams.

The third line reproduces the results discussed in Chapteiz., Eqs.4.19and4.19 These values
represent the “scalable” results @fy,.

The fourth line concerns the dielectric thickness mismatdfich is applicable only to the broadband
case. As we have seen, the chromatism compensator is dés@mdeal with the issue of the possible un-
equal thickness of Cakelements in the setup. We verified its setting ($et.5, deducing that dierential
Cak, thickness is not a limiting factor. Another possible soun€elielectric thickness mismatch are the
coatings. We have seen (Sécl.§ that a conservative estimate of such a mismatch repreaeotsibution
of 1 x 107° to the error budget.

The fifth line of the Table is only included because it is prese our Table’s modelGappinger et al.
2009. Differential pupil rotation o represents a null allocation af{;)?/4. Considering 10 arc sec as
a conservative estimate of the misalignment ef4se Il (Sec.6.1.3, we obtain:

2
@ ~1x107° (6.11)

The sixth line is also included merely for the sake of congless. The contribution due to source size
is zero by definition because we are working with collimatedrns.

The Table provided bysappinger et al(2009 contains also an estimate of the null allocation due to
polarisation phase delaggappinger et a2009 reports a measurement of phase delay betweesahdp
polarisations represented by a dark fringe position shiie bottom part of our Table presents an estimate of
such a contribution to the error budget. We know (Tdh® that during our experiments with the3®um
laser, introducing polarisers led to a considerable imgmoent of the null depth, viz., from a level of
5 x 10°° without the polarisers to & 10-° with polarisers. From this, and from the estimates of thdityua
of the alignment of Sxarsk Il, we can deduce that %1075 corresponds to the sum total of terms limiting
the null depth. If 5¢< 107° is the sum total and 8 1078 is an estimate of the sum of all other contributions,
then the polarisation phase delay term can be estimateckd®® — 3x 10°° = 4.7 x 10°°. This value
also contributes in the broadband case. We can also usedtitedhe amplitude of the polarisation phase
delayA®s . If (ADs p)?/4 = 4.7 x 1075, thenAds_, = 1.4 x 10-2rad, and OPR, = 5nm.
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A similar reasoning can lead us to an estimate of the cornitobwf the single-mode fibres to the error
budget. If we consider the broadband null depth of B0 (with polarisers), and the estimated sum total
of all other contributions to the error budget which we findb&56 x 107° in the K band (with polarisers),
we can deduce that the single-mode fibres contributex 20~ to the error budget in the K band (with
polarisers). This would mean that they reject incohergihitlat a ratio of 4000:1.

6.4 Summary

We examined a large spectrum of phenomena that cdtédteSrnarse’s broadband nulling performance.
Theoretical models preclude a certain number of them froimgbeonsidered as the possible cause. Others
were eliminated by experimental results (er.= 3.4 x 10~* with the 16 nm FWHM passband filter). We
decided to suspend thisfert, and concentrate our forces on the preparation of a npararental setup,
the NuLLrimare testbed.
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We shall first recall the goals of our team’s work, we shalkpre a brief summary of what was achieved,
enumerating my personal contributions, then we shall etéisome of the future work, and finally we shall
situate our endeavours in the context of the preparation sgaeeborne nulling interferometer like the
DarwiryTPF-I space mission.

7.1 What was to be done

In the Preface we outlined the science goals of our workngdour points:

e stabilising the Snapse tested,
e improving the performance of therSspse testbed,
e building the NyLLrivate testbed as its successor,

¢ testing the achromatic phase shifter prototypes.

Let us recall that by the end of its commissioning, in late®200was clear that the xSarse testbed
was stitering from drifts and that its performance in terms of thdinglratio was limited to a level which
was a factor 300 less than the designed value. The drifts ihdd&cult to perform reliable diagnostics on
the testbed, and therefore the first order of business wasdafi éficient way of conducting reproducible
measurements.
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The second goal was then to see what could be done to impreyeetformance and bring it up to the
expected levels, identifying the causes of the unexpectadie broadband nulling ratio.

The third goal was to build another testbedyMmare. The original purpose of the project was similar
to that of the Snarsk testbed, viz., achromatic phase shifter prototype testiiglike Svnapse, the new
bench was to be cryogenic and, ideally, work in the band 18 By the time | joined the team at the
Institut d’Astrophysique Spatialewas clear that Nucrimare could be cryogenic only if we understood why
there was a problem withySapsk.

The fourth goal, often presented (to the funding agencief)@only one, was to test the prototypes of
achromatic phase shifters constructed by our colleagubbcis, Cannes, Heidelberg, andeige. By the
end of my first year, the latter (Bge) was dropped, and its testing was to be done elsewhere.

7.2 What was done

The first goal was achieved quite satisfactorily by impletimgnan optical-path dierence stabilisation
algorithm (OPD dithering; Chag). In addition to it being an interesting technique that megvp useful
even in the context of a space mission, it is thanks to thiesyshat we were able to conduct reproducible
measurements of¥§aprse’s nulling performance.

We found that the % 10~* nulling ratio minimum was not due to OPD drifts. In order tady the origin
of this limit we tested the stability ofs&pse with the 339 um laser, finding a surprising improvement of the
nulling performance especially once we started workingpilarised light. This indicated that the testbed
was poorly aligned. We decided to undertake a major oveidfahke mechanics and a new alignment of the
testbed. New electronics were installed and new softwasedesaeloped. The improved testbedn&rse
Il, aimed at the second goal listed above. The new setup didatee the problem of the 8 10-4 nulling
levels broadband, and a series of tests were performed én twddentify the limiting factor.

In August 2008, theféort was put on standby and we concentrated on the:iare testbed. It was
designed in the period of several months, spanning Winain&, and early Summer 2008. uN riMATE
was built, aligned and its preliminary tests started in Noler 2008, leading to some design modifications
(installing polarisers; building a new coupling device irder to switch between sources more readily).
The commissioning of the definitive design began in Augu€92dt may be said that the third goal was
reached. A discussion ofd¥rivare’s future is included in the next Section.

The fourth goal remains to be reached. The prototype thaksated so far was the Focus Crossing,
and we concluded that it did not limit the performance of #stlied at the level at which it operates so far.
More tests are to be conducted in the future (cf. next Sextion

7.2.1 My contribution

As | stressed in the Preface, the work was that of a team, iteskions and decisions were those of a team.
In a dissertation such as this, it is important nonetheltegglicate what was the student’s own contribution.
One indicator of the way | was integrated in our team is thatdtesup the three papers (App) reporting

on our activities. The following list suggests the areasnehevas the most useful. Let me say once again
that none of these points was an individugibg.

¢ | developed the OPD dithering algorithm, performed stgbiieasurements of several hours with the
black-body source as well as with the3um laser both on Gapse | and Sinapsk 1.

e | coupled the 1.18.39um laser to the input fibre, developing the mechanics and aetiop proce-
dure observing the laser's beam emitted.461:m with an infrared visor.

¢ | implemented a technique of intensity balancing by positig of the exit fibre and exploiting the
residual imperfections in beam alignment.
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| contributed to the conception, realisation and alignnoér8y~arpse I, performing most of its com-
missioning.

| wrote most of the software fory®arse .

| carried out a considerable number of the tests describEthapters and6.

| contributed some ideas to the optical design of theiNmare testbed (arguing for a simple Mach-
Zehnder, i.e., a design minimising the number of opticainglsts; arguing against optical coatings;
motorising the delay lines).

| designed, realised and programmedLiNmvare’s driving and data acquisition system (essentially
upgrading the system implemented ongse Il).

7.3 Perspectives

7.3.1 NULLTIMATE

In the last months, our work has been concentrating on thaliason of the new testbed, iNtrimate.
As the photographs in Fig8.4 and 3.8 show, all of the elements are now in place. The optics hava bee
aligned, and large flux levels were reached. The work undgroaa be called debugging.

In the months to come, the basic operational parametersdidetcalibration, transmission, flux stabil-
ity) will be measured and the first nulling results (nulliregio and its stability) will be obtained with the
Focus Crossing (also called Through Focus) Achromatic&Badter prototype (Sectiod.9.7).

NuLLrivate being of simpler layout, using more stable mechanics, anthgdetter transmission than
Svnapsi, it was designed to provide some answers to our questiortsi¢8®.2). Working with the new
setup, especially during the alignment, makes us belieakitlindeedis mechanically more stable. The
first tests indicate that it provides a much higher luminous than Snarse. We feel, therefore, that the
new testbed will live up to our expectations.

We hope that within the next year or two, we will be able to absmme results and share them with the
scientific community. The following Sections provide a beeumeration of experiments that are scheduled
to be performed on the Mrrivare testbed, and which are likely to be of general interest tsehwho work
in nulling interferometry.

7.3.2 Polarisation

If NuLLrivate is as stable as we hope, and if there iffisient flux, nulling measurements can be performed
in linearly polarised light not only oriented parallel teettestbeds polarisation plane of maximum transmis-
sion but also perpendicular to it. Such an experiment coelthb first direct demonstration, in the context
of nulling interferometry, of the dierence in optical path length between the two polarisatidssve have
seen (SectioB.1.3, theoretical models (e.gChazelas 200M™o not seem to account for all of the observed
phenomena. A better understanding of thkeithat polarisation states play in nulling interferorges a
necessary part of basic research in this field.

7.3.3 Tests of achromatic phase shifters

The best tests of achromatic phase shifters to date wersthgperformed at the Jet Propulsion Laboratory
(Gappinger et al. 2009 We are confident that tcrivate will provide more conclusive results especially
because we will be using better quality prototypes (Se@i8n NuLrrimare is being set up with the Focus
Crossing (also called Through Focus) Achromatic Phasde3ifototype (Sectio8.9.1) and is ready for
the installation of a Field Reversal (Periscope) APS pyp@e{Sectior8.9.2, both of which are single block
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designs and therefore likely to provide more reproducilblé @onclusive results than the tests mentioned
above.

7.3.4 Flux-balance stabilisation

The optical path dference stabilisation system successfully testedyoaeSe will be also implemented
on Nurcrivate. In addition, Noccrivare will eventually have an analogous system (employing ditiggr
cf. Section3.3.5 controlling flux balance. Thus, irrmate may directly demonstrate that nulling ratio
stability can reach the levels required in the futirarwiryTPF-I space mission, vizg (10 days) <

3 x 1079 at the nulling ratio ofnl) ~ 1075.

7.3.5 Experiments around10um

If the transmission of single-mode optical fibresiat 10um continues to increase (cf. Secti8rb),
Nurcrivate Will be able to operate with powerful laser sourcestat 8.9 and 106 um. Work with these
sources will provide a possibility to validate the modalefiing qualities of the fibres, as well as marking
a passage to thBarwinyTPF-I waveband. Using either of the two laser sources caad Lo interesting
results on stabilisation, and using both in conjunction mpeyide a means of testing the phase shifter
prototypes.

7.4 Towards a flagship space mission

This is perhaps the best point at which to consider our wottkércontext of preparation for tiarwirn/TPF-

| space mission. Itis clear to us that a flagship space misgibrthe purpose of searching for spectroscopic
biosignatures will be launched eventually. So far, it seeery likely that it will be an infrared formation-
flying nulling interferometer. Let us reiterate the objeet that need to be successfully reached before
such an ambitious space mission can be considered feakibigs to be said that there are three fields to
be investigated, and each one of them is a major technoladiesienge:

e Cryogenicgooling of optics and detectors: work carried out in the eshbf other projects (Her-
schelPlanck, James Webb Space Telescope, etc.);

e Formation flying to withine 10 cm: laboratory demonstrator experiments (Formatiorti©bhestbed
at the JPL), space precursor&i@ia, Proa-3), including work carried out in the context of other
missions (BvBoL-X, Lisa);

e The payload, i.e., the nulling interferometer itself.

While the former two are important, it is the latter one whishtriuly critical because it is specific to
this mission. If laboratory tests demonstrate conclugitieat a nulling interferometer can be built to the
DarwinyTPF-I specifications, then the increased motivation forettgsment in the former two fields will
surely lead to ffective solutions.

Such payload demonstrator experiments need to be conducteelveral fronts:

e Modal filters operating in the waveband of 6—+2®, with a throughput of 50% or better and with a
25 dB modal suppression of non-fundamental modesvéon et al. 2008

e Achromatic nulling in the waveband of 6—g@n with the nulling ratio ofnly < 10~ and stability of
omy(10days) 3 x 10°%;

e Four-beam nulling and planet detection with internal matah (also called phase chopping) and
spectral filtering, i.e., simulation of a star and of a plaméth a realistic contrast) and the detection
of the simulated planet.
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Let us stress that work in preparation for other projectetam nulling interferometry (designed for
the Large Binocular Telescope, or considered for insfaltain Antarctica; or the space mission proposals
FKSI and Raasg) does not need to readdarwiryTPF-I specifications, and therefore is unlikely to do so.
We believe that the only way to demonstrate the feasibilftyparwiryTPF-I is to conduct a dedicated
experimental programme.

Important milestones have already been achieved but morle meeds to be done. The approach we
adopted in the Gvapse, and NuLLrivate testbeds is to first master nulling in the K band (2.8+2n) and
only then go on to the mid-infrared. The reasons for thisagdld:

e Single-mode spatial filters are not available for the miidaired so far, at least not for the whole
waveband of 6—-2(0m, and not with a satisfactory transmission (this issueniseld to the problem of
suficiently bright broadband sources);

e Work in the K band is, in principle, more challenging as to efaont quality, stability, etc., because
wavelengths are about four times shorter, and perturbatominversely proportional to wavelength;
and so it can be said thatarwiryTPF-1 performance levels (in terms of nulling ratio and iis-s
bility) are reached in the K band, once single-mode spattatdi are available for the mid-infrared,
transposition of the results from the K band to longer wawgtlle will be easier.

It would seem that development of a future formation-flyindling interferometry mission is not at its
highpoint at the moment. In this context, apart from its stfec merit, our work on stabilisation and the
preparation of the NM.irivate testbed has acquired an additional dimension. It has beeotoatribution
to the much-needed continuity of research in this field: autrcontinuity, know-how is often lost.

7.5 Summary

Three years ago we set out with the four goals in mind: stbB~apse, improve its performance, build
Nurcrivate, and perform tests of achromatic phase shifter prototyyesmplemented an improved method
of optical path diference (OPD) stabilisation based on the science beam d#ékring around the delay-
line position corresponding to the deepest null (Secti@ We were able to demonstrate itieiency and
share the results with the scientific communiBapor et al. 2008h).

We overhauled the testbed creatingn&se II. Working on the Swapsk |l testbed we gained some
understanding of the factors limiting its performanGabor et al. 2008cand, in order to overcome them,
we built a new testbed, ™rrmmare. This promising experimental setup is likely to producesiasting
results in the years to come.

If we were to summarise what we learnt in terms of a messagediegy the future formation-flying
nulling interferometer observatory, we would stress tluhlexternal (metrology with dedicated auxiliary
beams) and internal (working with the science beams) sakibn systems should be implemented.
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Cosmic Pluralism

One of the few constants in the life of generations of humangse maybe even before the dawn of our
own biological species of Homo sapiens, was the fact thaetaee stars overhead. For millenia this sight
filled people’s hearts with wonder and | am sure it must hawnbeery long ago that someone, maybe a
child, asked the Question: “Are we alone in this vast Unigensdo the stars tell us of distant worlds where
there are other beings like ourselves?” For generationstEsas minds who pondered this issue found no
path to a real answer. We are privileged to live in a time wheew avenue of promise is opening before
our eyes.

A.1 Millennia of speculation

Steven JDick (1996 has stressed the intimate connection between cosmologéves in the broadest
sense of the word and attitudes toward extraterrestral liideed, our Question is the point where philo-
sophical cosmology meets philosophical anthropology. VWhatt stake is one of the very basic issues
of human reflection: “Who am 1?” The (possible) existence ohynmhabited worlds in the Universe is
unseparable from the issue of our place in the world, andeénehour own identity.

“Are we alone?”, the question of cosmic pluralism, touchesrusome of the fundamental issues regard-
ing our view of the world and of our place in it. It has been ardéor millennia. Who was the first author
on record to reflect upon it? Simplicius of Cilicia (c. 490 -058.D.) claims Eragment Phys. opin. 4) 7
that it entered the historical scene in connection with tihhee® philosopher Anaximander (c. 610 — 546
B.C.). This claim remains somewhat isolaté&@lin 196(. We should also note that even if Anaximander
was the one who introduced the question, he was more likehate taken up a position against cosmic
pluralism.

In any case, whoever among the pre-Socratic philosophersasnjpthe debate, the important and lasting
influence must be attributed to the atomists, Leucippus {faf of the 5th century B.C.) and Democritus
of Abdera (c. 460 — 370 B.C.), and especially to the Epicusegmo adopted their cosmological heritage
and developed it until the end of Antiquity.

A.2 Links and implications

If we were to indulge in a serious discussion of cosmic plsnalwe would also have to reflect upon its
links to other problems of philosophical cosmology withrsfigant implications. This is not our present
purpose, however. We shall, nonetheless, at least giveewiew of these avenues of inquiry.

Cosmic pluralism is closely linked with the question of wiatwe are exceptional or banal. This issue
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is often discussed as the Anthropic Principle or the Prieai Mediocrity, and seems to lead to intriguing
paradoxes. Our study of the Universe is based on the assanrthtit our own region of it, including the
laws of physics that we can study in laboratory here on Eg&tlypical of the whole. This would seem to
imply that the emergence of life would occur wherever theed@aourable conditions. Since the Mediocrity
Principle (sometimes also called the Copernican or the ©tmyical Principle) logically views the Earth
as a banal planet orbiting an unexceptional star, shouldot/bave already observed signals produced by
extraterrestrial civilisations? Or indeed, if we consithey temporal version of the Mediocrity Principle, the
so called Doomsday Argument, should we not have long agotm®acted by civilisations more advanced
than ours? This paradox is often refered to as the Fermi Barad

Another interesting avenue of inquiry would be epistemimalg As we have noted at the very begin-
ning, we are singularly placed to witness, in the case of tgwmic pluralism issue, the transition from
millennia of pure speculation to development of quantiatibservational and experimental approaches. |
believe it is legitimate to regard this transition as ananse of the long-term programme of mathematised
science. Theféort of generations of researchers painstakingly, but adweith quantifiable knowledge of
its own limitations, strives for a “natural philosopHy”

All these questions are interconnected and they have pndfphilosophical and even theological im-
plications. As we have said, this is not the place to discemt It is noteworthy, however, that we have
often observed yet another paradox in this context, nanfy for many professional philosophers and
theologians the topic seems to be of little interest; arualti in complete contrast to that of the general
public.

A.3 Historical notes

Cosmic pluralism has a long history, as we have already seenently, it has become subject of several
enlightening studies. Let us just mention the informabtif by Dick and Croweick 1984 Crowe 1999
Dick 1996, which may be considered #ereference of the day.

A.3.1 Three forms of cosmic pluralism

Let us first note that, historically, the cosmic pluralisndtzd least three étierent forms. The term “cosmic
pluralism” itself can be understood as implying either teédf that (A) there are many “cosmoses” (what-
ever is meant by a “cosmos” in this context), or that (B) trememany inhabited worlds in the one universe
we know.

The list of the three forms described below is not a systeanwdissification with a well-defined dis-
criminating criterion. Rather, it gives an overview of thaimforms of cosmic pluralism that we encounter
in the history of western thought.

1. In the oldest version of cosmic pluralism, as represergeyg, by Epicurus (341-270 B.C.) and his
followers, a “cosmos” is a separate whole with its own Ediphanets” (including some very bright
ones, e.g., the Sun or the Moon) and a starlit firmament.

2. The second version, attributable to Nicolas of Cusa (240&4), considers the Earth as a “star”, i.e.,
a celestial body. Consequently, it is claimed that all ‘Stare habitable worlds like the Earth, be it
the “wandering stars”, i.e., planets within the Solar syster the “fixed stars”. Cusanus himself, and
most of his followers, e.g., Johannes Kepler, maintainatlttiese worlds not only can be inhabited,
but that they indeedre inhabited by intelligent creatures, which were more ofteamntnot considered
more noble than Earthlings.

3. The third version, which may be due to Giordano Bruno (33480), difers from the previous
variant only in one point. Whereas Cusanus claimed that tih B&as a celestial object, the next

IHere we use the term “natural philosophy” in the strong sedssignating a philosophy based on mathematical reflection of
nature. A captivating recent study of the subject was phbtibyGaukrogei(2006.
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step was to propose that the “fixed stars” were like our SumceSthe Sun is clearly giving light and
heat to the planets in its vicinity, it can also be imagineat #sach of the “fixed stars” is similarly
the source of radiation for a set of planets analogous to wur @anetary system. The novelty of
this variant of cosmic pluralism was the claim that thereaher planets forming planetary systems
beyond our own.

It is indeed intriguing that all three of these philosophjpasitions have a well-defined and even well-
argued counterpart in contemporary science.

Epicurean or multiple-universe cosmic pluralism. Regarding the first one, the Epicurean variant of
cosmic pluralism, it is clear that the operative notion & thniverse in the original form of this hypothesis
was very limited in comparison to our own Standard Model froology. It is equally clear, however,
that the Epicurean cosmic pluralism is akin to the contemuyotheory of multiple universes because it
understands cosmic pluralism as the belief in multiple whdhat have to be considered as sister entities
which are not directly observable.

We shall, therefore, tend to refer to it as to the Multiple \mge Hypothesis. Let us note that in the
current debate on fundamental physics, it is often involssaheanswer to the enigmatic Anthropic Principle
(let us evoke Susskind’s recent Cosmic Landscape hypsth8asskind 2006

The leading professional historian studying the extratdrial life debate, Michael J. Crowe, reminds
us, however, that

the basis of Epicurean pluralism lay not in direct obseoratiut in the metaphysical mate-
rialism and atomism of its philosophy. Other worlds musssekiecause some of the chance
conglomerations of infinite atoms in an infinite universe trfasm worlds, all things being
possible. Crowe 1999

Such an infinity of universes, however awe-inspiring, daggnovide the least hope of communication
or travel among the inimaginably vast expanses of spacenoith we would not be alone in the strict
sense, our existence would nonetheless be lonely.

Cusanus’ plurality of inhabited worlds within our Universe. This view is still very much present not
only in popular thought (albeit with the extraterrestriafssuperior intellect to our own being often per-
ceived as a threat), but also in the scientific mind as thevaitig principle for such endeavours as the
search for life on Mars. Historically, Cusanus did not preg@any hypothetical bodies beyond those known
from Antiquity, and that is why we shall regard his versiorcoémic pluralism as the inspiration for Solar
system exploration.

Bruno’s cosmic pluralism. The extension of cosmic pluralism to other planetary syst#ran our own
has become a guiding principle of empirical research in tagw Firstly, it brought us the SETI (Search
for ExtraTerrestrial Intelligence) programme in radisasbmical observation and signal analysis. And
secondly, scarcely two decades ago, the field of exoplaygtdlecame a reality. The first planets orbiting
a star similar to our Sun were detected in 1995, and as of JUB®& 2he hunt for exoplanets has brought to
light the existence of about 350 objects.

The latter two versions of cosmic pluralism, Cusanus’ andnBis, both lead to a clear answer as to
our question of whether we are alone in the Universe: No, wenat alone. There is afterence, however.
Whereas the second hypothesis places our cosmic cousingititi the reach of man-made probes even in
our pioneering age, the third position leaves open a brazgeraf possibilities regarding the distance to the
nearest inhabited world. Our closest neighbours may béingtsome of the closest stars, i.e., only several
light-years away, or perhaps not even in our own Galaxy. Beeaf the great intergalactic distances (the
Andromeda Galaxy, M31, is approximately 2.5 million ligrgars away) two-way communication would
be impossible unless the light-speed barrier can be overcom
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A.4 ldeology and historiography

The story of western science has long served as an examplepors various progressist, positivist, anti-
clerical, and generally ideological agendas. Perhaps tigt mspiring author who pointed out the ideolo-
gisation of the historiography of science wRalanyi(1958. He was more concerned with a representation
of important developments in modern science where fidedithe¢ actual historical evidence was very often
sacrificed on the altar of a particular view of what “shouldéd@appened” if the scientists followed the
established theory of scientific discovery.

A.4.1 “Pre-Socratic light”

There were worse excesses, however, regarding olderyitoe second half of the 19th century produced
a positivist view of history where humankind progressedfexplanations of phenomena in terms of myths
to metaphysical and finally to scientific explanations. lis tontext, scientific advances were considered
as symptoms of humanity’s progress, moving inexorably fidarkness to light. It is from this period,
comparatively recent, that we have inherited such “woridesshe idea that the Middle Ages believed that
the Earth was flat and that Columbus had to prove its spheriitch a proposition is so preposterous that
| find it disturbing that certain academic circles at the tiooeld trafick such blatant fabrications without
any concern for truth, undoubtedly believing that “anythgoes” when it comes to supporting the “true”
representation of reality as they understood it, i.e.,limgeof their particular variant of positivistic ideology.

The history of cosmic pluralism was particularly distortgd19th-century ideological historiography.
Many scientists writing on the subject of cosmic pluralisepeat the story fabricated mostly by positivist
historians.

Since the dawn of history, man has speculated about thehjildgghat intelligent life may ex-
ist on other worlds beyond the Earth. This idea probablyiaigd from the often unsuccessful
attempts of primitive religions to give meaning to thoseemsp of the environment which had
no simple explanations. [...] As astronomy developed, thecept of the existence of life on
other worlds began to acquire some scientific bases. Mogdieoéarly Greek philosophers,
both the materialists and the idealists, thought that outhB@as not the sole dwelling place
of intelligent life. Considering the limitations of sciemat that time, these early philosophers
displayed great originality and ingenuity. [...] Anaxintmn asserted that worlds are created
and destroyed. Anaxogoras, one of the first proponents dfdhiecentric theory, believed the
moon to be inhabited. He also maintained that invisible dse#f life,” from which all living
things originated, were dispersed throughout the univelsdater eras, similar concepts of
“panspermia” (ubiquitous life) were propounded by varigagntists and philosophers. This
idea was incorporated into Christianity soon after its ptm. The Epicurean school of ma-
terialist philosophy taught that many habitable worldmikr to our Earth, existed in space.
The Epicurean, Metrodoros, maintained: “To consider thehEhe only populated world in
infinite space is as absurd as to assert that in an entire field with millet only one grain
will grow.” It is of interest that the proponents of this done considered that not only the
planets, but also other heavenly bodies in the vast readhssoe, were inhabited. [...] For
fifteen hundred years after the birth of Jesus of Nazarethstin cosmology influenced by
the theories of Ptolemy, taught that the Earth was the cefitBe universe. The concept of life
on other worlds seemed to be incompatible with this philbgofShklovskii and Sagan 1966

p. 3)

This inconsistertcollection of half-truths closely follows Auguste Comteidiculous “Law of Three
Stages”, which is based on the conviction that the chiefriass of religion, philosophy, and science is to
provide an explanation of the natural phenomena. Withis fitimework, three stages of the development

2If panspermia was supposedly “incorporated into Christyasibon after its inception”, why would “the concept of lifa other
worlds” be “incompatible with its [Christianity’s] philogiy”?
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can be identified in the history of thought, progressing anakly from the most primitive to the most
advanced. The most primitive stage is that of mythical exqli@ns, which includes most of religious
convictions. The following stage is metaphysical, repnése by thinkers who were struggling to see the
truth in spite of the pervasive religious superstition @ithime. Finally, the one and only valid explanation
was reached with the advance of positive science.

The fact that this perfectly philistine view was acceptedpepple who were supposed to be seaking
for the truth, is an illustration of the bitterness of 19#mtury ideological strife. Let us note that already in
Plato’s Academy philosophers in training were taught thatwalue of myths is not in providing explana-
tions of natural phenomena, but rather that they have aplaceable function inspiring and guiding in the
spiritual, moral, ethical and societal sphere. As for thel@xations of natural phenomena, they were to be
sought (if at all), with mathematics.

Let us briefly examine the above excerpt fr@hklovskii and Sagaf1966. The beginning nicely
demonstrates that they subscribe to the “Law of Three StagBse next part repeats another popular
prejudice. The authors glorify early Greek philosophypeeaously claiming that “most” of these thinkers
(commonly called pre-Socratic) subscribed to cosmic fikma They do not mention that the most influ-
ential philosophical schools of Antiquity were clearly ags any such concept. They even go as far as
to purport that Anaxagoras peopled the Moon as if this weresaablished and undisputed opinibiTthe
purpose of this is to make all the more stark the contrastdetvthe “original and ingeneous” Greeks and
the rigidity of “fifteen hundred years” of authoritarianisand obscurantism brought about by Christianity.
Yet, progress cannot be stopped for ever, and inexorabliyutia re-establish itself thanks to brave thinkers
who had to overcome terrible opposition, often dying foiitikenvictions at the stake...

We do not pretend to be able to reconstruct the long and coaipli history of the idea of cosmic
pluralism. Itis clear to us, however, that nothing can beediby first creating a theory of what happened
and then carefully selecting those tidbits of evidence $seam to support our claim while rejecting those
that do not seem to fit into our preconceived story.

A.4.2 “Medieval darkness”

The first form of cosmic pluralism as we defined it in Sect®.1 was fundamentally a philosophical
position in the context of one of Antiquity’s great schoofspbilosophy, the Epicureism. Philosophical
schools at the time were ultimately concerned with the goestf how to live wisely. The representations
of the physical world they cultivated, can only be underdtas a part of an harmonic whole guided by
the principle of unity between the macrocosm and microcasm,between the world and the individual.
Ethical behaviour is determined by perceived values, aacdktbre the view of the physical reality fostered
by a given school of philosophy naturally correspondedgasitstem of values. Epicureans believed that
life, and the world is a passing chance with no purpose: atthdance of atoms in an endless void. This
view harmonised with their ethics which was founded uponltasic principles: sustainably minimise your
sufering and value your friends.

Philosophical schools based on Plato’s and Aristotle’stdige found Epicureanism unacceptable be-
cause of what they perceived as its lack of depth, its irtghiii inspire higher aspirations, etc. Platonists
and Aristotelians of all hues consider the world as fundaaignOne. The goal of ethicalfort is to reach
a wholeness of one’s self reflected in the One, the PrinciplleeoUniverse. A fragmented, irreconciliably
multiple world of the Atomists and Epicureans was of nedgssjected by these schools. And this was,

3Simplicius quotes Anaxagoras as saying:

Since these things are so, it is right to think that there areynatifferent things present in everything that is being
combined, and seeds of all things, having all sorts of formrspand flavors, and that humans and also the other
animals were compounded, as many as have soul. Also that theritias that have been constructed by humans
and works made, just as with us, and that there are a sun and aandosther heavenly bodies for them, just as
with us, and the earth grows manyfférent things for them, the most valuable of which they gathgettrer into their
household and use. | have said this about the separafighB. “separating &” is a key process in Anaxogoras’
physics], because there would be separatidmat only for us but also elsewherd&ragment B4a

Itis not at all clear what is meant by elsewhere. Accordindn&mhe Stanford encyclopedia of philosop{8007), no ancient sources
discuss this. Simplicius himself, after quoting the fragmenpuzzled by it, and argues for a metaphysical interpretatio
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naturally, also the case of the cosmic pluralism.

Platonist and Aristotelian influences have been crucidhéndevelopment of Christian thought. It was
only natural that the cosmic pluralism of the first sort hadrbeonsidered incompatible with Christianity
until 1277. This was the year when Etienne Tempier, Bishopaofs, condemned 219 propositions which
seemed to take the then fashionable Aristotelian thoughfaio

Rational speculation inspired by Aristotle was leading sarfithe 13th-century Parisian intellectuals
to the conclusion that even God was not free from the comsgraf logic, and since cosmic pluralism was
considered absurd by Aristotle, God could not have creatdtipte worlds. Let us note that this rejection
of cosmic pluralism was formally similar to Aristotle’s owvay of arguing, but it also was fundamentally
different from Aristotle who used logic to construct a harmashig@rldview but who considered, as all
philosophers of Antiquity, that Philosophy was primarigncerned with the wisdom of living a good life,
whereas many already in the 13th century subscribed to tldemawiew of philosophy which is considered
primarily as an intellectual exercise.

Proposition number 34 among those condemned in 1277, trereéads:
that the First Cause cannot make many worlds

After 1277 many authors attempted to reconcile Aristotelilinations with God’s freedom in creating
multiple worlds. It was not until Nicolas of Cusal® docta ignorantiaof 1440 that cosmic pluralism was
affirmed.

A.4.3 Nicolas of Cusa

Cusanus is the undisputed author of what we called the sdoomdof cosmic pluralism, writing:

Life, as it exists on earth in the form of men, animals and glais to be found, let us
suppose, in a higher form in the solar and stellar regionshd®ahan think that so many stars
and parts of the heavens are uninhabited and that this efidbre alone is peopled — and
that with beings, perhaps of an inferior type — we will supptsat in every region there are
inhabitants, dfering in nature by rank and all owing their origin to God, whdlie centre and
the circumference of all stellar regions. [...]

Of the inhabitants then of worlds other than our own we canakstlll less, having no
standards by which to appraise them. It may be conjecturgdiniithe area of the sun there
exist solar beings, bright and enlightened denizens, anthhyre more spiritual than such as
may inhabit the moon — who are possibly lunatics — whilst ¢hois earth are more gross and
material. [...]

And we may make parallel surmise of other stellar areas e of them lack inhabitants,
as being each, like the world we live in, a particular areara# aniverse which contains as
many such areas as there are uncountable stars.

We may only suspect that the reason why so many texts on tk@nhisf cosmic pluralism do not
mention Cusanus has to do with the fact that his existence doeconform with the positivistic fable
outline above. Cusanustamed that the Earth was not at the centre of the Universe.fhtenad that the
Universe could be infinite. Heflarmed that the Earth was of the same nature as the “stars"fiitaed that
there was no perfection in the physical universe, and tbezgthat the planetary motions were not following
perfect geometrical figures, and that celestial spheresd cmt be perfectly spherical. Héimmed that the
“stars” were habitable and that there were many non-humiatexrrestrial beings inhabiting the “stars” we
observe in the night sky.

If the positivistic story of cosmic pluralism were true, @usis would have been persecuted. As Crowe
puts it:

“4Let us note again that Cusanus’ peopling of celestial objeith intelligent beings, was in all probability not linkedth the idea
of our Sun being a star, and therefore of planets orbitingrogkars than our Sun. Curiously, even though Cusanus epsegiant
leap, this further development required an additional step.
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A superficial knowledge of the extraterrestrial life debateluding belief in the myth that
Giordano Bruno was martyred for his pluralistic convicBpmight lead one to suspect that
these claims of Cusanus reveal a person with little sendeegbdlitically acceptable, if not a
man destined for imprisonment or burning at the sta€eofe 1999p. 8)

But the facts do not follow this logic. Nicolas of Cusa was madCardinal in 1448, eight years after
publishingDe docta ignorantia.

A.4.4 Giordano Bruno

However, we have yet to discuss the most crucial episodeeipdisitivistic story about cosmic pluralism,
viz., the teachings and martyrdom of Giordano Bruno. Thsigerone finds perpetuated in all the standard
texts written by scientists can be exemplified by the follogwery recent brief account:

Believing Copernicanism to be true, Giordano Bruno enldrigé¢o a vision of an indefinite
multiplicity of solar systems, which anticipated the madeonception of stellar spaces. Fifty-
seven years after the death of Copernicus, Bruno was buvetfal his convictions.Polanyi
1958 p. 146)

As before, although both of the above statements are mogdytheir implied connection is unlikely to
be founded upon historical evidence. Michael Polanyi wasadrthe first to point out that history of science
should not be used instrumentally just to prove ideologicahts, and yet, here he repeats an established
half-truth. Therefore, if even the very advocate of criticistoriography of science fell for the “myth” (as
Crowe refers to it) so dear to positivists, we should not gilgrshly those who perpetuate it even tatlay.

Contrary to the “myth”, it is not clear what exactly happem¢@runo’s trial (and much less what went
on behind the scenes). The main problem is that the files dktimean trial against Giordano Bruno (1548-
1600), once kept in the archives of the HolytiCe, are lost. The onlyfiicial documentation we have is a
summary, which derives from the originals (on the marginthefdocument you often find citations of the
pages of the lost trial). Some abstracts of Giordano Brurm&sy his interrogations, some of the records
of his Venetian trial in 1592 and some other documents cofsi@d the original files converged in the
summary, which was probably used by the Assessor of the HfbigeD

The lack of proper sources is very frustrating. To illusrtite point, let us mention just two tantalising
issues. Firstly, it is very strange that his trial lastedrfearly eight years, whereas usual proceedings of the
Holy Office typically took several weeks, rarely as much as one yeay. théhdelay?

The second, perhaps even more intriguing question is ththeadctual accusation. The crucial moment
in the trial came when he was asked to recant eight proposifieepared by the Cardinals Bellarmine and
Commisario. Unfortunately, the text of these propositisnsst:

What were the eight propositions? It is of course almost imids to say, but [a possible list
could cover] propositions as to (1) the distinction of pesm God; (2) the Incarnation of the
Word; (3) the nature of the Holy Spirit; (4) the Divinity of @kt; (5, 6, and 7) the necessity,
eternity, and infinity of Nature; (8) the Transmigration afus. (Mcintyre 1992 p. 90)

It is unlikely that these propositions included the mopitif the Earth, or other Copernican vie# good
argument for this assertion can be deduced from the developai the Copernican and Galilean contro-

5A recent textbook on planetology says: “An example of the écirifletween the formal teachings of the Catholic Church of the
16th century and astronomy is the execution of Giordano B(d5d48-1600 AD) by burning at the stake on February 17 of 1600
in Rome. Bruno had openly advocated the heliocentric modéiefiniverse proposed by Copernicus and had stated that ttie Ea
moves around the Sun. In addition, he claimed that the Univisrsginite. During his trial, which lasted seven years, hieised
to retract these and other heretical ideas he had publishiis iturbulent life. Finally, Pope Clement VIII declared himbe an
impenitent and pertinacious heretic. When he was sentenaizhthb on February 8 of 1600, he is reported to have told trgegidf
the inquisition: Perhaps your fear in passing judgement orsrgesiater than mine in receiving itFéure and Mensing 2007

6 “His [Bruno’s] sources, including Lucretius, Cusanus,iRgnius, Paracelsus, Copernicus, and the Hermetic wsitisepm to
have been more numerous than his followers, at least untiligtgeznth- and nineteenth-century revival of interest inri® as a
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versy in Rome up to 1633. In the extensively documentedstoéiGalileo there is no reference to these
“eight propositions”, which would be surprising if they ¢aimed an ficial position on Copernicanism.

A second issue that still remains to be adequately clarie8riino’s influence on the extraterrestrial
life debate during his lifetime and in the decades after bitll. Unfortunately, even the most recent books
on Bruno tend to concentrate on other things, leaving thasstapns unanswered. Writing about the latest
Brunonian monograptRowland 2008 Anthony Gottlieb is rather caustic:

Although Rowland would like us to see Bruno as a martyr torgme his [Bruno’s] work
comes across more as theologically inspired science fidtierwas a poetic speculator, not an
empirical or systematic investigator. Thus it is still ntgar what the great master of memory
should be remembered foG6ttlieb 2008

It would be good to know what part did Bruno’s writings playtime formation of Re@ Descartes’
version of cosmic pluralism. Cartesian views, expressédsiRrincipia philosophia€Descartes 1644had
a large impact, also thanks to the popularity of Bernard lei&ade Fontenelle’s (1657—175FEntretiens
sur la pluralité des monde@~ontenelle 168% where Giordano Bruno is not mentioned once. What is
more, Bruno may have, paradoxically, done a disservice fwe@ucanism. It is not impossible that many
17th-century intellectuals found Bruno’s exalted visidos disturbing, and rejecting them, rejected also
heliocentrism:

Copernicus held that not just the solar system but the entireerse was heliocentric, and
Kepler denied that the stars have planetary systems. Thedirson to make explicit the idea
of a large - indeed, an infinite - number of other worlds in taltiout other suns seems to have
been Giordano Bruno. But others thought that the pluralitwaorlds followed immediately
from the ideas of Copernicus and Kepler and found themsaealykast. In the early seventeenth
century, Robert Merton contended that the heliocentriobiygsis implied a multitude of other
planetary systems, and that this was an argument of the albetiaeductio ad absurdum,
demonstrating the error of the initial assumptiddagan 1980p. 164)

In order to have a clearer view of this open field of inquiry,raduler perspective is of essence. The
period from Cusanus to Newton witnessed a profound “transdtion of cognitive and intellectual val-
ues”, a “redefinition of the nature and goals of enquiry”, hod the “emergence of the scientific cul-
ture” (Gaukroger 2006p. 3). Many diferent currents of thought were arising and interacting at th
time, and historiography has mostly perceived Bruno’sgoution without sificient attention to the emer-
gence of the science as a whole. A brief attempt to situatevhiik in this context can be found in recent
Gaukroger’'s monograph on the genesis of modern science:

After Bruno, the naturalist tradition collapsed in natysailosophy, not so much because
of the dreadful death inflicted upon him by the Roman Inguaisiin 1600, but because he
cut natural philosophy loose from virtually all its traditial bearings, while féering little
more than promissory notes, especially when compared toéidy developing “physico-
mathematical” and corpuscularian movements. His defehtieecearth’s diurnal motion, for
example, was simply that it rotates on its axis in order tdgbar of the sun’s light and heat,
and it revolves around the sun so that it can partake in theossa This hardly engaged the
natural-philosophical or astronomical issues seriowsty could not possibly have furthered
the cause of CopernicanisnGgukroger 2006p. 115)

supposed ‘martyr for science’. Itis true that he was burnéldeastake in Rome in 1600, but the church authorities guilthisfaction
were almost certainly more distressed at his denial of Chriivinity and alleged diabolism than at his cosmologicaltdoes.”
(Crowe 1999p. 10)



Appendix

Variability noise

B.1 Stellar leakage

One of the processes that make the output signal of a nutilegferometer nonzero is the so-calkdllar
leakage. It is an dfect of the finite angular size of the stellar disk. With petfegtics, the instrument’s
on-axis transmission would be zero. This would be true oohperfectly on-axis beams, however. Let us
call ¢ the angle between the axis and the line of sight to a givBaxas point. In a nulling interferometer,
9 corresponds to the phasefdrence, i.e., to OPD.

Fig. B.1 shows the transmission of a two-aperture nulling interfegter as a function af. Since the
fringe pattern is a enveloped sine curve, its behaviourraddhie minimum is quadratic:

1(9) o 92, (B.1)
With a stellar disk of a finite angular radius the spatialliegrated flux from the star is a fractigeomof
the total flux.

In addition, the instrument is not perfect and transmitsagtfonnl of the on-axis flux. The stellar
leakage generates a total photoelectron Ryx1, 7) at the wavelength and after the exposure time

Fs(1,7) = AFg(A)[geonfa, 7) + nl(A, 7)] (B.2)
where

e Ais a constant depending on telescope size, optics throtigigtector yield, etc.,
e F4(1) is the incident stellar flux over a spectral bin centred adbuin photoelectrons per Ms ™,

e geomis the geometrical nulling ratio due to the finite size of ttedlar disk and the nonflat response
of the interferometer around its axis (thi& response); considering perfect optigepm< 1; and

e nl is the instrumental nulling ratio of the interferometer for on-axis point sourég taking into
account instrumental defectd, < 1.

B.2 Shot noise

If the interferometer is optimised at a given wavelengthad@lanet position with a relative transmission of
unity (the planet is on a bright fringe), after integratigrihe signal due to the planetAd-,r. Because the

1The laboratory experiments obviously measuireith geom= 0 because coherent light beams are used.
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Figure B.1 - Transmission of a nulling interferometer wita transmission around its axis. The
finite size of the stellar disk leads to leaks with a relativensitygeom

photon flux due to the planet is much weaker than that due llarskeakage, the shot noise is given by the
square root of the number of photoelectrdtisy. The signal-to-noise ratio (SNR), if the shot noise were
the only source of noise, would be

At
S/ = \/Fst«geom iy <P 83)

which improves with integration time as/2.

Since the shot noise associated wigieon) is intrinsic to the interferometer design, it is reasondble
require that the instrument dependent noise associatbdmjtbe somewhat smaller, so that the total shot
noise would not be significantly increased by it. The acteglirement is dictated by the total SNR needed
at the corresponding wavelength and depends on the plgrsgaal intensity and other sources of noises,
e.g., the zodiacal and exo-zodiacal light, thermal baakguo etc.

At a given wavelengthl the first transmission maximum of a Bracewell interferometgh baseB
is at an angle? = 1/(2B). This base can be selected so that the target planet istbeatone of the
transmission maxima. The angular separation of the SutirEgstem at 20 pc (65 light years) is 0.05
arc sec. When one is observing atm, the planet is located on the first transmission maximurhef t
interferometer’s baseline B = 14 m. The geometrical stellar leakage due to the finite sizbefttellar
disk is thengeom= 1.8 x 10°. The most interesting target planets are located in th@neghere water
can be liquid, i.e., in the habitable zone (HZ) of their s{@osighly 0.7-1.5 AU for the Sun, i.e., the zone
between Venus and Mars). Most stars in BerwiryTPF-| target lists are cooler than the Sun, and have a
larger ratio between their angular size and the distandesioltiZ. They produce larger leaks when a planet
is searched for in their HZs. Therefore the preceding vadugé&omcan be considered as the lowest one,
and the condition derived thereafter fdris the most severe.

A possible requirement fanl would be(nl) < 0.56 (geom, which corresponds to an increase in the
total shot noise by 25%. For an interferometer with leakagedar to those of a Bracewell interferometer
(geom= 1.8 107 for an Earth-Sun-like system) a sensible value for the mesinimental leakage would
then be

(nly7,m = 1.010°°. (B.4)
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For another interferometer design with more intrinsic bgas, the requirement ahcould be relaxed, but
the required integration time for a given telescope calgcarea would increase because of the shot noise
associated with the larger value ggom

B.3 \Variability noise

Variability noiseNy is due to stochastic variations of the mean flux at the outptliteo(imperfect) nuller. It
is proportional to the stellar flux and to the standard deuiadf the mean of the instrumental nulling ratio
(nly over the integration time:

Ny = AFg() onp(7) 7, (B.5)

whereo (1) is obtained for each exposure timdy calculating the standard deviation of the set of the
mean values afl, each of which corresponds to a moving window of the duration

The resulting SNR is
S/N, = Fpi 1
' Fst 0'<nl>(7')'

(B.6)

An analysis of the relationship betweeg, () and the Power-Spectrum Density (PSDhbfChazelas et al.
2006 shows that if the fluctuations of are white, i.e., PSR(v) is constanten,(7) is proportional tor=%/2
andS/N, increases as/?. If there are instrumental drifts, the PSD as a so-callgdcbmponent, i.e., the
longer the time interval between two calibrations of therin®ent, the more noise power there is at low
frequency. Lefl be the time separating two calibrations of the nuller. A ga@esnodel for this noise is

[ al+b for | >T1
PSD() = { aT+b for | <T? ®.7)

In this model (Fig. B.2), if ar > b, the J/f noise causes a very slow decreasergfy(r) with the
integration timer. In the presence of dominating fLnoise, theS/N, is almost independent of integration
timer.

If ar < b, white noise dominates;(7) is proportional tor-/2 andS/N, increases as*/2. When the
noises associated with the stellar leakage are dominantat short wavelengths, a possible noise budget

IS
1
Ny = Nsp = \/; Niot- (B.8)

To obtain spectroscopic information atfférent wavelengths, including the mostfdiult ones, the
S/Not ratio must be sfiicient in a maximum of 10 day integration, s8yNi: ~ 7. The above equation
implies that

S/Ny = V2 S/Nit ~ 10 in 10 days (B.9)

At 7 um the star-to-planet contrast is 4'1for the Earth-Sun case. At other wavelengths the relation
Fst/Fpi(4) can be estimatedChazelas et al. 20Q6using a simple power law curvel(7um)=33’. The
resulting requirement for the nuller stability is shown ig.FB.3.

In the 7-20um domain, the required condition can be written as

omy(4, 10days)< 2.510°° (1/7um) 3%, (B.10)

or
omy(2, 108)< 71077 (4/7um)~>%" + white noise (B.11)

The condition “white noise” means thaf fl-type noises, e.g., long-term drifts, must be small enowgh t
permit an improvement in stability with integration tinie"/2.
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Figure B.2 - Mathematical model used to describe thed hoise. It has finite power, but this
power grows with the tim& separating two calibrations of the instrument.

Figure B.3 - Required stability of the instrumental nulling functiai{t) on time scales = 10 s
and 10 days.



Appendix

Gaussian beams & parabolic mirrors

C.1 Paraboloid of Revolution

A paraboloid of revolution is the locus of points in space tr@ equally distant from a given plane (direc-
trix) and from a given point (focus). The apex of the paralbls on the normal running from the focus
to the plane. The distandebetween the apex and the focus is called the focal length. h@techordl
passing through the focus parallel to the directrix is chife semilatus rectum.

By paraboloid’s definition|FB| = |BD| = | = 2f. The distance = |FP| from the focusF to an
arbitrary pointP on the paraboloid is, again by paraboloid’s definition, egoighe distancéPR from the
point P to the directrix. In Fig.C.1it can be seen thdPR = 2f — |FQ|, and thatFQ| = r cosa, where
a is the angleAFP. Thereforer = 2f — r cosa, which is the equation of the paraboloid in spherical

coordinates:
2f

= —
1+ cosa

C.2 Gaussian Beam Encircled Power

A Gaussian beam has, in principle, non-zero flux values eeenfar from the beam axis. Neglecting the
hyperbolic longitudinal behaviour of the beam, i.e., exaing the behaviour at the beam waist, we express
the electric field distribution at the radius

1 r?
E(I’) = W eXp _ZT.'Z

whereo can be regarded as proportional to the beam’s waist (we shail determine the proportionality
factor). This formula is normalised as follows:

21 00 ) 1 r2
fo dﬁfo r drE(r) =27r£ Wexp(—r‘_z)r dar =1

calculate the flux{, encircled within a radius from the beam axis.

T 1 2 \P 1 r?
r_ _ _ = — _—
lo = ZKL [27r0'2 exp( 202 )} tot 4o [l eXp( o2 )]

And its complement;*:

=l 1 2\ 1 r2
1> =2r ——expl-=— || tdt= — exp|-—
' fr [ 2n02 Xp( 202 )] 4no? Xp( o2 )
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Figure C.1 - Parabola.

And the total fluxI:

<1 2 \| 1
17 =2 — —— || tdt=
0 ,fo [2710'2 eXp( 202 )] Ano?

Let us now look at the expressions for the beam intengity at the radiug and the maximum beam
intensity | (0) at the beam axis:

0= gzl =[] ool

o- (3]

We can determine the relationship between our pararaed@d the conventional beam waig from these
expressions for the beam intensity. If the waigtis defined as the radius where flux igel of the on-axis
flux, then we obtaimvg = o V2, and therefore

I(r) = 1 2ex 2
~ ) T
The proportion of the flux outside of the radiusrovith respect to the total flux is therefore equal to the
proportion of the beam intensityr) at the radiug with respect to the maximum flux at beam ak(8):

> 1(r)

-

1~ 1(0)

C.3 Gaussian Beam Coupling

The formula we found in the literature and which we calcuatelependently using both the numerical
and the symbolic-manipulation approach (Python and Mattiean) expresses the couplinfiieiencyn in
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FigureC.2 - A linear-scale plot of the relative beam intendity)/1 (0) = exp(-2r?) and encircled
powerlg/15 (or its complement®/I7) vs. radiusr given in units ofwp.
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Figure C.3 - A semilogarithmic plot of the relative beam intensify)/1(0) = 1;°/15 = exp(-2r?)
vs. radiug given in units ofwy.
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Figure C.4 - Coupling éﬁciency( 2 )2.

o2+1
terms of the two beams’ waists or MFDs, here denoted aadp:
[ 20p 2
T=\ o2+ p2

The above result can be derived in the following way:

00 00 2 2
I B i e o

T g2 2
VIS L ool 50 vy 1 2 [ evpl- 527y T
Or, using cylindrical coordinates:
2n g 5 ©xP| =37 ] 5z exp| 7 |t _ _2op
o2+ p?

\/27r = exp(—z%;)]z udu \/271 I [2,1%2 exp(—z‘%z)]zvdv

These integrals represent the electric field. In order tainkihe intensities, we have to square the above
expression, obtaining our formula above.
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Distance-Squared Law

We used a 12 V halogen bulb as an infrared source at a curr@rl éf powered by a stabilised source. The
lock-in amplifier was at 270 Hz chopping frequency with a ticoastant of 300 ms.

We measured the dependence of the detection system’s sesppon the distance from the source
twice:

1. Placing the source close to the detector (a minimum distaf 45 cm was necessary so that we
could neglect the geometridtects), we found a current corresponding to the maximum respo
of the detection system~(1 V): 2.7 A and 2.2 V. Then we performed a series of measuresnent
while withdrawing the source from the detector until we festthe limit of 13.5 m (the size of our
laboratory space).

2. At the farthest point from the detector we turned the eurdgewn until we reached a signal about an
order of magnitude greater than the dark current, viz., 1d8 8.5 V. Then we performed a series of
measurements while bringing the source back to the deteaitt we reached the same minimum
distance as before (45 cm).

The results are presented in Figsl, D.2) In the case of the first series of measurements was (wyithe
sum of squares of fferences between the measured points and the fit):

133541

| = — 2
(d— 4.94196¥

+3.3803910°  y = 0.0453 (D.1)

At the first glance it would seem that the two series of measargs are in good agreement with
Bouguer’s Law and that the putative non-linearity of theeddbn system’s response is insignificant in the
ranges 1-1000 mV and 0.02—10 mV. A closer look shows thairfigations of this conclusion, however.

Multiplying the maximum signal values by a factor 1.1 (thestfipoints on the left) in both series of
measurements and performing the fit on the modified datasseréeobtain practically identical curves (no
visual diference).

With the modified data series we obtained:

133845

_ =999 357240103 — 0.0669 D.2
(d— 4942267 © X (D-2)

In the case of the second series of measurements, the mg:asimes were fitted with the curve:

153198

- =229 L 46081610°  y = 0.00027853 D.3
(d—7.001527 X (0-3)
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Figure D.1 - Measurement 1 — from the detector to the end of the laboratdeasured points

and the fit:l = % +3.38039103

And with the modified data:

153232

- TO905C L 49786310° — 0.000278395 D.4
(d—7.001467 X (D-4)
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Figure D.2 - As the previous but in log-log.



132

0.012

0.010

0.008

0.006

signal [V]

0.004

0.002

0.000

o

500 1000 1500
dist [cm]

Figure D.3 - Measurement 2 - from the end of the room towards the dete®teasured points

and the fitl = 223578 +4.60816 10°
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Appendix

Publications

We reported on our work in three papers:

e Gabor et al Astronomyé Astrophysics483:365-369, May 2008.

e Gabor et al.SPIE,vol. 7013, p. 70131R.(This paper is an update of the first one, reporting new
results and otherwise only correcting several errors.)

e Gabor et alSPIE,vol. 7013, p. 701340.
The first two papers, dealing with the OPD stabilisationrespond to Chapter 4, which can be regarded

as a corrected and updated version of the papers. Chaptert&ircthe material published in the third
paper.

1published inOptical and Infrared Interferometry.Edited by Scbller, Markus; Danchi, William C.; Delplancke, Francaise
Proceedings of the SPIE, Volume 7013, pp. 70131R-70131R8)2

2Published inOptical and Infrared Interferometry.Edited by Scbller, Markus; Danchi, William C.; Delplancke, Francaise
Proceedings of the SPIE, Volume 7013, pp. 701340-70134QQ08).
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Abstract

Context. Nulling interferometry has been suggested as the underlying principle for the Darwin and TPF-I exoplanet research missions.
Aims. There are constraints both on the mean value of the nulling ratio, and on its stability. Instrument instability noise is most

detrimental to the stability of the nulling performance.

Methods. We applied a modified version of the classical dithering technique to the optical path difference in the scientific beam.
Results. Using only this method, we repeatedly stabilised the dark fringe for several hours. This method alone sufficed to remove the
1/f component of the noise in our setup for periods of 10 min, typically. These results indicate that performance stability may be
maintained throughout the long-duration data acquisitions typical of exoplanet spectroscopy.

Conclusions. We suggest that further study of possible stabilisation strategies should be an integral part of Darwin/TPF-I research

and development.

Key words. technique: interferometric — instrumentation: spectrographs — space vehicles: instruments — methods: laboratory

1. Nulling interferometry and exoplanet research

The method proposed for exoplanet research for the Darwin
(Karlsson & Kaltenegger 2003, European Space Agency-SCI 12,
2000) and TPF-I (Coulter 2003, JPL Publ. 05-5, 2005) missions
is based on nulling interferometry Bracewell (1978) designed
to enable IR spectroscopic measurements of exoplanetary atmo-
spheres as well as imagery of extrasolar planetary systems. The
challenge is a daunting one with manifold sources of noise Lay
(2004): every photon coming from the exoplanet has to be ac-
quired and separated from the noise by all means available. This
implies that strategies have to be designed to improve the signal-
to-noise ratio (S/N) during the data acquisition stage, while de-
veloping efficient algorithms for work with the acquired data.
This article comments on the former approach.

Experimental studies of nulling interferometer breadboards
(Serabyn 2003; Schmidtlin et al. 2005; Ollivier et al. 2001;
Vink et al. 2003; Alcatel 2004; Brachet 2005, etc.) show that
even in simple setups, the interference pattern is unstable, drift-
ing with time. Even interferometers breadboarded on an optical
bench in the relatively well-controlled laboratory environment
(a priori simpler than the actual Darwin/TPF-1, with its multiple
telescopes rotating in space) display drifts.

Chazelas et al. (2006) suggest “that special attention be given
to servo systems... for monitoring key quantities such as the
optical path difference (OPD) because these systems [have to]
be free of long-term drifts” to obtain the required performance
throughout long integration times, e.g. 10 days. Their paper
gives a quantitative summary of these effects, using data from
Ollivier (1999); Alcatel (2004); Vink et al. (2003), and suggests
that servo mechanisms, using the signal itself, be employed to
control drifts.

Chazelas et al. (2000) find that the “quality of the null” at a
given wavelength and at a given moment in time can be evalu-
ated in terms of the contrast in intensity between two adjacent
dark and bright fringes. It can be expressed as the “nulling ra-
tio” (also referred to as “stellar leakage” because it represents
the stellar flux that the interferometer tries to cancel) due to the
nulling instrument
nl(a,1) = Tmin

Imax
where I, and I,y stand for the intensity of the onaxis dark
fringe and of the offaxis bright fringe, respectively. Chazelas
et al. (2006) show that two types of requirements must be met:
one requirement is imposed upon the mean value of the nulling
ratio nl(A, t), and the other upon its stability.

Taking into account the wavelength dependence of the
star/planet contrast, they estimate the required mean null as:

PRREEL
(nly(2) =1.0x 1073 (—) .

7 pm
If such performance in terms of the mean value is achieved, its
required long-term stability (at 7 um) can be expressed as:

T uy(7 pm, 10 days) < 3 x 107°.

In order to obtain such a high relative stability, an instrument
with only white noise is desirable, so that instability is reduced
with integration time 7 as 77'/2.

Courtesy of our colleagues (Ollivier 1999; Alcatel 2004;
Vink et al. 2003; Brachet 2005), we were able to analyse their
nulling-experiment data. Unfortunately, in all cases, the power
spectral density (PSD) of the null output displays a strong peak

Article published by EDP Sciences
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Stabilising a nulling interfer ometer using optical path difference
dithering: an update

Pavel Gabo#, BrunoChazela®, PeterA. Schulle?, FrankBrachet, Marc Ollivier?, Michel
Decaudif, Alain Labequé, PhilippeDuref, SophieJacquinod, Alain Légef

AInstitut d’AstrophysiqueSpatiale Universitéde Paris-Sudl 1, Orsay France;
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ABSTRACT

Nulling interferometryhasbeensuggeste@sthe underlyingprinciple for an instrumentwhich could provide direct de-
tectionandspectroscop of Earth-like exo-planetsjncluding searchesor potentialbio-signaturesThis paperdocuments
the potentialof optical path difference(OPD) stabilisationwith ditheringmethodsfor improving the meannulling ratio
andits stability. The basicditheringalgorithm,its refinedversionsandparametetuning, arereviewed. This papertakes
up the recently presentedesult$ and provides an updateon OPD-stabilisatiorat significantly higher levels of nulling
performance.

Keywords: Nulling interferometry- Darwin/TPF-I - optical pathstabilisation optical pathdifferencedithering

1. NULLING INTERFEROMETRY AND EXOPLANET RESEARCH

The methodproposedor exoplanetresearctfor the Darwin? and TPF-F missionsis basedon nulling interferometrs
designedo enablelR spectroscopimeasurementsf exoplanetaryatmosphereaswell asimageryof extrasolamplanetary
systems.The challenges a dauntingonewith manifold sourcesof noise® every photoncomingfrom the exoplanethas
to be acquiredand separatedrom the noiseby all meansavailable. This implies that stratgjies have to be designedo
improve the signal-to-noiseatio (S/N) during the dataacquisitionstage while developingefficient algorithmsfor work
with theacquireddata. This article commentson the formerapproach.

Experimentabtudiesof nulling interferometebreadboards’! shav thatevenin simplesetupstheinterferencepattern
is unstable drifting with time. Even interferometerdreadboardedn an optical benchin the relatively well-controlled
laboratoryenvironment(a priori simpler than the actual Darwin/TPF-I, with its multiple telescopesotatingin space)
displaydrifts.

Chazelaset al}? suggestthat specialattentionbe given to seno systems...for monitoringkey quantitiessuchas
the optical path difference(OPD) becausehesesystems[have to] be free of long-termdrifts” to obtain the required
performancehroughoutiong integrationtimes, e.g. 10 days. Their papergives a quantitatve summaryof theseeffects,
usingdatafrom 21913 andsuggestshatseno mechanismsysingthe signalitself, be employedto control drifts.

Chazelagtal *? find thatthe“quality of thenull” atagivenwavelengthandatagivenmomentn time canbeevaluated
in termsof the contrasin intensitybetweertwo adjacendarkandbrightfringes. It canbeexpressedsthe“nulling ratio”
(alsoreferredto as“stellar leakage becausét representshe stellarflux thatthe interferometetriesto cancel)dueto the
nulling instrument

Imin

ni(4,t) = I

max
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ABSTRACT

The achromatic phase shifter (APS) is a component of the Bracewell nulling interferometer studied in preparation
for future space missions (viz. Darwin/TPF-I) focusing on spectroscopic study of Earth-like exo-planets. Several
possible designs of such an optical subsystem exist. Four approaches were selected for further study. Thales
Alenia Space developed a dielectric prism APS. A focus crossing APS prototype was developed by the OCA,
Nice, France. A field reversal APS prototype was prepared by the MPIA in Heidelberg, Germany. Centre Spatial
de Liege develops a concept based on Fresnel’s rhombs. This paper presents a progress report on the current
work aiming at evaluating these prototypes on the SYNAPSE test bench at the Institut d’Astrophysique Spatiale
in Orsay, France.

Keywords: Nulling interferometry, exoplanets, infrared spectroscopy, Darwin/TPF-I, achromatic phase shifters

1. NULLING INTERFEROMETRY AND ACHROMATIC PHASE SHIFTERS

Nulling interferometry, based on the concept suggested by Bracewell! in 1978, is one of the methods of future
exoplanet research. It has been studied for the mission Darwin? proposed to ESA as well as for the mission
TPF-I (Terrestrial Planet Finder - Interferometry)?® proposed to NASA.

The basic performance parameter of a nulling interferometer is the “nulling ratio” (sometimes also referred
to as “stellar leakage” although this term refers more properly to stray starlight due to the fact a star is not a
point source) nl(A,t) = Inin/Imax Where Iy and Iy stand for the intensity of the on-axis dark fringe and of
the off-axis bright fringe, respectively.

The goal of Darwin/TPF-I is to perform infra-red (6 — 18 um) imagery of extrasolar planetary systems and
spectroscopic observations of exoplanetary atmospheres in view of evaluating the presence of biomarkers. In order
to reach this goal, the required nulling performance has been estimated? as (nl) (A) = 1.010~% (A/7 pum)>*7 |
with a level of long-term stability expressed as 0,y (7 pm, 10 days) < 3 1079,
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Resune

Les deux premiers chapitres introduisent le sujet. Le premiontre le contexteggéral de I'exobiologie,
principalement dans une perspective historique, ainsil'qiede écente des plastes extrasolaires. Le
deuxime chapitre &crit le principe de I'inteéronétrie en frange noire. Le chapitre 3 est une description de
Svnapse et NuLLrivate, le chapitre 4 continue la descriptionggentant ené&tail le syséme de stabilisation

de la diference de marche optique. Les chapitres 5 et 6 contienreréideltats. Le chapitre 5 @sente

les resultats en termes de taux d’extinctinhet sa stabilé o-, constatant une fierence entre les taux
d’extinction obtenus avec les sources laser et les autteses Le chapitre 6 liste n@udes qui visaient
une explication de ce @monene. Le chapitre final est une prospective et conclusion.

Chapitre 1 : “Astrobiology and Exoplanetology”

Ancienne histoire

La premére section de ce chapitByoque unettude historique de la question du pluralisme cosmique
(Somme-nous seuls dans I'Univers ?)eggnée dans I'’Annexe A. Il s’agit d'un travail qui @&té pesené

au conges Darwin’s Impact on Science, Society, and Cultged a eu lieua Braga (Portugal) du 9 au
12 septembre 2009. La question du pluralisme cosmique es&rare, remontant peétre a I'époque
d’Anaximandre (c. 610-546 av. J.-C.).

La premere forme historique de cette position est celle des ateméitle€picuriens, pour qui il s'agit
d’'une pluralié des univers. Chez les anciens, un unig¢ag constité d'une terre et des corpélestes dans
son entourage : des “plates” (les corpsélestes sujets aux mouvements sur lateagleste) et lesétoiles
fixes”. La deuxéme forme du pluralisme cosmique est @udlicolas de Cues (1401-1464) datait le
premier penseuw consi@rer que la terrétait un corps eleste parmi d’autres. Dans son chef-d'oeude,
docta ignorantiapublié en 1440, il pesente l'icce que, comme la terre neff@ire pas qualitativement des
autres corpsélestes, ceux-ci doive@tre habiés aussi bien que la terre. Nicolas de Cues suppose que tous
les corps €élestes sont hal@éis, y compris le soleil, la lune, les pktes et letoiles “fixes”. Neanmoins,
guanta la liste des corpsatestes, il ne questionne pas le ratelde I'univers Brite de I'antiquié. L'apport
de Giordano Bruno (1548 —1600) consistg@ostuler que leétoiles “fixes” sont de @me nature que le
soleil. Par consguent, en parale avec le soleil, chaqu&toile “fixe” est entouee de plaates.

L'historiographie i&ologi€e des sciences, produite alf $&cle par des historiens positivistes, dit que,
sur le chemin du progs, le pluralisme cosmique a maéqun conflit clef entre la science et I'obscurantisme,
avec le martyre d’'un scientifique : Giordano Bruno, le seultymaanglant de cette lutte historiquefili
vif parce qu'il a leradquement refus de renoncea l'idée d’une infinie de mondes hal@s. Le chapitre
1 introduit deux arguments forts indiquant que cette versie I'histoire n’a pas de support dans les faits
: (1) De docta ignorantigut publié en 1440 et huit ans plus tard, son auteur, Nicolas de Cus,ceé
cardinal. Ses travaux ne furent jamais proscrits. (2) Lesidoslu proés de Giordano Bruno a disparu
suitea la prise de Rome par Nagain. Sans le dossier, il est impossible de savoir quétigent les huit



propositions auxquelles Bruno a “obgtment” refug de renoncer. Pourtant, seize ansapgiexecution
de Bruno, pendant le premier pexcde Galiée, personne ne mentionne le mreale Bruno, ce qui serait
normal si celui-ci constituerait predent pour celuid. 1l est donc ts probable que ni son pluralisme
cosmique ni ses positions coperniciennes n&iatkEcisives pour sa condamnation.

Développement Ecent

Dans la suite, mon manuscrit parcourt rapidement le pasBexmi, Iequation de Drake, la discussion sur
la vie identifiable par les moyens astronomiques et spat@ngi que les biosignatures spectroscopiques.
SETI, I'exploration du sy&me solaire (Mars, Titan, Europa) sontdwement mentiors.

Exoplaneétes : cetection et observation

Le chapitre continue avec une liste defigl et les techniques de |@t@ction des exoplates : contraste
entre |'etoile et la plagte, la Esolution angulaire, la luraie difuse zodiacale et exo-zodiacale ; les tech-
nigues de dtection indirecte (astro@trie, \elocinmétrie radiale, transits, microlentilles gravitationesl) et

de I'observation directe (coronographie, observatiort aveobturateur et integfonetrie en frange noire).

A la fin du chapitre, il y a une description €hatique d’'un instrument spatial paau point “deux”
de Lagrange (L2) du syame Soleil-Terre, consistant en quateéescopes volant en formation avec une
recombinaison des faisceaux “en frange noire”. Il s’ag# gdeojets convergenf3arwin (Agence Spatiale
Europeenne) eTerrestrial Planet Finder InterferometéNational Aeronautics and Space Administration).
Les sggcifications clefs d’une telle mission, en termes du tauxtdietion et de sa stabift sont donaes.

Chapitre 2 : “Nulling Interferometry”

Le principe et parametres

L'interféronétrie en frange noire, propes ceja en 1978 par R. N. Bracewell, est Basur la recombinaison
destructive achromatique dans une bande passant&elotun interéronetre classique recombine deux
faisceaux en phase, c'estdire, le systme de frange€sultant d’'un balayage de lafifirence de marche
optique a un maximum au milieu de son enveloppe. La formeatwéloppe est doi@e par le spectre de la
lumiere recombigae. Par dfinition, elle est syratrique autour de la fference de marché&m. Les franges,
inscrites dans I'enveloppe, sont des maxima et minima sparedant aux diérences de marche #g/2,

ou k est pair pour le maxima et impair pour les minima. Un iréesfretre constructif, encore une fois par
définition, voit un maximum sur I'axe de I'enveloppe, c'éstlire,a la diférence de marche&m.

Dans le cas monochromatique, il est trivial de positionaarmilieu de I'enveloppe, un minimum : il
sufit de changer la diierence de marche dg2. Dans le cas d’'une bande large, par contre, cette approche
ne peut pasaussir, can/2 n'est pas constant. Pour cette raison, un igterfetre en frange noire a besoin
d’'un syseme qui change la phase d’'un faisceau par rappddutre d’'une marire incependante de la
longueur d’onde : un&haseur achromatique.

La premere partie du chapitre 2édrit le principe de linteronetre en frange noire et propose
quelques quanéis qui sont utiliées pour caraetiser la performance de ces instruments. |l s’agit prin-
cipalement du taux d’extinction et de son inverse, du tauxé&jection, ainsi que de la stabditde ces
valeurs (une discussion plugtdillee de la stabilé est donge dans I'’Annexe A).

Déphaseurs achromatiques

La collaborationDarwin a étudé dix concepts dierents de @phaseurs achromatiques (Annexe B) dont
quatre ontte choisi pour un&tude exprimentale. Trois parmi cestudes ont aboud la fabrication des



prototypes qui onété misa la disposition du groupParwin de I'Institut d’Astrophysique Spatiale, pour
des tests. Il s’agit desapphaseurs bas sur : (1) le passage par un foyer optique, (2) le retourneche
champelectrique et (3) la dispersion dans desé&nialix delectriques.

A part les trois prototypes, le baneSpsk utilise un quat@me é&phaseur,gali€ comme deux paires
de prismes dilectriques. Cet ensemble sert aussi de compensateur cimatisme (pougéquilibrer les
épaisseurs du diectrique traveies par les deux faisceaux). Le manuscrit contient uneigésorplus
détaillee du principe de ceaphaseur.

Qualité du front d’'onde et la stabilité

Une beve discussion de deux autres points cruciaux est incluse ldachapitre 2. Les inté¥fonetres

en frange noire sontés sensiblea la qualié du front d’onde, d’'a le besoin d'un filtre soit spatial (trou
d’épingle), soit modal (fibore monomode). Pour unémyion fructueuse en termes de &ekttion et analyse
spectrale de €mission des exopla&tes, les intedronetres en frange noire ont besoin des longs temps
d’intégration et donc d’une haute stalé@lde performance.

L’ etat de l'art

Dans la derrére section du chapitre 2, w@tat de I'art concernant les bancs de test easgmé. Dans la
version finale du manuscrit, nousgpoyons uneétude plus concise de cette question. Pour l'instant, nous
reprenons deux compilationgalises par Bruno Chazelas et Peter R. Lawson. |l est clair queles
d’extinction importants sont plus facilement accessiplasdes expriences en bande passagetmite.

Chapitre 3 : “Description of Synapse & NULLTIMATE”

Le chapitre 3, donnant une descriptiogtaillée du banc Svarse, mais aussi du bancuicrivare, vise un
lecteur qui sent le besoin de comprendre non pas seulemeghunération des composants mais aussi la
logique qui a guié leur choix. Une description detlectronique et du sy&sine informatique de coritle
des bancs est aussi inclue. Un passage important portesslisdtion de la étection synchrone.

Chapitre 4 : “Stabilisation”

D’un coté, ce chapitre comepte la description des bancs, car le 8yst de stabilisation en fait partie
importante. De l'autre, le chapitre ne contient pas seutéraae description du sy&ine mais aussi un
certain nombre deésultats de la stabilisation. Cessultats ont fait I'objet de deux publications ajees en
annexes (E et F). Le premier papier (pébéinAstronomyé& Astrophysickcontient les premiersesultats
obtenus avec une source thermique (corps noir 2000 K), b &lee (pesenée au congrs SPIEA Marseille
2008) est une misa-jour du premier, apportant lessultats obtenus avec une source laser.

Le syséme de stabilisation impmeng, vise la diférence de marche optique. |l estbasr des mesures
du signal recombi@, correspondant aux positiondtérentes de la ligna retard fine. A la position du
déepart, la lignex retard est plaé&e sur une frange noire, proche de son minimum. Dans la kuitgnea re-
tard fait deux excursionsquidistantes de chaquéte de la position de&part. Les trois flux, correspondant
aux trois positions, sont meds et une nouvelle position approximative du minimum i@enfrétrique en
est ceduite. L'enregistrement des ddres s'&ectue seulement quand la ligaeetard est dans les posi-
tions approximatives du minimum de la frange. Il s’agit ddiun syséme @i le signal scientifique fournit
l'information métrologique. Il faut le distinguer des sggtes d'asservissement basur une modulation
continue de la position de la ligheretard, a le signal scientifique est enregisttontinuellement. Dans
le cas d’'un sys&tme n&caniquement stable, un syste comme le @ire peut aidea obtenir des mesures
reproductibles sansgrader la performance et sans gaspiller trop le temp<diation.



Chapitre 5 : “ Synapsk results update”

Le banc Snarse a éte commissiona vers la fin de I'anee 2005. Les premiergsultats, obtenus par Frank
Brachet, ontett mesués avec une source thermique en bande K (5@42). Le chapitre 5&sume la
calibration du étecteur, la transmission du banc, la stabtlitermique et canique ainsi que les techniques
de mesure propées et le protocole ekpimental utili€.

En bande K, le taux d’extinction attei@taitnl ~ 3 x 10™*. Des drives considrables ont @ &tre
stabili®es au niveau de lafterence de marche (comme nous avons vu dans le chapiedent). Avec
une source laser (39um), le taux d’extinctionétaitnl ~ 1x 10°°. La difference importante entre ces
résultats, bande large versus monochromatique, faisaeti de nombreusestudes et tests. Eée 2008,
plusieurs raisons ont mérau passage du banenxarse au banc NLrivate (principalement une voloatde
clore un contrat, mais aussi I'espoir, suriNrivare d’une stabili€ mécanique et thermique ainsi qu’un flux
plus important). Le chapitre 5 est essentiellement une-aigair d’'un article (pesenke au congrs SPIE
a Marseille 2008 ; annexe G), qui faiétat des lieux des travaux eximentaux sur §vapse au moment de
ce passage VersuNCTIMATE.

Le chapitre conclut avec trois points :

1. Le prototype du @phaseur ba@ssur le passage par un foyer optique ne limite pas la perfurendu
banc.

2. La pesence des polariseurs @liore le taux d’extinction.

3. ll'y a une diférence diicile a expliquer entre la performance du banc en ermimonochromatique
et en bande large.

Chapitre 6 : “Error budget”

Le dernier chapitre avant la conclusion apporte un sungedémations thoriques et des mesures éxpentales

des dfets qui nuisent la performance du banc : nonéarie du detecteur, vignettage éfbrmation du
profil de faisceau, polarisationftrentielle, des féets chromatiques lataux et angulaires introduits par
la dispersion, multiplick de points dans I'espace, (ddm) ai le syseme des franges parat sgtrique,
défauts des traitements optiques, inho@dtes de€lements en transmissionggquilibre spectral entre
les deux bras de l'integfonetre, la qualié du front d’'onde. Comparant les estimationgsdtiques avec
les mesures exgimentales, plusieurs de ceffets ontéte clairemengliminés comme explication possible
de la diféerence entre les performances du banc en bande large et i@mdunmonochromatique sur le banc
Svynapse. Pourtant, certainsfiets ontété retenus pour une investigation sur le bancidmare. 1l s’agit

e des mesures avec une bardmite (FWHM de 16 nm autour de3um),

e une comparaison entre des mesures en cette liraie et des mesures avec une diode laser stricte-
ment monochromatique @2 um),

e une comparaison entre les mesures avec deux sources momatigues (2.32 et.39um)

e mesures de lag@pendance du taux d’extinction et de la position de la fraraee en fonction de la
polarisation.

Chapitre 7 : “Conclusions and perspectives”

Par rapport aux travaux sur le banasese, la construction et mise en service du banciivare repesente
la prospective imradiate. Le chapitre Bsume létat de ces travaux, ainsi qu’un plan de mesurésaéssantes



a dfectuer avec le nouvel instrument. Dans ce cadre, il estnassgue le banc d.orivare promet un fonc-
tionnement nettement plus stabl&€caniquement et thermiquement que le bana8e. Son architecture
plus simple donne I'espoir d’'une fac@itplus grande quardt la comparaison entre les attentesatiques
et les Esultats obtenus. Le manuscrit saggquatreetudes qui peuvent apporter désultats inkressants
pour la communaétscientifique :

uneétude de I'extinction en lurare polarige,

tests des prototypes degghaseurs achromatiques,

développement d'un sy&ine de stabilisation dedquilibre des flux entre les bras de l'interdnetre
et

passage la bande passante autour dug.

Ensuite, le chapitre essaie placer ces travaux dans unxtemties large, de la pparation d'un projet
d’'un interferonetre spatial DarwiryTPF-I) pourétudier les exoplastes telluriques spectroscopiquement.
Dans l'avenir, les objectifs scientifiques d'une telle rossconstitueront unétape iluctable pour la
plarétologie et pour I'astrobiologie. Lesthuts techniques devant l'intérbnetrie spatiale sont triples :
(1) cryoggnique des optiques et destdcteurs, (2) vol en formation et (3) I'architecture opécde I'in-
terferometre. Les deux premiers de ces points ser@vetbpies independamment desé&s du projet
DarwiryTPF-I, notamment, dans le contexte de lagaration de plusieurs autres missions spatiales. Quant
au troiseme point, la plupart des questions techniques sera a@bgalr le€quipes qui @Eparent des in-
terferometres en frange noire au sol, dans I'Antarctique et dangdies. Pourtant, aucun de ces projets
ne vise pas toutes leségfications @cessaires pour l&alisation d’'une mission comnigarwiryTPF-I,
notamment, aucun ne @roit de @éveloppement d’'un sy&ie de filtration du front d’'onde pour la bande
passante erére 6-18.m. Pour ne pas fermer la porte v&arwiryTPF-I, nous conluons qu'il faut continuer
la recherche et@eloppement de ce sous-gysie critique.

Il'y a trois ans, nous nous sommes mis au travail avec deuxtifsjen vue : tester les fierents proto-
types de 8phaseurs achromatiques et stabiliser le banc. Nous anpfeniené une néthode araliorée de
la stabilisation en dierence de marche ks sur la voie scientifiqueffectuant des excursions autour de la
position correspondant au taux d’extinction optimal. Nauss pu @montrer I'dficaci€ de cette rathode
et partager lesasultats avec la communéuwcientifique (Gabor et al., 2008).

Les exgeriences meges sur le bancy®apse nous ont permis de mieux comprendre les facteurs limitant
ses performances et nous avons conéilda construction du nouveau bancyiNrivare, en vue d'une
antlioration. Ce banc, pour lequel nous avoigvelopge I'architecture informatique, est sur le point de
donner desésultats inéressants dans les @asa venir.

Si nous devions formuler un message pour la conception dlitnee mission du typ®arwiryTPF-I,
nous dirions qu'il faut pevoir, non pas seulement unétrologie externe, mais aussi une possibititun
asservissement basur le signal scientifique.



Title: A study of the performance of a nulling interferometer
testbed preparatory to the Darwin mission

Preparations for a future interferometric flagship spacesion (Darwin, TPF-I) are under way in order
to study Earth-like extrasolar planets in the habitableegoof their parent stars, and more particularly to
estimate the proportion of such exoplanets with atmosploernpositions suggesting the presence of biotic
photosynthesis.

Nulling interferometry operating in the spectral band betw6 and 18m may allow distinguishing the
emissions of the exoplanet from those of its star and theamhdifuse sources. The thesis summarises the
experimental work performed on thexgrse test bed at thénstitut d’Astrophysique Spatiale in Orsayhe
bench was tested in the K band, from 2.0 16 2m, as well as with a laser at3®um. The results confirm
the trend observed by other research groups, viz., thenpeaftce is better in monochromatic light than in
broadband (nulling ratios of T® monochromatic, and 8 10~* broad band). Extensive experimental study
of this phenomenon is described.

In addition to theseforts aiming at a better grasp of nulling interferometry aghswe tested an Achro-
matic Phase Shifter prototype (a key element in broadbalidglubased on the through-focus principle.

We developed a technique of optical patlfelience stabilisation, where interferometrically comdine
flux is measured while dithering the optical patffelience. We reached stability levels comparable to those
required for the future space mission.

Titre: Etude des performances d’un banc interferométrique ange
noire dans le cadre de la préparation de la mission Darwin

Une future mission spatiale (Darwin, TPF-I) est eBgaration pouétudier les plagtes extrasolaires
telluriques dans les zones habitables respectives deé&ilss, notamment, po@tablir combien, parmi
ces exoplaates, ont une composition atmogpigue indiquant la @sence de la photosyrte biotique.

Travaillant dans la bande spectrale da &8 m, I'interérongtrie en frange noire doit permettre de
distinguer le flux lumineux de I'exopla@te de celui de soatoile ainsi que des sourcedidses. La thse
réesume les travaux egpgmentaux conduits sur le banc Synaadénstitut d’Atrophysique Spatiala Orsay.
Le banc a&té tesé dans la bande K, de 22025 um, ainsi qu'avec une source laseB39um. Les fibres
optiqgues monomodes sont empd@gs comme filtres du front d’'onde. Le banc utilise deux pdires dans
chacun des deux bras) de prismes dispersifs qui serventnaigetsateur du chromatisme et dgptaseur
achromatique. Lestsultats confirment la tendance ob&erpar d’autregquipes : les performances sont
meilleures en lungéire monochromatique qu’en bande large (taux d’extincti®@> monochromatique et
3x 10 bande large). Destudes exprimentales extensives de cegplonene sont dcrites.

A part ces travaux portant sur le principe de l'ineednetrie en frange noire, nous avons &sin
prototype du éphaseur achromatique gasur le passage par un foyer optique.

Nous avons évelopg une technique pour stabiliser ld&férence de marche, mesurant le flux recorabin
en modulant la dierence de marche. Nous avons obtenu des niveaux de stabifitparablea ceux qui
sont recessaires pour la future mission spatiale.
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