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Abstract

Research in astronomical instrumentation is driven by open questions about the
structure of our universe and its constituents, such as black holes, the interstellar medium,
stars and planets. This work is focused on a particular observation technique called
astronomical interferometry for the infrared. In contrast to conventional single telescopes,
an astronomical interferometer consists of multiple individual telescopes whose light is
combined. From the interferometric signals between pairs of telescopes, information
about the spatial structure of the observed source can be extracted. The advantage of
this technique is its superior angular resolution that is given by 1/(2B), with A being the
observed wavelength and B the separation of the telescopes, compared to A/ D for a single
telescope with D being the diameter of the telescope. Therefore, current interferometers
with baselines of up to a few hundred meters surpass the resolution capabilities of the
largest optical single telescopes (D ~10 m) by more than an order of magnitude. Until
now, astronomical interferometry has produced results with unprecedented resolution
measuring the photospheres of stars, separations of binaries, the close environment
of the black hole at the center of our galaxy and the birth regions of exoplanets. On
the other hand, the astronomical interferometer is a highly complex apparatus that
requires dedicated instrumentation efforts in order to combine and measure stabilized
and finely calibrated interferometric signals arising from distant astronomical targets
between telescopes more than a hundred meters apart. The precise measurement of
the interferometric observables, visibility and phase, are the prerequisite in order to
unambiguously reconstruct the morphology of the observed object.

This work is concerned with instrumentation for mid-infrared (mid-IR) astrointer-
ferometry, in the following specified as the 3-5 um wavelength range. The mid-IR is
a region of high scientific interest as it allows to probe cooler regions than stars such
as planet forming regions. In fact, this region is considered to be the sweet spot for
exoplanet detection due to the planets’ stronger emission at these wavelengths and the
decreased stellar flux leading to a favorable contrast. For this wavelength region, we aim
to develop integrated optics chips to combine the light from the individual telescopes
to read out their interferometric signals. Integrated optics chips, similarly to electronic
integrated circuits for electrons, can route, split and combine photons in a palm-size
device providing a compact and stable instrumental transfer function. Compared to
conventional bulk optics beam combination designs, integrated optics deliver much more
accurately calibrated interferometric observables. Such photonic devices have not been
available in the mid-IR, which is why current facilities until now had to rely on classical
bulk optics beam combination schemes, degrading the potential scientific return of the
interferometer. The goal of this thesis is the characterization of several integrated optics
chips for the mid-IR range using different materials and beam combination designs, and
testing their critical properties for astronomical applications.

To this end, I set up an optical testbench in Cologne allowing the interferometric
testing of integrated optics beam combiners in the mid-IR. In the first two publications, I
characterize two-telescope integrated optics combiners and assess their relevant properties
to astronomy such as transmission, modal behavior, splitting ratio as well as dispersion
and polarization properties. Most importantly, I experimentally demonstrate for the
first time that high interferometric contrasts (>93%) in integrated optics can indeed
be achieved in the mid-IR over broad wavelength ranges. This characterization was
carried out for two different integrated optics platforms, a chalcogenide glass (GLS) in
the first paper and a fluoride glass (ZBLAN) in the second paper, with the second paper
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putting an extra focus on the comparison between the two platforms. The ultimate goal
is the on-chip combination of four or more telescopes. The third paper goes beyond
classical two-telescope beam combiners and more advanced architectures such as so-
called ABCD combiners and four-telescope discrete beam combiners are investigated. It
is experimentally demonstrated that those couplers are suited for retrieving the visibilities
between monochromatic input light fields. This proof-of-concept study paves the way
towards a four-telescope combiner. Finally, on the basis of the experimental results, the
feasibility and performance of a four-telescope integrated optics based beam combiner
instrument is discussed.



Zusammenfassung

Die Forschung in der astronomischen Instrumentierung wird von offenen Fragen
iiber die Struktur unseres Universums und seiner Bestandteile wie schwarze Locher, das
interstellare Medium, Sterne und Planeten angetrieben. Diese Arbeit beschiftigt sich mit
einer speziellen Beobachtungsmethode, die astronomische Interferometrie fiir Infrarot.
Ein astronomisches Interferometer besteht im Gegensatz zu konventionellen einzelnen
Teleskopen aus mehreren Teleskopen, deren Licht kombiniert wird. Aus den interfer-
ometrischen Signalen zwischen den Teleskopen kénnen Informationen iiber die Struktur
des beobachteten Objekts extrahiert werden. Der Vorteil dieser Technik liegt in ihrer
tiberragenden Winkelauflosung, die durch A1/(2B) gegeben ist, wobei A die beobachtete
Wellenldnge und B der Abstand (‘Baselines’) der Teleskope ist, verglichen mit 4/D fiir
ein einzelnes Teleskop, wobei D der Durchmesser des einzelnen Teleskops ist. Daher
iibertreffen derzeitige Interferometer mit Baselines von bis zu einigen hundert Metern
die Auflosungsfihigkeiten der grofiten optischen Einzelteleskope (D ~ 10 m) um mehr
als eine GroBenordnung. Bis jetzt hat die astronomische Interferometrie Ergebnisse mit
einer beispiellosen Auflosung geliefert wie die Photosphéren von Sternen, Separationen
von Binidrsystemen, die Umgebung des Schwarzen Lochs im Zentrum unserer Galaxie
und die Geburtsregionen von Exoplaneten. Auf der anderen Seite ist das astronomische
Interferometer ein hochkomplexer Apparat, der besondere Anstrengungen im Bereich
der Instrumentierung erfordert, um stabilisierte und fein kalibrierte interferometrische
Signale zu kombinieren und zu messen, die von entfernten astronomischen Objekten
zwischen Teleskopen iiber hundert Meter voneinander entfernt aufgenommen werden.
Die genaue Messung der interferometrischen Observablen, Kontrast und Phase, ist die
Voraussetzung, um die Morphologie des beobachteten Objekts eindeutig rekonstruieren
zu konnen.

Diese Arbeit befasst sich mit der Instrumentierung fiir die Astrointerferometrie im
mittleren Infrarotbereich (mid-IR), im Folgenden als 3-5 um Wellenldngenbereich fest-
gelegt. Der mid-IR Bereich ist eine Region von hohem wissenschaftlichem Interesse, da
sie es ermoglicht, kiihlere Regionen als Sterne zu erforschen wie zum Beispiel Planeten
bildende Regionen. Tatsdchlich wird diese Region aufgrund der stiarkeren Emission der
Planeten bei diesen Wellenldngen und der gleichzeitig verringerten stellaren Emission
als giinstiger Bereich fiir die Detektion von Exoplaneten angesehen. Fiir diesen Wellen-
langenbereich wollen wir integrierte Optiken entwickeln, um das Licht der einzelnen
Teleskope zu kombinieren, um ihre interferometrischen Signale auszulesen. Integri-
erte Optiken konnen, dhnlich wie elektronische integrierte Schaltkreise fiir Elektronen,
Photonen in einem wenige Zentimeter grolen Gerét leiten und kombinieren, was zu
einem kompakten und stabileren Instrument fithrt. Im Vergleich zu konventionellen
Bulk-Optik Setups, d.h. mithilfe von Strahlteilern, liefert die integrierte Optik genauer
kalibrierte interferometrische Observablen. Solche photonischen Chips waren im mid-IR
Bereich nicht verfiigbar, weshalb bisherige Instrumente auf klassische Bulk-Optiken
angewiesen waren, die die Leistung des Interferometers degradieren. Das Ziel dieser
Arbeit ist die Charakterisierung mehrerer integrierter Optiken fiir den mid-IR Bereich
unter Verwendung verschiedener Materialien und Strahlkombinationsdesigns.

Zu diesem Zweck habe ich in Kdln eine optische Testbench eingerichtet, die inter-
ferometrische Tests von integrierten Optiken zum Kombinieren von Strahlen im mid-IR
ermoglicht. In den ersten beiden Publikationen charakterisiere ich integrierte Optiken
fiir die Kombination von zwei Teleskopen und teste ihre relevanten Eigenschaften fiir
Astronomie wie Transmission, modales Verhalten, Teilungsverhiltnis sowie Dispersions-
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und Polarisationseigenschaften. Insbesondere demonstriere ich zum ersten Mal exper-
imentell, dass hohe Interferometrie-Kontraste (>93%) in integrierten Optiken im mid-
IR iiber weite Wellenlidngenbereiche erzielt werden kénnen. Diese Charakterisierung
wurde in den ersten zwei Veroffentlichungen fiir zwei verschiedene integrierte optische
Plattformen, ein Chalkogenidglas (GLS) in der ersten Veroffentlichung und ein Fluorid-
glas (ZBLAN) in der zweiten Veroffentlichung durchgefiihrt, wihrend in der zweiten
Veroffentlichung der Vergleich zwischen den beiden Plattformen betont wird. Das ul-
timative Ziel ist die Kombination von vier oder mehr Teleskopen in einer integrierten
Optik. Zu diesem Zweck gehen wir in der dritten Veroffentlichung tiber klassische zwei-
Teleskop Kombinierer hinaus und untersuchen weitergehende Konzepte wie sogenannte
ABCD-Kombinierer und diskrete vier-Teleskop Kombinierer. Wir zeigen experimentell,
dass diese Koppler geeignet sind, um die Kontraste zwischen monochromatischen Ein-
gangslichtfeldern zu rekonstruieren und ebnen mit dieser Proof-of-Concept-Studie den
Weg zu einem Vier-Teleskop-Kombinierer. Auf der Grundlage der experimentellen
Ergebnisse wird schlie3lich die Durchfiihrbarkeit und Performance eines auf integrierte
Optik basierten interferometrischen Instruments diskutiert.
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OUTLINE AND OVERVIEW

This thesis is concerned with the characterization of integrated optics chips for the beam
combination for high-resolution astronomical interferometry in the mid-IR wavelength range.
In the first chapter, I will motivate this work from the astronomer’s perspective and demonstrate
why high-resolution observations in this wavelength domain are scientifically valuable. To
this end, I will present three science cases, circumstellar disks, exoplanet detection and active
galactic nuclei, in which this instrumental effort can help advance our current understanding.
In the following chapter, I will explain the principle of astronomical interferometry and
illustrate the effect of spatial frequency coverage on the image reconstruction. To convey an
idea of classical beam combination without integrated optics, I will also depict conventional
beam combiners based on bulk optics. Then, I will briefly mention the major interferometric
facilities to show how this work fits into the current landscape of astronomical interferometers.
In the third chapter, the principle of integrated optics and the manufacturing of integrated
optics chips by Ultrafast Laser Inscription (ULI) will be explained. Then, I will demonstrate
how ULI can be exploited to inscribe on-chip beam combiners and discuss what the specific
requirements are that IO have to fulfill for this purpose. Last, I will recap previous works in
the field of mid-IR integrated optics and mention applications of ULI beyond astronomy.

The main body of this work consists in three peer-reviewed papers that were published
in the course of my PhD work. In the first paper (Tepper et al. 2017a), I characterize
integrated optics based on a chalcogenide glass (GLS) for the combination of two telescopes
manufactured by means of so-called positive writing. The second paper (Tepper et al. 2017b),
provides a comparison to an alternative platform, that is depressed writing in a fluoride
glass (ZBLAN). The two papers demonstrate the feasibility of on-chip interferometric beam
combination over broad wavelength ranges while maintaining a high interferometric contrast.
Additionally, both papers experimentally address the relevant properties of integrated optics
for astronomical applications. The third paper (Diener et al. 2017) deals with more complex
on-chip beam combining schemes such as the so-called ABCD combiners and zig-zag arrays
for the combination of up to four telescopes.

In the final chapter, I will discuss the feasibility of a four-telescope on-chip beam combiner
for the mid-IR. I will describe the routes I value most promising and point out the necessary
actions to carry out a science-qualified instrument.
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Scientific motivation

Astronomical interferometry is an observational technique that allows to surpass the resolution
limit of single telescopes by more than an order of magnitude. By combining the light from
multiple telescopes separated by more than hundreds of meters, today’s largest interferometers
can achieve angular resolutions of a few milliarcseconds'. For example, at typical distances
of 100 parsecs? for nearby star forming regions, this angular resolution translates into physical
sizes of a few astronomical units(AU)>. At such resolutions, exoplanetary systems and star
forming regions can be studied at a totally different level of detail compared to resolutions of
>10 AU for single telescope at the same distance.

This work is concerned with the development of integrated optics beam combiners for
mid-IR interferometry as opposed to classical bulk optics designs which will be discussed in
detail in Chap. 3. This would enable delivering images in the astronomical L and M band with
unprecedented resolution and dynamic range by means of interferometry. In this chapter, I
want to point out why the mid-IR region is a scientifically interesting spectral region for high
resolution astronomy. I will demonstrate this in the following on the basis of three selected
science cases and refer to previous interferometric observations in the respective fields.

Throughout this thesis I will often refer to the infrared astronomical bands, which are
wavelengths bands in which the atmosphere is transparent and that the non-astronomical
reader may not be familiar with. Please see Fig. 1.1 for the nomenclature.

Transmission

Wavelength [um]

Figure 1.1: The infrared transmission of the earth’s atmosphere measured at Mauna
Kea, Hawaii, at 4200 m and the nomenclature of the astronomical bands. The extinc-
tion is mostly due to water vapor and CO, absorption. The data is digitized from
https://www.hao.ucar.edu/people/phil-judge/collaborators/eclipse2017/eclipse2017.html.

!One arcsecond is 1/3600 degree.
2One parsec (pc) is approximately 3 - 10'® m. At 1 parsec distance, 1 AU subtends an angle of 1 arcsecond.
3One astronomical unit (AU) is the distance between the sun and the earth and is approximately 1.5 - 10''m.
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1.1 Circumstellar disks and planet formation

Circumstellar (CS) disks are a ring- or donut-shaped accumulation of matter around a star and
are interesting regions to study as they are the byproduct and reservoir of star formation as
well as the birth place of planets. To date, there is no fully coherent theory of how the initial
CS disk transforms into the planetary systems that we observationally find including our own.
At first, I will explain the origin and evolution of CS disks as well as briefly mention some
models of planet formation in CS disks. In the second part, I will present some exemplary
observations and, then, illustrate how this instrumental work can pave the way to advancing
our knowledge in these fields.

The birth of a star takes place on timescales of the order of 50 Myrs. Its evolution is
depicted in Fig. 1.2 at different evolutionary stages. According to the widely accepted nebular
hypothesis, stars are formed in collapsing dense clumps in giant molecular clouds (GMC)*.
Such cores are initially stable, but as soon as the gravitational potential overcomes the internal
gas and magnetic pressure’, material starts to fall into its center, where the so-called protostar,
the kernel of a new star, is built up (Fig. 1.2¢). For roughly 100,000 years, the protostar
continues to accumulate mass from the surrounding envelope of gas and dust. Due to a
nonzero net angular momentum of the initial cloud material, the whole system has flattened
out and increased in angular velocity as it contracted. While slower particles fall into the
star, faster particles may be able to occupy orbits at different distances depending on their
speed. This results in a disk-like structure surrounding the prenatal star, which is then called
circumstellar disk in general or protoplanetary disks at this particular evolutionary stage
(Fig. 1.2d). CS disks have lifetimes of the order of 3-5 Myrs (Armitage 2010) and can be
roughly classified according to their age as follows: protoplanetary disks in which most of the
primordial H, gas is present and planetesimals may start to form, transitional disks in which
gaps and holes are present due to planets clearing out and/or photoevaporation and, finally,
debris disks which only consist of planets/planetesimals and secondary dust produced by the
collision of those (Wyatt et al. 2015). At the same time, the prenatal star further contracts
under its own gravity until the star’s temperature reaches about 10 MK and ignites nuclear
fusion. The star has now entered the main sequence®.

Here, we focus on the CS disks, in particular their evolution and dust processing mecha-
nisms within, as they reveal how planetary systems form. CS disks were first observed by the
Hubble Space Telescope (HST) (McCaughrean & O’dell 1996) and have since been one of
the most active areas in astronomical research. Figure 1.3a shows two exemplary images of
circumstellar disks with face-on and edge-on views. Due to the difficulty in spatially resolving
circumstellar disks, the limited number of observations and the highly complex ongoing
physics, there is still no clear picture of the evolution of circumstellar disks.

CS disks are not trivial to model as they consist of gas, dust, planetesimals and asteroids at
different temperatures which all interact with each other. Figure 1.3b schematically shows the
spatial structure of a circumstellar disk and displays the large range of spatial scales involved.
The radiation from the parent star heats up the surrounding disk, resulting in a temperature

4GMCs are regions denser than the surrounding interstellar medium in which the formation of molecules,
mostly H,, is possible. GMCs are not homogeneous but contain clumps and irregular cloud complexes.

SThis limit is formally calculated by the Jeans Mass which takes into account the density, the temperature
and the molecular weight of the particles.

%The main sequence is the common evolutionary track for most stars, in which hydrogen burning takes
place.
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Figure 1.2: The formation of stars, disks and planets from a molecular cloud depicted at
different evolutionary stages. Subfigures (a) and (b) depict the collapse of a dense core within
a giant molecular cloud. Afterwards, the protostar is formed by further accretion of the
surrounding material and bipolar jets emanate as powerful winds from the poles (c). Here,
an early CS disk has already formed. Once the dusty envelope is dissipated (d), the object
becomes visible in the optical and is then called a T Tauri star. In the pre-main-sequence (e),
the star has acquired nearly all of its mass but has not yet started hydrogen fusion. In the disk,
planetesimals may start to form while still being surrounded by dust. Finally, most of the dust
is dissipated or has been accreted by the planets (e). Reprinted from Greene (2001).

gradient, with about 1500 K at the inner rim, across the disk. In particular, the process of
planet formation within the CS disk and its conditions is not well understood. In the core-
accretion model (Pollack et al. 1996), planets are believed to form from submicrometre-sized
particles of dust and ice which collide and stick together due to electrostatic and gravitational
forces as they become larger (Dominik & Tielens 1997). However, as soon as silicate grains
grow beyond mm size (dcm size for icy grains), they start to bounce off each other and migrate
quickly towards the center. Several solutions to this problem have been presented. Kataoka
et al. (2013) argued that, beyond the snowline’, icy particles form fluffy aggregates which
circumvent the bouncing barrier. However, this does not explain planet formation within the
snowline. Another model could show that small particles can clump due to turbulences in the
disk and then grow further due to their self-gravity (Johansen et al. 2007). Yet, the existence
of initial turbulences in the disk is not established and the small particles must have already
surpassed the bouncing barrier. Further models argue that particles may create turbulence
themselves (Weidenschilling 1995) or clumps are built up by streaming instabilities (Youdin
& Goodman 2005).

As the initial clumps and planetesimals are too small and too faint to be directly detected,
it is necessary to address the mineralogy of the dust particles, i.e. composition, crystallinity
and grain size distribution to advance our understanding on this matter. Whereas dust grains
in the interstellar medium are mostly amorphous (<2% crystalline) and smaller than 0.1 pm

"The snowline is the distance from the parent star at which water condenses into icy grains.
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1.5 ALMA

HD 191089

Direct imaging (HST or 8-meter ground-based)

£V

Near-IR interferometry

o
o
Surface Brightness
mjy/arcsec™?

-
0.3 Mid-IR interferometry
"
52 AU | | Planet-fo Outer disk
i n !
e
Tl
8 0.03AU [ 0.1.1AU
0.18 S ’w‘u
o9 10AU
012 @ & Near-IR dust
g § continuum
o=
0.06 ‘g E Near-IR continuum Mid-IR: (Sub)millimeter:
" wv dust continuum dust continuum 100 AU
1 arcsec i -
— 0.00 + molecular lines + molecular rot-lines
67 AU (H,0,C0O,,..)

(b)

Figure 1.3: (a): Observations of circumstellar disks taken with the Hubble space telescope at
1.1 wm using a coronograph, an observational technique that blocks the bright stellar flux. The
two images do not provide very high resolution but give an idea about how they appear as face-
on (upper image) and edge-on (bottom image) depending on their orientation. Image reprinted
from Soummer et al. (2014). (b): The sketch shows the spatial structure of a circumstellar
disk. Above, the adequate observing techniques are depicted in order to resolve different
regions. ALMA is an interferometer operating at radio wavelengths. The instrumentation
presented in this thesis falls into the category of mid-IR interferometry. Image reprinted from
Dullemond & Monnier (2010).

(Meeus 2011), CS disks contain large amounts of crystalline dust (up to 95% and 40% in the
inner and outer disk, respectively van Boekel et al. 2004) and inhabit planetesimals/planets.
This transition is not well understood and it is not clear on which temporal and spatial scales
it takes place. Yet, they are linked to fundamental questions in the planet formation process.
For instance, the initial crystallization process requires high (>1000 K) temperatures but
crystalline features have been detected in the outer, colder parts of the disks, which hints at
radial mixing of the dust particles. Also, crystalline features have been detected in comets
and are, therefore, believed to be among the building blocks of terrestrial planet formation.
Thus, they can serve as tracers for potential planet forming regions in the disk.

We can see from this (not exhaustive) excursion into planet formation theory that im-
proved observations of the planet forming regions are necessary in order to constrain or
discriminate models. Typical distances for close circumstellar disks are 100 parsecs, so that
observations with a single telescope can only assess the large scale (>10 AU) structure of the
disks. However, the purely photometric and spectroscopic analysis, has been able to deliver
information about the smaller spatial structures. CS disks show a radial temperature gradient
which can be translated into peaks in the spectral emission through Wien’s displacement law.
As an example, the spectra of Herbig Ae/Be stars® show a peak in the near-infrared spectrum
corresponding to 1500 K, which was then theoretically modeled by an inner hole in the disk of
about 0.1 AU caused by the sublimation of dust at this temperature (Hillenbrand et al. 1992).
Still, there is no definite way of telling solely from spectroscopic data whether this is true
since also other models are able to reproduce the measured spectra.

8Herbig Ae/Be stars are pre main sequence stars but higher in mass than T Tauri stars.
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Due to this degeneracy, directly resolving the spatial structures of the disk through
astrointerferometry is an inevitable technique in order to advance our picture of circumstellar
disks. In particular, the potential formation of earth-like planets within the inner few AU
makes such observation even more compelling. The interferometric instruments MIDI’
(Leinert et al. 2003), AMBER!? (Petrov et al. 2007) and PIONIER!! (Le Bouquin et al. 2011)
have demonstrated the high-resolution capabilities of the Very Large Telescope Interferometer
(VLTD) in this field over the past 15 years.

Using the MIDI instrument, van Boekel et al. (2004) could measure the spectra around
10 wm wavelength of the inner 1-2 AU of disks around Herbig Ae stars where Earth-like planets
may form. This allowed for the first time to detect a gradient in the chemical composition of
the dust in proto-planetary disks. More specifically, the fraction of crystalline material and
large grains could be compared for the inner and outer regions. Their findings put further
constraints on the planet formation theory and could determine that the crystallization process
takes place in the inner region of the early (1Myr) CS disk and is then distributed into the
outer regions by radial mixing and/or shock processing.

As the evolution of planetary systems takes place on very long timescales, it is evidently
necessary to observe a variety of systems in different evolutionary stages to obtain a complete
picture on the process. One particularly interesting stage is the previously mentioned transi-
tional disk in which larger bodies start to form and leave as a result a cleared out gap in the
disk. Matter et al. (2016) used interferometric VLTI data combined with HERSCHEL/PACS'?
data to resolve the inner 0.1 to 10 AU to detect such a dust gap in the transitional disk of the
Herbig star HD 139614 extending from 2.5 to 6 AU. Such work evidently puts constraints on
the modeling of dust interaction in disks and demonstrates how earth-like planets may form.

The mid-IR beam combiner instrument proposed in this thesis will work in the L and M
bands and will be able to combine four or more telescopes. This will close the spectral gap
between AMBER and MIDI and increase the number of available telescopes (see Sec. 2.4 for
an overview of current and planned instruments). Consequently, this will enable to access
the critical spectral range for planet formation studies (see Fig. 1.3b) and provide a higher
image reconstruction fidelity. This will permit to more accurately image the inner 10 AU and
directly observe the conditions and tracers of planet formation.

1.2 Direct detection of exoplanets

Another, closely related, field of interest is the detection of exoplanets. Once the planetesimals
have accreted more matter, they can be detected through various observational techniques. In
this section, I will first briefly mention the established methods of exoplanet detection and
then point out the exoplanet detection capabilities of interferometry in general and nulling
interferometry in particular.

The first detection of an exoplanet orbiting a sun-like star was made by Mayor & Queloz
(1995). The hot Jupiter'?, called 51 Pegasi b, orbits its host star 51 Pegasi within 4.2 years and

“MIDI was a two-telescope combiner working in the N band that was decommissioned in 2015.

1 AMBER is an operational three-telescope combiner for the H and K band.

''PIONIER is an operational four-telescope combiner for the H band.

12PACS is a photometer and spectrometer for the FIR installed at the HERSCHEL space observatory.

3Hot Jupiters are giant gas planets that are similar to Jupiter in their mass but orbit closer to their star and
are, therefore, hotter.
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is located 51 lightyears away from earth. Since then, 3664 planets (as of the 6th of September
2017) have been detected'*, mostly by the space mission KEPLER (NASA). The vast majority
(>97%) of exoplanets has been detected by indirect measurements such as transits or radial
velocity (RV) measurements (Ollivier & Maurel 2014). The transit method relies on a dip in
the stellar flux due to the transit of the planet in the line of sight. Statistically, this will rather
probe planets that are close to the planet as they orbit faster and lie more often in the line of
sight of the star as well as large planets. RV, on the other hand, infers the companion due to
the Doppler shift in the stellar spectral lines caused by the Keplerian motion of the orbiting
planet. This method can only detect massive planets that orbit close to rather low-mass parent
stars, e.g. the earth in our solar system would be too low in mass at its distance given the
Sun’s mass. Also RV is restricted to cold stars, i.e. old stars, as the spectral lines of hot
stars are too much broadened. In 2004, the first exoplanet, 2M1207b, with an orbit of 40 AU
was imaged directly (Chauvin et al. 2004). Due to the limited angular resolution of single
telescopes, as previously discussed, this method is obviously limited to exoplanets that are
well separated (>10 AU) and therefore can hardly detect planets in the habitable zone'>.

Exoplanet detection by interferometry could nicely complement these observing tech-
niques and provide star/planet flux ratios as well as observe planets that do not transit in the
line of the sight as needed transit detection. Due to its superior angular resolution, interfer-
ometry could in principle be used to directly detect earth-like planets in the habitable zone.
Through spectral measurement of the light coming from the planet, its atmospheric chemical
composition may be analyzed, which can be related to the planet’s formation and potential
extraterrestrial life.

Yet, there have been few (likely) successful attempts of directly detecting exoplantes
using interferometry. Using non-redundant aperture masking'®, Kraus & Ireland (2012)
could demonstrate direct interferometric observations that were inconsistent with a single
point source for the young star LkCal5 (distance 145 pc) and provided hints towards a
protoplanet or several protoplanets in the middle of a disk gap at a separation of 16 AU. Yet,
the obtained interferometric data over different wavelengths, namely L’ and K band, were not
fully consistent so that further observations will be necessary to unambiguously determine
its true nature. Huélamo et al. (2011) also used aperture masking interferometry to study the
T Cha system in the Ky (2-2.35 um) and L’ band and detected a faint companion that may
be a recently formed planet within the disk. Zhao et al. (2011) carried out an analysis on the
precision requirements for hot Jupiter exoplanet detection by interferometry and could show
that star/planet flux ratios up 2.1 - 10* could be detected using the CHARA array'”.

However, long-baseline interferometry, that is the combination of multiple individual
telescopes, could so far not directly detect any exoplanets. This is in part hampered by the
fact that there is no long-baseline interferometric instrument at the VLTI working in the L
and M bands at the moment. These spectral bands are favorable for exoplanet detection as
the contrast between the bright stellar flux and the faint exoplanet flux decreases with longer

“a complete list of detected exoplanets is given in the Extrasolar Planets Encyclopedia under

http://exoplanet.eu/catalog/.

5The habitable zone is the area around a star in which water can exist in its liquid form and, therefore,
potentially hosts life. For a sun-like star this corresponds to a distance of about 0.9 - 1.7 AU (Kopparapu et al.
2013).

16 Aperture masking is the masking of a single telescope with a few holes inside the aperture to operate it in
interferometric mode, which allows to reach about twice its diffraction limit.

ITCHARA is a six-telescope interferometer at Mount Wilson, California.



1.3. ACTIVE GALACTIC NUCLEI 9

wavelengths. At even longer wavelengths around 10 pm (N band), the contrast becomes even
more favorable but the thermal background of the sky increases and complicates observations.
The existence of a mid-IR interferometric beam combiner would greatly improve the VLTIs
exoplanet detection capabilities and complement the existing facilities.

Still, all direct methods suffer from the fact that the parent star is easily 10° times brighter
than the emission from the planet. This is even more detrimental to interferometry than to
single-dish observations, as the light is separated into several beams, integration times are
shorter and the overall more complicated optical setup, which together further reduces the
throughput. An interferometric solution to this problem is called nulling, where the light
coming from the star is brought to destructively interfere and cancel out while the regions to
be observed remain visible. The instrumental demands of nulling are extremely challenging as
the rejection ration needs to be on the order of 107°, or in other words the instrumental contrast
needs to be above 99.9999%. The largest ground-based nulling program was conducted at the
KECK interferometer'®, which was however not devoted to exoplanet observation but to the
exozodiacal discs of main-sequence stars (Mennesson et al. 2014). Already the atmospheric
turbulences make such an undertaking extremely challenging for ground based telescopes.
Two large space missions equipped with a nuller called Terrestrial Planet Finder (NASA)
and DARWIN (ESA) were considered but eventually canceled.

Currently, there are no activities towards a new space-based interferometer. However,
replacing classical bulk optics beam combination setups, by miniaturized on-chip beam
combination using integrated optics holds great potential for a such a project. The integrated
optics chips developed in this thesis are not intended for nulling interferometry as this requires
different and more stringent requirements which are beyond the short-term capabilities of this
project. Nevertheless, it should be mentioned that mid-IR integrated optics beam combiners
would be perfectly suitable for a future space mission. This is because, compared to bulk
optics solutions, integrated optics need no further maintenance and alignment and have stable
mechanical and thermal properties. Also, integrated optics have a small footprint and little
weight which makes them an ideal candidate for space missions.

1.3 Active galactic nuclei

Mid-IR long-baseline interferometry can also be applied to extragalactic astronomy. Active
galactic nuclei (AGN) are at the center of galaxies, which radiate strongly from gamma rays
to radio wavelengths as a result of accretion of matter by a central supermassive black hole.
This central engine is believed to be surrounded by a doughnut-shaped tours of gas and dust,
which typically extends over 0.1 to 10 pc (Burtscher & Tristram 2013). Since the nearest
AGNSs are located a few Megaparsecs away, single-dish telescopes fail to resolve the dusty
tori. AGNs are believed to be powered by the material accretion from the torus onto the
supermassive black holes. Interestingly though, observations have so far revealed a large
variety in the emission spectra of AGNs leading to the classification of Seyfert I, Seyfert II,
Quasars and a few other types of galaxies (Antonucci 1993). Seyfert I type galaxies show
both narrow and broadened spectral lines. The broad lines are believed to originate from
fast moving (10,000 km/s) regions close to the accretion disk whereas the narrow features
originate from slower (400 km/s) more outer regions extending to 100 parsecs. Seyfert II

I3KECK interferometer is a two-telescope interferometer with 85 m separation located at Mauna Kea, Hawaii.



10 CHAPTER 1. SCIENTIFIC MOTIVATION

galaxies, on the other hand only exhibit narrow line regions. The physical explanation for
this variety is based on different viewing angles, in the sense that the dusty torus obscures the
inner broad-line region when the system is observed edge-on. However, since AGNs’ torus
cannot be resolved by single-dish observations, there has been much debate about the effect
of line-of-sight orientation.

Interferometric observations, on the other hand, allow to resolve the inner parsecs. To
this end, over the last ten years, several studies using the MIDI instrument were carried out,
successfully resolving the inner parsecs of the dusty tori, which are summarized by Burtscher
& Tristram (2013). This meta analysis found that the discrepancy of type I and II Seyferts
cannot be fully attributed to the AGN orientation suggesting that actual different physical
phenomena are at play.

In 2014, Honig et al. (2014) could determine the distance of the supermassive black
hole in the AGN of the galaxy NGC 4151. This estimate is based on the combination of
interferometric data and a time lag between different emission lines. The interferometric
data was provided by the KECK interferometer in the K-band and could determine the
angular size of the dusty torus around the black hole while the time lag between the UV-
optical emissions (from the close accretion disk) to the infrared emission (from the torus)
can be used to determine its physical size. When the inner accretion disk emits in the UV-
optical, it also heats up the surrounding dusty tours, which then re-emits in the infrared
and creates a time-lag (10-100 days) between the two spectra from which the physical size
can be calculated. Together with the angular size of the object, the distance was estimated
to 19.03:‘6L Megaparsecs. Measuring this distance within reasonable error bars is critical
to determine the mass of such black holes through reverberation mapping!® for which the
physical size of the torus is relevant.

A mid-IR four-telescope beam combiner would nicely complement the above mentioned
MIDI observation data as it would add data in the L and M bands as well as provide more
information on the spatial structure due to the double number of available telescopes, which
is critical to understand the role of orientation. This would help to shed light on the origin of
type I and type Il AGNs. Additionally, it would allow to study the dust and gas morphology
in order to better understand the physics of AGNs, for instance how the gas reservoir feeds
the accretion disks around the black holes.

9Reverberation mapping is a primary technique for inferring the black hole’s mass through surrounding gas
motion and the shape of the AGN.
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Astronomical interferometry

Astronomical interferometry is a complex observing technique that allows to surpass the
resolution capabilities of single telescopes by the coherent combination of multiple telescopes.
As an example, Fig. 2.1 shows the Very Large Telescope Interferometer (VLTI) in Chile. In
the first section, I will briefly present the principle of astronomical interferometry and the
essential equations. In the following sections, I will illustrate the effect of a dense spatial
frequency sampling on the reconstructed image and show types of interferometric beam
combination based on bulk optics as they represent the classical alternative to on-chip beam
combination as I propose in this thesis. Finally, I will briefly present the landscape of the
current major interferometric facilities.

Figure 2.1: The Very Large Telescope Interferometer situated on Cerro Paranal in Chile at
2635 m elevation. The four large telescopes can be combined to operate as an interferometer.
Their collected light is guided below ground (inserted black lines) to the beam combination
lab. Here, the beams are superimposed and the interferometric pattern (inserted red fringes)
between each pair of telescopes is detected. Picture taken by M. Struik (CERN)/ESO.

11
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2.1 Fundamentals of astronomical interferometry

The theoretical basis for astrointerferometry is provided by the van Cittert-Zernike theorem
(VCZ), which relates the spatial coherence of a source in the far-field to the Fourier transform
of its angular brightness distribution. Before going straight to the VCZ, some preliminary
concepts need to be developed. This section is based on Glindemann (2011), which I
recommend for a more detailed description and further reading. A more intuitive approach is
found in Buscher (2015) and Millour (2008).

In the following, the light field is represented by v(x}, ), which denotes the optical
disturbance at a certain position x; and time z. The optical disturbance is proportional to the
electrical and magnetic field carried by the light wave and can therefore be interpreted as such.
The correlation between the optical disturbances of the light field at positions xj and x> at
times ¢ and 7 + 7 is given by the mutual coherence function (MCF) as

T
I'(x1, %,7) = Tlim f v(X1, 1+ 1)U (X, 1)dt, 2.1
—oo J

in which * denotes complex conjugation. Since the oscillations of the electrical fields in the
visible and infrared are too fast for any detector to be directly measured, we integrate over a
measurement period 27. The intensities at each individual point x; can be expressed through
the MCF by

1(x)) = I; = (%, X3, 0). (2.2)

Applied to astronomical interferometry, the points X; and ¥, refer to the locations of the
telescopes and measure the MCF of the light field originated from the observed object as
shown in Fig.2.2. The telescope positions ¥, and ¥, define the so-called baseline vector
B = %, - %,. The vector @ points at the individual contributions of the source with respect
to the line of sight @. The light from the two telescopes is then combined to produce an
interferometric signal from which the MCF can be determined. The essential statement of the
VCZ is that the angular brightness distributions I,(@) (‘image’) of the source can be related
to the MCF/interferometric signal.

In the following, we will not consider the VCZ in its most general form but a special case
which is the most convenient for the conditions of astrointerferometry observing a distant

incoherent source. Therefore, the following assumptions are made:

e The angles between the vector pointing to the point of observation with the line of sight
must be small (Fresnel approximation).

e The source must be incoherent.

e The observed spectral bandwidth Ay is much smaller than the average frequency v,
(Quasi-monochromatic approximation).

e The optical path difference (OPD) from the object to the recombination point between
telescope 1 and 2 is much smaller than the coherence length /!

IThe coherence length is the OPD after which the interferometric contrast has decreased to 1/e.
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Figure 2.2: This sketch depicts the principle of stellar interferometry. A distant, incoherent
source, here symbolized by the star, is observed at @, which is the vector of line of sight.
With respect to the line of sight, o’ directs at different points of the observed source. The
telescopes form the baseline vector B = ¥, — 3. Before the light collected by the individual
telescopes is combined, the optical paths must be equalized by a delay line. From the
resulting interferogram, here depicted after photometric correction (Eq. 2.5), the absolute
visibility Ip(ﬁ)l can be extracted. In gray, the situation is depicted when the line of sight is not
perpendicular to the baseline vector. As a result, an optical path difference @ - B (’piston’) is
introduced and the effective baseline is IBZ rfl = Iﬁl sin(@) with a being the angle between B
and the line of sight. The beam combination part is not further illustrated here but discussed
in Sec. 2.3.

The VCZ then states that

FCON) I(@)e " Eda?
M = = - -
VI 1, [ I(&)da’

The complex term p(ﬁ) is called the visibility function and is the normalized MCF at 7 = 0
(in other words, at zero OPD) and is related to the angular brightness distribution I,(@) by a
Fourier transform. Note that the positions x] and x; have been replaced by their distance to
each other, B, as their absolute positions are irrelevant. The entity & is the wavevector. The
absolute visibility |,u(§)| is between 0 and 1, while being equal to 1 for a point-source.
Intuitively speaking, the observed object can be thought of as many point sources at
@ each producing their own interferogram. However, due to their different positions @,
their interferograms are shifted with respect to each other reducing the overall visibility in
a way which allows to retrieve spatial information of the source from the visibilities. In the
particular case of a binary system, the two interferograms are exactly  phase shifted, so
that they destructively interfere, i.e. ,u(§) = 0, if the angular separation of the two stars is
A/ (2|§|). This is where the resolution limit for interferometry stems from since two point
sources can clearly be separated at this differential angle. In the example of a binary we see

(2.3)
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that the measurement of the visibility between two telescopes (one baseline) can be sufficient
to determine its projected separation. However, this implies the a priori assumption that the
object is a binary with a given flux ratio and projection but unknown separation. In general,
for more complex structures and in order to minimize the necessary a priori assumptions as
well as to be able to unambiguously reconstruct 7,(@’) for more complex objects, the visibility
,u(ﬁ) needs to be sampled at as many baselines B as possible, i.e. increasing the number of
telescopes as discussed in Sec. 2.2. By comparing the resolution limit, 4/ (2B)), of today’s
largest interferometers (|§| > 200 m) to the resolution of a single telescope?, 1.224/D, with D
being its diameter, we can see that interferometry surpasses the resolution of today’s largest
optical telescopes (D ~ 10m) easily by an order of magnitude. Interferometry can achieve
larger resolutions without having to build larger telescopes but by increasing their separation.

The visibility ,u(ﬁ) can be extracted from the intensity / of the combined light from
telescopes 1 and 2 as follows

I=1+15+2\1LL - |wB) cos(D(B) — ka - B). (2.4)

Here, the visibility function is split in its absolute value and phase ®(B). The absolute value
determines the amplitude of the interferometric part of the signal and the phase its position.

So far, we have assumed that B is perpendicular to the line of sight. However, this is
generally not the case and in particular this changes with time due to the rotation of the earth,
as shown by the gray part in Fig. 2.2. Therefore, an additional phase is introduced called
piston k@ - B, k being the wavevector. Since, by assumption, we operate in a small but finite
bandwidth, it is crucial to measure the interferogram within the coherence length. Therefore,
this piston needs to be corrected by delay lines that can span up to 100m. Likewise, the
baseline B needs to be replaced by an effective baseline that is perpendicular to the line of
sight.

The CD(E) term, on the other hand, is intrinsic to the source. Therefore, |,u(§)| and (I)(§)
are the terms that the interferometrist is chasing in order to perform the Fourier transform
in Eq.2.3 to obtain I,(a’). Measuring the absolute phase CD(§) is practically impossible.
Although delay lines can compensate for the piston, it is impossible to disentangle the piston,
which itself is influenced by atmospheric turbulences, from the intrinsic object phase O(B).
However, by spectrally dispersing the signal, a gradient phase between the spectral channels
can be measured. It should be noted that for more than two telescopes the so-called closure
phase can be calculated, which is an observable that can be constructed in such a way that
atmospheric turbulences cancel out. More information on this can be found in Glindemann
(2011).

The maximum value® of Eq. (2.4) is given by Ly = It + I, + 2 VI I - [u(B)|. Therefore,
recording I and the photometric signals /; and I,, the absolute value can be calculated by
applying the so-called photometric correction

N e
u(B)| = ZE—.
2L
If the photometric signals are not available, the raw visibility can be estimated from Eq. 2.4 by
|U(B)aw| = jm“% If I = I,, the raw visibility equals the photometrically corrected visibility.

max+min

(2.5)

2Here, according to the Rayleigh criterion, i.e. the first minimum of the PSF of a circular aperture.

3To emphasize again: Eq.2.4 is a periodic function but stems from the quasi-monochromatic approximation.
Actually, due to the finite bandwidths, the interferometric cosine term decreases in Eq. (2.4) so that a maximum
around zero OPD (1 = 0) exists.
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Otherwise, the raw visibility measures a lower value as it does not take into account the fringe
decrease due to unbalanced photometries.

In reality, the measured visibility |,u(§)| may be lowered due the so-called instrumental
contrast C. That is because the instrument may reduce the contrast due to differential
birefrigence or dispersion (see Sec. 3.4) or atmospheric turbulences et cetera. Therefore, the
interferometric term in Eq. 2.4 needs to be multiplied with C. In the publications where the
goal is to determine the instrumental contrast C, our setup is such that the visibility is equal to
1. In that case, if |u| = 1, Eq. (2.5) measures the instrumental contrast C.

2.2 Spatial frequency sampling

In Eq. 2.3, the visibility function is related to the Fourier transform of the brightness distribu-
tion of the object. In other words, measurements of the visibility at baseline B, give access to
the spatial frequency component B/A per radiant of the object, commonly expressed as cycles
per arcsecond. It is apparent that due to the limited number of telescopes the visibility function
is irregularly and sparsely sampled at only a few baselines depending on the number and
position of the telescopes. However, if the object is assumed to be ‘gray’, i.e. has a wavelength
independent shape, different spectral channels can access further spatial frequencies as the
wavevector appears as a variable in the Fourier transform. Additionally, due to the rotation of
the earth, the projected baselines naturally change with time (‘supersynthesis’). As a result,
the baseline sampling in the so-called u-v plane, that is the plane perpendicular to the line of
sight, becomes more dense. Also, the VLTI features another set of four, smaller, telescopes
(called auxiliary telescopes) which are movable in order to provide variable baselines. Still,
due to its complexity and the necessary but carefully chosen a priori assumptions about
the object, the process of image reconstruction from a limited set of visibility values has
stimulated a field of its own (see Eric Thiébaut & Young (2017) for a recent review) with
contributions from compressed sensing theory.

Figure 2.3 shows two state-of-the-art reconstructed images obtained by radio and opti-
cal/infrared interferometry along with their u-v coverage. Figure2.3a shows the baseline
coverage of ALMA, a radio interferometer®, using 44 antennas with separations between 150
and 16 km. Due to the high number of antennas and the earth’s rotation, the u-v plane is filled.
As a consequence, the reconstructed image shown below exhibits remarkable detail such as
gaps in the surrounding disk of the young star HL. Tau. Figure 2.3b shows the u-v coverage of
an observation using the four-telescope beam combiner PIONIER in the infrared. The axis
are translated into spatial frequencies which demonstrates that, as described above, different
spectral channels access different spatial frequencies. The reconstructed image below shows
the dust sublimation front around the binary system IRAS 08544-4431.

*It is critical to note that radio interferometry is based on the same principle as optical/infrared interferometry
but directly measures the electrical field of the incoming wavefront at each telescope which is possible due to
the lower frequency in radio. This enables to position more antennas more spatially separated and correlate
the signals afterwards in post-processing so that no beam combination setups are needed, whereas real-time
correlation is required for optical/infrared interferometry.
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Figure 2.3: (a): Top, the baseline coverage in the u-v plane of a radio interferometry observa-
tion by ALMA using 42 antennas showing the effect of the changing projected baselines due
to the rotation of the earth. Below, the reconstructed image of the young star HL. Tau. u-v
coverage data from https://almascience.nrao.edu/alma-data/science-verification and image
credit ALMA Partnership et al. (2015); Carrasco-Gonzdlez et al. (2016). (b): Top, the u-v
coverage of an observation using the four-telescope combiner PIONIER at the VLTI. Here,
the baselines are translated into spatial frequency components in cycles/arcsec. The different
colors depict different wavelength channels from 1.53 um to 1.77 um and the shapes (tripod,
triangle, plus) depict different observing times leading to different projected baselines. Below,
the reconstructed image of the dust sublimation front around a binary system. u-v coverage
and image credit Hillen et al. (2016).
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2.3 Bulk optics beam combination schemes

This thesis is concerned with the combination of beams arising from the different telescopes
as shown in Fig. 2.2. Whereas this is relatively straightforward to achieve for two telescopes,
it becomes more difficult when four or more telescopes need to be pairwise, simultaneously
combined. In general, one distinguishes between the Fizeau configuration in which the
individual telescopes can be treated as a larger masked telescope (‘homothetical mapping’)
and the more widely used Michelson configuration which comprises all others, which will be
briefly discussed below. More information on the other types of combination schemes can be
found in Minardi et al. (2016); Glindemann (2011); Mariotti (1992).

Figure 2.4 shows two Michelson configurations, the multi-axial (a) and co-axial (b)
combination. In the first type of configuration, the beams from the individual telescopes are
focused onto the same point but with different tilt angles. Since the different angles correspond
to different OPD, the interferometric signal can be read out spatially on the detector as shown
in Fig. 2.4a. On the other hand, the co-axial scheme superposes the beams in such a way that
the beams seem to propagate from the same direction. Since the angle between the two beams
is zero, the fringe pattern is then scanned by applying an external delay line in one of the
channels.

A further distinction needs to be made between all-in-one and pairwise beam combiners.
Whereas in Fig. 2.4b the different baselines from the three telescopes, i.e. A+B, A+C and
B+C, are read out individually, all beams can also be superposed all together. Then the
visibilities need to be disentangled in the Fourier space. This can be achieved by scanning the
OPD in a unique way for each baselines so that the signals are separated in the Fourier space.
The peaks in the Fourier space can then be related to the visibilities between the telescope
pairs.

The two examples in Fig. 2.4 should simply convey an idea of the beam combination
process without the use of integrated optics (I0) as it is discussed in Chap.3. All beam
combination schemes in single-mode 10 can be classified as co-axial as single-mode waveg-
uides only allow one propagation mode, i.e. differential angles are zero. Therefore, the
input beams can be considered as parallel and perfectly superposed. It is clear from Fig. 2.4b
that the extension of bulk optics beam combiners to the combination of more telescopes
is not straightforward but requires complex and large optical setups. The advantages and
disadvantages of IO compared to bulk optics solutions are discussed in sec. 3.4.

2.4 Current and future landscape of interferometric facili-
ties

In this section, I want to briefly lay out how this work fits into the landscape of current
interferometers. It should be noted that nearly all interferometric sites accommodate multiple
back-end interferometric instruments. While the reflective telescopes themselves are achro-
matic by nature, different instruments need to be developed for different wavelength bands
and science requirements.

One of the major, if not the major, institution in astronomical interferometry is the VLTI
situated on Cerro Paranal in Chile sitting at 2635 m operated by the European Southern
Observatory (ESO). Currently, AMBER (N band), PIONIER (H & K band) and GRAVITY
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Figure 2.4: The sketches show two examples of beam combinations using bulk optics. (a):
Multi-axial beam combination. The beams from the two telescopes are superposed with
a nonzero angle and the interferometric pattern is spatially encoded. In the sketch it is
assumed that the OPD due to the piston is already compensated for. (b): Co-axial pairwise
beam combination for three telescopes using bulk optics. The beams are superposed using
beamsplitters and run parallel. The individual point spread functions are imaged on top of
each other and the interferometric pattern is temporally encoded by scanning the OPD by a
delay line. Images taken from Labeyrie et al. (2000).

(K band) are operational instruments with MATISSE being the next instrument waiting to be
commissioned. MATISSE is the only instrument that will cover the astronomical L. and M
bands. Although, IO have already been established as a reliable technology in the PIONIER
and GRAVITY instruments, MATISSE relies on bulk optics combiners since mid-IR 10
technologies were not mature enough at the time of its optical design.

On the US-funded side, CHARA (V, R, 1, J, H & K band), KECK (H, K, L. & N band) and
the LBTI (L, M & N band) should be mentioned. CHARA is an array of six telescopes with
the largest baselines of 330 m (i.e. highest angular resolution) but rather small 1 m telescopes,
which limits its operation to rather bright sources. KECK, on other hand, consists of two
85 m separated 10.6 m telescopes and was largely used in nulling mode. However, since
2012 KECK is no longer operated as an interferometer but may be reactivated if funding is
available. The LBTI consists of two relatively close (14.4 m separation) 8 m telescopes that
can be operated in various modes such as nulling and Fizeau interferometry. However, its
comparably small separation does not allow to reach angular resolutions such as the VLTI or
CHARA.

Considering the previously mentioned advantage of densely sampled spatial frequencies,
the Magdalena Ridge Observatory Interferometer (MROI) (Creech-Eakman et al. 2016) is a
currently developed interferometer that will consist of ten telescopes with baselines between
7.8 and 340 m and will operate between 0.6 and 2.4 um. Even more ambitious, the recently
founded Planet Formation Imager (PFI) project (Monnier et al. 2016) aims at approximately
twenty telescopes with baselines of up to 20 km for the L, M and N band. However, at the
moment this project is still far from being realized.

The beam combiners presented in this thesis are developed in the view of a potential new



2.4. CURRENT AND FUTURE LANDSCAPE OF INTERFEROMETRIC FACILITIESI9

instrument for the VLTI to obtain high angular resolution in the L and M bands combined
with the light gathering capabilities of the VLTI. This region is not covered by any of the
operational instruments but is targeted by the upcoming MATISSE instrument. However,
empowered by the recent developments in mid-IR 1O our aim is to equip the instrument
with an IO beam combiner that as such provides higher accuracies on the interferometric
observable ,u(E).
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Integrated optics and Ultrafast Laser Inscription

Integrated optics (IO) can be viewed as the optical analogue of the electrical integrated circuit.
Instead of electrons being conducted, photons are guided along so-called waveguides, similar
as in an optical fiber, but on a chip with a fixed design. In recent years the coming together
of astronomy and photonics has led to a new field coined astrophotonics in which photonic
concepts are applied to astronomical instrumentation aiming at more stable and precise as
well as smaller and flexible instruments'. In this work, we use the concept of 10 for beam
combination to replace bulk optics setups as in Fig 2.4 with on-chip solutions. See Fig. 1 in
Tepper et al. (2017a) for a picture and sketch of such a chip.

In this chapter, I will first briefly introduce the optical waveguide and the coupling between
them which is the basis for beam combination. Secondly, I will describe the manufacturing
process of waveguides using Ultrafast Laser Inscription (ULI). Then, I will present different
layouts for the on-chip combination and discuss their individual advantages and disadvantages
as well as the stringent requirements that IO have to meet for astronomical beam combination.
Here, I will mention the benefits and drawbacks of 1O, in particular in comparison to bulk
optics solutions. Finally, I will put this work into context by referencing to previous efforts in
the field of mid-IR IO and point out some applications of ULI beyond astronomy.

3.1 Basics of optical waveguides

In this section, I will shortly recap some general properties of waveguides and mode coupling
(see Snyder & Love (1983) for a textbook introduction). An optical waveguide is a medium
(typically a cylindrical structure) of refractive index n;, called the core in the following,
embedded in another medium with refractive index n,, called the cladding, with n; > n,. This
may either be realized in a flexible fiber or in a piece of bulk, then called integrated optics.
The difference in refractive index is denoted by An = n; — n,. Light can be guided in the core,
which can be understood, on a lower level, by total internal reflection in the light ray picture.
However, it is necessary to apply electromagnetic theory to understand essential features of
waveguides. Solving the Helmholtz-equations, one finds that only a discrete number of modes
is supported by the waveguide. The mode determines the radial intensity profile of the guided
wave. The larger the difference in refractive index between the core and the cladding, the more
confined the mode is in the core leading to reduced losses for curved waveguides (Hunsberger
1982). Importantly, a waveguide can be tailored in such a way to only support one mode

Isee for example, Feature Issue: Bryant J. et al (Editors), 2017. Recent Advances in Astrophotonics, Optics
Express, 25
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Figure 3.1: (a): The sketch shows the cross section of a composite waveguide of two identical
waveguides. The red and blue curve, respectively, depict the mode of each waveguide in
isolation. The cross-sections, separations and modes are not to scale but simply to illustrate.
(b): The plot shows how power flows from one waveguide to the other as a function of the
interaction length z for an identical pair of waveguides (solid lines) and for the asymmetrical
coupler (dashed lines) with F = 0.5.

and is then said to operate single-mode, to which we will restrict ourselves in the following
as it is the relevant case for interferometry (see Sec. 3.4). For cylindrical waveguides this
fundamental mode takes the form of a near-Gaussian, as shown schematically in Fig. 3.1a
or imaged in Fig. 5 in Tepper et al. (2017a) . These modes cannot only be guided but also
coupled to modes of neighboring or crossing waveguides, which is the basis for the on-chip
beam combination, the key subject of this thesis. Different combining layouts are presented
in Sec. 3.3. The basis for most combination schemes is evanescent mode coupling.

Evanescent coupling means that there is a nonzero flow of power between two waveguides
although the cores of the waveguides do not overlap or come in physical contact, see Fig. 3.1a.
Yet, the Gaussian-like mode field is not constrained to the region of the core but penetrates
indefinitely into the cladding. Therefore, there is a nonzero interaction between neighboring
waveguides depending on their separation and as a result power transfer may occur. In the
following, I will treat the most simple case of two identical single-mode waveguides parallel
to each other. Although the complete chip structures investigated in this thesis are more
complex, they are still mainly based on evanescent coupling between parallel waveguides.
The following mathematical treatment is adapted from Snyder & Love (1983).

The cross section of the composite two-waveguide structure is shown in Fig. 3.1a. Let
n.(x,y) and n,(x, y) denote the refractive index profiles of each waveguide in isolation and
n(x, y) the refractive index profile of the composite waveguide. In the perturbation analysis, it
is assumed that the mode of the composite waveguide can be described by a superposition
of the modes of each waveguide in isolation, denoted by W,(x, y) and W, (x, y), respectively.
This is true, if the waveguides are well separated, i.e. the mode of the one waveguide is weak
in the cross section of the other waveguide, and if the waveguides are weakly guiding, i.e.
An/ny << 1. All of the above restrictions are fulfilled by the waveguide structures in Tepper
et al. (2017a) and Diener et al. (2017). Let P,(z) and P,(z) denote the power in the respective
waveguides and let P,(0) = 1 and P,(0) = 0, i.e. light is initially only injected into the first
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port and the total injected power is normalized. The question now is how the power distributes
in the two channels as a function of the interaction length z. Under the previous assumptions,
it can be shown that the power in the respective channels follow the functions

P.(z) = cos’(Cz) and P,(z) = sin*(Cz) (3.1

as depicted in Fig. 3.1b, i.e. the power flows back and forth between the two waveguides. The
difficulty is the calculation of the coupling coeflicient C, which depends on the overlap of the
unperturbed modes in the cross section of the second waveguide

- S e, ) = ngCe, ) Palr, ) Py(x, y)dA .
- [ P2xppaa :

in which k = 27/A denotes the wavevector and A the free-space wavelength. In particular,
it is difficult to evaluate these integrals as the cross sections n(x, y) of the laser-inscribed
waveguides are not very accurately known. Still, it is insightful to notice that the power
flow occurs back and forth with a so-called beating length, after which the total power is
transmitted into the second waveguide and back again, z;, := %” Also, it is important to note
that C depends on k and that, therefore, the evanescent coupler is inherently a chromatic
device. Often, a balanced 50/50 splitting is desired. This corresponds to an interaction length
of (0.25 + 0.50) - z,, with [ = 0, 1, 2, ... . The flattest wavelength response is achieved for [ = 0.
Since C is difficult to simulate, experimental parameter tests need to be carried out to find
the right inscription parameters, waveguide separation and interaction length z to obtain the
desired splitting ratio. Polarization effects were neglected in this analysis and can be found in
the respective literature (Snyder & Love 1983).

It is shown that in ULI structures, the successive inscription of waveguides introduces
stress in the substrate such that neighboring waveguides may not be fully identical and the
description above no longer holds (Diener et al. 2016). As a consequence of that, Eqgs. 3.1
are multiplied by a factor F (0 < F < 1), which depends on the difference in propagation
constants between the two waveguides (Eq. 29-8 in Snyder & Love (1983)). Thus, the power
transfer is damped, see Fig. 3.1b.

3.2 Physics of Ultrafast Laser Inscription

In this subchapter, I will present how waveguides can be manufactured in dielectric bulk
by means of Ultrafast Laser Inscription (ULI). The material for this subchapter was taken
from Osellame et al. (2012) and Gross & Withford (2015), which I both recommend to the
interested reader. The technique of ULI was originally proposed by Glezer et al. (1996) in the
context of data storage and Davis et al. (1996) for the inscription of waveguides.

The manufacturing process of 10 by ULI is depicted in Fig. 3.2. A femtosecond pulsed
laser beam is tightly focused a few hundred micrometers beneath the surface of the substrate
and introduces a localized, permanent structural change in the material. This may locally
introduce a positive or negative change in refractive index An in the focal volume of the
beam. By translating the substrate while being irradiated, any arbitrary line of refractive
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Figure 3.2: (a): The principle of ULI. An intense laser is focused beneath the sample’s surface
and introduces a structural modification, which may result in a change of refractive index.
By translating the sample, waveguides (red line) can be inscribed. (b): SEM image of the
modified cross-section. The waveguide was inscribed using the multipath technique, i.e.
writing several adjacent tracks to create a homogeneous area. The white ring is a result of the
polishing after inscription to make the cross-section visible. Image taken by Romina Diener,
University of Jena.

index change can be inscribed in three dimensions. If the laser induces a positive change of
refractive index, the core of the waveguide is written. If the laser induces a negative change,
the cladding of the waveguide is written, so that the laser writes around a cylindrical core. In
that case the core remains mostly unaffected .

In this work, I aim to exploit this technique and inscribe beam combiners in mid-IR
transparent materials. It shall be noted that there is yet no complete theoretical picture of the
interaction between the material and the laser pulses. So far, laser writing has relied on a more
heuristic approach in finding the suitable inscription parameters. From experimental findings
and from well-known nonlinear absorption processes, a notion of the underlying physics was
constructed which will be briefly summarized in the following.

The structural change of the material due to high laser intensities (* 10TW/cm?) is
based on strong nonlinear absorption. The physics of this process can be subdivided into
three steps: the generation of free electron plasma, energy relaxation and the resulting
modification of the material, which is schematically shown in Fig. 3.3. The initial generation
of free electron plasma is a well understood process and is itself based on three nonlinear
processes: multiphoton ionization, tunneling photoionization and avalanche photoionization.
Multiphoton ionization is the dominant process for low laser intensities and high frequencies.
The substrate material is chosen to be transparent at the inscription laser wavelength so that a
single photon with frequency v does not carry sufficient energy to move a valence electron to
the conduction band. Yet, the simultaneous absorption of n photons may occur and provide
enough energy to promote an electron if nhv > Epunigap With Epga.q, being the bandgap
energy. At higher laser intensities and lower frequencies the potential barrier can be distorted
by the electrical field carried by the laser light. This enables direct band to band transitions
by quantum tunneling, which is then referred to as tunneling photoionization. Formally, the
transition between the two regimes is described by the Keldysh parameter (Keldysh 1965)

4 \/me CnEOEbandgap

y=- - (3.3)
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Figure 3.3: Processes following the laser irradiance. The black dot depicts the electron state
before and the red after. Top row: Electrons are promoted to the conduction band by nonlinear
absorption, multiphoton ionization (a) and quantum tunneling (b). Once the electron is in the
conduction band, it can absorb further photons by free-carrier absorption (c). If the conduction
band electron has an energy larger than the conduction band minimum plus the bandgap, it
can promote another electron to the conduction band (d). Once sufficient electrons are in the
conduction band, a highly absorptive plasma is created and optical breakdown occurs. As the
plasma recombines, the electrons transfer their energy to the lattice. The bottom row depicts
the different resulting structural modifications depending on the irradiance intensity. Adapted
from Osellame et al. (2012).

in which v is the laser frequency, e the electron charge, m, the effective electron mass, ¢ the
speed of light, n the refractive index of the material, € the free-space permittivity and / the
laser intensity at the focus. For y much greater than 1.5, multiphoton ionization dominates
while for v much less than 1.5 tunneling ionization occurs. Schaffer et al. (2001) could show
that for waveguide inscription in fused silica and CaF, at inscription wavelengths of 400 nm
and 800 nm, 7y is between 1.2 and 2.5, indicating that both processes are relevant for the
generation of electrons in the conduction band.

Once electrons have been transferred to the conduction band by the two mechanisms
described above, they can further absorb light by free carrier absorption. If such an electron
has absorbed a sufficient number of photons, the energy of this electron can be larger than the
conduction band minimum plus the bandgap and can ionize another electron from the valence
band. The result are two electrons near the conduction band minimum. This process can
repeat and amplify itself and is called photoionization avalanche. If the density of electrons in
the conduction band reaches a critical value (about 10*!/cm? at 1 um laser wavelength), the
plasma formed by the electrons becomes highly absorptive and optical breakdown occurs. In
glass, this corresponds to a laser intensity of about 10'* W/cm?. The electrons then pass their
energy via electron-phonon interaction to the lattice, a process that occurs on timescales of
10 ps, much longer than the duration of the femtosecond laser pulses. As a consequence, a
large amount of energy is deposited leading to a highly localized structural modification.

The structural modification and refractive index change caused by the lattice heating is not
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well understood but can empirically be subdivided into three regimes that were experimentally
found: a smooth refractive index change, a form birefringent refractive index modification
and microexplosions causing empty voids in the material. Typically, these three regimes occur
in this order with rising laser power (Itoh et al. 2006). In general, however, the laser and
inscription parameters as well as the properties of the substrate material determine the type of
modification.

In the case of the smooth refractive index change, a densification due to melting and/or
the creation of color centers?(Dekker et al. 2010) lead to the change in refractive index, which
can either be positive or negative in sign. This regime is found when the laser power is just
above the threshold for optical breakdown (about 10'*W/cm?) and is the preferred one for
inscribing optical waveguides.

At higher intensities, a non-isotropic birefringent refractive index is found due to self-
alignment of nanogratings perpendicular to the electrical field of the laser, which is discussed
in Beresna et al. (2014). This may be explained by the interference of the laser field and the
electron plasma wave (Shimotsuma et al. 2003). Such nanogratings in fused silica have been
nicely imaged by Hnatovsky et al. (2006). Since the nanogratings are a potential source for
uncontrolled birefrigence, this regime is not ideal for writing beam combiners (c.f. Sec. 3.4).

At even higher laser intensities above 10*W/cm? a shockwave from the focal point is
created that leaves hollow cores. This regime was used by Glezer et al. (1996) for data storage
inscription but is not suitable for inscribing optical waveguides.

Additionally, another important distinction needs to be made between the thermal and
athermal regime. Although the duration of the laser femtosecond pulses is well below the time
needed for the heat to diffuse away (few us), subsequent pulses may be within the relaxation
time depending on the repetition rate of the laser (Gattass et al. 2006).

In the athermal regime, low repetition rates of a few kilohertz with high energy pulses of
around 1 uJ are used. In this pulse-by-pulse modification, the spatial extent of the modified
region reflects the intensity distribution of the laser beam. Maintaining a smooth overlap
between the consecutive pulses slows down the writing speed down to micrometers per
second.

In the thermal regime, repetition rates between hundreds of kilohertz up to a few megahertz
are used. Due to the insufficient time for the heat to diffuse, melting occurs and leads to
circular cross sections larger than the dimensions of the laser focal spot (Itoh et al. (2006)
and references therein). Due to the isotropic nature of the heat diffusion, the creates a circular
cross-section. A high repetition rate offers faster writing as well as circular symmetric and
low-loss waveguides and is therefore the preferred approach (Eaton et al. 2005).

The IO studied in this thesis are based on a chalcogenide glass GLS (Gallium Lanthanum
Sulfide) and on a fluoride glass ZBLAN (ZrF,-BaF,-LaF;-AlF;-NaF). Both chips were written
in the thermal regime. The ZBLAN chip in Tepper et al. (2017b) and the GLS chips in Diener
et al. (2017) were inscribed by the previously discussed smooth refractive index change.
This is not fully clear for the GLS chips in Tepper et al. (2017a), however, the creation of
nanogratings is excluded due to the circular polarization of the inscription laser. In the case
of GLS the change in refractive index is positive, i.e. the core of the waveguide is written,
and in the case of ZBLAN the change in refractive index is negative, the cladding is written.

2A color center is a crystallographic defect that absorbs visible light due to an anionic vacancy that is filled
by one or more electrons.
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Both chips are written using the so-called multipath technique, meaning that several tracks
of laser damaged paths are inscribed in order to create a large and homogeneous area. More
specifications on the inscription parameters can be found in the respective publication.

For completeness, it should be mentioned that IO can also be manufactured by other
means than ULI. The most common approach is lithography in which a geometric pattern
is created by exposing the light-sensitive substrate through a previously manufactured pho-
tomask. Lithography has the advantage that the complete waveguide structure is imprinted
simultaneously and therefore cannot suffer from unstable conditions during the inscription
process as it could be the case for ULI being a serial manufacturing process. Waveguides
can also be manufactured by means of ion-exchange which can be subdivided into its most
popular forms, titanium in-diffusion and proton-exchange. For infrared waveguides, this
technique has been mostly applied to lithium niobate (LiNbQOj3). In Ti in-diffusion, a thin
(10-100 nm) Ti film is deposited, which then diffuses over several hours at roughly 1000 K
into the substrate. If 1D structures such as waveguides ought to be written, masking technol-
ogy is needed for the inscription of channel waveguides similar to photolithography. In the
proton-exchange process, lithium ions in LiNbO; are replaced by protons. The fabrication
technique is similar to Ti in-diffusion but proton-exchanged waveguides only support the
extraordinary, i.e. parallel to the optical axis, polarization of the light. A more detailed
description of this technology is found in Korkishko & Fedorov (1999). The advantages of
lithography and ion-exchange is that larger An can be introduced, which results in better mode
confinement and smaller losses. However, both lithography and ion-exchange are typically
restricted to planar structures which, lead to undesired waveguide crossovers and strongly
constrain the waveguide design. In particular, for the beam combination of multiple telescopes
3D arrays become more important (e.g. Fig. 3.4 bottom right) which are easily achievable by
ULI. Furthermore, ULI is a relatively cheap technique once the femtosecond laser system is
installed and does not need clean room facilities. Also, no masks need to be developed for
inscribing the chip, which allows rapid and convenient testing of prototypes, which is suitable
for the custom demands in astronomical applications.

3.3 On-chip beam combination schemes

After having explained how waveguides can be manufactured, I want to propose different
types of beam combination layouts that can be inscribed into the substrate. Figure 3.4
shows an overview of different beam combination architectures for two- and four-telescope
combination that are based on evanescent coupling and Y-Junctions which will be discussed
in the following.

e Y-Junction (Fig. 3.4 top left): The Y-Junction is the most simple combiner. Its splitting ratio
is achromatic but at least 50% of the light is radiated out at the junction and is therefore an
inherently lossy device.

e 2X2 coupler (Fig.3.4 top center): The 2x2 coupler relies on evanescent coupling. As
soon as the waveguides converge and run parallel with a decreased separation for some
interaction length, we are in the previously discussed scenario (c.f. Fig. 3.1a). Ideally, a
2x2 coupler produces two combined outputs with a r phase shift due to the conservation of
energy. Clearly, the design is more difficult than the Y-Junction as the design parameters
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(separation, interaction length) have to be carefully chosen in order to determine the desired
fraction of power flow. Additionally, as shown before, the evanescent 2x2 coupler is an
inherently chromatic device. This can in theory be compensated by writing intentionally
asymmetric waveguides (Hewlett et al. 1996), so that the power transfer is damped with
F = 0.5 (see end of Sec. 3.1 and Fig. 3.1b) and the coupler shows a wavelength-flattened
response at the 50/50 splitting. However, this is far from straight forward to implement
by ULI means as it requires extreme control of the writing process. Also, asymmetric
couplers may introduce differential dispersion, c.f. Sec. 3.4, and therefore may decrease
the instrumental contrast. The advantages are that, compared to the Y-Junction, there is no
inherent 50% loss and that the 2X2 coupler is the building block of the ABCD combiner
described next. The coupler presented in Tepper et al. (2017a) is such a 2X2 coupler.
The coupler presented in Tepper et al. (2017b) follows a slightly different principle. It is
called zero-gap directional coupler (Goel & Chang 1987), meaning that the cores of the
waveguides overlap in the interaction area, see Fig. 1(b) in Tepper et al. (2017b). Such a
coupler is not based on evanescent coupling anymore but in principle still produces two
n phase shifted outputs and is chromatic. Therefore, in its functionality, it resembles the
evanescent 2X2 coupler.

o 2T ABCD (Fig. 3.4 top right): The so-called ABCD combiner for two telescopes consists
of reverse Y-Junctions and 2X2 couplers (Benisty et al. 2009). An additionally inscribed
m/2 phase shift creates (together with the natural 7 phase shifts of the 2x2 couplers) four
outputs that are 7r/4 phase shifted with respect to each other. Therefore, with a single frame
near zero OPD, the contrast and phase can be estimated without scanning the OPD as
the interferometric signal is sampled at four points (hence the name ABCD) and can be
fully reconstructed. The artificial 7/2 phase shift can be created by the alteration of the
propagation constants by changing the writing speed or by creating a small detour (note
that such phase shifts are not in general achromatic). The couplers in Diener et al. (2017)
are based on the ABCD method and were using a monochromatic source at 3.39 um.

e 4T all-in-one (Fig. 3.4 bottom left): The most simple architecture for a four-telescope
on-chip combiner. As for the Y-Junction, such a device would radiate out at least twice 50%
of the light, i.e. a maximum transmission of 25%. Whereas the inscription is comparably
easy, the visibility estimation becomes more difficult as the interferograms from all baseline
pairs are superimposed. In order to disentangle, the respective fringe patterns from the
telescope pairs must be scanned at distinct speeds. Then, the visibility can be estimated in
the Fourier space, as the fringe peaks correspond to different frequencies.

e 4T ABCD (Fig. 3.4 bottom center): The four-telescope ABCD coupler is basically the
extension of the two-telescope ABCD. Such a coupler has been successfully implemented
in the PIONIER (Benisty et al. 2009; Le Bouquin et al. 2011) and GRAVITY (Gravity
Collaboration et al. 2017) instruments at the VLTI using lithographic techniques for the
H&K band and K band, respectively. While this approach has proven very successful, it is
not yet clear whether this is the optimal solution for ULI inscribed waveguides as it requires
extremely high repeatability for such a fine-tuned and complex chip architecture.

e 4T zig-zag array (Fig. 3.4 bottom right): The zig-zag array belongs to the class of discrete
beam combiners (DBC). DBCs are periodic arrays of evanescently coupled waveguides
(Diener et al. 2016). Thanks to discrete diffraction, the injected light fields spread out as
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Figure 3.4: An overview of different beam combination architectures for two- and four-
telescope couplers. Light injection is from left to right. From top left to bottom right: Y-
Junction, 2x2 coupler, ABCD coupler, all-in one coupler, 4T ABCD coupler, zig-zag coupler.
The zig-zag coupler is just a schematic illustration. The actual number of waveguides and
input configuration may be different, see Diener et al. (2017) for details. (* adapted from
Benisty et al. (2009))

they travel through the sample and are superimposed in the output channels. The relation
between the input and output fields must be experimentally calibrated by the so-called
P2VM (pixel-to-visibility matrix). Then, from the measured output patterns one can extract
the input fields from which their respective complex visibilities can be derived. A DBC
does not need to take the form of a zig-zag array. Another proposed layout for a DBC
would be a square array of waveguides such as the 4x4 array in Saviauk et al. (2013). In
Diener et al. (2017), the calibration of the V2PM and the visibility retrieval is explained in
detail and a four-telescope zig-zag array is tested for beam combination.

Certainly, a major question for the future of this project is which architecture is the optimal
one for a four-telescope beam combiner. This is discussed in the view of the results of the

papers in Chap. 7.

3.4 Requirements of integrated optics chips in astronomy

Integrated optics chips have to meet a number of stringent requirements for the application
in astronomical instruments. Independently of the 1O chip design, such combiners should
exhibit high throughput and provide a stable interferometric output with high interferometric
contrast’. This, in turn, depends crucially on parameters discussed in this section. Bulk optics
beam combiners are the conventional alternative to IO. Therefore, I will also comment on the
bulk optics cases in the subsections.

Transparency

The first question is the desired transparency range and, thereby, the choice of substrate
material. One of the most common materials for IO has been silica. In this thesis, however,

3 A lowered (but stable) instrumental contrast can be calibrated out but lowers the SNR due to the decreased
interferometric signal.
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I want to extend the operation of 10O to longer wavelengths beyond 3 um, where silica is no
longer transparent. Although OH-free silica is transmissive up to 3.3 um, writing waveguides
in this substrate has evidenced strong differential dispersion*. Also, the important L’ and M
band atmospheric windows are still not accessible by OH-free silica, see Fig. 3.5. Therefore,
other kinds of materials need to be considered.

A number of glasses and few crystals have been tested for laser inscription that are
transparent beyond 3 um, which can be grouped into fluoride® and chalcogenide glasses ¢
with the exception of germanate and the crystal lithium niobate (LiNbO;). A more detailed
overview of substrate materials which are suitable for ULI in the mid-IR can be found in
Arriola et al. (2017). Figure 3.5 shows the transparency range of some mid-IR materials
including the ones used in this thesis (GLS and ZBLAN). Notably, GLS is the only material
which is still transmissive around 10 um and would therefore allow observations in the N
band.

In comparison, for bulk optics, there are plenty of wide-band mid-IR optics such as mirrors
and beamsplitters readily available at relatively low cost.

Losses

The overall losses are undoubtedly a detrimental property for a typically photon-poor appli-
cation as astronomy. The losses in an 1O chip can be subdivided in coupling losses, Fresnel
losses and propagation losses as well as bending losses. Coupling losses are due to the mode
mismatch between the Airy disc’ arising from the telescope aperture and the waveguide mode.
The maximum coupling for a Gaussian-like waveguide mode is about 80% (Toyoshima 2006).
This loss is practically impossible to circumvent. Fresnel losses are caused by the mismatch
of the refractive index of air and the substrate material. Those losses are typically lower for
fluorides than for chalcogenides due to their lower refractive index, although this effect can
be minimized by the application of antireflection (AR) coatings.

“Laurent Jocou, Institut de Planétologie et d’ Astrophysique de Grenoble (IPAG), Université Grenoble Alpes,
personal communication

SFluorides are materials whose basic constituent is fluorine.

®Chalcogenides are materials that contain at least one of the following: sulfur, selenium or tellurium.

"The Airy disc is the point spread function of a circular aperture, i.e. the best attainable image of a point
source.
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The dominant propagation losses in straight waveguides are due to scattering. Scattering
may occur inside the volume of the core or at the core-cladding surface. Volume scattering
is caused by imperfections and the loss per unit length is proportional to the number of
imperfections per unit length. Surface scattering is caused the by surface roughness of the
core-cladding interface. Absorption losses are comparably negligible in glasses (Hunsberger
1982).

In bent waveguides, radiation out of the waveguide occurs due to the distortion of the
optical field as the waveguide bends. An expression for the attenuation of the power P(z) in
the waveguide as a function of the distance traveled z in a bend with radius R is given by

Vo 12RO
" PG) dz

= C; exp(—C2R) (3.4)

in which C; and C, are constants that depend on the dimensions of the waveguide and the
mode, which are specified in Hunsberger (1982). Importantly, C, is proportional to An,
meaning that bend losses are decreased for higher An and stronger mode confinement. Also,
the attenuation is larger for smaller bend radii R. The level of bending losses are highly
important as they decide over the level of complexity that can be implemented into the chip
needed for architectures such as the previously discussed ABCD scheme. Radiation out of
the guiding core does not only decrease the throughput but also adds a potentially partially
coherent background to the output signal which is difficult to correct for.

For bulk optics, only Fresnel losses apply but can be kept to a minimum using AR coatings.

Modal behavior

At a given wavelength, the number of supported modes depends basically on the size of the
waveguide cross-section and the refractive index difference An. One of the main features
of 10 is their function as spatial filters if they are single-mode, i.e. support only one mode
for each polarization. This means that any phase distortion of the incoming wavefront,
due to atmospheric turbulence for instance, is translated into the (Gaussian-like) mode that
is supported by the single-mode waveguide. This greatly improves the stability and the
instrumental contrast and eliminates waveguide dispersion®. However, this puts limitations on
the maximum size and refractive index change of the waveguide as they become multimode
with increasing size and refractive index. The V parameter of a waveguide is defined as

V= 271% . NA (3.5)

in which a is the core radius and NA is the numerical aperture given by NA= ,/n? — n. The

number of modes increases with V and, therefore, increases with the change in refractive
index, An, and the size of the waveguide. For V < 2.405, the waveguide operates in single-
mode. However, since a larger refractive index change leads to a stronger mode confinement
and reduces bend and propagation losses as discussed above, a trade-off has to be made so
that waveguides are typically best to operate close to the multimode regime at the desired
wavelength.

8Waveguide dispersion occurs in multimode waveguides as different modes have different propagation
constants.
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Figure 3.6: This figure shows a wide-band interferogram for a point source, i.e. visibility of
one, synthesized out of 10 wavelengths from 3.1 to 3.6 um . In the first plot (a), the power of
the two interferometric arms is balanced for all wavelengths, I} = I, = 5 (in arbitrary units).
The raw contrast of this interferogram is one. In plot (b), the two arms are not balanced
with 61% in one and 39% power in the other arm. Additionally, this ratio depends on the
wavelength, see plot (e). As a consequence, the raw contrast drops to 93% (c.f. Eq.2.4).
In plot (c), the photometric correction is applied (Eq. 2.5). This raises the contrast back to
95%. 1t does not reach back to 100% as it cannot account for the fact that the power ratio is
wavelength dependent but only that the integrated power over the band is unbalanced. Finally,
in plot (d), the effect of strong dispersion is qualitatively demonstrated. Here, also the shape
of the interferogram is affected and the contrast drops to 83%.

The absence of modal filtering is the biggest disadvantage of bulk optics solutions com-
pared to IO. Therefore, the achieved instrumental contrast and the accuracy on the measured
contrast is lower.

Splitting Ratio

The ideal IO beam combiner splits and combines the input beams achromatically. The effect
of an unbalanced and chromatic splitting ratio on the measured contrast is shown in Fig. 3.6.
A chromatic splitting ratio, i.e. different across the spectrum, cannot be corrected for by naive
photometric correction (c.f. Eq.2.5) and reduces the interferometric contrast depending on the
steepness of the splitting ratio as a function of wavelength. If the 10 output is dispersed before
imaged onto the camera (as usual for most instruments), the photometric correction can be
applied to each spectral channel to reconstruct the visibility. Additionally, the splitting ratio
can be a function of the polarization; an effect which has been overlooked in most publications
as well as in Tepper et al. (2017a,b). As a matter of fact, measurements performed after the
publication of the papers on a 2X2 coupler have shown that the splitting ratio can change by
15% when going from TE to TM polarization.

The bulk optics equivalent is the beam splitter which can be used to split and recombine
beams. Beam splitters are available for a wide-transparency range in the mid-IR off-the-shelf.
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Birefringence and cross-talk

In optical waveguides, birefringence means that the refractive index, and therefore propagation
constant, is different for different polarizations. This can be due to the non-circular geometry
of the waveguide cross-section (c.f.3.2b) or due to impurities and defects in the substrate
material that may produce additional birefringence. As an example for a two-telescope
combiner, if birefringence is present but identical for both waveguides, the zero OPD for TE
and TM polarized light is identical and the interferometric contrast is unaffected. On the other
hand, if the differential birefringence is nonzero, the respective interferograms for TE and TE
modes would be shifted and as a result decreases the contrast.

In an ideal waveguide, the TE and TM modes are orthogonal and no cross-talk between
the two modes occurs. However, due to imperfections in the waveguides, power may be
transfered between the TE and the TM modes. In the most extreme case for instance, light is
launched into the waveguide in TE mode and leaves as TM mode. Now, if the other waveguide
is fully polarization-maintaining, the interferometric signal is composed of one TE mode
channel and TM mode channel. As a result, the electrical fields cannot add up or cancel each
other out anymore and the contrast is reduced to zero. Similar to birefringence, cross-talk is
not crucial as long as this behavior is identical in both waveguides. In addition, the amount of
cross-talk may depend on the wavelength (Penninckx & Beck 2005). As opposed to 10, fibers
may exhibit a time-dependent cross-talk as they are more sensitive to external variables such
as stress, bendings and temperature.

In bulk optics setups, the individual beams are reflected and transmitted by several optical
components which can alter the state of polarization and degrade the contrast (Buscher et al.
2009). In the case of the MATISSE instrument, this results in a contrast loss of 3%°. A
common solution to regain high contrast, at the cost of a lower signal-to-noise ratio, is to split
the polarizations into TE and TM modes and treat them individually.

Dispersion

Dispersion means that the refractive index and, therefore, the propagation constant depends
on the wavelength. If the dispersion in both interferometric arms is nonzero but equal, then
the optical path difference (OPD) remains unaffected for all wavelengths. Consequently, the
interferometric contrast is not decreased. Yet, if the dispersion in the two arms is different, i.e.
differential dispersion is nonzero and the zero OPD is chromatic, the broadband contrast is
decreased and the shape of the interferogram is affected, qualitatively shown in Fig. 3.6d. The
degradation in contrast can be related to the phase curvature'?, that is the second derivative of
the phase ® with respect to the wavenumber o
d’®

o7 = —27¢A* - (LAD + DAL) (3.6)
o

in which L is the length of interferometric channel, AL the difference in lengths, D := %G the
dispersions parameter, i.e. the derivative of the group delay with respect to wavelength, and
AD the difference in dispersion parameter between the two interferometric channels (Coudé

9 Alexis Matter, Université Cote d’ Azur, personal communication
10A linear dependency of the phase in wavenumber is not relevant as it corresponds to a global shift of the
interferogram and does not alter the contrast or shape.
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du Foresto et al. 1995). One can see that dispersion arises from either a difference in length or
difference in dispersion parameter in the two arms.

Controlling dispersion is one of the most critical aspects in 1O as it requires a highly
repeatable writing process. So far many groups could achieve high monochromatic contrasts
in IO (Martin et al. 2014; Rédenas et al. 2012; Labadie et al. 2011) but failed to produce
high-contrast wide-band mid-IR interferograms. In bulk optics setups, similarly as for the
birefrigence, the individual beams can accumulate differential dispersion with respect to
each other due to the finite thicknesses of the optical components such as the beam splitters.
A common solution to this problem is to disperse the light and process the interferograms
separately in each wavelength channel.

Bulk optics are convenient as they are readily available off-the-shelf for almost any
wavelength range and show reasonably flat achromatic responses. However, 10 provide a
more stable instrumental transfer function. Once installed, IO need no further alignment,
which proves to be a great advantage in practice. Also, any effects of differential dispersion or
birefrigence, if present, can be calibrated out. Bulk optics, on the other hand, are sensitive
to thermal and mechanical disturbances, which leads to larger error bars on the measured
visibilities. As an example, whereas error bars on the measured visibilities using the 10
based instrument PIONIER are on the order of 2-3% (Kluska et al. 2016), the error bars of an
observation using the bulk optics based AMBER instrument can be on the order of 10% or
more (Renard, S. et al. 2010).

3.5 Previous and related works

The advantages of 10 for long-baseline interferometry were first discussed in Malbet et al.
(1999). In the following years, the IO concept was further studied and led to the first on-sky
observation five years later using 10 (Lebouquin et al. 2004) and, finally, resulted in the
four-telescope beam combiner in the VLTI instrument PIONIER (Le Bouquin et al. 2011). 10
is now accepted as an established platform for beam combination by the interferometric com-
munity and has been implemented in the recently commissioned VLTI instrument GRAVTIY
(Gravity Collaboration et al. 2017). However, those previous efforts were designed for the H
and K bands and could therefore adapt a mature technology that has been developed by the
telecommunications industry for many years. For instance, the about-to-be commissioned
VLTT instrument MATISSE, which operates in the L, M and N bandes, is still based on bulk
optics beam combination. The interest in IO for mid-IR astrointerferometry started to develop
about ten years ago.

First mid-IR straight waveguides were produced by etching and tested at 10.6 um (Labadie
et al. 2006; Vigreux-Bercovici et al. 2007). Labadie et al. (2011) created Y-Junctions for
10 um wavelengths by laser writing in chalcogenide A,Ses!'!. The ULI approach was then
put forward by Rédenas et al. (2012) and Arriola et al. (2014) in which channel waveguides,
2x2 couplers and tricouplers were inscribed in chalcogenide glasses for 3.39 um and 10.6 pm.
Gross et al. (2015) used ULI to introduce a negative change in refractive index in ZBLAN
glass and successfully inscribed 2X2 couplers with a depressed cladding.

"'This laser writing work relied on the inscription into a thin As,Se; film using a continuous wave laser
where the structural modification is due to photodarkening.
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At the same time, etching and lithography could demonstrate the manufacturing of low-
loss rib channel waveguides (Ma et al. 2013) and a multimode-interference coupler (MMI)!2
in chalcogenide glass (Goldsmith et al. 2017). Using titanium-diffusion, waveguides were real-
ized in lithium niobate glass. In this material, the electro-optic effect was exploited so that by
applying voltage to on-chip electrodes the OPD could be altered and the interferogram scanned
on-chip. However, Martin et al. (2014) evidenced large propagation losses of 16 dB/cm as
well as low broadband contrast which is impractical for astronomical interferometry .

A completely different approach to overcome the deficiency of suitable optics/photonics
and detectors as well as the strong thermal background in the mid-IR regime is proposed in
Szemendera et al. (2017). Using sum frequency generation process, monochromatic light
at 3.39 um was successfully converted down to 810 nm and interferometrically combined.
Monochromatic contrasts of about 95% were achieved down to the photon counting regime.
At the moment the conversion efficiency of about 1.5 - 10 and the spectral acceptance of the
non-linear crystal of 3 nm are relatively poor and limit astronomical applications. However, if
the efficiency can be increased, this concept may reduce the need for mid-IR optics after all.

To my knowledge, so far no paper could report a high (>90%) interferometric contrast
over a broad spectral range in the mid-IR. This, in part, constitutes the novelty of the papers
Tepper et al. (2017a) and Tepper et al. (2017b) as a high broadband instrumental contrast is
the key feature of any future 1O based interferometric instrument.

3.6 Applications beyond astronomy

The applications of ULI in general and ULI in mid-IR materials go beyond astronomy. As an
example, in medicine and biology, the mid-IR is a valuable spectral region as it encompasses
the fundamental vibrational absorption signatures of molecular species (Seddon 2011). Every
organic molecule displays unique spectral fingerprints in this region. Therefore, mid-IR
spectroscopy allows the detection of disease markers, emerging pollutants or toxic chemicals
without the need of prior labeling through fluorescence of the molecule (Adam et al. 2015).
Mid-IR microsensors based on 10 would be a cheap, compact and robust solution that could
detect changes in intensity, wavelength, phase and polarization. Additionally, IO can also
sense evanescent fields, i.e. probing the external medium surrounding the waveguide. As a
concrete example, Baudet et al. (2017) manufactured chalcogenide based 10 for the detection
of pollutant molecules in water by evanescent field sensing. To my knowledge, such studies
have so far been based on conventional planar fabrication techniques.

Another application of ULI is the manufacturing of so-called Lab-on-chips (LOCs) in
which microfluidic channels transport mix, separate, make react and analyze small portions of
the substances under investigation (Osellame et al. 2012). In this case, ULI is not exploited
for the inscription of optical waveguides but the creation of hollow channels. This can be
achieved as follows: The sample is irradiated with the femtosecond laser in the second
birefringent regime (c.f. Sec. 3.2). Then, the laser-modified region is etched by a hydrofluoric
acid solution in water. Since the laser irradiation leads to an increased etching rate by two
orders of magnitude, microchannels can be tailored. ULI now offers the opportunity to
combine the inscription of microfluidic channels and optical waveguides in the same so-called

12An MMI is a 2x2 coupler that does not rely on evanescent coupling but has a large common multimode
interaction area in which the input fields are mixed.
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optofluidic chip. Osellame et al. (2007) inscribed microchannels and optical waveguides
using the same inscription setup into a single silica chip. Coupling light at 543 nm into
the optical waveguide resulted in yellow fluorescence in the microfluidic channel. Crespi
et al. (2012) developed an optofluidic chip exploiting the 3D writing capabilities of ULI to
measure protein concentrations using pairs of entangled photons. This allows to minimize
light exposure of the specimen as the precision of quantum metrology is not any longer bound
by the shot noise as for a classical interferometer. In such devices, the use of 1O is inevitable
to achieve high and stable quantum (and classical) interference contrast. The capability of
inscribing microchannels of ULI may be used for mid-IR materials as well. This would allow
optofluidic chips to operate in the valuable mid-IR region up to 10 um. Moreover, ULI can be
applied to many more fields, such as processing quantum information (Meany et al. 2015)
or space-division multiplexing for enhanced bandwidths in optical communication networks
(van Uden et al. 2014); however, a full review would go beyond the scope of this thesis.
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Paper 1 (Tepper 2017a): Integrated optics prototype beam
combiner for long baseline interferometry in the L and M bands

The first paper is concerned with the characterization of evanescent 2X2 coupler as shown
in Fig. 3.4 top center. I was provided by Romina Diener, University of Jena, with one chip
containing 20 couplers inscribed with different parameters, i.e. interaction length, waveguide
separation and bend radius. The goal of this parameter scan was to find the right parameters
for a coupler that shows a balanced 50/50 splitting ratio over the L band. After I had identified
the most suitable L band coupler, I performed further tests on this device in order to assess its
relevant properties for astronomical interferometry. Interestingly, the coupler also showed an
almost 50/50 splitting over the M band, so that I extended the characterization to this band.

I report on spectrally resolved throughput and splitting ratio, modal behavior and polar-
ization properties of the beam combiner. Most importantly, however, I demonstrate for the
first time that high interferometric contrast can be achieved over a wide mid-IR spectral range
using integrated optics and experimentally trace the differential dispersion contribution of an
integrated optics combiner by measuring the phase distortion over the spectrum.

The results were published in the peer-reviewed journal Astronomy & Astrophysics.
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ABSTRACT

Context. Optical long baseline interferometry is a unique way to study astronomical objects at milli-arcsecond resolutions not at-
tainable with current single-dish telescopes. Yet, the significance of its scientfic return strongly depends on a dense coverage of the
uv-plane and a highly stable transfer function of the interferometric instrument. In the last few years, integrated optics (I0) beam
combiners have facilitated the emergence of 4-telescope interferometers such as PIONIER or GRAVITY, boosting the imaging ca-
pabilities of the VLTIL. However, the spectral range beyond 2.2 um is not ideally covered by the conventional silica based 10. Here,
we consider new laser-written 10 prototypes made of gallium lanthanum sulfide (GLS) glass, a material that permits access to the
mid-infrared spectral regime.

Aims. Our goal is to conduct a full characterization of our mid-IR IO two-telescope coupler in order to measure the performance
levels directly relevant for long-baseline interferometry. We focus in particular on the exploitation of the L and M astronomical bands.
Methods. We use a dedicated Michelson-interferometer setup to perform Fourier transform spectroscopy on the coupler and measure
its broadband interferometric performance. We also analyze the polarization properties of the coupler, the differential dispersion and
phase degradation, as well as the modal behavior and the total throughput.

Results. We measure broadband interferometric contrasts of 94.9% and 92.1% for unpolarized light in the L and M bands. Spectrally
integrated splitting ratios are close to 50%, but show chromatic dependence over the considered bandwidths. Additionally, the phase
variation due to the combiner is measured and does not exceed 0.04 rad and 0.07 rad across the L and M band, respectively. The total
throughput of the coupler including Fresnel and injection losses from free-space is 25.4%. Furthermore, differential birefringence is
low (<0.2rad), in line with the high contrasts reported for unpolarized light.

Conclusions. The laser-written IO GLS prototype combiners prove to be a reliable technological solution with promising performance
for mid-infrared long-baseline interferometry. In the next steps, we will consider more advanced optical functions, as well as a fiber-
fed input, and we will revise the optical design parameters in order to further enhance the total throughput and achromatic behavior.

Key words. instrumentation: high angular resolution — instrumentation: interferometers — techniques: interferometric

1. Introduction

Aperture synthesis imaging is a major ambition of the opti-
cal/IR interferometry community for the next decades and it
will remain the only route to reach a level of angular reso-
lution equivalent to that of a diffraction-limited telescope of
a few hundred meters aperture. In aperture synthesis imag-
ing, the high fidelity of the reconstructed images needed to
observe objects with complex morphologies critically depends
on our ability to deliver observations with a dense uv cover-
age (Soulez et al. 2016). Over the last five to ten years, a ma-
jor incentive has been given to improving this technique at the
VLTI and at the CHARA Array. Recently, Kluska et al. (2016)
has exploited the four-telescope imaging capabilities of the PI-
ONIER instrument (Le Bouquin et al. 2011) in the H band to
evidence a time-variable asymmetry in the close environment
of MWC158 whose origin has not yet been determined. Using

Article published by EDP Sciences

the same instrument, Hillen et al. (2016) have obtained a direct
view of the dust sublimation front in the circumbinary disk of
the post-AGB system IRAS 08544-4431. Using the improved
uv coverage of the six-telescope MIRC beam combiner oper-
ating in the H band, Roettenbacher et al. (2016) were able to
map the surface of zeta Andromeda with a 0.5 mas resolution
and investigated the surface distribution of starspots to reveal
the absence of a solar dynamo mechanism. These recent re-
sults highlight the unprecedented potential of optical/infrared
interferometric imaging, which has now gone through signif-
icant improvement. The core subsystem of an infrared imag-
ing interferometer is the beam combiner, where the beams of
the individual sub apertures coherently interfere. While vari-
ous designs for beam combination have been explored since the
early times of long-baseline interferometry, instrumental solu-
tions based on integrated optics (I0) are now considered seri-
ous reliable alternatives to bulk optics designs. Their “on-chip”

A66, page 1 of 8
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compact design results in a simpler optical subsystem in com-
parison to instruments like AMBER (Petrov et al. 2007) or MA-
TISSE (Lopez et al. 2014). Moreover, thanks to the single-mode
properties of the component, the IO beam combiner delivers a
much more stable instrumental transfer function, which is key
to the measurement of high accuracy interferometric visibili-
ties. After about 15 yr of R&D activities, such concepts have
become well-established solutions in the near-IR and are cur-
rently implemented in the community instruments GRAVITY
(Eisenhauer et al. 2011) and PIONIER (Benisty et al. 2009), in
the K and H bands, respectively. The recognized importance of
the mid-infrared spectral range for the study of exoplanetary sys-
tems and AGNs at high angular resolution motivates the exten-
sion towards longer wavelengths of integrated optics solutions.
Due to the intrinsic absorption beyond 3 um of silica, a specific
technological platform for the mid-infrared is needed. The three
main technological platforms that have been explored for mid-
infrared IO technologies are based on ion exchange/diffusion,
chemical etching/lithography, and ultrafast laser writing. Ion dif-
fusion in lithium niobate glass has demonstrated the feasibility of
active IO beam combiners in the 3.2—3.8 um range (Hsiao et al.
2009; Heidmann et al. 2012). However, broadband operation by
Martin et al. (2014) has evidenced large chromatic dispersion
and low-confinement of the modes, which resulted in propaga-
tion losses as high as 16 dB/cm. Etching and lithography tech-
niques have been tested with chalcogenide glass, which raised
interest due to its potentially wide mid-infrared transparency
from 1 um to 20 um. Using this platform, simple rib channel
waveguides have been manufactured showing average propa-
gation losses of 0.5—1 dB/cm in the 3—6 ym range (Ma et al.
2013) and 6 dB/cm in the 2—20 um range (Vigreux et al. 2015).
Recently, Kenchington Goldsmith et al. (2016) used this plat-
form to manufacture a multimode interference coupler (MMI)
in chalcogenide glass for nulling interferometry.

To date, the technique of direct laser writing has been a
successful approach for the manufacture of two-telescope and
three-telescope mid-infrared IO beam combiners. Using fluo-
rozirconate ZBLAN glass transparent from 0.2 ym to 5 um,
single-mode channel waveguides with 0.3 dB/cm losses and
evanescent couplers over the spectral range of 3.75-4.2 um were
laser-inscribed by Gross et al. (2015). The laser inscription tech-
nique has also been used to manufacture proof-of-concept 10
combiners in chalcogenide glass, with reported losses on the
order of 1dB/cm (Labadie et al. 2011; Rddenas et al. 2012;
Arriola et al. 2014). In all the cases mentioned above, neither
high interferometric contrasts nor a detailed investigation of the
differential birefringence and dispersion were reported. These
are essential quantities used to assess the potential of IO de-
vices for long-baseline interferometry. In this paper, we report
for the first time to our knowledge a complete performance char-
acterization in the L (3.1-3.6 um) and M bands (4.5-4.9 um)
of new 2 x 2 directional couplers manufactured by laser inscrip-
tion in a gallium lanthanum sulfide (GLS) chalcogenide glass.
This experimental work tests in detail the potential of new 10
combiners in the immediate perspective of astronomical applica-
tions. The paper is structured as follows. Section 2 presents the
design adopted for the integrated optics component and briefly
describes the ULI fabrication process. Section 3 describes the
laboratory setup and the measurement procedure. Our results are
detailed in Sect. 4 and deal with the spectral splitting ratio and
modal behavior, the throughput characteristics, the polarization
properties of the coupler, and the monochromatic and broadband
interferometric performance revealing the impact of the beam
combiner on the phase curvature across the L and M bands.
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Fig. 1. Top: integrated optics chip including 20 two-beam combiners
written with different parameters. Botfom: dimensions of the chosen
two-beam combiner used in this paper and labeling of the waveguides.
The terms bar and cross are used to distinguish the output of the initially
excited waveguide from the evanescently coupled arm output.

2. Properties of the integrated optics combiner
2.1. Ultrafast laser writing for interferometry

The 2 X 2 integrated optics couplers are manufactured using the
technique of ultrafast laser inscription (ULI; Glezer et al. 1996;
Davis et al. 1996; Nolte et al. 2003; Thomson et al. 2009) that
exploits the large peak intensity (up to 10'2 W/cm?) of a focused
femtosecond laser to induce a structural change in the glass sam-
ple. This can result in a localized refractive index modification
confined in the region where the femtosecond laser is focused.
Physically, intense light pulses can transfer a substantial fraction
of their energy in transparent dielectric media by means of multi-
photon ionization followed by avalanche ionization, which could
trigger localized structural glass modifications from a chain of
chemical and/or thermodynamic resettlements of the glass net-
work. Depending on the chosen substrate material, either a lo-
cal increase or decrease in the bulk refractive index can be ob-
served. By translating the irradiated sample under the focused
laser beam, it is possible to create a pattern of waveguides, with
an index difference between the core and the cladding depend-
ing basically on the laser power and the duration of irradiation.
Recently, this technique has attracted some attention in the field
of astronomical instrumentation. Further detail on the technique
is available from the review of Gross & Withford (2015).

2.2. Design and fabrication

The integrated optics chip presented in this paper (see Fig. 1 top)
is composed of commercial gallium lanthanum sulfide (GLS),
a chalcogenide glass with refractive index n = 2.3159 + 0.002
at 3.4 yum' and high transparency from 0.5 to 9 um, thus suit-
able for the astronomical L and M bands. In comparison to
arsenic-based waveguides (Vigreux et al. 2007), GLS is a non-
toxic material. The design of the device is a directional evanes-
cent coupler (Fig. 1 bottom) as this represents a key building
block for advanced functions such as ABCD phase and visibil-
ity estimators (Colavita 1999). In the interaction area where the
channel waveguides have the smallest separation, a fraction of
the light injected in one arm is transferred into the nearby arm

! Interpolated from refractive index measurements commissioned to

VITRON GmbH, August 2016.
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by evanescent coupling. A monochromatic splitting/coupling ra-
tio of 50/50 can be obtained by optimizing the gap between the
waveguides s and the interaction length d of the device.

The integrated optics chip was inscribed using the Jena laser
writing facility composed of a femtosecond Yb:KGW laser at
1023 nm launching 400 fs pulses at 500 kHz repetition rate, com-
parable to parameters used in Arriola et al. (2014). The waveg-
uides are written using the multipath technique where cores are
built up by a collection of 21 tracks, each spaced laterally by
300 nm with respect to the previous one. Three design parame-
ters were varied to estimate their effect on the performance of
the device in the L band (cf. Fig. 1 bottom). Two values r for
the S-bend amplitude, namely 50 and 75 um, were considered
to investigate the impact on the bending losses. The tested cou-
pling lengths were O mm and 4 mm. The separation s was varied
between 20 and 22 ym with 0.5 um steps as this parameter has
a strong influence on the coupling as well. In total, twenty direc-
tional couplers were inscribed on the chip. The result is shown in
Fig. 1 top where several of these couplers are visible on the chip
with dimensions 25 x 10 x 1(mm)’. Waveguides were written
at a depth of 200 um from the top and bottom surface, respec-
tively, and had measured cross sections of 7 x 25 (um)?. We note
that the impact of this design on the M-band performance was
not considered at first in the selection of the sample that was
eventually characterized.

3. Laboratory setup

The characterization setup, similar to that used in Labadie et al.
(2007), is based on a classical Michelson interferometer de-
sign (Fig.2). Two sources of light enable both broadband and
monochromatic measurements: a CoolRed blackbody source
(T = 1500K) by Ocean Optics connected to a multimode in-
frared fiber from Thorlabs with 400 um core and a single-mode
5mW HeNe laser at 3.39 ym. The sources are spatially filtered
by 20 and 25 um pinholes, respectively, before being collimated
with an f = 50 mm achromat and an f = 150 mm plano-convex
lens, respectively. A pellicle beamsplitter (BS2) is used instead
of a conventional thick beamsplitter to avoid differential disper-
sion in the interferogram. A Thorlabs Z812B delay line is used to
adjust remotely the optical path difference in one arm by translat-
ing one flat mirror M 1. Both mirrors can be adjusted in tip-tilt,
and two images of the source can be created to be coupled to
each input of the device by an f = 50 mm achromat. Using BS1,
the laser beam can be independently aligned. The two interfer-
ometric outputs are re-imaged by an f = 50 mm achromat and
the 50 mm camera objective onto the focal plane of the 5360S In-
fratech Camera. The 1O chip can be fine-positioned in all three
directions thanks to a high-precision XYZ translation stage.

A Michelson interferometer can operate as a Fourier trans-
form spectrometer, and we use this mode to measure the spectra
of our device. A typical obstacle, however, is recording the true
OPD as errors caused by the inaccurate and non-repeatable trans-
lation of the delay line directly translate into spectral errors in the
Fourier space. We fix this problem by simultaneously recording
the interferogram of the 3.39 um laser, see Fig.3. The known
fringe spacing is used to yield the true OPD and functions as a
metrology channel (Tepper et al. 2016).

4. Results

We present here the characterization of the properties of the di-
rectional coupler which are relevant for applications in stellar

Fibered
blackbody source
PH -~ (3-5 ym)

f=50Mm (C1) <

f=150mm (C2! "
AS C2)
1
()
HeNe PH
(3.39um)
f=50mm (AC) f=50mm (AC) f=50mm camera
—_——
=

10 device

M2 BS2 Filter (L, M)

I Movable
M1

Fig. 2. Layout of the experimental setup. AS: aspheric lens; PH: pin-
hole; C1, C2: collimator 1 & 2; BS1: thick beamsplitter; BS2: pellicle
beamsplitter; M1, M2: flat mirrors; AC: f = 50 mm achromat; F: L or
M broadband filter.
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Fig. 3. Outputs of the chip imaged with a magnification of 1 and focused
on mainly one pixel. Next to the broadband output, the laser interfer-
ogram is recorded in a neighboring coupler. Below, the corresponding
couplers from the chip (face-on view) are specified, in total 20 couplers.

interferometry. We report on the spectral splitting ratio, modal
behavior, throughput, polarization properties, broadband inter-
ferometric contrast and chromatic dispersion. The impact of a
cryogenic temperature cooling cycle on the performance of the
component is presented as well.

4.1. Splitting ratio over L and M band

We were provided with 20 couplers written with different pa-
rameters in one single chip as seen in Fig. 1 top and 3. In or-
der to find the most suitable coupler for L-band interferome-
try, we first investigated the broadband splitting ratio defined
as Peross/ (Peross + Poar), Where P is the power in the respective
channel (Fig. 1 bottom). The splitting ratios, which depend on
the interaction length and the separation of the waveguides in
the interaction area, are found to range from 10 to 85% for the
different couplers of the chip. The best coupler, i.e., closest to
50/50, shows a splitting ratio of 49.4%. The design properties of
this particular coupler are d = 4 mm and s = 20.5 um (see Fig. 1
bottom). Using Fourier transform spectroscopy, we measured the
chromaticity of the splitting ratio. By injecting the two input
beams in the same input and varying the OPD, we yield one in-
terferogram for each output from which the respective spectrum
is derived (see Fig. 4 top). We find a linear trend of the splitting
ratio ranging from about 30% at 3.1 um to 70% at 3.6 um. Also
shown as a dashed line is the normalized spectrum of the totally
transmitted flux (i.e. the sum of the two output fluxes), which is
the product of the transmission curves of the respective broad-
band filter, of the optical bench and of the waveguide. The chro-
matic splitting ratio for the right input was also measured and
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Fig. 4. Spectrally resolved coupling ratios for the left input over the L
(top) and M (bottom) bands measured for the two outputs bar and cross.
The numbers in the brackets refer to the spectrally integrated coupling.
The dashed line shows the measured bandwidth of the experiment.

shows the same behavior. Using the same coupler in the astro-
nomical M band, we found an imbalance in the broadband split-
ting ratio of 42.36%. The spectral dependence, however, is found
to be flatter (see Fig. 4 bottom). This coupler is used for all fur-
ther measurements, except for the spectral transmission (Fig. 6,
channel waveguide instead) and the temperature test in Sect. 4.6.
Theoretically, the splitting ratio for the directional coupler can
be derived as described in Snyder & Love (1983). As the calcu-
lation is sensitive to the cross section of the waveguide, which is
not known precisely, we used a simplified, weakly wavelength-
dependent approach for the coupled power, sin?(K - d/2), K be-
ing a real scalar constant and d the interaction length. Only a
discrete set of K values correspond to a 50/50 splitting at a given
wavelength, which is here taken at 3.4 ym and 4.7 um, respec-
tively, for the L and M band. From these values, the correct K
can be univocally determined by comparing the slope to the ex-
perimental data (Fig.4). The K values (K, = 2.0 x 107 and
Ky = 0.84 x 107%) indicate that we operate close to 0.75 and
0.25 beat length, respectively, at the above-mentioned reference
wavelengths for the L and M band.

4.2. Modal behavior

For the purpose of wavefront filtering (Ruilier & Cassaing
2001), it is essential that the waveguides exhibit single-mode
behavior over the considered bandwidths. Figure 5 shows an
image of one of the two outputs and the respective mode pro-
file. We use an optical system with a working f-number of /36
to magnify and image the MFD onto our sensor with a pixel
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Fig. 5. Left: left output of the two-telescope combiner with a magni-
fication of 17 at 3.39 um. The black rectangle illustrates the size of
the waveguide cross section. Right: respective vertical and horizontal
Gaussian-like mode profiles before deconvolution.

size of 30 um. We find a Gaussian-like shape as expected for
single-mode waveguides, with 1/e> measured mode field diam-
eters (MFD) of 28.2 + 0.3 um (vertically) and (22.6 + 0.2) um
(horizontally) at 3.39 um. The measured FWHM point spread
function (PSF) of the optical system is 8.4 um (8.5 um theoreti-
cally). We derive the true MFD as the diameter of the Gaussian
waveguide mode, whose convolution (i.e., the convolution of the
Gaussian mode) with the PSF results in the measured MFD. We
obtain 16.3 um and 24.8 um for the horizontal and vertical di-
rection, respectively. This can be related to the waveguide cross
section to obtain the refractive index contrast. As an approxima-
tion, we used a rectangular waveguide model with a step-index?.
Indeed, the cross section is only known with an accuracy of
+2 um, and the true index profile is unknown. Therefore, we can
only give a range for the refractive index contrast from 3 x 107>
to 4x 1073, Single-mode behavior is classically tested against the
presence of a second higher order mode by changing the input
coupling conditions, such as inserting a small lateral displace-
ment of the injection spot (HO et al. 2006). We applied such a
displacement in the vertical and horizontal direction and we did
not find any deviation from the near-Gaussian shape.

4.3. Throughput

In this section, we present the total and spectrally resolved rela-
tive throughputs of the coupler.

The total throughput in the L band is estimated by injecting
into one of the two inputs, and measuring the sum of the flux
from the two outputs. Dividing this number by the input beam
flux (measured by removing the sample in front of the imaging
system), we obtain the throughput of the component.

For the throughput experiment we used input beam diame-
ters of 8, 11, 14, and 16 mm in order to find the optimal input
coupling efficiency. Table 1 shows the throughputs for the dif-
ferent injection beam diameters. We find the optimal throughput
of 25.4% at 11 mm. This corresponds to a numerical aperture of
0.11 and a An = (3.1 £ 0.1) x 1073, which is in line with the
change in refractive index derived in the previous section.

The total throughput can be written as 7 = (1 —Rg)*>-C- PL-
B?, where C is the input coupling efficiency and Ry the Fresnel
reflections at the input and output facets. The values of P and B
account for the reduced transmission due to propagation losses
per cm and bending losses per bend, respectively. The quantity
L = 2.5 cm is the length of the component. For the coupling effi-
ciency we assume the optimal coupling between a Gaussian and
an Airy pattern given by C = 81% (Toyoshima 2006). Due to the

2 Calculated using the online tool
http://www.computational-photonics.eu/eims.html
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Table 1. Throughput of the 25 mm two-telescope combiner in L band
for different input beam diameters.

Beam diameter 8mm 1lmm 14mm 16mm
Left input 204% 22.5% 16.6% 13.8%
Right input 245% 28.4% 24.1% 21.9%
Average 224% 254% 204% 17.8%

Notes. Absolute accuracy on the order of 2% due to error propagation
of imperfect adjusting of the iris.

Normalized Intensity

20 25 3.0 35 4.0 45 5.0
Wavelength [pum]

Fig. 6. Normalized transmission of the optical bench and transmission
of the optical bench including a GLS channel waveguide. The GLS
data is upscaled without exceeding the bench data. For each case, three
datasets were taken and the error bars show the standard deviation.

high refractive index n = 2.316, a Fresnel reflection coefficient
of R = 15.7% per facet is found. This can be mitigated by an
AR coating, which would raise the throughput to 36%. Bending
losses were separately measured to (0.6 + 0.2) dB/bend. Using
these numbers and taking the averaged throughput for the 11 mm
beam diameter, we estimate P to be 0.94dB/cm + 0.29 dB/cm.
We stress that this number is a rough approximation, due to the
large error bar on the bending losses, and is also very sensitive
to the input coupling efficiency. For instance, for a coupling effi-
ciency of 70%, the value P = 0.69 dB/cm would be derived from
our measurements.

The transmission spectrum of the component was measured
by Fourier transform spectroscopy. The two beams are injected
into the same channel waveguide and by scanning the OPD, an
interferogram is recorded from which the relative spectrum is de-
rived. This is directly compared to the normalized transmission
of the bench (see Fig. 6 for details). We find a very good match
between the two spectra, which indicates a flat spectral response
of the waveguide. The location of the CO, dip at ~4.26 um is
measured at the expected position in both transmission spectra
and confirms the validity of the OPD correction method.

4.4. Polarization properties

Instrumental contrasts measured with a long-baseline interfer-
ometer are highly sensitive to polarization mismatches result-
ing from differential stress and birefringence between the two
arms (Berger et al. 1999). When operating with unpolarized stel-
lar light, it is important that the differential birefringence is min-
imized so that the polarization alteration that may arise from the
IO component is similar in each arm, hence reducing the visibil-
ity loss effects. We investigate the polarization properties of the
coupler at 3.39 um. We look at one output and test the differ-
ence in polarization for the two arms by exciting the left and the
right input one at a time. By placing a half-wave plate before the
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Fig. 7. Polarization angle of the output ellipse (cf. Fig.8) for the left
output when injecting into the left and right input, respectively. For the
input, we used the linearly polarized HeNe laser at 3.39 um at different
polarization angles (depicted on the x-axis). The dashed line depicts
an unaltered polarization angle. Qualitatively, there is very little or no
difference between the two output polarization angles.
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Fig. 8. Change in polarization contrast (“ellipticity”) for the left output
when injecting into the left and right input, respectively, for incoming
linear polarization of different angles. As for the angle of the ellipse (cf.
Fig. 7), there is very little or no difference in the ellipticity between the
two outputs.

component and an analyzer behind the output collimation lens,
we analyze the change in polarization state for different incom-
ing polarization angles. Two different quantities are measured:
the change in polarization angle and to what extent linear po-
larization is transformed into elliptical polarization. The latter is
quantified as the polarization contrast P, = ﬁ where I .x
and I, are the maximum and minimum intensities, respectively,
found by turning the polarizer. Consequently, P. = 1 for a linear
polarization and P, = 0 for a circular polarization.

From Fig. 7, we find that the polarization angle is similarly
well maintained for both inputs to within 20°. Furthermore, for
input angles close to 0, 90, and 180°, the polarization state is al-
most unchanged and remains linear, as seen in Fig. 8. For other
angles, the linear polarization is transformed into an elliptical
polarization with the contrast dropping down to 0.4. The same
result is found by measuring the right output. The important re-
sult from Figs. 7 and 8 is that, for a given output, the change
in polarization is almost identical for both arms, making differ-
ential polarization effects small. The polarization properties of
the coupler can be explained by the rectangular waveguide cross
section, which induces shape birefrigence (Marcuse 1974).

4.5. Interferometric contrast and differential dispersion

In the following sections interferograms over different band-
widths using the evanescent 2 X 2 coupler are presented. The
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Fig. 9. Monochromatic interferometric contrast of the two outputs at
3.39 um for a series of measurements. The error bars show the standard
deviation in contrast for the respective measurement.

interferograms are recorded for linearly polarized laser light and
unpolarized broadband light. The recording and post-processing
is as follows. First, the photometric channels are recorded. Then,
the interferogram is recorded. The laser signal is recorded simul-
taneously to yield the true OPD as described in Sect.

4.5.1. Monochromatic interferogram at 3.39 um

First, using the vertically linearly polarized HeNe laser at
3.39 um, a monochromatic interferogram is recorded. Each in-
terferogram is scanned over approximately 125 fringes. From
the pairs of local maximums and minimums, 125 contrast values
can be calculated. The average contrast and its standard devi-
ation are shown in Fig.9. This measurement was repeated five
times and averaged contrasts of 97.8 + 0.6% and 98.1 + 0.6%
for the two outputs are found (sampling effects are negligible).
Repeated testing showed that the measured contrast does not
change for an incoming polarization angle of 45°. This is in line
with Figs. 7 and 8, which show that differential birefrigence be-
tween the two arms is small for any incoming angle. In com-
parison, for an interferogram recorded through a single-channel
waveguide, where no differential birefrigence is present, we find
99.4% with a standard deviation of 0.2%. This loss in contrast of
~1.4% would correspond to a mismatch in polarization angle of
0.2 rad.

4.5.2. L band interferogram

The L band filter, covering the range from 3.1 to 3.6 um, as
seen in Fig. 4 top, is inserted into the collimated beam. Figure 10
shows the two recorded interferometric outputs. We find a high
contrast of 94.9%. In addition to the high broadband contrasts,
the m-phase shift between the two outputs resulting from energy
conservation is observed with excellent repeatability over the co-
herence length.

In order to estimate the level of differential dispersion, we
calculated the phase of the interferogram through the real and
imaginary part of its Fourier transform. After removing the lin-
ear part in wavenumber 27xg0 = 2mxo/A, which relates to the
zero-OPD position xy (Coudé du Foresto et al. 1995), the non-
linear term remains, which accounts for the overall differential
dispersion. In order to disentangle any dispersion that may arise
from the experimental setup, we also measured the phase for
an interferogram without the IO chip. The results are shown in
Fig. 11. We find that the phase variation across the band is mainly
determined by the phase from the testbench itself and that the
combiner is close to dispersion free with a standard deviation of
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Fig. 10. Experimental L-band interferogram of the two interferomet-
ric outputs of the coupler after photometric correction. A broadband
contrast of 94.9% is measured. The spectral shape of the bandwidth is
shown in Fig. 11. The respective interferograms of the two outputs are
shifted by half a wavelength, i.e., m-phase shifted.
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Fig. 11. Phases for the two chip outputs as well as the phase of exper-
imental setup without chip (lowered by 0.5rad for visualization) over
the L band. The value 7 was subtracted from one of the chip outputs to
demonstrate the phase shift. The respective spectra are shown as dashed
lines.

0.04 rad across the band. For visualization purposes 7 was sub-
tracted from one of the two chip outputs. The excellent overlap
of the two phase curves reflects the clean -phase shift visible in
the interferogram. The present dispersion can be further quan-

tified through the dispersion parameter defined as D := df;g),
i.e., the derivative of the group delay with respect to wavelength.
From Coudé du Foresto et al. (1995), the (differential) disper-
sion parameter can be related to the phase curvature, i.e., the
second derivative of the phase with respect to the wavenumber,

through

d’o
do?

Assuming that the two channels have identical lengths AL = 0,
the quantity of interest is the difference in dispersion parame-
ters of the two channels multiplied by the length of the com-
ponent L - AD = L - (D, — D;). Before calculating the dis-
persion parameter, we subtracted the phase of the bench from
the phase of the beam combiner interferogram. Then, calculat-
ing the second derivative of the phase averaged over the band-
width, we find LAD = 3.6 x 107 ps/nm. In comparison,

= =2x¢A*> - (LAD + DAL). 0))
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Fig. 12. Experimental M-band interferogram of the two interferomet-
ric outputs of the coupler after photometric correction. A broadband
contrast of 92.1% is measured. The spectral shape of the bandwidth
is shown in Fig. 13. The respective interferograms are not perfectly -
phase shifted, as can be seen from Fig. 13.

Coudé du Foresto et al. (1995) finds 1.8 x 10~ ps/nm for a mod-
erately dispersed interferogram. For our case, we then find a dif-
ferential dispersion parameter of AD = 1.4 ps/(kmnm) with a
standard deviation of 15.7 ps/(km nm) across the band. Both val-
ues must be read as an upper limit as the phase variation due to
the combiner is within the error bars (see Fig. 11).

4.5.3. M band interferogram

We measure the M-band interferogram through the same com-
ponent and find a contrast of 92.1% (see Fig. 12). By applying
the same procedures as for the L-band interferogram, we obtain
the phase and the differential dispersion parameter. Here we find
a relatively flat phase both for the bench and for the bench in-
cluding the combiner (see Fig. 13). After subtracting the bench
phase, we are left with a standard deviation of 0.07 rad across
the band. The differential dispersion parameter of the combiner
AD = 2.8 ps/(kmnm) is about twice as large as for the L band
with a standard deviation of 17.9 ps/(kmnm) across the band.
This may be due to the larger deviations towards the edge of the
spectrum which result from the lower flux in the M band, as can
be seen from the increasing error bars. After removal of 7 be-
tween the two outputs of the chip, we still find an offset of about
0.4 rad between the two phases. This shows that the phase shift
slightly deviates from =, although this cannot be easily seen in
Fig. 12.

4.6. Temperature test

Another similar spare coupler was cooled down to 120K in a
cryostat over a approximately ten hours. After bringing the sam-
ple back to room temperature, no physical changes, e.g. cracks
in the glass, were observed. The coupler was interferometrically
characterized in the L band before and after the cooling down. In
this one-time test, no major difference in throughput or interfer-
ometric properties was found. Thermal shocks, however, caused
by dropping the sample directly into liquid nitrogen at 77 K, lead
to cracks in one of two instances. As cryogenic conditions are
typically used for mid-IR instruments, further testing is required
to understand the optimal cooling rate AT /At for our component.

Spectrum Output Right
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- '_ — Phase Output Right Spectrum Output Left
. Phase Output Left .

-15L [ [ [ [ [ [ [ |

Phase [rad] / Spectrum [a.u.]

450 455 460 465 470 475 480 485 4.90
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Fig. 13. Phases for the two chip outputs and the phase of experimental
setup without chip (lowered by 0.5 rad for visualization). After subtrac-
tion of m a residual phase difference of 0.4 rad between the two outputs
remains. The respective spectra are shown as dashed lines.

Table 2. Overview of the coupler properties.

3.39 um Lband M band
integrated splitting - 49.4% 42.3%
spectral splitting variation - 355% 5.1%
throughput - 25.4% -
diff. polarization 0.2rad

& see Sect. 4.4
phase variation -
contrast 98.0%

0.04rad 0.07rad
94.9% 92.1%

Notes. Numbers are averaged over the two inputs for the splitting and
averaged over the two outputs for the phase and contrast.

5. Discussion and conclusion

We have presented a full characterization of a laser-written 2 X 2
integrated-optics beam combiner in the 3—5 ym mid-infrared
range. The measured properties are summarized in Table 2.
From twenty different test couplers, we chose to characterize
the component with a spectrally integrated splitting ratio close
to 50/50 over the L band. The measured splitting ratio shows
a maximum imbalance of 30/70 across a relatively large band-
width of A1 = 0.5 um with the balanced splitting being at
3.4 ym. The chromatic dependence is larger than has been mea-
sured for the GRAVITY beam combiner (Benisty et al. 2009).
However, the latter was measured over a narrower bandwidth
Ad/A = 0.12 um/1.6 um = 0.08, whereas our result covers a
broader bandwidth with A1/4 = 0.5 ym/3.4 ym = 0.15. Also,
GRAVITY used 2 x 2 asymmetric tapered couplers which al-
lowed for an achromatic design. As we operate at a beat length
of 0.75 in the L band, one immediate step towards a more
achromatic design will be to test shorter interaction lengths to
come closer to an achromatic coupler. In the M band, the max-
imum imbalance is found to be 40/60 over a bandwidth of
AA = 0.4 um. These are encouraging results given that a direc-
tional coupler is by definition a chromatic device. Further flat-
ness of the spectral splitting ratio can be obtained with asym-
metric coupler design (Takagi et al. 1992) or other broadband
design, as in Hsiao et al. (2010). We find that the coupler ex-
hibits some birefringence which supports non-degenerate quasi-
TM and quasi-TE polarization modes. However, because of the
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small differential polarization effect, the measured interferomet-
ric contrast in broadband unpolarized light remains high. Con-
trasts were measured of 98% at 3.39 um as well as 94.9% over
the L band and 92.1% over the M band.

Finally, we quantitatively assessed the dispersion parameter.
Considering the length of the component, the estimated disper-
sion parameters D of 1.4 and 2.8 ps/(km nm), respectively, have
little impact on the broadband interferograms. The deviation
from 100% in contrast in L band can be roughly attributed to sev-
eral effects: about 2% due to the chromatic splitting, about 1.4%
due to differential birefrigence and the rest possibly due to the
dispersion of the experimental setup. In the M band this assign-
ment is more difficult as the signal-to-noise ratio is much lower
in that case. Our single-mode coupler shows a total through-
put of 25.4%, including Fresnel, coupling, bend and propagation
losses. Since a meaningful requirement for astronomical appli-
cations is the total throughput (after mitigation of the Fresnel
losses), a potential objective is to revise the design of the de-
vice for a better trade-off between the propagation losses (higher
for a longer component) and the bending losses (higher for a
shorter component). Given that propagation losses can be as
low as 0.3 dB/cm in similarly laser-written channel waveguides
(Thomson 2016, priv. comm.), we are optimistic that by further
optimization of the writing parameters, the total throughput can
be significantly increased. We found a refractive index modifica-
tion of about An = 3 x 1073, which is about five times greater
than the negative laser writing in ZBLAN reported in Gross et al.
(2015). A large An is crucial in reducing bending losses and es-
sential in order to implement more complex optical designs with-
out greatly increasing the overall losses. In the view of a multi-
aperture (44) beam combiner, more advanced optical functions
are targeted in the next phases of our technology roadmap. Also,
the development of a fiber-fed system and the interface between
the infrared fibers and the chip will be addressed.
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Paper 2 (Tepper 2017b): Ultrafast laser inscription in ZBLAN
integrated optics chips for mid-IR beam combination in
astronomical interferometry

In the second paper, I had the chance to collaborate with colleagues from Macquarie University,
Sydney. Gross et al. (2015) had reported on the manufacturing of 2x2 couplers in ZBLAN by
means of negative laser writing, i.e. writing the cladding into the ZBLAN substrate. Since
there was no interferometric characterization performed, we decided to have the sample
shipped to Cologne to use our interferometric testbench for further characterization.

After having tested the relevant properties of the sample (transmission, splitting ratio,
interferometric contrast), I put the focus on the comparison between the ZBLAN and the GLS
platform in this paper. This is a critical assessment as the most suitable platform for mid-IR
ULI needs to be eventually identified in order to proceed to a science-qualified instrument.

The results were published in the peer-review journal Optics Express.
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Ultrafast laser inscription in ZBLAN integrated
optics chips for mid-IR beam combination in
astronomical interferometry
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Abstract: Astronomical interferometry is a unique technique that allows observation with
angular resolutions on the milliarcsec scale by combining the light of several apertures hun-
dreds of meters apart. The PIONIER and GRAVITY instruments at the Very Large Telescope
Interferometer have demonstrated that silica-based integrated optics (I0) provide a small-scale
and highly stable solution for the interferometric beam combination process. Yet, important
science cases such as exoplanet hunting or the spectroscopic characterization of exoplanetary
atmospheres are favorable for observation in the mid-IR, namely the atmospheric windows L and
L’ band (3-4 wm), a wavelength range that is not covered by conventional silica-based 10. Here,
we propose laser-inscribed 10 2x2 couplers in ZBLAN and experimentally assess the critical
properties of the component for broadband mid-IR interferometry. We measure the splitting ratio
over the 2.5 to 5.0 wm range and find excellent broadband contrast over the L (3.1-3.6 um) and
L’ (3.6 - 4.0 um) bands. Furthermore, we quantify the dispersion properties of the coupler and
find a phase variation as low as 0.02 rad across the L and L’ band, respectively. By optimizing
the NA of our injection beam, we measured a very high total throughput of 58% over the L band
including Fresnel reflection and coupling losses. We also compare our findings to recent advances
in mid-IR IO in GLS and discuss its advantages and disadvantages for the implementation in
future mid-IR interferometers.

© 2017 Optical Society of America

OCIS codes: (130.3120) Integrated optics devices; (160.3130) Integrated optics materials; (160.2750) Glass and other
amorphous materials; (220.4000) Microstructure fabrication; (230.7370) Waveguides; (120.2650) Fringe analysis;
(120.3180) Interferometry; (120.5050) Phase measurement.
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4

1. Introduction

Achieving high angular resolution observations in astronomy is key to a large number of sci-
ence cases encompassing, for instance, the investigation of planet formation in circumstel-
lar disks [1, 2], the spectroscopic characterization of exoplanetary atmospheres [3,4], stellar
physics [5, 6], or the study of the innermost regions in active galactic nuclei [7, 8]. Ground-based
seeing-limited observations typically reach about an angular resolution of 1". Significantly finer
resolution can be obtained with adaptive optics or with interferometric techniques as implemented
at the VLTI, CHARA, NPOI observatories, or from space [9]. An astronomical interferometer
consists of several apertures tens to hundreds meters apart, whose light is simultaneously coher-
ently combined to create an interferogram from which the spatial structure of the observed object
can be constrained/imaged with milliarcsecond resolution. The heart of an infrared interferome-
ter is the beam combiner, whose role is to coherently combine the beams from the individual
telescopes. Recent progress in optical instrumentation and photonics has permitted to develop
innovative solutions such as multi-beam single-mode integrated optics combiners to replace
classical bulk optics designs in long-baseline interferometry. This offers unique improvement
in terms of stability of the instrumental transfer function, which is a prerequisite to measuring
calibrated interferometric visibilities with the highest accuracy and hence accessing a high
dynamic range for image reconstruction [10]. Such a technology could play a great role in future
multi-aperture interferometric instruments such as the planet formation imager (PFI) [11].
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Fiber-fed single-mode interferometric integrated optics (I0) beam combiners are now scientifi-
cally operational on instruments like PIONIER and GRAVITY at the VLTI (cf. [12] for a review).
Unfortunately, a limitation of current IO beam combiners with respect to bulk optics solutions
resides in their insufficient wavelength coverage beyond ~ 2 um, i.e. the transparency cut-off
wavelength of silica. Using OH-free silica, the transparency range can be greatly increased
up to 3.5 um, which would potentially allow to apply well-established lithographic methods.
This was tested for the GRAVITY beam combiner but resulted in strong dispersion, hampering
high interferometric contrasts (Laurent Jocou, personal communication). Also, the important
astronomical L band cannot be accessed and out-of-plane waveguides cannot be easily achieved
by this technique.

Considering the richness of the mid-infrared range for high-angular resolution astrophysics
and the instrumental benefit of the integrated solution in interferometry, this has motivated fur-
ther developments of multi-telescope IO beam combiners using alternative dielectric substrates
transparent in the 2-12 um range [13]. Such mid-IR IO would hold application potential not only
in astronomy but also in other areas such as medicine [14] or environmental monitoring [15].
The basic need is to benefit from a stable technological platform capable of producing high-
throughput single-mode waveguides in mid-infrared materials, in a comparable manner to what
the telecom-driven photo-lithographic platform has provided for forty years for silica-based
integrated optics and fibers. At longer wavelengths beyond 2 um, several technologies tested
over the last decade succeeded in manufacturing proof-of-concept mid-infrared waveguides and
combining functions: the used platforms included chemical etching/lithography, laser-inscription
in glass substrates, ion-exchange and diffusion in glasses [16-29].

In this paper, we concentrate on using Ultrafast laser inscription (ULI) [30] to inscribe and
characterize interferometric couplers in fluoride glasses. A great advantage of laser inscription
is that waveguides can be inscribed in all three dimensions, which then allows to experiment
with novel beam combination schemes such as all-in-one discrete beam combiners [31, 32].
Two- and three-port couplers for the mid-IR range were successfully laser-inscribed in GLS
(Gallium Lanthanum Sulfide) and GCIS glasses [19]. Propagation losses on the order of 0.8
dB/cm and balanced monochromatic splitting ratios were reported [24]. ULI has also been used
to inscribe depressed cladding waveguides in crystals. Nguyen et al 2016 [33] has presented a
heuristic theoretical analysis of laser writing in Lithium Niobate along with experimental results
at 3.68 um. Yet, the reported measured propagation losses of 2.9 dB/cm for TE and no guidance
for TM modes, are still impractical for astronomical applications. Recently, a comprehensive
interferometric study on laser-inscribed couplers in GLS glass evidenced low dispersion proper-
ties and low differential birefrigence and showed for the first time high broadband instrumental
contrast well above 90% over the L and M band [34]. The ULI technique has also been applied
to ZBLAN, a fluorozirconate glass, showing propagation losses as low as 0.3 dB/cm and a func-
tioning evanescent coupler over the 3.75 - 4.2 um range [25]. Although this work has evidenced
the great potential of the ZBLAN platform, no further interferometric characterization has been
reported yet.

This paper experimentally measures the critical properties of the laser-inscribed ZBLAN
couplers for interferometry applications over the L and L’ bands (3 to 4 um). It includes the total
throughput, spectral splitting ratio, dispersion properties and most importantly the instrumental
interferometric contrast. In order to move forward to a science qualified mid-IR IO interferometric
instrument, it is essential to obtain a detailed picture on the experimental performance achievable
with promising mid-IR IO technologies. With this work, we contribute to this objective and, in
particular, provide a comparative study to the ULI-GLS platform.
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Fig. 1. Figure 1(a) shows the cross-section of a laser-inscribed channel waveguide written
with similar parameters as used for the coupler. In Fig. 1(b), the design parameters of the
coupler studied in this paper are depicted. The terms Cross and Bar are used to distinguish
the originally excited and the coupled waveguide. Left and right orientation is used as seen
from the camera.

2. Design and fabrication of the sample

The waveguides were inscribed into a ZBLAN substrate using ULI, a technique pioneered 20
years ago by Glezer et al 1996 [35] and Davis et al 1996 [36]. An intense femtosecond laser is
tightly focused inside the substrate and causes a local and permanent change in refractive index.
By translating the substrate waveguides can be inscribed into the sample. An extensive review of
the ULI technique is found in Gross & Withford (2015) [30].

In the case of ZBLAN, the laser-induced change in refractive index is negative, i.e. the
cladding of the waveguides is inscribed. The writing laser is a Ti:sapphire oscillator with a
5.1 MHz repetition rate and <50 fs pulses at 800 nm. The laser is focused 300 um below the
polished surface of the substrate using a 1.25 NA objective. The substrate is then translated with
a speed of 1000 mm/min and the energy per pulse is 65 nJ. The achieved contrast in refractive
index is about —(6 + 1) - 10~*. The 60 um wide cladding of each waveguide consists of 108 laser
modifications around a 50 um diameter circular core. Figure 1(a) shows the waveguide cross
section of a channel waveguide inscribed with similar parameters. The sample at hand contains
12 straight waveguides and six couplers and measures a total length of 33.6 mm. The properties
of the coupler used in this paper are depicted in Fig. 1(b). The coupler has an interaction length
of O mm, i.e. the two waveguides converge and directly depart, and a raised sine length of 16 mm.
The separation between the two waveguides in the interaction area is 39.9 pm (measured as the
distance between the centers of the two cores), i.e. the waveguides overlap. More information on
the fabrication of the sample can be found in Gross et al 2015 [25].

The principal design of the component is the one of a 2x2 directional coupler which has two
inputs and two outputs. In the interaction area the two channels are brought in proximity or to
overlap where the two fields mix [37]. Ideally, the two outputs contain each a mixed field with a
7 phase shift with respect to each other due to the conservation of energy. The advantage of this
design is that the losses are only determined by the propagation and bending losses, whereas the
Y-Junction inherently reflects 50% of the light. Also, such a design is the building block of an
ABCD combiner [38]. Yet, the directional coupler naturally exhibits a chromatic splitting ratio,
which will be discussed in this paper.

3. Experimental setup

We use a two-arm interferometric setup for the characterization of the sample as depicted in
Fig. 2. For the broadband measurements, we use a fibre-coupled blackbody source that is spatially
filtered by a 20 um pinhole and collimated by an f=50mm achromat. In addition, a spatially
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filtered HeNe Laser at 3.39 um is inserted into the setup which can be positioned with respect to
the broadband source by a beamsplitter. The beam is split into two beams using a thin pellicle
beamsplitter (Thorlabs, BP145B4) in order to avoid differential dispersion in the beamsplitter.
The two beams are then reflected by two mirrors: one mirror is mounted on a delay line (Thorlabs,
Z812B) in order to control the optical path difference (OPD), the other mirror can be tilted in
order to fine-position the beam with respect to the other. The two beams are then injected by an
f=50mm achromat into the IO chip. The chip is mounted on a translational stage which can be
fine-positioned in three dimensions. The outputs of the chip are collimated by another f=50mm
achromat and re-imaged by the infrared camera (Infratech 5360S) with an f=50mm lens. A
bandpass filter can be inserted in order to test the performance over the L and L’ band. Our
camera adds an intrinsic noise at about 25 kHz (corresponding to 0.5 um), which we filtered out,
as this can lead to falsely measuring too high interferometric contrasts [39].

We also use this setup to perform Fourier transform spectroscopy. Therefore, it is critical to
precisely record the OPD of the interferometric measurements. The delay line, however, does
not provide a highly accurate or repeatable translation. Therefore, we record the interferometric
signal of the HeNe laser at 3.39 um simultaneously to the broadband measurement. As the fringe
spacing of the laser is known, we use it to calibrate the OPD. The advantage of the Fourier
Transform approach, as opposed to a fiber-coupled spectrometer, lies in the possibility to measure
the two chip outputs separately as they are imaged onto the detector of the camera.

Fibered AC = Achromat
Blackbody Ef{ : Eiahr;\;plwtter

_._20“m PH AS = Asphere
AC 50mm
25um PH
Laser 3.39um ._' BS
|

st3aDe Bandpass
9 Filter

AS 11mm Pellicle BS

Adjustable

Mirror 10 Chip
i i
i i Infrared
AC 50mm AC 50mm Camera
- f=50mm
Delay Line
Mirror

Fig. 2. Design of the experimental setup for interferometric characterization of the ZBLAN
integrated optics chip. Bandpass filters L and L can be inserted.

4. Results
4.1. Splitting ratio

The spectral shape of the splitting ratio of the directional coupler is crucial to its interferometric
performance in broadband operation. When the coupler operates with monochromatic light,
an unbalanced splitting (i.e. not 50/50) can be easily calibrated by photometric correction.
On the contrary, when operating with polychromatic stellar light within a bandpass filter, the
chromatic unbalance of the splitting ratio across the band will result into a degradation of the
instrumental contrast, which cannot be compensated photometrically. The degradation effect of
the chromaticity of the splitting ratio will occur even if the coupler exhibits a balanced (50/50)
splitting ratio integrated over the filter bandwidth.
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Fig. 3. The splitting ratio of the coupler as a function of wavelength. Bar and Cross denote
the originally injected and the coupled waveguide, respectively, (cf. Fig. 1(b)). The solid
lines depict the measured values and the dashed lines depict the RSoft simulation.

The sample contains six couplers, each inscribed with varying the parameters. The coupler
which showed the most balanced integrated splitting ratio across the L band was chosen to be
eventually characterized. After testing the available couplers for photometric unbalance, the
selected sample exhibits an integrated splitting ratio of 45% and 34% over the L and L’ band,
respectively. The design parameters of this coupler are depicted in Fig. 1(b).

In order to measure the splitting ratio as a function of wavelength, we inject the two arms
of the interferometric setup into the same input. Scanning the OPD, each output yields one
interferogram, from which the respective spectrum can be derived through Fourier transform
spectroscopy. We performed this measurement for the left and right input, from which we yield
an average splitting ratio. For this measurement, we initially do not insert any bandpass filter,
so that the bandwidth covers the whole accessible spectral range (2.5 - 5 um) offered by the
infrared fiber, the optical setup and the ZBLAN component. Figure 3 shows the mean spectral
splitting ratio along with the standard deviation as error bars. We find a quasi linear dependency
ranging from about 25% to 80% from 2.5 to 5.0 um with a slope of about 0.3um™'. Over the
L (3.1-3.5um) and L (3.6-4.0um) band the splitting ratio varies, from edge to edge of the
respective band, from 40% to 57% and from 57% to 70%. The 50/50 crossing point is at 3.3 um.

We modeled the splitting ratio by an RSoft simulation with a depressed cladding index of
An = —7-10* and using the geometry of the coupler depicted in Fig. 1(b). The model reproduces
the slope across the bandwidth but shows an offset of about 30%, see Fig. 3. The simulation can
be matched with the measured splitting ratio by tuning the separation of the waveguides in the
coupling region to 36 um.

4.2. Transmission

In this section, we present both the average total throughput in the L band and the transmission
spectrum from 2.5 to 5.0 um. Maintaining a high throughput in photon-starved applications like
astronomy is clearly important if one considers, for instance, that the VLTI transmission from
the primary mirror down to the interferometric combination laboratory is only ~20% at 2 um
before entering any instrument.

In order to estimate the total throughput, it is essential that the numerical aperture (NA) of the
injection beam matches the NA of the waveguide. Therefore, we placed an iris in the collimated
beam before the injection lens to modify the injection spot size — and the coupling efficiency



Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20649

Optics EXPRESS . -

1.0 - 1.0
. = : : : : :
0.8 ; S 08 R N Feeeeen RER = 1
5 Z 5 37 S gy
> : = : A7 : : :
=06 - : Z 06T R e o
g | & Wity o
= 04 ; o 04 b e P RERREREE e
D z - : : : :
DA = : : : : :
02 - pf----- Bench | % TN &) 02 R o o T
. ZBLAN . . . . .
0.0 I L L I ) 0.0 I I I I I
2.5 3.0 3.5 4.0 4.5 5.0 32 34 3.6 3.8 4.0
Wavelength [pum] Wavelength [um]
() ()]

Fig. 4. Figure 4(a) shows the normalized transmission of the experimental setup compared
to the transmission of the ZBLAN sample. The ZBLAN curve was scaled with respect to the
bench matching the measured total throughput of 58% over the L band. For each case, three
measurements were taken from which the average and the standard deviation is calculated.
The dip at 4.2 um is due to CO, absorption. Figure 4(b) shows the relative transmission of
the ZBLAN sample calculated from the ratio of the curves from Fig. 4(a) over the relevant
the L and L’ band up to the CO, absorption.

accordingly — and measured the throughput for different iris diameters D. The results are shown
in table 1. We find the highest throughput of 58% for an iris size of 6 mm which corresponds to
an NA~D/2f of 0.06+0.01 (error due to sampling of the beam diameter). If we take into account
the attenuation due to Fresnel reflections (4% at the input and output facet for nzgpan ~1.50)
and the maximum coupling efficiency (82%) between the Airy pattern and the Gaussian-like
waveguide mode, we are left with an excellent transmission of 76% of the sample including
bending and propagation losses, which translates into 1.19dB (0.33 dB/cm). The measured NA is
in line with what was measured by [25] for another coupler (but with the same refractive index
contrast) in this sample. Table 1 also shows that the transmission for the left and right input are
very similar.

Table 1. Throughput of the 33.6 mm long 2x2 combiner in L band (FWHM: 3.1-3.6 um)
for different input beam diameters.

Beam diameter 4mm 6mm 8mm 11 mm
Left Input 56% 58%  39% 23%
Right Input 55% 58%  39% 22%

In order to measure the spectral transmission of the sample, we use the data from the interfer-
ometric measurements from section 4.1 and performed Fourier transform spectroscopy. The
sum of the two output spectra is the totally transmitted spectrum, which can be compared to the
spectrum of the setup without component. We find a relatively flat spectral transmission along
the measured bandwidth with a slightly lower transmission towards shorter wavelength, see Fig.
4(a). This may be explained by the fact that the coupling cannot be equally optimized for all
wavelengths across the spectrum. Figure 4(b) allows to assume that the total throughput will not
be significantly less in the L’ than has been measured for the L band.
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Fig. 5. Figure 5(a) shows the experimental L band interferogram after photometric correction
of the two chip outputs with a contrast of 93.0%. The inset magnifies the central region and
demonstrates the near-m phase shift. Figure 5(b) shows the corresponding bandwidth of the
measurement and the phase variation of the interferogram across the band. The right phase
is set to zero at 3.4 um and the left phase is lowered by 7 to visualize the near-7 phase shift
between the two outputs. The phase of the bench is lowered by 0.25 for better visualization.

4.3. Interferometric characterization

In this section we test the coupler for interferometric beam combination as it is eventually
intended to operate in an interferometric instrument. The interferograms presented are photomet-
rically corrected and recorded for unpolarized light. Each interferogram is recorded three times
from which a mean and standard deviation are computed.

Using the L band filter with 0.4 um FWHM, we test the interferometric performance over
the 3.1 to 3.5 um range (see Fig. 5(b) for the spectrum of the measurement). Figure 5(a) shows
the two interferometric outputs of the chip with a high broadband contrast of C;, =93.0+1.3%
in unpolarized light. The near-r phase shift between the two coupler’s outputs is qualitatively
visible in the inset. The high contrast evidences the small level of differential birefringence
between the two coupler’s two channels, an effect visible in other studies. A low differential
birefringence allows to operate the component in unpolarized light without having to split the
two orthogonal polarizations [40].

A typical limitation of IO combiners for broadband interferometry is differential dispersion
which stems from different propagation constants and/or different lengths between the two
waveguides that form the coupler. This results in different OPDs for different wavelengths and
a smeared out interferogram with an attenuated contrast. This is detrimental to astronomical
interferometry where the instrumental visibility should be as close as possible to one. In Fig.
5(a), we can clearly identify the first and second lobe of the interferogram, which is an excellent
indicator for a low differential dispersion. Yet, the effect of the differential dispersion can be
further investigated qualitatively by analyzing the phase curvature of the interferogram [41].
A flat phase — i.e. with a zero first derivative against wavelength — corresponds to a perfectly
dispersion-free interferogram. The phase is estimated through the real and imaginary part of the
Fourier transform of the interferogram. Figure 5(b) depicts the variation of the phase of the left
and right output across the spectrum, quantifying the dispersion present in the interferogram. The
phases of the right and left outputs exhibit almost the same curvature across the band, pointing at
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Fig. 6. Figure 6(a) shows the experimental L’ band interferogram after photometric correction
of the two chip outputs with a contrast of 93.5% along with an inset of the central region.
Figure 6(b) shows the corresponding bandwidth of the measurement and the phase variation
of the interferogram. The right phase is set to zero at 3.8 um and the left phase is lowered
by 7 to visualize the near-m phase shift between the two outputs. The phase of the bench is
lowered by 0.25 for better visualization.

identical behaviours in terms of dispersion. We also measured the phase without component —
i.e. of the experimental setup — for which we would expect a flat phase. We find that its phase
curvature is very similar to the component’s one, which indicates that the experimental phase
curvature is dominated by our setup, possibly because of the pellicle beamsplitter which has a
very small but non-zero thickness. After subtracting the dispersion due to our bench, we find a
residual phase variation of o7 = 0.02rad (measured as the standard deviation across the band)
intrinsic to the component. This variation is within the error bars of the measurement. Note that
the absolute offset of the bench’s phase is not relevant here, only its curvature is. In Fig. 5(b) the
left output phase was artificially lowered by an offset of 7 for visualization purposes. The left
and right phases should then have overlapped with each other, which is not the case here with a
residual offset of about 0.2 rad. The two interferograms not being in perfect phase opposition
points to additional losses.

We conducted the same test by inserting the L’ band filter (1.=3.8 um, FWHM=0.4 um) into
the setup (see Fig. 6(b) for the measured bandwidth). The same coupler that was used for the
L band shows interferometric outputs with a high broadband contrast of Cr» =93.5%+0.2%
over the L’ band as seen in Fig. 6(a). As for the L band, we find that the phase curvature mainly
results from the experimental setup (see Fig. 6(b)). The residual phase variation after removing
the bench is again on the order of o-7- = 0.02 rad. Similarly, we find that the phase shift between
the two outputs is not exactly r but about 0.3 rad off.

5. Discussion and conclusion

We have demonstrated that ULI in ZBLAN is a suitable platform to manufacture good quality
2x2 directional couplers as the basic brick for single-mode integrated optics mid-infrared beam
combiners.

We measure high broadband interferometric contrasts of 93.0% and 93.5% in unpolarized
light over the L and L’ band, respectively, with spectral bandwidths of ~0.4 um. The origins of
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fringe contrast loss are typically an unbalanced spectral splitting ratio, differential dispersion,
differential birefringence, multimode behaviour, or improper photometric correction.

At first we assessed the splitting ratio of the coupler and found a variation of less than 0.3/um.
These are promising results as the spectral splitting ratio is flatter than the recently reported
directional evanescent coupler inscribed in GLS glass [34] for which a slope of 0.8/um was
measured. For this ZBLAN coupler, the measured spectral unbalance of the splitting ratio would
result in a contrast loss of about 1%. The crossing point lies at 3.3 um. In order to obtain a
high raw contrast (i.e. before photometric correction), it is important that the crossing point of
the splitting ratio lies in the center of the bandwidth. The position of the crossing point can be
fine-tuned by altering the separation of the waveguides in the interaction area.

The dispersion in the interferogram, measured as the phase variation across the band, is
dominated by our experimental setup. The intrinsic differential dispersion of the component itself
introduces a phase curvature of less than 0.02 rad over both L and L’ band. These are similar
results as for the GLS sample measured in Tepper et al 2017 [34]. Therefore, we can conclude
that laser inscription is capable of repeatedly inscribing waveguides with precisely equalized
lengths and propagation constants (cf. [41], Eq.15). Our simulations indicate that the phase
curvature of the setup results into a contrast loss not larger than 0.8%.

The core size of 50 um and the An of ~6x10~* point in the first order to a single-mode
behavior at these mid-IR wavelengths with a normalized frequency V well below 2.405. This
can be confirmed on a later stage through classical near-field imaging.

A detailed study of the differential birefringence is not reported in this paper. Although we do
not expect high differential birefringence in light of the high broadband contrast, this is still an
effect that, if not controlled, may introduce additional contrast loss of few percents. This will be
assessed later by investigating the evolution of the monochromatic interferometric contrast at
3.39 um for different angular directions of the input linear polarization by using a A/2 plate.

Finally, since the photometric channels are not recorded simultaneously to the interferometric
signal, the photometric correction may add additional systematic biases given the randomness of
the delay-line mirror tip-tilt when coupling in the component’s channel. This may lead in some
cases to an underestimated instrumental calibrated contrast. This will be assessed in the future
through the acquisition of a large number of repeated contrast measurements.

Concerning the sample transmission, we measured a very high throughput of 58% over the
L band including coupling losses and Fresnel reflections. We find that the spectral transmis-
sion is relatively flat over the 3 to 4 um range of interest. Evanescent couplers in GLS have
shown a lower total throughput of 25% [34], partly hampered by the higher Fresnel losses. The
larger throughput could be a significant advantage, although the GLS platform provides a wider
transparency range up to ~10 um compared to the cutoff of ZBLAN at about 5 um. Gross et
al 2015 [25] reported propagation losses of 0.29 dB/cm in ZBLAN channel waveguides. By
comparing this value to the measured 0.33 dB/cm for the coupler, we can derive the important
result that additional bendings do not introduce significant losses.

From the analysis of the phase we could determine that the phase shift between the two outputs
is not exactly 7 but by about 0.2-0.3 rad off this value. As the 7 phase shift is a consequence
of energy conservation in the coupler, this result points to additional, albeit small, flux losses
in the cladding that are not seen in the GLS couplers. This could result from small bending or
scattering losses in the interaction area during the process of energy transfer from one waveguide
to the other. More importantly, this possible deviation from the expected 7 phase shift needs
to be understood and controlled if the ZBLAN platform would be used to manufacture ABCD
integrated optics combiners [42] for which the phase opposition and quadratures have to be
accurately guaranteed.

So far, laser inscription in ZBLAN has not capitalized on the 3D potential of ULI. While
functioning 3D ABCD couplers have been inscribed into GLS [43], it is not yet clear whether the
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negative writing in ZBLAN allows for more complex functions due to its smaller refractive index
contrast and consequently limited mode confinement; a critical aspect that needs to be targeted in
the next phase. Gross et al 2012 [44] has demonstrated the feasibility of higher refractive index
contrast in ZBLAN (up to 4 -1073) at the expense of slower manufacturing.

It should be noted that the performance of both the ZBLAN and the GLS couplers critically
depend on the chosen laser writing parameters as well as the design of the coupler (cf. McMillen
et al 2012 [45]). In this work, as well as in Tepper et al 2017 [34], the best performing coupler
was picked from a number of couplers (6 and 20, respectively) without a detailed previous
parameter scan over all possible inscription configurations. Thus, there may still be room for
potential improvement in the waveguide properties for both technological platforms.

With this work, we have presented a comprehensive quantitative comparison of the perfor-
mances of two promising ULI platforms, namely ZBLAN and GLS glasses. We confirm the
strong potential of the ZBLAN platform to produce the basic bricks for mid-IR integrated optics
with this first interferometric characterization.
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Paper 3 (Diener 2017): Towards 3D-photonic, multi-telescope
beam combiners for mid-infrared astrointerferometry

In the third paper, we go beyond the classical two-telescope 2x2 couplers that were in-
vestigated in the previous publications and test advanced beam combining schemes. Our
colleagues in Jena produced two-telescope ABCD couplers and a four-telescope zig-zag array
(c.f. Fig.3.4). In Cologne, I performed the measurements on the ABCD coupler.

In this publication, we first discuss the concept of the V2PM matrix and its calibration
procedure. From the experimental characterization, we find that the advanced beam combiners
can indeed retrieve the visibility and phase of the input light fields. Finally, the impact of the
different beam combining concepts on the signal-to-noise ratio is discussed.

The results were published in the peer-review journal Optics Express.
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Towards 3D-photonic, multi-telescope beam
combiners for mid-infrared astrointerferometry
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Abstract: In the past two decades high precision optical astronomical interferometry has
benefited from the use of photonic technologies. Today, near-infrared interferometric instruments
deliver high-resolution, hyperspectral images of astronomical objects and combine up to 4
independent telescopes at a time thanks to integrated optics (I0). Following the success of
IO interferometry, several initiatives aim at developing components which could combine
simultaneously more telescopes and extend their operation beyond the near-infrared bands.
Here we report on the development of multi-telescope 10 beam combiners for mid-infrared
interferometry exploiting the three-dimensional (3D) structuring capabilities of ultrafast laser
inscription. We characterise the capability of a 2-telescope and a 4-telescope beam combiner
to retrieve the visibility amplitude and phase of monochromatic light fields at a wavelength of
3.39 um. The combiner prototypes exploit different 3D architectures and are written with a
femtosecond laser on substrates of gallium lanthanum sulfide. Supporting numerical simulations
of the performance of the beam combiners show that there is still room for improvement and
indicate a roadmap for the development of future prototypes.

© 2017 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (120.3180) Interferometry; (350.1260) Astronomical optics.
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1. Introduction

Astronomical interferometry is a technique allowing the synthesis of extremely large, diffraction-
limited virtual telescopes through the coherent combination of electromagnetic radiation collected
by several separate, relatively small-size telescopes. The foundations of this technique lie in the
Van Cittert-Zernike theorem, which states that the spatial coherence function of light is the Fourier
transform of the angular brightness distribution of the light source [1]. Today, astronomical
interferometers operating at radio [2], sub-millimeter [3], infrared [4] or visible [5] wavelengths
can deliver images of astronomical objects with angular resolutions at the milliarcsecond level
(1 milliarsecond = 5 nrad). These resolution levels allow several unique science cases, such
as the observation of relativistic jets ejected by accreting supermassive black holes in active
galaxies [6], the observation of spots and temperature gradients on nearby giant stars [7-9] or the
understanding of the inner structure of proto-planetary disks surrounding young stars [10, 11]. In
the last two decades, near-infrared (1.5-2.5 um) interferometry has strongly benefitted from the
application of advanced photonic technologies to astronomical instrumentation (astrophotonics
[12]). Since the first demonstration that high precision light coherence measurements can be
achieved by combining telescopes in single mode, optical fibre couplers [13], interferometric
instruments moved swiftly from optical fibre to integrated optics (IO) technology [14, 15]. Beside
precision, IO technology can deliver additional calibration stability and miniaturisation of multi-
telescope beam combination units. The current state-of-the-art in near-infrared interferometric
astrohotonic instrumentation is represented by the GRAVITY instrument [16], which features an
IO chip combining simultaneously up to 4 telescopes [17]. The success of the integrated optics
approach to interferometry has motivated a few groups around the world to study the extension
of integrated optics combiners to spectral bands beyond near-infrared [18-20], to implement
IO reformatters for sparse aperture interferometry [21], to increase the number of combined



Research Article Vol. 25, No. 16 | 7 Aug 2017 | OPTICS EXPRESS 19265 |

Optics EXPRESS

telescopes [22], or to include nulling capabilities in the devices [23-25]. In this context, the
three-dimensional (3D) structuring capability of ultrafast laser inscription [26,27] both enables
the development of new beam combination geometries as well as components designed for
optical bands ranging from visible to mid-infrared [19,20,28-31]. Interestingly, the progress in
IO multi-channel interferometric beam combiners can also find valuable applications beyond
astronomy, in particular in the field of miniaturised sensors for biophotonic [32] and quantum
optics [33,34].

Here we report the progress towards the development of multi-telescope 3D-10 beam combin-
ers optimised for the mid-infrared band centred at a wavelength of 3.4um (known in astronomy
as L-band). We present an experimental test of first prototypes allowing the combination of 2-
and 4-telescopes based on two different architectures, namely the ABCD pairwise combiner [17]
and the discrete beam combiner (DBC [35]). The experiments proved the capability of both our
calibrated prototypes to retrieve precisely the amplitude of the visibility with signal to noise
ratios exceeding 10 with several 100 counts per input channel and exposure. Phase could also
be retrieved to a level sufficient to resolve the nonlinearity of our delay line. In the absence
of an absolute photometric calibration of our cameras, we relied on numerical Monte-Carlo
simulations to estimate the numerical stability of the fringe visibility retrieval algorithms for
different levels of photon fluxes using the experimental and the ideal transfer matrix of the
combiner. As result we could quantify the existing performance gap between the manufactured
components and their ideal counterparts.

2. Mathematical description of interferometric beam combiners

Astronomical interferometric imaging requires a dense spatial sampling of the first order corre-
lation function of electromagnetic fields, which is accomplished by combining pairs of (often
movable) telescopes separated by a baseline. While the amplitude and phase of radio waves
can be measured directly at the telescope and correlated at a later time, at optical frequencies
only the measurement of the power of an interference modulation can be used to derive the
field correlation functions. Because the fidelity of the reconstructed image increases with the
number of sampled baselines, instruments allowing the simultaneous combination of more than
two telescopes can reduce the acquisition time of the coherence function and provide snapshot
images of the astronomical object. In general, simultaneous measurements of the coherence of
all possible combinations of N optical fields Ei = ¢é;E; can be accomplished by measuring the
irradiance of their linear superposition:

N
W
i=1

where Cjj = ¢é; - é; takes into account the polarisation mismatch of the interfering fields (in-
strumental visibility) and I} ; = I"J*l = (E{E”) are the mutual coherence functions (complex
visibilities) [1]. In a beam combiner, the individual mutual coherence terms are in general
retrieved by modulating in space or time the relative phase between the interfering fields. Irre-
spective of the combination technique, a multiple-field interferometric beam combiner can be
described by a complex transfer matrix {U} relating the N input fields to M output fields. The
power measured at the n™ output port of the device can be thus be written as:
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We notice that the power at the outputs is a linear combination of the self-coherence functions
Iii (i.e. the power at the input ports) and the quadratures of the mutual coherence functions (real
and imaginary parts of I j). By arranging the coherence functions on a vector of length N 2,

J=@1, - Tyn, RO, .. ROy v, IT 0, ... STy )T 3)

we can write Eq. (2) as:
P =V2PM- J, )

where P = {Pn} is the vector with the power measurements at the output ports of the combiner,
and V2PM is a M x N? real-valued matrix known in astrointerferometry as Visibility to Pixel
Matrix [36]. The V2PM is often employed to extract complex visibilities from measurements
with multi-telescope interferometric instruments [37]. From Eq. (2), it is straightforward to derive
that the elements of the V2PM are related to the transfer matrix of the beam combiner by [35]:

V2PM,; = ini=|Upil> i=1...N
VZPMn’p(i,j) = Cnp(ij) = 2Ci,j‘R(Un,iU:’j) i <j J =2...N (5)
V2PMiqij) = Snqh.j) = —2Ci,jS(Un,iU:!j) i<j j=2...N

where the indices p(i, j) and q(i, j) are defined as follows:

P =i+(G-1D-(G-2)/2+N (6)
Q@) =i+(G-1-(G=-2)/2+N-(N+1)/2 @)

Given the P it is possible to find a vector J which minimise the residual r = |V2PM - J- P |
In practice it is necessary to compute the Moore-Penrose pseudo-inverse [38] of the V2PM
(also known as Pixel to Visibility Matrix or P2VM [36,37]) and apply it to the known term P.
Notice that a meaningful solution J exists whenever M > N2 (overdetermined linear system
of equations). The singular value decomposition [38] of the V2PM can give a first estimate of
the precision of the coherence retrieval procedure. The decomposition allows to calculate the
condition number (CN) of the V2PM (defined as the ratio of the largest to the smallest singular
value) which roughly gauges the noise amplification factor in the retrieval of the coherences from
photometric measurements. The smaller the condition number, the more precise are the estimates
of the mutual coherence functions. The V2PM elements can be used to estimate the instrumental
visibility C; j. From the definition of the matrix elements (Eq. 5) it is possible to show [37] that:

M 2 2
> n=1 0 pi iy t Suqti)
Gj= RS : (8)
Zn:l 4. (ln,iln,j)

Regarding notations, in the following we will comply to the usual astronomical custom of
expressing the retrieved mutual coherence functions in terms of their normalised amplitude V;
(the Michelson fringe visibility):

(RT; )% + (BL )2
Vij=q|—2—— M %j 9)
" Ll !
and its phase ¢; j:
-1 SE,J
¢i; = tan . (10)
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3. Fabrication of samples

We fabricated all devices by means of ultrafast laser inscription (ULI) in Gallium Lanthanum
Sulfide (GLS) glass substrates [39], a glass featuring a wide transparency window ranging
from the visible to the mid-infrared (cut-off wavelength 9—10 um). ULI uses tightly focused,
high intensity femtosecond laser beams to induce permanent, local structural modifications in
dielectric media (see [26,27] for reviews). Depending on the material and laser parameters, the
laser-induced modifications can enhance [19] or depress [20] the refractive index of the irradiated
dielectric medium allowing the structuring of photonic devices (such as waveguides, and couplers)
in three dimensions (3D). From the viewpoint of our application, the 3D capabilities are essential
to avoid losses and cross-talk from waveguide crossover in pairwise ABCD combiners or to
enable the beam combination capability in arrays of coupled waveguides ( [40], see also below).

The ULI setup is based on an amplified Yb:KGW laser (PHAROS, Light Conversion) emitting
200 fs pulses at a wavelength of 1026 nm with a settable repetition rates up to 1 MHz. The
setup includes a rotatable 1/2-plate and a linear polariser for precise tuning the laser power. The
formation of nano-gratings [41] is avoided by converting the beam polarisation to circular with a
A/4-plate just before being focused in the substrate with a NA = 0.35 microscope objective. The
substrate is placed on a movable 3-axis nano-positioning stage. We wrote the components using
laser parameters and translation speed wich could induce positive variation of the refractive index
of GLS, so that laser irradiation affected the core of the waveguides only. Writing parameters
were optimised in order to obtain single mode waveguides featuring nearly circular propagating
modes at a wavelength of 3.4 um (18.6 um X21.7um mode field diameter) with a propagation
loss of 0.9 + 0.3 dB/cm (measured directly with cut back method). The waveguides exhibit a
rectangular cross section (9.4um X24.8um) and were manufactured by multipass writing [42]
with 21 lines separated by 300 nm and the following laser settings: pulse length 500 fs, repetition
rate 500 kHz, laser power 40 mW and speed 1 mm/s.
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Fig. 1. Scheme of the 3D beam combiners tested in the experiments. (a) 2-telescope ABCD
combiner with cross-over avoidance by 3D displacement of the waveguide path. Red path:
region of the taper for insertion of a 7/2 phase delay. Numbers on yellow background
indicate the 4 couplers of the ABCD combiner. (b) 4-telescope discrete beam combiner
featuring 23 straight coupled waveguides arranged in a zig-zag lattice geometry. The two
interlaced layers are highlighted by the blue (lower array) and the red colors (upper array).
(c) Transverse view of the zig-zag array indicating the numbering convention, the geometric
parameters, and the input waveguides (in black).

3.1. 2-telescope ABCD combiner

In astrointerferometry the term ‘ABCD beam combination’ stands for a 4-levels phase shifting
interferometry method to determine unambiguously the phase of an interference pattern [43]. In
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practice, the spatial or temporal fringe is sampled at 4 equidistant phases separated by /2. An
implementation with integrated optics of the ABCD combination scheme is at the basis of the
GRAVITY beam combiner [16] and consist on a 2-level construction of waveguide splitters and
combiners [17]. At the first level, each of the two input waveguides are split in two. At the second
level, pairs of waveguides (each originating from a different input waveguide) are combined in
2x2 directional couplers providing pairs of outputs which sample the fringe in phase opposition.
To achieve the ABCD sampling, a section of waveguide with modified propagation constant is
inserted in one of the waveguides feeding one of the output 2x2 couplers in order to introduce
a /2 phase shift between the combined fields. The realisation of this component with planar
IO technology necessarily requires a waveguide X-crossing, which contributes to the cross-talk
between the M = 4 output channels.

Our intention was to manufacture a component exploiting the capability of ULI to write
waveguides in 3D and avoid the X-crossing. A sketch of the device is illustrated in Fig. 1(a).
The design of the splitters at the first level (indicated by 1 and 2 in Fig. 1(a)) is based on the
template of the 2x2 directional coupler we recently developed in GLS glass [31], which has
an interaction length of 4 mm, a gap of 20.5 um and features 75um-high raised-sine s-bend
waveguides of 7 mm length for the input and output waveguides. For test convenience we retained
the two inputs waveguide of each of the couplers at the first level. The outputs of the first level of
couplers were bended in the x-dimension to address the inputs of couplers 3 and 4 at the second
level (maximal elongation 150 pm, total length 14 mm). The X-crossing of the waveguides was
avoided by an additional 50 ym-high double raised-sine s-bend in the z-dimension. To preserve
the optical path difference at the input of the couplers at the second level both output waveguides
of coupler 1 have a negative z-displacement, while the output waveguides of coupler 2 have
a positive z-displacement. The 7/2 phase delay was introduced on one output waveguide of
coupler 1 by a local increase of the writing speed (red segment in Fig. 1(a)). According to our
measurements on single waveguides, an increase of the writing speed corresponds to a decrease
of the propagation constant of the waveguide, so that a phase shift can be engineered between
waveguides of equal geometrical path but different writing speeds. In our samples the writing
speed was raised gradually from 1 mm/s to 1.4 mmy/s over a 2.5-mm-long section, kept constant
for another 1.2 mm and then decreased back to 1 mm/s within the final 2.5 mm. The gradual
transition was necessary to avoid transition losses at the ends of the waveguide patch written
at higher speed. While the design is not yet optimised, we mention that all s-bends had radii
of curvature larger than 26 mm, in order to ensure losses below 1 dB per s- bend [31]. From
independent measurements on straight and bended waveguides we estimated the losses of the
manufactured ABCD combiner in about 6 dB (3.6 dB propagation losses and 2.4 dB from
s-bends).

3.2. 4-telescope discrete beam combiner

Discrete beam combiners (DBC, [35]) are arrays of evanescently coupled waveguides (photonic
lattices) designed to measure interferometric observables. A sufficient condition for the array to
operate as an interferometric beam combiner is the presence of coupling between waveguides
beyond the nearest neighbour [40]. This long-range coupling can be engineered by arranging
the waveguides on a two-dimensional lattice. Three-telescope DBC featuring square lattice
arrangements were manufactured and tested with monochromatic light [28] at visible wavelength.
By a suitable dispersion of the output channels, the operation with polychromatic light was also
proofed for applications in low-resolution spectro-interferometry [29]. We recently devised the
zig-zag lattice geometry (Fig. 1(b) and (c)) as a way to satisfy at the same time the requirements of
long-range coupling and the possible use of the device for high-resolution spectro- interferometry
[44]. Two interlaced linear arrays featuring a total of M = 23, 25-mm-long straight waveguides
are used for the purpose of beam combination. With reference to Fig.1(c), the horizontal core-
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to-core separation of the waveguide is 7 = 21um. The linear arrays are separated vertically by
v = 10.8um and shifted horizontally by s=h/2=10.5 um. Four 25-mm-long input waveguides
were added to the waveguide array at the positions 5, 10, 14, 19 (black cores in Fig. 1(c)) to
ensure the excitation of individual waveguides of the array. Because the ULI induces stress
fields in the area surrounding each waveguide and leads to refractive index variations of at
least 2 - 1073 [44], we improved the uniformity of coupling across the array by increasing the
inscription velocity linearly with the waveguide number at a rate of +0.075 mm/s per waveguide.
We found experimentally that this correction improves the symmetry of the discrete diffraction
patterns excited by symmetrically positioned input waveguides and additionally reduces the
polarisation dependence of the output field. A possible explanation of the effect of this writing
protocol is that it compensates for the additional refractive index change due to the long range
stress field induced by ULL

The estimated losses of the DBC combiner are essentially propagation losses and amount to
4.5 dB.

4. Calibration and monochromatic interferometric test of the beam combiners

The test of the components consisted in calibrating initially their monochromatic V2PM and
then use the P2VM to retrieve interferometric observables (quadratures and phase of the nor-
malised coherence functions) from video recordings of the light distribution at the output of the
components excited by pairs of phase-modulated optical fields.

The calibration of the V2PM follows the method discussed in Ref. [29] and consists in record-
ing the photometry of the output channels of the device for single beam and twin-beam excitation.
As can be inferred from Eq. (5), the normalised photometry with single beam excitation of the
inputs of the device consists in the first N columns of the V2PM. The determination of the
remaining columns is accomplished by recording the time varying photometry of all possible
N - (N - 1)/2 input field combinations, which are modulated in phase through a delay line
traveling at constant speed. The phase modulation induces sinusoidal oscillations at the M
outputs (M = 4 for the 2-telescope ABCD, M = 23 for the 4- telescope DBC) of the component
whose normalised amplitude and phase are projected onto quadratures, corresponding to the
following N - (N — 1) columns of the V2PM. To improve the precision of the calibration, the raw
photometric data were electronically filtered with a moving average to remove a high frequency
electronic noise which artificially raises the visibility of the fringes [31].

The acquisition of the dataset with twin-beam input excitation is performed with a Michelson
interferometer. A suitably collimated 3.39 nm He-Ne laser beam is split into two beams which
are focused by a lens onto separate input waveguides of the components by slightly tilting one
beam respect to the other. A computer-controlled, motorised delay line was used in one arm
of the interferometer to introduce a controllable phase delay between the inputs. The minimal
incremental delay of the stepping-motor is 100 nm (corresponding to a phase of 0.18 radians
at 4 = 3.39um) and a positioning accuracy of 0.5%. The samples were mounted on a multi-
axis positioning stage and their outputs imaged with a suitable dioptric system onto an InSb
mid-infrared camera (measured noise level ~7 counts rms).

To test the numerical stability of the algorithm retrieving the interferometric quantities, we
derived the P2VM from the experimentally determined V2PM and applied it to the calibration
dataset. These measurements allowed us to estimate the standard deviation of the retrieved
visibility and phase. From the average visibility V and its standard deviation oy we estimated
experimentally the signal to noise ratio of the visibility amplitude as SNR= V /oy .

4.1. Retrieval of visibility and phase with the 2-telescope ABCD combiner

An insight on the characteristics of the ABCD beam combiner is given by the plots in Figs.
2(a) and 2(b), which represent the calibrated and ideal V2PM respectively. For single beam
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Fig. 2. False color representation of the experimental (a) and ideal (b) V2PM matrix of the
2-telescope ABCD beam combiner unit.
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excitation the distribution of the light among the 4 outputs of the manufactured component is
rather uniform, as indicated by the first two columns of the V2PM. The pattern of the last two
columns of the experimental V2PM resembles the ideal. The amplitudes of the experimental
pattern are smaller than the ideal due to a low instrumental visibility, which was measured to
be C; 2 = 0.30. Such a low instrumental visibility is most probably originating from long range
stress birefringence induced by ULI. From the last two columns of the experimental V2PM the
phase delay induced by the phase-shifter of the ABCD combiner can be measured, as the matrix
elements are proportional to the quadratures of the cross-products of the field transfer function of
the combiner (see Eq.(5)). The measured phase shift is 2.2 rad, which is about 0.6 radian more
than the optimal delay value.

Direct application of the calibrated P2VM on the dataset allows to retrieve a visibility V; » =
0.92 + 0.06, which is compatible with the the expected visibility of our laser source (V; 2 = 1).
However, because the first two columns of the experimental V2PM have nearly equal elements,
the condition number of the matrix is very high (~ 65, the ideal V2PM is in fact singular for a
2T-ABCD combiner) and an improved retrieval of the visibility can be obtained by measuring
independently the transmitted power of the individual beam and splitting the retrieval algorithm
in two steps involving the use of two sub-matrices of the V2PM (see Ref. [37] for details).
Figure 2 shows the results of the latter retrieval algorithm for the 2-telescope ABCD combination
unit. The retrieved quadratures of the normalised visibility function (Fig. 3(a)) are distributed
over a circle of average radius V; » = 0.96 + 0.034 (visibility signal to noise ratio of 28). The
linear phase ramp between the two input fields (Fig. 3(b)) is measured correctly with a standard
deviation of the residuals of oo = 0.20 rad, a value which can mostly be accounted for by the
nonlinearity of the delay line (expected maximal deviation over the shown range < 0.4 rad). The
average transmitted power of the two input beams were measured in ~ 2500 and ~ 1300 counts
per frame, respectively.

4.2. Retrieval of visibility and phase with the 4-telescope DBC

We used the calibrated V2PM of the 4-telescope DBC (not shown) to estimate the instrumental
visibility of for each baseline and found values ranging from 0.868 to 0.943 depending on the
combined fields. These values are much higher than the values reported for the ABCD combiner
possibly indicating a more balanced distribution of the stress birefringence in the DBC (see Table
D).

The relatively low condition number of the V2PM (~ 14) allowed us to retrieve the coherence
functions applying directly the P2VM to a set of unfiltered photometric data for the pairwise
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Fig. 3. Experimental estimate of the retrieval precision of interferometric quantities for a
2-telescope ABCD combination unit. (a) plot of the the retrieved normalised quadratures
of the coherence function (blue) as compared to the expected values (red circle). (b, Top)
Retrieved unwrapped phase difference between the input fields and their deviation from
linearity (b, Bottom) as a function of time-consecutive frames.

Table 1. Instrumental visibilities for the baselines of the 4-telescope DBC as estimated from
its calibrated V2PM.

Cip2 | Ci3 Cia | Co3 Cog G4
0.868 | 0.878 | 0.899 | 0.943 | 0.875 | 0.875

excitation of the 4-telescope DBC. The quadratures of the normalised complex visibility and
its phase are reported in Figs. 4 and 5. The experimental data are all scattered around circles
of radius V; ; = 0.96 — 1.04 depending on the chosen pair of inputs with a standard deviation
compatible with the hypothesis of unitary coherence of the input laser beams. The SNR of the
visibility measurement varies from 12 to 25. The linear phase ramp is also retrieved correctly
with a standard deviation from linearity ranging from o = 0.13 to o = 0.17 (corresponding to
A/48 and 1/36, respectively), showing that the phase retrieval algorithm can reach a precision
sufficient to measure the nonlinearities of the delay line (expected maximal deviation over the
shown range < 0.2rad). The measured transmitted power for each input beam is about 1200
counts per frame.

5. Discussion of the results and outlook

The presented data show that the manufactured IO beam combiners can already be calibrated
to retrieve precisely visibility and phase on pairs of monochromatic, mid-infrared excitation
beams. However, because the absolute photon flux could not be calibrated in the experiments,
we evaluated by means of a Monte Carlo simulation the relative performance of the calibrated
combiners respect to the ideal V2PM of the ABCD and DBC architectures. The simulation tests
the numerical stability of the retrieval algorithm by emulating the experimental determination of
the signal-to-noise ratio of the amplitude of the fringe visibility for fully coherent input fields
(V =1). We created a statistical ensemble of 10000 synthetic photometric measurements by
application of the V2PM (experimental or ideal) to an input consisting of fields of constant
amplitude (equal for all combined telescopes and corresponding to the the detected photon
number per telescope and exposure) and random phase. A random number with variance equal
to the number of measured photons was added to the synthetic photometric data to simulate the

71



72

CHAPTER 6. PAPER 3 (DIENER 2017)

Research Article

Vol. 25, No. 16 | 7 Aug 2017 | OPTICS EXPRESS 19272
— ~

Optics EXPRESS ' NN NS

Baseline T1+T2 Baseline T1+T3

N N
= 1 =1
N (3]
Y ’ [}
r_.v— V=1.04+0.06 L‘v— V=1.00+0.09
e 0 g sweets e 0 SNR=12
<C\I <(")
- -
& ! & !
10 1 10 1 10 1
1/2 1/2 1/2
§er/ (F1 1 F22) §RI‘13/ (F1 1 F33) §RF1 4/ (F1 1 F44)
Baseline T2+T3 Baseline T2+T4 Baseline T3+T4
N N
— 1 =1
3 3
—~ \ —
ﬁ V=0.96+0.04 | (Cd
o 0 SNR=24 o 0
Qg \§
- — -
dL'“) 1 5 1
10 1 10 1 10 1
g 1/2 g 1/2 g 1/2
RE 23/ (F22F33) RE 24/ (F22F44) RI‘34/ (F33F44)

Fig. 4. Experimentally retrieved quadratures of the complex visibility function for the 4-
telescope DBC for all possible combinations of the input beams. The individual input sites
are indicated with T followed by a number. As in Fig. 3, the red circle indicated the expected
distribution of the quadratures for fully coherent interfering fields.

photon shot noise in the photon-rich measurement regime. The visibility amplitude (Eq. 9) for
each noise realisation was then calculated from the application of the P2VM to the synthetic
photometric data and the SNR estimated from the average value and standard deviation of the
ensemble.

Figure 6 illustrates the results of the simulations for the 2-telescope ABCD combiner (Fig.
6(a)) and the 4-telescope DBC (Fig. 6(b)). The blue lines represent the expected SNR for the
ideal combiner, while the red lines represent the results obtained by using the experimentally
measured V2PM. The multiple lines appearing in the DBC simulation correspond to different
input combinations (baselines), which represents a peculiar feature of the DBC architecture. This
feature can be exploited to equalise the SNR of the coherence measurements in arrays featuring
telescopes of different diameter (such as the Very Large Telescope Interfreometer) by connecting
the larger telescopes to the baselines featuring lower SNR. The comparison between the red and
blue lines show that the manufactured components are not yet optimal. The ideal combiners have
a SNR higher by a factor 3.6 and 1.7 than the experimental 2-telescope ABCD combiner and the
4-telescope DBC, respectively. Because the SNR scales as the square root of the detected photon
number, the amelioration of the matching (at constant throughput) between the ideal and real
component by improved manufacturing process could deliver devices with a better sensitivity
evaluated at the level of +2.8 and +1.1 astronomical magnitudes for the ABCD and the DBC,
respectively. Since the calibration data had a large signal-to-noise ratio, our understanding is
that the gap in sensitivity between the experimental and the ideal combiner mainly reside in the
departure of the transfer function of the manufactured combiners respect to the ideal one.

Regarding the relative sensitivity of the chosen architectures, the fact that for fixed number
of photons the ABCD combiners show higher SNR than DBC is mostly due to the fact that the
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Fig. 5. Experimentally retrieved linear phase ramps for the 4-telescope DBC for all 6 possible
combinations of the input fields (baselines). The residual of a linear fit are also plot as a
function of time, here given in number of consecutive frames. The standard deviation of the
phase residual are indicated for each baseline.
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Fig. 6. Results of a Monte-Carlo simulation of the performance of the manufactured (red)
and ideal (blue) beam combiners in the presence of photon shot noise (see details in the text).
The signal-to-noise ratio of the retrieved visibility amplitude is plotted against the detected
number of photons per input channel and exposure for the 2-telescope ABCD combiner
(a) and the 4-telescope DBC (b). A feature of the DBC is that different baselines feature
different sensitivities, as can be seen by the many lines of the same color in the plot.

number of combined fields is different. In fact, because multi-telescope beam combiners have to
split the N input light fluxes on more output channels, the signal-to-noise ratio of the visibility
scales as o VIp/N, Iy being the input detected flux per telescope [45]. Taking this scaling into
account and assuming the same throughput for the two chips our conclusion is that both manufac-
tured chips have comparable sensitivity (SNR~60 for 10° detected photons/telescope/exposure).
However, in the current implementation, the ABCD combiner is penalised by the bend losses
which reduce the throughput respect to the DBC combiner by an estimated 1.5 dB.

Because simulations indicate that there is room for improvement, we are currently working on
the optimisation of the manufacturing process to obtain better components. In particular, we are
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targeting the reduction of the bend losses and improvement of the instrumental visibility of the
ABCD combiner which are required before starting the development of more complex combiners
allowing the combination of 4 or more telescopes with ABCD architecture. The measurement
of throughput and characterisation of the samples with polychromatic light with simultaneous
multi-field excitation is also foreseen in the near future. These additional data will allow us
to understand the advantages of one architecture respect to the other and establish (e.g.) the
trade-off between combination efficiency and effective throughput of the components.

In conclusion, we believe that the presented results provide a significant step forward towards
the extension to the mid-infrared bands of integrated optics multi-channel beam combiners for
astronomical interferometry, besides representing a first attempt to compare the performance
of real IO beam combiners manufactured with different architectures but utilising the same
technology platform and substrate material.
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Conclusion & Perspective

In this thesis, I have experimentally demonstrated the capabilities of ULI integrated optics
(I0) for interferometric beam combination in the mid-IR. In the following paragraph, I will
only briefly summarize the key outcomes of this work as more detailed summaries of all
individual results can be found in the respective publications. On the basis of these findings, I
will discuss the way towards a four-telescope beam combiner and a science-qualified interfer-
ometric instrument and mention ongoing and future instrumental projects where this work
can contribute to.

In Tepper et al. (2017a) and Tepper et al. (2017b), I tested two different 10 platforms
using different inscription techniques for two-telescope couplers, positive writing in GLS
and depressed writing in ZBL AN, and assessed their critical properties for astronomical
applications such as transmission, splitting ratio, modal behavior and polarization properties.
It turned out that both platforms are suitable for on-chip beam combination. Most notably,
both platforms are capable of producing high interferometric contrasts of over 93% over a
broad spectral width with A1/4 > 0.1. This marks a critical leap forward as it demonstrated
for the first time that 1O in the mid-IR can in fact be used for broadband interferometric
combination. However, the extension to the combination of four telescopes, which is the
ultimate ambition, is not trivial and requires different types of beam combining designs. In
Diener et al. (2017), a two-telescope ABCD combiner, which is the building block of the
four-telescope ABCD, and a four-telescope zig zag array were tested using monochromatic
light at 3.39 um. It is demonstrated that after calibration of the IO chips, the interferometric
contrasts between the input light fields could be retrieved from the output channels. Yet,
due to the higher number of bendings in the chip, large losses inside the ABCD chip were
evidenced which complicates the readout of the output channels and decreases the overall
throughput and instrumental contrast to only 30%. While the zig-zag array demonstrated
contrasts of 90%, further testing using broadband light is critical as chromatic behavior is
expected due to the longer interaction lengths. The measured instrumental contrasts of all
platforms tested in this thesis are summarized in Table 7.1.
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Platform 339um Lband L band M band
2T GLS 2x2 98.0%  94.9% n.a. 92.1%
2T ZBLAN 2x2 n.a. 93.0% 93.5% n.a.
2T GLS ABCD 30% n.a. n.a. n.a.
4T GLS zig-zag 90% n.a. n.a. n.a.

Table 7.1: Measured instrumental contrasts for different two- and four-telescope combiners
and wavelength ranges.

In the following, I want to outline the future of this project, subdivided in the short, mid
and long-term actions.

Immediate future: Identifying the optimal 4T combiner

Thinking towards a future four-telescope beam combiner chip, two major questions arise
in the view of the results obtained in this theses: which material is the most suitable, GLS
or ZBLAN? And, which layout is the optimal one, i.e. shows a high transmission and high
contrast, the all-in-one, ABCD or zig-zag scheme (see Fig. 3.4 bottom)? In the following, I
will propose three potential routes.

e Although the ZBLAN chips have shown a much higher throughput of 58% (compared to
25% in GLS), no 3D architectures have been demonstrated yet. Therefore, at this stage, I
believe that the ZBLAN depressed writing approach would be suitable for the all-in-one
coupler which is the most simple, planar design. Also, in the ZBLAN chip in Tepper
et al. (2017b), the two waveguides overlap and as such already resemble the all-in-one
approach. Furthermore, in the negative writing approach only the region outside of the core
is affected. Since the all-in-one approach does not rely on evanescent fields, the photons
would mostly be confined to laser-unaffected regions. As the all-in-one approach resembles
the tested two-telescope in Tepper et al. (2017b) in terms of waveguide bends, one can
assume similar propagation and bending losses. If Fresnel losses are removed by a perfect
AR coating, this translates into 63% for the two-telescope combiner. On the other hand, the
four-telescope all-in-one design contains two Y Junctions which each inherently radiate out
50% of the flux. Taking into account the two Y-Junctions in the four-telescope combiner,
each with a loss of 50%, the 63% is reduced to about 15%. In addition, the all-in-one
architecture needs additional photometric channels to be inscribed in order to measure
the visibility correctly!(c.f. Eq.2.5). Depending on how much flux is used to obtain the
photometries, the throughput will be further reduced towards 10%. On the positive side,
this design consists of junctions whose splitting ratio is achromatic and is presumably
insensitive to the polarization due to the symmetric nature of the junction. Therefore, a
high interferometric contrast using a rather simple design can be achieved at the cost of an
overall low throughput. Nevertheless, it may be fruitful to also test the negative writing
for 3D architectures in the long run as negligible bending losses were evidenced in Tepper
et al. (2017b) which may make it suitable for more complex designs. It should be kept in

Note that, additional photometric channels are not needed for the four-telescope ABCD or zig-zag combiner
as the photometries can be reconstructed from the interferometric outputs due to a redundant number of output
channels.
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mind though that ZBLLAN does not transmit beyond 5-6 um and is therefore not suitable
for the astronomical N band.

The two-telescope ABCD chip in GLS demonstrated the proof-of-concept but showed
strong leakage and little instrumental contrast. Extending to a four-telescope ABCD with
an assumed total length of 10 cm, this would further increase losses and would not transmit
more than 5% (taking into account the measured values of bending and propagation losses
Tepper et al. 2017a) which is impractical to astronomical applications. Therefore, the
necessary action to put forward is the decrease of the bending losses, presumably by
increasing the field confinement through a larger An. According to Thomas Gretzinger?,
who recently visited our lab, propagation losses as low as 0.22+0.2 dB/cm and relatively
high refractive index changes of about 1072, compared to 3 - 1073 in Tepper et al. (2017a),
can be achieved in GLS by choosing another set of inscription parameters. Therefore, we are
currently having a 20 mm long two-telescope ABCD prototype combiner with presumably
negligible bend losses designed and manufactured at Macquarie University. This would
result in a transmission of 73% taking into account coupling losses and assuming a perfect
AR coating. For a four-telescope beam combiner, the sample would increase in length.
However, due to the low propagation losses, even a sample of 10 cm length would show a
competitive throughput of 50%. First tests will be carried out by the end of 2017/beginning
of 2018.

The GLS zig-zag array is a promising route as it only consists of parallel waveguides which
minimizes bend losses and leakage and could demonstrate instrumental contrasts of about
90% at 3.39 um. However, this device has only been tested with monochromatic light albeit
the large interaction lengths between the waveguides suggests a strong chromatic behavior
of the V2PM. Yet, by dispersing the signal after the output, the V2PM can be calibrated
for each wavelength (Saviauk et al. 2013). For a stable retrieval of the visibilities in the
case of zig-zag array, it is important that the numerical algorithm that relates the pixels to
the visibility is stable, i.e. the condition number of the V2PM is low. While this can be
tailored for a certain wavelength, it is not clear how much the condition number will vary
in the spectral channels. As there are still many unknown about the broadband operation
of the zig-zag array, I am planning to test the zig-zag array in Cologne using a recently
acquired supercontinuum source which will provide enough flux to quantify the wavelength
dependence of the coupling between the waveguides, i.e. the wavelength dependence of
the V2PM.

To summarize, I value the following three routes towards a four-telescope combiner as the
most promising: zig-zag array in GLS manufactured at the University of Jena (ongoing,
broadband characterization missing), four-telescope ABCD in GLS manufactured at Mac-
quarie University (initiated) and the all-in-one approach in ZBLAN presumably manufactured

at Macquarie University as well (not yet initiated). The testing of a four-telescope beam
combiner for the simultaneous injection of four beams also requires an update of the two-beam

injection testbench. The proposed layout is shown in Fig. 7.1.

An issue that has not been addressed in the publications in this thesis is the repeatability.

In all publications, a series of couplers were inscribed with different parameters from which
the optimal one was identified. However, it is not said that such a coupler can be readily

2PhD student at Macquarie University
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Figure 7.1: The planned final four-telescope optical testbench. Two sources of light are
available, a HeNe laser at 3.39 um and a supercontinuum source which ensures high-power
flux from 0.8 to 4 um. The beamsplitters are considered to be Pellicles, i.e. very thin splitters
to avoid differential dispersion, with a 45/55 splitting ratio as they are available from Thorlabs.
The respective optical paths differences can be scanned by individual delay lines. The
individual beams are injected into single-mode fibers which are connected to the IO, here the
all-in-one chip, by a V Groove. The inset shows a prototype V Groove manufactured by OZ
Optics. The numbers at the fiber inputs denote the relative intensity of the broadband output
due to reflection (R) and transmission (T) of the beamsplitter.

replicated by applying the same inscription parameters. In fact, repetitious inscription has
shown that the splitting ratio varies by 5-10% despite the same chosen parameters. This may
be due to uncontrolled fluctuations in the inscription laser power and/or different amounts of
imperfections in the substrate *. The repeatability is of particular importance for the ABCD
coupler as it contains many individual coupler which are ideally identical. A departure from
the ideal design, can be calibrated in IO but results typically in a lower interferometric signal
due to unbalanced photometries.

Mid-term actions

In order to connect the final 1O chip to the telescope beams, the instrument should provide
a fixed fiber-fed interface, i.e. connecting the four input beams to the IO via mid-IR fibers.
This is necessary as the waveguides into which the telescope beams will be injected can be
as close as 100 um to each other or even closer in the case of the zig-zag array. In order to
ensure a stable injection without time-dependent cross-talk at the injection spot, fiber routing
is required. Also, as the fiber inputs can be spatially arranged, a convenient coupling of the

3In fact, a higher number of defects may serve as seed electrons for avalanche photoionization and increase
the level of structural modification.
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telescope beams to the IO is ensured. Of course, what has been discussed in Sec. 3.4, i.e.
differential dispersion and birefringence, also applies to the fibers. Therefore, the contrast
can be degraded if the fibers are not equal in length, refractive index and/or show crosstalk
between the polarizations. Additionally, the fiber-10 interface is not trivial as it requires
micrometer precision alignment of the fiber cores with respect to the IO waveguides. While
this is a standard procedure for telecom wavelength components, only a few, if any, companies
can provide such services in the mid-IR. To this end, I am currently in contact with a French
company specialized in the mid-IR, Le Verre Fluoré, which offers polarization maintaining
fibers together with an arrayed connector that could be connected to the IO chip. While the
propagation losses of fibers are negligible over distances less than one meter, the waveguide-
fiber interface may reduce the overall transmission due to a mismatch of the waveguide and
fiber mode. Typically, commercially available single-mode fibers have core sizes of about
9 wm which translates into a mode-field diameter (MFD) of 15 um, which is smaller than the
oval MFD of the waveguides measured in Tepper et al. (2017a) with 16.3 um horizontally and
24.8 um vertically. While this is not critical for a proof-of-concept test, the final instrument
will need tapered waveguides or fibers to minimize the coupling losses. Also, a suitable
optical glue at the interface will be needed in order to avoid an air gap and Fresnel losses
between the fiber and waveguide. One prototype V Groove was assembled by the Canadian
company OZ Optics, as shown in Fig. 7.1, but was not fully functional as one of the brittle
channels broke.

So far, this work has relied on a an iterative feedback between the external production
of the samples in Jena or Sydney and the subsequent characterization in Cologne. However,
proximity of the fabrication and testing facilities would accelerate the communication and
learning process since production and characterization could be performed door-to-door.
Therefore, the local implementation of a ULI facility is considered. Also, an in-house ULI
setup would make us more independent of our collaborators and would strengthen the position
of the institute in the astrophotonics community. In fact, such a facility may turn out to be
crucial in the long term as our current collaborators cannot guarantee the steady production of
ULI chips to our needs.

Long-term future: Potential involvements in instrumental projects

Eventually, this work needs to be embedded in a larger project for the chips to be implemented
at the telescope site in a science-qualified instrument. The IO combiners characterized in this
thesis are, however, not directly developed for a certain telescope site or instrument.

Naturally, a four-telescope beam combiner would suit the capabilities of the four telescopes
at the Very Large Telescope Interferometer (VLTI). In fact, the recently started Hi-5 project*
aims at an IO based interferometric instrument for the VLTI working in the L, L’ and M bands
with the overall aim of high-resolution studies of planetary systems and active galactic nuclei.
While Hi-5 is currently in a two-year conceptual study, it is clear that a four-telescope beam
combiner will be one of its core parts that may be developed in Cologne.

The ambitious planet formation imager (PFI) project (Monnier et al. 2016) aims at about
twenty individual apertures with baselines of up to 10 km. It is clear that such an undertaking
requires progressive beam combination concepts to read out all pairwise interferometric

4http://www.biosignatures.ulg.ac.be/hi-S/index.html
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signals. Such a study was carried out in Minardi et al. (2016) and showed that pairwise ABCD
schemes and discrete beam combiner (such as the zig-zag array) are more sensitive than
multi-axial all-in-one solutions. This points towards 10 based beam combiners. In particular,
the advantage of the 3D capabilities of ULI as opposed to lithography for the inscription of
waveguides become even more important for such a high number of telescopes as the number
of undesired waveguide crossovers would strongly increase in planar structures.

As pointed out in Sec. 1.2, 10 are the ideal solution to a space based interferometer
mission as they do not need maintenance and are low in mass and size. Due to the absence of
atmospheric absorption, GLS based 10 would be particularly beneficial as they could be used
to route and combine light from 1 to 10 um. While currently no space-based interferometric
missions are planned, efforts towards a photonics based space mission are carried out. The
PicSat mission (Nowak et al. 2016) is devoted to observe the transit of the giant planet 8
Pictoris using a 2 kg nanosatellite that is equipped with a 3.5 cm aperture injecting light into
a single-mode fiber, which is then detected by an avalanche photodiode. This is a first step
towards photonic miniaturization in space. Together with the rise of miniaturized IO devices
in astronomical instrumenation in general (Yerolatsitis et al. 2017; Gatkine et al. 2017), this
may pave the way towards lightweight integrated nanosatellite missions.

To summarize, this work has demonstrated the successful operation of IO for beam
combination in the mid-IR and demonstrated the feasibility of a four-telescope beam combiner.
In the view of the previously mentioned projects, I see great potential for mid-IR IO to make a
significant contribution to the core technology of future ground- and space-based observatories
in general and interferometers in particular.
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