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Preface

Stellar interferometry — the concept invented by Albert Michelson in the 1920s is based on the
combination of stellar light from two or more telescopes (or apertures) to obtain information
about the complex coherence and thereby the brightness distribution of an astronomical object.
In other words, complex coherence is sometimes known as complex visibility. There are two
popular techniques for combining light: 1) direct detection (or homodyne) and 2) heterodyne.
The direct detection technique has two sub-divisions: 1) amplitude interferometry and 2) in-
tensity interferometry. The amplitude interferometry method developed by Michelson relies on
obtaining fringes, whose intensity is the square of the sum of the incoming electric fields at the
detector. The intensity interferometry method developed by Hanbury Brown and Twiss in the
1950s relies on measuring the modulus of the complex coherence of a source by correlating the
intensities of two detectors separated in space. In amplitude interferometry, one can directly
measure the amplitude and phase of the complex coherence obtained from a source. In contrast,
intensity interferometry measures only the amplitude. Heterodyne stellar interferometry was
first demonstrated by Johnson et al. [1] by extending the technique, which was popular in radio
interferometry at that time, to optical wavelengths This technique relies on combining the
stellar light with a local oscillator (in the form of a laser) to obtain and record a beat frequency
which contains the phase information of the star light. The beat signals from each telescope are
then correlated to form the fringes.

Scope — Stellar interferometry finds applications in observational astronomy from the
study of fundamental stellar properties to imaging of extragalactic objects. As a result, it covers
a wide wavelength range — from as short as X-ray to as long as radio waves. In this sense, it is
necessary to define the scope of this Thesis work. Whenever the word stellar interferometry or
optical interferometry or interferometry is mentioned, it means I am only discussing amplitude
interferometry where light from two or more separate apertures are collected and combined
using an optics or photonic component at optical wavelengths. As a result, the method of stellar
interferometry includes the techniques of aperture masking interferometry, pupil remapping
interferometry and adapative optics to name a few. The first two techniques will be discussed in
Chapter[I] while the latter is not a part of this work. Whenever the word optical wavelength or
wavelength is mentioned, I am generally considering the wavelength range between 0.4 —5 um,
which includes the astronomical bands from B to M. If I am particular about any wavelength
range, the astronomical band will be mentioned explicitly. For example, this work shows the
results of a photonic device designed, characterized, and tested on-sky at astronomical H-band
(1.5—1.65 um).

At 10 um.



When I use the word visibilities, it refers to the complex coherence of the light, which
has both the amplitude and the phase part. But, when I use the word visibility, it is strictly the
amplitude part which has a range from 0 — 1. Thus, I will use visibility in a broad context and
interchangeably to describe the fringe visibility or visibility amplitude or normalized visibility
ampltidue or fringe contrast, all of which have range of values in 0 — 1. More details on the
definitions of these words can be found in Chapter 1]

Content — The majority of the content from Chapter 2]to Chapter|[§]is published in my two

peer-reviewed journal articles — Refs [2] and [3]. The organization of this Thesis is as follows:

* Chapter [T]introduces briefly the concept of the van Cittert-Zernike Theorem, which is the
mathematical foundation behind image formation through interferometers. The concepts
of visibilities, u—v plane, non-redundant configuration, and closure phase are outlined.
After comprehending the physics behind stellar interferometry, I introduce the scientific
motivation with applications in the latest research areas of astronomy and astrophysics.
However, these achievements are possible due to ongoing advances in instrumentation
and technologies, most notably in fiber and integrated optics (I0)-based platforms lead-
ing to the field of astrophotonics. Therefore, in this context and the limelight of this
Thesis, I have reviewed and outlined the concepts of IO-based beam combiners and pupil

remapping interferometry in Section (1.4

While this work is related to the fields of optics and photonics, 1 did not include all of
the background theories of these subjects. I am assuming that the reader has a basic un-
derstanding of waveguides, modal analysis, and waveguide manufacturing technologies,
to name a few. I recommend readers to go through the Refs [4, 5] for a more thorough

understanding of interferometry.

* Chapter [2] describes the theory separately for coherent reformatters and discrete beam
combiner (DBC). Some of the parameters necessary for designing these photonic compo-
nents are highlighted. I have used the word coherent reformatters in a general context
which is 3-D single-mode waveguides distributing light from one position to another
while maintaining the path length. When coherent reformatters are used for collecting

the light from a re-imaged pupil of the telescope, they are defined as pupil remappers.

* Chapter 3 describes the design of 10-based astrophotonics device that monolithically
contains the coherent reformatters and the DBC. Three different designs of 10 devices

are described.

* Chapter [{| describes the fabrication of the devices using ultra-fast laser inscription (ULI)
and the scientific motivation for 3-D photonic components. I did not fabricate the devices
myself and have written this Chapter based on fabrication reports provided by Politecnico
di Milano.
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* Chapter 5| describes the retrieval of the simulated visibilities from a DBC design when
operated in monochromatic and polychromatic light conditions. Impact of various noise
source on the visibilities are reported. This Chapter supports the characterization results

of Chapter|[6|and observational results of Chapter|7]

* Chapter [6] describes the characterization of the devices using a 2-beam interferometric
Michelson setup. The retrieval of the visibilities from all three devices is reported. I have
interchangeably used the words bandwidth and FWHM of the bandpass filters used in the

experiment.

* Chapter [7| describes the on-sky tests at the William Herschel Telescope that were done
using a different optical setup consisting of a segmented deformable mirror and a mi-
crolens array. The visibilities obtained for Vega and Altair from one of the three 10

devices are reported.

* Chapter [§|includes the discussion of the results and the future outlook. Finally, I end my
Thesis with Appendix [A] describing a step-by-step procedure for filling the elements of

the transfer matrix of a DBC.

Abani Shankar Nayak

Potsdam, Germany

iE.g. Amplitude and phase errors at the input waveguides, photon shot noise, and detector noise.
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Abstract

Stellar interferometry is the only method in observational astronomy for obtaining the highest
resolution images of astronomical targets. This method is based on combining light from two
or more separate telescopes to obtain the complex visibility that contains information about
the brightness distribution of an astronomical source. The applications of stellar interferome-
try have made significant contributions in the exciting research areas of astronomy and astro-
physics, including the precise measurement of stellar diameters, imaging of stellar surfaces,
observations of circumstellar disks around young stellar objects, predictions of Einstein’s Gen-
eral relativity at the galactic center, and the direct search for exoplanets to name a few. One
important related technique is aperture masking interferometry, pioneered in the 1960s, which
uses a mask with holes at the re-imaged pupil of the telescope, where the light from the holes
is combined using the principle of stellar interferometry. While this can increase the resolution,
it comes with a disadvantage. Due to the finite size of the holes, the majority of the starlight
(typically > 80%) is lost at the mask, thus limiting the signal-to-noise ratio (SNR) of the output
images. This restriction of aperture masking only to the bright targets can be avoided using
pupil remapping interferometry — a technique combining aperture masking interferometry and
advances in photonic technologies using single-mode fibers. Due to the inherent spatial filter-
ing properties, the single-mode fibers can be placed at the focal plane of the re-imaged pupil,
allowing the utilization of the whole pupil of the telescope to produce a high-dynamic range
along with high-resolution images. Thus, pupil remapping interferometry is one of the most
promising application areas in the emerging field of astrophotonics.

At the heart of an interferometric facility, a beam combiner exists whose primary function
is to combine light to obtain high-contrast fringes. A beam combiner can be as simple as a beam
splitter or an anamorphic lens to combine light from 2 apertures (or telescopes) or as complex
as a cascade of beam splitters and lenses to combine light for > 2 apertures. However, with the
field of astrophotonics, interferometric facilities across the globe are increasingly employing
some form of photonics technologies by using single-mode fibers or integrated optics (IO) chips
as an efficient way to combine light from several apertures. The state-of-the-art instrument —
GRAVITY at the very large telescope interferometer (VLTI) facility uses an 10-based beam
combiner device reaching visibilities accuracy of better than < 0.25%, which is roughly 50x
as precise as a few decades back.

Therefore, in the context of IO-based components for applications in stellar interferometry,
this Thesis describes the work towards the development of a 3-dimensional (3-D) IO device —
a monolithic astrophotonics component containing both the pupil remappers and a discrete

beam combiner (DBC). In this work, the pupil remappers are 3-D single-mode waveguides



in a glass substrate collecting light from the re-imaged pupil of the telescope and feeding the
light to a DBC, where the combination takes place. The DBC is a lattice of 3-D single-mode
waveguides, which interact through evanescent coupling. By observing the output power of
single-mode waveguides of the DBC, the visibilities are retrieved by using a calibrated transfer
matrix ({U}) of the device. The feasibility of the DBC in retrieving the visibilities theoretically
and experimentally had already been studied in the literature but was only limited to laboratory
tests with monochromatic light sources. Thus, a part of this work extends these studies by
investigating the response of a 4-input DBC to a broad-band light source. Hence, the objectives
of this Thesis are the following: 1) Design an IO device for broad-band light operation such
that accurate and precise visibilities could be retrieved experimentally at astronomical H-band
(1.5—1.65um), and 2) Validation of the DBC as a possible beam combination scheme for future
interferometric facilities through on-sky testing at the William Herschel Telescope (WHT).

This work consisted of designing three different 3-D 1O devices. One of the popular meth-
ods for fabricating 3-D photonic components in a glass substrate is ultra-fast laser inscription
(ULI). Thus, manufacturing of the designed devices was outsourced to Politecnico di Milano
as part of an iterative fabrication process using their state-of-the-art ULI facility. The devices
were then characterized using a 2-beam Michelson interferometric setup obtaining both the
monochromatic and polychromatic visibilities. The retrieved visibilities for all devices were
in good agreement as predicted by the simulation results of a DBC, which confirms both the
repeatability of the ULI process and the stability of the Michelson setup, thus fulfilling the first
objective.

The best-performing device was then selected for the pupil-remapping of the WHT using
a different optical setup consisting of a deformable mirror and a microlens array. The device
successfully collected stellar photons from Vega and Altair. The visibilities were retrieved using
a previously calibrated {U } but showed significant deviations from the expected results. Based
on the analysis of comparable simulations, it was found that such deviations were primarily
caused by the limited SNR of the stellar observations, thus constituting a first step towards the

fulfillment of the second objective.
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Summary

(for non-experts)

The resolution of a telescope, or the ability to separate two point sources, is given by ~ %,
where A is the wavelength of light, and A is the diameter of the telescope’s primary mirror. It
is a well-known concept that for a given telescope, if two point objects are separated by < %,
a distinct image of these objects cannot be produced, and the telescope system is known to
be diffraction-limited. However, suppose the light is combined from two telescopes separated
by a distance B. In that case, the resolution of the system increases by a factor of ~ 2A—B, thus
beating the diffraction limit of a single telescope. Hence, stellar interferometry — the concept
developed by Michelson in the 1920s — combines light from two or more telescopes to produce
high-resolution images of astronomical targets. The applications of stellar interferometry have
made important contributions in astronomy and astrophysics, from the study of fundamental
stellar properties to imaging of extragalactic objects.

At the heart of an interferometric facility, a beam combiner is used to combine light from
multiple telescopes (or apertures) to obtain high-contrast fringes. In the early days, a beam
combiner was as simple as a beam splitter or an anamorphic lens to combine light from 2
apertures (or telescopes) or as complex as a cascade of beam splitters and lenses to combine light
for > 2 apertures. However, with the emerging field of astrophotonics, interferometric facilities
are increasingly employing some form of photonics technologies by using single-mode fibers
or integrated optics (IO) chips as an efficient way of combining light from several apertures. To
give an example, a technique known as pupil remapping interferometry relies on collecting light
through a set of single-mode fibers or an IO chip containing single-mode waveguides, which is
placed at the re-imaged pupil of the telescope. Later, the light from the fibers or waveguides
is combined through a bulk-optics-based or I0-based component to produce a high-dynamic
range along with high-resolution images.

Therefore, in the context of IO-based components for applications in stellar interferom-
etry, this Thesis aims at the development of a 3-dimensional (3-D) 10 device — a monolithic
astrophotonics component containing both the pupil remappers and a discrete beam combiner
(DBC). In this Thesis, the pupil remappers are 3-D single-mode waveguides inscribed in a glass
substrate that collect light from the re-imaged pupil of the telescope and feed the light to a DBC,
where the beam combination takes place. The DBC is a lattice of 3-D single-mode waveguides,
which interact through evanescent coupling. By observing the output power of single-mode
waveguides of the DBC, the visibilities required for high-resolution imaging are retrieved using
a calibrated transfer matrix of the device. The feasibility of the DBC in retrieving the visibili-
ties theoretically and experimentally had already been studied in the literature but was limited

to laboratory tests with monochromatic light sources. Hence, the objectives of this Thesis are
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the following: 1) To design an 1O device for broad-band light operation such that visibilities
could be retrieved at astronomical H-band (1.5 — 1.65 um), 2) To experimentally demonstrate
accurate and precise visibilities from the IO device that is fabricated using ultra-fast laser in-
scription technology, and 3) To validate the DBC as a possible beam combination scheme for

future interferometric facilities through on-sky testing at the William Herschel Telescope.
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Zusammenfassung

Das Auflosungsvermogen eines Teleskops, also die Fihigkeit, zwei Punktquellen voneinan-
der zu trennen, wird durch ~ % bestimmt, wobei A die Wellenlinge des Lichts und A der
Durchmesser des Hauptspiegels des Teleskops ist. Wenn bei einem gegebenen Teleskop zwei
punktformige Objekte durch < % getrennt sind, kann kein eindeutiges Bild dieser Objekte
erzeugt werden und das Teleskopsystem ist somit beugungsbegrenzt. Kombiniert man jedoch
das Licht von zwei Teleskopen, die durch einen Abstand B voneinander getrennt sind, erhéht
sich die Auflosung um einen Faktor ~ %4_3 und iiberwindet damit die Beugungsgrenze eines
einzelnen Teleskops. Daher wird bei der stellaren Interferometrie — deren Konzept von Michel-
son in den 1920er Jahren entwickelte wurde — Licht von zwei oder mehr Teleskopen kombiniert,
um hochauflésende Bilder von astronomischen Objekten zu erzeugen. Die Anwendung der stel-
laren Interferometrie hat wichtige Beitrdge zur Astronomie und Astrophysik geleistet, von der
Untersuchung grundlegender Eigenschaften von Sternen bis hin zur Abbildung extragalaktis-
cher Objekte.

Das Herzstiick einer interferometrischen Anlage ist ein Strahlkombinierer, der das Licht
von mehreren Teleskopen (oder Aperturen) kombiniert, um kontrastreiche Interferenzstreifen
zu erhalten. In der Anfangszeit konnte ein Strahlkombinierer ganz einfach sein, wie z.B. ein
Strahlteiler oder eine anamorphotische Linse fiir die Kombination des Lichts von 2 Aperturen
(oder Teleskopen), oder sehr komplex, wie z.B. eine Kaskade von Strahlteilern und Linsen,
um Licht fiir > 2 Aperturen zu kombinieren. Mit dem aufkommenden Gebiet der Astropho-
tonik setzen interferometrische Einrichtungen jedoch vermehrt photonische Technologien ein,
indem Einzelmoden-Fasern oder ein Chip mit integrierter Optik (I0) verwendet werden, um
Licht aus mehreren Aperturen effizient zu kombinieren. Bei der sogenannten pupil remap-
ping interferometry Technik (dt etwa: neugeordnete Pupille) wird beispielsweise Licht mit
mehreren Einzelmoden-Fasern oder Einzelmoden-Wellenleitern auf einem I0-Chip gesammelt.
Diese Komponenten werden an der Position im Strahlengang eingefiigt, an der die Pupille des
Teleskops abgebildet wird. Anschlieend wird das Licht aus den Fasern oder Wellenleitern
durch eine Freistrahloptik oder IO-basierte Komponente interferometrisch iiberlagert, um Bilder
sowohl mit hohem Kontrast als auch hoher Auflésung zu erzeugen.

Im Kontext von IO-basierten Komponenten fiir stellare Interferometrie ist das Ziel dieser
Arbeit die Entwicklung eines 3-dimensionalen (3-D) IO-Bauteils - eine monolithische Astropho-
tonik-Komponente, die sowohl die Pupil Remapper als auch einen discrete beam combiner
(DBC) (dt: Diskreten Strahlkombinierer ) enthilt. In dieser Arbeit sind die Pupil Remapper 3-
D-Einzelmoden-Wellenleiter, die in ein Glassubstrat eingeschrieben sind und das Licht von der

abgebildeten Pupille des Teleskops sammeln und zu einem DBC leiten, in dem die Kombination
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stattfindet. Der DBC ist eine 3-D-Gitteranordnung von Einzelmoden-Wellenleitern, die durch
evaneszente Kopplung miteinander wechselwirken. Durch Beobachtung der Ausgangsleistung
der Einzelmoden-Wellenleiter des DBCs werden mit Hilfe einer kalibrierten Ubertragungs-
matrix des Systems die Visibilities (dt: Kontrastwerte) ermittelt, die fiir eine hochauflosende
Bildgebung erforderlich sind. Die Eignung von DBCs fiir die Ermittlung der Kontrastwerte
wurde sowohl theoretisch als auch experimentell untersucht und in Fachzeitschriften publiziert.
Bisher beschrinkten sich diese Untersuchungen jedoch auf Labortests mit monochromatis-
chen Lichtquellen. Die Ziele dieser Arbeit sind daher die folgenden: 1) Die Entwicklung
eines 10-Bauteils fiir die Anwendung mit breitbandigem Licht, so dass Kontrastwerte im as-
tronomischen H-Band (1,5 — 1,65 um) ermittelt werden kénnen, 2) experimentelle Demonstra-
tion genauer und préziser Kontrastwerte mit dem IO-Bauteil, welches mit der Femtosekunden-
laser-Bearbeitungsmethode hergestellt wird, und 3) Validierung des DBCs als mogliches Konzept
fiir die Strahlkombination fiir zukiinftige interferometrische Anlagen durch On-Sky-Tests am
William Herschel Teleskop.
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(a) Arrangement of 4 telescopes 1n the aperture plane. The origin 1s marked as
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(a) The visibility data and model fitting of a limb-darkened star, Arcturus, with

respect to projected baseline length obtained from the Mark [II interferometer.

(b) A zoomed view of (a) around the first null/zero. The dotted line 1s a uniform

disk model which gives the best fit to the data on short baselines but has large

errors beyond the first null. The dashed line 1s also a uniform disk model, but

with the first null taken into account, which has a better estimate than the dotted

line. The solid line 1s a limb-darkened model, which estimates the diameter to

be ~ 21.1 mas. (c) Visibility data of a Mira variable, R Aquarii, at different

wavelengths, which was observed using aperture masking interferometry (see

details 1n Section |1.4.2)) on the Keck telescope. For clarity, the visibility plots

are offset by multiples of 0.2 to separate the various data sets. The solid curve

shows the best-fitting uniform disk model with reported diameters in the leg-

end. At Ay ~ 3.1 um, there is a diameter increase roughly by a factor of 2 when

compared to shorter wavelengths, which 1s due to the molecular emission pro-

duced at the photospheres of cool giants. The results of (a), (b), and (c) suggest

that depending on the types of stellar astrophysics studies; one has to precisely

recalibrate the stellar models taking into account various effects such as limb-

darkening, pulsations, formations of molecular lines, and oblateness of stars, to

name a few with the observational visibility data. Images (a) and (b) retrieved

from Ref [/], Image (c) retrieved from Ref [8].| . . .. ... ... .. ... ..

8

(a) The astrometric orbital motion of an interacting binary, p Lyrae, obtained

with the CHARA facility. The solid line 1s the best-fit orbit of the system. A

filled dot 1n the center indicates the donor. Positions of each epoch are shown by

open dots, which are surrounded by their error ellipses 1n dashed lines. (b) Re-

constructed 1mages of the binary system. Two different epochs are mentioned in

the top left corner of each image. Darker colors correspond to higher intensity,

and the darker component 1s the donor. The contours 1n the images correspond

to 0.3, 0.6, and 0.9 of the peak intensity. The goodness of the fit, }(2, of each im-

age 1s shown 1n the bottom left corner. The separation of the stars 1n the system

n the top and bottom 1mages 1s 0.34 mas and 0.754 mas, respectively. These

results show the gravitational distortion of the bright mass donor and the faint

component with an elongated planar disk surrounding the star system. Images

(a) and (b) retrieved from Ref [O]] . . . . . .. . .. . ... .. ... .....

XixX



19

Monitoring of the astrometric orbital motion of S2 around the supermassive

black hole, Sgr A* at the center of our Milky Way Galaxy. (a) The projected

orbit of the star S2 on the sky relative to Sgr A™, where Sgr A™ 1s shown as a

brown crossed square at the origin. Triangles and circles with 16 uncertainties

denote the SHARP and NACO 1nstrument position measurements at the NT'T

and VLI, respectively. Green squares denote the GRAVITY measurements at

the VLTI. (b) A zoomed picture around the pericenter of the S2/Sgr A™ system

1n 2018 was taken using the GRAVITY instrument. The cyan curve shows the

best-fitting S2 orbit to the data, including the effects of General relativity. The

color bar shows the time scale. (c) Reconstructed 1mage during the flaring of

Sgr A™ and the star S2 system. The peak brightness during the flare was ~ 15

mag. The flares are light emissions due to the electronic transitions caused by

mass loss of very close orbit stars around Sgr A™, and the mass loss mechanism

1s caused due to the friction [10]. Images (a) and (b) retrieved from Ref [[1 1],

while Image (c) retrieved from Ref [12].| . . . . .. ... ... ... ... ...

20

.10

(a) Aperture masking on the 10 m Keck telescope. The black spots are the

diffraction-limit holes, which are superimposed on the segmented mirror of the

Keck telescope. (b) Reconstructed astronomical K-band 1mage of the binary

star 126 Tau with a separation of 287 mas. The logarithmic contour levels, at

0.2 %, 2 %, 20 %, and 70 % of the peak, show the noise features in the map.

Images retrieved from Ref [13]].| . . .. ... ... ... .. ... .......

1T

(a) The primary mirror of the James Webb space telescope (JWST) with a diam-

eter of 6.5 m. The JWST 1s recently launched and 1s currently in operation. (b)

A prototype of the non-redundant mask that will be used 1n the NIRISS 1nstru-

ment of the JWST. The mask has seven hexagonal holes with the transmission

of ~ 15% of the light incident on the mask. The holes are smaller than the re-

1maged pupil to allow for misalignment error in the optical system. Images (a)

and (b) retrieved from Refs [14]] and [15], respectively,| . . . . . ... ... ..
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A conceptual design of a pupil remapping setup. The input pupil 1s shown as

36 hexagonal green segments arranged 1n a hexagonal pattern. The input pupil

1s mapped to a lenslet array (shown 1n black), arranged 1n the same hexagonal

pattern as the imput pupil. At the back focal plane of the lenslet array, there are

36 single-mode fibers (shown 1n orange) that rearrange into a non-redundant

output pupil configuration. Each lenslet eases the coupling of the subpupil beam

into a single-mode fiber. The green spots 1n the output pupil show the fiber

ends. Each pair of subpupils in the mput pupil corresponds to a single spatial

frequency component in the output pupil. Assuming the input wavefront 1s

corrugated due to the atmosphere, the spatial filtering offered by single-mode

fibers forces the field distribution across the fiber to be uniform. The emergent

wavefront from the fiber 1s therefore coherent. Image retrieved from Ref [[16].| .

26

113

Picture showing the size comparison between a bulk optics- and IO-based beam

combiner. (a) The three-telescope CLIMB combiner at the CHARA facility

constitutes several mirrors, compensators, and beam splitters. The red optical

path shows one CLIMB combiner, while the green one shows another. (b) The

four-telescope GRAVITY combiner at the VLTI facility. It 1s an IO device

consisting of several couplers, phase shifters, and splitters performing the same

functions as 1ts bulk counterpart. Though the number of telescopes of CHARA

and VLTI 1s different, the physical size of the IO chip 1s a few cm, which 1s

~ 100x smaller than the CLIMB combiner. Images (a) and (b) retrieved from

Refs [17] and [12], respectively.| . . . . . ... ... ... ... ... ...

.14

The skeleton layout of the 4-telescope 10-based GRAVITY beam combiner,

which consists of important optical functions, such as 33/66 splitter, 50/50 split-

ter, X-coupler, and phase-shifter. All pairwise baseline combinations can be

seen next to the outputs at the top-right. Each pairwise combination has four

output single-mode waveguides, which follows an ABCD method of extracting

the unknown phase of an object. The ABCD method shown at the bottom-right

records the four intensities of light at the same time, where the light at each

output has a phase difference (relative to output A) of 0°,90°,180° and 270°,

respectively. Thus, using Eq. (1.11]) and Eq. (1.12]), one can calculate the un-

known phase. Image retrieved from Ref [12].| . . . ... ... ... ... ...

21

A smooth, continous and piecewise cubic spline function passing through N+1

POINES. . . . . . o e e e e e e

)

Spline curves passing through three different paths. The goal 1s to match the

path length of (P,Q) with (P,R). This is ensured by the blue and the red curve.

The Pal and R. values are shown in Table[2.1L[. . . . . . . . ... .. ... ..
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n3

A 2-D sketch showing the waveguides of a DBC arranged 1n a z1g-zag geom-

etry. The waveguides are numbered from | to m, while the input electric field

positions marked with cross are numbered from i = 1 to 1 = N. The light prop-

agates 1n the WGs along the z-direction, which 1s going into the page. One can

see Fig.[2.5for 1ts 3-D representation.| . . . . . . ... ... ... ...

!

(a) Two waveguides separated by a separation d that are weakly interacting

with each other through evanescent coupling. (b) Solving Eq. (2.23]) with the

assumption that K> = K»1 = 1 and optical power for WGI equals 1 at z =0 (1.e.

Pw:1(0) = 1), the optical power periodically exchanges between both the WGs.

L. 1s defined as the coupling length period when power from WG1 completely

transfers to WG2. . . . . . . e e e

n3

(a) 3-D representation of a 4-input and 23-output waveguides of a DBC based

on zig-zag geometry 1n a glass substrate. The input waveguides of the DBC

are shown 1n red, which are at input positions 5, 10, 14, and 19. (b) A zoomed

view of the red rectangle part 1s shown in (a). L 1s the interaction length of the

DBC, L; 1s the length of the input waveguides. kp 1s the coupling co-efficient

along a diagonal direction corresponding to NN 1nteraction. In contrast, Ky

1s the coupling co-efficient along a horizontal direction corresponding to NNN

2.6

Variation of CN along the length of the device. The legend shows xy. The

black line shows the CN = 10. The inset shows a zoomed view around LLC =1.35.

46

n7

Variation of CN along the length of the device. The legend shows different

configurations for %1 = 1. The inset shows a zoomed view around LA =1.35.
C

47

B

(a) Conjugation of the hexagonal-shaped segmented DM with the 4-input Pupil

remappers (shown 1n red). The segments of the DM as shown 1n green will only

be used to couple light into the pupil remappers, while the remaining ones will

steer out the light. (b) A Snapshot of the 12 spatial frequencies (both positive

and negative) 1n the u — v plane corresponding to the arrangement shown 1n (a)

assuming an object’s position at a declination of 90° and an hour angle of 0°

with g = 1.6 um. The units are in radian inverse.| . . . . . . . .. ... ....

50

B2

Throughput vs R.. Here, R. equals minimum radius of curvature for a coherent

reformatter. The legend shows the refractive index change An between the core

and the cladding. The 3-D waveguide 1s assumed to be a step-index profile. The

dimension of the WG 1s 5.0um x 6.4um.|. . . . . . ... ... ... ... ..

B3

4-mput pupil remappers along with DBC (shown 1n orange). The green dots

arranged 1n a hexagonal pattern are the augmented focal spots of the MLA.

Only the numbered focal spots are coupled to the 4-input pupil remappers. The

black circle shows an augmented re-imaged pupil of a telescope.| . . . . . . ..
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k!

CAD drawing of the 4-input pupil remappers along with the DBC (not to scale).

(a) Section showing the arrangement of the four input waveguides of the pupil

remapper. The input face of the pupil remapper 1s placed behind the back focal

plane of the MLA, which will be conjugated with the segmented deformable

mirror (see Fig.|3.1al). (b) Section of the zig-zag DBC. The four input waveg-

uides are highlighted in color, together with the horizontal and vertical pitches

ofthearray,| . . . . . . . .

53

B3

CAD drawing of the 4-input pupil remappers along with the outputs of the DBC

that are reformatted spatially (not to scale). (a) Section showing the arrange-

ment of the four input waveguides of the pupil remapper. The input face of the

pupil remapper 1s placed behind the back focal plane of the MLLA, which will

be conjugated with the segmented deformable mirror (see Fig. [3.1a). (b) Sec-

tion of the zig-zag DBC. The four input waveguides are highlighted in color,

together with the horizontal and vertical pitches of the array. (c) The output

section of the device after performing the reformatting of the WGs spatially.

The waveguides are linearly arranged with a separation of 80um.| . . . .. ..

36

(a) Conjugation of the hexagonal-shaped segmented DM with the 8-input Pupil

remappers (shown 1n red). The segments of the DM as shown 1n green and cyan

will only be used to couple light into the pupil remappers, while the remain-

ing ones will steer out the light. (b) A Snapshot of the 24 spatial frequencies

(both positive and negative) in the u — v plane corresponding to the arrangement

shown 1n (a) assuming an object’s position at a declination of 90° and an hour

angle of 0° with Ap = 1.6 um. The units are in radian inverse.|. . . . . . . . . .

55

37

3-input pupil remappers along with two DBCs (shown 1n orange). The blue

dots arranged 1n a hexagonal pattern are the augmented focal spots of the MLA.

Only the numbered focal spots are coupled to the 8-input pupil remappers. The

black circle shows an augmented re-imaged pupil of a telescope.| . . . . . . ..

56

B3

CAD drawing of the 8-input pupil remappers along with the two DBCs that are

placed vertically at a separation of 70 um (not to scale). (a) Section showing

the arrangement of the eight input waveguides of the pupil remapper. The input

face of the pupil remapper 1s placed behind the back focal plane of the MLLA,

which will be conjugated with the segmented deformable mirror (see Fig.|3.6al).

(b) Section of the zig-zag DBCs that are stacked vertically with a separation of

70 um. The eight input waveguides are highlighted 1n color, together with the

horizontal and vertical pitches of the array,|. . . . . . .. ... ... ... ...
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A1

An ULI setup where an ultra-fast laser (pulse duration of a few hundred of fs)

1s focussed through an objective 1nto a glass substrate. The glass substrate sits

on a translation stage that 1s moved spatially to write 3-D photonic circuits 1n

%)

Images showing parts relevant to the integrated optics chip and its interface with

the segmented deformable mirror (not to scale). (a) Integrated optics chip in-

scribed 1n an alumino-borosilicate glass from Politecnico di Milano. The chip

contains several devices with the geometry shown 1n Fig. [3.5| but differing in

the DBC length ranging from 18 —22mm. The device used for on-sky oper-

ation 1s shown 1n the micrographs (b)—(d). The waveguides are faintly visible

in scattered light. (b) Input facet of the chip. Dimensions shown 1in white are

in mm. The four input waveguides can be barely seen. The 1mage 1s overlaid

with a green grid showing the projection of a hexagonal-shaped segmented de-

formable mirror (DM) used to couple light into the waveguides (see Fig.|3.1a).

‘The numbering of the input pupil remappers 1s also marked. The innermost and

outermost blue overlay shows the projection of 1.2m obscuration, and 4.2m

primary of the WHT, respectively. The middle blue overlay shows the DM with

4.2mm diameter. (c) A magnified view of the single-mode waveguide written

1n the device using ULL (d) Output facet showing the linear arrangement ot 23

waveguides of thedevice.|. . . . . . ... .. .. ... L L L.

5.1

Variation of condition number as a function of wavelength.| . . . . . . ... ..

69

5.2

Retrieved visibility amplitudes (in blue) at Ao = 1.6 um. Black is the theoretical

curve. x-axis: Ry, y-axis: Sy . . . . ..o

5.3

Retrieval of visibility phases (in blue) at A) = 1.6 um. Black is the theoretical

CUIVE . . o o e e e e e

54

Retrieval of closure phases (in blue) for the best visibility pair, 153 at A9 =

1.6 um. Black 1s the theoretical curve.| . . . . . . .. ... ... ...

53

Retrieved visibilities as a function of wavelength when 4-input beams are in-

jected stmultaneously mto the DBC device. Black 1s the theoretical curve. (a)

Visibility amplitudes. (b) Visibility phases.| . . . . . .. ... ... ... ...

56

Retrieved CP as a function of wavelength when 4-input beams are injected si-

multaneously 1nto the DBC device. Black 1s the theoretical curve.| . . . . . ..

[ central wavelengths.|. . . . . . . .. ... o oo 75

[5.8 Retrieved visibility amplitude for a light source centred at 1.6 um, bandwidth of |
| 48nm. The 1mset shows a zoomed view of 10 um showing periodic oscilations |
L around the theoretical curve mblackJ). . . ... ....... ... 76



59

Retrieved visibility phase for a light source centred at 1.6 um, bandwidth of

| 48nm. A zoomed view of 10 um around the central lobe 1s shown.| . . . . . . . 77

[5.10 Retrieved visibilities as a function of bandwidth when 4-input beams are in- |
| jected simultaneously into the DBC device at Ay = 1.6 um. Black is the theo- |
[ retical curve. (a) Visibility amplitudes. (b) Visibility phases.| . . . . . . .. .. 79

.11

Retrieved CP as a function of bandwidth when 4-input beams are injected si-

multaneously into the DBC device at Ay = 1.6 um. Black is the theoretical curve.| 80

5.12

Retrieved visibility amplitude when 4-input beams are 1njected simultaneously

into the DBC device. Black 1s the theoretical curve. Here, a phase ramp 1s

applied to inputnumbered 4.] . . . . ... L oL Lo Lo

82

5.13

Retrieved visibility phase when 4-input beams are 1njected simultaneously into

the DBC device. Black 1s the theoretical curve. Here, a phase ramp 1s applied

tomput numbered 4. . . . ... Lo

83

5.14

Retrieved CP when 4-input beams are injected simultaneously into the DBC

device. Black is the theoretical curve. Here, a phase ramp 1s applied to input

84

5.15

Retrieved visibilities with four input beams coupled into the DBC device. Both

the amplitudes and phases vary following a statistical Gaussian distribution.

Black 1s the theoretical curve. (a) Visibility amplitudes. (b) Closure phases.| . .

86

5.16

Histogram of the retrieved visibilities for different levels of photon shot noise.

The legend shows the mean number of photons N, per pixel. (a) Vi4. (b) ®y34.).

87

5.17

Histogram of the retrieved visibilities for different levels of photon shot noise

along with added detector noise. The legend shows the N, per pixel. (a) Vi4.

(b)) Pozaf. . - o

88

5.18

Median value of the retrieved visibility amplitude (Vi4) as a function of the

exposure time. The legend shows the Strehl Ratio. Here the case n=1 assumes

te =30 ms with N, = 10* photons per pixe1.| ...................
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6.1

(a) A schematic of the 2-beam interferometric Michelson setup (not to scale).

The black dotted lines shows various components that are being controlled

using the computer. The following acronyms are used, F-LS: fiber-coupled

laser source; COL: collimator; APH: adjustable pin hole; H-filter: H-band filter

(Two separate filters are used: 1) Ay = 1.55um, AA = 40nm, 2) Ap = 1.6um,

AA = 50nm); POL: polarizer; BS: beam splitter; M: mirror; S: shutter; DL:

delay line; L: lens; OBJ: objective; DEV: 10 based-astrophotonics device; IR-

CAM: infrared camera; COMP: computer. The focal lengths are: f1 = 100 mm,

72 =50mm. (b) Photograph of the experimental setup as installed in the Tab.

The red beam shows the light path from the fiber-coupled laser source to the 1O

devicel. . . . . e e
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[6.2  Input maps that are obtained from the Michelson Characterization Setup. (a)

| Straight beam corresponds to when M1 1s open, and M2 1s closed. (b) Delayed

| beam corresponds to when M2 1s open, and M1 1s closed. It can be seen that

| the 1nput maps obtained from the mirrors M1 and M2 are flipped horizontally.

The color bar sh he AD lue of the 14-bitcameral . . . . . . ... ... 95

(6.3  Variation of CN vs Wavelength,| . . ... ... ... ... ........... 96
6.4 Complex visibilities across the Wavelength. Theoretical value 1s shown 1n |

| black. x-axis: Ry, y-axis: Sy, . . . ... 97
6.5 Visibility phase for A9 = 1.6uum. Theoretical value is shown in black. A zoomed |

| view of 5 um 1s shown. The x-axis values are absolute as recorded by the DL.| . 98
6.6 MSE. (a) Visibility amplitude. (b) Visibility phase| . . . . .. .. ... .. .. 99

16.7  Closure phase for Ao = 1.6 um. Theoretical value is shown in black. A zoomed |

| view of 5um 1s shown. Here, there 1s a phase delay in one of the arms of |
[ baselinepair3-4.| . . . . . ... 100
(6.8  Visibility amplitude for A9 = 1600nm and FWHM of 50nm. Theoretical value |

| 1s shown 1n black. A zoomed view around the center is shown 1n the inset, which |

[ indiciates the central OPD of each of the visibility pair from the experiment. |

[ The x-axis values are absolute as recorded by the DL.| . . . . . ... .. .. . 102
6.9  Visibility phase for Ag = 1600nm and FWHM of 50nm. Theoretical value is |

| shown 1n black. A zoomed view of 5um 1s shown. The x-axis values are |

[ absolute as recorded by the DL.| . . . . . ... ... ... .. ... .. L. 103
[6.10 MSE with the legend showing two H-band filters. (a) Visibility amplitude. (b) |
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| x-axis: Ry, y-axis: Sy . . . 105

[6.13 Visibility phase for Ag = 1.6um. Theoretical value is shown in black. A |

| zoomed view of Sum 1s shown. The x-axis values are absolute as recorded |
[ bythe DL, . . . . . . . . . . 106
[6.14 MSE. (a) Visibility amplitude. (b) Visibility phase.| . . . . .. ... ... ... 106
[6.15 Visibility amplitude for A9 = 1600nm and FWHM of 50nm. Theoretical value |
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[6.16 Visibility phase for Ag = 1600nm and FWHM of 50nm. Theoretical value is |
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Chapter 1

Principles of stellar interferometry



This Chapter outlines the concept of van Cittert-Zernike theorem, visibilities, u—v plane,
non-redundant configuration, and closure phases. After a brief introduction into the physics of
stellar interferometry, the motivation behind this technique is presented and its applications in
current exciting research areas of astronomy and astrophysics. Finally, with the utilization of
photonics technologies in astronomical instruments, the recent developments in pupil remap-

ping interferometry and integrated optics-based beam combiners are indicated.

1.1 van Cittert-Zernike theorem

The partial theory of coherence is a well-known concept in optics, and a rigorous theory can
be found in the standard textbook of Born and Wolf [18, Chapter 10]. The van Cittert-Zernike
theorem, first established by van Cittert and later more generally by Zernike, is thus an exten-
sion of the coherence theory in describing the interference and diffraction properties from an
extended incoherent quasi-monochromatic light source. It provides a relationship between the
complex degree of coherence and the intensity distribution of the source, which is given by a

Fourier transformation. Mathematically, the relationship is written as [4, Chapter 2][[19]]:

T(u,v) = /dadﬁA(a,ﬁ)F(a,ﬁ)e—2”i<a“+ﬁV>. (1.1)

The term I'(u,v) is a complex quantity, also known as the complex degree of coherence
or the complex visibility of the source. The plane consisting of u, v is known as the u — v plane
or the Fourier plane, i.e. the plane when the sky coordinates (,3) containing the source is
projected perpendicularl to the ground coordinates (u,v) containing the baseline vector, B,
formed by a pair of telescopes. The schematic of the working principle of an idealized two-

telescope interferometer is shown in Fig.[I.T] The coordinates u,v are defined as:

(1.2)

F(o, B) is the source intensity which has units of incident power per unit area per solid
angle in the sky. A(a, B) is the effective cross-sectional area of the telescope where the light is
collected. Then the product daodf F (e, B)A(o, B) has dimensions of power. Therefore, from
Eq. , the complex visibility I'(«,v) has the dimensions of power.

{Along the line of sight K:’ See Fig.
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Figure 1.1: A schematic of an idealized 2-telescope interferometer. Light from the source S with
coordinates (o, B ,{ = 0) is collected by the two telescopes, each with a cross-sectional area A
and separated by a baseline B. The light is sent to a beam combination unit consisting of several
optical components and a detector, where fringes are recorded for high-resolution imaging. The
geometric path delay Bcos(y) is compensated by two delay lines, d1 and d2. The point Q is

the center of the interferometer with coordinates (# = 0,v = 0,w) such that W || 5 .



Following Eq. (1.1, one can define a normalized, dimensionless visibility given by:

_ JdoadBA(a,B)F(a,B)e 2™t T(y,y)
M) = G dB Ala B) F(a B) T(0.0)°

(1.3)

Y defined above is a complex quantity. Here, |y| =V is the visibility amplitude, and
Arg(y) = ¢ is the visibility phase. The squared law detectors typically used in optical interfer-
ometry setups measure the normalized fringe power, which is the fringe power relative to the

total power of the source. Therefore, the power P at the detector is:

P(u,v,8) = Py(1 4+ R[y(u,v)e*?)). (1.4)

Where Py =17(0,0). 0 = d1 —d2+ ¢ is the optical path delay introduced by the delay line
of the interferometer, such that P can be measured by varying 8. From Eq. (1.4), if one mea-
sures P for at least two values of 3§, the normalized object visibility ¥ can be recovered within
a multiplicative constant [19]. Once 7 is extracted, known models of the intensity distribution
of different source can be applied to estimate the stellar diameter of the source. The imaging
techniques from radio interferometry have been extended and extensively used at optical wave-
lengths to produce high-resolution images of stellar targets. Some of the image reconstruction
algorithms used in optical interferometry, known as CLEAN and MEM, work on the basic prin-
ciple of inverse Fourier transform of I" and a priori information of the object to form images [4,
Chapter 13].

In his classic paper, Michelson [20] coined the word visibility of fringes as the apparent
contrast between the bright (P,,,) and dark (P,;,) areas of the fringes. It is also known as the
Michelson fringe visibility and using Eq. (I.3)), Eq. (I.4), it is defined as:

Pmax _Pmin

V= |y = e min
"}/| Pmax+Pmin

(1.5)

In this work, the word visibility will be used in a broad context and interchangeably to
describe the fringe visibility or visibility amplitude or normalized visibility amplitude or fringe
contrast, all of which have values in the range of O — 1. Thus, visibility measures the degree

of coherence of the light, which has a range of 0 — 1. If V =1 for a source, it is completely

iiFor example point, uniform disk, Gaussian symmetry, etc.
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coherent. If V = 0, the source is said to be completely incoherent. All other intermediate
values between 0—1 make the source partially coherent. For a point sourc at monochromatic
wavelength Ay, V = 1 implying that the light waves received by the interferomete have a
definite phase relationship at any spatial point along the wave train. The point source produces
a good quality interference fringe, where the contrast of the fringe is used as a measure to define
its quality. This is shown as example in Fig. where |y| =V =1 and ¢ = 0 for all inverse
spatial frequencies (~ A/ B) In the example shown, the point source is assumed to be at the
zenith"'| as observed from the center of the interferometer. From Eq. and Eq. , the
power recorded by the interferometer in terms of F is also shown in the lower row of Fig.
forV =1.

On the other hand, an extended source can be thought of as a superposition of several
point sources, emitting waves independently, and there may not be any correlation between the
waves. As aresult, the contrast of the fringes starts degrading, implying V < 1. This situation is
shown for a uniform disk with diameter a in Fig. One can think of |y| of the uniform disk
as the Fraunhofer diffraction pattern of a circular aperture produced by a pair of circular holes
[21, Chapter 12] Assume a circular source fixed on the sky subtending an angle 65 with the
baseline of the interferometer as shown in Fig. that can vary. If the baseline decreases
the waves from the source are coherent, implying V = 1. As B increases, the source becomes
partially coherent, implying a decrease in the contrast of fringe power in Eq. (I.4)). This scenario
is shown in the lower row of Fig. [I.2]for two cases: 1) A unresolved or a coherent source that
has V =1, and 2) A resolved or partially coherent source with V = 0.5. When B = 1.22(%,
the fringes completely disappear with zero power at the detector. Thus, one measures B to ﬁﬁd
the angular size 6;. In fact, this principle was applied by Michelson to precisely calculate the

diameter of a star, Betelgeuse (o Orionis) [22], for the very first time.

From Eq. (L.5)), the fringe visibility V equals the modulus of the object visibility 7, is an
ideal scenario. In any real interferometer, one has to consider two dominant noise sources: the
atmosphere and the instrument itself. As a result, the object visibility (V,) differs from the fringe

visibility (V). Using the convolution theorem, one can write [23]]:

Vi =TiT,V,. (1.6)

iiiSource that is spatially unresolved by the interferometer.
IV Assuming a pair of telescopes.
VFollowing the convention of [4, Chapter 2][5} Chapter 3], in this work, spatial frequency is defined as % unit

is rad~!, and inverse spatial frequency is defined as %, unit is rad.
Vi — 90° in Fig.
ViiThe pair of holes are analogous to the two telescopes in an interferometer setup as shown in Fig.
VTt does not imply that B = 0, where no fringes are detected.



Where T;,T, are the interferometric efﬁciencie due to instrument and atmosphere, re-
spectively. An accurate knowledge of both 7;, T, is required in order to have a good estimate
of V,. It is possible to perform a suitable calibration of 7; from a well-designed interferometer.
Obtaining 7, is more difficult, as it is a random variable caused by the phase corrugation in the
wavefront due to the atmosphere. One way to calibrate 7, is by taking a large number of short
duration images, which freezes the atmosphere and recovers the Fourier components of the tar-
get [24]]. This technique was first developed by Labeyrie and is also known as speckle imaging
[25]. However, since this method is highly dependent on atmospheric turbulence, it creates dif-
ficulties in calibrating the optical transfer function of the telescope [[16]. This well-known issue
in long baseline interferometry has been addressed using single-mode fibers, which is discussed
in detail in Section

It is to be noted that in the above discussion, ideal interference fringes obtained from the
source were assumed | However, all interferometers currently operating have a finite passband
or bandwidth. The optical components used in the interferometers have a finite transmission,
allowing only a certain wavelength range from Ay — % to Ao+ %, where AA is the bandwidth
of an interferometric system. As a result, the fringe observed by Eq. (1.4) does not occur at all

values of 9, but over a finite length, also known as the coherence length given by:

i

Acoh - E (17)

It indicates that to have good contrast fringes (i.e. V = 1), the path delay, 0, introduced by
the two arms of the interferometer in Fig. [I.T|has to be matched with a precision in the physical
scale of A, typically of the order of few nm. It can be seen that A.,; depends solely on the

finite bandwidth of an interferometric system.

1.2 Arrangement of telescopes in an optical interferometer

The telescopes in an optical interferometer are arranged spatially such that a good coverage of
the u — v plane is obtained. In addition, the telescopes are located non-redundantly to have a
good SNR associated with the spatial frequency in the interferogram. One such optical inter-
ferometer facility — the very large telescope interferometer (VLTI) [26] located in Chile — is

shown in Fig. [I.3] In the next two sections, the concept of the u — v plane and a distinction

XSometimes known as transfer function.
*Interference fringes are present at all delay line values, J.
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Figure 1.2: Visibilities for two of the common source types: (a) Point. (b) Uniform disk with
diameter a. Upper row: |y| =V as a function of A /(nB). Middle row: Arg(y)= ¢ as a function
of A/(nB). Lower row: power observed by a detector in a two-telescope interferometer as a
function of path delay (8) introduced by the delay line. The legend on the right figure shows the
Michelson fringe visibility for two sources: 1) An unresolved source (V = 1), and 2) A resolved
source (V = 0.5). (see Section[l;fl for details).

Figure 1.3: A photograph showing the very large telescope interferometer (VLTI) facility sit-
uated on Cerro Paranal in the Atacama desert of Chile. The four unit telescopes (UTs), each
having a diameter of 8 m, are marked in the photograph. The longest and shortest baselines
formed by the four UTs are shown in meters. The four auxiliary telescopes (ATs), each having
a diameter of 1.8 m, are also marked. The UTs are fixed, but the ATs can move along the white
tracks to increase the u—v coverage and, at the same time, maintain non-redundancy in combin-

ing stellar light. Image retrieved from Ref [6].



between redundant versus non-redundant configuration will be outlined, which are relevant for

understanding the design of the pupil remappers in Chapter 3]

1.2.1 u-v plane

The Eq. (I.1)) gives the object-image relationship behind stellar interferometry. It can be seen
that forming the image of a stellar object requires a set of discrete baseline measurements B;
(see Fig. , such that a discrete set of I';(u;,v;) can be obtained. These discrete visibilities
are then inverted using a Fourier transform to estimate the brightness distribution of the source.
Thus, the accuracy of the image synthesis is a function of coverage of the (u,v) coordinates in
the Fourier plane.

Consider the plane shown in Fig.[T.4a where an interferometer is formed from 4 telescopes
with baselines ranging from 25-150 m. This plane is also known as the aperture plane, where all
six possible baselines formed by the 4 telescopes are shown in different colors The comple-
mentary Fourier plane (or u — v plane) is shown in Fig. which corresponds to an object’s
position at a declination of 45° and an hour angle of OO It is to be noted that the coordinates
in the u — v plane are dependent on the hour angle and declination of the object’s position, and
the rules of coordinate transformations can be found in Ref [27, Chapter 4]. The six unique
baselines of Fig. are mapped to 12 single points in Fig. which correspond to both the
positive and the negative spatial frequency points due to the Hermitian property of the Fourier
transform. To solve the ill-posed image synthesis problem, one has to measure finitely many
discrete sets of I';(u;,v;). Since the spatial frequency in Eq. is dependent on B; and Ay,
filling the u — v plane can be done in two ways: 1) By varying B;, and 2) By varying Ay.

To change B;, one takes advantage of the rotation of the stellar object in the sky as shown
in Fig. In some cases, the telescope positions can be changed, e.g. the four 1.8 m auxiliary
telescopes at the VLTI facility [26] can be relocated to different positions as shown in Fig. [[.3]
which changes the B;, thus the u — v coverage. In addition to the sky rotation of the object, one
can disperse the light as shown in Fig. or vary the observed Ay from the stellar object using
a set of optical filters. Instruments such as GRAVITY [28]], and PIONIER [29] at VLTI rely not
only on the sky rotation but also on the dispersion of the collected light to increase the u — v

coverage.

XiFor N telescopes in an interferometer, there are VC, pairwise baselines and Y C; closure phase triplets. The
closure phase will be discussed in Section
*iiThe coordinates of a celestial sphere are given by (hour angle, declination), which describes the position of

any astronomical object. The hour angle has a range from —180° to 180°, while declination has a range from 0° to
90°.
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Figure 1.4: (a) Arrangement of 4 telescopes in the aperture plane. The origin is marked as (E,
N). The numbers show the shortest and the longest baseline of the arrangement in meters. (b)
Snapshot of the 12 spatial frequency points (both positive and negative) in the Fourier plane
corresponding to the arrangement shown in (a) for an object’s position at a declination of 45°
and an hour angle of 0°. The color points show the respective baselines. The units are in
arcsecond inverse. (c) u —v coverage of the interferometer assuming that it is tracking the
object at a declination of 45° over a range of hour angles from —5° to 5°. (d) u — v coverage of
the interferometer with the same assumptions as in (c), but with the dispersion of the collected

light. The faint color tracks are for the dispersion direction towards a longer wavelength.



1.2.2 Redundant versus non-redundant configuration

Both Eq. (I.T) and Eq. (I.2) suggest that a set of B; leads to an unique determination of I7,
and its associated spatial frequency is given by (u;,v;). Thus, redundancy in interferometers
is defined as a number (R) when some (u;,v;) are repeated in the Fourier plane. Consider an
arrangement of three telescopes shown in Fig. that differentiates between non-redundant
and redundant configurations. In the redundant case, identical baselines produce fringes with
the same spatial frequency that cannot be distinguished. As a result, the power associated with
the spatial frequency in the interferogram adds incoherently and follows a random walk [30].
Though most of the interferometers across the globe are placed non-redundantly, some of the
facilities such as NPOI [31] have partially redundant arrays to uniquely determine the Fourier

phases by a method known as baseline bootstrapping [32]

If SNR, is the signal-to-noise ratio of a spatial frequency at the interferogram for redundant
configuration and SNR,,, for that of a non-redundant configuration. Then, assuming additive

noise from the turbulence of the atmosphere, mathematically, the relationship is [33]:

SNR,,, - VR+1

SNR, = \/R+2VR

(1.8)

It is to be noted that Eq. (1.8)) is always satisfied as R increases.

1.3 Closure phase

All ground-based telescopes are susceptible to atmospheric effects, and so are the arms of an
interferometer. Atmospheric turbulence creates phase errors that produce various ill effects,
such as limiting the maximum useful size of the telescope diameter, affecting the long inte-
gration time on the detector, and setting severe limitations on the sensitivity. The phase errors
also cause phase shifts in the observed fringes of an interferometer, which erase information
about the true phase arising from the stellar object. Due to the loss of this phase information,
the imaging of non-centrosymmetric objects is not possible because these objects rely on the
Fourier phase information encoded in the true phase of the interferometer fringes [4, Chap-
ter 13]. As a result, the imaging becomes limited to simple objects such as disks or round stars.
One way to mitigate such phase errors introduced by the atmosphere is through closure phases
(CPs).

Ml A method to find unknown phase from known phases and closure phase.
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Figure 1.5: (a) Non-redundant arrangement of three telescopes. (b) Redundant arrangement
of three telescopes. (c) Spatial frequencies corresponding to the arrangement in (a), where the
color points show the respective baselines. All six frequencies (both positive and negative) are
marked for the 3-telescope configuration. The units are in radian inverse. (d) Spatial frequencies
corresponding to the arrangement in (b). Two of the frequencies are repeated and therefore
redundant. From Eq. , SNR, is lower than SNR,,, by a factor of 0.87.

Consider Fig. which shows the turbulent atmosphere above a three-telescope configu-
ration. The phase error can be written mathematically as ¢;; + €, where ¢;; is the true phase, and
€ is the error term from the atmosphere. The observed phase (q)i(}) at the individual telescopes

is then written as:

O =dn+e—g
O =t+e—& . (1.9)

O = 031+ € — &

Hence, the closure phase, which is the sum of three phases around a closed triangle is:

D123 = @ + 0%+ 0% = d12+ P23 + P31 (1.10)

Thus, the closure phase defined in Eq. (I.I0) is an important interferometric observable,

11



which is immune to phase errors induced either by the atmosphere or by the optical components
present in an interferometer. The idea of CP was first introduced by Jennison [34] in the context
of radio interferometry to obtain stable phases, but Rogstad [35] is usually credited with extend-
ing the feasibility of CP techniques at optical wavelengths. The robustness of CP measurements
implies that it alone can be used with the existing imaging techniques to produce high-contrast

images of stellar objects [36, 37].

1.4 Scientific motivation

The key attraction of a stellar interferometer is the high-angular resolution that can be achieved
by combining light from different telescopes. Unlike a single telescope (tel) of diameter A,
where the resolution is given by AQ,,; ~ %, for an interferometer (int) with separation or base-
line B, the resolution is given by A®;,,; ~ %. As a result, the resolution of an interferometer is
higher than that of a single telescope by a factor ~ %B. On the other hand, unlike the size of a
single telescope is limited to few tens of meters, an interferometer can have long baselines up to
a few hundred meters, thus producing high-contrast images of astronomical targets. Today the
interferometer facility, CHARA [38] has the largest baseline of 330 m and produces A®;;,; ~ 0.5
mag*"|in astronomical H—ban which can resolve a 1.8 m tall man standing on the moon

Astronomy is an observational science, and the theories of stellar formation and evolu-
tion rely on obtaining a set of measurements that are the basic parameters of a star[**"| These
parameters are the basis for testing the evolutionary stellar models. However, many of these
parameters are not well known and difficult to measure. In some cases, parameters can be mea-
sured using traditional astronomy techniques. One example is doppler spectroscopy, a widely
used technique in astronomy to indirectly infer the chemical composition, radius, and orbital
period of a star from measuring changes in the frequency of the spectral lines. Interferometry,
however, is a direct method that can provide precise measurements of stellar sizes and orbital
periods. By combining angular measurements and distances, astronomers can now measure
stellar radii with an accuracy of < 1%, and often the precision is set by the distance determina-
tion which limits the overall measurement of the actual stellar diameter [40]. The majority
of the stars, particularly in the hydrogen burning main sequence of the Hertzsprung-Russell (H-

R) diagram, have angular extents from 0.1 — 10 mas, which is much smaller than the diffraction

V] mas = 03%%}) .

*V Assuming, A9 = 1.55 um.
*ViA 1.8 m tall man standing on the moon subtends an angle of ~ 1 mas, as seen from the earth.
Vil g. temperature, luminosity, chemical composition, mass, and size.
xVili[y astronomy, distances are measured using parallax, luminosity measurements from either a cepheid variable

or from a supernova explosion, to name a few [39]].
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limit of even the single largest existing telescope. At this point, long-baseline interferometry is
the only direct technique able to resolve not only galactic targets but also beyond extra-galactic
objects [41], making stellar interferometry one of the most important tools of our time to address

urgent science questions in astronomy.

In the following few pages, the history of stellar interferometry will be outlined. Scientific
results obtained using interferometers ranging from basic measurement of stellar diameters to

the latest research on the detection of exoplanets will be indicated.

History — The first step towards modern interferometry could be dated back to 1868 in
France when Hippolyte Fizeau outlined the basic concept of stellar interferometry on how in-
terference of light could be used to measure the size of the stars. The technique was applied by
Edouard Stephan where a mask with two holes was placed at an existing largest telescop in
Marseille Observatory. However, at that time, the achievable A®;,, was insufficient to resolve
even the largest and brightest of the known stars. Later, Albert Michelson developed the math-
ematical framework for stellar interferometers [20] and is usually credited for founding modern
interferometry. Along with Pease, Michelson measured the diameter of & Orionis (Betelgeuse)
by building a 20-feet interferometer across the top of the 100 in. telescope on Mount Wilson
[22]. Later, Mount Wilson became a choice site for building interferometric facilities such as
Mark III (now closed) and CHARA [38], usually due to its excellent atmospheric conditions.
Although Michelson has invented stellar interferometry independently, the question arises: Was
he influenced by the prior works of Fizeau and Stéphan? Interested readers can read [4, Ap-

pendix A] for this exciting history behind stellar interferometry.

Stellar diameters — In the early days, one of the main applications of the stellar interfer-
ometer was to measure the diameter of the stellar objects. This led to the direct calculation of
the temperature (7;) of the stellar surfaces, as one can measure the apparent luminosity from the
photometry and angular sizes from the interferometry. Empirical calibration of 7§ as a function
of the spectral type of a star is considered to be necessary since 7 is a fundamental parame-
ter in stellar astrophysics, especially on the H-R diagram [42]. While the giant stars are easy
targets due to their large angular sizes and luminosities, interferometric measurements of the
lower-mass dwarfs and hotter main sequence remain incomplete. The CHARA interferometer
has been used to study the K- and M-dwarfs, but the accuracy of the model in estimating the
true stellar radii had errors of > 15% [43l]. For such dwarf stars, it was found out that the at-
mosphere is a vital function of metallicity[X] Recently, the systematic errors in predicting the
radius improved to < 5% by incorporating the metallicity parameter and recalibrating the stellar
models [44].

XiXTt was an 80 cm reflecting telescope built by Léon Foucault.
**Defined as the difference between the common logarithm of the ratio of a star’s iron abundance and that of the

Sun. It is denoted by [Fe/H].
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Stellar atmospheres — Stellar photospheres are known to be limb-darkened, which hap-
pens due to the optical depth effects. Limb-darkening can be seen in the Sun, where the center
appears bright and as one goes away from the center towards the perimeter it appears to be
dimmer as well as redder than the center. As a result, to correctly estimate the angular sizes,
stellar models have to be recalibrated for incorporating limb-darkening effects. The main dif-
ficulty for limb-darkening studies lies in the precise observations that have to be made beyond
the first null of a uniform disk (see Fig. to detect the limb-darkening effects [42]]. Mea-
suring limb-darkening is difficult because the fringe contrast beyond the first null is lower than
the central lobe. The precise measurements required to detect limb-darkening were made using
the Mark III interferometer on Arcturus (o Boo, K11III) as shown on Fig. and Fig.[I.7b, by
employing a novel phase-referencing technique to increase the SNR beyond the first null. The
detected results also agreed well with the theoretical models [7]. Along with limb-darkening
effects, interferometers have been used to study the photospheres of cool giants especially
the Mira Variables The COAST interferometer was first used to detect the pulsation of an
O-rich Mira, R Leonis, at visible wavelengths that had good agreement with the previously
measured light curves [45]. It was found that the pulsations in the Mira variables are due to the
presence of H,O molecules in the photosphere, causing a significant increase in the apparent
sizes at IR-wavelengths [42]. Another O-rich Mira, R Aquarii, was dramatically larger at 3.1
um than at shorter wavelengths, as shown in Fig. [8].

Stellar surfaces — Interferometers have been used to investigate "hotspots’ on red giants
and supergiants [42], with Betelgeuse being one of the most well-known examples. Hotspots are
hot patches on the photosphere of a star, which may be due to shock waves caused by pulsation
or convection in its outer layers, and are yet still a mystery [46l]. Some of the hotspots appear
in the visible wavelengths but disappear in the near-IR. Multi-wavelength studies suggest that
these hotspots for M-spectral stars are due to inhomogeneous 77O molecules present in patches
causing visible light to pass through it but absorbing in the near-IR [47]. Unlike "hotspots’,
’sunspots’ are cool areas caused by strong surface magnetic fields that inhibit convection. The
CHARA interferometer has been used to image the magnetically active star { Andromedae,
confirming the existence of a controversial, dark polar sunspot, which indicates that a solar-

type dynamo cannot produce these patterns [48]].

Binary systems — Interacting binaries are stars that orbit each other so closely that tidal
effects become important. As a result, each star’s gravitational field distorts the outer layers
of the other, which leads to mass transfer between them. These systems are of significant
interest because strong binary interactions are thought to produce: 1) Standard-candle Type

Ia supernovae, and 2) A binary system of a pulsar and black hole [40]. The final states in

xxij e. the limb.
*xiiMostly M spectral types.
Xxiii A’ class of pulsating stars.
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Figure 1.7: (a) The visibility data and model fitting of a limb-darkened star, Arcturus, with
respect to projected baseline length obtained from the Mark III interferometer. (b) A zoomed
view of (a) around the first null/zero. The dotted line is a uniform disk model which gives the
best fit to the data on short baselines but has large errors beyond the first null. The dashed line is
also a uniform disk model, but with the first null taken into account, which has a better estimate
than the dotted line. The solid line is a limb-darkened model, which estimates the diameter
to be ~ 21.1 mas. (c) Visibility data of a Mira variable, R Aquarii, at different wavelengths,
which was observed using aperture masking interferometry (see details in Section [I.4.2) on
the Keck telescope. For clarity, the visibility plots are offset by multiples of 0.2 to separate
the various data sets. The solid curve shows the best-fitting uniform disk model with reported
diameters in the legend. At Ay ~ 3.1 um, there is a diameter increase roughly by a factor of
2 when compared to shorter wavelengths, which is due to the molecular emission produced at
the photospheres of cool giants. The results of (a), (b), and (c) suggest that depending on the
types of stellar astrophysics studies; one has to precisely recalibrate the stellar models taking
into account various effects such as limb-darkening, pulsations, formations of molecular lines,
and oblateness of stars, to name a few with the observational visibility data. Images (a) and (b)

retrieved from Ref [[7], Image (c) retrieved from Ref [8]].
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interacting binaries are hard to predict due to difficulties in tracking their angular momentum
exchange and the lack of direct detection techniques [40]. Interferometers have been used to
image an interacting binary, 8 Lyrae, as shown in Fig. revealing the gravitational distortion
between the bright mass donor and the faint gainer with a thick planar disk surrounding the
star system [9)]. Another interacting hydrogen-deficient binary, v Sagittarii, was also imaged,

revealing the thick flat disk around the system [49]].

Circumstellar environments — Interferometers have been used to probe the stellar envi-
ronment in order to study the gas and dust around stars that might not be uniformly distributed
and may be changing with time. One example is about studying the Balmer line emission (Hg,)
around Be stars. The term ’Be stars’ is used to describe stars that are hot and non-supergiants,
have spectral type B, with Hy spectrum emission, presumed to be fast rotators spinning at 200
km/s, and have a sizeable stellar wind with a high mass-loss rate. Be stars are an essential
source of UV photons that are ionizing the interstellar environment, thus playing an essential
role in the heating of the gas as well as the formation of radiative shocks in the interstellar
medium [S0]. The envelope of a Be star, y Cas, was first resolved using the 12T interferometer
(5 1] Later, the high spectral resolution of GI2T uncovered the asymmetric H, emission of
the Be stars, which are one-sided and time-varying [S3]]. Recent studies using interferometric
measurements suggest that these asymmetries could be due to the outburst of the central star or

due to a decrease in the radiative force at the base of the photosphere [54].

Young stellar objects (YSOs) — YSOs are stars in the first phase of their lives before
they enter the main-sequence of the H-R diagram [55]. YSOs are formed by the contraction of
molecular clouds. The term describes a class of objects that includes protostars, proto-stellar
disks, Herbig-Haro objects, and pre-main-sequence stars, the study of which plays an essential
role in understanding star and planet formation. Interferometry is the key to studying the inner
regions (~ 1 AU) of these YSOs. The first YSO to be resolved was the Herbig Ae/Be star[~"|
AB Aurigae with the IOTA facility. The interferometric data could consistently be fitted with
a visibility model that assumes circumstellar material lying in a flattened structure with a large
central hole around AB Aurigae [S6]]. Interferometric studies were also conducted for some of
the Herbig Ae stars by the VLTI interferometer, where compositional analysis of the innermost
(~ 2 AU) dusts surrounding these stars were performed. Results showed that the composition
of the dust varied with the disc radii, and the spectrum of the inner disk showed surprising

similarity with our solar system comets [S7].

Active galactic nuclei (AGN) — AGNs, which have long puzzled astronomers, are now

understood to be active supermassive black holes at the center of the galaxies that emit jets and

XVt js to be noted that I2T was the first stellar interferometer built by Antoine Labeyrie, which used two small
telescopes separated by 12 m. The I2T facility obtained its first fringes from Vega, thus building the foundations

for long baseline stellar interferometry at optical wavelengths [52].
*XVA pre-main-sequence star of spectral types A or B.
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Figure 1.8: (a) The astrometric orbital motion of an interacting binary, 8 Lyrae, obtained with
the CHARA facility. The solid line is the best-fit orbit of the system. A filled dot in the center
indicates the donor. Positions of each epoch are shown by open dots, which are surrounded by
their error ellipses in dashed lines. (b) Reconstructed images of the binary system. Two different
epochs are mentioned in the top left corner of each image. Darker colors correspond to higher
intensity, and the darker component is the donor. The contours in the images correspond to 0.3,
0.6, and 0.9 of the peak intensity. The goodness of the fit, x2, of each image is shown in the
bottom left corner. The separation of the stars in the system in the top and bottom images is 0.34
mas and 0.754 mas, respectively. These results show the gravitational distortion of the bright
mass donor and the faint component with an elongated planar disk surrounding the star system.

Images (a) and (b) retrieved from Ref [9]].
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winds, which have an electromagnetic spectrum from X-rays to radio waves [38]]. AGNs have a
doughnut-shaped structure (sometimes called as torus) of gas and dust that orbits around super-
massive black holes. The particles in the torus periodically rub together, which generates heat as
well as light and ejects materials along very strong magnetic fields into jets and winds. AGNs
have several classifications based on their distances from Earth: Seyfert galaxies are nearby,
while Quasar are very distant, point-like sources. The VLTI has been used to resolve sev-
eral of the nearest Seyfert galaxies (e.g. NGC 3783 [59]], NGC 1068 [60] and Circinus galaxy
[60]). The results of the dust structures show that these galaxies contain an elongated inner
component that is embedded in a larger dust distribution, thus confirming the torus structure of
the AGNs.

Galactic center — The recent 2020 Nobel prize in physics was awarded for the discovery
of a supermassive black hole (Sgr A*) at the center of our Milky Way Galaxy/*""| From the
analysis of orbits of more than two dozen stars and the measurements of size and motion of the
central compact source, Sgr A* is found to be a massive black hole of about ~ 10°M,,. The
GRAVITY instrument at VLTI has been mostly used to observe the galactic center of our Milky
Way by studying the relativistic orbital parameters of one of the stars — S2 around the Sgr A*,
and also to track down the motion of Sgr A* flares on short timescales [[10]. Interferometric
results as shown in Fig. of the highly elliptical 16-year orbital period of star S2 around
Sgr A* reveals that near the pericenter the star has an orbital speed of 7650 Km/ [L1]. It
also has a Schwarzschild precision of ~ 12" per orbital period [62]. Thus, the model fitting of
the relativistic orbital parameters of the star, S2, implies that the observational data cannot be
merely explained by pure Newtonian dynamics but by correction terms from General relativity

— the theory developed by Einstein almost a century ago.

Exoplanets — Exoplanets are planets outside the solar system, which come in a wide
variety of sizes — from gas giants comparable with Jupiter to rocky planets as big as Earth
or Mars. Using direct imaging, the GRAVITY instrument at VLTI was first used to detect
a gas giant, HR8799 e, and its precise orbital path along with surface gravity, temperature,
radius, and mass of the exoplanet was calculated [63]. When fully operational, the recently
launched space based-telescope James Webb space telescope (JWST, see Fig.[I.1Th) will have
an aperture masking interferometry mode to enable mid-IR characterization as well as search

for the exoplanets [64].

*ViDerived from the term ’quasi-stellar radio sources’.

iinterested readers can follow the works of Genzel et al. and references therein, which explains the theoretical
and observational work on central massive black holes [61].
viliEcentricity = 0.88.

XXX At 120 AU ~ 1400 Schwarzschild radius.

XRoughly ~ 3% of c.
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Figure 1.9: Monitoring of the astrometric orbital motion of S2 around the supermassive black
hole, Sgr A* at the center of our Milky Way Galaxy. (a) The projected orbit of the star S2 on the
sky relative to Sgr A*, where Sgr A* is shown as a brown crossed square at the origin. Triangles
and circles with 10 uncertainties denote the SHARP and NACO instrument position measure-
ments at the NTT and VLT, respectively. Green squares denote the GRAVITY measurements
at the VLTI. (b) A zoomed picture around the pericenter of the S2/Sgr A* system in 2018 was
taken using the GRAVITY instrument. The cyan curve shows the best-fitting S2 orbit to the
data, including the effects of General relativity. The color bar shows the time scale. (c) Recon-
structed image during the flaring of Sgr A* and the star S2 system. The peak brightness during
the flare was ~ 15 mag. The flares are light emissions due to the electronic transitions caused
by mass loss of very close orbit stars around Sgr A*, and the mass loss mechanism is caused
due to the friction [10]. Images (a) and (b) retrieved from Ref [11]], while Image (c) retrieved
from Ref [12]].
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1.4.1 New technologies and techniques

The applications of stellar interferometry presented in the previous section have made substan-
tial contributions in the exciting research areas of astronomy and astrophysics, including the
precise measurement of stellar diameters, imaging of stellar surfaces, the study of circumstellar
disks around YSOs, predictions of Einstein’s General theory of relativity at the galactic center
and the direct search for exoplanets to name a few. All these were possible due to the active
implementation of new technologies and techniques that have pushed the limits of sensitivity
and calibration precision of current interferometers. In this section, the novel techniques and

technologies that are most relevant in the context of this Thesis will be introduced.

One of the important implementations of novel technology was the use of single-mode
fibers in stellar interferometers, which greatly enhanced the calibration precision on visibili-
ties E.g. the FLUOR [65] instrument that uses single-mode fibers for combining light at
IOTA had visibilities uncertainties of < 1%, which was a real breakthrough. While combining
light from two telescopes using fibers is straightforward, combining light from multiple tele-
scopes is a challenge. The light from multiple telescopes must be split and combined many
times. As a result, precise matching of path lengths in optical fibers must be maintained to
reduce the spurious effects of differential chromatic dispersion and polarization. An elegant
solution to this problem, while maintaining the advantages of spatial filtering, is the use of in-
tegrated optics-based beam combiners, which is described in detail in Section Recently,
the term astrophotonics is generically used to describe the ongoing advancements in photonics
technology for astronomical instrumentation [66, 67]. Another critical advancement in increas-
ing the sensitivity of interferometers is by applying adaptive optics (AO) on ground-based tele-
scopes, which corrects for the wavefront perturbations caused by the atmosphere. However, AO
has its limitations in producing high fidelity images due to the difficulties in calibrating the PSF
of an AO system. The calibration problem of the PSF comes from the high spatial frequency
terms, which include finite spatial bandwidth and non-common path errors from the AO system
[68]. This PSF calibration problem is mitigated in interferometry by using masks in the pupil
plane of the telescope (see Section|[I.4.2)) or using a technique known as phase referencing. The
phase referencing interferometry [69] is extensively used in the VLTI, where two stars**| are
picked up in the interferometric field-of-view, and fringes are obtained simultaneously for both
the stars. The fringes obtained on the reference star are then used to calibrate the target star. As
a result, bias—fre and precise visibilities of the faint target star are measured.

Drastic progress has also been made for the spectroscopic capabilities of an interferome-

XiThe spatial filtering advantage offered by single-mode fibers is discussed briefly in Section [1.4.3
XXE o one could be a bright reference and the other could be a faint target star.

it T, terms — 1 in Eq. li
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ter, which can be achieved by dispersing the light using a prism or diffraction grating to probe
molecular line in the stellar atmosphere. Lastly, the technological advancement in detec-
tors has pushed the sensitivity limits of current interferometers. Due to the respective cutoff
wavelengths, Si is the preferred material of choice in the visible, InGaAs in the near-IR, and
HgCdTe in near-IR and mid-IR wavelengths. Generally, near-IR detectors have high readout
noise, which can be substantially reduced by using avalanche photodiodes (APDs). There are
two different technologies for capturing images digitally: charged coupled device (CCD) and
complementary metal-oxide semiconductor (CMOS). Whether CCD or CMOS-based image
sensors should be used depends on the type of application, where either one or the other tech-

nology can be advantageous.

To give an example of how the different technologies and techniques that were described
above are used in a cutting-edge instrument, some key features of the GRAVITY instrument
(28] [12] at VLTT are briefly described. The GRAVITY instrument works in the astronomical
K-band (2.1 um). It utilizes the technique of phase referencing, and at its heart are two 4-
telescope beam combiner device§™ | based on planar integrated optics. The device’s inputs
are fed by single-mode fibers, which allow for accurate polarization control and monitoring of
differential OPD between the target and reference star. Each of the unit telescopes in VLTI is
equipped with the IR adaptive optics system — CIAO — to correct the atmosphere. The stellar
light is captured in detectors made of HgCdTe, which are APDs with an effective readout noise
of < le™ rms. With these subsystems in place, the GRAVITY instrument can perform phase
referencing interferometry of faint objects with a limiting magnitude of my; ~ 17 mag, within
an integration time of a few tens of minutes. The instrument reaches visibility accuracy of
< 0.25%, closure phase accuracy of < 0.5%, multi-wavelength interferometric imaging with a

spectral resolving power of R ~ 4500, and differential astrometry with a few ptas precision [[12].

1.4.2 Aperture masking

The use of masks in the telescope pupil to mitigate unknown phase errors from the atmosphere
was proposed by Rhodes et al. [/0]. The concept was extended to optical interferometry and
demonstrated by Baldwin et al. [71], where they placed a mask with three non-redundant holes
in a re-imaged pupil plane of the telescope. The experiment was performed at the Univer-
sity of Hawaii 88-inch Telescope on Mount Kea, where visibility amplitude and closure phase
measurements were made on 3 Ori and B Tau. Later, Haniff et al. were the first to obtain

diffraction-limited images of A Peg (a single star) and ¢ And (a binary system) at the 2.5 m

MXVE o CO, HyO.
*XVOne device for bright reference and one for faint target star.
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Issac Newton Telescope on La Palma using four non-redundant holes in the aperture mask [36].
In that time, several other groups also obtained diffraction-limited images of stellar targets from
visibility and closure phase measurements using three or more holes in the mask placed at the
aperture plane [72, 37]. Thus, aperture masking®*"'|is an interferometry technique where a
mask with holes is placed in the re-imaged pupil plane of a telescope. The light emanating from

the holes is then combined for high-contrast imaging of ground-based telescopes.

More recent examples of aperture masking include measurements with the Keck I Tele-
scope (see Fig.[I.10), where morphologies of dusty envelopes around YSOs and the circumstel-
lar shrouds surrounding evolved giants and supergiants were revealed [13, [/3]. From spectro-
interferometric measurements, Mira variables were studied allowing to probe the atmospheric
structure, including zones of H,O, CO, OH and dust formation [74, [75]]. There are also mea-
surements where optical interferometry data from multiple facilities were combined to increase
the u — v coverage, thus allowing imaging of both the star and the surrounding dust shell [[73].
In one case, the data from the Keck aperture masking and the IOTA data were combined to
study the deviations in the dust shells, and the photospheres of the most evolved M spectral
stars [76l]. Finally, aperture masking is not limited to ground-based telescopes but has been
implemented on the recently launched space-based telescope JWST in the instrument named
"NIRISS’, which contains a mask with seven non-redundant holes (see Fig. [77]. In this
mode, JWST will detect the thermal emission of young massive planets and will permit the

mid-IR characterization of exoplanets [64].

Despite the exciting science cases and results delivered by aperture masking, it still suffers
several disadvantages. Most of the holes in the masks have to be arranged such that it reduces
the redundancy noise given by Eq. (I.8)), thus posing constraints on the number of holes that can
be used in the mask. This results in low-throughput of the incident starlight, typically 80-90 %
of the light is lost at the mask [30]]. Furthermore, due to the finite size of the holes in the masks,
atmospheric phase noise is still present. While this can be mitigated by reducing the size of the
holes, this would further limit the SNR of the instrument.

Hence, to tackle these problems in aperture masking, the advances in fiber and optical
waveguide technologies have led several separate groups to independently propose a new imag-
ing methodology: Pupil remapping interferometry — one of the applications of astrophotonics

in interferometry.

XVISometimes known as aperture synthesis or synthesis imaging.
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Figure 1.10: (a) Aperture masking on the 10 m Keck telescope. The black spots are the
diffraction-limit holes, which are superimposed on the segmented mirror of the Keck telescope.
(b) Reconstructed astronomical K-band image of the binary star 126 Tau with a separation of
287 mas. The logarithmic contour levels, at 0.2 %, 2 %, 20 %, and 70 % of the peak, show the

noise features in the map. Images retrieved from Ref [[13].

(b)

Figure 1.11: (a) The primary mirror of the James Webb space telescope (JWST) with a diameter
of 6.5 m. The JWST is recently launched and is currently in operation. (b) A prototype of the
non-redundant mask that will be used in the NIRISS instrument of the JWST. The mask has
seven hexagonal holes with the transmission of ~ 15% of the light incident on the mask. The
holes are smaller than the re-imaged pupil to allow for misalignment error in the optical system.

Images (a) and (b) retrieved from Refs [[14] and [15], respectively.
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1.4.3 Pupil remapping

As mentioned in Section [I.1| one of the main challenges in long-baseline interferometry at
optical wavelengths is the calibration of fringe visibility, especially the atmosphere transfer
function 7, in Eq. (1.6). The difficulty can be overcome by the use of single-mode fibers, which
spatially filter the incident beam [78}, [79]. One should recall that the beam profile propagating
inside a single-mode fiber is determined by the waveguide physical properties and not by the
incoming wavefront. The phase of the wavefront across the guided beam of the fiber is constant,
and the guided beam, therefore by definition, is coherent [80, Chapter 7]. Due to atmospheric
turbulence, the field amplitude distribution at the telescope’s focal plane varies with time. If a
single-mode fiber is placed at the focal plane, then depending on the field distribution due to the
atmosphere, the intensity of the coupled beam also varies. Thus, single-mode fiber transforms
the incoming wavefront phase corrugations into outgoing intensity fluctuations of the coupled
light. It is to be noted that, unlike wavefront perturbations, the intensity fluctuations can be
easily monitored and calibrated against the effects of atmospheric distortion. Single-mode fibers
for stellar interferometry were first implemented in the FLUOR [81] instrument at IOTA, which
has demonstrated accurate visibility measurements with statistical errors of < 1% over a dozen
of stars [23]].

Thus, pupil remapping combines the aperture masking technique with single-mode fiber
technology for the high-angular resolution of a single telescope. In other words, the pupil
remapping technique uses single-mode fibers to map the input pupil to a non-redundant output
pupil, thus turning any single ground-based telescope into a multiple-beam interferometer (see
Fig. [[.12). The light from each pair of single-mode fibers at the output pupil corresponds to
a unique spatial frequency component such that complex visibility is measured and calibrated.
Thus, high-dynamic range and high-contrast images of astronomical targets are reconstructed
from the unique visibilities by exploiting Fourier techniques that are already well-established

for long baseline interferometry [82].

The advantages of pupil remapping system are as follows: 1) Unlike aperture masking, the
entire pupil area of the primary mirror of the telescope can be used [[16]], 2) The use of single-
mode fibers filters out atmospheric turbulence effects by spatially filtering the output beam
[23], 3) The output fibers are placed in a non-redundant pupil configuration, which gives unique
spatial frequencies [33]]. Therefore, this technique removes both the atmospheric distortion
and redundancy noise, thus allowing for a perfect calibration of the degraded wavefront. The
technique also takes advantage of the intrinsic angular resolution of the telescope and enhances

the SNR due to the large photon collecting capability [83].

The first proposal for a single telescope pupil remapping interferometer was based on

25



Output Pupil

Input pupil Lenslet array Single-mode
fibers

=

Redundant configuration + corrugated wavefront Non-redundant configuration + plane wavefronts

Figure 1.12: A conceptual design of a pupil remapping setup. The input pupil is shown as 36
hexagonal green segments arranged in a hexagonal pattern. The input pupil is mapped to a
lenslet array (shown in black), arranged in the same hexagonal pattern as the input pupil. At
the back focal plane of the lenslet array, there are 36 single-mode fibers (shown in orange) that
rearrange into a non-redundant output pupil configuration. Each lenslet eases the coupling of the
subpupil beam into a single-mode fiber. The green spots in the output pupil show the fiber ends.
Each pair of subpupils in the input pupil corresponds to a single spatial frequency component in
the output pupil. Assuming the input wavefront is corrugated due to the atmosphere, the spatial
filtering offered by single-mode fibers forces the field distribution across the fiber to be uniform.

The emergent wavefront from the fiber is therefore coherent. Image retrieved from Ref [16].

an instrument concept known as DAFI [84, [79], which appeared in the late 1990s. A decade
later, papers were published from Perrin et al. [16] and Lacour et al. [82], exploring the tech-
nical and scientific aspects of such a pupil remapping concept with quantitative projections
of performance, SNR, and dynamic range for a working device [30]. Later, two independent
projects, namely the French "FIRST" and the Australian "Dragonfly", started their work inde-
pendently on single-telescope pupil remapping interferometer from the initial conceptual design
(see Fig.[I.12) to develop a laboratory prototype. The FIRST instrument relies on single-mode
fibers as pupil remappers following the simulation works of Perrin et al. [16]. The FIRST instru-
ment has already been demonstrated in the laboratory [83], and on-sky [85]], showing promising
results under real observing conditions, thus validating the concept of fiber-based pupil remap-
ping interferometry. The spectroscopic capability has also been demonstrated, showing the
power of FIRST to provide valuable spectral information for the characterization of binary sys-
tems [86]].

On the other hand, the Dragonfly instrument is an integrated optics (I0)-based pupil
remapping interferometer, where single-mode waveguides are fabricated using ULI and are em-
bedded in a single miniaturized monolithic chip [30]. The on-sky experiments with the Dragon-
fly instrument have been completed [87]], and laboratory prototypes with improved throughput
and stable closure phases have already been developed, which are foreseen to be implemented

in a second-generation instrument for sensitive observations of exoplanetary systems [88]. Re-
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cently, a 3-D pupil remapping interferometer was connected to a nulling interferomete
that was written monolithically using ULI. This so-called "GLINT" instrument was success-
fully tested on-sky, measuring the angular diameter of various stars [90]. More recently, a
laboratory prototype is realized, achieving a standard deviation in CP of < 1° and demonstrat-
ing advanced hybridization and packaging techniques. The prototype uses different integrated
photonics fabrication platforms, where a 3-D 8-input pupil remapper device written using ULI
is connected with a planar 8-port ABCD pairwise beam combiner written using lithography,
along with necessary injection optics for coupling of light, into a single integrated monolithic
device [91]].

Therefore, in the context of stellar interferometry and the need for enabling high-angular
resolution of ground-based telescopes, one of the main goals of this Thesis is to develop an 10-
based pupil remapping interferometer. The pupil remappers are connected to a discrete beam
combiner (see Section [I.4.4) to form a compact and monolithic IO device. The device will
retrieve the complex visibilities to allow high-contrast images of astronomical targets. In the
following section, I0-based beam combiners are discussed, which form an important aspect of
this work.

1.4.4 Integrated optics-based beam combiners

Integrated optics (I0) is a technology that aims at fabricating integrated optical devices (some-
times called photonic integrated circuits (PICs)) on a single substrate. These PICs can contain
several different optical components for manipulating light, thus analogous to electronic cir-
cuits. Some of the optical components in PICs could be as simple as a single-mode waveguide
for transporting light from input port to output port and as complex as an arrayed-waveguide
grating (AWGQG) consisting of a cascade of single-mode waveguides for wavelength multiplex-
ing or demultiplexing applications. The fabrication of PICs takes advantage of contemporary
CMOS technologies, which are already well-established and mature in the semiconductor in-
dustry. The advantages of IO components over their bulk optic counterparts are manifold: 1)
Complex structures serving multiple functions can be manufactured in compact sizes, 2) Less

sensitive to environmental ﬂuctuations 3) No additional mechanical alignment is required

xxviiNy]ling interferometry — first proposed by Bracewell [89] is a technique of manipulating the phases of the
individual beams such that the light interferes destructively, as opposed to conventional interferometry technique
where light interferes constructively [90]]. Thus, the starlight is effectively 'nulled’ out for a star-planet system, and
the light from the faint off-axis planet remains. As a result, the technique is used for detecting faint circumstellar
materials and companions, which finds applications for exoplanet searches and zodiacal dust disc characterizations
[42].

XXXVili g g. thermal drift, moisture, and vibrations.
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other than injecting-in or ejecting-out light, 4) Less weight, 5) Low power requirements, and
6) Possibility of batch fabrication with reduced cost. However, IO components also have chal-
lenges, such as higher losses than free-space optics, limited wavelength coverage, dispersion,

and birefringence.

The concept of IO beam combiners for applications in astronomical interferometry was
first proposed by Kern et al. [[/8]. They pointed out: 1) The advantage of spatial filtering of-
fered by single-mode waveguides, and 2) Simple optical layouts offered by 10 beam combiners
that could be designed in case of light combination from multiple telescopes. Later, Berger et
al. [92] manufactured a two-telescope beam combiner along with two photometric outputs on
a standard glass substrate using ion-exchange technology. The group reported first white-light
fringes with a contrast of 78% and a throughput of ~ 43% were obtained at astronomical H-band
(1.54 um), which demonstrated the feasibility of [O-based beam combiners for astronomical in-
terferometry. This group also developed the IONIC instrument that consisted of a two-telescope
[0-based beam combiner, which was tested at the VLTI to obtain fringe contrasts of 85% [93]].
Later, the IONIC instrument was upgraded to IONIC3 [94] that consisted of a three-telescope
[0-based beam combiner and was installed at the IOTA facility. The IONIC3 instrument was
used for imaging of binary system Capella (@ Aur), resolving the disks of the two stars [93]. It
was also used to study several YSOs, where it was found that a few of them had skewed disks,
potentially due to the presence of stellar halos [96]. The success of IONIC and IONIC3 led
to the commissioning of the GRAVITY [97, 28] and PIONIER [29]] instruments that consisted
of four-telescope 10-based beam combiners for the VLTI at the astronomical K- and H-band,
respectively. The GRAVITY beam combiner — an astrophotonics component — has been used to
study many exciting research areas of astrophysics, one being the observations of our Galactic
center [[12], which was discussed in detail in Section [I.4] It is clear that combining light with
many beams using bulk optics requires dozens of beam splitting and combining components as
shown in Fig. which is a three-telescope CLIMB combiner [[17] at the CHARA facility.
However, integrated optics devices such as GRAVITY, as shown in Fig. [I.13b] have proven to
miniaturize this process, where the whole optical table is now replaced by a single chip of few

cm lengths, with a near-perfect beam combination and little alignment.

Depending on the specific design, beam combiners use different ways to encode the fringes
as well as to route and interfere with the baselines. The fringes can be encoded either spatial,
temporal, or matricial. In contrast, the baselines can be encoded either all-in-one, partial or
pairwise It is the subject of debate whether one architecture of the beam combiner is more
favorable than the other. A more thorough investigation would be needed here to address this

point, which is beyond the scope of this work.

xixInterested readers can follow Refs. [98] 99] to learn more about fringe and baseline encoding techniques in

1O-based beam combiners.
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(a) (b)

Figure 1.13: Picture showing the size comparison between a bulk optics- and [0-based beam
combiner. (a) The three-telescope CLIMB combiner at the CHARA facility constitutes several
mirrors, compensators, and beam splitters. The red optical path shows one CLIMB combiner,
while the green one shows another. (b) The four-telescope GRAVITY combiner at the VLTI
facility. It is an IO device consisting of several couplers, phase shifters, and splitters performing
the same functions as its bulk counterpart. Though the number of telescopes of CHARA and
VLTI is different, the physical size of the IO chip is a few cm, which is ~ 100x smaller than
the CLIMB combiner. Images (a) and (b) retrieved from Refs and [[12]], respectively.

To give an example of a beam combiner architecture including aspects of encoding, the
beam combiner that the GRAVITY instrument uses will briefly be described. The GRAVITY
instrument at VLTT uses a pairwise combiner with matricial encoding. Looking at the skeleton
layout of the GRAVITY combiner in Fig.[I.14] it can be observed that the four input waveguides
are spatially arranged to form six baseline pairs using optical functions consisting of both 33/66
splitter and 50/50 splitter. Each baseline pair is then fed to other optical functions: phase shifter
and X-coupler, which finally terminates into four single-mode waveguides. These four output
waveguides follow an ABCD method for extracting the unknown phase of the object. For each
baseline, the power P, at the m'" output waveguide of the ABCD-based combiner (see Fig.

can be expressed as:
Py, o< V,co8(@p + Opy)- (1.11)

Where m=A,B,C,Dwith ¢4 =0,¢p =%, oc =7, ¢p = 37”; V, 1s amplitude and ¢, is phase of
the complex visibility of the object. Using trigonometry identitites, one can find the unknown

phase ¢,:

(1.12)
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Figure 1.14: The skeleton layout of the 4-telescope 10-based GRAVITY beam combiner, which
consists of important optical functions, such as 33/66 splitter, 50/50 splitter, X-coupler, and
phase-shifter. All pairwise baseline combinations can be seen next to the outputs at the top-
right. Each pairwise combination has four output single-mode waveguides, which follows an
ABCD method of extracting the unknown phase of an object. The ABCD method shown at the
bottom-right records the four intensities of light at the same time, where the light at each output
has a phase difference (relative to output A) of 0°,90°,180° and 270°, respectively. Thus, using
Eq. @) and Eq. @ one can calculate the unknown phase. Image retrieved from Ref [12]].

Thus, the ABCD method used in the GRAVITY combiner extracts ¢, by using different
phase states in quadratur at the same time. Unlike IONIC or IONIC3 combiners that need a
temporal modulation or scanning element, GRAVITY is a static beam combiner. Therefore, it

encodes the fringes matricially with a pairwise combination in terms of baseline.

IO combiners based on planar lithography technology are the most developed devices so
far which have already been tested on-sky and are even commissioned in facilities such as
VLTI The limitation of planar-based IO beam combiners is that they cannot be easily scaled
to combine light from many telescopes. In doing so, a cascade of waveguides, Y-splitters,
and X-couplers are needed, which could increase the crosstalk between the output waveguides

and reduce the SNR of the measured visibility. Recently, an 8-input pairwise ABCD combiner

XIn other words, a relative phase difference of 0°,90°,180° and 270°, respectively.
Xig o TONIC, IONIC3, GRAVITY, and PIONIER, to name a few.
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was experimentally demonstrated with a CP standard deviation of ~ 0.9°, but visibility values
were not reported [91]]. Another limitation of planar IO components lies in the exploitation
of the fundamental properties of photons as it is manipulated only in two spatial dimensions,
which restricts the data-carrying capacity in telecommunications and computing applications
[100]. Finally, the choice of materials is minimal for manufacturing planar IO components,
which are primarily on silica or silicon platforms. The transparency window of silica/silicon-
based substrate is well-suited for optical telecommunications bands that predominantly lie in the
visible to near-IR wavelengths. However, the observation wavelength of interest in astronomy
ranges from X-rays to radio waves. Not all astronomical wavelength bands can be covered by

silica/silicon-based materials.

The above limitations have motivated the photonics community to exploit the remaining
spatial dimension. Hence, the need for 3-D PICs has been growing among several research
groups as well as commercial enterprises [101]. One popular technology for fabricating 3-
D photonic structures is ultra-fast laser inscription (ULI), where a laser is focused inside a
transparent material, leading to refractive index changes. By moving the substrate relative to
the focused laser, waveguides can be created that guide the light spatially in 3-D. The motivation
to use ULI technology to fabricate the 3-D PICs that are used in this work is discussed in detail
in Chapter

In the context of developing IO-based beam combiners, this work focuses on discrete beam
combiner (DBC) [102], which are 3-D lattices of single-mode waveguides that are evanescently
coupled to each other. In the earlier works of Refs [102, [103, [104], it has been shown that
such a DBC - an astrophotonics component combines light from multiple telescopes and si-
multaneously extract the visibilities of an object, and can thus be used as an IO-beam combiner
either for pupil remapping of a telescope or for long-baseline interferometry. The DBC is an
all-in-one combiner because the light from all telescopes interacts simultaneously. Mathemat-
ically, all-in-one implies that the electric field at the output of the DBC can be written as the
linear superposition of N input electric fields. This number of input electric fields, N, equals
the number of telescopes. The arrangement of single-mode waveguides in a DBC creates fixed
phase states at the same time, leading to retrieval of the unknown phase of the object, ¢,. Unlike
the GRAVITY combiner that works with the ABCD method, where ¢, given by Eq. (I.12)) is
a simple expression due to only four outputs, a DBC has > N? outputs. As a result, deriving
an expression as simple as Eq. for the DBC is not straightforward. To overcome this
difficulty, the transfer matrix method is used instead, which has been developed for multi-field
interferometric beam combination [[105] to extract the complex visibilities. Therefore, DBC
encodes the fringes matricially with the all-in-one combination. The DBC is at the core of this

work, which is discussed in detail in Section[2.2]and the subsequent Chapters.
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Chapter 2

Theory
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This Chapter describes separately the theory of coherent reformatters and DBC. For de-
sign and manufacturing, a spline technique is implemented to equalize the optical paths of the
coherent reformatters. The mathematics and theory of the spline functions are briefly presented.
Then, the principle of DBC under monochromatic and polychromatic illumination is described.
A numerical method based on the Crank-Nicolson scheme is described to solve the coupled-
mode equation of the zig-zag lattice of the DBC. This method is applied to find the interaction
length, coupling coefficient, and input configurations for a 4-input DBC based on zig-zag ge-

ometry such that a low conditioned transfer matrix is obtained.

It is to be noted that Section [2.2.1] of this Chapter is published in Nayak et al. [2].

2.1 Coherent reformatters

Photonic reformatters utilize photonic components such as single-mode waveguides or fibers
that distribute light from one spatial point to another. Photonic reformatters can be broadly
classified as coherent or incoherent, which depends on the level of detected optical field at the
device’s output [106]. Incoherent reformatting implies that only the intensity at the output light
is measured, whereas coherent reformatting implies that both amplitude and phase at the output
light are measured [107)]. Coherent reformatters are needed for applications in high angular
resolution astronomy where phase information is crucial, whereas applications for incoherent
reformatters are most common in spectroscopy. In high-resolution spectroscopic applications,
loss of the phase information contained in the input field of the device is crucial to achieving a

uniform, time-averaged point spread function (PSF) at the spectrograph [106].

Coherent reformatters are 3-D single-mode waveguides that distribute the light between
one set of positions to another while retaining the same path length. The tolerance required
for the path length difference depends on the observing wavelength. The required path lengths
in the instrument have to be matched within the coherence length of the light passing through
the turbulent atmosphere. The coherence length of the light through the atmosphere is roughly
~ 50 um [87] in near-IR wavelengths. Thus, it is sufficient to match the path lengths up to
0.1 um giving a phase error of 0.4 rad at 1.6 um, where in reality phase errors of < 1 rad are
expected to obtain good quality astronomical images [108, Chapter 2]. In this work, coherent
reformatters are designed in the context of pupil remapping as discussed in Section|1.4.3| such

that an IO device can be realized to combine the stellar light coherently.
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2.1.1 Spline technique

The construction of the coherent reformatters is motivated by the work of Charles et al.[109]],
which uses spline functions for defining the path of a 3D waveguide. The details of the algorithm
for implementing a spline function are given in the Ref [110, Chapter 5]. However, some
important definitions in understanding the spline function are outlined here. A polynomial curve
with N-1 order can be interpolated using the non-linear least square (NLLS) technique for any N
points in space, but the curve may exhibit large oscillations. To avoid such polynomial wiggle,
a piece-wise continuous cubic function can be used, such that a smooth curve is interpolated for
N+1 points (see Fig. 2.1). Hence, for N+1 points, where a = xp < x; < xp--- < xy = b; there
exists N cubic polynomials Si(x) with coefficients sy o, sk 1,5%2,5¢ 3 that satisfy the following
properties [[110, Chapter 5]:

I S(x) = Sk(x) = sx0 + 5k.1 (x — xp) + 502 (x — xx)? + s 3(x — x)° for x € [xg,x441] and k =
0.1, N—1.

II S(.Xk):ykfork:(),l’. 7N.
I Sp(xx+1) =Sy (xx+1) fork=0,1,--- \N—2.
IV S;c(xk+1)252+l(xk+l) fork=0,1,--- ,N—2.

Vv SZ(Xk+1) :S;C/Jrl(xk—i-])fork:()’]’... N —2.

For each cubic polynomial Si(x) there are four unknown constants (s 0,Sk.1,5k2,53);
hence there are 4N coefficients to be determined. The properties from I to V gives 4N-2 con-
ditions. The endpoint constraints set the remaining two conditions, thus giving a unique spline
curve between N+1 points. The endpoint constraints also determine the type of spline curve
passing through the points. This work mainly focusses on "clamped spline" where the two
end-point constraints are given by §'(a) =0 and S'(b) = 0.

The theory described above for 2-D space can be now be extended to a 3-D space. A
vector curve r(r) in terms of unit vectors 1,j,k can be written as: r(r) = f(1)i+ g(t)j + h(t)k,
where parameter ¢ € R. Hence, for a 3-D spline function, one can write the vector curve, r(z)

for z € R such that the following equations are satisfied simultaneously:

r(z) = f(2)i+g(2)j] + h(2)k. (2.1
f(2) =8k(@) = sp ot 551 (2—2) +552(z— )+ Sea(z— %) (2.2)
8(2) = Sp(2) = sy 0+ 501 (2 —2) + 57,5 (z2— %)+ 32— %)’ (2.3)
h(z) =z. 2.4)
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Xp X1 Xz X Xk+1 Xn-1 Xp

Figure 2.1: A smooth, continous and piecewise cubic spline function passing through N+1

points.

In writing Eq. (2.2) and Eq. (2.3)), properties I to V described above have to be satisfied
simultaneously. Thus Eq. (2.1)) is a 3D spline curve in the interval [(xg, Vi, 2x), (Xkr1, Vet 1, Zks1)]-
The path length (PaL) of such a curve is given by:

PaL =/ f(2) +'(2)2 + 1 (2)2. 2.5)

The radius of curvature of the curve, which has a dimension of length, is given by:

_(IP@x" @\
k= (M) 20

A small radius of curvature R, results in a tight bend. Therefore, for a linear straight curve,
minimum R. — . The theory and definitions described above are demonstrated in Fig.
The blue and the green dashed curves are constrained by the fixed endpoints, but they are not
path length matched. The path matching is ensured by the red curve passing through the same
endpoints as that of the green curve. Table reports the path length of the three curves and

shows that the difference in the path length between the red and blue curves is ~ 0.01 units.

It is to be noted that although the blue and red curves are path length matched, no restric-
tions were given to the radius of curvature. As a result, the minimum R, for the red curve has

the lowest value compared to the other two in Table [2.1] In Chapter [3] and Chapter [4] it will
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Figure 2.2: Spline curves passing through three different paths. The goal is to match the path
length of (P,Q) with (P,R). This is ensured by the blue and the red curve. The PaL and R,
values are shown in Table @

be shown that it is desirable to increase the minimum R, to avoid both the bending and the
transition losses of 3-D waveguides (WGs) that are fabricated using ULI. Thus, the PaL and
minimum R, are the two parameters that will be further constrained in Chapter [3] to increase
the throughput of the coherent reformatters. One can ensure this by using two user-specified

parameters — €p,y, and €g_ as:

A(PaL) = ]PaLl —PaL2] < €pyr. (27)
min (R.) > &g,. (2.8)

2.2 Discrete beam combiners

A general solution of the light propagating in an array of evanescently coupled waveguides

is given by the Floquet-Bloch theorem [[111]. Due to periodic perturbation seen by the light
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Curve Pal | min (R,)

Blue 37.97 42
Green dashed | 29.65 12
Red 37.96 0.5

Table 2.1: Parameters of the spline curves as shown in Fig. min (R,) reports the minimum

radius of curvature. The units are arbitary.

waves, the evolution of the electric fields in the array of waveguides can be written as a super-
position of a finite set of discrete modes. As a result, when the light beam is launched in one
of the waveguides present in a lattice, the intensity at the output of the array follows a discrete
diffraction pattern, which is different from the diffraction pattern observed in free-space [[112].
However, the discrete diffraction pattern can be engineered, unlike its free-space counterpart,
thus interesting phenomena of anomalous diffraction, Bloch oscillations, and discrete solitons
can be studied [113]].

On a similar attempt, Minardi and Pertsch [102] first studied the complex visibilities of
an astronomical target retrieved from a two-dimensional array of waveguides. As mentioned in
Section[[.4.4] DBC is a 3-D photonic lattice consisting of an array of WGs that are evanescently
coupled to each other. The theory, design, manufacturing, and experimental characterization
have been extensively studied in the works of Minardi et al. [[114, 103,115,104, 116], but these
were limited only to laboratory tests with a monochromatic light source. As a result, the theoret-
ical treatment of the transfer matrix of the DBC was missing under the influence of a broadband
light. Therefore this work extends the research by defining the "quasi-monochromatic transfer
matrix" of the DBC, which is necessary for visibility retrieval of any light source, and verifying

the study both through simulation and experiment.

2.2.1 Principle

Monochromatic — From the discussion of Section|1.4.4] the principle of DBC is that it encodes
the fringes matricially with an all-in-one combination in terms of baseline encoding. As a result,
the electric field at the m'” output waveguide can be written as a linear superposition of N input

fields by (see pictorial representation of Fig. [2.3):

N
En =Y Unii. (2.9)
i=1
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Figure 2.3: A 2-D sketch showing the waveguides of a DBC arranged in a zig-zag geometry.
The waveguides are numbered from 1 to m, while the input electric field positions marked with
cross are numbered from i = 1 to i = N. The light propagates in the WGs along the z-direction,

which is going into the page. One can see Fig. IZZ] for its 3-D representation.

Where {U} is the transfer matrix of the DBC. Assuming unit area, the power at the m'"

output waveguide can be expressed as a correlation of output electric field as:
N
o= (L 0we) (L 055 ) @.10)

Where < - > denotes the average and * denotes the complex conjugate over the quantities.

Expanding the above equation, one obtains:

:§<|Umi|2|Ef|>+2Ei9{<U EU,j;JE;“> (2.11)

i=1 i=1j=2

Where R denotes the real part of the complex quantity. The second term in the above

equation is expanded in terms of self-coherence (I';;) and mutual-coherence terms (I'; j as:

Jj=
m—Z|Um,|2F,,—|—ZZZ (UniUyyj) - RTi;— S(UniUyyj) - ST, (2.12)
i=1j=2

iThe definitions for I';; and T ; are given in the Polychromatic heading.
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Where 3 denotes the imaginary part of the complex quantity. The above equation can also

be represented in matrix form by:

P=vorm.-7. 2.13)

The 7 in Eq. are the complex coherence terms and are represented in Eq. (2.14).
The ? (power output vector) and 7 are linked through the M x N? matrix known as the
Visibility-to-Pixel Matrix (V2PM) [103]]. It is to be noted that V2PM is also the transfer matri
of the DBC, and it will be used interchangeably in this work.

7 =(Ti1,....Tun,R1a, .. ROy o RO 13, ST, o, STins o, STvoiw) T (2.14)

Eq. is over-determined| and the V2PM possesses a Moore-Penrose pseudo-inverse
matrix which can be applied to the output vector P to extract the coherence functions. Since it
is a pseudo-inverse problem, the robustness of the retrieval process of J by the inverted V2PM
can be gauged by the condition number (CN [[117]), which describes the propagation and am-
plification of errors from P to J. Ideally a low condition numbe of the V2PM is desirable. It
is therefore important to design and characterize the V2PM of the system since a low CN of the
V2PM ensures that the retrieved quantities (i.e. f) obtained after the inversion are less sensi-
tive to external perturbations of the optical system. The coupling strength, excitation sites, and
the interaction length between the WGs are carefully chosen to get a low-conditioned V2PM,
which will be discussed in Chapter[2.2.2] A low conditioned V2PM is achieved by the presence
of next-nearest coupling [[115], which will be the goal for the fabrication of DBC devices using
ULI in Chapter 4]

Polychromatic — The V2PM approach described above is strictly valid for monochro-
matic light. The operation of V2PM for a light source with bandwidth is now considered. The

coherence terms are defined as:

Ti(t) =< E(1)Ei (1 +1)" > . (2.15)

T(t) =< Ej(Ej(t + )" >= /Ti(0)1/T;(0)e2™% = /Ty /T;;¢2™". (2.16)

iiSometimes denoted by {U}.

iiiThe device has more outputs M than the square of the number of inputs N.
VKnown as Pixel-2-Visibility matrix (P2VM).

YCN = 1.
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Where I'i(7) is the self-coherence which describes the correlation of the electric field at the
m" WG from the i"" input WG and I';;(7) is the mutual-coherence of m'" WG, where  is the
difference in the time delay between the j* WG and the i/ input WG. The monochromatic
frequency of the light is denoted by v. Eq. (2.15) and Eq. (2.16) are substituted in Eq. (2.12)

and integrated over the frequency range of the light:

N -1 N
/ {Z m1 |2Fzz+2z Z \/j\/:’Uml ’COS(27’L’V’L’—|—¢mU( )) dv.
i=1 i=1j=2

(2.17)

1 [SWUwU)
o 1 mj
Where ¢,,;; = tan [%(U,,I,-U,;j)

contains frequency-dependent modal amplitudes of the electric field and solving the integral

] represents the phase of the {U} matrix. The {U} matrix

in Eq. (2.17) is cumbersome. However, for a light centred at vy with a bandwidth Av, and
assuming narrow bandwidth of - AV < 1 [18] Chapter 10], the frequency dependency of U,(V)
can be neglected in the narrow bandw1dth approximation. Thus, the integration of Eq. (2.17) is
performed to get:
N Iz . sm(TAwr)
Y ( Ui )T AV 42 Z Z |UniUpi ) /Tl A Wcos(n’(vl +V2) T + i)
i=1 i=1j=2

(2.18)

Eq. is valid for any generalized multi-field integrated optics beam combiner, and it
will be shown that Chapter [5] and Chapter [6] support the above consideration. It describes the
temporal evolution of fringes at the m’" output WG where, in reality, any light source doesn’t
contain a single frequency but has a finite width. Eq. (2.18)) also tells that the visibility retrieval
using P2VM requires a certain degree of achromaticity within which the frequency dependence
of {U} can be neglected. Now, the calibration procedure of the V2PM under polychromatic
illumination is briefly described. However, a detailed step-by-step procedure for the calibration
of the V2PM is described in Appendix [A]

Under monochromatic illumination, the calibration of the V2PM matrix described by
Eq. (2.13) is carried out by filling the first N columns with the square modulus of the field
transfer function and the remaining N(N-1) columns with the real and imaginary parts of the
product of the field transfer function. In other words, the first N columns are filled with the
normalized photometry of the output channels by exciting one input at a time. The remaining
N(N-1) columns are filled with the temporal fringes by exciting two inputs at a time and adding
a known phase delay between them. Generally, a photometric correction procedure (see Ref
[103] or Appendix |A] for details) is followed, where one gets rid of the photometric transmis-
sion terms (I'; and |/I';1";;) in Eq. for m'" WG to extract the amplitude and phase that
goes in filling the elements of the V2PM. Hence, Eq. (2.18)) is photometrically corrected to get:
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Pn = |UmiUmJ‘ " <n63§> . [Tfé . 12> +¢ml}] , LF ] (2.19)

In Eq. (2.19), the notation 5 = c7 is used for converting the frequency bandwidth to wave-
length bandwidth using Av = c . A NLLS fitting is performed to the photometrically cor-
rected interferogram given by Eq - The amplitude = |U,,;U J| and phase = @,;; of the
complex transfer function is extracted for each of the M output WGs, hence filling the N(N-1)
columns of the V2PM. Thus, the above method for the V2PM calibration leads to a more robust
result in extracting the visibilities using narrow bandwidth light sources. In this context, such a

V2PM is also defined as a quasi-monochromatic V2PM.

Since, the J is extracted from the P2VM, the normalized amplitude V;; (i.e. the Michelson

fringe visibility) and its phase ¢;; is calculated from:

Vig = (R)? + (37,

y i (2.20)
¢j = tan”! (%)
Ry
Where,
Iyj .
;. : . 221
Yij Tl [ %] ( )

The closure phase is also calculated directly from the visibility phase as:

Dk = 0ij+ Ok — Pi - (2.22)

The above notations of V;;, ¢, ¥, P;jx are commonly used in astro-interferometry [103,

104, 118], and are used also extensively in this work.
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Figure 2.4: (a) Two waveguides separated by a separation d that are weakly interacting with
each other through evanescent coupling. (b) Solving Eq. (2.23) with the assumption that kj, =
k»1 = 1 and optical power for WG1 equals 1 at z =0 (i.e. Pygi(0) = 1), the optical power
periodically exchanges between both the WGs. L. is defined as the coupling length period
when power from WG1 completely transfers to WG2.

2.2.2 Numerical method

In this part, a method is suggested to numerically solve a system of m waveguides in a DBC.
Consider the case of two waveguides that are interacting weakly through evanescent coupling
as shown in Fig. 2.4a. In this weak approximation, the total field of the system is written as
a superposition of individual waveguide modes. As a result in matrix form, the coupled-mode
equations describing the amplitude (A) of the fundamental mode for waveguide 1 and 2 are
written as [119, Chapter 8][80, Appendix E]:

= 0 K2
g | =
e K1 0

In writing Eq. (2.23)), the difference in the propagation constant (i.e. AB = B — ) is

assumed to be zero. B; and n; are the progagation constant and refractive index of the fun-

Ay

2.2
4, (2.23)

damental mode respectively, propagating inside WG1, when WG2 is not present. The same

applies to 3, and n, for WG2. The coupling coefficients are defined as:

Klz:k_éflffwllfi%n%llfzdxdy
2B SO S wividxdy
_ Kk JTu 5w Anjyn dxdy
2B JoL S v wadxdy

(2.24)

K21 (2.25)
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(a) (b)

Figure 2.5: (a) 3-D representation of a 4-input and 23-output waveguides of a DBC based on

zig-zag geometry in a glass substrate. The input waveguides of the DBC are shown in red,
which are at input positions 5, 10, 14, and 19. (b) A zoomed view of the red rectangle part is
shown in (a). L is the interaction length of the DBC, L; is the length of the input waveguides.
Kp is the coupling co-efficient along a diagonal direction corresponding to NN interaction. In
contrast, Ky 1s the coupling co-efficient along a horizontal direction corresponding to NNN

interaction.

An; and An, are the differences in the refractive index and defined as follows:

An? =n® —n. (2.26)
An3 = n® —n3. (2.27)

In the above equations, n is the effective refractive index of the fundamental mode due to
presence of both WG1 and WG2. Now the coupled mode equations can be generalized to a

system composed of m number of WGs as:

dA
d_zl Kiit K12 ... Kim A
dA,

| K21 Kn ... K| |A2

i| == - . (2.28)
dA
= Knl o oo Kum| |Am

For a DBC, where the waveguides are arranged in a zig-zag configuration one assumes

only nearest neighbour (NN) and next-nearest neighbour (NNN) interaction as showin in Fig.[2.5]
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The coupling coefficients are NN = kp and NNN = ky. Hence, Eq. (2.28)) is written as:

% 0 xp xy 0 ... O Al
4y kp 0 xp xyg ... 0] [A
il = =" o 7 (2.29)
dA,,
Ln 0 0| |An

In compact form, Eq. (2.29) is written as [102]:

.dA,, T &

— CA;. 2.30
I ZLCl_Zi miAl (2.30)

L. is the coupling length where a complete transfer of optical power takes place from one
WG to another in a system of two waveguides interacting with each other as shown in Fig. [2.4p.
In Eq. (2.30), the matrix containing the coupling coefficients C,,; are dimensionless. A crank-
Nicolson method [120] is used to solve Eq. (2.30) numerically. The following quantities from

the Crank-Nicolson method are now defined:

ol
dAn _ Ay —A,’c.
dz Az

1 . .
A=Al L. (2.32)

2.31)

Ai is the amplitude of the k" waveguide at j'" step and A,{H is the amplitude after (j+ 1)

step. The above two equations are now substituted in Eq. (2.30) and rearranged to form:

m

; TAz & -1 TAZ :
A — (14 C, 1—i C,y )AL 2.33
k < +14ch:21 l) ( 14Lcl:2‘1 l) k ( )

Eq. can be solved for the field amplitudes of k' waveguide after (j + 1) step
given the initial value of the amplitude at j** step. Thus, AiH are the elements of the {U} by
substituting it in Eq. (2.12)). The goal is to find the minimum CN of the DBC, which gives the
best injection sites [[115] and the best inetraction length of the DBC [121].

For a 4-input DBC based on zig-zag geometry, it is already found out that there have to
be 23-output waveguides to achieve the optimum SNR [104] as shown in Fig. [2.5] To achieve

the minimum CN of {U}, the input injection sites were already found to be at locations 5, 10,
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Figure 2.6: Variation of CN along the length of the device. The legend shows ky. The black

line shows the CN = 10. The inset shows a zoomed view around LLL = 1.35.

14, and 19. In Fig.[2.6] the variation of CN is shown along the length of the DBC. The length
is normalized in terms of coupling length. The values of the minimum CN are reported in
Table It can be seen that the CN decreases as the ratio of %’ reaches its maximum value
= 1. This conclusion is also reported in Ref [[115], where due to the presence of NNN (= kg)
term, the CN reaches its minimum because of greater diversity in retrieved phases. The effect
of phase diversity is also known as phase symmetry breaking, which is necessary to have fewer

errors from the V2PM inversion to retrieve the coherence functions simultaneously.

The effect of different configurations on CN along the length of the device is shown in
Fig. and reported in Table 2.2b] It can be seen that the CN attains a global minimum only
for the configuration 5-10-14-19. The variation of CN is worst for the configuration 20-21-22-
23 that has the highest value of the minimum CN obtained from all possible configurations. The
20-21-22-23 configuration corresponds to all four input sites serially located at one end of the
DBC. Similarly, configuration 1-8-9-13 corresponds to the median value of the minimum CN

obtained from all possible configurations.
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o | CN L% Configuration | CN | [

0.8 | 5.20 | 3.09 20-21-22-23 | 21.12 | 3.53
09 (497 | 141 1-8-9-13 6.41 | 2.55
1.0 | 3.69 | 1.35 5-10-14-19 3.69 | 1.35

(a) (b)

Table 2.2: (a) The minimum CN as a function of E—’; The coresponding LLC value is reported,
where the minimum CN has occured, assuming the configuration 5-10-14-19. (b) The minimum
CN as a function of various configurations. The corresponding L% value is reported, where the

minimimum CN has occured, assuming ;- = 1.

1033_
—_— 20-21-22-23
- — 1-8-9-13
1028 |
— 5-10-14-19
1023_.
o
=
< 18 |
(@] 10 1]
2
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108 {
]_03_
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L/L.

Figure 2.7: Variation of CN along the length of the device. The legend shows different config-

urations for ';—Z = 1. The inset shows a zoomed view around LL =1.35.
C
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Chapter 3

Design
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In this Chapter, the parameters obtained from Chapter [2] are used for designing an IO
based-astrophotonics device that monolithically contains the coherent reformatters and the DBC.
Three different devices are designed as follows: 1) Device-A consisting of 4-input non-redundant
pupil remappers connected with the 4-input DBC, 2) Device-B is a replica of Device-A, but have
coherent reformatters that spatially distribute the 23-outputs of the DBC for doing spectro-
interferometric measurements, and 3) Device-C consisting of an 8-input non-redundant pupil
remappers connected with two 4-input DBCs that are stacked vertically. These three devices
are designed in such a way that a pupil remapping experiment at the WHT can be performed,
which will be discussed in detail in Chapter [7]

3.1 4-input pupil remappers with DBC

4001
3001
2001
T 100+
o
8 b e e
c
— =100+
>
—2004

—3007

—4001

- - - - 1 - .. - -
-1000 =750 =500 -250 0 250 500 750 1000
u (in rad™1)

(b)

Figure 3.1: (a) Conjugation of the hexagonal-shaped segmented DM with the 4-input Pupil
remappers (shown in red). The segments of the DM as shown in green will only be used to
couple light into the pupil remappers, while the remaining ones will steer out the light. (b)
A Snapshot of the 12 spatial frequencies (both positive and negative) in the u — v plane corre-
sponding to the arrangement shown in (a) assuming an object’s position at a declination of 90°

and an hour angle of 0° with Ay = 1.6 um. The units are in radian inverse.

For performing the pupil remapping experiment, one requires two optical components —
a deformable mirror (DM) and a microlens array (MLA). One can see the experimental setup
in Fig. and Fig. The pupil remappers are located at the back-focal plane of the MLA.
As a result, Fig. shows the 37 hexagonal segments of the DM plane, which will be conju-
gated with the MLA plane. The pitch of the individual lenslet in the MLA = 250 um, thus the

distance between the baseline 1-4 = 1.5mm. The red numbering and dots show the augmented
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Figure 3.2: Throughput vs R.. Here, R. equals minimum radius of curvature for a coherent
reformatter. The legend shows the refractive index change An between the core and the cladding.
The 3-D waveguide is assumed to be a step-index profile. The dimension of the WG i1s 5.0 um x
6.4 um.

positioning of the 4-input pupil remappers. The green segments are selected from the DM, such
that the light from these segments is coupled into the pupil remappers. The green segments
were chosen in a non-redundant way such that both the low and high- Fourier components are

accessible. The corresponding u — v plane at 1.6 pm is shown in Fig. [3.1b]

Eq. and Eq. (2.8) are used to design the pupil remappers connecting the DBC, where
€par, = 0.1 um and &g, = 30mm. The minimum radius of curvatur was set at 30 mm to increase
the overall throughput of the device. The bending and transition losses tend to be higher at a
lower radius of curvature [109], thereby decreasing the throughput of the spline WGs. Fig.[3.2]
shows the throughput vs the minimum radius of curvature for three different refractive index
changes (An) between the core and cladding that was simulated in RSoft. The An is assumed
to be a step-index profile, and the details of the WG parameters that are used to launch light
in RSoft can be found in Chapter [5} It can be seen that the min (R.) value at which the 50
% drop in the throughput occurs decreases as An increases. In other words, to increase the
throughput of the WG at low An, the min (R,) has to be increased substantially. The 4-input

iDenoted by min (R,).
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Figure 3.3: 4-input pupil remappers along with DBC (shown in orange). The green dots ar-
ranged in a hexagonal pattern are the augmented focal spots of the MLA. Only the numbered

focal spots are coupled to the 4-input pupil remappers. The black circle shows an augmented

re-imaged pupil of a telescope.
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Figure 3.4: CAD drawing of the 4-input pupil remappers along with the DBC (not to scale).
(a) Section showing the arrangement of the four input waveguides of the pupil remapper. The
input face of the pupil remapper is placed behind the back focal plane of the MLA, which will
be conjugated with the segmented deformable mirror (see Fig. [3.1a). (b) Section of the zig-
zag DBC. The four input waveguides are highlighted in color, together with the horizontal and

vertical pitches of the array.

pupil remappers connecting the DBC are shown in Fig. [3.3] and its CAD drawing is shown in
Fig.[3.4] The parameters of the pupil remappers are shown in Table 3.1} The numbers indicate
that the 4-input remappers are path length matched with higher min (R, ), and at the same time

maximizing the throughput of the pupil remappers.

Another device was designed where the output of the DBC was reformatted coherently and
arranged linearly. The CAD drawing of the fan-out device is shown in Fig.[3.5] and this device
will be used for the on-sky test at WHT. The output reformatting is done to make the output
modes more distinguishable since they can be arranged with higher separations. Moreover, it

would make a spectral measurement easier since the output light could be vertically dispersed

Input number | PaL (in gm) | min (R;) (in mm)
1 30,050.87 88
2 30,050.93 41
3 30,050.93 40
4 30,050.95 46

Table 3.1: Parameters of the 4-input pupil remappers as shown in Fig. min (R;) reports the

minimum radius of curvature.
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Figure 3.5: CAD drawing of the 4-input pupil remappers along with the outputs of the DBC that
are reformatted spatially (not to scale). (a) Section showing the arrangement of the four input
waveguides of the pupil remapper. The input face of the pupil remapper is placed behind the
back focal plane of the MLLA, which will be conjugated with the segmented deformable mirror
(see Fig.[3.1a). (b) Section of the zig-zag DBC. The four input waveguides are highlighted in
color, together with the horizontal and vertical pitches of the array. (c) The output section of
the device after performing the reformatting of the WGs spatially. The waveguides are linearly

arranged with a separation of 80 um.

without the risk of modal cross-talk. Like the pupil remapper, the output of the DBC was
designed with spline functions, implementing an isotropic expansion of the array for keeping
the coupling uniform between the nearest neighboring waveguides. Since in the first part of
the expansion, the waveguides are still slightly coupled, the interaction length of the DBC was

reduced correctly to obtain the same effective length.

3.2 8-input pupil remappers with 2 x4-input DBC

The concept to scale beyond 4-input pupil remappers is also tested to identify the advan-
tage of the third dimension such that complex reformatting could be done without waveguide
crossovers. This will result in a 3-D network of waveguides that can be routed from one spatial
dimension to another, delivering high-data transmission capacity of IO chip for telecommuni-
cation applications [100]. Furthermore, due to 3-D capability, one can utilize the whole pupil
of the telescope to increase the SNR, which will produce high-fidelity images in stellar interfer-

ometry. Fig.[3.6a shows the 8-input pupil remappers that were selected, and the corresponding
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Figure 3.6: (a) Conjugation of the hexagonal-shaped segmented DM with the 8-input Pupil
remappers (shown in red). The segments of the DM as shown in green and cyan will only be
used to couple light into the pupil remappers, while the remaining ones will steer out the light.
(b) A Snapshot of the 24 spatial frequencies (both positive and negative) in the u — v plane
corresponding to the arrangement shown in (a) assuming an object’s position at a declination of

90° and an hour angle of 0° with Ay = 1.6 um. The units are in radian inverse.

u— v plane is shown in Fig. [3.6b|

Fig. shows the design of 8-input pupil remappers and Fig. shows its CAD drawing.
The pupil remappers for the configuration 1-2-3-4 feeds one of the 4-input DBC, while the
configuration 5-6-7-8 feeds another 4-input DBC. Both the DBCs are separated vertically by
70 um, such that they can be re-imaged simultaneously on the camera in the Michelson setup,
which will be used for the characterization of the device in Chapter[6] The device was designed
so that the configuration 5-6-7-8 corresponds to lower-order Fourier components, while the
configuration 1-2-3-4 corresponds to higher-order Fourier components. The parameters of the
pupil-remappers are shown in Table[3.2] It can be seen that the 8-input pupil remappers are path
length matched, as set by €p,;, = 0.1 um. The minimum radius of the curvature is well above
the threshold set by €z, = 30mm, which implies excellent throughput achieved by the pupil
remappers. It is to be noted that when the number of pupil remappers is increased, there will
be chances of intersection points between the waveguide paths. One has to carefully implement

this in an algorithm to avoid such waveguide crossovers.
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Figure 3.7: 8-input pupil remappers along with two DBCs (shown in orange). The blue dots
arranged in a hexagonal pattern are the augmented focal spots of the MLA. Only the numbered
focal spots are coupled to the 8-input pupil remappers. The black circle shows an augmented

re-imaged pupil of a telescope.

Input number | PaL (in gm) | min (R;) (in mm)
1 30,060.10 66
2 30,060.06 35
3 30,060.07 35
4 30,060.07 43
5 30,060.10 38
6 30,060.06 40
7 30,060.06 42
8 30,060.06 40

Table 3.2: Parameters of the 8-input pupil remappers as shown in Fig. min (R.) reports the

minimum radius of curvature.
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Figure 3.8: CAD drawing of the 8-input pupil remappers along with the two DBCs that are

placed vertically at a separation of 70 um (not to scale). (a) Section showing the arrangement

of the eight input waveguides of the pupil remapper. The input face of the pupil remapper is

placed behind the back focal plane of the MLA, which will be conjugated with the segmented
deformable mirror (see Fig. [3.6d). (b) Section of the zig-zag DBCs that are stacked vertically
with a separation of 70 um. The eight input waveguides are highlighted in color, together with

the horizontal and vertical pitches of the array.
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Chapter 4

Fabrication of devices using ultra-fast

laser inscription
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This Chapter describes the fabrication of devices to realize 3-D PICs using ULI. The
design parameters obtained from Chapter[3|were sent to Politecnico di Milano for the fabrication
of the devices using their state-of-the-art ULI facility. It is to be noted the design parameters
were further optimized by the Politecnico di Milano, but the parameters obtained from Chapter 3|

served as a starting point for them to fabricate these 3-D 10 based-astrophotonics devices.

The findings of Section {.2] and Section [{.3] was explicitly done by the Politecnico di
Milano. Section.2]is published in Nayak et al. [3]], while Section[4.3]is written on the basis of
a report provided by them.

4.1 Motivation

The building block of an optical device/circuit is the optical waveguide, which enables low-
loss light propagation and is thereby used to connect components and devices [[122, Chapter 6].
The mature CMOS technology that consists of lithography and etching methods have already
produced 2-D planar waveguides with a propagation loss of ~ 1 — 10dB/m on silica/silicon
nitride/silicon based-substrates, as these materials are compatible and well-established with the
commercial foundries and generic platforms [123]]. However, in the context of 10 based-beam
combiners, it was discussed in Section [I.4.4] that planar based IO have limitations in terms
of scalability [91], choice of materials [124], wavelength coverage [104] and data-carrying
capacity [100]. As a result, to overcome the problems of planar based-IO components, in recent
decades, there has been growing interest in the 3-D PICs among several research groups, and

commercial enterprises [101].

There are three main fabrication technologies to realize 3-D photonic circuits. The first
technology uses multilayer stacking and coupling of planar photonic circuits, which exploits
the mature and precise wafer-scale lithographic process [[125]. Using this technology, 3D high-
performance photonic devices such as waveguides, microrings, multi-mode interference power
splitters, AWGS, and cascaded directional couplers have been fabricated at telecom wavelengths
[126, [127]. The second technology is using a 3-D printer, where waveguides and multi-mode
interference devices have been fabricated [128,[129]. Since most of the 3-D printing of waveg-
uides uses polymer materials, bio-degradable based-polymer waveguides find immense appli-
cations in medicine [130]. The third technology uses an ultra-fast laser for inscribing freeform
shaping of 3D photonic circuits with arbitrary contours and formations inside a substrate [125].
However, there are two main methods for fabricating 3-D photonic circuits using an ultra-fast
laser. One method uses the concept of two-photon polymerization that focuses a laser in a
photosensitive resist. It later undergoes a chemical etching process to obtain the required pho-

tonic structure [131}[132]. Such methods have been used in the realization of hybrid multi-chip
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Ultra-fast laser

Focussing objective

3-D optical waveguide

Substrate

Translation stage

Figure 4.1: An ULI setup where an ultra-fast laser (pulse duration of a few hundred of fs) is
focussed through an objective into a glass substrate. The glass substrate sits on a translation

stage that is moved spatially to write 3-D photonic circuits in the substrate.

modules, where photonic wire bonds are used for efficient coupling between photonic chips
[133]], and realization of microstructures for microfluidic cooling of the chips [134], thereby
increasing the performance of next-generation photonic circuits. Another method for ultra-fast
laser uses the concept of multi-photon absorption that focuses the laser in transparent materials
without any chemical etching step, thus leading to a variety of phase and structural changes in
a spatially selective manner (see Fig. .1 [135]. This method of writing photonic structures
have found applications in astrophotonics [67,,166l], optical communication, quantum photonics,

optofluidics, and sensing, to name a few [101]].

In the context of astronomical interferometry, ULI based-astrophotonics devices have al-
ready been demonstrated in the laboratory and tested on-sky using a variety of materials at
different astronomical bands. Some of the examples include: 1) Mid-IR beam combiner at
L-band (3 — 4 um) with visibility contrast of > 90% have been demonstrated on ZBLAN sub-
strate [[124]], 2) An IO pupil remapping interferometer, "Dragonfly" instrument was successfully
tested on-sky at H-band (1.55 um) [87], 3) A nulling interferometer, "GLINT" instrument was
also successfully tested on-sky measuring the angular diameter of various stars [90], 4) DBCs
have been experimentally verified by retrieving the visibilities both at Visible [103] and L-band
[104], and 5) Recently, a K-band (2.0 — 2.4 um) two-telescope beam combiner was developed
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using ULI to replace the existing beam combiner — MONA at CHARA facility [136, [137]].
Hence, these examples necessitate that ULI is the only efficient technology for fabricating the

photonic structures of Chapter 3]

As mentioned earlier, this work is one of the examples of an astrophotonics component
for stellar interferometry applications, where the pupil remapping interferometers have to be
arranged in 3-D geometry. These are connected to the 3-D photonic lattice of the DBC and
fulfill both the restriction of path length matching and the minimum radius of curvature for 3-
D WGs. Thus this task is realizable only with a 3-D PIC; therefore, the efficient and reliable
method of fabricating this state-of-the-art photonic structure monolithically is through ULI.

4.2 Process parameters

For the fabrication of the device, a cavity-dumped Yb:KYW source was employed, deliver-
ing pulses with a central wavelength of 1030nm, duration of 300fs, and repetition rate of
1 MHz [[138]. The optimal inscription process for obtaining low-loss single-mode waveguides
at 1550nm consisted of focusing the laser beam with a power of 620mW through a 50x, 0.6
NA microscope objective inside an alumino-borosilicate glass (Eagle XG by Corning), trans-
lated by an air-bearing motion stage (Aerotech FiberGlide 3D) at a speed of 40 mm/s [139].
The translation was performed six times for each waveguide to increase the induced refractive
index contrast. After inscription, the device was subjected to thermal annealing, consisting of
1-hour long heating step up to 750°C, followed by slow cooling, first with a rate of —12°C/h
down to 630°C, then with a rate of —24°C/h down to 500°C, followed at the end by a natu-
ral cooling down to room temperature. This treatment reduces both the waveguides’ birefrin-
gence and the losses since it releases the internal stresses generated during the laser inscription
(140, 141]. The result of the complete fabrication process is a single-mode waveguide suitable
for operation at 1550nm with propagation losses of about 0.2dB/cm, a 1/¢?> mode dimension
of 8.54+0.3um x 9.0+ 0.3 um, and a birefringence value below 5 x 1076, It is worth noting
that the fabricated waveguides showed very similar performances regardless of the inscription
depth, allowing, therefore, the fabrication of a pupil remapper with almost identical waveguides.
However, when increasing the inscription depth, so for waveguides more buried in the glass, a
reduction of the vertical offset was observed between the center of the guiding structure and the
point where the inscription laser was focused. This effect is probably related to the dissimilar
focusing conditions occurring at different depths due to spherical aberrations [101]. Since this
offset change could lead to a misalignment between the focal spot of the telescope segments and
the device inputs, a depth-dependent correction factor was applied to the vertical coordinates of

the 4 input waveguides during the writing process.
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After the optimization of the inscription parameters, preliminary zig-zag DBCs were fab-
ricated, and the dependence on the waveguide distance of the planar (k) and diagonal coupling
coefficients (kp) were studied. The coupling coefficient is defined as the angular frequency of
the optical power beating in a system composed of two evanescently-coupled waveguides (see
Fig. 2.4). With an in-plane pitch of 16 um and a separation between the planes of 13.3 um,
the same value for both coupling coefficients were obtained, equal to 1cm™! at 1550nm. In
a system of two coupled waveguides, such a value would guarantee a full optical power trans-
fer after a length of about 1.5cm. With this value, the interaction length of the combiner was
set to 20mm, to provide the lowest condition number of the V2PM according to Chapter 2]
It was already discussed in Chapter [2] that a low condition number of the V2PM is obtained
when kg = kp with L = 1.35L.. These geometric parameters for the fabrication of the DBC
with pupil remapper and fan-out were employed, which was used in the on-sky experiment.
However, similar geometric parameters were also employed when the other two device{] were
manufactured. The characterization of the device with horizontally and vertically polarized
light provided the same output distributions, thus validating its polarization insensitivity [[142].
Finally, by coupling the device with an SMF-28 fiber, the insertion losses were measured to be

lower than 3 dB for all the four inputs, corresponding to a transmission of ~ 50 %.

iDevice-A and Device-C as discussed in Chapter
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(b)

(d)

Figure 4.2: Images showing parts relevant to the integrated optics chip and its interface with the
segmented deformable mirror (not to scale). (a) Integrated optics chip inscribed in an alumino-
borosilicate glass from Politecnico di Milano. The chip contains several devices with the ge-
ometry shown in Fig. [3.5]but differing in the DBC length ranging from 18 — 22 mm. The device
used for on-sky operation is shown in the micrographs (b)—(d). The waveguides are faintly vis-
ible in scattered light. (b) Input facet of the chip. Dimensions shown in white are in mm. The
four input waveguides can be barely seen. The image is overlaid with a green grid showing the
projection of a hexagonal-shaped segmented deformable mirror (DM) used to couple light into
the waveguides (see Fig. [3.1a). The numbering of the input pupil remappers is also marked.
The innermost and outermost blue overlay shows the projection of 1.2 m obscuration, and 4.2 m
primary of the WHT, respectively. The middle blue overlay shows the DM with 4.2 mm diam-
eter. (c) A magnified view of the single-mode waveguide written in the device using ULI. (d)

Output facet showing the linear arrangement of 23 waveguides of the device.

The photonic chip with the fan-out DBC devic as received from Politecnico di Milano is

iiThis device as shown in the CAD drawing of Fig. was used to collect stellar photons at the WHT, which
will be discussed in details in Chapterm
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shown in Fig. This chip contained three fan-out devices with a differing length of the DBC
for L = 18,20,22mm. The vertical spacing between the horizontal planes was fixed at 13.3 um.
The chip also contained a pupil remapper region but without the DBC. There were several
straight waveguides along with the y-z position of the chip (see Fig.[3.5) for easy alignment and
knowing which device is being injected with the light. The microscopic images of the device,
where the first stellar photons were collected, are shown in Fig. #.2] which corresponds to a

DBC interaction length of 20 mm.

4.3 Insertion loss measurement

A precise measurement of the insertion losses of the device could be challenging due to its
closely spaced 23 outputs. As the DBC spreads the light to its neighboring waveguides by
evanescent coupling, only the 4-input pupil remappers fabricated with the same geometry as
the DBC were considered for measuring the losses. This performed measurement would give
a reliable estimation of the losses of the device as a whole. In this way, since the injected light
remained confined in only one waveguide without spreading in the array, the insertion loss could
be measured easily by coupling the output waveguides with an SMF-28 fiber and measuring the

transmitted optical power. The insertion loss (IL) is calculated as follows:

Pour
Fin

IL = —10log (4.1)

Where P, is the input power of the injection fiber and P,,; is the output power of the
exit fiber. For the sake of completeness, the values for the 4 input pupil-remappers are listed
in Table The differences among the inputs can be explained if one considers that they
experience different radii of curvature and different inscription depths in the chip. Similar IL

values are reported for the other two devices.

Input number | IL (in dB)
1 3.0
2 3.0
3 2.6
4 2.4

Table 4.1: Insertion loss of the 4-input pupil remappers fabricated using ULI. The measurements

were peformed by Politecnico di Milano.
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Chapter 5

Simulation results
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This Chapter presents the simulation results for the retrieval of the visibilities and the
closure phases for a 4-input DBC with the design parameters obtained both from Chapter 2]
and Chapter 4, The influence of noise — in the form of amplitude and phase errors at the input
waveguides of the DBC, photon shot noise, detector noise, and the effect of long exposure time
of the camera on the visibilities and the CP are studied. Some of the results in Section [5.3] are
published in Nayak et al. [2], whereas the entire results of Section [5.4] are already published in
Nayak et al. [3l].

5.1 Simulation setup

Several assumptions were made to set up the simulation in RSoft. Only the DBC region as
shown in Fig. [3.5p is simulated. It is assumed that there are negligible phase errors either from
the pupil remappers (see Fig. [3.5p) or the coherent reformatters (see Fig. 3.5c) because these
regions were path length matched. As the WGs of the DBC are single-mode, the fundamental
mode can be approximated to a Gaussian function irrespective of the shape of the WGs or
their refractive index profile [143, (144, [145]. The refractive index profile of the WGs written
using ULI has a complex geometry [109], and a profilometer is required to calculate the exact
profile. However, one can work with a step-index profile which is a good first-order assumption
given the Gaussian approximation of a single-mode WG [143, [144]. The MFD of the WG from
Chapter ] was 8.5 um x 9.0 um. A Gaussian fitting of the fundamental mode of the WG was
performed, taking into account the MFD. Thus the following values were obtained from the
simulation at 1550nm: 1) The refractive step-index difference between the core and cladding
was 0.0067 and 2) Dimension of the single-mode WG was 5.0um x 6.4 um. The material
dispersion of the WG was also taken into account by doing a Sellmeier fitting of the empirical
refractive indices given by the manufacturer The horizontal separation of the WG was kept
at 16 um from Chapter [ whereas a vertical offset of 14.29 um was used to make sure that
%’ = 1. This would obtain a low CN of the V2PM at 1600nm as discussed in Chapter
The coupling length (L.) at 1600nm was found to be 15.143mm and the interaction region
of the DBC was kept at L = 1.346L.. For the simulation, 51 equally spaced monochromatic
wavelengths were launched in the range (1.45,1.75) um with a spacing of 6 nm between two
successive wavelengths to calculate the wavelength response and bandwidth response of the

V2PM. The results of the retrieved visibilities are discussed in the subsequent sections.

iThe substrate is an alumino-borosilicate glass which is a proprietary material from Corning company and sold
under the name Eagle 2000.
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Figure 5.1: Variation of condition number as a function of wavelength.

5.2 Monochromatic visibilities

The variation of CN as a function of wavelength in the range (1.45,1.75) um is shown in
Fig. The CN decreases exponentially with increasing wavelength. For A > 1.55 um, the
mean of the CN = 9.3 and standard deviation = 3.1 which gives a variation of 33 % from the
mean value. It is to be noted that though the device was designed at Ag = 1.6 um, the mini-
mum of the CN occurred at a slightly longer wavelength, which was at 1.66 um. The CN alone
doesn’t give a conclusive statement about the accuracy of the V2PM in retrieving the visibilities
[103]]. Hence, the P2VM will be applied to the P of the DBC, and the extracted visibilities will

be shown.

The complex visibility of the model from Eq. (2.19) is defined as:

sin (7[5%) exp [i?‘[5 (%1 + i)]
AL )

Y(6) = (5.1)

Where, 0 is the known path delay between the interfering arms. It is to be noted that
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Figure 5.2: Retrieved visibility amplitudes (in blue) at 4g = 1.6 um. Black is the theoretical

curve. x-axis: Ry, y-axis: Jy.

for the monochromatic light assumed in this section, AA = 0 thus, Si?_g') —land A; = A, in

Eq. (5.I). The model defined above will be used as theoretical complex visibility of any light

source for the rest of the work.

The retrieved visibility amplitudes and phases are shown in Fig. [5.2] and Fig. [5.3] respec-
tively. The black curve shown in both the figures is the theoretical value as given by Eq. (5.1)),
and the blue curve is the retrieved value obtained from the DBC. To quantify the goodness of fit
between the retrieved values and the model, a quantity — mean squared error (MSE) is defined
(146, Chap 20]:

A

MSE = (Y —Yp)2. (5.2)

S | =

i=1

Where, n is the number of samples, Y; is a vector of observed values, and Y; is a vector of
predicted (i.e. theoretical) values as given by Eq. (5.1). For an excellent fit, the MSE should be
= 0. The MSE is calculated between the retrieved value in blue and theoretical value in black
for visibility amplitudes as shown in Fig. For all the pairwise combinations, the MSE is
in the range (1.16x1077, 20.7x10~7). Also, the MSE for retrieved phases in Fig. for all
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Figure 5.3: Retrieval of visibility phases (in blue) at Ao = 1.6 um. Black is the theoretical curve.

combinations is in the range (1.3 x 108, 6.8x 10_7). Thus, it indicates that the theoretical curve
well replicates the retrieved value at A9 = 1.6 um, as MSE ~ 0. The MSE at shorter wavelengths
(i.e. A < 1.55um) were higher in orders of magnitude when compared with A9 = 1.6 um. This
is due to the high CN at shorter wavelengths, and as mentioned in Chapter 2] CN is a quantity

that directly indicates the stability of a matrix.

In the above results, the retrieved visibilities are calculated from the calibrated V2PM.
Therefore, one extracts the CP from Eq. (2.22)), and unique CP can be calculated for each of the
pairwise baselines. From Fig.[5.2] the visibility pair y»3 corresponds to the best baseline as it
has the lowest MSE. Therefore, the CP corresponding to 13 is shown in Fig. [5.4] It is evident
from Fig. that the retrieved value in blue does not match the theoretical curve in black.
The MSE was in the range (5.9, 8.3). Since the MSE for CP is higher than that of visibility
phases, the calculation of CP directly from the calibrated P2VM does not provide a feasible
result. However, in the next section, it will be shown that when the same calibrated P2VM is
used to extract the visibilities of 4-input light beams that are all injected simultaneously, the CP

provides a feasible result.
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Figure 5.4: Retrieval of closure phases (in blue) for the best visibility pair, 753 at A9 = 1.6 um.

Black is the theoretical curve.
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Figure 5.5: Retrieved visibilities as a function of wavelength when 4-input beams are injected
simultaneously into the DBC device. Black is the theoretical curve. (a) Visibility amplitudes.
(b) Visibility phases.

5.2.1 Simultaneous injection of 4-input light beams

It is desirable to simultaneously inject 4-input light beams into the device, firstly to study the
response of the P2VM in retrieving the visibilities, and secondly to simulate an interferometric
array of Telescopes for Chapter[7] Here, 4-input beams are injected simultaneously. The phase
delay between all the 4-input beams is assumed to be zero, and the amplitude also is assumed
to be 1.

With the assumptions mentioned above, images are obtained from RSoft at each wave-
length sample. Then, the output power vectors extracted from these images are applied to the
corresponding P2VM - the one obtained from Fig. [5.1| and then, the visibilities are extracted.
The visibility amplitude and phase are shown in Fig. and Fig. [5.5b] respectively. The vis-
ibility amplitude agrees well with the theoretical value in black, except at shorter wavelengths
(i.e. A < 1.55um), the amplitude value is deviated up to 2 decimal places. The same holds
for visibility phases as well. However, these variations in the visibility amplitude and phase are

minimal and can be neglected in the present context.

The retrieved closure phase is shown in Fig.[5.6] There are similar deviations in the CP, but
it is slightly better when compared to the visibility phase. To get a feasible result of the closure
phase from the calibrated P2VM, injecting all 4-input light beams simultaneously is desirable.
Similar results in the next sections are shown when the DBC device will be injected with a real

light source with a bandwidth.
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Figure 5.6: Retrieved CP as a function of wavelength when 4-input beams are injected simulta-

neously into the DBC device. Black is the theoretical curve.
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Figure 5.7: Variation of condition number as a function of bandwidth for three different central

wavelengths.

5.3 Polychromatic visibilities

In the previous section, the visibilities obtained at monochromatic wavelengths are ideal, where
a Dirac delta function represents the light source at any particular frequency. But, in reality, any
light source has a certain finite bandwidth. Hence, the visibilities presented in this section are
more robust than those presented for an ideal monochromatic light source. The variation of CN
as a function of finite bandwidth of the source is shown in Fig. for three different centered
wavelengths. It can be seen that the condition number increases monotonically as bandwidth
increases, and the dependence is polynomial. At increasing bandwidths, the modal fields de-
scribing the V2PM become chromatic, affecting the matrix elements, thus increasing the CN.
At bandwidth = 0, it represents the CN of the ideal monochromatic wavelength as shown in
Fig.[5.1] This concludes that it is often desirable to find the best operating wavelength of a DBC
device by searching the lowest CN with respect to monochromatic wavelength. Furthermore,

keeping the bandwidth as low as possible avoids inversion errors from the P2VM.

The retrieved visibility amplitude for a light centred at 1.6 um, bandwidth of 48nm is

shown in Fig.[5.8] A zoomed view of 10 um around the central lobe is shown in the inset to
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Figure 5.8: Retrieved visibility amplitude for a light source centred at 1.6 um, bandwidth of
48nm. The inset shows a zoomed view of 10 um showing periodic oscilations around the

theoretical curve in black.

show the periodic oscillations around the theoretical curve in black as predicted by Eq. (5.1).
The frequency of these oscillations is ~ % indicating a phase difference of 7 between the real
and imaginary parts of the complex visibilities retrieved from the P2VM. In principle, the phase
difference between the real and imaginary parts should be 7, which is represented by the black
curve in Fig. The amplitude of the periodic oscillation is maximum when the residual
phase difference between the real and imaginary part equals 7, which happens at increasing
bandwidths. For the sake of clarity, the retrieved phases for an OPD of 20 um are shown in
Fig.[5.9] At0 OPD, a perfect correlation exists between the retrieved values in blue and theoret-
ical values in black. However, moving away from 0 OPD, the phase decorrelation of individual
wavelength increases with increasing bandwidth. This results in a phase accumulation of 7 be-
tween the real and imaginary parts of the complex visibilities as one departs away from 0 OPD.

It was also found that the phase decorrelation becomes worst with increasing bandwidth.

To quantify the error between the retrieved and theoretical values, MSE is calculated.
The MSE for the visibility amplitude for all pairwise combinations from Fig. [5.§] is in the
range (0.006, 0.014). This range of MSE for visibility amplitude is ~ 10°x higher in order
of magnitude than obtained at the monochromatic wavelength that was shown in Section

The increase in MSE is due to the phase errors obtained from the quasi-monochromatic P2VM
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Figure 5.9: Retrieved visibility phase for a light source centred at 1.6 um, bandwidth of 48 nm.

A zoomed view of 10 um around the central lobe is shown.
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due to the finite bandwidth of the source. One can see that Eq. (5.1I) is not adapted to predict
the high frequency oscillations as seen from the retrieved values of Fig. [5.8] thus increasing the
MSE of visibility amplitude for the polychromatic case when compared to the monochromatic

case.

The MSE for the visibility phase from Fig.[5.9 has a range of (1.34, 3.72), which is ~ 100 x
higher in order of magnitude when compared to the range of the visibility amplitude. This
implies that the retrieved visibility phase is more sensitive to phase errors when compared to
the visibility amplitude. Though a perfect match between the prediction and retrieved values is
seen for a difference of 10 um, it is not the case when the whole OPD of ~ 102um is taken into
account. One can easily calculate the predicted phase from Eq. since a known phase — 0
is defined by the simulation. It was found that at the endpoints — far away from the OPD, the
retrieved phase is not well predicted by the Eq. (5.1)) which leads to an increase in MSE. The
finite chromaticity of the V2PM as discussed in Chapter[2]can also lead to numerical errors that

may pretend as phase errors in the retrieved visibility phases.

It is believed that a more rigorous estimator — introducing a phase term in the exponential
part of Eq. and accounting for the phase mismatch between the model and retrieved values
can reduce the MSE. But, this is not the goal of the Thesis. The goal is to verify if the charac-
terization results of Chapter [6] are well-explained and understood from this simulation section.
Therefore, two of the outcomes from this section will be extensively used in Chapter[6} 1) High
frequency oscillations in the polychromatic visibilities when characterizing all three different
device with a broadband light source, and 2) Retrieved visibility phase is more sensitive to

phase errors resulting in higher MSE when compared to visibility amplitude.

However, the MSE increases with increasing bandwidth. This implies that the frequency
dependence of U, (V) cannot be neglected, thus limiting the bandwidth operation of the DBC.
The pair V,3 had the lowest MSE for both the retrieved amplitudes and the phases. Hence for
the sake of completeness, the closure phase for the pair V,3 pair is again calculated, which was
not as expected. The MSE was worse and higher than the visibility phase. This concludes that
the CP that is directly calculated from the calibrated P2VM does not provide a feasible result —

a consistent result with what was found in Section

5.3.1 Simultaneous injection of 4-input light beams

This section will study the impact of retrieved visibilities from the DBC for a broadband light

source when all the 4-input beams are injected simultaneously. Two scenarios will be con-

i As mentioned in Chapter
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Figure 5.10: Retrieved visibilities as a function of bandwidth when 4-input beams are injected
simultaneously into the DBC device at A = 1.6 um. Black is the theoretical curve. (a) Visibility
amplitudes. (b) Visibility phases.

sidered: 1) When there is no phase delay between the 4-input beams when they are injected
simultaneously and 2) When there is a phase delay in one of the 4-input beams, but all of
them injected simultaneously

5.3.1.1 Static injection

The amplitude of all 4-input beams injected simultaneously is assumed to be 1 and phase to be
0. The power extracted from the output images of the RSoft is summed as given by Eq. (2.17).
This is done because the input light now considered contains a finite bandwidth. The summed
power vectors are now applied to the P2VM obtained from Fig. that is centered at 1.6 um
and then, the visibilities are retrieved. The visibility amplitude and phase is shown in Fig.
and Fig. respectively. The retrieved values match the theoretical black curve well, except
at larger bandwidths, the amplitude value slightly deviates from the theoretical value. However,

the visibility phase is nearly constant and matches well with the theoretical black curve.

The retrieved closure phase is shown in Fig. [5.11] and the retrieved values match well
with the theoretical black curve. It can be seen that the variation of CP is nearly constant with
increasing bandwidths. These results show that the variation of visibilities and CP are nearly
constant with increasing bandwidth in an ideal scenario. However, when various noise sources
are taken into account, it will be shown in Section [5.4] that the visibilities and CP do not match

the expected values.

""Known as a static injection.
"YKnown as a dynamic injection.
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Figure 5.11: Retrieved CP as a function of bandwidth when 4-input beams are injected simul-

taneously into the DBC device at Ay = 1.6 um. Black is the theoretical curve.

80



5.3.1.2 Dynamic injection

The assumption for Section [5.3.1.1| holds in this section as well, but now a linear phase ramp
is also added, especially to input numbered 4. For the sake of representation of visibilities, the
results will be shown when a fixed P2VM is obtained at A9 = 1.6 um and AA = 48nm. The
retrieved visibility amplitude is shown in Fig. Since the input numbered 4 is delayed, the
visibilities (i.e. V14, Va4, V34) follow a sinc function given by Eq. (2.19), which is the character-
istics for a broad-band light source. The remaining three visibilities have a constant magnitude
of 1. However, due to the finite bandwidth of the light source, the retrieved visibilities have
phase errors which are seen in the form of high frequency oscillations in Fig. The reason-
ing for these phase errors is already mentioned in Section [5.3] and these phase errors become

more prominent with increasing bandwidth.

Similarly, the visibility phase is shown in Fig. [5.13|for a zoomed view of 10 um around
the center OPD. It can be seen that as phase ramp was applied in input numbered 4, the phase
ramps are successfully retrieved for phase pairs @4, ¢4, and @34. The remaining phase pairs
are expected to be 0. It was found that the MSE for the visibility phase was higher than that of
visibility amplitude. This is attributed due to the increase in phase errors as one goes away from
zero OPD, and as a result, retrieved phases are more sensitive to phase errors leading to higher

MSE when compared to retrieved amplitudes.

As pointed out in Chapter [2] the CP is robust to external phase errors arising from a
common origin. To prove this fact, the closure phase is shown in Fig.[5.14] It can be seen that
the closure phases for all the triplets are close to O rad. It was found out that the MSE for CP

was of the same order of magnitude as that for the visibility phase.

The above results conclude that though there are induced phase errors at the input of
the DBC, the visibilities and CP can be retrieved from the P2VM up to a reasonable accuracy
matching well with the theoretical values. But, the MSE for all the three quantities (i.e. visibility
amplitude, visibility phase, and CP) increases with increasing bandwidth, which indicates the
bandwidth limitation of the DBC.

5.4 Impact of noise on visibilities

ﬁ][n the above sections, ideal detectors are assumed. From Chapter and in the above sections,

monochromatic light is assumed as a wavelength — Ay and bandwidth — AA = 0, while the

VThe readers are asked first to read Chapter and then read this section to have a better understanding of the

noise sources.

81



1.0

V12

0.5

0.0

—50 0 50

OPD (in um)

1.0

V23

0.5+

0.0+

-50 0 50

OPD (in um)

m
—
>

V2a

1.0

0.5

0.0

1.0

0.5

0.0+

—50 0 50

OPD (in um)

A

—50 0 50

OPD (in um)

<
—
>

V3a

1.0

0.5

0.0

—50 0 50

OPD (in um)

1.0

0.5

0.0+

—50 0 50

OPD (in um)

Figure 5.12: Retrieved visibility amplitude when 4-input beams are injected simultaneously

into the DBC device. Black is the theoretical curve. Here, a phase ramp is applied to input

numbered 4.
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Figure 5.13: Retrieved visibility phase when 4-input beams are injected simultaneously into the

DBC device. Black is the theoretical curve. Here, a phase ramp is applied to input numbered 4.

83



0.2 0.2

0.1 014 s
m < % YR
o 0.0 fo- N A-# S OO-!:-#;’OCM015107
© o Ve e *? .
~0.11 —0.1 1 ¢
-0.2 11— : : . : -0.2 11— : : ! .
-4 =2 0 2 4 -4 =2 0 2 4
OPD (in um) OPD (in um)
0.2 0.2
0.1 r~ ". - 0.1 i
; s W“M Nyl F *M"".".
o 0.0 {-T-= 5% ~ 00{e-&a-& -
,e_ '..:....-. L 4 ? &- e_ .......-*..“ -‘_‘-{_1
_ 01 P bt
0.1® % 0.1 .
_02 T T T T T _02 T T T T T
-4 =2 0 2 4 -4 =2 0 2 4
OPD (in um) OPD (in um)

Figure 5.14: Retrieved CP when 4-input beams are injected simultaneously into the DBC de-

vice. Black is the theoretical curve. Here, a phase ramp is applied to input numbered 4.
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polychromatic light is assumed to behave as % < 1. As a result, the visibilities and CP are
retrieved with excellent accuracy from a DBC, whether the light source is monochromatic or
polychromatic. It is well known that the visibilities describing the degree of coherence get
degraded due to the presence of different noise sources such as finite bandwidth of the light
source, wavefront tilts, aberrations of optical surfaces, non-ideal detectors, and polarization
mismatch [4, Chapter 3]. The effect of finite bandwidth of a light source and induced phase

errors at the inputs of the DBC have already been studied in the above sections of this chapter.

While conducting the lab characterization in Chapter [6] it will be seen that the retrieved
experimental visibilities are comparable to theoretical values. But, during the on-sky tests in
Chapter|[7] the retrieved visibilities are significantly dispersed from the expected values. There-
fore in this section, a simulation is carried out to understand better the on-sky results of Chap-
ter /| and their deviations from the expected values. Hence in a real-time environment, it is
essential to study the impact of some of these noise sources on the retrieved visibilities in the
context of a DBC.

Following Section [5.2.1] the 4-input electric fields are injected simultaneously into the
DBC device using RSoft. But, now, both the amplitude and phase of the electric field are
statistically Varie with respect to time. The power vectors extracted from these statistical
variations of the input electric fields are applied to the P2VM centered at 1.6 um, and then, the

visibilities are retrieved.

The statistical variation of the input electric field gives a simplistic representation of an
adaptive optics (AO) system, where the wavefront corrected by the AO has both phase and
amplitude errors. A quantity named Strehl ratio (SR) is defined, which tells about the quality of

the wavefront correction by an AO system. Mathematically, SR is written as:

SR = exp (— (27161)2). (5.3)

Where, o, is the rms wavefront error in the units of length. Hence, it follows that the higher

the SR, the better is the quality of wavefront correction of an AO system.

It is underlined that a simulation taking fully into account the properties of the experimen-
tal setup described in Chapter [/|is beyond the scope of the present work. Consequently, the
description of the electric fields being launched in the present analysis is simplified. From the
SR of ~ 30% delivered by adaptive optics system of the WHT — CANARY (see Chapter[7), a
wavefront error of A /5.7 root-mean-square (rms) is derived. The relative phases between the
four input electric fields are varied using a random Gaussian distribution with a standard devi-

ation of 27r/5.7. The amplitude fluctuations at the four inputs are accounted in the form of a

ViThe probability density function of the histogram follows a Gaussian distribution.
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Figure 5.15: Retrieved visibilities with four input beams coupled into the DBC device. Both the
amplitudes and phases vary following a statistical Gaussian distribution. Black is the theoretical

curve. (a) Visibility amplitudes. (b) Closure phases.

random Gaussian distribution with a mean of one and a standard deviation of 0.3, with strictly
positive amplitude values. In the subsequent sections, the results of the simulation study are

shown.

5.4.1 Input amplitude and phase errors

A 500 realizations of the output images of the DBC produced by RSoft were obtained, and
the images were applied to the simulated P2VM described above to extract the visibilities.
The retrieved visibility amplitude is shown in Fig. [5.15a and the amplitude values for all the
visibility pairs are in the range 0.996 +0.017 to 1.001 £0.006. The closure phase values are
shown in Fig.[5.15b] For a small subset (i.e. < 10%) of samples, +-27 phase jumps are obtained,
which are likely due to numerical errors, and are thus removed in Fig. @ It is observed that
the CP values are consistent with 0° for all the triplets. When testing SR = 0.5, it was found
that, as expected, an even lower dispersion for the retrieved amplitudes and CP values. These
results suggest that the effect of amplitude and phase residual errors from the AO should be

negligible compared to other noise sources.

In the next sections, additional noise sources are taken into account and considered only
one visibility amplitude and one closure phase for a clearer demonstration of the resulting ef-
fects. The visibility V4 and the closure phase ®;34 is selected, which have the lowest mean

squared error in Fig. [5.15]
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Figure 5.16: Histogram of the retrieved visibilities for different levels of photon shot noise. The

legend shows the mean number of photons N, per pixel. (a) Vi4. (b) ®234.

5.4.2 Photon shot noise

As the output intensity images provided by RSoft are normalized, the images are multiplied by a
constant factor to get the number of photons (N),) per pixel. Thus, a random Poisson distribution
with a mean of N, photons per pixel is now applied to the output image of DBC containing the

intensity of the complex electric fields to obtain the required photon shot noise.

By setting N, to the values 102, 103 and 10%, different histograms of the visibility am-
plitude for the pair Vj4 are obtained as shown in Fig. [5.16al It can be seen that the standard
deviation of the visibility amplitude distribution increases for low N, where the effects of pho-
ton noise become more significant. As a result, there is a spread in the visibility amplitude
distribution as N, decreases. The histogram plot for the CP triplet ®534 in Fig. also
shows a gradual increase of the standard deviation for decreasing N,. In addition to the photon
noise, the detector noise is added to the DBC outputs, and the impact of visibilities is studied in

the next section.

5.4.3 Detector noise

The simultaneous contribution of the photon noise and detector noise is now considered. For the
latter, two main components are included: 1) read-out noise; 2) dark current (/). To implement
these noises in the intensity images obtained from RSoft, N, in Section [5.4.2]is converted into
number of electrons N, using the 90% quantum efficiency of the CRED when operated at

ViCRED2 is an NIR camera from the company — First Light Imaging. This camera will be used for on-sky test
in Chapter
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Figure 5.17: Histogram of the retrieved visibilities for different levels of photon shot noise

along with added detector noise. The legend shows the N, per pixel. (a) Vi4. (b) ®34.

—40°C [1147]. After N, is calculated, a Gaussian random distribution for the read-out electrons
with a standard deviation of 22e™ per pixel is added [148]], and a Poisson random distribution for
dark current with a mean of 600e™ /s per pixel [[147] is also added. Successively, N, is converted
to ADU by multiplying it with the gain of the camera, which is 0.49 ADU/e™ [147]. Since
I; < t,, the on-sky #, = 250ms giving an I; = 150e™ per pixel is considered from Chapter (7,
where 7, is the exposure time of the camera. The distribution of the retrieved vsibility amplitude
is shown in Fig. for three scenarios of N,,.

In comparison to the photon-noise dominated case (see Section [5.4.2), the inclusion of
the detector noise produces a more extensive spread of the interferometric quantities with a
decreasing number of photons N, but also shifts the peak of the visibility amplitude distribution
towards V<1. The spread of the CP histograms in Fig. is also significantly impacted
when including the detector noise in the low photon regime. As one may have expected, this
implies that in the low flux regime, the detector noise in the experiment, especially in Chapter 7]
becomes dominant along with photon noise. This is a major source of signal degradation in
the retrieval process of the coherence vector. In the next section, the effect of longer 7, on the

retrieved visibility amplitude is discussed.

5.4.4 The effect of 1, > 79

The use of adaptive optics acting as a fringe tracker allows in principle to increase the integration
time 7, beyond the characteristic coherence time of the atmosphere 7p. In the absence of AO
correction, the standard deviation of the phase between the sub-apertures of the longest baseline
1-4 for the observing conditions reported in Table is estimated to be ~ 1.6 A [5, Eq. (4.45)],
while it is only 0.2 A with the AO correction. However, with an SR ~ 30%, the level of residual
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Figure 5.18: Median value of the retrieved visibility amplitude (V4) as a function of the ex-
posure time. The legend shows the Strehl Ratio. Here the case n=1 assumes 7, = 30 ms with

N, = 10* photons per pixel.

phase error may produce fringe smearing, which causes the retrieved visibility amplitudes to be

smaller than unity.

To simulate the effect of longer 7, on a squared law detector, an intensity summation over
n samples obtained in Section is taken and fulfilling n = % The photon shot noise and
detector noise is also taken into account, and tested for n = 1, 2, 4, 10. The median value of the
retrieved visibility amplitude for the pair Vy4 is shown in Fig. [5.I8|for SR = 0.3 and 0.5. The
case n = 1 corresponds to #, = 30ms with N, = 10* photons per pixel. The clear effect of fringe
smearing due to partial AO correction is observed in Fig. [5.18] suggesting that the chosen value

of the exposure time contributes to the drop in the visibility amplitude in Chapter[7]
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Chapter 6

Characterization of devices
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This Chapter presents the interferometric characterization results of the three different 10
based-astrophotonics devices using a 2-beam Michelson setup. For all the devices, results of
monochromatic and polychromatic visibilities are shown. A polarization study is also done to
verify the polarization independent behavior of the DBC device fabricated using ULI. These
characterization results were necessary to find the best suitable device that could be operated
for the on-sky test in Chapter 7]

6.1 2-beam Michelson setup

The fabricated devices received from Politecnico di Milano were characterized to verify its
interferometric response. For doing the interferometric characterization of the devices, a semi-
automatic 2-input Michelson setup was used as shown in Fig. [6.1] Though the input facet of
the device is arranged in a pupil remapper configuration, the filling of the V2PM elements
requires excitation of at most two input beams. Hence, the 2-input Michelson setup is sufficient
to characterize these devices containing the DBC. The same 2-beam Michelson setup had been
used to characterize a 6-input DBC [149]. Thus, the 2-input Michelson setup can characterize
the V2PM of an N-input DBC. The goal of the device characterization is as follows: 1) To
observe temporal fringes in all the output waveguides of the DBC for all pairwise combinations,

and 2) To obtain a low-conditioned V2PM of the device to extract the visibilities.

There are various opto-mechanical and electrical components in the Michelson setup
shown in Fig. [6.1] The setup starts with a collimator to give a parallel light beam from a
fiber-fed laser source. The collimated light then passes through a polarizer to select the suit-
able polarization, hitting the 50:50 beam splitter (BS). Between the path of the polarizer and
beam splitter, there is an adjustable pinhole (APH) for controlling the diameter of the colli-
mated beam, and there is also a band-pass optical filter inserted only when doing the broadband
characterization. The transmitted light from the beam splitter went through a mirror (M2), and
reflected light went through M1. The two mirrors (M1 and M2) are placed on a kinematic
mirror mount controlled through a computer (COMP). Behind M2, there is a motorized delay
line controlled through COMP to give a known phase delay in one of the setup arms to obtain
the required temporal delay. There are electronic shutters controlled by COMP in front of M1
and M2, which can block/unblock the beam paths to excite the input WGs of the device. The
light from both the mirrors (M1 and M?2) is passed via BS through lenses L1 and L2, which
reduces the beam diameter by a factor of 2. The reduced beam falls on a NIR Mitutoyo objec-
tive (OBJ 1) which has a long working distance of 30.5 mm. Thus, the OBJ1 allows a focused
spot of ~ 12 um, which couples the light to the single-mode WGs of a photonic chip (DEV).

{Model no: M Plan Apo NIR 10x.
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The DEV sits on a 5-axis translational stage from Luminos which is controlled manually to
align the device with the focused spot from OBJ1. A vacuum holder between the chip and the
Luminos mount stabilizes the chip from any thermo-mechanical vibrations. The diffracted light
from the device’s output is collected by another Mitutoyo objective (OBJ 2) Then, the light
from OBJ2 is focused onto a computer-controlled InGaAs NIR camera (IR CAM) from Raptor
Photonic to record the output image of the photonic device.

The camera, two shutters, two kinematic mirror mounts, and the delay line are syn-
chronously controlled using an interface written in Python. Thus, the Michelson setup is semi-

automated for characterizing the device to obtain the required V2PM.

6.2 Procedure

After placing the photonic chip on the Luminos mount, the laser is switched on, shutter S2 is
blocked while S1 is unblocked, and the light from mirror M1 is allowed to fall on the chip.
The chip is manually moved in 5-axis through Luminos mount to couple the light in one of the
input WGs of a device by observing at the camera. As the light couples into one of the input
WGs, the outputs of the DBC are seen in the camera. This gives a rough idea of the device’s
coordinates in the chip, which otherwise is not visible to one’s naked eye. The positions of
the Luminos mount are further fine-tuned manually to increase the counts of the camera. After
the light is coupled'] into one of the input WGs of the device, the beam path from M1 is now
placed roughly at the center of the device that contains the pupil remappers. Then, a raster scan
is started to find the input positions of the device by blocking either of the two mirrors. In the
initiation of the raster scan through the python interface, the camera records the device’s output.
As one of the input WGs is coupled with the incoming light, the output of the device flashes,
increasing the intensity momentarily in the camera. As a result, the camera counts (i.e. ADU)
increase. When there is no coupled light, ADU decreases. Thus, a 2D map is obtained from the
raster scan for each of the input beams giving the coordinates of the input WGs of the device
as shown in Fig.[6.2] The coordinates of the input position of the WGs are stored and retrieved
later to perform the interferometric characterization of the device. The naming convention of
Fig.[6.2] will be used throughout in Section[6.3]and in Section[6.4]

For an N-input device, there will be ¥YC, terms describing the pairwise pairs. For each of

iiModel no: PSA-LM-M-M-M-M-H-N-SI
fiiModel no: M Plan Apo NIR 100x and 20x, which also have a long working distance of 12 and 20 mm,

respectively. Either of the two OBJ2 can be used depending on the device to be imaged.
VModel no: Ninox SWIR 640
VOne sees a maximum in the counts of the camera.
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Figure 6.1: (a) A schematic of the 2-beam interferometric Michelson setup (not to scale). The
black dotted lines shows various components that are being controlled using the computer.
The following acronyms are used, F-LS: fiber-coupled laser source; COL: collimator; APH:
adjustable pin hole; H-filter: H-band filter (Two separate filters are used: 1) Ag = 1.55um,
AA = 40nm, 2) A9 = 1.6um, AA = 50nm); POL: polarizer; BS: beam splitter; M: mirror; S:
shutter; DL: delay line; L: lens; OBJ: objective; DEV: 10 based-astrophotonics device; IR-
CAM: infrared camera; COMP: computer. The focal lengths are: f1 = 100mm, f2 = 50mm.
(b) Photograph of the experimental setup as installed in the lab. The red beam shows the light

path from the fiber-coupled laser source to the 10 device.
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Figure 6.2: Input maps that are obtained from the Michelson Characterization Setup. (a)
Straight beam corresponds to when M1 is open, and M2 is closed. (b) Delayed beam corre-
sponds to when M2 is open, and M1 is closed. It can be seen that the input maps obtained from
the mirrors M1 and M2 are flipped horizontally. The color bar shows the ADU value of the

14-bit camera.

the baseline pair, three individual measurements are obtained: 1) By exciting two input beams
at a time and delaying the mirror M2 to record the temporal fringes; 2) By exciting one input
beam with blocking M1 and unblocking M2 to record photometry from M1; and 3) By exciting
one input beam with unblocking M1 and blocking M2 to record the photometry from M2. This
process is followed to avoid coupling errors when data is obtained from one baseline to another.
Hence, in the present setup, 3¥C, individual measurements are obtained to get a robust V2PM
while filling the elements. The photometry from M1, which is unaltered by any coupling errors
due to the presence of delay line, goes in the first N columns (i.e. V2PM having M x N?
elements) for any N-input, M-output DBC deVice

While recording the temporal fringes, the delay line and the camera are controlled syn-
chronously using the python interface. The camera’s frame rate is 100 Hz, but while recording
the output images of the DBC, the camera was set to record a stack of frames at every 0.25s.
When monochromatic ligh is used, a travel range of 15 um for the delay line is used with 300
samples. But, when polychromatic lighis used, a travel range of 300 um for the delay line is
used with 5700 samples. The broadband light source is based on spontaneous amplified emis-
sion with a constant spectral range from 1528 nm to 1608 nm. Also, while using the broadband
light source, two separate band-pass filters are used: 1) center = 1600nm, FWHM = 50nm;
and 2) center = 1550nm, FWHM = 40nm. In the remaining sections of Chapter|[6] the results

will be shown for all three devices taken each at monochromatic light and polychromatic light.

ViReaders can follow Appendix@ on filling the elements of a V2PM that is recorded experimentally.
ViiA tunable laser source from Tunics.
vili A broadband light source Amonics.
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Figure 6.3: Variation of CN vs Wavelength.

6.3 4-input pupil remappers with DBC

6.3.1 Retrieval of monochromatic visibilities

The CN as a function of wavelength is shown in Fig. [6.3] The mean of the CN across the
wavelength range = 8.75 and standard deviation = 2.42, which implies a variation of 27 % from
the mean CN value. Due to the same orders of magnitude of the CN across the wavelength, it
can be concluded that the variation of the CN is almost constant across the astronomical H-band

of the device.

The retrieved complex visibility across the wavelength range is shown in Fig. [6.4 There
are deviations for 73 and 714 for some of the wavelengths, and it is due to the errors that have
happened while performing the experiment. These deviations are due to improper photometric
subtraction while filling the V2PM elements, which might have happened due to the systematic
errors from the kinematic mirror mounts affecting the flux of coupled light injected into the

device.

For the sake of better representation, the retrieved visibility phase is shown in Fig. [6.5] at
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Figure 6.4: Complex visibilities across the Wavelength. Theoretical value is shown in black.

x-axis: Ry, y-axis: J7.
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Figure 6.5: Visibility phase for A9 = 1.6um. Theoretical value is shown in black. A zoomed

view of 5 um is shown. The x-axis values are absolute as recorded by the DL.

Ao = 1.6 um. The absolute delay line position was in the range (3907.5, 3922.5) um, which
was set in the controller, and a zoomed view of 5 um is shown in Fig.[6.5] It is to be noted that
the DL range is dependent on the user and on the alignment of the experimental setup as shown
in Fig. [6.1] In Section[6.3.2] it will be seen that there will be shifts in the central OPD of the
central packet of V;; due to long arms of the Michelson setup in Fig.[6.1} Here, a tunable laser
source is used that has an extremely narrow linewidth and thus has a long coherence length.

Therefore, it is hard to predict precisely the central OPD of the experimental setup.

In order to compare the quality of retrieval with the expected value as given by Eq. (5.1,
the MSE is calculated from Eq. (5.2) and shown in Fig. [6.6] Though the range of MSE values
for the monochromatic visibilities in Section were far much better than the ones shown in
Fig. [6.6] one should take several experimental factors into account. One of them is the non-
linearity of the delay line positioning. As a mechanical process moves the delay line, the preci-
sion of the motor itself might have been too coarse or too fine that might have led to systematic
errors in the delay line control. The coupling of the light to the pupil remappers’ input due to
the delay line’s positioning is also not perfect, adding random phase errors. These systematic
and random errors from the delay line will manifest in the retrieved visibilities producing huge
deviation from the prediction as given by Eq. — thus leading to higher MSE. As seen from

Chapter [5] the retrieved visibilities are also affected the most as one departs away from zero
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Figure 6.6: MSE. (a) Visibility amplitude. (b) Visibility phase.

OPD, leading to higher MSE. One should also not forget about the non-ideal detectors used in
the setup that might affect the visibilities as seen in Section[5.4]

The above factors are some external phase errors, and as pointed out in Chapter [5] the
retrieved visibility phase is more sensitive to these phase errors. That’s why the retrieved vis-
ibility phase has higher MSE in Fig. [6.6b] when compared to MSE of retrieved amplitude in
Fig. One should note that such phase errors are inevitable with the present experimental
setup. These reasonings will be applied to the rest of the Chapters to discuss higher MSE arising

from the experiment.

It was already discussed in Chapter[S|that CP calculated directly from the calibrated P2VM
yields an unstable solution with large uncertainties. To prove this fact, the CP was calculated for
the best visibility pair V34 that had the lowest MSE at Ay = 1.6 um. The variation of CP is shown
in Fig. As shown in the theoretical black curve, there is a phase ramp for @134, P34 triplets,
which contains the baseline pair 3-4, while the remaining two triplets are 0. However, the CP
has a large deviation compared with the theoretical value. It was found that the MSE for the
retrieved CP triplets was relatively higher when compared to retrieved visibility phases. Thus,
it is verified that the CP calculated directly from the calibrated P2VM have large uncertainties

— a result that was consistent from Chapter [5]

6.3.2 Retrieval of polychromatic visibilities

The H-band filter at A9 = 1600nm with an FWHM of 50nm was used to retrieve the polychro-
matic visibilities of the device. The DL in the Michelson setup was changed such that the white
light fringe envelope could be observed in all the 23 output WGs of the DBC. It was found
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out due to the tip-tilt of the mirror mount and long arm of the Michelson there were shifts in
the central OPD. This has also to do with the input facet of the pupil remapper, which has the
largest length of 1.5mm and shortest length of 0.25 mm. However, due to the symmetry of the

input pupil remapper, the shifts in the OPD could be easily found out.

The visibility amplitude obtained from the device is shown in Fig. with a CN of 8.2.
In the inset, the central OPD is shown along with high frequency oscillations as explained in
Chapter[5] From the symmetry of the device as shown in Fig.[6.2] Vi4 and V,3 are almost at the
centre of the optical path in Fig. [6.1] Hence, the central OPD for these pairs are roughly the
same with a difference of ~ 1um. The pairs Vi, and Vi3 had an OPD which is less than the
central OPD of V4 and V»3. This means the optical path length between M1 and the OBJ1 is
more than the actual path length that was set for the pairs V4, Vo3. As a result, to compensate
for the long path length between M1 and OBJ1, the path length between M2 and BS has also to
become longer. Therefore, according to the convention used in Fig. [6.1] the reading of the DL
position decreased for Vi, V13 when compared with Vy4, V>3. A similar conclusion is drawn for
visibility pairs — Va3, V34, which have an increased reading of the DL position when compared
with Vig4, Va3.

The visibility phase is shown in Fig.[6.9]for a zoomed view of 5 um around the center. A
close match between the predicted and retrieved values can be seen in the plots around the cen-
tral OPD. But, it is not the case when the entire OPL consisting of 5700 samples is considered.
The experiment was repeated with another H-band filter at Ag = 1550nm with an FWHM of
40nm to retrieve the polychromatic visibilities. The CN was 7.4, which is less when compared
to the bandwidth of AA = 50nm. As inferred in Chapter |5, the CN increases with increasing
bandwidth that is also seen experimentally. The visibility data for AA = 40 nm is not shown
here, but a comparison of MSE using both the filters is shown in Fig.

Though the MSE reported for polychromatic visibilities in Section[S.3|have the same order
of magnitude as the one shown in Fig. But, one should not forget about the experimental
factors in the form of external phase errors described in Section [6.3.1] that might apply here as
well. Mainly, the MSE for the retrieved phase is higher than the retrieved amplitude, which is
due to: 1) Systematic errors from the DL, 2) Coupling errors due to the positioning of the DM,
2) Retrieval errors from the quasi-monochromatic P2VM due to the finite bandwidth of light as
mentioned in Section [5.3] and 3) Non-ideal detectors. However, the MSE using both the filters
are of the same orders of magnitude in visibility amplitude and visibility phase. This implies
that the quality of the retrieved visibilities from the DBC device is at least independent to light

source that has a moderate bandwidth — a result that is also conferred in Chapter [5]

XThe long arm refers to the distance between OBJ1 and either of the mirrors (i.e. M1 or M2).
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Figure 6.8: Visibility amplitude for Ay = 1600nm and FWHM of 50nm. Theoretical value is
shown in black. A zoomed view around the center is shown in the inset, which indiciates the
central OPD of each of the visibility pair from the experiment. The x-axis values are absolute
as recorded by the DL.
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Visibility phase.
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6.4 4-input pupil remappers with DBC and reformatters

The characterization procedure and the analysis of results in Section [6.3] are extended to this
section as well. It is to be reminded that the outputs of the DBC device in this section are
coherently reformatted in a linear spatial arrangement. This device will be used to record the
first stellar photons, which will be discussed in detail in Chapter

6.4.1 Retrieval of monochromatic visibilities

The variation of the CN across the wavelength range is shown in Fig. [6.11] The mean of
the CN = 10.62 and the standard deviation = 1.54 across the considered wavelengths, which
implies a variation of 15 % from the mean CN value. The order of the magnitude of the CN is
roughly the same when compared to the values of Section indicating that the reformatters
at the output ends of the DBC induce negligible phase differences. This is important for stellar
interferometry because any additional detected phase will bias the true phase of the object. The
retrieved visibility amplitude from the device is shown in Fig. [6.12] The complex visibility
pair Y4 performs slightly worse than other visibility pairs, which might have come from the
systematic errors of the experiment. For the sake of clarity, the visibility phase at 49 = 1600nm
is shown in Fig. for a zoomed view of Sum. It can be seen that the absolute delay line
position in Fig. [6.13]is different when compared to Fig.[6.5] As pointed out in Section [6.3] the
reading of the DL is absolute and user-specific. Thus, the change in the DL position is attributed
to the use of a different IO chip in Fig. It is to be noted that the coupling conditions will
change during the replacement of the chip. The overall length of the IO chip is also different
when compared to the IO chip of Section[6.3] These factors will result in changing the absolute
delay line position. However, it is to be reminded that the travel range of the delay line and the

number of frames acquired by the camera are kept fixed.

The quality of the retrieval of the visibilities is measured using MSE, which is shown in
Fig. both for visibility amplitude and phase. The MSE for visibility phase is higher than
MSE for visibility amplitude, which is due to systematic errors from the DL, coupling errors
due to the positioning of DL, retrieval errors from the P2VM, and non-ideal detectors — the
reasons already mentioned in Section [6.3.1] However, comparing Fig. [6.14] with Fig.[6.6] it can
be seen that the MSE for both the devices is roughly the same, at least in the order of magnitude.
Thus it concludes that the reformatters at the output ends of the DBC are path length matched
experimentally up to a good accuracy, which implies that the devices fabricated using ULI are

reliable.
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Figure 6.11: Variation of CN across the wavelength.

Y14

Figure 6.12: Complex visibilities across the wavelength. Theoretical value is shown in black.

x-axis: Ry, y-axis: 7.
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6.4.2 Retreival of polychromatic visibilities

The visibility amplitude obtained using the H-band filter for Ay = 1600 nm, AA = 50 nm is
shown in Fig. [6.15|that has a CN of 11.4. The center OPD is shown in the inset. As discussed
in Section [6.3] the shifts in the central OPD between the baselines are seen in the insets of
Fig. This is due to the differential tip/tilt of the kinematic mirror mounts that couples light
into the device. The long arms of the setup in Fig. [6.1] also play a significant role by inducing
optical path delays in the form of central OPD that shifts between the baselines as seen in the
inset of Fig.[6.15] From the symmetry of the pupil remappers, the visibility pair V;4 and V>3
corresponds to the position of the beam path when the tip/tilt of the kinematic mirror mounts
are "balanced" [

The central OPD for Vj,, V13 are less when compared to the central OPD of V4, V>3. This
is due to the "unbalanced" tip/tilt of the kinematic mirror mounts, which effectively increases
the OPL between the mirrors and the OBJ1 in Fig.[6.1] Hence according to the convention, the

reading of the DL position decreases. Similar conclusion holds for visibility pairs — V,4 and V34.

The visibility phase is shown in Fig. The experiment is repeated for Ag = 1550 nm,
AA = 40nm, but the visibility data is not shown here. The CN was 8.2, which is less when
compared to AA = 50 nm. As inferred from Chapter [3] the CN increases with increasing band-
width. The comparison for MSE using both the filters is shown in Fig. It can be seen that
the quality of the retrieval is roughly the same in order of magnitude for both the filters, be it
visibility amplitude or phase. This implies that the quality of the retrieved visibilities is almost
equal when operating at moderated bandwith — a result that is already inferred from Section|[6.3]
and Chapter [5} Comparing Fig. and Fig. it can be seen that the MSE are roughly
the same for both the devices, whether the outputs of the DBC are reformatted or not. This
concludes that the reformatters induce negligible phase errors and indicate the good reliability

of the devices fabricated using ULL

6.5 8-input pupil remappers with 2 x4-input DBC

The Michelson setup of Fig. [6.1] is also used to characterize the transfer matrix and extract
the visibilities for the 8-input pupil remappers with the design shown in Fig. [3.8] The 8-input
pupil remapper chip was placed and aligned in the setup to find the input WGs from the raster
scan. Fig. shows the input map of the pupil remapper from the raster scan, where all the

*It refers to the optical path delay from the mirrors to the objective. Thus, "balanced" implies when the optical
path delay from M1 to OBJ1 equals that from M2 to OBJ1 (see Fig. .
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Figure 6.15: Visibility amplitude for A) = 1600nm and FWHM of 50nm. Theoretical value is
shown in black. A zoomed view around the center is shown in the inset. The x-axis values are

absolute as recorded by the DL.
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Figure 6.18: Input maps that are obtained from the Michelson Characterization Setup. (a)
Straight beam corresponds to when M1 is open, and M2 is closed. (b) Delayed beam corre-
sponds to when M2 is open, and M1 is closed. The color bar shows the ADU value of the 14-bit

camera.

8-inputs spots are visible and numbered. It can be seen that the inputs numbered 7 and 8 have
a non-circular spot. The first thought was that it could be due to dust particles present in the
input facet of the IO chip. So, the chip was cleaned with IPA, and the alignment of the chip
was also repeated many times. But, to the surprise — the inputs numbered 7 and 8 always had a
non-circular spot confirming that these were due to the fabrication errors from the ULI. Since
these two waveguides are located at the extreme bottom of the Chip the laser spot of the ULI

could have been defocussed, resulting in the non-circular spot of the input WGs.

The 8-coordinates of the pupil remappers are extracted, stored, and later used to carry
out the calibration of the V2PM. The naming convention shown in Fig. [6.18] will be used in
the remaining sections of this Chapter. The results of the monochromatic and polychromatic
visibilities are discussed in the subsequent sections using the same analysis as that of Section[6.3]
and Section

6.5.1 Retrieval of monochromatic visibilities

The retrieved visibility amplitude for both the DBCs at A) = 1600nm are shown in Fig.
and Fig.[6.20] The theoretical black curve matches well with the retrieved values. The CN of
the V2PM for both the DBCs were 10.8 and 11.2, which are comparable to the CN obtained
both in Section[6.3]and Section[6.4] The retrieved visibility phase for both the DBCs fora 5 um
path length at Ay = 1600 nm are shown in Fig. and Fig. The MSE for the visibility
amplitude for all 12 combinations is in the range (1.1,6.6) x 1073, Similarly, the MSE for the

M ocated ~ 1.06 mm measured from the top surface of the chip
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Figure 6.19: Complex visibilities for 4y = 1600nm. Theoretical value is shown in black. x-

axis: Ry, y-axis: Jy.

visibility phase for all the 12 combinations is in the range (0.8, 1.4). The MSE for the visibility
phase is higher than the visibility amplitude, which is due to systematic errors of the delay line,
coupling errors due to the positioning of the delay line, retrieval errors from the P2VM, and
non-ideal detectors in the experiment — the reasons already outlined in Section[6.3.1] However,
the MSE, either for visibility amplitude or phase for all the 12 combinations, have the same

order of magnitude.

Following Fig. that indicated the imperfection of the bottom two input waveguides
of the device, it was expected that the two DBCs that are fabricated at different heights in the
substrate might be different. There could be laser-induced stress and different focussing con-
ditions of the laser spot at different heights resulting in the two DBCs having slightly different
geometrical and optical properties. But, as the calculated MSE across the 12 visibility pairs
has the same order of magnitude, it indicates that the two DBC:s at different heights have almost
identical optical properties. Thus, it implies the fabrication advantage of the ULI in writing such
3-D devices, where identical photonic devices can be written at different depths. One can also
conclude that though the pupil remappers numbered 7 and 8 in Fig. are visually different,
but the amplitude and phase errors induced by them are negligible during the experiment, thus

leading to similar MSE values across the 12 visibility pairs.
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Figure 6.20: Complex visibilities for 4y = 1600nm. Theoretical value is shown in black. x-
axis: Ny, y-axis: I7.
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6.5.2 Retrieval of polychromatic visibilities

The visibility amplitude using a filter with A9 = 1600 nm and FWHM = 50 nm for all the
combinations is shown in Fig. [6.23 and Fig. [6.24] The oscillations in the visibility amplitude
around the retrieved curve can be seen in the inset, indicating the limited bandwidth operation
of the DBC. In the retrieved visibilities of both the DBCs, OPD shifts between the pairwise
baselines are due to the long arms of the Michelson setup and the tip/tilt offered by the kinematic
mirror mounts. However, due to low separation (= 250 uum) for the pupil remapper pairs at
location 5,6,7 and 8; the shifts in the central OPD for all the visibility pairs in Fig. @ are
les when compared to Fig. This is due to the "balanced" condition of the tip/tilt by
the kinematic mirror mount while coupling light in locations 5,6,7, and 8 — the reason already
stated Section [6.4.2]

The visibility phase for a 5 um path length around the central OPD is shown in Fig.
and Fig. [6.260] A close resemblance between the retrieved visibility phase and the theoreti-
cal curve is seen around the central OPD. The experiment was repeated with a filter at Ay =
1550nm, FWHM = 40nm, but the visibilities plots are not shown here. However, the MSE
both for visibility amplitude and phase are shown in Fig. and the values from both the
filters are compared. The MSE for phase is higher than amplitude due to the reasons already
mentioned in Section [6.4] and Section [6.3] The MSE for either the visibility amplitude or the
visibility phase is of the same order of magnitudes for all the combination pairs, which indicates
that the two DBCs at different heights have almost identical optical properties. The MSE is of
the same order of magnitude for both the band-pass filters, indicating that the quality of the
retrieved visibilities is similar from both the DBCs when operated at moderate bandwidth — a

result already inferred for the other two devices.

Finally, by comparing Fig. and Fig.[6.10] it can be seen that the retrieved visibilities
have MSE of the same order of magnitude, indicating that the retrieved visibilities have similar
error propagation. This concludes that although the DBCs are manufactured in different glass
substrates, they have excellent repeatability in terms of their geometrical and optical properties,

indicating that the process parameters used in the ULI are reliable.

6.6 Polarization effects

It is well known that the difference in the polarization states of the light, when interfered with,

can reduce the fringe visibility. The polarization state is generally defined as whether the light

Xii A relative difference of ~ 25 um.
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Figure 6.23: Visibility amplitude for Ay = 1600nm and FWHM of 50nm. Theoretical value is
shown in black. A zoomed view around the center is shown in the inset. The x-axis values are

absolute as recorded by the DL.
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Figure 6.24: Visibility amplitude for Ay = 1600 nm and FWHM of 50 nm. Theoretical value is
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is s-polarized or p-polarized. The electric field component perpendicular to the plane of inci-
dence is called p-polarized light. The electric field component parallel to the plane of incidence
is called s-polarized light. Thus, any other polarization state of light is written as a linear su-
perposition of the basis vectors — given by s- and p- states. If ¢y, is the phase shift between
the interfering s- and p-polarized light, then the interferogram will have the visibility term, V,,,

given by [4, Chapter 3]:

Vol = ‘cos(%)‘. (6.1)

If V., is the expected visibility, then due to the difference in the interfering polarization
states of the light (i.e. V},,), one can expect a reduction in the visibility. Thus, the total visibility,

Vior 18 expressed as:

Vior = Vpol : Vexp- (6.2)

In stellar interferometers, if polarization effects are not taken into account, then V), can
drastically reduce the overall interferometric efficiency of the instrument, which also ampli-
fies the photon noise amongst other noise sources. Thus, some of the ways that can mitigate
the differential phase shifts between the two polarization states of light to enhance the V;,
will be discussed. One way is to use polarization-maintaining fibers, which maintain the po-
larization state of the input light along the optical train, thus maximizing the V,,; [150]. If
non-polarization-maintaining fibers are used, then a dynamic control of the polarization using
Lefevre loops [[151] can be used, where fibers in each recombination arm are bent in loops to
minimize the ¢;,. This was implemented in the FLUOR instrument at the IOTA facility to
reduce the polarization mismatch between the two recombination fibers up to 20 % [65]. Fur-
thermore, the mirrors used in the IOTA were designed using the direction cosine rule [152].
This rule implies that any reflection in one arm of the interferometer is duplicated in the other
arm, in the same time order, from the point of view of the incident light. Thus, any polariza-
tion differences between the light paths are eliminated, giving true visibility. The PIONIER
instrument at the VLTI facility implements a thin plate of birefringent material (LiNbO3) in the
beam paths such that the incident angle of the beam paths is adjusted to cancel the instrumental

differential birefringence (i.e. V), ~ 1), thus reaching instrumental visibility of 98.5 % [153].

ULI written waveguides can tune the birefringence of the waveguides in the range 1076 —
10~ thus producing polarization sensitive and insensitive devices [154} [155]. As already men-
tioned in Chapter ] the fabricated devices in this work are insensitive to the state of the polar-

ization of the light. Thus in this section, the interferometric results will be shown to prove the

120



0.014 1 e 0

0,012 * 30 3.0 e 30 |
= 60 + 60
0.010{ a0 251 90 |
W 0,008 { B w
0 0
= 0.006 @ =% r
: L] o r L ¢ r L] L] . o s
. 151 s . .
0.004 1 r . ] . !
- °
oo02{ = % ® e, I o W) 101 ¢ & o . el %@ e
. o, ° (] . € L] [] L] .
0.000 +— ' v . - - - . - . ’ . . . ’ . ! - - ! : . + :
; le Vls Vl-: sz VZ-‘I VJJ V’)h V'J( V';E va' VO!! vv'B ¢12 ¢l} ¢1d d’u ¢Zﬂ @j»ﬁ @5() ¢‘u’ ¢L=B 001 ¢b5 ¢73
Visibility amplitude Visibility amplitude
(a) (b)

Figure 6.28: MSE for the 8-input pupil remappers with 2x4-input DBC device characterized
at Ap = 1600nm. The legend shows the orientation angle of the input linear polarizer used in
Fig. Here 0° corresponds to the transmission axis of the polarizer which is orthogonal to

the plane of optical table. (a) Visibility amplitude. (b) Visibility phase.

polarization insensitive behavior of the devices. For this purpose, the 8-input pupil remappers
(i.e. Fig.[3.§ - the device that used in Section [6.5)) was selected and characterized with the
monochromatic laser source at Ag = 1600nm. The setup shown in Fig. is used, where now
the linear polarizer (i.e. shown by POL) is rotated at different angles to change the orientation
of the input polarized light coming out of the polarizer. To ensure a quadrature, the polarizer
was rotated at four different angles of 0°, 30°, 60°, and 90°. Here 0° is the transmission axis of
the polarizer, which is perpendicular to the plane of the optical table. The interferometric data
is recorded, reduced, and the visibilities are extracted with each rotation angle. For the sake

of simplicity and comparison, the MSE calculated both for amplitude and phase are shown in
Fig. and Fig. [6.28b] respectively.

One would expect that the rotation of the polarizer would lead to a difference in the amount
of s- and p-states in the incident light. But, the MSE for all the visibility pairs have roughly a
same order of magnitude despite different orientation angles of the polarizer. The relatively low
birefringence of these ULI waveguides ~ 10~¢ [141], 3] indicates that the phase delay between
the interfering s- and p-polarized light is relatively constant across the input polarization angle.
As aresult, Vi, in Eq. (6.2) is unaffected thus, giving similar MSE values in Fig. [6.28] Hence,
these results provide quantitative proof that the DBC devices written using ULI are resistant to

polarized light.
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Chapter 7

On-sky tests
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This Chapter describes the design of the pupil remapping experiment, construction of the
tranfer matrix of the system using a calibration source, and the retrieval of the stellar visibilities
obtained at the William Herschel Telescope (WHT). After conducting systematic laboratory
characterization of various devices in Chapter [0] the 4-input pupil remappers with DBC and
reformatters that has L = 20mm was identified to be the most suitable device for operating the
on-sky test at the WHT.

All the sections of this Chapter are published in Nayak et al. [3].

7.1 Design of the experiment

To interface the device with the WHT, an experimental layout using Zemax modeling was de-
signed. In this case, two main components are required for pupil remapping of the WHT. Firstly,
the re-imaged WHT pupil has to be hexagonally segmented using a deformable mirror (DM).
Secondly, the light from the individual segments have to be coupled into the pupil remappers,
for which a microlens array (MLA) was used. Recent examples of such a configuration can be
found in Refs. [87,90]. Note that in the rest of the sections the expression deformable mirror
(and its acronym DM) is used to indicate the segmented deformable mirror, which is used in the
on-sky experiment. This is not to be confused with the deformable mirror used by the adaptive
optics (AO) system of the WHT itself. For doing the pupil remapping, a DM consisting of 37
hexagonal segments from Iris AO, Inc and a MLA from SUSS-Micro optics with a back focal
length of 910 um was used, the schematic of the setup is shown in Fig. Fig. The coor-
dinates of the four sub-apertures projected onto the WHT primary are provided in Table in
the reference frame of Fig. 4.2b]

From the WHT, the f/11 corrected beam enters the setup, where the achromatic lens L1
collimates the light to a beam with diameter of 11.4mm. The collimated beam after lens L5 had
a diameter of 5.1 mm, which is ~20% larger than the 4.2 mm diameter of the inscribed circle
of the DM. The DM has a pitch of 606.2 um and that of the MLA is 250 um. Hence, two sets
of achromatic lenses L6 and L7 was used to reduce the beam by a factor of 2.4 to achieve good
conjugation between the DM and MLA pitches. By reducing the beam size, one can also avoid
unwanted overlap of different segments of the DM on the same MLA lenset as well as spurious

injection of light from a nearby MLA lenslet into the integrated optics device [[156]].

The average total throughput of the system is shown in Table[/.2] which is at most ~ 4%.
The numerical calculations based on the overlap integral showed that a coupling efficiency of
~ 78% could in principle be achieved when considering the numerical aperture of the individ-
ual MLA lenslet and the MFD of the input single mode WGs of the device. Each individual
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sub-pupil 1 | sub-pupil 2 | sub-pupil 3 | sub-pupil 4
X (meters) +1.52 0 -0.24 -1.52
y (meters) 0 +0.85 +1.32 0

Table 7.1: Coordinates of the sub-pupils projected onto the telescope primary in the reference

frame of Fig. @

(a) ff11 Beam (b)

s ]

-1 |4

—  H-filter

2.2% BR

0OB] IR CAM

100

0

Figure 7.1: (a) Schematic of the optical setup that was used on the WHT Nasmyth bench (not to
scale). t/11 1s the AO corrected beam that is received from the WHT. The following acronyms
are used, L: lens, H-filter: H-band filter (49 = 1600 nm, AA = 50 nm), APH: adjustable pin
hole, BR: beam reducer, M: mirror, DM: segmented deformable mirror, MLLA: microlens array,
DEV: device under test, OBJ: objective, IR CAM: infrared camera. The various focal lenghts
are fl1 =14 =15 = {7 = 125 mm, {2 = 100 mm, 3 = 45 mm, f6 = 300 mm. (b) Image to verify
the conjugation of the DM onto the ML A before injection into the integrated optics (I0) device.
The sub-apertures to be coupled into the 10 device are steered out by tilting the corresponding
segments of the DM and appear therefore in black. (c) Two of the output waveguides of the DBC
after bias subtraction with Vega’s starlight injected into the device. The image is magnified by
a factor of ~ 3.4 and the colorbar shows the analog to digital units (ADU). Also shown is a red
augmented area consisting of 5 pixels, which is used to calculate the power across each output

waveguide.
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Figure 7.2: Photograph of the optical setup as installed on the Nasmyth platform with the red
beam illustrating the light path from the telescope to the 10 device. The acronyms used in
Fig. |7E|follows here as well.

Components Throughput (in %)
CANARY (e) <15
Optics (e) 66
Coupling efficiency (e) 78
DBC device (m) ~ 50
Total ~39

Table 7.2: Estimated throughput of the system down to the infrared camera. In brackets, "m"
refers to measured, "e" to estimated throughput. For the coupling efficiency, the optimistic
upper limit is reported. The effective on-sky coupling efficiency could not be measured. The
optics includes H-band pass filter (T = 90 %), lenses (T = 99.5%), mirror (R = 96%) and MLA
(T =90 %). T: Transmittance, R: Reflectance.
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MLA lenslet produces a 49.4cm aperture when projected on-sky, which is less than the Fried
parameter calculated at 1600nm, as shown in Table Hence, the wavefront across the MLA
aperture can be assumed to be parallel and the on-sky coupling efficiency could, if the optimal
alignment is reached, be close to the theoretical limit. However, one in practice is limited by
the thermo-mechanical stability of the setup, which ultimately probably decreases the effective
coupling efficiency. A long distance (=~ 80cm) between the DM and MLA was kept to make
sure that the individual DM segments could be steered out of the optical path when maximum

tip/tilt (+/- 2mrad) was applied.

Two InGaAs cameras were used: Ninox 640 from Raptor photonics and CRED2 from
FIRST Light. All images recorded by the camera were stored in the . ﬁt file format. For
characterization and extraction of the V2PM, the Ninox 640 was used, since the software for
synchronous control was available. For the on-sky measurements, the CRED2 was used because
of its lower dark current and readout noise. However, the necessary software for synchronous
control of the CRED2 with the DM, which is required to determine the V2PM was inaccessible.

7.2 Characterization at the telescope

The broad band source from Amonics was used as an internal calibration source to obtain the
V2PM at the WHT. The light from the broad band source was launched into the optical path such
that it could include all the necessary components to obtain the transfer function of the system
located after the Nasmyth focus of the telescope. This included the CANARY AO system
[157,158] as well as the optical elements of the DBC experiment (see Fig. Fig.[7.2). The
AO system was turned off during calibration, which corresponds to a close to flat configuration
of the ALPA deformable mirror. For the initial calibration, the DM used in Fig. was also

flattened, corresponding to a configuration of zero phase reference for the four injected beams.

With the calibration source launched into the optical path, the DM and MLA was used
to couple the chosen four sub-apertures into the device as shown in Fig. [4.2b] The remaining
33 unwanted focal spots formed by the MLA were steered away. The coupling in each input
waveguide was optimized by tip-tilting the corresponding segment. As the default +2.5 um
piston range of the DM segments was influenced by the applied tip-tilt, this resulted in each
segment having a slightly different total travel range. However, within this travel range, the

piston sampling was fixed at 5 nm/frame.

The usual V2PM characterization was proceeded: first, by injecting only one input beam

A commonly used digital file format for storing and processing of data in astronomy.
A company that manufactures deformable mirror.
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to record the single excitation and second, by injecting two input beams to record the pairwise
excitation. The temporal fringes at the output were recorded by delaying the corresponding DM
segment. With this process, 4 single excitations and 6 pairwise excitations of the input light
beams were recorded to generate the 16 x 23 elements of the V2PM. The visibility amplitudes
is shown in Fig. [/.3| extracted from one of the low-conditioned V2PM that was acquired at the
WHT with the calibration source. The CN was 12.5, slightly higher than that obtained in the lab
using the 2-beam Michelson setup (see Section [0.4). The oscillations in the visibility amplitude
are due to residual phase errors obtained from a chromatic V2PM [2] — a result already obtained
in Section

The MSE between the theoretical value and the experimental data in blue for visibility
amplitudes in Fig. is in the range 0.4 x 1072 — 7.4x 1072 for all visibility pairs. This range
of MSE is of the same order of magnitudes as the visibility amplitude obtained from the 2-beam
Michelson setup in the lab. However, the MSE of the visibility amplitude pairs, especially (Vi,
=5.0x1072, Vi3 =7.4x 1072 and Vi4 = 2.8 x 1072) is slightly higher in comparison to the
other three pairs, which is evident in Fig. A statistical approach is used where a confidence
interval is defined and showed only those frames for the retrieved visibility amplitudes, whose
value was within 50% of the theoretical value of visibility amplitude in Fig. Those frames
that were outside the 50 % confidence interval were discarded, which happened due to larger
imbalance originating in the retrieved photometry (i.e. I';; in Eq. (2.14)) of the input waveguide
numbered 1. The photometry imbalance (=I';;/T’;;) for Vi, and Vi3 was a magnitude higher than
the remaining four visibility pairs. As a result, the V;; value given by Eq. (2.20) deviates from
the expected amplitude value and fall outside of the confidence interval defined above, implying
missing values for Vi, and Vi3 in Fig. This might have happened due to coupling errors at
input numbered 1 from the DM segment in between the pairwise excitation of two input beams,
while obtaining the V2PM.

The confidence interval defined above for the visibility amplitudes was then used to calcu-
late the retrieved visibility phases as shown in blue in Fig. The theoretical phase is shown
in black with a spatial frequency of ~ 41—”. There is a factor two in the spatial frequency due to
the reflection on the DM. Fig.[7.4]shows a close match between the retrieved and the theoretical
values, except for @12, ¢13. The phase deviation for the latter is suspected to be due to resid-
ual phases caused by coupling errors as mentioned above, as well as uncertainties in the piston

positioning of the DM segment.

The above calibrated P2VM obtained at the WHT is applied to the stellar targets and the

visibilities are extracted in the subsequent sections.
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Figure 7.3: Retrieved visibility amplitudes from the V2PM data shown in blue, obtained at the
telescope using the calibration light source (49 = 1600nm, AA = 50nm). The missing amplitude
values for Vi, and V;3 are due to the photometry imbalance (see Section .
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Figure 7.4: Retrieved visibility phases from the V2PM data shown in blue, obtained at the

telescope with the calibration source. The black line shows the theoretical value.
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Nights | seeing (as) | ro (cm) | v (km/hr) | 7o (ms) o) (nm) Targets
10-11 0.7 58.3 20 32.5 169.2 - 276.5 | Altair
11-12 0.8 50.8 20 28.3 2959 -432.3 | Vega

Table 7.3: Table showing different averaged quantities describing the observing conditions for
the nights: seeing values recorded from the metrology archive of the WHT at 500nm, the Fried
parameter (rg) calculated at 1600nm, wind speed (v), atmospheric time constant (7p), range
of root-mean squared (rms) wavefront errors (0, ) from CANARY and stellar targets that were

observed per night.

7.3 On-sky experiment

The on-sky experiments were performed during the nights of August 09-12, 2019, with observ-
ing conditions summarized in Table[7.3] Two bright stars Vega and Altair (H~0) were observed
subtending an angular resolution of a few milli-arcsecond (mas) and thus appearing as point
sources at the spatial resolution of the WHT. These two sources, which are among the brightest
stars in the Northern hemisphere, were selected based on their observability (right ascension
and declination) during the entire night. The on-sky experiment was operated with the support
of the CANARY AO system to compensate for the atmospheric turbulence. Therefore, the AO
system is briefly described from where the f/11 corrected beam was obtained. CANARY is
a multi-guide star AO system that was developed to demonstrate multi-object AO correction.
CANARY was configured in single conjugate adaptive optics (SCAO) mode with an expected
throughput of < 15 % for this experiment. In this mode, CANARY uses a 14x14 sub-aperture
Shack-Hartmann wavefront sensor controlling a 241-actuator deformable mirror from ALPAO
at a frame rate of 150 Hz [157, 158, [159]. When CANARY is operated in SCAO mode, and
depending on the seeing conditions, an average Strehl ratio of 0.3 is obtained. In Table[7.3] the
actual range of wavefront errors delivered by CANARY is reported during the observation of

our sources.

The four segments of the DM were used to couple light into four inputs of the pupil
remapper via the MLA (see Fig.[7.I). With an average total throughput of our system of at
most ~ 4% (see Table [7.2)), the CRED2 camera water-cooled at 233K was used and affected
by a read-out noise of ~ 22e~ [148] to record the DBC outputs. Since, the routines for a
synchronous control of the CRED2 and DM was not available, the CRED2 and DM interfaces
separately was used separately. The DM interface was used to steer in the four DM segments
without adding any additional piston. The CRED?2 interface was used to record various sets of
1500 frames in one continuous shot. All the frames were bias-subtracted. The bias frames were
recorded by blocking starlight path with a physical aperture placed before L1 (see Fig. [7.1).
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The exposure time per frame was chosen to be 7, = 250 ms with the CRED2 camera in high
gain mode. The choice of this value was motivated by the necessary compromise between the
SNR and risk of fringe smearing. As the quality of the delivered AO correction and the delivered
SNR at the DBC outputs could not be analyzed in real-time, values adopted by other similar
near-IR experiments [87] were adopted, for which the interferometric fringes were detected
using 7, = 200 ms and without any assistance of external adaptive optics acting as a fringe

tracker.

For the subsequent data reduction, a crossed region of five pixels around the peak value
is selected (see Fig.[7.1c). For the analysis of stellar targets, the frame selection according to
the following criteria was applied: firstly, the extracted power of the output WGs has to be
positive. The frames with power of < 0.1 counts were discarded. Secondly, when retrieving
the input power (I';; in Eq. (2.14)) by applying the P2VM to the data, the frames resulting in
negative values were removed. Third, only those frames with the retrieved visibility amplitudes
in the range (0,4) were considered to show the on-sky results. Fig. reports the typical SNR

measured at each of the 23 outputs of the DBC when observing Vega after the frame selection.

12 -

10 1

SNR
.

o s 7 10 15 720
Output Number

Figure 7.5: Measured flux SNR at each of the 23 outputs while observing Vega after frame
selection. The dashed black line corresponds to SNR = 2.
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Visibility amplitudes Closure phases (in rad)
Vio | Vis | Via | Va3 | Vau | V34 | P13 | Proa | Pizs | Posg

Vega
Mean | 0.81 | 0.64 | 091 | 0.60 | 0.69 | 0.85 | -0.85 | 0.08 | 0.67 | -0.02
Std 048 | 043 1052|028 | 038|047 | 2.11 | 1.99 | 2.05 | 2.34
Median | 0.73 | 0.55 | 0.84 | 0.58 | 0.64 | 0.78 | -1.10 | -0.23 | 0.89 | 0.13
Altair
Mean | 0.65 | 0.58 | 0.70 | 0.72 | 0.75 | 0.76 | -0.13 | 0.72 | -0.13 | -0.04
Std 0.19 1 023 | 0.63 | 0.16 | 0.39 | 0.51 | 1.59 | 1.64 | 2.70 | 1.92
Median | 0.65 | 0.56 | 0.51 | 0.72 | 0.69 | 0.67 | -0.53 | 0.49 | -0.66 | -0.39

Table 7.4: Mean, standard deviation (Std) and median values for the visibilities and closure

phases obtained for Vega and Altair.

I';; (in camera counts) | Calibration Source Vega Altair
Input 1 56000 43000 800400 | 1700+ 500
Input 2 128000 + 6000 2300+700 | 2500+ 600
Input 3 41000 44000 1400 £500 | 1500+ 300
Input 4 51000 43000 900£300 | 700+300

Table 7.5: Retrieved photometry of the four inputs when injected simultaneously into the DBC

combiner.

7.3.1 Vega

Fig. and Fig. respectively reports the histograms of the retrieved visibility amplitudes
and closure phases obtained on Vega. With the selection criteria defined above, 84 % of the
frames out of 10500 frames contributed to the pool of data. The calculated mean, standard
deviation and median values are reported in Table [7.4] The histograms exhibit a Gaussian
skewed shape peaking to ~ 0.6-0.9. While the expected visibility value for a point source is
close to 1, the measurements are impacted by partial AO correction and longer integration times,
which may result in fringe smearing (see Section [5.4.4). The visibility spread is significant,
about 0.4 on average. This suggests that the retrieval process through the inverse V2PM is
unstable, possibly due to the overall low flux level (see Section [5.4). The mean value of the
CP is ~ 0 for ®y4, P34 as expected for a point source, whereas it is offset for the other two
triplets. Similarly, a significant spread is seen in the CP histograms. From the P2VM, the four
input photometries corresponding to the I';; terms in Eq. (see Fig. are retrieved and
reported in Table [/.5|for comparison between Vega, Altair and the calibration source.
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Figure 7.6: Histograms of the visibility amplitudes for Vega, Altair, the calibration source and

a background region.
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Figure 7.8: Plots of the retrieved photometry for the four inputs of the DBC for Vega.

7.3.2 Altair

Only one continuous shot for Altair with a total of 1500 frames was recorded. As shown in
Table the photon number from Altair are comparable to the case of Vega, which suggests
that the error analysis and potential impact of noise sources in low photon regime may apply
to the Altair data as well. The visibility amplitudes and closure phases for Altair is shown in
Fig. and Fig. respectively, where contributions from 94 % of the frames are shown for
the analysis of the visibilities with the selection criteria defined above. The mean, standard

deviation and median values of the visibilities for all combinations from Altair are shown in
Table [7.4]

7.4 Discussion of on-sky results

The Fig.[7.6|and Fig.[7.7]presents the results on the retrieval of the coherence function in a way
that several hypothesis can be advanced to explain the spread of our data. The third column

reports the visiblities retrieved from the observation of the internal calibration source, which
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corresponds to a high-flux level case at the inputs of the DBC (see Table[7.5). The last column
shows the results of the visibilities retrieval from a region of the detector fully dominated by
the background and its noise. For all of these four cases, the identical V2PM obtained from

Section[7.2]has been employed.

7.4.1 Impact of photon noise and detector noise

Considering the low throughput of the experiment together with intrinsically small diameter of
the individual sub-apertures, there is a probability that the experiment faced a photon-starving
regime despite observing two of the brightest stars in the northern hemisphere. In Fig.
Fig. it can be observed that the histogram of the retrieved coherence function for the cal-
ibration source is much more peaked, owing to the much larger amount of flux collected as
seen in Table On the contrary, when applying the retrieval process to a detector region
totally dominated by the background noise, the corresponding histograms present the widest
spread both for the visibilities and closure phases. In the case of Vega, despite stellar pho-
tons are collected at the 23 outputs, the modest SNR measured (see Fig. clearly point at a
photon-starving regime. Note that the visibilty amplitude histograms obtained for Altair appears
slightly less spread than in the case of Vega. It could be that an improvement of the throughput
(see Table [7.5)), caused for instance by the better AO correction on Altair (see Table [7.3)), or
a more stable coupling has helped towards more stable results. However, the effect remains
marginal and cannot be fully proven at this point. A simulation of the impact of the photon shot

noise and detector noise is presented in Section [5.4]to support these findings.

7.4.2 Partial AO correction and decoherence

In the experiment, adaptive optics correction was used as an external fringe tracker to maintain
coherence between the sub-apertures. Because of partial AO correction, the relatively long
integration time adopted may still lead to temporal decoherence, hence decreasing the values
of the retrieved visibilities. When looking at the visibility amplitude distribution obtained with
the calibration source, the histograms show a rather limited spread and have a median value
close to V=1, except for V3 and V34 for a reason that cannot be clarified at this point. Similarly,
the CP histograms are also comparatively narrow, with a median value for ®1,4, P34 triplets
close to 0° when compared to other two triplets. Clearly, the partial AO correction combined
to a longer integration time leads to some decoherencing, which explains partly the retrieved

visibility amplitudes smaller than 1 for Vega and Altair. Since the CP is an observable more
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robust to external phase errors, one may have expected a more peaked distribution for the two
stars. But again, the overall low-level of light flux might result in random phase errors, which
is detrimental for a robust calibration of the CP signal. This effect is also analysed through

simulations in Section[5.4]

7.4.3 V2PM calibration

Finally, it is suspected that the process to derive the V2PM of the system may also lead to
the generation of systematic biases that are difficult to identify. Indeed, due to configuration
issues, the Ninox 640 have been used to establish the V2PM and the CRED2 for the on-sky and
internal calibration measurements. Because of the different levels of detector noise between the
two cameras, this may lead to the presence of biases. This fact is confirmed for the calibration

source, where the retrived visibilities are not same for all the pairs and CP triplets.
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Chapter 8

Summary and future outlook
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8.1 Summary

In the context of interferometry, IO components have primarily been developed either as pupil
remappers, where the pupil of the telescope is remapped with single-mode waveguides [87] or
as beam combiners that combine light from two or more telescopes using 2-D [136] or 3-D
photonic circuits [104)]. This work aimed to blend these two concepts of pupil remappers and
discrete beam combiners (DBC) for the realization of a monolithic 3-D 1O-based astrophoton-
ics device, followed by an interferometric characterization step to qualify the device for on-sky
testing at the William Herschel Telescope (WHT) and finally, validate the DBC as a possi-
ble beam combination scheme for long baseline interferometry. The summary is carried out

chapter-wise:

Design — The design of the monolithic 10-based astrophotonics device containing both
the pupil remappers and the DBC, which was developed in this work, was optimized on several
fronts. The coherent reformatters were path length matched to PaL ~ 0.1 yum to preserve the co-
herence length of the light passing through the turbulent atmosphere. In addition to path length
matching, the minimum radius of curvature of the reformatters was constrained to R, > 30 mm
to maximize the attainable throughput The design of the DBC was a zig-zag-based 3D pho-
tonic lattice, which is composed of 4-inputs and 23-outputs single-mode waveguides that can
combine light from 4 telescopes and simultaneously extract the complex visibilities. Building
on concepts of previous work [104], this Thesis verified the optimum input configuration of this
kind of DBC, which was calculated to be at input waveguide’s position: 5-10-14-19. Following
the numerical analysis, the required lengt and coupling rati of the DBC was found in order
to minimize the condition number (CN) of the transfer matrix of the DBC, {U }, which is also
known as the V2PM. A minimum C is generally required to have the least propagation error
when the inverse of the V2PM, i.e. P2VM, is calculated. As any light source, in reality, has a
certain finite bandwidth, this work revisited the theory of transfer matrix calibration of a DBC
in the presence of a real light source. Here, a quasi-monochromatic {U } was defined, where the
matrix elements are frequency-dependent after a certain bandwidth. As a result, it was found
that the DBC should be operated in a narrow bandwidth"| within which the frequency dependent

terms of quasi-monochromatic V2PM can be ignored.

Fabrication — Considering the above parameters of the coherent reformatters and the

iIThroughput of > 80% has been achieved using simulations when considering the bending losses and transition

losses of such reformatters.
fif, =1.35L..
iiiKH = KD.
Videally ~ 1.
vAY 1.
0

140



DBC, three 10 devices were designed containing photonic circuits that manipulated the light
spatially in 3-D. The following naming convention for the devices are used for the rest of
this section: 1) Device-A, 2) Device-B, and 3) Device-C. Device-A consisted of 4-input non-
redundant pupil remapper connected with the 4-input DBC. Device-B was a replica of Device-
A but had reformatters that spatially distributed the 23-outputs of the DBC into a linear con-
figuration for spectro-interferometric measurements. And Device-C consisted of 8-input non-
redundant pupil remappers connected with two 4-input DBCs that were stacked vertically. The
initial designs and parameters were sent to Politecnico di Milano, which they further optimized.
Afterward, these devices were fabricated using their state-of-the-art ultra-fast laser inscription
(ULI) facility. The single-mode waveguides of the pupil remappers were polarization insensi-
tive and could be efficiently coupled with standard single-mode bare fibers at Ao = 1.55um. A

throughput of ~ 50% was achieved for all three devices.

Simulation — A simulation was done to find the wavelength and bandwidth response of
the 4-input DBC region (see Fig. [3.5p). It was assumed that pupil remappers before the DBC
region or coherent reformatters after the DBC region introduced negligible phase error be-
cause these were path length matched. The CN was low (< 15) at the design wavelength in
H-band The retrieved Visibilitie were in good agreement with the theoretical values with
mean squared error (MSE) values of ~ 107, It was found that CP did not give a feasible result
when calculated from the data that is used for the calibration of the V2PM (see Appendix [A|
on how the V2PM is filled). But, when the same calibrated P2VM is used to extract the vis-
ibilities of different data that is taken with simultaneous injection of 4-input light beams, the
CP provides a feasible result. Thus, it can be generalized to an N-input DBC that CP must be
calculated when the calibrated P2VM is applied to the power output vectors — with all N-input
beams injected simultaneously into the DBC. With the increasing bandwidth of light, the CN
increases, indicating the chromaticity of the V2PM. The MSE of the retrieval visibilities and
CP also increases with increasing bandwidth. It was found that there were high frequency os-
cillations in the retrieved visibility amplitude at higher bandwidths which were due to residual
phase errors of > 7 between the real and imaginary parts of mutual-coherence terms %;. This
resulted in the MSE values for the polychromatic visibilities to be higher than the monochro-
matic visibilities because of the phase errors obtained from the quasi-monochromatic P2VM
due to the finite bandwidth of the source. A simulation was done where all the four input beams
injected simultaneously into the device had an amplitude value of 1 and a linear phase ramp in
one of the arms of the input waveguides. It was found that the retrieved visibilities and CP were

as expected. The retrieved CP was close to ~ 0° showing the robustness of CP to external phase

ViWhen coherent reformatters are used to collect light from a re-imaged pupil of a telescope, they are defined as
pupil remappers.
ViiErrors of 1% at Ap = 1.6 um.
V2o = 1.6 um.
ixRefers to both visibility amplitude and phase, unless stated otherwise.
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The impact of different noise sources on retrieved visibilities was further studied by sim-
ulating wavefront perturbationg| in the form of amplitude and phase errors at all four input
waveguide locations of the DBC. Neglecting the effects of both photon and detector noise, it
was found that the retrieved visibility amplitude ~ 1 and CP ~ 0O for a set of 500 random real-
izations. However, when simulated photon nois was taken into account, the histograms for
both the visibility amplitude and CP changed and started to spread out: the peak’s height de-
creased, and the width increased due to the increase in photon noise. Adding detector noise to
the photon noise worsened the retrieved visibility amplitude and CP. A significant deviation was
observed, the median visibility amplitude < 1 and median CP # 0, along with an increase in
the spread of the retrieved values. To simulate a realistic scenario, the camera’s exposure time
was included. Longer camera exposure times in addition to photon and detector noise further
decreases the median values of the retrieved visibility amplitude. The retrieved amplitude me-
dian value decreases even more if the level of Strehl ratio or the correction from an AO system

is poorer.

Characterization — The characterization of the three different IO devices was done us-
ing a 2-beam Michelson interferometer setup, which is capable of acquiring the V2PM of the
DBC. The characterization was performed using a tunable laser source which produced the
monochromatic visibilities, and using a broad-band light source with two different bandpass
ﬁlter producing the polychromatic visibilities. For all three devices, the monochromatic
and polychromatic visibilities were successfully retrieved. The calculated CN of the measured
V2PM of all devices was low (< 20), which is roughly similar to the CN values obtained from
simulation across the H-band (1.54 — 1.64 um). Due to residual phase errors, simulations pre-
dicted high-frequency oscillations around the retrieved visibility amplitude. These oscillations
could be observed in the measurements, which confirmed the simulations. Additionally, a shift
of the central OPD for all the three devices (e.g. see Fig.[6.15)) was observed while retrieving
the polychromatic visibility amplitude. This is suspected to be due to the long armg*"| of the
Michelson experimental setup. The tip/tilt applied to the mirrors in order to couple light into
the pupil remappers creates an optical path delay in the long arms of the setup, which are seen
as shifts in the central OPD of the retrieved visibility amplitude. To test whether the mirror
tip/tilt introduces phase errors while retrieving the visibilities from the experimental V2PM, an
artificial global phase term was applied to the columns of the V2PM. No change in the CN or

the retrieved visibility amplitude was found, concluding that phase errors in the form of central

*The statistics of the wavefront perturbations was calculated based on Strehl ratio that was delivered by the
CANARY AO system.
XiThe relative contribution of photon noise increases with a lower number of photons.
Xii A5 the Strehl ratio decreases, it implies significant perturbation in the incoming wavefront.
XiiiQpe at Ay = 1.6 um, AA = 50 nm and other at Ay = 1.55 um, AA =40 nm.
XVThe distance between the mirrors and the coupling lens.
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OPD shifts from the Michelson setup do not affect the retrieved instrumental visibilities.

The MSE of the retrieved visibilities for all the three deviced™] had the same order of
magnitud which indicates two things. The first indication is that the phase errors, which
are a combination of systematic and random errors from the experiment, affected the V2PM of
all three devices identically. This agrees with the CN being very similar for all three devices
and the level of accuracy in the retrieved visibilities being identical. Thus, the MSE has the
same order of magnitude. The second point refers to the reliability of the ULI process and the
parameters used to fabricate these three devices. In one of the works on ULI fabrication [160}
Chapter 7], it has been reported that the performance of photonic circuits varied despite using
the same ULI parameters, identifying defect states present in the glass as the main culprit. That
kind of variation in performance has not been observed with the devices used for this Thesis.
Note that the substrate used in Ref [160, Chapter 7] is different from the substrate used in this
work, which could play a role as well. However, the results in this Thesis indicate that with
the state-of-the-art ULI facility and fabrication method at Politecnico di milano, the variation in
performance is low: in particular, the DBCs have almost identical optical properties, leading to

similar experimental MSE values among the three devices.

However, while the MSE for the experimental visibilities was consistent between the de-
vices, it was generally higher than the MSE values obtained from simulation which comes
from various experimental factors. Notably, the MSE for the visibility phase was higher than the
MSE for visibility amplitude by a factor of ~ 100. This is because the visibility phase is more
sensitive to external phase errors in the experiment than the visibility amplitude. The phase
errors are a combination of systematic errors from the delay line, random coupling errors due to
the positioning of the DL, retrieval errors from the quasi-monochromatic V2PM due to the finite
bandwidth of the light source and non-ideal detectors. A study was carried out where the V2PM
of a device captured on one day was applied to data captured on a completely different day with
the same laser parameters and coupling conditions. It was found that the retrieved visibilities
from both days had similar MSE values indicating a repeatable and predictable behavior of the

experimental factors in the Michelson setup.

Finally, a polarization study was done for Device-C by rotating the polarizer at different
angles. It was found that the retrieved visibilities had similar MSE Value independent of

*Though three devices are different in design, the commonality they all share is the DBC — a 4-input and 23-
output single-mode waveguides lattice in a zig-zag geometry. The DBC combines the light such that complex

visibilities could be extracted simultaneously.
WiFor all three devices, MSE for the polychromatic visibility amplitudes were ~ 10~ and that for phases were
~ 10"
Vii[n the simulation, MSE for monochromatic visibility amplitude was ~ 10~7, while in the experiment it was
~ 1073,
xViliFor all rotation angle of the polarizer, MSE for visibility amplitudes were ~ 1073 and that for phases were
~ 10°.
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the orientation of the polarized light, thus confirming the polarization insensitive behavior of

the single-mode waveguides fabricated using ULI.

On-sky results — The visibilities and CP results from the lab characterization and overall
performance of the devices presented above provided the foundation and motivation to proceed
with the on-sky campaign at the WHT. Within the available space at the Nasmyth table of
the WHT, an optical setup was prepared using a segmented deformable mirror and an MLA
to perform the pupil remapping of the WHT. For this purpose, the substrate containing the
Device-B was selected. Light coupling into the IO chip was maximized by carefully positioning
the DM, MLA, and various optical components. The V2PM was acquired with a broad-band
calibration light source using a bandpass filter of AA = 50 nm. With the DM and MLA, starlight
was successfully coupled into 4 input WGs of the DBC, enabling 6 baseline measurements
simultaneously. Stellar photons from Vega and Altair were recorded, and the P2VM obtained
from the calibration measurements was applied to the data captured from the star. After the data

analysis, several points were found that should be discussed to interpret the results:

* Using the high-flux, turbulence-free, broad-band calibration source, it was observed that,
in most of the baselines, the retrieved visibility distributions were in agreement with V' ~
1 and CP ~ 0°. However, one change had to be introduced to the setup between the
calibration and starlight measurement: the camera had to be replaced due to technical
challenges. It is strongly believed that the calibrated V2PM might have been affected
by biases, which are partly due to different cameras used for the V2PM calibration and
the on-sky observation. Unfortunately, this was detrimental to obtaining the precisely

calibrated visibilities and CPs.

* For all baselines, the visibility amplitude distributions peaked below the expected value
of V =1 for an unresolved source, typically around ~ 0.6 — 0.8, with a significant spread
around the mean value. The measured CPs also exhibited a significant spread around 0°,
and showed in some cases departures from 0°, which is not interpreted as an astrophysical

signal.

* To further investigate effects on the retrieval of visibilities and CPs from the on-sky mea-
surements, the signal level was considered. A comparison between the high-flux cas
and a case where no signal is detected at the DBC outputs indicates that the shape, spread,
and peak in the histograms of the retrieved quantities is strongly influenced by the SNR
measured at the 23 outputs. For Vega, an SNR ~ 2 — 14 was reached, which is con-
sidered at the edge of measuring a coherent signal. Therefore, we expect higher flux —
e.g. through larger telescope sub-apertures — is required to obtain reliable results for the

visibilities.

*XWith the calibration source.
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* In this experiment, some of the typical challenges of similar experiments [85, [87]] were
encountered: With single apertures of ~ 60 cm in diameter and the need for short in-
tegration times, the measurements ended up in the low photon regime. Here, the level
of the AO correction from CANARY did not permit exposure times significantly longer
than the atmospheric coherence time. In addition, the noise figure of the camera played a
significant role, leading to an overall low SNR.

* To better understand the origin of the low visibilities and high spread of the on-sky results,

several simulations were performed to obtain a more realistic situation. It was found that:

— The partial AO correction from CANARY of ~ 200 —300nm rms is not by itself
the main cause for the large spread of the data. Still, this level of correction and the
relatively large exposure time compared to the atmospheric coherence time would

result in fringe smearing, decreasing the value of the retrieved visibilities to ~ 0.5.

— In the low photon regime of this experiment, the impact of the detector noise is also
very significant in shifting the distribution peaks and increasing the spread of the
results. This also clearly affects the retrieved CPs, which would otherwise be more

robust to the residual phase errors in high-flux conditions.

8.2 Future outlook

After several successful feasibility studies that were limited only to laboratory environments
(103} 104} 2], this is the first time that an ULI-manufactured astrophotonics device using the
DBC-based matricial beam combination scheme was tested on-sky, where it collected starlight
from Vega and Altair. Although the performance of retrieved CPs were not yet satisfactory
when compared to similar work on pupil reformatting [85, 87], this does not lead us to con-
clude that the phase retrieval process of the DBC-based beam combination scheme is inherently
flawed. On the contrary, as other noise sources strongly impacted the on-sky measurements,
laboratory and calibration characterization at the WHT indicate that much better performance
could be expected in an experiment where more focus is given to better control of environmental
parameters and the transfer function, and to increase the SNR. On the other hand, the retrieval
of visibility amplitudes delivered a better outcome, even though there were effects from fringe
smearing. It is to be noted that visibility amplitude values were not reported in other, similar
works [85, [87]]. It is expected that the results would have been improved from a repeated and
optimized on-sky experiment under better controlled conditions. Hence, from the encouraging

outcomes of this Thesis work, the following upgrades could be done in the future:

* To address some of the issues encountered during the on-sky test, the pupil remapping
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setup in Fig.[7.1| could be improved on the following fronts:

— 3-D printing of the MLA [[161]] could be done directly on the front facet of the pupil

remappers to increase the injection efficiency of light and enable higher signals.

— The setup can be extended to include resolution test targets [[162] and an AO testbed
[163] to simulate artificial observational astronomy in the laboratory, which could
be used to study the retrieval of visibilities, CP, and image formation. Thus, a more

rigorous validation for DBC-based beam combination scheme could be done.

* The spectro-interferometric capabilities of DBC could be explored using a bulk-optics
dispersing elemen{™]| or using I0-based arrayed-waveguide gratings (AWGs) [164]. The
advantage of using 10-based AWG is that it could be glued to the outputs of the ULI-
based DBC, forming a hybridized single-photonic component with minimum mechanical
alignment, which can perform both interferometry and spectroscopy. There are ongoing
developments in hybridization towards astrophotonics components, which use different

photonic fabrication technologies [91, 90].

* Current state-of-the-art pupil remapping interferometry is limited to the lab experiment
forming 8-inputs and 28-baselines simultaneously [91]]. With the growing size of ground-
based telescopes such as ELT [165] there is a need for utilizing the whole pupil of
the telescope for performing pupil remapping to have access to several baselines simul-
taneously. The results of the 8-input pupil remapper and 3-D capability of ULI in this
work are an encouraging step for a scalable photonic device, which can have > 8-pupil

remappers with a cascade of DBCs.

* To enable interferometry with a larger number of telescopes, work is ongoing to develop
DBC that can combine light from > 4-telescopes simultaneously [[149]. This could be
used, e.g. in the context of the CHARA array. However, while preliminary results for 6

inputs are promising, more investigation is needed for this kind of DBC.

* Due to retrieval of phase information from the DBC, it can be used as wavefront sensors
in AO [121]]. If a prototype was fabricated and validated, this could find applications
beyond astronomy, in fields of biophotonics [[166] and quantum optics [[167].

To summarize, this Thesis described a monolithic 3-D 10-based astrophotonics device that
consisted of both pupil remappers and DBC, from design to on-sky testing. This is a first step
for validating the concept of DBC-based beam combination for applications in long-baseline
interferometry. Especially when the above upgrades are considered, this 10 device has the great

potential to be implemented in a large-sized telescope at an interferometric facility, or as

** A prism or grating.
*iExtremely large telescope.
XiiPrimary mirror with > 6m diameter.
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part of a future mission for stellar interferometry in space [168]].
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Appendix A

How to fill the V2PM?
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This Appendix is dedicated to show the step-by-step process of filling the elements of a
V2PM obtained from a 4-input DBC. The experimental data that was used to produce Fig.[6.15]
and Fig.[6.16]in Section [6.4] will be used as an example in this section. It is to be reminded that
this was the device that used for on-sky testing to collect the stellar photons at the WHT. The
standard numpy, scipy, lmfit, astropy.io and matplotlib packages for python 3 or higher will be

extensively used to reduce the data.

The experimental data performed using 2-beam Michelson setup as shown in Fig. [6.1]
consists of a folder where 21 .fits files are recorded. There are 6 baselines, and for each baseline,
there are three .fits files: 1 file for when two beams are excited simultaneously, and 2 files each
for when one of the beams is blocked while the other beam is injected into the device. The
remaining three files correspond to 2 files — when the device is excited with the beam but with
no additional delayﬂ and 1 file with both the beams blocked The 21 .fits files are stacked and
summed to get the output image of the DBC as shown in Fig. [A.T] The outputs are detected,
and coordinates of the 23 output waveguides are stored by finding the peak intensity. After
performing the bias subtraction (see Footnote below), a trapezoidal summation corresponding
to a 1 pixel radius as shown in Fig. [T.Ic is performed to extract and store the power of each

waveguide for all .fits files.

1 ‘23*22'21'29*19*18‘17'1@*15"14*13"12*_11"10'5 % *?. T %% '3|"2 i |
0 100 200 300 400 500
X-axis (in pixels)

y-axis (in pixels)
[\
vo

Figure A.1: Summed output image of the DBC.

After the above steps are followed, individual baselines are now analyzed. Consider the
baseline pair 1 and 2, as shown in Fig. [3.5h. The following definition is now used for the data

set, each containing 23 output WGs:

* BL12: Both the beams are present, but the delayed beam is at input 2.

i1t is to be made sure that at least one .fits file exists for the 4 input waveguides — when the device is excited
with one of the input beams, while the other beam blocked. There should not also be any kind of phase delay from

the delay line to this coupled input beam.
Tt is a file that will be used for subtraction to all the remaining files that are excited with at least one input

beam to remove any biases from the camera.
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I

II

I

IV

P1: Only input beam numbered 1 is present due to contribution from the straight mirror.

P2¢: Only input beam numbered 2 is present due to contribution from the delayed mirror.

The following steps are now followed:

To BL12 data set, a fast fourier transfrom (FFT) algorithm is used to filter out the high
frequency components by setting a threshold value, and the result for some of the waveg-
uides is shown in Fig.[A.2]

A polynomial fitting of the 4”* power or less, y = a + bx+ cx* +dx> 4 ex* is applied to P1
and P2¢ through NLLS method. x is the DL scan from 3.7 —4 mm with 5700 samples,

y is the data, and unknowns are a, b, ¢, d, e. The result for some of the WGs is shown in
Fig.[A.3]
A photometric correction, BL12€ is applied using:

BL12—P1—P2¢

BL12¢ = . (A.1)
2V P1P24

The fringes for some of the waveguides are shown in Fig.[A.4]

A Hilbert transformation is used to find the envelope of the temporal fringes and the center
of the envelope is located. This gives the central OPD (in um) of each of the 23 output
fringes. An average is carried out across the central OPD for 23 output WGs. Then, a few
number of fringes (~ 11) around the averaged-central OPD is used for the next step. The

corresponding DL scan values for the 11 number of fringe are also noted down.

A model fitting is applied:

sin(fy(x —xp)) ‘

y=DCp +Azcos(fe(x—x0) + P12) £,(x—x0)

(A.2)

Where, y = BL12¢, f. = % and f; = %. x = DL values and xy = average of 23 central
OPD from the fringes found in Step IV. The unknowns are A, = amplitude, ¢;, = phase
and DC}; = constant term. The model is applied using NLLS method and the fitting is
shown in Fig. for the 11 number of fringes. The fitting parameters are saved for
later use while filling the V2PM. It is to be noted that for a monochromatic light source

AA — 0. Hence, the same Eq. (A.2) is used for the monochromatic data as well with

the exception that w — 1in Eq. (A.2).

iiiHere, 1 number of fringe corresponds to a cosine or sine cycle from 0 to 27.
VSee the monochromatic retrieved visibilities — Fig. [6.12and Fig.[6.13
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Figure A.2: FFT filtering is used to filter the high frequency components when both the beams

are present. The orange is the filtered curve, while blue is the original data.

The Steps I to V are repeated for the remaining 5 baselines[']

A.1 Self-coherence terms

The first 4 columns of the 23 x 16 V2PM are filled with the coefficients of self-coherence
termsE| Consider the 1% column of the 23 x 16 V2PM, which is filled with input beam num-
bered 1 from the contribution of the straight mirror. The filling of the i* row, 1* column
element, U;; can be written mathematically as:

Pl

U = (A3)
iz1 P

Where, P1' is the power extracted for i/ WG of input beam numbered 1 (see the definition
above). The Eq. (A.3) can then easily be extended to the remaining first three columns, thus

YThis particular example uses 4 inputs/telescopes. Therefore, there are 6 unique baselines.

Vil in Eq. .
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Figure A.3: Polynomial fitting to the data when only 1 of the beam is present. Blue is the
original data, and orange is the fitting curve. (a) P1 (b) P2¢. The coupling variation due to DL

can be easily seen for WG: 5.
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Figure A.4: Photometric correction of fringes using Eq. 1) It can be seen that when photo-

metric correction is performed, amplitude range of the fringes is in range -1 to 1.
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Figure A.5: Model fitting using Eq. (A.2)). The Ai12 = amplitude and ¢)f2 = phase of the temporal
fringes is found for the i’ output WG. Blue is the photometrically corrected data from Fig.

while orange is the fitting curve.
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filling the coefficients of self-coherence terms. It is advisable that one should not use the P1¢

data, which has a contribution from the delayed mirror due to coupling errors as shown in

Fig.

A.2 Mutual-coherence terms

The remaining 12 columns of the 23 x 16 V2PM are filled with the coefficients of mutual-
coherence terms Consider the fifth column of the V2PM, which is filled with parameters
extracted from Step V. The filling of the i'" row, 5" column element, U;s5 can be written mathe-

matically as:
Ujs = 2V P1iP2iIAY, cos(¢!,). (A.4)

Where, P1/ and P2' are the power extracted for i/ WG of input beam numbered 1 and 2,
respectively (see the definition above). ¢f2 and Ai12 are the parameters extracted from Eq. li
for i"" WG, when both the beams numbered 1 and 2 are present. The Eq. (A.4) can then easily
be extended to fill the 67, 71" 8" 9" and 10" columns from the contributions of baselines
BL{5, BLi,, BL55, BLS,, and BLS,, respectively.

Finally, the last 6 columns are reserved for the imaginary part of I';;. The filling of the it

row, 117"

column element, U;; is done using:

Ui = —2VP1P2IA , sin(¢),). (A.5)

Where, all the definitions are defined above. Thus, Eq. (A.5) can then easily be extended to
fill the 12", 13" 14" 15" and 16"" columns from the contributions of baselines BLS, BLS,,

BLS5, BLS,, and BLS,, respectively.

A.3 Elements of the V2PM

The procedures mentioned above are followed, filling all the elements of a 23 x 16 V2PM,
which is shown in Fig. The pseudoinversd"""!|of the V2PM, which is the P2VM is calculated

V”l",-/- in Eq "
Vit Also known as Moore-Penrose inverse.
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Figure A.6: The elements of a 23 x 16 V2PM. This was the V2PM that was used to obtain the

visibilities of Fig. IGEI and Fig. @ in Section @

and applied to the of 23 output WGs for 6 of the BLpg data set. pq in BLpq refers to
pairwise combination when both the beams are present at input numbered p and g without

any photometric correction of Step III. The corresponding rows of the matrix, {P2VM 13} are

extracted and using Eq. (2.20), the visibilities of Fig. [6.15] and Fig. [6.16] in Section [6.4] are
produced. It is to be noted that the elements of the V2PM can be filled in any order, but one

should make sure that the consistency is being followed while extracting the corresponding
rows of the J from the matrix {P2VM .ﬁ}. Thus, the DBC encodes the fringes matricially (see
Section [[.4.4). Once the transfer matrix or V2PM of the optical system is known, it allows for

the simultaneous extraction of visibilities without any scanning element[]

XPower vectors from Eq. lb
*Scanning element refers to any optical component that introduces a phase delay.
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