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vorgelegt von

Sayed Ahmed Islam Sanny
aus Dhaka, Bangladesch
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Abstract

Nulling Observations of exoplaneTs and dusT, or in short ’NOTT’, is the first long-

baseline self-calibrated nulling interferometer based on a photonic beam combiner as

part of the upcoming visitor instrument ASGARD at the VLTI (Paranal, Chile). The

NOTT instrument aims to detect and characterise young exoplanets in the mid-infrared

astronomical L’ band using nulling interferometry. The photonic or integrated optic

beam combiner for NOTT is fabricated using Ultrafast Laser Inscription (ULI) in

chalcogenide glass. ULI uses an ultrashort pulsed laser to form single-mode waveg-

uides for the mid-infrared region within the bulk of the substrate. The integrated op-

tics beam combiner follows the “Double-Bracewell” architecture and consists of three

cascaded directional couplers with 50/50 achromatic splitting. The first two direc-

tional couplers produce a null signal each, which are then coherently combined by the

central directional coupler. This central directional coupler creates two nulled signals

with mirrored transmission maps, where their difference produces a self-calibrated as-

trophysical null. The beam combiner’s unique 3D architecture allows each individual

telescope beam to first pass through a side-step to suppress uncoupled stray light.

Asymmetric Y-junctions then sample the corresponding flux to provide simultaneous

photometric information for each input enabling the most accurate estimation of the

null depth.

This thesis presents the step-by-step development and characterisation of direc-

tional couplers, Y-junctions, a 2-telescope beam combiner and up to NOTT’s 4-telescope

beam combiner, all fabricated in Gallium-Lanthanum-Sulphide (GLS) glass using ULI.

vii



viii Abstract

It includes the first detailed mid-infrared laboratory characterisation of such a photonic

device using 4 beams across a wavelength band between 3.65 and 3.85 µm. Detailed

characterisation and optimisation of the directional couplers has resulted in achromatic

splitting ratio close to 50/50 across the L’ band with good reproducibility. These direc-

tional couplers feature null depths in the range of 10´2 using polychromatic light from

a supercontinuum source without any polarisation control. Y-junctions have been engi-

neered for achromatic 50/50 splitting for the 2-telescope beam combiner and achromatic

20/80 splitting to meet the requirements for NOTT’s 4-telescope beam combiner. For

the 4-telescope beam combiner, a self-calibrated null of 10´4 is demonstrated within the

limitation of the interferometric test bench at room temperature. The beam combiner

will be installed in the NOTT instrument during the first deployment phase. Although

the current 4T-Nuller falls slightly short of the ideal specifications, a second-generation

beam combiner will eventually have to be fabricated to achieve all the instrument’s sci-

ence goals. This beam combiner will be building on the groundwork established by this

thesis.
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1
Introduction

In space, there are countless constellations, suns and planets;

we see only the suns because they give light; the planets remain

invisible, for they are small and dark. There are also numberless

earths (exoplanets) circling around their suns...

Giordano Bruno [1548-1600]

Despre infinit univers si lumi [1]

In recorded history, Giordano Bruno, well-known as the martyr of science, is proba-

bly the first person to think of exoplanets. Since then, exoplanets have become a quest

in observational astronomy. However, it is only recently that instrumental develop-

ment allowed human understanding of extrasolar planets and their planetary systems.

1



2 Introduction

In particular, advances in the field of optics, such as integrated optics to adaptive

optics, have enhanced the capability of exoplanet detection. According to the recent

NASA Exoplanet Archive, by March 2024, the number of confirmed exoplanets is 5595

[2].

1.1 Exoplanet detection techniques

Exoplanet detection involves multiple techniques that are distinguishable based on the

detection methods and characteristics of the planets. The first well-known technique

is the radial velocity method. This pioneering technique relies on the periodic variation

of the star relative to the centre of mass of the system, which appears as a Doppler

shift in the spectral lines of a star induced by the gravitational influence of an orbiting

exoplanet.

The radial velocity method confirmed the first official exoplanet discovery by Mayor

& Queloz in 1995 that orbits a normal sun-like star [3]. Previously, the first exoplanet

was discovered in 1992 and orbits around a pulser using the pulsar timing technique

[4]. Even though the pulsar timing technique was not developed to detect planets, it

is sensitive enough to detect exoplanets.

The second and most successful method is the transit method ; this method involves

monitoring the temporary dimming of the star’s brightness as an exoplanet transits

through its stellar disc. More than half of all detected planets have been discovered

using this method [5; 6; 7].

Another technique is the microlensing method. It works based on the principle

of gravitational lensing when a massive object, such as a planet, passes through and

temporarily magnifies the light from a background star [8; 9]. Numerous additional

techniques play pivotal roles in the detection of exoplanets. One such method is the as-

trometry method, devised initially to monitor minute shifts in a star’s position, thereby

detecting its motion. This technique has been extended to successfully identify planets

orbiting a star by measuring subtle alterations in the star’s position as it oscillates

around the centre of mass of the planetary system [9].
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However, these methods are based on indirect observations, even though they have

successfully found planets, particularly the radial velocity and transiting methods.

Unfortunately, most cannot provide spectral or direct radiation that can allow advanced

analysis to understand the planet’s properties or even biosignatures since there is an

inherent bias from nearby planets or the host star [10]. Therefore, direct imaging of

the reflected light or thermal radiation emitted by the planet is the best way to obtain

a planetary spectrum. The direct imaging method involves capturing the faint light

emitted or reflected by exoplanets. This is inherently challenging due to the over-

shining brightness of its host star[7]. Hence, only a tiny fraction of exoplanets, less

than 50 out of 5595, have been confirmed using direct imaging to date [11].

Figure 1.1: As per the latest data from the NASA Exoplanet Archive, as of March 2024,
the number of confirmed exoplanets is 5595. The graph illustrates the cumulative number
of detections using radial velocity, transit, microlensing, imaging, and astrometry methods.
Image source: [2].
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1.1.1 Direct imaging of exoplanets/VLTI

Direct imaging and high spectral resolution characterisation can reveal unique prop-

erties of exoplanets, including the composition of their atmosphere [12; 13; 14; 15],

rotation [16; 17; 18], and cloud coverage [19].

Therefore, the advancement of imaging devices, characterised by a continuous en-

hancement in angular resolution, sensitivity, contrast, and ability to suppress the glare

of the host star, holds the potential to guide scientific progress and discoveries of

exoplanets. In this context, contrast refers to the reciprocal of the dynamic range,

signifying the flux ratio of the least luminous object detectable by the instrument [20].

For that, two additional techniques are used – (i) coronagraphy, which involves mask-

ing the light from the star through the use of a focal plane mask, and (ii) nulling

interferometry, which is a particular case of interferometry with the ability to block or

null the host star light as is done with coronagraphy but without masking.

Contemporary coronagraphic imaging tools are extensively employed, combined

with adaptive optics for direct imaging [10]; however, their effectiveness is constrained

by contrast limitations within a few resolution elements from the central star. This

limitation arises from a fixed inner working angle (IWA « λ{D). This is the angle

of separation from the star, at which the flux from the planet is rapidly decreased

and/or beyond which the flux from a resolved star rapidly increases. Typically, the

contrast ranges from 10´4 to 10´5 at distances of several λ{D from the central star,

depending on the wavelength. Here, λ represents the centre wavelength, and D denotes

the diameter of the aperture integrated into the telescopic aperture [21; 10].

On the other hand, ground-based long baseline nulling interferometry shows sig-

nificant advantages over coronagraphy; it allows probing of smaller spatial scales with

modest contrast [20]. For instance, The Very Large Telescope Interferometer (VLTI),

located in Paranal, Chile, is an astronomical facility specialising in high angular reso-

lution astronomy under the support of the European Southern Observatory (ESO) in

infrared. Figure 1.2 represents the VLTI observatory and the infrared transmittance

window for the ground-based observatories, sub-divisioned by astronomical bands H,

K, L, L’, M and N. VLTI contains four 8.2-m Unit Telescopes (UTs) and four 1.8-m
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Auxiliary Telescopes (ATs). The locations of UTs are fixed, while the ATs can be re-

located to more than ten different positions [22]. This facility has played a crucial role

in numerous astronomical discoveries and technological advancements, using a suite of

famous and well-known instruments operating in the infrared.

Figure 1.2: European Southern Observatory (ESO)’s VLTI at Paranal, Chile (upper) [22].
Illustration of the astronomical wavelength bands with respect to the infrared transmission
of the Earth’s atmosphere. The presence of extinctions is due to molecular absorption by
water vapour, CO2, etc [23] (lower).

As of 2024, MATISSE [24], GRAVITY [25], and PIONIER [26] are currently com-

missioned high contrast imaging instruments at VLTI. In the past, VLTI hosted, now

decommissioned, high contrast imaging instruments AMBER, MIDI, PRIMA, and

VINCI [27]. The VLTI achieved contrast in the near-infrared using PIONIER (H band)
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and GRAVITY (K band) at the level of 10´3 within a few milliarcseconds (mas) angu-

lar resolution. However, nulling instruments located in the Northern hemisphere and

non-redundant aperture masking observations, such as those conducted at CHARA,

have demonstrated superior contrasts of approximately 10´4 on baselines longer than

those currently accessible at the VLTI [28]. As depicted in Figure 1.3, it has been

identified that compared to shorter wavelengths, the contrast ratio of young giant exo-

planets to their host stars reaches 10´4 or 10 magnitudes, making direct imaging more

feasible in the L’ band. However, achieving this requires high angular resolution, which

can only be accessed through the advantages offered by long baseline interferometry.

Therefore, developing a high-contrast L’ band nulling interferometry instrument for

detecting extra-celestial bodies is highly prioritised for the future VLTI instrument

[27].

Figure 1.3: Simulated contrast between a 10 Mjupiter planet and a 1 M star as a function
of wavelengths depending on the planets age. The wavelength of the L’ band provides im-
proved contrasts over shorter wavelengths, particularly for young planets still hot from their
formation. The dashed horizontal line represents the target contrast 10´4 or 10 Magnitudes
for ASGARD/NOTT [20].
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Recent innovations in technology, for example, adaptive optics [29], data reduction

techniques like self-calibrating null depth estimation [30], beam combination architec-

tures [31], and integrated optics[32], present promising pathways to elevate the VLTI

to the next level of observational capability by providing enhanced contrast at smaller

angular separations.

1.2 ASGARD: instrument overview

The VLTI: ASGARD initiative has been introduced as an innovative visitor instru-

ment [33; 34], comprising four collaborative sub-instruments, namely HEIMDALLR

(High-Efficiency Multiaxial Do-it-ALL Recombiner), BALDR (performing both fringe

tracking and stellar interferometry with shared optics), BIFROST (Beam-combination

Instrument for studying the Formation and fundamental paRameters of Stars and plan-

eTary systems), and NOTT (Nulling Observations of dusT and planeTs), a nulling

interferometer dedicated to imaging young nearby planetary systems in the L’ band,

formerly known as Hi-5 [35]. This NOTT instrument’s heart is a 4-telescope inte-

grated optics beam combiner. The focal point of this thesis is to construct such a

device utilising the ultrafast laser inscription technique.

The operational range of ASGARD extends from Y to L band, covering wave-

lengths from 1 to 4 µm. Figure 1.4 shows the instrument overview and Figure 1.5

contains the optomechanical layout of the ASGARD instrument, while Table 1.1 lists

the specifications of each ASGARD sub-modules.

Each of the sub-instruments of ASGARD contains multiple subsystems, as shown

in Figure 1.4. However, they share two common modules - (i) ASGARD Calibration

and Alignment Unit (ACAU), which includes the sources for the spectral calibration of

the modules and a coherent 4-beam light source for internal alignment and co-phasing.

It also provides flip mirror pickoffs to switch between ACAU and VLTI. (ii) ASGARD

Common Optics (ACO) with a combination of four sub-modules - shutters with the

ability to shut down all the instruments at once or one at a time, beam compressors

is to reduce the size of beams with four pairs of optics, MEMS deformable mirrors to
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perform fringe tracking and injection control as well as the correction of higher order

aberration modes for maximising the injection efficiency in BIFROST and NOTT.

Dichroic mirrors to transmit the L’ band to NOTT and reflect shorter wavelengths to

the other sub-instruments.

Figure 1.4: Schematic layout of the ASGARD instrument with its four sub-instruments
and their modules. Image credit: [34].

The first sub-instrument, HEIMDALLR, incorporates several essential components.

This includes the Longitudinal Dispersion Compensator (HEI-LDC), which features

a piezoelectric linear stage mounted in each beam to introduce optical path delay.

Additionally, the Focus and Alignment Mirrors (HEI-FA) consist of four mirror pairs

steared by stepper motor actuators.
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Furthermore, the Pupil Reconfiguration (HEI-COMB) component utilises knife-

edge mirrors to reconfigure the K-band beams into a two-dimensional pattern for per-

forming wavefront sensing using fringe patterns created by six non-redundant base-

lines on the detector. The Camera (HEI-DET) module contains the cooling systems,

electronics, and detectors to collect and record fringe patterns and signals from the

BALDR.

Table 1.1: Specifications of the VLTI /ASGARD modules [34; 33]

Feature HEIMDALLR Baldr BIFROST NOTT

Photometric band K H Y, J, H L

Central wavelength (µm) 2.18 1.6 1.35 3.75

Bandwidth (µm) 0.45 0.3 0.6 0.5

Spectral resolutions R=5 (two channels) None

LR arm (Y,J,H):

R = 50, 100, 1500, 5000

HR arm (Y,J):

R = 1000 (1.05-1.65 µm)

HR: R=5000 (1.05-1.65 µm)

VHR: R=25000

(around He I+Paβ and Paγ)

R = 20

R = 400

R = 2000
˚

Polarization split NO - YES (optional) YES
˚

Off-axis mode - - YES
˚

-

Inner Working Angle

@3.75 µm
- - -

2 mas (AT),

3 mas (UT)

Diameter of the

field of view

250 mas (AT),

55 mas (UT)

183 mas (AT),

41 mas (UT)

155 mas (AT),

34 mas (UT)

430 mas (AT),

94 mas (UT)

Interferometric

observable
V2, closure phase -

V2, closure phase,

differential phases

Null depth,

differential

null depth

Magnitude limit
K=11.5 (ATs) or

13.5 (UTs)

H=9.6 (ATs) or

12.9 (UTs)
Limited by Baldr

L’=11 (ATs) or

13 (UTs)

˚
Contingent on additional development.

BALDR, the second sub-instrument, has an Atmospheric Dispersion Compensation

(BAL-ADC) unit that employs motorised rotary stages to rotate four pairs of prisms

for mitigating chromatic dispersion effects between Y and H bands. This improves in-

jection efficiencies and reduces differential phase errors between the wavelength bands.



10 Introduction

Figure 1.5: Optomechanical design of ASGARD: The optics are spread across two levels
on the table. The upper image shows the lower level, and the lower image shows the complete
design. The optical paths are coloured for each module: HEIMDALLR (purple), BIFROST
(red), NOTT (grey), BALDR (green), and ACAU (blue), which stands for Asgard Calibration
and Alignment Unit. Image credit: [34].
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The Beam Splitter (BAL-DIC) reflects the H-band to BALDR and transmits the

J and Y bands to BIFROST. The Zernike Optics (BAL-ZER) serves as the wavefront

sensor, incorporating phase masks or photonic lanterns to decompose wavefronts on a

Zernike aberration base. Last, the Periscope (BAL-PER) directs signals from BALDR

to HEIMDALLR’s camera.

The third sub-instrument, BIFROST, encompasses several key components. The

Shutters (BIF-SHUT) consist of four shutters capable of individually blocking each

beam or collectively performing calibration tasks and protecting detectors from strong

light when BIFROST is inactive. Birefringence Correction (BIF-BIR) utilises LiNbO3

plates mounted on motorised rotary stages to compensate for birefringence in the

beam path, enabling for maximising the interferometric contrast within BIFROST.

OPD & TT Alignment Mirrors (BIF-OTT) ensure the co-phasing of the input beams

between BIFROST and HEIMDALLR and optimise light injection into BIFROST’s In-

jection Module (BIF-INJ). This includes a differential delay line mirror for co-phasing

BIFROST with ASGARD and a tip-tilt fast steering mirrors for active optimisation

of optical fiber coupling. The Injection Module incorporates off-axis parabolic mirrors

and single-mode optical fibers to transport light to BIFROST’s core.

Additionally, the Combiner (BIF-COMB) facilitates coherently combination of the

four beams, featuring a 90/10 beam splitter for simultaneous data recording with

BIFROST’s LR and HR arms. The Low-Resolution arm (BIF-LR) includes imaging

optics, a prism for low-spectral dispersion, a camera, and a Wollaston prism for polar-

isation state measurement and visibility calibration. Its camera collects low-dispersed

fringe patterns and photometry signals. Similarly, the High-Resolution arm (BIF-HR)

comprises imaging optics, a filter wheel with prisms for high spectral dispersion, and

a camera primarily used for measuring wavelength-differential quantities and closure

phases.

The NOTT sub-instrument, NOTT, contains the beam conditioner (NOTT-SHUT),

which includes shutters and diaphragms. It blocks beams individually and equalises

the intensities for calibration and to optimise the null depth. Optical Path Differ-

ence OPD and Tip-Tilt alignment mirrors (NOTT-OTT) co-phase the beams between
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HEIMDALLR and NOTT to optimise the light injection into the 4-telescope integrated

optics beam combiner, in this thesis simply referred to as 4T-Nuller. The combined

beams go through the NOTT-warm optics containing longitudinal dispersion compen-

sator (LDC), polarisation control optics, the slicer, and the alignment camera. LDC

uses a feedback loop to compensate for the chromatic phase across the L’ band and

compensate for water vapour effects. The Polariser balances the polarisation effects

to improve the instrumental null depth. The arrangement involves positioning the

slicer to align the four telescope pupils onto the cold stop located at the entrance of

the NOTT cryostat (NOTT-CRYO). The cryostat contains a window, a cold stop,

the NOTT integrated optics beam combiner, a spectrograph and imaging optics, the

camera (NOTT-DET), the cryocooler, and the vacuum system. Different prisms are

available for different spectral resolutions in the spectrograph. The camera collects the

spectrally dispersed signal that emerges from the photonic beam combiner. NOTT can

compensate for fringe drifts due to water vapour and CO2 by relying on simultaneous

analysis of its signal with wavefront analysis of HEIMDALLR and the telemetry of

BIFROST. The advantage of such a layout is that HEIMDALLR and BALDER can

operate simultaneously with either BIFROST or NOTT.

The instrumental overview and operational details presented above are sourced from

the work of Martinod et al. [34]. Reference [34] details the current project plan for

ASGARD.

1.3 ASGARD/NOTT: science quest

The science cases for ASGARD revolve around stellar physics and exoplanetary science

[33; 36]. HEIMDALLR and BALDR primarily address atmospheric aberrations and

atmospheric pistons, while BIFROST and NOTT are science-driven.

At the initial operation phase, ASGARD will start observation based on the avail-

able astronomical datasets regarding steller physics and extragalactic astrophysics, and

then it will focus on new surveying. The Gaia mission provides approximately 813,000



1.3 ASGARD/NOTT: science quest 13

non-single star systems (data release 3 [37]), where 357,000 systems are binary. How-

ever, the available angular resolution (0.1 arcsecond) of Gaia is insufficient to spatially

resolve most of these systems, which leads to a degeneracy between the flux ratio of

the stellar objects and their separation. BIFROST and HEIMDALLR aim to spa-

tially resolve and characterise up to 6,000 binaries among these 357,000 systems via

measuring interferometric visibilities, closure phases, and differential phases in the K

band and Y/J band, respectively [36]. The extensive study can provide access to the

ages of the stars, which is essential for galactic archaeology studies. Harnessing the

high resolution (HR) spectroscopy mode of BIFROST with a resolving power of R =

25,000 will allow for measuring the stellar spin orientation of moderate/slow rotating

stars. BIFROST will also be used to study the mass accretion and ejection process of

young stellar objects (YSO), active galactic nuclei (AGN) [36; 38], accretion disks of

T Tauri stars[37], gas dynamics around Herbie Ae/Be stars[39], wind-wind collision in

luminous-blue variables stars[40], and relativistic jets of micro-quasars[41].

Figure 1.6: Schematic diagram based on our solar system, showing gas giants within the
snowline, a region in the solar system located at a distance from the host star where water
and other volatile molecules condense into their icy forms. Conversely, the region closer to
the star, where water exists in its vapour state, is referred to as the Tar line [42].

ASGARD/NOTT aims to explore exoplanetary science, which will start by detect-

ing exoplanets within the snowline of its planetary system to characterise chemical

composition using 4-telescopes of VLTI by implementing the technique called self-

calibrated nulling interferometry where the subtraction of the nulled outputs is used to

measure a null that is less sensitive to phase excursions, which classically encountered
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in long-baseline interferometry from the ground [20; 43; 44; 45]. Figure 1.6 depicts the

snowline’s location and definition.

In operation, NOTT will be employed to understand the formation and evolution of

exoplanetary systems and atmospheres of giant exoplanets, ones that already have been

discovered by non-direct imaging techniques or ones expected to be found soon. For

instance, Gaia suggested that „ 25% of planets are more massive than „ 0.3 MJupiter

and located in uncharted territory, particularly close to the water/ice or snowline line.

This region is inaccessible for current direct-imaging instruments and upcoming in-

struments proposed for the Extremely Large Telescopes (ELTs) [46; 47]. NOTT will

provide more information by measuring effective temperature to constrain the models

of their formation more accurately [48]. Nearly 1500 young stars (ă 250 Myr) within

150 pc are currently in the target list of NOTT.

By using Monte-Carlo simulations and end-to-end simulations [49; 43; 50], NOTT

is also expected to detect 5-10 giant exoplanets from a list of « 20 stars best star

candidates, depending on the planet-formations models such as core accretion or grav-

itational instability. In addition, the spectroscopic maturity of NOTT will lead to the

detection of the thermal emissions and absorption opacities from molecular bands and

clouds [33]. The off-axis mode of BIFROST can be used to probe the atmospheres of

these giant exoplanets [36]. Critical optical information, for example, non-equilibrium

atmospheric chemical composition and their dynamics, vertical temperature profiles,

spinning rates, and formation process, can be determined from such observations.

Protoplanetary disks exhibit diverse structures, including rings, gaps, spirals, and

large cavities, offering valuable insights into the formation process. The frequently

observed large cavities, often exceeding 20 astronomical units (AU), are present in

approximately 10% of all disks [51]. They display asymmetric features such as spirals

or vortices, indicative of companions that result in cavity carving [52; 53].

NOTT observations are envisioned to contribute novel data for hydrodynamical

models, enhancing the understanding of planet-disk interactions and providing con-

straints on planet formation and early-stage evolution.
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Leveraging its high-contrast nulling mode in combination with the long VLTI base-

lines, NOTT will facilitate the observation of transition-disk cavities at shorter wave-

lengths, which is currently inaccessible by other single-telescope instruments operating

in L-band or other exoplanet imagers under the projects initiated under the umbrella

of Spectro-Polarimetric High-Contrast Exoplanet REsearch (SPHERE) [54].

Furthermore, NOTT-based image reconstruction capabilities will enable a detailed

examination of dust origin through its distribution, complementing the study of struc-

tures indicative of the planet-disk interaction [33].

Exozodiacal dust, situated in the inner regions of main-sequence planetary sys-

tems near the habitable zone and closer, holds great scientific significance but poses a

challenge for future observations such as imaging surveys for exo-Earths and the spec-

troscopic search for biosignatures in their atmospheres [55]. Scientifically, this dust

serves as a tracer, offering insights into the architecture, dynamics, and evolution of

the planetary and planetesimal system it inhabits [56; 57; 58; 59].

In Earth-like exoplanet imaging, dust in the habitable zone introduces photon noise

and causes potential confusion from disk structures. Exozodiacal dust is particularly

challenging to detect due to the low dust-to-star contrast compared to scattered light,

and thus far, it is detectable only in thermal emission [60]. The emission from the dust

is not even strong enough for photometric detection. So, it requires high sensitivity

[61].

Nulling interferometry on VLTI using NOTT is anticipated to provide a ten-fold

increase in sensitivity to extended circumstellar emission compared to other stellar

interferometers like the Precision Integrated-Optics Near-infrared Imaging ExpeRiment

(PIONIER) of VLTI and Fiber Linked Unit for Optical Recombination (FLUOR) of

CHARA [26; 62; 63].

Additionally, the dust-to-star contrast is approximately five times more favourable

in the L’ band compared to the H band [64]. Similar to the procedure accomplished

with PIONIER/VLTI [62], NOTT will rely on high-contrast circumstellar emission

detection using a polarization corrector on the VLTI auxiliary telescopes (AT).
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1.4 Thesis outline

At the heart of NOTT lies the integrated optics (IO) beam combiner. This thesis

describes the development of this beam combiner, driven by the ASGARD’s require-

ments. The primary aim is to create a deliverable 4-telescope beam combiner, named

4T-Nuller, to enable nulling interferometry for ASGARD/NOTT. This endeavour forms

the central pillar of this Cotutelle PhD dissertation, which is dedicated to development,

fabrication and characterisation of a photonic chip based on a mid-infrared transpar-

ent Gallium Lanthanum Sulphide (GLS) glass substrate by holding the deliverable

objectives as follows in Table 1.2

Table 1.2: Key photonic requirements for the AS-
GARD/NOTT [35; 33; 65; 34].

On-chip waveguides Operational range 3.5-4.0 µm (GLS glass)

Mode-field profile Single-mode

Y-junctions Splitting for photometric tap 20/80˚

Chromaticity Achromatic

Directional couplers Splitting for beam combination 50/50˚

Chromaticity Achromatic

Phase shift between two outputs 180 degree

4T-Nuller Optical throughput « 50%˚˚

Contrast level (raw and self-cal.) 10´2 ´ 10´5

˚
The splitting values should closely match those discussed in this table. However,

slight deviations from the ideal specifications are anticipated experimentally. To

address these deviations, parallel simulation packages, called SCIFYsim, are being

developed at KU Leuven to establish their influence on the instrument’s science

capability and appropriate post-processing algorithms will be developed to mitigate

their effects [43].
˚˚

Without Fresnel loss

The first half of Chapter 2 delves into the theoretical underpinnings of astronomical

interferometry and then narrows down to nulling interferometry. The second half

provides a background on the evolving field of astrophotonics and Ultrafast Laser

Inscription (ULI) employed to fabricate waveguides for the NOTT beam combiner.
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Chapter 3 covers two aspects. First, it discusses the fabrication setup and proce-

dure, including pre- and post-processing of the photonic chips. Second, it demonstrates

two characterisation setups that were employed to characterise the photonic waveguides

for beam combiners.

Following that, Chapter 4 introduces the on-chip building block elements used to

construct 4-telescope beam combiners for nulling interferometry. This chapter also

highlights the photonic requirements for ASGARD/NOTT. Then, the relative optical

throughputs of the waveguides are discussed. GLS glass materials contain some defects,

and these defects are reported at the end of this chapter.

Chapter 5 explains the achromatic Y-junctions as a splitter for ULI. The results of

incorporating Y-junctions with nulling beam combiners are discussed next. Then, the

optimisation process to develop new Y-junctions for future nulling beam combiners is

demonstrated, which will meet the project’s requirements.

In Chapter 6, directional couplers are discussed for integrated optics and then

the development phases of fabrication are discussed, which include optimisation with

iteration to achieve required achromatic splitting ratios, a key requirement for nulling

beam combination.

Nulling interferometry with a 2-telescope beam combiner and 4-telescope beam

combiner (NOTT) has been performed in a lab environment and reported in Chap-

ter 7 and Chapter 8, respectively. However, this chapter also contains the necessary

theoretical discussion, including the procedure required/developed to obtain nulling

measurements at the beginning.

Finally, Chapter 9 concludes with a comparison summary between the results ob-

tained from the work of this thesis and the photonic requirements of ASGARD/NOTT.

In the end, a guideline for future upgrades is also included.



2
Background

This chapter aims to provide a comprehensive discussion on the link between astronom-

ical interferometry to nulling interferometry and the growing field known as astropho-

tonics, with a specific emphasis on Ultrafast Laser Inscription (ULI) of waveguides and

mid-infrared optical material for manufacturing ASGARD/NOTT beam combiners.

2.1 Astronomical Interferometry

Long-baseline interferometry is an astronomical observation technique that allows a

coherent combination of signals from multiple telescopes. Such a technique exceeds

the angular resolution of a single telescope. The van Cittert-Zernike (VCZ) theorem,

developed between 1934 and 1939 by Pieter Hendrik van Cittert and Frits Zernike,

is the fundamental concept employed in astronomical interferometry, which provides a

18
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mathematical framework for understanding how the mutual coherence of light, or more

general electromagnetic waves, from a distant source can be related to the observed

interference. The whole mechanism has been used dominantly by radio astronomers

since the 1950s. However, a simplified version can be introduced to explain the basic

idea with the help of various interpretations and implementations from researchers

[66; 67; 68; 69; 70; 71; 72]

Figure 2.1: Representation of the basic principle of astronomical interferometry with
the help of the VCZ theorem. An astronomical source, portrayed as a star that emits an
incoherent electrical field Eprq, is observed by two telescopes situated at distinct locations
r1 and r2 along a long baseline B. The detected signals, denoted as Epr1q and Epr2q, are
treated as plane waves due to the substantial separation from the source. The geometric
delay τg represents the temporal gap between the reception of the signals.

The emission of an astronomical source is considered spatially incoherent if the

radiation field is not heavily affected by the atmosphere of the Earth or scintillation

in the atmospheric medium of the Earth. Now, by following Figure 2.1, a source can

be considered. Eprq is its emitted electrical field that is received by the two telescope

apertures, which are separated by the baseline B between the points at a distance from

the source of r1 and r2, respectively. The electric field is assumed to be a plane wave

due to the fact that the source is in the far-field. The term ‘mutual spatial coherence

function’ is usually used to describe it in more detail, which is equivalent to complex

visibility V pr1, r2q.
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However, for the electric fields, Epr1q and Epr2q, received by the two telescopes, it

can be expected that due to the positional displacement or the angle of the baseline

with respect to the object, there will be a geometric delay stated as τg « B{c, where c

is the speed of light [73]. Hereafter, the measured electric fields from the two points will

contain a phase difference between the measured signals, which results in constructive

or destructive interference depending on the relative position of the two measurement

points and the frequency f or wavelength λ at which the emitted radiation is observed.

This phase difference is constant for any relative spatial difference and is expressed as

ϕ “ 2πfτg “ 2π{λ.

In addition, the positional coordinates of the two apertures can be extended into a

three-dimensional format as B “ r⃗1 ´ r⃗2 « px1 ´ x2, y1 ´ y2, z1 ´ z2q « pu, v, wq, where

u, v, w can be considered as positional coordinates of B. Similarly, the sky intensity

distribution in 3D can be considered as Ivpl,m, nq “ xEprqy2, when pl,m, nq is the

normalised coordinate of the source that satisfies the relation l2 ` m2 ` n2 “ 1.

In such circumstances, the complex visibility of the transmission map, V pr⃗1, r⃗2q “

xEpr1qEpr2q˚y, where xEpr1qEpr2q˚y is the time-average correlation between the re-

ceived signals, and this relation can extend for the 3D system according to the VCZ

theorem using Equation (2.1).

V pu, v, wq “

ż 8

´8

ż 8

´8

Ivpl,m, nq
e´i2πpul`vm`wnq

?
1 ´ l2 ´ m2

dl dm “ FtIvpl,m, nqu (2.1)

During astronomical observation, Equation (2.1) is used in the form of Equa-

tion (2.2) by approximating for 2D transmission map using w “ 0 and l,m ăă 1

because in 2D observation the observed area on the sky is pretty small, thus n « 1

holds.

V pu, vq “

ż 8

´8

ż 8

´8

Ivpl,mqe´i2πpul`vmq dl dm “ FtIvpl,mqu (2.2)

In practice, when processing interferometric data, the complex visibility function

is first identified, and then mathematically an inverse Fourier transform is performed,

as both equations 2.1 and 2.2 contain Fourier properties. This leads to identifying the
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information on the spatial coherence of the observed source. However, the resolving

power or the angular resolution is limited by diffraction to « λ{B. How the light

is combined from the two apertures to measure the complex visibility is discussed in

Chapter 7.

2.1.1 Nulling interferometry

The concept of astronomical interferometry is further expanded by applying nulling in-

terferometry, a technique initially proposed by Bracewell in 1978 for detecting exoplan-

ets using a two-telescope rotating system [74]. The concept has undergone significant

refinement since its inception. Nulling interferometry introduces a crucial modifica-

tion to conventional interferometric procedures by incorporating an additional π-phase

shift, as illustrated in Figure 2.2.

In traditional interferometry, spatially incoherent light of a source is detected and

combined to create interference using telescopes, where the on-axis object, such as a

star, experiences constructive interference at the image plane. However, in the case of

nulling interferometry, an intentional π-phase shift is introduced before beam combi-

nation, which ensures that on-axis light experiences destructive interference, leading

to the starlight cancellation at the centre of the interferometric image plane.

Conversely, light originating from an off-axis source carries a phase shift due to

the non-coaxial angle of incidence. This facilitates the isolation of light emanating

from nearby companions, such as planets or other faint sources like exozodial disks,

effectively separating it from the strong stellar signal. However, the on-sky trans-

mission map depends on the telescopes’ arrangement. Figure 2.3 shows the telescope

or aperture configurations and angular receive characteristics for a three- and four-

telescope formation. A central null, N , can be written as N9pπBϕ{λq2 for all aperture

configurations when ϕ is the off-axis angle and λ is a single wavelength [75]. Unlike

coronagraphs, nulling interferometry does not impose a strict limit on the effective

inner working angle. Instead, it allows the continued resolution of spatial structures

much closer to the star, even with a reduction in the achievable contrast [76].
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Figure 2.2: A comparison of conventional stellar interferometry (upper) and nulling in-
terferometry (lower). In the conventional setup, signals from telescopes T1 and T2, separated
by the baseline B, are combined using a beam combiner, which can be a simple 50/50 beam
splitter, generating a 1D sky transmission map with polychromatic constructive fringes isolat-
ing most signals from the stellar object. In this case, a planet’s signal falls into a destructive
fringe if separated by an angular distance of λ{B. In contrast, nulling interferometry intro-
duces an additional phase shift of ϕ in one arm before the beam combiner, thus shifting the
destructive interference to the star and positioning a constructive fringe on the planet.
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Figure 2.3: Examples of on-sky transmission maps of nulling interferometers based on
satellites with different geometric arrangements of the spacecrafts. When the Collector Space-
craft (CS) are separated by the Baseline (B), and the received signals are combined using
a Beam Combiner Spacecraft (BCS), then different arrangements such as Three Telescope
Nuller (TTN), Dual Chopped Bracewell (DCB) or X-array with XBB can produce the fol-
lowing transmission maps depicted in the bottom row. Image credit: [75; 77]

The key observable in nulling interferometry is the source null depth, representing

the ratio of destructive to constructive interference intensities. This metric quantifies

the extent of light suppression attributable to the source’s spatial brightness distribu-

tion. While the source null depth is retrieved through the processing of the measured

data, it is subject to bias from instrumental responses and seeing-induced effects. The

precision of its measurement is influenced by fluctuations from various sources, includ-

ing atmospheric conditions, vibrations, and detector noise.

Precision enhancement can be achieved by applying statistical data analysis and

fitting methodologies, which are discussed in Chapter 7, where the interferometric

performances of the 2-telescope beam combiner are presented.

2.1.2 Nulling instruments

Over the past decades, several notable conceptual ideas have been proposed for high

angular resolution imaging in space using nulling interferometry [78; 79], together with
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in-depth theoretical studies focusing on instrumental effects, such as spectral disper-

sion and polarisation, over the nulled signal [80]. In the past two and half decades,

various nulling interferometry-based instruments have been deployed on-sky at terres-

trial telescopes. These instruments have either used masks to sub-divide a single tele-

scope’s pupil into multiple sub-apertures or used multiple individual telescopes for long-

baseline interferometry. Pioneering instruments in this domain include the Bracewell

Infrared Nulling Cryostat (BLINC) [81], the Keck Interferometer Nuller (KIN) [82],

the Palomar Fiber Nuller (PFN) [30], the Large Binocular Telescope Interferometer

(LBTI) [83], and the DRAGONFLY/GLINT instrument on Subaru/SCExAO [84].

With the exception of PFN and GLINT, these instruments operate predominantly at

mid-infrared wavelengths between 8 to 14 µm, where dust in habitable zones of stars

is prominent and atmosphere-induced phase instability is more manageable compared

to shorter wavelengths [20].

These instruments have yielded significant scientific findings. For instance, KIN,

which utilised both 10 m Keck Telescopes, conducted a comprehensive survey of exozo-

diacal dust around 47 stars in the astronomical N band [85]. More recently, the LBTI,

as part of the HOSTS survey, explored the presence of dust closer to the habitable zone

of nearby stars, also in the N band. This investigation is crucial for future activities in

Earth-like exoplanet imaging [86].

Both, KIN and LBTI rely on conventional bulk optics. In contrast, PFN utilised

the spatial filtering properties of single-mode optical fibers to enhance the instrumental

null depth. It combined light from two sub-apertures of the 5.1 m Palomar Telescope

in the K band and introduced the numerical self-calibration method (NSC) [87].

NSC involves the analysis of statistical fluctuations in the measured null depth to

deduce the underlying source null depth, providing the precision necessary to detect

faint companions in binary systems [88] and components of disks around stars, for

example, AB Aur [89].

GLINT (Guided-Light Interferometric Nulling Technology) performs all beam com-

bination operations within a compact photonic chip [90]. An earlier prototype of this

was tested at the Anglo-Australian Telescope in Australia, focusing on studying the



2.1 Astronomical Interferometry 25

performance of the photonic technology itself under seeing-limited conditions [91].

The final GLINT device has been integrated into the Subaru Coronagraphic Ex-

treme Adaptive Optics system (SCExAO) at the Subaru Telescope. GLINT takes

advantage of wavefront correction provided by the adaptive optics (AO) system [92].

It is the first photonic instrument capable of nulling multiple baselines simultaneously,

with the additional capability of simultaneous photometric monitoring for each beam.

GLINT serves as a model for the design of highly capable, scalable instruments

suitable for future large telescopes like the Extremely Large Telescope (ELT) or Thirty-

Metre Telescope (TMT), as well as for long baseline interferometers such as AS-

GARD/NOTT.

Photonic chips facilitate the realisation of advanced architectures, including the

multi-tier combiner [79] or kernel-nulling [45; 93], aiming for robust performance against

the time-varying instrumental phase. Several novel interferometer architectures have

emerged to enhance the performance of nulling interferometers in active nulling instru-

ments.

Among the architectural concepts, one allows closure-phase measurements from

nulled outputs [31], and another, called kernel nulling [45]. These concepts involve

combining the outputs of a first nulling stage in a second mixing stage, with the aim

of creating an output signal more resilient to imperfect co-phasing of incoming stellar

light.

Some other innovative techniques appeared to be quite beneficial, involving a diffrac-

tion grating to adjust the light phase and achieve achromatic destructive interference at

the tip of a single-mode fiber such as the Vortex Fiber Nuller [94], or using a symmetric

beam combination scheme that is insensitive to polarization states, i.e., the Cross Cube

Nuller [95].

Some applications of those techniques are explored, for example, simultaneous pho-

tometry detection and correction. However, this progress directly fuels the inspiration

for developing cascaded or multi-stage on-chip nulling beam combiners, like the one for

ASGARD/NOTT.
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2.2 Astrophotonics

Astrophotonics, broadly defined, involves the application of photonic technologies to

astronomical instrumentation, utilising the advantages of optical fibres and waveguides

to manipulate and control light for astronomical observations. Within this domain,

Integrated Optics (IO) emerges as a specialised discipline that focuses on miniaturising

and integrating optical components onto a single photonic chip, offering the potential

for increased stability and efficiency within a compact dimension.

Photonic devices like beam combiners, enabled by astrophotonics’ advancement,

play a crucial role in creating the intricate interference patterns essential for interfer-

ometry and nulling. Integrated Optics (IO) takes this integration a step further by

consolidating multiple optical components onto a single chip. This miniaturisation

enhances stability and precision in comparison to the typical bulk optics architecture.

Traditionally, integrated optics are fabricated using lithography, in which a geo-

metric pattern is created by exposing the light-sensitive substrate through a previously

manufactured photomask, followed by etching to create waveguides on a substrate.

Lithography, leveraging mature technology from the electronics industry, offers ad-

vantages for mass fabrication. Multiple fabrication techniques are used in lithography

[96]. However, lithography’s compatibility is limited to a narrower range of materials,

and the requirements for many sequential processing steps do not lend lithography

for rapid prototyping. Furthermore, waveguides fabricated using lithography are pla-

nar, which necessitates waveguide crossings. These crossings result in crosstalk, which

is disadvantageous when the fabricated IO devices require the highest possible con-

trast. Herein lies the significance of Ultrafast Laser Inscription (ULI), which offers

a broader selection of materials and facilitates rapid iteration through various device

designs. Additionally, ULI enables three-dimensional fabrication, eliminating the need

for waveguide crossings [97]. All of this makes it a suitable technique for fabricating

photonic devices for the ASGARD/NOTT.
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Figure 2.4: Ultrafast Laser Inscription of a waveguide inside a glass sample. The arrow
denotes the translation direction of the sample with respect to the stationary laser focus. The
zoomed-in cross-section of the inscribed waveguide reveals specific details: (A) illustrates a
regular waveguide with a laser-inscribed core characterized by a positive refractive index
change, while (B) depicts a depressed cladding waveguide that features a laser-inscribed
cladding of negative refractive change. Image source: [97]

2.2.1 Ultrafast laser inscription

The Ultrafast Laser Inscription (ULI) manufacturing process features a femtosecond

pulsed laser that is be tightly focused below the surface of the substrate, usually to a

depth of a few hundred µm. This process introduces a permanent localised structural

change in the material, which manifests itself as either a positive or negative change

in the refractive index by an amount of ∆n within the focal volume of the beam.

Moving the substrate during irradiation makes it possible to inscribe arbitrary lines of

refractive index change in three dimensions. When the laser causes a positive refractive

index change, it creates the core of a waveguide similar to the core of an optical fibre.

Conversely, if the laser induces a negative change in refractive index, one can resort to

inscribing the cladding of a waveguide, effectively surrounding a cylindrical core with

laser modified volume of lower refractive index. In this scenario, the core itself remains

largely unaffected by the laser. Figure 2.4 shows an illustration of the process.

The structural transformation of the material under the influence of high laser

intensities involves three sequential steps: the initiation of free electron plasma, the

subsequent relaxation of energy, and the consequential modification of the material.
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The initial phase, generating a free electron plasma, is comprehensively understood

and comprises three key nonlinear processes: multiphoton ionisation, tunnelling pho-

toionisation, and avalanche photoionisation, as depicted in Figure 2.5.

Figure 2.5: The three nonlinear photoionisation processes that can take place during
ULI waveguide formation are multiphoton (left), tunnelling (centre), and avalanche ionisation
(centre). EGAP is the energy band gap of the substrate material. VB and VC are the valence
band and conduction band, respectively. Image source: [98]

Multiphoton ionisation dominates at lower laser intensities and higher frequencies

of the laser’s electric field. In this scenario, the substrate material is transparent at

the wavelength of the inscription laser (typically in near-infrared), preventing a single

photon with frequency f from possessing adequate energy to elevate a valence electron

from the valence band (VB) to the conduction band (CB). The simultaneous absorption

of n number of photons becomes possible at high peak intensities, supplying sufficient

energy for an electron to be promoted from the valence to the conduction band when

nhf ą Ebandgap, where Ebandgap denotes the bandgap energy of the material.

The electrical field of the laser can distort the potential barrier at elevated laser

intensities and lower frequencies. This distortion facilitates direct band-to-band tran-

sitions through quantum tunnelling, referred to as tunnelling photoionisation. The

Keldysh parameter γ indicates the transition between multiphoton and tunnelling ion-

isation, as γ “
f
e

¨

b

mecnε0Ebandgap

I
[99]. Where me stands for the electron-mass, n is

the refractive index of the material, ε0 represents the free-space permittivity, and I is
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the laser intensity at the focus spot. In the case of γ ąą 1.5, multiphoton ionisation

dominates, and for γ ăă 1.5, tunnelling ionisation dominates.

Following the transfer of electrons to the conduction band through the mechanisms

mentioned above, these electrons can absorb additional light through free carrier ab-

sorption. Suppose an electron absorbs a significant number of photons, then its energy

may surpass the conduction band minimum plus the bandgap and can ionise another

electron from the valence band upon impact. This leads to the presence of two elec-

trons in the conduction band. This cyclic process, where the ionisation of one electron

triggers the ionisation of another, can perpetuate and amplify. It is referred to as

avalanche ionisation.

If the density of electrons in the conduction band reaches a critical value, usually

1021/cm3 at 1 µm laser wavelength, the plasma formed by the electrons becomes highly

absorptive, leading to optical breakdown. Glass materials typically require intensities

of I « 1013 W/cm2. The electrons then pass their energy via electron-phonon in-

teraction to the lattice, which happens on picosecond timescales, much longer than

the duration of the femtosecond laser pulse itself. Consequently, a highly localised

structural modification is formed due to energy deposition.

The structure alteration and refractive index change resulting from lattice heating

strongly depend on the material. It can be empirically categorised into three distinct

regimes: a gradual alteration of the refractive index, a modification characterised by

birefringence due to the formation of self-aligned nanostructures, and the formation

of empty voids within the material as a result of micro-explosions. Typically, these

three phases manifest sequentially with increasing laser power [100]. However, it is

important to note that the specific type of modification is generally determined by a

combination of factors, including the laser and inscription parameters, as well as the

inherent properties of the substrate material.

The gradual refractive index alteration can occur through rarefaction/densification

induced by melting, changes in the bond structure and/or the generation of colour

centres, as experimentally outlined in [101; 102; 103]. A colour centre is a defect that

absorbs visible light due to an anionic vacancy that is filled by one or more electrons.
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These laser-induced material modifications result in a change in refractive index, which

may exhibit either a positive or a negative sign. Such a regime is observed when the

laser power slightly exceeds the threshold for optical breakdown, approximately at 1013

W/cm2. This particular parameter range is favoured for the inscription of low-loss

optical waveguides.

A non-isotropic birefringent refractive index emerges at higher intensities, charac-

terised by the self-alignment of nano-gratings perpendicular to the electrical field of

the laser [104]. This phenomenon may be attributed to the interference between the

laser field and the electron plasma wave [105]. However, the presence of nano-gratings

as a potential source for uncontrolled birefringence and scattering losses renders this

regime of limited suitability for the inscription of low-loss waveguides as required for

astronomical beam combiners. Further intensification beyond 1014 W/cm2 creates a

shockwave emanating from the focal point, generating nano- and micro-voids. Al-

though this regime has found applications for data storage, it is deemed inappropriate

for inscribing optical waveguides [106].

A crucial distinction for the ULI waveguide formation lies in the thermal character-

istics of the inscription process. Generally, one can distinguish between two regimes,

thermal and athermal. The femtosecond pulse duration is well below the time required

for heat diffusion, which for glass typically is on the order of micro-seconds. Yet, the

repetition rate of the laser determines whether subsequent pulses fall within the ther-

mal relaxation time [107]. In the athermal regime, characterized by low repetition

rates around a few kilohertz and high-energy pulses of approximately 1 µJ, the pulse-

by-pulse modification results in a modified region reflecting the intensity distribution of

the laser beam. However, in order to maintain a seamless overlap between consecutive

pulses reduces the writing speed to micrometres per second.

In contrast, the thermal regime, featuring repetition rates ranging from hundreds of

kHz up to a few MHz, induces melting due to insufficient time for heat diffusion. This

leads to circular cross-sections larger than the dimensions of the laser focal spot [100].

The isotropic nature of heat diffusion in this regime results in circular cross-sections.

Despite the faster writing facilitated by the higher repetition rate, the athermal regime
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is often preferred due to its ability to produce circular symmetric low-loss waveguides

[108]. However, the choice of regime depends on the material.

In-depth reviews of the ULI writing processes are discussed by L. Li et al. [109],

and S. Gross & M. J. Withford [97]. The physics behind ULI can be found in the book

by R. Osellame, G. Cerullo, and R. Ramponi [110].

2.2.2 Mid-infrared optical material for ULI

ULI has been extensively explored for fabricating on-chip optical waveguides in various

glasses materials with different wavelength-dependent transmission properties [111; 28].

The selection of suitable glass materials becomes limited when considering the mid-

infrared regime, spanning from 3 to 20 µm. For instance, Figure 2.6 illustrates the

transmittance of a range of common optical glass materials for mid-infrared wave-

length. These selected materials become more restricted for the L’ astronomical band,

ranging from 3.5 to 4.0 µm, as required for ASGARD/NOTT - where low loss, high

transparency, and availability in sufficiently large-sized substrates are key requirements

[20].

Low loss is particularly critical in astronomy due to the intrinsic low brightness of

distant astronomical sources. Propagation losses for ULI fabricated mid-infrared single-

mode waveguides typically range from 0.1 dB/cm to 3 dB/cm, which is equivalent to

98% to 50% throughput per cm within the wavelength sub-band of 3–5 µm, representing

an order of magnitude increase compared to near-infrared silica-based waveguides of „

0.01 to 0.05 dB/cm, or up to 99% throughput per cm [112; 113].

Mid-infrared transparent materials other than GLS glass, such as Lead-germanates

[115], Gallo-germanates [116], Tellurites [117] and Chalcogenides [118], have been em-

ployed as substrates for laser-inscribed mid-infrared waveguides. Among these, Gallium

Lanthanum Sulphide (GLS) glass from the Chalcogenide glasses family has emerged

as one of the most promising candidates for demonstrating low-loss waveguiding at ex-

tended wavelengths (ą 3 µm) [119]. Furthermore, it is available in a sufficiently large

size of 10 cm2. Chalcogenide glasses possess high refractive indices, approximately „
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Figure 2.6: Transmission spectra of typical optical materials/glasses across the mid-
infrared region. Silica (SiO2), Fluorides (ZBLAN), Sulphide, Selenide, and Telluride bulk
glasses are compared regarding relative transmittance and bandwidth. Image source: [114]

2.5, resulting in approximately 15% Fresnel reflection losses per facet. Mitigating these

losses necessitates the application of broadband anti-reflection coatings on the small-

sized input/output facets. Alternatively, materials with refractive indices „ 1.5, and

thus lower Fresnel losses of only 4%, have also been explored, such as ZBLAN (ZrF4-

BaF2-LaF3-AlF3-NaF) glass from fluoride glass family, although its transparency is

limited to „ 4µm [120].

For the ASGARD/NOTT beam combiner, GLS glass was chosen due to its low

loss, high transparency within the range 3.5 to 4.0 µm, and availability in sufficiently

large-size. Moreover, GLS was discovered by Loireau-Lozach et al., [121] in 1976.

GLS glass exhibits a light orange colouration attributed to its band-gap of 2.6 eV (λ “

475nm). This non-toxic glass contains high thermal resistance due to its glass transition

temperature exceeding 500˝C, which is much higher compared to other Chalcogenide

glasses containing toxic Arsenic components.
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Methods

This chapter describes the experimental methods and equipment employed. This

includes the fabrication of photonic devices within GLS glass, both pre- and post-

processing procedures, ultrafast laser inscription facilities, and optical microscope in-

spection of the fabricated GLS sample. To characterise the fabricated photonic com-

ponents, two different test benches were utilised. The first investigation involved the

examination of the mode-field diameters (MFDs) using a 3.39 µm HeNe laser con-

ducted at Macquarie University. At the University of Cologne, using the second test

bench, transmission measurements and the chromatic behaviour of the components in

the range of 3.5 – 4.0 µm (astronomical L’ band) were conducted using the fast Fourier

transform technique. This test bench supports two configurations. The first configu-

ration is based on a single Michelson interferometer capable of producing two beams

with identical intensities. In comparison, the second configuration utilised a test bench

33
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of two cascaded Michelson interferometers to generate four beams with near identical

intensities. Both configurations were employed to conduct broadband interferometry

experiments, specifically investigating null depth and contrast of the fabricated beam

combiners.

3.1 Fabrication

3.1.1 Sample preparation

GLS glass samples with physical dimensions of either 50 ˆ 10 ˆ 1 mm or 50 ˆ 15 ˆ 2

mm, and their top and bottom surfaces polished were kindly provided by Prof Dan

Hewak from the University of Southampton. The glass synthesis was supported by

the Engineering and Physical Sciences Research Council (UK) through the project

Manufacturing and Application of Next Generation Chalcogenides (EP/M015130/1).

Depending on the specific requirements, the entire sample was either utilised for waveg-

uide inscription or cut into smaller pieces of desired lengths using an SYJ-400 CNC

dicing machine from the MTI Corporation. The dicing machine uses a water-cooled

diamond blade. To prevent chipping or cracking of the delicate GLS glass, a slow

feeding rate was selected during the cutting process and additional sacrificial soda-

lime glass pieces were temporarily bonded to the top and bottom surface of the GLS

glass. Following the cutting process, the prepared samples were placed in a falcon tube

containing acetone and subjected to ultrasonic cleaning to release the protective glass

pieces from the GLS samples.

After the ULI waveguide fabrication, the sample has to be taken through a grinding

and polishing process. Before commencing these processes, two microscope slides are

affixed to the top and bottom surfaces of the sample using UV adhesive (NBA107,

Norland Products). Once the sample is bonded, it is attached to a fixture that fits the

PP5 polishing jigs (Logitech, Scotland). Angular alignment provided by the PP5 jig

ensured that the end face of the GLS sample is perpendicular to the waveguides. The

angular alignment employs a 3.6 m long beam path for utilising the back reflection of a



3.1 Fabrication 35

visible HeNe laser (633 nm). This setup provides an approximate angular resolution of

1 arcmin. The subsequent steps involve coarse grinding with 25 µm grit Al2O3 abrasive

for rapid material removal and fine grinding with 5 µm grit abrasive to achieve surface

smoothness. Each abrasive is mixed with reverse osmosis filtered water to form a

dispensable solution, which is constantly supplied onto a rotating cast iron plate with

a diameter of 30 cm.

The PP5 jig is equipped with a digital micrometer gauge that facilitates the mea-

surement of material removal. This gauge precisely measures how much material has

been removed. After completion of the grinding stage, the cast iron plate is removed

and replaced by a stainless steel plate with a polyurethane foam pad for the polishing

phase. The abrasive is replaced with a colloidal silica slurry (Ultra-Sol 500S) with an

average particle size of 70 nm, diluted with a solution of NaOH. The end-facets then

go through 60 minutes of polishing on each side to obtain surfaces of optical quality.

3.1.2 The ultrafast laser inscription facility

The setup for ultrafast laser inscription involves a commercial mode-locked titanium-

doped sapphire (Ti:sapphire) femtosecond oscillator (Femtosource XL500, Femtolasers

GmbH) capable of emitting pulses at a central wavelength of 800 nm with a pulse

duration of ă 50 fs and a repetition rate of 5.1 MHz. This oscillator is installed on an

optical table with air suspension and is located in a temperature-controlled basement

laboratory at Macquarie University. The setup is designed to allow the laser pulses to

travel through a series of alignment optics and characterisation devices before being

focused by a microscope objective into the glass sample positioned on a three-axis

translation stage, including an HD colour CMOS camera for live monitoring of the

fabrication process as depicted in Figure 3.1. A comprehensive description of the

function of each component can be found in [122] and [123].
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Figure 3.1: Photos of the ultrafast laser inscription setup for direct writing of optical
waveguides. The red line indicates that the beam path passes through a series of optical
alignment and characterisation elements, listed as 1-13, before being focused by the micro-
scope objective, as 14, into the GLS glass sample placed on the translation stage, 15. A vision
system, 16, used the inscription microscope objective for live monitoring of the fabrication
process. Image credit [123].
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The microscope objective used for waveguide inscription in GLS is an achromatic

Olympus Plan N 100 ˆ/1.25 Oil PLN100XO. Designed for oil immersion, it possesses

a short working distance of 150 µm and a numerical aperture (NA) of 1.25. The

higher NA value ensures a more circular symmetric waveguide cross-section compared

to objectives with relatively lower NA values. The inscription depth can extend up

to 241 µm before the objective touches the GLS top surface according to fdepth “

z.ngls{noil, where fdepth represents the focal depth inside the material, z denotes the

working distance between the objective and the sample, and ngls and noil correspond

to the refractive indices of the GLS glass and immersion oil, respectively. At the laser

wavelength of 800 nm, the refractive index of GLS glass is ngls “ 2.3931, while the

immersion oil possesses a refractive index noil “ 1.50.

To write waveguides within the GLS substrate, a set of linear stages (Aerotech)

provide sample translation in the XYZ-directions to facilitate the fabrication of three-

dimensional optical devices by moving the sample through the stationary laser focus.

The stage velocities are limited to 3000 mm/min for the X and Y directions and 240

mm/min for the Z-axis, with encoder resolutions of 62.5 pm and 32.6 pm, respectively.

A tip/tilt mount is installed on top of the Z-stage, featuring a vacuum chuck to secure

the sample in place and level it with respect to the stage XY-plane. The motion of the

stages is controlled by a computer using a numerical control programming language

(G-code).

3.1.3 Visual inspection

Following the waveguide fabrication, the initial step involves a visual examination of

the waveguides to ensure the presence of a continuous and smooth modified region

along the laser writing direction. The optical characterisation is conducted using an

Olympus IX81 transmission microscope equipped with an Olympus DP74 camera. This

microscope operates on the differential interference contrast (DIC) principle, initially

developed by Georges Nomarski in 1955 [124]. The DIC technique enhances the con-

trast of transparent specimens by converting optical path differences into intensity

differences. Through this visual inspection, any irregular modifications caused by laser
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instabilities, surface defects, inconsistencies in the oil layer, as well as the potential

presence of defects within the bulk of the substrate along the path of the written

waveguides can be identified as described in Chapter 4. This process is crucial for

isolating and identifying faulty waveguides before starting advanced characterisation.

3.2 Characterisation

The characterisation of the fabricated waveguide devices adheres to the prescribed cri-

teria set by the ASGARD/NOTT. This comprehensive assessment encompasses sev-

eral key parameters, including the mode-field profile in the mid-infrared range, optical

throughput, spectral splitting properties, and broadband interferometric contrast and

null-depth. Two distinct experimental setups, described as Setups I and II, have been

employed to measure these properties. The setups facilitate the thorough examination

and evaluation against the requirement for ASGARD/NOTT.

3.2.1 Setup I: mode-field profile

The mode-field profile of a single-mode waveguide depends on its physical size and

shape, the refractive index contrast and the spatial distribution of the refractive index

contrast. The characteristics are directly affected by the inscription parameters and

the quality of the inscription process. The investigation of the mode-field profiles

was conducted using a test bed at Macquarie University. This test bed incorporates a

3.39 µm Helium-Neon laser (REO-4018) as the mid-infrared source, possessing a narrow

bandwidth and milliwatt level output power that renders it ideal for interrogating mid-

infrared waveguides.

The HeNe laser is launched into an Indium Fluoride single-mode fiber (Thorlabs

- InF3, 3.2-5.5 µm, 9 µm core, 0.26 NA). The opposite end of the fibre is collimated

using a 50 mm off-axis parabola (OAP) mounted in a Thorlabs 30 mm cage setup

as depicted in Figure 3.2. The alignment of the OAP against the fiber is adjusted

using a Shearing interferometer and regular red HeNe laser source (633 nm). The

OAP offers the advantage of achromatic collimation of any broadband or narrow band
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point source such as the tip of an optical fiber. The absence of any chromaticty by

the OAP combined with the flexibility of connector-terminated optical fibers, enables

convenient swapping between mid-infrared, near-infrared radiation, and visible laser

sources to facilitate ease of alignment.

After collimation the beam is directed towards a 50 mm Si-Ge achromat lens (Thor-

labs) for launching light into the fabricated waveguides inside the GLS chip. The

waveguidse samples are positioned atop a 5-axis stage equipped with a vacuum chuck

to optimise injection.

The output signals are detected using two Zinc Selenide (ZnSe) objective lenses

with focal lengths of f = 6 mm and f = 18 mm, respectively. The lens forms an image

on a mid-infrared sensitive indium-antimonide (InSb) camera (FLIR SC7000, 1 - 5

µm). This detector records magnified mode profiles as images. The magnifications for

the lenses with focal lengths of 6 mm and 18 mm are calibrated to „ 38 and „ 12.5,

respectively. This calibration is achieved using a 1 ˆ 2 Y-junctions, where the distance

between the two output facets of the Y-junction is known (Chapter 5), along with the

pixel size of 15 µm for the corresponding camera.

The recorded frames enable the calculation of the mode-field diameter in the vertical

and horizontal directions based on either a Gaussian fit or the 4-σ method.

Gaussian fitting involves fitting a Gaussian function to the measured intensity dis-

tribution’s vertical and horizontal line intensity profile. This method provides a distri-

bution of the beam profile and allows for calculating the beam waist, corresponding to

the MFD. Gaussian fitting is performed separately for the horizontal (X) and vertical

(Y) directions using the mathematical relation Iprq “ Imaxe
´ pr´r0q2

2ω2
0

. In this relation,

Iprq is the intensity of point r from the position r0 where Imax is the maximum inten-

sity in the image, and ω0 is the standard deviation within the distance pr ´ r0q. Now,

if at a distance Dr, pr ´ r0q
2{2ω2

0 “ 1, then the beam will be Iprq “ Imaxe
´2 and for

this condition, the mode-field diameter will be in the direction r, MDFr “ 2pr ´ r0q.

The 4-σ method is an ISO standard method where the mode-field diameter is 4 times

the standard deviation of the image’s intensity distribution along the axis X or Y. It is

calculated from the second intensity moment of the beam profile. The measured MFD
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for Gaussian fitting and 4-σ method are identical for a perfect Gaussian beam profile

with no noise in the measurement system. With the presence of noise, aberrations or

background, the 4-σ diameter is larger than the Gaussian fit [125]. A Matlab script,

which S. Gross wrote, was used during the measurement.

Figure 3.2: Schematic layout of the mode-field profile measurement test bed. Monochro-
matic light (3.39 µm wavelength) is coupled into the GLS waveguides. The output is imaged
onto a mid-infrared camera for determining the mode-field diameters.
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3.2.2 Setup II: interferometric characterisation

A dedicated interferometric test bench is essential for assessing the performance of

beam combiners. Consequently, an interferometric test bench setup has been developed

at the Infrared Integrated Optics for Interferometry Laboratory at the University of

Cologne, as depicted in Figure 3.3 [35; 126].

The setup utilises either a commercial Leukos supercontinuum laser source (SCS)

(200-5000 nm, Pă2W) or a Thorlabs thermal blackbody source (BBS) (SL202L/M) as

input. The source is coupled into the setup via a single-mode fibre (Thorlabs, InF3,

2-5.5 µm, 9 µm core, 0.26 NA). The beam is then collimated using a 50 mm achromat

lens. An L’ band bandpass filter (3.5-4.0 µm) is employed to filter the collimated

beam. The corresponding experimentally-measured filtered spectra are presented in

Figure 3.4. It is observed that both sources generate signals centred at the central

wavelength of 3.75 µm of L’ bandpass, but exhibit reduced flux towards the shorter

wavelength limit of the L’ band due to the filter characteristic. It is noted that the

supercontinuum source (SCS) generates more flux and exhibits a centralised peak at

3.75 µm, spanning a spectral range from 3.65 to 3.85 µm. Consequently, this source is

predominantly used throughout the experiments.

The L’ signal is directed to a double-Michelson interferometer through a beam

splitter, BS1. The first Michelson interferometer (MI 1) comprises mirrors M1 and M2

with BS2, while the second Michelson interferometer (MI 2) consists of mirrors M3

and M4 and another beam splitter, BS3. Among the mirrors of the double-Michelson

section, M1 is fixed on the bench, while M2, M3, and M4 are placed on three motorised

stages with Thorlabs Z812B actuator. These stages allow to introduce relative optical

path differences between the four independent beams to facilitate interferometry. For

simplicity, the four beams corresponding to mirrors M1, M2, M3, and M4 will be

denoted as T1, T2, T3, and T4, respectively. T1 serves as the static reference beam,

while the remaining beams can be tuned using adjustment knobs of the mirrors. Using

beam splitter BS4, all four beams from the double-Michelson setup are launched via a

f1 = 50 mm achromatic lens into the waveguides or devices within the photonic chip.

The waveguide sample is positioned on top of a 5-axis stage with an adapter capable
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of precise angular tuning.

Diameters of the 4-beams are calculated as Point Spread Function (PSF) without

installing the photonic chip. For that, an achromat f2 = 50 is placed so that each beam

passes through f1+x+f2 combination, where x = 5.5 mm. It allows forming an image

with distance, di = f2 + x. Hereafter, the object distance is calculated using do =

(f2(di+x))/(di-f2). Then, magnification is calculated as M „ 9.99 using the relation M

= do/di.

Afterwards, the Full Width at Half Maximum (FWHM) is determined individually

for each beam. Using a Python script to fit the data to a Gaussian distribution, the

PSF of the individual beams is calculated as follows: T1PSF „ 10.99 µm, T2PSF „

10.91 µm, T3PSF „ 9.85 µm, and T4PSF „ 10.03 µm.

For interferometric testing, the f2 = 50 mm achromat is employed to collimate the

output signals from the photonic components. In combination with an f = 50 mm

camera lens, an image of the output is formed on an IR-sensitive camera across the

2-5 µm range (InfraTec-IRBIS). The imaging system creates a 1:1 relay on the camera

such that each waveguide comfortably fits within a single pixel (30×30 µm) of the

camera’s image sensor. The detector is operated at a frame rate between 25 Hz and

250 Hz. It is observed that the intensities of all beams are not exactly identical and

vary while adjusting the Michelson mirrors for tuning. It is due to the fact that beam

splitters are 55/45, not precisely 50/50. Moreover, BS2 is less transmissive, and the

two Michelson arms produced from this beam splitter appear to flatten from Gaussian

shape (on the top, right two beams of Figure 3.4), possibly because of ageing. Multiple

neutral density filters are used to equalise the beam intensities to ensure equal flux is

launched into the photonic components.

The beam splitters BS1-BS4 utilised in this setup are Thorlabs pellicle beam split-

ters with a transparency range between 3-5 µm, while BS0 is a calcium fluoride broad-

band plate beam splitter operating in the range of 2-8 µm. Besides the 11 mm aspheric

lens, all lenses in the setup are achromats designed for operation within the 3-5 µm

range, consistent with the pellicle beam splitters.
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Figure 3.3: Schematic diagram of the experimental test bench and the corresponding
lab setup shows that the mid-infrared source (SCS or BBS) feeds to the test bench using a
mid-infrared fibre and passes through various optical elements to create two Michelson in-
terferometers. The first Michelson (MI 1) is used to characterize one or two input photonic
components. Four input photonic components are characterised using both Michelson inter-
ferometers (MI 1 & MI 2). A monochromatic metrology laser (Ref. Laser) is used alongside
the broadband mid-infrared signal to calibrate the delay lines.
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Figure 3.4: Top: Magnified image showing the four injection spots. Each pixel corre-
sponds to 30 by 30 µm. From the right, two beams (T1 and T2) are produced using MI 1,
and the next two beams (T3 and T4) originate from MI 2 of the interferometric test bench
3.2. Bottom: Normalised spectra transmitted through the L’ band filter, either using the
Black-Body Source (BBS) or the Super-Continuum Source (SCS) within the range 3.0 to 5.0
µm. It indicates that the effective transmitted region for L’ is between 3.65-3.85 µm.
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During the testing of four input nulling devices, all four beams (T1, T2, T3, and

T4) are employed. However, for photonic devices containing only two inputs, only MI

1 is utilized by blocking the beam path of MI 2 using an aperture positioned before

the entrance of MI 2 from BS1.

In addition to its 4-beam/2-beam broadband interferometry capabilities, the unique-

ness of this setup lies in its ability to perform spectroscopic measurements using the

Fast Fourier Transform Spectroscopy (FFTS) technique. FFTS offers an advantage

over commercially available spectrometers, enabling the resolution and isolation of

signals emanating from waveguides within the photonic component. The spectral res-

olution of FFTS can be adjusted by changing the scan-distance of the delay lines.

A Python script is utilised to characterise the spectral transmission or splitting

ratios to extract spectral information from the time-domain interferogram and convert

it into the frequency domain using a Fourier transform. The script is based on an

algorithm first developed by J.W. Cooley and J.W. Tukey[127].

Initially, the script loads the interferometric signal and determines its length (using

the number of data points, denoted as N). Using NumPy, a Discrete Fourier transform

(DFT) is applied according to equation 3.1 [128]:

Xrks “

N´1
ÿ

n“0

xrns ¨ e´j¨2π¨k¨n{N (3.1)

X represents the DFT outputs in the frequency domain, k is the index of the

frequency component (range, [0, N-1]), n is the index of the time/sample in the range

[0, N-1], when x represents the input interferogram sequence of length N .

Next, the frequency-axis for the Fourier transformed signal is calculated using an-

other built-in NumPy function. The mathematical operation can be expressed as

fk “ k
N ¨∆t

where p∆tq “ 1
sampling rate

or the optical path delay between consecutive

data points. This expression calculates the frequency values for each index k in the

FFT output based on the number of data points N and the sampling rate. The fre-

quencies are normalised with respect to the time interval between consecutive data

points.

Xrks contains complex numbers due to the Fourier transformation. From these
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complex numbers, it is possible to calculate the modulus of the array of Xrks and

plot against their corresponding frequency-axis values. This plot is the spectrum of

the interferogram in the frequency domain. However, in optics, wavelengths are more

commonly used for measurements. Therefore, the frequency-axis is translated to the

wavelength-axis using the relation λ “ c{f where c = speed of light and spectrum rep-

resents as a function of wavelength. By plotting the argument of the complex values

Xrks as a function of wavelength, one obtains the spectral phase of the interferogram.

The phase contains information related to the phase shift induced by a photonic compo-

nent, which provides information about how the component interacts with the electric

field of the light [129].

The spectral resolution or resolving power of FFTS, denoted as R, can be calculated

according to R “ λ{∆λ, where ∆λ represents the coherence length of the interferogram

or spectral bandwidth and λ is a particular wavelength of interest within the coherent

length for measuring the resolving power. As a result, a highly coherent source needs

more delay to resolve its spectrum accurately compared to a low coherence source.

For a Michelson interferometer, as shown in Figure 3.3, the resolving power depends

on the optical path difference L between the interferometer’s two arms. It can be

written as L “ λ2{p2∆λmaxq or ∆λmax “ λ2{p2Lq, when 2L is the total optical path of a

Michelson interferometer (MI 1 or MI2) and ∆λmax is the maximum difference between

the spectral bandwidth. Hence the resolving power can be defined as R “ λ{∆λmax or

R “ 2L{λ. Thus, it is possible to achieve higher spectral resolution by increasing the

delay’s travel range, L. Similarly, for a given travel range L, the spectral resolution

increases with shorter wavelengths.

For FFTS, an instrumental challenge is the precision of the delay-line or motorised

stages, which can drastically decrease the resolution by adding mechanical noise, which

translates in spectral noise. To overcome this limitation of insufficient precision, a

high coherence metrology or reference laser, a 3.39 µm HeNe laser, is simultaneously

introduced into the system using the beam splitter BS0. The interferogram of the

reference laser during the delay-line scan is simultaneously recorded with the SCS/BBS

interferograms from the device under test. By utilising the knowledge of the fringe
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frequency of the monochromatic 3.39 µm laser, the exact delay-line position can be

determined with sufficient precision. The accurate knowledge of the delay’s position

is then applied to the polychromatic interferogram of the broadband SCS/BBS signal

(L’ band) during the computation of the FFTS1.

1Most of the equipment of the test benches, optics and fabrication facilities were already available

in the laboratories of Macquarie University and the University of Cologne, except for a few additional

purchases for minor upgrades, such as filters, pellicle beam splitters, and collimation lenses. This

enabled this project to focus from the start on the development of the beam combiner rather than

experimental characterisation setups. Moreover, Macquarie University facilities were developed over

the past 10+ years and used by multiple PhD candidates, and the successful PhD project by Jan

Tepper was conducted previously under the facilities of the University of Cologne [130; 123].



4
Photonic building blocks

The integrated optics-based NOTT 4-telescope beam combiner or 4T-Nuller consists

of multiple basic building block photonic elements. The design and optimisation of

the nulling beam combiner start from studying the individual building blocks. Basic

integrated optic components or photonic elements can be characterised by either being

an active or passive element. Active elements rely on activators or additional power

to activate their functionalities. Light sources, detectors, various types of optoelec-

tronic modulators, and switches are typical examples of active photonic elements. On

the contrary, passive elements operate without the need for an activator or additional

input power. These elements manipulate light solely through their inherent optical

properties, examples of which include straight waveguides, S-bends, Y-junctions, vari-

ous types of couplers, multimode interferometers (MMI), tapers, and many more [131].

The NOTT beam combiner is a passive component, although thermal phase shifter

48
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activators might be incorporated in a future revision for precise path length tuning.

Straight waveguides, curved waveguides or S-bends, Y-junctions, and directional

couplers are the elements required for the design of the NOTT beam combiner. Using

these building block elements, integrated photonic circuits for nulling interferometry

will be presented for 2-telescope and 4-telescope configurations. The 2-telescope and

4-telescope beam combiners can be classified as a single-Bracewell architecture and

double-Bracewell architecture, respectively. These architectures stem from the seminal

1978 publication by R. N. Bracewell [74].

This chapter presents the design and characterisation of the individual photonic

elements that were fabricated using Ultrafast Laser Inscription (ULI). Valuable in-

formation related to the writing order, geometry, mode-field profile, bending radius,

defects, and optical transmittance of each photonic element was investigated, which is

crucial for compiling, optimising, and fabricating good-quality waveguides to develop

the nulling beam combiner.

4.1 ULI optical waveguides in GLS glass

4.1.1 Waveguide formation

Ultrashort pulsed laser beams modify the refractive index of glass or crystal within the

localised focus region during the ULI waveguides manufacturing process. Extensive

research has explored different materials and their modifications for the ULI using

femtosecond laser pulses, ranging from crystalline Bi4Ge3O12 [132] and lithium niobate

[133] to amorphous materials like fluoride [120] and chalcogenide glasses [134]. The

waveguide geometries is determined from the modification of the glass or crystal as

a response to the focused femtosecond laser pulses, often categorised into Type I and

Type II [135]. These types were initially established for fiber Bragg gratings by J.L.

Archambault et al., [136]. While researchers have predominantly defined Type I and

Type II in terms of positive and negative refractive index changes [137]. An article by

S. Gross et al., [138] discusses this classification in more detail.
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In terms of waveguide geometry, it is important first to identify whether the refrac-

tive index change induced is positive or negative, where the shape is often correlated

with the glass’s refractive index and usually high refractive index glasses tend to form

asymmetric shapes due to spherical aberrations [139]. However, mid-infrared optical

waveguides must exhibit high refractive index contrast to minimise bending losses, have

round mode fields for efficient coupling, and maintain low intrinsic losses to be compat-

ible with the on-sky operation. Moreover, in terms of writing, waveguides with positive

refractive index modifications usually exhibit shorter fabrication times using femtosec-

ond laser pulses compared to negative refractive index-based waveguides because less

material must be exposed to the femtosecond laser, as seen in Figure 2.4.

Arriola et al., [119] have further expanded the classification of waveguide structures,

particularly in glasses suitable for mid-infrared waveguide inscriptions for astrophoton-

ics, and identified that GLS glass modification has positive and one of the highest re-

fractive index profiles (n = 2.361) compare to other mid-infrared materials at 4 µm. In

addition to the transmittance window (see Figure 2.6) and availability in larger sizes,

a positive refractive index with high refractive index modification is another argument

for considering GLS glass as the NOTT beam combiner material.

4.1.2 Waveguide inscription regime and techniques

In recent decades, the fabrication of optical waveguides in GLS glass using ULI has

undergone extensive experimental investigation [140; 141; 118], particularly in the con-

text of ULI fabrication with respect to the repetition rate of the laser [139]. These

studies provide insight into the inscription of low-loss single-mode waveguides in GLS

glass by contrasting different waveguide inscription regimes: (i) the thermal regime

(high repetition rate) and (ii) the athermal regime (low repetition rate), which refer

to whether the modification during inscription significantly exceeds the focal volume

of the inscription laser. Suppose, at low repetition rates, each pulse induces a perma-

nent material change within the focal volume, whereas, at high repetition rates, heat

accumulation leads to material modification beyond the laser’s focal volume [122].

Three techniques are commonly employed for waveguide inscription:
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1. Cumulative heating, where waveguides are fabricated with a single scan at high

repetition rates (thermal regime) utilising thermal diffusion to create sufficiently

larger modifications [142].

2. Slit beam shaping, where a slit is placed in front of the focusing objective which

shapes the laser beam to achieve the desired cross-section waveguide [143].

3. Multiscan method, where multiple scans are placed adjacent to each other until

the desired cross-section is achieved [144; 145].

Over time, various researchers used different techniques with different combinations

in GLS glass to produce low loss waveguides in mid-infrared, for instance, J.E. Mc-

Carthy et al., [146], D. Lee [147], and R. Diener et al., [148; 149] explored multiscan

techniques in the athermal regime.

However, previous research conducted using Macquarie University’s facilities by T.

Gretzinger et al., [150; 139] demonstrated that employing multiscan in an athermal

regime could yield propagation losses as low as 1.5 ˘ 0.3 dB/cm at 3.39 µm. This

was achieved with a laser repetition rate of 425 kHz, pulse energy of 100 nJ, and

a 100 mm/min translation stage velocity. These results also exhibited a horizontal

Polarisation Dependent Loss (PDL) of 0.24 ˘ 0.02 dB/cm. Mode-Field Diameter

(MFD) was 23.5 ˆ 25.1 µm.

Moreover, cumulative heating (single scan) in a thermal regime, propagation losses

0.47 ˘ 0.01 dB/cm measured at 3.39 µm, with a mode-field diameter of 22.9 ˆ 24.7 µm,

utilising a higher repetition rate of 5.1 MHz, pulse energy of „ 13 nJ, and a translation

velocity of 100 mm/min. The width of the single-track waveguide was 7.5 µm.

The work extended to inscribing double and triple tracks with varied centre-to-

centre spacings, resulting in decreased propagation losses of 0.33 ˘ 0.02 dB/cm with

the double track of width 12.3 µm, and MFD « 19.7 ˆ 22.1 µm at 3.39 µm.

Additionally, a nearly linear decline in propagation loss was observed with increasing

the wavelength for both single and triple structures, ultimately achieving propagation

losses as low as 0.29 ˘ 0.06 dB/cm with the single track and with the triple track

(physical size « 19.4 ˆ 19.8 µm ) 0.22 ˘ 0.02 dB/cm at 4 µm, where MFD’s are
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23.7 ˆ 27.2 µm and 22.3 ˆ 22.6 µm, respectively. Also, various writing orders were

experimented with- for triplets, including right-to-left, left-to-right-centre, and centre-

to-right-to-left. Interestingly, each trial demonstrated identical propagation loss values

and MFD.

These results highlighted the efficacy of a hybrid approach that combines cumulative

heating (thermal regime) and the multiscan technique for fabricating good quality

low-loss waveguides in the mid-infrared, particularly at the L’ band. This hybrid

methodology was found to be the optimal strategy for fabricating single-mode straight

waveguides because this mechanism can produce less lossy waveguides in GLS glass

samples.

Figure 4.1: The enlarged picture showcases the cross-sectional view of an inverted
teardrop-shaped triplet, along with its amplified illumination as MFD, under the influence of
a 3.39 µm HeNe laser source. The red arrow indicates the direction of the inscription laser.

Figure 4.1 shows the tear-drop-shaped cross-section of a triplet and its MFD at

3.39 µm produced by the hybrid approach. Cumulative heating is responsible for the

visually distinguishable inner region from its outer halo as a tear-drop shape, initially
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demonstrated by various researchers [140; 141].

T. Gretzinger et al., [151] demonstrated through the use of Raman spectroscopy

and electron probe microanalysis (EPMA) in GLS glass that this phenomenon arises

due to a positive refractive index change in the waveguide, with an overall value of

∆nwaveguide = 0.0049, compared to its bulk refractive index n = 2.38462 (at 833 nm),

during the femtosecond laser direct writing process in the GLS glass.

In the waveguide’s shell region, an average index contrast of ∆nshell = 0.0095, with

a peak index contrast of ∆npeak = 0.023, is found. Additionally, the waveguide core

regions exhibit a refractive index gradient, with positive index values near the shell

and a negative refractive index change towards the centre, with a maximum value of

∆ncore = -0.0093. The average change in the index within the core regions is ∆npeak

= -0.0003.

These overall localised modifications are created by nonlinear absorption and mul-

tiphoton processes such as electronic excitation, ionisation and localised changes of the

material’s composition, resulting in a change in its refractive index as discussed earlier

in Chapter 2.

‘

4.2 On-chip optical waveguides

As a part of the ASGARD/NOTT project, four prototype photonic chips are manufac-

tured, and they are chronologically identified as Sample I, Sample II, Sample III,

Sample IV. These chips belong to two GLS glass batches, Sample I and Sample

IV are from batch LD 1765, Sample II and Sample III are from batch LD 1999.

Figure 4.2 shows the four prototype photonic chips with a schematic diagram show-

ing the arrangement of the photonic elements, such as waveguides, Y-junctions, direc-

tional couplers and the beam combiners themselves. Individual elements serve as test

structures to verify the ULI process as well as for exploring different geometrical and

inscription parameters for subsequent sample iterations. The overall requirements for

the final NOTT beam combiner are listed in Table 4.1.
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Figure 4.2: The top two images show the physical dimensions of four ultrafast laser
inscribed photonic chips in GLS glass, Sample I, Sample II, Sample III, Sample IV. The
schematic in the bottom image illustrates the spatial arrangement of fundamental building-
blocks within the chips, such as straight waveguide, S-bend, and Y-junction. The basic
elements are typically followed by a series of 2T-Nuller and 4T-Nuller. Red dash lines are
displaying the locations of directional couplers and Y-junctions inside the Nullers.
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4.2.1 Straight waveguides and their mode-field profile

As part of the current investigation related to the ASGARD/NOTT project, 15 triple-

track straight waveguides, or triplets, were inscribed using the hybrid approach involv-

ing the multiscan technique in the thermal regime in the GLS glass of Sample IV.

These waveguides were fabricated to explore their mode-field profiles and verify that

this project’s waveguides work with the optimal inscription parameters.

The fabrication process utilised a femtosecond laser repetition rate of 5.1 MHz, with

a pulse energy of „ 13 nJ. The modification sizes or widths for single scans were 4.5,

5.5, and 6.5 µm, while for triplets, three scans were performed with offsets between

two modifications of 0.00425, 0.00525, and 0.00625 µm, respectively. Five translation

velocities (feedrate) were employed for these three types of modifications, including

100, 250, 500, 1000, and 2000 mm/min.

The writing order chosen for all these triplets was left to right, where the left track

was written first, then the central and right tracks followed. This writing order is

optimised based on the manufacture of 50/50 achromat directional couplers and will

be discussed in Chapter 6.

Subsequently, using the characterisation setup I test bed of Figure 3.2 at Macquarie

University, the mode-field diameters of these waveguides were measured using Gaussian

fitting and the 4-σ method techniques for 3.39 µm, with a magnification of „ 12.5 using

an 18 mm microscope objective lens detailed in Chapter 3. Both methods demonstrated

similar trends. However, Figure 4.3 is included to illustrate the measurement results

obtained from the Gaussian fitting method.

The results reveal that the average MFDs, obtained from the horizontal and vertical

cross-section diameters of the triplets, fall within the range of 26 to 28 µm, indicating

that variations in translation velocity or feedrate have minimal impact on average MFD

sizes. This suggests that even with faster writing speeds, waveguides can be fabricated

while maintaining consistent levels of MFDs.
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Figure 4.3: In the top plot, the average diameter, derived from horizontal and vertical
cross-section diameters of the triplets, is plotted against the federate. The bottom plot illus-
trates the circularity of the mode-field profile, determined by the ratio between the minimum
and maximum values of horizontal and vertical cross-section diameters for individual triplets.
The trends observed in this ratio are closely comparable. For both plots, Black, yellow, and
red colours represent the single-modification size.
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Furthermore, achieving a perfect circular cross-section necessitates equality between

horizontal and vertical MFDs. To assess circularity, each of the triplet’s MFDs was

compared where the minimum and maximum values between horizontal and verti-

cal dimensions were obtained and calculated as the ratio „ min(horizontal, verti-

cal)/max(horizontal, vertical). A ratio of 1 indicates a perfectly circular mode-field

profile. The results indicate a circularity trend consistent across different translation

velocities and modification sizes with the circularity of the mode-field profiles « 0.95

˘ 0.03.

The insight from this measurement is that a similar level of circularity and mode-

filed profile is achievable with explored writing speeds and modification sizes, which can

significantly reduce manufacturing time with high translation velocity without affecting

the size of mode-field diameter in mid-infrared.

4.2.2 S-bends

For NOTT photonic devices, S-bends are integral components of directional couplers

and Y-junctions, playing a crucial role in the beam combiner by effectively redirecting

stray light to minimise contamination of the sensitive interferometric outputs.

Photonic integrated circuits can use various different kinds of S-bends or S-curves,

such as (a) the radial arc, characterized by the utilisation of inverted arcs featuring

uniform curvature, as described in Equation (4.1), and (b) sinusoidal S-bends, encom-

passing either cosine or raised-sine S-bends. These sinusoidal S-bends follow Equations

(4.2) and (4.3), respectively [152]. Where L is the longitudinal dimension or the length

of the S-bend, W is the lateral offset or the width of the S-bend, as shown in Figure

4.4. For identical lengths and longitudinal offsets, the radii of curvature, Rpsq, along

the S-bends vary for the different types. The radius of curvature can be expressed as

equation (4.4) [153].

ypxq “

$

’

&

’

%

?
M2 ´ x2 ´ pM ´ W q , when 0 ď x ď L

2

´
a

M2 ´ px ´ Lq2 ` M , when L
2

ď x ď L

(4.1)
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where M “ L2

4W
¨

´
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W

L
¨ x ´

W

2π
¨ sin

ˆ

2π

L
¨ x

˙

, when 0 ď x ď L (4.3)

Rpsq “
p1 ` y1pxq2q3{2

|y2pxq|
(4.4)

Figure 4.4: The left plot illustrates three different S-bends types—radial arc, cosine,
and raised-sine bend, plotted with identical length or longitudinal dimension L and width or
lateral offset W. The sketch to the right depicts the transitional and radial loss that occurs
in S-bends.

In design, the radius of curvature influences the characteristics of the S-bend, par-

ticularly structural losses. Theoretical descriptions of such loss can be summarised

from the article of K.L. Kruse, & C.T. Middlebrook [152], where the structural loss Ls

can be identified from the summation of transitional loss ΓT and radial loss ΓR in dB,

as described in Equation (4.5) and illustrated in Figure 4.4.

Ls(dB) “
ÿ

ΓR `
ÿ

ΓT (4.5)
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Continuous power radiation along the curve path causes radial loss. For the radial

attenuation coefficient αpR, sq, the radial loss can be represented as Equation (4.6).

ΓRpdBq “ e´
ş0
S αpRpsq,sq ds (4.6)

Transitional loss arises when there is a mode-mismatch, i.e. a mismatch in the

near-field electric-field profiles. Such a mismatch occurs at the transition between a

straight and a bent waveguide or waveguide segments of opposite curvature, as occurs

in the middle of an arc-based S-bend. This loss can be calculated using the mode

overlap integral Equation (4.7), where Ein and Eout are the electric fields at the end of

the first segment and the start of the second segment, respectively.

ΓT pdBq “ 1 ´

ˇ

ˇ

ş

Einpx, yqE˚
outpx, yq dy dx

ˇ

ˇ

2

ş

|Einpx, yq|2 dx dy ¨
ş

|Eoutpx, yq|2 dy dx
(4.7)

The primary factor often limiting the performance of well-designed S-bends is the

transition loss, while the radial loss can be mitigated by adjusting the minimum bend

radius through an increase in the S-bend length. However, this elongation may con-

tribute to the total losses of the S-bend due to the intrinsic linear propagation losses of

the waveguides. Additionally, the radii of curvature can vary among different S-bend

configurations, even when they share the same total length.

Theoretical investigations have shown that cosine S-bends exhibit the least losses

for a given length and longitudinal offset [154; 155]. Moreover, cosine S-bends start and

end with maximum curvature, this limits coupling in the S-bends when using them for

directional couplers. Therefore, the cosine S-bends have been used in all beam combiner

designs.

Previous work has shown that straight waveguides and cosine S-bends are compa-

rable in terms of loss at 4 µm wavelength for the bend radii ą 40 mm, where the excess

loss of cosine S-bends was measured using the Fabry-Perot method [150], as shown

in Figure 4.5. It means structural losses become dominant when the bend radii are

smaller than ă 40 mm. Therefore, a minimum bend radii ą 40 mm has been used

for all photonic components. Other sources of loss that impact the throughput of the



60 Photonic building blocks

Figure 4.5: At the wavelength of 4 µm, cosine S-bends based on the triplet waveguides
in GLS exhibit negligible losses for bending radii exceeding ą 40 mm. Image credit: [123].

fabricated devices are discussed in the last section of this chapter.

4.2.3 Y-junctions

Y-junctions serve the purpose of combining or splitting optical signals [131]. They

are comprised of straight waveguides and S-bends to form a Y-shaped junction from a

common stem to two branches.

Within the ASGARD/NOTT project, Y-junctions are used as achromatic 1 ˆ 2

power-splitting elements. For the 4T-Nuller, the light from each input has to be split

to direct approximately 80% of the telescope’s signal to the interferometry section,

while the second path is configured to allocate the remaining 20% of the signal for

photometry, as outlined in Table 4.1.

Further elaboration on Y-junctions and the optimisation is undertaken to identify

the appropriate designs for ULI in GLS glass and their characterisation is provided in

Chapter 5.
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4.2.4 Directional couplers

Directional couplers or 2 ˆ 2 couplers are the key integrated optics elements for per-

forming beam combinations. By design, they consist of two closely spaced straight

waveguides with lead-in and lead-out S-bends. The close spacing facilitates the trans-

fer of power between the two waveguides. The power transfer or splitting ratio depends

on the distance between the two waveguides and the interaction length along with the

wavelength of the propagating light.

In this project, the most crucial requirement of the directional couplers is to pro-

vide 50/50 achromatic splitting for performing interferometry in broadband by equally

splitting and combining signals from the telescopes, as noted in Table 4.1. For this pur-

pose, asymmetrical directional couplers are used to produce 50/50 achromatic splitting

and beam combination across the L’ band. Chapter 6 contains a detailed theoretical

and experimental discussion on the laser-written directional couplers in GLS glass for

the NOTT.

4.2.5 2T-Nullers

Building on the concept of the basic single-Bracewell Nuller [74] with the aided ability

to simultaneously track photometry during its operation [156]. Side-step S-bends lead

the telescope signal to the Y-junctions from the input region. These s-bends suppress

uncoupled stray light at the input coupling region. The Y-junctions split each incoming

signal into two branches from the S-bend sections, with one portion passing through

the interferometry section based on an achromatic 50/50 directional coupler. This

directional coupler performs interferometry by combining the two beams coming from

two telescopes. The other branch, designated as the photometry channel/taps, enables

the instrument to track the intensity of the incoming telescope signals and lets one

perform photometric correction of the observed destructive interference.
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Figure 4.6: Output of a 2T-Nuller recorded with the mid-infrared camera of 30 ˆ 30
µm/pixel for injection of two individual beams from the supercontinuum source. P1 and P2
are two photometric taps/outputs, and I1 and I2 are two interferometric outputs. All the
outputs are in equidistant separation of 125 µm

Figure 4.6 shows example outputs of a 2T-Nuller of Figure 4.2, with two photo-

metric taps (P1 and P2) and two interferometric outputs (I1 and I2). The light was

launched sequentially into the two independent inputs. More details on the design,

nulling performance and simultaneous photometric correction methods are presented

in Chapter 7.

4.2.6 4T-Nullers

The double-Bracewell Nuller for NOTT harnesses the basic concept of the 2T-Nuller.

The 4T-Nuller combines signals from four telescopes for nulling [35]. Similar to the

2T-Nuller, it includes photometry for the incoming starlight using Y-junctions after

the stray-light suppressing S-bends. The key advantage lies in its implementation of

a cascade of 50/50 achromatic directional couplers. The first two directional couplers

create two nulled signals feeding the third directional coupler, as shown in Figure 4.2.

This results in two nulled outputs. By subtracting these two outputs of the central

combiner, a self-calibrated null can be acquired [157].

On-chip, input spacing between four input facets are equal (125 µm). However,
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Figure 4.7: All outputs of a 4T-Nullers, 4 ˆ photometry (P1, P2, P3, P4) and 4 ˆ

interferometry (I1, I2, I3, I4 ) after sequential injection into each of the four inputs. The
spacing between the outputs are designed as 190 – 200 – 240 – 200 – 240 – 200 – 190 µm
optimised for the NOTT’s back-end optics [34; 65]

output spacing, as presented in Figure 4.7, is non-equidistant and followed the ZEMAX

design developed for the NOTT’s back-end optics [34; 65]. This optimised arrangement,

with non-equidistant spacing, will allow to prevent overlap between the output signals.

Additionally, the signals from nulled outputs will be sufficiently isolated to avoid any

influence or cross-talk from anti-null or photometry signals on the ASGARD detector.

Chapter 8 presents the design and experimental characterisation showing the in-

terferometric performance of the 4T-Nuller. A functional 4T-Nuller for the NOTT

instrument is the main goal of this thesis.
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4.3 ASGARD/NOTT photonic requirements

To achieve the ASGARD/NOTT science case (discussed in Chapter 1), specific require-

ments are placed on the GLS glass 4T-Nuller. These criteria are summarised in Table

4.1. Several iterations of photonic chips with complete beam combiners were fabricated

with incremental improvements to accomplish these criteria. Sample I, Sample II,

Sample III, Sample IV are the four iterations of photonic chips that have been fab-

ricated, characterised and analysed as part of this thesis. Each chip accomplishes one

or multiple requirements.

Table 4.1: Key photonic requirements for the AS-
GARD/NOTT [35; 33; 65; 34].

On-chip waveguides Operational range 3.5-4.0 µm (GLS glass)

Mode-field profile Single-mode

Y-junctions Splitting for photometric tap 20/80

Chromaticity Achromatic

Directional couplers Splitting for beam combination 50/50

Chromaticity Achromatic

Phase shift between two outputs 180 degree

4T-Nuller Optical throughput « 50%*

Contrast level (raw and self-cal.) 10´2 ´ 10´5

˚
without Fresnel loss

The inscription parameters and device geometries for the first prototype photonic

chip, Sample I, were taken from the work of T. Greetzinger et al.,[150], comprised 10 ˆ

4T-Nullers. During the characterisation process, weak functionality in 4T-Nullers was

observed where one of the interferometric outputs suffered from suboptimal writing

order. As a result, a second prototype photonic chip, Sample II, was fabricated

soon. This second iteration contained 7 ˆ 4T-Nullers, two sets of reference directional

couplers with different writing orders, and a series of building block waveguides.

Upon characterisation of Sample II photonic chip, it was observed that the di-

rectional couplers of the nulling devices exhibited „ 70/30 imbalances, deviating from

the NOTT’s requirement of 50/50 splitting ratio [35]. Thereafter, a set of reference

directional couplers with writing order left to right and extended parameter scan of

interaction length led to identifying appropriate interaction lengths and writing order
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to fabricate a 50/50 achromat directional coupler [35]. More details of the splitting

ratios of the directional couplers are discussed in Chapter 6.

Building on the insights gained from characterising Sample II, Sample III was

manufactured to consolidate the learning from Sample II and incorporate them into

a new batch of nulling beam combiners, which eventually led to achieving the desired

50/50 achromat directional couplers. This chip also contains 2T- and 4T-Nullers 50/50

achromatic directional couplers. Therefore, nulling interferometry tests were carried

out with this chip in the lab. Chapter 7 and 8 are devoted to nulling interferometry

measurements with 2T-Nuller and 4T-Nuller, respectively.

Moreover, the Y-junctions used for photometry in 4T-Nullers of Sample III did

not yet exhibit the desired 20/80 splitting ratio across the L’ band to fulfil the NOTT

instrumental requirements, as described in Table 4.1. To address this requirement,

Sample IV was fabricated, where a series of Y-junctions with different geometries

were explored. The optimisation of the geometry was informed by beam propagation

simulations using the commercially available RSoft BeamPROP module. Character-

isation showed good agreement with the simulation and resulted in Y-junctions with

20/80 splitting. These Y-junctions will be introduced into the next batch of 4T-Nullers,

which is beyond the scope of this thesis. The Y-junction design, optimisation and char-

acterisation are discussed in Chapter 5.

4.4 Optical throughput

High throughput or low-loss photonic components are a major requirement in astron-

omy, because of the intrinsic weakness of the observed distant astronomical sources.

Mathematically, throughput (T) can be obtained in percentage from the Equation

(4.8), where Pin is the total power incident on a specific waveguide or a photonic device

and Pout is total output power emerging from the output facets.

T “
Pout

Pin

ˆ 100% (4.8)

Moreover, the total output power can be estimated in dB using the relation, Pout =
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(Pin–IL), where IL is the insertion loss, and it is the amount of power that a signal loses

after the transmission through the waveguide. The insertion loss is the sum of three

loss components: (i) coupling loss CL, (ii) Fresnel loss FL, and (iii) internal losses, such

as linear propagation loss, bend losses and transition losses.

Figure 4.8: Sketch of a straight waveguide with the various sources of loss, such as cou-
pling, Fresnel loss, and propagation losses indicated depending on their location of occurrence.

For a waveguide, coupling losses CL occur at the input interface between the free-

space and the waveguide facet, as shown in Figure 4.8. They result from the mismatch

in electric-field profile between the waveguide mode and focal spot of the injection

beam. The coupling losses increase if there is angular and/or spatial misalignment in

addition to a field mismatch. Theoretically, the best coupling efficiency between the

Airy pattern at the focus of a homogeneously illuminated lens and the Gaussian mode

of a single-mode waveguide is 81% [158].

Fresnel losses FL occur at the interface between two optical media with different

refractive indices. These losses are attributed to partial reflection and partial transmis-

sion of light (also identified as Fresnel reflection) caused by an impedance mismatch

at the interface. This loss can be calculated using the relation FL “
pngls–n0q2

pngls`n0q2
. The

Fresnel loss between air and GLS glass is « 15.6% or - 0.74 dB per facet, where n0 “ 1

and ngls “ 2.3159 ˘ 0.002 at a wavelength of 3.4 µm [159]. The GLS refractive in-

dex at mid-infrared wavelengths was interpolated from refractive index measurements

conducted by VITRON GmbH commissioned by J. Tepper et al., [159]. This loss can

be mitigated with antireflection thin-film coatings, which would increase the overall

throughput by « 30%.
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The internal losses of a device are the sum of propagation loss PL, bending loss

BL, and transition losses TL. The propagation loss encompasses the attenuation of

light as it propagates along the waveguide. This loss is primarily attributed to mate-

rial absorption, scattering, and other intrinsic factors. Propagation losses are usually

measured in dB/cm according to PL “ 1
L

10 ¨ log P0

PLeft
dB/cm [160], where P0 is the

initial power, L is the total length of the waveguide, and PLeft is the power left after

propagation. However, propagation losses of mid-infrared compatible integrated optics

platforms based on lithography across the wavelength band of 3–5 µm, such as SiN/Si,

SOI, Ti:LiNbO3, Si/Al2O3, and Ge/Si range between 98% to 50% throughput over

1 cm, equivalent to 0.1 to 3 dB/cm. This is an order of magnitude larger than at

near-infrared wavelengths, such as silica-based waveguides, which feature up to 99%

throughput per cm ( 0.01 to 0.05 dB/cm) [112; 113].

In the context of curved waveguides, such as S-bends, bending losses BL can arise

from the curvature of the waveguide path, causing light to leak out as radiation from

the waveguide core due to mode distortion. The bending radius is maintained as ě 40

mm for the NOTT’s S-bends to have negligible bend losses. This threshold has been

optimised from prior research outlined in Figure 4.5.

Furthermore, transition loss TL represents another significant factor contributing

to internal losses beyond propagation and bending losses. Transition loss occurs when

light incompletely escapes from the waveguide’s cladding. A typical scenario where

transition loss manifests is in Y-junctions, where light may not be fully divided between

the two output waveguides [161; 162].

The optical throughput in the L’ band of the basic photonic components and beam

combiners were measured using the supercontinuum source (SCS) and the characteri-

sation setup II (see, Figure 3.3) for Sample III. The throughput was determined by

first measuring the injection beam intensity, carefully aligning the sample and then

measuring the intensities emerging from the individual outputs of the device under

test. To reduce noise, each measurement contained a camera recording of 8 seconds

duration at a recording frame rate set at 125 Hz (1000 frames in total).
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Figure 4.9: The bars present the relative throughputs of the devices found in Sample III.
The term WG denotes waveguides. The green bars represent S-bends with an amplitude (W)
of 1.1 mm, where the S-bend refers to individual building block S-bends, and the 4T-Nuller
includes S-bends designed for stray light suppression with the same amplitude. Similarly, the
blue bars correspond to S-bends with an amplitude (W) of 4.5 mm for building block S-bends
and Straylight suppressing S-bends inside the 2T-Nullers.

Figure 4.9 represents relative throughput values. To achieve these findings, 6 ˆ

triplet straight waveguides, 5 ˆ side-step S-bends with an amplitude of 1.1 mm, 5 ˆ

side-step S-bends with an amplitude of 4.5 mm, along with 5 ˆ 2T-Nullers and 1 ˆ

4T-Nuller were utilised. The error bar associated with the 4T-Nuller was determined

from the individual set of total outputs corresponding to each of the four inputs.

Furthermore, this specific 4T-Nuller was selected for conducting nulling measurements

for its central 50/50 achromat directional coupler, as elaborated in Chapter 6 and 8.

These values include the Fresnel losses, the coupling losses and all internal losses of

the devices. The results reveal that straight waveguides exhibit throughput within the

range of 42% ˘ 4%, and building block S-bends with an amplitude of 1.1 mm and a

minimum radius of curvature of 45 mm demonstrate a throughput of 41% ˘ 5%. 4T-

Nullers, which also incorporate identical S-bends of the same radius of curvature and

amplitude to suppress stray light, demonstrated a transmittance of 37% ˘ 3%. These
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results indicate that S-bends and 4T-Nullar have low bending losses, where Y-junctions

and cascaded directional couplers add a fraction of loss.

In contrast, the large amplitude S-bends and 2T-Nullers exhibit a throughput of

25%˘7% and 24.5%˘4%, respectively. These building block S-bends and the S-bends

employed to suppress stray light are identical, with amplitudes of the S-bends being

4.5 mm, though the radius of curvature is 45 mm, which is similar to the previous

set of building block and 4T-Nuller S-bends. Moreover, S-bends of 4.5 mm contain a

length of „ 31.6 mm, which is nearly twice („ 15.6 mm) the length of the S-bends of

1.1 mm. These S-bends are much longer than those S-bends previously fabricated and

examined by T. Gretzinger [123].

Furthermore, these results facilitated the calculation of propagation losses for straight

waveguides and basic building block S-bends with amplitudes of 1.1 mm and 4.5 mm.

The calculation using the relation, PL “ p1{Lq ¨ pIL ´ 2 ¨ FL ´ CLq, where L represents

the optical path length. This formula omitted consideration of bending and transmis-

sion losses due to previous studies demonstrating negligible bending loss for bend radii

ą 40 mm and cosine S-bends exhibiting low transition loss [123]. Subsequently, a CL

value of approximately -0.897 dB was derived from the lunched beam spot size „ 10

µm (FWHM, in Chapter 3) « 17 µm for 1/e2 beam width and the average mode-field

diameter of the straight waveguide, demonstrated in Figure 4.3. A Fresnel loss per

facet of -0.74 dB is also derived from 15.6% per facet. The calculated results indicate

propagation losses for straight waveguides within the range of -0.21 to -0.29 dB/cm,

S-bends with 1.1 mm amplitudes ranging from -0.21 to -0.29 dB/cm, and S-bends

with 4.5 mm amplitudes approximately ranging from -0.35 to -0.47 dB. As depicted in

Figure 4.9. The propagation loss ranges were determined using error bars.

These findings align closely with previously obtained results, where propagation

losses of „ 0.47 dB/cm were recorded for single tracks, „ 0.33 dB/cm for double tracks

at 3.39 µm, and at 4 µm, results showed losses of „ 0.29 dB/cm for single tracks and

„ 0.22 dB/cm for triple tracks [150].

Thus, for the final beam combiner chip, the most feasible approach involves anti-

reflection coating to mitigate the effects of Fresnel loss. It will increase the throughput
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of the existing 4T-Nuller up to „ 53 %, around the level of throughput (« 50%)

required for the NOTT, as mentioned in Table 4.1.

4.5 Optical microscope inspection

After the inscription, all samples were in detail inspected under an optical microscope.

It was observed, depending on the glass batch, that nucleation sites were randomly

distributed within the volume of the GLS glass samples. Some of the waveguides

were partly or entirely traversing such pre-existing nucleation sites. The structure of

written waveguides is strongly affected due to the presence of these nucleation sites, as

illustrated in Figure 4.10.

Figure 4.10: Sample optical microscope images of fabricated waveguides in GLS glass
samples, revealing the existence of nucleation sites that negatively influence the waveguide
inscription, resulting in neck-downs and gaps within the waveguides.

Nucleation sites can be common in crystal or glass materials. They are known to

appear during crystallisation, which is associated with several phase transition pro-

cesses [163]. By definition, a nucleus is the minimum amount of a new phase capable
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of independent existence in a crystal [164]. However, the nature of nuclei, whether they

are nebulous particles or tiny crystals, is still unknown [163]. Kashchiev and van Ros-

malen [165] described nucleation as the process of random appearance of nanoscopically

small clusters of a new crystalline phase, which can grow spontaneously to macroscopic

sizes. The growth stage, which immediately follows nucleation, is governed by the dif-

fusion of particles, called growth units, to the surface of the existing nuclei and their

incorporation into the structure of the crystalline lattice [166].

L. Ruihua and A. B. Seddon [167] have reported the presence of nucleation sites in

GLS glass. Their work discusses glass formation and the spontaneous appearance of

nucleation sites during crystallisation processes. Further purification of the raw mate-

rials might improve the glass’s quality. As described earlier, during this development

process, two batches of the GLS glass materials were used for the ULI fabrication.

Sample I and Sample IV were from the same batch of GLS glass, LD1765, while

Sample II and Sample III were from batch LD1999. Batch LD1999 was specifi-

cally selected by D. Hewak from their stock at University of Southampton, because it

features better quality and fewer nucleation sites than LD1765.

The impact of the presence of such nucleation sites is unpredictable, particularly

in terms of throughput, i.e. the amount of loss a waveguide defect introduces. For

instance, the error bars obtained from testing multiple straight waveguides and nulling

devices have shown a relatively small variation, as depicted in Figure 4.9, regardless of

the presence of nucleation sites. Unfortunately, due to the larger number of nucleation

sites and their 3D distribution within the glass volume, it is nearly impossible to map

their exact location and adjust the inscription location of the devices to minimise the

number of waveguides colliding with the nucleation sites. Thus for the final beam com-

biner chip or future upgrade, the best approach is to inscribe a series of identical beam

combiner devices, characterise them and select the one with the highest throughput.



5
Y-Junctions

Y-junctions are vital passive photonic components in modern integrated optical sys-

tems. These components provide a compact and efficient means of controlling and

manipulating light for splitting or combining optical signals. Y-junction based power

splitters play a crucial role in integrated optical devices related to the NOTT’s instru-

mental requirements. These power splitters allow the achromatic division of optical

signals into two branches. One branch is used for photometry, while the other is used

for interferometry, as illustrated in the designs of 2T-Nuller and 4T-Nuller depicted in

Figure 4.2. Y-junctions are favoured in these designs because of their relatively shorter

length compared to directional couplers (see Chapter 6) to keep the photonic chip as

small as possible and thus the losses as low as possible. Moreover, if appropriately

designed, Y-junctions are inherently achromatic.

This chapter introduces the principles of Y-junctions, their role in power splitting

72
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within integrated optics in the mid-infrared, and the ongoing efforts to attain achro-

matic power splitting of 20/80 in the contest of NOTT 4T-Nuller [20; 33]—in the

mid-infrared L’ band.

5.1 Y-Junctions as a splitter

As a splitter, a Y-junction relies exclusively on geometric design for its functionality.

A typical Y-junction of 1ˆ2 architecture consists of a stem and two diverging arms.

Its light-splitting properties can be generalised based on tapers or the modification

of mode-field propagation and the angle between the two arms. Y-junctions can be

subdivided into two categories with variations in geometrical size and refractive indices

of the arms, known as symmetric and asymmetric.

Y-junctions’ approximate adiabatic propagation from the stem to the splitting arms

in the axial direction is categorised into three groups: single-mode, few-mode, and

multi-mode. The few-mode Y-junction has a broader stem that supports higher-order

modes. After the waveguide branch, there are always two modes for a single-mode 1 ˆ

2 Y-junction: (i) even mode, as shown in Figure 5.1 (top), and (ii) odd mode, where

the field is shifted by π in one branch versus the other.

The detailed definitions and properties of the Y-junctions can be found in the article

of J.D. Love and D. Riesen [168], where authors discussed each type with simulation-

based demonstrations for silicon material and 1.55 µm wavelength.

However, in the context of the 4T-Nuller’s Y-junction, an asymmetrical single-mode

configuration is required. This configuration can split the fundamental mode into two

same-phase phases (even mode) by tweaking a slight change of effective index between

the stem and the arms.

Many studies have explored Y-junction fabrication using lithography and ultrafast

laser inscription or ULI. Lithography offers scalability, cost-efficiency, and compact cir-

cuit design advantages, whereas ULI provides rapid-prototyping flexibility and quick

device optimisation capabilities, which are often challenging to achieve with lithogra-

phy [97; 169]. Historically, ultrafast laser inscription has been employed to produce
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Y-junctions in various materials, such as Fused Silica [170], Lithium Niobate [171], and

Bismuth Germanate crystals [132]. These Y-junctions operate across various wave-

lengths, covering from visible to mid-infrared, and serve purposes in optical communi-

cation and scientific applications [97].

The application of Guided Light Interferometric Nulling Technology (GLINT) in

nulling interferometry with the Anglo-Australian Telescope showcased the utilisation of

Ultrafast ULI in the fabrication of Y-junctions, which operates over a 50 nm bandwidth

(centred at 1550 nm). These Y junctions were subsequently used in a 2-telescope

integrated optical nuller, demonstrating the capability of ULI to inscribe efficient and

achromatic power splitting for both interferometric and photometric purposes [90].

The findings from these studies collectively underscore the potential of ULI as a

promising technique for Y-junction fabrication, particularly in the context of the design

for NOTT Nullers (see Figure 4.2).

5.1.1 ULI Y-Junctions

ULI fabricated Y-junction splitters are designed based on a waveguide that is split into

two arms via a tapered transition region. The tapered coupling region signifies a gradual

transition in the cross-sectional dimensions of an optical waveguide. This transition

aims to facilitate efficient optical power transfer from the stem of the Y-junction to

the branch. Tapered coupling regions mitigate mode mismatches and minimise optical

losses that may occur during the coupling process [131; 168].

One challenge of fabricating Y-junctions using ULI is achieving symmetry. Sym-

metry is crucial in ensuring that the fundamental mode in the stem equally excites the

fundamental modes in both arms to achieve 50/50 splitting. An unbalanced power-

splitting ratio can result from a lower refractive index change in the second inscribed

arm, leading to an asymmetric power distribution [168]. Hence, asymmetry can be

exploited to achieve achromatic 20/80 power-splitting ratios for the NOTT beam com-

biner.
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Many researchers have explored various methods and techniques to achieve achro-

matic Y-junctions using ULI. Multiscan techniques have been utilised to produce achro-

maticity with rectangular geometry in fused silica, offering promising results in near-

infrared at 1064 nm [172]. The bending radii introduce mismatching propagation con-

stants between two splitting arms, resulting in mismatching propagation constants,

which make the Y-junction asymmetric [173; 174]. The bending radii of the arms also

form an angle between them concerning the rear edge where the junction occurs. This

angle serves as a parameter to express the splitting ratios of the two arms [174].

Figure 5.1: Top: Typical Y-junction based 1 ˆ 2 splitter, where a is the diameter of
the arms and θ is the angle between the splitting arms. Bottom: Y-junction specific to the
triplet waveguides in GLS glass with the track inscription order (1 - 6) depicted. The green
lines overpass the blue tracks during the inscription of the second branch, which influences
the splitting ratio.

Cosine S-bends, as described in Equation (4.2), are utilised in the ULI to introduce
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bending in the arms of the Y-junctions, to provide flexibility in geometry by ensur-

ing that the split signals diverge further from the inputs within a shorter longitudinal

dimension. Cosine S-bends are a good choice for Y-junctions due to their low loss

property, as discussed in Chapter 4. Consequently, an increase in the radius of cur-

vature implies a reduction in the intersection angle, θ. This relationship implies that

for smaller angles, the size of the junction expands, potentially leading to an increased

V-number. This increase in V-number may, in turn, introduce multimode features into

the Y-junctions, governed by the formula V “
2πpa{2q

λ
(NA), where a is the width of

the waveguide junction core, λ is the wavelength, and NA represents the numerical

aperture, expressed as NA “ sin θi, where θi is the half angle of maximum cone of light

that enters. The number of modes can be calculated using the relation, M9V 2 [160].

Gretzinger et al., [150] developed mid-infrared Y-junctions in GLS glass using the

triplet waveguides. Splitting ratios of 50/50, 60/40, and 65/35 were achieved by Y-

junction splitters, which is away from the desired configuration of this project being

20/80. Additionally, it was also seen that the writing order of the waveguide tracks

influences the refractive index difference in waveguides. Figure 5.1 (bottom) indicates

the inscription order of the Y-junction that was found to be the most optimal and the

least lossy Y-junctions in GLS glass, where the sequential fabrication of the tracks leads

to overpassing the first three tracks (blue) a second time (green) up to the branching

point. This same configuration has been used to write Y-junctions for the NOTT.

The splitting ratio can be tuned by changing the reflective index of an arm by

lowering the writing velocity. Experimentally, this was demonstrated using UV laser

writing to tune the splitting ratio between 70/30 and 30/70 [175]. It indicates that

adjusting the writing velocity can offer possible achromatic splitting using the direct

laser writing technique.

5.2 Y-Junctions in the 2T/4T-Nullers

Sample I to III contain 4T-Nullers, whereas Sample II and III contain functional 4T-

Nullers. Therefore, the Y-junctions of these two samples were extensively characterised.
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Besides, Sample III also contains 2T-Nuller. A 4T-Nuller is incorporated with 4ˆ

Y-junctions, and 2ˆ Y-junctions are incorporated in 2T-Nullers for photometry and

interferometry signal separation. Left to right triplet waveguides were used to write

these Y-junctions, and these Y-junctions are not identical by design. Y-junctions of

2T-Nullers are planer or 2D, and Y-junctions of 4T-Nuller have 3D structure.

The arm of the Y-junction is used for photometry. In the case of the 4T-Nullers,

this arm descends from the plane of the interferometry section downward, employing

a cosine S-bend with a 45 mm bend radius. This 3D arrangement takes advantage of

ULI’s capabilities to avoid waveguide crossing, that introduces cross-talk. Cross-talk is

detrimental to high contrast nulling. This descending arm extends upward again after

the Y-junctions to form a linear array with all other waveguides at the output. The

direction of the photometry channels of the Y-junction can either be to the left or to

the right, according to the respective input (see Figure 5.2).

However, in the case of the 2T-Nuller, this photometry arm does not go downward,

it goes either left or right from the interferometric within the same plane using a cosine

S-bend of a 100 mm bend radius. In contrast to the 4T-Nullers, the 2T-Nullers are

purely planar, as the 2T-Nuller does not require 3D waveguides to avoid crossing.

The arm of the Y-junctions splits the signal and directs one part to the interfer-

ometry section, i.e. the directional couplers. The design of the directional couplers

dictates another cosine S-bend with a minimum radius of curvature of 50 mm. For the

4T-Nuller of Sample III, a 3 mm straight section is added right before these S-bends

with an aim to provide more light for the interferometry, as seen in Figure 5.2.

These Y-junctions incorporate a 1 mm length of tapered straight section over which

the first waveguide is tapered to avoid creating any damage and then overwritten by

the second waveguide. Architectural details of these Y-junctions are summarised in

Table 5.1.
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Table 5.1: The parameter of Y-junctions in tn the 2T/4T-Nullers.
S-bend radii [I] and S-bend radii [P] represent the minimum radius
of curvature of the S-bends of photometry and interferometry arms,
respectively

Photonic Chip S-bend radii [I] S-bend radii [P] Straight Section Type

Sam.II (4T-Nuller) 50 mm 45 mm No 3D

Sam.III (4T-Nuller) 50 mm 45 mm 3 mm 3D

Sam.III (4T-Nuller) 50 mm 100 mm No Planner

Figure 5.2: Sketch of the Y-junctions within the 4T-Nuller (generated using RSoft).
The 3D diagram shows that the photometry arms extend downward from the interferometry
plane and turn to the left or right, depending on the input. The dashed lines in the schematic
diagrams delineate the photometry channels. These channels gradually extend upward after
the Y-junction so that their outputs from a horizontal line with the interferometric outputs,
as illustrated in Figure 4.7.
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5.2.1 Characterisation results

The chromatic splitting ratios of the Y-junctions of the 2T/4T-Nullers were measured

using Fast Fourier Transform (FFT) spectroscopy for the L’ astronomical band (test

bench in Figure 3.3) using the mechanism explained in Chapter 3. Across the band-

width, the calculation of the splitting ratios between photometry and interferometry

was obtained using the relations P/(P + Σ I) and I/(P + Σ I), respectively. P refers

to the spectrum from the photometric output, and ΣI is the summation of all the

interferometric output within the same spectral bandwidth.

Characterisation of the Y-junctions of Sample II suggests that the average split-

ting between all the photometry and interferometry signals of the 4T-Nullers at 3.75

µm is 37/56 with an error bar of 11/7 [35]. The splitting ratio at 3.75 µm, the cen-

tral wavelength of the L’ band, has been considered for demonstration. Regardless

of the geometrical and designing differences, as described in Table 5.1, Y-junctions of

2T/4T-Nullers demonstrate a similar range of splitting ratios between photometry and

interferometry arms as plotted in Figure 5.3 for Sample III. These results are also

comparable to the Y-junctions of Sample II.

The photometry arms of the Y-junction extend to the left direction for the T1 input

of the 2T-Nuller or for both the T1 and T2 inputs of the 4T-Nuller, while they extend

to the right for the T2 input of the 2T-Nuller or the T3 and T4 inputs of the 4T-Nuller

(see Figures 7.2 and 8.2). Interestingly, the splitting behaviours, as depicted in Figure

5.3, reveal a directional dependency for the 2T/4T-Nullers. The most likely explanation

for this dependency is the writing order, which warrants further investigation.

Despite the directional dependency of „ 10%, all Y-junctions exhibit achromatic-

ity across the L’ astronomical band. The chromatic splitting ratio of the Y-junction

of 2T-Nuller has been exemplified in Figure 5.4. This example is provided because

these photometry channels of this specific 2T-Nuller were utilised to perform nulling

interferometry in Chapter 7.
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Figure 5.3: The left column illustrates the average splitting between photometry (P) and
interferometry (I) measured and averaged across five Y-junctions of the 2T-Nullers contained
in Sample III. T1 and T2 are the left and right inputs, respectively. All data is for a
wavelength of 3.75 µm. The right column shows the same data for the 4T-Nullers, also
for Sample III. T1 and T2 are left-handed Y-junctions, while T3 and T4 are right-handed
Y-junctions. The error bars depict the error of the mean for the average values.

Despite the differences between 4T-Nuller and 2T-Nuller, such as 3D and 2D, all

Y-junctions are achromatic splitters of „ 40/60, and neither of them is close to 20/80 in

terms of photometry and interferometry separation, a key requirement of the 4T-Nuller

of NOTT. Therefore, further optimisation was implicated, particularly by modifying

the design of the Y-junctions.
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Figure 5.4: The graph depicts the splitting characteristics of the Y-junction of one 2T-
Nuller from Sample III.

5.3 Optimising Y-Junctions for NOTT

5.3.1 Simulation

Further modification of the Y-junction geometry is necessary to address the challenge

of achieving achromatic 20/80 Y-junctions for the 4T-Nullers. Before fabricating more

devices, simulations utilised RSoft BeamPROP were conducted. In order to tailor the

splitting ratios, the Y-junctions found in Sample II and III were modified. The Y-

junctions in Sample II always followed the conventional design, where two S-bends

originate from the common stem, as outlined in Table 5.1. The Y-junctions in Sample

III can be seen as a variation of Sample II, where the waveguide leading towards

the directional couplers for interferometry is a straight section, i.e. an S-bend with

infinite radii of curvature, to facilitate more light coupling towards the interferometry.

Despite these changes, the required 20/80 splitting was still not achieved. Therefore,

the waveguide for the photometry was further decoupled by introducing a vertical shift.

The 3D geometry of the modified Y-junctions is shown in Figure 5.5 where ModeL I

is based on Sample II, and ModeL II is based on Sample III.
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ModeL I holds to the conventional design of Y-junctions, where the S-bends of the

two arms closely connect photometry and interferometry channels. On the other hand,

ModeL II introduces an advancement design in which the cosine S-bend of the pho-

tometry channel descends before the position of the cosine S-bend of the interferometry

channel. The existing Y-junctions of 4T-Nullers contain such designs.

To provide a gradual transition between the two waveguides, the photometry arm

was tapered up over a distance, and the radius of curvature of the S-bend for the

photometry arm and for the interferometry was 50 mm.

Figure 5.5: RSoft designed Y-junction of ModeL I is on the top row, and ModeL II
is on the bottom row. The left column corresponds to the basic diagram of the two models.
The Right column demonstrates the parameters tweaked in 3D to identify 20/80 achromatic
splitting ratios.
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Figure 5.6: Simulation results illustrating the variation in splitting ratios of the interfer-
ometry channel based on the taper length and the vertical offset between the two waveguides
at the branching point. The simulation wavelength is 3.75 µm. The graph shows an oscilla-
tory behaviour in splitting ratio versus vertical offset. Offset ą 15 µm is required to achieve
the desired 20/80 splitting. As one would expect, with increasing offset, less and less light
couples into the photometry branch.

The primary objective of the simulations was to identify any trends that could lead

to achromatic 20/80 splitting ratios. However, it was acknowledged that the manufac-

turing results might not precisely mirror the simulations due to inherent differences.

RSoft models are designed using the triplet refractive index profile that was formerly

obtained for 3.8 µm, whereas the physical mode-field profile of Ultrafast Laser Inscrip-

tion (ULI) in the GLS glass sample exhibits triplet structures [151], as shown in Figure

4.1.

The simulations showed that varying the minimum radius of curvature from 45

mm to 145 mm of the S-bend for the photometry arm does not provide sufficient

change in the splitting ratios for ModeL I but interferometry arm reaches nearly

75% for ą 105 mm. However, Promising trends were identified when introducing a

vertical offset that places the start of the photometry branch deeper within the sample,

as depicted in Figure 5.6. Testing different taper lengths between 1 mm and 2 mm
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showed only a marginal influence. The simulations indicate that achieving an 80%

signal in the interferometry channel is very sensitive to changes in the vertical offset

of the photometry branch. An offset between 5 and 10 µm demonstrated a significant

rise in the signal in the interferometry arm for both ModeL I and ModeL II with

a throughput range between 80-94% and 91-95%, respectively. Besides the improved

splitting ratios in accordance with the instrument requirements, the change in geometry

maintained the achromatic behaviour of the Y-junctions.

5.3.2 Experimental results

To test the simulated Y-junction geometries, an additional sample was fabricated Sam-

ple IV. Based on the simulations, the following parameters were chosen for fabrication:

• ModeL I: photometry branch’s radius of curvatures = 45 mm, taper length and

vertical offset are varied.

• ModeL II: photometry branch’s radius of curvatures = 45 mm, 75 mm, 100 mm,

125 mm, and 150 mm, with taper length = 1 mm and no vertical offset.

• ModeL II: photometry branch’s radius of curvatures = 45 mm, taper length

and vertical offset are varied.

In accordance with the design of the 4T-Nuller, for every design, two Y-junctions

were fabricated, one left-handed and one right-handed. Furthermore, as a reference

also, Y-junctions based on the design used for the 4T-Nullers in Sample III were

included in Sample IV.

During the characterisation, broadband splitting ratios are first identified by launch-

ing one beam of L’ band into the input of the Y-junctions and measuring the photom-

etry (P) and interferometry (I) splitting ratios as P/(P+I) and I/(P+I).
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Figure 5.7: Broadband splitting ratios of ModeL I and ModeL II Y-junctions with
varying taper length (T) and vertical offset (OS) for their interferometry branch. Exhibiting
green-coloured splitting ratios are being considered promising candidates for the 4T-Nuller.
Y-junction’s ratio with the red colour contains parameters similar to those of existing Y-
junctions in the 4T-Nuller. All of these Y-junctions’ radius of curvature of photometry is 45
mm.
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Figure 5.8: Wavelength resolved splitting ratios across the L’ band for the 3 Y-junctions
in Sample IV. See the text or graph titles for the differences in geometry. These Y-junctions
demonstrate achromatic splitting and relatively small variation between left-handed (TI/T2)
and right-handed orientation (T3/T4).
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ModeL II with the increment of the radius of curvature of the photometry branch

did not demonstrate a higher imbalance in splitting ratios as it was seen in the simula-

tion. A possible reason is that simulations cannot always handle partially overlapping

refractive index profiles such as the ULI profile of Figure 5.1.

However, ModeL I and ModeL II with a varying taper and vertical offset demon-

strated some promising interferometry and photometry imbalance in broadband, as

found in the simulation. Figure 5.7 shows the splitting ratios of the Y-junctions (left-

handed) from the interferometry branch. Green-coloured splitting ratios („ 20/80) are

being considered promising candidates for the 4T-Nuller, where the Y-junction of the

red colour splitting ratio is identical to those of existing Y-junctions in the 4T-Nuller.

The results highlighted three candidates capable of demonstrating 20/80 splitting ra-

tios, one based on ModeL I and two based on ModeL II.

Fast Fourier transform spectroscopy was used to characterise the selected Y-junctions.

For ModeL I, a taper length of 2 mm and vertical offset of 7.5 µm exhibited the de-

sired achromatic 20/80 splitting ratios. For ModeL II, taper lengths of 1.25 mm and

1.50 mm, both with a 7.5 µm offset, demonstrated the desired achromatic splitting

ratios. Three of the results are depicted in Figure 5.8.

Important for the beam combiners is that the Y-junctions do not introduce excess

losses. This not only means loss of photons and thus the necessity for longer observa-

tions but also can contribute to unwanted stray-light in the chip. Thus, the throughput

of the three Y-junctions in Sample IV with the correct splitting ratios was measured

and compared to the Sample III design Y-junctions also contained in Sample IV.

The throughputs were measured using the same technique as used for the photonic

building blocks and nullers presented in Chapter 4.

Figure 5.9 demonstrates the comparison between the Y-junctions within Sample

IV, where the average of all modified Y-junctions of ModeL II [new] appears to

have higher transmittance compared to ModeL I [new] and the existing 4T-Nuller

Y-junctions identified as ModeL II [old].
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Figure 5.9: Within the Sample IV, Y-junctions of 45 mm radius of curvature in the
photometry branch are classified into three categories, and by averaging, their throughputs
are represented. (i) Model I [new] and (ii) Model II [new], for all of the Y-junctions, were
fabricated with different taper and vertical offset. (ii) Model II [old] refers to the particular
Y-junction which is equivalent to existing Y-junctions inside the 4T-Nullers of Sample III.

The Y-junction based on ModeL II with taper length of 1.50 mm and vertical

offset 7.5 µm has the least variation between left-handed and right-handed orientation

compared to ModeL II competitor and also has higher transmittance profile compare

20/80 Y-junction of ModeL II. Therefore, this Y-junction will be implemented in the

next 4T-Nuller, which will ensure high transmittance and 20/80 achromatic splitting.
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Directional Couplers

The performance of the nulling interferometers across the L’ band relies on achromatic

splitting and combining multiple telescope signals. The achromatic directional couplers

(DC) are the key photonic components that determine the performance of the single-

or double-Bracewell nulling interferometers, i.e. the 2T-Nuller and 4T-Nuller. Precise

control of the optical path length or phase allows one to perform interferometric nulling,

ensuring that the starlight and the unwanted scattered or reflected light destructively

interfere at the directional coupler. This has been demonstrated using ultrafast laser

inscribed 3D waveguides in the astronomical H-band (1.3 - 2 µm) for the GLINT

instrument [90; 76] based on a single-Bracewell architecture.

A similar beam combiner, also fabricated using ULI, has recently been demonstrated

for the K-band (2 - 2.4 µm) [176]. A more elaborate double-Bracewell architecture with

three cascaded directional couplers was also reported and examined for the visible

89
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wavelength of λ = 633 nm [177]. The ability to fabricate beam combiners spanning

from the visible to the infrared spectrum demonstrates the versatility of ULI.

This chapter introduces laser-written directional couplers, their optimisation via

simulation and experiment, and detailed characterisation of the chromatic splitting be-

haviour leading to optimised directional couplers that satisfy the NOTT requirements.

6.1 Waveguide directional couplers

To mathematically describe and model the behaviour of coupled optical waveguides

and modes, one can use Coupled Mode Theory (CMT) [178]. CMT can describe two

types of coupling: (1) evanescent field coupling between modes of adjacent waveguides,

including directional couplers, power dividers, modulators, and switches, and (2) cou-

pling between modes within the waveguide resulting from periodic index perturbations,

such as fiber Bragg gratings and long period gratings [179].

Figure 6.1: The left image illustrates a top view of a 2ˆ2 directional coupler, showcasing
the centre-to-centre separation H between the two parallel waveguides in the coupling region.
The two waveguides feature refractive indices of n1 and n2, respectively. Four S-bends lead
in and out of the coupling region. On the right, a 3D representation of the directional coupler
with the labels Bar and Cross for a given input. Both images originate from RSoft CAD.

Directional couplers operate based on the evanescent field coupling between two

closely spaced waveguides. Figure 6.1 illustrates a directional coupler created in RSoft
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CAD for performing beam propagation simulation. The proximity region, separated by

H with an interaction length L, facilitates the coupling of light through the evanescent

fields. This allows for power exchange between the waveguides. A formal solution of

Maxwell’s wave equations with appropriate boundary conditions can be obtained to

comprehensively describe the coupled waveguide geometry, resulting in the identifica-

tion of super-modes for the coupled structure. For the directional coupler, one can

assume that the individual waveguides are single-mode and the power exchange be-

tween the coupled waveguides is lossless. Thus, Equations (6.1) can describe the three-

dimensional propagation of light according to its electric and magnetic field within the

directional coupler. Here, Apzq and Bpzq represent the amplitudes along the propaga-

tion direction, z axis, for the left (WG1) and right (WG2) waveguides, respectively.

Epx, yq and Mpx, yq are the transverse electric and magnetic spatial field profiles of the

propagating light. The propagation constants of WG1 and WG2 are denoted by β1

and β2, respectively. They can be expressed in terms of the effective refractive index

neff and wavelength as β “ neff.k0, where k0 “ 2π
λ

.

Epx, y, zq “ ApzqE1px, yqe´jβ1z ` BpzqE2px, yqe´jβ2z

Mpx, y, zq “ ApzqM1px, yqe´jβ1z ` BpzqM2px, yqe´jβ2z
(6.1)

According to electromagnetic principles, a travelling electric field E is always ac-

companied by a travelling magnetic field M with the same wave frequency and propa-

gation constant but in an orthogonal direction. In the case of propagation, the electric

field component is primarily considered due to its interaction with molecules or ions

with the medium or waveguide, thereby giving rise to various effects, e.g. polarisation.

Therefore, only E required to describe the propagating optical field instead of using

both the electric and magnetic fields [160].

In general, directional couplers can be classified into two types: symmetric and

asymmetric, based on the dephasing parameter ∆β “ |β1 ´ β2| [180]. When ∆β “ 0

or β1 “ β2, the coupler is considered symmetric,where WG1 and WG2 have identical

optical properties. ∆β ‰ 0 or β1 ‰ β2 indicates an asymmetrical directional coupler.

This means WG1 and WG2 in the interaction region L have uniform but different
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propagation constants, which can be achieved through variations in the waveguide’s

cross-section and/or refractive index contrast [179].

Using Equation (6.1), the power carried by the light propagating in WG1 and WG2,

PWG1 and PWG2, respectively, can be expressed in terms of amplitudes Apzq and Bpzq

and their complex conjugates Apzq and Bpzq using Equation (6.2).

PWG1pzq “ Apzq ¨ Apzq “ |Apzq|
2

PWG2pzq “ Bpzq ¨ Bpzq “ |Bpzq|
2

(6.2)

Constructing a second-order differential equation for considering only Apzq as de-

fined in Equation (6.3) is also possible.

d2A

dz2
´ j∆β

dA

dz
` κ2A “ 0 (6.3)

This second order-differential equation can be solved for Apzq and Bpzq using the

initial condition Ap0q “ A0 and Bp0q “ B0 [179], and the solutions can be written in

matrix form as described in Equation 6.4.

»

–

Apzq

Bpzq

fi

fl “

»

–

cospγzq ` j
´

∆β
2γ

¯

sinpγzq ´j
´

κ
γ

¯

sinpγzq

´j
´

κ
γ

¯

sinpγzq cospγzq ` j
´

∆β
2γ

¯

sinpγzq

fi

fl

»

–

A0

B0

fi

fl (6.4)

Where γ “

b

`

∆β
2

˘2
` κ2 and

κ represents the coupling coefficient, which defines the coupling between the two

waveguides based on their electric field overlap.

If ∆β “ 0, the directional coupler is symmetric and Equation (6.4) can be simplified

to Equation (6.5).

»

–

Apzq

Bpzq

fi

fl “

»

–

cospγzq ´j
´

κ
γ

¯

sinpγzq

´j
´

κ
γ

¯

sinpγzq cospγzq

fi

fl

»

–

A0

B0

fi

fl (6.5)

For the asymmetrical directional coupler, Equation (6.4), if it is assumed that the

initial power is launched into one waveguide such that P0 “ A0, and the second waveg-

uide is dark, i.e. B0 “ 0 on can obtain the solutionApzq “ A0.rcospγzq`j
´

∆β
2γ

¯

sinpγzqs

and Bpzq “ A0.r´j
´

κ
γ

¯

sinpγzqs.
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Looking at Figure 6.1, if the power P0 is launched into WG1, then the corresponding

output powers Pbar and Pcross can be calculated by using a pair of Equations(6.6) as a

function of interaction length L with the help of the Equation (6.2).

PcrosspLq “ P0 ¨

¨

˝

«

1 `

ˆ

∆β

2κ

˙2
ff´1

sin2
pγLq

˛

‚

“ P0 ¨ σ ¨ sin2
pγLq

PbarpLq “ P0 ´ PcrosspLq

“ P0 ¨
`

1 ´ σ ¨ sin2
pγLq

˘

“ P0p1 ´ σq ` P0 ¨ σ ¨ cos2pγLq

(6.6)

Here, σ “

”

1 `
`

∆β
2κ

˘2
ı´1

is introduced to simplify the equation.

Equations(6.6) simplify for symmetric directional coupler with ∆β “ 0 to Equations

(6.7)

PcrosspLq “ P0 ¨ sin2
pκLq

PbarpLq “ P0 ¨ cos2pκLq

(6.7)

It is obvious from the equations that both symmetric and asymmetric couplers

have sinusoidal exchanges of powers between their evanescently coupled waveguides

with respect to the interaction length L. However, the symmetric couplers can facil-

itate the full power exchange from one waveguide to another, as seen in Figure 6.2.

The difference in propagation constants in asymmetric directional couplers limits the

maximum amount of power exchange to values less than 1. Furthermore, Figure 6.2

also illustrates the periodic back-and-forth coupling of light as L increases. Thus, there

are many possible length values of L to achieve 50/50 power splitting between bar and

cross.

Using the relation between Pbar and Pcross of the asymmetrical coupler, the splitting

ratio can also be calculated using the Equation 6.8, used by Chen et al., [181] and

extended by and Diener et al., [180] with an additional phase term.
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Figure 6.2: The two outputs (Pbar and Pcross) of a symmetric (dashed lines) and asym-
metric directional coupler (solid lines) as a function of interaction length L which is produced
using equations (6.6) and (6.7).

Pcrosspλq

Pbarpλq ` Pcrosspλq
“ σ2

¨ sin2
p
κ

σ
L ` ϕq (6.8)

The additional term, ϕ is a phase term that accounts for light coupling within the S-

bends leading into the coupling region. It has a significant contribution to the coupler’s

response and can be exploited to achieve achromaticity [182; 183; 184]. A simplified

Equation (6.9) can be constructed from Equation (6.8), where A “ σ2 represents

the maximum power coupling ratio and Ceff “ κ{σ represents the effective coupling

coefficient.

Pcrosspλq

Pbarpλq ` Pcrosspλq
“ A ¨ sin2

pCeffL ` ϕq (6.9)

For a directional coupler to exhibit a broadband-flattened or achromatic response,

Ceff pλqL ` ϕpλq requires to be constant across the wavelength range of interest. Oth-

erwise, it will eventually lead to an imperfect dispersion cancellation. According to

Equation 6.9, symmetric couplers are highly sensitive to imperfect dispersion cancel-

lation around the π{2 phase point. Therefore, obtaining the broadband 50% splitting
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by symmetric directional couplers is difficult compared to asymmetric directional cou-

plers. The following simplified procedures can design asymmetrical couplers using: (i)

considering L “ 0, (ii) adjusting waveguide separation, H, to minimise dispersion in

A and Ceff terms for an overall achromat/flat response across the bandwidth, (iii)

Tuning L to adjust the coupling ratio. More details of this procedure in terms of the

ULI manufacturing process are discussed by Chen et al., [181]. Olivero et al., [185] also

demonstrated an alternative method for asymmetrical directional couplers using the

UV direct laser writing technique. Their approach involved introducing high dephasing

to restrict maximum power transfer to 50%.

In the context of this study, an alternative approach has been employed to fabricate

asymmetrical directional couplers by lowering the feedrate to introduce asymmetry

[150], as described in the following section.

6.2 Fabrication and optimisation chronology

In pursuit of the NOTT project requirements, an extensive range of asymmetric direc-

tional couplers across all GLS samples were manufactured and characterised. To find

the optimal parameters and gain an understanding of reproducibility, reference direc-

tional couplers with different coupling region lengths were inscribed into the samples.

Furthermore, all beam combiners, 2T-Nullers and 4T-Nullers, contain directional cou-

plers that were investigated. The chromatic splitting ratios of these directional couplers

have been experimentally determined across the 3.65-3.85 µm wavelength band utilis-

ing the Fast Fourier Transformation (FFT) Spectroscopy. Hereafter, the cross-coupling

ratio or splitting ratios of the manufactured directional couplers were calculated ac-

cording to Pcross{pPcross ` Pbarq, where Pbar is the measured power that remained in

the injection waveguide and Pcross is the power emerging from the opposite waveguide,

i.e. the light that has coupled across.

The work began with directional couplers of 4T-Nullers from Sample I, and it

was observed that one of the optical waveguides did not function properly for all of

the nullers due to sub-optimal writing order. Afterwards, Sample II was fabricated,
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which contains 7ˆ 4T-Nuller with 5.0 to 6.2 mm coupling lengths with a step of 0.2

mm. Each 4T-Nuller contained three directional couplers with identical interaction

lengths.

The writing order of the three individual modifications of each waveguides were

not identical between all three directional couplers of the 4T Nuller. The first two

directional couplers (DC1 and DC2) were written in the same order, called inside out,

where the first track written was closest to the centre of the coupling region, then the

second and third modification/track of the first waveguide. This was followed by the

modification closest to the centre of the second waveguide and so forth. Due to the

geometry of the 4T-Nuller, this meant that the central directional couplers (DC3) were

fabricated in the opposite order, called outside in.

In parallel, a block of 7 ˆ building block reference directional couples was also

written with a more extended range of coupling length of 4.0 to 7.0 mm, with an

interval of 0.5 mm. The writing order followed here is called left to right, where the

left track was first inscribed, followed by the middle and right tracks.

For all directional couplers, the right waveguide features a change in propagation

constant/effective index to introduce asymmetry inside the coupler for creating achro-

matic splitting, which is one essential requirement to obtain achromatic 50/50 splitting.

To introduce this change, this section of the waveguide was written at a velocity of

55 mm/min, whereas the optimal writing velocity for waveguides was 100 mm/min,

as discussed in Chapter 4. Lowering the feedrate to fabricate asymmetrical directional

couplers using the multiscan technique in the thermal regime was standardised based

on the work of Gretzinger et al., [150]. Additionally, the pitch between asymmetrical

directional couplers was maintained at 26 µm, and the radius of curvature of the cosine

S-bend was fixed at 50 mm.

After performing FFT spectroscopy, it was observed that the bar and cross-ratios

were significantly off from the required 50/50 ratio for the interaction lengths and

writing order employed in the directional couplers within the 4T-Nullers, as exemplified

in Figure 6.4 for DC1 and DC2.
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Figure 6.3: These plots depict the chromatic splitting ratios obtained from reference
directional couplers with interaction lengths ranging from 4.0 mm to 7.0 mm at intervals of
0.5 mm in Sample II for injection left input. The red and green colours illustrate the bar’s
chromatic behaviour and cross-coupling ratios across the L’ band range.
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However, the building blocks 2 ˆ 2 reference directional couplers were inscribed

on the same chip with left to right writing order served as a guide to determine the

appropriate writing order and interaction length needed to create 50/50 achromatic

directional couplers.

Injection into one input of the 2 ˆ 2 directional couplers revealed that achieving

50/50 coupling is feasible with either shorter or longer interaction lengths compared to

those used as the directional couplers (DC1, DC2, and DC3) in the 4T-Nuller of this

GLS glass sample.

The splitting ratio of directional couplers with longer interaction lengths, i.e., 7.0

mm, exhibits less chromatic behaviour compared to those with shorter interaction

lengths, as illustrated in Figure 6.3.

Therefore, the longer interaction length has been considered as the ideal length for

fabricating directional couplers for the nulling devices, with writing order left to right

[35].

As part of the ongoing development of the NOTT nulling device, a new photonic

chip, identified as Sample III, was fabricated. Similar to the previous chip, Sample

III features a 4T-Nuller, but with interaction lengths ranging from 6.0 mm to 8.5 mm

at intervals of 0.5 mm.

Additionally, a set of 2T-Nullers was added within the same range of interaction

lengths. This time, the left to right writing order was chosen based on insights gained

from the directional couplers of Sample II. Apart from this change, all other param-

eters for directional couplers remain consistent with those of the previous chip, except

for the output pitches, as illustrated in Figure 4.7. A block of 2 ˆ 2 reference direc-

tional is also rewritten in this GLS glass sample as the previous chip within the same

parameters for further comparison, which will be discussed in the next section.

Moreover, Sample IV was manufactured for tailoring Y-junctions. A set of direc-

tional couplers similar to Sample III’s reference directional coupler was also fabricated

with the same inscription properties. Table 6.1 summarises all the relevant details and

parameter changes for the fabricated directional couplers in different iteration steps.
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Table 6.1: Different iteration parameters of examined directional coupler. The fol-
lowing parameters are kept constant for all the iterations: S-bands radius of curvature
= 50 mm, the pitch between coupling region = 26 µm

Types Writing order Int. length / interval (mm) Input pitch (µm) Output pitch (µm)

Sam.II (Ref. DC) left to right 4.0-7.0 / 0.5 125 125

Sam.II (4TN DC1) inside out 5.0-6.2 / 0.2 125 125

Sam.II (4TN DC2) inside out 5.0-6.2 / 0.2 125 125

Sam.II (4TN DC3) outside in 5.0-6.2 / 0.2 125 125

Sam.III (Ref. DC) left to right 5.0-8.5 / 0.5 125 125

Sam.III (4TN DC1) left to right 6.0-8.0 / 0.5 125 240

Sam.III (4TN DC2) left to right 6.0-8.0 / 0.5 125 240

Sam.III (4TN DC3) left to right 6.0-8.0 / 0.5 125 200

Sam.III (2TN DC) left to right 6.0-8.0 / 0.5 125 125

Sam.IV (Ref. DC) left to right 5.0-8.5 / 0.5 125 125

6.3 Discussion

6.3.1 Writing order

Essential to achieving the best interferometric contrast is a wavelength-independent

coupling ratio as close to 50/50 as possible. As discussed in the previous section,

there are noticeable differences in the wavelength responses and the trend of coupling

ratios between the three directional couplers of the 4T-Nuller and across the reference

directional couplers, depending on the modification/track inscription order.

Figure 6.4 demonstrates the spectrally resolved, from FFT spectroscopy, cross-

coupling ratio of 3 directional couplers inside each 4T-Nullers for Sample II and

III for the wavelength 3.75 µm. These cross-coupling ratios are plotted against the

interaction length L. The difference between them lies in the order of the writing,

as indicated in Table 6.1. This plot is an example of how the writing order during

ultrafast inscriptions impacts splitting ratios.

A detailed Boson band mapping study with GLS glass for various writing orders,

affiliated with publication [151], can uncover the behaviour of the writing order on

refractive index and its impact on splitting ratios, which is a separate topic and beyond

the scope of this work. However, this study has highlighted an intriguing topic for

future research.
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Figure 6.4: The trend of cross-coupling ratio for DC1 and DC2 in 4T-Nullers of Sample
II and III highlights the dependency on writing order. Label IO denotes inside out writing
order, OI for outside in, while LR denotes left to right writing order. The data spectrally
resolved for 3.75 µm.

6.3.2 Interaction length and reproducibility

Apart from the writing order, the splitting ratio is determined by the length of the

coupling region, the coupling coefficient, and the dephasing or asymmetry introduced

by the S-bends leading in and out of the coupling region. This section uses the results

from coupled-mode theory to extract and compare coupling coefficients κ and dephasing

∆β across different devices and samples.

Following experimentation with directional couplers in Sample II, all directional

couplers (both reference and nullers) were inscribed using the same writing order.

Consequently, the subsequent experimental findings permit further discussion.
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Figure 6.5: Top: Measured cross-coupling ratios of individual reference directional cou-
plers and 2T-Nullers at λ “ 3.75 µm wavelength. rSam.Xs refers to the specific photonic
chip sample. Bottom: 4TN-DC1, 4TN-DC2, and 4TN-DC3 are the three cascaded direc-
tional couplers of the 4T-Nuller. Within a 4T-Nuller, each directional coupler exhibits the
same interaction length. Statistical R2 values of all the plots quantify the goodness of the
curve-fitting (using Equation 6.9). The green section indicates the acceptable device as a
function of the interaction length. The brown Horizontal line shows the 50/50 region
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Figure 6.5 presents the experimental cross-coupling ratios as data points for single

directional couplers and cascaded directional couplers, specifically at a wavelength

λ “ 3.75 µm, which is the central wavelength of the L’ band. These splitting ratios are

plotted against the interaction length L. The differences in design of these couplers

are summarised in Table 6.1

It has been found that the 50/50 cross-coupling ratio at λ “ 3.75 µm wavelength

for individual directional couplers is typically observed for an interaction length of «

7.5 mm. Yet, in the 4T-Nullers, the 50/50 splitting ratios for DC1 and DC2 are for «

6.5 mm interaction length, while DC3 requires an interaction length of 7.5 mm.

To extract coupling coefficients κ and dephasing ∆β the cross-coupling ratios were

fitted by Equation 6.8, as shown in Figure 6.5. Best fits were found for ϕ “ 0, even

though one would expect non-negligible coupling in the S-bends based on results by

Gretzinger et al., [150]. In the present case, it is likely due to the absence of experimen-

tal data at short interaction lengths L ă 4 mm. The solid lines in Figure 6.5 represent

the fitted curves, accompanied by their respective statistical coefficient R2, indicating

how well the data fits coupled-mode theory.

Table 6.2 illustrates the ∆β and κ values derived from the curve fitting. κ is

influenced by the size of the waveguide and its index contrast, which, in turn, alters the

mode-field profile, consequently affecting κ. When these factors change, they impact

the mode-field profile within the waveguide. As a result, any alteration in the mode-

field profile subsequently influences the value of κ. Besides, ∆β represents the relative

change in waveguide properties. For ULI directional couplers, both waveguides are

inscribed using the same pulse energy, and there is confidence in the accuracy of the

computer-controlled stages, ensuring consistent movement at the correct velocity or

feedrate. However, despite these factors being controlled, ∆β may still be influenced

by long-range stress [148].

The obtained ∆β values of the reference directional couplers and the 2T-Nuller

agree well despite being fabricated across different GLS glass batches (four photonic

chips using two batches, LD1765 and LD1999). It highlights good reproducibility.

Additionally, the central directional coupler (DC3) within the 4T-Nuller demonstrates
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a similar ∆β to these single couplers. A noticeable discrepancy exists in ∆β between

DC1 and DC2 compared to other couplers. Conversely, the κ values show relatively

inconsistent behaviour across both single and cascaded architectures. Furthermore, it

appears that the choice of GLS glass samples or substrates in this study does not exert

a significant influence on either ∆β or κ, underscoring the remarkable reproducibility

of directional couplers across various GLS glass samples.

Table 6.2: ∆β and κ parameters obtained from
the fabricated directional couplers at 3.75 µm wave-
length.

Photonic Chip DC types ∆β (rad/mm) κ (rad/mm)

Sam.II ( LD1999) Ref. DC 0.34 0.22

Sam.III (LD1999) Ref. DC 0.34 0.22

Sam.IV (LD1765) Ref. DC 0.35 0.24

Sam.III (LD1999) 2TN-DC 0.34 0.20

Sam.III (LD1999) 4TN DC1 0.37 0.20

Sam.III (LD1999) 4TN DC2 0.36 0.19

Sam.III (LD1999) 4TN DC3 0.33 0.22

In comparison, Gretzinger et al. [123; 150] investigated ∆β and κ of asymmet-

rical directional couplers with 26 µm centre-to-centre waveguide separation at 4 µm

wavelength. The directional couplers produced in 100 mm/min nominal fabrication

feedrate showed higher transmittance, and the second waveguide of the coupling re-

gion was written with a lower freedrate, where velocity tapers were also included in

the S-bends before and after the coupling region. These directional couplers were also

fabricated using ULI in GLS glass based on a sequentially written triplet waveguide

structure. In contrast, the velocity of the second waveguide was reduced from 75 to 55

mm/min to introduce asymmetry, which increases ∆β from 0.24 to 0.32 rad/mm, and

also κ from 0.26 to 0.34 rad/mm. These results were obtained by adding zero length

coupler term in their equation.

Moreover, concerning the directional couplers of 4T-Nuller, the input and output

waveguide pitch changes depending on the device (see Table 6.1). The reference di-

rectional couplers exhibit 125 µm input and output pitch. In comparison, the central

directional coupler of the 4T-Nuller (DC3) has an input pitch of 125 µm and output
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pitch of 200 µm, and the pitch between the central and side combiners (I1 and I2 of

DC1, and I4 and I3 of DC2) is 240 µm, as illustrated in Figure 4.7. Considering this

output arrangement in the design, the length of S-bends used as inputs for DC1 and

DC2 is 3.49 mm, identical to the reference directional couplers, while the length of

S-bends leading signals from DC1 and DC2 to DC3 as inputs is 4.94 mm, both for a

cosine S-bend with 50 mm minimum radius of curvature.

Figure 6.6: The length of the two cosine S-bends is calculated from the minimum radius
of curvature (50 mm) and the amplitudes of the two S-bends. Amplitude is calculated based
on the input/output pitch and the pitch in the coupling region, as given in Table 6.1

As shown in Figure 6.6, shorter cosine S-bends with equal minimum radius of

curvature result in the waveguides being marginally closer for a longer distance. This

facilitates more cross-coupling, hence requiring a shorter coupling length.

Therefore, DC1 and DC2, with their longer S-bends, should require longer inter-

action lengths to achieve 50/50 cross-coupling compared to the reference directional

couplers or DC3. Yet, this contradicts the experimental observation, where DC1 and

DC2 require shorter interaction lengths compared to all other directional couplers.
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Figure 6.7: The upper image illustrates the achromatic splitting characteristics of 50/50
directional couplers measured for a reference and a 2T-Nuller with an interaction length of
7.5 mm, across the L’ band of λ “ 3.65 to 3.85 µm. The lower image portrays the achromatic
splitting ratios of the 4T-Nuller. While the central combiner (DC3) exhibits a 50/50 splitting
across the L’ band, DC1 and DC2 deviate from the 50/50 ratio. All three directional couplers
of the 4T-Nuller share the same interaction length of 7.5 mm.
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Thus, the S-bends can likely be ruled out to cause the difference in the splitting

ratio. There is also a possibility of being affected by the influence of long-range stresses

induced by the ULI process due to sequential fabrication. Despite the different inter-

action lengths, there is no significant difference in chromaticity between DC1/2 and

DC3 at their respective 50/50 splitting ratio point.

The reference directional couplers and 2T-Nuller DCs, both owning an interaction

length of 7.5 mm, exhibit a very balanced bar and cross-splitting ratio of 52/48 with

˘ 0.03/0.03 standard deviation across λ = 3.65 to 3.85 µm, as shown in Figure 6.7.

Within the Sample III, a 4T-Nuller, composed of three interconnected directional

couplers (DC1, DC2, and DC3) of the interaction length of 7.5 mm, demonstrates im-

balanced DC1 and DC2 even though their cross-coupling behaviours are comparable

across the L’ band to each other. However, the central directional coupler or DC3

attains a balanced 50/50 configuration across the broadband, as vividly illustrated in

Figure 6.7. Due to the fact that the central combiner produces the self-calibrated null,

which requires achromatic 50/50 splitting ratios, this particular 4T-Nuller is considered

as the key testing 4T-Nuller for assessing nulling performance, facilitating a compre-

hensive understanding of 4-telescopic nulling behaviour, examination methods, and the

ensuing results, all of which are discussed in detail in Chapter 8.



7
Nulling with 2-telescope beam combiners

The 2T-Nuller serves as a stepping stone to the 4T beam combiner required for the

NOTT instrument. The 2T-Nuller is a basic beam combiner utilising a single 2 ˆ 2

directional coupler and two Y-junctions for photometry. While a single 2 ˆ 2 direc-

tional coupler can perform nulling interferometry, it does not provide simultaneous

photometric information. In comparison, this 2T-Nulller shares a design similar to

the GLINT nulling beam combiner[90], which advanced by introducing photometric

channels before the 2 ˆ 2 directional coupler, providing the ability for simultaneous

photometric measurements along with the actual nulled and anti-null channel. This

allows a more accurate estimation of the null depth compared to non-simultaneous

photometric measurements using chopping, for instance. This design is inherited from

J.P. Berger et al., [186].

107
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This chapter presents the experimental interferometric characterisation of the 2T-

Nullers equipped with a 50/50 achromatic directional coupler. This serves as a bench-

mark, contributing to a deeper understanding of the nulling capabilities of a more

complex 4-telescope beam combiner using the double-Bracewell architecture.

7.1 2-telescope nulling beam combination scheme

In the context of astronomical nulling interferometry, the preliminary objective is to

achieve destructive interference of an astronomical source by precisely adjusting the

phases and amplitudes between two coherent light waves coming from two telescopes,

denoted T1 and T2, separated by a certain baseline, as shown in Figure 7.1

Two monochromatic light beams of wavelength λ, represented by electric fields E⃗1

and E⃗2, are captured by T1 and T2, respectively. The phases of the two beams are ϕ1

and ϕ2, and the amplitudes are E01 and E02. Accordingly, the electric fields of the two

beams can be expressed as E⃗1 “ E01e
iϕ1 and E⃗2 “ E02e

iϕ2 .

However, from the point of detection, the detected signals are represented by their

intensities, where the generalised intensity, I, is the time-averaged component and is

proportional to the square of the amplitude E0 of its electric field E⃗, I9xE0y2. This

relationship can also be expressed using the complex conjugate electric fields E⃗˚ as

IT “ |E0|
2 “ |E⃗.E⃗˚| [160].

Then, for two detected signals, after applying the principle of superposition, the

electric field in the beam combiner can be expressed as E⃗T “ E⃗1 ` E⃗2. The intensity

IT of the resulting interferometric signal can be derived as Equation (7.1) via the

individual beam intensities, Ia and Ib, where ϕ “ ϕa ´ ϕb is the phase difference

between two detected signals. These relations lead to Equation (7.1)

IT “ |E⃗T .E⃗T

˚
|

“ pE⃗1 ` E⃗2q.pE⃗1 ` E⃗2q
˚

“ E2
01 ` E2

02 ` E01E02.pe
iϕ

` e´iϕ
q

“ Ia ` Ib ` 2
a

Ia.Ib cospϕq

(7.1)
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Figure 7.1: The schematic diagram represents a simple 2-telescope interferometer for
a monochromatic optical signal. Telescopes T1 and T2, separated by a baseline B, receive
respective intensities Ia and Ib from an astronomical source. A delay line is introduced with
one of the signals to equalize optical path length before reaching the combiner section, called
Nuller in nulling interferometry, where both signals are combined according to the principle
of wave superposition to generate the interferometric signal IT . Continuous scanning of the
delay line introduces constructive and destructive interferometric fringes denoted as IT pmaxq

and IT pminq.
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Equation (7.1) suggests that the maximum and minimum intensities of interference,

denoted as IT pmaxq and IT pminq, depend on the phase difference ϕ between the two

beams Ia and Ib, and thus can be expressed as Equation (7.2).

IT pmaxq “ Ia ` Ib ` 2
a

Ia.Ib “ |E01 ` E02|
2

IT pminq “ Ia ` Ib ´ 2
a

Ia.Ib “ |E01 ´ E02|
2

(7.2)

In astronomical interferometry, different values of ϕ are introduced by scanning a

high-precision delay line, which is similar to any classical Michelson interferometer,

and as a result, different intensities are obtained as fringes while scanning. Figure 7.1

illustrates this process. IT pmaxq and IT pminq lead to quantitative measures of the

interferogram by calculating the raw or instrumental contrast and extinction ratio or

null depth of the interferogram using Equation (7.3). Both, contrast and null depth,

are key parameters for characterising the performance of an interferometer, and the

null depth is the primary concern for nulling interferometry [187; 88].

C “
IT pmaxq ´ IT pminq

IT pmaxq ` IT pminq

N “
IT pminq

IT pmaxq

(7.3)

The instrumental contrast is linked to the visibility and phase resolution, whereas

the null depth aims to improve the sensitivity of the instruments for fainter off-axis

emissions by attenuating starlight. Their relation is described according to Equa-

tion (7.4) [188].

C “
1 ´ N

1 ` N

N “
1 ´ C

1 ` C

(7.4)

Thus far, the discussion has revolved around an ideal and error-free two-beam

interference. However, in any practical interferometer, various imperfections can induce

an increased level of light leakage. A time series of null-depth measured values Nm can

be described by Equation (7.5), wherein Na represents the true astrophysical null depth

containing non-stellar off-axis emission, NspBq is due to stellar leakage, and Ni denotes

the instrumental null depth contribution.
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Nm “ Na ` NspBq ` Ni (7.5)

The term NspBq can be expressed as NspBq “ π2

16
¨ pBδθs

λ
q2, where B is the baseline

of the interferometer and θs is the angle of the start signal that yields over the null,

and δθs is stellar diameter measurement accuracy. For Palomar Fiber Nuller (PFN)

θs “ 166
?
Ns in mas at wavelength 2.15 µm. Accurate star diameter measurements

can help to omit this effect [88].

Ni “
1

4
pΦ2

a ` Φ2
t ` Φ2

d ` Φ2
p ` α2 ` δ2q (7.6)

Equation (7.6) describes the instrumental null components, in sequence, the spatial

variance of the wavefront phase difference between the beam apertures, the temporal

variance of the average phase difference within one integration time period, the spectral

variance of the dispersion across the passband, the variance of the retardance between

the two polarisation states, the variance of the residual polarisation rotation angle be-

tween the beams, and the variance of the amplitude imbalance. Each of these variances

can be calculated over a distinct variable. However, the timescales involved between

the different contributing disturbances to the instrumental null depth may differ sig-

nificantly. Some terms remain relatively stable, while others exhibit rapid variations.

Therefore, the astrophysical null depth is not determined directly by the measured or

average measured null Nm. Instead, Equation (7.7) is employed, utilising a statistical

method developed by E. Serabyn et al.[188; 88] with a straightforward approach by

subtracting Ni and average instrumental null contribution Ni from Nm.

Na “ Nm ´ Ni ´ Ni (7.7)

7.1.1 Photometrically corrected interferogram

During the interferometric measurement, the injected flux into the beam combiner

can change, leading to imbalance and a reduction in interferometric contrast. For long

recordings in a laboratory, this can be caused by scanning the delay-line or temperature
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changes resulting in misalignment. On a telescope, the main source is the Earth’s

atmosphere. Therefore, the concept of photometrically corrected interferogram is widely

used to adjust or correct by taking into account the variations in the photometric

brightness at the inputs during the scanning, which was first used on-sky for an H-

band integrated optics beam combiner at the VLTI [189]. This correction is applied

to mitigate the impact of unequal brightness or intensity fluctuations. The goal is to

improve the accuracy of the measurements.

A photometrically corrected interferogram for a 2-telescope interferometer can be

established in a simple form, if Ia and Ib, referred to as photometric signals, are individ-

ually available or measurable for a specific interference signal IT . Then the intensity

properties of Equation (7.1) can be written as Equation (7.8), where Ipc is denoted

as the photometrically corrected interferogram — a normalised representation of raw

interferogram IT , with a property of having maximum and minimum range in between

´1 to `1. Equation (7.3) allows estimating the photometrically corrected contrast and

null as Equation (7.9).

Ipc “
IT ´ Ia ´ Ib

2
?
Ia.Ib

(7.8)

Cpc “
Ipcpmaxq ´ Ipcpminq

Ipcpmaxq ` Ipcpminq

Npc “
Ipcpminq

Ipcpmaxq

(7.9)

The advantage of the photometric correction lies in the fact that the raw contrast or

null, Equation (7.3), is equal to the photometrically corrected contrast or null, Equation

(7.9), for the condition Ia “ Ib. Otherwise, if the photometries are unbalanced, it affects

the level of raw contrast or null compared to the actual values, which is associated with

the fringe decrease due to unbalanced flux.
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7.2 Experimental results with the 2T-Nuller

To perform nulling interferometry with the 2-telescope nulling beam combiner, a 2T-

Nuller with a directional coupler of 7.5 mm interaction length is used from Sample

III. The directional couplers feature a splitting ratio « 50/50 and are achromatic, as

illustrated in Figure 6.7 in Chapter 6. The Y-junctions for photometry are also achro-

matic, as shown in Figure 5.4 of Chapter 5, with an average splitting ratio between

photometry and interferometry of « 40/60. An achromatic « 50/50 reference direc-

tional coupler of interaction length 7.5 mm from the same chip was used as a baseline

to assess if the higher complexity of the 2T-Nuller versus a simple directional coupler

affects the interferometric performance.

The experimental setup involves injecting two broadband L’ beams from a super-

continuum source (SCS) into the 2T-Nuller (first Michelson interferometer of charac-

terisation setup II, as depicted in Figure 3.3).

A delay line actuated by a servo motor was used to adjust the beam injected into

input T2 for setting the zero-optical path difference (0-OPD) region to record the

interference. Figure 7.2 shows a camera image of the four outputs of the 2T-Nuller

with the interferometric outputs I1 and I2 and photometric outputs P1 and P2. Moving

the delay line facilitates the detection of interferometric fringes within the coherent

envelope of the broadband source spanning from 3.65 to 3.85 µm wavelength.

The sum of flux from the interferometric outputs, I1 and I2, for injecting either into

input T1 or T2 is unequal. The directional coupler inside the 2T-Nuller is 50/50 and

achromatic, irrespective of the injection port. If the total output flux is normalised

according to pI1`I2q “ 1.0 for injection into input T2, then it was found that pI1`I2q “

0.72 for injection into T1.

This indicates it is because the losses between the optical path for input T1 and

T2 injections are not identical. Given that the Y-junctions for photometry exhibit a

similar splitting ratio, the excess loss in the T1 arm is from a defect in the S-bend for

stray-light suppression. Indeed, defects were found under the optical microscope. To

achieve the best possible interferometric contrast, equal flux is importance. Therefore,
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careful manual detuning was performed by titling one of the injection mirrors to achieve

balanced flux at the chip’s output I2. This compensates for the chip’s imperfections and

a flux imbalance between the injection beams inherent to the test bench. To evaluate

the null depth, the delay line is scanned, and the position where the I2 intensity exhibits

its maximum destructive interference (or minimum intensity) is considered the position

of zero optical path difference (0-OPD).

Figure 7.2: The left-hand side depicts the waveguide layout of the integrated optics 2T-
Nuller, combining the signals from T1 and T2 across an achromatic 50/50 directional coupler.
This produces π-phase shifted interferometric outputs I1 and I2. As the phase or optical
path difference between the inputs is scanned, alternating one output exhibits constructive
interference while the other exhibits destructive interference. Outputs P1 and P2 correspond
to the photometry channels splitting the input using a Y-junction. The right-hand side image
illustrates the detected broadband outputs (P1, I1, I2, and P2) using a camera. A delay line
is placed before T2. The top image shows the case when I1 is constructive, and I2 exhibits
destructive interference, while the bottom image depicts the reversed situation. Each pixel on
the detector is 30 ˆ 30 µm, similar to the waveguide MFD mentioned in Chapter 4. Nearby
pixels are illuminated by the beam combiner’s output, because its waveguide positions do
not exactly match an interger multiple of the detector’s pixel pitch.
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7.2.1 Process of recording interferograms

The process for performing nulling interferometry here uses the Dynamic Method. This

involves moving the delay line within the coherent length of the light source. The delay

line is scanned at its minimum speed across several fringes (typically 5 to 10) around

the 0-OPD location.

These fringes are captured at a framerate between 125 and 250 Hz. This ensures

that the zero optical path difference (OPD) region fell within these fringes. The camera

software generates .irb files containing the recorded data. The recorded data allow for

the extraction of the flux from each photometry and interferometry output as a function

of the recorded frames. A random region of nine pixels outside these outputs is used to

determine the background. The plot in Figure 7.3 illustrates the outputs and fringes

extracted in this manner without any further correction.

This simultaneous photometry information from P1 and P2 alongside interferomet-

ric outputs I1 and I2 contains the intensity information of inputs T1 and T2. The

mathematical relation between simultaneous photometry and interferometry can be

expressed as I19P1 and I29P2.

After performing this simultaneous recording, a non-simultaneous recording was

also taken into place for the photometry information. Non-simultaneous photometry

refers to the interferometric output signal, while another beam is not launched on the

second input. Such non-simultaneous recording is typically used to perform interfer-

ometry with 2 ˆ 2 directional couplers [159].

During this process, data was recorded after blocking one injection, followed by

recording data after blocking the other injection. The intensity of each interfero-

metric output for individual beams was considered as the photometry data for that

specific output. For example, to have photometry of interferometric output I2 in a

non-simultaneous technique, first T2 was blocked and recorded data for T1, which is

one photometry (similar to Ia of Equation (7.1)), then secondly T1 was blocked to

record I2’s intensity for T2 (which is Ib of Equation (7.1)).
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Figure 7.3: The figure shows the raw broadband interferogram obtained while scanning
the delay line as a function of recorded frames. The plot at the top displays the entire
interferogram within its coherent length, while the region marked as grey corresponds to
where the interferometric outputs I1 and I2 reach their maximum and minimum values due to
interference. The grey highlighted region is scanned at the slowest possible speed to produce
the bottom plot. In addition to the interferometric signals, also simultaneous photometry
signals P1 and P2 are shown, revealing a periodic variation over the scanning length due
to coherent background or crosstalk. This plot also compares the background signal BG
obtained by averaging intensity values from nine randomly selected nearby pixels around the
output facets. It is apparent that the intensity of I1 and I2 during their respective destructive
fringes are above the average background level.
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7.2.2 Extracting contrast and null depth

Four different analysis techniques were used to determine each measurement’s contrast

and null depth as a part of the Dynamic Method. They can be classified as follows: (i)

raw contrast and null (Cr and Nr), where the minimum and maximum values of the

recorded interferogram are identified and by using Equation (7.3), contrast and null

were calculated. However, this approach can be severely affected by high-frequency

noise, as seen in Figure 7.3 (bottom), showing that the signals I1 and I2 both contain

high-frequency noise. This noise was evident in the recorded signals and originated

from detector read-out noise and the intensity/spectrum instabilities of the feeding

supercontinuum source. (ii) raw-fitted contrast and null (Crf and Nrf ). The main

purpose of this approach is to minimise the impact of high-frequency noise. To do so,

a monochromatic cosine function is fitted to the interferogram data centred around the

0-OPD region with the help of a Python-based curve fitting script. Careful attention

during fitting is paid to ensure a statistical confidence level R2 « 0.99. After fitting,

maximum and minimum values for the interferogram are identified from the fitted co-

sine to calculate the contrast and null using Equation (7.3). (iii) contrast and null

with non-simultaneous photometrically corrected interferogram (Cpcrnss and Npcrnss),

and (iv) contrast and null (Cpcrss and Npcrss) with simultaneous photometrically cor-

rected interferogram.

The third and fourth approaches were used to calculate the contrast and null using a

cosine curve fitting to a photometrically corrected interferogram, similar to the second

approach. However, for non-simultaneous photometrically corrected interferograms,

non-simultaneous photometry data was obtained from the interferometric outputs by

sequentially blocking one of the inputs before or after recording the fringes, as described

in the previous section. In addition, for the case of a simultaneous photometrically

corrected interferogram, the simultaneously recorded photometry data was used. With

Equation (7.9), the contrast and the null depth can be calculated for either of the

two approaches. Figure 7.4 depicts the photometrically corrected interferograms for

non-simultaneous and simultaneous approaches.
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Figure 7.4: Two approaches are employed to derive the photometrically corrected in-
terferogram. The upper image illustrates the non-simultaneously photometrically corrected
interferogram of outputs I1 and I2. The bottom plot demonstrates a photometrically cor-
rected interferogram using the simultaneous photometric outputs P1 and P2. Each fringe
pattern is fitted with a cosine curve for both plots to rectify high-frequency noise. The R2

values indicate the accuracy of the fitting. Blue and dark blue dots denote the maximum and
minimum values of each fringe, respectively.
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7.2.3 Discussion

The nulling interferometry measurements obtained from the 2T-Nuller reveal several

key findings, discussed below. Firstly, Figure 7.3 illustrates that the photometry out-

puts (P1 and P2) of the 2T-Nuller exhibit periodicity/fringes. Such fringes are possible

if any cross-talk couples into photometric outputs. However, it has been confirmed

that there is no static cross-talk from the 2T-Nuller or 4T-Nuller in the L’ band, as

observed in Figure 4.6 and 4.7 of Chapter 4. These images were obtained using the

mid-infrared camera when injecting into the individual inputs. Camera frames were

recorded for a period of 8 seconds and then summed up. They reveal that the photom-

etry output from non-illuminated inputs shows no discernible signal that is distinct

from the surrounding background.

Thirdly, the interferometric contrast of the 2T-Nuller is 0.96 ˘ 0.013 for the four

different approaches, as indicated in Figure 7.5. The supercontinuum source (SCS)

was used for these measurements. However, the source suffers from intensity and

spectral fluctuations inherent to the nonlinear optical processes that cause the spectral

broadening. In contrast, the thermal blackbody source (BBS) is more stable and

exhibits a broader bandwidth, as illustrated in Figure 3.4. However, the BBS is dim

compared to the SCS [190] and thus could not be used with 2T-Nuller due to its

lower throughput, as discussed in Chapter 4, and because the light is spread across 4

waveguides at the output rather than just two for an individual reference directional

coupler. To compare the 2T-Nullers to the reference directional couplers contrast and

null depth were measured using BBS and SCS. Since the 2 ˆ 2 directional coupler does

not have photometry channels, a simultaneous photometrically corrected interferogram

can not be measured.

Interferometric measurements using a thermal BBS resulted in a raw contrast Cr

level of 0.97 ˘ 0.009. The Crf and Cpcrnss contrasts are both within 0.94 ˘ 0.004.

When using the SCS, similar to the 2T-Nuller, Cr and Crf are 0.96 ˘ 0.010, and the

photometrically corrected non-simulations interferogram exhibits a contrast Cpcrnss of

0.93 ˘ 0.015. The improved stability of the BBS provides a slightly higher contrast.

When comparing the reference directional couplers to the 2T-Nuller, the contrast levels
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for the SCS are within the margin of error. Therefore, the added complexity of the 2T-

Nuller has not negative influence on the nulling capabilities of the directional couplers.

Placing a linear polariser into the injection beam has shown that the polarisation has

no difference within the margins of error on the contrast level [35].

The null-depths for the 2T-Nuller, calculated as the reciprocal of contrast, are «

0.02 ˘ 0.007 for the raw null Nr, raw-fitted null Nrf , non-simultaneous and simulta-

neous photometrically corrected nulls, Npcrnss and Npcrss, as seen in Figure 7.5. Similar

trends are observed for the reference directional coupler against SCS, showing a null

depth of 0.018 ˘ 0.005 as raw and 0.03 ˘ 0.008 for raw-fitted and non-simultaneous

photometrically corrected null. Using the same reference directional coupler, black-

body source experiments yielded a raw null of 0.014 ˘ 0.005, both Nrf and Npcrnss

provided a value of 0.02 ˘ 0.002.

The contrast and null acquired with the reference directional coupler are sum-

marised in Table 7.1.

Table 7.1: Contrast and Null of reference direc-
tional coupler with BBS and SCS and polariser

Source Polaraiser Cr Crf Cpcrnss

BBS No 0.97˘0.009 0.94˘0.004 0.94˘0.004

SCS No 0.96˘0.010 0.96˘0.010 0.93˘0.015

SCS Yes 0.96˘0.021 - -

Nr Nrf Npcrnss

BBS No 0.014˘0.005 0.014˘0.005 0.02˘0.002

SCS No 0.018˘0.005 0.03˘0.008 0.03˘0.008

SCS Yes 0.019˘0.008 - -

In summary, the contrast and nulls of the 2T-Nuller are comparable, regardless of

the four approaches used to obtain them. Moreover, the contrast and null character-

istics of the reference directional coupler closely resemble those of the 2T-Nuller when

utilising the supercontinuum source.
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Figure 7.5: Comparison of the 4 different analysis methods to retrieve contrasts and
null depths for output I2 of a 2T-Nuller. In order, from left to right, the graphs show the
raw contrast/null depth calculated from interferogram measurements where high-frequency
noise is not considered. Next, the raw-fitted values, that are obtained by fitting a cosine
curve to the raw data are plotted. This is followed by the contrast/null depths for the
non-simultaneous photometrically corrected interferogram and simultaneous photometrically
corrected interferogram, respectively. The scatter plot values are the mean of at least 3
experimental measurements, and the error bars indicate their standard deviations. The
distribution suggests that all approaches are comparable within their respective error bars.
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The comparison between supercontinuum source, supercontinuum source with po-

lariser, and blackbody source with the reference directional couplers suggests that these

factors have negligible impact on the contrast and null within the limitations of the

test bench. This means the source properties or polarisation also should not gigantic

impact the performance of the 2T-Nuller or 4T-Nuller. In summary, null depths in

the range of 10´2 across a bandwidth of 3.65 - 3.85 µm have been achieved without

considering any statistical or numerical mechanism for improving null depth, such as

Numerical Self-Calibration (NSC). However, a comparable 2T-Nuller in design imple-

mented on-sky, such as GLINT operating at a wavelength of 1.55 µm, exhibits reaching

10´3 within a monochromatic wavelength of ∆λ{λ = 0.05 µm [91], and Palomar Fiber

Nuller (PFN) in K-band demonstrates extinction of 10´4 using NSC.
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Nulling with the 4-telescope beam combiner

The ASGARD/NOTT 4-telescope beam combiner, also referred to as the 4T-Nuller, is

based on a double-Bracewell architecture, comprising three cascaded 2 ˆ 2 directional

couplers featuring 50/50 achromatic splitting ratios. In the first stage, the initial pair

of directional couplers individually generate nulled signals.

Subsequently, in the second stage, these nulled signals are combined by the central

directional coupler, producing two nulled outputs with mirrored transmission maps.

The difference between these two nulls creates a self-calibrated astrophysical null [157].

In terms of design and laboratory performance, this 4T-Nuller is more complex com-

pared to the 2T-Nuller, which requires a different approach to examine the nulling

performance.

This chapter presents a comprehensive mid-infrared broadband characterisation

of the 4T-Nuller in its complete four-telescope nulling configuration. The 4T-Nuller

123
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was simultaneously illuminated by four beams from the supercontinuum source, and

the extinction ratios of the two nulled outputs were measured before self-calibration.

These measurements were conducted under broadband illumination and without any

polarisation control.

The examined 4T-Nuller is considered for integration into ASGARD/NOTT in the

instrument’s first deployment phase.

8.1 4-telescope nulling beam combination

In the case of a 2-telescope interferometer, a delay line in front of one of the two inputs

can be used as a phase shifter before injecting both coherent signals into the beam

combiner. This is a classical single-Bracewell arrangement, as shown in Figure 7.1.

To convert to a 4-telescope interferometer, one can follow the scheme of Angel &

Woolf [79] by adding a second layer of beam combination elements. This is typically

classified as a double-Bracewell beam combiner.

The characterisation of a double-Bracewell beam combiner requires at least 3 in-

dependent delay lines to introduce specific phase shifts before being injected into the

4-telescope beam combiner, as illustrated in Figure 8.2.

The signals received by telescopes T1, T2, T3 and T4 are denoted with respect to

electric fields E⃗1, E⃗2, E⃗3, and E⃗4. Each field can be expressed as E⃗n “ E0ne
iϕn , where

n ranges from 1 to 4. Each field has an associated phase ϕn and amplitude E0n.

Using a strategy analogous to Equation (7.1), Equation (8.1) can be derived for a

combined interferogram IT of 4-beams with intensities Ia, Ib, Ic and Id, respectively.

It becomes apparent from Equation (8.1) that the determination of the interfer-

ogram IT in the context of the 4-telescope beam combination is significantly more

intricate due to the additional phase and intensity terms.
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Figure 8.1: The schematic diagram of a 4-telescope interferometer for a monochromatic
optical signal inspired by the double-Bracewell scheme of Angel & Woolf [79]. Telescopes T1
and T2, separated by a particular baseline, receive respective intensities Ia and Ib from an
astronomical source such as a single-Bracewell scheme, as illustrated in Figure 7.1. Similarly,
telescopes T2 and T3 receive intensities Ic and Id from the same sources using the same
baseline length. The centre-to-centre distance of these two baselines, B, is the baseline of
this 4-telescope interferometer. Four delay lines are introduced to equalise the lengths of the
optical paths before reaching the beam combiner, where four signals are combined according
to the principle of wave superposition to generate the interferometric signal IT . Different
delay position arrangements can introduce overall constructive and destructive interferometric
fringes, denoted as IT pmaxq and IT pminq, respectively.
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(8.1)

Furthermore, the computational challenge extends to applying photometric correc-

tion, as the derived generalised interferogram leads to multiple trigonometric functions

from its exponential term. In contrast, the 2-telescope configuration contains only one

trigonometric function (Equation (7.8)). Also, the system requires simultaneous scan-

ning of multiple delay lines for adding different phase values across the injected beams

to fully solve Equation (8.1). This task would require a more elaborate experimental

test bed. Hence, a systematic case-by-case approach has been adopted to characterise

the interferometric and nulling performance of the 4-telescope beam combiner, desig-

nated as the Static Method. This approach has been used previously for simple 2T

telescope combiners such as directional couplers and multimode interference (MMI)

couplers [130].

Explaining the Static Method requires understanding of the internal behaviour of

the 4T-Nuller using a phasor representation of the electric field.

8.1.1 Self-calibrated null using the 4T-Nuller

Figure 8.2 shows a sketch of the 4T-Nuller to assist in the understanding of how the

electric fields are split and combined inside the beam combiner. The inputs T1, T2,

T3, and T4 are designated with colour codes: green, yellow, red, and blue, respectively.

Each signal is depicted as a phasor, where the arrow’s length indicates the amplitude

(not scaled) and its direction represents the phase.
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Figure 8.2: The left side features a schematic of the 4T-Nuller’s internal waveguide
layout, while the right side provides a representation of how the electric fields of the four
inputs T1, T2, T3, and T4 are split and combined within the interferometric section of the
4T-Nuller. The inputs T1, T2, T3, and T4 are colour-coded as green, yellow, red, and blue,
respectively. Each signal is represented by a phasor, where the length of the arrow corresponds
to the amplitude and the arrow’s direction to the phase. All injected beams exhibit identical
amplitude and phase. Subsequently, 50/50 directional couplers split the intensity in half and
introduce a phase shift of π{2 upon cross-coupling. Based on this, one can determine the
interferometric output intensities labelled I1, I2, I3, and I4 from the superposition of the
input complex amplitudes under the condition I9 |A|

2
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It can be considered that in the beginning, the injection has all beams with identical,

i.e. zero path-length delay or phase offset and of equal amplitude. The initial two 50/50

directional couplers, DC1 and DC2, split the injection intensity in half and impart a

phase shift of `π{2 on the cross-coupled beams, where light couples from one waveguide

across to the other. The phase shift is intrinsic to directional couplers, as discussed in

detail in Chapter 6. The third directional coupler, DC3, combines the signals from one

arm each of DC1 and DC2. The signals undergo 50/50 splitting in the second stag,e

and a `π{2 phase shift is applied upon cross-coupling.

For performing a nulling beam combination with the 4T-Nuller, it necessitates the

adoption of a self-calibrated null configuration, exemplified in Case [I] in Figure 8.3.

One can create different kinds of configurations that allow two nulled outputs from I2

and I3, but a self-calibrated null configuration refers to a case where I2 and I3 will

have such an arrangement where T1 and T2 beam will cancel each other and T3 and

T4 beam will cancel each other. For Case [I], two of the injection beams, T1 and T4,

share the same phase. The two other beams, T2 and T3, are introduced into the beam

combiner with a `3π{2 phase difference compared to T1 and T4.

This arrangement generates two mirrored transmission map nulls I2 and I3 from

the two outputs of the central combiner. The other two interferometric outputs, I1 and

I2, produce constructively superpositioned signals of T1 - T2 and T3, -T4, respectively.

Alternative phase arrangements at the injections can also be used to obtain the two

nulled outputs from DC3.

Following, to determine the maximum achievable intensity levels at I2 and I3, as

well as their respective null depths Case [II] and Case [III] are considered.

Nulling interferometry requires stability, particularly when the signals are in de-

structive interference. It demands continuous wavefront control and precise path length

matching between input signals. This rapid correction of differential piston variations

directly influences the leakage term in the null channel. So far, statistical models and

methods have been developed to measure null-depth under environmental variations,

as discussed in Chapter 7 for the 2T-Nuller.
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Figure 8.3: Three distinct injection scenarios, Cases [I] to [III], are investigated using the
4T-Nuller and presented in schematic as derived from the arrangement depicted in Figure
8.2. In Case [I], two distinctive nulls are generated at the central directional coupler. Such
configuration will be used during on-sky operation. Cases [II] and [III] aid in determining
the maximum achievable intensity levels at I2 and I3, as well as their respective null depths,
individually.
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However, this approach adds additional challenges due to the extensive model fit-

ting requirements. Usually, model fitting significantly increases complexity because it

requires large datasets to identify accurate statistics, such as used in Kernel [191].

Hereafter, the concept of direct self-calibrated nulling emerges as a handy solution,

where multiple nulling outputs can be used to mitigate the impact of residual wavefront

errors and other experimental errors. Such a solution has been previously proposed

for the double-Bracewell architecture [79; 192; 82], and improved over time, such as

recent improvement adds the advantage of mitigating photon noise and closure phase

to combat optical aberrations using a tri-coupler [31].

A more versatile solution is found in more recent integrated optics based two staged

beam combiners of 3ˆ3 and 3ˆ6 couplers, which can generate nulled outputs with

linear combinations that yield self-calibrated observables, known as kernel-nulls [45].

A kernel-null is robust against upstream differential pistons and phase errors [191].

Kernel-nulls are created by subtracting the measured intensities of two nulled outputs,

where the electric field in the two outputs are complex conjugates of each other. Hence,

it is also called a differential null. Recent advances have demonstrated kernel-nulls for 3-

input [157] and 4-input [193; 194] photonic beam combiners using UV-photolithography

fabricated MMI couplers.

Creating the complex conjugate of input fields using photonic interferometers in-

volves a beam-combination architecture where the input beams are recombined by

phase offsets, as illustrated in Case [I] of Figure 8.3. Mathematically, Case [I] is ex-

pressed as Equation (8.2) for two nulled outputs, null1ptq and null2ptq, created by the

central combiner. k as a function of time t is the self-calibrated null or the kernel null

defined as the difference between null1ptq and null2ptq [157],

kptq “ |null1ptq–null2ptq| (8.2)

Equation (8.2) means that the kernel null is unaffected by instrumental errors since

the difference between null1ptq and null2ptq cancels them [193; 43].
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Apart from mathematical representation, Figure 8.4 represents a transmission map

of a kernel null for a linearly arranged 4-telescope interferometer. Subtracting the two

nulled outputs preserves the planet’s transmission while removing starlight (or any

residual).

Figure 8.4: Example of a 4-telescope nuller transmission map gives the transmitted flux
for a source depending on its angular position in this map. The centred positions of the
star (black line) and planet (brown line) along the horizontal line, approximately at 210 and
130, respectively, for the two nulled outputs labelled as Null1 and Null2. The subtraction
between the transmission maps enables the removal of the star’s signal while the planet
remains visible. The field of view of this transmission map is 50 mas, and the coordinate
origin is set arbitrarily in the centre of the map where the central star is located (white cross).
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8.2 Experimental characterisation of the 4T-Nuller

The particular 4T-Nuller chosen for performing the interferometric characterisation

featured directional couplers with an interaction length of 7.5 mm, fabricated as part

of Sample III. For this interaction length, the central directional coupler, DC3, ex-

hibited 50/50 splitting, while for the same interaction length, the first two directional

couplers, DC1 and DC2, showed 60/40 splitting. However, all directional couplers

showed achromaticity. The splitting ratios of the Y-junctions for photometry were

40/60. The wavelength-resolved splitting ratios are shown in Figure 5.3. To obtain

a deep null, the splitting ratio of the central directional coupler is most crucial and

should be as close to 50/50 as possible.

8.2.1 Input-dependent flux imbalance

As discussed for the 2T-Nuller, perfectly balanced flux before the directional coupler is

mandatory to achieve the highest contrast or deepest null. In order to assess the flux

imbalance of the 4T-Nuller, the relative amount of light emerging from every output,

including photometry, was measured by individually injecting the same beam of the

test bench sequentially into each of the four inputs T1, T2, T3, and T4. For each

separate injection, the resulting outputs consisted of one photometric signal and three

interferometric signals.

Optimisation of the input coupling was achieved via a 5-axis stage on which the GLS

chip was mounted while real-time monitoring of the corresponding output intensities

was performed using the mid-IR camera. The camera measures the flux across 3.65 to

3.85 µm. Figure 8.5 shows the output intensities acquired after averaging across the

frames of a 20 seconds long recording.

Due to the 60/40 splitting ratio of DC1 and DC2, the amount of light reaching DC3

depends on the injection input. Looking at Figure 8.5, for injection into the inputs T2

and T3, the central outputs I2 and I3 are higher compared to those for the inputs T1

and T4. Thus, like for the 2T-Nuller, the injection beams were adjusted manually by

tilting the mirrors to ensure that, for every input signal, the amount of flux emerging
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from the central directional coupler DC3 was equal. This adjustment was crucial for

achieving the desired balance required for the self-calibration process, which ensures

that the beam combination scheme maintains uniform intensity levels across all beams.

Figure 8.5: Normalised output intensities for the four inputs T1, T2, T3, and T4 of
the 4T-Nuller under sequential broadband illumination of each individual input (T1 to T4).
Normalisation is performed against the maximum illumination

8.2.2 Dynamic cross-talk

Figure 7.3 in Chapter 7 shows that the photometry channels of the 2T-Nuller exhibit

a small sinusoidal variation in the output flux as the delay line moves. This coherent

background was assumed to be from cross-talk within the chip. However, under static-

illumination of just a single input, no light could be detected, even for long exposures,

at the photometry output of the dark input. This illustrates that there is no static

cross-talk in the 2T-Nuller. The same static experiment was repeated for the 4T-Nuller

with identical results.

To check for dynamic cross-talk, the interferometric test bench (see Figure 3.3) was

used. An injection state was created by adjusting the delay line of T2 to bring I1 to

constructive interference with light from T1. Then, inputs T3 and T4 were injected,
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and the delay line of T4 was moved while monitoring I1 for any periodic intensity

changes. A recorded time trace is depicted in Figure 8.6 (top).

A similar approach was adopted to check for interference on I4. First, the delay

between T3 and T4 was adjusted to maximise the flux from I4. Inputs T1 and T2 were

then injected, and the delay line for T2 was scanned. Like I1, I4 also did not exhibit

any periodic flux variations, as illustrated in Figure 8.6 (bottom). These results show

no dynamic cross-talk between the interferometry inputs on opposite sides of the chip.

Figure 8.6: Time series of the interferometric signals when either scanning the T4 delay-
line (top) or the T2 delay-line (bottom). No dynamic cross-talk could be observed in output
I1 and I4, respectively.
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However, the scenario differs for photometric channels. Periodic flux variations were

observed in their outputs when different delay lines were scanned within the coherent

envelope of the injected light. Within the setup, the injection beam for T1 originated

from a static mirror. Therefore, T1’s beam was not scanned. The T2, T3, and T4

beams were each incorporated with delay lines. Subsequently, after injecting all four

beams into the four inputs simultaneously, T2 was scanned first, followed by the T3

beam, and finally, the T4.

Table 8.1 lists which input delay line causes periodic variations in the photometry

channels.

Table 8.1: Dynamic cross-talk between input and photometric
channels; yes refers to the presence of periodic variations, and no refers
to an absence of periodic variations.

Delaylines/Scan P1 P2 P3 P4

T1 not applicable not applicable not applicable not applicable

T2 yes yes yes no

T3 no yes yes yes

T4 no no yes yes

Comparing the results in Table 8.1 to the 4T-Nuller’s geometry (see Figure 8.2)

shows each input influences its nearest neighbour photometric outputs. A potential

source for this dynamic cross-talk could be the Y-junctions themselves. Comparing

the throughput between reference directional couplers and Y-junctions indicates that

Y-junctions are « 7% ˘ 4% more lossy than directional couplers.

The Y-junctions in the 4T-Nuller are not ideal with their 40/60 splitting ratios.

The optimised Y-junctions slated for the iteration of the 4T-Nuller have « 22% higher

transmission compared to 40/60 Y-junctions, as discussed in Chapter 5. With lower

photon loss and hence less background light, it is expected that the dynamic cross-talk

will be less.

As the interferometric sections remained unaffected by this dynamic cross-talk,

alternative Y-junctions inscription parameters are available for future iterations, and
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the decision was made to perform nulling or astronomical performance using the static

method, which does not require photometric channels. The primary emphasis shifted

towards the nulling measurements from cross-talk to fit the timeframe of this thesis.

Afterwards, more attention can be given to investigating cross-talk.

8.2.3 Measuring null depth

Nulling with the 4-telescope beam combiner is more complex compared to the 2-

telescope beam combiner because, by design, the four interferometric outputs do not

produce simultaneous constructive and destructive interference fringes. Hence, a spe-

cific injection state, as illustrated in Figure 8.3, is required. Unlike with the 2T-Nuller,

the photometry signals were not used during the 4T-Nuller measurements. In the ex-

perimental setup, the initial beam injected into T1 was considered a reference, while

the subsequent beams T2, T3, and T4 were equipped with individual delay lines.

The schematic diagrams of Figure 8.3 portray the signal propagating through each

directional coupler, undergoing coupling and accumulating a `π{2 phase shift. The

self-calibrated null, Case [I], is the optimal scenario in which central outputs I2 and I3

produce two perfect nulls similar to the kernel null.

To create this injection state experimentally, individual scanning of T2, T3, and

T4 delays was conducted to ensure that collectively, they created the desired condition

when all beams from the four inputs of the 4T-Nuller were combined. For instance,

the I1 and I2 outputs were observed while simultaneously launching two beams in the

input T1 and T2 of the 4T-Nuller. The beam of T2 was scanned to reach the fringle

where I2 is in destructive most. Similarly, other beams out injections were employed

and scanned two at a time to ensure that I2 and I3 were collectively in distinctive

fringes for all combinations.

The same approach was employed to create the situations described in Case [II]

and Case [II]. These cases can be used to measure the contrast or null depth at I2 and

I3, respectively.

The raw null, N[raw], for the self-calibration injection state was calculated using

Equation (8.3). Here, the two central nulls are determined as the sum of destructively
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interfered intensities ΣI´ divided by the sum of the constructively interfered intensi-

ties ΣI`. This quantification represents the total extinction or nulling ability of the

4T-Nuller. The self-calibrated null N[self-calibration] is defined as the absolute differ-

ence between destructive or nulled intensities, i.e. the kernel, divided by the sum of

constructive intensities.

N rraws “

ř

I´
ř

I`

,

N rself-calibrateds “
kptq
ř

I`

.

(8.3)

The plots of Figure 8.7 (top and middle) were obtained by recording output inten-

sities at a frame rate of 50 Hz over a 60-second period. The delay lines were set to

create the injection state of Case [I]. The left graph illustrates nulled output intensities

I2 and I3 over time together with the detector background. The background signal

was taken from a pixel value away from the output of the chip, as illustrated in the

top right corner of Figure 8.3. It is noticeable that after the initial « 30 seconds, the

intensities of I2 and I3 drift and gradually increase due to environmental changes in the

laboratory. Hence only the first 20 seconds are considered for the subsequent analysis.

The laboratory conditions are affected by the presence of the operator and heat output

from the different running electronic systems, such as the supercontinuum source itself.

The nulled signals can also be influenced by the higher tension in the internal spring

of the delay line and vibrations. This sensitivity of interferometric characterisation of

beam combiners to environmental influences has been previously discussed in a study

focusing on 10 µm wavelength, where the first 20 seconds demonstrated optimal results

[195].

8.2.4 Discussion

The average raw null, N [raw], is found to be 0.0273 with a standard deviation of

0.0058. The average self-calibrated null, N [self-calibration], is 0.00075 with a standard

deviation of 0.00069, calculated from the kernel by subtracting both central nulled

outputs. Signal-to-noise ratios between self-calibrated null and the average of arbitrary
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nine background pixes were found to be 0.000016.

Figure 8.7 (bottom) shows the raw null and self-calibrated null, obtained using

Equation 8.3. Self-calibration is not presented as the absolute value as stated in the

equation. It is to represent that subtraction between nulled outputs (I2 and I3) goes

below complete zero, which is a combined reason that appears from the high-frequency

noise and read-out noise of the detector.

The individual nulls, by extracting the flux levels for I2 and I3, were identified

through the input states of Case [II] and Case [III]. The rejection levels were determined

as 0.051 ˘ 0.002 and 0.052 ˘ 0.002, respectively. This finding indicates that the

rejection levels of both central outputs are notably comparable. These extinction ratios

are relatively higher compared to the achromatic directional couplers or 2T-Nuller due

to the fact that two of the directional couplers at the initial phase are not 50/50

achromat of this particular 4T-Nuller.

Besides, the science case for ASGARD/NOTT is to detect exoplanets with masses

of 10 MJupiter masses orbiting a Sun-like star. This investigation encompasses three

distinct age categories, falling within a magnitude scale of 8 ˘3 within the L’ band

[33].

By denoting ms as the magnitude of the parent star and mp as the magnitude of the

planets observed by NOTT, the intensity level of the planet Ip with respect to its star

Is can be expressed as mp ´ ms “ 2.5 logp Is
Ip

q, relying on the foundational principles of

the magnitude scale standardised by Pogson [196] using much earlier star cataloguing

technique introduced by Hipparchus.

This gives the starlight nulling or cancellation requirement as Ip
Is

“ 10´2 to 10´5 to

detect exoplanets within the specified magnitude range of 8 ˘3. This range aligns with

the experimentally obtained broadband nulls from both, the 2T-Nuller and 4T-Nuller.

By implementing 4T-Nuller self-calibration, the starlight cancellation can be increased

to the level of 10´4. A comparison between conventional raw null and self-calibrated

null is presented in Table 8.2.
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Figure 8.7: (Top) Injection state of Case [I] showing the intensity counts over time of all
four interferometric outputs I1 to I4. (Middle) zooming to the two null outputs (I2 and I3)
from the central combiner of the 4T-Nuller. A background signal (BG) has been extracted
from a detector array away from the 4T-Nuller’s outputs. (Bottom) Raw and self-calibrated
null depth according to pI2 ` I3q{pI1 ` I4q for the raw null and pI2 ´ I3q{pI1 ` I4q for the
self-calibrated null. In the context of self-calibration, the absolute value of |I2 ´ I3| is not
utilised for demonstration.
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Self-calibration achieves contrasts close to the requirement for detecting giant ex-

oplanets already in warm laboratory experiments without using any Cryostat, which

will house the beam combiner in the final instrument. In the warm, unstabilised en-

vironment, the measurements are influenced by the surrounding thermal background,

as seen in Figure 3.4 (bottom). The residual thermal background appears at longer

wavelengths beyond the L’ bandpass that certainly influenced the null-depth measure-

ments. Installing the 4T-Nuller inside a cryostat during operations is expected to

enhance performance due to the absence of such residual signals. The photonic chip

with the characterised 4T-Nuller is planned for testing inside a cryostat in mid-2024.

Table 8.2: Summary of the measured broadband null depths
in the warm laboratory environment and the approximate contrast
level required for achieving the ASGARD/NOTT science case.

2T-Nuller 4T-Nuller 4T-Nuller (self-cal.) ASGARD/NOTT (req.)

Star: null Star: null Star: null Planets: estimated

10´2 10´2 10´4 10´2 –10´5˚

˚
within the magnitude 8 ˘3

In recent years, nulling interferometry has seen a renaissance, particularly with

the help of integrated optics inspired by the successes of the GLINT instrument at

Subaru. GLINT, an extension of the original two-telescope prototype, employs a four-

input chip utilising directional couplers to generate sixteen spectrally dispersed outputs,

including nulls, anti-nulls, and photometric channels. Insights derived from the GLINT

experiment indicate that broadband nulls, post-dispersion, can achieve a much deeper

null, approximately 3.8 times deeper in the case of GLINT, compared to its achromatic

broadband nulls [76].

Within the lab demonstration, the contrast level has been found in the level of

10´3, while on-sky observations of α Boo in nulling mode detected stellar leakage in

the range of 10´2, consistent with the expected stellar diameter [44]. The development

of kernel nullers produces raw nulls of 10´3, and the kernel distribution resulting from

the subtraction of the two nulled outputs via self-calibration improves the null to «

10´4.
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Such advancements allow for the detection of simulated 10´2 dimmer companions

at „ 2 mas separation in laboratory settings, signifying the progress in ground-based

nulling techniques [157].

The laboratory-demonstrated raw and self-calibrated null range between 10´2 and

10´4 suggests that the tested 4T-Nuller in warm optics lab has capabilities comparable

to existing state-of-the-art on-sky nulling devices, which can even further improve in

temperature controlled on-sky situation.

Moreover, simultaneous with this dissertation’s focus on developing the 4T-Nuller,

a simulation package known as SCIFYsim is being developed at KU Leuven. The

preliminary results from SCIFYsim estimate a self-calibrated null depth in the range

of 10´3 to 10´4 at 3.75 µm for the overall instrument [43], which can detect faint

astronomical objects up to 5 mas [50]. The experimentally measured null depth in

broadband aligns with this level. Continued refinement of SCIFYsim’s algorithms will

provide further insights into the instrument’s overall capabilities in addressing specific

science cases.



9
Conclusion

This dissertation presented the development of a mid-infrared 4-telescope photonic

beam combiner. The beam combiner is based on the double-Bracewell architecture

and will be employed in the upcoming VLTI visitor instrument ASGARD/NOTT to

perform nulling interferometry. The science goal of the instrument is the detection of

young giant exoplanets located in their host star’s snowline.

The work began with specific objectives aimed at ensuring that the 4-telescope

photonic beam combiner meets the criteria outlined in the table 9.1. This table also

highlights the accomplishment of the work alongside the specifications. Moreover, the

work presented in this thesis builds upon the PhD research conducted by Thomas

Gretzinger at Macquarie University [123], where he utilised the ultrafast laser inscrip-

tion technique to fabricate low-loss triple track waveguides, also known as triplets and

142
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asymmetric directional couplers. These components were developed using the mul-

tiscan method in a thermal regime within GLS glass, specifically for astrophotonics

applications in the mid-infrared spectrum.

Table 9.1: Key photonic requirements for the ASGARD/NOTT [35; 33; 65; 34].

On-chip waveguides Operational range 3.5-4.0 µm (GLS glass) known

Mode-field profile Single-mode known

Y-junctions Splitting for photometric tap 20/80 40/60 (exist), 20/80 (identified)

Chromaticity Achromatic Yes

Directional couplers Splitting for beam combination 50/50 1 of 3 (exist), 3 of 3 (identified)

Chromaticity Achromatic Yes

Phase shift between two outputs 180 degree Yes

4T-Nuller Optical throughput « 50%* „ 53%*

Contrast level (raw and self-cal.) 10´2 ´ 10´5 10´2 ´ 10´4**

˚
without Fresnel loss

˚ ˚
without cryostat

9.1 Current state of development

The work of this thesis can be intensified into two sections: (i) identifying correct Ultra-

fast Laser Inscription parameters to fabricate that can lead to fabricating a 4-telescope

beam combiner through characterisation and iteration, and (ii) in-lab characterisations

from the astronomical or on-sky perspective. The overall work can be summarised in

the following order:

The Mode Field Diameters (MFDs) of the fabricated triple track waveguides (triplets)

were measured against 3.39 µm, revealing measurements within the range of 26 to 28

µm. 0.21 to 0.29 dB/cm propagation loss was found in L’ band for the triplets. The

throughput difference between cosine S-bends and straight waveguides was found to

be negligible. These results are relatively comparable to the previous work done by T.

Gretzinger et al., [150].
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Next, the fabrication parameters of asymmetric directional couplers were optimised

with iteration to achieve achromatic 50/50 splitting ratio. An optimal interaction

length of 7.5 mm asymmetrical directional couplers demonstrated achromatic behaviour

with a variation of 0.02% within the range 3.65 to 3.85 µm. It was also observed that the

writing order significantly impacts the splitting ratios of directional couplers. The left

to right writing order was found to be the correct order to obtain such achromaticity.

Maintaining consistent writing orders and interaction length resulted in reproducible

splitting ratios after performing iterations in two different batches of GLS glass.

Fabricated asymmetric Y-junctions from the insights of previous work in GLS glass

[150] were found to have a 40/60 achromatic splitting ratio between photometry and

interferometry branches. These Y-junctions were incorporated in nulling beam com-

biners. However, the requirement for NOTT is achromatic 20/80, which was later

achieved by redesigning the Y-junctions. This involved 3D vertical offsetting (7.5 µm)

of the photometry channel from the interferometry plane and determining the correct

taper length (1.5 mm). This redesigned Y-junction not only achieved an achromatic

20/80 splitting ratio but also exhibited higher throughput compared to the previous

40/60 Y-junctions and is considered to be implemented in future iterations.

Subsequently, a two-telescope beam combiner (2T-Nuller) was designed and charac-

terised as a part of the astronomical perspective. The characterisation technique used

is called the dynamic method, where contrast and null results were obtained using four

mechanisms: raw interferogram, curve-fitting interferogram to reduce high-frequency

noise, photometrically corrected interferogram, and simultaneous photometrically cor-

rected interferograms using photometry branches. All methods displayed comparable

contrast and null levels, „ 0.95 and „ 10´2, respectively. These results are comparable

to the work of J. Tepper [159], who reported a contrast of „ 0.94 in GLS glass at the

University of Cologne with a symmetric directional coupler. Moreover, dynamic cross-

talk was observed in the 2T-Nuller’s photometry channel, which remains unresolved

within the time frame of this thesis and requires extended characterisation.
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Figure 9.1: Summary of the current status of the ASGARD/NOTT’s 4T-Nuller. The key
performance of the beam combiner components achieved as part of this thesis are highlighted
alongside with the ASGARD/NOTT requirements.
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Finally, the four-telescope beam combiner (4T-Nuller) of double-Bracewell archi-

tecture, the main requirement of the NOTT, was characterised using the static method

with a four-telescope configuration. The examined 4T-Nuller’s throughput was « 37%

(with Fresnel loss). The Y-junctions had a „ 40/60 achromatic splitting ratio for pho-

tometric separation and a two-staged configuration in its interferometric section. The

first stage contains two achromatic directional couplers (DC1/DC2) with 60/40 split-

ting ratios, and the second stage combines two nulled signals with another directional

coupler (DC3) of 50/50 achromat. The 4T-Nuller was used to identify raw nulls, which

were of a similar order of 10´2 as in 2T-Nullers. However, in self-calibration mode, it

reached up to 10´4 in warm optics lab environments.

Figure 9.1 provides a visual representation of the examined 4T-Nuller, annotating

the achievements achieved and identifying areas that require further improvement for

the second phase of the upgrade.

9.2 Future work

9.2.1 Installation and tests

The installation of the 4T-Nuller chip, as depicted in Figure 9.2, within the NOTT

cold-optics cryostat is anticipated to be completed by the second half of 2024. Before

full instrument tests, anti-reflection coatings on the end-faces of the beam combiner are

required to mitigate Fresnel reflection losses. At this moment, 4T-Nuller is undergo-

ing differential dispersion testing. Preliminary results are demonstrated in Appendix

A. Null measurements need to be carried out using the procedure devised for self-

calibrating nulling, as outlined in Chapter 8, while the chip operates within the cold

optics environment of the cryostat. This leverages a recently developed test bench at

KU Leuven, Belgium [34]. KU Leuven is performing the lab assembly of the instru-

ment and developing the instrument control algorithms and alignment routines. The

test phase will ensure the chip’s performance within the cold environment optics. Based

on the findings, further investigation is needed to align with the simulation packages
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currently under development and identify any non-compliance with instrument require-

ments. This will help determine which specific science cases can be accomplished and

which may be compromised.

Upon completion of these steps, the chip will be dispatched for final integration

into the ASGARD main suite.

Figure 9.2: The schematic of the cryostat shows the location of the photonic chip on top
of a piezo stage for alignment. In front of the photonic chip is the aspheric injection lens
that focuses the beams from the 4 Unit Telescopes (UTs) of the VLTI facility. Image source:
ASGARD workshop 2023, KU Leuven.

9.2.2 Beam combiner upgrade

The current 4T-Nuller deviates slightly off from the ideal specifications required for

NOTT. Hence, the fabrication of a new beam combiner is anticipated that incorporates

the optimised Y-junctions to achieve achromatic 20/80 splitting between interferometry

and photometry, where the length of the three cascaded directional couplers also has

to be adjusted to meet 50/50 splitting. With the identified geometric parameters to

achieve that requirement, multiple identical 4T-Nullers can be placed inside a single

substrate to mitigate the influence of defects intrinsic to the GLS glass samples.



A
Appendix: Differential dispersion

Differential dispersion refers to the difference in the dispersion as a function of wave-

length experienced by two light waves as they propagate through a multiport photonic

component, such as a directional couplers for instance. Dispersion causes the different

wavelengths of light to travel at different speeds, leading to a spreading of the light

pulses over time. Typically, dispersion is a limitation factor when using integrated

optics or fibres for interferometry. It is associated with different propagation constants

and/or different lengths between the two optical paths of lengths L1 and L2. This is

illustrated for a coupler in Figure A.1.

The dispersion parameter D is quantified as D “ τG{λ, where τG is the group delay

and λ is the wavelength of light. The group delay represents the time needed at wave-

length λ to travel through a particular optical path. The dispersion is associated with

the interferogram’s phase. Equation (A.1) describes the relation between dispersion
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and phase [197].

∆D “ D1 ´ D2 is the average dispersion parameters between two optical paths L1

and L2, c is the speed of light, and d2ϕ{dσ2 is the second derivative of the phase ϕ with

respect to the wavenumber σ.

d2ϕ

dσ2
“ ´2πcλ2

pD2∆L ` L1∆Dq (A.1)

For the directional couplers, due to their symmetric waveguide paths, one can

assume that ∆L “ 0. Thus, Equation (A.1) can be simplified to d2ϕ
dσ2 “ ´2πcλ2 ¨L∆D,

where L “ L1 “ L2. This simplified relation can be fitted as a polynomial to the second

derivative of the phase over the bandwidth. The phase as a function of wavelength can

be obtained from the interferogram through the Fourier transform.

Figure A.1: Layout of a coupler, indicating the length of L1 and L2 before the region of
beam combination. Image credit: [197].

To measure the dispersion parameter of the 4T-Nuller, only one of the Michelson

interferometers (MI-1) from experimental setup II of Figure 3.3 was used.

First, an interferogram of the bench was obtained without the beam combiner in

place. The interferogram was measured using the supercontinuum source (SCS) after

OPD correction using 3.39 µm HeNe laser using photometrically corrected interfero-

gram.
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A similar approach was employed to identify L ¨ ∆D of the 4T-Nuller’s output I1

of DC1 by injection into T1 and T2. To obtain the phase of output I4 of DC2, light

was injected into T3 and T4. For injection into T1 and T2, the metrology signal from

3.39 µm HeNe laser to calibrate the delay lines was recorded from output I4, while for

T3 and T4, the metrology signal was collected from I1. L.∆D of the test bench was

subtracted from the 4T-Nuller data to remove the test bench’s influence. Figure A.2

shows the calculated phases.

Figure A.2: Normalised phases for the two outputs I1 and I4 as well as the phase of
the bench without chip over the L’ band. The lines represent the average values of three
measurements while the error bars represent three times of standard deviation.

L.∆D « 3.3ˆ105 ps/nm is identified for I1 and I4. This value is in good agreement

with L.∆D « 3.6 ˆ 105 ps/nm obtained by Tepper et al., [159] for an ULI directional

coupler for the L band.

The dispersion parameters for I2 and I3 could not be investigated due to limitations

of recording simultaneous metrology interferograms with the monochromatic 3.39 µm

HeNe laser. For injection into T2 and T3, all outputs are illuminated by a superpo-

sition of light from the supercontinuum source and the reference laser, yet the delay

calibration requires an isolated signal from the HeNe laser alone.
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life-forming volatile elements in the inner solar system. Nature 611(7935), 245

(2022). 13

[43] R. Laugier, D. Defrère, J. Woillez, B. Courtney-Barrer, F. A. Dannert, A. Matter,

C. Dandumont, S. Gross, O. Absil, A. Bigioli, et al. Asgard/nott: L-band nulling

interferometry at the vlti-i. simulating the expected high-contrast performance.

Astronomy & Astrophysics 671, A110 (2023). 14, 16, 130, 141

[44] L. Labadie. A report on the status of astrophotonics for interferometry and

beyond. In Optical and Infrared Interferometry and Imaging VIII, vol. 12183, pp.

372–389 (SPIE, 2022). 14, 140

[45] F. Martinache and M. J. Ireland. Kernel-nulling for a robust direct interferomet-

ric detection of extrasolar planets. Astronomy & Astrophysics 619, A87 (2018).

14, 25, 130



References 157

[46] A. Wallace, M. Ireland, and C. Federrath. Constraints on planets in nearby young

moving groups detectable by high-contrast imaging and gaia astrometry. Monthly

Notices of the Royal Astronomical Society 508(2), 2515 (2021). 14

[47] P. Padovani and M. Cirasuolo. The extremely large telescope. Contemporary

Physics pp. 1–18 (2023). 14

[48] A. Wallace and M. Ireland. The likelihood of detecting young giant planets with

high-contrast imaging and interferometry. Monthly Notices of the Royal Astro-

nomical Society 490(1), 502 (2019). 14

[49] C. Dandumont, R. Laugier, A. Emsenhuber, J. Gagne, O. Absil, A. Bigioli,

M. Bonavita, G. Garreau, M. Ireland, M.-A. Martinod, et al. Vlti/hi-5: detection

yield predictions for young giant exoplanets. In Optical and Infrared Interferom-

etry and Imaging VIII, vol. 12183, pp. 779–793 (SPIE, 2022). 14

[50] R. Laugier, D. Defrère, A. Matter, S. Gross, B. Courtney-Barrer, F. Dannert,

J. Woillez, O. Absil, and C. Dandumont. The expected performance of nulling

at the vlti down to 5 mas. In Proceedings of SPIE: The International Society for

Optical Engineering, vol. 12183 (International Society for Optical Engineering,

Bellingham, United States . . . , 2022). 14, 141

[51] N. van der Marel, J. P. Williams, M. Ansdell, C. F. Manara, A. Miotello, M. Taz-

zari, L. Testi, M. Hogerheijde, S. Bruderer, S. E. van Terwisga, et al. New insights

into the nature of transition disks from a complete disk survey of the lupus star-

forming region. The Astrophysical Journal 854(2), 177 (2018). 14

[52] N. Van der Marel, T. Birnstiel, A. Garufi, E. Ragusa, V. Christiaens, D. J. Price,

S. Sallum, D. Muley, L. Francis, and R. Dong. On the diversity of asymmetries

in gapped protoplanetary disks. The Astronomical Journal 161(1), 33 (2020). 14

[53] B. J. Norfolk, S. T. Maddison, C. Pinte, N. Van Der Marel, R. A. Booth, L. Fran-

cis, J.-F. Gonzalez, F. Ménard, C. M. Wright, G. Van Der Plas, et al. Dust traps

and the formation of cavities in transition discs: a millimetre to sub-millimetre



158 References

comparison survey. Monthly Notices of the Royal Astronomical Society 502(4),

5779 (2021). 14

[54] J.-L. Beuzit, M. Feldt, K. Dohlen, D. Mouillet, P. Puget, F. Wildi, L. Abe,

J. Antichi, A. Baruffolo, P. Baudoz, et al. Sphere: a planet finder instrument

for the vlt. In Ground-based and airborne instrumentation for astronomy II, vol.

7014, pp. 476–487 (SPIE, 2008). 15

[55] Q. Kral, A. V. Krivov, D. Defrère, R. van Lieshout, A. Bonsor, J.-C. Augereau,
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