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Abstract

The implementation of integrated photonic technologies can be beneficial in
many fields of physics, ranging from telecommunications to quantum optics. In
this respect, a novel application of photonics is related to the field of astronomy,
where the small dimension and the high thermo-mechanical stability of the
integrated circuits allow to improve the performances of the sky observation.

In this work, we present the implementation of a discrete beam combiner,
an integrated interferometer capable of combining light of up to eight points of
a telescope aperture, in order to increase the angular resolution. To fabricate
the circuit, we exploited the Femtosecond Laser Micromachining technique in
a glass substrate. Since celestial light is unpolarized, one of the main require-
ments of stellar interferometry is the polarization insensitivity of the beam
combiner. For this reason, after the inscription process, we performed a ther-
mal annealing step, which allowed us to reduce the waveguide birefringence by
releasing the internal stresses of glass.

The integrated interferometer was tested with classical light in order to val-
idate its functioning. In particular, the device showed insertion losses below 2.5
dB for all the eight different inputs, which can be considered a state-of-the-art
result for an 6 cm long chip. Moreover, the device showed a polarization insen-
sitive behavior and, from its interferometrical analysis, a minimum condition
number of 8 was measured in the astronomical H band.

The last part of this work is devoted to a preliminary study for increasing
the operation bandwidth of the device. Due to the complex geometry of the
beam combiner, we decided to focus on achieving a broadband directional
coupler, obtained by detuning two coupled waveguides. With this technique,
we were able to fabricate a directional coupler with a reflectivity of 50 ± 5%
in more than 100 nm.
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Sommario

La fotonica integrata ha permesso enormi progressi in molti campi della fisica,
dalle telecomunicazioni all’ottica quantistica. Una recente applicazione è da
trovare in astronomia dove le piccole dimensioni e l’elevata stabilità termica e
meccanica dei circuiti integrati hanno permesso di migliorare notevolmente le
osservazioni astronomiche.

In questo lavoro presentiamo l’implementazione di un dispositivo chiamato
discrete beam combiner. Esso è un interferometro integrato capace di combi-
nare la luce proveniente da otto punti dell’apertura di un telescopio, in modo
da aumentarne la risoluzione angolare. Per fabbricare il dispositivo, abbiamo
usato la tecnica di microfabbricazione con laser a femtosecondi in un substrato
di vetro. Siccome la luce proveniente da un corpo celeste è non polarizzata, è
richiesto che il dispositivo abbia un comportamento indipendente dalla pola-
rizzazione della luce in ingresso. Dopo la scrittura del circuito è stato dunque
necessario operare un processo di annealing che ha permesso di ridurre la
birifrangenza delle guide d’onda.

Il dispositivo è stato analizzato con luce classica, per validarne le funzio-
nalità. Per tutti gli otto ingressi, le perdite di inserzione sono state ridotte
sotto la soglia di 2.5 dB, un valore mai raggiunto prima per un chip con 6 cm
di lunghezza. Inoltre, il dispositivo si comporta in maniera indipendente dalla
polarizzazione, come richiesto. Un numero di condizionamento pari a 8 è stato
misurato nella banda astronomica H.

Infine, è presentato uno studio preliminare sull’aumento della banda ope-
rativa del dispositivo. A causa della complessa geometria di quest’ultimo,
abbiamo deciso di considerare un accoppiatore direzionale e studiarne in tal
caso l’aumento di banda. Ciò può essere realizzato con un accoppiatore de-
tunato, ottenuto variando la costante di propagazione delle due guide d’onda.
Siamo stati cos̀ı in grado di fabbricare un accoppiatore con una riflessione di
50 ± 5% su più di 100 nm.

xv





Chapter 1

Introduction

Humans have always sought to comprehend all the objects present in the night
sky. For this purpose astronomy was invented: a discipline aimed to the study
of celestial features. The beginning of modern day astronomy can be found
in the XVII century when Galileo observed the night sky with a telescope. It
was then possible to observe a plethora of new phenomena and to answer old
questions, as the famous heliocentric vs. geocentric debate.

Another huge revolution came three centuries later with Michelson and the
invention of the interferometer. This idea paved the way for stellar interfer-
ometry: by combining observations from multiple telescopes, it is possible to
greatly increase the resolution achieved. However, many constraints are still
present limiting the observation accuracy. For example, the huge dimension of
existing instruments can pose serious problems in term of noise and stability.

In the last years, the astronomical performances were further improved
with the advent of astrophotonics. Instead of relying on bulk optics, the idea
is to take advantage of integrated technologies, already available for telecom-
munication. Photonic technologies can be used to improve the resolution of
celestial observations. Astrophotonics will allow in the future to push the
accuracy to limits unthinkable with common telescope setups.

The scope of this work is to produce an integrated photonic device that
will be used at the William Herschel Telescope in the Roque de los Muchachos
Observatory (Spain). In particular, the device is able to combine up to eight
light beams coming from a single telescope mirror, in order to correct for the
observation perturbation introduced by the Earth atmosphere. The project is
in collaboration with the Leibniz Institute for Astrophysics Potsdam.

The specifications for the device, together with the entire procedure that
allowed its fabrication, will be here presented in detail throughout the work.
In order to do this, many theoretical aspects have to be addressed, like the

1
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2 CHAPTER 1. INTRODUCTION

basic principles of stellar interferometry or the fabrication technique used.
Finally, the device is analyzed, in order to test if the performances follow the
expectations.

The work begins in Ch.2 with a general description of astrophotonics. Some
theoretical aspects necessary to understand the device behavior are discussed
with more detail. In Ch.3 the writing technique used for the device fabrication
is presented. The setup and methods adopted to study and characterize a
device are shown in Ch. 4. With these notions, it is possible to discuss and
eventually adapt the device specifications; this is presented in Ch.5. The device
is then optimized, fabricated and characterized. A complete description of this
phases can be found in Ch.6. The work is concluded with further improvement
of the device, concerning the wavelength response (Ch. 7).

The entire fabrication process has been carried out at the IFN-CNR labo-
ratories, inside the Physics Department of Politecnico di Milano. The majority
of the characterization took place in the same place. Minor analyses have been
carried out at the Leibniz Institute for Astrophysics Potsdam.

https://www.aip.de/en/institute


Chapter 2

Astrophotonics

Photonics is a discipline aimed to generate, manipulate and detect light. Opti-
cal fibers or waveguide circuits are used to modify the beam properties and to
induce various phenomena. Many are the applications, ranging from telecom-
munication to medicine, from computing to metrology.

This chapter is focused on astrophotonics, an emerging field lying at the
interface between astronomy and photonics. Photonics technologies are used
to improve the resolution and the accuracy of astronomic observations. The
first idea appeared in 1999, when it was proposed to use integrated photonics
technologies – previously adapted for telecommunication – in order to improve
the stability of stellar interferometers [1].

In the first section, a general review of astronomy sub-fields greatly im-
proved by photonic technologies will be presented. Particular attention will
be given to one of such fields, namely integrated optics beam combination
schemes suitable for stellar interferometry observations. Stellar interferometry
basic principles are also discussed. The chapter is concluded with a theoretical
description of the integrated beam combination scheme.

2.1 Astrophotonics Branches

Five astronomy branches are here reviewed. Particular attention will be given
to the improvements introduced by integrated photonics.

Each paragraph compares the features of bulk optics and integrated pho-
tonics instrumentation. The main theme is that integrated technologies allow
higher stability, compactness and simplicity with respect to bulk ones.

3



4 CHAPTER 2. ASTROPHOTONICS

Figure 2.1: Nulling interferometry setup. The starlight (blue curve) is col-
lected by two telescope; one of the beam goes through a delay line and a π
phase shift. The two beams are combined at a beam splitter and they inter-
fere. The same happens for the planet light (red curve) but with a different
initial optical path difference. T1, T2 = Telescopes; BS = beam splitter.

2.1.1 Nulling Interferometry

In the search for exoplanets, a fundamental requirement is being able to dis-
tinguish them from the nearby star. This is difficult since they usually are
orders of magnitude fainter than the parent star. Extreme high-contrast is re-
quired in order to separate the two bodies. A simple approach is to physically
block the starlight with a mask placed in the focal plane, a technique called
coronography. However, diffraction limits the light extinction.

A more powerful approach is nulling interferometry [2]. Light is collected
by two telescopes, one of which introduces a π phase shift. A delay line is also
required in order to correct for the different mirror-star distance in the two
telescopes. The delay is adjusted so that the two beams interfere destructively.

A planet orbiting around the star has a different angular position from the
latter, as seen from the Earth. At the observatory, the two collected beams
have a different optical path difference with respect to the starlight. It is
possible to tailor the delay line in order to place the planet light on a maximum
of interference. In this way, while the starlight interferes destructively, the
planet light does not, greatly increasing the contrast [3]. A scheme of the
setup is shown in Fig. 2.1.

However, a very precise and stable setup is required: even small defects
may result in imperfect starlight cancellation. The achievable contrast is thus
limited [4]. Moreover, the atmosphere may introduce high spatial frequen-



2.1. ASTROPHOTONICS BRANCHES 5

Figure 2.2: Back-illuminated GLINT device. Waveguides have been fabri-
cated into a glass substrate. Taken from [5].

cies: the wavefront gets distorted, thus further decreasing the interferometric
contrast.

An innovative method to correct these issues is to employ the intrinsic
spatial filtering behavior of a single-mode waveguide. Such structure is able
to propagate only the fundamental mode, independently of its input light.
Higher-order modes are cut away and lost. The output wavefront is therefore
planar, with a gaussian amplitude. The shape of the incoming wavefront only
affects the amount of energy coupled into the waveguide [4].

A single-mode waveguide is then able to correct the wavefront by removing
higher-order spatial structures. The result is a cleaner interference pattern
with a higher nulling contrast.

The GLINT instrument, employed at the Anglo-Australian Telescope in
Australia is a real application of this concept [5]. The device is shown in
Fig. 2.2. Single-mode waveguides are used to remap and couple light and
they are fabricated with the femtosecond laser micromachining, a technique
that will be explained in Ch. 3. The advantage of using integrated photonic
technologies is in the elevate robustness and stability of the whole device.

2.1.2 Light Filtering

When a telescope on the Earth’s surface observes celestial light within the near-
infrared band (1 ÷ 1.8 µm), observation is disturbed by bright narrow spectral
lines due to the hydroxyl emission. Being able to filter out such features –
while keeping high throughput between them – would greatly increase the
observation quality [6].

This can be achieved with customized filters, like fiber Bragg gratings.
The core refractive index is modulated with a periodic variation. Acting as a
dielectric mirror, the fiber reflects only specific wavelengths while transmitting
all the others. Having high reflectivity over a narrow bandwidth, fiber Bragg
gratings are the optimal choice to suppress the unwanted hydroxyl emission.
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Figure 2.3: Photonic lantern device. The input is a MMF. After an adiabatic
transition region, five SMFs are shown. Adapted from [7].

However, this phenomenon is reliable only for single-mode fiber (SMF)
gratings. Since they support only the fundamental mode, they filter out higher-
order spatial information. Instead, it would be preferable to couple light into
a multi-mode fiber (MMF) [7], so that no incoming information is filtered out.
The problem is that MMF have very poor performances: the Bragg grating
response strongly depends on the excited mode [8].

The photonic lantern is a device able to merge the merits of the two, i.e.
to improve the MMF performance up to SMF-like level. The MMF is used to
collect almost all the light that has been smeared by the atmosphere. Light is
then coupled into an array of independent SMFs, required for the high-quality
Bragg grating. Several SMFs are needed since the MMF accepts more than
one mode.

Consider an array of isolated and identical SMFs. Light propagation can be
described in terms of supermodes of the array, i.e. as a group of independent
SMF modes. The supermodes are degenerate and they are as many as the
SMFs number [9]. The array is gradually tapered down to form a MMF.
Provided the transition is adiabatic (i.e. slow enough), array supermodes can
evolve into MMF modes, and vice versa. If the number of MMF modes matches
the number of SMFs, light can be efficiently coupled between the two structures
[10]. A schematic representation of the concept is shown in Fig. 2.3.

A fiber-based photonic lantern has been tested at the Anglo-Australian
Telescope. It has been able to suppress all the hydroxyl emission lines within
the range 1470 ÷ 1700 nm [11].

The SMF bundle can be replaced by an array of single-mode waveguides
within an integrated-photonic chip. Thus, the size, cost and complexity of
existing devices can be greatly reduced. This is the primary choice when a
high number of waveguides are required.

However, an integrated photonic lantern inherently requires a 3D waveg-
uide fabrication technology, since the waveguide core has to be modified along



2.1. ASTROPHOTONICS BRANCHES 7

(a) Multi-mode waveguide. (b) 4x4 single-mode waveguides.

Figure 2.4: Microscope images of the input and output facets of an inte-
grated photonic lantern fabricated with the femtosecond laser micromachining
technique. Taken from [12].

the three directions [12]. The femtosecond laser micromachining technique
is a good candidate for this purpose. Microscope images of the input and
out facets of an integrated photonic lantern fabricated with this technique are
shown in Fig. 2.4.

2.1.3 Spectroscopy

An unperturbed observation with a telescope has a physical limit to the angu-
lar resolution achieved. The observation is said to be diffraction-limited and
the minimum angular resolution depends on the telescope mirror diameter.
Features with angular separation smaller than

α = 1.22
λ

D
(2.1)

where D is the telescope mirror diameter and λ the light wavelength, cannot
be distinguished.

However, for a ground-based telescope, the observation is perturbed by the
atmosphere turbulent motion and the angular resolution is further decreased
(more details about this issue in §2.2.1). In this case the observation is called
seeing-limited, rather than diffraction-limited as before.

During most observations, the spectrograph is one of the principal instru-
ments employed. It allows to disperse light, thus being able to perform a spec-
trum analysis of the source. A spectrograph operating at the seeing-limited
regime has a size proportional to the mirror diameter. Indeed, as the tele-
scope size increases in order to collect more light, the spectrograph size must
increase as well. Modern-day astronomy spectrographs can be up to 6 m long
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(a) FPZ = Free-propagation zone. Adapted from [13].

(b) Implemented device with size ∼7 cm. Taken from [13].

Figure 2.5: Integrated arrayed-waveguide grating. The input is an array of
single-mode fibers. After propagation in the waveguide array light is spectrally
dispersed at the output.

[7]. This poses serious problems in terms of cost and required precision. A
possible solution is to employ the integrated photonic microspectrograph.

In its most basic form, a microspectrograph is constituted by a miniaturized
arrayed-waveguide grating. At the input, an array of single-mode fibers brings
light from the telescope focus to the device using a photonic lantern chip
(see § 2.1.2). After free-space propagation, light is coupled into an array of
single-mode waveguides with increasing length. They introduce a regular path
difference between the fields. After another free-space propagation region, light
is spectrally dispersed and the result collected by a slit. Thus, a frequency
analysis of the source can be carried out. A scheme of the miniaturized arrayed-
waveguide grating is shown in Fig. 2.5a.

The photonic lantern allows to completely decouple the spectrograph from
the telescope: the device dependent size on the mirror diameter is thus broken
[14]. The size of the device only depends on the waveguide array dimension,
usually some centimeters [13]. Indeed, with the single-mode fibers acting as
spatial filters, the device input light is now diffraction-limited, independently
on the atmospheric seeing limitation.

The microspectrograph is a complete integrated device: once again in-
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tegrated photonics ensures big advantages thanks to the high stability and
scalability of the components.

A microspectrograph has been tested on the Anglo-Australian Telescope
[15]. The device was fabricated with the silica-on-silicon technique. There is no
possibility to exploit the third dimension, but since in this case only 2D devices
have to be produced, this technique is a good candidate. Moreover, the silica-
on-silicon approach is highly reproducible and allows for mass-production.

2.1.4 Frequency Conversion

Astronomy information is not limited to the visible/near-infrared spectrum.
Many features in the night sky are present in the mid- or far-infrared regions1,
like useful information of exoplanets or protoplanetary disks. However, these
spectral regions are more complex to investigate since the required components
are not yet fully optimized, i.e. low performances are achieved [16].

Rather than developing this field and improve the devices performances, an
original approach is to shift the acquired infrared light to shorter wavelengths,
like in the visible or near-infrared [17]. In this regime the optical components
for data acquisition and manipulation are greatly optimized and hence far less
expensive.

The wavelength shift is operated through a sum-frequency generation pro-
cess. It is a second-order non-linear effect where two photons at frequency ν1

and ν2 are annihilated producing a third photon at ν3 = ν1 +ν2. Consequently,
the newly-generated photon has a shorter wavelength with respect to the other
two.

The up-conversion takes place in a crystal; in particular, a lithium niobate
crystal can be used. In order to increase the process efficiency the material
should be periodically-poled, namely composed by regularly spaced ferroelec-
tric domains with opposite orientation.

If distant celestial objects need to be observed, it is common use to study
the interference of light from two or more telescopes in order to increase the
angular resolution (more on that in § 2.1.5). Clearly, the up-conversion must
take place on all the acquired light beams. When carrying out an interference
phenomena, a high stability in all the arms is required in order to maintain
the coherence of the incoming radiation. Therefore, a precise control of the
conversion process is needed so to produce the same result on all the beams.

This is where integrated optics comes into play. Light propagates into the

1Farther away in the electromagnetic spectrum there are radio waves, but the acquisition
techniques are quite different from what is discussed here.
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(a) Karl G. Jansky Very Large Ar-
ray. Image from https://public.

nrao.edu/.

(b) Giant Magellan Telescope (3D
rendering). Image from https://

www.gmto.org/.

Figure 2.6: Comparison of a multi-telescope radio-interferometer and a
multi-segment mirror telescope.

crystal by means of an integrated single-mode waveguide. In this way, the
control on the up-conversion process is very stable and highly reproducible
[17]. Moreover, the single-mode behavior of the guide allows to gain a first
spatial filtering stage: it is possible to implement all the subsequent scheme
in an all-fibered configuration [18].

The complete device, called ALOHA, has been tested on the CHARA tele-
scope array (US) shifting from the near-infrared (1550 nm) to the visible (631
nm) [19]. A wider-spectrum shift is currently under laboratory study: from
the mid-infrared (3.39 µm) to the near-infrared (810 nm) [18].

2.1.5 Light Combination

In § 2.1.3 the telescope angular resolution has been discussed. Eq. 2.1 shows
that α can be decreased if the mirror diameter is expanded. However, D
cannot be increased indefinitely for technical reasons: it is hard to keep an
elevated surface quality for big mirrors. Also the cost is a determining factor.

A possible solution is to adopt more than one telescope. Combining light
collected by all of them, it is possible to increase the minimum angular reso-
lution by a factor B/D, where B (called baseline) is the distance between two
telescopes. This is the basic concept of stellar interferometry (which will be
discussed in detail in the following section, see § 2.2).

Stellar interferometry with radio-waves has been widely adopted since the
last century. For example, the radio interferometer Very Large Array (New
Mexico, US) is constituted by 27 radio-telescopes (see Fig. 2.6a). A simi-
lar concept, but extended through the Earth surface, allowed in April 2019
to observe the first supermassive black hole shadow with the Event Horizon
Telescope [20].

https://public.nrao.edu/
https://public.nrao.edu/
https://www.gmto.org/
https://www.gmto.org/
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When moving to shorter wavelength (infrared or even visible light), the
setup precision has to increase dramatically. The delay lines used to com-
bine the telescopes light must have a precision of fractions of the working
wavelength. In this range it corresponds to few nm: it is very challenging
to achieve such precision and stability with bulk instrumentation, sensitive to
vibrations and temperature changes.

To this end, photonic technologies ensure huge advantages with respect
to bulk optics. The devices produced are very compact and robust, allowing
for an elevated thermo-mechanical resilience [21]. Furthermore, nanometric
precision can be easily reached, thus ensuring the proper functioning of visi-
ble/infrared interferometers [22, 23]. On the other hand, bulk optics ensures
a highly achromatic response [21], difficult to realize with integrated optics.

Another approach is to combine light signals coming from one single tele-
scope in order to correct for the atmospheric wavefront distortion. In this
case, interferometry is not used to increase the angular resolution, but rather
to compensate the atmospheric disturbance, intrinsic in the measurement in a
ground-based observatory. An example is the Giant Magellan Telescope under
construction in Chile (see Fig. 2.6b).

Also in this context 3D photonic chips are a suitable choice. With inte-
grated waveguides, separate regions of the telescope pupil can interfere. By
properly customizing the waveguide geometry, it is possible to extract from
the output intensity information about the incoming light, removing the at-
mospheric distortion [7].

Practical Implementations

A widely adopted technique to combine telescopes light is the ABCD method.
By measuring the intensity at four different points of the interferometric pat-
tern, information regarding the input light can be extrapolated [25].

The idea is to sample the output intensity at four points along the oscilla-
tion. Consider a two-beam combination scheme, for simplicity. The two input
beams are equally divided in two; a π/2 phase shift is introduced in one of
the four arms. Each line is then recombined with one among the two of the
opposite input beam [26]. The π/2 phase shift is introduced so that the four
sampled points cover one entire oscillation cycle, i.e. they are in quadrature.
By measuring these four points, the amplitude and phase of the oscillation can
be retrieved.

An ABCD combiner can be implemented with bulk optics but nowadays
integrated ABCD interferometers are the most common choice. Concerning
the latter, an implementation of the ABCD principle is shown in Fig. 2.7.
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(a) (b)

Figure 2.7: (a) Scheme for an integrated ABCD combiner. The two beams
are split and then recombined with couplers, after a π/2 has been introduced
to one arm. In (b) is shown the input intensity oscillation, with the four points
(output of the device) have been sampled. Adapted from [24].

Figure 2.8: Scheme of GRAVITY: an integrated ABCD beam combiner,
currently in use at the Very Large Telescope Interferometer (Chile). The red
paths indicates a π/2 phase shift. Adapted from [27].

Since the couplers produce fields in phase opposition, the four device output
ports are in quadrature, i.e. φB = φA+π, φC = φA+π/2 and φD = φA+3π/2.

2D integrated technologies are suitable since the devices only extend along
two directions. For example, with the silica-on-silicon technology an ABCD
device has been fabricated [24] and is currently in use in the GRAVITY in-
strument [27], on the Very Large Telescope Interferometer (Chile). A scheme
of the integrated optics device is shown in Fig. 2.8.

Planar integrated photonics devices have been tested for combination of up
to four telescopes. However, scaling up to larger structures rapidly increases
the design complexity: the number of waveguides and hence of crossings rises
exponentially [28].

In order to avoid waveguide-crossing in the ABCD scheme, a recent study
[29] has added a third dimension, so a 3D fabrication technology is preferable
to the standard photolitographic techniques. This new kind of device, called
Discrete Beam Combiner (DBC), is at the basis of this work: for this reason,
its functioning will be revised in the next sections. In order to do that, a
deeper understanding of stellar interferometry is required.
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2.2 Stellar Interferometry

The aim of this section is to employ stellar interferometry to recover the spatial
and spectral features of a celestial body. Being very far from the Earth, the
source can be treated as a 2D surface, belonging to a plane called source plane.
A generic point on it can be indicated with x = (x1, x2).

The light emitted from the source can be described with its electric field
E = E(x, t). Hereafter, E will be considered dimensionless for simplicity. It
is also assumed a linear polarization along a fixed direction (belonging to the
source plane), so that E can be treated as a scalar. The propagation direction
is z.

In order to study the propagation of the electric field through space, it
is convenient to introduce the formalism of the coherence function. Thus,
instead of following the propagation of E, a more useful – and easier to treat
– function will be analyzed. The mutual coherence function (MCF) between
two fields at points A and B is defined as [30]:

Γ(xA,xB, τ) =
〈
E(xA, t+ τ)E∗(xB, t)

〉
(2.2)

where ∗ denotes the complex conjugate and
〈
·
〉

the time average operator.
The MCF describes the correlation between the electric field at positions

xA = (x1,A, x2,A) and xB = (x1,B, x2,B), in a time slot of τ . Clearly, if xA = xB
and τ = 0, Eq. 2.2 gives the source intensity at position xA, called also
photometry

I(xA) = Γ(xA,xA, 0) =
〈
|E(xA, t)|2

〉
(2.3)

Notice that from Eq. 2.2 it can be shown that

Γ(xA,xB, 0) = Γ∗(xB,xA, 0) (2.4)

a property that will be useful later on.
The source intensity can also be computed by integrating the spectral in-

tensity I(x, ν) over the frequency domain

I(x) =

∫
I(x, ν) dν (2.5)

The electromagnetic wave propagates through space and eventually reaches
Earth, where the observation takes place. The plane where the telescope
belongs to is called observation plane. A generic point on it can be indicated
as ξ = (ξ1, ξ2). The distance between the source plane and the observation
plane is z0.
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Figure 2.9: Geometry of the MCF propagation from the source to the ob-
servation plane. The distance between them is z0. The source brightness
distribution Ib(α) is a function of the angular coordinate α = x/z0.

In the following, instead of using x, it is convenient to switch to α = x/z0.
α is the angular distance from the origin of the source plane, as represented
in Fig. 2.9. This is possible since z0 is surely much larger than the typical
dimension of a star.

The problem is very complex to be treated exactly. However, with some
expedients it can be greatly simplified [25]:

• The source emits thermal light which is, by definition, incoherent. This
means that the emitted electric field is completely uncorrelated to itself,
even for infinitely small distances in space and time. In other words,
each point of the source radiates independently of its neighbors. This
condition can be mathematically described as

|Γ(xA,xB, τ)| = 0 (2.6)

unless xA = xB and τ = 0. From this property it directly follows that
in the observation plane the MCF is function of coordinate differences
only

Γ(ξA, ξB, τ) = Γ(ξA − ξB, τ) (2.7)

• The observed light can be treated as quasi-monochromatic. This ap-
proximation is valid whenever the spectrum is sufficiently narrow, i.e.
∆λ� λ0, where λ0 is the mean wavelength.

• The source shape is assumed independent of the emitted wavelength, over
the observed spectrum. This is reasonable since the spectrum has been
assumed sufficiently narrow. The spectral intensity can be written as the
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product of the source brightness distribution and the source spectrum

I(α, ν) = Ib(α)G(ν) (2.8)

Consider also G(ν) as normalized:
∫
G(ν)dν = 1.

In order to describe the propagation of the MCF from the source plane to
the observation plane, it is convenient to switch to the Fourier domain. The
MCF is defined as the Fourier transform of the function Γ̂, belonging to the
Fourier space [25]:

Γ(xA,xB, τ) = F
[
Γ̂(xA,xB, ν)

]
=

∫
Γ̂(xA,xB, ν)e−i2πντdτ (2.9)

The propagation of Γ̂ can be derived applying the Rayleigh-Sommerfeld
diffraction formula used in Fourier optics [31]:

Γ̂(ξA, ξB, ν) =
1

(λz0)2

∫∫
Σ

Γ̂(xA,xA, ν)eik(r1−r2)dxAdxB (2.10)

which, employing Eqs. 2.7 (applied to Γ̂) and 2.8, can be modified as

Γ̂(ξA − ξB, ν) = G(ν)

∫
Ib(α)e−ik(ξA−ξB)·α dα (2.11)

Using the quasi-monochromatic approximation, the term Ib(α)e−ik(ξA−ξB)·α

becomes wavelength-independent over the observed spectrum. The MCF at
the observation plane can be retrieved by anti-Fourier transforming Eq. 2.11

Γqm(ξA − ξB, τ) = e−i2πν0τ
∫
Ib(α)e−ik0(ξA−ξB)·αdα =

= Γqm(ξA − ξB, 0)e−i2πν0τ
(2.12)

The last equality contains a fundamental result, called van Cittert-Zernike
theorem

Γqm(ξA − ξB, 0) =

∫
Ib(α)e−ik0(ξA−ξB)·αdα (2.13)

In other words, knowing the MCF in the observation plane (at τ = 0) it is
possible, by anti-Fourier transforming, to retrieve the brightness distribution
of the source. Eq. 2.13 is more commonly represented in its normalized form

µ(ξA − ξB) =
Γqm(ξA − ξB, 0)√

I(ξA)I(ξB)
=

1

I0

∫
Ib(α)e−ik0(ξA−ξB)·αdα (2.14)



16 CHAPTER 2. ASTROPHOTONICS

where I0 =
∫
Ib(α)dα is the total intensity emitted from the source.

µ(ξA− ξB) is called visibility of the interferometer. Being a complex func-
tion, it can be described by its modulus and phase as

µ(ξA − ξB) = V (ξA − ξB)eiϕ(ξA−ξB) (2.15)

Since Ib is real and positive (otherwise no physical meaning can be assigned
to it), µ is an hermitian function. In other words

V (ξA − ξB) = V (ξB − ξA)

ϕ(ξA − ξB) = −ϕ(ξB − ξA)
(2.16)

Finally, notice that the spectral intensity at the observation plane is

I(ξ, ν) = Γ̂(ξ, ξ, ν) = Γ̂(ξ − ξ, ν) = Γ̂(0, ν) = G(ν)

∫
Ib(α) dα = G(ν)I0

Integrating this relation with respect to the frequency ν, it is possible to
obtain the intensity at the observation plane: I(ξ) = I0, which is constant.
The star sheds its light homogeneously on Earth’s surface. This is why the
information about the source shape and brightness distribution can only be
obtained studying the MCF, and not simply by collecting the observed inten-
sity.

The purpose of stellar interferometry is to characterize the visibility func-
tion µ(ξA − ξB). As can be seen from Eq. 2.14, two telescopes with distance
B = ξA−ξB can be used to retrieve a particular spatial frequency component
of the MCF. B is the baseline of the two telescopes and the corresponding
spatial frequency is B/λ.

It is important to sample the highest number of baseline possible (without
increasing too much the setup complexity) since the denser is the sampling of
the spatial spectrum and the better will be the quality of the reconstructed
image [25].

More baselines can be sampled taking advantage of the Earth rotation:
this induces a variation in the baseline orientation. Another technique is to
add more telescopes to the interferometer. With Nt telescopes, the number of
baselines is [32]:

Nb =
Nt(Nt − 1)

2
(2.17)

Finally, also changing the wavelength allows to scan different baselines
(provided the object structure is wavelength-independent) [25]. These three
techniques are usually combined together in the most powerful instruments in
order to sample the highest number of spatial frequencies as possible.
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As already explained in §2.1.5, in this work only one telescope is considered.
The interferometry measurement is carried out on light coming from various
places of the single mirror. Different baselines are defined as different point-
to-point distances on the mirror. This is done to correct for the wavefront
distortion introduced by the atmospheric turbulence. In the following, this
choice is justified and explained in detail.

2.2.1 Atmospheric Turbulence

Light from a distant star has a plane wavefront until it reaches Earth. Here,
due to turbulent motion of the atmospheric layer, the wavefront is perturbed
and gets distorted: both the amplitude and the phase of the incoming field
are modified. These deformations take place in a millisecond time range [33].

On small spatial scales, the distorted wavefront can be considered as locally
planar. This can be quantified introducing the Fried parameter r0 [2]. It is
wavelength dependent: r0 ∝ λ1.2, with a value of tens of centimeters in the
visible/near-infrared spectrum. Due to atmospheric distortion, a telescope
with diameter bigger than r0 will behave as a r0-diameter one [34].

The angular resolution is greatly compromised and the observation be-
comes seeing-limited, instead of diffraction-limited. A method to eliminate
this effect is imperative, otherwise practically no celestial object can be re-
solved.

A first solution is to employ a telescope orbiting around the Earth, outside
the atmosphere, like the Hubble Space Telescope. The non-modified wavefront
can thus be collected, without the atmosphere perturbation. The main prob-
lem is the difficulty in maintaining the instrument. Moreover, mirrors up to
10 m of diameter can be used, for technical difficulties in the transport.

If a ground-based telescope has to be used, correction techniques have to
be adopted. Atmospheric turbulence can be compensated with an electro-
optical system that measures and corrects the wavefront distortion [33]. It
should operate on a sub-millisecond time scale, so to effectively remove the
turbulence. The system, commonly referred to as adaptive optics scheme, is
depicted in Fig. 2.10.

The distorted wavefront is collimated onto a deformable mirror. The latter
is divided in many smaller mirrors, usually of hexagonal shape. Each of them
is controlled by a piezoelectric actuator, which redirects its orientation. An
example of a deformable mirror can be found in the inset of Fig. 2.10, where
37 hexagonal mirrors are used.

Following the mirror, part of the light is separated and redirected onto a
wavefront sensor. It measures the local distortion of the wavefront and the

https://hubblesite.org/
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Figure 2.10: Adaptive optics scheme. The distorted wavefront is acquired by
a control system which – working in a closed feedback loop – compensates the
distortion. In the inset, a segmented mirror is shown. BS = Beam Splitter,
SM = Segmented Mirror, WS = Wavefront Sensor.

result is used to control – in a closed feedback loop – the deformable mirror
actuators. The process is repeated until the flat wavefront is retrieved.

However, if the celestial object is too dim or extended (or both), a guide
star is required in order to monitor the turbulence with a high signal-to-noise
ratio. This reference star should be sufficiently bright (in order to produce
sufficient flux) and near the observed one. The latter requirement is needed
so that the two stars are located within the same r0 at the atmosphere level
(∼10 km is the mean height of the turbulent layer). This corresponds to an
angular distance (called isoplanatic angle) of ∼5 arcsec [33]. It is clear that
these requirements are way too stringent: only a tiny portion of the night sky
would be observable.

In 1985, it was proposed to use artificial stars created with lasers as ref-
erence objects [35], called nowadays laser-guide star. A laser beam is shone
in the stratosphere where molecules back-scatter portion of the light, which
is then recollected by the telescope. A more modern scheme is to shine the
laser upper in the mesosphere to collect the resonant scattering of sodium
atoms [33]. An example of the latter is shown in Fig. 2.11, at the Very Large
Telescope (Chile).

The methods discussed so far are only able to correct for the amplitude dis-
tortions of celestial light. However, this is not enough to correctly reconstruct
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Figure 2.11: Laser-
guide star at the Very
Large Telescope in Chile.
Image from https://

www.eso.org/public/.

the visibility function: the original phase has to be acquired too. This is pos-
sible with the closure phase approach, a method born with radio-astronomy,
successfully applied also to optical imaging [36].

The idea is to apply a mask at the re-imaged telescope aperture plane in
order to select only specific points of the segmented mirror (see Fig. 2.10).
This technique is called aperture masking interferometry: a single telescope
is used as a miniaturized interferometer. By measuring the relative phase for
each points pair, it is possible to reconstruct the original field phase already
subtracting the atmospheric turbulence.

Consider three of such points: A, B and C. Only one of them, say A,
has a phase delay introduced by the atmospheric turbulence, as represented
in Fig. 2.12. The detected intensity fringes at the baseline AB will have a
certain shift (dependent on the delay) if compared to the ideal non-perturbed
situation. The observed phase shift along the baseline BAB can be represented
as

φobsAB = φAB + ψAB (2.18)

where φAB is the intrinsic celestial object phase shift and ψAB is the pertur-
bation introduced by the atmosphere.

The same reasoning can be done on the baseline BAC

φobsAC = φAC + ψAC (2.19)

where ψAC = −ψAB [37]. On the other hand, no shift is detected when ob-
serving the baseline BBC , i.e. φobsBC = φBC .

It is clear that the sum of the three observed phases – called closure phase
– is insensitive to the A phase delay introduced by the atmosphere: it depends
only on the source features. This holds for arbitrary phase delays and on any
of the three points. The procedure can be repeated for any set of three points
between all the ones constituting the mask [2, 38].

https://www.eso.org/public/
https://www.eso.org/public/
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Figure 2.12: Closure
phase scheme with three
segmented mirror points.
Only the position A is af-
fected by the atmospheric
turbulence. The base-
line BAB is also shown.
Adapted from [37].

2.3 Discrete Beam Combiner

The DBC is a beam combiner device used to encode phase variations into in-
tensity variations. Indeed, as has been discussed in §2.2, the starlight reaching
the Earth’s surface is constant, so that no immediate information can be col-
lected from it. Combining optical fields it is possible to observe an interference
pattern, which carries the necessary source information.

In order to retrieve the source brightness distribution (i.e. its shape and
intensity), the visibility function has to be reconstructed (see Eq. 2.13). This
is done by sampling the acquired light at the observation plane, where the
telescope mirror is placed. Its functionality and shape has been already dis-
cussed in § 2.2.1. It is composed by different sub-mirrors, each of which can
be seen as a local source of light.

This is the plane where the Fourier sampling takes place. Source pairs
are combined together and their MCF is computed. Such MCF refers to a
given baseline, i.e. the distance between the considered points in the obser-
vation plane. The more are the pairs considered and the more precise is the
global MCF reconstruction. Indeed, to any baseline it corresponds a unique
spatial frequency. The more are the baseline considered and the more are the
spatial frequencies mapped. Hence, the more accurate is the Fourier space
reconstruction [23]. The drawback is the increased complexity of the interfer-
ometric setup.

Notice that two pairs having the same baseline – both modulus and di-
rection – give the same amount of information to the reconstruction. Indeed,
the MCF depends on vectorial coordinate-differences only (see Eq. 2.7), pro-
vided the quasi-monochromatic approximation holds [25]. Aperture masking
is used to select only the required points from the segmented mirror in order
to acquire only non-redundant baselines.

For each baseline, the fields are interfered so that the amplitude and phase
of the incoming field are obtained. While the former has been already corrected
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Figure 2.13: Graphical representation of a square DBC with N = 9 and
M = 3. Light is injected in three waveguides and after propagation the output
pattern is collected with a photodetector.

thanks to the adaptive optics system, the latter can be reconstructed with the
closure phase technique (see 2.2.1). The interferometer operation is carried
out by the DBC, whose inputs are the fields exiting the aperture mask.

Here follows the mathematical description of a DBC, composed by an ar-
ray of waveguides. The basic working principle of the device is that light
couples between neighboring waveguides, ensuring an energy transfer through
the whole structure.

2.3.1 Mathematical Description

Consider an array of N waveguides, with a given configuration. The following
theory holds whatever is the array geometry. Injected into it, there are M
electric fields, one in a unique waveguide. Clearly, M ≤ N .

When light is injected in a waveguide, it spreads to neighboring sites during
propagation, provided the waveguides are sufficiently close. If more inputs are
excited, the output intensity configuration represents the interference mix of
all the input fields. Such intensity pattern depends on the array geometry, on
the length of the waveguides and on the excited sites [39]. An example of a
device with square geometry is represented in Fig. 2.13.

Since the waveguides produced by the FLM technique (see Ch.3) have low
refractive index contrast, the coupling between neighboring waveguides is weak
(provided also the waveguides are not too close to each other). Therefore, light
propagation can be modeled within the frame of the coupled mode equations
[40], explained in detail in App. A. The system of equations describing the
propagation of light inside two neighboring waveguides has been obtained (see
Eq. A.10).

In the present context, it is necessary to generalize the coupled mode equa-
tions to more than two waveguides. In the case of N identical waveguides, the
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system of differential equations A.10 can be written as

i
dAn
dz

=
N∑

m 6=n

κn,mAm (2.20)

where An is the electric field amplitude in the n-th waveguide along the prop-
agation direction z. κn,m is the coupling coefficient, describing the coupling
between the n-th and m-th modes. They are defined as the normalized over-
lap integral between the transverse mode profiles ψi(x, y) propagating in the
waveguides

κn,m =
k2

0

2β

∫∫
ψm∆n2

mψ
∗
ndxdy∫∫

ψmψ∗ndxdy
(2.21)

where k0 = 2π/λ is the wavenumber and β = (2π/λ)∆n the propagation con-
stant. ∆n = n−n0 is the refractive index contrast between the waveguide core
and the substrate. Notice that the array is composed by identical waveguides
so that ∆n is the same for all of them.

For a discrete set of points, the MCF can be defined as

Γj,k =
〈
Aj(0)A∗k(0)

〉
, j, k = 1, ...,M (2.22)

where Eq. 2.2 (with τ = 0) has been employed. The pair of indexes (j, k) are
used to indicate a given baseline; they play the role of the coordinate vector
ξA − ξB.

Moreover, it can be showed that the peak intensity Jn carried by the n-th
mode is a linear combination of all possible MCFs2 of the M input fields [41]

Jn =
〈
|En|2

〉
=

M∑
j=1

M∑
k=1

[
an,j(z)a∗n,k(z)

]
Γj,k (2.23)

where an,j(z) are a function of the array geometry and device length [28]. They
represent the input-response function of the array and they can be computed
by direct integration of Eq. 2.20, or experimentally, as will be shown in § 4.4.
In other words, an,j(z) is the field amplitude of the n-th mode – at propagation
distance z – resulting from the excitation of the j -th waveguide.

Eq. 2.23 already shows the DBC functionality: the output intensity is
connected to the input fields correlation through the array geometry.

However, it is common use to remap it in terms of real-valued variables.
Knowing that for a complex number x its real and imaginary part can be

2Actually, Γj,k is called mutual coherence function only when j 6= k. When j = k, Γj,k

is the photometry (or intensity).
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expressed as Re[x] = (x+ x∗)/2, Im[x] = (x− x∗)/2 i and using Eq. 2.4, it is
possible to show that Eq. 2.23 can be reformulated as

Jn =
M∑
j=1

M∑
k=1

(
Re
[
an,ja

∗
n,k

]
Re
[
Γj,k
]
− Im

[
an,ja

∗
n,k

]
Im
[
Γj,k
])

=

=
M∑
k=1

|an,k|2Γk,k + 2
M−1∑
j=1

M∑
k 6=j

(
Re
[
an,ja

∗
n,k

]
Re
[
Γj,k
]
− Im

[
an,ja

∗
n,k

]
Im
[
Γj,k
])

(2.24)

Eq. 2.24 can be written more succinctly in matrix form if the following
transformations are adopted [42]

bn,k = |an,k|2, k = 1, ...,M

bn,j+(k−1)(k−2)/2+M = 2Re
[
an,ja

∗
n,k

]
, j < k, k = 2, ...,M

bn,j+(k−1)(k−2)/2+M(M+1)/2 = −2 Im
[
an,ja

∗
n,k

]
, j < k, k = 2, ...,M

Gk = Γk,k, k = 1, ...,M

Gj+(k−1)(k−2)/2+M = Re
[
Γj,k
]
, j < k, k = 2, ...,M

Gj+(k−1)(k−2)/2+M(M+1)/2 = Im
[
Γj,k
]
, j < k, k = 2, ...,M

Thus, Eq. 2.24 now becomes

J = V 2PM G (2.25)

where J is the column vector containing the N output intensity values and G
the column vector of the Gi terms. V 2PM , called visibility-to-pixel matrix, is
the N ×N matrix containing the bn,m coefficients. It is the matrix connecting
the MCF with the device output intensity.

The aim of a DBC is to retrieve the unknown G vector by measuring the
J terms. The V 2PM can be extracted experimentally (see § 4.4), so that G
can be obtained from Eq. 2.25 as

G = P2VM J (2.26)

where the P2VM (called pixel-to-visibility matrix ) is the Moore-Penrose pseudo-
inverse of V 2PM . Notice that since in general the V 2PM is a rectangular
matrix3: its inverse cannot be defined in the usual sense, but a pseudo-inverse
has to be computed [43].

3The V 2PM is a square matrix only in the condition N = M2.
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Notice that Eq. 2.26 can be evaluated provided P2VM exists and is well-
conditioned. The latter condition requires the V 2PM to have a low condition
number (CN). Such value is defined, for an invertible matrix, as [44]:

CN =
maximum singular value

minimum singular value
(2.27)

The condition number is a measure of how much a change in the input
affects the output of a process. Therefore, a matrix with a low condition
number ensures a higher stability of the input-output transformation. Usually,
a low value of CN is smaller than 10. Indeed, CN = 10 means that if the output
intensities Jn are measured with a 1% precision, the maximum error on the
retrieved Gn is 10% [42].

The M input fields configuration and the waveguides geometry (i.e. how
the waveguides are placed one near the other in space) are chosen in order to
produce a V 2PM with the lowest possible condition number. Moreover, also
the device length strongly impacts such parameter.

For a given array geometry, the input configuration and device length en-
suring the lowest condition number can be found by direct numerical evalu-
ation. The field distribution is computed for all the possible configurations
at many length and the condition number of the corresponding V 2PM is ob-
tained. However, the computational time of the algorithm scales rapidly with
the waveguides number considered in the array [45].

Once the MCF of the input fields has been experimentally extrapolated,
it is possible to reconstruct the visibility function (see Eq. 2.14). As already
explained, the observation plane is constituted by a discrete set of points rather
than a continuous one. The coordinate vector ξ has to be substituted with a
discrete index. The visibility modulus and phase can then be reformulated as

Vj,k =

√
(Re[Γj,k])

2 + (Im[Γj,k])
2

Γj,jΓk,k
, j 6= k (2.28)

ϕj,k = arctan
Im[Γj,k]

Re[Γj,k]
, j 6= k (2.29)

where Γj,k is the MCF between fields at points j and k (see Eq. 2.22).

2.3.2 Configuration Examples

The first beam combiner studied was constituted by a square array of waveg-
uides [42]. In the simplest condition, the input fields are M and the waveguides
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(a) M = 3, N = 9 (b) M = 4, N = 16 (c) M = 3, N = 16

(d) M = 4, N = 23

Figure 2.14: Schematic representation of the best configurations (i.e. lowest
condition number) for various DBCs. M is the number of inputs, N the total
number of waveguides. (a), (b) and (c) are square arrays; (d) a zigzag one.
Notice that in the last two situations N < M2.

N = M2. The V 2PM is therefore a square matrix. It has been found that
the coupling of waveguides beyond the nearest neighbor ones has a dramatic
impact on the retrieval of the MCF [41]. In order to increase such type of
coupling, it is preferable to use a 2D configuration of waveguides: this is why
a 1D geometry has not been studied.

With such geometry, the best input configurations for M = 3 and M =
4 have been found by direct numerical evaluation. They are are represented
in Fig. 2.14a and Fig. 2.14b. The condition numbers associated to the corre-
sponding V 2PM are 8.3 and 7.7, respectively [28].

It has also been shown that using N > M2 can decrease the condition
number, thus producing a better configuration. An example with M = 3 and
N = 16 is represented in Fig. 2.14c with condition number equal to 3 [28].

In 2016, Diener et al. showed that with a zigzag configuration of waveg-
uides, lower condition number values can be reached [22]. Such structure can
be created by superimposing two linear arrays, one above the other, shifted
by half the distance between two waveguides. An example with M = 4 and
N = 23 is shown in Fig. 2.14d, with condition number equal to 3.8 [22].

The first-order coupling is in the diagonal direction, while the second-
order one is along the horizontal direction. This can be understood by ideally
pushing down the upper plane so to have all the waveguides on the same
plane. The nearest neighbor to any waveguide is a waveguide belonging to the
opposite plane.

Two coupling coefficients can be defined. Waveguides on the same plane
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exchange energy through the horizontal coupling coefficient κh. Waveguides
on opposite planes through the diagonal coupling coefficient κd. Higher-order
couplings are neglected.

A further advantage of the zigzag configuration is the ease with which the
output can be spectrally analyzed. The DBC output can be directly inter-
faced to a spectrograph, without the need of additional instruments [22]. This
is because of the geometry of the array (see Fig. 2.14d): light exiting each
waveguide can be dispersed vertically, with no overlap between the fields. On
the other hand, the square geometry requires to redirect the output in a linear
fashion, in order to be acquired by the spectrograph. This passage intrinsically
introduces additional losses to the device [22].



Chapter 3

Femtosecond Laser
Micromachining

This chapter is devoted to the theoretical foundations of the Femtosecond
Laser Micromachining (FLM) technique. It is a method widely adopted from
the first years of this century to fabricate waveguides inside a glass substrate.

Another common technique is photolitography where a given pattern is
transferred from an optical mask onto a substrate – usually silicon or silica.
Even if very compact devices can be created, they can only explore a 2D
surface, preventing the possibility of exploiting the third dimension. Moreover,
sophisticated facilities are required [46].

These issues are solved employing FLM.

A general introduction on the main advantages of FLM will be presented,
followed by an analysis of the mechanism of writing inside glass. After that,
a review of the main parameters upon which the fabrication depends will
be showed. Finally, a thermal treatment able to increase the quality of the
fabricated structures will be discussed.

3.1 Overview

The idea at the basis of FLM dates back to 1996, when it has been showed that
by focusing a femtosecond laser beam into a dielectric material, a permanent
modification of the latter can be induced [47]. Only a small region of the
sample is modified, corresponding to the volume where the beam is focused.
In particular, the optical properties of such small volume are modified: by
properly tailoring the process, a smooth positive refractive index change can
be induced. Such structure can be used to efficiently guide light, creating an

27
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optical waveguide inside the bulk of the glass.

Simply by increasing the energy delivered by each pulse, other structures
can be fabricated. For example, it is possible to induce nanogratings that,
after a chemical etching, allow the formation of buried microchannels, widely
used in microfluidic applications [48].

The main advantages of FLM can be resumed into four points:

• 3D structures can be fabricated, exploiting the depth degree of freedom.

• The optical modification is limited to the focal volume – the small region
where the beam is focused.

• It is a direct-writing technique, thus reducing the cost and complexity
of the process (e.g. no clean-room required).

• It can be used on many different substrates, like glasses, crystalline ma-
terials and polymers.

However, there are also disadvantages. The refractive index contrast that
can be induced with FLM (∆n ∼ 10−3) is lower with respect to one generated
by photolitography. Therefore, it is very difficult to reduce the propagation
loss (see 4.3.2) of FLM waveguides below 0.1−0.2 dB/cm, while in photoli-
tography a value of 0.1 dB/cm can be easily reached [46]. Moreover, FLM
waveguides have a higher minimum curvature radius achievable, thus limiting
the compactness of the devices to be fabricated.

3.2 Light-Matter Interaction

3.2.1 Free-Electron Plasma Formation

In a transparent material, visible radiation cannot be linearly absorbed. Such
photons have not sufficient energy to promote an electron from the valence
band to the conduction band. Indeed, the band gap of such materials is
around 5 eV, while the highest energy brought by a visible photon is 3 eV.

In order for the light to be absorbed, nonlinear absorption mechanisms –
involving more than one photon – are needed. The laser can thus interact with
the material, depositing energy into it.

There are two classes of nonlinear mechanisms that allow this interaction
to take place: nonlinear photoionization and avalanche ionization [49].
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(a) Multiphoton ionization. (b) Tunneling ionization.

Figure 3.1: Nonlinear photoionization mechanisms. The full red dot indicates
an electron; the empty dot, a vacancy. Eg is the energy band gap between the
valence band maximum and the conduction band minimum. Adapted from
[46].

Nonlinear Photoionization

Photoionization is the excitation of an electron from the valence band to the
conduction band, driven by the laser electric field. Two different regimes exist,
depending on the value of the beam intensity. At low intensity, the dominant
regime is the multiphoton ionization where an electron in the valence band
simultaneously absorbs several photons, as in Fig. 3.1a. The minimum number
of photonsm required can be computed withmhν ≥ Eg, where Eg is the energy
band gap of the material.

At high laser intensity, the strong electric field can distort the band struc-
ture, reducing the energy gap between valence and conduction band. A valence
electron can then tunnel into the conduction band, as in Fig. 3.1b. This is
called tunneling ionization.

When the intensity is in a middle region between the two regimes, pho-
toionization is a combination of the two mechanisms: the band structure is
distorted, but more than one photon is still needed to overcome the energy
barrier.

These two regimes obey to the same fundamental principles. It is possible
to distinguish between the two, in a more quantitative way, introducing the
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Keldysh parameter [50]:

γ =
2πν

e

√
mecnε0Eg

I
(3.1)

where ν is the laser frequency, I the laser intensity, Eg the energy band gap of
the material, e the electron charge, me the effective electron mass, c the light
speed in vacuum, n the refractive index and ε0 the vacuum permittivity.

When γ � 1.5 the dominant process is multiphoton ionization. When
γ � 1.5 it is tunneling ionization [49].

Notice that γ depends not only on the intensity, but also on the laser
frequency ν. Therefore, the multiphoton ionization is dominant whenever the
beam intensity is low and the frequency sufficiently high – but still below the
value sufficient for linear photon absorption. Similarly, tunneling ionization
requires high intensity and low frequency.

Example 1. λ = 1030 nm, n = 1.5, Eg = 5 eV, I = 10 TWcm−2. Eq. 3.1
gives γ ∼ 1, meaning that the photoionization is in this case a mix between the
two regimes. These are values typical in a waveguide fabrication in a dielectric
material like glass.

The photoionization rate W , i.e. the number of valence electrons promoted
to the conduction band in a second, strongly depends on the laser intensity
[51]. In the multiphoton ionization regime W ∝ Im, with m the number of
photons. In the tunneling regime, the dependence is more weak, while still
not linear [52].

Avalanche Ionization

An electron in the lowest energy level of the conduction band can linearly
absorb – sequentially – several photons. It can eventually reach an energy
level exceeding the conduction band minimum by more than the band gap.
Such electron may then collide with a valence electron, promoting the latter to
the conduction band. The two electrons are thus positioned in the conduction
band minimum (Fig. 3.2, right panel). Each of these electrons can start the
process again from the beginning, as long as the laser beam is present and
strong enough. This phenomenon gives rise to an avalanche of electrons, hence
the name avalanche ionization.

Avalanche ionization requires some electrons to be initially present in the
conduction band minimum. Such electrons can be provided either from a
multiphoton ionization or from tunneling ionization [49]. For this reason,
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Figure 3.2: Avalanche ionization. Left panel: free-carrier absorption. Right
panel: impact ionization, ending up with the two electrons in the conduction
band minimum. Adapted from [46].

the process is deterministic since no defect electrons are needed to seed the
absorption [53]. This allows a controlled and reproducible phenomenon [54].

At the beginning of the avalanche ionization process, just few electrons are
present in the conduction band. They form an electron plasma, with a low
electron density N . For this reason, the plasma frequency is lower than the
laser frequency: ωp < ωL. Here ωL = 2πν and the plasma frequency ωp is
defined as

ωp =

√
Ne2

meε0

(3.2)

When ωp < ωL holds, the plasma created at the beam focus is transparent
to the laser radiation.

While the process progresses, the electron density grows until it reaches
the critical value NC , defined as the value N satisfying ωp = ωL:

NC =
meε0

e2
ω2
L (3.3)

From this point on, the plasma becomes strongly absorbing: most of the
pulse energy is directly transferred to the plasma, and a damage occurs in
the material. Since the plasma remains localized at the focal volume, the
damage involves only such region. By convention, it is assumed that the
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optical breakdown starts when the electron density reaches the critical value:
N = Nc [55].

Example 2. If λ = 1030 nm, then ωL ' 1015 Hz and the critical density is
Nc ' 1021 cm−3. Assuming a pulse duration of 100 fs, the threshold laser
intensity required to reach the optical breakdown is Ith = 10 TWcm−2 [56].

It has been showed that the avalanche ionization rate depends linearly on
the laser intensity [55]. If nonlinear photoionization were the only absorption
process, the optical breakdown threshold intensity would vary greatly with
band gap. But since also avalanche ionization contributes to the absorption
process, such threshold has small variations with band gap [49]. Thanks to this
low dependence, FLM can be applied to a broad range of dielectrics materials
[46].

It should be noticed that, in borosilicate glass, for pulses with a temporal
width shorter than 100 fs, nonlinear photoionization dominates over avalanche
ionization [57]. Therefore, under this condition, the former can produce dam-
age in the glass by itself.

Apart from that, shorter pulses allow a higher precision in the fabrication.
Indeed, sub-picosecond pulses require less energy per pulse, with respect to
picosecond ones, to reach the threshold intensity for optical breakdown.

3.2.2 Energy Relaxation

Once the plasma is fully formed, and the threshold condition has been reached,
the energy absorbed by the plasma is transferred to the lattice. However, since
the time for the electrons to thermally excite the surrounding lattice is in the
picosecond timescale [53], the heat transfer occurs long after the laser pulse
is gone. In other words, the lattice heating is temporally separated from the
energy absorption.

If the laser repetition rate is high enough, a pulse arrives before the heat
diffusion driven by the previous one is concluded. Such cumulative heating
increases the volume of the modified region (for a deeper discussion, see §3.3.2).

3.2.3 Material Modification

Following the heat transfer to the lattice and the consequent heat accumu-
lation, a permanent modification in the material structure is generated. De-
pending on the fabrication parameters (see § 3.3) and on the properties of the
material (e.g. band gap), different structural changes can be induced.
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In fused silica glass, at relatively low pulse energy (∼ 100 nJ with 100 fs
pulses, 800 nm wavelength), an isotropic modification of the volume around
the focal point has been observed [58]. This produces a smooth change in the
refractive index of the glass. No heat accumulation effect has been observed.

In borosilicate glass, with repetition rate higher than 100 kHz, heat accu-
mulation effects have been observed (with 400 fs laser pulses, 1040 nm wave-
length) [59].

In both glasses, the magnitude of the refractive index contrast is in the
order of ∆n ∼ 10−3 [60]. This is the regime used for waveguide fabrication.
Other structural changes exist, like the birefringent refractive index change or
the void formation (both happening at higher pulse energies than the isotropic
refractive index change) [61].

3.3 Fabrication Parameters

So far, only two fabrication variables have been discussed, namely pulse en-
ergy and pulse duration. However, many other parameters can influence the
fabrication. Here follows a review of the main ones.

3.3.1 Writing Configuration

The writing configuration describes the sample translational direction with
respect to the laser beam propagation direction – assumed to correspond to
the z axis in the following. Usually, for waveguide fabrication, the sample is
moved and not the beam.

In the longitudinal configuration, the sample is translated along the direc-
tion of the beam propagation. The cross section of the fabricated structure
is symmetric [62], since its radius – in both directions perpendicular to the z
axis – depends on the beam waist diameter (see Eq. B.4).

However, the waveguide length is limited by the lens working distance,
which can be a limiting factor in the fabrication of complex structures.

A more flexible configuration is usually adopted, called transversal config-
uration, depicted in Fig. 3.3. The sample is translated orthogonally to the
beam propagation direction.

Waveguides can be fabricated exploiting the entire sample depth. Indeed,
an usual objective used for fabrication has a working distance of some millime-
ters, usually bigger than the sample depth. The only limitation in the size is
given by the positioning system (see § 4.1).
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Figure 3.3: Transversal
writing geometry. The sam-
ple is translated along a di-
rection perpendicular to the
laser beam – set to be the z
axis.

However, with this configuration, the waveguide cross section is asymmet-
ric. In the direction perpendicular to both the z axis and the writing direction,
the waveguide radius depends on the laser beam waist w0 (Eq. B.4). But along
the z axis, the radius depends on the Rayleigh range zR (Eq. B.5). Their ratio
can be expressed as zR/w0 = n/NA (see Eq. B.6), usually different from 1.

Example 3. Usual values for glass fabrication are n = 1.5, NA = 0.25÷0.85.
Thus n/NA = 1.8 ÷ 6, bigger than one. For this reason, the waveguide is
fabricated with an elliptical cross section. By using an objective with NA '
n = 1.5, a more symmetric cross section can be obtained. However, this
implies to decrease the beam waist by almost an order of magnitude (see Eq.
B.4), allowing the fabrication of very poorly-guiding waveguides (recall indeed
that ∆n ∼ 10−3 which – together with a reduced beam waist – prevents light
from being well confined into the guiding region) [62].

In the past years, various techniques have been devised allowing the use of
the transversal configuration with a lower degree of ellipticity (see for example
[63]). However, in many situations, the cross section ellipticity is not too high,
so that high quality waveguides can be still fabricated.

3.3.2 Repetition Rate

The repetition rate of the laser, i.e. the number of pulses per second, can affect
the damage induced. When the repetition rate is low, the material modification
is limited to the focal volume. Indeed, the thermal energy diffuses out of this
region almost completely before the subsequent pulse comes [64]. The pulses
act independently from one another.

Moreover, a long time is needed to fabricate a single structure, due to the
low writing speed (∼ µm/s) required for this regime [65].

The waveguide quality can be improved (i.e. the losses decreased) by in-
creasing the repetition rate. Eaton et al. [66] have shown that, in borosilicate
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Figure 3.4: Simulated glass temperature – at a radial position of 3 µm from
the focus – versus exposure at repetition rates of 100 kHz, 500 kHz, 1 MHz.
The dashed line represents the softening point of the glass. Cumulative heating
is absent at 100 kHz repetition rate. Adapted from [67].

glass, the minimum repetition rate to induce cumulative heating is 200 kHz.
At such rates, the time between consecutive pulses is shorter than the time
required for the absorbed laser energy to diffuse out of the focal volume.

As can be seen from Fig. 3.4, a higher temperature can be reached with
a repetition rate of 1 MHz, with respect to lower rates. Thus, the melted
volume is strongly increased and the size of the modified structure increases.
Notice that at 100 kHz, the temperature does not reach the softening point of
the glass4 (dashed line in the picture). No heat accumulation is present and a
negligible temperature increase is observed.

When a transversal writing configuration is used, such effects allow the
creation of more symmetric guiding regions in borosilicate glass [59]. In turn,
this permits the fabrication of waveguides with a higher quality.

Moreover, an higher repetition rate allows for a higher writing speed (∼
mm/s), so that the fabrication time can be greatly reduced.

When heat accumulation effects are present, it is almost impossible to
predict the shape of the refractive index modification. In order to optimize the
waveguide performances, it is necessary to perform a trial-and-error procedure,
as will be described in § 6.1.

4The softening point of the glass is the temperature at which the glass viscosity is
106.6 Pa·s (see § 3.4) and the glass deforms under its own weight [68]. For Corning Ea-
gle XG borosilicate glass, such temperature is 971 ◦C

https://www.corning.com/in/en/products/display-glass/products/eagle-xg-slim.html
https://www.corning.com/in/en/products/display-glass/products/eagle-xg-slim.html
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3.3.3 Focusing Condition

The laser beam is focused into the sample through a system of lenses. However,
aberrations can modify the beam shape at the focus. When building buried
structures inside the glass, a strong dependence on the depth is present [69].
This dependence is more prominent for lenses with a higher numerical aperture
(NA) [49], since peripheral rays are more affected by aberrations.

It is common use to employ a microscope objective for focusing the beam
into the sample. Such objective is able to correct both for chromatic and spher-
ical aberrations. Aberrations can be further reduced employing oil-immersion
objectives, which reduce the index mismatch between the glass and the envi-
ronment.

Apart from aberrations, also dispersion caused by beam propagation inside
the glass can degrade the process. In particular, dispersion causes the pulse
to broaden, thus decreasing the peak intensity – since the pulse energy keeps
constant during propagation. If such power decreases below the minimum
threshold, the laser beam is no more able to cause a permanent modification
of the glass. However, since the propagation in the glass is limited at most to
some millimeters, dispersion can be neglected for pulses longer than 100 fs.

Nonlinear effects like self-focusing also come into play. If the pulse peak
power exceeds the critical value for self-focusing5, the pulse is further focused
and collapses into a thin filament. In order to avoid this, the pulse peak power
has to be below such critical value, but still higher enough so to achieve the
optical breakdown.

3.3.4 Other Parameters

The translational speed is defined as the distance the sample travels in one
second. The higher it is, and the lower is the time range in which a given
volume is invested by pulses – keeping fixed the repetition rate [70]. Therefore,
at high scan speed, the energy pulse threshold increases.

On the other hand, a high translational speed allows a quicker process,
since less time is required for the waveguides fabrication.

Also the number of scan, i.e. how many times the laser beam is scanned
over the same structure, can affect the quality of the waveguide. In particular,
in borosilicate glass, using more than one scan allows to increase the refractive

5For a Gaussian beam, the critical peak power for self-focusing is defined as
Pc ' λ2/πn0n2 where n0 and n2 are, respectively, the linear and non-linear refractive
index of the material.
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index contrast. In this way, waveguides with a more guiding region can be
fabricated.

3.4 Annealing

The temperature at the focal volume can reach 10 000 ◦C, in the instant just
after the pulse arrives [70]. However, the focal spot moves during fabrication:
after a given number of pulses have been absorbed, the modified region rapidly
cools down.

This may induce mechanical stresses inside the glass, that can be reduced
by an annealing procedure. The term annealing refers to some kind of thermal
treatments able to remove – or at least reduce – internal mechanical stresses
in the material.

To understand which is the thermal treatment useful for the present work,
two notable temperatures of glasses have to be defined. Usually, they are
characterized by the viscosity6 the material reaches at that temperature.

At a viscosity of 1012 Pa·s, the glass is at the annealing point. The glass,
being still solid, is able to relax internal stresses in some minutes – if the
temperature is kept fixed just above this point.

At a lower temperature, and at a viscosity of 1013.5 Pa·s, the glass reaches
the strain point. Here, stresses relax in some hours. Below such point, any
internal relaxation stops and it is safe to cool down the sample at the desired
rate, in order to reach room temperature [68].

A typical annealing process, represented in Fig. 3.5, consists of the following
steps:

a) Rapid heating just above the annealing point.

b) Gradual temperature decrease down to the strain point – which prevents
the formation of additional stresses.

c) Rapid cooling down to room temperature.

The annealing process can be efficiently applied to increase the quality of
the waveguides fabricated using the FLM technique [71]. The first step consists
in fabricating waveguides with a higher pulse energy to what is usually done
to produce single-mode waveguides. In this way, a multi-mode waveguide is
generated.

6For a solid, the viscosity is defined as the force arising in response to shear, compression
or tension stresses. It is measured in Pa · s.
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Figure 3.5: Dependence of annealing temperature with time. The red line
marks the annealing point (AP), the green line the strain point (SP). The
values are related to Corning Eagle XG borosilicate glass. Picture not in
scale.

The refractive index profile thus induced is composed of a central region
with ∆n > 0, then by a depressed (∆n < 0) ring and finally by an outer ring
with ∆n > 0, but in magnitude lower than the first one.

Though an exact measure of the refractive index contrast should be per-
formed with more advanced techniques (such as phase-contrast imaging or
refractometry), it is possible to have a qualitative insight of its profile by a
simple microscope analysis. As an example, Fig. 3.6a shows the cross section
of a femtosecond laser written waveguide. It is possible to distinguish white
regions which indicate an increase in the refractive index, i.e. a region guiding
the light coming from the microscope.

This refractive index profile is acceptable for straight waveguides, but ex-
hibits high losses for bent waveguides (see § 4.3.3), especially if the curvature
radius is small [72].

The annealing process is therefore carried out. This allows to completely
eliminate the outer ∆n > 0 ring and to increase the magnitude of the de-
pressed ring. The refractive index profile is more gaussian shape-like – ideal
for guiding a single-mode – as in Fig. 3.6b. However, the magnitude of the
central refractive index contrast decreases slightly.

The gaussian shape of the waveguide core allows to reduce significantly the
bending loss (see §4.3.3) with respect to the non-annealed waveguide. Indeed,
the gaussian mode profile has similar performances to the step-index one, well
known to guide efficiently around bends [71].

The annealing process is also able to reduce the birefringence of the written
waveguides [73]. A polarization-insensitive device can thus be fabricated, i.e.

https://www.corning.com/in/en/products/display-glass/products/eagle-xg-slim.html
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(a) (b)

Figure 3.6: Examples of waveguides (a) before and (b) after the annealing
process. In the left image the outer ∆n > 0 ring is clearly visible surrounding
the waveguide core; in the right one, such ring has disappeared.

a device operating with the same behavior independently of the injected light
polarization.
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Chapter 4

Experimental Setup and
Methods

In this chapter the experimental setup will be presented. Firstly, the fab-
rication line and procedure will be reviewed followed by a brief explanation
of the microscope analysis. Then the characterization process will be deeply
analyzed, focusing on the waveguide losses and on the methods employed to
study them. Finally, the setup and the procedure used to retrieve the V 2PM
from a given DBC will be described.

4.1 Fabrication Setup

In this work, the laser source employed has a wavelength of 1030 nm. Each
pulse has a maximum energy of 1 µJ and a time width of 350 fs.

In particular, the source is a cavity-dumped mode-locked oscillator with
internal repetition rate of 17 MHz. The active medium is a KY(WO4)2 crystal,
doped with Ytterbium. The medium is optically pumped by an InGaAs multi-
emitter laser diode (wavelength of 980 nm and power of 15 W). A laser pulse
is extracted from the cavity when a Pockels cell – controlled by an external
electronic driver – induces a polarization rotation, causing the reflection of
part of the pulse by a thin-film polarizer. The available repetition rate spans
from few kHz up to 1.1 MHz (for this work, 1 MHz has been used).

Just after the source, a half-wave plate combined with a Glan-Thompson
polarizer allows to tune the power to the desired value. The polarizer also sets
the polarization used during the fabrication.

The sample is mounted onto a three axes air-bearing translational stage
Aerotech FiberGlide 3D. Three independent axes, driven by a linear brushless
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https://www.aerotech.com/product-catalog/industry-solutions/fiber-optics/fiberglide-3d.aspx
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Figure 4.1: Schematic representation of the fabrication setup. HWP = Half-
Wave Plate, POL = Polarizer, SHT = Shutter, CCD = CCD Camera.

servomotor, allow to span smoothly the whole sample7. The latter can be also
rotated around two axes perpendicular to the beam thanks to a gimbal-based
adjuster Thorlabs GM100. The stage axes are controlled via software. The
instructions are encoded in G-code language.

To obtain high-quality waveguides in borosilicate glass, a microscope ob-
jective (50X magnification and NA = 0.6) has been used to focus the laser beam
into the sample. The focal point is kept fixed, only the sample moves.

A near-infrared CCD camera – mounted perpendicularly to the sample – receives
the back-reflection coming from the air-glass interface. It is used to precisely align
the sample to the laser beam and to determine the origin of the stage coordinate
system.

Finally, a mechanical shutter Thorlabs SH05 is synchronized with the stages and
controlled through the same software. It is used to turn off the fabrication process
when the focus passes through a region where no waveguide should be fabricated.

A schematic representation of the fabrication setup is depicted in Fig. 4.1. Notice
that the beam has been represented in red for clarity, even if it is not in the visible
spectrum.

4.2 Microscope Analysis

After the fabrication phase, the sample is analyzed at the optical microscope. It
is a quick method, used to qualitatively study the fabricated geometry. A Nikon

7Position accuracy 100 nm, maximum volume covered 100x150x5 cm3, maximum trans-
lational speed 100 mm/s.

https://www.thorlabs.com/thorproduct.cfm?partnumber=GM100
https://www.thorlabs.com/thorproduct.cfm?partnumber=SH05
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(a) View from the above face. (b) View from the side face.

Figure 4.2: Graphical representation of the microscope analysis. The yellow
arrow represents the observation direction.

ECLIPSE ME600 microscope has been used, together with a PixeLINK PL-B871
CCD camera for images acquisition. The microscope objectives are Nikon Plan
Fluor 4X, 10X, 20X and 40X.

The first step consists in observing the waveguide from the top, i.e. perpendic-
ular to the writing direction, as in Fig. 4.2a. In this way, eventual interruptions of
the waveguide path can be detected. Interruptions can be caused by the presence of
some unwanted particle – like dust – on the surface of the sample, which distorts the
beam focus during the fabrication. They strongly impact the loss of the waveguide,
reducing the amount of guided light.

After that, both input and output facets are observed with the microscope light
parallel to the writing direction, as in Fig. 4.2b. The faces should be polished,
otherwise the excessive scattering does not allow to spot the waveguide core. This
view is useful to qualitatively identify if the waveguide has been fabricated correctly,
i.e. if it is able to guide light. This can be checked by observing the shape of the
modified region. High quality waveguides present a bright central core. This is the
guiding region, which is guiding the microscope light, as can be seen from Fig. 3.6b.

However, in order to study quantitatively the waveguide property, a more accu-
rate method is needed. This phase will be presented in the following section.

4.3 Characterization Setup

It is very difficult to predict the behavior of FLM waveguides, due to the complexity
of the mechanisms involved. For this reason, it is not possible to accurately model
their properties. In order to find the best waveguide, many combinations of fabri-
cation parameters (see § 3.3) have to be explored. The best waveguide is the one
minimizing the amount of losses, and with the desired mode profile and polarization
behavior.

The characterization phase is therefore of paramount importance, since it allows
to determine the optimum and most reproducible among the different fabrication
conditions.

https://pixelink.com/products/microscopy/usb-20/pl-b871/
https://www.microscope.healthcare.nikon.com/products/optics/cfi-plan-fluor-series
https://www.microscope.healthcare.nikon.com/products/optics/cfi-plan-fluor-series
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(a) End-fire coupling configuration.

(b) Fiber-butt coupling configuration.

Figure 4.3: Schematic representation of the characterization setups. IN =
Input objective, OUT = Output objective, PM = Power Meter, OF = Optical
Fiber.

To characterize a waveguide, a laser beam with known properties (e.g. power,
mode profile and polarization) is injected into it. The output beam is then col-
lected and analyzed. Knowing the input, and measuring the output, the waveguide
properties can be inferred.

Two are the configurations used to characterize a waveguide. The first one is
called end-fire configuration, depicted in Fig. 4.3a. A microscope objective is used
to collimate the laser beam into the sample input facet. After propagation inside
the waveguide, the output light is collected by another objective, focusing the image
onto a power meter sensor.

This setup is used whenever the polarization behavior of a waveguide has to
be analyzed. Indeed, the objectives preserve the incoming light polarization, which
can be fixed employing additional optical elements. For example, a polarizer and a
half-wave plate can be placed after the laser source to tune the angle of the input
light polarization, or a quarter-wave plate can be used to inject circularly-polarized
light inside the waveguide. In this work, a Thorlabs Linear Polarizer and a B. Halle
Zero Order half-wave plate, both optimized for the 1550 nm wavelength, have been
used.

The second configuration is called fiber-butt coupling, represented in Fig. 4.3b.
The input objective is used to focus the laser beam inside a single-mode optical
fiber. The light coming out from the fiber is directly coupled into the waveguide by
bringing them close. After propagation in the sample, the output light is collected
by another objective. This setup is used to precisely measure the waveguide losses.
However, the optical fiber does not preserve the incoming light polarization.

For this work, a Thorlabs diode laser at 1550 nm, a power meter Ophir Nova II
and an optical fiber able to guide the above wavelength have been used. A Santec
ECL-200 tunable laser (from 1480 nm to 1600 nm) has been employed when the
wavelength behavior of a structure has to be addressed.

https://www.thorlabs.com/thorproduct.cfm?partnumber=LPNIR100-MP2
http://www.b-halle.de/products/retarders/retarders_zero_order.html
http://www.b-halle.de/products/retarders/retarders_zero_order.html
https://www.thorlabs.com/thorproduct.cfm?partnumber=L1550P5DFB
https://www.ophiropt.com/laser--measurement/laser-power-energy-meters/products/smart-displays/nova2
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To allow a precise movement, the fiber has been mounted on a Melles Griot
NanoMAX micropositioner. The sample is set on a Thorlabs MBT402D stage,
allowing the movement along two axes perpendicular to the laser beam. Two addi-
tional degrees of freedom are the rotations around those axes.

In the remainder of this section, the methods employed to study the waveguide
losses and mode profile will be analyzed.

4.3.1 Waveguide Mode Profile

The analysis of the output mode profile is useful to determine the waveguide behavior
for a certain input wavelength. It is used not only to study the waveguide loss (see
§ 4.3.2), but also to estimate the coupling coefficient with neighboring waveguides.

The intensity profile of the supported mode can be measured employing a config-
uration similar to Fig. 4.3b, but substituting the power meter sensor with a camera.
After that, the sample has to be removed in order to acquire the optical fiber inten-
sity profile. In this way, by comparing the acquired profiles, it is possible to calibrate
the waveguide mode with respect to the optical fiber one (which has known dimen-
sions). In this work, an InGaAs camera Xenics Bobcat 640 has been used.

All the used optical fibers support a single mode – the fundamental one. For
a waveguide, single mode operation is preferred in order to have a reproducible
coupling between neighboring waveguides and low bending losses. Employing the
camera is therefore an efficient method to verify that the chosen waveguide can
sustain only the fundamental mode and not higher order ones.

Since this configuration ensures the absence of sign-inversion in the profile, the
mode electric field can be estimated from the square root of the intensity profile
E(x, y) ∝

√
I(x, y).

4.3.2 Waveguide Losses

In the following, all the types of waveguide loss will be defined, showing how to
retrieve them from a typical characterization experiment.

The most general type of waveguide loss is the Insertion Loss (IL), defined as

IL
[
dB
]

= −10 log10

(
Pout
Pin

)
(4.1)

Pout is the power measured at the end of the output objective, following the
fiber-butt configuration (see Fig. 4.3b). Pin is the power measured with the same
setup, but removing the sample and eventually bringing the output objective closer
to the fiber, so to focus its output on the power meter sensor [65].

Notice that the loss introduced by the objectives and the fiber, even if low, are
included in such measured powers. However, since they are present in both Pout and
Pin, when doing the ratio they disappear so that they are not present in IL.

http://kik.creol.ucf.edu/documents/17max300specs.pdf
http://kik.creol.ucf.edu/documents/17max300specs.pdf
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1042&pn=MBT402D/M
https://www.xenics.com/products/bobcat-640-series/
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The insertion loss is composed by many terms:

IL
[
dB
]

= FL
[
dB
]

+ CL
[
dB
]

+ L
[
cm
]
· PL

[
dB

cm

]
(4.2)

Each term is now described, showing how it can be computed.

Fresnel Loss

At the interface between two media with different refractive index, a portion of the
light is reflected. The remaining part is transmitted. It is possible to define the
reflectance R as the portion of the light power that is reflected: Pr = RPin. When
dealing with normal incidence, R can be computed through the Fresnel equation

R =

(
n1 − n2

n1 + n2

)2

(4.3)

where n1 and n2 are the refractive indices of the two media. Similarly, the trans-
mittance is defined as Pt = TPin. It is the complementary variable to R since
T = 1−R.

The Fresnel Loss (FL) is defined as the portion of the power lost due to the
propagation through the air-glass interface. It can be defined similarly to Eq. 4.1
as

FL
[
dB
]

= −10 log10

(
Pt
Pin

)
= −10 log10 (T ) (4.4)

Notice that Pt is not measurable, since it is the power just after the interface,
i.e. inside the glass. However, thanks to Eq. 4.3, T is known. The Fresnel loss has
a fixed and known value for a given interface.

Example 4. Consider the air (n1 = 1) glass (if borosilicate glass n2 ' 1.5 , at
λ = 1550 nm) interface. Then R ' 4%, T ' 96%. Employing Eq. 4.4 it is possible
to obtain FL = 0.177 dB.

The Fresnel loss can be reduced employing index-matching materials. The re-
fractive index difference is thus decreased, increasing the transmittance.

Coupling Loss

The Coupling Loss (CL) is defined as the power lost when the light is coupled from
the fiber to the waveguide [62]. It is due to a mismatch between the fiber and
the waveguide mode profiles. It can be estimated with the following superposition
integral [74]:

CL
[
dB
]

= −10 log10


∣∣∣∫∫ EwgE∗ofdxdy

∣∣∣2∫∫
|Ewg|2 dxdy

∫∫
|Eof |2 dxdy

 (4.5)
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where Ewg, Eof are, respectively, the waveguide and fiber electric field. Usually, a
more simplified version of Eq. 4.5 is used, valid when coupling a single-mode fiber
to a single-mode waveguide [62]:

CL
[
dB
]
' −10 log10

(
(a2 + x2)(a2 + y2)

4a2xy

)
(4.6)

where a is the optical fiber mode radius and x, y the waveguide mode radii.
While a is known from the fiber specifications, x and y have to be measured.

This can be done following what has been presented in § 4.3.1.

Propagation Loss

The Propagation Loss (PL) is the loss strictly related to the propagation of light
inside the waveguide. The internal geometry of the refractive index modification is
not perfectly smooth and uniform. This produces scattering causing some photons
to be lost.

Another contribution to the propagation loss is the presence of absorption centers
inside the waveguide. Absorbing some photons, they contribute to the photon loss
– even if, in glass, this mechanism is of minor importance [75].

The propagation loss is defined as the portion of power lost after the light prop-
agated through the sample

PL

[
dB

cm

]
= − 1

L
10 log10

(
P (L)

Pin

)
(4.7)

where P (L) is the measured power at the end of a waveguide of length L.
Being dependent on the waveguide length L, the propagation loss is defined in

dB/cm – rather than in dB as the other types of losses. In this way, the measured
loss is normalized with respect to L. It is thus possible to compare the propagation
loss in different waveguides.

Notice that it is not convenient to measure P (L) because waveguides with dif-
ferent length require different samples. This problem could be in principle solved
fabricating waveguides with the same length on a single sample and then cutting it
to shorter lengths for any waveguide. However, this is a long and sample-destructive
process.

Since all other quantities can be easily computed, the propagation loss can be
directly retrieved from Eq. 4.2 as

PL

[
dB

cm

]
=
IL− FL− CL

L
(4.8)

This final value is characteristic for each waveguide and it is used to express
quantitatively its guiding properties. Indeed, being a typical FLM device long at
least a couple of centimeters, the main loss mechanism is the propagation while
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Figure 4.4: Comparison between a straight waveguide (bottom) and a bent
waveguide (top) with curvature radius R. The length Lc is equal in both
structures The picture is not in scale.

the coupling and Fresnel losses are almost constant. This is the reason why the
propagation loss – rather than the insertion loss – is used to assess the waveguide
quality.

4.3.3 Bending Waveguides

Once the optimum fabrication conditions have been found, it is useful to study
to which extent such waveguides can be bent. An additional type of loss is now
present, namely the Bending Loss (BL). During propagation inside a bent waveg-
uide, photons can be lost in the surrounding media due to the finite curvature radius
[75].

The bending loss depends exponentially on the curvature radius Rc:

BL ∝ e−Rc (4.9)

Due to this strong dependence, the minimum achievable curvature radius is in
practice limited by the bending loss, rather than by fabrication tolerances – which
would allow for curvature radius as low as some micrometers.

To compute the bending loss, the output power of a bent waveguide has to be
compared with a reference value. Such reference is, in this context, the output power
of the corresponding straight waveguide (i.e. the one fabricated with all the same
parameters), called Pout,straight:

BL

[
dB

cm

]
= − 1

Lc
10 log10

(
Pout

Pout,straight

)
(4.10)

where Lc is the length of the curved path, as depicted in Fig. 4.4.

Eq. 4.10 has been obtained assuming the length of the straight regions outside
Lc in both waveguides to be equal (red paths in Fig. 4.4). In this approximation,
the propagation losses introduced by those regions are almost equal – as are the
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coupling and Fresnel losses. Therefore, the bending loss can be evaluated by a
direct comparison of the insertion losses of the two structures:

BL

[
dB

cm

]
=
IL− ILstraight

Lc
(4.11)

Notice that from Eq. 4.11, Eq. 4.10 can be immediately obtained.

Example 5. Consider a sample with length L = 25 mm. A bent waveguide with
Lc = 20 mm and a curvature radius of R = 40 mm has to be fabricated inside the
sample. The angle of the circular paths is α = Lc / (2R) = 14.3◦. Thus the length
of half a circle is x = R sinα = 9.88 mm which differs from Lc / 2 = 10 mm just
by 0.12 mm. This difference introduces a propagation loss that can be neglected – if
compared with the 10 mm of the original path.

4.4 V2PM Retrieval

It has been shown in § 2.3 that in order to retrieve the complex visibility of an
astronomical target, an array of evanescently-coupled waveguides can be used, i.e. a
DBC. Such device is described by the V 2PM , which can be experimentally retrieved
injecting known sources into the device and observing the output distribution.

To access different baselines, a two-fields injection is used. Moreover, a phase
delay between them is required in order to observe the interference fringes. This
can be realized with a Michelson interferometer. A beam is divided with a beam
splitter; the two new beams travel the same path and they recombine through the
same beam splitter. In order to introduce a phase difference between the two, one of
the mirror is mounted on a translational stage. By moving it, the delay τ between
the fields is modified and a phase difference is introduced.

In order to arbitrarily access two different points on the DBC input, an improve-
ment to the Michelson interferometer is required. The movable mirror can also be
titled around the axis perpendicular both to the plane and to the beam propagation
direction [76]. A lens can then be used to focus both beams into the two required
inputs. The complete setup is shown in Fig. 4.5.

With this setup, it is possible to experimentally obtain the V 2PM . For the sake
of simplicity, a 16-waveguides square DBC with three input fields is here considered
(N = 16, M = 3). The optimal input field configuration is represented in Fig. 2.14c.
In the following, those three input positions will be identified with 1, 2 and 3.

For the present condition, Eq. 2.25 is as follows
J1

J2
...
J16

 =


b1,1 b1,2 . . . b1,9
b2,1 b2,2 . . . b2,9

...
...

. . .
...

b16,1 b16,2 . . . b16,9



G1

G2
...
G9

 (4.12)
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Figure 4.5: Modified Michelson Interferometer. One of the mirror is able to
move along the beam direction so to increase the delay τ . It can be also titled
in order to match the DBC inputs. BS = Beam Splitter.

The aim is to retrieve all the 16X9 bn,m coefficients. The analysis is divided in
two steps [77]. The first one consists in obtaining the first three columns of the
V 2PM . When light is injected only at the input 1 of the DBC, the G vector is as
follows

G =
(
G1 0 0 . . . 0

)T
(4.13)

Inserting this value into Eq. 4.12, it is possible to obtain

Jn = bn,1G1, i = 1, 2, ..., 16 (4.14)

so that by measuring Jn and knowing G1, all the bn,1 coefficients can be retrieved.
Repeating the process for the inputs 2 and 3 the – respectively – second and third
column of the V 2PM can be obtained as well.

The second step is quite different, since two fields are required. Indeed, defining
a G vector with G4 6= 0 and G1 = G2 = 0 has no physical meaning (it would
represent two fields with a non-null MCF but with zero intensity).

The two input fields have a phase modulation φ between them. Consider for the
moment only the inputs 1 and 2; the G vector has now the form

G =
(
Γ1,1 Γ2,2 0 Re[Γ1,2] 0 0 Im[Γ1,2] 0 0

)T
(4.15)

Thus, employing Eq. 4.12, the output intensity at the n-th waveguide can be
written as

Jn = bn,1|A1|2 + bn,2|A2|2 + bn,4 Re[Γ1,2] + bn,7 Im[Γ1,2] =

= bn,1|A1|2 + bn,2|A2|2 + bn,4V1,2|A1||A2| cosφ+ bn,7V1,2|A1||A2| sinφ
(4.16)

In the second equivalence the modulus of the visibility function has been intro-
duced (Eq. 2.28), together with Γ1,1 = |A1|2 and Γ2,2 = |A2|2 where A1, A2 are the
electric fields amplitudes at the input 1 and 2, respectively.
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Figure 4.6: Three monochromatic fringe patterns are shown in blue, red and
green for three different wavelengths, as a function of the delay. Their (nor-
malized) sum is the polychromatic intensity pattern (black curve). Adapted
from [25].

Notice also that since Γ1,2 is a complex function, the following relations hold√
(Re[Γ1,2])2 + (Im[Γ1,2])2 =

Re[Γ1,2]

cosφ
=

Im[Γ1,2]

sinφ
(4.17)

where φ is the phase difference between the fields.
The first two terms in Eq. 4.16 are DC components which can be isolated from

the rest. The remaining terms describe an oscillatory function of the type

J̃n = α cosφ+ β sinφ (4.18)

Three examples of J̃n are shown in Fig. 4.6 (blue, red and green curves) for three
different wavelengths. By fitting the output intensity at the n-th port with the J̃n
signal, the coefficients α and β can be obtained. From here, it is straightforward to
extrapolate bn,4 and bn,7, since the two input fields are known (hence also the V1,2):

bn,4 =
α

V1,2|A1||A2|

bn,7 =
β

V1,2|A1||A2|

(4.19)

The visibility function modulus Vi,j represents the fringes contrast, i.e. the
difference between the maxima and minima of the interference pattern. Therefore,
as can be seen from Fig. 4.6: Vi,j = 1.

The whole process can be repeated for the input pairs 1-3 and 2-3 and for all the
N output waveguides. Thus, the complete V 2PM can be experimentally retrieved.
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The same experimental scheme can be carried out for any DBC configuration,
whatever are N and M . The first M columns of the V 2PM are found by through the
photometry; the other M2 −M employing the modified Michelson interferometer.

The above procedure is strictly valid only for monochromatic input field. For
each wavelength, G and V 2PM can be computed: they will in general depend on the
wavelength chosen. The polychromatic output intensity can be obtained summing
up all the monochromatic intensities, since different wavelength do not interfere

J =

∫ λmax

λmin

V 2PM(λ)G(λ)dλ (4.20)

In Fig. 4.6 (black curve) is shown the polychromatic fringe pattern, given by the
normalized sum of the three monochromatic signals. Notice that when the delay
between the arms is increased (in absolute value), the interference is lost and the
signal approximates a constant value. The delay τ corresponding to the loss of the
fringes contrast is called coherence time. It is proportional to the considered spectral
bandwidth τc ∝ ∆ν−1 [25].



Chapter 5

DBC Design

The aim of this work is to produce a particular DBC geometry with FLM-written
waveguides (see Ch.3). This technique has been chosen since – after proper annealing
– ensures a polarization-insensitive behavior of the device. This is required since
celestial light is unpolarized, i.e. it has not a fixed polarization direction. The device
should work in the same way, independently on the incoming light polarization.
Moreover, a 3D writing geometry is necessary in order to fabricate a DBC device.

The project is in collaboration with the Leibniz Institute for Astrophysics Pots-
dam, which provided the simulations of the device operation and performed its
interferometric characterization.

This chapter is devoted to the theoretical analysis of the device to fabricate.
The initial configuration is presented, followed by improvements to correct some
problematic issues. In the end, the pupil remapper is deeply analyzed.

5.1 8-Waveguides DBC

The desired device for this project is a eight-inputs DBC with a zigzag configuration.
However, a single DBC with eight input fields would require to simulate an array
with more than 82 = 64 waveguides in order to find the inputs configuration and
device length able to minimize the condition number. Such a device would be quite
complex to design and challenging to fabricate with a sufficient reliability. For this
reason, it has been decided to simplify its geometry, with the aim of fabricating a
more complex device in the future.

In particular, it has been decided to implement two separate four-inputs DBCs,
sampling 8 different points of the same telescope aperture. Following Eq. 2.17, with
four telescopes (or four sampled points of one telescope, as in this case), 6 baselines
can be obtained. Since the two DBCs sample different points, the total number of
baselines is here 12.

It is an improvement to the simpler device with only four inputs, but still a
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Figure 5.1: 23-waveguides zigzag DBC. The inputs are colored in red and
are indicated with 5, 10, 14, 19. The numbering of the waveguides starts from
the left-most one on the lower plane. L is the length of the waveguides and
θ the angle between the planes. The inset shows the coupling coefficients κh
and κd.

simplified choice with respect to an eight-inputs device. Indeed, with eight points,
the baselines are 28. The higher is the number of the telescope pupil sampled points
and the more accurate is the Fourier space reconstruction (see § 2.2).

For a single DBC, it has been showed that the configuration allowing the lowest
condition number is represented by an array of 23 waveguides, 12 in the lower plane
and 11 in the upper one [22]. The input sites are chosen to be at positions 5, 10, 14
and 19, starting the enumeration from the lower plane. The structure is represented
in Fig. 5.1.

The two DBCs have the same configuration (both of waveguides and of the input
fields). They are placed at the same depth and on opposite sides with respect to the
telescope pupil. The latter is connected to the DBCs inputs by a pupil remapper, a
device which will be explained in § 5.1.1.

As was explained in § 2.3.2, the waveguides can couple through two coupling
coefficients: the horizontal κh and the diagonal κd one (see the inset in Fig. 5.1).
For this work, the requirement to obtain a well-conditioned V 2PM is that the two
coupling coefficients between waveguides should be equal: κh = κd. In this case, the
condition number obtained is the lowest for the given configuration. In the following
chapter, the DBCs parameters will be optimized in order to achieve this condition.

The aim of the project it to test the device at the William Herschel Telescope in
the Roque de los Muchachos Observatory (Spain). The telescope has a single mirror
with a diameter of 4.2 m. The atmospheric turbulence correction is performed by
a segmented deformable mirror on which the primary mirror light is focused. The
segmented mirror is composed by 37 hexagons – placed in a honeycomb lattice –
that can be independently adjusted.

Eight segments of the deformable mirror will be used to adjust the coupling
of the device inputs. In particular, light coming from the chosen segments will be
focused into the waveguides by an array of micro-lenses with the same honeycomb
lattice and a pitch of 250 µm. For this reason, the input waveguides should strictly
match the geometry of the micro-lens array, as depicted in Fig. 5.2.

http://www.ing.iac.es/Astronomy/telescopes/wht/
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Figure 5.2: Specifications for the eight-waveguides DBC. Each circle repre-
sents a waveguide input. The pupil remapper will connect the red points from
the pupil to the rightmost DBC and the green ones to the leftmost DBC. R
= 900 µm, δ = 45◦, d = 250 µm.

The DBCs must be placed at a distance R = 900 µm from the pupil center and
at an angle of δ = 45◦. Each DBC input must be connected to a precise telescope
pupil point, according to the following relations:

DBC(g) Pupil

5 H

10 C

14 A

19 B

DBC(r) Pupil

5 G

10 D

14 E

19 F

Table 5.1: Specifications for the DBC waveguide–telescope pupil segment
connections. (g) indicates the green DBC and (r) the red one, following the
notation of Fig. 5.2.

There are now some design issues that must be addressed. First of all, the height
of the device (i.e. the distance from the lower to the upper waveguide) turns out to
be slightly more than 1.3 mm. This is a problem since the device will be fabricated
inside a 1.1 mm deep glass substrate.

This issue can be solved simply by turning the geometry of the inputs by 60◦.
The DBCs are instead kept fixed. This transformation, shown in Fig. 5.3, allows to
achieve a device height of 0.866 mm, enough to be fabricated inside the glass sample.
Notice that in the new configuration no redundant baselines are present. This is
because a rotation does not change the relative distance between points. Moreover,
the V 2PM is not modified since the uniquely connection between the pupil points
and the DBC input remains unchanged.
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Figure 5.3: 60◦ rotation of the telescope pupil in order to shorten the device
height. The height is modified from 1.3 mm down to 0.866 mm.

Another improvement is to place the DBCs one above the other, on the same
side. In this way, the output light can be collected with a single-step acquisition. It
is necessary to keep a minimal distance between the two, in order to avoid external
coupling: each DBC should work independently from the other.

However, in order to avoid an increase in the device height, it has been necessary
to decrease the δ angle down to 30◦. Also this time, the V 2PM is not modified.

5.1.1 Pupil Remapper

Once the DBC has been configured, it is necessary to route the waveguides coming
from the telescope pupil to the DBC input. Indeed, the micro-lenses and the DBC
input positions are organized in two different 2D surfaces.

The device operating this function is called pupil remapper, whose purpose is
to remap the mirror points onto the proper DBC waveguides. A pupil remapper is
constituted by as many waveguides as the number of the DBC inputs. A pictorial
representation of the remapper connecting the pupil to the DBCs is shown in Fig. 5.4.

These waveguides must satisfy certain criteria. A fundamental requirement for a
beam combiner device is that the paths that light goes through in the interferometer
are equal in length, within the coherence length of the incoming light [23]. This is the
distance over which a coherent wave keeps its degree of coherence, i.e. the maximum
distance between two optical paths still allowing an interferometric phenomena. The
coherence length is defined as lc = λ2

0/(n∆λ) where λ0 is the mean wavelength of
the spectrum.

Example 6. Consider the H atmospheric transmission band: λ0 = 1.65 µm, ∆λ =
0.35 µm. Then lc = 8 µm, assuming n ' 1. The requirement can be easily fulfilled,
being the position accuracy of the translational stage down to 100 nm (see § 4.1).

Therefore, the pupil remapper waveguides must be matched in length with each
others. A mathematical procedure is required, able to adjust the curvature and
the direction of each line [72]. Notice that for the DBC, no further modification is
needed since all the waveguides already have the same length.
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Figure 5.4: Graphical representation of the device. The eight pupil remapper
waveguides connect the telescope pupil to the two DBCs. The coordinate axes
are also shown.

However, only the geometrical length of the curves can be matched, and not
the optical path [23]. The latter is defined as the product of the geometrical length
and the local refractive index. Since the induced refractive index contrast slightly
varies with the depth (because of the different focusing condition), it is very complex
to match the optical length. Nevertheless, it is expected that this issue alters the
optical path difference well below the coherence length.

For the waveguides simulations, cubic spline curves have been used [78]. These
are 3D polynomial functions of order three characterized by a smooth change of the
curvature radius, thus reducing the bending losses of the corresponding waveguide.
For the sake of simplicity, the process of constructing them will be presented only
on the xy plane. Once that is done, it is straightforward to generalize it to the 3D
space, adding also the z axis.

The first step consists in observing the distance of all the pupil point-DBC input
pairs, so to find the largest one. Such waveguide will be the first to be simulated. The
corresponding spline curve is computed with the only requirements of the starting
and ending points. Its length is also computed.

All the other paths are generated with an additional requirement: the middle
point along the x axis (blue dot in Fig. 5.5) is left free to move on the y axis in order
to match its length with the first spline curve. Indeed, if one of these waveguides had
been constructed without moving such central point, it would have been shorter, as
can be seen from Fig. 5.5.

Other than the length-matching, many other constraints must be taken into
account in the simulation of the remapper:

• The waveguides should start and finish with zero first derivative, in order to
minimize the coupling losses (see § 4.3.2). For this reason, a short straight
region is added to both ends of the waveguide (red segments in Fig. 5.5).

• The waveguides should not be too close to each other, otherwise some light
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Figure 5.5: Length-matching algorithm for the spline curves. The blue curve
(connecting points 1 and 3) is the first spline to be built, called primitive,
without the free point. The spline connecting points 1 and 2, if built without
the free point too, results in a lower length (dashed line). To ensure the length-
matching, such curve has to expand in the plane (dotted line). Adapted from
[72].

can couple from one to the other, losing the desired interference pattern.

• The waveguides should not have a too low minimum curvature radius. Other-
wise, the bending losses become dominant, and too much light is lost during
propagation (see § 4.3.3).

Another use of the remapper is to decrease the amount of stray light. Indeed,
the glass itself acts as a waveguide with respect to the air around it, and if some
light is not coupled into the waveguides, it is guided all the way to the output of
the device. With the pupil remapper, the output is carried to a position different
from the input waveguides, thus reducing significantly this effect, as can be seen
from Fig. 5.6.

Figure 5.6: Pictorial representation of the top of the device. The pupil
remapper has also the function of reducing the amount of stray light present
at the device output. Light is injected only at one of the four inputs.



Chapter 6

Device Fabrication and
Characterization

In Ch.5 the device geometry has been defined. In the current chapter, the fabrication
process leading to the device implementation will be described.

The first step consists in finding the set of fabrication parameters (see §3.3) best
suited for the writing of the current device. With those parameters it will be possible
to experimentally study the behavior of the device, firstly analyzed in simpler parts
(e.g. DBC or pupil remapper alone), and then as a whole. With this it is possible
to tailor some characteristic device parameters that have been not addressed so far,
like its length or the required depth inside the substrate.

Every fabrication has been carried out on the borosilicate glass substrate Corning
Eagle XG and employing the FLM technique presented in Ch. 3. After proper
annealing of the devices, they have been characterized with laser light at 1550 nm.

6.1 Optimization Process

The optimization process required to experimentally tailor all the device parameters
is now outlined. Starting with straight and bent waveguides in order to find the
optimal fabrication parameters, the section will be concluded with the analysis of
more complex structures, like waveguides array or the pupil remapper.

6.1.1 Straight Waveguides

An important parameter during the inscription process is represented by the focusing
depth inside the glass sample. By increasing it, the spherical aberrations induced by
the air-glass interface increase as well, thus changing the waveguide properties. For
this reason, it is not straightforward to find a combination of fabrication parameters
providing a high-quality waveguide at different depths.
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Figure 6.1: Straight waveguides fabrication scans for different laser power.
The writing speed is 40 mm/s. Black dots represent either a non-guiding
region or a multi-mode waveguide. Red dots represent high losses, while green
one low losses. Yellow dots are in a middle region between the two.

Therefore, the first step for the optimization of the fabrication process is to
inscribe a set of straight waveguides changing the laser power, the writing speed
and the depth inside the sample. The first two parameters are used to find the
region where high-quality waveguides can be fabricated. Instead, the depth analysis
is done to check the maximum range that can be covered. The required depth range
is 866 µm, as has been explained in § 5.1.

Other parameters like the repetition rate (1 MHz) and scan number (6) have
been kept fixed to optimal values already known from previous tests. A partial
microscope image of the sample input facet is shown in Fig. 6.2. In each image,
the leftmost waveguides have been fabricated at 20 mm/s, the rightmost ones at 40
mm/s. In the left image P = 520 mW; in the right one P = 640 mW. Notice that
in both images the waveguide dimension is decreased as the writing speed increases.
Moreover, it can be seen that the waveguide dimension also increases as the writing
power is increased.

The propagation losses have been characterized with the fiber-butt coupling
configuration (see Fig. 4.3b). The optimal writing speed has been assessed to be
40 mm/s. Fixing that speed, all the waveguides losses are shown schematically in
Fig. 6.1. A color code is used to qualitatively represent the waveguide loss. The
optimal laser power turn out to be 620 mW.

For these optimal parameters, the waveguide behavior as a function of the in-
scription depth is shown in Tab. 6.1. The mode diameter is shown, together with
the coupling and propagation losses. The corresponding camera-acquired images
are shown in Fig. 6.3.

Too shallow waveguides are multi-mode. Since too much energy is deposited
into the material, the waveguide diameter is too big, thus supporting also higher
order modes and not only the fundamental one. On the other hand, if focusing the
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Figure 6.2: Microscope im-
age of the input facet of a
sample with straight waveg-
uides. In the left image the
writing power is 520 mW and
the speed 20 and 40 mm/s. In
the right image the speeds are
the same but the power is in-
creased to 640 mW.

beam too close to the bottom surface, the glass gets ablated and no waveguide is
created. After a further analysis, the best compromise found – with the power and
speed already discussed – is to fabricate within a depth from -190 µm to -1057 µm
from the top surface. The samples used have a depth of 1.1 mm.

Depth [µm] Dimension [µm] CL [dB] PL [dB/cm]

-150 multi-mode - -

-200 9 x 10 0.13 0.23

-550 8 x 9 0.15 0.26

-970 10 x 10 0.10 0.34

-1030 10 x 10 0.08 0.40

Table 6.1: Straight waveguides parameters as a function of the inscription
depth. The mode dimension, the coupling loss and the propagation loss are
shown. Writing speed 40 mm/s, laser power 620 mW. The waveguide at -150
µm is multi-mode.
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Figure 6.3: Straight waveguide modes acquired by the camera, as a function
of inscription depth. The multi-mode waveguide at d = -150 µm is not shown.

Figure 6.4: Bending loss [dB/cm] dependence with the curvature radius
[mm]. Set of waveguides at -190 µm (blue curve) and at -1030 µm (red curve)
from the sample top surface are shown.

6.1.2 Bending Waveguides

Since in the current work many curved waveguides have to be fabricated in the pupil
remapper region, an analysis of the bending loss is required. To do so, waveguides
with the parameters chosen in the previous section but with a finite curvature radius
have been fabricated, following what was presented in §4.3.3. The measured bending
losses for waveguides at 190 µm depth from the top surface are shown in Fig. 6.4
(blue curve).

It has been found that a minimum curvature radius of 50 mm is required in order
to have a negligible amount of bending loss (e.g. 0.5 dB/cm) at all the depths.
However, when the waveguide is fabricated near the sample bottom surface, the
bending loss greatly increases. See for example Fig. 6.4 (red curve), where the
bending losses of 1030 µm deep waveguides are shown. Fortunately, as will be
shown later, the geometry of the final device requires a low curvature radius at
depths far from the bottom sample surface. This means that at the critical depth



6.1. OPTIMIZATION PROCESS 63

Figure 6.5: Microscope images of the waveguides fabricated for the refractive
index optimization. The above waveguides are at 250 µm from the top surface;
below they are at 1 mm.

the curvature radius is quite high, thus preventing the waveguide to lose too much
light.

6.1.3 Refractive Index Optimization

During the fabrication trials discussed in the previous sections, it has been noticed
that the deepest waveguides were fabricated at a slightly different depth than what
expected. This effect is here evident since the waveguides have been fabricated
spanning many different depths.

Recall that at the laser pulse repetition rate employed (1 MHz), cumulative
heating is present at the beam focus (see § 3.3.2). As a consequence, the guiding
region is at a slightly different spatial position with respect to the laser focus. The
main issue is that this excursion depends on the inscription depth.

Usually, in order to fabricate a waveguide at depth z from the surface, it is
necessary to tailor the fabrication as if the wanted focus would have been at z0 =
z/n, where n is the substrate refractive index. This is done in order to compensate
for the Snell refraction of the beam at the air-glass interface. It is the stage software
that takes care of operating this change.

It has been thought that by modifying the refractive index provided to the stage
software, it might be possible to compensate the waveguide depth excursion. In
particular, an effective refractive index for the current device has to be found. This
means to find the refractive index value allowing for the same mismatch – at all
depths – between the beam focus and the guiding region.

Notice that this is not the actual substrate refractive index at the working wave-
length. Indeed, the attention is here on the waveguide guiding region rather than
on the beam focal point. This effective refractive index refers only to waveguides
obtained with the above-mentioned fabrication parameters.

To this end, many straight waveguides have been fabricated, at various depths.
For each set, a different refractive index has been considered in the fabrication
procedure: from 1.49 to 1.53.
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Figure 6.6: Comparison of measured guiding region (blue dot) with the ex-
pected one (red circle) for waveguides at different depth and effective refractive
index.

In Fig. 6.5 are shown two microscope images of the waveguides at 250 µm and
1 mm from the top surface, for increasing refractive index. It can be seen that
the waveguides are written at different depths inside the sample, as the effective
refractive index is modified.

The sample has been characterized with the fiber-butt coupling configuration
(see Fig. 4.3b). The fiber and the output objective have been mounted on two
separate PI Hexapods: automated translational stages with a precision of 200 nm.
By maximizing the power transmitted in each waveguide, it has been possible to
locate the guiding regions. The measured positions, compared to the expected ones,
are represented graphically in Fig. 6.6.

The best condition allowing for the minimal mismatch between the measured
position and the expected one is when n = 1.5125, slightly above the original value.
This will be the glass refractive index used in all the subsequent fabrications.

6.1.4 1D Waveguides Array

Once the single waveguide parameters have been chosen, array of waveguides can
be fabricated. Since the global behavior of many coupled waveguides is complex,
the first step consists in studying a simplified version: a one-dimensional array. To
this end, only the 1D coupling between waveguides is now addressed. The results
can then be used to study a more complex geometry, as the zigzag configuration of
the DBC.

The linear array geometry used is constituted of 31 straight waveguides placed
on the same plane. Light is injected in the central waveguide, which is longer than
the others.

https://www.pionline.it/en/products/parallel-kinematic-hexapods/h-811f2-6-axis-miniature-hexapod-100000032/#description
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Figure 6.7: Microscope images of a 31-waveguides linear array. The device
is shown from above and from the input facet, respectively.

(a) d = 24 µm. (b) d = 22 µm.

(c) d = 19 µm. (d) d = 18 µm.

Figure 6.8: Output intensity distribution acquired by the camera for linear
arrays with different spacing d between the waveguides. The array length is L
= 20 mm. The red arrow highlights the input waveguide.

Light propagation inside the array is studied collecting the output intensity
distribution with a camera. For this work, an InGaAs camera Xenics Bobcat 640
has been used. Since the losses are not the main concern (they have been already
optimized) and since a polarization analysis will be carried out, an end-fire coupling
configuration (see Fig. 4.3a) has been adopted to study the array.

The arrays have been placed at depth of 431 µm and 361 µm from the top
glass surface, since at those positions the final DBCs will be fabricated. Thus the
waveguides array behavior at the desired depth can be studied. Microscope images
of the top and the output facet of a linear array are shown in Fig. 6.7.

Two are the parameters affecting the array behavior: its length and the distance
between the waveguides. Actually, only the latter influences the coupling coefficient
between waveguides. The array length is tailored in order to better highlight this
dependence.

Indeed, a too short array is not able to efficiently couple all the modes with each
other: light may remain concentrated on just few waveguides. On the other hand,

https://www.xenics.com/products/bobcat-640-series/
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Figure 6.9: Coupling coefficient [cm−1] dependence with different waveguide
spacing [µm] for a 31-waveguides linear array.

in a too long array, light can reach the boundaries, thus introducing deviations from
the ideal situation.

Different arrays have been fabricated, changing the length and the waveguides
spacing. The output intensity distribution was acquired. Fig. 6.8 shows an example
of four linear arrays with length 20 mm and waveguide spacing varying from 18 to
24 µm.

For each configuration the coupling coefficient has been studied. To do this, the
theoretical behavior of an array of N identical waveguides must be addressed.

The light propagation inside the structure can be obtained solving the coupled
mode equations

i
dAn
dz

=
N∑

m6=n
κn,mAm (6.1)

which can be rewritten in matrix form as

i
dA

dz
= KA (6.2)

K is the coupling coefficients matrix and A is the column vector of the various
waveguide amplitudes at a given z position along the propagation direction.

In the case of a linear array, each waveguide can couple with the two closest to
it (neglecting higher-order coupling). The coupling is identical in both directions.
Therefore, the K matrix can be written as

K =


0 κ 0 . . . 0
κ 0 κ . . . 0
0 κ 0 . . . 0
...

...
...

. . .
...

0 0 0 . . . 0

 (6.3)
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Figure 6.10: Comparison between acquired data and the corresponding fit
for a linear array with L = 5 mm and d = 14 µm. On the abscissa there is
the waveguide number and on the ordinate the normalized intensity.

By fitting Eq. 6.2 with the captured data (i.e. the elements of A), κ can be
extrapolated. The extrapolated coupling coefficients have been plotted in Fig. 6.9 as
a function of the corresponding waveguide spacing (the array length is fixed at L =
20 mm). In the same picture, the exponential fit is also shown. It can be noticed that
the coupling coefficient decreases exponentially as the waveguide spacing increases.
Indeed, the farther away are the waveguides and the weaker is the overlap between
the corresponding modes.

In order to test the goodness of the fit, the acquired distribution has been com-
pared with the theoretical one, expected with the extrapolated coupling coefficient.
An example is shown in Fig. 6.10 for a L = 5 mm and d = 14 µm linear array.

For the device, the coupling coefficient should be as high as possible, in order
to reduce the device length. However, if the waveguides are fabricated too close,
detuning and additional stress may appear due to the partial overlap of the modified
regions. For this reason, a good compromise was found to be a distance of 16 µm.
In this case, the fitted coupling coefficient is κ = 1.85 cm−1.

6.1.5 Temperature Dependence

Another aspect in the device characterization, is its eventual behavior variation with
temperature. Indeed, all previous tests have been carried out at room temperature
(around 21 ◦C), while the final use of the device is on top of a mountain at the
William Herschel Telescope. There is a great temperature excursion, which may
degrade the device performances.

To test the amount of change, different temperature gradients have been applied
to a 1D array (L= 10 mm, d= 16 µm), using a Peltier module. With a thermocouple

http://www.ing.iac.es/Astronomy/telescopes/wht/
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Figure 6.11: Coupling coefficient [cm−1] dependence with the temperature
[◦C], for a linear array of 31 waveguides.

Figure 6.12: Microscope images of two 23-waveguides zigzag arrays. The
device is shown from above and from the input facet, respectively.

the temperature was constantly monitored.

The covered temperature are from 10 ◦C to 40 ◦C. Within this range, ten points
have been collected, capturing the intensity distribution with the camera. The data
have been analyzed and the coupling coefficients have been extrapolated. Fig. 6.11
shows the coefficient variation with the temperature. In the temperature range
studied, it changed from 1.93 to 1.95 cm−1: a variation of 1% with respect to the
unperturbed condition. Since, such value is below the variability of the measure-
ment, it can be assumed that the device does not change significantly its behavior,
ensuring a high stability to the temperature.

6.1.6 2D Waveguides Array

This step is done in order to study the waveguide coupling in two dimensions. The
aim is to find the configuration allowing for κh = κd. The parameters that can be
changed in order to obtain the desired behavior are two: the array length and the
angle θ between the planes, as in Fig. 5.1.

The arrays are placed at a depth of 431 µm and 361 µm from the sample top
surface, i.e. the depths of the final device DBCs. Notice that the distance between
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(a) θ = 50◦. (b) θ = 55◦.

(c) θ = 60◦. (d) θ = 65◦.

Figure 6.13: Output intensity distributions acquired by the camera for zigzag
arrays with different angle θ between the planes. L = 5 mm and d = 16 µm.
The red arrow highlights the input waveguide.

them is 70 µm, sufficient to avoid any kind of coupling between them. The two
DBCs must indeed work independently. Microscope images of the two zigzag arrays
are shown in Fig. 6.12.

Many arrays have been fabricated slightly changing their parameters. The four
waveguides corresponding to the inputs are longer than the others, so to ease the
light injection. Fig. 6.13 shows a comparison of the output distribution for arrays
with different angle θ but same length L = 5 mm (and same input site). As the
angle is increased, the coupling between waveguides on opposite planes becomes
weaker. Notice that the array is only 5 mm short: in this way, the fit to retrieve
the coupling coefficients is more reliable. Indeed, light does not reach the boundary
waveguides, so that propagation remains symmetric. This is why in Fig. 6.13 only
up to eleven waveguides have a non-null output.

The optimal configuration has been found to be with L = 20 mm and θ = 60◦.
The characterization of the device is similar to what has been done in §6.1.4. In this
case, the K matrix contains two types of terms: κd and κh. The former represents
the first-order coupling; the latter the second-order one. Higher-order couplings are
neglected. The K matrix can then be written as

K =



0 κd κh 0 . . . 0
κd 0 κd κh . . . 0
κh κd 0 κd . . . 0
0 κh κd 0 . . . 0
...

...
...

...
. . .

...
0 0 0 0 . . . 0


(6.4)
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(a) xy plane. (b) xz plane.

Figure 6.14: Simulations of the device in the xy and xz planes. The 8
waveguides are shown with different colors. After the pupil remapper, the two
DBCs are shown. Pictures not in scale.

6.1.7 Pupil Remapper

The pupil remapper is built following what has been presented in § 5.1.1. With the
explained procedure, the waveguides result with identical geometrical length. Other
than that, also the other requirements must be satisfied. For example, in order to
ensure zero derivative at both extremes of each remapper waveguide, two straight
regions of 1 mm each have been added.

Moreover, a minimal distance of 30 µm from any two point of any waveguides is
required in order to avoid inter-coupling. The light coupling should take place only
in the DBC region, and not in the remapper.

The fabrication order of the waveguides should follow a precise order. The laser
used for the waveguide writing cannot be focused through a previously modified
region of the glass, otherwise the strong aberrations distort the beam, causing it
to be focused at a different position. For this reason, the waveguides have to be
fabricated in sequence from the deepest to the shallowest.

After some simulations, the pupil remapper configuration satisfying all those
requirements has been found. With a length of 35 mm along the x axis, the minimum
curvature radius reached is 52 mm, above the 50 mm threshold found in § 6.1.2.

A pupil remapper (without the DBCs at its end) has been fabricated, following
the simulations. Each waveguide has been characterized with a fiber-butt coupling
configuration (see Fig. 4.3b), in order to determine the amount of loss introduced.
The propagation loss turned out to be in the range 0.3 ÷ 0.4 dB/cm for all the
waveguides. Other than the loss study, this part is useful also to verify the absence
of eventual coupling between the waveguides.
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Figure 6.15: Comparison between acquired data and simulated intensity
distribution for a 23-waveguide zigzag DBC, with input at the 19-th waveg-
uide. On the abscissa there is the waveguide number and on the ordinate the
normalized intensity. The upper and lower DBC planes are shown separately.

6.2 Final Device

In Fig. 6.14 is shown a MATLAB R© simulation of the complete device, from above
and from the side. The pupil remapper waveguides connect the eight inputs to the
two DBCs. The device is 60 mm long along the x direction, 1.5 mm wide along y
and 0.866 mm deep.

Many devices have been fabricated on the same sample, slightly changing the
DBC parameters with respect to the ones optimized in § 6.1.6. This is done for
a reproducibility reason: each fabrication slightly differs from the others so that
the optimal device may actually depend on the fabrication. The pupil remapper
configuration and length have been kept fixed.

The devices have been characterized by injecting light into each pupil remapper
input, one at a time. The output intensity distribution has been collected with the
camera. The acquired data have been analyzed as in §6.1.6. By fitting the acquired
data it is possible to determine both coupling coefficients. The optimal device is
the one resembling with the lowest error and for the highest number of inputs, the
condition κh = κd.

Moreover, the acquired data should also be compared with the theoretical in-
tensity distribution, obtained simulating numerically the propagation of light inside
the structure. To perform this comparison, the similarity has been used as a figure
of merit. It is defined as

S =

(
N∑
k=1

√
vidk · v

exp
k

)2

(6.5)

https://www.mathworks.com/products/matlab.html
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(a) Upper DBC. Input: 5. (b) Upper DBC. Input: 10.

(c) Upper DBC. Input: 14. (d) Upper DBC. Input: 19.

(e) Lower DBC. Input: 5. (f) Lower DBC. Input: 10.

(g) Lower DBC. Input: 14. (h) Lower DBC. Input: 19.

Figure 6.16: Output intensity distribution acquired by the camera for the
upper and lower DBC. The red arrow highlights the input waveguide.

where vid and vexp are the column vectors (with size N) containing the normalized
peak intensities of the ideal and measured output distributions, respectively. When
S = 1, the two a distributions are identical. Fig. 6.15 shows an example of com-
parison between the acquired distribution and the theoretical one for a DBC with
input at waveguide 19. The similarity achieved is S = 0.87.

The optimal device, better satisfying the given requirements turned out to be
the one with L = 21 mm and θ = 59◦. The output intensity distributions acquired
by the camera are shown in Fig. 6.16 for all the eight different inputs.

Since the two DBCs are identical, the output intensity distribution should be
equal if light is injected in the same input waveguide. However, it has been found
that the two distributions are quite different, as it is possible to notice observing
pictures with the same input but different DBC in Fig. 6.16.

It is possible that such difference is due to the variability in the fabrication
process. Even a difference as small as 100 nm in the two arrays can generate a dif-
ferent interference pattern. Moreover, also the different depth position of the DBCs
may play a role. Since the evanescent coupling is very sensitive to the waveguide
properties, even a small variation due to a different fabrication depth may modify
it.

6.2.1 Polarization Analysis

In § 5.1, the device polarization-insensitivity has been presented as a fundamental
requirement: the device must act on all the polarizations with the same behavior.
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Figure 6.17: Comparison between acquired data for a 23-waveguide zigzag
DBC with input light at two perpendicular polarizations: horizontal (red
curve) and vertical (blue curve). The input is at the 19-th waveguide. On
the abscissa the is the waveguide number and on the ordinate the normalized
intensity. The upper and lower DBC planes are shown separately.

This can be tested through a polarization analysis of the device.

Each device input has been analyzed with two perpendicular polarizations –
called here vertical (V) and horizontal (H). The setup used is the end-fire coupling
(see Fig. 4.3b) together with a polarizer and a half-wave plate to fix the input light
polarization.

The output intensity distribution has been compared in the two cases. No differ-
ence in the interference pattern has been observed, meaning that the device behaves
in the same way with all the polarizations. Hence it can be used with any kind
of unpolarized light, as required. An example is shown in Fig. 6.17; the similarity
between the H (red curve) and V (blue curve) polarizations is S = 0.99. The dis-
tributions differ slightly only around the rightmost waveguides. This could be due
to boundary effects.

6.2.2 Condition Number Characterization

What presented so far has been obtained in the laboratories of the IFN-CNR, inside
the Physics Department of Politecnico di Milano, where the devices have been fab-
ricated and analyzed. In the remainder of this chapter, the characterization carried
out at the Leibniz Institute for Astrophysics Potsdam will be presented.

Employing the procedure explained in § 4.4, the V 2PM for the current device
has been derived and the condition number obtained. The characterization has
been carried out with a tunable source from 1500 nm to 1600 nm in order to test
the wavelength behavior of the device.

https://www.aip.de/en/institute
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Figure 6.18: Polychromatic fringe pattern as a function of the delay, mea-
sured for two different baselines. The output has been recorded from waveguide
number 14 of the upper DBC.

Light has been injected in the device with the modified Michelson interferometer
setup presented in § 4.4. In Fig. 6.18 is shown an example of the polychromatic
intensity pattern of one of the output waveguides for two different input baselines.
Repeating the procedure for all input baselines and for all the output waveguides,
the complete polychromatic V 2PM can be obtained (see § 4.4). From here, the
condition number can be extrapolated. Fig. 6.19 shows its dependence with the
wavelength.

Notice that the device has been optimized for a 1550 nm wavelength. However,
the condition number at λ = 1550 nm is not the lowest. In other words, the device
may present better performances at higher wavelengths. This is one of the reasons
the wavelength dependence of the device should be studied more deeply, as will be
explained in Ch. 7.

As the final step, the goodness of the matrix inversion has been tested. To do
this, a known source is injected in the device – as usual with a two-points excitation
– and the output intensity is acquired. The data are used in Eq. 2.26, together with
the P2VM calculated in order to obtain experimentally the input light coherence,
i.e. the G vector elements.

Since the input source is known, its visibility is known too. It can be compared
with the experimental one just obtained, in order to check the similarities. The
visibility has been defined in § 2.2 and § 2.3.1 as the normalized MCF between two
electric fields at the same time instant, i.e. τ = 0. However, in the current analysis
of the condition number, it is necessary to generalize its definition.

In this situation, a delay τ is introduced between the fields. Resorting to Eq.
2.2, the new visibility definition taking into account the temporal delay is

Vi,j =
Ei(t)Ej(t− τ)√
|Ei(t)|2|Ej(t− τ)|2

=
E0(t)E0(t− τ)

I0
(6.6)

where Ei(t) = E0(t)/ 2 and Ej(t − τ) = E0(t − τ)/ 2 have been used in the last
equivalence. Indeed, the input fields at positions i and j are the same – and both
equal to half the initial known value E0. Moreover, the input field intensity I0 =
|E0(t)|2 is constant with time.
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Figure 6.19: Condition number as a function of the wavelength. The values
of CN have been extrapolated from the V 2PM .

Being the electric field a complex function, the corresponding visibility can be
represented in the complex plane. Looking at Eq. 6.6, it is possible to conclude
that the theoretical visibility is a circle centered in the origin with unitary radius.
Indeed, the injected field at two spatial positions is the same. Hence Vi,j = eiωτ

with unitary modulus and τ -dependent phase.
Fig. 6.20 shows examples of acquired visibility, compared with the theoretical

value, for four input baselines. Points with the same color represent the same
wavelength but different delay τ between the input fields.
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Figure 6.20: Retrieved visibility for four baselines and at different wave-
lengths, represented in the complex plane. The black dashed circle is the
expected visibility of the input source.



Chapter 7

Broadband Directional Couplers

The final part of this work is centered on the polychromatic behavior of the device.
As can be seen from Fig. 6.19, the condition number strongly depends on the input
wavelength. This means that the V 2PM is modified whenever the wavelength
changes. This is not a desired behavior since a telescope observation is intrinsically
polychromatic. The ideal condition would be a flat response of the device within all
the studied wavelength range.

The wavelength dependence study of the complete device is complex since many
waveguides must be taken into account. As the initial step, the wavelength behav-
ior of a much simpler device can be studied, namely the directional coupler. The
background theory is more complete and easier to treat analytically.

The purpose of this chapter is to analyze in detail the wavelength dependence
of a directional coupler. Initially, the structure will be presented, together with its
governing equations. After that, the wavelength sensitivity of the device is studied,
showing how it is possible to increase the device bandwidth. In order to do so, both
theoretical simulations and experimental sessions are carried out.

7.1 Directional Coupler

A directional coupler is composed by two evanescently-coupled waveguides. The
modes propagating into them are able to exchange energy between each other. The
coupling is present in a central straight region of length Lc, as can be seen from
Fig. 7.1. At the device input and output, the arms are much more distant so to ease
the light injection and collection.

In its simplest form, when a field is injected just in one input, a directional
coupler acts as a beam splitter. The normalized power coming out from the same
waveguide where the input field has been injected is called reflection R. The one
from the other arm is called transmission T . The ratio between the light intensity
exiting the two arms can be tailored modifying the device geometry.

77
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Figure 7.1: Graphical representation of a directional coupler. The power is
injected in one arm and the output collected from both. Lc is the coupling
region length and d the waveguides distance there. r is the radius of the
bending curves and D the maximum distance between the waveguides.

A coupler is characterized by the length of its coupling region Lc and by the
spacing d of the waveguides there. Other parameters are the curvature radius r of
the bending paths and the maximum distance D between the waveguides.

The propagation of the modes inside the waveguides can be described through
the coupled mode equations [40], explained in detail in App.A. Within the coupling
region, the normalized mode power propagation can be described as (see Eqs. A.11):


R(z) = cos2(σz) +

δ2

δ2 + κ2
sin2(σz)

T (z) =
κ2

δ2 + κ2
sin2(σz)

(7.1)

where σ =
√
δ2 + κ2, δ = ∆β/2 and κ the coupling coefficient. z is the propagation

distance inside the coupling region. ∆β = |β1 − β2| is the detuning between the
waveguides, i.e. the difference in their propagation constant βi. The latter is defined
as βi = (2π/λ)∆ni, where ∆ni = ni − n0 is the refractive index contrast between
the waveguide core and the substrate. Therefore ∆β = (2π/λ)∆n1,2, where ∆n1,2 =
∆n1 −∆n2.

When the two waveguides are identical ∆β = 0 and the directional coupler is
called synchronous. In this case σ = κ. Fig. 7.2 shows the reflection as a function of
the propagation distance (in units of π/κ). The transmission is the complementary
function to the reflection so that T = 1−R at any point.

Energy is periodically exchanged between the two waveguides with a spatial
period Λs = π/κ. After one cycle, the initial condition is re-obtained. Notice that
after half a period, all the energy has been transferred to the opposite waveguide.

Whenever ∆β 6= 0, the power transfer between the waveguides is not complete,
i.e. the condition R = 0 cannot be achieved anymore. This device is called asyn-
chornous directional coupler. In Fig. 7.2 there are two examples of this situation,
for different values of ∆β. Notice also that the period of the oscillation shrinks as
∆β increases: Λa = π/

√
κ2 + δ2.
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Figure 7.2: Simulations of the coupler reflection as a function of the propa-
gation distance z inside the coupling region (in units of π/κ). Three situations
are showed: ∆β = 0, 2κ, 4κ.

7.1.1 3 dB Directional Coupler

A particular case of directional coupler is when R(Lc) = T (Lc), i.e. the input
power has been splitted uniformly at the two waveguide outputs. Lc is the required
coupling region length in order to achieve such 50:50 condition. It is also called 3
dB coupler since the power in each of the output arms has been decreased by 3 dB
from the input one.

A synchronous 3 dB coupler can be obtained setting

Lc =
Λs

4
+m

Λs

2
, m = 0, 1, ... (7.2)

However, the working point is always on a maximum slope point of the curve.
Therefore, even a small error in the device fabrication, will produce large differences
in the performances.

A possible solution to this problem is to adopt the asynchronous 3 dB coupler.
This time, two conditions have to be satisfied. The reflection amplitude should be
0.5, i.e. ∆β = 2κ. Moreover, it is also required that

Lc =
Λa

2
+mΛa, m = 0, 1, ... (7.3)

In this case, the working point is on a minimum of the curve: the device is more
stable to fabrication uncertainties. The 3 dB coupler is the configuration where
the difference in stability between the synchronous and asynchronous cases is more
pronounced.
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7.2 Wavelength Sensitivity

In the remainder of this chapter, the focus will be on the study of the directional
coupler wavelength behavior. In order to do so, the reflection dependence from the
wavelength has to be addressed.

Looking at Eq. 7.1, the two parameters depending on the wavelength are δ and
κ. Concerning the former, it is known that

δ =
∆β

2
=
π

λ
∆n1,2 (7.4)

so that δ ∝ λ−1, assuming ∆n1,2 constant (if ∆λ � λ). This last hypothesis
is physically reasonable since the wavelength dependence of ∆n1,2 is weaker than
λ−1. The induced refractive index contrast ∆ni for a single FLM-waveguide is
theoretically wavelength-dependent due to the dispersion relation of glass. However,
since the guiding properties of those waveguides are the same in a bandwidth of
about 100 nm, the dependence can be considered very weak and similar for both
∆n1 and ∆n2. Therefore, the wavelength dependence of their difference (i.e. ∆n1,2)
is negligible in a narrow bandwidth.

On the other hand, the coupling coefficient has a more complex wavelength
dependence

κn,m =
k2

0

2βn

∫∫
ψm∆n2

mψ
∗
ndxdy∫∫

ψmψ∗ndxdy
(7.5)

It is not straightforward to study it analytically because of the overlap integral,
where the mode profiles ψn have to be known.

A simpler approach is to analyze this dependence experimentally, studying some
real directional couplers. Notice that in a real device, the mode coupling is not
strictly limited to the coupling region. Indeed, the modes may partially overlap
also in the bent regions, i.e. outside the Lc region. This effect can be treated
analytically with an additional phase term ϕ to Eq. 7.1 [79]. The phase of the
sine/cosine functions is now σz + ϕ.

7.2.1 Coupling Coefficient Wavelength Dependence

In order to study the wavelength dependence of the coupling coefficient, many syn-
chronous directional couplers have been fabricated. Indeed, its governing equation
has less parameters with respect to the asynchronous case: κ can be extrapolated
with a higher-fidelity fit. The substrate used is Corning Eagle XG borosilicate glass.

Each device has a coupling distance d = 9 µm and a curvature radius r = 60 mm.
The coupling length is varied from 0 to 1.8 mm. For all the devices, the fabrication
parameters used are the same used in the straight waveguides optimization (see
§ 6.1.1). The depth inside the sample is 400 µm (corresponding to a middle way
between the DBC positions, see § 5.1).

https://www.corning.com/in/en/products/display-glass/products/eagle-xg-slim.html
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Figure 7.3: Measured reflection for a synchronous directional coupler with
writing speed 40 mm/s as a function of the coupling length. The wavelength
is fixed at 1550 nm. The couplers used for the subsequent discussion are
highlighted by red arrows.

The first step is to fix the wavelength and study the output reflection. Since
the devices have different coupling lengths, the reflection curve can be sampled
experimentally (see Fig. 7.2). A laser beam at λ = 1550 nm has been used for this
study.

The results are shown in Fig. 7.3, where a periodic oscillation similar to the red
curve in Fig. 7.2 can be observed. Notice that with Lc = 0 mm, the reflection is
different from one. This offset is due to the fact that the modes slightly overlap also
before the coupling region.

The wavelength behavior has been carried out on two directional couplers from
this set. The first one, with Lc = 1.4 mm, has been chosen since it has an almost
50:50 output distribution. The second coupler is the one with Lc = 0 mm, chosen
in order to retrieve the wavelength dependence of the phase. Indeed, the additional
phase term ϕ added in the previous section is wavelength dependent, but with an
unknown functional dependence. This can be explained as follows.

Consider the wavelength-dependent reflection for a synchronous directional cou-
pler

R(λ) = cos2
[
κ(λ)Lc + ϕ(λ)

]
(7.6)

In the case Lc = 0 mm, the value of ϕ at a given wavelength λ̄ can be retrieved
by measuring the device response at that same λ̄

R0(λ̄) = cos2
[
ϕ(λ̄)

]
=⇒ ϕ(λ̄) = arccos

[√
R0(λ̄)

]
(7.7)

The chosen devices have been analyzed at different wavelengths, from 1480 nm
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Figure 7.4: Measured reflection of two synchronous directional couplers as a
function of wavelength. Lc = 1.4 mm for the blue data; Lc = 0 mm for the
red ones.

to 1600 nm, employing a Santec ECL-200 tunable laser. The reflection has been
computed and the data are represented in Fig. 7.4.

From the red curve (Lc = 0 mm) a point-to-point wavelength dependence of
ϕ(λ) can be obtained. These data are then used in Eq. 7.6 to retrieve the coupling
coefficient. The latter has been fitted, resulting in a linear relation between κ and λ

κ(λ) = (−4.77 · 10−2 cm−1nm−1)λ+ 84.42 cm−1 (7.8)

where λ is measured in nm and κ in cm−1. A comparison between the data and the
fit is shown in Fig. 7.5.

It may seem strange that the relation has a negative slope, eventually reaching
negative values of κ. However, it must be kept in mind that Eq. 7.8 is valid only
within the wavelength range in which it has been obtained. Outside, deviations
from this relation are expected. Moreover, notice that from this negative-slope
linear relation it follows that the overlap integral (see Eq. 7.5) has a very weak
wavelength dependence, within the considered range. Therefore, the assumption
that ∆n1 and ∆n2 are approximately constant, is valid.

Example 7. Consider λ = 1550 nm. The fitted coupling coefficient is, employing
Eq. 7.8, κ ' 10.47 cm−1. This is in good agreement with the fitted κ obtained from
Fig. 7.3, which is κ ' 10.28 cm−1 (less than 2% difference).

7.2.2 Theoretical Simulations

The result of the previous section can be used to perform simulations on the expected
behavior of different directional couplers. To do this, the Eq. 7.8 has been inserted
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Figure 7.5: Experimental data (extrapolated from the measurements in
Fig. 7.4) of the coupling coefficient as a function of wavelength. The cor-
responding linear fit is also shown (red curve).

into Eq. 7.1. Once again, this has physical meaning only if bounded within the
wavelength range in which the coupling coefficient has been studied.

Once a coupling length is fixed, a point of the reflection curve (see Fig. 7.2)
is sampled. For this device, the theoretical wavelength is studied. In the current
analysis, two characteristic points have been studied, namely a 50:50 and a 100:0
(i.e. R = 1) coupler. The behavior is compared between the synchronous and
asynchronous cases.

Consider initially the 3 dB synchronous coupler. Since the mean working wave-
length of the device is λ0 = 1550 nm, it is required that

R(Lc, λ0) = T (Lc, λ0) = 0.5 (7.9)

where Lc is the coupling length ensuring the 50:50 behavior (at λ0). Lc can be found
employing Eq. 7.2:

Lc =
Λs

4
=

π

4κ(λ0)
(7.10)

The wavelength dependence of such device is shown in Fig. 7.6a, blue line. The
bandwidth is also highlighted, defined as the wavelength range within which the re-
flection keeps below a bilateral 0.05 threshold. This is a convention used to compare
the wavelength response for different couplers. In this case the bandwidth is 14 nm
(from 1543 nm to 1557 nm).

The 3 dB asynchronous case is more complex since also the detuning ∆β has
to be decided, together with Lc (which ultimately depends also on ∆β). It is not
possible to proceed as in §7.1.1 since it has been found that the minimum of reflection
with respect to the coupling length does not correspond to the minimum relative to
the wavelength.
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(a) 50:50 directional couplers at λ0 =
1550 nm.

(b) 100:0 directional couplers at λ0 =
1550 nm.

Figure 7.6: Comparison between the simulations of synchronous and asyn-
chronous directional couplers. Two characteristic situations are shown. In all
the cases, the bandwidth is also highlighted.

A trial-and-error process has been carried out in order to find the optimal ∆β
and Lc allowing for

R(Lc,∆β, λ0) = T (Lc,∆β, λ0) = 0.5 (7.11)

This condition is satisfied for ∆β = 18.89 cm−1 and Lc = 1.34 mm. The wave-
length dependence of such device is shown in Fig. 7.6a, red curve. The bandwidth
is 63 nm (from 1519 nm to 1582 nm).

A similar procedure has been followed for the second characteristic point, i.e.
the 100:0 coupler. For the synchronous case, the requirement is

R(Lc, λ0) = 1 (7.12)

where λ0 = 1550 nm. This condition is satisfied for

Lc = Λs =
π

κ(λ0)
(7.13)

It should be noticed that the coupling length obtained in the simulation is quite
different from the length required to build a real device. Indeed, the theoretical
description does not take into account the mode coupling outside the coupling region.
In other words, when dealing with the coupler fabrication, the length has to be re-
optimized.

The wavelength dependence of this coupler is shown in Fig. 7.6b, blue curve.
The bandwidth is 22 nm (from 1539 nm to 1561 nm).
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For the 100:0 asynchronous coupler, the detuning ∆β is already known, since it
has been optimized in the previous discussion. Then Lc is not necessarily the double
of the coupling length used above, since the two minima (relative to the wavelength
or the length) do not coincide. Therefore, for the simulation it has been used

Lc = Λa =
π√

k(λ0)2 + ∆β2
(7.14)

For this device, the wavelength behavior is shown in Fig. 7.6b, red curve. The
bandwidth is 49 nm (from 1527 nm to 1576 nm). Notice that in both cases (50:50
and 100:0) the asynchronous response is more flat than the synchronous one. There-
fore, an asynchronous coupler ensures not only a higher stability to coupling length
variations, but also to input wavelength variations.

This results have now to be confirmed by experiments. This will be done in the
following section.

7.3 Experimental Procedure

In order to experimentally observe the bandwidth difference between synchronous
and asynchronous couplers, a deeper study on the κ and ∆β values is required.

Concerning the former, three sets of synchronous directional coupler have been
fabricated. The fabrication parameters used and the coupler geometry are the same
as in § 7.2.1. Only the writing speed is changed: 35, 40 and 47.5 mm/s have been
used in the three sets, respectively.

The acquired data have been analyzed and the coupling coefficient extracted. In
the first set κ = 10.71 cm−1; in the second κ = 10.28 cm−1 (represented in Fig. 7.3)
and in the third one κ = 10.78 cm−1. The latter is represented in Fig. 7.7.

7.3.1 Detuning Analysis

The detuning parameter ∆β has not been addressed yet: it is necessary to study to
which extent it can be controlled during the fabrication process. In order to induce
a non-zero detuning, the two coupler waveguides should have different propagation
constant, i.e. β1 6= β2. This can be achieved by fabricating two waveguides with
different refractive index contrast ∆ni with respect to the substrate.

In order to produce two ∆ni, the waveguides can be written with different fab-
rication parameters. The simplest way is to change the writing speed [79]. Indeed,
it is the most reproducible parameter since it is controlled by the software. More-
over, the writing speed does not affect the waveguide quality as much as the other
parameters; notice indeed that the three synchronous coupler studied above have
very similar values of κ despite the big change in the writing speed.

A series of directional couplers have been fabricated, keeping fixed the writing
speed of the first arm at v1 = 37.5 mm/s. The speed of the second arm has been
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Figure 7.7: Measured reflection for a synchronous directional coupler with
writing speed 47.5 mm/s as a function of the coupling length. The wavelength
is fixed at 1550 nm. The couplers used for the subsequent discussion are
highlighted by red arrows.

changed from 40 mm/s to 50 mm/s. For each set, the coupling length has been
changed from Lc = 0 mm to Lc = 1.35 mm.

The reflection has been measured. Two examples are shown in Fig. 7.8 for ∆v
= 7.5 mm/s, 12.5 mm/s. By fitting these data, the resulting detuning ∆β are 16.04
cm−1 and 31.05 cm−1, respectively.

Notice that the initial phase of the oscillation is unknown. Therefore, a three-
parameters (i.e. phase, κ and ∆β) fit has to be performed. The more are the
degree of freedom and the less precise is the fit: for this reason it has been chosen
to fix the κ value for all the fit, in order to decrease to only two the number of
parameters. This is reasonable since the coupling coefficient depends weakly on the
writing speed. In particular, the value κ = 10.28 cm −1 has been used, corresponding
to the synchronous coupler at 40 mm/s.

In Fig. 7.9, the fitted ∆β obtained for all the directional coupler sets have been
plotted as a function of the corresponding ∆v. Within the writing speed range used,
the relation is linear with the following functional form

∆β = (2.83 s mm−1cm−1) ∆v − 4.66 cm−1 (7.15)

where ∆v is measured in mm/s and ∆β in cm−1. With this experimental relation,
a desired ∆β can be induced employing the corresponding ∆v.

Notice that Eq. 7.15 is no more reliable near ∆β ' 0 cm−1. Indeed, when the
speed contrast ∆v is too low, the fit for the asynchronous couplers does not produce
anymore precise values.
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(a) ∆v = 7.5 mm/s; ∆β = 16.04 cm−1.

(b) ∆v = 12.5 mm/s; ∆β = 31.05 cm−1.

Figure 7.8: Measured reflection for two asynchronous directional couplers as
a function of the coupling length. The fit of the data is also shown (red curve).
The couplers used in § 7.3.2 are highlighted by red arrows.
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Figure 7.9: Measured data (blue dots) for the detuning ∆β at different speed
contrast ∆v between the waveguides of a directional coupler. The fit of the
data is also shown (red curve).

7.3.2 Experimental Results

Eq. 7.15 can be used to fabricate an asynchronous directional coupler with a desired
detuning between the waveguides. It can then be measured at different wavelengths
and compared with the corresponding synchronous coupler.

In order to test the validity of the simulations presented in Fig. 7.6, an asyn-
chronous directional coupler with ∆β ' 18.89 cm−1 has to be found. As already
explained, the coupling length must be re-optimized experimentally. Once that is
done, the corresponding synchronous coupler can be easily fabricated.

Many tests have been carried out, changing the speed contrast and the coupling
length in order to reach the desired condition. The device which best resembles the
detuning value of 18.89 cm−1 is the one represented in Fig. 7.8a. Here, a 50:50 and
a 100:0 coupler can be easily found (indicated by red arrows).

The synchronous devices used for the study are represented in Fig. 7.7 by the
red arrows. Both arms have been written at a speed of 47.5 mm/s.

All the four directional couplers have been characterized from 1480 nm to 1600
nm and the results are shown in Fig. 7.10. It is clear that in both situations the
asynchronous coupler allows for a broader bandwidth. The response is almost flat,
which may eventually extend outside the studied wavelength range.

However, notice that the data in Fig. 7.10 resemble the simulations (see Fig. 7.6)
only qualitatively. Many are the reasons for this difference. On one side, the simula-
tions have their foundations on a highly-empirical relation, namely Eq. 7.8. On the
other hand, the fabrication process possesses some variability, i.e. it is not perfectly
reproducible. Future studies should be directed toward a deeper understanding of
Eq. 7.15. By improving it, it may be possible to better control the induced ∆β in
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(a) 50:50 directional couplers. (b) 100:0 directional couplers.

Figure 7.10: Experimental results for synchronous (blue dots) and asyn-
chronous (red dots) directional couplers with κ = 10.78 cm−1 and ∆β = 16.04
cm−1.

order to be able to fabricate the exact device that has been simulated.
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Chapter 8

Conclusions and Future
Perspectives

In this work, the fabrication and optimization process of an integrated discrete beam
combiner has been presented. This device is well suited for astrophotonics, where
the interference of the light collected by the telescopes is used to retrieve information
about the light intensity distribution of the observed celestial object.

For the fabrication of the interferometer, the femtosecond laser micromachining
technique has been employed. In particular, after the inscription process, a thermal
annealing step has been performed in order to release the stress accumulated in
the glass due to the non-linear interaction with the laser beam. This allowed a
reduction of the waveguides birefringence, thus achieving a polarization insensitive
behavior of the device. This is a crucial aspect since the celestial light is unpolarized,
therefore the device should have the same behavior independently of the input light
polarization. Moreover, it has been possible to reduce the waveguides propagation
losses below 0.3 dB/cm, thus ensuring a good device operation.

After an optimization of the evanescent coupling, the final device has been fab-
ricated. In particular, a beam combiner able to perform the interference of up to
eight points of the same telescope aperture has been inscribed. In order to couple
the light coming from the telescope to the interferometer, a pupil remapper has been
fabricated, with a maximum depth of more than 850 µm inside the glass.

The device has been firstly characterized with laser light to validate its coupling
properties and its polarization insensitive behavior. After that, the circuit has been
interferometrically analyzed in order to find its visibility-to-pixel-matrix and the
corresponding condition number. A minimum value of 8 in the astronomical H
band has been achieved.

Finally, the device has been tested on sky at the William Herschel Telescope in
the Roque de los Muchachos Observatory (Spain), where some stars with known in-
tensity distribution have been observed to validate its operation. Though appearing
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very promising, the related data are not presented in the present work since they
are still under analysis.

Even though the device complies with the requirements, there are still some
issues than should be perfectioned. For example, the low resemblance between the
outputs of the two DBCs. This can be improved by studying a new fabrication
approach leading to a more uniformity of the waveguides on different depth. A
possibility could be to employ water-immersion objectives during fabrication, thus
limiting the laser beam aberrations. This procedure has not been possible with the
setup presented due to physical constraints on the sample dimension.

Another point of improvement could be to increase the similarity between the
measured data and the simulations (what has been called ideal distribution previ-
ously). This is a fundamental requirement in order to be able to forecast the main
device performances.

In the final chapter, the wavelength response of directional couplers has been
studied. It has been showed how an asynchronous coupler is able to widen the band-
width. The following step could be to apply these results to an array of waveguides.
The situation is more complex than what presented here, since many couplings be-
tween waveguides have to be taken into account. The recipe to induce a desired
detuning has been also addressed. Future studies may help improving it, in order
to achieve a more reproducible relation.



Appendix A

Coupled Mode Theory

Consider the Maxwell’s equations in absence of sources (ρ = 0 and J = 0)

∇ ·E = 0 ∇ ·B = 0 ∇×E = −∂B
∂t

∇×B =
εr
c2

∂E

∂t
(A.1)

where the magnetic behavior has been neglected (µr = 1). E and B are the electric
and magnetic field, respectively.

From Eqs. A.1, the electric field propagation equation can be obtained

∇2E − εr
c2

∂2E

∂t2
= 0 (A.2)

The electric field expression can be simplified with the following ansatz

E(x, y, z, t) = ψ(x, y, z)e−iωtû (A.3)

where the time dependence has been taken out from the main function – now a
scalar.

Using k0 = 2π/λ = ω/c and εr = n2, Eq. A.2 can be reduced to

∇2
tψ + ψ′′ + k2

0n
2(x, y)ψ = 0 (A.4)

where the following short notations have also been employed:

∇2
t =

∂2

∂x2
+

∂2

∂y2
f ′ =

∂f

∂z

Eq. A.4 describes the scalar electric field propagation inside a given structure,
whose geometry is contained into n(x, y). The z dependence has been dropped
down since it has been assumed that the structure has a constant shape along the
propagation direction.

The simplest structure is composed by a set of two straight waveguides, one
near the other. Light is injected into one of them and the output distribution
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Figure A.1: Graphical representation of two square-cross section waveguides
fabricated inside a substrate. The guided modes are highlighted in green (ψ1)
and red (ψ2). A small overlap of the mode tails is visible, which ensures the
coupling.

is collected. The purpose of this chapter is to characterize theoretically the light
propagation inside the structure.

In the following, both waveguides are assumed to be single-moded [40]. Each of
them guides its own mode, which can be described as

ψi(x, y, x) = ψi(x, y)e−iβiz (A.5)

with βi the propagation constant of the i-th mode. A graphical representation of
the system is shown in Fig. A.1.

The mode in a waveguide is not strictly confined to its core. Extending outside
the waveguide, there is an evanescent electric field. If two guides are placed suffi-
ciently close to each other, these evanescent fields can overlap spatially. This causes
an energy exchange between them.

If the mode overlap is big, the situation is very difficult to treat analytically.
However, if the waveguides are not too close to each other (but still close enough
to ensure some overlap), it is possible to describe the coupling treating each mode
separately. This is called coupled mode approximation [40].

Under this assumption, the solution of Eq. A.4 can be written as a linear
combination of the two single modes (see Eq. A.5):

ψ(x, y, z) = A1(z)ψ1(x, y)e−iβ1z +A2(z)ψ2(x, y)e−iβ2z (A.6)

where Ai(z) are the local amplitudes of the two modes. They vary with the prop-
agation distance z due to the energy exchange between the modes. The transverse
field ψi(x, y) is assumed constant with the propagation distance.

By substituting Eq. A.6 into Eq. A.4, it is possible to get

∇2
tψ1A1e

−iβ1z +A′′1ψ1e
−iβ1z − 2iβ1A

′
1ψ1e

−iβ1z − β2
1A1ψ1e

−iβ1z +

+ k2
0

[
n2

1 + ∆n2
1

]
A1ψ1e

−iβ1z + (same for 2) = 0

Notice that ∆n2
1 is a perturbation to the first waveguide introduced by the second

one. The opposite holds for ∆n2
2.
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The first, fourth and fifth terms (for both ψ1 and ψ2) represent the wave equation
for a single waveguide, that is when n(x, y) = n1 and A1(z) = const:

∇2
tψ1A1e

−iβ1z − β2
1A1ψ1e

−iβ1z + k2
0n

2
1A1ψ1e

−iβ1z = 0

Moreover, in the weakly coupling approximation, the second derivative A′′ can
be neglected with respect to the first one A′. Therefore:

− 2iβ1A
′
1ψ1 − 2iβ2A

′
2ψ2e

i∆βz + k2
0∆n2

1A1ψ1 + k2
0∆n2

2A2ψ2e
i∆βz = 0 (A.7)

where ∆β = β1 − β2 is the mismatch between the modes propagation constants.

Multiplying Eq. A.7 by ψ∗1 and integrating over the transverse plane, it can be
modified as

−2iβ1A
′
1

∫∫ ∞
−∞

ψ1ψ
∗
1dxdy − 2iβ2A

′
2e
i∆βz

∫∫ ∞
−∞

ψ2ψ
∗
1dxdy+

+ k2
0A1

∫∫ ∞
−∞

ψ1∆n2
1ψ
∗
1dxdy + k2

0A2e
i∆βz

∫∫ ∞
−∞

ψ2∆n2
1ψ
∗
1dxdy = 0

The second term can be neglected, since the overlap between ψ1 and ψ2 is
negligible in the weak coupling approximation. This is because the waveguides are
not too close to each other.

Defining the coupling coefficients κn,m as

κn,m =
k2

0

2βn

∫∫
ψm∆n2

mψ
∗
ndxdy∫∫

ψmψ∗ndxdy
(A.8)

and repeating the multiplication of Eq. A.7 by ψ∗2, it is possible to obtain the
following system of equations, called coupled mode equations:{

iA′1 = κ1,1A1 + κ1,2A2e
i∆βz

iA′2 = κ2,1A1e
−i∆βz + κ2,2A2

(A.9)

However, as can be seen from Eq. A.8, κ1,1 and κ2,2 can be neglected. Indeed,
∆n2

1 is non-zero only on the second waveguide, where ψ1 is small. These equations
can then be rewritten as {

iA′1 = κ1,2A2e
i∆βz

iA′2 = κ2,1A1e
−i∆βz (A.10)

These equations imply that variations in the amplitude of the first mode are
linked to the amplitude of the second one, through κ1,2, and vice-versa. The modes
are coupled together, exchanging energy through the coupling coefficients.

It can be assumed, due to the symmetry of the device that κ1,2 ' κ2,1 = κ [40].
It is now possible to analytically solve the system A.10.
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It is common use to describe the mode coupling in terms of power, instead of
amplitude. Being both values normalized, the connection between them is simply
Pi(z) = |Ai(z)|2.

Assuming light is injected only in the first waveguide: P1(0) = 1 and P2(0) = 0.
It can be showed that the normalized power propagation in the two waveguides, as
a function of z, can be described as [40]:

P1(z) = cos2(σz) +
δ2

δ2 + κ2
sin2(σz)

P2(z) =
κ2

δ2 + κ2
sin2(σz)

(A.11)

where σ =
√
δ2 + κ2 and δ = ∆β/2.

Since the mode amplitudes are normalized: 0 < Pi(z) < 1 and P1(z)+P2(z) = 1.



Appendix B

Gaussian Beam Propagation

In many applications, the laser beam intensity profile is assumed to follow a gaussian
distribution. It is a mathematical description to simply the problem, which well
resembles the reality in many situations.

The intensity profile decreases as the radial distance from the beam center in-
creases, on the plane perpendicular to the beam propagation direction. This distri-
bution is described as

I(r) = I0e
− 2r2

w(z)2 (B.1)

where I0 is the peak intensity, r the radial distance from the beam center and z the
propagation direction. w(z) is the beam radius where I(r) = (1/e2)I0, as can be
seen from Fig. B.1.

The intensity profile changes with propagation. The beam converges towards
(and diverges afterwards) wz = w(zR), called beam waist. This is the region where
the beam radius is at its minimum.

Figure B.1: Gaussian beam intensity as a function of the radial distance
from the beam center. w is the beam radius where I(r) = 0.14I0, I0 being the
peak intensity.
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Figure B.2: Gaussian beam width w(z) as a function of propagation distance.
The beam waist w0 is highlighted. Notice that w(zR) =

√
2w0.

The propagation of w(z) through space can be described with [80]:

w(z) = w0

√
1 +

(
z

zR

)2

(B.2)

where zR =
πw2

0

λ
is called Rayleigh range of the gaussian beam. Notice that zR is

the z coordinate where the cross-sectional area of the beam is doubled with respect
to the one at the beam waist. In other words, w(zR) =

√
2w0 as in Fig. B.2

A real laser beam has some deviations from the ideal gaussian profile. The
quality of a laser beam is defined as the amount of similarity with an ideal gaussian
beam. It mathematically described by the M2 factor, defined as [81]:

M2 =
πw0θ

λ
(B.3)

where θ is the beam divergence. Notice that for a gaussian beam θ = λ/πw0, so
that M2 = 1. A real laser beam has M2 > 1.

It can be showed that, for a real laser beam focused into a material with refractive
index n, the beam waist w0 can be computed as [46]:

w0 =
M2λ

πNA
(B.4)

in the paraxial approximation. On the other hand, the Rayleigh range is

zR =
M2λn

πNA2
(B.5)

Notice that the ratio between the Rayleigh range and the beam waist is

zR
w0

=
n

NA
(B.6)
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