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Chapter 1

Introduction

The key to astronomical imaging is an excellent spatial resolution. Astronomical

objects, such as binary stars or parent stars and their companions, can only be

distinguished from each other by observing a high resolution image of the object. A

higher resolution for a single telescope can be achieved by enlarging the diameter

D of a single telescope because the angular resolution ∆θ satisfies the Rayleigh

criterion ∆θ = 1.22λ
D for the operation wavelength λ. The typical spot size of a seeing

limited single telescopes is 1 to 2 arcseconds. Nevertheless, this is only achievable by

using adaptive optics that corrects wave front disturbances caused by atmospheric

turbulence [1] while the enhancement of telescope diameters has technical limits. It

is not possible to extend the telescope diameter of a single telescope using adaptive

optics to hundreds of meters. The main mirror of the Extremely Large Telescope

(ELT), which is currently being built in Chile to be the biggest telescope in the world,

will have a telescope diameter of 39 m, which is close to the upper limit of the

possible dimensions. Equipped with adaptive optics, it has an expected angular

resolution of 5 milliarcseconds. [2]

Optical interferometry combines multiple seperate telescopes. It is a technique that

increases the angular resolution of astronomical imaging compared to large single

telescopes. Accordingly, stellar interferometry has a complex field of applications.

Telescope interferometers explore, amongst exoplanets [3], which might lead to the

discovery of earth-like planets that provide environmental conditions that allow the

formation of life, young stars [4], the massive black hole in the galactic center [5],

proto-planetary disks and the formation of young planets [6, 7] and much more.

Considering a distant light source observed with a two element interferometer, the

light is sampled at two different locations ~r1 and ~r2 at different times t1 and t2. The

correlation of measurements of the two electric fields is expressed in the coherence
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Chapter 1. Introduction

function. The most interesting cases are temporal coherence, which describes the

measurements of the electric fields at the same location but at different times, and

spatial coherence, in which the measurement points have a spatial separation but

the measurements are done at the same time.

The temporal coherence function V describes the correlation in time of an electric

field E along a given wave train, as it is measured in a Michelson interferometer

[8, 9]. It is defined as

〈E∗(~r1, t1)× E(~r2, t2)〉 = V(~r1 − ~r2, t1 − t2) = V(~0, τ). (1.1)

The Wiener-Khinchin theorem states that the normalized value of the temporal

coherence function equals the Fourier transform of the normalized spectral energy

distribution of the source. [10, 11]

The spatial coherence function

〈E∗(~r1, t1)× E(~r2, t2)〉 = V(~r1 − ~r2, t1 − t2) = V(~ρ, 0) (1.2)

measures the correlation in space of the electric fields perpendicular to a wave train,

as it is measured in Young’s double slit experiment [12]. If |V(~ρ, τ)| = 1 the fields

would be completely monochromatic, while for V(~ρ, τ) → 0 they are incoherent and

show no interference at all.

The foundation to the interferometry is in the Van Cittert-Zernike theorem. It states

that the spatial coherence function of light from a source located far away is the

Fourier transform of its angular brightness distribution and can be written as

Vr,norm(u, v) =

∫ ∫

I(α, β) exp (−2iπ(uα + vβ))dαdβ
∫ ∫

I(α, β)dαdβ
(1.3)

with α and β as sky coordinates and u and v as the vector baseline between the

sampling points projected to a plane oriented perpendicular to the source direction

(called the (u,v)-plane). [10, 11]

For stellar interferometry the spatial coherence function (also called visibility func-

tion) is highly interesting, because it contains information about the structure of an

astronomical object. For a suitable set of baselines the structure of the source can be

reconstructed using the inverse Fourier transform of Vr(u, v). [1, 10] The quality of

the image can be enhanced by a denser sampling of the (u,v)-plane, which can be

accomplished by the visibility measurement using multiple telescopes and multiple

baselines. [13]
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Chapter 1. Introduction

Figure 1.1: Scheme of an interferometer using 2 telescopes.

An interferometric setup for two telescopes is shown in Fig. 1.1. The light that is

collected for optical interferometry is transported by delay lines. A fringe tracker

corrects the optical path lengths due to transmission of the stellar light through atmo-

spheric turbulences and coherently combines the light within an optical instrument.

[14] Finally, the mutual coherence of each possible telescope pair is analyzed. [15]

Recent telescope interferometers have an angular resolution of milliarcseconds [13],

such as the instruments implemented at the Very Large Telescope Interferometer

(VLTI) in Chile. The VLTI has four 8.2 m unit telescopes and four 1.8 m auxiliary

telescopes which are organized in six different baselines at most. [16] It is equipped

with three operational interferometer instruments: PIONEER [17] which observes in

the H and K band, as well as AMBER [18] and GRAVITY [19] in the K band. Another

instrument for L, M and N band which is called MATISSE [20] is currently being

commissioned. The Center for High Angular Resolution Astronomy (CHARA) array

located in California (United States) has six 1 m telescopes with the longest baseline

of 330.7 m which can detect astronomical objects in the V, R, I, J, H and K band.

[21] The Large Binocular Telescope Interferometer (LBTI) allows the observation of

astronomical objects in the L, M and N band [22]. The two 8.4 m wide telescopes,

separated by 14.4 m are located in Arizona (United States). The limitation of infrared

interferometry of earth-based telescopes is atmospheric absorption. The telescopes

are often placed in areas with a low appearance of water vapor. Nevertheless, there

are wavelength bands which are not transparent for infrared light. The wavelength

windows which can be used for infrared astronomy are shown in Table 1.2.
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Chapter 1. Introduction

Figure 1.2: Wavelength range of astronomical bands. [23]

Pushing the wavelengths for beam combination further into the infrared is important

for example to extend the number of observable objects and to have a more favorable

spectral density contrast between bright stars and cool companions, like exoplanets.

Planck’s law states that the spectral density B at the frequency ν of a black body

having the absolute temperature T is given by

B(ν, T) =
2hν3

c2

(

e
hν

kBT − 1
)−1

(1.4)

with the vacuum speed of light c and the Planck and Boltzmann constants h and kB.

The total spectral density of an exoplanet is a combination of its thermal emission

and the light reflected from the parental star. The best spectral density contrast

between star and companion is found in the mid-infrared.

The investigation of beam combination systems made from infrared transparent

materials and the improvement of the instrumental properties of the beam combiners,

as it was done in this work are crucial for the extension of the wavelength range in

astronomical interferometry and the improvement of imaging resolution.

The interferometric combination of telescopes can be accomplished by combining

the beams from several telescopes with a Fizeau or Michelson interferometer [24] in

a cascade of beam splitters and lenses or using integrated optics (IO) components

[25, 26] which use waveguide coupling in e.g. directional couplers and discrete beam

combiners for the combination of the telescope light.

The concept of IO has been introduced to astronomical interferometry in 1999. [25]

Integrated beam combiners can consist of evanescently coupled waveguides that

combine the electromagnetic fields, either pairwise in a cascade of couplers and
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Chapter 1. Introduction

beam splitters in order to distribute and combine the starlight simultaneously on

all possible baselines [27], or all at once in straight waveguide arrays using discrete

diffraction. It is a stable and compact technology [28] with a low sensitivity to vibra-

tions and temperature fluctuations and a reduced setup complexity which also works

as spatial filter. Spatial filtering improves the precision of the instrument, which is

very important to handle atmospheric turbulence. Additionally, the only alignment

needed is the launching of the electrical fields collected by the telescope into the

device which reduces the requirement for maintenance. [26] These properties even

give the possibility to use them in space-based experiments. [26]

IO components can be manufactured using 2D techniques such as photo lithography

[28], ion exchange diffusion [29] and chemical etching [28, 30, 31]. [26] These IO pro-

cessing methods are well mastered for near-infrared light and produce waveguides

with losses lower than 0.1 dB
cm [32], but they only produce IO components with a

planar geometry. Ultrafast laser inscription (ULI) uses focused ultrafast laser pulses

to induce a local refractive index change to the illuminated material and can be used

to write waveguides. [33] This method allows the waveguide geometry to extend

to the third dimension which can avoid waveguide crossings and therefore enables

the manufacturing of more complex components. In addition, it is a rather simple

manufacturing process compared to the 2D methods which allows fast prototyping

and the extension to mid-infrared applications.

Depending on the laser intensities, there are different writing regimes for ULI wave-

guide writing. At low peak intensities a smooth refractive index change occurs

which can be either positive or negative. In this regime, waveguides have been

written into different materials, as fused silica [34, 35], phosphate glass [36], heavy

metal oxide glass [37], chalcogenide glass [38] and halide glass [39]. Waveguides can

be fabricated writing a single track of smooth positive refractive index change or by

writing a depressed cladding with a reduced refractive index around unmodified

material [40]. At medium high intensities an anisotropic refractive index and a

related strong birefringence, generated by self-organizing nanogratings [41] has been

reported for silica [42, 43], multicomponent silicate [44], fluoroaluminate glasses [45],

as well as, crystals like tellurium-oxide [46] and sapphire [47] and even ceramics

[48]. The stress field between the laser damaged tracks, generated in this regime, can

form the waveguide [49] or a depressed cladding can be generated [50]. For high

laser intensities the material suffers from voids and micro-explosions. [51]

A suitable material for ULI for mid-infrared IO applications is gallium lanthanum

sulfide (GLS) glass. [52] ULI was first reported to be used on GLS substrates in 1996

[34]. GLS has a transparency window reaching up to about 10 µm, is a non-toxic
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Chapter 1. Introduction

material and has stable mechanical and thermal properties. Laser irradiation with

suitable parameters can induce a positive refractive index change to the glass which

enables waveguide manufacturing using ULI. [53, 54]

Pairwise IO beam combiners have experienced more development compared to

all-in-one devices, so far. On sky and laboratory tests of up to 4 telescopes could

be successfully performed. [17, 55] The GRAVITY instrument is a 2D pairwise

4-telescope beam combiner fabricated with photolithography. Though the cross

talk is below 1%, an increasing number of telescopes will increase the cross talk

and the complexity of the device. Integrated optics 3-telescope beam combiners

that are extended to the third dimension were introduced to the field in 2012 by

using ULI. [56] This manufacturing technique also allowed to fabricate all-in-one

discrete beam combiners (DBCs) [57] which are periodic 2D arrays of evanescently

coupled single-mode waveguides and allow the combination of 3 [58, 59] or 4 [60, 61]

telescopes.

The aim of this thesis is twofold. On one hand an interferometric device for the beam

combination of 4 electromagnetic input fields should be designed and fabricated

using ultrafast laser inscription in gallium lanthanum sulfide glass which includes

the optimization of the waveguide writing parameters, the design and optimization

of s-bends, the determination of the coupling strength of different evanescently

coupled waveguide configurations and the management of laser induced stresses.

On the other hand the laser induced structural modification should be studied using

several independent experiments. Additionally, the Raman response of laser light

traversing a waveguide should be investigated.

After this introduction, in Chapter 2 the manufacturing process of waveguides

in glass using ultrafast laser inscription including the working physical mechanisms

and the properties of the used gallium lanthanum sulfide glass are introduced be-

fore the fabrication of single-mode waveguides and the optimization of the writing

parameters are described in detail. Subsequently, the structural changes during the

laser writing process are examined by using scanning microscope images, Raman

spectroscopy and polarimetry. Finally, the reduction of stresses induced by the

manufacturing by means of annealing is characterized.

Chapter 3 focuses on the interferometry using IO components. The concept of

evanescent waveguide coupling and IO are explained, extended by the determi-

nation of coupling and propagation coefficients for directional couplers. In the

following sections the design and characterization of the zig-zag and ABCD discrete
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beam combiners are described while solutions to the asymmetry and polarization

dependence of waveguide arrays induced by stress fields are presented.

In Chapter 4, the measurement and simulation of the nonlinear Raman-Kerr effect in

GLS glass in order to investigate the influence of the Raman effect to supercontinuum

generation in GLS waveguides is described.

In the end of this thesis the content and the conclusions are summarized and an

outlook is given.
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Chapter 2

Waveguide manufacturing using

ultrafast laser inscription

In this chapter the physical background of ultrafast laser inscription (ULI) is ex-

plained and gallium lanthanum sulfide (GLS) glass is introduced as a material

suitable for the manufacturing of waveguides that operate at mid-infrared wave-

lengths. In order to find suitable parameters for waveguide manufacturing that

can be used for the fabrication of photonic chips, the fabrication process of single

mode waveguides in this material is explained, before the results of the waveguide

characterization are presented. In the second part of the chapter the structural

modifications caused by the induced laser energy are studied with the aim of under-

standing the properties of the GLS glass and the light guiding structures. Therefore,

the results of scanning electron microscopy (SEM), Raman microscopy and polari-

metric measurements are compared with the behavior of the mode field diameter

(MFD) for waveguides written with different parameter sets. Finally, the effects of

annealing on the waveguide properties are studied in order to reduce the effects of

stress induced birefringence.

2.1 Ultrafast laser inscription in transparent materials

ULI was first performed in 1996 [34] and has since been object of numerous studies. It

uses the nonlinear photoionization mechanisms, which cause a permanent refractive

index change as a result of the exposure to high intensity light radiation.

The applications of ULI are versatile. It reaches from photo polymerization [62, 63]

over the manufacturing of couplers [64–68], the production of Bragg gratings [69],
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Chapter 2. Waveguide manufacturing using ultrafast laser inscription

implementations in nano surgery [70–72] to material processing [73–75]. It could

also be utilized for research on biosensors [76], linear and nonlinear optics [77], as

well as quantum optics [78–80], 3D memory storage [81] and stellar interferometry

[56]. More detailed information about the last application will be given in Section 3.3.

Laser irradiation of transparent materials leads to nonlinear processes that confine the

absorption process to the focal volume. Laser photons at wavelengths in the visible

and mid-infrared regime provide not enough energy to trigger linear absorption.

Instead, the mechanism that takes place in the material is nonlinear photoionization

by multi-photon absorption, tunneling ionization and avalanche photoionization.

In the multi-photon absorption (MPA) process multiple photons with the laser

frequency ν are absorbed simultaneously by a valence band electron which can be

promoted to the conduction band. The photon number m has to be high enough to

bridge the bandgap energy Eg (Eg < mhν). The ionization rate is given by

WMPA = σm Im (2.1)

with σm as the multi-photon absorption coefficient and I as the intensity.

Additionally, direct band to band transitions are possible by photon tunneling when

the electric field of the laser pulse is strong enough to deform the Coulomb well in

which the valence electrons are located in a way that they are able to tunnel through

the short barrier to get free.

Figure 2.1: Timeline of laser-matter interaction [33].

When the induced energy of the conduction band electron exceeds the minimum con-

duction band level by more than the band gap energy impact ionization of valence

band electrons by these conduction band electrons can occur. This mechanism may

lead to an electron avalanche ionization, which has a higher contribution at longer
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pulse lengths. A large number of electrons is ionized within tenths of picoseconds.

The so generated large electron density leads to plasma formation which is followed

by optical breakdown. [82]

The energy of the electrons can be transferred to the lattice at about one nanosecond

after the initial irradiation and on a microsecond timescale the thermal energy trans-

fers out of the focal volume. [33] When the laser has a high pulse repetition rate,

the material has no time for relaxation because the time scale for the heat transfer is

longer than for absorption. This way, the heat accumulates at the focal spot which

can cause the glassy material to melt. On a microsecond timescale the material

is resolidifying and leaves localized permanent structural modifications, such as

refractive index enhancement [66] or depression [83].

At low pulse energies near the modification threshold a smooth refractive index

change can be observed. [84] This can be used for waveguide writing in glasses. At

higher energies the formation of periodic nanogratings orthogonal to laser polariza-

tion is reported. [43] For even higher pulse energies the pressures can overcome the

Young’s modulus which leads to a shockwave that leaves microexplosions or voids

in the glass. [85] A refractive index change can be a result of material densification

[86], induced stresses [87], color center formation [88] or elemental diffusion. [89]

Confining the laser to a focal spot and scanning the focus through the transparent

material by translating the sample allows waveguide writing with complex geome-

tries. ULI is applicable to a various number of materials, e.g. glasses [34, 90], crystals

[91, 92] and polymers [93].

The type and extent of the modification depend on laser parameters, such as pulse

duration, laser wavelength and energy, repetition rate, as well as on material pa-

rameters, e.g. bandgap energy, thermal expansion coefficient etc. and the focusing

parameters, such as numerical aperture (NA) of the objective. A positive refractive

index change enables the possibility to write waveguide cores directly. A negative

refractive index change, as it occurs in Nd:YAG single crystals [50] or Tm:ZBLAN

glass, [40] requires writing the cladding instead of writing the waveguide core.

When the waveguide orientation is chosen to be parallel to the laser beam direction

(longitudinal writing), the waveguides exhibit a circular cross section due to the

Gaussian intensity profile of the laser beam. The main disadvantage is that this

fabrication geometry needs objectives with a long working distance and low NA

or writing parameters that allow filamentation in the material. [94] The transverse

writing geometry is far more flexible and only limited in size by the range of the

positioning system. [95] On the other hand, a high refractive index of the transparent

material can cause spherical aberrations of the laser beam focus [82], which results
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in a tear drop shaped cross section for a single track.

Multi-scans with overlapping irradiated zones can be used to shape the cross section

geometry of the waveguide. The thermal history of the sample has a significant

influence on the level of flexibility of the structures. [96] A short annealing leaves a

less dense material. On the contrary an annealing over a longer period at the same

temperature erases the effects of previous thermal treatment until complete material

relaxation. The long term treated samples show a higher density and also a higher

refractive index which makes it harder to achieve positive refractive index changes

due to photocontraction by laser writing. [96]

2.2 Gallium lanthanum sulfide glass

For the search of earth-like exoplanets or protoplanetary disks, the mid-infrared

wavelength range (5 – 30 µm) is highly interesting. The spectral density contrast

of the parent star and its exo-planet is lowest in the mid-infrared range, allowing

data collection of planetary spectra with less effort compared to the operation in the

visible wavelength regime. Also, the peak emission of planets in the habitable zone

around solar-type stars and several bio-markers, e.g. water, CO2 or O3 are visible in

this wavelength regime. [26] Accordingly, the transparency window is crucial for

the selection of material for the photonic chips used in stellar interferometry. Other

desired characteristics include low losses, which mean a low impurity level and a low

number of defects, the resistance to thermal and mechanical stress, chemical stability

and spatial homogeneity. Possible material candidates are (amorphous) chalcogenide

glasses as As2Se3 or As2S3 with transparency windows up to 12 – 16 µm, tellurium-

or germanium-compositions which are transparent up to 20 µm and (crystalline)

silver-halide glasses and zinc selenide components with similar transparency ranges.

[26]

GLS was first mentioned by Loireau-Lozac’h et al. in 1976. [52] It is a yellow/brown

inorganic solid that belongs to the group of chalcogenide glasses. A chalcogenide

glass contains two or more components including one or more of the chalcogenide

elements S, Se, Te and elements of the IIIa to V subgroups of the periodic table. [97]

GLS is the material of choice mainly because it has its transmission range in the

infrared ranging from 0.5 to 10 µm, laser irradiation induces a high positive refractive

index contrast and it is a non-toxic alternative to arsenic-based glasses. [53]

The used samples were produced by ChG Southampton Ltd in the United Kingdom.

Referring to the specifications of the company the glass composition is 50 wt%
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lanthanum (III) sulfide and 50 wt% gallium (III) sulfide. [98] The powdered materials

are melted in an argon atmosphere for 24 h at 1150◦ C and rapidly cooled at 20 K
min

to avoid crystallization. Afterwards it is annealed at 500◦ C for 6 h (below the

crystallization temperature) to enable a relaxation of the developed stresses to a

stable state. Finally the glass is cut into substrates with the size of 1 x 10 x 50 mm3.

[99]

GLS has a melting point of 842◦ C, its glass transition temperature is at 560◦ C and

material crystallization occurs at temperatures higher than about 720◦ C. The specific

density is stated to be 4.04
g

cm2 . [54, 99] In the glassy phase GLS is a semiconductor

with a band gap of 2.6 eV (475 nm). Contrary to crystals, glasses do not have a

long range order but instead a short range order of certain structural units can be

observed.

Figure 2.2: (a) Initial structure of the GLS at the first stage of the simulation. (b) Final
structure of GLS in equilibrium state. Images created by Gloria Tabacchi at the
DSAT-Università Insubria (Como, Italy). Left: ball and stick image. Right: polyhedra
image. Atom colors: La and LaS8 polyhedra - red, Ga and GaS4 tetrahedra - green,
S - yellow.
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Ab initio molecular dynamics simulations of the GaLaS3 glass with a composition

50% GaS3 and 50% LaS3 [54] was performed by Gloria Tabacchi at the DSAT-

Università Insubria (Como, Italy). A simulation cell that matches the specific density

of 4.04
g

cm3 was built starting with the β-phase of the GaLaS3 crystal. [100] First the

melting of the structure at a temperature of 1600 K was simulated in order to obtain

a liquid phase which could be cooled gradually in the second step to an equilibrium

at room temperature.

The obtained glass structure is a disordered network of Ga-centered tetrahedra

and La-centered polyhedra of S atoms. Gallium is essentially bonded to 4 sulfur

atoms while the lanthanum is coordinated to 6, 7 or 8 sulfur atoms with the average

coordination number of 7.5 which is in line with the literature [101]. A closer look to

the glass structure reveals that S-S bonds are very uncommon in the final glass and

the density distribution is not constant at all points in the structure.

The resulting average of the interatomic distances from the simulated structure

are: 2.85 Å for Ga-Ga, 4.46 Å for La-La, 3.56 Å for S-S, 3.68 Å for Ga-La, 2.17 Å for

Ga-S and 2.92 Å for La-S . The results for the initial structure with a still observable

crystalline structure (a) compared with the final glass structure obtained by the

simulation with no long range order (b) are shown in Fig. 2.2.

Figure 2.3: (a) Structure of the covalent gallium environment of crystalline Ga2S3. (b)
Ionic cavity formation after adding La2S3 [102].

The GaS4 units act as glass forming units and the La-S appears to be the glass

modifier. Network forming elements form an interconnecting network of polyhedra,

while the network modifiers fill in the empty spaces in between. [103] In the

crystalline state sulfur atoms are placed at corners of a tetrahedra with an La or Ga

atom in the center. Ga2S3 includes two sulfur atoms that form two covalent bonds

and one dative bond to three gallium atoms. Another sulfur atom is bound to only

two gallium atoms. This identifies it as a bridging atom. Introducing La2S3 to the

structure adds an S2− anion that links to a Ga-Atom by breaking the dative Ga-S

bonds. This process is preserving the tetrahedral structure of the sulfur compound
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but the previously tri-coordinated S-atom becomes a di-coordinated bridging atom.

[99, 102, 104]

To gain information about the dispersion of the material the refractive index at

different wavelengths have to be identified. GLS has a high refractive index of 2.31

at 3.39 µm. A measurement of the refractive indeces over several wavelengths was

performed by VITRON Spezialwerkstoffe GmbH, Jena with an IR refractometer, see

Fig. 2.4 (a), in order to extend the measurement of the known data [105] which

already ends at a wavelength of 1.7 µm and therefore does not cover the range in

which the later fabricated waveguides should operate (up to 3.4 µm).

Figure 2.4: (a) Schematic image of the refractometric measurement. (b) Refractive
index measurement. Values taken from measurements by VITRON Spezialwerkstoffe
GmbH and [105].

A GLS prism is illuminated with light of different wavelengths with the incident

angle α after determining the prism angle φ by measuring the reflection angles

on both prism planes. The incoming beam is refracted by the angle δ which is

depending on α, φ and the refractive index of the GLS prism (assuming the refractive

index of air nair = 1). The refracted beam angle is measured with a goniometer at

different wavelengths. To facilitate the measurement and calculation the incident

angle is chosen to be orthogonal. The equation

n = sin
(

φ + δ

sin φ

)

(2.2)

can be used to derive the refractive index of the material. [106] The results from this

experiment were added to the values from the literature [105] and plotted in Fig. 2.4

(b). These two datasets exhibited an offset in refractive index of 0.03 and therefore

had to be aligned by adding a constant value to the measurement data points make

a proper fit possible. A Sellmeier-fit of the obtained values resulted in a refractive
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index of (for λ in µm)

n2(λ) = 1 +
4.535 · λ2

λ2 − 0.04545
+

56.71 · λ2

λ2 − 1.729 · 104 . (2.3)

When an electromagnetic wave traverses a single mode waveguide it experiences

different types of dispersion. Amongst others, the material refractive index (material

dispersion), the field distribution over the waveguide radius (geometrical dispersion),

the polarization in birefringent materials (polarization dispersion) and nonlinear

effects can affect the refractive index for light at different wavelengths. Nonlinear

effects occur at high laser intensities in nonlinear materials. The refractive index

becomes intensity dependent and leads to effects such as self-phase modulation or

soliton generation.

There are two domains of dispersion. Normal dispersion is existent, if the derivative

of the refractive index with respect to the frequency of the light is positive
(

dn
dω > 0

)

.

Anomalous dispersion occurs for
(

dn
dω < 0

)

. [107]

The zero dispersion wavelength (ZDW) is the wavelength at which the dispersion

equals zero. It can be derived from Eqn. 2.3. For the manufactured waveguides it

is found to be ZDW = 3.696 µm which is close to the operating wavelength of the

mode characterization setup (3.39 µm).

Transmission losses in optical glasses generally originate from absorption during

electric transitions induced by a photon with sufficient energy, photon absorption

and scattering. Due to the introduced interface between waveguide and bulk a high

contribution to waveguide losses is given by scattering. The high hyperpolarisability

of the sulfide ion leads to a large third order nonlinear refractive index that is about

100 times higher than that of SiO2. [108]

2.3 Single mode waveguides in GLS

A first step towards the manufacturing of photonic chips for mid-infrared stellar

interferometry is to find a way of writing single mode waveguides in the chosen

material (GLS glass).

A waveguide is a light confining structure for one (slab waveguide) or two dimen-

sions (channel waveguide or fiber) which uses the effect of total internal reflection

for light guiding. It consist of a waveguide core with the refractive index ncore in

which the light is transported and a cladding with a lower refractive index ncladding

which is necessary to obtain total reflection at the interface. All light beams that are
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injected to the waveguide at an angle that is smaller than the critical angle

cos θcrit =
ncladding

ncore
(2.4)

can be guided inside the waveguide core. The corresponding cone of guidable rays

has an numerical aperture of

NA = ncore sin θcrit =
√

n2
core − n2

cladding . (2.5)

When the value of the waveguide diameter d approaches the wavelength, ray optics

is not valid. For a waveguide the propagation equations have discrete solutions

which are referred to as modes. A single mode waveguide is defined to guide only

one mode. A mode is a field that has a constant transverse distribution along the

waveguide axis. [107] The number of transverse electric (TE) modes guided in a 2D

waveguide can be approximated for cylindrical waveguides as

M ∼ π2d2

λ2
0

NA2 . [107] (2.6)

The fundamental mode is nearly Gaussian. The 1
e -diameter of the mode is referred

to as the mode field diameter (MFD).

After ULI turned out to be a suitable method for waveguide writing the search for

the optimal parameter set to write single mode strip waveguides is necessary. A

sketch of the used setup can be seen in Fig. 2.5 (a).

Figure 2.5: (a) Laser writing setup. (b) Characterization setup.

The laser source is an amplified PHAROS Yb:KGW laser at a wavelength of λ = 1026 nm.

The laser provides a pulse train with pulse durations between 190 fs and 10 ps at

repetition rates between 200 kHz and 1 MHz. For fine tuning of the laser power, the

setup contains a rotatable λ
2 -plate and a linear polarizer. To avoid the formation of
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nanogratings [43] circular polarization of the writing beam is ensured by the use of

a λ
4 -plate inserted in the light path. An additional 1:2 beam expander makes sure

that the entrance pupil of a NA = 0.35 microscope objective is illuminated uniformly.

The beam is focused 200 µm underneath the polished surface of the sample, which

is placed on a moveable computer-controlled nano-positioning stage allowing the

positioning with a precision of about 200 nm and speeds up to 2 cm
s . [109, 110]

For characterizing the mode fields transmitted by the manufactured waveguides and

to perform the characterization of the integrated optics components in Chapter 3,

a setup as in Fig. 2.5 (b) was built. A helium-neon laser (λ = 3.39 µm) is used as

infrared light source. A linear polarizer allows the control of the input polarization

state. The laser beam is introduced to a Michelson interferometer, which allows

splitting the beam and delaying one partial beam by a movable mirror. The two

partial beams can then be focused by a lens ( f = 50 mm) to two different spots on the

input face of the glass sample. The sample is attached to a 3D translation stage with

an additional tip-tilt facility, which opens the possibility to position the waveguide

parallel to the beam. By this mean the beam is focused to the polished entrance face

of the waveguide. The transmitted mode is reimaged on a FLIR-A6700sc infrared

camera.

The horizontal and vertical mode field diameter is measured as the 1
e -width of the

Gaussian intensity profile observed by the camera.

First single scan experiments showed visible tracks in microscopic images with 20

times magnification for 7 to 21 mW and writing speeds between 0.25 and 6 mm
s . The

repetition rate was set to 500 kHz and the pulse duration to 400 fs. The cross section

of these modifications extend to 20 µm in height and 5 µm in width but the refractive

index change is not high enough to couple enough light at 3.39 µm wavelength into

the waveguide. Increasing the laser power up to 130 mW could increase the height

to 100 µm and the width to 18 µm. The teardrop shaped cross section is visible, see

Fig. 2.6 (a), top. It arises due to spherical aberrations induced by the plane surface

of the high index GLS glass. [56]

The irradiated material is able to guide light but due to the high aspect ratio the

output mode showed single mode behavior in horizontal direction but it is multi-

mode in the vertical direction. A variation of the pulse duration shows the smallest

aspect ratio of 4 for a single scan at 1 mm
s and 130 mW for 400 fs. Beam shaping

with a slit perpendicular to the direction of writing in front of the objective, which

changes the shape of the beam focus in one dimension in order to write waveguides

with a more circular cross section [111] did also not give satisfactory results. In this

case, the microscopic image of the waveguide cross section showed indications of
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filamentation of the laser beam.

To receive waveguides that are able to support a single mode at a wavelength of

3.39 µm with nearly circular mode fields, the multi-pass writing technique was

used which allows tailoring the refractive index contrast and the waveguide cross

section. According to the literature [112], 21 overlapping lines, with each line shifted

horizontally by 300 nm, form a rectangularly shaped waveguide. The cross sections

of the waveguides are shown in Fig. 2.6 (a), bottom.

A parameter scan of the stage translation speed and the laser power on sample for a

repetition rate of 500 kHz and a pulse duration of 400 fs with a NA of the focusing

system of 0.35, identified a writing window for single mode waveguides between 1

and 8 mm
s writing speed and 30 and 50 mW laser power, excluding 1 and 2 mm

s for

45 mW and 1 to 4 mm
s for 50 mW for the reason of multimode guiding and 6 to 8 mm

s

for 30 mW, because waveguides written with these parameters are not able to guide

any light for a probe wavelength of 3.39 µm (see, Fig. 2.6 (b)).

A pulse length scan for multi-scan waveguides from 200 fs to 1 ps for 1 mm
s and

40 mW showed the smallest MFD at 500 fs. The waveguides that were manufactured

with the parameters 40 mW laser power, 1 mm
s translation speed, a pulse length of

500 fs and 500 kHz repetition rate with a NA of 0.35 exhibit the minimal measured

mode field diameter for λ = 3.39 µm of 18.6 × 22.1 µm2. These waveguides have a

core cross section of about 8 × 17 µm2.

Figure 2.6: (a) Microscope images and supported modes at 3.39 µm of a single scan
waveguide written with 1 mm

s and 120 mW (top) and multi-scan waveguide written
with 1 mm

s and 40 mW with 21 lines separated by 300 nm (bottom). [109] (b) Mode
numbers of probed multi-scan waveguide parameter sets for λ = 3.39 µm.

Mid-infrared photonic devices for stellar interferometry page 20



Chapter 2. Waveguide manufacturing using ultrafast laser inscription

A change of the NA of the focusing system to 0.45 did not decrease the smallest

possible MFD. The smallest MFD for a NA of 0.45, a laser power of 25 mW and a

writing speed of 1 mm
s was measured to be 19.4 × 23.4 µm2. The reproducibility

test, which compared the MFD for 5 waveguides written with an identical parameter

set, showed a standard deviation of ∼ 2% for the horizontal and 5% for the vertical

MFD.

For estimating the propagation losses there are several possible techniques, e.g. the

scattering technique [113] which is limited for our waveguides due to the small

amount of scattered light, prism coupling [114] which cannot be used for buried

waveguides and the Fabry-Perot resonance method [115] which needs a heating

facility in the characterization setup. [103] For obtaining the propagation losses of

the waveguides in GLS the cut-back method was used. [116, 117] Waveguides with

identical writing parameters were written in two 50 mm long samples. One sample

kept its length of 50 mm and the other one was cut into 5, 14 and 30 mm long pieces.

The throughput powers for all four samples was measured and the propagation loss

of about (0.91 ± 0.35) dB
cm obtained.

The comparison of the MFDs for waveguides written with different parameters

showed interesting results.

Figure 2.7: (a) MFD at 3.39 µm of waveguides written with a laser power of 40 mW
and varying translations speeds. (b) Simulation of horizontal and vertical MFD over
∆n for a wavelength of 3.39 µm. Both for vertical input polarization.

A plot of the horizontal and vertical MFD over the writing speed for a laser power

of 40 mW is shown in Fig. 2.7 (a). The minimal horizontal MFD can clearly be

distinguished for 1 mm
s . The slope change at this point could indicate a different

resulting structure after laser irradiation for different writing speeds. Smaller

refractive index changes lead to larger MFD. Therefore, there might be a different
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structural effect responsible for translation speeds higher and lower than 1 mm
s , that

is leading to the change in trend for the refractive index change. Slower sample

translation speeds mean a higher amount of energy density absorbed by the glass.

Figure 2.8: Refractive index difference ∆neff of waveguides written with laser powers
of 40 mW and 45 mW and varying translation speeds.

A refractive index contrast of ∆neff ∼ 4 · 10−3 to 5 ·10−3 could be derived from beam

propagation simulations done with the RSoft mode solver software, see Fig. 2.8.

For the simulation of a 7 mm long waveguide with a rectangular waveguide cross

section of 8 × 17 µm2, ∆n of the waveguides was set to 4
5 ∆n of the material refractive

index and the refractive index of surrounding material with the dimensions of

12× 25.5 µm2 was set to − 1
5 ∆n. The reason for the use of this model describing

the waveguide cross section is a stress induced negative refractive index change

surrounding the waveguides that was observed in the measurements shown in

Section 2.6 (Fig. 2.25). The MFD over refractive index change was simulated to

compare it to the MFD measurements, see Fig. 2.7 (b). Increasing the translation

speed leads to a larger MFD and a smaller ∆n.

To match the diameter of the input mode to the waveguide size a taper can be

useful. To test the influence of the launching mismatch to the transmitted power the

translation speed of the sample was changed along the waveguide length. Starting

from different velocities between 1 and 8 mm
s at a laser power of 40 mW and reducing

linearly the translation speed along the length until the final velocity of 1 mm
s resulted

in waveguides that change their size uniformly from one side of the sample to the

other. For an optimal input coupling the MFD matching between input beam and

waveguide input face is necessary. The MFD of the focused He-Ne laser is 32.5 µm.

The throughput power of the tapered waveguides were measured. The transmitted

power for 2 mm
s to 1 mm

s writing speed over a length of 10 mm is the highest of the
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tested tapers, see Fig. 2.9.

For a better comparability, the MFD values used in this section express the values of

the output modes received with linear vertical input polarization.

Figure 2.9: Throughput of differently tapered waveguides normalized to the unta-
pered waveguide written with a writing speed of 1 mm

s at 40 mW laser power.

2.4 Structural modifications induced by femtosecond

laser irradiation

2.4.1 Scanning electron microscopy

For the investigation of the presence of nanostructures in laser irradiated GLS glass,

scanning electron microscopy (SEM) is a helpful tool. It allows the view to the

surface of the waveguide cross section with a resolution at a nanometer scale.

Electrical non-conducting materials, such as the investigated GLS glass sample,

have to be coated for example with a carbon layer to avoid charge deposition on

the sample which would lead to distortions of the electron beam and therefore an

inaccurate image. [118]

Waveguides with laser powers of 40 and 45 mW and writing speeds of 0.5, 1, 2, 4 and

8 mm
s at a pulse repetition rate of 500 kHz and a pulse length of 500 fs were written

into one sample. Afterwards, the sample input face was polished and chemically

etched for 1 h in 1-molar (1 mol per liter) hydrochloric acid (HCl).

The SEM images for waveguides fabricated with a laser power of 40 mW and sample

translating speeds of 0.5, 1 and 8 mm
s , as well as 45 mW and 2 mm

s have been taken

with the FEI Helios NanoLab and displayed in Fig. 2.10. The cross sections of the
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waveguide that is used in the interferometric devices (40 mW and 1 mm
s for 21 scans

with a line separation of 300 nm) shows a very smooth surface without any hint

of irregularities. Reducing the deposited energy per volume by accelerating the

translation speed to 8 mm
s exhibits also a smooth surface with vertical lines which

show that the scan distance of the laser writing for this parameter set is too high. The

unmodified material in between the scan lines lower the effective refractive index

difference for waveguides written with this parameter set.

Reducing the scan speed to 0.5 mm
s and therefore increasing the deposited energy

has a drastic effect on the surface smoothness. Small irregular structures can be

distinguished that indicate a different structure than for the areas that were scanned

faster. The same behavior can be seen for increasing the laser power to 45 mW.

Figure 2.10: SEM images of the cross sections of waveguides written with different
parameters.

The smooth surface of waveguides written with less deposited energy indicates a

glassy structure that is not too different from the bulk structure. The rough structures

for higher laser powers or slower writing speeds could originate from crystallization

seeds that start to form at a higher temperature (∼720◦ C) [99] or defects due to

laser induced nanocracks [85].

A test etching for 20 h showed a formation of conical holes with depths and diameters

depending on the used writing parameters, see Fig. 2.11 (a, b). For 40 mW laser

power and 0.5 to 4 mm
s translation speed the holes have approximately the same

depths of 85 to 100 µm, 8 mm
s writing speed shows comparably shallow cavities of

13 µm depth. The etching rate decreases more drastically for faster writing speeds

than 4 mm
s with a slope of -2.84 · 10−7 (compared to 0.43 · 10−7 for slower writing)1.

For 45 mW and 0.5 to 2 mm
s the grooves are much deeper with a depth of 200 to

215 µm, 175 µm for 4 and 114 µm for 8 mm
s . The slope of the etching rate is -0.16 · 10−7

1The units have been canceled out: µm/h
mm/s = 1

3600 · 10−3 mm/s
mm/s = 1

3.6 · 10−6)
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for velocities slower than at 2 mm
s and -2.16 · 10−7 for higher writing speeds.2 This

means, laser modified material that has experienced a higher amount of absorbed

energy has a lower resistance to HCl etching.

Assuming linear etching the etching rates differ between parameter sets and lie

between 0.7 and 4.9 µm
h for 40 mW laser power and between 5.7 and 10.8 µm

h for a

laser power of 45 mW. For details see Fig. 2.11 (c). The large gap between the etching

rates for 40 mW and 45 mW laser power at 0.5 to 2 mm
s writing speed can be the

result of a phase transition that is taking place in between the parameter values. The

hole diameters exhibit a similar dependency. The diameter of the etched cones at

the surface is approximately 50 to 53 µm for 40 mW and 0.5 to 8 mm
s , about 67 µm

for 45 mW and 0.5 to 2 mm
s , 63 µm for 4 mm

s and 57 µm for 8 mm
s .

Figure 2.11: (a) Cross sections of waveguides manufactured with different parameters
and etched with 1-molar HCl for 20h. (b) Side view of the conical holes resulting
from the chemical etching process. (c) Overview of hole diameters and depths after
20 h of etching time.

These observations lead to the assumption that higher absorbed laser energies

and therefore higher induced temperatures during the writing process results in

a different final structure of the glass than lower deposited energies. Structural

characteristic as e.g. nanocracks, crystallization or other reformation of atomic bonds

make the surface profile rougher and the material more vulnerable to chemical

etching. However, waveguides fabricated with a lower laser energy density seem

to have a structure close to the structure of the bulk material and are therefore less

susceptible to the etching acid. The slope of the etching rate changes drastically

at 4 mm
s for 40 mW and at 2 mm

s for 45 mW, which indicates a different structural

behavior for high and low deposited energies by the ULI process.

2see Fn. 1
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2.4.2 Raman spectroscopy

More insight to the structure of the GLS glass and information about the structural

changes that occur during laser irradiation is given by Raman microscopy.

The Raman effect results from inelastic photon scattering when a material is illumi-

nated typically with a laser at a frequency ν.

Raman scattering induces Stokes and anti-Stokes lines. In Stokes Raman scattering

the involved atoms or molecules are excited to a virtual state and then relax to a level

that is higher than the ground state. This way the particles are excited into higher

vibrational or rotational energetic states while the scattered photons are reemitted

with lower energy which results in a decrease of ν. Anti-Stokes Raman scattering is

the result of the absorption of photon energy by exciting the atom or molecule from

a virtual state to an excited state followed by the relaxation to the energetic ground

level. The particle reduces its energy and the emitted photon has a higher frequency

than the incident photon.

The Raman spectrum is the spectrum of the scattered photons. It shows the intensity

of the scattered light as a function of its frequency difference to the incident photons

in wavenumbers. Stokes and anti-Stokes peaks are located symmetrically around the

excitation frequency, but the intensities differ depending on the population of the

initial states of the particles in the material. The spectrum depends on the molecular

structure of the irradiated material allowing it to be used for material identification

and analysis.

The Raman peak position indicates the atomic bond types that show altered vi-

brational or electronical states, the peak width shows the distribution of the bond

angles and the peak height gives information about the number of bonds of a kind.

[119, 120]

Laser modification in gallium lanthanum sulfide glass

Structural changes due to laser irradiation in SiO2 [121–123] and germanium based

chalcogenide glasses [96, 124] have been revealed by Raman microscopy. A compari-

son of Raman spectra from irradiated and non-irradiated GLS showed no significant

variations, so far [125, 126] but the Raman modes contributing to the bulk spectrum

have been investigated. [127]

The following measurement results were obtained with the RENISHAW inVia Raman

Microscope. The cross section of waveguides written with several parameter sets

was polished and a line scan over the waveguide cross section could be performed.
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The resolution of the scan was 1 µm. The bulk and waveguide spectra could be

clearly distinguished by the change in Raman intensity. The Raman intensity over

the wavenumbers and the distance along the line for an excitation wavelength of

532 nm is displayed in Fig. 2.12 (a). The two main features of the Raman spectrum

are a strong broad peak from 260 to 445 cm−1 with two side peaks in the range from

95 to 260 cm−1 and a broad medium strong band from 445 to 900 cm−1 in which the

bands indicating Ga and La are overlapping.

A cumulative Gaussian peak fit of the spectrum can reveal differences in peak

heights, peak position and FWHM (full width at half maximum) of the several

peaks. The four peaks with colors red ((135± 59) cm−1), green ((208± 84) cm−1),

blue ((333± 117) cm−1) and turquoise ((644± 484) cm−1) have been fitted respectively

with a Gaussian function, see Fig. 2.12 (b).

Figure 2.12: (a) Raman line scan: Raman intensities over wavenumbers and spectrum
position. (b) Deconvolution of 4 peaks of one spectrum.

The potential origin of the shoulder (peak 1 and 2) can be due to stretching vibra-

tions of the GaS4 tetrahedra (135 and 210 cm−1) overlapping with GaS4 vibrations

(141 cm−1). At 135 and 200 cm−1 the vibrational modes of La6Ga10/3S14 could also

have an effect to the side feature. Additionally, LaS8 breathing vibrations seem to

have a contribution at 210 cm−1. The main peak might be a superposition of GaS4

stretching vibration which has a Raman response at 330 cm−1 and GaS4 vibrations

at 329 cm−1. It can also originate in the bonds of La10/3Ga6S14 which have a peak at

329 cm−1 and also have a peak at 142 cm−1. An overview is given by Tab. 2.13.

The subtraction of the fitted curve from the measurements revealed several re-

sidual peaks. The peaks at (171± 12) cm−1, (237± 11) cm−1, (310± 12) cm−1 and

(398± 14) cm−1 have also been fitted with Gaussian functions. GaS4 stretching modes

have a Raman peak at 172 cm−1 and can be responsible for the first fitted feature.
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The residual peak at 237 cm−1 can be a superposition of GaS4 stretching modes,

GaS4 stretching modes and bonds in the La6Ga10/3S14 structure (all at 233 cm−1).

At 307 cm−1 the GaS4 modes and at 308 cm−1 modes originating from La6Ga10/3S14

can be distinguished in the residual spectrum, as well as the LaS8 breathing mode

and the GaS3 stretching mode at 310 cm−1. Furthermore, contributing to the peak at

398 cm−1 the GaS4 stretching mode appears at 404 cm−1.

Figure 2.13: Deconvoluted peaks resulting from a Gaussian fit and residual peaks
of the Raman spectrum of GLS bulk and the contributions to the spectral features.
[127–129]

Literature research only shows references for wavenumbers lower than 400 cm−1.

The Raman spectrum taken with an excitation wavelength of 532 nm revealed a

broad band at 530 to 900 cm−1 which vanishes when the laser wavelength is changed

to 633 nm. This indicates the measured peak is mainly generated by fluorescence.
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The fluorescence frequency of 644 cm−1 is corresponding to a wavelength of 15.52 µm

or a transition energy of 79.9 meV.

A depth-scan from -100 µm to the surface showed a dependence of overall intensities

from the depth. The Raman intensity increases when the spectrum is collected closer

to the surface. This surface effect is weaker for non-irradiated than for irradiated

material, which means for increasing depths the difference in intensity of bulk and

waveguide becomes larger. The ratio of Raman intensities of the waveguide over the

bulk R wg
bulk

for the varying depth x in µm can be described with the exponential decay

function R wg
bulk

∝ exp
( −x

50.6

)

. They can be observed in Fig. 2.14 (a). An explanation of

this observation is that the exciting beam might get coupled into the waveguide, so

the Raman signal could get ’trapped’ or effects of spherical aberrations contribute

to the measured behavior. Nevertheless, the chosen focal plane has no influence on

the shape of the measured Raman spectrum. Normalized spectra obtained from

different depths are still identical, see Fig. 2.14 (b).

Figure 2.14: (a) Ratio of the heights of the main peak at 333 cm−1 of the waveguide
over the bulk for varying depths. (b) Waveguide Raman spectra taken in different
measurement depths and normalized to the main peak at 333 cm−1.

More information about structural changes during laser irradiation is obtained by

the comparison of relative changes of the single peaks in bulk and irradiated material.

A direct comparison of normalized spectra from the irradiated area to the untreated

material is shown in Fig. 2.15 (a). Both spectra were normalized to the maximum

value of peak 3 (the highest peak). There is a clear difference distinguishable in

relative peak heights especially for peak 1 and 2. The ratios of waveguide (wg) over

bulk are displayed in Fig. 2.15 (b). Peak 1 and 2 are shifted to higher wavelengths by

1 and 2%. In contrast, the other fitted peaks experience a blue shift. The peak values

of all peaks are higher for the waveguide region. The strongest difference of 20% is

seen for peak 2. The waveguide peak widths show small differences from the bulk
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widths.

The number of GaS4 tetrahedra and the La6Ga10/3S14 structure – both are contribut-

ing to peaks 1 to 3 – seem to be increased and slightly blue shifted due to laser

radiation. A change of the coordination of lanthanum which leads to a reformation

of the GaS4 tetrahedra and the LaS8 polyhedra is a possible reason for this result.

Figure 2.15: (a) Comparison between waveguide and bulk spectrum, normalized
to the peak value. (b) Values for the ratio waveguide/bulk for peak height, peak
position and peak width.

Influence of laser parameters to the irradiated material

Interesting results are found by comparison of the Raman spectra of the polished

cross sections of waveguides fabricated with different ULI parameters. Comparing

the main peak value (333 cm−1) normalized to the bulk spectrum over the cross

sections (see Fig. 2.16) reveals a trend of lower peak height change for higher

induced energies between bulk and waveguide. For higher translation speeds the

waveguide peak intensity is observed to be higher than for lower translation speeds.

For 45 mW laser power and 1 mm
s translation speed and slower the peak heights for

the irradiated material are actually lower than for the bulk GLS.

This indicates the change in the material modification process for these parameters

compared to the waveguides written with lower laser energies, as already seen from

the results for SEM (Section 2.3) and MFD (Section 2.4.1).

Also noticeable in all the Raman line scans are clear dips surrounding the waveguide

peak. An increase in peak height corresponds to an increase of bond numbers

with the same angle. This could indicate a densification or even a crystallization

trend of the modified material. This means the local densification is caused by a

material migration from the surrounding material to the focal volume which leads to
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a reduction in density of the neighboring regions. This can be caused by a change of

the lanthanum coordination number which creates La defects. Lanthanum is bound

in LaS6, LaS7 and LaS8 tetrahedra with the average coordination number of 7.5 in

the GLS bulk glass. If this number is decreased due to laser irradiation the density

can locally increase and result in an enhanced refractive index.

Figure 2.16: Comparison of the peak intensity at 333 cm−1 change of Raman mea-
surements on a line crossing waveguides for a laser power of 40 mW (a) and 45 mW
(b) written with different writing speeds.

2.4.3 Polarimetric imaging

To write photonic integrated optics waveguides in glasses there is a need to put

attention to the laser induced stresses. During laser inscription the optical and

mechanical properties are locally altered. ULI can lead to e.g. material densification

[86], expansion [87] or micro-cracks [85]. These volume changes result in a stress

field surrounding the modification area.

The differing values for orthogonal polarization states of the input light (see Sec-

tion 2.3) led to the conclusion that the waveguides are birefringent. To proof this, in

addition to the polarizer manipulating the input polarization a polarization analyzer

was added to the characterization setup and positioned after the sample. Setting the

input polarization vertical (0◦), diagonal (45◦) and horizontal (90◦) to the optical axis

and observing the guided light intensities for different analyzer angles showed a

total extinction for orthogonal polarizer-analyzer angles for 0◦ and 90◦. However,

diagonally polarized input light resulted in an output intensity different from zero

for all possible analyzer angles, see Fig. 2.17 (b).
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Figure 2.17: (a) Polarimetric image of the optical path difference of a single waveguide
with rotating input polarization. (b) Transmitted intensity over analyzer angle for 0◦,
45 ◦ and 90◦ polarized input light.

Accordingly, transmitted diagonally polarized light is not linearly polarized. There-

fore, vertical and horizontal modes exhibit different propagation coefficients. The

output field can be calculated using the Jones matrix formalism [107]

Êout = P̂ T̂







1
2

1
2






(2.7)

with

P̂ =







cos2 θ sin θ cos θ

sin θ cos θ sin2 θ






(2.8)

and

T̂ =







1 0

0 eiϕ






(2.9)

using the phase difference between orthogonal directions ϕ and the direction angle

of the fast axis θ with respect to the x-axis. The measured data points from Fig. 2.17

are fitted with the following equation

|Eout|2 = A(1 + cos θ sin θ cos ϕ) (2.10)

with A being the amplitude of the measurement and θ the analyzer angle. For the

phase delay ϕ = 0.82 rad was obtained. This value leads to an estimation of the optical
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path difference (OPD) and the effective refractive index change: OPD = λ
ϕ

2π = 0.44 µm

and ∆n = OPD
L = 6.3 · 10−5 with the sample length L = 7 mm. A RSoft beam propa-

gation simulation of the waveguide using the mode solver feature of the program

resulted in ∆neff = 3 · 10−5, which is in the same order of magnitude. With this

knowledge, the difference of the propagation constants for the orthogonal linear

polarization states can be calculated to ∆β ∼ 0.12 mm−1.

The origin of this behavior is the form birefringence of the waveguides due to the

non-circular geometry of the waveguide cross section.

An imaging microscope with crossed polarizers, one on each side of the sample,

showed a butterfly-shaped shadow of about 100 µm size around the waveguide

which is a hint that the waveguides also show a kind of stress induced birefringence

(see Fig. 2.17).

An imaging polarimeter can visualize mechanical stresses by displaying the OPDs

in the sample. They are a direct measure of the stress birefringence of the sample.

Instead of measuring the phase difference interferometrically, the photoelastic effect

is used for the birefringence diagnosis. In the case of a translation through a birefrin-

gent material the orthogonal TE and TM modes have different propagation velocities.

This speed difference leads to a phase shift and an OPD between the modes and the

traversing linearly polarized light becomes elliptically polarized.

The imaging polarimeter ilis StrainMatic M4/180 which was used for the mea-

surements uses light with linear polarization with changeable orientation and a

wavelength of λ = 589 nm, which is converted into elliptical polarization by travers-

ing the sample due to the photoelastic effect. A λ
4 -plate converts the transmitted light

back to linear polarized light whose angle α can be determined with an analyzer

and correlated to the stress birefringence with [130]

OPD =
α · λ

π
. (2.11)

The OPD image of cross section of a d = 3 mm long waveguide in GLS is shown

in Fig. 2.17 (a). The maximal OPD of the stress pattern is 60 nm. From this value

the refractive index change can be calculated by ∆n = OPD
d ∼ 2 · 10−5. Compared

to the laser induced refractive index change of ∼ 10−3 this value is only 2 orders of

magnitude smaller. Therefore, an influence to the optical properties of neighboring

waveguides is possible. The phase delay between two 25 mm long waveguides with

this difference in the core refractive index is ∼ 1
3 π rad.

Polarimetric measurements with a fixed analyzer (see Fig. 2.17 (a)) revealed that the

optical axes rotate when the linear polarization of the input light is changed. This
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proves that the optical axes are aligned along the circumference of concentric circles.

The strain measurements of parallel waveguide arrays with 3, 4, and 5 waveguides

in one plane with a separation distance of 20 µm reveal a complex stress field with

accumulated strains and also resulting refractive index changes in the overlapping

regions with peaks located in between the written waveguides ca. 16.7 µm above the

waveguides, see Fig. 2.18 (b).

Laser irradiation densifies the material and induces a nearly isotropic, long-range

radial stress field to the glass which affects the optical properties of any waveguide

written successively within the range of the stress field (20 to 25 µm).

The experiments have shown that these stresses accumulate when waveguides are

located close to each other. The example in Fig. 2.18 shows the 3 mm-long 5-

waveguide array which exhibits an OPD increase of the area to the left compared to

the right of the array that is about 13 nm. For 4 and 3 waveguides the polarimetric

measurement revealed an OPD increase of 9 nm and 7 nm, respectively.

Figure 2.18: (a) Increase of optical path difference for writing arrays of waveguides
with varying waveguide numbers. (b) Stress field of an array of 5, 4 and 3 waveguides
separated by 20 µm (sample length: 3 mm). The arrow indicates the direction of
writing.

2.5 Reduction of laser induced stresses by annealing

Annealing is used to relieve materials from stresses. The material is heated to allow

a reorientation of the material particles to an energetically better condition. [96] The

heat treatment can take place before (pre-annealing) or after (post-annealing) the

waveguide writing.

Pre-annealing should relax the stresses due to the substrate fabrication process, the

cutting and the polishing of the glass substrates. It has a clear visible effect on the
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later MFD of the waveguide at a wavelength of 3.39 µm, see Fig. 2.19.

One GLS substrate was cut into 5 pieces of the same size (20× 10 × 1 mm3). One

part was put aside for reference and the other pieces were heated in an argon

atmosphere with a rate of 1 K
min until the final temperature of 500◦ C. Afterwards, the

samples stayed at this temperature for 24 h, 36 h, 48 h or 60 h and the temperature

was decreased at 1 K
min back to room temperature. After the annealing process

waveguides with identical parameter sets were written into the samples and the

MFDs were compared.

The size of the mode field of waveguides written with 40 mW laser power increases

for longer annealing times. For 0.5 mm
s and 1 mm

s translation speed there is a local

MFD minimum visible for 24 h. Higher writing speeds lead to a stronger MFD slope

with increasing annealing time. The slope for the linear fit of the MFD of 0.5 mm
s is

0.017
µm
h , for 1 mm

s it is 0.049
µm
h and increasing for 2, 4 and 8 mm

s to 0.050, 0.069 and

0.214
µm
h .

Figure 2.19: (a) MFD at 3.39 µm wavelength of waveguides written with (a) 40 mW
and (b) 45 mW laser power and different writing speeds in samples annealed with
different annealing times.

For 45 mW the slopes are not as steep. For 0.5 mm
s it is 0.014

µm
h which is about the

same, for 1 mm
s the values are almost constant (0.005

µm
h ) and for 2, 4 and 8 mm

s the

rates are 0.113, 0.028 and 0.127
µm
h .

The annealing has a stronger influence to the MFD of waveguides that experienced

less deposited energy due to ULI. The waveguides written with high laser powers or

low writing speeds are more stable during heat treatment.

The refractive index contrast could be derived as described in Section 2.3 and shown

in Fig. 2.20. A negative trend in refractive index change over annealing time is
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distinguishable for higher writing speeds and a lower laser power, while the refrac-

tive index difference is nearly constant for higher laser powers and low scanning

velocities. This means that waveguides fabricated with less deposited energies tend

to adapt the refractive index to the bulk refractive index in a stronger way than

others. A different resulting structure or a phase transition between the parameter

sets could be the origin of this behavior.

Figure 2.20: (a) Refractive index change ∆n of waveguides written with (a) 40 mW
and (b) 45 mW laser power and different writing speeds in samples annealed with
different annealing times.

A pre-annealing of 24 h at 500◦ C showed the smallest mode field diameter and the

highest refractive index change for waveguides fabricated with 40 mW laser power

and 1 mm
s writing speed. Longer annealing times produce larger mode fields and

therefore less ∆n. Accordingly, longer annealing times are not necessary.

Polarimetry measurements for annealed samples can reveal the effect of the annealing

process on the stress field in GLS. When delivered, the 1 mm thick samples showed

maximum OPD values of about 10 nm at the edges which corresponds to a ∆n of

∼ 10−5 and is probably due to the cutting of the samples. This stress can be reduced

to half by annealing the substrate 24 h at 500◦ C. Waveguides written in annealed

material exhibit a smaller stress area and also less contrast in OPD and therefore

refractive index change, see Fig. 2.21 (a). Longer annealing does not lead to a further

decrease of the stress.
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Figure 2.21: (a) Comparison of polarimetric images of plain unmodified samples for
different annealing times. (b) Images of two waveguides separated by 170 µm.

Raman measurements of pre-annealed waveguides written with a laser power of

40 mW and a writing speed of 1 mm
s showed the results in Fig. 2.22. A drastic change

in the main peak contrast at 333 cm−1 for bulk and waveguide is distinguishable

for the first 24 h of annealing. For longer annealing times the shape of the graphs

does not vary as strongly. This correlates with the OPD and MFD measurement

results. The MFDs are reduced for a 24 h annealing and increase for longer annealing

times while the peak intensity change between bulk and waveguide is weakest for

an annealing time of 24 h.

Figure 2.22: (a) Comparison of the peak intensity change at 333 cm−1 of Raman
measurements at the line scan crossing waveguides written with different annealing
times for a waveguide written with a laser power of 40 mW and a translation speed
of 1 mm

s . (b) Minimum value of (a) over annealing time.
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The measured OPD for the waveguide surrounding material also decreases for an

annealing of 24 h but not for longer annealing times. Sample annealing for longer

than 24 h is obviously not necessary. The Raman measurements show the smallest

difference between waveguide and bulk structure for this tempering treatment.

The density of the samples annealed at 500◦ C for different annealing times were

estimated by measuring the dimensions with a micrometer stage and the mass with

precision scales and shown in Fig. 2.23 (a). A minimum in between 24 h and 36 h

can be observed. The MFD measurements also showed a minimum for an annealing

time of 24 h. If the density of the bulk glass is low, the MFD can be small, because

the ULI can induce a higher density change and therefore a higher refractive index

change.

The relaxation of the material due to annealing also causes a reduction in refractive

index change. According to literature [96] annealing lowers the enthalpy of the

material, which results in a thermodynamically more stable glass that has a higher

density and a higher refractive index. The tempered structures lose their flexibility

to react to laser irradiation and enhance the refractive index for longer annealing

times.

In cooperation with the glass manufacturer ChG Southampton Ltd. the annealing

temperatures of the glass samples during the fabrication process could be changed.

The temperature after quenching was set to 490◦ C, 500◦ C, 550◦ C and 600◦ C for

one sample each. The densities of these samples are shown in Fig. 2.23 (b). The

observed trend of the mean density is positive for increasing annealing temperatures

with a saturation at about 550◦ C.

Figure 2.23: (a) Density for samples annealed at different annealing times for an
annealing temperature of 500◦ C. (b) Density for samples annealed at different
annealing temperatures.
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While the three samples annealed with a temperature lower than 600◦ C exhibit a

transparent ’glassy’ appearance the sample annealed at 600◦ C is unclear or ’milky’.

This change in appearance is due to the fact that the annealing temperature exceeded

the crystallization temperature which leaved the sample with a crystalline structure.

A small difference in total measured density can be observed between Fig. 2.23 (a)

and Fig. 2.23 (b) because the assumption that all corner angles being rectangular

and no scratches or other surface irregularities being present might not be correct.

Nevertheless, in average the relations between the measured values should be still

correct.

Raman microscopy on the sample annealed to 600◦ C revealed more sharp features

compared to the other samples (see Fig. 2.24 (b)). There are three peaks con-

tributing to first characteristical feature at 161 cm−1, 198 cm−1 and 232 cm−1 which

correspond to La6Ga10/3S14 (200 cm−1), La10/3Ga6S14 (196 cm−1, 233 cm−1), GaS4

tetrahedra (232 cm −1) and La2S8 (225 cm−1). The most prominent peak at 320 cm−1

is formed by resonances in the GaS4 and La6Ga10/3S14 structures. Another side peak

at 360 cm−1 is originated by the GaS4 tetrahedra while the remaining features turned

out to be part of the fluorescence spectrum. A variation of the laser wavelength

revealed the position and the extent of the fluorescence (see Fig. 2.24 (b)) as it is also

the case for the Raman spectrum of the glassy substrate.

A change in input polarization had no significant effect on the spectrum, see

Fig. 2.24 (a).

Figure 2.24: (a) Raman spectra of the crystalline sample for normal and orthogonal
input polarization. (b) Raman spectra of the same sample with the excitation
wavelength of 532 nm and 633 nm.
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Post-annealing can reduce stresses after laser writing. GLS samples, as they were

delivered, have experienced ULI for the fabrication of multimode waveguides (50 mW

laser power and 1 mm
s writing speed) followed by an annealing treatment at 24 h at

400◦ C with heating and cooling rates of 1 K
min .

The post-annealing process could reduce the stress field surrounding the wave-

guides to about 60% but even multimode waveguides exhibit no transmitted field

after annealing, though the used temperature is far away from the glass transition

temperature (580◦ C). Further investigation on post-annealing is necessary.

2.6 Conclusions

In conclusion GLS is a suitable material for ULI of single mode waveguides operating

at 3.39 µm. Several independent experiments showed a parameter dependent laser

induced modification of the glass structure. The stresses can influence the wave

transmission characteristics of a waveguide. The use of waveguide arrays with

many closely spaced waveguides can therefore exhibit a strong stress dependent

transmission behavior.

The measurements of the mode field diameter, the surface structure with scanning

electron microscopy, the optical path difference and the Raman spectra over the

waveguide cross section of waveguides written with different laser powers and

sample translation speeds exhibit a consistent result. There is a structural difference

for waveguides written with high laser deposited energy, meaning high laser powers

and low writing speeds, compared to waveguides that experienced less laser power

irradiation and a shorter irradiation time.

According to the MFD measurement in Section 2.3 the point on which the structural

change occurs is the minimal point of MFD over the translation speed of about

1 mm
s for 40 mW and 2 mm

s for 45 mW. The higher deposited energies at high laser

power or slow writing speeds induce a higher local temperature to the irradiated

region. This can lead to a local melting or crystallization of the material. For the

SEM images in Section 2.4.1 the structure of the waveguide cross sections surface

was shown to change below 1 mm
s for 40 mW and below 2 mm

s for 45 mW. The

etching rate also changed its slope drastically at 4 mm
s for 40 mW laser power and at

2 mm
s for 45 mW. The comparison of the highest peaks of the Raman spectra of the

waveguide cross sections in Section 2.4.2 showed an uniform increase in intensity for

translation speeds higher than 1 mm
s and a lower Raman intensity originating from

the waveguide compared to the bulk for writing speeds of 2 mm
s and below.
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In all measurements the points of the change in the observed features coincide. The

possibility that the change in material properties is random is very small, which

supports the assumption that for higher deposited energies a higher temperature in

the glass is reached which leads to a possible partial crystallization of the illuminated

material while for smaller energies the laser modification is mainly due to material

densification caused by La recoordination and atom relocation due to tensile stresses,

maybe even in melted glass phase.

Figure 2.25: Comparison of the polarimetric cross section, the Raman peak intensities
and the waveguide size over distance for the same waveguide (40 mW laser power
and 1 mm

s writing speed).

Direct comparison of the polarimetric waveguide cross section, the Raman main-peak

heights across a waveguide and the horizontal microscopic image profile of one

waveguide written with 40 mW laser power and 1 mm
s match quite well. The locations

of the waveguide boundaries are identical. At the edges of the waveguide a region

with lower refractive index occurs. The densification of the waveguides involves a

migration of atoms from the surrounding volume which leads to a decreased density

in the poly-crystalline waveguide region.

Another contribution to the refractive index change of the irradiated material can

be color center formation. A color center is a defect with an anionic vacancy in a

transparent material which is filled with electrons or holes. It can be introduced by

exposure of ionizing radiation. These defects cause a color change of the material

when the electronic ground state is excited by absorption of certain wavelengths.

[131] ULI can also introduce color centers to the glass which can contribute to the

local refractive index of the material. [132] A hint for color center formation can

be the observation of a red shift of the waveguides in microscope images (Fig. 2.6).
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The fluorescence spectra obtained by the Raman measurement show an electron

transition at an energy of 80 meV.

A decrease of propagation losses and the reduction of manufacturing time could be

achieved by optimizing the number of laser scans and scan separation distance or

the change of writing wavelength. A broad parameter scan would be necessary. Also

the reproducibility of the waveguide’s properties is an important goal which is also

connected to the control of spatial homogeneity of the sample structure before the

ULI process. To achieve a more homogeneous glass structure the annealing during

the fabrication process of the GLS samples has to be optimized. Additionally, a

temperature treatment after ULI with shorter annealing times could decrease the

stress birefringence of the waveguides while keeping the ability of wave guiding.
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Integrated optics beam combination

for astronomical interferometry

In this chapter evanescent coupling of waveguides and the benefit of integrated

optics waveguide arrays for astronomical interferometry are described. S-bends and

directional couplers are designed, fabricated and the propagation constant and cou-

pling coefficient are obtained from the characterization results to enable the design

of integrated optics beam combiners based on evanescent waveguide coupling. Inter-

ferometric beam combiners consisting of an array of straight waveguides arranged

in a zig-zag configuration and a pairwise ABCD beam combiner are presented and

interferometrically characterized to evaluate the applicability to stellar interferome-

try using a multiple telescope configuration. Finally the asymmetric behavior of

the zig-zag discrete beam combiner (DBC) is traced back to laser induced stresses,

followed by the presentation of solutions to this problem by stress compensation in

order to improve the presented components even further.

3.1 Evanescent coupling in integrated optics waveguides

Evanescent coupling is a useful phenomenon for interferometric applications of

integrated optics beam combiners. It can be understood by the following picture.

When electromagnetic fields enter a region in which they cannot propagate the

field fades exponentially. The wave vector becomes complex-valued outside of the

allowed waveguide region. For two closely placed waveguides the electrical field

of one waveguide can perturb the propagation equation of the other waveguide.

Therefore, the amplitude of the field generally becomes a function of the propagation
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distance z. [133]

Integrated optics directional beam combiners can be described using the coupled

mode theory. The coupled mode theory was first formulated in the 1950’s [134] and

soon connected to waveguides [135–139]. It is a mathematically simple and physically

intuitive theory that describes the power coupling of weakly coupled nearly identical

waveguides by the linear superposition of the modes of individual waveguides.

Evanescent coupling allows a power flow from one waveguide to another though

the waveguide cores do not overlap. It is enabled by photon tunneling through the

cladding.

This means for at least two dielectric waveguides, which are placed close enough

to each other in a parallel configuration so that the electromagnetic fields can reach

the other waveguide, but far enough to obtain only weak waveguide coupling, the

evolution of the amplitudes of the modes A1 and A2 can be described by coupled

mode equations. Their solution describes the wave propagation of electromagnetic

fields in the waveguides and evanescent coupling between them.

For isolated waveguides
dA1

dz
= −iβ1 · A1 (3.1)

and
dA2

dz
= −iβ2 · A2 (3.2)

describe the wave propagation with β1 and β2 being the propagation constants of

the waveguides. When the waveguides are brought close together coupling plays a

role:
dA1

dz
= −iβ1 · A1 − ik12 · A2 (3.3)

and
dA2

dz
= −iβ2 · A2 − ik21 · A1 (3.4)

with k12 and k21 being the coupling coefficients between the modes in the referring

waveguides. The coupling coefficients result from the overlap integrals of the

respective waveguide fields. The guided power is described by P(z) = P1 + P2

= |A1|2 + |A2|2. The law of power conservation requires that k12 = k21 = κ are

real-valued. After separating the average phase factor we receive

Ai(z) = Âi · exp

(

−i
β1 + β2

2
z

)

(3.5)
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for either waveguide, which leads to

dÂ1

dz
= − i

2
· ∆β · Â1 − iκÂ2 (3.6)

and
dÂ2

dz
= +

i

2
· ∆β · Â2 − iκÂ1 (3.7)

with the detuning mismatch factor ∆β = β2 − β1. When waveguide 1 is excited at

the input power P0 the power values evolve as

P1(z) = P0

(

cos2(γz) +

(

∆β

2γ

)2

· sin2(γz)

)

(3.8)

and

P2(z) = P0

( |κ|2
γ2 sin2(γz)

)

(3.9)

with

γ =

√

κ2 +

(

∆β

2

)2

. (3.10)

Eqn. 3.8 and 3.9 can be simplified to

P1(z) = P0 cos2(γz) (3.11)

and

P2(z) = P0 sin2(γz) (3.12)

for the case when ∆β = 0 and the waveguides are phase matched. [107] The complete

power transfer from one waveguide to the other happens at one coupling length

[140]

z = LC = π/(2γ) . (3.13)

A 50/50 beam splitter can be realized by a directional coupler (compare Section 3.2)

with the directional coupler interaction length of l = LC
2 .

If a phase mismatch (∆β 6= 0) is introduced to the system, for example by applying

an electric voltage to an electro-optical material, the power transfer ratio can be

controlled, which can be used for the manufacturing of electrically active directional

couplers. [107]
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3.2 Deriving coupling coefficients and propagation con-

stants with directional couplers

To be able to design a beam combiner with the required performance the coupling

coefficient needs to be known.

The optical component used to investigate the coupling of waveguides in gallium

lanthanum sulfide glass was a directional coupler, which consists of two waveguides

that are brought close together by raised-sine double s-bends, see Fig. 3.1 (a). The

curvature of waveguides introduces losses due to the scattering of light out of the

waveguide. In order to estimate the bending losses when working with a short

bending length, a scan of the dislocation height of s-bends h was necessary. The

following equation for the single s-bend geometry was used:

y =
hx

l
− h

2π
· sin

(

2πx

l

)

(3.14)

with h the lateral distance from begin to end of the bend and l the length of the bent

part.

Figure 3.1: (a) Schematic image of the design of the directional coupler. (b) Losses of
double-s-bends with different writing laser powers and dislocations and a length of
l = 7 mm and a writing speed of 4 mm

s for a characterization wavelength of 3.39 µm.

Combining two of these bends with a straight part in between creates the double

s-bends shown in Fig. 3.1 (a). The bending losses can be determined by comparing

the transmission of waveguides with a variation in h to straight waveguides while

keeping the length l of the bend constant. The result can be observed in Fig. 3.1 (b).

Double s-bends with the dislocation h = 75 µm and the length l = 7 mm are assumed
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to exhibit a reasonable bending loss of about 2 dB at a wavelength of 3.39 µm when

using the benefit from the small size, which is an important property when designing

photonic chips based on cascaded couplers.

The directional coupler consists of two waveguides built of one s-bend that brings

the waveguides towards each other a straight part, at a small distance between the

waveguides and a second s-bend, which leads the waveguides back to their original

x-position (see Fig. 3.1 (a)).

In order to receive a value for the coupling coefficient an experimental series of

directional couplers with a variation of the horizontal (20 to 30 µm) and diagonal

(18 to 24 µm) gap and a variation of the length (0, 1, 2, 4, 8 mm) of the straight

central section was performed. For every coupler the splitting ratio R = Pcross
Pbar+Pcross

was calculated using the waveguide output powers of the injected (Pbar) and the

coupled (Pcross) waveguide (see Fig. 3.1 (a) for details) and the values for the coupling

coefficient κ, γ and the propagation constant ∆β were calculated as fit parameters of

Eqn. 3.9 (see Fig. 3.3 (a)):

Pcross

Pbar + Pcross
=

(

κ

γ

)2

· sin2(γL + ϕ) (3.15)

and Eqn. 3.10 with ϕ being the phase difference between both fields. [110, 141,

142] For horizontal couplers the splitting ratio is increasing until a gap of 21 to

22 µm followed by a decrease until 30 µm for all measured coupler lengths. The

coupling constant is decreasing for broader gaps from (0.89± 0.04) 1
mm at 21 µm to

(0.80± 0.02) 1
mm at 30 µm, see Fig. 3.2 (b).

Figure 3.2: (a) Splitting ratio over gap width for horizontal 4 mm couplers written
with 45 mW and 1 mm

s writing speed. (b) Coupling coefficient κ for horizontal
directional couplers with varying gap.
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A measure of the changes in amplitude and phase of an electromagnetic wave

propagating through a waveguide is the propagation constant β. The propagation

constant difference between two waveguides in the directional coupler ∆β = β2 − β1

is shown in Fig. 3.3 (b). The value of ∆β increases until it reaches its highest value of

(0.45 ± 0.06) 1
mm for vertically and (0.21 ± 0.02) 1

mm for horizontally polarized light

at a 24 µm gap before it decreases again.

The polarization dependence is most probably caused by a laser-induced stress

field surrounding the waveguides which leads to a different yield of successive

waveguides with respect to the previous ones. The variation of effective refractive

index in the stressed region is 2.5 · 10−4. This was discussed in Section 2.4.3.

Figure 3.3: (a) Fitted splitting ratio for a coupler separation of 21 µm. (b) Propagation
constant over gap width for horizontal directional couplers.

Further characterization of a 25 mm long 2 × 2 directional coupler with a horizontal

dislocation of the waveguide due to the bend of 75 µm and interaction length of

4 mm in the L (3 to 4 µm) and M (4.6 to 5 µm) band were performed at the university

of Cologne by Jan Tepper [143].

The chromaticity of the splitting ratio could be measured by injecting two beams

of a Michelson interferometer into one waveguide while one interferometer arm

is delayed to receive an OPD of the second beam. Fourier transform spectroscopy

enabled the derivation of the output spectrum. The splitting ratio over wavelength

ranged from 30% to 70% in L-band.

Exciting both coupler arms at a time with monochromatic light at 3.39 µm the change

of polarization was found to be almost identical for both injected waveguides which

is essential for its potential use in stellar interferometry. The elliptically polarized

output light for angles other than 0◦, 90◦ and 180◦ (compare Section 2.4.3) was

verified with this measurement.

The fringe contrast injecting 3.39 µm monochromatic light was determined to be
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97.8% and 98.1% for the coupler arms. In a L-band measurement (interferogram

shown in Fig. 3.4) the contrast was found to be 94.9%. The π-phase shift was

demonstrated over one coherence length. M-band measurements using the same

component resulted in a fringe contrast of 92.1%. The differential dispersion, which

is the difference in dispersion parameters of the two channels, is twice as large at this

wavelength band. No temperature dependence of the coupler performance could be

observed. [143]

Figure 3.4: L-band interferogram of the directional coupler output. [143]

3.3 Integrated optics for stellar interferometry

Utilizing a discrete beam combiner (DBC) simplifies beam combination with multi-

ple cascades of directional couplers to a two-dimensional regular array of coupled

waveguides using discrete diffraction. The parallel waveguides can be arranged in a

square array [57], but also other geometries are possible (see Section 3.4). A DBC that

can be used for interferometric beam combination not only needs the possibility of

nearest-neighbor (NN) coupling. Also the next-nearest-neighbor (NNN) interaction

plays an important role. Complex visibilities cannot be retrieved by NN-coupling

alone. Because long range coupling breaks the symmetry in the phase pattern, a

simultaneous retrieval of all correlation functions is possible. [61]

Interferometric beam combiners transfer information of phase variations to ampli-
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tude variations. [60] The output pattern of the waveguide array is obtained by

interference of the input intensities that spread across the array. [59] For N input

beams, the needed minimum amount of waveguides in the DBC M is determined by

N2. [60]

The interferometric intensities can be derived by a linear superposition

I = 〈
∣

∣

∣

∣

∣

N

∑
i=1

~Ei

∣

∣

∣

∣

∣

2

〉 =
N

∑
i=1

〈Ei〉 ·
N

∑
j=1

〈E∗
j 〉 =

N

∑
i=1

Γi,i + 2
N−1

∑
i=1

N

∑
j=i

Ci,j · ℜΓi,j (3.16)

using the electromagnetic input fields ~Ei = êiEi. The polarization mismatch is

expressed by Ci,j =êi·êj and Γi,j = Γ∗
j,i ≡ 〈EiE

∗
j 〉 takes the complex visibilities (mutual

coherence functions) into account. In signal processing the spatial coherence is used

to examine the power transfer between input and output of a system.

When using an interferometric beam combiner the relative phase between the input

fields is usually modulated in space or time to retrieve the individual coherence

functions. A multi-field beam combiner can be described by the visibility-to-pixel

matrix (V2PM). [144] It is the link between the measured output intensities of the

waveguides in an interferometric beam combiner and the visibility function. The

intensity at nth output is given by

In =
N

∑
i=1

〈|Un,iEi|2〉+ 2
N−1

∑
i=1

N

∑
j=i

Ci,jℜ〈Un,iEiU
∗
n,jE

∗
j 〉 (3.17)

=
N

∑
i=1

|Un,i|2Γi,i + 2
N−1

∑
i=1

N

∑
j=i

Ci,j
[

ℜ(Un,iUn,j) · ℜΓi,j −ℑ(Un,iUn,j) · ℑΓi,j
]

n = 1, . . . , M

with U as the complex transfer matrix between input and output fields.

The coherence functions are rearranged on a vector of length N2 which results in

~J = (Γ1,1, . . . , ΓN,N,ℜΓ1,2, . . . ,ℜΓN−1,N,ℑΓ1,2, . . . ,ℑΓN−1,N) . (3.18)

This leads to
~I = V2PM ·~J . (3.19)

The V2PM has a size of MxN2 with real valued entries. [60, 145]

The V2PM can be calibrated column wise. [146] Assuming the combination of 4

input beams, the calibration of the first 4 columns of the V2PM can be done by

recording the output intensities of all waveguides for one injected field at a time. The
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measured values can be normalized by the sum of the coefficients and sequentially

fill the columns of the V2PM for every input injection point. The values connected

to the last (N − 1)N columns, which means 12 columns for the combination of 4

telescopes, are retrieved by monitoring the output intensities of all waveguides when

exciting each combination of 2 input waveguides at once while introducing a phase

modulation ∆ϕn to one of the input fields A1 and A2. The output intensities are

given by

In = V2PMn1 · |A1|2 + V2PMn2 · |A2|2 (3.20)

+2
√

V2PMn1 · V2PMn2|A1| · |A2| · V12 cos (ϕ − ∆ϕn)

with the phase ϕ and the visibility V12. The oscillatory term Ĩn can by isolated by

subtracting the DC term V2PMn1 · |A1|2 + V2PMn2 · |A2|2, which leads to

Ĩn = an cos (ϕ) + bn sin (ϕ) (3.21)

while

an = V2PMn4 · V12

√

|A1|2 · |A2|2 (3.22)

and

bn = V2PMn5 · V12

√

|A1|2 · |A2|2 (3.23)

can be obtained by fitting of the signal Ĩn. |A1| and |A2| are calculated as the sum

of the output intensities of all waveguide outputs for exciting waveguide 1 and 2

separately. The coefficients V2PMn4 und V2PMn5 can be calculated.

The remaining columns can be filled in the same way using the output interference

patterns for the other input waveguide combinations. To retrieve the searched~J

vector the pseudo inverse of the V2PM (pixel to visibility matrix - P2VM [145]) has

to be multiplied with the intensity matrix In.

To achieve the tolerance regarding measurement deviations the V2PM has to be

well conditioned. The quantity describing this is the condition number (CN) that

originates from the singular value decomposition (SVD). The SVD uses the fact that

any M×N matrix A with M ≥ N can be written as the product of an orthogonal

M×N matrix U, the diagonal N×N matrix W with positive or zero elements and

the transposed N×N orthogonal matrix V
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The CN is the ratio of the highest and lowest non-zero values of the matrix W, the so

called singular values. In the presence of measurement noise, more precise coherence

functions can be retrieved for smaller CN. [59, 147]

The Michelson fringe visibility

Vi,j =

√

(ℜΓi,j)2 + (ℑΓi,j)2

Γi,iΓj,j
, i 6= j (3.25)

and its phase

ϕi,j = arctan
ℑΓi,j

ℜΓi,j
(3.26)

can be computed using the V2PM. [148]

3.4 Interferometry using arrays of straight waveguides

It has been shown that DBCs consisting of a square waveguide array are suitable for

the all-in-one beam combination of up to 4 telescopes. [58, 59] The necessity of NNN

coupling for the retrieval of all field correlation functions proves the need of a 2D

geometry for the DBC cross section. [61] Changing the waveguide array geometry

to a zig-zag has two advantages. It can decrease the NNN coupling distance and

therefore increase the coupling coefficients and it enables high resolution spectro-

interferometry. The use of dispersing elements can generate a spectral image of

every waveguide output. Due to the alternating waveguide order the spectra are

well separated and not overlapping.
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3.4.1 Design of zig-zag discrete beam combiners

The zig-zag DBC is a 2D array of straight evanescently coupled waveguides. The

lattice consists of two planes of parallel waveguides separated by v which are shifted

by half the horizontal spacing h. The resulting cross section of the array can be

described as consecutive waveguides with a horizontal spacing of h
2 starting at the

bottom which have an alternating height of ± v
2 . This can be seen as a zig-zag order

of waveguides, which is responsible for the name of the zig-zag DBC.

Knowing the horizontal and vertical coupling coefficients of different configurations

of v and h from the experiments described in Section 3.2, the optimal parameters

for the zig-zag DBC could be derived from the coupled wave equation, formulated

in Section 3.2. The results indicate that for four input fields a configuration of 23

waveguides with h = 21 µm and v = 10.8 µm with 12 waveguides at the bottom and

11 waveguides at the top row is suitable for interferometric applications and gives

the lowest CN at an array length of 1.34 · LC. The input fields are injected at the

inputs 5, 10, 14 and 19 (see Fig. 3.5).

To avoid the overlap of the input fields the waveguide array is equipped with input

waveguides that connect the beginning of the DBC that starts inside the glass to the

sample edge. [148, 149]

Figure 3.5: (a) Schematic sketch of the zig-zag waveguide array. [148] (b) Microscopic
image of input and output face of the sample. [109, 149] (c) Cross section of the 23

waveguide zig-zag DBC configuration with input waveguide positions marked in
black. [149]
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In the experiment the length was varied to tune the coupling between the wave-

guides, because the coupling turned out to be smaller for more than 2 waveguides

compared to the coupling measured for the directional couplers. Zig-zag arrays with

6 mm, 10 mm, 15 mm and 20 mm coupling lengths were fabricated.

The interferometric output patterns should be symmetrical for the illumination of

symmetrical input configurations. This symmetry could not be observed, as can

be seen in Fig. 3.6. Also the input polarization shows a strong dependency on the

intensity distribution at the waveguide array output.

A variation of waveguide gap and length did not lead to a satisfactory symmetriza-

tion of the output pattern and an elimination of the polarization dependence in

combination with sufficient coupling between waveguides, i.e. if a configuration

showed a symmetric behavior as it is the case for h = 21 µm, v = 10.8 µm and L = 6 mm,

due to the small interaction length, just 5 of the 23 waveguides are illuminated at

the output of the array.

The problem was identified to be stress induced birefringence and yield that origi-

nates from the laser inscription process, mentioned in Section 2.4.3.

Figure 3.6: Comparison of output patterns with different injection points and
orthogonal linear input polarizations for h = 21 µm, v = 10.8 µm, L = 15 mm,
500 kHz, 500 fs, 1 mm

s , 40 mW.
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3.4.2 Stress management in zig-zag discrete beam combiners

For writing integrated photonic devices in glasses there is a need to put attention

to stress management. As could be seen in Section 2.4.3 laser writing induces a

stress field surrounding the modified area which leads to a local variation of the

mechanical and optical properties of the glass.

Successful ways to control laser induced stresses in SiO2 glass have already been

accomplished. For example for increased deposited energy laser irradiation causes

the formation of nano pores which leads to an expansion of the material and there-

fore counteracts the glass densification. [150] Additionally, the balance of stress

birefringence by manipulation of the shape birefringence in laser treated material

[151] and the depth dependence of the retardance size caused by birefringent be-

havior [152] have been shown. The change of the polarization angle of linearly

polarized light during the waveguide writing process can also help in compensating

the birefringence of the waveguides. [153] In SiO2 the prediction and control of laser

induced stresses for a couple of stressors has already been shown. [154]

When waveguides are arranged in a periodic lattice as it is the case for the zig-zag

DBC stress control is very important. The physics of the interaction of the laser

induced stress fields is quite complicated. As shown in Section 2.4.3 the stresses

accumulate for an increased number of laser induced defects. The first waveguide

has expected properties but material close to the waveguide location will experience

a stress induced refractive index change. Writing a second waveguide in the affected

area will result in a waveguide with properties different from the first one. The

ultrafast laser inscription (ULI) of the later waveguides may effect a refractive index

change of the former written waveguide, as well. The rise of the induced stresses

was shown to be linear for up to 5 horizontally separated waveguides in Fig. 2.18.

The influence of the stress field on neighboring waveguides was determined by

the fabrication and characterization of asymmetrical 2×2 directional couplers. Since

the propagation constant was shown to be non-zero (Section 3.2) for symmetrical

couplers a change in writing parameters of the second written waveguide might

compensate the stress-induced variation. The same symmetry for the directional

couplers as in Section 3.2 was used, with one major difference: The translation speed

of the sample was changed for the second waveguide.

Both slower and faster scanning was performed. While the first waveguide was

always written with 1 mm
s writing speed the scanning velocity for the following

waveguide was varied from 0.5 mm
s to 2 mm

s . The gap between the waveguides was

kept constant.
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As described for symmetrical directional couplers in Section 3.2, the influence of

mechanical stresses on the propagation constant of the second waveguide was deter-

mined by measuring the splitting ratio of couplers with different interaction lengths.

To determine the splitting ratio of an asymmetric coupler [135] Eqn. 3.15 was used

with Eqn. 3.10 as the effective coupling constant and κ as the coupling constant of

an equivalent symmetrical coupler (∆ β = 0). Using the derived splitting ratios of

all asymmetrical couplers with varying interaction lengths and speed differences,

the model of Eqn. 3.15 could be fitted to obtain the corresponding values of ∆ β as a

function of the writing speed difference ∆v, see Fig. 3.7.

The sign of ∆β was chosen according to the comparison of the MFDs of the two

waveguides that are part of the coupler. When MFD1 <MFD2 the sign was chosen

to be negative and vice versa. For ∆v = 0 the sign could only be guessed from the

trend of ∆β.

Figure 3.7: Change of propagation constant over writing speed difference of wave-
guide 2 with respect of waveguide 1 for (a) vertically polarized and (b) horizontally
polarized input light.

The theoretical values were calculated from the simulated refractive index change

∆n in Section 2.3 derived from the MFDs of the different waveguides using

∆β =
2π

λ
· ∆neff (3.27)

with the wavelength λ = 3.39 µm. These results differ significantly from the measured

values. Accordingly, the stresses induced to the material influence notably the ∆β

and therefore the coupling of the waveguides in the array and the effect of the laser

writing to the material is significantly different in the stressed material.

At ∆v = 0 the data of ∆β over ∆v show a negative detuning of the second waveguide
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with respect to the first one in the order of 0.5 mm−1 for all gaps. This could

explain the light transfer asymmetry observed in the manufactured waveguide array.

Accordingly, a compensation of the propagation constant difference and therefore the

correction of the stress induced effects on the second waveguide should be possible

when the translation speed of the sample is adjusted for every waveguide at a time.

For further investigation 7-waveguide arrays with 3 different symmetrical input

sites were written with ULI in Gallium Lanthanum Sulfide (GLS) with varying

translation speeds for every following waveguide. The parallel waveguides had a

gap of h = 23 µm and variable in length (L = 6, 10, 15, 20, 25 and 30 mm).

The manufactured device was tested by exciting one of the 7 waveguides at single

input waveguides and observing the corresponding output diffraction pattern for

both horizontal and vertical input light polarization with respect to the optical table

(see Fig. 3.8).

When exciting the central input waveguide, the expected output pattern is symme-

trical, and the output patterns of injection at the far left and far right waveguide

should be mirror images of each other. The output diffraction patterns do not show

the expected symmetry. Additionally, the output diffraction pattern is strongly

dependent on the input polarization state for waveguide arrays longer than 22 mm.

Considering the results from Fig. 2.18 and Fig. 3.7 an assumed linear change of

translation speed might compensate the stresses and lead to a more symmetric

and maybe even a polarization corrected output pattern. Indeed, applying a speed

correction by increasing gradually the translation speed after the fabrication of one

waveguide showed an improvement of both the symmetry and the polarization

dependence of the interferometric output pattern. The best symmetry was achieved

for the 15 mm long array and a translation speed correction of 0.2 mm
s . The value of

the subsequent speed difference was taken from the results in Fig. 3.7 and verified

in the experiment (Fig. 3.8). For vertical input polarization the symmetry of the

output patterns indicate that the coherence length is about 22 mm. This is the

maximum array length that still allows the input beams to interfere with each other.

A simultaneous correction for both orthogonal input polarizations with the described

method is not possible.
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Figure 3.8: Intensity output patterns for 7 waveguide arrays with varying lengths
and writing speed variation.
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Several 23 waveguide zig-zag array configurations have been tested with the ap-

proach for stress compensation with a linear translation speed change, as well. The

horizontal h and vertical v spacing of the waveguides were kept constant, consistently

to the best working zig-zag DBC in Section 3.4 with h = 21 µm and v = 10.8 µm. The

length L and the gradual translation speed difference in horizontal direction ∆v were

varied and the results were compared.

When injecting light into symmetrical input sites the output pattern is expected to

be symmetrical. The orientation of the linear input polarization should have as little

influence as possible to the resulting interferometric light distribution.

The best symmetry could be observed for L = 15 mm and ∆v = 0.15 mm
s . The

corresponding output mode patterns are more symmetrical than without the stress

correction. The assumed sign of ∆β at ∆v = 0 in Fig. 3.7 was confirmed to be

correct by the success of the stress compensation by variation of the writing speed

by 0.15 mm
s . The zero crossing point of ∆β for a gap of 21 µm is also located at this

speed.

Figure 3.9: Interferometric output of zig-zag DBC with 20 mm length, a horizontal
gap of h = 21 µm und a vertical gap of v = 10.8 µm (a) with no stress compensation,
(b) with a gradual horizontal change of writing speed of 0.15 mm

s .
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3.4.3 Interferometric characterization of zig-zag discrete beam com-

biners

For the interferometric characterization of the zig-zag waveguide array the setup in

Fig. 2.5 (b) was used to split the beam into two partial beams which can be focused

to two different spots at the input plane of the DBC sample. The photometry of the

waveguide outputs was recorded with an IR-camera.

For the demonstration of the results a 23 waveguide zig-zag DBC with horizontal

waveguide gap of h = 24 µm, a vertical spacing of v = 10.8 µm and a length of 25 mm

was chosen. The laser power in the ULI process was chosen to be 40 mW and the

writing speed for the first waveguide is 1 mm
s while the writing speed increased by

0.075 mm
s for every waveguide according to the numbering in Fig. 3.5 (c), which

corresponds to a speed difference of 0.15 mm
s for waveguides separated by h.

According to the sequence of steps described in Section 3.3 the V2PM has been

calculated. First, only one input waveguide is illuminated to derive the first 4

columns of the 16× 23-entries. The output intensities for all 23 waveguides for

the injection of the 5th, 10th, 14th and 19th waveguide were measured and the total

output intensities for every injection were calculated as the sum of the single output

intensities of each waveguide. The normalization of these values by the total output

intensity produces the first 4 columns of the V2PM. The second step is injecting two

different input waveguides simultaneously to calculate the missing entries for the

columns 5 to 16.

Figure 3.10: Waveguide input combination corresponding to the baseline number.

One of the two beams is delayed by a movable mirror. The mirror is installed on a

one-dimensional translation stage that moves with 1
µm

s speed.

The output modes are recorded by the infrared-camera with a rate of 30 Hz over at

least 5 fringes. The recorded intensities periodically increase and decrease following
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sinusoidal oscillations. The recorded interference pattern is fitted for each output

over frame number x with a combined cos-sin-function:

In = an · cos (ω · x) + bn · sin (ω · x) + I0 (3.28)

with the frequency of phase modulation ω, an offset I0 and the amplitudes an and

bn. The values for the corresponding baselines (see Table 3.10) can be obtained

with Eqn. 3.22 and Eqn. 3.23 from the fitted parameters. The columns are filled

respectively; 2 columns per baseline. The V2PM is illustrated in Fig. 3.11.

The CN of this DBC is 14.13 and was calculated as described in Section 3.3.

Several parameter configurations were tested and the corresponding V2PM were

calculated. The quality of the beam combiners is confirmed by a low CN.

Figure 3.11: V2PM of a zig-zag DBC with h = 24 µm, v = 10.8 µm and L = 25 mm.

The instrumental visibilities were estimated from the obtained V2PM. Fig. 3.12

illustrates the Michelson visibility of the different baselines. Referring to Eqn. 3.25

the root of the squared sum of the sin- and cos- coefficients
√

(ℜΓ1,2)2 + (ℑΓ1,2)2

over the root of the corresponding photometry
√

Γ1,1 · Γ2,2 was plotted and the

visibilities were determined by a linear fit of the values. For baseline 1, 2 and

3 the instrumental visibilities were estimated to be 0.877 ± 0.018, 0.892± 0.020

and 0.931± 0.033 while the baselines 4, 5 and 6 showed instrumental visibilities of

0.971± 0.042, 0.885± 0.010 and 0.863± 0.030. A reason of the not ideal performance

of the instrument can be the birefringence of the input waveguides, which introduces

a change in the polarization state, as described in Section 2.3. The length of the input

waveguides might have a non-negligible influence to the performance of the device

and has to be investigated.
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Figure 3.12: Illustration of the Michelson visibility for the baselines 1 to 6.

Using the P2VM which is the pseudo-inverse of the V2PM the coherence functions

Γi,j of the 6 baselines were retrieved from the photometric data. The results are

summarized in Fig. 3.13. Shown are the ratios of the imaginary and the real

part (quadrature) of the measured coherence functions in blue and the expected

distribution of complex visibilities, which correspond to the radii of the circles. The

complex visibilities are ranging from 0.95 to 1.04.

The signal to noise ratio (SNR) which is the ratio between the levels of the signal
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and the background noise, varied from 12 to 25 which is only by a factor of 2

lower than the SNR of the GRAVITY instrument [146]. This verifies the stability of

the retrieval algorithm. Since the expected CN of the V2PM is not matching the

simulated value of 3.6 and a decrease of the SNR should be possible, there is still

room for improvement of the device also in order to achieve a higher sensitivity,

which is very important for the observation of faint astronomical objects. [148, 149]

Figure 3.13: Quadrature of the coherence functions (or complex visibilities) of the
6 possible baselines (combinations of waveguide inputs). The red circles express
expected distributions of coherence function; the blue lines exhibit the measured
quadrature of the coherence function. [148]

The measured and expected phase differences are corresponding to the delay of the

beams shown in Fig. 3.14 are in good agreement. The residuals of the measured

phase compared to the expected phase are very small and illustrate that the retrieved

linear phase ramp has a standard deviation ranging from 0.13 to 0.17 rad. The delay

mirror positioning stage has an accuracy of 50 nm. [148, 149]
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Figure 3.14: Retrieved phase (top) and deviation of input fields from linearity
(bottom) over frames for the 6 possible baselines of the 4 input fields DBC. [148, 149]

3.5 Direct beam combination with the ABCD configu-

ration

ABCD beam combination is a 4 level phase shifting device used for the determination

of the phase of an interference pattern [155]. The interferometry fringes are sampled

with 4 phases, each separated by π
2 . The ABCD concept is implemented in the

GRAVITY beam combiner. [16]

The ABCD beam combiner allows the interferometric combination of 2 input fields.

It has 4 input sites 1, 2, 3, and 4. First, each waveguide is split in 2 by a 50/50 beam

splitter with the design shown in Section 3.2. Respectively, two waveguides are

brought together from a 170.5 µm gap at the input face to 20.5 µm using 7 mm long

double raised-sine s-bends of a dislocation of h = 75 µm at each bend which have

a 4-mm-long straight section attached and afterwards the waveguide gap returns

to their original positions. This beam splitter is followed by a 50/50 directional

coupler of channels 1-3 and 2-4. ULI has the advantage that x-crossings can be

avoided by the usage of two double s-bends in vertical direction. This limits cross

talk between the fields guided by the crossing waveguides at the crossing point. By

bending waveguide 2 in negative and waveguide 3 in positive horizontal direction

by 50 µm over a length of l = 7 mm they can be crossed without interaction. They are
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then brought back together with the corresponding outer waveguides in the original

vertical position to a gap of 20.5 µm before being separated to a distance of 80.5 µm

at the output face of the sample, using a double-s-bend with the dislocation of 30 µm

and a length of 5 mm.

The waveguides 1 and 4 have been designed to undergo the same z-displacement in

order to avoid optical path differences in the waveguide array.

Figure 3.15: Schematical top view of the ABCD beam combiner designed for inter-
ferometric 2 beam combination. [148]

The necessary π
2 -phase-shift is introduced to the field in channel 1 by local variation

of writing speed, which varies the refractive index, as shown in Section 2.3. In chan-

nel 1 two 2.5-mm-long straight taper sections are surrounding a 1.2-mm-long section

with the maximum writing speed of 1.4 mm
s . Waveguides 2, 3 and 4 experience no

speed modification. This writing speed increase lowers the propagation constant

for the particular length. These values were estimated from the results of the ∆β

measurements in asymmetric couplers (Section 3.4.2).[148]

The photometric measurement results were obtained by Jan Tepper at the University

of Cologne. The V2PM was then be calibrated in the way that is described in Sec-

tion 3.3. For the excitation of one waveguide input, the output intensity distribution

is uniform. Because the first two columns of any ABCD combiner V2PM are identical,

the CN becomes infinite. A visibility of V1,2 = 0.92 ± 0.06 with a SNR of 28 has been

be measured.

The last two columns of the V2PM can be used to determine the phase delay that is in-

duced by the phase shifter. The matrix elements are proportional to the quadratures
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of the cross products of the field transfer function. The phase shift was determined to

be 2.2 rad which is higher than optimal (1.6 rad). The measured standard deviation

of the phase delay residuals is 0.2 rad which mainly originates in the nonlinearity of

the mechanical delay line. [148]

The reason for the deviation from optimal performance is the high bending losses of

the device. Because the double s-bends of the ABCD combiner exhibit additional

bending losses and the straight waveguides only suffer from propagation losses, the

overall losses of the ABCD component are higher compared to the zig-zag DBC.

The instrumental visibility is about 30%. It can be improved by controlling the

birefringence and lowering the bending losses by changing the bending geometry.
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Nonlinear properties of gallium

lanthanum sulfide glass

Gallium lanthanum sulfide (GLS) glass is a highly nonlinear material which can be

used for applications besides stellar interferometry. In this chapter, the nonlinearity

of GLS is studied and the applicability for supercontinuum generation is discussed.

First an introduction to nonlinear properties of the material is given, followed by the

derivation of the propagation equation of electromagnetic waves in nonlinear materi-

als. Furthermore, the inelastic Raman scattering is specified and the measurement

of the Raman response is described. The Raman fraction and the Raman gain were

retrieved from the experimental results and compared to the obtained values from

wave propagation simulations.

The aim is to investigate the influence of the Raman effect during shock wave

generation on supercontinuum generation.

4.1 Supercontinuum generation

Common lasers radiate coherent light at one wavelength or a wavelength range of

a few nanometers. In the case of the generation of white light, this small range is

extended to the whole visible spectrum and into the infrared. Spectrally broadened

coherent light is called a supercontinuum. It is a complex nonlinear phenomenon

which can be achieved by spectral broadening of laser pulses in a nonlinear material.

[156, 157]

A supercontinuum was first observed in bulk silica in 1970 [158, 159] and has been

extended to other materials, such as solids [159–161], fluids [160, 162–164] and gases

Mid-infrared photonic devices for stellar interferometry page 67



Chapter 4. Nonlinear properties of gallium lanthanum sulfide glass

[165–167], fibers [168, 169] and waveguide structures [170].

The spectral broadening can be achieved using self-phase modulation of laser beams

that are focused into waveguides. Since, the field intensities can be maintained and

the nonlinearity is enhanced, the supercontinuum generation is easier accomplished

in waveguides and fibers than in bulk materials. The supercontinuum generation

in waveguides results from the generation of new spectral components by Raman

scattering, four wave mixing and their interplay. Supercontinua can be generated by

focusing femtosecond laser pulses in waveguides or fibers. [157, 171]

4.2 Nonlinearity of transparent materials

Nonlinear effects occur when intense electromagnetic radiation is focused into a

material with a high nonlinearity. The origin lies in the inharmonic motion of bound

electrons during the absorption process. The nonlinear polarization is described by

evaluating the nth Taylor expansion of the polarization P in powers of the electric

field strength E

P = ǫ0(χ
(1)E + χ(2)E2 + χ(3)E3 + ... + χ(n)En) (4.1)

with ǫ0 being the vacuum permittivity, χ(i) the ith order susceptibility. The linear

susceptibility is represented by χ(1). The second order susceptibility χ(2) is responsi-

ble for effects such as second harmonic generation and sum frequency generation

[172]. χ(2) = 0 for centro-symmetric materials as glasses. In turn, χ(3) is responsible

for third-harmonic generation and four wave mixing.

The Kerr effect is a third order nonlinear effect that describes the intensity dependent

refractive index. It originates from nonlinear refraction:

n(ω, I) = n0(ω) + n2 I (4.2)

with n0(ω) as the linear refractive index, I as the optical intensity and n2 as the

nonlinear refractive index. The third order susceptibility χ(3) is connected to the

nonlinear refractive index n2 by

χ
(3)
real =

4
3

n2
0ǫ0cn2 (4.3)

with the index indicating the real part of χ(3). [173] The intensity dependence of the

refractive index results in the self-phase modulation of the electromagnetic wave.
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The self-induced phase shift is determined by using

ΦNL = n2kLI (4.4)

with the waveguide length L and the wavenumber k = 2π
λ . The generation of

new frequencies for pulsed laser light is possible because the laser intensity in the

medium becomes time dependent. This leads to bandwidth broadening

dω(t) = −dφNL(t)

dt
= −n2kL

dI(t)

dt
. (4.5)

For n2 > 0, the leading part of the pulse
(

dI(t)
dt > 0

)

is decreasing in frequency and

the tailing part
(

dI(t)
dt < 0

)

is increasing in frequency. [174]

Nonlinear absorption occurs due to an electric current that is responsible for an

ionization of the medium. The material ionization leads to a plasma generation. In

any case, nonlinear effects occur due to stimulated elastic scattering. Energy transfer

from field to material is taking place for effects such as stimulated Raman scattering

(SRS) which induces optical phonons in forward direction, and stimulated Brillouin

scattering (SBS) which results in acoustical phonons travelling backwards. [175, 176]

[157, 177]

4.3 Derivation of the propagation equation

Maxwell’s equations for dielectric media read

∇× ~E = −∂~B

∂t
(4.6)

and

∇× ~B = µ0

(

~J +
∂~D

∂t

)

(4.7)

with ~E and ~B as electric and magnetic field and ~J as the current density of free

charges. The polarization is given by

P̂(~r, ω, z) = ǫ0χ(ω)Ê(~r, ω, z) (4.8)

with Ê as the Fourier transformation of ~E and the dielectric displacement by

D̂(~r, ω, z) = ǫ0ǫ(ω)Ê(~r, ω, z) + P̂(~r, ω, z) (4.9)
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where ǫ(ω) = 1 + χ(ω) describes the relative permittivity of the medium. The wave

equation in the frequency domain then reads

∇2Ê −∇(∇Ê) +
ω2n2(ω)

c2 Ê = µ0(−iω Ĵ − ω2P̂) (4.10)

with c as the speed of light in vacuum, µ0 as the vacuum permeability, n as the

refractive index and ω as the frequency. Assuming the linear polarization of the

electric field is transverse to the propagation axis means that the ∇(∇Ê)-term can

be neglected. [178]

To further simplify the derivation of the propagation equation, the slowly varying

envelope approximation (SVEA) can be used as long as the envelope has a time scale

that is much larger than the carrier oscillation scale, so the fields are considered

nearly monochromatic. The spectrum is centered at the carrier frequency ω0 and the

spectral width is ∆ω so that ∆ω
ω0

«1. The propagation constant is derived by

β(ω) = n(ω)
ω

c
= β0 + (ω − ω0)β1 +

1
2
(ω − ω0)

2β2 +
1
6
(ω − ω0)

3β3 + ... (4.11)

with

βn =

(

dnβ

dωn

)

ω=ω0

. (4.12)

For a pulse duration longer than 100 fs only the terms up to β2 are relevant, which

leads to
∂A(z, t)

∂z
+ β1

∂A

∂t
+

i

2
β2

∂2A

∂t2 +
α

2
A = iγ|A(z, t)|2A(z, t) (4.13)

with the nonlinearity coefficient γ = n2ω0
cAeff

, the effective core area Aeff, the envelope

A(z,t) of E(z,t)

A(z, t) =
1
2
√

cnǫǫ0E(z, t) · exp(i(ω0t − βn(ω0)z)) (4.14)

with cn as the velocity of light in the material, ǫ as the dielectric constant, ǫ0 as

the vacuum permittivity, α as propagation losses, β1 as the group delay and β2

describing the group delay dispersion. [157, 177]
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4.4 Inelastic Raman scattering

Inhomogeneities in solid media that are comparable in size to the wavelength of

the transmitted radiation scatter incoming light. If the homogeneity is only spatial,

elastic scattering is taking place. If also temporal perturbations occur, sidebands

in the scattered spectrum appear which belong to inelastic scattering. Raman or

Brillouin scattering can be the origin. Planck [179] and Einstein [180] laid the

foundation for the consideration of light as a particle wave. Since photons carry

energy and momentum they can participate in inelastic scattering and exchange

energy or momentum with the scattering medium. In 1923 Smekal [181] was the first

to theoretically predict sidebands in the scattered spectrum. The observation of the

effect followed in 1928 by Raman and Krishnan [182] in benzene. The proof that the

Raman effect also occurs in solids was done by Landsberg and Mandelstam [183].

Soon, the new effect was used for material studies. [184] The mercury arc became the

most-used light source, first with photographic and then with spectrophotometric

detection. A catalog of molecular vibrational frequencies could be measured. [185]

To investigate the influence in shock wave generation for supercontinuum generation

the Raman coefficient needs to be found. General aspects of the Raman effect were

introduced in Section 2.4.2 of this work.

Raman gain can be described as the time-dependent nonlinear refractive index. When

high-intensity pulses perturb the electronic structure of a molecule, the polarizability

of the molecule changes or the refractive index becomes intensity dependent. This

laser-induced electronic perturbation also has an effect on the field that the nucleus of

the molecule experiences. Therefore, the perturbation can excite molecular vibrations.

The Raman effect describes the intensity-dependent polarizability connected to the

molecular vibrations. [186]

GLS is a highly nonlinear material with a nonlinearity that is 2-3 times higher than

the nonlinearity of silica. [108] The Raman response function is necessary to predict

the nonlinear response of the material. The understanding of nonlinear processes

can help in finding optimal laser writing parameters for ultrafast laser inscription

(ULI).

Introducing higher dispersion terms for ultra short pulses [187] and the Raman gain

in Eqn. 4.14, low frequency components can be amplified by the energy transfer

from higher frequency components, which results in a red shift. [188, 189]
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The nonlinear Schrödinger equation is described by

∂A(z, t)

∂z
= − α

2
A + i ∑

n≥1

inβn

n!
∂n A

∂tn
(4.15)

+ iγ

(

1 +
i

ω

d

dt

)

A(z, t)
∫ ∞

0
R(t′)|A(z, t − t′|2dt′)

with t’ from the retarded medium response. The first term contains the losses, the

second term takes higher order dispersion into account and the first bracket in the

third term belongs to self-phase modulation, four-wave mixing and Raman, while

the second bracket describes self-steepening. The nonlinear response R(t) includes

the Raman term

R(t) = g0

∫ ∞

0
S(ω) · sin (ωt)dω (4.16)

which is obtained by the Raman signal S. [157, 177]

4.4.1 Measurement of the Raman response

The Raman response function can be retrieved by the measurement of the Raman

spectrum (Section 2.4.2) and Raman gain of a waveguide core, connected with

derivation of the nonlinear coefficient n2. The Raman gain at a pump laser was

determined by the experiment shown in Fig. 4.1. The pump laser source is a Light

Conversion NOPA (Non-collinear optical parametric amplifier) which is pumped

by a picoREGEN picosecond-laser by HIGH Q LASER with a seed wavelength of

λseed = 1.58 µm and a pulse length of Tseed = 80 fs. The seed comes from a continuous

wave diode laser. The beam originating from the laser system has a pulse length of

Tlaser = 2.67 ps with a repetition rate of flaser = 5 kHz and a wavelength of λ0 = 1.55 µm.

The power is tuned by a λ
2 plate and the beam is focused to the waveguide input

face with a 50 mm lens generating a Gaussian beam waist of w0 = 15.11 µm. The

sample is located on a positioning stage which gives the possibility of achieving a

measured net input coupling to the waveguide of ηwg = 0.68± 0.05 considering a

Fresnel loss at the surface of ηFresnel = 0.83.
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Figure 4.1: Setup for the measurement of the nonlinear response of the waveguide
material to laser pulses.

The output radiation of the waveguide can be observed by an infrared camera.

This way the alignment of the waveguide can be checked. A beam splitter allowed

the simultaneous measurement of the optical spectrum with an optical spectrum

analyzer (OSA).

The Raman spectra of GLS waveguides have been discussed in Section 2.4.2. The

inverse Fourier transform of the Raman gain g(Ω) gives the Raman response in the

time domain

hR(t) = FT−1(g(Ω)) . (4.17)

The response function is an exponentionally decaying sinusoidal oscillation. The

frequency of the Raman gain peak can be extracted from the oscillation period and

the width of the gain spectrum can be obtained from the decay rate. [186]

The response function is related to the nonlinear polarization. [190] The third order

susceptibility is proportional to the Raman gain coefficient. [191] Furthermore,

the response function can be obtained directly from the real part of the nonlinear

refractive index n2.

The nonlinear refractive index can be derived from the spectral broadening of the

pump pulse as function of the input power. Compared with the pulse propagation

simulation, which uses 1D pulse propagation while taking into account the material

dispersion and the nonlinear Kerr response.
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Figure 4.2: Measured spectrum of Raman response obtained from a 7 mm long
waveguide in GLS glass for different laser irradiation powers.

The measured spectrum is shown in Fig. 4.2. It can be used to determine the spectral

broadening of the main pulse at 1.55 µm (Fig. 4.3 (a)) over the input power which is

measured by a power meter in front of the sample, as well as, the peak amplitude of

the Raman background irradiation at 1.58 µm, which corresponds to the frequency

shift of the pump laser of 140 cm−1 (Fig. 4.3 (b)).

Figure 4.3: (a) Laser peak widths σ (at 1.55 µm) over laser input power. (b) Peak
heights (at 1.58 µm) over laser input power.

Mid-infrared photonic devices for stellar interferometry page 74



Chapter 4. Nonlinear properties of gallium lanthanum sulfide glass

The Raman fraction is estimated using

fR =
λ0

2π2n2

∫ ∞

0
R(t)dt. (4.18)

The measured gain g0 = (7.37 ± 1.00)·10−12 m
W was obtained by the fit of the measured

Raman signal peak heights

Speak = exp (g0LI0) (4.19)

as a function of the input intensity

I0 = ηwgηFresnel ·
Plaser

flaserπ3/2Tlaserw
2
0

. (4.20)

The results of the Speak fits are included in Figure 4.3. The Raman fraction was

calculated to be fR = 0.37.

The experimental value of the nonlinear refractive index is n2 = 1.62 ·10−10 m2

W which

corresponds to χ(3) = 3.31 ·10−20 m
V2 . This is about 75 % of the value in literature

[125].

4.4.2 Simulation of the output signal

The pulse propagation in the waveguide is simulated using the split-step method or

extended Crank-Nicholson scheme. The program code was developed by Arnaud

Couairon from the École Polytechnique in Palaiseau (France). First, constants and

optical parameters are defined and calculated. Then the grids are determined. The

initial field Einput = E(r, t, z = 0) is defined for a Gaussian beam profile, where z is

the propagation direction and r is the radial coordinate when using a cylindrical

coodinate system. Dispersion and the nonlinear effects mentioned in Section 4.3

are taken into account. The unidirectional pulse propagation equation is calculated

stepwise in a loop according to the chosen grid in propagation direction. [178]

To compare the measured data to the simulation results the measured Raman signals

(see Fig. 4.4 (a)) are fitted with the decaying sinusoidal function

S(t) = A0 exp (−Γt) · sin (−Ωt) (4.21)

which results in the fit parameter values Ω = 0.05629 1
fs and Γ = 0.01918 1

fs .
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Figure 4.4: (a) Fit (blue) of the measured Raman response signal (black). (b) Simu-
lated output signal for a 7 mm long waveguide.

The fit matches the first oscillation quite well but fails for further oscillation. Adding

more terms to the fit function can lower the fit errors and match the fit function to

the measured values. However, this would generate many new fit parameters that

are difficult to be implemented in the simulation code.

These parameters are fed into the simulation. Assuming the Raman fraction fR = 0.37

and a length of the waveguide of L = 7 mm the output signal for a propagation

length in GLS is generated.

Varying the input powers several Raman spectra can be produced and the peak

values at 1.58 µm are calculated, respectively. By fitting these values with Eqn. 4.19

and 4.20 the Raman gain g0 = 5.12 · 10−12 is obtained.

When using the measured Raman response instead of the fit function as input for

the simulation the resulting Raman gain is calculated to be g0 = 5.14 · 10−12. This

shows that though the fit of the Raman response only matches the first oscillation

well the resulting Raman gain is still well distinguished.

Both values are in the same order of magnitude with the Raman gain determined by

the measurement.

When comparing the simulation results with (g0 = 5.149 · 10−12) and without

(g0 = 5.077 · 10−12) using the term for the Raman-Kerr effect no significant changes

can be observed.

For these wavelengths full wave mixing is interfering with the Raman effect.
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4.4.3 Application

The purpose of the simulations and experiments was to explore the spectral broad-

ening in waveguides in order to generate a broad supercontinuum formed by pulses

in the normal group velocity dispersion (GVD) regime. The focus was put to Raman

scattering as an important part of this process, for on one hand, the red shift of

nonlinear waves induced by the inelastic process shifts the pulses towards the zero

GVD point and on the other hand, since the Raman effect is intensity dependent, the

pulse separation should take place for pulses with different peak powers.

When the power of a single pulse reaches a certain threshold while traveling through

a material with a normal GVD, wave breaking appears. [192] Shock waves induce

instabilities in the pulse profile which are broadened by pulse steepening. In the

normal GVD regime the red-shifted light (generated by SPM) propagates faster and

overtakes the blue-shifted light. Interference can be observed. This can be observed

as dips in the flat intensity plateau developed in the central part of the input pulse

(dark solitons). Close to the zero dispersion wavelength a compensation between

phase matching and dispersion is taking place. Dark solitons are solitary waves that

maintain their shape during propagation. [193]

Raman scattering and SPM can broaden an ultrashort pulse to over 100 nm and

generate a supercontinuum. [177]

Pulse propagation simulations have shown that for a wavelength of 3.39 µm near the

zero group velocity dispersion wavelength and a Raman fraction of 0.37 the propaga-

tion distance that is needed to generate dark solitons is larger than 20 cm. A sample

of this length with homogeneous properties throughout the whole glass is difficult

to manufacture which means instead of GLS waveguides it is more practicable to use

fibers which were not availabe within the limits of this work. Further investigations

on this subject could lead to more interesting results.
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Multi-scan ultrafast laser inscription was shown to be a suitable manufacturing

technique of single mode waveguides with a 3D geometry in gallium lanthanum

sulfide (GLS) glass. The irradiation with highly focused laser light at a wavelength

of λ = 1026 nm induces a positive local refractive index change in the focal volume.

GLS is a convenient material for waveguides operating in the mid-infrared range,

which is interesting for astrophotonic applications. Simulations of GLS glass have

shown that the structure of GLS is dominated by GaS4 tetrahedra and LaS8 polyhe-

dra in which the lanthanum atoms can have a coordination number of 6, 7 and 8.

SEM images of etched waveguide cross sections showed a significant change in the

surface structure for waveguides written with different writing parameters. Higher

laser powers and lower writing speeds result in a clearly rougher surface showing

regular ripples, which could indicate the formation of a crystalline structure. Also,

the etching rates increase for higher deposited energies due to laser irradiation which

can lead to increased micro-cracks or vulnerable atomic configurations.

For the first time, Raman microscopy was used to investigate laser treated GLS

glass. Though the Raman spectra of GLS glass are already published [127, 128, 194],

the measurements connected to this thesis revealed a structural change of the laser

irradiated material from the bulk in direct comparison of the spectra of bulk and

waveguide on one sample. Gallium sulfide tetrahedra and lanthanum sulfide poly-

hedra are the main contributors to the intensity change of the compared Raman

peaks. The laser parameters seem to have a crucial influence on the Raman spectra.

Low laser powers and high writing speeds increase the Raman intensities for the

waveguide structure compared to the bulk. The structural simulations of the GLS

glass and the comparison of the measured Raman spectra of bulk and waveguide

material for different writing parameters indicate that a change in the La coordina-
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tion due to the laser treatment might lead to a reorientation of the GaS4 tetrahedra

and the LaS8 polyhedra, which can result in a local densification of the GLS glass

in the waveguide region by lanthanum migration from the surrounding material.

Partial crystallization for high induced temperatures might also contribute to the

properties of the laser written waveguides.

Structural investigations with different independent experiments, such as mode field

diameter (MFD) measurements and polarimetry, showed a consistent behavior. A

densification of the waveguide material by atomic migration and partial crystalliza-

tion is indicated by the comparison of cross sections of Raman peak heights and

the stress field over a waveguide which can distinguish a migration region of lower

density at the waveguide borders.

Another contribution to the refractive index change of the irradiated material can be

color center formation which can be deduced from microscope images of waveguides

and the change in fluorescence spectra for irradiated GLS glass. There is still room

for interpretation of the experimental results.

Pre-annealing of waveguides in GLS samples aiming at the relieve of stress induced

birefringence showed a material relaxation after an annealing time of 24 h at 500 ◦ C,

which also indicates the point of lowest density of the material. The material relax-

ation for longer annealing times is accompanied by an increasing bulk refractive

index. This leads to a smaller difference between bulk and possible waveguide

refractive index, so that the refractive index change, which is a crucial factor for

wave guiding, becomes smaller. The density of the glass increases for increasing

annealing temperatures up to 4.3 g
cm3 at 550◦ C.

Stresses induced by the laser writing have an influence on the properties of wave-

guides written within the range of the stress field of other waveguides. Asymmetric

and polarization-dependent output patterns are the consequence of this dependency.

The densification of the laser treated glass is followed by the development of tensile

stresses in the surrounding material, which cause a deviation of the refractive index

change of the neighboring later written waveguides. Birefringence control and loss

reduction during the waveguide fabrication can improve integrated optics compo-

nents for interferometric beam combination significantly.

A symmetrization of both a 7-waveguide and a 23-waveguide zig-zag array has been

achieved for waveguide arrays up to 22 mm length by adjusting ∆β of neighboring

waveguides by a linear increase of the writing speed for successive waveguides. The

still remaining polarization dependence indicates a stress field which cannot be

corrected with the change of the propagation constant. A variation of the waveguide

shape, the separation distance, laser wavelength, repetition rate or pulse length, but
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also a temperature treatment could reduce the birefringent effect.

A new 4-telescope discrete beam combiner (DBC) with 23 parallel waveguides with a

zig-zag geometry was manufactured and the corresponding visibility-to-pixel matrix

(V2PM) was derived. It showed a low condition number of 14 which is comparable

to the performance of the GRAVITY instrument at the VLTI. The instrumental visibi-

lities are ranging from 0.86 to 0.97 for the 6 baselines while the estimated coherence

functions were closer to unity, ranging from 0.95 to 1.04 with signal-to-noise ratios

from 12 to 25. Nevertheless there is still potential to improve the performance of the

DBC.

The ABCD beam combination scheme that is actually used at GRAVITY was tested in

a 2-telescope configuration. The interferometric combination of the input beams was

achieved by the use of directional couplers while exploiting the 3D-writing advan-

tage of ultrafast laser inscription (ULI) for crossing waveguides without intersection.

A visibility of 0.92 and a SNR of 28 was achieved.

The Raman response function of a 7 mm-long waveguide in GLS glass was measured

by fitting the spectral broadening of the main laser peak at 1.55 µm and the height of

the signal peaks at the seed wavelength of 1.58 µm for different input laser powers.

The measured values for the laser gain are close to the results obtained with simula-

tions of the pulse propagation in the waveguide. The Raman-Kerr effect influences

the output signal only to a small extent, as the comparison of the simulated signals

including and excluding the Raman-Kerr term revealed. The generation of dark soli-

tons in GLS waveguides glass close to the zero group velocity dispersion wavelength

was calculated to be occur after a propagation distance of over 20 cm. Therefore, to

prove the values experimentally GLS fibers should be preferred to waveguides in

bulk GLS glass.

A parameter set using a lower number of scans and correspondingly larger spaces

between the scan lines, together with a decreased writing speed, which was not

addressed in this thesis, was found to generate waveguides with even lower propa-

gation losses of 0.3 dB
cm . This shows that there is still room for improvement regarding

the waveguide losses and the performance of the IO devices.

In addition, annealing connected with stress management should be researched

more intensively.

Further experiments need to be done to verify and refine the results regarding the

structural change due to laser irradiation.

The next step for the development of a competitive ABCD beam combiner is the

development of a design that allows the combination of 4 telescopes. Measurements
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on a beam splitter obtaining 3 output beams from 1 input beam, which are necessary

for this device, are already in progress. Therefore, the design parameters for the

4-telescope ABCD beam combiner can be calculated and implemented soon.
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[127] Němec, P. ; Nazabal, V. ; Pavlišta, M. ; Moreac, A. ; Frumar, M. ; Vlček,
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List of abbreviations

CCD Charge-Coupled Device

CHARA Center for High Angular Resolution Astronomy

CN Condition Number

DBC Discrete Beam Combiner

ELT Extremely Large Telescope

FWHM Full Width at Half Maximum

FWM Four Wave Mixing

GLINT Guided light Interferometric Nulling Technology

GLS Gallium Lanthanum Sulfide

IO Integrated Optics

LBTI Large Binocular Telescope Interferometer

LIGO Laser Interferometric Gravitational-Wave Observatory

MFD Mode Field Diameter

MPA Multi-Photon Absorption

NA Numerical Aperture

Nd:YAG Neodymium-doped Yttrium Aluminium Garnet (Nd:Y3Al5O12)

NN Nearest Neighbor

NNN Next Nearest Neighbor

NOPA Non-collinear Optical Parametric Amplifier

OPD Optical Path Difference

OSA Optical Spectrum Analyzer

P2VM Pixel to Visibility Matrix



PIONIER Precision Integrated-Optics Near-infrared Imaging ExpeRiment

SBS Stimulated Brillouin Scattering

SEM Scanning Electron Microscope

SNR Signal-to-Noise Ratio

SPM Self-Phase Modulation

SRS Stimulated Raman Scattering

SVD Singular Value Decomposition

SVEA Slowly Varying Envelope Approximation

TE Transverse Electric mode

TM Transverse Magnetic mode

ULI Ultrafast Laser Inscription

V2PM Visibility to Pixel Matrix

VLTI Very Large Telescope Interferometer

wg waveguide

Yb:KGW Ytterbium doped Potassium-Gadolinium Tungstate (Yb:KGd(WO4)2)

ZBLAN ZrF4-BaF2-LaF3-AlF3-NaF

ZDW Zero Dispersion Wavelength
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