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Abstract 

Applications with a focus on the orbital angular momentum (OAM) of classical and quantum 

light states have significant potential due to the ability to encode information in multi-

dimensional degrees of freedom. Such states form discrete high-dimensional quantum systems, 

also called qudits, which in principle can have any number of discrete levels. As a result, this 

increases the amount of information that a single quantum carrier can hold. To this purpose, an 

integrated photonic circuit could be employed which, in the terminal part, consists of 

waveguides passing from the planer configuration to the polygonal one.  

An OAM beam could be produced exploiting the far-field distribution emitted by the outputs 

of an array of N waveguides, placed at the vertices of a regular polygon, endowed with a cyclical 

phase.  

In this thesis, the specifications and the design of the integrated circuit to transform eight 

uncoupled waveguides into an octagonal cross section are presented. The design of the circuit 

fully exploits the unique potentialities of the femtosecond laser micromachining technique, 

which we use to realize three-dimensional waveguides. 

We describe in detail the fabrication of the waveguides together with their optical 

characterization. In the final device, the parasitic coupling among the waveguides was quenched 

by controlling their propagation constant in the region where they are brought close together to 

produce the final octagonal structure. The optimal devices that have been achieved have more 

than 95% of the input power remaining in the same arm, while the interaction distance was as 

low as 6.6 μm between the waveguides. 
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Abstract in Italiano 

Condifiare le informaztioni sul momento angolare orbitale (OAM) degli stati di luce classici e 

quantistici, presenta un potenziale significativo grazie alla possibilità di sfruttare gradi di libertà 

a molte dimensioni. In fatti, tali stati formano sistemi quantistici discreti chiamati anche qudits, 

che in linea di principio possono avere un numero qualsiasi di livelli. Di conseguenza, il qudit 

amplia la quantità di informazioni che una singola particella quantistica può portare. 

Un fascio OAM potrebbe essere prodotto sfruttando la distribuzione di campo lontano, prodotta 

dalle uscite di un array di N guide d'onda poste ai vertici di un poligono regolare, e dotate di 

una fase ciclica. Una circuito ottico integrato che svolga questa funzione presenta una sezione 

terminale, in qui le guide d’onda sono condotte da una configurazione planare alla geometria 

poligonale desiderata.  

In questa tesi vengono presentate le specifiche e il progetto del circuito integrato per trasformare 

otto guide d'onda disaccoppiate in una sezione ottagonale. Il progetto del circuito sfrutta 

appieno le potenzialità uniche della tecnica di microlavorazione laser a femtosecondi, utilizzata 

per realizzare guide d'onda tridimensionali. 

Viene descritta in dettaglio la fabbricazione delle guide d'onda e la loro caratterizzazione ottica. 

L'accoppiamento parassita tra le guide d'onda, nella regione in cui vengono avvicinate per 

produrre la struttura ottagonale finale, è stato fortemrnte attenuato controllandone la costante 

di propagazione migliori dispositivi ottenuti hanno più del 95% della potenza in ingresso che 

rimane nello stesso braccio, mentre la distanza di interazione tra le guide d'onda è di soli 6.6μm. 
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Introduction 

Photons are a convenient choice for communication as they can be transported efficiently in 

free space and fiber over long distances with low loss. The ability to encode information in 

spatial degrees of freedom folds a considerable potential for a variety of applications, with a 

particular focus on the orbital angular momentum of classical and quantum light states. Such 

states form discrete high-dimensional quantum systems, also called qudits. A qudit is encoded 

on a quantum particle which is not limited to two states but in principle can have any number 

of discrete levels. As a result, the qudit enlarges the amount of information that a single quantum 

carrier can hold. 

The fundamental property of photons carrying OAM is the presence of the helical phase factor 

𝑒𝑖𝑙𝜑, where 𝜑 is the azimuthal coordinate that is in the plane transverse to the propagation 

direction. OAM beams can be produced using bulk optics components, which however are 

limited to shaping the wavefront of a free-space propagating light beam. Therefore, interfacing 

OAM beams with fiber networks and integrated optical circuits encounters stability and 

alignment problems, which limits the exploitation of these methods in the applications. On the 

other hand, integrated optical technology offers great advantages in terms of stability and 

robustness.  

Femtosecond laser micromachining is an important technique for three-dimensional integrated 

photonic circuit realization. This approach enables the direct and efficient fabrication of high-

quality three-dimensional waveguides without the need for any lithographic steps or clean-room 

laboratories, Moreover, femtosecond laser written-waveguides made in glass can be perfectly 

mode-matched to the optical fibers. 

According to a published theoretical study, by researchers of the Physics Department of 

Politecnico di Milano. An OAM beams could be produced exploiting the far-field distribution 

produced by the outputs of an array of N waveguides, placed at the vertices of a regular polygon, 

endowed with a cyclical phase. 

The required integrated circuit to generate an optical beam possessing OAM this scenario could 

be divided into three different sections. A power splitting device, such as a star coupler, could 

be used in the first stage, to divide the input light from the fiber into several branches with the 

required amplitude ratios and cyclical phase terms. The phase terms of each waveguide could 

be tuned, thus correcting experimental imperfections, using an array of phase shifters (such as 

thermo-optic devices) in the second part. The third section transforms the waveguides from a 

planar arrangement to the required two-dimensional cross-section, bringing each waveguide to 

its final position. 

Note that the three-dimensional capabilities of femtosecond laser writing technology enable the 

fabrication of arrays of single-mode waveguides placed at the vertices of a regular polygon 

structure. Moreover, the output mode of each waveguide is a nearly-gaussian mode. 

This work aims to engineer and realize the third section of the device, which transforms eight 

waveguides from a planar configuration to the vertices of a regular octagonal cross-section. 
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Parasitic coupling among neighboring waveguides, in the region where they are brought close 

together, needs to be carefully investigated in order to produce the final octagonal structure. 

In this thesis we will present the specifications and design of the integrated circuit to transform 

eight uncoupled waveguides into an octagonal cross section. We will describe in detail the 

fabrication of the waveguides together with their optical characterization.  

In particular, the thesis is structured as follows: In Chapter 1, we present some fundamental 

concepts of OAM and quantum optics. In chapter 2, we present the femtosecond laser 

micromachining technique. We present the experimental set-up and the techniques used for 

device characterization in Chapter 3. The optimization and characterization of the fundamental 

optical components for the integrated device are presented in Chapter 4. Finally, we provide 

the device characterization and final design in Chapter 5. 
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1 Orbital Angular Momentum for 

Quantum Information  

 
In this chapter, the orbital angular momentum and quantum information with OAM are briefly 

discussed. First, we introduce the concept of the electromagnetic field. Then the light carries 

the orbital angular momentum of the Laguerre-Gauss beam. The second quantization of light 

with the creation and annihilation operators of the photons further gives a glimpse of quantum 

photonics and the main building blocks. Finally, we present the role of the higher dimensional 

degrees of freedom in quantum information with a focus on OAM.  

1.1.  Maxwell’s Equations and Electromagnetic Waves 

One of the great discoveries that scientists made during the second half of the nineteenth 

century, which was developed by the English mathematician Maxwell, was that light could be 

described in terms of electromagnetic waves. In this section, we highlight Maxwell's theory and 

a few results that follow. 

The equations that describe the combination of the electric and magnetic field and the 

response of a medium are summarized in these sets of equations [1]:  

 ∇ ∙ 𝐷 ⃗⃗  ⃗= 𝜌            (1.1) 

∇ ∙ �⃗⃗�  = 0            (1.2) 

∇ × �⃗⃗� = −
𝜕 �⃗� 

𝜕𝑡
          (1.3) 

       ∇ × �⃗⃗� =  𝑗 +
𝜕 �⃗⃗� 

𝜕𝑡
         (1.4) 

Where 𝜌 is the free charge density, 𝑗  is the free current density, and �⃗⃗� , �⃗⃗� , 𝐷 ⃗⃗⃗⃗  ⃗ and �⃗⃗�  are the 

magnetic field, electric field, electric displacement, and the magnetic field respectively. In 

which the electric displacement has the medium response: 

�⃗⃗� = 휀𝑟휀0 �⃗⃗� (1.5) 
     

        �⃗⃗� = 𝜇𝑟𝜇0�⃗⃗�               (1.6) 

Where 휀𝑟 , 휀0, 𝜇𝑟 , and 𝜇0 are the relative dielectric constant of a medium, dielectric constant of 

the vacuum, magnetic permeability of a medium, and the magnetic permeability of the vacuum. 
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By further assuming the medium is not magnetic 𝜇𝑟 = 1, and it is isotropic we treat the relative 

dielectric constant as scalar quantity. 

1.1.1. Electromagnetic Field 

The electromagnetic waves propagating in linear, isotropic, free charge (𝜌 = 0), and current 

densities medium. 

𝑗 = 0, 𝜌 = 0 (1.7)  

We take the curl of the eq (2.3): 

∇ × ∇ × �⃗⃗�  = −
𝜕 (∇ × �⃗� )

𝜕𝑡
(1.8)  

We can write it in a more compact way: 

∇ × ∇ × �⃗⃗�  = ∇(∇ ∙�⃗⃗� ) − ∇2 �⃗⃗� (1.9) 

From the previous assumption of the free charge and the isotropic medium, where the relative 

dielectric constant does not change over the medium, and eq (1.1) and eq (1.5): 

∇ ∙ D⃗⃗ =  ∇ ∙ 휀0휀𝑟 �⃗⃗� = 0 (1.10) 

Obtaining the propagation equation in a medium with certain characteristic. 

         ∇2 �⃗⃗� =  𝜇0𝜖0𝜖𝑟

𝜕2 �⃗⃗� 

𝜕𝑡2
              (1.11) 

Where the Laplacian of the cartesian coordinates written as: 

  ∇2=
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2
(1.12)   

The eq (1.6) describes the electromagnetic waves with a speed 𝑣 given by the following 

expression inside the medium: 

              𝑣  =
1

√𝜇0휀0휀𝑟

 =   
𝑐

𝑛
                (1.13) 

And 

�⃗� =
𝑐

𝑛
𝜔 (1.14) 

Where  𝑛 =  √𝜖𝑟  represents the refractive index of the medium, then the propagation equation 

is written in a form of Helmholtz equation of electric field: 

                                                                               (∇2 + �⃗� 2)�⃗� = 0                                          (1.15) 

The same expression can be derived for the magnetic field 𝐻 ⃗⃗⃗⃗ as well. 

The generic solution of the eq (1.6) is a plan wave that has an angular frequency 𝜔 and a wave 

vector 𝑘 ⃗⃗⃗   of the propagating field. 

�⃗� (𝑟 , 𝑡) = 𝐸0 exp (𝑖(�⃗� 𝑟 − 𝜔𝑡))            (1.16) 

Where 𝐸0 is the amplitude of the field in the cartesian coordinate, In the next section, we will 

introduce the concept of waveguides as guiding structures of light. 
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1.1.2. The polarization  

The polarization of the electromagnetic waves is defined as the direction of the electric field. 

There are several forms of the polarization. 

 

Linear polarization: the electric field vector points along a constant direction that may be 

used. Being a transverse wave, the electric field contains only components in x and y directions, 

having the same phase of between the two components. By considering the electric field that is 

linearly polarized with polarization vector �⃗� 𝑦or �⃗� 𝑥, and propagates along 

z:

𝐸 = 𝐸𝑦(𝑥, 𝑧)�⃗� 𝑦   𝐸 = 𝐸𝑥(𝑦, 𝑧)�⃗� 𝑥  𝐸𝑧 = 0       (1.17) 

At this stage, we can write the full mathematical description of a phase difference between 

waves of different linear polarizations as follows: 

𝐸 (𝑧, 𝑡) =  (𝐸𝑦�⃗� 𝑦 + 𝐸𝑥�⃗� 𝑥) 𝑒
𝑖(𝑘𝑧𝑧−𝜔𝑡)              (1.18) 

Circular polarization: the two components of the electric field have identical amplitude but 

differ in phase by 90°, and the field can be described as follows: 

𝐸 (𝑧, 𝑡) = 𝐸0(�⃗� 𝑦 ± 𝑖�⃗� 𝑥)𝑒
𝑖(𝑘𝑧𝑧−𝜔𝑡) (1.19) 

The field vector rotates during the propagation of the field. Either the light rotates in the plane 

of the propagation in clockwise direction, called right circularly polarized, or in 

counterclockwise direction, called left circularly polarized. 

Elliptical polarization: the amplitudes of the electric field component along x and y have 

different magnitudes but a same phase. If the phase between the amplitudes is 𝐸𝑥/𝐸𝑦 = 𝑟𝑒𝑖𝛼, 

the electric field vector 𝐸 has its axes rotated by an angle 𝛼/2, and if 𝑟 =  1, we go back to the 

linear polarization. 

1.1.3. Waveguide Structure  

We will discuss the so-called slab waveguide as an introduction to guided optics. With the term 

slab waveguide, we usually refer to a planar and step-index waveguide, that is solved 

analytically. Moreover, it is a prototype of a complex guiding structure. 

The slab waveguide constitutes three different regions; an inner region with a refractive index 

𝑛1called the core; and two outer regions with a refractive index 𝑛2, 𝑛3 called the cladding, to 

have a guiding medium. To obtain the classical picture of total internal refraction (light 

confinement), the following conditions must be met: 

𝑛1 > 𝑛0, 𝑛2, 𝑛3 = 𝑛0 

The wave propagates inside the confining region along z direction can be described using the 

equation (1.17). Assuming the light is linearly polarized and the propagating medium is not 

birefringent, we can use the scalar wave approximation, then the electric field could be 

presented in scalar form as follows: 
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�⃗� = 𝐸0 
(𝑥)𝑒𝑖(𝛽𝑧−𝜔𝑡)�⃗� 𝑦 (1.20) 

Where 𝛽 is the propagation constant, from now on we can recall the propagation equation in 

scalar form that has variables with scalar quantities as follows: 

∇2𝐸 =  𝜇0𝜖0𝜖𝑟

𝜕2𝐸

𝜕𝑡2
(1.21) 

Where the Laplacian is: 

∇2𝐸 = (
𝜕2𝐸0 

𝜕𝑥2
𝑒𝑖(𝛽𝑧−𝜔𝑡) + 𝛽2𝐸0 

𝑒𝑖(𝛽𝑧−𝜔𝑡)) �⃗� 𝑦 (1.22) 

And the right-hand side: 

𝜇0휀0휀𝑟

𝜕2𝐸 

𝜕𝑡2
 = −𝑘0

2𝑛2𝐸0𝑒
𝑖(𝛽𝑧−𝜔𝑡)�⃗� 𝑦  (1.23) 

Finally, we get the eigenvalue equation. Its solutions are the eigenfunctions of the transversal 

profile of the electric field, whose eigenvalues are the propagation constant.  

𝜕2𝐸0

𝜕𝑥2
 + (𝑘0

2𝑛2 − 𝛽2)𝐸0 = 0 (1.24) 

This is analogous to the Schrodinger equation of a particle confined in a potential well.  

ℏ2

2𝑚

𝜕2𝜓

𝜕𝑥2
+ (ℇ − 𝑉(𝑥))𝜓 =  0 (1.25) 

Where 𝜓 is the wavefunction associated with the particle, 𝑉(𝑥) is the potential, and ℇ is the 

energy. The difference between the energy and the potential is identical to the difference 

between the wave number times the refractive and the propagation constant. Solving the 

equation (1.15) leads us to certain number of different propagation constants to which we 

associate to different transversal profiles. To have confinement of the mode, we need to have a 

refractive index in the core 𝑛1 higher than the refractive index in the claddings 𝑛0, and in case 

of particle the potential well, the potential in the well 𝑉1is lower than the potential of the barrier 

𝑉0: 

𝑛1 > 𝑛0, 𝑉1 < 𝑉0 

We can deduce by doing further analytical derivation of the field in the transversal coordinate 

𝑥 of the waveguide, where the EM field decays exponentially at the boundaries with the 

cladding, and it will be sinusoidal at the core region [76].  

1.1.4. Gaussian Beam 

A wavefunction of the electric field that propagates in one direction and very slowly in the other 

two axes is used to describe a gaussian beam. As a result, it exhibits both plane wave and 

spherical wave properties. Let's choose z as the beam axis of propagation. The amplitude of 

the beam will reduce as z increases. Additionally, when x and y increase, the amplitude rapidly 

decreases. 

The paraxial approximation imposes the complex amplitude of the field as follows: 

𝐸(𝑥, 𝑦, 𝑧, 𝑡) → 𝐸(𝑥, 𝑦, 𝑧) exp(𝑖(𝑘𝑧 − 𝜔𝑡)) = 𝜓(𝑟) (1.26) 
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The solution of the Helmholtz equation (eq 2.10) that we derived in a vacuum under the paraxial 

approximation leads to the following: 

𝜕2𝐸

𝜕𝑥2
+

𝜕2𝐸

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
+ 2𝑖𝑘

𝜕𝐸

𝜕𝑧
= 0    (1.27) 

Since the laser beam diverges slowly during the propagation, we adopt the Slowly Varying 

Approximation (SVA) where  
𝜕2𝐸

𝜕𝑧2
≪ 𝑖𝑘

𝜕𝐸

𝜕𝑧
 . As a result, the paraxial wave equation could be 

written as follows: 

𝜕2𝐸

𝜕𝑥2
+

𝜕2𝐸

𝜕𝑦2
+ 2𝑖𝑘

𝜕𝐸

𝜕𝑧
= 0 (1.28)     

The zeroth order solutions are written in the following form: 

𝐸(𝑥, 𝑦, 𝑧) =  𝐸0

𝑤0

𝑤(𝑧)
exp (

(𝑥2 + 𝑦2)

𝑤(𝑧)2
) . exp(−𝑖 (𝑘𝑧𝑧 + 𝑘0

(𝑥2 + 𝑦2)

2𝑅(𝑧)
− 𝑔(𝑧)))         (1.29) 

Where 𝑅(𝑧),𝑤(𝑧) = 𝑤0√1 +
𝑧2

(
𝜋𝑤0

2

𝜆
)2
 , and 𝑔(𝑧) are the radius of the beam, the beam waist, and 

the Gouy phase, respectively [4]. 

 

1.1.5. Laguerre-Gauss mode (LG) 

The Laguerre-Gauss mode, which is the solution of the paraxial wave equation in the cylindrical 

coordinates, Where the complex amplitude of the LG mode will be as follows: 

𝐸(𝑠, 𝜑, 𝑧) =  𝐸0

𝑤0

𝑤(𝑧)
(

𝑠√2

𝑤(𝑧)
)

𝑙

𝐿𝑃
𝑙 (

2𝑠2

𝑤2(𝑧)
) 𝑒

(
𝑠2

𝑤(𝑧)2
)
 𝑒

−
𝑖𝑘0𝑠2𝑧

2(𝑧2+𝑧𝑅
2)𝑒𝑖𝑙𝜑𝑒𝑖𝑔(𝑧) (1.30) 

The 𝐿𝑃
𝑙  is the Laguerre polynomial, and the rest are similar to what we indicated recently. The 

phase 𝑒𝑖𝑙𝜑 represents the field dependance on the azimuthal angle, with an integer 𝑙 .  

The Laguerre-Gauss beam is generated via several ways in which the Gaussian beam wavefront 

obtains a helical phase and the projected beam acquires a doughnut shape (central singularity) 

in the radial coordinates. The presence of this central singularity is due to the destructive 

interference of the field. Furthermore, we will go over how these modes could be generated 

later [4]. 

1.2. Quantization of The Electromagnetic Field 

The quantization of the electromagnetic field is crucial method to understand the quantum 

nature of the light. The fully quantum approach theory developed starting from an equivalent 

quantum harmonic oscillator. The theory treats the light as an individual particle. 

 

We begin with a confined field in one dimensional cavity that has perfectly conducting walls at 

z, where the field is vanishing at the boundaries. We have an electric field that is function of 
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position and time in Fourier component of modes, decomposing it in the cavity. The cavity has 

a volume 𝑉 and contains an infinite number of modes that have k wave numbers and frequencies 

𝜔𝑘 [1]: 

 

�⃗� (𝑟, 𝑡) =  𝑖 ∑√
ℏ𝜔 

2휀0𝑉
𝑒𝑘⃗⃗⃗⃗ [𝐴𝑘𝑒

𝑖(�⃗� 𝑟 +𝜔 𝑡) + 𝑐𝑐]

𝑘

  (1.31) 

 

Where the 𝑒𝑘⃗⃗⃗⃗   is a unit vector of the polarization, and 𝐴𝑘 is the amplitude of the electric field. 

The classical Hamiltonian of the single mode field is written as follows: 

 

𝐻 = 
1

2
∫𝑑𝑉 [휀0𝐸

2(𝑟, 𝑡) +
1

𝜇0
𝐵2(𝑟, 𝑡)] (1.32) 

 

We can introduce the two conjugate variables 𝑞�⃗�  𝑎𝑛𝑑 𝑝�⃗�  such that: 

 

𝐴𝑘(𝑡) =  
1

2𝜔 √휀0𝑉
(𝜔 𝑞𝑘 + 𝑖𝑝𝑘) (1.33) 

 

𝐴∗
𝑘(𝑡) =  

1

2𝜔 √휀0𝑉
(𝜔 𝑞𝑘 − 𝑖𝑝𝑘) (1.34) 

 

The two conjugated variables satisfy the Hamilton equations: 

 

�̇�𝑘 =
𝜕𝐻𝑘

𝜕𝑝𝑘
        �̇�𝑘 =

𝜕𝐻𝑘

𝜕𝑞𝑘
 (1.35) 

 

We can thus rewrite the Hamiltonian in terms of these two operators as: 

 

𝐻 = 
1

2
∑(𝜔 

2𝑞𝑘
2 + 𝑝𝑘

2)

𝑘

 (1.36) 

 

This equation is formally analog with the one that describing the harmonic oscillator with 

position and momentum variables. Thus, to quantize the field we suppose to substitute the q 

and p with their corresponding quantum operators, those corresponding to observable quantities 

which satisfy the commutation relation: 
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[�̂�𝑘, �̂�𝑘] = 𝑖ℏ𝛿𝑘𝑘 (1.37) 

 

Furthermore, the annihilation and the creation operators are defined as a function of the 

previous operators as follows: 

 

�̂� =
1

√2ℏ𝜔
(𝜔 𝑞 ̂ + 𝑖𝑝 ̂) (1.38) 

 

�̂� 
† =

1

√2ℏ𝜔
(𝜔 𝑞 ̂ − 𝑖𝑝 ̂) (1.39) 

 

This leads as to write the Hamilton in more compact way as follows: 

 

�̂� = ℏ𝜔 (�̂� 
†�̂�  +  

1

2
) (1.40) 

 

The number operator could be defined as �̂� = �̂� 
†�̂�  whose eigenstate is the photon number 

state.  

 

�̂� 
†�̂�|𝑛⟩ = �̂�|𝑛⟩ =  𝑛|𝑛⟩ (1.41) 

 

So, the energy of the system is given in terms of the number operator, which attributes to each 

photon of energy ℏ𝜔. Notice that having an energy when there are no photons, which 

correspond to the energy of the vacuum [1].  

�̂� |𝑛⟩ = ℏ𝜔(�̂�  +  
1

2
)|𝑛⟩ = 𝐸𝑛| 𝑛⟩  (1.42) 

 

1.3. The Angular Momentum 

Based on the observation that comet tails usually pointed away from the sun, Kepler postulated 

that light must have a linear motion as early as the 1600s. Maxwell's equations contain all of 

the momentum and energy characteristics of light, but Poynting did explain that a circularly 

polarized light beam possessed an angular momentum that we would today assign to the spin 

of individual photons until 1909, where because every polarization vector rotates around itself 

(Fig 1.2) [14]. Darwin noted that in addition to this spin angular momentum, higher order 

atomic/molecular transitions require an optical angular momentum of several units per photon 

to maintain angular momentum. This additional angular momentum is called "orbital angular 

momentum OAM" and it results from light's linear momentum operating off-axis with regard 
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to the optical beam's center in different meaning the wavefront of the light rotates around the 

propagation axes (Fig. 1.1) or the center of mass of the interacting object [13]. 

In 1992, Allen and his co-works demonstrated that light beams with helical phase-fronts are 

defined by a transverse phase structure of 𝑒𝑖𝑙𝜑, and each photon has an orbital angular 

momentum equal to 𝑙ℏ. An important characteristic of a beam that has helical phase is the 

singularity, where OAM-carrying beams often have annular intensity cross-sections because 

the phase singularity causes the optical intensity to be exactly zero in the center [15]. 

 

Figure 1.1: Shaped helical phase front of OAM (a) 𝒍 = 𝟎, (𝐛) 𝒍 = 𝟏, (𝐜) = 𝟐, (𝐝) 𝒍 = 𝟑 

 

 

 

Figure 1.2: Spin Angular Momentum connected to the polarized field. Light has a linear 

polarization (left) have no SAM, the circularly polarized field (right) carries SAM. 

  

1.4. Orbital Angular Momentum of Light 

The link that Allen et al. make between beams with helical phase-fronts and orbital angular 

momentum lies at the heart of their study. These helically phased beams, however, have already 

been created and analyzed in the past, not least as illustrations of the transverse modes formed 

from appropriately designed laser cavities or as a result of optical vortices [16]. Since the 1970s, 
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there has also been a great deal of research done on optical vortices that include phase 

singularities [17]. However, no work had been done in any of these prior research between these 

characteristics and the angular momentum in the beam.  
Many techniques have been exploited to generate the beams that have OAM. We can further 

discuss the conventional methods of the balk optics components that are commonly used. In 

addition, the very recent technology of integrated photonics circuits is exploited to generate 

light beams that carry OAM. 

 

Cylindrical Lenses 

 

The first technique for creating OAM was the Cylindrical Lenses, where It involves employing 

two cylindrical lenses to convert Gaussian beam that emitted by a laser into a helically phased 

Laguerre-Gaussian mode (LG). To generate an LG mode, each sequence of the gaussian modes 

goes through a series of phase plates with a thickness that increased with azimuthal angle, such 

that the projected beam acquires a transvers phase of 𝑒𝑖𝑙𝜑 [13]. 

 

Diffraction Gratings and Spatial Light Modulators (SLM) 

 

The diffraction grating with 𝑙-pronked fork dislocation in the ruled to lines is employed to 

produce helically-phased beams. According to research by Soskin and colleagues, a plane-

waved incident beam that is aligned coaxially with this dislocation produces a first-order 

diffracted beam with helical phase-fronts that are once more characterized by 𝑒𝑖𝑙𝜑. The 

commercial availability of computer addressable, pixelated, spatial light modulators that can be 

configured to function as reconfigurable diffractive optical components makes this diffractive-

optic technique much more applicable. Additionally, a variety of algorithms are available for 

SLM device aberration correction, resulting in excellent optical fidelity beams. The majority of 

SLMs used for OAM research are built on thin liquid crystal films whose refractive index can 

be switched locally by applying an electric field. If the films are placed over a pixelated 

electronic array, this property can be controlled to give the reflected light a spatially dependent 

phase variation [18]. 

 

Figure 1.3: Spatial light modulator surface used to reshape the Gaussian beam to a beam 

carrying OAM with helical phase and integer 𝒍 =  𝟑. 
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Ring Resonator 

 

The light with orbital angular momentum is generated via a ring resonator with a group of nano-

rods around it. The nano-rods scatter the evanescent waves of the circulating light in the ring, 

which creates a rotating electromagnetic field with only angular momentum and no linear 

momentum along the rotation axis. The difference between the number of rods and the order of 

the Whispering Gallery mode determines the angular integer, and the light frequency divided 

by the angular order determines the rotational frequency [19]. 

 

Figure 1.4: Ring resonator surrounded by group of nano-rods to emit the light that carrying 

OAM [19].  

 

Single Mode Waveguides 

 

Generating OAM with the balk optics requires specific and precise alignment of the optical 

setup. The single mode waveguide (SMW) that was fabricated via femtosecond laser 

technology could solve most of the problems, such as the difficulties of the setup, 

miniaturization, and stability. A recent proposal by Crespi 𝑒𝑡 𝑎𝑙 involves the properties of the 

projected beam from a set of SMW distributed over polygonal cross-section. The output of the 

engineered SMW is approximated as a gaussian mode, in which the properties of the projected 

beams in the far field form beams carrying OAM. The zero field in the middle (singularity) is 

due to the destructive interference (Figure 1.5). The helical phase is applied using a phase 

thermal shifters that enable us to control the OAM integer ±𝑙 [3]. It is shown that a hybrid 

photonic integrated circuit that multiplexes and demultiplexes 15 OAM states is made up of 

three-dimensional femtosecond laser-written waveguide. For the purpose of confirming that the 

hybrid OAM produced the right azimuthal phase for each of the 15 OAM states, spatial shearing 

interferometry enabled near-field phase characterization. The average device crosstalk in a 

retro-reflection multiplexing/demultiplexing setup was 17 dB, while the highest crosstalk was 

8 dB [20]. LG modes have recently gained interest in a variety of applications ranging from 

free space to fiber communication based for both classical and quantum applications, as we will 

discuss later. 
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Figure 1.5: Simulation of SMW of 8 waveguides in a vertices of octagonal lattice. (Left panel) 

near field projection. (Middle panel) far field distribution that shows Laguerre-Gauss mode 

with singularity and integer  𝒍 = 𝟏. (Right panel) A helical phase [3]. 

1.5. Ring Core Optical Fiber 

The ability to deliver light beams with OAM without a loss of information can be performed 

using a special kind of fiber with a ring-shaped core. Indeed, optical fiber-based 

communications can be the best choice to have an efficient transport 

The so-called ring core fiber (RCF) consists in a cylindrical dielectric and step-index guiding 

structure of circular cross-section (figure 1.6). The fiber is made of a transparent material 

to light over the operating wavelength. The fiber structure should meet the following 

conditions: 

𝑛 
 (𝑟) = {

𝑛1 = 𝑛0 , 𝑎 > 𝑟

𝑛2 = 𝑛′, 𝑎 ≤ 𝑟 ≤ 𝑏
𝑛3 = 𝑛0 , 𝑏 < 𝑟     

(1.43) 

 

Figure 1.6: A representation of RCF, where the light propagates in annular core with internal 

and external radius a and b, with refractive index 𝒏𝟏 at the central core and 𝒏𝟑 at the outer 

region, where the annular region has the highest refractive index 𝒏𝟐,  
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We have three different regions, the inner region is the core (𝑟 ≤ 𝑎) with a refractive index 𝑛0, 

the annular region (𝑏 ≥ 𝑟 ≥ 𝑎) has a refractive index 𝑛 
′ that is the highest in our contrast, and 

the outer region (𝑟 > 𝑏) has a refractive index 𝑛0 that is equal to the one of the core. 

The electric field waves are described by the wave equation that we have derived in the previous 

chapter, under the scalar wave approximation, and the medium is assumed to be isotropic, 

homogeneous, and non-birefringent. 

∇2𝐸 =
1

𝑣2

𝜕2𝐸

𝜕𝑡2
(1.44) 

It is convenient due to the cylindrical symmetry to adopt the cylindrical coordinates (𝑟, 𝜑, 𝑧): 

∇2𝐸 =  
𝜕2𝐸

𝜕𝑟2
+

1

𝑟

𝜕𝐸

𝜕𝑟
+

1

𝑟2

𝜕𝐸

𝜕𝜑
+

𝜕2𝐸

𝜕𝑧2
(1.45) 

Symmetry requires the field to have a dependence on the azimuthal angle 𝜑 that is expressed 

as 𝑒−𝑖𝑙𝜑. Overall,  the electric field in optical fibers is expressed in the cylindrical coordinates 

as: 

𝐸 (𝑟, 𝜑, 𝑧, 𝑡) = 𝐸𝑟𝑒
−𝑖𝛽𝑧𝑒−𝑖𝑙𝜑𝑒𝑖𝜔𝑡 (1.46) 

The 𝛽 is the propagation constant of the light that propagates along the z direction, 𝑙 is an integer 

represents the order of the OAM, and 𝜔 is the angular frequency of the field. The 𝐸𝑟 = 𝐸𝑟(𝑟) 

only depends on the radial coordinate.  

𝜕2

𝜕𝑧2
𝑒−𝑖𝛽𝑧 = −𝛽2𝑒−𝑖𝛽𝑧,

𝑛𝑟
 

𝑐2

𝜕2

𝜕𝑡2
𝑒𝑖𝜔𝑡 = 𝑛𝑟𝑘0

2𝑒𝑖𝜔𝑡,
1

𝑟2

𝜕2

𝜕𝜑2
𝑒−𝑖𝑙𝜑 =

−𝑙2

𝑟2
𝑒−𝑖𝑙𝜑 

The solutions of the propagation equations in the three regions satisfy the following equation: 

𝜕2𝐸𝑟 

𝜕𝑟2
+

1

𝑟

𝜕𝐸𝑟 

𝜕𝑟
+ [𝑘2𝑛𝑟

2 − 𝛽2 −
𝑙2

𝑟2
] 𝐸𝑟 = 0 (1.47) 

This is actually, an eigenvalue equation, whose solutions are the eigenfunctions of the 

transversal amplitude profile of the electric field, and whose eigenvalues are the propagation 

constants 𝛽. More precisely, we can rewrite Eq (2.16) in the three different regions follows. 

𝜕2𝐸1 

𝜕𝑟2
+

1

𝑟

𝜕𝐸1 

𝜕𝑟
− [𝛽2 +

𝑙2

𝑟2
− 𝑘0

2𝑛0
2] 𝐸1 = 0 

𝜕2𝐸2 

𝜕𝑟2
+

1

𝑟

𝜕𝐸2 

𝜕𝑟
+ [𝑘0

2𝑛0
2 − 𝛽2 −

𝑙2

𝑟2
] 𝐸2 = 0 (1.48) 

𝜕2𝐸3 

𝜕𝑟2
+

1

𝑟

𝜕𝐸3 

𝜕𝑟
− [𝛽2 +

𝑙2

𝑟2
− 𝑘0

2𝑛0
2] 𝐸3 = 0 

If we define: 

 𝛾  = √𝛽2 +
𝑙2

𝑟2
− 𝑘0

2𝑛0
2 

𝐾  = √𝑘0
2𝑛′2 − 𝛽2 −

𝑙2

𝑟2
(1.49)               
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                                                          𝜎  = √𝛽2 +
𝑙2

𝑟2 − 𝑘0
2𝑛0

2  

 

We can write the wave equation as follows: 

𝜕2𝐸1 

𝜕𝑟2
+

1

𝑟

𝜕𝐸1 

𝜕𝑟
− 𝛾2𝐸1 = 0 (1.50a) 

    
𝜕2𝐸2 

𝜕𝑟2
+

1

𝑟

𝜕𝐸2 

𝜕𝑟
+ 𝐾2𝐸2 = 0    (1.50b) 

𝜕2𝐸3 

𝜕𝑟2
+

1

𝑟

𝜕𝐸3 

𝜕𝑟
− 𝜎2𝐸3 = 0 (1.50c) 

 

The solution of the equation (1.50b) is the Bessel function 𝐽𝑙(𝐾𝑟), which is the proper solution 

to the region (2) of the refractive index 𝑛′. The field diverges when the l order increases at 𝑟 =
0 (figure 1.7). The proper solution of the equation (1.50a) is the modified Bessel function of 

the first kind 𝐼𝑙(𝛾𝑟), and for the equation (1.50c), the solution is the modified Bessel function 

of the second kind 𝒦𝑙(𝜎𝑟). Therefore, the electric is given by: 

                              𝐸𝑧 = {
𝐵1𝐼𝑙(𝛾𝑟) exp(𝑖(𝑙𝜑 + 𝜔𝑡 − 𝛽𝑧))                       0 ≤ 𝑟 < 𝑎

𝐴2𝐽𝑙(𝑘𝑟)exp (𝑖(𝑙𝜑 + 𝜔𝑡 − 𝛽𝑧))                       𝑎 ≤ 𝑟 ≤ 𝑏
𝐴3𝒦𝑙(𝜎𝑟)exp (𝑖(𝑙𝜑 + 𝜔𝑡 − 𝛽𝑧))                             𝑏 < 𝑟

            (1.51) 

The 𝐴2, 𝐵1, and 𝐴3 are multiplication coefficients. 

 

Figure 1.7: The Bessel function of order of 𝒍 as a function of the transverse direction 𝒓 that 

describes the field at the ring region of refractive index 𝒏′. 
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Figure (1.8): (lift) first kind of the modified Bessel function of order of 𝒍 as a function of the 

transverse direction 𝒓 describes the field at the core region of refractive index 𝒏𝟎. (right) that 

the field in the outer region of refractive index 𝒏𝟎 described by the second kind of the modified 

Bessel function. 

From the solution of the Equations (1.51), we can conclude that the RCF is reliable transport of 

the light that carries OAM. 

 

Using the LG beams to couple orbital angular momentum into ring core fiber has been 

successfully proven, but coupling several OAM is still challenging, because the diameter of the 

Laguerre-Gauss mode changes proportionally with respect to the integer √𝑙. One would indeed 

need to optimize the coupling of different free space modes for each integer, which leads to a 

trade-off in terms of the coupling efficiency. For instance, a mode overlap of 0.95 is achieved 

for LG modes with 𝑙 =  4, 5, and 6 for a ratio between the beam and the core radius of 𝑤/𝑎, 

which shows higher and more homogeneous coupling efficiency, but for the lower 𝑙 the overlap 

is less than 70% (figure 1.9a) [36]. 

PV Beams 

A possible solution was proposed by Rojasrojas 𝑒𝑡 𝑎𝑙, who considered the use of the perfect 

vertex (PV) [36]. The PV beams are the result of the Fourier transformation of Bessel-Gaussian 

beams [35]. The transverse field distribution could be described as follows: 

𝑃𝑉𝑙 ≈ 𝑖𝑙−1
𝑤𝑔

𝑤0
exp(𝑖𝑙𝜑) exp (−

(𝑟 − 𝑟𝑟)
2

𝑤0
2 ) (1.52) 

𝑤0 is the beam width at the focus plane (𝑤0  =  2𝑓 / 𝑘𝑤𝑔), 𝑤𝑔 is the beam width of the 

Gaussian beam used to confine the Bessel beam, and 2𝑤0 and 𝑟𝑟 are the widths of the annular 

PV beam profiles, respectively. It is therefore feasible to tune the field amplitude to have the 

required transverse "ring" profile that is independent of the value of 𝑙, provided 𝑟𝑟 is big enough 

for the approximation of Eq. (1.52) to be valid. PV modes have been produced using a variety 

of techniques, including holograms with periodic azimuthal variation, phase masks created by 

combining the axicon and spiral phase functions, and passive components like axicons, which 

have all been successfully reported [37][38][39]. 

We point out that OAM mode propagation through specially constructed ring core and air core 

fibers, which can support up to 36 and 10 OAM modes, respectively, has also been shown using 
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PV beams. In contrast to typical few- and multi-mode fibers, the radial profile of the LP modes 

varies very little with 𝑙 in the RCF because the spatial modes are contained within the annular 

core. The PV shows, in the case of coupling efficiency, an average overlap with the RCF bound 

modes of 0.995 (Figure 1.9b). 

 

Figure 1.9: (a) The transvers profile of the 𝑳𝑮𝟎𝒍 modes as the integer 𝒍 increases with a fixed 

beam width. Their radius is proportional to √𝒍, where the maximum overlap with the spatial 

mode LP that generated by the RCF achieved at 𝒍 = 𝟔. (b) the PV beam amplitude and the 

averaged amplitude of the PL modes [36]. 

 

1.6. Quantum Photonics  

Information in a generic way is stored in traditional computers as binary bits, which might have 

a logical value of 0 or 1. Quantum computers, also known as qubits, store information similarly 

to their classical counterparts. These are individual particle quantum-mechanical states, such as 

those of atoms, photons, or nuclei. The main distinction between classical and quantum bits is 

that quantum bits (qubits) may take on superposition states, in which the system is 

simultaneously in the 0 and 1 states. This is a result of the quantum physics superposition 

principle, in contrast to classical systems, which can only ever be in one of the two conceivable 

states at a given time.  

The quantum-mechanical wave function 𝜓 controls the qubits characteristics. We define a 

physical system such as the polarization with horizontal and vertical polarizations that can be 

represented by two quantum states. 

 

                                                              |𝜓⟩ =  𝑐1|𝐻⟩ + 𝑐2|𝑉⟩                                                  (1.53) 

 

Where the normalization condition on |𝜓⟩| requires that: 

 

|𝑐1
2| +  |𝑐2

2| = 1 (1.54)  

demonstrates that the system is simultaneously in H and V states in a superposition. The 

amplitude coefficients c0 and c1 control how many of each binary state there are in relation to 

one another [1]. 
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There are significantly many platforms where quantum information can be encoded in a variety 

of physical systems such as photons, nuclear, and atomic systems.  

 

Light is often considered the best carrier of the information as it travels with the speed of light, 

it has low noise interactions (do not interact with the environment), and it could be sufficiently 

transported via the fibers. 

The quantum photonics technology requires in general three main blocks: quantum light 

sources, a manipulating stage (Quantum processor), and finally the quantum detectors. These 

blocks are extremely important to have such technology in our markets, they probably heading 

toward the future success parallelly [6].  

 

Quantum Light Source  

Quantum information may be sent and encoded using photons. Since each photon is equivalent 

to a qubit, and qubits must all be independent. Furthermore, to involve the light in the quantum 

experiments that requires us to have sets of indistinguishable single photons that are generated 

in reproducible and stable fashion, where the individual photons must be identical to each other. 

The indistinguishability could be verified using Hong-Ou-Mandel experiment (Figure 1.10). 
The two upper mirrors' positions may be changed to adjust the delay between photons 1 and 2. 

We can label the photons thanks to the delay; depending on when they arrive at the detector, 

we can tell whether they are photons 1 or 2 [1]. 

 

Figure 1.10: Hong-Ou-Mandel interferometer. It consists of a delay line made of four mirrors, 

50:50 beam splitter, and two detectors. 

There are many techniques to build single photon sources such as weak coherent pulses, 

spontaneous parametric down conversion (SPDC), and spontaneous four-wave mixing in 

optical waveguides (SPDC). These SPSs have been demonstrated in X3 waveguides (SiO2, and 

Si3N4) [21,22], and X2 waveguides (GaAs, and LN) [23]. Integrated parametric SPSs are 

famous for their ability to be manufactured very similar and in an array while yet allowing for 

individual control of each.  

Having the photon as a base for the quantum application provides us several degrees of freedom, 

these includes the polarization which is a two-level quantum system (horizontal and vertical 
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polarization). Generation and manipulation the polarization states is relatively easy with the 

standard bulk-optics components (Waveplates, and polarizers), were they are commonly used 

for quantum information encoding [5]. 

 

Integrated Photonics Devices 

The second stage represents the core of the quantum photonic platform where the quantum 

states of light are manipulated. 

Integrated photonic circuits (IPC) are considered the best choice for manipulating photonic 

quits, because they allow to eliminate obstacles such a size and stability issues. The IPC are 

built upon architectures of directional couplers, with additional geometries to account for 

deformation induced. Additionally, recent advancements have demonstrated the capacity to 

incorporate active reconfigurable parts, enabling the creation of devices that serve many 

purposes. Due to its many advantages, including low propagation losses, low birefringence, 

functioning from the visible to the infrared spectrum, strong coupling efficiency with single 

mode fibers, and low temperature dependency, fused silica is still one of the most frequently 

utilized materials for integration. However, unlike miniature electronic circuits, linear optical 

circuits have several platforms or manufacturing methods [5]:  

 

Silicon-on-Insulator 

The development of Si-based platforms, such as silicon (Si), silicon nitride (SiN), and silicon 

carbide (SiC), derives from the know-how provided by electronic technologies. Si-based 

devices have an extremely high refractive index, enabling smaller circuit sizes and making them 

appropriate for nonlinear processes [24]. Low mode-matching with optical fibers and rather 

large propagation losses are limitations. Devices based on III-V compound semiconductors, 

such as indium phosphide, gallium arsenide, and gallium nitride, can operate under slightly 

better conditions.  

 

Silicon-on-Silicon (SoS) 

Waveguides with rectangular cross sections are etched onto a layer of silica (SiO2) that is 

placed over a crystal silicon substrate. The doped silica core is subsequently covered by a 

second layer of undoped silica, which also serves to shield the waveguides [25]. Due to the 

birefringence caused by the rectangular cross-sections, the SoS approach is constrained by the 

requirement for a mask and the constraint to one polarization. 

 

Ultraviolet Writing  

By concentrating a powerful laser pulse in a photosensitive B-and Ge-doped silica layer that is 

sandwiched between two layers of un-doped silica and on top of a third translating silicon layer, 

waveguides may be inscribed [26]. This method reduces the complexity of manufacturing 

because it does not require masks. 
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Femtosecond Laser Micromachining 

The process is driven by the non-linear absorption of powerful, tightly concentrated ultrashort 

laser pulses in a glass substrate, which results in a permanent, localized change in the refractive 

index. Inscribing waveguides involves translating the sample across 3D geometries with 

controlled speed [27].  

Silica's low birefringence and the ability to write circular cross-sections make it possible to 

create waveguides that depend little on polarization. On the aforementioned platforms, photonic 

circuits may be built using linear-optical interferometric techniques that can carry out arbitrary 

unitary evolutions [28].  

There have been many breakthrough achievements recently in the quantum photonic field. 12-

modes quantum photonics processor that is also a called universal multiport interferometers 

(UMI), which is a completely reconfigurable hardware controlled via the thermo-optics effect 

[8]. Quantum walks for simulation considered as a resource structure for quantum simulations, 

quantum walks are the extension of classical random walks to a quantum environment. 

Discrete-time quantum walks, where the evolution is stroboscopic because it happens in 

discrete steps, and continuous-time quantum walks, where the evolution on a given lattice is 

described by a Hamiltonian associated with the coupling between the various sites, can be 

divided into two different classes. Both the single-particle and multi-particle regimes, where 

quantum interference between the several particles occurs throughout the quantum dynamics, 

have been used to perform quantum walks [29]. 

The continuous-time quantum walk has been adopted to shed light on the interplay between 

quantum coherence and noise for assist transport processes in complex networks [33]. 

Molecular simulation is Fundamentally important in quantum chemistry to effectively model 

the molecular characteristics. In IQP chips, a variational eigen-solver and quantum phase 

estimation were used to determine the ground-state energies of molecules like H2 and He-H+. 

The eigenvalues for both ground and excited states were approximated using an algorithm that 

combined these two methods. Experimentally, both the ground and excited states are identified 

with fidelities >99%, and their eigenvalues are calculated with 32 bits of accuracy [30][31]. 

It was designed an optical memristive element that enables the transmission of coherent 

quantum information as a superposition of single photons on spatial modes. The first 

experimental demonstration of a quantum memristor realized by a prototype of such a device 

on a glass-based, laser-written photonic processor. Then, a designed memristor-based quantum 

reservoir computer was implemented and numerically tested on both classical and quantum 

tasks, achieving strong performance with incredibly constrained physical and computational 

resources and, most importantly, maintaining the same architectural design throughout [32]. 

 

Quantum Detector 

photodetectors are devices that produce a macroscopic electric signal when it gets triggered 

by only one incoming photon or by at least one photon (photon number resolving detector 

PNR). Detecting photons with high probability and reliability is a key requirement for most 

tasks, often representing a bottleneck for the overall efficiency of an apparatus. Due to the very 

low energy of a single photon (10-19). High gain and low noise are necessary for the (PNR) 

detector to be able to distinguish the correct number. Non-PNR detectors such as single-photon 

avalanche photodiodes (SPAD) of negative feedback avalanche diodes (Si-based SPADs) work 
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well with visible light but struggle in the infrared window because strong IR absorption and 

low noise are incompatible [34]. 

 

1.7. Quantum Information and Higher Dimensional Quantum States 

 Modern technological advancement has been significantly affected by quantum information. 

The previous two decades have seen intense research activity in this area, with excellent 

outcomes in areas including quantum computing, communication, and simulation. The classical 

bit, which is a two-level quantum system and the fundamental building block of quantum 

information, has a quantum equivalent known as a qubit. Although these were initially 

demanding tasks, controlling and manipulating qubits is now common practice in quantum 

investigations. Exploiting d-level quantum systems, also known as qudits, makes it fascinating 

to study quantum information in larger Hilbert spaces [12]. 

A qudit is a quantum system that is not constrained into a 2D space and that, in principle, can 

have any integer number d of levels. The quantum-mechanical wave function 𝜓 controls the 

qudits characteristics. We define a physical system such as quantum light that carrying OAM 

of an integer 𝑙 that can be represented as follows: 

|𝜓 ⟩ = ∑ 𝑐𝑙|+𝑙⟩1|−𝑙⟩2

+∞

𝑙=−∞

(1.55) 

where |±𝑙⟩  and 𝑐𝑙 are the photon states with OAM integer |±𝑙⟩ and complex probability 

amplitudes. Experimental conditions impose boundaries on, that is, on the Hilbert space 

spanned, so that 𝑙 ∈  {−𝑑,… , 𝑑}. 

 

Generation of High-dimensional Quantum States 

To expand the Hilbert space, different photonic degrees of freedom or combinations of them 

can be used to generate qudits. In addition, the higher dimensional quantum states could be 

generated using bulk optics or integrated optics. 

 

OAM 

Photon pairs entangled in their orbital angular momentum can be produced using SPDC in a 

nonlinear crystal. Due to the conservation of OAM (when the pump photon has CP), the two 

photons have opposite OAM values CP such that the resulting two-photon state can be written 

as: 

|𝜓 ⟩ = 𝑐0| 0⟩𝑠| 0⟩𝑖 + 𝑐1|−1 ⟩𝑠| 1 ⟩𝑖 + 𝑐2| 1 ⟩𝑠|−1 ⟩𝑖 + ⋯ = ∑ 𝑐𝑙|+𝑙⟩𝑠|−𝑙⟩𝑖

+∞

𝑙=−∞

(1.56) 

 

The creation of states like 4D Bell states [40], quantum Greenberger-Horne-Zeilinger (GHZ) 

states [41], or multiphoton entanglement in high dimensions is made possible by the proper 

engineering of such photon sources. It is suggested to use a highly innovative method to create 
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OAM high-dimensional states. The experimental setup was carefully installed by the authors 

such that Hong-Ou-Mandel interference could be used to post-select high-dimensional 

entangled states [42]. The following chapter will go into more depth on the creation and 

transmission of OAM states across waveguides, which is a very challenging process. 

 

Temporal Structure of Light  

The time of the photon emission could be counted as a degree of freedom. The SPDC method 

allows for the generation of qudits, where time-energy and time-bin entangled qudits can be 

created in this fashion. In the first scenario, the Heisenberg uncertainty relation specifies an 

uncertainty 𝛥𝑡 for the photon pair emission timings. The coherence time of the pumping laser 

𝑡𝑝, which is inversely correlated to the corresponding linewidth in the spectral domain, may be 

used to explain the uncertainty 𝛥𝑡. As a result, extended coherence time is produced by pumping 

a crystal with a narrowband laser, allowing for higher uncertainty in the photon pairs' emission 

times and resulting in entanglement in the temporal domain. The states generated by this 

process can be written a: 

 

|𝜓 ⟩ = ∑ 𝑎𝑘| 𝑘 ⟩1| 𝑘 ⟩2

𝑑

𝑘=1

(1.57) 

 

where 𝑎𝑘 is a complex probability amplitude and | 𝑘 ⟩  denotes a photon in the kth time slot of 

the pump's coherence time. It is possible to measure the entangled qudits produced in this 

manner using unbalanced Mach-Zehnder interferometers, also referred to as Franson 

interferometers [43]. Numerous studies have employed time encoding, mostly with an emphasis 

on quantum communication and quantum cryptography [44][45]. 

A time-bin entangled qudit's creation is not significantly different from a time-energy one. In 

contrast to the former, the latter requires that the discretization into several temporal states occur 

within the coherence length, whilst the former does not. A pulsed pump is required to produce 

time-bin entangled states so that each time state may be uniquely identified by the pulse that 

produced the photon pair. The length of the Hilbert space covered increases with the number of 

pump pulses taken into account. Like previously, Franson interferometers are required in this 

instance or a combination of them to disclose the entanglement between the states. 

 

Frequency  

Frequency-entangled qudits can be generated starting from a parametric down-conversion 

process. The two-photon state from an SPDC process can be described as: 

∫ 𝑑𝑠𝑑𝑖

+∞

−∞

𝑓(𝜔𝑠, 𝜔𝑖)�̂�𝑠
†(𝜔𝑠)�̂�𝑖

†(𝜔𝑠)| 0 ⟩ (1.58) 

with �̂� 
† being the creation operator at angular frequency 𝜔, the subscripts 𝑠 and 𝑖 indicating the 

signal and idler photons, respectively, and 𝑓(𝜔𝑠, 𝜔𝑖) being their joint spectral amplitude, which 

depends on the crystal and the pumping light. A clever way to create frequency-entangled qudits 

is proposed in ref. [46]. The authors combined the photon pair state as described in Equation 

(1.58) together with the Hong–Ou–Mandel interference. 
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Path  

The Path has been investigated as a novel way to create entanglement in higher dimensions. 

The authors demonstrate how route identity may produce two-photon arbitrary high-

dimensional entanglement. The formation of photon pairs in various crystals and the 

overlapping of their trajectories, starting with separable (nonentangled) photons, results in 

various kinds of entanglement in high dimensions. The authors demonstrate the method's 

remarkable versatility by employing modes and phase-shifters to properly regulate which state 

is generated. Combinations of multiport beam-splitters can be constructed properly to have non-

classical correlations in higher dimensions in the path, as demonstrated by Zukowski and 

coauthors [47]. 

 

Composition of Degrees of Freedom  

Every degree of freedom considered has advantages and limitations in real life. However, 

combining them can occasionally make it easier to explore bigger Hilbert spaces. For instance, 

polarization bases may be mixed with practically all of the other degrees of freedom, even 

though they reside in a 2D Hilbert space. Indeed, taking into account hybrid high-dimensional 

situations has led to several notable and essential discoveries. Spin-orbit states (a mix of 

polarization and OAM), path-polarization states, polarization-time states, and frequency-path 

states are a few examples of hybrid qudits [48][49]. 

 

Advantages of High-Dimensional Quantum States 

Qubits are the basic quantum information units and are described by a basis of two orthonormal 

vector states Conversely, a qudit is a quantum system that is not constrained into a 2D space 

and that, in principle, can have any integer number d of levels. we are going to highlight what 

are the possible advantages that offered by such high-dimensional systems. 

 

Higher information Capacity  

The enhanced information capacity per quantum system is the first and most obvious benefit 

provided by qudits. For instance, the following two bits of information can be encoded using 

high-dimensional states with d = 4: |0⟩ = 00, |1⟩ = 01, |2⟩ = 10, and |3⟩ = 11. The relation 𝑙𝑜𝑔2𝑑, 

which yields the number of traditional bits (or qubits) required to encode the same amount of 

information, provides a quantifiable measure of the increased information capacity. High-

dimensional entangled states further produce a higher channel capacity, or the volume of data 

that may be successfully conveyed through a communication channel. Through 

experimentation, bipartite entangled qudit has been shown to overcome the capacity of the 

traditional channel [50].  

 

Higher Noise Resilience 

High-dimensional quantum states have a crucial property for quantum communication in 

addition to their enhanced information capacity: they are more resistant to noise, whether it 

comes from the outside or from eavesdropping attempts. When calculating the increased 

resistance to noise sources held by qudits, it is taken into account that both 2 and 𝑑 +  1 are 
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used to compute the information obtained by a prospective eavesdropper during coherent 

attacks. It has been shown that the resilience of qudits to noise grows with their dimension 𝑑 

[51]. 
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2 Femtosecond Laser Written 

Waveguides  

In this chapter we will focus on the femtosecond laser micromachining (FLM) technique for 

optical devices fabrication. We also discuss how Single Mode Waveguides (SMW) are 

engineered in a certain scheme can generate and manipulate light beams carrying OAM, for 

quantum communication applications. Over the last decades, this technology has been exploited 

in different applications, mainly waveguide fabrication in transparent materials for integrated 

photonics devices [52][53].  

Femtosecond laser written waveguide is based on the non-linear absorption of focused pulse in 

the transparent material. This leads to a smooth and permanent modification of the refractive 

index in corresponding of the focal spot. Comparing the FLM technique for the waveguide 

fabrication with the traditional methods, it shows several advantages, such as no need for the 

clean-room labs, possibility to define arbitrary structures of waveguide in three dimensions, fast 

and cost-effective prototyping of optical devices. 

  

2.1. Femtosecond Pulse and Matter Interaction  

A non-linear absorption nature induces changes to certain focal volume in bulk material is 

taking place, this ability to micromachine geometrically complicated objects in three 

dimensions is made feasible by this spatial confinement in combination with sample translation 

or laser-beam scanning. Second, the absorption process is material-independent, making it 

possible to construct optical devices on compound substrates made of various materials [54]. 

 

Figure 2.1: Femtosecond Laser Micromachining incident on dielectric material 

 

2.1.1. Non-Linear Absorption 

When a pulsed laser of a high peak intensity interacts with dielectric material, the energy is 

partially transferred to the material (electrons excitation), then the highly excited electrons 
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thermalize with the ions and change the material permanently. For pulses longer than 10 fs the 

electrons are excited via phonon-mediated linear absorption. When they gain enough kinetic 

energy to excite other bounded electrons, and when the density of the excited electrons arrives 

to about 1029 𝑚−3 the electrons behave like plasma with frequency resonant to the laser, 

leading to the absorption of the remaining pulse energy [54]. Initial electrons excitation occurs 

via a non-linear phenomenon, such as multiphoton. Ionization and may continue via avalanche 

ionization. 

If a long pulse laser used to illuminate the dielectric (with several picoseconds or nanosecond 

duration), the peak intensity is too low to allow multiphoton or tunneling ionization processes, 

even if the energy was so high. The only possible absorption mechanism is avalanche 

ionization. 

 

High Intensity Regimes 

 

Multiphoton ionization requires a simultaneous absorption of the photons, the energy of each 

photon is ℎ𝑣, typically in femtosecond laser matter interaction the multiphoton ionization is 

dominant such that 

 

𝑁ℎ𝑣 > 𝐸𝑔 (2.1) 

where h is plank constant, N is the integer that represents the minimum number of the photons 

required to exceed the energy gap of the material, 𝑣 is the frequency and E is the energy gap 

(energy difference between the conduction and valence band) [55]. 

 

Tunneling ionization is related to the very high electric field of the pulsed laser that leads to 

decreasing the Coulomb potential energy barrier, which allows the electrons to tunnel from the 

valence band to the conduction band [55]. 

 

Low Intensity Regimes 

 

Avalanche ionization the free electrons at the bottom of the conduction band get accelerated 

due to the incident light field and acquire kinetic energy, when the total energy of the 

accelerated electron gets higher than the minimum level of a conduction band, it can ionize 

another electron from the valence band, and then results in two electrons at the minimum level 

of the conduction band. The two electrons could be as well accelerated by the incident field 

resulting the same process which causing avalanche [55]. 
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Figure 2.2: Schematic representation of the nonlinear process done during the laser matter 

interaction, a) Multiphoton absorption, b) Tunnelling ionization, c) Avalanche ionization [56] 

  

2.1.2. Dielectric Response and The Permanent Modification of The Refractive Index 

The non-linear absorption process due to the femtosecond laser pulse and dielectric material 

interaction is generally well understood. However, the mechanism of the permanent 

modification of the refractive index is complex and depends on the specific materials. Studies 

are still ongoing on this topic. A fewer possible processes, that may intervene to cause the 

refractive index modifications, are the following. 

A first potential process is color center creation. Femtosecond irradiation results in a significant 

number of color centers in the material which, are absorptive in the UV wavelength and change 

the material's refractive index at the wavelengths of interest via the Kramers-Kroenig 

mechanism. Another process is thermal: the energy from the laser melts the substance in the 

focus volume, and the subsequent rapid re-solidification dynamics freezes the glass in the high 

temperature state, causing changes in density (and thus refractive index). A third possible 

mechanism is direct photo-structural change brought on by the femtosecond laser pulses, or 

reorganization of the structure of chemical bonds in the glass matrix leading to an increase in 

density. It is challenging to separate the relative contributions of each of the processes 

mentioned above from one another in real-world scenarios [55]. 

  

2.2. Waveguide Writing  

Typically, waveguides are written with femtosecond laser with intensity about 1-5 W/𝑚2, for 

pulse width of 100 fs correspond to a fluence of 1-5 J 𝑐𝑚−1. By appropriately adjusting the 

scan speed and the repetition rate, such fluences may be achieved with pulse energies ranging 

from a few 𝜇𝐽 to few tens of 𝑛𝐽 (for tight, nearly diffraction limited focusing). Depending on 

whether the pulse period is longer or shorter than the amount of time needed for heat to diffuse 

away from the focal volume, two distinct femtosecond micromachining regimes can be 

identified: the low-frequency regime, in which material modification is produced by individual 

pulses, and the high-frequency regime, in which cumulative thermal effects occur. The change 

between the two regimes occurs at frequencies of about 1 MHz because the heat diffusion time 

(heat) out of the absorption volume in the glass is around 1 𝜇𝑠 [55]. 
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2.2.1.  Writing Configuration 

Two alternative writing geometries can be distinguished; longitudinal and transverse, in which 

the sample is moved parallel to and perpendicular to the beam propagation direction, 

respectively. The waveguides in the longitudinal geometry are generally symmetric, and their 

transverse dimension is controlled by the size of the focused spot. A limitation of this method 

is given by the finite working distance of the focusing objective. On the contrary, in the 

transverse geometry the sample moves perpendicularly to the laser beam. The working distance 

of the focusing objective does not limit the length of the waveguides, and optical structures can 

be fabricated with sufficient flexibility in a depth range of several millimeters, allowing the 

realization of three-dimensional structures. The limitation of this configuration is that the cross-

section of the waveguide can be asymmetric due to the non-unit ratio between depth of focus 

and spot size [57]. 

2.2.2. The Repetition Rate and the Thermal Effect 

The variable repetition rate of the femtosecond laser pulses is an important parameter in terms 

of the waveguide characteristics, as it influences the heat accumulation and the thermal 

diffusion processes that happen during the light absorption by the transparent material. As the 

repetition rate increases, the time between two consecutive pulses can be shorter. The time 

needed for the absorbed radiation to diffuse out of the focal volume. As a result, the temperature 

increases around the focal volume, modifying the material. In general, there are two governing 

regimes for the repetition rates: low and high repetition rates. 

The lower repetition rate regime ranges from 1 to 200 𝑘𝐻𝑧, and the time interval between the 

subsequent laser pulses are longer than the time needed for the absorbed radiation to diverge 

away from the focal volume. The modification of the dielectric refractive index depends on the 

interaction within individual pulses, while the arrival of the subsequent pulse will find the 

material having undergone a full thermal relaxation. The waveguide written with a low 

repetition rate typically requires lower writing velocity to deposit enough energy, the cross 

section may be larger than the focal volume. due to heat diffusion which is however present 

[58][59]. 

A regime with a repetition rate higher than 2 MHz is called the "high repetition rate regime," 

where the time interval between the train of laser pulses is so short, even shorter than the thermal 

relaxation time, that a bunch of subsequent pulses impinging on the focused volume results in 

a strong heat accumulation [58]. The modified cross section is then far larger than the focal 

spot. 

On the other hand, an intermediate domain with repetition rates ranging from hundreds of kHz 

to a few MHz can be considered. Gradual heat accumulation effects enable the creation of a 

waveguide with a symmetric and uniform structure while keeping a cross-section more similar 

to the writing laser's beam waist. The benefits of both high and low repetition rate regimes 

combine to make this intermediate domain one of the most appealing for femtosecond laser 

waveguide writing [58]. 

To gain a clearer understanding of the role of the repetition rate in shaping the waveguide cross 

section please see figure 2.3. 
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Figure 2.3:  On the left, waveguide diameters as a function of writing velocity and repetition 

rates for 𝟐𝟓𝟎 𝒏𝑱 of pulse energy, with the continuous line representing the theoretical fit; b) 

On the right, a microscopical image of the cross-sectional index profile for waveguides written 

at various repetition rates [59]. 

  

2.2.3. Annealing Process  

 

Thermal effects, such as heat accumulation and thermal diffusion, can cause mechanical stress 

and nonuniform refractive index in the outer region that surrounds the waveguide. This also 

causes birefringence. 

The annealing process is an effective thermal treatment usually used to erase the unwanted outer 

region and to release the stress. In the case of the Eagle 2000 glass (A borosilicate glass 

substrate widely adopted for FLM). The glass is heated up to 600 C at a rate of (100° 𝐶/ℎ), 

then to 750° 𝐶 at a rate of (75 °𝐶/ℎ), and then cooled down to the room temperature at a rate 

of (−6°𝐶/ℎ) (Figure 2.4) [58]. 

During the annealing process, we go through different transition points. Firstly, at a certain 

temperature (666° 𝐶), called the strain temperature, where the stress erasure begins. 

Secondly, we reach the annealing point (722° 𝐶), in which the internal stresses are rapidly 

released in a few minutes. Note that the annealing point changes with respect to the glass type 

[58]. The cooling procedure is kept slow to avoid the insurgence of new stress.  

The effect of the annealing process on the refractive index profile is apparent when we see the 

difference in the image of the waveguide before and after the process (see figures 2.5). In 

particular the outer ring is completely removed after the annealing treatment, leaving a 

waveguide with a positive refractive index and a thin black ring with a low refractive index. 

Annealed waveguides can show lower propagation losses and superior properties (low bending 

losses) [58]. 
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Figure 2.4: Temperature profile of the annealing process, where the dished red color indicates 

to the strain point, and the blue line indicates to the annealing point [58]. 

 

Figure 2.5: Bright field image of a waveguide fabricated in Eagle 2000 glass (a) before the 

annealing process (b) after the annealing [58]. 

2.3. State of the Art of 3D Devices   

The Femtosecond laser micromachining technique has enabled researchers to realize and 

engineer complex photonic devices not only in two dimensions but rather in three dimensions. 

Different passive devices have been implemented, such as power splitters, directional couplers, 

Mach-Zehnder interferometers, and Bragg gratings, which are the building blocks of complex 

photonic devices [60][61]. 

2.3.1. Passive Integrated Photonics Circuits  

The directional coupler (1 × 2 standard beam splitter) consists of two straight waveguides, both 

brought near to each other to a certain distance called the coupling distance. That allows the 

power exchange between the two waveguides, where they remain at this interactive distance 

for a given length called the coupling length (see figure 2.6). The directional coupler either have 

identical or unidentical arms, where the exponential tail of both waveguides must overlap to 

have a power exchange by evanescent field interaction. 
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Figure 2.6: Directional coupler of coupling length L, and coupling distance S 

As the coupling length increases, the power exchange between the waveguides exhibits 

sinusoidal behavior. When the two waveguides are identical and the starting power 𝑃0is 

localized in the first waveguide, the power exchange as a function of propagation direction z is 

given by: 

𝑃2(𝑧) = 𝑃0 𝑠𝑖𝑛2(𝑘𝑧) (2.3) 

𝑃1(𝑧) = 𝑃0 𝑐𝑜𝑠2(𝑘𝑧) (2.4) 

Where 𝑃1, 𝑃2 the power in the first and second outputs of the directional couplers, and 𝑘 is the 

coupling coefficient that depends on the coupling distance. One can achieve a full power 

transfer by tuning the coupling length to 𝐿 =
𝜋

2𝑘
(2𝑚 + 1). 

Exploiting the FLM for the waveguide fabrication enables us to realize an even more complex 

structure of beam splitters in 3 dimensions, where we could have many output portals (1 × 𝑁).  

The power splitters of 1 × 3  were first fabricated in 3D with femtosecond laser written 

waveguides by the Nolte group, waveguides were fabricated on fused silica by the Ti: sapphire 

laser system. They have achieved almost an equal splitting ratio (32:33:35) characterized at 

1050 nm with splitting losses approaching 6 dB. This potential work has paved the way to use 

the FLM for the 3D photonics devices realization (see figure 2.7) [62]. 
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Figure 2.7: Representation of the geometrical shape of 𝟏 × 𝟑 beam splitter fabricated in three 

dimension using femtosecond laser, and the CCD image depicts the output powers at each mode 

[62].  

The so-called boson sampling problem is readily solved by photon propagation in a multiport 

interferometer, inspiring the creation of technology that allow for accurate control of 

multiphoton interference in large interferometers. An integrated multimode interferometer with 

arbitrary design of photonic boson sampling was fabricated using the femtosecond laser 

technique realized by Crespi et.al and co-workers (Figure 2.8). By analyzing three-photon 

interference in a five-mode integrated interferometer they have applied a small instance of the 

boson sampling problem, supporting the quantum-mechanical hypotheses [70]. This setup can 

potentially be scaled up to show how quantum systems outperform traditional computers in 

terms of computing. 

 

Figure 2.8: Integrated implementation of the scheme presented in the left panel. The circuit 

comprises five modes, ten directional couplers and ten phase-shifters. 
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2.3.2. Reconfigurable Photonic devices  

The directional coupler is the building component of the complex interferometric devices with 

high number of modes. The general way to implement an arbitrary unitary transformation is the 

linear optics which presented by Reck 𝑒𝑡 𝑎𝑙, who provided a decomposition of a unitary of 

dimension n as sequence of 𝑛 (𝑛 − 1)/2 beam splitters and phase shifters [68]. 

As another example, three-dimensional multimode interferometers of 𝑛 =  4 and 8 modes were 

presented in reference [67], to realize the Fourier transformation of the input mode amplitudes 

(figure 2.9). The authors achieved a fidelity of 0.9822 ± 0.0001 in the amplitude 

transformation, thus confirming the high quality of the fabrication process [67]. 

 

Figure 2.9: Structure of integrated interferometers implementing Fourier transformation 

fabricated via femtosecond laser in borosilicate glass (a) four-mode interferometer made of four 

directional coupler and a single phase-shifter (b) eight-mode interferometer made of twelves 

directional couplers and five phase-shifter [67].  

  

2.3.3. Thermal Phase Shifters 

The use of phase shifters based on the thermos-optic effect in photonic circuits allows us to 

dynamically reconfigure their characteristics, to fine-tune their operation or to create adaptive 

circuits, considerably widening the application of these devices. 

The thermal phase shifters provide an effective strategy to apply a phase shift also on 

femtosecond laser written photonic circuits. The microheater is created using the following 

procedure. First a thin metal film is formed on the chip surface, and then the resistors, metal 

interconnections, and contact pads are laid out by ablating the film using the femtosecond laser 

that was used to write the waveguides. The use of a gold film is a practical option for 

microheater construction because gold is not prone to the production of native oxide. By 

connecting the chip pads to an external power supply system (applying a current), where the 

temperature is locally diverging inside the glass [69]. 

The use of the isolation trenches in the glass substrate, can be beneficial to reduce the heat 

diffusion in the glass, and increase the efficiency of the phase shifters. Furthermore, Francesco 

et al could arrive to a compact microheaters, in which they fabricate them on Mach-Zander 
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interferometer in alumino-borosilicate, where they were achieved without a loss of the stability 

or the control of the circuit (see figure 2.10) [69]. 

 

Figure 2.10: 3D section of a reconfigurable MZI, on the left MZI fabricated via femtosecond 

laser. On the right ablated gold layer on top of the dielectric, in which act as thermal shifter. 

 

2.4. Manipulation of OAM of Light in Femtosecond laser written 

waveguides  

 

The possibility to shape the wavefront of light beam to a complex intensity pattern such as 

Laguerre-Gauss mode that carries OAM as we discussed in the previous chapter could be 

achieved, by exploiting the capability of the femtosecond laser to fabricate and engineer three-

dimensional waveguide arrays [56]. Recently, the OAM degrees of freedom has started gaining 

a huge attention in different fields, ranging from quantum and classical optical communication 

[63,65] to manipulation of the microparticles and cells [64]. However, implementing a device 

with bulk optics components and dynamical spatial light modulator to form the complex 

wavefronts of light requires difficult alignment of the optical setup.  

The three-dimensional femtosecond laser direct writing is ideally designed to show OAM mode 

conversion in a photonic device, presented in ref [71]. The device is made of 12 waveguides in 

a doughnut cross-section with 4 um of radius (Figure 2.11). More specifically, the input 

OAM ±1 modes first remain unchanged and then change into their superpositions when the 

direct-written power is increased. OAM ±1 and its superpositions progressively give way to 

OAM ±2 as it is mapped onto the waveguide. The eigenmodes that the waveguide supports 

effectively determine this mode conversion. Furthermore, by adjusting the direct-written 

velocity, the input OAM ±1 modes may be switched [71][72]. 

Delivering orbital-angular momentum light behind a single mode optical fiber in combination 

with a straightforward spiral phase plate construction made using femtosecond 3D direct laser 

writing is possible up to a topological charge of 𝑙 = 3 (Figure 2.12). These structures effectively 

create optical vortex beams with orbital angular momentum of  𝑙ℏ per photon from out-coupled 

light from the fiber at a wavelength of 785 nm [73]. 
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Figure 2.11: representation of femtosecond laser written waveguides. Twelve waveguides are 

placed at the doughnut cross-section, which has a radius of 4 um [71].   

 

Figure 2.12: A representation of a single mode fiber that delivering OAM beam. Light coupled 

through a single mode fiber and pass through a spiral phase plate that fabricated at the tip of the 

fiber via femtosecond laser. This spiral plate generates the beam with a helical phase-front [73]. 

2.5. Waveguides at Octagonal 2D Cross Section  

We can study the far field and near field distribution produced by the output of an array of 8 

waveguides placed at the vertices of octagonal shape [3]. The output beam at the near field of 

each waveguide is approximated as Gaussian profile positioned according to the following 

equation: 

𝑅𝑛 = 𝑅0 cos (2𝜋
𝑛

𝑁
) �⃗� 𝑥 + 𝑅0 sin (2𝜋

𝑛

𝑁
) �⃗� 𝑦 (2.5) 
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Where 𝑅0is the radius of the polygon. We also consider the phases of the different modes to be 

arranged as: 

𝑎𝑛 = 2𝜋
𝑛

𝑁
𝑙 (2.6) 

The arrays will be illuminated with linearly polarized light with a fixed polarization direction. 
We will further limit our study to the paraxial approximation. 

The field of a Gaussian mode at a given propagation coordinate z, and as a function of the 

transverse position 𝑟  is: 

𝑔( 𝑟 , 𝑧) =
𝑤0

𝑤
exp (−

| 𝑟 |2

𝑤2
− 𝑖𝑘

| 𝑟 |2

2𝑅
) (2.7) 

Where 𝑤, and 𝑅 are the function of the beam radius and the wavefront curvature radius, which 

depend on the propagation direction 𝑧 as follows: 

𝑤 = 𝑤0√1 + (
𝜆 𝑧

𝜋𝑤0
2)

2

 ,         𝑅 = 𝑧√1 + (
𝜋𝑤0

2

𝜆 𝑧
)

2

(2.8) 

The gaussian modes in the array are assumed to be all identical with same radius 𝑤0(at 𝑧 =  0). 

The field distribution at arbitrary coordinate 𝑧 produced by 8 waveguides array can thus be 

written as:  

                                        𝑢(𝑟 , 𝑧) = ∑ √ 𝐼𝑛exp (𝑖

𝑁

𝑛=1

𝛼𝑛)𝑔(𝑟 − �⃗� 𝑛, 𝑧)                                    (2.9) 

                                  =  𝑔(𝑟 , 𝑧) ∗ ∑ √ 𝐼𝑛exp (𝑖

𝑁

𝑛=1

𝛼𝑛)𝛿(𝑟 − �⃗� 𝑛)                                        (2.10) 

where 𝑅𝑛 are the waveguides positions at the transverse plane, 𝐼𝑛 is the intensity and 𝛼𝑛 their 

phase terms 

The propagation and the field distribution of the eight waveguides that were placed at the 

vertices of a regular octagonal shape were simulated in the near field and the far field 

(wavelength 𝜆 = 808 𝑛𝑚), in which all the waveguides have a mode radius 𝑤0 = 2.5 𝜇𝑚. The 

formation of the vortices in the far field happens due to the constructive and destructive 

interference, in which the generated vortices change with respect to the integer 𝑙 forming 

Laguerre-Gauss mode (Figure 2.13) [3]. 
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Figure 2.13: Near field (left) and far field (middle 𝒛 =  𝟏𝟎𝒎𝒎) distributions of the 

waveguides on the vertices of an octagonal shape of integer 𝒍 =  𝟏, where the waveguides have 

modes diameter of 𝟐𝒘𝟎 = 𝟓𝝁𝒎 (illuminated with laser of 808 nm). The interaction distance 

between the neighboring waveguides is 𝒅 = 𝟔. 𝟓 𝝁𝒎, and the octagonal radius is 𝑹 = 𝟗 𝝁𝒎. 

On the right the phase applied for each waveguide from −𝝅 to +𝝅. 

 

In reference [3], it was shown that a phase singularity is present in the center of the far field 

distribution which can be approximated as: 

𝑢(𝑟, 𝜙, 𝑧) ∝ 𝑟|𝑙|𝑒𝑖𝑙𝜙 (2.11) 

The expression shows the dependence of the field on the azimuthal angle of order 𝑙, similarly 

to Laguerre-Gauss beams. 

 

 

 

 

 

 

 

 

 

 

 



38 3| Experimental Methods 

 

 

3 Experimental Methods 

3.1. FLM Apparatus 

A schematic representation of the waveguide fabrication setup is shown in Figure 3.1. The setup 

may be divided into three separate parts: the laser source, the manipulation component of the 

laser beam, and the motion stages, which enable the sample to be moved in relation to the laser 

focus, permitting the manufacture of the devices. The laser beam generated by a conversional 

system (Light Conversion Pharos) passes through an attenuation stage composed of two 

rotating half-waveplate plates, and a polarizing beam-splitter. A miniature gear-driven rotary 

stage (AEROTECH MPS75GR) moves the first waveplate; the second waveplate is moved 

manually.  

The microscope objective is used to focus the laser beam in the substrate In our experiments, 

we employed a ZEISS 20X Water Immersion objective with NA = 0.5. The glass substrate is 

fixed to a specially designed holder with deionized water inside, which is positioned on a gimbal 

adjuster. The alignment is carried out using a CCD camera (Edmund Optics) to capture the 

sample's back-reflected light. The sample and the objective are placed on translational stages, 

allowing better control of their positions throughout the construction process (Section 3.1.2). 

To measure the beam power, a power-meter (Ophir Nova II) can be placed in a line before the 

objective. 

 

Figure 3.1. The representation of the femtosecond laser setup that used for the waveguide 

fabrication 

3.1.1. The Laser System 

The utilized laser is a PHAROS compact commercial femtosecond laser system made by Light 

Conversion. A Kerr lens mode-locked oscillator make up the system, A stretcher/compressor 

module, and a regenerative amplifier. The oscillator produces a 76 MHz pulse train with 

80 fs duration. The laser cavity is a monolithic aluminum block for stability, and the gain 

medium is a Yb:KGW (ytterbium doped potassium gadolinium tungstate) crystal that is 

pumped by laser diodes. 

The chirped pulse amplification (CPA) technique is used to amplify the pulse and produce 

output femtosecond pulses with high energy. The CPA process consists of three stages: a first 
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stage that expands the pulse's temporal domain; a second stage that amplifies the pulse; and a 

third stage that back-compresses the pulse duration. 

The single diffraction grating employed in the compressor module may be manipulated 

(moved) to introduce positive or negative chirp, which can be used to fine-tune the pulse width. 

A Yb:KGW crystal serves as the foundation for the regenerative amplifier, which is pumped 

by two continuous-wave solid state laser diodes. 

The system delivers at the output sub-190 fs pulses with a peak pulse energy of 0.2 mJ and a 

central wavelength of 1030 𝑛𝑚. One may adjust the repetition rate from a single shot to 1 

MHz. 

3.1.2. Motion stages 

Three linear translators along the 𝑥, 𝑦, and 𝑧 directions make up the motion stages. The motion 

stage (AEROTECH ABL1500Z-050) that moves the objective controls its position along the 𝑧-

coordinate and enables movement of the focus into the substrate during fabrication. The 

maximum travel range of this stage is 50 mm, and its maximum speed and acceleration are 

300 mm/s and 20 m/s2, respectively. Its nominal resolution is 100 nm. The sample is moved 

in the plane perpendicular to the laser beam by two stages, the AEROTECH ABL1500WB-200 

for the 𝑥-direction and the AEROTECH ABL1500-100 for the 𝑦-direction. The maximum 

travelling distances in 𝑥 and 𝑦 directions are 100 mm and 200 mm, respectively, with a nominal 

100 nm precision. For both stages, the maximum speed and acceleration are 2 m/s and 20 m/s2, 

respectively. 

The stage driver also sends a signal to the laser system, enabling switching on and off the laser 

beam via its internal shutter. The stages may be programmed using G-code scripts and are 

managed by a computer running a proprietary piece of software called the AEROTECH CNC 

Operator Interface. 

3.2. Post-Processing and Visual Inspection 

The Annealing process of the sample was performed using a muffle furnace called Nabertherm, 

type LV 5/11/B180. The oven has a cured vacuum fiber module liner that is extremely robust, 

and a stainless-steel sheet with a texture serves as the casing (non-rusting design). For stability 

and low external temperatures, the case is double walled. The oven's temperature homogeneity 

is good with a solid-state power control relay with no noise and more than six air changes per 

minute due to the preheating of incoming air. 

The facet conditions have a significant impact on light coupling in the femtosecond written 

waveguides. The input and output sides of the waveguides always have glass chipping, surface 

flaws, and roughness after they have been fabricated. It is common practice to do surface 

polishing on the glass facets to lower scattering losses, and increase coupling efficiency. A 

polishing machine is used for this procedure, which employs rotating abrasive disks. In order 

to achieve optical-grade polishing, the sample is positioned perpendicular to the moving disk 

and a series of abrasive disks with decreasing roughness is used. 

Assessing the results of the fabrication or glass-processing procedures requires the glass sample 

to be visually examined with a microscope after laser irradiation. To this purpose we use a 
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Nikon ECLIPSE ME600 microscope equipped with an image-capturing PixeLINK PL-B871 

CCD camera. The microscope can mount four different objectives: 4X, 10X, 20X, and 40X. A 

top view of the glass sample enables inspection of the overall waveguide geometry as well as 

the detection of irradiation track damages and disruptions. High losses result from these 

disruptions, and in some situations, the guiding properties of the inscribed structures are 

harmed. They are often brought on by the presence of particles, including dust, which locally 

alter the laser focus on the manufacturing surface. 

The input and output interfaces quality and roughness may be examined by looking at the lateral 

facets. This examination is particularly helpful following the polishing process or when 

performing a visual study of the waveguide cross-sections. When writing waveguides with 

varied irradiation settings or comparing structures before and after annealing, the latter 

approach is also helpful for comparing cross-sections. 

3.3. Optical Characterization Method 

Waveguide characterization is performed by coupling laser light. Measurements can evaluate 

the power distribution at the output ports, the waveguide losses, and the mode profile. The laser 

diodes that generate the coherent light employed for characterization have a wavelength of  808 

nm. 

The so-called fiber coupling (or end-fire coupling) setup is used for all the optical 

characterization investigations presented in this thesis (see figure 3.2). It entails connecting the 

fiber's distal end with the waveguide's input facet in order to couple light from an optical fiber 

directly into the integrated optical device. First, a microscope objective is used to couple the 

laser source's free-space coherent light to the single mode fiber. The other end of the fiber is 

peeled and cleaved, and the fiber tip is moved as near as feasible to the integrated waveguide's 

input. 

An objective collects the light that is emitted from the integrated circuit and directs it toward a 

power meter (such as the Ophir NovaII, or Anritsu ML9001A) or a CCD camera (such as the 

Edmund OpticsEO-1312M). A submicrometric positioning mechanism is used to regulate the 

relative position of the sample and the fiber tip: The fiber and the objective are mounted on 

Melles Griot NanoMAX stages, and the sample is placed on a Thorlabs MBT40 four-axis 

micro-positioner. 

 

Figure 3.2: Representation of end-fire fiber waveguide coupling  
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3.3.1. Waveguide’s Mode Profile 

The confinement characteristics of the waveguides may be determined by taking measurements 

of the mode profile. End-fire coupling is used to couple the light in our waveguide, and the 

CCD camera captures both the waveguide's and fiber's end facet, using the same magnification. 

The photos of the modes are captured using the CCD's proprietary software while taking care 

not to oversaturate the sensitive pixels. Mode profiling may be used to assess the symmetry of 

the waveguide, determine if the waveguide is single-mode or multi-mode, and calculate 

coupling losses. 

 

3.3.2. Losses Characterization 

Waveguiding structure unavoidably introduce optical losses. Any photonic application requires 

their characterization, but it becomes considerably more important when working with quantum 

photonics experiments that rely on single photon inputs. Using the equipment described in the 

preceding section, laser femtosecond laser written waveguides are characterized. 

 

To demonstrate optical loss, one starts by measuring the device's overall losses by comparing 

input and output power. Insertion loss is defined as: 

𝐼𝐿|𝑑𝐵 = −10 𝑙𝑜𝑔10 (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
) (3.1) 

where 𝑃𝑜𝑢𝑡 is the measured output from the waveguide or photonic device and 𝑃𝑖𝑛 is the 

measured input power from the optical fiber. 

Several distinct factors all contribute to the IL, including: 

• Fresnel Losses (FL) 

The refractive index mismatch at the air-glass interface (contact) results in some light 

back-reflection, which causes losses known as FL. Assuming normal incidence, which 

applies to all observations in this thesis, the interface's reflectance may be calculated as 

follows: 

𝑅 = (
𝑛𝐺 − 𝑛𝑎𝑖𝑟

𝑛𝐺 + 𝑛𝑎𝑖𝑟
)
2

(3.2) 

 

where 𝑛𝐺  and 𝑛𝑎𝑖𝑟 are the refractive indices of the two media (glass and air). The FL as 

function of R that represents the reflectivity result to be: 

 

𝐹𝐿|𝑑𝐵 = −10 𝑙𝑜𝑔10(1 − 𝑅) (3.3) 

To consider both input and output facets, this term has to be taken twice. 

 

• Coupling losses  

Coupling losses (CL) are due to a single-mode optical fiber's mode and a femtosecond 

laser written waveguide's mode not matching up. The waveguide and fiber mode electric 

field distributions 𝑓𝑊𝐺 and 𝑓𝐹 are used to calculate the CL. The CCD camera is used to 

capture the intensity profiles of the fiber and the waveguide while maintaining a 

constant distance between the objective and the camera, to get a constant scaling factor. 

For a single mode waveguide or fiber, it is possible to determine the electric field 



42 3| Experimental Methods 

 

 

distribution 𝑓(𝑥, 𝑦) from the intensity profile of the mode. In fact, because the basic 

mode lacks sign inversions, the electric field distribution in the 𝑥𝑦 plane, is given by: 

 

𝑓(𝑥, 𝑦) = 𝐵 √𝐼(𝑥, 𝑦) (3.4) 

 

CL is thus evaluated numerically as:  

 

𝐶𝐿|𝑑𝐵 = −10 𝑙𝑜𝑔10 (
|∬𝑓𝑊𝐺𝑓𝐹 𝑑𝑥𝑑𝑦|2

∬|𝑓𝑊𝐺|2𝑑𝑥𝑑𝑦∬|𝑓𝐹|2𝑑𝑥𝑑𝑦
) (3.5) 

Where 𝐵 is a constant with an actual value, and 𝐼(𝑥, 𝑦) is the measurement intensity 

profile. 

 

• Propagation Losses 

Propagation losses (PL) are losses per unit length resulting from light propagation inside 

the waveguide. These are estimated by subtracting the other contribution from IL. 

 

𝑃𝐿|𝑑𝐵
𝑐𝑚

=
𝐼𝐿|𝑑𝐵 − 𝐶𝐿|𝑑𝐵 − 2𝐹𝐿|𝑑𝐵

𝐿
(3.6) 

Where L is the length of the straight waveguide. Another method for directly 

characterizing PL would be measured to the output power for a set of waveguide 

lengths, after repeatedly cutting the sample. This method was not used in this thesis 

work. 

 

Additional losses are introduced by curves in the WG path. The loss terms, known as bending 

losses (BL), result from the guided mode's distortion in the curved waveguide. It is calculated 

by evaluating the losses of equivalent straight and curved waveguides as follows: 

𝐵𝐿|𝑑𝐵
𝑐𝑚

=
𝐼𝐿|𝑑𝐵,𝑆𝑊𝐺 − 𝐼𝐿|𝑑𝐵,𝐵𝑊𝐺

𝐿𝑠

(3.7) 

𝐼𝐿|𝑑𝐵,𝑆𝑊𝐺 and 𝐼𝐿|𝑑𝐵,𝐵𝑊𝐺 are the insertion losses measured for the straight waveguide and the 

bent waveguide of the same length, respectively, and 𝐿𝑠 is the length of the curved path. 

According to a theoretical model, the bending loss term behaves exponentially with respect to 

the radius of curvature [74]: 

𝐵𝐿|𝑑𝐵
𝑐𝑚

= 𝐴 exp(−𝐵𝑅) (3.7) 

where 𝑅 is the radius of curvature and 𝐴 and 𝐵 are parameters that depend on the characteristics 

of the waveguides.  
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4 Optimization of Waveguides and 

Directional Couplers 

 

In this chapter we present the experimental optimization process of femtosecond laser written 

waveguides and the characterization of directional couplers devices, aiming to achieve low 

optical losses and control of the coupling parameters between adjacent waveguides. 

4.1. Optimization of Waveguides 

Waveguide optimization could involve in principle many inscription parameters. Here we 

concentrated on the writing velocity and beam irradiation power. These two factors are simple 

to manipulate and have been shown to be very effective in the literature. The values of the other 

parameters were instead taken from the literature, or from the research-group experience with 

the same substrate. 

The setup mentioned in the preceding chapter was used to fabricate waveguides. The pulse 

duration was set at 170 fs and the laser repetition rate was 1 MHz. Alumino-borosilicate glass 

samples that were 1 ± 1 mm thick had waveguides fabricated onto them (EagleXG, Corning). 

Additionally, all waveguides were fabricated at a depth of 60 𝜇𝑚. This in fact would possibly 

boost the effectiveness of thermal phase-shifters, since waveguides need to be close to the 

surface in order to perform an efficient modulation of the refractive index and maintain low 

power dissipation. 

The use of the multi-pass approach, which employs numerous overlapped laser scans, allowed 

for the creation of waveguides with a larger index contrast. Additionally, this method enhances 

the waveguide's confinement qualities, which is beneficial for achieving lower bending radii 

and more compact devices [58]. 

4.1.1. Coupling and Propagation Losses Optimization 

The waveguides were fabricated with several writing velocities ranging from 15 m/s to 30 

mm/s, exploring a wide range of values for the irradiation power varies from 200 mW to 380 

mW, and a fixed number 6 of overlapped scans. The waveguides were characterized using a 

laser diode at 808 nm wavelength and the apparatus described in the previous section 3.3. Using 

the techniques described in Section 3.5.1, we measured IL for all waveguides; see Figure 4.1. 
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Figure 4.1: IL as function of the irradiation power of femtosecond written waveguides 

fabricated with four different writing velocities 15, 20, 25, and 30 mm/s. 

We also separated the distinct loss factors, with CL and PL presented in detail as follows: 

• CL  

Evaluating the overlap integral that mentioned in section 3.5 between the single-mode 

fiber's mode (780HP, ThorLabs) and the written waveguides. Results are reported 

(Figure 4.2.a).   

 

 

 

• PL 

We calculated the PLs for all the waveguides using the mathematical formula that 

introduced in Section 3.5 considering 0.035 dB as FL. Results are reported in Figure 

4.2b 

 

We note that PLs are about 0.5 dB/cm for all writing velocities with 340 mW of irradiation 

power. In fact, the IL are typically identical for these waveguides written with 340 mW. 

In addition, waveguides written with a 15 mm/s writing velocity and an irradiation power above 

300 mW show lower coupling losses and propagation losses.  

 

As a result, we chose as the optimal waveguides are the ones fabricated at 340 mW since they 

have identical amounts of insertion losses for all the writing velocities (see Table 4.1). In fact, 

varying the writing velocity may be useful to tune that waveguide propagation constant [] and 

thus gain advanced control on waveguide coupling. 
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(a) 

 

 

(b) 

 

 

Figure 4.2: Femtosecond laser written waveguides were fabricated within four different 

velocities. (a) CL [dB] (b) PL [dB/cm] both plotted versus the irradiation power.   
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 IL [dB] CL[dB] PL[dB/cm] 

15mm/s 1.32 0.05 0.49 

20mm/s 1.39 0.07 0.51 

25mm/s 1.40 0.09 0.51 

30mm/s 1.36 0.11 0.48 

 

Table 4.1: Table in the left shows the ILs, CLs, and PLs of the optimal waveguides that written 

with 340 mW of irradiation power. In the right table the fabrication parameters are highlighted. 

 

Figure 4.3: Bending Losses of femtosecond laser written waveguides fabricated with four 

writing velocities 15, 20, 25, and 30 mm/s characterized as function of the curvature radius.  

 

4.1.2. Characterization of Bending Losses 

Radiation losses, known as bending losses, result from the guiding path's curvature along the 

propagation direction. A single-mode waveguide's mode profile is distorted in the curved 

region, and the field is pushed outwards. Light radiates out from the core region as a result of 

an increase in coupling with the cladding modes. As the radius decreases for the circular bends, 

these losses grow exponentially. 

We fabricated S-bends (two successive circular arcs producing an S-shaped waveguide) with 

bending radii varying from 15 mm to 90 mm, and several writing velocities. The same total 

curved length was kept for all waveguides. Additionally, straight waveguides were realized, 

enabling the reference measurement of IL and retrieval of the bending losses using Equation 

(3.9). We noticed that for curvature radii greater than 45 mm, measured bending losses were 

negligible (Figure 4.3). 

Pulse Duration 170 fs 

Irradiation Power  340 mW 

Scans 6 

Fabrication Depth 60 um 

Repetition Rate 1 MHz 
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4.2. Directional Couplers Characterization 

Characterizing the coupling parameter is a crucial stage in the design and implementation of 

our device. To achieve this, we analyze the experimental results, but first we should offer a 

brief theoretical background on coupled mode theory for two close waveguides. 

4.2.1. Coupled mode theory 

We consider two guiding regions that are not too close to one another; this approximation is 

known as the weak coupling condition. This assumption allows us to think of the dielectric 

structure as being made up of two separate waveguides, which are responsible for guiding a 

single mode and have their own refractive index distributions (𝑛1(𝑥, 𝑦) for the first, and 𝑛2(𝑥, 𝑦) 

for the second). We refer to the modes that are guided by the first and second waveguides, 

respectively, as 𝜓1 and 𝜓2. A general field distribution in the overall structure is expressed as 

the superposition of these two fundamental modes using appropriate coefficients that depend 

on the position along the propagation direction 𝑧: 

 

𝜓 = 𝐴1(𝑧)𝜓1(𝑥, 𝑦)𝑒−𝑗𝛽1𝑧  +  𝐴2(𝑧)𝜓2(𝑥, 𝑦)𝑒−𝑗𝛽2𝑧 (4.1) 

 

where 𝛽𝑖 is the propagation constant in the i-th waveguide and 𝐴𝑖 is the amplitude term that 

depends on the propagation coordinate 𝑧. 

One can study the evolution of 𝐴𝑖(𝑧) using the coupled-mode equations that are written as 

follows: 

  

{

𝑑𝐴1

𝑑𝑧
= −𝑗𝑘11𝐴1 − 𝑗𝑘12𝐴2𝑒

𝑗∆𝛽 𝑧

𝑑𝐴2

𝑑𝑧
= −𝑗𝑘22𝐴2 − 𝑗𝑘21𝐴1𝑒

−𝑗∆𝛽 𝑧

 (4.3) 

 

where ∆𝛽 is defined as ∆𝛽 = 𝛽2 − 𝛽1 and 𝑘𝑖𝑗 is the coupling coefficient. The following overlap 

integral is used to define: 

 𝑘𝑖𝑗 =
𝑘0

2𝑛𝑖

∬𝜓𝑖
∗ ∆𝑛𝑗

2(𝑥, 𝑦)𝜓𝑗𝑑𝑥𝑑𝑦

∬𝜓𝑖
∗ 𝜓𝑗𝑑𝑥𝑑𝑦

(4.4) 

 

For 𝑖 ≠ 𝑗 the coupling coefficient is related to an overlapped integral averaged over the 

perturbation term of the refractive index ∆𝑛𝑗
2. Typically, the coupling coefficients of 𝑖 = 𝑗 are 

negligible. 

 

The square of the refractive index of the overall guiding structure can be written as the 

superposition of the squares of the refractive indices of the two unperturbed structures: 
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𝑛2(𝑥, 𝑦) = 𝑛𝑗
2(𝑥, 𝑦) + ∆𝑛𝑗

2(𝑥, 𝑦) (4.5) 

Where ∆𝑛𝑗
  is the difference between the refractive index of the waveguide j and the refractive 

index of the generic point (𝑥, 𝑦) 

Defining the vector 𝑨(𝑧) = [𝐴1(𝑧), 𝐴2(𝑧)] allows to write the equation in a more compact form 

as follows: 

 

𝑑𝑨

𝑑𝑧
= −𝑖𝑀(𝑧)𝑨 (4.6) 

Where the matrix M is defined as follows: 

𝑀(𝑧) = (
𝑘11 𝑘12𝑒

𝑗∆𝛽 𝑧

𝑘21𝑒
−𝑗∆𝛽 𝑧 𝑘22

) (4.7) 

For two identical waveguides, one has ∆𝛽 = 0, 𝑘𝑖𝑗 = 𝑘𝑗𝑖 = 𝑘, and 𝑘𝑖𝑖 = 𝑘𝑗𝑗 = 0, and Equation 

(4.2) is simplified as follows: 

{

𝑑𝐴1

𝑑𝑧
= −𝑗𝑘 𝐴2

𝑑𝐴2

𝑑𝑧
= −𝑗𝑘 𝐴1

 (4.8) 

𝑃𝑖(𝑧) ∝ |𝑨𝒊(𝑧)|
2provides the power distribution at a specified z-coordinate. The first order 

linear differential equations formula [75] may be used to find the solution of (4.6): 

 

                                                      𝑨 (𝑧) = 𝑨 (𝑧0)exp (−𝑗∫ 𝑀(𝑠)𝑑𝑠
𝑧

𝑧0

)                                  (4.9) 

The powers at the output of the waveguides are written in the following ways: 

|𝑨𝒊 
(𝑧) |

𝟐
= 𝑃𝒊(𝑧) (4.10) 

𝑃𝟐(𝑧) = 𝑠𝑖𝑛2(𝑘𝑧) (4.11) 

𝑃1(𝑧) = 𝑐𝑜𝑠2(𝑘𝑧) (4.12) 

 

The 𝑃𝑖 represents the power at the first and the second waveguides as function of the 

propagation direction 𝑧 and the coupling coefficient 𝑘. 

4.2.2. Directional Couplers 

The directional coupler is slightly different from the two parallel waveguides, in which the two 

waveguides are brought smoothly close to each other for a certain length L. The two waveguides 

are kept in distance as well called the coupling distance d as presented in Section 2.3.1. The 

Transmissivity of the directional coupler due to the evanescent coupling between the two arms 

is expressed in the following formula: 

𝑇 = 𝑠𝑖𝑛2(𝑘𝑧 + Φ) (4.12) 
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where Φ = k√
𝜋𝑅𝑑0

4
 is a term that accounts for this extra coupling impact in the curving part 

and k is the coupling constant, where it decays exponentially with the coupling distance d, since 

it depends on the overlap integral of the exponential tails of the fundamental modes of the 

separate waveguides. 

Since the coupling constant 𝑘 depends on the overlap integral of the exponential tails of the 

fundamental modes of the different waveguides, it decays exponentially with the coupling 

distance 𝑑. 

𝑘(𝑑) = 𝑘0𝑒
−

𝑑
𝑑0 (4.13) 

Where 𝑘0and 
1

𝑑0
 are positive coefficients that belong to the characteristics of the waveguides. 

the parameter d represents the distance between the directional coupler’s arms at the interaction 

region. 

The free parameters one can optimize to reach the desired splitting ratios are the coupling length 

L and the coupling distance d as defined in Section 2.3.1.   

As a first test, we fabricated a series of directional couplers with a fixed coupling length of 2 

mm and a coupling distance d that varies from 4μm to 10.5μm. Waveguides were written with 

340 mW power and 15 mm/s of writing velocity at 6 um below the substrate surface. The results 

of the characterization of the bending losses are utilized to determine the bending radius for the 

directional couplers (see Section 4.1.2). Larger bending radii make the footprint of the final 

device bigger, leading to an increase in losses due to the longer propagation. Using lower radii, 

on the other hand, results in large bending losses and could raise the overall losses as well. We 

have chosen to fabricate the directional coupler with a bending radius of 𝑅 = 45 mm in order 

to deal with this trade-off. We computed the experimental transmissivity of the directional 

couplers as: 

𝑇 =
𝑃2

𝑃1 + 𝑃2

(4.14) 

Where 𝑃1 and 𝑃2 are the power values measured at the output of the first and second waveguides 

respectively. 

The observations of the experimental data are plotted in Figure 4.4a. We fitted Equation (4.12), 

having the coupling distance d as free parameter. The theoretical model and the experimental 

data showed good agreement, which attests to the quality of the waveguides and the stability of 

the directional couplers.  

Moreover, by further using Equation (4.12), we could retrieve the coupling coefficient 𝑘 that 

has an exponential decay with the coupling distance (Figure 4.4b), which fits the theoretical 

expression in Equation (4.13), with certain coefficients 𝑘0and 
1

𝑑0
.  
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(a) 

 

(b) 

 

 

Figure 4.4: (a) The transmissivity as function of the coupling distance d. (b) The coupling 

coefficient k as function of the coupling distance d. The red line represents the theoretical fit, 

and the blue points are the experimental data.  
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As a further analysis, we experimentally explored the waveguides detuning using directional 

couplers. The transmissivity of directional couplers with unidentical arms could be derived 

without the assumption that we adopted in Equation 4.7. Accordingly, we have ∆𝛽 ≠ 0, which 

indicates that the two arms are different, and 𝑘𝑖𝑗 = 𝑘𝑗𝑖 = 𝑘(𝑑). The Equation (4.12) is extended 

as follows: 

 

𝑇 =
1

1 + (
∆𝛽
2𝑘

)
2 𝑠𝑖𝑛2 (𝑘𝐿√1 + (

∆𝛽

2𝑘
)
2

+ Φ) (4.13) 

 

Where ∆𝛽 represents the detuning between the arms of the directional couplers. 

 

We have fabricated a set of directional couplers of identical arms with a fixed coupling distance 

𝑑 = 6 μm and varying the coupling length L from 0 mm to 4.5 mm. The waveguides were 

fabricated with 340 mW power and 15 mm/s of writing velocity. The purpose of this set of the 

directional couplers was aiming to retrieve the coupling coefficient k.  

The experimental results are plotted in Figure 4.5b. We fitted Equation (4.12) having the 

coupling length L as free parameter. The retrieved coupling coefficient was 𝑘 = 1.15 ±
0.02 𝑚𝑚−1. 

 

The major fabrication was intending to explore the detuning parameter, furthermore we have 

fabricated a set of directional couplers with a fixed coupling distance of 𝑑 = 6 μm and a 

coupling length of 𝐿 = 3.35 mm. In this devices we fabricated unidentical arms of directional 

coupler by varying the writing velocity of one arm from 15 mm/s to 30 mm/s, where the other 

arm is fabricated with a fixed writing velocity of 15 𝑚𝑚/𝑠. 

 

The Transmissivity of the directional coupler was plotted as function of the writing velocity 

difference ∆𝑉 between the arms of the directional couplers (Figure 4.5a). The Equation (4.13) 

was fitted using ∆𝑉 as free parameter.  

The observations of the experimental data and the theoretical model (Eq 4.13) showed good 

agreement, which proves that the writing velocity is a strong parameter to detune the 

waveguides of the directional coupler. Moreover, the detuning factor ∆𝛽 could be written as a 

function of the writing velocities of the directional coupler arms as follows: 

 

∆𝛽 = 𝐶|𝑉2 − 𝑉1| = 𝐶∆𝑉 (4.14) 

 

Where 𝐶 is a coefficient that depends on the characteristics of the waveguides, 𝑉𝑖 represents the 

writing velocity of the 𝑖-th. From the theoretical fitting the coefficient value is retrieved 𝐶 =
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0.40 ± 0.01 𝑚𝑚−2𝑠. By using these information, the design of the final device is discussed in 

the next chapter. 

(a) 

 

(b) 

 

Figure 4.5: (a) The transmissivity of the directional couplers as a function of the writing 

velocities difference of the two arms ∆𝑽. (b) Transmissivity as function of the coupling length 

L. The red line represents the theoretical fit and the blue points are the experimental data.  
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5 Fabrication of Three-Dimensional 

Waveguides in Octagonal 

Configuration 

In the chapter we present the optimization steps for the design of the layout presented in section 

2.5, where eight waveguides are placed at the vertices of an octagonal lattice. We have carried 

out the fabrication and the characterization of an integrated-optics circuit implementing that 

scheme. Crucially, the waveguides must be close together in the octagonal arrangement, with 

negligible coupling of light among them. 

5.1. The Geometrical Design of the Device 

The aim of the experimental work in this thesis is the realization of eight planer waveguides 

transformation into a two-dimensional cross section. The eight waveguides are placed at the 

vertices of an octagonal configuration with interaction distance d between the vertices, and 

radius of the octagonal R (Figure 5.1) 

The final device's geometrical configuration was engineered and designed with various 

constraints in mind, such as geometrical constraints where the device's arms must not intersect 

(cross) with each other and device miniaturization, where it is required to use the minimal 

reliable bending curvature to achieve less propagation and bending losses. Having eight 

waveguides at the vertices of an octagonal cross section is not straightforward, because we have 

to note that the subsequent fabrication of the waveguides at the same cross section must not 

affect the rest of the waveguides. 

The out-of-plane bend segments of both layouts were realized with a sine-squared function that 

provides smooth transitions.  

 

Figure 5.1: Geometrical configuration of the final device, where the transition of the eight 

waveguides into a vertices of a regular octagonal shape is arranged according to a specific 

ordering. 



54 

5| Fabrication of Three-Dimensional 

Waveguides in Octagonal Configuration 

 

 

The transition from the 8-waveguides in a plan configuration into the octagonal cross section is 

realized with a point-to-point representation using a custom MATLAB script that generates the 

entire series of points that control the motion stages during the fabrication. 

 

The motion stage drivers can manage a finite number of points per second. The translation 

velocities were determined in Section 4.1, ranging from 15 mm/s to 25 mm/s. We have used a 

proper points-per-second density (200 commands per second) that allows accurate 

representation of the curved segments without saturating the motion stage capabilities. 

5.2. Propagation of Eight-Waveguides 

The waveguides of the device must sustain the input power during the propagation. The version 

of the transformation circuit proposed in ref [3], proven that the projected light beam will carry 

OAM at the far field cross section.  

A fundamental step for the design of the eight-waveguides at octagonal lattice is to model light 

propagation inside it. We present here a brief theoretical discussion of the coupled mode theory 

for eight waveguides that have different characteristics. 

Under the assumption of weak coupling between the waveguides, in which the guiding regions 

are not too close to one another, the modes of the device can be considered as a linear 

combination of the modes of eight separated waveguides, each of them guiding a single mode, 

we further treat the electromagnetic field as scalar as we discussed in section 4.2. We can 

expand Equation (4.6) to consider all the waveguides and to model their propagation within our 

device: 

 

𝑑𝑨

𝑑𝑧
= −𝑗𝑀(𝑧)𝑨(𝑧) (5.1) 

Where: 

 

𝑨(𝑧)  =  [𝐴1(𝑧) 𝐴2(𝑧)… 𝐴8(𝑧)]
𝑇 

 

Defining the coupling coefficients between the i-th waveguides 𝑘𝑖𝑗 and the detuning factors 

∆𝛽𝑖. The matrix 𝑀 reads as follows: 

𝑀(𝑧) =

[
 
 
 
 
∆𝛽1 𝑘12 𝑘13

𝑘21 ∆𝛽2 𝑘23

𝑘31 𝑘33 ∆𝛽3

⋯

𝑘18

𝑘28

𝑘38

⋮ ⋱ ⋮
𝑘81 𝑘82 𝑘83 ⋯ ∆𝛽8]

 
 
 
 

(5.2) 

The coupling coefficient 𝑘𝑖𝑗(𝑑) as a function of the interaction distance between the adjacent 

waveguides that are placed at the vertices of the octagonal shape. For the detuning factors 
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∆𝛽𝑖  
= 𝐶∆𝑉𝑖: The field and the power at the output could be written as a function of the 

interaction length between the waveguides as follows: 

𝑨(𝑧) = 𝑨0𝑒
−𝑗𝑀(𝑧)𝑧 (5.3) 

 

𝑃𝑖 = |𝑨(𝑧)|2 (5.4)
Where 𝑃𝑖 is the output power of the i-th waveguide that is placed at the vertices of the octagonal 

cross section. 

In our case, we have simulated the device with different applicable conditions using the weakly 

coupled approximation theory and relying on the information we have from the previous 

chapter about the detuning factor ∆𝛽 and the coupling coefficient 𝑘𝑖𝑗(𝑑) (Figure 5.2). 

 

Figure 5.2: Simulation of the device’s figure of merit as function of the writing velocity 

difference ∆𝑽. 

5.3. Fabrication of the devices 

The fabrication of the final devices was performed based on the geometrical layout designs in 

the previous section, where the device consists of eight arms (single mode waveguide) placed 

at the vertices of an octagonal cross section following the arrangement of their positions (Figure 

5.1). These waveguides have been fabricated into two series (say, the odd waveguides and the 

even waveguides). The even waveguides are fabricated with the so-called reference writing 

velocity (15 mm/s), while the odd waveguides are fabricated with a different writing velocity. 

We proceeded with the fabrication and characterization of eleven devices from two different 

groups. The two groups of devices were designed and fabricated to explore the waveguides 

coupling at the octagonal cross section configuration. First devices based on the geometrical 

shape of the octagonal cross section, by varying the interaction distance d that tunes the 

coupling coefficient k. Second devices based on the waveguide’s characteristics, by varying the 

writing velocity difference ∆𝑉.  
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First Group of Devices 

Four different devices were fabricated, having a fixed interaction length 𝐿 = 2𝑚𝑚 at the region 

of our interest and a fixed interaction distance 𝑑 = 6.6 μm that results from a fixed radius 𝑅 =
10 μm of the octagonal shape. Furthermore, the even and odd waveguides of each device have 

been inscribed as in the following table: 

Device N. 𝑉𝑒𝑣𝑒𝑛[mm/s] 𝑉𝑜𝑑𝑑 [mm/s] ∆𝛽[𝑚𝑚−1] 

D1 15 15 0 

D2 19 15 3.4 

D3 22 15 5.8 

D4 25 15 8.7 

 

Table 5.1: The waveguide’s parameters for the fabrication, where each device has a set of odd 

and even waveguides that fabricated within different writing velocity.  

As a result of the writing velocity difference between the even and odd waveguides, we have a 

set of detuning factors ∆𝛽 = 𝐶∆𝑉. 

Second Group of Devices 

Seven different devices were fabricated, having a fixed interaction length 𝐿 = 2mm at the 

region of our interest and a fixed writing velocity difference ∆𝑉 = 10 mm/s between the even 

and odd waveguides. Furthermore, the interaction distance d between the waveguides at the 

vertices of the octagonal shape varies from 7.2 μm to 6 μm. As a result, the coupling coefficient 

is changing as well. The used parameters are illustrated in Table 5.2 as follows: 

Device N. d [um] 𝑅𝑜𝑐𝑡 [um] 𝑉𝑒𝑣𝑒𝑛[mm/s] 𝑉𝑜𝑑𝑑 [mm/s] 

D1 6 8.5 25 15 

D2 6.2 8.8 25 15 

D3 6.4 9.1 25 15 

D4 6.6 9.3 25 15 

D5 6.8 9.6 25 15 

D6 7 9.9 25 15 

D7 7.2 10.2 25 15 

 

Table 5.2: Geometrical structure of the regular octagonal cross section, and the writing velocity 

of the fabricated devices for the even and odd waveguides. 
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5.4. Characterization of the Devices 

A preliminary characterization was performed on the final devices based on computing the 

figure of merit of the arms. The figure of merit represents the ratio of power that was transmitted 

to the other arms to the input power of the device, defined as follows: 

Figure of merit =
 ∑ 𝑃𝑜𝑢𝑡,𝑖 − 𝑃𝑜𝑢𝑡,𝑗

8
𝑖=1

∑ 𝑃𝑜𝑢𝑡,𝑖
8
𝑖=1

(5.5) 

The nominator represents the summation of the output power of each waveguide of our device 

except the illuminated waveguide, and the denominator is the summation of the output power 

of each arm.    

The characterization is carried out using the manual manipulator setup of the CCD camera 

presented in Section 3.3.2 with an 808 nm wavelength. 

The modes of the waveguide in the octagonal shape were imaged with CCD property software. 

Make sure that the intensities of each mode profile do not saturate the sensitive pixels. 

The devices are characterized by entering in three inputs (waveguide 2, 3, and 4). The acquired 

images from the CCD camera are reported in Table 5.3. The acquired image of each device was 

cropped to form an independent matrix. The peak intensity’s value was represented by the 

maximum value in the matrix. The extracted values from each arm were used to calculate the 

figure of merit following Equation (5.5). 
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(A) 

Device

N 

∆𝑉 

[𝑚𝑚
𝑠⁄ ] 

Waveguide 2 Waveguide 3 Waveguide 4 
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(B) 

Device

N 

d

[𝜇𝑚] 
Waveguide 2 Waveguide 3 Waveguide4 

 
 

D5 

 

 

6.8 

   

 
 

D4 

 

 

6.6 

   

 
 

D3 

 

 

6.4 

   

 
 

D2 

 

 

6.2 

   

 
 

D1 

 

 

6 

   

 

Table 5.2: (A) and (B) represents the acquired images form CCD camera for first and second 

group of devices respectively. The device’s waveguides (2, 3, and 4) that placed at the vertices 

of the octagonal cross section are characterized as function of ∆𝑽 and d respectively. 
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First group characterization 

 

The characterization is performed over three different waveguides, where the illuminated 

waveguide is indicated with an orange circle in the images on Table 5.3. Figure 5.2 shows how 

the figure of merit decreased as the writing velocity difference increased. It is clear that the 

figure of merit is different for each arm. This inconsistency may appear due to the difference in 

the coupling between the waveguides in the octagonal cross-section, but at higher writing 

velocity difference the figure of merit is very low for all arms of the device.  

 

 

Figure 5.2: Measured figure of merit as function of the writing velocity difference ∆𝑽. Three 

waveguides of our device are characterized. 

 

Second group characterization 

The experimental data shows an oscillatory decay of the figure of merit with the increase of the 

interaction distance 𝑑 ; see Figure 5.2, in which it is qualitatively similar to the one we observed 

during the characterization of the detuning factor in Section 4.5. When the interaction distance 

d is higher than 7.2 um the figure of merit of the three arms are identical. 

 

Figure 5.3: The measured figure of merits as function of the interaction distance d, where only 

three waveguides of our device are characterized. 
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The experimental results of the two types of the device show promising behaviors that can allow 

us to realize the final device as it was discussed in Section 2.5. 
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6 Conclusion 

 

 In this thesis work, we reported and discussed a device that transforms eight waveguides from 

a planar configuration to a two-dimensional polygonal cross-section. In particular, the output 

waveguides are placed at the vertices of a regular octagon. The device was fabricated by 

exploiting the unique three-dimensional capabilities of femtosecond laser micromachining.  

The device consists of single-mode optical waveguides working at 808 nm wavelength, 

inscribed in alumino-borosilicate glass (Eagle XG). Laser writing parameters were 

experimentally optimized to obtain low propagation loss (0.5 dB/cm), good coupling with 

optical fibers less than 0.1dB coupling loss and reasonable curvature radii (negligible additional 

loss for 𝑅 >  45𝑚𝑚). 

In the final device, the parasitic coupling among the waveguides was quenched by controlling 

the propagation constant of the waveguides in the region where they are brought close together 

to produce the final octagonal structure, which is achieved by varying their writing velocity. 

The odd waveguides are written with the reference writing velocity (15 mm/s), and the detuning 

factor is defined as a function of the even waveguide's writing velocity. 

We demonstrated devices where more than 95% of the input power remained in the same 

waveguide while the interaction distance was as low as 6.6 μm between the waveguides. We 

observed, from the results of the characterization of three different arms of the device, that there 

is an inconsistency in the coupling among the arms. The interpretation of this asymmetric 

coupling between the waveguides can be attributed to the variation of the coupling as a function 

of the geometrical angle. 

 

Future work could be devoted to controlling the coupling behaviors of the device’s arms at 

different depths, as a function of the coupling angle to improve the device symmetry.  

A full device to convert the encoded qubits into OAM encoded ones could be realized by 

combining the results of this thesis with the results of devices discussed at the state of the art. 

 

As a final comment one can observe that the output mode carrying OAM could be projected in 

the free space or coupled to a waveguiding structure, a special ring core fiber. 
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