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ABSTRACT 

 

The main aspects of this PhD thesis are the study, experimental realization and application of a 

variety of new laser beam shapes of remarkable tunable optical characteristics, which dynamically 

can be employed for tailored Micro-Structuring of photosensitive materials using the Direct Laser 

Writing (DLW) technology by Multi-Photon Polymerization (MPP). DLW by Multi-Photon 

Polymerization (MPP) is a well-established technique for printing μm-scale three-dimensional 

(3D) structures with tens of nanometers (nm) resolution. When a beam of an ultrafast laser is 

tightly focused into the volume of a photosensitive material, polymerization is initiated by 

multiphoton absorption within a volume element called the voxel. By scanning the voxel in space 

complicated 3D structures can be fabricated. Although the technique provides high resolution 

structures, at the same time sets serious scaling limitations to the overall size of the fabricated 

structures leading to time consuming structuring. Since, the last years the technological and 

industrial advances increase the demands for rapid fabrication, massive production, parallel 

processing, long scale structuring and 3D printing engineering, in the content of the present PhD 

thesis, novel fabrication techniques including Shaped Laser beams, Holographic lithography and 

Focal beam Engineering for advanced, multiscale and tunable laser material’s processing, are 

being developed, studied, proposed and demonstrated.  

The thesis starts with the study of a new type of non-diffractive beams, the ring-Airy beam, which 

present the exotic property to autofocus with an abrupt fashion while delivering high intensity 

contrast at the focal point. Tunable-ring Airy beams are experimentally generated and employed 

for the fabrication of large three-dimensional structures with high resolution using multi-photon 

polymerization. We demonstrate that these beams can be adjusted to abruptly autofocus over an 

extended range of working distances while keeping their voxel shape and dimensions almost 

invariant. This striking property together with the real-time electronically controlled focus tuning 

makes these beams ideal candidates for long-range multi-photon polymerization. Moreover, the 

well-controlled remote localized deposition of energy can also impact many other fields of linear 

and nonlinear optics, like filamentation and remote high-power terahertz generation. 

Next, under optical scale down, we demonstrate that the paraxial ring-Airy beams can approach 

the wavelength limit, while observing a counterintuitive, strong enhancement of their focal peak 

intensity. Using numerical simulations, we show that this behavior is a result of the coherent 
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constructive action of paraxial and nonparaxial energy flow. A simple theoretical model enables 

us to predict the parameter range over which this is possible. 

An important aspect for laser material processing is the thorough consideration of the focal volume 

scaling laws which are unveiled during fabrication, especially for high aspect ratio focal volumes. 

For this reason, we report on the action of exposure time and peak Intensity on the growth of long-

range focal volumes in Multiphoton Polymerization. Using modified engineered Bessel beams, we 

explore the effects that rise during the voxel growth, while we present a counterintuitive action of 

the expected expansion of the polymerized volumes which is revealed for a specific range of Peak 

Intensities. We show that there is a regime where the higher exposure time (number of pulses) 

creates shorter polymerized strings in comparison to lower number of pulses, and we determine 

the polymerization thresholds.  

 

At the last part of this thesis, a new three-dimensional (3D) holographic focal volume engineering 

method is demonstrated and employed for advanced Multiphoton Polymerization. In particular a 

bundle of g18roups of point sources are holographically generated and accurately positioned in 

space according to a designed geometry and through all-optical multiple sequential micro-

displacements of point sources groups in space they lead to the realization of complete 3D arbitrary 

structures fabricated by Direct Laser Writing without additional optical or mechanical motion 

support. The microstructures are fabricated without additional optical or mechanical motion 

support, under parallel processing of multiple spots configuration while the method provides 20-

times faster fabrication time in comparison to point-by-point conventional laser polymerization 

techniques.    
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PREFACE 

 

An important consideration in optical systems is the dynamics of the optical beam that passes 

through that system to deliver energy, power or information in an appropriate and efficient manner. 

Since the advent of the laser, many applications have required shaping the beam profile. Several 

of the primary applications involve material processing, medical applications, lithography, 

semiconductor manufacture and optical data processing. 

Beam shaping is the process of redistributing the irradiance and phase of a beam. The beam’s 

shape is defined by the irradiance distribution. The phase of the shaped beam is a major factor in 

determining the propagation properties of the beam profile. Therefore, there is a continuous 

research on phase modulation procedures and optical methods that can redistribute a beam’s 

profile, reshaping its wavefront and modifying the propagation dynamics of this beam. 

Multiphoton Lithography is an exceptional technique for the fabrication of complex 3D objects 

with nanoscale precision. In Direct Laser Writing (DLW) by Multiphoton Polymerization (MPP) 

the beam of an ultrafast laser is tightly focused into the volume of a transparent, photosensitive 

material, and the polymerization process can be initiated by non-linear absorption only within the 

focal volume pixel (voxel). When the voxel is scanned in a point-by-point configuration, following 

a path derived from a computer designed 3D model, arbitrary 3D structures are created. Such a 

powerful technique has found numerous application in fields such as micro-optics, metamaterials, 

photonic crystals, microfluidics and 3D scaffolds for cell culture and tissue engineering. 

Recently, there is an increasing interest for modification of the conventional laser fabrication DLW 

as a fundamental aspect for solving important issues such as rapid fabrication, parallel processing, 

or 3D printing engineering. In order to deal with these issues several approaches have been 

proposed in literature, such as multi-focus, multi-beam interference and focal field engineering [1–

4]. In the case of multiple foci, the interference between the foci limits their density and restricts 

the fabrication speed improvement. Moreover, the multi beam interference although can initiate 

the polymerization of a large area, is only available for special periodic structures. In addition, the 

focal field engineering is hard to extend to arbitrary 3D configurations and the height is as long as 

the objective lens working distance, while for planar (2D) structures the thickness is only 

determined by that of the photoresist.  Along this direction, in order to overcome all these 

limitations, fabrication techniques including shaped laser beams, holographic lithography and 
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focal beam engineering for advanced, multiscale and tunable fabrication, are being developed, 

studied and demonstrated in the content of the present PhD thesis.  

There are various examples of shaped laser beams studied in literature. Some of them are the 

Bessel beams, Top hat beams, Vortex beams etc. In this PhD Thesis, we are focusing on the 

generation of a variety of novel laser beam shapes with remarkable optical properties for tailored 

laser micro-structuring of materials. Abruptly autofocusing Airy beams and specifically radially 

symmetric Airy beams will be extensively studied along this research study. Airy beams were 

firstly introduced by Berry and Balazs (1979). The Airy wavepacket features the unique property 

to freely accelerate even in the absence of any external potential while it remains non-diffracting. 

In addition the transverse acceleration of the Airy beam causes the beam to follow a parabolic 

trajectory, while keeping a constant central lobe diameter. This exotic propagation dynamics are 

caused by a strong spatial cubic phase which is imprinted on the beam profile. 

Radially symmetric Airy beams or ring-Airy beams are a new type of non-diffracting beam which 

was introduced the past few years. This kind of beams tend to abruptly autofocus, delivering high 

intensity contrast at the focal position. The maximum intensity of such a radial wave remains 

almost constant during propagation while it suddenly increases by orders of magnitude right before 

its focal point. 

Here, (Chapter 5) we demonstrate the experimental generation of ring-Airy beams using a Fourier 

Transform (FT) approach. In particular, the radially symmetric Airy distribution can be generated 

using the FT of a properly modulated input wave. A phase reflecting only spatial light modulator 

(SLM) is employed for the phase modulation of a Gaussian beam which is then properly Fourier 

transformed. In the next step we are aiming to control the propagation dynamics of these beams. 

Therefore, we present a simple method to spatially control their autofocus position. Another 

important issue was the focal voxel manipulation. We show that these beams have a high aspect 

ratio focal voxel that can be positioned at different working distances keeping almost invariant its 

dimensions and shape. 

 

 The remarkable abilities of ring Airy beams that we discover here introduce them as ideal 

candidates for direct laser writing by multiphoton polymerization (Chapter 6). The controllable, 

long working distance and the high aspect ratio focal volume, surpass the restrictions set to the 

overall height of a 3D structure when using Gaussian beams and small working distance, high NA 

objective lenses. We present 3D structures made using ring-Airy beams that were set to autofocus 
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inside the volume of a photoresist while the sample was moved only on the x-y plane. Such 

structures were fabricated by impressively high aspect ratio ring – Airy focal volumes, while could 

be used on many applications such as biological or tissue engineering. 

Bessel beams are being studied too. We report on the approach of controlling the working distance 

of a Bessel beam during propagation. In comparison with Bessel beams, ring-Airy beams present 

a more effective control of the focal voxel in dimensions and shape during their propagation. 

All these exciting attributes of ring-Airy beams in combination with long working distances and 

small focal volumes make them useful for a variety of other  applications both in the linear and the 

nonlinear regime, such as laser ablation, filamentation, micro-engineering of materials  optical 

micromanipulation, high-power terahertz generation.  In applications like the previous, critical 

parameters are the peak intensity at the focus and the size of the voxel. A straightforward way to 

increase the focal intensity is to decrease the voxel volume, and in the case of ring-Airy beams this 

can be achieved by simply decreasing the physical dimensions of the beam. In this context, in the 

next part of this thesis, we are scaling down the ring-Airy beams down to the wavelength limit. In 

Chaper 7 we demonstrate that paraxial ring-Airy beams can approach the wavelength limit while 

observing, a counterintuitive, strong enhancement of their focal peak intensity. Using numerical 

simulations, we show that this behavior is a result of the coherent constructive action of paraxial 

and non-paraxial energy flow. The revealed findings set a milestone for applications of precise 

energy deposition while the properties of autofocusing can now be extended to significantly 

smaller feature sizes beyond the non-paraxial limit of these beams.  

Another important issue for Laser material engineering via Direct Laser Writing Multiphoton 

Polymerization, is the thorough knowledge of the focal volume characteristics during structuring. 

The next part of this Thesis (Chapter 8), is focusing on the study of the scaling laws that relate the 

initial parameters to the long-scale multiphoton polymerized voxel physical dimensions. For 

Direct Laser Writing to advance in the fabrication of high Aspect Ratio (AR) structures, a better 

understanding on the single voxel properties and their correlation to the initial conditions is 

essential. According to this, we report on the growth of long-ten of microns scaled, high aspect 

ratio (AR>40) multiphoton polymerized voxels as a function of exposure time and pulse peak 

intensity. Using Bessel beams with engineered asymmetric on-axis distribution, the growth of 

long-scale multiphoton polymerized voxels is investigated, while the polymerization thresholds 

are determined. 
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At the last section of the Thesis (Chapter 9) a novel three dimensional (3D) holographic light 

shaping method for advanced Multiphoton Polymerization developed in the frame of the present 

PhD research, is illustrated. The proposed method achieves 3D holographic engineering of the 

focal volume used for Direct Laser Writing. In particular, bundles of point sources are generated 

and precisely positioned in space along the design of a three-dimensional geometry using a Spatial 

Light Modulator (SLM). Under all-optical parallel and sequential micro-displacements of the laser 

bundle inside the volume of a photosensitive material, focal voxel overlapping at multiple points 

in space is simultaneously achieved and 3D arbitrary microstructures are rapidly fabricated by 

Direct Laser Writing. This advantageous method provides Direct Laser Writing without additional 

optical or mechanical motion support and much faster fabrication time in comparison to point-by-

point laser polymerization techniques.    

For the easiest study of this PhD Thesis, a description of the Chapters content follows. The thesis 

is composed by three main parts: the theoretical part which includes the basic theoretical 

background (Part I), the experimental part which explains the experimental procedures and 

presents the main results (Part II) and the third part containing general conclusions. Starting with 

Part I, in Chapter One the main Laser beam Shaping Idea is explained, while in Chapter Two the 

basic theoretical knowledge of Airy beams and abruptly autofocusing beams is reported. In 

Chapter Three the Multi-Photon Polymerization by Direct Laser Writing technique is described. 

Chapter Four includes the basic concepts for Holographic light Shaping. Next, the Part II follows.  

The experimental demonstration of the tunable Ring-Airy beams, their generation and the control 

of their dynamics are described in Chapter Five. Chapter Six presents 3D structures fabricated 

using Abruptly Autofocusing ring Airy beams by Multiphoton Polymerization. Chapter Seven 

shows the propagation characteristics of reduced in size ring Airy beams down at the wavelength 

limit.  The Long-scale Multiphoton Polymerization voxel growth investigation using asymmetric 

Bessel beams is included in Chapter Eight. Finally, the novel 3D Holographic light Shaping 

method for Advanced Multiphoton Polymerization is demonstrated in Chapter Nine. 

In addition, it is important to mention that the completion of this Phd research resulted in the 

following published papers: 

1) Maria Manousidaki, Dimitrios G. Papazoglou, Maria Farsari, and Stelios Tzortzakis, 

"Abruptly autofocusing beams enable advanced multiscale photo-polymerization," Optica 3, 525-

530 (2016). 
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2) Maria Manousidaki, Vladimir Yu. Fedorov, Dimitrios G. Papazoglou, Maria Farsari, and 

Stelios Tzortzakis, "Ring-Airy beams at the wavelength limit," Opt. Lett. 43, 1063-1066 (2018). 

3) Maria Manousidaki, Vladimir Yu Fedorov, D. G. Papazoglou, M. Farsari, and S. 

Tzortzakis, "Advanced Multiphoton Polymerization using Tunable Shaped Laser Wavepackets," 

in Frontiers in Optics / Laser Science, OSA Technical Digest (Optical Society of America) paper 

FM4B.4.  (2018). 

4)     Maria Manousidaki, Dimitrios G. Papazoglou, Maria Farsari, and Stelios Tzortzakis, "Long-

scale multiphoton polymerization voxel growth investigation using engineered Bessel beams," 

Opt. Mater. Express 9, 2838-2845 (2019). 

5)     Maria Manousidaki, Dimitrios G. Papazoglou, Maria Farsari, and Stelios Tzortzakis,  “3D 

Holographic light Shaping for Advanced Multiphoton Polymerization” (2019), in preparation. 

6)      Maria Manousidaki, Vladimir Yu Fedorov, D. G. Papazoglou, M. Farsari, and S. Tzortzakis, 

“Ultrashort ring-Airy laser beams for advanced materials engineering”, SPIE Proceedings, to 

appear (2019). 
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  CHAPTER ΟΝΕ                             Laser beam Shaping 

 

 

1.1 Introduction 

 

Many basic applications, such as industrial, medical or even military, can benefit from the use of 

laser beams with specified shape. Laser Beam Shaping is the process by which the uniformity or 

shape of a laser beam is changed from how it is originally emitted from a laser source. When a 

laser beam is shaped, the irradiance and phase profile of the laser output is controlled. The shape 

of the beam can generally be associated with the irradiance profile, while the propagation 

properties of the irradiance profile are primarily determined by the phase profile  Typically, laser 

sources emit beams with a non-uniform intensity that are not ideal for most applications. 

Therefore, there is a continuous research on phase modulation procedures and optical methods that 

can redistribute a beam’s profile, reshaping its wavefront and modifying the propagation dynamics 

of this beam. Additionally, optical applications may require a beam shape that a laser source cannot 

naturally produce, such as a line or ring. Laser Beam Shaping provides the means to transform a 

laser beam such that it has the desired characteristics required for a desired application. Today, 

shaping of light technology consists a significant component of a number of processes including 

lithography, circuit component trimming, laser printing, material processing, optical data storage, 

optical metrology, medical applications or laboratory research. In this PhD research, Laser beam 

Shaping is the fundamental practice for developing an exceptional technique for advanced material 

engineering. 
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1.2  General Shaping problem 

 

Laser beam Shaping is the process of redistributing the phase and /or the amplitude of a beam. The 

phase of the shaped beams is a major factor in determining the propagation dynamics and 

properties of the shaped beam profile. For example, a large beam with a uniform phase front will 

maintain its shape over a considerable propagation distance. Also, the beam shaping technology 

can be applied to both coherent an incoherent beams. A variety of applications require more 

sophisticated spatially or temporally shaped laser beams. There is no single beam shaping method 

that addresses all situations well. The simplest, most primitive but quite useful spatial beam 

shaping method is “beam aperturing.” In this case, the beam is expanded and an aperture is used 

to select a suitably flat portion of the beam. The general beam shaping problem is illustrated in 

Figure 1.1. An incident beam is inserted in a general optical system which is consisted of one or 

more optical elements. The input beam is transformed due to the optical system operation, and the 

desired output beam is produced.   

     

The keyword to understand, though, how we shape the light, is the Phase Modulation. Let’s start 

with the Harmonic plane wave’s equation: 

 

𝑈𝑈(𝒓𝒓, 𝑡𝑡) = 𝑢𝑢𝑜𝑜𝑒𝑒𝑖𝑖(𝒌𝒌∙𝒓𝒓−𝜔𝜔𝑡𝑡), 𝒌𝒌 ≡ 𝑛𝑛 2𝜋𝜋
𝜆𝜆0
𝒌𝒌�    (1.1), 

where k is the wave vector normal to the wavefront, n is the refractive index, u0  is the wave’s 

amplitude. The term(𝒌𝒌 ∙ 𝒓𝒓 − 𝜔𝜔𝑡𝑡) describes the phase of the wave. If now we assume that the wave 

propagates along z axis: 

 

 

Figure 1.1| General beam Shaping problem. 

Optical 
System

General Shaping Problem

Incoming beam Outgoing beam
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 𝒌𝒌� ≡ 𝒛𝒛� ,  

 k≡ 𝒏𝒏 𝟐𝟐𝝅𝝅
𝝀𝝀𝝀𝝀

 𝒌𝒌�  k≡ 𝒏𝒏 𝟐𝟐𝝅𝝅
𝝀𝝀𝝀𝝀

 𝒛𝒛�            →          k ∙ 𝒓𝒓= 𝟐𝟐𝝅𝝅
𝝀𝝀𝝀𝝀

 n ∙  z              (1.2) 

Relation 2.2 corresponds to the optical path i.e. the path that light follows when travelling through 

an optical system. So the harmonic wave equation becomes: 

           𝑈𝑈(𝒓𝒓, 𝑡𝑡) = 𝑢𝑢𝑜𝑜𝑒𝑒
𝑖𝑖(𝟐𝟐𝝅𝝅𝝀𝝀𝟎𝟎

 𝑛𝑛∙𝑧𝑧−𝜔𝜔𝑡𝑡)            (1.3) 

 

From equations 1.2 & 1.3, we observe that the modulated phase of a plane wave can be derived by 

measuring the optical path length that a beam follows when interacts with an optical system.  So, 

phase is equivalent to the optical path:  Phase  Optical Path. The latter result facilitates the 

problem of phase determination for beam shaping. We can shape the wavefront of a beam by 

spatially controlling the optical path length (OPL) of each point in the wavefront. The OPL is 

defined by the product of the refractive index n of a specific medium, with the physical length d 

of the medium, OPL= n ∙ 𝑑𝑑 (1.4).  

 

In Figure 1.2 a general wavefront shaping example of a beam due to an optical element is 

represented. Plane waves incidence upon an optical element with refractive index (R.I.) n, and the 

modulation of the outgoing wavefront due to the different optical path lengths that the light follows 

point by point, can be seen behind the exit plane. At this point it is interesting to calculate the 

 

Figure 1.2| Wavefront shaping by an optical element of refractive index n. 
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optical path difference which corresponds to the phase shift that occurs when the wave passed 

through the material with R.I. n (for example glass) appearing to travel a greater distance than an 

identical wave in air.  So, we have: 

 

(𝑂𝑂𝑂𝑂𝑂𝑂)𝐴𝐴 = 3𝑛𝑛 ∙ 𝑑𝑑 

(𝑂𝑂𝑂𝑂𝑂𝑂)𝐵𝐵 = 2𝑛𝑛 ∙ 𝑑𝑑 + 𝑑𝑑                  → 𝛥𝛥𝑂𝑂 = (𝑂𝑂𝑂𝑂𝑂𝑂)𝐴𝐴 − (𝑂𝑂𝑂𝑂𝑂𝑂)𝐵𝐵 

(𝑂𝑂𝑂𝑂𝑂𝑂)𝐶𝐶 = 2𝑛𝑛 ∙ 𝑑𝑑 + 2𝑑𝑑                         = (𝑂𝑂𝑂𝑂𝑂𝑂)𝐵𝐵 − (𝑂𝑂𝑂𝑂𝑂𝑂)𝐶𝐶 = (𝑛𝑛 − 1)𝑑𝑑     

 

where, ΔL is the optical path difference. As a result, controlling the optical path difference we can 

determine the phase difference and the phase modulation would appear to the beam. The most 

usual example of wavefront reshaping is the action of simple converging or diverging lenses. In 

that case a plane wavefront is converted to a spherical one (Figure 1.3). Each plane wavefront 

travels a different optical path distance, and the front reshapes. 
 

 

Figure 1.3| Wavefront shaping by converging/diverging lenses: plane wave is reshaped to a spherical.  

 

 

1.3 Fourier Transform approach 

   As discussed before, to achieve laser beam shaping we need to modulate the phase profile of a 

Gaussian beam. To do that Fourier transform analysis is employed. Fourier optics is the study of 

classical optics using Fourier transforms. Fourier optics features the meaning of the propagation 

of light wave on the basis of harmonics analysis and linear systems. Harmonic analysis is the 

Fourier transform whose methods can be used to analyze signals and systems in several areas [5]. 
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Linear systems are used for formulating diffraction as well as imaging. If there is an input, the 

system forms an output. Therefore, it can be understood that the system is an input-output 

mapping  [6] In Fourier optics, the wave is regarded as a superposition of plane waves. The plane 

wave spectrum concept is the basic foundation of Fourier Optics. The plane wave spectrum is a 

continuous spectrum of uniform plane waves, and there is one plane wave component in the 

spectrum for every far field distribution.  The assumption of plane waves was also used to describe 

the general beam shaping problem to the paragraph 1.2.  The present paragraph describes a 

diffraction- based method for converting a Gaussian beam into a different beam profile. The design 

is based on Fourier Transform relation between the input and output beam functions.  

In order to understand the operation of Fourier optics in the optical systems, we will describe the 

Fourier Transforming property of a lens. In Figure 1.4, we observe a plane wave incident to a 

phase element (i.e. a diffractive optic). After the phase object, the beam seems to be modulated.  
If the phase object is placed one focal length in front of a lens, then its Fourier Transform will 

be formed at the back focal plane of the lens. Such a lens is called Fourier transform lens. At the 

Fourier transform (FT) plane of the FT lens, the desired beam distribution appears. 

 

 

This is the general idea of the Fourier Transforming approach in an optical system for beam 

reshaping. We would like to choose the beam shaping element so that the output at the FT plane 

has the desired intensity distribution. This configuration has several advantages. The phase 

element can be changed to control both the scale and shape of the output irradiance, while the FT 

 

Figure 1.4| Fourier Transforming property of a lens. 
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lens can be changed to modify the working distance, with a corresponding change in scale of the 

output. 

 

Figure 1.5| u(x,y) is the input signal, and g(x,y) is the output signal in an optical system. [3] 

  

  Before we continue, it is interesting to see the 2-D convolution theorem resulting from an input-

output optical system as shown in Figure 1.5. In a linear system, a given input transforms into a 

unique output. The 2D system in Figure 1.4, shows an input field u(x,y) and an output signal g(x,y). 

We can mathematically represent this system as: 

g(x,y)=O[u(x,y)] (1.5) 

The system is called linear if any linear combination of two inputs 𝑢𝑢1(𝑥𝑥,𝑦𝑦) and 𝑢𝑢2(𝑥𝑥,𝑦𝑦) generates 

the same combination of their respective outputs 𝑔𝑔1(𝑥𝑥,𝑦𝑦) and 𝑔𝑔2(𝑥𝑥,𝑦𝑦). This is called 

superposition principle. Let us now suppose that the input at (x1,y1) is the delta function δ(x1,y1). 

Then the output at location (𝑥𝑥,𝑦𝑦) is defined as 

ℎ(𝑥𝑥,𝑦𝑦; 𝑥𝑥1,𝑦𝑦1) = 𝑂𝑂[𝛿𝛿(𝑥𝑥 − 𝑥𝑥1, 𝑦𝑦 − 𝑦𝑦1)]   (1.6) 

We can rewrite the input as:  

𝑢𝑢(𝑥𝑥,𝑦𝑦) = ∫  ∫𝑢𝑢(𝑥𝑥1,𝑦𝑦1)𝛿𝛿(𝑥𝑥 − 𝑥𝑥1,𝑦𝑦 − 𝑦𝑦1)𝑑𝑑𝑥𝑥1𝑑𝑑𝑥𝑥2
+∞
−∞       (1.7) 

From formulas (1.5), (1.6) & (1.7), the output can be rewritten as 

𝑔𝑔(𝑥𝑥,𝑦𝑦) = ∫  ∫𝑢𝑢(𝑥𝑥1,𝑦𝑦1)𝛿𝛿(𝑥𝑥 − 𝑥𝑥1,𝑦𝑦 − 𝑦𝑦1)𝑑𝑑𝑥𝑥1𝑑𝑑𝑥𝑥2
+∞
−∞    =  ∫ 𝑢𝑢(𝑥𝑥1,𝑦𝑦1)ℎ(𝑥𝑥, 𝑦𝑦; 𝑥𝑥1, 𝑦𝑦1)𝑑𝑑𝑥𝑥1𝑑𝑑𝑥𝑥2

+∞
−∞    

(1.8)  

 

The integral (1.8) is called the superposition integral. If the input is shifted as δ(−𝑥𝑥1,−𝑦𝑦1),the 

output of a shift-invariant system must be h(x−𝑥𝑥1,𝑦𝑦−𝑦𝑦1). 

 

Systemu(x,y) g(x,y)

22 
 



Then, the superposition integral becomes: 

𝑔𝑔(𝑥𝑥,𝑦𝑦) = ∫  ∫𝑢𝑢(𝑥𝑥1,𝑦𝑦1)ℎ(𝑥𝑥 − 𝑥𝑥1,𝑦𝑦 − 𝑦𝑦1)𝑑𝑑𝑥𝑥1𝑑𝑑𝑦𝑦1
+∞
−∞    (1.9) 

Or by a change of variables: 

𝑔𝑔(𝑥𝑥,𝑦𝑦) = ∫  ∫ℎ(𝑥𝑥1,𝑦𝑦1)𝑓𝑓(𝑥𝑥 − 𝑥𝑥1,𝑦𝑦 − 𝑦𝑦1)𝑑𝑑𝑥𝑥1𝑑𝑑𝑦𝑦1
+∞
−∞    (2.10) 

This is the 2-D convolution of h(x,y) with u(x,y) to yield g(x,y).  It is often written symbolically 

as 

𝑔𝑔(𝑥𝑥,𝑦𝑦) = ℎ(𝑥𝑥,𝑦𝑦) ∗ 𝑢𝑢(𝑥𝑥,𝑦𝑦)   (1.11) 

The significance of this result is that a linear optical system is governed by convolution. Hence, 

the convolution theorem can be used to express the input-output relationship as 

𝐺𝐺�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦� = 𝐻𝐻�𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦�𝑈𝑈�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦�  (1.12) 

Where 𝐺𝐺�𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦�, 𝐻𝐻�𝑓𝑓𝑥𝑥, 𝑓𝑓𝑦𝑦� & 𝑈𝑈�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦� are the Fourier transforms of 𝑔𝑔(𝑥𝑥,𝑦𝑦), ℎ(𝑥𝑥, 𝑦𝑦) & 𝑢𝑢(𝑥𝑥,𝑦𝑦), 

respectively. The  𝐻𝐻�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦�  function is called the transfer function of the optical system and is 

given by  

𝐻𝐻�𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦� = ∫  ∫ℎ(𝑥𝑥,𝑦𝑦)𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑓𝑓𝑥𝑥𝑥𝑥+𝑓𝑓𝑦𝑦𝑦𝑦)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦+∞
−∞     (1.13), 

corresponding to the 2D Fourier transform of , ℎ(𝑥𝑥,𝑦𝑦)  [6]. 

 Next, the use of lenses to form the Fourier transform or the image of an incoming coherent wave 

is discussed. When light passes through a lens, it undergoes a phase transform (Figure 1.4(a)). A 

lens consists of an optically dense material in which the phase velocity is less than the velocity in 

air. The thickness of the lens is modulated so that a desired phase modulation is achieved at the 

aperture of the lens. A thin lens has three important parameters: n, the material index of refraction 

by which factor the phase velocity is reduced, R1 and R2, which are the radii of the two circular 

faces of the lens. The three parameters discussed about can be combined in a single parameter 

called f, the focal length, by: 

1
𝑓𝑓

= (𝑛𝑛 − 1)( 1
𝑅𝑅1
− 1

𝑅𝑅2
)  (1.14) 

The phase transformation of a lens can be written as  
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𝑡𝑡(𝑥𝑥,𝑦𝑦) = 𝑒𝑒−𝑗𝑗𝑗𝑗𝑡𝑡0𝑒𝑒−𝑗𝑗
𝑘𝑘
2𝑓𝑓(𝑥𝑥2+ 𝑦𝑦2)  (1.15), 

where  𝑡𝑡0 is the maximum thickness of the lens and 𝑒𝑒−𝑗𝑗𝑗𝑗𝑡𝑡0 gives a constant phase change. [6]  

We can define a pupil function 𝑂𝑂(𝑥𝑥,𝑦𝑦) for the finite extent of the lens aperture: 

𝑂𝑂(𝑥𝑥,𝑦𝑦) = �1, 𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑑𝑑𝑒𝑒 𝑡𝑡ℎ𝑒𝑒 𝑙𝑙𝑒𝑒𝑛𝑛𝑖𝑖 𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎𝑡𝑡𝑢𝑢𝑎𝑎𝑒𝑒
0, 𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒    (1.16) 

  

Figure 1.6|  A thin lens (left); Parameters of a thin lens (right)  [7]. 

 

The thickness Δ(x,y) at a location (x,y) can be shown to be   

 𝛥𝛥(𝑥𝑥,𝑦𝑦) = 𝑡𝑡0 − 𝑅𝑅1(1 −�1 − 𝑥𝑥2+𝑦𝑦2

𝑅𝑅12
) + 𝑅𝑅2(1 −�1 − 𝑥𝑥2+𝑦𝑦2

𝑅𝑅22
)        (1.17) 

We can simplify the expression (1.17) using the paraxial approximation stated by 

�1 − 𝑥𝑥2+𝑦𝑦2

𝑅𝑅𝑖𝑖2
 ≅ 1 − 𝑥𝑥2+𝑦𝑦2

2𝑅𝑅𝑖𝑖2
     (1.18), 𝑅𝑅𝑖𝑖 denotes 𝑅𝑅1𝑜𝑜𝑎𝑎 𝑅𝑅2 

The phase transformation is expressed as  

𝛩𝛩(𝑥𝑥,𝑦𝑦) = 𝑘𝑘𝑛𝑛𝛥𝛥(𝑥𝑥, 𝑦𝑦) + 𝑘𝑘�𝑡𝑡0 −  𝛥𝛥(𝑥𝑥,𝑦𝑦)� = 𝑘𝑘𝑡𝑡0 + 𝑘𝑘(𝑛𝑛 − 1)𝛥𝛥(𝑥𝑥,𝑦𝑦)  (1.18) 

Using Eq. (2.14) & (2.17) , Eq. (2.18) becomes 

𝛩𝛩(𝑥𝑥,𝑦𝑦) = 𝑘𝑘𝑡𝑡0 −
𝑗𝑗
2𝑓𝑓

(𝑥𝑥2 + 𝑦𝑦2) (1.19) 

Then Eq. 1.19 leads to Eq. 1.15. 
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Figure 1.7| The geometry for input placed: (a) against the lens; (b) to the left of the lens  [6]. 

 

 

      Suppose now that a phase element is positioned against a lens as shown in Figure 1.7(a). The 

wave field incident the lens is 𝑈𝑈(𝑥𝑥,𝑦𝑦, 0). According to expressions (1.15), (1.16) and the 

convolution theorem discussed before, the wave field behind the lens is given by 

𝑈𝑈′(𝑥𝑥,𝑦𝑦,0) = 𝑈𝑈(𝑥𝑥,𝑦𝑦, 0)𝑂𝑂(𝑥𝑥,𝑦𝑦) 𝑒𝑒𝑗𝑗
𝑘𝑘
2𝑓𝑓(𝑥𝑥2+ 𝑦𝑦2)  (1.20) 

According to the Fresnel diffraction integral stated by: 

𝑈𝑈(𝑥𝑥0,𝑦𝑦0, 𝑧𝑧) = 𝑒𝑒𝑗𝑗𝑘𝑘𝑗𝑗

𝑗𝑗𝜆𝜆𝑧𝑧
𝑒𝑒𝑗𝑗

𝑘𝑘
2𝜋𝜋(𝜒𝜒02+𝑦𝑦02) ∬ 𝑈𝑈′(𝑥𝑥,𝑦𝑦,0)𝑒𝑒𝑗𝑗

2𝜋𝜋
𝜆𝜆𝑗𝑗(𝑥𝑥0𝑥𝑥+ 𝑦𝑦0𝑦𝑦)dxdy  +∞

−∞ (1.21) ,the wave field at z=f  

with focal plane coordinates to be (𝑥𝑥𝑓𝑓 ,𝑦𝑦𝑓𝑓,𝑓𝑓) is given by 

𝑈𝑈�𝑥𝑥𝑓𝑓 ,𝑦𝑦𝑓𝑓 , 𝑧𝑧� = 𝑒𝑒𝑗𝑗
𝑘𝑘
2𝑓𝑓(𝜒𝜒𝑓𝑓2+𝑦𝑦𝑓𝑓2) ∬ 𝑈𝑈′((𝑥𝑥,𝑦𝑦, 0)𝑂𝑂(𝑥𝑥,𝑦𝑦, 0)𝑒𝑒𝑗𝑗2𝜋𝜋(𝑓𝑓𝑥𝑥𝑥𝑥+ 𝑓𝑓𝑦𝑦𝑦𝑦)dxdy  +∞

−∞ (1.22) 

Consider the geometry in Figure 2.7(b) where a phase element is deposited to the left of the lens. 

The wave field at the plane Z=-d, d>0 is given by U(𝑥𝑥1,𝑦𝑦1,−𝑑𝑑). Its angular spectrum 

F(𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦,−𝑑𝑑) and the angular spectrum F(𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦, 0) of U(x,y,0) are related by  

F(𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦, 0) = F(𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦,−𝑑𝑑)𝑒𝑒−𝑗𝑗𝜋𝜋𝜆𝜆𝑑𝑑(𝑓𝑓𝑥𝑥2+𝑓𝑓𝑦𝑦2) (1.23) 

We can write 1.22 as        𝑈𝑈�𝑥𝑥𝑓𝑓 ,𝑦𝑦𝑓𝑓 , 𝑧𝑧� = F(𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦, 0)) 𝑒𝑒𝑗𝑗
𝑘𝑘
2𝑓𝑓(1−𝑑𝑑𝑓𝑓)(𝜒𝜒𝑓𝑓2+𝑦𝑦𝑓𝑓2)  (1.25) 

When d=f , the phase factor becomes one and the Eq.(1.25) is written as 

𝑈𝑈�𝑥𝑥𝑓𝑓 ,𝑦𝑦𝑓𝑓 , 𝑧𝑧� = F(𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦,−𝑓𝑓) (1.26) 
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Expression (1.26) represents that the wave field at the focal plane of the lens is the 2-D Fourier 

transform of the wave field at z = -f .  This notable result confirms the Fourier Transform 

analysis presented in Figure 1.4. 

 
 

1.4 Fourier Transform in 4f optical correlator 
 

A quite interesting optical component which implements the Fourier transform 

approach and the theory of convolution is the 4f correlator. In this case two lenses 

and a phase mask are used while the device is 4f long. A typical 4f optical correlator 

diagram is shown in Figure 1.8.  
 

 

Figure 1.8| The 4f optical correlator. 

 

The 4f correlator is based on the convolution theorem from Fourier transform theory, which states 

that convolution in the spatial (x,y) domain is equivalent to direct multiplication in the spatial 

frequency (kx, ky) domain. A plane wave is assumed incident from the left and a transparency 

containing one 2D function, f(x,y), is placed in the input plane of the correlator, located one focal 

length in front of the first lens. The transparency spatially modulates the incident plane wave in 

magnitude and phase while produces a spectrum of plane waves corresponding to the FT of the 

transmittance function (f(x,y)). That spectrum is then formed as an "image" one focal length behind 

the first lens, as shown. A transmission mask containing the FT of the second function, g(x,y), is 

placed in this same plane, one focal length behind the first lens, causing the transmission through 
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the mask to be equal to the product, F(kx,ky) x G(kx,ky). The FT of this product (i.e., the convolution 

of f(x,y) and g(x,y)), is formed in the back focal plane of the second lens. 

The FT plane mask function, G(kx,ky) is the system transfer function of the correlator, which is in 

general denoted as H(kx,ky).In the 4f correlator, the system transfer function H(kx,ky) is directly 

multiplied against the spectrum F(kx,ky) of the input function, to produce the spectrum of the output 

function. (Eq. 1.11, 1.12). 

 

 

1.5 Spatial Light Modulator  

 

In the present research, we employ a Spatial Light Modulator or SLM (Figure 1.9) for properly 

modulating and reshaping a Gaussian laser beam profile used for advanced laser materials 

engineering. A SLM can be placed in the back focal plane of a Fourier transforming lens, where it 

modifies the transmitted or reflected fields in accord with a desired complex spatial filter. This 

device would appeared at the position of the phase element in Figure 1.4. A spatial light modulator 

is an object that imposes some form of spatially varying modulation on a beam of light and is 

usually computer controlled. SLMs can be programmed to produce light beams with various 

optical wavefronts by taking the place of conventional optical elements. For instance, they can be 

used to create optical vortices and higher order Bessel beams, which both have an azimuthal phase 

variation. 

There is a broad categorization of SLMs into two classes that can be made at the start: (1) 

electrically addressed SLMs and (2) optically addressed SLMs. In the first case, electrical signals 

representing the information to be input to the system directly drive a device in such a way as to 

control its spatial distribution of absorption or phase shift. In the latter case, the information may 

be input to the SLM in the form of an optical image at the start rather than in electrical form.  

In the experimental part of this PhD thesis , a Liquid Crystal on Silicon-Spatial Light Modulator 

(LCOS-SLM) is going to be employed in order a Gaussian beam to be modulated by a cubic phase 

and the Fourier transformation of the modulated beam , to be redistributed in a radially symmetric 

Airy beam. So, here we will limit ourselves to presenting the barest outlines of the principles of 

operation of liquid crystal SLMs. The LCOS-SLM (Liquid Crystal on Silicon-Spatial Light 

Modulator) is a reflection type spatial light modulator that freely modulates the light phase as 

needed. 
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Figure 1.9| Liquid crystal Spatial Light modulator.  [8] 

 

 

A light beam such as a laser beam entering the LCOS-SLM is phase-modulated and then reflected 

to freely control the wavefront of (reflected) light as needed. This ability to accurately control the 

light wavefront makes the LCOS-SLM ideal for applications such as optical beam pattern 

forming [9]. The LCOS display consists of a parallel-aligned nematic liquid crystal layer used to 

modulate light (Figure 1.10). Phase modulation is changed according to the alignment of the liquid 

crystals (LC). The LC alignment is controlled, pixel by pixel, using a CMOS backplane and a DVI 

signal via a PC. Voltages applied to pixelated electrodes cause the polarization change of the LCs. 

Liquid crystal materials are interesting from a physical point-of-view because they share the 

properties of both solids and liquids. 

 
  

 

Figure 1.10| Side view of a LCOS modulator with nematic liquid crystals. 

 

[
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This rod- molecules composing such materials can be visualized as ellipsoids, with a single long 

axis. The molecules can rotate or slide with respect to one another under the application of 

mechanical or electrical forces, thus exhibiting some of the properties of a liquid. Another 

important quality is that, similar to many crystalline materials, liquid crystals are birefringent, 

meaning they have different indices of refraction associated with different crystallographic 

directions. This is because the binding forces that form the crystal are anisotropic, i.e. the atoms 

have stronger forces holding them together in certain crystalline directions. The long axis of the 

molecules is known as the slow axis, where rays experience a higher index of refraction and are 

therefore bent more. If light enters a liquid crystal molecule with its polarization axis parallel to 

the slow axis of the molecule this extraordinary ray will be slowed down; the rays will travel faster 

when the polarization axis is perpendicular to the slow axis. Therefore, phase modulation occurs 

as the liquid crystal molecule is tilted from having the polarization axis of incoming light parallel 

to the slow axis to perpendicular to the slow axis (Figure 1.11).  

 

In Figure 1.12(a) a non-diffracting Bessel beam generated by a diffraction Axicon applied onto a 

spatial light modulator display is performed, while in figure 1.12(b) an Airy beam is generated by 

a diffractive cubic phase mask in the back focal plane of a FT lens. Finally, an optical vortex beam 

is generated by a helical phase mask produced by the SLM and then focused by a lens (fig. 1.12(c)). 
Spatial light modulators are used to spatially modify an optical wavefront into almost any desired field 

distribution, while it can replace the dynamic operation of every optical element (i.e. lenses, axicon, grating 

e.t.c.) In Figure 1.12 three basic examples of shaped light beams are represented, confirming the dynamics 

of this device.  

 

 

Figure 1.11| Parallel-aligned nematic liquid crystals, without or with electric field.  [9] 
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Figure 1.12| Basic examples of shaped light beams using as Spatial Light Modulator. [10]  

 

 

 

 

 

 

 

 

 

 

(a) 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
(c) 
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CHAPTER TWO     Shaped beams:    Airy beams, Abruptly    

autofocusing beams / Ring –Airy beams & Bessel beams 

 

2.1  Introduction 

 

     It is the past few years that a new type of non-diffracting beams, finite-energy Airy beams, was 

first introduced. These beams have attracted a great deal of interest due to their unique properties, 

like their self-acceleration feature  [11,12]. In 1979, Berry and Balazs theoretically demonstrate 

that in the field of quantum mechanics the spatial electric field profile of these beams, which is 

described by the Airy function, can exhibit the only non-spreading one-dimensional (1D) wave 

packet solution of the Schrodinger equation describing a free particle  [13]. They also showed that 

the Airy wavepacket features the unique property to freely accelerate even in the absence of any 

external potential. In addition the transverse acceleration of the Airy beam causes the beam to 

follow a parabolic trajectory  [14], while keeping a constant central lobe diameter. This exotic 

propagation dynamics are caused by a strong spatial cubic phase which is imprinted on the beam 

profile.  

    Νotable research work has been done to the study of Airy beams, from theoretical predictions 

to experimental observations, while many aspects of applications have been proposed  [15–18]. In 

accordance to this research, the radially symmetric Airy beams were proposed  [16]. These beams 

tend to autofocus in an abrupt fashion. Their maximum intensity radial profile remains almost 

invariant during propagation while it suddenly increases by orders of magnitude right before its 

focal point. 

   In this chapter, an overview on the generation and linear control of Airy beams will be provided. 

Next, radially symmetric Airy beams will be introduced and their characteristic properties will be 

discussed. Bessel beams will be described too. 
 

2.2 Infinite and Truncated-Energy Airy Beams      

 

   Let’s consider the paraxial equation of diffraction that governs the propagation dynamics of the 

electric field envelope φ: 
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𝑖𝑖 𝜕𝜕𝜕𝜕
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+ 1
2
𝜕𝜕2𝜕𝜕
𝜕𝜕𝑠𝑠2

= 0       (2.1)   

In (2.1), s= x/x0 represents a dimensionless transverse coordinate, x0 is an arbitrary transverse 

scale, x=z/kx0
2 is a normalized propagation distance and k= 2πn/l0 is the wave number of the 

optical wave. As Berry and Balazs first shown in ref. [13], the infinite- energy Airy nondispersive 

solution of eq. 2.1 is given by         

                                                                                                                                                               

𝜑𝜑(𝑖𝑖, 𝜉𝜉) = 𝐴𝐴𝑖𝑖 � 𝑖𝑖 − �𝜕𝜕
2
�
2
� exp( 𝑖𝑖𝑖𝑖 𝜕𝜕

2
−  𝑖𝑖 𝜕𝜕

2

12
)   (2.2) 

 

      Setting ξ=0, eq. 1.2 becomes φ(s, 0) = Ai(s) showing that the intensity profile of this wave 

propagating over ξ will remain invariant while it experiences a constant transverse acceleration. 

Also, the term (ξ/2)2 in (2.2) describes that the beams follows a ballistic trajectory. 

   However, any infinite-energy solution would not be possible in practice. For this reason, the 

truncated Airy beams must be introduced. To do that, we assume an exponential function: 

φ(s, 0) = Ai(s) exp(α s)  (2.3) 

The decay factor 𝛼𝛼 > 0 possesses the physical realization of such beams. Figure 1.1α depicts the 

field profile of such a finite- energy 1D Airy beam at ξ= 0, whereas Fig. 2.1b plots its 

corresponding intensity  [11]. 

 

 
Figure 2.1| Normalized field profile (a) and intensity profile (b) of a finite-energy Airy beam when a 

=0.1.  [11] 
 

 

According to Ref.  [11], by directly solving Eq. 2.1 under the initial conditions of Eq. 2.3, we find 

that the Airy beam evolves according to: 
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The Airy wavepacket tents to freely accelerate. This exotic behavior is rather peculiar by the fact 

that it may occur in fee space. This characteristic is reflected in the term s-(ξ/2)2 appearing in the 

Airy function (Eq. 2.4). The acceleration dynamics are clearly observed in Figure 2.2 where the 

parabolic trajectory of the beam can be seen [11]. The parabolic trajectory that optical Airy beams 

follow in free space during propagation is analogous to those of projectiles moving under the action 

of a uniform gravitational fields and this behavior is described in detail in  [14]. 

 

Figure 2.2| (a) Propagation dynamics of a finite-energy Airy beam as a function of distance, (b) 

cross sections of the normalized beam intensity at different propagation distances over z. 

 

 

 2.3 Experimental observation of 1D and 2D Finite Airy beams 
 

The experimental observation of 1D and 2D Airy beams was performed in Ref.  [12]. The Fourier 

transform Φ0(k) of the finite norm wave packet described by Eq.2.4 is proportional to Φο(k) ∝

exp(−𝛼𝛼𝑘𝑘2) exp (𝑖𝑖 𝑗𝑗
3

3
)  [11]. From this equation, it is easily observed that the angular Fourier 

spectrum of the finite Airy beam is Gaussian and involves a cubic phase (𝑘𝑘3) resulting from the 

Fourier transform of the Airy function itself. This result has great significance for the experimental 

generation of such beams. These waves can be generated through the Fourier transform (FT) of a 

broad Gaussian beam in which will be imprinted the specific cubic phase. So, for the experimental 

study of a finite –energy Airy wave packet the fact that the FT  of the function Ai(s) exp(α s)  is a 

Gaussian beam modulated with a cubic phase , was considered. The cubic phase modulation of a 
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Gaussian beam was succeeded using a computer-controlled liquid crystal spatial light modulator 

(SLM) which can impose a cubic phase to the reflected beam, necessary for the Airy beam 

generation. Examples of phase masks used for the phase modulation of a Gaussian beam by the 

SLM are shown in Figure 2.3(a,b) while a typical  set-up for Airy beam generation is illustrated in 

Figure 2.3(c). A continuous-wave laser emits a linearly polarized Gaussian beam that is then 

reflected from the front facet of a SLM.  

 

 

Figure 2.3| Phase masks used to generate (a) 1D and (b) 2D-Airy beams. The cubic phase is «wrapped” 

between [0, 2π]. In the gray-scale pattern, black corresponds to 0 and white to 2π radians (c) Experimental 

setup for generation of truncated Airy beams. SLM spatial light modulator, BE beam expander, MO 

microscope objective. [12]  

 

For the Airy beam generation an appropriate Fourier transform lens (cylindrical for 1D and 

spherical for 2D Airy) is placed at a distance f in front of the SLM phase array. After the SLM, the 

FT of the phase modulated Gaussian beam is then obtained at a distance d=f behind the lens. The 

Airy beam produced is imaged on a CCD camera through a microscope objective. Observed 

intensity distributions of 1D and 2D Airy beams are shown in Figure 2.4. From figure 2.4(A) we 

observe the finite Airy intensity profile remains almost diffraction – free while its main lobe tends 

to quadratically accelerate. The diffraction dynamics of the 2D Airy beams are interesting too 

[Figure 2.4(B)].  

   So, the experimental illustration of Airy beams confirmed the exotic characteristics of these 

beams, like that they are diffraction free during propagation and freely accelerating.  

 

 

 

 

c 
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Figure 2.4|A. Observed intensity cross sections of a planar Airy beam at (a) z =0 cm, (b) 10 cm, and(c) 

20 cm. Corresponding theoretical plots for these same distances (d), (e) and (f ). B. (a) A schematic of a 

2D Airy packet. Observed intensity distribution of a 2D Airy beam at (b) z = 0 cm, (c) 10 cm, and (d) 20 

cm. Corresponding theoretical results at these same distances (e), (f ), and (g)  [12] 
 

 

2.4 Radially Symmetric Autofocusing Beams 
 

   It is the past few years that a new type of 2D and 3D Airy waves that tent to autofocus in an 

abrupt fashion was introduced  [16]. Radially symmetric Airy beams or ring-Airy beams abruptly 

autofocus, delivering high intensity contrast at the focal position. The maximum intensity of such 

a radial wave remains almost constant during propagation while it suddenly increases by orders of 

magnitude right before its focal point. The ring-Airy distribution is described by:  

u0(r,0)=Ai �r0-r
w
� exp �α ∙ �r0-r

w
�� ,   (2.5)  

where Ai (∙) denotes the Airy function  [11,16], r is the radius, r0 is the radius of the primary ring, 

w is a scaling factor and α an exponential decay factor. The radius of the highest intensity Airy 

ring is given by R0≅(r0+w) while its full width at half maximum (FWHM) is ≅ 2.28w, which 

corresponds to the average width of the primary ring (ref. [14]).The distance between the plane of 

generation of the ring Airy distribution and its focus position ( [14]) can be defined as the effective 
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focal length fAi= (4πw3/2/λ) R01/2  (2.6). From Eq. 2.6 we can see that the effective focus position 

of a ring Airy beam can be controlled by the w and r0 parameters. The radius R(z)  of the primary 

Airy is described by   𝑅𝑅(𝑧𝑧) ≅ (𝑎𝑎0 − 𝑒𝑒) − 3.15 10−3 �𝜆𝜆
2

𝑤𝑤3� 𝑧𝑧2 (2.7). By using  Eqs. 2.6 & 2.7 we 

can describe the radius of the primary Airy ring as a function of the initial radius R(0) and the 

effective focal length fAi: 

  𝑅𝑅(𝑧𝑧) ≅ 𝑅𝑅(0)(1− 𝑧𝑧2

𝑓𝑓𝐴𝐴𝑖𝑖2
)          (2.8). 

 

Figure 2.5| Dynamics of radially symmetric Airy beams. (a) Detailed plot of the central part of 

the propagation dynamics;(b) Maximum intensity as a function of z; (c) Maximum intensity that 

the Airy beam reaches during propagation for different values of the initial radius r0.  [16] 

 

  The propagation dynamics of a ring-Airy beam is depicted in Figure 2.5  [16].  We can describe 

the propagation dynamics of these beams as following: in the early stages of propagation, r0 is 

large enough and the disk r < ro is essentially dark. As z increases, the radius of the Airy beam 

decreases, the power concentrates in a smaller area, and the maximum amplitude increases. In fact, 

the numerical simulations show that these two effects almost balance each other, leading to 

relatively small maximum amplitude changes, up to the point where the beam reaches the center 
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(Fig. 2.5(a, b)). At the focal point, the power of the ring-Airy is concentrated in a small area around 

r = 0 and the maximum intensity at the center rapidly increases. 

 

 These radially symmetric autofocusing Airy beams have been recently experimentally 

generated [19–21]. The cylindrically symmetric Airy beams (ring-Airy beams) were able to 

abruptly autofocus, along their propagation, delivering high intensity contrast at the focus position. 

It is also quite interesting the fact that such beams present long working distances, tight focusing 

and small focal volumes ( [19])  while nonlinear propagation effects can be very exciting ( [22]). 

These notable properties can be seen in Figures 2.6 (A & B).  For the experimental realization of 

the ring-Airy beams an optical set-up as the one shown in Figure 2.7 was used. In this case, the FT 

of the radially symmetric Airy distribution was firstly encoded onto a phase filter, which is applied 

onto a phase-only reflecting spatial light modulator (SLM) screen (Hamamatsu LCOS-X10468-

2), as shown in Fig. 2.7. The phase modulation capability of this device is up to ∼2π therefore 

phase wrapping is used to implement higher phase modulation. The phase modulated reflected 

wavefront is then Fourier transformed by a lens (f). An opaque mask was used to block the 

undesired zero-order peak. Finally, the intensity distribution along the propagation is recorded 

using a linear CCD camera (12 bits, 1224 × 968 pixels). 
 

 

Figure 2.6| (A) Radially averaged intensity as a function of the propagation distance; (B) (a) Intensity 

contrast as a function of the propagation distance: solid circles, experimental values; dashed curve and 

dashed–dotted curve, intensity contrast of equivalent Gaussian beams. (b) Radius of the ring Airy as a 

function of the propagation distance: open circles, experimental points; dashed curve, quadratic fit.  [19] 

 

 

A                                                             B 
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Figure 2.7| Typical experimental setup. FT, Fourier transform; f L, FT lens focal length; f Ai, effective 

focal length of the Airy ring.  

 

  A representation of the clear advantage of the autofocusing waves in laser processing of thick 

samples is shown in Figure 2.8a. By using these beams, a long working distance can be combined 

with a short focal volume, thanks to the abrupt increase of the intensity of the Airy ring at the 

focus. Thus, these beams are great candidates for a variety of applications in linear and non-linear 

regime, laser materials engineering. As a simple example of the power of this approach, we show 

in Fig. 2.8(b) an ablation spot produced in the back side of a thick (10mm) fused silica window 

using our intense Airy ring beam. It is also quite exciting that this beam will not be destructive 

before the focus while it abruptly deliver high intensity contrast at the focus position. 

 

Figure2.8| (a) Processing of a thick sample. Comparison of a ring-Airy with a Gaussian beam of similar 

spot size (b) ablation crater in the back side of a 1cm thick fused silica sample after illumination by an 

intense ring-Airy beam. [19] 

 

2.5  Bessel Beams 
 

Except from ring –Airy beams, another type of shaped beam which will be studied along this PhD 

research is the Bessel beam. Bessel beams are non-diffracting beams, they appear to offer some 

immunity to diffraction keeping their transverse intensity profile invariant along the propagation 

direction, and thus are potentially an attractive alternative to using Gaussian beams in a number of 

applications. Bessel beams are solutions to the Helmholtz equation in circular cylindrical 
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coordinates. Ideally, the electric field follows a Bessel function in the radial coordinate, modulated 

by an azimuthal phase variation: 

 

𝑈𝑈 ~𝐽𝐽𝑙𝑙(𝑘𝑘𝑟𝑟𝑎𝑎) exp(𝑖𝑖𝑙𝑙𝛷𝛷),                                       (2.10) 

 

where the radial wavenumber, kr , determines the spacing of the Bessel beam rings, and the 

azimuthal index, l, determines both the order of the Bessel beam and the azimuthal phase variation. 

The Bessel beam as a mathematical construct was first noted by Durnin [23]. Mathematically the 

Bessel can contain an infinite number of rings, and so over an infinite area would carry infinite 

power. Durnin et al. [24] experimentally generated an approximation to a Bessel beam, the quasi-

Bessel beams, showing that they possessed their transverse intensity profile invariant along the 

propagation direction over a finite distance. These beams keep invariant their transverse intensity 

profile and propagation direction  [22,23]. Bessel beams are generated from an appropriate conical 

superposition of plane waves  [22–24]. Due to their conical profile, they present properties of great 

interest, such as the self-healing property according to which they reconstruct when obstructed at 

some point of propagation.   

 They can be easily generated by shaping the phase of a Gaussian beam with the use of an 

axicon  [25] or a Spatial Light Modulator (SLM) [26]. The required phase to generate a Gauss-

Bessel beam is given by [27]: 

 

            𝜑𝜑(𝑎𝑎) = − (2 𝜋𝜋 𝜆𝜆)⁄ tan(𝛾𝛾) 𝑎𝑎,    (2.9) 

 

 where r is the radius, λ is the wavelength, and γ is the Bessel cone angle. The idea of generating a 

Bessel beam by an axicon or a conical lens is shown in Fig.2.9. In this figure the concept of a 

Bessel beam as being made by a set of waves propagating on a cone is illustrated. The opening 

angle of the cone is given by: 

 

𝜃𝜃 = (𝑛𝑛 − 1)𝛼𝛼                           (2.10) 

Where n is the refactive index of the axicon material and α is the opening angle of the axicon. 

Therefore we can also estimate the propagation distance of the central invariant lobe zmax or so 

called Bessel zone to be: 

                              𝑧𝑧𝑚𝑚𝑚𝑚𝑥𝑥 ≈
𝑤𝑤
𝜃𝜃

                                                         (2.11) 
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 where w is the of waist of the illuminated Gaussian beam and θ is the conical half-angle of the 

generated Bessel beam. Experimentally generated transverse profile of the zeroth order Bessel 

beam using axicon is shown in right (Fig.2.9). 

 

 

Figure 2.9| Generation of a Bessel beam, making use of an axicon lens. Experimentally generated 

transverse profile of the zeroth order Bessel beam (Right). 

 

  

Figure 2.10 shows the generation of a Bessel beam when an axicon lens is illuminated with a 

Gaussian beam. The profile of the Bessel beam distribution at the Bessel zone position with the 

characteristic central lobe and the secondary rings in the periphery is clearly visible (near field). 

At the far field an annular ring is formed. Zero-order Bessel beams have a central bright spot, 

whereas high-order Bessel beams have a central dark region. One way to understand Bessel beams 

is to think of them as made up of plane waves traveling on a cone. Since they all have the same 

radial wave vector, they all travel with the same phase velocity; therefore, the interference pattern 

never changes; in momentum space there is only one value for kr. 
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Figure 2.10| Generation of a Bessel beam when an axicon lens is illuminated with a Gaussian beam. The 

profile of the Bessel beam at the Bessel zone with the characteristic central lobe and the secondary rings 

in the periphery is clearly visible (near field). At the far field an annular ring (far field) is formed. [28] 

 

 

 In the following study, we are going to experimentally generate this kind of beams using a Spatial 

Light Modulator (Chapter 5). We will manipulate their propagation characteristics and control 

their focal volume dimensions by tailoring their Bessel zone range and employ them for 

Multiphoton polymerization. Bessel beams will be used as a comparison to the use of tailored ring-

Airy beams in the first place, and a way to thoroughly study the scaling laws of long range focal 

volumes during laser material structuring (Chapter 8).      
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CHAPTER THREE Multi-photon polymerization by Direct Laser 

Writing 

 

3.1 Introduction 

Multi-photon polymerization (MPP) of photosensitive materials allows one to fabricate 

complicated three-dimensional (3D) microstructures. MPP by Direct Laser Writing (DLW) is an 

exceptional technique for the fabrication of complex 3D objects with nanoscale features. When an 

ultrafast infrared laser beam is tightly focused into the volume of a photosensitive resin (which is 

transparent in the infrared), the femtosecond laser pulses can cause MPP and the polymerization 

process can be initiated by non-linear absorption only within the focal volume pixel (voxel) [29–

32]. The high photon density in the focal volume triggers two-photon absorption by initiator 

molecules and results in the generation of radicals that, in turn, initiate the polymerization of the 

resin  [29]. By point-by-point scanning the voxel in space, following a path derived from a 

computer designed 3D model, one can thus create arbitrary 3D structures.  This powerful technique 

has found numerous applications in fields such as micro-optics, metamaterials, photonic crystals, 

biomedical implants or even scaffolds for cell culture and tissue engineering [33–40] (Figure 3.1). 
 

 

Recently, there is an increasing interest for modification of the conventional (DLW) fabrication 

technique, as a fundamental aspect for solving important issues such as rapid fabrication, parallel 

processing, and long scale structuring or 3D printing engineering. Along this direction, fabrication 

techniques including shaped laser beams, holographic lithography and focal beam engineering for 

advanced, multiscale and tunable fabrication, are being developed, studied and demonstrated in 

the content of the present PhD thesis.  In this study, we are aiming to demonstrate the experimental 

 

Figure 3.1| 3D arbitrary structures fabricated using MPP by DLW for a variety of applications. 
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generation of shaped laser beams such as radially symmetric Airy beams, Bessel beams or 

holographically modulated beam distributions, using a spatial light modulator and a Fourier 

transform approach, and finally take advantage of the special characteristics that these beams 

feature, in order to employ them for advanced Multiphoton Polymerization (MPP) by Direct Laser 

Writing (DLW). The distinguished properties of these beams combined with the 3D Multiphoton 

Polymerization (MPP) technology, will provide the fabrication of 3D high aspect-ratio micro-

structures for various significant applications. 

 

3.2 Two Photon absorption 

   There are two types of two-photon absorption: sequential and simultaneous. In the sequential, 

the absorbing spices are excited to a real intermediate state: then a second photon is absorbed. The 

presence of the intermediate energy state implies that the material absorbs at this specific 

wavelength; it will therefore be a surface effect and will follow the Beer-Lambert law  [41]. The 

simultaneous absorption, on which the Two-photon polymerization (2PP) technique is based, was 

originally predicted by Göppert-Mayer in 1931 in her doctoral dissertation. It is defined as an 

absorption event caused by collective action of two or more photons, all of which must be present 

simultaneously to impart enough energy to drive a transition. In simultaneous absorption, there is 

no real intermediate energy state i.e. the material is transparent at that wavelength.  Instead, there 

is a virtual intermediate energy state and two photon absorption happens only if another photon 

arrives within the virtual state lifetime. For this to occur high intensities are required which can 

only be provided by a tightly focused femtosecond laser beam .The electron transition in this case 

is caused by two photons of energy hv/2 rather one of energy hv.  [42] The single photon absorption 

and the simultaneous Two Photon absorption are illustrated in Figure 3.2. 

 

Figure 3.2| Single Photon and simultaneous Two Photon absorption. 
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  Ti:sapphire lasers are widely used for this purpose. They have two main advantages; firstly they 

have very short pulses, in the order of a few tens of femtoseconds, so they do not cause thermal 

damage. Secondly their standard wavelength is 800 nm, which is twice the wavelength required 

for single photon polymerization of a wide range of photopolymers. In addition, most 

photopolymers are transparent at 800 nm, which allows in-volume focusing of the laser beam with 

minimal scattering.  
 

 

 

3.3 Photo-polymerization 

 

  Photopolymerization refers to the process of using light as an energy source to induce the 

conversion of small unsaturated molecules in the liquid state to solid macromolecules through 

polymerization reactions. Upon light excitation, the monomers may be solidified by two means: 

polymerization and crosslinking. An important feature of polymerization is the chain reaction by 

which macromolecules are created, while cross-linking is concerned more with the formation of 

crosslinks with chemical bonds. Polymerization, is realized via chain reactions as shown in the 

following equation: 

𝑀𝑀
𝑀𝑀
→𝑀𝑀2

𝑀𝑀
→𝑀𝑀3

𝑀𝑀
→ … 𝑀𝑀𝑛𝑛−1

𝑀𝑀
→𝑀𝑀𝑛𝑛, 

where M is monomer unit and Mn the macromolecule containing n – monomer units. For practical 

photopolymer systems, more components are included, most importantly photoinitiators. In order 

to increase initiating efficiency, one or several low-weight molecules that are more sensitive to 

light irradiation are added. They form initiating species of radicals or cations by absorbing photons. 

Such small molecules called photoinitiators.  When the laser is focused tightly into the material, 

the photoinitiator used to initiate the polymerization will absorb two photons and produce radicals. 

As the material response is proportional to the square of the intensity, this will only happen at the 

focal point, which, combined with the fact that the two-photon transition rate is very small, will 

provide very high spatial resolution. The produced radicals will react with monomers or oligomers 

to produce radical monomers. The process can be described briefly in equations (1-3), which 

describe the interaction of the initiator (I), the radical (R) and the monomer (M). I* is the excited 

state of the photoinitiator, after absorbing the two photons. 
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This chain reaction will propagate until two radicals meet, and the reaction terminates. An effective 

initiator has a high quantum yield in the generation of the active moieties, high thermal stability 

and stability in darkness and is highly soluble in the polymerization medium. Free-radical 

polymerizations are chain reactions in which the addition of a monomer molecule to an active 

chain-end regenerates the active site at the chain-end. The free-radical photopolymerization 

mechanism involves at least three different kinds of reactions  [43,44]: 

• The first step is the initiation during which the free-radical initiator is decomposed with 

light in the presence of a monomer to form an active species (eq.1) 

• In the next step, known as the propagation, the initiator fragment reacts with a monomer 

molecule to form the first active adduct that is capable of being polymerized. Monomers 

continue to add in the same manner resulting in the formation of macro-radicals which are 

end-active polymers (eq.2). 

• The final step is the termination during which the growth is deactivated and the final 

polymer molecules are formed. This step normally involves the reaction between two 

polymers bearing active centers and can proceed by two different mechanisms, 

combination or disproportionation, leading to the formation of one or two polymer chains, 

respectively (eq.3) 

Besides the above, other reactions, such as chain transfer and chain inhibition, often take place and 

complicate the mechanism of free-radical polymerization. 

The diffraction limit: Theoretically, the highest resolution that can be achieved by a focused laser 

beam is given by Abbe’s diffraction limit 

0.5𝜆𝜆/𝛮𝛮.𝛢𝛢. ,  

where  λ is the laser wavelength and N.A. is the Numerical aperture of the focusing objective; this 

has fueled the race for ever decreasing wavelengths. To produce 3D structures with in-volume 

patterning, and produce photopolymerized voxels smaller than that defined by the diffraction limit, 

45 
 



materials with well-defined photopolymerization threshold need to be used. As the photoinitiator 

is excited by the laser process, it produces radicals; these radicals are quenched by the oxygen in 

the system. Quenching is a competing effect to photopolymerization and is usually considered 

detrimental to the process. In MPP, however, it can be used to circumvent the diffraction limit and 

produce structures of very high resolution. This can be done by modifying the light intensity at the 

focal volume, in a manner so that the light-produced radicals exceed the quenching oxygen and 

initiate polymerization only at a region where exposure energy is larger than the threshold. In this 

case the diffraction limit becomes just a measure of the focal spot size and it does not really 

determine the voxel size  [42]. 

  Two-photon polymerization, as currently  the only micro-processing approach that has intrinsic 

3D fabrication capability, has been successfully employed to production of a variety of photonic 

and micromechanical devices. 

   The two-photon process  [45–47] has at least two advantages compared to single-photon 

absorption used in conventional rapid prototyping: 

1.  Common polymers have negligible linear absorption in the red, near-infrared region, so the 

laser penetrates deeply into materials and directly induces polymerization from inside without 

contaminating outside of the focal volume. (Figure 3.3) 

2.    The quadratic dependence of polymerization rate on the light intensity enables 3D spatial 

resolution and accuracy is better than that achieved in single photon.   (Figure 3.3) 

 

Also in order to take advantage of this nonlinear effect (MPP) the use of ultrashort laser excitation 

is essential. First, a femtosecond laser carries much greater peak power. Multiphoton absorption 

has an extremely small cross-section; it is confined to occur only in a small 3D volume around the 

close vicinity of the laser focus, less than the cubic wavelength (λ3). Hence, a quite high 3D spatial 

resolution can be achieved in the pinpoint exposure. Secondly, when materials are irradiated with 

a femtosecond laser pulse, the photon energy is deposited much faster than electrons could transfer 

it to the lattice, or molecule/atom oscillations through phonon emission, meaning that the 

excitation is a heat insulation process. This provides ideal optical excitation means for many 

photochemical or photophysical reactions where thermal effects, which make t the process difficult 

to localize, are not desired. In addition, for many dielectric materials, there is a transparent window 

in the red-NIR spectral region, which is covered neither by electronic band-band absorption nor 

by atomic/molecular oscillation absorption [29]. 
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Figure 3.3| Fluorescence from a photopolymer solution, caused by single-photon excitation from a UV 

lamp (left) and by two-photon excitation from a Ti:sapphire laser operating at a wavelength of 800 nm 

(right). The integrated intensity in each transverse section of the beam does not depend upon position for 

single-photon excitation, but is tightly peaked in the focal region for two-photon excitation. [48]. 

 

3.4 Materials for Laser Polymerization 

 

A composite suitable for 3D structuring by nonlinear Multi Photon Polymarization (MPP) must 

contain at least two basic components : a polymerizable material, which will become the structure 

backbone ,and a photo-initiator ,which will absorb the laser light and provide the active species. 

To date, a large combination of polymeric materials and photoinitiator combinations have been 

used for this purpose. These are mostly photoresists such as acrylate materials (and their mixtures), 

the epoxy-based photoresists SU-8 , and hybrid sol-gel materials .There also a few examples of 

positive resists being used.   

  This thesis will mainly focus on hybrid sol-gel materials. Hybrid (organic – inorganic) materials 

are very popular class of photosensitive materials, as they are easy to prepare, modify and 

photopolymerize; and after polymerization , they are optically, mechanically and chemically 

stable. As a result, they have found many applications in 3D photonic and biomedical 

devices. [39,42]. In addition, hybrid materials chemistry provides the possibility of the inclusion 

of functional groups, such as nonlinear optical molecules and quantum dots [49,50]. 
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Photoinitiator:                                                                                            

When photo-polymerization take place, a liquid or state monomer is converted into a solid state 

polymer; this transformation is induced by light. To be attainable MPP into the volume of the 

material, three conditions must be applied:  

1. Both the photo-initiator and the monomer material need to be transparent at the employed laser 

wavelength, so to allow the laser beam transmission and its penetration to in-volume focusing,  

2. The monomer needs to be transparent at the two-photon (or multi-photon) absorption 

wavelength to avoid thermal damage or ablation, 

 3. The photoinitiator needs not only to absorb at the two photon (or multi-photon) wavelength, 

but also to have a high probability to absorb two-photons (or multi-photons) and generate active 

species; in other words to have a high two-photon (or multi-photon) absorption cross-section.   

Radical initiators create free radicals which initiate the polymerization process of acrylates. The 

most commonly used free radical photoinitiator are the benzophenone and its derivatives and 

consists an effective multi-photon initiator having a high quantum yield in the generation of the 

active moieties .Also is highly soluble in the polymerization medium. 

 

Polymerizable hybrid materials: 

Over the last few years, 2PP research has focused on photosensitive sol–gel hybrid materials  [51]. 

The sol-gel process is a wet-chemical technique, in which the sol (or solution) evolves gradually 

towards the formation of a gel-like network containing both a liquid phase and a solid phase. 

Typical precursors are Materials for Laser Polymerization metal alkoxides and metal oxides, 

which undergo hydrolysis and condensation reactions. The condensation of the hydrolyzed 

products and other sol–gel-active components present in the reaction medium to form a 

macromolecular hybrid network structure. The gel formed is subsequently reacted through photo-

polymerization to give a product similar to glass. The 3D structure fabrication generally involves 

a four step process (Figure 3.4): 
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Figure 3.4| 3D structure fabrication generally involves a four step process  

 

At the first step, ‘Hydrolysis & Condensation’, precursors or monomers such as metal oxides or 

metal alkoxides, are mixed with water and then undergo hydrolysis and condensation to form a 

porous interconnected cluster structure. An acid such as HCl can be employed as the catalyst: 

 

During the next step, Gelation, the solvent is removed and a gel is formed by heating at low 

temperature. It is at this stage that solvents are removed and any significant volume loss occurs: 

  

The third step of the process is the photopolymerization. Because of the presence of double bonds, 

and provided the photoinitiator is present in the gel, the induced radicals will cause the 

polymerization of the unsaturated moieties only in the area the radicals are produced. At this step 

there is no material removal and no volume loss; the only reaction is the addition of the monomers 

to the active center. The last step is the development; the sample is immersed in an appropriate 

solvent and the area of the sample that is not photo-polymerized is removed. Figure 3.5 shows a 

3D photonic crystal structure fabricated using multiphoton polymerization by direct laser writing 

and the sol-gel chemical technique. 
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Figure 3.5| SEM images of representative 

woodpile structures made of Zr-based hybrid 

photosensitive    materials  [36]    
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CHAPTER FOUR     Holographic Beam Shaping 

 

4.1 Introduction 

Holography and specifically the use of Computer Generated Holograms is one more method for 

laser beam reshaping, which was employed in the last part of the present PhD research as a 

technique for advanced laser material structuring. As mentioned before, the increasing interest for 

modification of the conventional Direct Laser Writing fabrication technique, as a fundamental 

aspect for solving important issues such as rapid fabrication, parallel processing, long scale 

structuring or 3D printing engineering leads to new methods for novel beam shaping. A hologram 

can be a tool for shaping the amplitude and the phase of a light wave.  Along this direction 

holographic lithography in accordance with focal beam engineering for advanced, multiscale and 

tunable fabrication, is proposed in the content of the present PhD thesis. In Chapter 4 the main 

aspects about Holography and Computer Generated Holograms are being reported. 

 

4.2 Holography 

 

 

 

Figure 4.1| The stationary interference fringes resulting from the interference of a plane wave (reference) 

and a complex object wave contain all the necessary phase information for the reconstruction of the 

object wave [WMO notes D. Papazoglou]. 
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Holography begins to take its first steps in 1948 in a laboratory of an electrical engineering 

company where Dennis Gabor was working on improving the electron microscope [52]. In 

particular he proposed a novel two-step, lensless imaging process called wavefront reconstruction 

and which we now know as holography. Gabor recognized that when a suitable coherent reference 

wave is present simultaneously with the light diffracted by or scattered from an object, then 

information about both the amplitude and phase of the diffracted or scattered waves can be 

recorded, in spite of the fact that recording media respond only to light intensity. From such a 

recorded interference pattern, which he called hologram, from the Greek word “holos”, the 

“whole”, since it contained the whole information (amplitude and phase) of the object wave, an 

image of the original object can ultimately be obtained. So, hologram is the record of an intensity 

pattern that is formed when a wave scattered by an object (Object wave) interferes with a coherent 

reference wave (Figure 4.1). 

The intensity of the sum of the two complex fields (scattered and reference) depends on both the 

amplitude and phase of the unknown field. Thus, if  

                                        𝛼𝛼(𝑥𝑥,𝑦𝑦) = |𝑎𝑎(𝑥𝑥,𝑦𝑦)|exp [−𝑗𝑗𝛷𝛷(𝑥𝑥,𝑦𝑦)]                                                 (4.1) 

represents the wavefront to be detected and reconstructed , and if 

                                       𝐴𝐴(𝑥𝑥,𝑦𝑦) = |𝐴𝐴(𝑥𝑥, 𝑦𝑦)|exp [−𝑗𝑗𝜓𝜓(𝑥𝑥,𝑦𝑦)]                                                  (4.2) 

represents the “reference” wave with which α(x,y) interferes, the intensity of the sum is given by 

  𝐼𝐼(𝑥𝑥,𝑦𝑦) = |𝐴𝐴(𝑥𝑥,𝑦𝑦)|2 + |𝑎𝑎(𝑥𝑥,𝑦𝑦)|2 + 2|𝐴𝐴(𝑥𝑥,𝑦𝑦)||𝑎𝑎(𝑥𝑥,𝑦𝑦)| cos[𝛹𝛹(𝑥𝑥,𝑦𝑦) − 𝛷𝛷(𝜒𝜒,𝑦𝑦)]                        (4.3)  

We observe that the first two terms of this expression depend only on the intensities of the 

individual waves, while the third one on their relative phases. Thus,information both the amplitude 

and phase has been recorded on the hologram. [52] 

 

When the recorded pattern of interference is illuminated by a laser beam identical to the reference 

beam which was used to record the hologram, an exact reconstruction of the original object 

wavefront is obtained (see Figure 4.2). An imaging system (an eye or a camera) observing the 

reconstructed beam 'sees' exactly the same scene as it would have done when viewing the 

original.  However, Gabor’s method produces an in-line hologram whose quality is poor due to 

the overlap of the virtual image and the real image or conjugate which simultaneously exist. When 
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the hologram was reconstructed, a virtual image appeared in the position of the original object but, 

unfortunately, the view of the image was marred by the presence of a spurious real image in line 

with it. This limitation was solved by Leith and Upatnieks who proposed and demonstrated a 

modification of the conventional Gabor’s recording geometry that solved the twin image problem 

and extended the applicability of holography  [53]. So in this case, the reference wave is introduced 

at an offset angle, rather than being collinear with the object by introducing a prism to the system. 

In this way, at the reconstruction step the twin images (real and virtual ) are angularly separated 

which increased the resolution of the hologram. [53] 

 

 

Figure 4.2| Wavefront reconstruction when the Reference wave illuminates the recorded holographic 

pattern of interference [WMO notes D. Papazoglou]. 

 

 

4.3 Computer Generated Holograms 

The Gabor’s holograms are generated using interference of coherent light, as described in the 

previous section. Computer-generated Holography (CGH) is the method of digitally generating 

holographic interference patterns. A holographic image can be generated e.g. by digitally 

computing a holographic interference pattern and printing it onto a mask or film for subsequent 

illumination by suitable coherent light source. Consequently, in recent times the term "computer-

generated holography" is increasingly being used to denote the whole process chain of 

Reference Wave

Reconstructed 
Object Wave
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synthetically preparing holographic light wavefronts suitable for observation. The advantage 

gained by such a process is that one creates representations of objects that in fact never existed in 

the real physical world. So, there is no need for real objects. 

Once it is known what the scattered wavefront of the object can be computed, it must be encoded 

on a Spatial Light Modulator (SLM).   Computer Generated Holography is comprised by three 

main procedures: i) Computation of the virtual scattered wavefront; (ii) Encoding of the wavefront 

data and preparation for display; (iii) Reconstruction, modulating a coherent light beam by the 

hologram the interference pattern using technological means in order the holographic 

reconstruction to be observable by the user. 

 

The process of holography, involves the creation of a complex field in the hologram plane which 

will be regenerated during the wavefront reconstruction process. Two main methods that have 

been proposed for calculating the interference pattern for a CGH are the following: The Fourier 

Transform method and the holograms of point sources. In the first case, Fourier Transformation is 

used to simulate the propagation of each plane of depth of the object to the hologram plane [54]. 

In a Fourier Transform hologram the reconstruction of the image occurs in the far field, using the 

Fourier transforming properties of a positive lens for reconstruction. So, in this case first the light 

field in the far observer plane is computed and then the Fourier transformation of this field is 

generated in the back plane of the positive lens (see Figure 1.4, Chapter 1). 

The second computational strategy is based on the point sources concept, where the object is 

broken down in self-luminous points. A primary hologram is calculated for every point source and 

the final hologram is synthesized by superimposing all these holograms [55]. 

 

Figure 4.3| Point source created by Computer generated Hologram. [55] 
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4.4 Holographic Lithography 

Lately there is a great interest for Computer Generated Holography as a new tool for laser 

material lithography. Spatial Light Modulators are widely used for reshaping the laser beam 

profile employed for material engineering. The conventional Direct Laser Writing technique 

provides high spatial resolution but usually with long processing time due to the voxel by voxel 

polymerization procedure. In order the fabrication speed to be improved, several holographic 

beam shaping approaches have been demonstrated in the frames of laser materials processing. 

Methods including multi-beam focus, shaped laser beams, multi-beam interference or focal beam 

engineering have been proposed for holographic lithography. Yang et al. [56] proposed a 

multiple focal spot pattern controlled by predesigned computer generated holograms for the 

fabrication of micro-optical devices. G. Vizsnyiczai et al. [57] demonstrated parallel two-photon 

polymerization of single 3D microstructures fabricated by multiple holographically translated 

foci. A. F. Lasagni et al.  [58] reported  on the fabrication of periodic arrays using multi-beam 

laser interference patterning. Also, L.Yuan and P. R. Herman  [2] introduced a laser scanning 

holographic method for 3D exposure in thick photoresist for large area holographic interference 

lithography (HIL).  

 

   

 

Figure 4.4| Holographic lithography examples. From left to right: Periodic structures fabricated  using 

a configuration with four laser beams [58]; Two-photon polymerization using a 3D double-helix 

focus [59]; Spiral photonic structures fabricated with multiple laser spots (scale bar 20μm)  [56] 
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Figure 4.5| Holographic Focal Volume Engineering method. Illustration of a simple hologram 

generation, which is comprised by bundles of point sources precisely positioned in space along a circular 

design of a three-dimensional geometry using a Spatial Light Modulator (SLM). 

 

In Chapter 9 of the present Thesis, we present an alternative, simple and elegant Holographic Focal Volume 

Engineering method according to which advanced Multiphoton Polymerization of multiscale material’s 

structuring Polymerization is demonstrated. According to our proposed method, bundles of point sources 

are generated and precisely positioned in space along the design of a three-dimensional geometry using a 

Spatial Light Modulator (SLM). Under all-optical parallel and sequential micro-displacements of the laser 

bundle inside the volume of a photosensitive material, focal voxel overlapping at multiple points in space 

is simultaneously achieved and 3D arbitrary microstructures are rapidly fabricated by Direct Laser Writing. 

The specially designed holograms provide limited interference between the multiple focal spots improving 

the fabrication quality while in comparison to conventional point-by-point polymerization, a 20-times faster 

fabrication time is obtained. 

 

 

 

 

 

 

Spatial light modulator
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PART II - EXPERIMENTAL RESULTS 
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  CHAPTER FIVE                                  Tunable Ring Airy beams: 

                                                      Generation and Control dynamics 

 

5.1 Introduction 
 

In this chapter, we are focusing on the experimental realization of radially symmetric Airy beams 

or ring Airy beams which tent to autofocus with an abrupt fashion. Such beams present long 

working distances, tight focusing and small focal volumes  [19,20]. Here, we show their tunability 

and the methods to control their characteristics and dynamics. In particular, in Chapter 5 we 

demonstrate the experimental generation of ring Airy beams, using a spatial light modulator and a 

Fourier transform approach. We spatially control the autofocus position of these beams and we 

show that the focus, at which an abrupt increase of intensity is observed, can be shifted along the 

propagation axis. Furthermore, we investigate the dimensions and shape of the focal volume 

(voxel) and how we manipulate the working distance of the ring-Airy beam. Theoretical 

calculations and comparison with Bessel beams will be mentioned too. All the presented results 

presented in Chapters 5 & 6 were published in [20]. 

All these findings which are being demonstrated in Chapter 5 are included in the following 

published articles:  

 

1) Maria Manousidaki, Dimitrios G. Papazoglou, Maria Farsari, and  Stelios Tzortzakis, Abruptly 

autofocusing beams enable advanced multiscale photo-polymerization, Optica-Optical Society of 

America, Vol. 3, Issue 5, pp. 525-530 https://doi.org/10.1364/OPTICA.3.000525, (2016) 

2) Maria Manousidaki, Vladimir. Yu. Fedorov, Dimitrios. G. Papazoglou, Maria Farsari, and 

Stelios Tzortzakis, "Advanced Multiphoton Polymerization using Tunable Shaped Laser 

Wavepackets," in Frontiers in Optics / Laser Science, OSA Technical Digest (Optical Society of 

America, paper FM4B.4. (2018), 

3) Maria Manousidaki, Vladimir Yu Fedorov, Dimitrios G Papazoglou, Maria Farsari, Stelios 

Tzortzakis, “Ultrashort ring-Airy laser beams for advanced materials engineering”, SPIE 

proceedings, to appear (2019). 
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5.2 Experimental demonstration 
 

 

Figure 5.1|(a) Experimental setup. FT lens(400mm); f1(200mm); Obj (microscope objective x3.7); fAi: 

effective focal length of the ring Airy; (b) typical used phase mask; (c) experimental intensity profile as 

captures by the CCD at the Fourier Transform plane (blocked zero order); (d) typical experimental 

demonstration of a ring-Airy beam propagation dynamics; (e) schematic representation of a ring-airy 

beam autofocusing into the volume of a photoresist droplet on a cover glass. [20] 

 

To explore the propagation dynamics and spatial manipulation of ring Airy beams, we 

experimentally generate them using a Fourier Transform (FT) approach, described in detail 

in  [19,20]. The radially symmetric Airy distribution can be generated using the FT of a properly 

modulated input wave. In particular, a Gaussian beam is modulated by a cubic phase; and the FT 

of the ring Airy beam is a Bessel-like distribution with a central peak which is surrounded by 

decaying amplitude rings. Figure 5.1(a) shows the experimental set-up for the ring Airy beam 

generation. A Hamamatsu LCOS-X10468-2 phase reflecting only spatial light modulator (SLM) 

is employed for the phase modulation of a Gaussian beam which is then Fourier transformed by a 

lens (FT lens, 400mm). The FT of the radially symmetric Airy distribution is encoded onto a phase 

filter applied onto the spatial light modulator (SLM) and the ring-Airy distribution is generated at 

the Fourier transform plane (FT plane) of the FT lens after blocking the zero-order diffraction. The 

further reduction of the effective focal length of the generated ring-Airy beam is achieved using a 

4f optical system composed by a 200-mm lens and a 3.7x microscope objective. A Ti:Sapphire 

femtosecond laser (800nm, 50Hz, 35fs) was used as a light source. The autofocusing property of 
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the generated ring Airy beams was easily observed using a compact microscope system and a 

linear charge-coupled device camera (14bit, 800x600 pixels). 

                                                                                                    

5.3 Ring-Airy beam Manipulation – Working distance Control 
 

Ring Airy beams belong to a new class of optical beams that, due to their phase and amplitude 

distribution, are able to abruptly autofocus. In contrast to typical focusing, where the spot size 

shrinks linearly as we approach the focus, these beams exhibit a non-linear, power law, shrinking 

of the spot size. This enables them to exhibit a sudden, orders of magnitude increase of the intensity 

at the focus even at long working distances. Ring Airy beams are actually cylindrically symmetric 

Airy beams  [11,12] with their distribution described by  [16,19,20,22]: 

 ( ,0) ( ) exp[ ( )]o o
o

r r r ru r Ai a
w w
− −

= ⋅ , (1) 

where Ai (∙) denotes the Airy function, r is the radius, ro is the radius of the primary ring, w is a 

scaling factor and α an exponential decay factor. The radius of the primary ring is given by 

(0) ( )oR r w≅ +  while its full width at half maximum (FWHM) is ≅ 2.28w [22]. As it propagates, 

the beam autofocuses following a parabolic trajectory  [19]  at a distance fAi defined as effective 

focal length, which at low input powers  [19,22] is described by: 

 3/2 1/2
0

4
Aif w Rπ

λ
=  (2)  

It is clear from eq. 2 that the focus position of a ring-Airy beam can be tailored by properly tuning 

the w and ro parameters. Consequently, the focal distance of the abruptly autofocusing beams 

can be controlled by the initial size of the primary Airy ring, its radius ro and width w.  It is, 

therefore, conceivable that the use of such beams in MPP would allow the significant increase of 

the height of structures. For this reason, various ring Airy beam distributions were experimentally 

generated by applying the appropriate phase mask onto the SLM in order to show the focus 

distance control of these beams. Two design strategies were studied in detail: ring Airy beams with 

constant primary ring radius (ro=162 µm) but different ring widths and ring Airy beams with 

constant ring width (w=19 µm) and variable ring radius. In both strategies the focus position and 

thus the working distance is manipulated, although the focus characteristics differ. By adjusting 
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the radius r0 or the width w in the encoded phase mask holograph, the working distance 

manipulation was achieved. The intensity profiles of some of the experimentally generated ring 

Airy beams, as captured by the CCD at the FT plane (blocked zero order) are shown in Figure 5.2. 

It is observed that the central and highest intensity concentric ring vary in size for each ring Airy 

beam. 

 

Figure 5.2| Primary ring Airy profiles at the plane of generation: Experimental, radially averaged, 

intensity profiles of the generated ring Airy beams as captured by the CCD at the Fourier Transform 

plane (blocked zero order); (a) three different primary ring intensity distributions of varying ro 

(w=19μm); (b) three different primary ring intensity distributions  of varying widths w (ro=162μm). [20] 

 

In Figure 5.3 the normalized intensity distributions along the propagation axis for each of the 

experimentally generated ring Airy beams presented in Figure 5.2, are shown. It can be seen that 

the peak intensity position of each ring Airy beam shifts to various focus positions, covering a long 

range over the z propagation axis. The asymmetric intensity profile before and after the focus, and 

the abrupt intensity increase near the focus, typical characteristics of the abruptly autofocusing 

beams [19,26] is clearly visible, independently of the focus position. Furthermore, although the 

focus shifts, covering an extended range over the propagation axis, the intensity distribution in the 

focal area is practically the same. This is a clear demonstration of the capability of such beams to 

deliver.  The focal distance therefore can be controlled by the initial size of the primary Airy ring 

at the plane of generation. In addition, the beam intensity is very low before and after the focus 

(a) 
 
 
 
 
 
 
(b) 
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position, while it is abruptly increased at the focus, confirming the autofocusing property of these 

beams. 

 

Figure 5.3| Experimental Intensity profiles: Experimental intensity distribution (normalized values) of the 

ring-Airy beams along the propagation axis. Normalization: intensity values are normalized to the peak 

intensity Imax at the focus position of each ring Airy beam. [20] 

 

As mentioned, we can spatially control the effective focal distance (fAi) of the generated ring Airy 

beam by tuning the dimensions of the primary ring. Figure 5.4 analytically describes the effect of 

radius and width change on the focal position control. The theoretical curves are calculated using 

eq. 2. By increasing the radius r0, the focal position can be controlled in almost linear fashion 

(Figure 5.4(a)). Ring Airy beams having similar radius r0, present a focus position shifting, by 

increasing the w parameter. There is a satisfying agreement between the experimental points and 

the theoretical curve (continuous line), for both Figures 5.4(a) and 5.4(b). Therefore, the working 

distance of the ring-Airy can be accurately controlled to cover an extended range by using the 

theoretical predictions of eq. 2.                 
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Figure 5.4| Focus position control: (a) Focus shift for ring Airy Beams with primary ring radius r0 

=162um, as a function of different widths at the FT plane, (b) Focus shift as a function of radius r0,  for ring 

Airy beams having  equal primary ring widths (w=19um) at z=0mm position. (●,■)Experimental points, 

(blue line) theoretical simulation. [20] 

 

 

 

5.4 The ring Airy focal Voxel: dimensions and shape 

 

The shape and dimensions of the ring Airy focal volume or voxel are of particular interest. 

Experimental values about the length and the diameter (spot size) of the focus over the effective 

focal position measured from the FT plane are shown in Figure 5.5. The shape and dimensions of 

the focal volume are directly related to the voxel of the MPP process and are of particular interest. 

The transverse and the longitudinal size of the voxel in the MPP process are correlated respectively 

to the spot size and the FWHM of the longitudinal intensity distribution of the ring Airy beam. In 

the case of ring-Airy beams of varying w and constant r0=162μm both the voxel width and length 

are increased as the focus is moved further away. On the other hand, ring Airy beams with varying 

ro and constant w=19μm, present a decrease in width and length (Figure 5.5(a)) as the focus is 

moved further away. This behavior is expected since the increase of ro is effectively similar [1] to 

the increase of the numerical aperture (or decrease of the f-number) of a typical Gaussian beam. 

Also, Figure 4.5(b) shows that the diameter of the voxel seems to increase as the ring Airy beams 
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with r0=162um are focused on longer distances measured from the FT plane. But, for ring-Airy 

beams of w=19um, a spot size reduction is observed as the working distance is longer.  
    

 

 

  

Figure 5.5| Focal volume control: (a) The longitudinal size (FWHM) of the focal voxel as a function of 

the focus position for the cases of generated ring-airy beams (b) The spot size (radius in um) of the focus 

voxel as a function of focus position. [20] 

 

These beams present tight focusing over a long distance, which we can now effectively control.  

The focal length is now in the millimeter range while the spot size remains at few micrometers. 

The voxel looks in shape like a long needle with a small diameter. So, a high aspect ratio voxel is 

achieved, when the beam autofocuses. Therefore, apart from the working distance manipulation, 

the focal voxel dimensions could be also controlled at the same time.  

 

5.5 Bessel beams  and comparison with ring-Airy beams 

 

Clearly the application of ring Airy beams in MPP results in extended focal range control and 

needle like voxel structures. Therefore, it is more appropriate to compare them not only with 

classical Gaussian beams, but also with beams that lead to similar needle-like voxel shapes, such 
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as the Bessel beams. Bessel beams are non-diffracting, and keep their transverse intensity profile 

invariant along the propagation direction as first suggested and observed by Durnin et al. These 

beams keep invariant their transverse intensity profile and propagation direction. Bessel beams are 

generated from an appropriate conical superposition of plane waves [22–24]. These beams present 

properties of great interest, such as the self-healing property according to  [60] which they 

reconstruct when obstructed at some point of propagation. Also, they present tight focusing over 

a long distance (Bessel zone)  [61]. 

We experimentally and theoretically generate zero-order Bessel beams whose profile consists of a 

high intensity central lobe surrounded by a series of concentric rings. Bessel beams consist of a 

conical wavefront and can be easily generated using an axicon lens (ref. [10]). In our case, in order 

to compare the ring Airy and Bessel beams under the same conditions we applied an appropriate 

conical phase filter to the phase SLM (Fig. 1). The required phase to generate a Bessel beam is 

given by ( ) (2 / ) tan( )r rϕ π λ γ= − ⋅ , where r is the radius, λ is the wavelength, γ is the Bessel cone 

angle  [1,2].   The Bessel zone, i.e. the longitudinal range of the Bessel focus, can be then controlled 

by masking Bessel beam allowing an annular ring part to propagate. For the experimental 

realization, an appropriate conical phase filter was applied onto the SLM (Figure 5.6). In Figure 

5.6(a) a typical conical phase filter mask for Bessel beam generation is shown. By tuning the radius 

of the annular ring while keeping its width constant, the working distance of the generated Bessel 

beam can be controlled (Figure 5.7(b)). In our case, in order to compare the ring-Airy and Bessel 

beams under the same conditions we applied an appropriate conical phase mask on our SLM and 

controlled the Bessel zone, i.e. the longitudinal range of the Bessel focus, by clipping part of the 

Bessel beam and allowing only an annular ring of width w to propagate as shown in Fig. 5.7(a). In 

Figures 5.6(b), (c), (d) annular clipped conical phase filter masks of various annular ring radii, 

used for Bessel beam generation and working distance control, are shown.  By tuning the radius r 

of the annular ring, while keeping its width constant, the working distancefΒof the generated Bessel 

beam can be controlled so that 𝑓𝑓𝐵𝐵 = r tan γ⁄ . The simulated intensity distributions (normalized 

values) of the clipped Bessel beams are shown in Fig. 5.7(b). The parameters of the beams are 

selected so that the focus position is the same as in the ring Airy beams. As expected, when 

increasing the annular ring clip radius, the focal distance of the Bessel beam also increases. The 

FWHM of these distributions correspond to the Bessel zone, which in a MPP application controls 

the voxel’s length. It can be seen that as the focus shifts further away, the Bessel zone becomes 

significantly elongated, affecting the focal voxel dimensions as well, in contrast to what was 
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observed with the ring Airy beams. This counterintuitive elongation is a result of the annular ring 

diffraction. Taking this into account the masked Bessel zone length can be estimated by: 

                                
     2 2

1 1
B

o
B B

R Bf
f f

z
f≅ +∆ ∆                                   (4) 

 

where tanof wB γ∆ =  is the expected Bessel zone length (geometrical approximation), and 

2 (4 )z wR π λ≡  is the effective Rayleigh length of the annular ring. In the limiting case of z fR B>>  

(or 2 4 tanw rπ λ γ>> ) diffraction effects can be ignored thus of fB B∆ ≅ ∆ . On the other hand, in our 

operation scheme diffraction effects cannot be ignored since f zB R>  ( 5z mmR ≅  and

8f mmB > ). Since the waist of the generated Bessel zone is given 

by  (2 sin )wB λ π γ=   [23] we can, combining with the result of eq. 4, estimate the aspect ratio 

of the focal spot in the case of the clipped Bessel beam:   

              
22( cos8 1 ) B

B BR
fA fz
w

γ= +                                                                                  (5) 

 

 

Comparatively a Gaussian beam of waist 
o
Gw  focused at a distance fG by using a lens, or applying a 

quadratic phase 
2( ) (2 / ) / 2 Gr r fφ π λ= − on an SLM, will result in a focal spot waist

o
G G Gw f wλ π= . 

Taking into account that the Gaussian Rayleigh length is 
2G

R Gz wπ λ=  we can estimate the aspect 

ratio of the focal spot as a function of the focusing distance: 

 

                                                              
G

G o
G

fA
w

=                                                                       (6) 

 In the case of the ring-Airy beams, we can then estimate the aspect ratio using the predictions of 

eq.3: 

 

                                                      ( )

1/ 4

3/ 4
1.22 ( )

1 1
11.15

ln 2
o

o o
Ai Ai

w r
w r

wA f
w r

π
λ λ

≅ ≅
+ +
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It is clear from eq. 7 that in contrast to Gaussian and Bessel beams, a ring-Airy beam’s aspect ratio 

of the focal area is much more stable as the focus position is shifted, especially in the case where 

only the radius parameter ro is varied.  
 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 In Fig. 5.7(a) we show comparative simulations of z-y plane intensity profiles, for the propagation 

of ring-Airy, Gaussian, and clipped Bessel beams. The focal volumes are clearly visible for the 

four beam examples; two ring-Airy beams tailored by respectively varying the ring width or 

diameter, a focused Gaussian beam and an annularly clipped Bessel. The parameters of the 

Gaussian beam were chosen so that the beam intensity distribution envelopes the intensity 

distribution of the ring-Airy shown in Fig. 7a(ii) while focusing at the same position. For the ring-

Airy beams, it is easy to observe the abrupt autofocusing behavior and the successful working 

distance control. The high intensity focal voxels are moved on specific distances with minor 

variation on their dimensions.  In the case of Bessel beams, although the clipping approach enables 

the manipulation of the working distance, the focal volume is considerably dispersed 

 

Figure 5.6| Focal volume control: (a) typical conical phase filter mask for Bessel beam 

generation, (b), (c), (d) annular clipped conical phase filter masks generated by selecting a 

specific annular ring-part of the 4.5(a) mask,  they present annular rings of same width and 

varius radii. [20]  

(a)                                                                   (b)                              (c) 
                    
 

(d)                        
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Figure 5.7| Simulation results-Bessel with variable clip radius: (a) Graphical representation 

of phase masks (i) Conical phase mask generating a Bessel beam, (ii) controlled masking of 

Bessel beam allowing only an annular ring of radius r and width w, to propagate, (b) Intensity 

distribution of the Bessel beams versus propagation distance for various clipped annular 

radius.  [20] 

 

 

    As expected, by the increasing the annular ring clip radius, the focal distance of the Bessel beam 

also increases. The FWHM of these beams corresponds to the Bessel zone, which in a MPP 

application controls the voxel’s length. It can be seen that as the Bessel distribution is shifted 

further away; the Bessel zone becomes longer, affecting the control of the focal voxel dimensions.  

In Figure 5.8 we show comparative simulations of z-y plane intensity profiles, for the propagation 

of ring-Airy and clipped Bessel beams. The focal volumes are clearly visible for the three beam 
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examples; two ring Airy beams tailored by respectively varying the ring width or diameter and an 

annularly clipped Bessel. For the ring-Airy beams, it is easy to observe the abrupt autofocusing 

behavior and successful working distance control. The high intensity focal voxels are moved on 

specific distances with minor variation on their dimensions. In the case of Bessel, although the 

clipping approach enables the manipulation of the working distance, the focal volume is more 

dispersed. 
 

 
 

Figure 5.8| Simulation of intensity profiles over propagation:  (i) ring Airy focus controlled by varying 

the ring width (r=162um, w=23um), (ii) ring Airy focus controlled by varying the ring diameter (r=220um, 

w=19um), (iii) Gaussian beam (FWHM 796 μm) focusing at the same position as the ring Airy depicted on 

(ii); and (iv) Bessel clipped by annular ring (clip radius: 195 um).  [20] 

 

One important aspect in the use of such beams in MPP application is the variation of the voxel 

shape and dimensions as the focus position is optically manipulated along the propagation axis. 

To better understand the different behavior of each beam we present in Figure 5.9 the focal voxel 

aspect ratios (AR) as a function of the focal for all studied beams. The AR is defined as the ratio 

of voxel longitudinal size over its diameter. All the data appeared on Figure 5.9 correspond to the 

0.8 threshold of the peak intensity distributions, (threshold line in Figure 5.2). The AR can be 

estimated from the intensity distribution of the focal volume taking into account that MPP is 

actually a threshold process. In an MPP application the polymerization takes place only at areas 
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where the intensity I is high enough so that
kI C≥ , where k is the order of the multiphoton 

polymerization process and C a constant. In our estimations we used the 80% of the peak intensity 

distribution as a threshold (see threshold line in Fig. 5.3). It is clear that experimentally generated 

ring-Airy beams controlled by variable ring radius, keep almost invariant the focal aspect ratio. 

However, the aspect ratio for Bessel beams is variable as the clip radius is increased. So, the aspect 

ratio control seems to be more effective for ring-Airy beams. Interestingly, ring-Airy beams, 

independently of the approach used to manipulate the focus position, keep the voxel aspect ratio 

almost invariant. On the other hand, the voxel aspect ratio for Bessel beams is increasing as the 

beam focus is pushed further away. 

 

 

Figure 5.9| Focal voxel aspect Ratio comparative curves: Aspect ratio of focal voxel comparative curves 

as a function of the effective focal length for various experimental and simulated ring Airy, Bessel and 

Gaussian beams.  [20] 

 

Concluding this chapter, the autofocusing position of a ring Airy beam is spatially controlled. 

These tunable beams show a high aspect ratio focal voxel that can be positioned at different 

working distances with almost invariant dimensions and shape. Apart from the ring Airy beams, 

the working distance control of the Bessel beams was also showed to be successfully achieved.  In 

comparison with Bessel beams, the aspect ratio control seems to be more effective for ring Airy 
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beams. These remarkable properties of ring-Airy beams make them ideal candidates for Direct 

Laser Writing by Multiphoton Polymerization. This application is extensively discussed in the 

following Chapter (Ch.6). 
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CHAPTER SIX     Tailored Multiphoton Polymerization                      

using abruptly autofocusing beams  

 

 

6.1 Introduction 

 

Direct Laser Writing (DLW) by Multi-Photon Polymerization (MPP) is an established technique 

for the three-dimensional (3D) printing of mm-scale structures with tens of nanometers (nm) 

resolution [62,63]. In DLW, the beam of an ultrafast laser is tightly focused into the volume of a 

photopolymer. Polymerization is initiated by multi-photon absorption within the volume element-

the voxel. Scanning the voxel in a three-dimensional manner, one can obtain arbitrary 3D 

structures. 

To obtain the small voxel, and therefore the sub-100 nm resolution, high numerical aperture (N.A.) 

microscope objectives are employed for focusing the laser beam. These objectives, however, have 

the disadvantage of short working distance, which limits the height of the fabricated structures. 

For example, a typical 100x, 1.4 N.A. oil-immersed objective has a working distance of 170 

microns. If one takes into account that, in order to avoid contact between the oil and the 

photopolymer, the material has to be back-illuminated through a glass substrate typically 100 

microns thick, this reduces the maximum height of the structure to 70 microns. 

To address this issue, “Dip-in” Lithography  [64] and the similar WOW-2PP  [65] were developed, 

where the microscope objective is immersed into a liquid photopolymer. In the first case the 

photopolymer has a refractive index matching that of the objective, while in the second case the 

objective is encaged is a protective case, so that it doesn’t have direct contact with the 

photopolymer. This way and with both techniques, the working distance becomes an irrelevant 

factor. While this approach somehow solves the problem, however, it also has limitations. “Dip-

in” Lithography only works with one specific photopolymer, whose index is matched to the 

objective. WOW-2PP also only works with liquids, while the most popular MPP materials are SU8 

and hybrid materials, both solids. 

 

Here, we propose an alternative method to overcome the short structure height problem, by 

employing non-diffracting radially symmetric Airy beams. We have already shown in the Chapter-
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5, that these beams present notable characteristics like their autofocusing feature while we 

demonstrated that we can completely control their propagation dynamics. We spatially control the 

effective focal distance (fAi) of the experimental generated ring- Airy beam by tuning the size of 

the primary ring at the FT plane. Therefore, we can manipulate the working distance of the optical 

system that these beams are introduced. Moreover, these tunable beams show a high aspect ratio 

focal voxel that can be positioned at different working distances with almost invariant dimensions 

and shape. The controllable, long working distance and the high aspect ratio focal volume, surpass 

the restrictions set to the overall height of a 3D structure when using Gaussian beams and small 

working distance, high NA objective lenses. In this Chapter, we show some of the structures made 

by ring-Airy beam induced MPP and prove that the use of such beams in MPP would allow the 

significant increase of the height of structures, important for various applications [20]. 

 

All these findings which are being demonstrated in Chapter 6 are included in the following 

published articles:  

 

1) Maria Manousidaki, Dimitrios G. Papazoglou, Maria Farsari, and  Stelios Tzortzakis, Abruptly 

autofocusing beams enable advanced multiscale photo-polymerization, Optica-Optical Society of 

America, Vol. 3, Issue 5, pp. 525-530 https://doi.org/10.1364/OPTICA.3.000525, (2016) 

2) Maria Manousidaki, Vladimir. Yu. Fedorov, Dimitrios. G. Papazoglou, Maria Farsari, and 

Stelios Tzortzakis, "Advanced Multiphoton Polymerization using Tunable Shaped Laser 

Wavepackets," in Frontiers in Optics / Laser Science, OSA Technical Digest (Optical Society of 

America, 2018), paper FM4B.4. 

3) Maria Manousidaki, Vladimir Yu Fedorov, Dimitrios G Papazoglou, Maria Farsari, Stelios 

Tzortzakis, “Ultrashort ring-Airy laser beams for advanced materials engineering”, SPIE 

proceedings, to appear (2019). 
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6.2  Experimental set-up for MPP using ring Airy beams  

 

 

Figure 6.1|(a) Experimental setup. FT lens(400mm); f1(200mm); Obj (microscope objective x3.7); fAi: 

effective focal length of the ring-Airy (b) ring Airy beam propagation; the beam is let to autofocus inside 

the volume of the photoresist in order multiphoton polymerization to be induced.  [20] 

 

The experimental set-up used to induce MPP by ring-Airy beams for the construction of 3D 

structures is described in Figure 6.1(a). A Ti:Sapphire femtosecond  laser (800nm, 50Hz, 35fs) 

was used as light source.  The Gaussian beam is modulated by a cubic phase by a Hamamatsu 

LCOS-X10468-2 phase reflecting only spatial light modulator. The ring-Airy distribution is 

generated at the Fourier transform plane (FT plane) of the FT lens after blocking the zero-order 

diffraction. The further reduction of the effective focal length of the generated ring-Airy beam is 

achieved using a 4f optical system composed by a 200-mm lens and a 3.7x microscope objective. 

The ring-Airy laser beam was generated to autofocus into a photosensitive composite (Figure 

6.1(b)).  The photo-sensitive composite samples were prepared by drop-casting onto 100 μm thick 

salinized glass substrates and were mounted on x-y stages for point by point movement. The ring 

Airy beam was autofocused inside the volume of the photoresist while propagating over z-axis; 

and by moving the sample on x-y axis using computer-controlled stepper motors, the in-volume 

patterning was achieved. 

 

6.3 Photosensitive material for MPP by ring-Airy beam  
 

The material used for the fabrication of the three dimensional structure using a ring Airy beams is 

a zirconium-silicon organic-inorganic material doped with tertiary amine metal binding 
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moieties [62]. Hybrid materials (organic – inorganic) are a very popular class of photosensitive 

materials, as they are easy to prepare, modify and photopolymerize and, after polymerization, they 

are optically, mechanically and chemically stable. As a result, they can find application in various 

3D photonic and biomedical devices. 

The main materials used here for the synthesis of the photopolymer were methacryloxy-

propyltrimethoxysilane (MAPTMS, 99%), and zirconium n-propoxide (ZPO) 70% solution in 1-

propanol. This hybrid organic-inorganic, zirconium-propoxide doped photopolymerizable 

material was prepared as described in [66] and the sol-gel process was used for the composition.  

MAPTMS was firstly hydrolyzed by adding HCL (0.1 M) at 1:0.1 ratio and the mixture was stirred 

till the mixture becomes transparent again. The molar ratios were 8:2 for MAPTMS/ZPO. Next, 

ZPO was mixed with MAA (methacrylate acid) and the mixture was stirred for 15 minutes. Finally 

, the photoinitiator 4,4-bis(diethylamino) benzophenone (agent which initiates the polymerization 

process of acrylates , absorbing the laser light and providing active species) was added at a 1% 

W/W concentration to the final solution. The solution was filtered using 0.2 μm syringe filters. 

The chemicals used for the photosensitive composite synthesis are illustrated in Figure 6.2. Before 

structuring, the samples were prepared by drop-casting onto 100 μm thick silanized glass 

substrates, and the resultant films were dried in an oven at 50 oC for 10 min before the 

photopolymerization or left at room temperature overnight. During this step, Gelation, the solvent 

is removed and a gel is formed. The glass substrates were first treated in 

dichloromethane/MAPTMS solution (20ml CH2Cl2 – 250μl MAPTMS), and after this treatment a 

small droplet of the hybrid material was placed on the top of the glass. The heating process leads 

to the condensation of the alkoxide groups and the formation of the inorganic matrix. Next, the 

organic moieties can be polymerized using DLW (Direct Laser Writing), resulting in the formation 

of irreversible and fully saturated aliphatic C-C covalent bonds that further increase the 

connectivity of the material. After the completion of the component build process by DLW, the 

samples are developed for 20 min in a 70:30 solution of 2-propanol/1-propanol and the area of the 

sample that was not photopolymerized was removed. The structure fabrication process by MPP 

generally involves the four steps described in Figure 6.3. 
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Figure 6.2| Chemical structures of the ragents used for the hybrid material synthesis and sol-gel process. 

 

 

Figure 6.3| MPP four step process for structure’s fabrication 

 

6.4  3D structures fabricated by ring-Airy beam & MPP 
 

The remarkable properties of ring Airy beams make them ideal candidates for DLW by MPP. In 

contrast to Gaussian beams, ring Airy beams combine controllable, long working distance, fairly 

stable and high aspect ratio focal volume, surpassing the restrictions set to the overall height of a 
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3D structure when using Gaussian beams and small working distance, high NA objective lenses. 

Compared to Bessel beams, the closest alternative for the fabrication of long 3D structures, ring 

Airy beams are by far superior in respect of the invariance of the voxel shape and focus accuracy. 

Bessel beams have already employed in DLW by MPP  [25,26].; Yang et al. showed microcylinder 

structures made by Bessel beams generated using a spatial light modulator while the height of the 

structure achieved was about 11µm  [26].   

    To demonstrate the capabilities of ring-Airy beams for DLW by MPP we used them to fabricate 

3D structures. Scanning Electron Microscope (SEM) images of 3D structures fabricated using 

ring-Airy beams (r =162 μm, w=12μm), are shown in Fig.6 (a-b), in comparison with Gaussian 

beams (fig. 6 (c-d)). In this case, instead of using a single ring-Airy beam to autofocus into the 

volume of the photosensitive material, we sequentially apply a series of phase masks on the SLM, 

thus generating ring-Airy beams that focus at different positions along the z axis. Thus, elongation 

of the polymerized voxels in the mm-range is achieved.  Moreover, by moving the sample on the 

x-y plane, using linear stages, an extended 3D structure is fabricated. Such extended structures 

could find a number of useful applications like for instance as scaffolds for tissue engineering, as 

they possess the required properties for cell growth  [37,67,68]. For the fabrication of these 

structures, the hybrid organic-inorganic, zirconium-propoxide doped photopolymerizable material 

was composed prepared as described in paragraph 6.3  [66]. The energy needed for the fabrication 

of these structures was 0.43μJ. A schematic representation of the ring-Airy beam autofocuses into 

the volume of the photoresist droplet on a cover glass, is illustrated in Figure 6.1(b). ). In this case, 

instead of using a single ring-Airy beam to autofocus into the volume of the photosensitive 

material, we sequentially apply a series of phase masks on the SLM, thus generating ring-Airy 

beams that focus at different positions along the z axis. Thus, elongation of the polymerized voxels 

in the mm-range is achieved.  Moreover, by moving the sample on the x-y plane, using linear 

stages, an extended 3D structure is directly fabricated.  When the long ring-Airy focal voxel 

interacts with the photosensitive composite, a single illumination is enough in order a high aspect 

ratio photo-polymerizes column to form. From the SEM images shown in Fig. 6.4(a,b) the 

measured focal voxel of the ring-Airy beam is 3.3μm in diameter and 1mm in height. This results 

to an aspect ratio ARAi≈ 303 . The same structure was fabricated using Gaussian beams (FWHM 

586μm) (fig.6.4 (c-d)) focused at the same positions as the ring-Airy beams used in fig. 6.4 (a-b). 

In fig. 6.4 (c-d) the measured focal voxel of the Gaussian beams is measured to be 5.6μm in 

diameter and 1mm in height, resulting to an aspect ratio ARG≈ 190. So, comparatively to the 
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Gaussian beam, the ring-Airy beam presents an almost twice focal voxel aspect ratio while it 

results in much better fabrication quality.  

     Our results confirm that ring-Airy beams can fabricate high AR 3D structures by MPP 

combining controllable, long working distance, fairly stable and high aspect ratio focal volume. 

Another important advantage of this electronic active focusing through the SLM is the shorter 

fabrication time compared to the use of translation stages. 
 

 

Figure 6.4| Fabricated 3D high AR structures using ring Airy beams: Fabricated structures using ring 

Airy (left) and Gaussian beams (right): SEM images of hexagonal structures (1mm in height) made using 

(a) and (b) ring Airy beam (r=162μm), w= 12μm) with controllable working distances and (c) and (d) 

Gaussian beams (FWHM 586μm) focusing at the same positions as the ring Airy beams depicted in (a) and 

(b). [20]  

 

Therefore, ring-Airy beams can fabricate really high and complete 3D structures by MPP. Another, 

important issue here is the short time fabrication. Using Gaussian beams in DLW, the fabrication 

time of such large structure would be very time consuming; here a single laser shot is needed for 
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each point of the structure, and the fabrication time is only limited by the speed of the translation 

stages. 

These structures are a first representation of applying abruptly autofocusing beams for Multi-

photon Polymerization. The height-limitation problem has been revealed using ring-Airy beam 

due to the working distance controllable increase. The radially symmetric Airy beams proved to 

be an excellent choice for fabricating high structures by DLW that can be used for many significant 

applications like tissue engineering. 

 

6.5  Extreme High Aspect Ratio structures fabricated by ring-Airy beams 

 

 
 

Figure 6.5| (a) Schematic representation of series of ring Airy beams autofocusing into the volume of 
the photosensitive material inside a filled cuvette for centimeter–range fabrication; (b) SEM image of the 
fabricated 3D structure using ring Airy beams. The length of the structure measured to be 2 cm; (c) SEM 
image of details of the structure. The diameter of the voxel measured to be 4 μm resulting to AR~500. 

 
To further demonstrate the advanced capabilities of ring Airy beams for DLW by MMP we 

employed them for the fabrication of impressively high 3D structures. Scanning electron 

microscope (SEM) images of the highest, to our knowledge, 3D structure fabricated using ring-

Airy beams are shown in Fig. 6.5. In this case we sequentially apply a series of phase masks on 

the SLM, thus generating ring Airy beams that focus at different positions along the z-axis, over a 

range of 2 cm. At the same time a cuvette about 5 cm in height, was filled with a photosensitive 

material in order to achieve long-scale fabrication, as is schematically represented in Fig. 6.5(a). 

In this case the photosensitive composite used for photopolymerization was the OrmoComp 

X-Y 
linear stages

Cuvette 
filled with 
Photopolymer

Cover glass

Z-propagation Axis
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(b)

Z-propagation Axis
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(Microresist Technology GmbH) doped with 4,4’-Bis(diethylamino)benzophenone (Sigma 

Aldrich) at 0.5wt.% concentration as photoinitiator. The filled cuvette was translated in the x-y 

plane using linear translation stages, resulting in the fabrication of an extended 3D structure. The 

total ring Airy energy needed for the fabrication was 0.86 μJ. SEM image of a 2 centimeters long 

3D structure fabricated using the ring Airy beams is presented in Fig. 6.5(b).  Fig. 6.5(c) shows a 

detail of the structure. In this figure, the focal voxel diameter of the ring Airy beam was measured 

to be 4μm resulting at an extremely high AR of 500. This fabricated structure, is the fundamental 

proof of the dynamic elongation and precise deposition of high energies at remote locations that 

abruptly autofocusing beams can offer, while they can impact plenty of fields in linear and non-

linear optics through advanced optical manipulation. 
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  CHAPTER SEVEN                 Ring Airy beams at the wavelength limit 

 

7.1 Introduction 
 

   In this chapter, we are focusing on the experimental scaling down of paraxial ring-Airy beams 

which are approaching the wavelength limit, while observing, a counterintuitive, strong 

enhancement of their focal peak intensity. Using numerical simulations, we show that this behavior 

is a result of the coherent constructive action of paraxial and non-paraxial energy flow. A simple 

theoretical model enables us to predict the parameters range over which this is possible. 

   In the last few years ring-Airy beam [16,19,69], as mentioned in previous chapters, were 

introduced as a new class of optical beams, which, due to their phase and amplitude distribution, 

can demonstrate an abrupt autofocus behavior during their propagation. As these beams propagate, 

a nonlinear power-law shrinkage of their size causes a sharp, several orders of magnitude, increase 

of their intensity at the focus position. Furthermore, abruptly autofocusing ring-Airy beams can be 

tailored  [22] to cover an extended range, with practically invariant aspect ratio of their focal 

volume. These exciting attributes in combination with long working distances and small focal 

volumes make these beams ideal candidates for a variety of applications both in the linear and the 

nonlinear regime, such as laser ablation, multiphoton absorption, filamentation, micro-engineering 

of materials  [20,22,69–71] optical micromanipulation  [15], high-power terahertz 

generation [72,73]. 

    In applications, like the ones above, a critical parameter is the peak intensity at the focus and 

the size of the voxel. A straightforward way to increase the focal intensity is to decrease the voxel 

volume, and in the case of ring-Airy beams this can be achieved by simply decreasing the physical 

dimensions of the beam. Though, there is a physical lower limit beyond which one would normally 

expect non-paraxial propagation degrading the abrupt autofocus of these paraxial beams. In this 

context, the focal volume would gradually increase, while the peak intensity would decrease in a 

monotonic fashion.  

    Here, we show that there exists a regime where the non-paraxial energy flow works in a 

constructive way enhancing the paraxial abrupt autofocus, resulting in a strong enhancement of 

the peak intensity at the focus, while reaching spatial confinement approaching the wavelength 

limit. We study the nature of this effect through experiments and numerical simulations. We show 

that it is a result of the cooperative action of the paraxial and non-paraxial propagation. In addition, 
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we provide an analytic prediction of the parameters’ range over which this exciting behavior can 

be obtained. Our theoretical predictions confirm the experimentally measured distribution of the 

peak intensity contrast as a function of the primary ring-Airy beam dimensions. All these findings 

which are being demonstrated in Chapter 7 are included in the following published articles:  

 

1) Maria Manousidaki, Vladimir Yu. Fedorov, Dimitrios G. Papazoglou, Maria Farsari, and 

Stelio s Tzortzakis, "Ring-Airy beams at the wavelength limit," Opt. Lett. 43, 1063-1066 (2018).  

2) Maria Manousidaki, Vladimir. Yu. Fedorov, Dimitrios. G. Papazoglou, Maria Farsari, and 

Stelios Tzortzakis, "Advanced Multiphoton Polymerization using Tunable Shaped Laser 

Wavepackets," in Frontiers in Optics / Laser Science, OSA Technical Digest (Optical Society of 

America, paper FM4B.4,(2018). 

3)Maria Manousidaki, Vladimir Yu Fedorov, Dimitrios G Papazoglou, Maria Farsari, Stelios 

Tzortzakis, “Ultrashort ring-Airy laser beams for advanced materials engineering”, SPIE 

proceedings, to appear (2019). 

 

 

7.2 Experimental Demonstration 

 

Purely non-paraxial abruptly autofocusing beams with pre-engineered trajectories, have been recently 

reported  [74,75]. Such beams present enhanced intensity contrast compared to their paraxial counterparts, 

which is though the result of the beam trajectory engineering. This is fundamentally different from our 

study, where the enhancement is a result of a cooperative action of the paraxial and non-paraxial energy 

flow.  

  As we have mention in previous chapters, the cylindrically symmetric  [11,12] ring-Airy beam distribution 

is described by:  [16,19,20,22]  

                                           ( ,0) ( )exp[ ( )]r r r ro ou r Ai ao w w
− −= ⋅                                                          (1) 

where Ai (∙) denotes the Airy function, r is the radius, ro and w are the primary ring radius and width 

parameters, and α is the exponential truncation factor. Likewise the radius of the primary ring is then given 

by ( ) ( )R s r wo o≅ + , while its full width at half maximum (FWHM) is  =2.28w   [16]. The beam 

autofocuses, following a parabolic trajectory, at a distance fAi, which at low input powers (below the critical 

for nonlinear self-focusing) [22,69]  is given by: 
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                                                  3/2 1/24 ( )Ai of w r wπ
λ

≡ +                                                        (2) 

Clearly, by reducing either w or ro, or both, we can decrease the focusing distance fAi resulting in a tighter 

focal voxel  [16,19,20]. There are several ways to achieve this, either by scaling  [19,75] the phase 

distribution of the spatial light modulator (SLM) that is used in their generation, or by optical means using 

4f optical systems [22]. In order to achieve a large dynamic range for the values of w and ro parameters we 

combined both approaches.  

 

We experimentally generated ring-Airy beams using a Fourier Transform approach, described in detail 

in [19]. In short, the phase of a Gaussian beam is spatially modulated and then Fourier Transformed (FT) 

by a lens. Fig. 7.1 shows the experimental set-up used for the ring-Airy beam generation. A CW laser 

(800nm) was used as a light source and a phase only reflecting SLM (Hamamatsu LCOS-X10468-2) was 

employed for the phase modulation of a Gaussian beam, which was Fourier transformed by a 400mm lens 

(FT lens). The ring-Airy distribution was generated in the Fourier Transform plane (FT plane) of the lens 

after blocking the zero order. Next, in order to scale down the obtained ring-Airy distribution, a 4f optical 

 

Figure 7.1| Experimental setup. (a) FT lens (400mm); f (200mm, 300mm); Obj. (Microscope 

objective, 20x or 40x); fAi: effective focal length of the ring-Airy (b) Radially averaged experimental 

intensity profile of the ring-Airy beam (w=1.7μm) as captured by the CCD camera at the Fourier 

Transform plane (blocked zero order) (c) typical I(x,z) cross sectional experimental intensity profile 

of a scaled down ring-Airy. 
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system configuration (Fig. 7.1(a)), using two lenses, was incorporated. In the 4f  system, a lens of focal 

distance f  (200mm or 300mm) was combined with a 20x, 0.4 NA (or a 40x, 0.65 NA) microscope objective 

lens. The scaled down ring-Airy beam is then formed at the FT plane of the microscope objective (marked 

as P in Fig. 7.1). The propagation of the experimentally generated scaled down ring-Airy distribution was 

recorded using a CCD camera (14 bit). Fig. 7.1(b) shows a typical intensity profile of the scaled down ring-

Airy, as captured on plane P. Fig. 7.1(c) presents a typical cross-sectional intensity profile of the 

propagation of a scaled down ring-Airy beam. The parabolic trajectory of the primary ring as the beam 

autofocuses is also observable. Using various lens combinations in the 4f system we achieved a shrinking 

of w and ro, by 24, 32, 44 and 68 times. The initial ring Airy beam parameters were: w=56μm and 

ro=822μm. Thus, for example, in the case of the 300mm lens in combination with the 20x objective lens w 

and r0 were reduced to 1.7 μm and 25.7 μm respectively. 

 
 

 

7.3 Reduced –in-size Ring Airy beams at the wavelength limit from paraxial 

to nonparaxial propagation regime 

 

  The intensity contrast distributions of experimentally generated ring-Airy beams along the 

propagation axis are presented in Figure 7.2. The intensity contrast Ic is defined  [16,19] as the 

ratio of the peak intensity along the propagation to the peak intensity on the generation plane, 

max max( ) / (0)≡cI I z I . 

The characteristic ring-Airy asymmetric intensity profile before and after the focus, as well as the abrupt 

intensity increase near the focus position are clearly visible for the curves (b), (c) and (d).  We can see that 

as the ring-Airy is decreased in size, an unexpected fourfold increase, reaching values of ~450, of the 

intensity contrast at the focal position is observed. Further shrinking results to a monotonic decrease of the 

intensity contrast and degradation of the Airy distribution.  In this regime, as expected, the paraxial ring–

Airy breaks down and the propagation is controlled by non-paraxial diffraction. On the other hand, the 

strong enhancement of the peak intensity at the focus is rather counterintuitive, since in the paraxial regime 

spatial scaling leads to a scaled self-similar propagation and in the non-paraxial regime the ring-Airy is 

expected to break down. 
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Figure 7.2| On-axis intensity contrast 0Im ax( z ) / Im ax( )  of experimentally generated scaled down ring-Airy 

beams of various primary ring width w parameters. 

 

 

In Fig. 7.3 the I(x, z) cross sectional intensity profiles of the scaled ring-Airy beams presented in 

Fig.7.2, are illustrated. These normalized intensity distributions were retrieved by synthesizing I(x, 

y) cross sectional intensity profiles, as captured by the CCD camera, along the propagation axis. 

For all cases (a-d), the characteristic accelerating abrupt autofocusing behavior is clearly visible. 

Noticeably, even the case of the highest spatial compression, shown in Fig. 7.2 (curve (a)), exhibits 

a parabolic trajectory and autofocusing properties. However, a closer look at its intensity 

distribution along the propagation discloses a clear deviation from the typical on-axis ring–Airy 

distribution. 
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Figure 7.3| Cross sectional normalized intensity profiles along the propagation axis for the four 

experimentally generated ring-Airy beams presented in Fig. 2. (Each profile is normalized to its peak 

intensity.) 

 

 

A more detailed view of the effect can be seen in Fig. 7.4 where the maximum intensity contrast 

Ic as a function of the primary ring width parameter w, is presented.  To further extend the range 

of w and ro, parameters, we have appropriately scaled the phase masks of the SLM. In Fig. 7.4, w 

is varied from 1 μm to 12 μm. As the primary ring is reduced in size, Ic increases reaching a peak 

value exceeding 450, while it decreases under further shrinking. Furthermore, at this optimum 

peak intensity contrast, the focus dimensions were 0.95 μm (~ 1.2 λ) in width and 10 μm (~12.5 

λ)   in length (FWHM). This results to a focal volume aspect ratio (A.R.) of ~10, which is more 

than 10 times smaller compared to the ring-Airy beams studied in  [20]. To our knowledge, these 

are the smallest focal volume aspect ratios reported to date for experimentally generated ring-

Airy beams. 
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Figure 7.4| Maximum intensity contrast as a function of the primary ring width factor w (μm).(●) 

Experimental values. 

 

 

 

7.4 Coherent constructive action of Paraxial and Nonparaxial energy flow 

 
To understand the origin of this enhancement we have performed detailed numerical simulations 

of the beam propagation. In the simulations, we can selectively isolate paraxial and non-paraxial 

components, by numerically filtering the spatial spectrum of the beams. The limit of non-

paraxiality can be introduced through the numerical aperture NA since k NA k⊥ = ⋅ , where ,k k⊥  are 

respectively the wavenumber and its transverse component. The non-paraxial components 

correspond to npk NA k⊥ ≥ , where 0.4npNA ≅  is the typical non-paraxiality limit  [76]. 
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Figure 7.5| Numerical simulation results of three different ring Airy beams of varying values of the width 

parameter w: 1.2, 1.4, 1.6μm respectively, revealing the contribution of paraxial and non-paraxial 

components. Top: (a-c) Intensity distribution of the ring-Airy beams at FT plane. Bottom: (d-f) on-axis 

intensity distribution of the ring Airy beams along the propagation axis. 

 

 

In Fig. 7.5 simulations of three cases of ring-Airy beams of varying width parameters are presented. It is 

clear that, under certain conditions, the non-paraxial components constructively interfere and enhance the 

abrupt autofocus of the ring-Airy beam Since the contribution of the paraxial and non-paraxial components 

is separately shown in each case, one can easily observe the dramatic effect of their cooperative action for 

w=1.4 μm. In this case, the focus of the non-paraxial component coincides in space with the paraxial one, 

leading to a strong enhancement of the peak intensity. This spatial overlap happens for a narrow window 

of initial parameters as we will see in the following. 
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Figure 7.6| Simulation and experimental results of the normalized maximum intensity contrast 

as a function of the primary ring width w and radius ro. Solid lines: prediction of the theoretical 

model (eq. (4)). Dots: Experimental values. Color map represents the maximum intensity 

contrast. 

 

Fig. 7.6 presents the results of our numerical simulations together with experimental data of the normalized 

maximum intensity contrast as a function of the primary ring width w and radius ro. A clear zone of peak 

intensity enhancement is unveiled. It is interesting to note that the contrast enhancement is observed for a 

quite narrow range of w values, about one wavelength wide. 

 

7.5 Theoretical Model: Parameters Range over Intensity contrast 

enhancement 
 

Further to our simulations, we can predict this counterintuitive behavior using a simple analytic 

approach. The intensity variation of a ring-Airy, depicted graphically in Fig. 7, can be well 

approximated [77] by a chirped sinusoidal function: 3/2 1/4sin(2 / 3 / 4) / ( )x xπ π+ , where 
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( ) /x r r wo= − . Using this approximation, we can estimate the phase variation and thus the 

corresponding wavefront tilt ( )rϕ for such a beam. 

 

 

Figure 7.7| Graphical representation of the correlation between the sinusoidal variation of 

the intensity and the wavefront tilt leading to non-paraxial propagation. 

 

 

As shown in Fig. 7.7, as the radius is increased, so is the wavefront tilt, and the corresponding transverse 

component ⊥k of the wavevectork . Following the previous discussion, we consider the propagation as non-

paraxial when npk NA k⊥ ≥ , since ⊥k is not anymore negligible compared tok . Interestingly, the oscillatory 

nature of the beam profile allows us to link every point with radius r to a specific transverse wave vector 

k⊥  (see Fig. 7.7). Since the beam is cylindrically symmetric, these non-paraxial components form a 

conical-like wavefront that through interference will generate a focus on the optical axis located at

~ / ( / )r d drϕ . Considering only the radial components that are in the limit of non-paraxiality the position 

of this non-paraxially originated focus can be shown to be at:             

 

                                       2 3 o
np np

np

r
f NA k w

NA
= +                                                          (3) 
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By setting this focus to coincide with the abrupt autofocus of the paraxial components ( Ai npf f≡ ), we can 

derive the parameters range where contrast enhancement can be observed: 

 

                                     
2 2 3 22o np npr NA k w NA k w= −                                            (4)  

 

The effectiveness of this simple model to predict the narrow range of parameters under which this coherent 

enhancement takes place is shown in Fig. 6. The solid line represents the prediction of our model (eq. 4), 

which nicely agrees with both the numerical results as well as the experimental data.  

   Concluding Chapter 7, reduced in size abruptly autofocusing ring-Airy beams were experimentally 

generated covering all the range from the paraxial to the non-paraxial propagation regime. We have 

unveiled that between the paraxial abrupt autofocusing behavior and the non-paraxial breakdown of these 

beams there exists a region of coherent constructive action of paraxial and non-paraxial energy flow. In this 

region, the intensity contrast is strongly enhanced leading to a very intense abrupt autofocus. Detailed 

numerical simulations confirm nicely these results, while we also devised a simple analytic model for 

predicting the parameters’ range where this effect takes place. These findings set a milestone for 

applications of precise energy deposition, like for instance in materials processing. The already unique 

advantages offered by the properties of autofocusing ring-Airy beams can now be extended to significantly 

smaller feature sizes, beyond the non-paraxial limit of these beams. 
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CHAPTER EIGHT                                                              Voxel Scaling Study: 

Long-scale Multiphoton Polymerization voxel growth 

investigation using asymmetrically Engineered Bessel beams   

 

8.1 Introduction 
 

    Chapter 8 is focusing on the action of Exposure time and Peak Intensity on the growth of long-

scale focal volumes in Multiphoton Polymerization. Using modified engineered Bessel beams, the 

effects that rise during the voxel growth are explored, while a counterintuitive action of the 

expected expansion of the polymerized volumes which is revealed for a specific range of Peak 

Intensities is presented. A regime where the higher exposure time (number of pulses) creates 

shorter polymerized strings in comparison to lower number of pulses is showed, and the 

polymerization thresholds are determined. 

     As is already described, Multiphoton Lithography  [62,63] is an exceptional technique for the 

fabrication of complex high resolution 3D objects. When the beam of an ultrafast laser is tightly 

focused into the volume of a transparent, photosensitive material, the polymerization process can 

be initiated by non-linear absorption within the focal volume pixel (voxel)  [30–32,78]. By point-

by-point scanning the voxel in space, following a path derived from a computer designed 3D 

model, one can thus create arbitrary 3D structures. This powerful technique has found numerous 

applications in fields such as micro-optics  [33,34], metamaterials   [35], photonic 

crystals  [36,37], microfluidics  [38], biomedical implants  [39] and 3D scaffolds for cell culture 

and tissue engineering  [40].   

    Recently there is an increasing interest for rapid fabrication, parallel processing and 3D printing 

technology involving the fabrication of high aspect ratio (AR) structures. Several techniques 

including multi-beam focus [56], holographic lithography  [57] or the use of shaped laser beams 

like Bessel, vortex or ring-Airy beams  [2,7,48-49] are employed for this purpose. For Direct Laser 

Writing (DLW) to advance in this fabrication regime, a better understanding on the single voxel 

properties and their correlation to the initial conditions is essential. However, along this direction, 

the majority of the studies have been performed only for low aspect ratio (AR<10), micron scaled, 

voxels  [79,82–85]. 
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   In what follows, we report on the growth of long, tens of microns scaled, high aspect ratio 

(AR>40) multiphoton polymerized voxels as a function of exposure time and pulse peak intensity. 

Using a Bessel beam, with engineered asymmetric on-axis distribution, for the multiphoton 

polymerization (MPP), we reveal the scaling laws that relate the initial parameters to the 

polymerized voxel physical dimensions. We show that for a specific range of peak intensities in 

contrast to the expected behavior, the voxel size decreases, instead of increasing, as the exposure 

time (number of pulses) is increased.  

All the findings which will demonstrated in Chapter 8 are included in the following published 

article: Maria Manousidaki, Dimitrios G. Papazoglou, Maria Farsari, and Stelios Tzortzakis, 

"Long-scale multiphoton polymerization voxel growth investigation using engineered Bessel 

beams," Opt. Mater. Express 9, 2838-2845 (2019) 

 
 

8.2 Experimental Demonstration 
 

Generation of the Engineered Bessel beams 

    As we have already reported in previous chapters, Bessel beams are nondiffracting beams that 

invariantly maintain their transverse intensity profile along the propagation direction [23]. Bessel 

beams have a conical wavefront and can be easily generated by shaping the phase of a Gaussian 

beam with the use of an axicon   [25] or a Spatial Light Modulator (SLM) [26]. The required phase 

to generate a Bessel beam is given by [27] 𝜑𝜑(𝑎𝑎) = − (2 𝜋𝜋 𝜆𝜆)⁄ tan(𝛾𝛾) 𝑎𝑎, where r is the radius, λ is 

the wavelength, and γ is the Bessel cone angle. We note that Bessel beams have already been 

employed in DLW by MPP [25,26]. Here, we are not interested in the invariant propagation of the 

Bessel beam itself, but on the ability to engineer the dependence of the FWHM longitudinal length 

of the focal intensity distribution to the peak intensity or total power of the beam. Since the 

physical dimensions of the polymerized voxel, are related to this distribution we can achieve a 

smooth size transition as the peak intensity or the exposure time is varied. To achieve that, we 

properly engineer the Bessel distribution along the propagation axis creating an asymmetry at its 

axial extent as shown in Fig. 8.1(iii). To achieve this asymmetric intensity distribution, an extra 

quadratic phase, equivalent to the action of a spherical lens, is added on the conical phase mask 

applied to the Spatial Light Modulator (SLM), thus the required phase modulation now 

becomes: 𝜑𝜑(𝑎𝑎) = − (2 𝜋𝜋 𝜆𝜆)⁄ (tan(𝛾𝛾) 𝑎𝑎 + 𝑎𝑎2/𝑅𝑅), where R is the radius of curvature we add on the 
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conical phase distribution. Taking into account that MPP is actually a threshold process, 

polymerization can take place only at areas where the intensity I is high enough so that Iκ > C, 

where κ is the order of the multi-photon polymerization process and C is a constant. Thus, control 

of the intensity enables progressive tuning of the polymerization threshold and scaling of the 

asymmetric Bessel focal volume range dimensions (see schematic illustration of the square of 

Intensity distribution I2 in Fig. 8.1(iii)). 

 

 

 

Figure 8.1| Experimental setup. f (300mm); Obj. (Microscope objective, 20x NA=0.4); (i) 

Typical SLM conical phase mask used. (ii) Experimental Intensity I2 distribution of the 

engineered Bessel beam along propagation as captured by a CCD camera in air after the 

objective lens. Bessel zone length 130μm (FWHM); (iii) Schematic representation of the 

engineered Bessel beam normalized intensity I2 distribution inside the volume of a 

photoresist droplet on a cover glass substrate. (iv) Intensity distribution I2 (x-y plane) of the 

Bessel beam at the focus. Focal Spot size (FWHM) 1.8μm. 

 

  Asymmetrically engineered Bessel beams were experimentally generated using the experimental 

setup described in Figure 8.1. The phase of a Gaussian beam was spatially modulated using an 

appropriate, as described above, conical phase mask applied on a Hamamatsu LCOS-X10468-2 
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phase-only reflecting spatial light modulator (SLM), generating the designed engineered Bessel 

distribution. A Ti:Sapphire femtosecond laser (800 nm, 35 fs, 1kHz) was used as a light source. In 

order to adapt to the MPP application, the generated Bessel beam was further reduced in size, by 

M=32 times in the x-y plane, using a 4f optical system composed by a 300 mm lens and a 20x 

(NA=0.4) microscope objective. The experimentally generated Bessel beam propagation was 

studied using a compact microscope imaging system coupled with a linear 14-bit charge-coupled 

device (CCD) camera. Figure 8.1(i) shows a typical two-dimensional phase mask used for the 

phase modulation of the Gaussian beam. The square of the intensity distribution I2 along the 

asymmetric Bessel beam propagation axis (z) can be seen in Fig. 8.1(ii), as synthesized by multiple 

cross-sectional CCD images (taken at different z positions in air). The values of I2 represent better, 

compared to the intensity I, the conditions under which the two photon polymerization process 

takes place inside the material.   From these images, the longitudinal focal range at the FWHM of 

the Bessel distribution along the propagation was measured to be 130 μm. A schematic 

representation of the engineered Bessel beam normalized intensity distribution I2 inside the 

volume of a photoresist droplet on a cover glass substrate is shown in Fig.8.1 (iii) while the 

intensity distribution of the Bessel beam cross-section focus in the x-y plane is shown in Fig.8.1 

(iv), with the measured focal spot size at FWHM to be 1.8μm. For the multiphoton polymerization, 

the modified Bessel was let to interact with the photosensitive material (SZ8020). Samples of the 

photosensitive materials were prepared by drop-casting onto 100 μm thick salinized glass 

substrates. After polymerization, the samples were immersed in an appropriate development 

solvent and the non-polymerized material was washed away to leave the free-standing voxels. A 

4-methyl-2-pentanone mixed with iso-propanol in 1:1 volume ratio solution was used as a 

developer. The polymerized voxels were studied by Scanning Electron Microscope (SEM) after 

being coated with a thin gold layer through sputtering.  Taking into account the transmissivity of 

our optical system, the amount of energy corresponding to the central Bessel lobe at the focus was 

determined in order to estimate the nominal pulse peak intensity Ipeak. Also, using a shutter 

(Uniblitz VS25, min. exposure time 6 msec), the number of pulses during exposure was controlled, 

while the beam was attenuated using a rotating λ/2 plate followed by a GLAN prism placed before 

the SLM. 
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8.3 Multiphoton polymerization of Scalable focal volumes using Αsymmetrically 

engineered Bessel beams 

 

Long-scale multiphoton polymerization voxel growth 

 

 
 

Figure 8.2| SEM images of the polymerized voxels using engineered Bessel beams. (a) - (d) Voxels 

fabricated using Ipeak=20TW/cm2 (dashed arrows show the voxel diameter broadening direction and range 

of extension in respect to number of pulses), and (e)–(h) Ipeak =31 TW/cm2, for 1000, 600, 60 and 8 number 

of pulses. Scale bars are showing the measured lengths along the voxel’s longitudinal structure. (i)-(j) 

SEM images of the whole sample at 45o view and vertical side view. The directions of the Intensity 

increase, pulses number decrease and light propagation direction are shown by the respective arrows. 

 

     Figure 8.2 shows Scanning Electron Microscope (SEM) images of polymerized voxels 

fabricated using the engineered Bessel beams of various exposure times and peak intensities. 

Furthermore, for each case of peak intensity value, voxels created by different number of pulses, 

from 6 to 1000 (6 msec to 1sec exposure), are presented too. Voxels fabricated using peak 

intensities Ipeak varying from 8 to 42 TW/cm2 (~ 0.17 μJ to 0.90 μJ pulse energy measured after the 

SLM) are presented in Fig.8.2 (i,j). The values of voxel width and length were varied between 1.8 

– 24.6μm and 45 - 167μm respectively, depending on the intensity and exposure time during 

polymerization. Figure 8.2(a)-(d) presents selected examples of voxels fabricated using Ipeak= 20 

TW/cm2 and (e)–(h) Ipeak= 31 TW/cm2, for exposure with 1000, 600, 60 and 8 pulses. SEM images 

of the whole sample at 45o view and vertical side view can be seen in Fig.8.2 (i) and (j) 

respectively. The directions of the intensity increase, pulse decrease and light propagation 

direction are shown with the respective arrows.  From Fig.8.2 (j) we can clearly observe that the 

Ipeak = 20 ΤW/cm2 Ipeak = 31 ΤW/cm2
Pulses

1000

600

60

8

(a)

(b)

(c)

(e)

(f)

(g)

(h)

(d)

Intensity Increase
Glass Substrate

(i)

(j)

Beam 
Direction

96 
 



length of the polymerized voxels becomes longer with the increase of peak intensity. In addition, 

as will be discussed later, for high intensities, an increase of the number of pulses leads to increase 

of the polymerized voxel length and width dimensions. For the case of Fig. 8.2(a)-(d) though, we 

observe a counterintuitive action, the length of polymerized voxels decreases with the increase of 

exposure time, while the diameter follows the expected monotonically increasing behavior as the 

number of pulses is increased. It is characteristic that comparing case 8.2(d) and 8.2(c), the 

photopolymerization grows radially starting from the end of the string. For a higher number of 

pulses, this broadening appears earlier and nearer to the glass substrate, while at 1000 pulses it is 

extended over the whole length. The dashed arrows in Fig.8.2 (a)-(c) show the direction and 

extension range of the voxel diameter broadening effect in respect to the number of pulses, while 

the scale bars are showing the measured lengths along the voxel’s longitudinal structure . 

 

8.4 Scaling laws of high Aspect Ratio Voxels 
 

 

In Figure 8.3 the polymerized voxel lengths as a function of the number of pulses are presented 

for various Ipeak values. Successive pulses with numbers ranging from 6 to 1000 were used for the 

fabrication of the voxels. Figure 8.3(b) shows a detailed view of the dashed area (<300 pulses) of 

Fig. 8.3 (a). We observe that for more than 100 pulses (> 100 msec exposure time), the polymerized 

 

 

Figure 8.3| (a) Voxel Length as a function of the number of pulses (6 to 1000 pulses) that irradiate the sample. 

(b) Inset of the dashed area of figure (a). For a number of pulses higher than 100 (more than 100msec) 

saturation of the polymerized volume length is observed. 

(a) (b)
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voxel length remains almost invariant. On the other hand, for the first 100 pulses, the length 

gradually increases before reaching a saturation value. This behavior is expected since this time 

window corresponds to the required time for the completion of the polymerization reactions, 

stabilization of the radical’s distribution and monomer to polymer transformation before 

saturation  [82,85]. 

 

  

 Likewise, Fig. 8.4 presents the polymerized voxel widths of various Ipeak values as a function of 

the number of pulses. For low intensities, and for more than 100 pulses (exposure >100 msec) the 

voxel width practically saturates. On the other hand, for Ipeak higher than ~24 TW/cm2, the voxel 

width monotonically increases by successive pulses. Moreover, for the first 100 pulses, the 

behavior is not stable. A rapid increase of the voxel width, followed by a decrease and then a 

saturation to a lower value as the number of pulses increases is observed. We believe that this 

behavior is related to the time window parameter range which is relevant to the monomer to 

polymer transformation times, similarly to what we observed for the voxel length case for the same 

time range in Fig. 8.3. 

The increase of the physical dimensions of the voxel with exposure time (or pulses), can be 

explained as follows: Polymerization is initiated first in regions of intense illumination, so the 

lateral dimension of the voxel is smaller than that of the optical beam. Light scattering and the 

diffusion of free radicals beyond the illumination region contribute to the further increase of the 

voxel diameter. At longer exposure times, newly produced radicals will diffuse either away from 

 

 

Figure 8.4| (a) Voxel width as a function of the Number of Pulses (6 to 1000 pulses). (b) Inset of the dashed 

area of figure (a).  

(a) (b)
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the focal spot or towards the existing voxels depending on their locations. As a result, 

photopolymerization is initiated at the boundaries of the existing polymerized structure, 

broadening thus the voxel dimensions. 

  
 

 

 

 

Figure 8.5| Polymerized Voxel Width (a) and Voxel Length (b) as a function of the pulse peak Intensity for 1sec 

to 10msec exposure time. 

 

 

   The voxel width and length as a function of Ipeak values are presented in Fig. 8.5, for different 

number of pulses exposure, from 1000 to 10 pulses. In the case of Fig.8.5 (a) where the voxel 

width is presented as a function of the intensity, we observe, as expected, that the voxel diameter 

increases with increasing intensity for all exposure times. Likewise, in Fig.8.5 (b), where the voxel 

length is presented as a function of the intensity, we observe that for Ipeak above ~31 TW/cm2, 

increasing number of pulses results to longer voxels, while for lower powers  (shown as region (ii) 

in Fig. 8.5(b)) the increase of exposure time creates shorter voxel lengths. Thus, it appears that the 

peak intensity of Ipeak ~ 31 TW/cm2   corresponds to a switching point of this complex scaling 

behavior.  

In order to understand the origin of this peculiar behavior observed for the intensity zone (ii) in 

Fig. 8.5(b), we must examine the intrinsic physical events that take place during polymerization 

and influence the growth of such long volumes. As the intensity increases the index of refraction 

of the medium [86] also increases through the nonlinear index leading to self-focusing. The 
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nonlinear induced lens-like index profile will self-focus primarily the central part of the beam 

which will lead to waveguiding effects and finally to the extension of the voxel length beyond the 

limits imposed by the linear intensity profile through the material. In the case of successive pulses, 

the refractive index changes at the center quickly saturate, preventing the longitudinal extension 

of the voxel caused by waveguiding. This reduces the strength of the self-focusing and the beam 

power is now distributed over the entire cross-section of the effective waveguide, creating a shorter 

and wider polymerized voxel. As the tails of the optical field guided by this effective waveguide 

extend beyond its core, the photopolymerization is initiated at the boundaries which broadens the 

polymerized voxel diameter. After the switching point at ~ 31 TW/cm2 (Fig.8.5(b), zone (iii)), the 

intensity is high enough to rapidly create, i.e. in 10 pulses, quite long voxels which will 

monotonically extent, both in the lateral and longitudinal direction in response to successive 

pulses. It is worth noting that the observed switching intensity corresponds to the one of intensity 

clamping observed in the filamentation of ultrashort laser pulses in dense media  [22]. When this 

intensity is reached, the intensity in the filamentary propagation cannot attain higher values, 

because of dynamic balance with nonlinear defocusing from electrons plasma. Thus, as the input 

power is further increased the filamentary zone, and the polymerized one as well, is increased 

rather than obtaining higher intensities.  

 

The polymerized voxel length and width as a function of intensities for the lowest time of exposure, 

T = 6 msec (6 pulses), employed for fabrication, is presented in Fig. 8.6(a). From Fig. 8.6 we can 

identify the polymerization threshold for Tth= 6 msec at Ipeak=14 TW/cm2. For this threshold, the 

polymerized voxel was measured to be 76 μm in length and 1.8 μm in width, resulting in aspect 

ratio AR = 42. Figure 8.6(b) shows the voxel length and width as a function of the number of 

pulses for the previous threshold intensity. However, if we take into account the width and length 

instabilities which are revealed in Fig. 8.4 and 8.5 for the first 100 msec, which is the time required 

for polymerization reactions completion, we can set the time threshold to be TTh = 100 msec at 

Ipeak= 8 TW/cm2, where L.=56 μm, W= 2.2μm,  AR~ 25 (Fig. 8.3 & 8.4). Moreover, after the 100 

msec exposure, the voxel length and width is found to saturate or gradually increase. Based on the 

above we can safely assume that the stabilization of the polymerization system sets a lower 

boundary to the range of exposure times (or number of pulses) to use for reliable results in the 

polymerization process. 
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Figure 8.6| (a) Polymerized voxel length (solid black line) and width (dashed blue line) as a function of Ipeak for the 

lowest exposure time threshold TTh =6msec. (b) Polymerized Voxel length (solid black line) and width (dashed blue 

line) as a function of the number of pulses for IPeak = 14 TW/cm2 (). 

 

 

 

    Summarizing Chapter 8, we have demonstrated the growth scaling laws of high aspect ratio 

polymerized voxels with respect to initial conditions of intensity and exposure time. 

Asymmetrically engineered Bessel beams were experimentally generated for the multiphoton 

polymerization of scalable focal volumes in a photosensitive material. We observed that for a 

number of pulses higher than 100 (exposure > 100msec) both the length and width of the 

polymerized volume remain almost invariant or monotonically increase, while for the first 

100msec exposure time, instabilities for both cases were present due to the requirements for 

polymerization reactions completion. In addition, a counterintuitive action of successive number 

of pulses to the longitudinal extension of the polymerized volumes was revealed for a specific 

range of Peak Intensities and the regime where the higher exposure time can create shorter 

polymerized strings, in comparison to a smaller number of pulses, is shown. Finally, the 

polymerization thresholds were determined. 

 

 

 

 

(a) (b)
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CHAPTER NINE                                   3D Holographic Light Shaping for     

Advanced Multiphoton Polymerization 

 

 

9.1 Introduction 
 

In Chapter 9 a three-dimensional holographic focal volume engineering method is proposed, 

demonstrated and employed for advanced Multiphoton Polymerization. A bundle of point sources 

are accurately positioned in space according to a designed geometry using Holographic Light 

Shaping, and through all-optical micro- displacement  in space they lead up to the realization of 

complete 3D arbitrary structures. The microstructures fabricated by Direct Laser Writing without 

additional optical or mechanical motion support, while the method provides 20-times faster 

fabrication time in comparison to point-by-point laser polymerization techniques.    

   Multiphoton Lithography  [62,63] is an exceptional technique for the fabrication of complex 3D 

objects with nanoscale precision. As we have already mentioned, in Direct Laser Writing (DLW) 

by Multiphoton Polymerization (MPP) the beam of an ultrafast laser is tightly focused into the 

volume of a transparent, photosensitive material, and the polymerization process can be initiated 

by non-linear absorption only within the focal volume pixel (voxel)  [30,32,78]. When the voxel 

is scanned in space in a point-by-point configuration, following a path derived from a computer 

designed 3D model, arbitrary 3D structures are created. This powerful technique has found 

numerous applications in fields such as micro-optics  [33,34], metamaterials  [35], photonic 

crystals [36,37], microfluidics   [38], biomedical implants [39] and 3D scaffolds for cell culture 

and tissue engineering [40].   

   Recently several modifications of the conventional laser fabrication DLW technique based on 

photopolymerization have been employed as a result of the increasing interest for rapid fabrication, 

parallel processing or 3D printing technology. Along this direction, fabrication techniques 

including multi-beam focus  [56], holographic lithography  [57], shaped laser beams  [20,56,80], 

multi-beam interference   [2,58] and focal beam engineering  [56,59,60,87,88] have been 

proposed. 

Here, we propose a versatile, scalable holographically assisted method in order to achieve three-

dimensional holographic engineering of the focal volume for advanced Multiphoton Polymerization. In 

particular, bundles of focal point sources that follow the design of a three-dimensional geometry are 

102 
 



holographically generated using a Spatial Light Modulator (SLM). Through an all-optical parallel process 

that involves sequential micro-displacements of the foci bundle we fabricate 3D arbitrary microstructures 

inside the volume of a photosensitive material. Speckle effects are suppressed by setting a  π phase 

difference between adjacent points, while in comparison to conventional point-by-point polymerization, a 

20-times faster fabrication time is obtained. 

All these findings which are being demonstrated in Chapter 9 will be included in the following 

article:  

 

o Maria Manousidaki, G. Papazoglou, Maria Farsari, and Stelio s Tzortzakis, "3D Holographic 

light Shaping for Advanced Multiphoton Polymerization", Optics Letters, in preparation, (2019). 

 
 

 

9.2 Experimental Demonstration 
 

    The proposed holographic fabrication method is based on the design and precise distribution in 3D space 

of multiple focal points that constitute a discretized light replica of the microstructure. This set of points is 

then holographically synthesized using a Spatial Light Modulator (SLM). Resolution, power limits and 

homogeneity issues lead us to use instead of a single hologram a set of holograms, each one generating a 

subset of the complete set of points that constitute the microstructure. By sequentially applying these 

holograms we generate multi-spots within a photosensitive material (SZ8020) [66] which as we will 

describe in detail latter, enables the fabrication of complete 3D structures by MPP. For the generation of 

holograms, the appropriate phase masks of the desired geometry are calculated and applied onto the SLM 

producing point sources positioned in space according to a designed geometry. The required phase is given 

by: 

                          
2 2(( ) ( ) )

( , )
2

i i
i

i

x x y y
x y k

z
− + −

Φ = −   ,                                                                (1) 

where (x, y, 0) are the coordinates on the SLM screen, (xi,yi,zi) are the coordinates of the point source, and 

k is the wavenumber. By sequentially applying Eq. (1) to the collection of points that describe the 

microstructure we can then evaluate their interference with a reference plane wave. This interference pattern 

constitutes the hologram that is then imprinted on a modulation device, like an (SLM) to holographically 

reconstruct point sources in 3D space. A problem encountered in this case is that interference effects 

degrade the resulting light distribution especially when the points are in close proximity to each other. 
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Likewise, as the number of points is increased this interference forms a background of speckles that further 

deteriorate the contrast of the reconstructed points, In order to eliminate this effect, we apply a π-phase 

difference between neighboring points so that they destructively interference. When applied to the whole 

set of points that constitute the 3D object, this approach suppresses efficiently the undesired speckle 

background. This enables us to simultaneously reconstruct up to 20 points sources making it possible to  

use this technique for rapid and parallel fabrication processing. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental realization of the multi-spots holograms is described in detail in Fig. 9.1. A Gaussian 

beam is spatially modulated using an appropriate, as described above, phase mask applied on a Hamamatsu 

LCOS-X10468-2 phase-only reflecting spatial light modulator (SLM), generating the properly designed 

multiple focal spots holographic distribution at a specific distance. A Ti:Sapphire amplified femtosecond 

laser system (800 nm, 35 fs, 50Hz) is used as a light source. In order to adapt to the MPP application, the 

holographically generated 3D light distribution is further reduced in size, by M=32 times in the x-y plane 

(M2 times in the longitudinal axis), using a 4f optical system composed by a 300 mm lens and a 20x 

 

 

Figure 9.1| Experimental setup. f (300mm); Obj. (Microscope objective, 20x NA 0.4); A Spatial Light 

Modulator is employed for the Phase modulation of a Gaussian beam and the generation of the desired 

chiral hologram at a specific distance. (i) Number of phase masks are consequently applied on the SLM 

screen for the fabrication of a complete chiral structure without the use of translation stages.  A 4f optical 

system is employed to reduce in size the hologram which was directly exposed into the volume of a 

photosensitive material (ii). 

Spatial Light Modulator

●
z

x

y

Mirrors f obj

800nm, 50Hz, 35 fs

20x / 0.4f=300mm

sample

photoresist

Hologram

4f System

Hologram

Direct fabrication of 3D Chiral Microstructure by 
sequential generation of holograms 

(i)

(ii)
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(NA=0.4) microscope objective. The experimentally generated hologram profile is studied using a compact 

microscope imaging system coupled with a linear 14-bit charge-coupled device (CCD) camera. Figure 

9.1(i) shows a typical collection of two-dimensional phase masks used for the modulation of a Gaussian 

beam, which are consecutively applied on the SLM. The succession of each generated hologram results to 

an integrated 3D geometry without the use of translation stages. A schematic illustration of a holographic 

reconstruction of a chiral shaped distribution inside the volume of a photoresist droplet on a cover glass 

substrate is shown in Fig. 9.1 (ii). For the multiphoton polymerization, the modified beam is let to interact 

with the photosensitive material (SZ8020).  The electronically addressed SLM is sequentially fed from a 

set of holograms, each one generating a subset of the complete set of points that constitute the desired 3D 

microstructure. Samples with the photosensitive material are prepared by drop-casting onto 100 μm thick 

salinized glass substrates.  Using a shutter (Uniblitz VS25), the exposure time is controlled, while the beam 

intensity can be adjusted using a rotating λ/2 plate followed by a GLAN prism placed before the SLM. 

 

9.3  Holographic Focal Volume engineering Method for advanced Multiphoton 

Polymerization 
 

 

 

Figure 9.2| (a) Graphical representation of the simultaneous displacement of point sources bundle 

Group 1 to positions of Group 2; (b) Chiral-shaped multiple-spots arrangement intensity distribution 

as captures by the CCD. 

 

 

(a) (b)
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     Figure 9.2(a) shows a graphical representation of the holographic multiple point sources method 

described above for 3D focal volume engineering and advanced MPP. This method permits the fine control 

of the position of up to 20 focal spots inside the volume of a photosensitive material without the use of any 

translation stages or Galvo mirrors.  By using focal voxel overlapping this discretization can then permit 

the rapid fabrication of 3D arbitrary microstructures by Direct Laser Writing. In particular, as is 

schematically described in Fig.9.1 (a), a number of focal point sources constituting the Group 1 (white 

dashed circles) are holographically simultaneously generated in a chiral shape formation. Then, all- 

optically by using another hologram, the reconstructed focal point sources Group 1 focal spots are properly 

displaced to the locations of Group 2 (yellow circles), following the designed path of the desired i.e. chiral 

structure. In this way, focal voxel overlapping can be achieved during polymerization, while the procedure 

can be repeated for a single or multiple iterations of set of masks. Thus, 3D microstructures by multiple 

holographical translated engineered focal point groups, are fabricated. It is important to mention that this 

all-optical technique seems to works well independently the structure’s geometry. Fig. 9.2(b) shows 

experimental intensity profile of the chiral multi-spots arrangement as captured by the CCD camera. 

 

 

Figure 9.3(a) demonstrates the principle of the optical micro-displacement as captured by the CCD camera. 

Three sequential frames that when combined describe a smooth S -shaped intensity distribution, with each 

frame being generated by a hologram that simultaneously reconstructs 20 point sources. Each hologram 

slightly displaces the point sources along the desired S-shaped distribution. The dashed lines are centered 

on the 1st point source.  Red circles are being used as a guide to the eye for visualizing the displacement of 

 

 

Figure 9.3| (a) Three frames of the same S-Shaped intensity distribution of 20 point sources for different 

displacements, (i)-(iii), as captured by the CCD camera. Dashed lines are centered on the 1st point source 

and red circles on the 10th one as a guide to the eye for visualizing the displacement.   From case (i) to (ii) 

the point sources have been displaced by 7.8μm along the S-curve. (b) Phase mask of the s-shape 

distribution. 

(i) (ii) (iii) (b)(a)
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the tenth focal spot from (i) to (iii).  From the frame (i) to (ii) the multi-spots have been displaced by 7.8μm 

along the S-shaped path.   A typical of this distribution is shown in fig. 9.3 (b). Each focal spot is measured 

to be 35μm long by 1.8μm wide, resulting to an aspect ratio of AR~ 19.  The big AR reduces the need of 

layering scan for specific type of designs.   
 

 

9.4 Advanced fabrication of 3D structures by holographic Direct Laser 

Writing 

 

 

 

3D Chiral structures fabricated by consequently generated holograms under all-optical fine control 

of the position of focal spots simultaneously generated in consecutive groups inside the volume of 

 

Figure 9. 4| 3-Layer 3D Chiral-structure fabricated by 51 S-Shape Masks. Each chiral layer is rotated by 22.2o 

in respect to the next one. The sample was exposed to each mask for 125ms and 3 times iteration of all masks 

was employed for higher fabrication quality. The  fabrication time 19 sec. 

(a) (b)

(c) (d)
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a photosensitive material are presented in Figure 9.4. The structure is composed by 3 layers of 

chiral-shaped geometry while, each chiral layer is shifted by 35μm in the z direction and rotated 

by an angle of 22.2o in respect to the neighbored ones resulting to a total 45o rotation of the whole 

structure. Every layer was directly fabricated through multiple sequential displacements of groups 

of point sources that constitute the desired geometry. By simultaneously reconstructing 20 point 

sources distributed along the S-shaped curve in space (fig. 9.3(b)) and accordingly displacing in 

each consecutive hologram, we achieve voxel overlapping. The fabrication of the complete 3D 

chiral structure was achieved using a set of 51 holograms. The medium was exposed to each 

hologram for 125 msec (8 frames/sec). Likewise, in order to average out the pulse to pulse intensity 

instabilities of our 50Hz laser system the whole process was repeated by three times reaching a 

total fabrication time of 19 sec.  Figure 9.5 illustrates the effect of the multiple iteration technique 

on the quality of a simple structure fabricated by the proposed holographic Direct Laser Writing 

method.  Compared to a conventional point-by-point polymerization technique the proposed 

holographic approach is by 20-times faster in fabrication time, an enhancement which is 

anticipated to be even better when the technique is used with high repetition-rate (MHz) laser 

sources. 

 

 

Figure 9.5| Effect of the multiple iterations technique on the quality of a simple structure fabricated by 

the proposed holographic Direct Laser Writing method. 

 
 

In Figure 9.6, high aspect ratio 3D Chiral-structures composed by 6 layers were fabricated by 

consequently generated chiral holograms. In this case, the interlayer rotation angle was 7.5o. Each 

layer was directly fabricated through multiple sequential displacements of the point sources 

creating the desired geometry. Again, each phase mask was composed by 20 point sources 

Single point sources 
rotation

Multiple point sources 
rotations
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distributed along an S-shape curve in space, which were then accordingly displaced to achieve 

voxel overlapping. The fabrication of the complete 3D chiral structure was achieved using a set of 

102 holograms.  For the structure depicted in Figure 9.6 (a-b) the interlayer distance is 30μm while 

for the case (c-d) is 28μm. The total height of the structure shown in Fig. 9.6 (a-b) is L=185 μm 

and for the structure shown in Fig.  9.6 (c-d) L=173μm. The medium was exposed to each 

hologram for 125 msec and the process was repeated again by 3 times. The total fabrication time 

in this case was 38.3 sec. 
 

 

 

 

 

Figure 9.6| 6-Layers 3D Chiral-structure. Each chiral-layer is rotated by 7.5o in respect to the neighbored 

ones and the whole structures was fabricated by 102 consequently generated phase masks. Each mask 

was used for 125ms and the total fabrication time of the 6-layers structure was 38.3 seconds. For the 

structures (a)-(b) the interlayer distance is 30μm while for the structures (c)-(d) is 28μm. The height of 

each layer was 35μm and the total length of the structure is L=185μm for (a, b) and L=173μm for (c, d). 

(c)

(b)

(d)

(a)
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Summarizing Chapter 9, In conclusion, a three-dimensional holographic focal volume 

engineering method was demonstrated and employed for advanced Multiphoton 

Polymerization.  By continuously feeding a set of complementary holograms on the SLM, 

precise positioning of multi-focus spots can be realized without additional mechanical 

moving parts. A great advantage of this approach is that the number of focal spots, the 

desired microstructure geometry, and the precise position in 3D space can be flexibly 

manipulated by dynamically controlling the phase masks applied on the SLM. Dynamic 

sequential and parallel displacements of the bundle of point sources along the path of the 

designed geometry, was employed for the creation of complete 3D arbitrary structures 

fabricated by Direct Laser Writing. The engineering method of the focal volume allowed 

a 20-times faster fabrication time in comparison to conventional point-by-point laser 

polymerization techniques. This all-optical method works well independently of the 

structure’s geometry for a variety of applications, while effectively multiple 3D 

microstructures of the same or different design can be simultaneously fabricated for 

parallel processing. 
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 PART III   | CONCLUSIONS 

 

In conclusion, this PhD Thesis focused on the investigation, generation and effective control  of a 

variety of novel laser beam shapes with remarkable optical properties, which then were employed 

for tailored laser micro-structuring of materials using Multiphoton polymerization by Direct Laser 

Writing. 

In particular, we have shown that the focus position of abruptly autofocusing ring Airy beams can 

be tailored to cover an extended range, maintaining at the same time an almost invariant focal 

voxel. The use of such beams in multi-photon polymerization allows an effective control of the 

optical working distance, and thus the polymerized structure’s height, by real-time computer con- 

trolled optical tunability of the characteristics of the ring Airy beam. Compared to other beams, 

such as Gaussian and Bessel beams, the ring Airy beams present a profoundly superior focal voxel 

control with respect to the positioning and shape. The present study sets a benchmark in the all-

optical control of multiscale laser material structuring.  

 In addition, reduced in size abruptly autofocusing ring Airy beams were experimentally generated covering 

all the range from the paraxial to the non-paraxial propagation regime. We have unveiled that between the 

paraxial abrupt autofocusing behavior and the non-paraxial breakdown of these beams there exists a region 

of coherent constructive action of paraxial and non-paraxial energy flow. In this region, the intensity 

contrast is strongly enhanced leading to a very intense abrupt autofocus. Detailed numerical simulations 

confirm nicely these results, while we also devised a simple analytic model for predicting the parameters’ 

range where this effect takes place. These findings set a milestone for applications of precise energy 

deposition, like for instance in materials processing. The already unique advantages offered by the 

properties of autofocusing ring-Airy beams can now be extended to significantly smaller feature sizes, 

beyond the non-paraxial limit of these beams. 

The thorough investigation of the growth scaling laws of high aspect ratio polymerized voxels 

with respect to initial conditions of intensity and exposure time was demonstrated. Asymmetrically 

engineered Bessel beams were experimentally generated for the multiphoton polymerization of 

scalable focal volumes in a photosensitive material. We observed that for a number of pulses 

higher than 100 (exposure > 100msec) both the length and width of the polymerized volume 

remain almost invariant or monotonically increase, while for the first 100msec exposure time, 

instabilities for both cases were present due to the requirements for polymerization reactions 
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completion. In addition, a counterintuitive action of successive number of pulses to the 

longitudinal extension of the polymerized volumes was revealed for a specific range of Peak 

Intensities and the regime where the higher exposure time can create shorter polymerized strings, 

in comparison to a smaller number of pulses, is shown. Finally, the polymerization thresholds were 

determined. 

Finally, a three-dimensional holographic focal volume engineering method was proposed and employed 

for advanced Multiphoton Polymerization.  By continuously feeding complementary holograms on the 

SLM, precise positioning of multi-focus spots can be realized without additional mechanical motion 

support. A great advantage of this approach is that the number of focal spots, the desired microstructure 

geometry, the rotating angle of the multi-spot pattern, and the translation of the hologram in 3D space can 

be flexibly manipulated by dynamically controlling the phase masks applied on the SLM. Dynamic 

sequential and parallel displacements of the bundle of point sources along the path of the designed 

geometry, was employed for the creation of complete 3D arbitrary structures fabricated by Direct Laser 

Writing. The engineering method of the focal volume allowed a 20-times faster fabrication time in 

comparison to conventional point-by-point laser polymerization techniques. This all-optical method works 

well independently of the structure’s geometry for a variety of applications, while effectively multiple 3D 

microstructures of the same or different design can be simultaneously fabricated for parallel processing. 

Our results of the tunable and precise deposition of high laser powers at remote locations will also 

have impacts on other fields of linear and nonlinear optics, such as filamentation, nonlinear wave 

mixing, and high-power terahertz generation. 

We believe that our results of the tunable and precise deposition of high laser powers with 

sculptured beam profiles at remote locations will also have impacts on other fields of linear and 

nonlinear optics.  
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