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Abstract 

Laser beam shaping is a process of redistribution of the irradiance and phase of optical 

radiation. By changing the irradiance and phase of the beam profile, we can also control 

the propagation of the laser beam. The optical beam control method is an important 

technique that is used in many different areas of research. The form of the laser beam 

usually corresponds to its irradiance profile, while the direction of the beam typically 

determines its propagation characteristics.  

Here in this thesis, we have presented both theoretically as well as experimentally the 

transformation of a Gaussian beam into a Laguerre Gaussian (LG) and Bessel beams by a 

phase-only liquid crystal spatial light modulator (LC-SLM) is based on the reflective beam 

shaping method. Where Computer-generated holograms can be used for shaping 

millimetre-wave beams and for producing complex field configurations. In accordance 

with the theory of energy conservation and constant optical path, the phase distribution can 

properly modulate the wave-front to generate the LG and Bessel beam. We have 

successfully generated the LG and Bessel beams and verified it with the interferometric 

setup using plane wave and spherical wave propagation as a reference beam. Our results 

are in nice agreement with the theoretical results. 

  

 

 

 

 

 

 

 

 

 



 
 

x | P a g e  
 

 

 

 

 

 

 

 

 

 



 

1 | P a g e  
 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 



Chapter 1: Introduction 

2 | P a g e  
 

1.1 Brief History 

The beam shaping dates back to the seventh century B.C, a long, interesting and 

controversial history, when people used magnifying glasses to direct sunlight on wood to 

ignite them [1]. The use of solar energy for heating, cooling and electricity production has 

been an ongoing interest [2]. Early thoughts of beam formation can be traced back to before 

the days of Archimedes and his burning glass [3, 4] when the application of optics was 

stated to maximize solar energy efficiency. The literature includes reports from a ranging 

number of optical systems in use as solar collectors [5-9]. Welford, and Winston have 

shown that non-imaging (non-focusing) optics used as solar collectors are well accounted 

for, including an ideal light collector [11, 12]. The differential equation approach was used 

by Burkhard and Shealy [13] to design a reflecting surface, which distributes the irradiance 

over the receiver surface. McDermit and Horton [14, 15] introduced a general technique 

for the design of a rotating symmetrical reflecting solar collector to allow the collector 

surface to be heated in a prescribed way. Beam shaping has also been used in opto-

electronics to achieve maximum power transfer between a micro-optics light source and an 

optical fiber [16, 17] in radiative heat transfer [18-20] in illumination applications [21-24] 

and for reflector synthesis. [25, 26].  It is very important that the target surface is uniformly 

illuminated for light applications with a laser beam, for example in holography, material 

processing and lithography. Optical devices were used to shape laser beam intensity 

profiles, based on reflective [14, 28, 29] and refractive [30-34] optical systems. McDermit 

and Horton also made a prescription for using a non-uniform input beam profile to use 

energy conservation within a bundle of rays to design rotationally symmetric optical 

reflection systems for illuminating a receiving surface. Two mirrors laser profile shaping 

system with rectangular symmetry was been designed by Malyak, Shealy and Chao [29]. 

In order to achieve a desired output intensity distribution and wave front shape, Kreuser 

[29] patented a consistent light optical System with the use of two aspherical surfaces. In 

order to calculate the form of two-aspherical surfaces on the lens system expands and 

converts the laser profile of the Gaussain to a collimated, uniform radiation beam, Rhodes 

and Shealy [32] derived the use of intensity and constantly optic path length conditions for 

differential equations. Two plano-aspherical lenses were designed, manufactured and used 

in the holographic projection system for laser beam shaping using their methods [35-37]. 

Hoffnagle and Jefferson [34] then introduced aspherical convex surfaces in order to make 

the output beam profile formation easy and continuously roll off of the output beam profile 
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to control the patterns of the remote diffraction in their design of the system to form a 

refractive laser beam. From early work by Frieden [30] and Kreuzer [31] in the 1960s, the 

optical construction of laser beam shaping systems has evolved considerably to the 

contemporary work of many of them [38-40]. Recent research has well expressed the aims 

of some technologies to shape the laser beams. Peace and Kreuzer tried to establish an 

optical system that would transform an input plane wave with a Gaussian irradiation profile 

into a uniform radiation output plane wave. For non-linear mapping of ray coordinates 

between input and output planes, the conservation of the energy over a bundle of rays was 

used. Frieden also showed that, after redistribution of radiation, the stage of the beam across 

the output plane will differ by 20λ.Thus, a second optical element must correct the phase 

distortions imported through irradiance redistribution for laser beam shaping applications 

when the output beam phase is important. The shape of aspheric surface refracting, which 

re-collimate the output beam parallel to the optical and input beams, was calculated by 

Frieden. Of all rays that travel through the beam forming optics, Keuzer has set the constant 

optical path length condition to monitor variance of the output beam. Unfortunately, optical 

design and manufacturing technologies had not been sufficient until the 1980's for realistic 

laser beam shaping design, analysis, manufacturing and testing. 

1.1.1 Methods of beam shaping 

Today, generally we define beam shaping as the process of redistribution of the irradiance 

and phase of a beam of optical radiation. The output beam phase determines the propagation 

of the beam. The general problem of beam shaping is shown in figure 1.1. An optical system 

consisting of one or more elements, collectively used to modulated the input beam in to 

desired output beam. To generate the desired power, the optical system must operate on the 

beam. The designed optical system may or may not be used to restrict the beam phase of 

the input coherent beams. For example, the phase front of the beam coming out of the 

optical device has to be standardized if a collimated beam of output is needed. If only a 

certain radiance distribution at the target plane is required then in that case the design of 

the optical system is usually simpler as the phase remains uncontrollable. Phase 

considerations apply to incoherent beams and the correct distribution of irradiation is then 

taken into account. So the choice of beam shaping element to be used depends upon the 

requirement of the output beam. 

Laser beam shaping is the way in which light beam amplitude and phase are redistributed 

using a certain optical element. The type of beam is defined by the irradiance profile and 
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propagation properties of the profile of the beam. Laser material processing research, laser 

arms, optical data, image processing, lithography pattern, printing, and laser art are among 

the applications of beam shaping [41]. 

 

Figure 1.1: Schematic diagram of the redistribution of rays to generate various beams out of 

Gaussian intensity distribution [42]. 

Contemporary laser beam shaping systems can be grouped into three broad functional 

categories:  

1. Beam Aperturing: This is the trivial, very ancient, method of the beam shaping, the 

schematic of the beam shaping system used in this method is shown in figure 1.2. In this 

method, the beam is expanded and an aperture is used to select a suitably flat portion of the 

beam. Magnification of the resultant irradiance pattern is calibrated to change the output 

beam size. The biggest downside to this approach is that much power or energy from the 

incoming beam is lost. Since, it important that the beam shaping operation should conserve 

energy, which leads to ineffectiveness of this method for many applications. Furthermore, 

if the radiation of the input beam is not smooth, an appropriate aperture and position which 

is required to get the desired outcome may not be found. The aperturing of the beam is 

illustrated in figure 1.2. In this case, the beam is expanded and an aperture is used to select 

a suitably flat portion of the beam [43]. 

 

 

 

 

 

Figure 1.2: Uniform irradiance obtained by aperturing input beam. 
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2. Field Mapping: The mapping of field is most basic amongst all the available beam 

shaping methods. Field mapping is characterized as the design of a number of optical parts 

that map a specified optical field into a desired optical output field. In this method, only a 

given or limited magnitude of the optic field output is constrained or modulated. A field 

mapper converts a common input beam into a prescribed output beam, essentially lossless 

and works well for single mode beams. Field mappers transform the input field into the 

desired field in a controlled manner. The basic field mapper concept is illustrated in figure 

1.3 for the case of mapping a single-mode Gaussian beam into a beam with a uniform 

irradiance [43]. 

 

 

 

 

    

        Figure 1.3: Field mapping schematic diagram. 

In figure 1.3, Gaussian distributed rays are bent in a plane so that they are uniformly 

distributed in the output plane. The ray bending defines a wave-front that can be associated 

with an optical phase element. Field mappers can be made effectively lossless. The field 

mapping approach to beam shaping applies to well define single-mode laser beams. But 

again, this method is also limited because the optical component used to do shaping needs 

to vary according to the requirement. 

3. Beam integrator: It normally splits the incoming beam into a wide variety of facets with 

a lens variety and attempts to distribute the energy through the output area of each facet. 

The output beam profile is a measure of each lens array aperture's diffraction pattern. This 

method works very well in case of multimode beams [42]. 

The physical or geometrical optics can be used for constructing the beam shaping systems. 

However, there is no single method of beam shaping that can be employed for all kind of 

applications. A parameter is defined which helps in choosing a beam shaping technique. 

The measurement of parameter β will help to assess the quality of the available solution 

and whether the methods of geometric or physical optics should be employed [44]. 

 

                                                                  β =
2√2π

𝑓λ 
𝑟0𝑌0                                                        (1.1) 
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where λ is the wavelength, r0 is the beam radius or waist, Y0 is half-width of the desired 

output dimension, and f is the focal length of the focusing optic, or the working distance 

from the optical system to the target plane for systems without a defined focusing optics.  

• For β < 4, beam shaping system may not produce acceptable results. 

• For 4 < β < 32, diffraction effects become significant and should be part of design of beam 

shaping systems. 

• For β > 32, geometrical methods should be adequate for design of beam shaping systems. 

 

The above discussed beam shaping methods the efficiency of laser processing, but have 

problems with precision and flexibility. Therefore, we need a more flexible and precise 

method for beam forming which is therefore ideal for our study. In this thesis a novel 

method of beam shaping is illustrated and tested for the LG beam Bessel beam generation 

with accuracy. Modern SLM-based beam shaping techniques have serious advantages like 

it offers a uniform laser beam intensity distribution, better predictability and reliability, 

greater efficiency in the use of laser energy, simpler mathematical description of diffraction 

transformations, etc. The key benefits of SLM is its ability to achieve beam modulation 

without mechanical moving parts combined with the maximum use of laser energy and a 

high capacity. 

1.2 Spatial Light Modulator (SLM) 

SLM is a powerful instrument based on LC technology, which is employed for both phase 

modulation and amplitude modulation of the input beam. In the beginning of the 1980s 

they were used in optical computing [45], SLMs are very popular in different field of 

research, including beam shaping [46, 47], correction of wave-front [48] and laser parallel 

processing [49]. SLMs are mainly divided into two classes: SLM which are addressed 

electrically and SLM which are addressed optically. For later case, a light encoded in the 

front or back of an image is used to construct and change the image. The SLM has the 

ability to sense the brightness of each pixel through a photo sensor and reproduce the image 

with the help of LC. In this experimental work of thesis, we have used a LC on silicon chip 

spatial light modulator (LCOS-SLM), it consists of a sheet of birefringent LC that is 

sandwiched between the electrodes. Each of the electrodes is pixelated, and the HDMI 

controller controls every pixel of the electrode according to the phase implemented by 

computer-generated hologram (CGH) [50]. The potential difference produced between 

these electrodes gives the LCs a tilt, and as the light passes through the crystals, there is a 
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phase delay that comes in the light beam. The driver adjusts the potential on the pixels 

according to certain discrete values between 0 and 255 which correspond to the phase delay 

from 0 to 2π. 

Each pixel is driven independently by an accurate voltage controlled by the grey scale of 

the images. The image is considered as a matrix of the order of resolution as of SLM screen.  

The LC molecules rotate at a particular angle when they are provided with an external 

voltage, resulting in a change in the refractive index. Thus, the phase and polarization of 

input light after reflection gets modulated. Using the software, we write the phase in terms 

of a matrix and then save it as an image and then implement it on SLM which will be 

addressed briefly in chapter 2.  

1.2.1 Working Principle 

Liquid crystal on silicon (LCOS) technology for image and video display applications has 

been known for many years. This technology incorporates the distinctive light-modulating 

characteristics of LC and advantages of the high-performance silicon complementary metal 

oxide semiconductor (CMOS) technology through advanced LCOS mounting processes. In 

comparison to traditional LC displays, the LCOS can be either reflective or transmissive 

and enables the use of electrically modulation of optical properties in LCs to change the 

polarization or the direction of an incident light beam [51]. 

                                  Figure 1.4: Schematic of phase-only LCOS devices. 

LC SLMs are used for modulation of both intensity and phase. The Birefringence property 

is denoted as: They are transparent molecules in rod form which similarly align with 

crystals but can flow over each other like fluids. The molecules are randomly oriented in 

the nematic array, as used for SLMs, but can be aligned in a direction with an applied 

external electric field. Birefringence, which means they have a different refractive index 

perpendicular (𝑛𝑜) and parallel (𝑛𝑒) to the optical axis is another important property of LC, 

as shown in figure 1.5. The property of Birefringence is described as [51]: 
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                                                                𝛥𝑛 =  𝑛𝑒 −  𝑛𝑜                                                      (1.2) 

Such molecules have an electric field orientation, and an applied electric field can rotate 

the optical axis. This allows for the slowing of the light between [𝑛𝑜 − 1]𝑐 and [𝑛𝑒 − 1]𝑐 

across an LC layer, causing a delay in phase. Here, c is the velocity of light, 𝑛𝑜 refractive 

index along the ordinary axis and 𝑛𝑒 refractive index along the extra-ordinary axis. 

As it can be seen in figure 1.6, most LCs have a rod shape. They are birefringent and have 

different relative axial and transverse dielectric constants, and thus different refractive 

indices. The temperature difference between the melting point and the clearing point, where 

the individual molecules are randomly distributed, is called mesophase. 

Figure 1.5: Spontaneous axis system inside a nematic LC, in which birefringence is equivalent to 

𝑛𝑒 −  𝑛𝑜 and is a function of the voltage supplied [51]. 

 

In an SLM case, LC material is normally sandwiched between two glass plates, forming a 

layer that is several microns thick. The LC substrates are protected by transparent electrode 

layers accompanied by orientation layers containing grooves pulling the neighbouring LC 

molecules to a particular alignment. 

Figure 1.6: A schematic LC layer: (a) no external electric field and (b) as aligned by an external 

electric field normal to the LC layer [51]. 
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As shown in figure1.4, the molecules are arranged in a Twisted Nematic (TN) LC layer. 

The molecules are a sort of helix (left picture) that is ‘relaxed’ (no voltage between the 

electrode layers). This form arises from the top and bottom layers of the perpendicular 

grooves. The p-type crystals are lined up with an alternating voltage between the electrode 

layers in the electric field. The frequency should be high enough to avoid relaxing the 

molecules. The flickering of lights, however, is always a concern with TN SLMs.  

LCOS device architecture is identical to traditional LC devices except that one of the 

substrates as shown in figure 1.4 is a silicon backplane. The CMOS silicon backplane 

consists of an electronic circuit buried below pixel arrays which gives you a high filling 

factor. The pixels are reflections of aluminium mounted on the background surface of the 

silicon. With almost zero absorption, the incident light is transmitted through the LC layer. 

Integration of high-performance driving circuits allows the voltage on each pixel to be 

adjusted to monitor the phase delay of incident light across the device. LCOS system 

provides two types of light modulation, amplitude modulation, and phase modulation [51]. 

1.2.1.1 Amplitude modulation 

In their initial implementation areas, TN microdevices were used as amplitude modulators, 

for example, back-projection television or screen projection. If the voltage of the cell is 0, 

and the thickness d of the LC layer satisfies the condition [52]. 

                                                               𝑑 =  √
3

2
(

λ

∆n
)                                                                  (1.3) 

Where λ is the wavelength of light, ∆n =  𝑛𝑒 −  𝑛0 , depicts the difference between the 

refractive indices in the axial and traverse direction of the LC molecules as shown in figure 

1.5. The polarization of an incoming light beam polarized parallel to the operator of the 

first LC molecules is rotated approximately 900 after entering the entire LC cell as shown 

in figure 1.6. That is because of LC birefringence. When electrodes receive an alternating 

voltage, they arrange in parallel to the applied electric field, forming a homeotropic state 

which has no optical activity [53].The tilt angle (angle between the substrates operator and 

the plane) of the molecules is somewhere between 00 and 900 when the smaller voltage has 

been applied. In practice, a true modulation of polarization cannot be achieved by using a 

TN screen, i.e. without a coexisting phase modulation at least small. This mode of use is 

also often referred to as modulation of amplitude only. 
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1.2.1.2 Phase modulation 

The phase manipulation of incident light using LCOS-SLM, is achieved by the 

birefringence of the LCs, which is the principal material property of these crystals. The 

phase delay is obtained by adjusting the refractive index along the light path electrically. 

In LCOS-SLM device, the tilt directions of the alignment layers of both glass substrates 

are perpendicular to each other as shown in figure 1.6, and the LC molecules achieve a 90° 

twist across the LC cell [51]. The strong interaction between LC molecules and the subtract 

surface can regulate the re-orientation of the LC with the help of an external electric field. 

Due to the optical birefringence property of the LCs, the effective optical refraction 

coefficient varies accordingly and create a phase retardation which is regulated with the 

help of external applied voltage.   

 

In this thesis, we explore the significance of SLM in laser beam shaping as a phase 

modulator for the adaptability of a wide variety of beam designs and to produce non-

diffractive laser beams. The thesis offers explanations of how Laser beam shaping is 

supported by SLMs. Through this work, we demonstrate the use of an SLM to create beams 

with different transformation characteristics and define the processes as well as the 

experimental results. Here we introduced theory of beam shaping and experimental 

implementations using 1920×1152 reflective SLM from Meadowlark optics shown in 

figure 1.7.  

 

 

 

 

 

 

        

 

 

Figure 1.7: LCOS-SLM from Meadowlark optics 

(Taken from https://www.meadowlark.com/). 

 

It reveals what it is made of, and how it modulates the field of light. The theory is discussed 

in relation to diffractive optics, the Huygens-Fresnel principle is used to define diffraction 

https://www.meadowlark.com/
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in terms of amplitude and phase of the light field and the two approximations resulting in 

Fresnel and Fraunhofer diffraction integrals. Diffraction theory is used to explain a simple 

lens structure, and those equations are applied to the pixelated SLM 
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2.1 Introduction 

2.1.1 Laguerre Gaussian beams 

It is well known that light carries momentum that is of two types that is linear momentum 

and angular momentum. Depending on the type of beam, we can get to know the type of 

momentum carried by the beam. For example, the Gaussian beam carries linear momentum, 

however, the LG beam carries angular momentum which further characterizes into orbital 

angular momentum (OAM) and spin angular momentum (SAM). While the SAM is known 

to refer to the polarization of the (light) beam, the OAM characterizes the spatial field 

distribution and the formation of helical wave-fronts. Because of their helical phase fronts, 

these beams are also often referred to as twisted beams. In both contexts, light holds a 

portion of momentum that is not parallel to the direction of propagation of the light [54]. 

We are particularly interested in the collection of modes defined as the LG modes in this 

thesis. Two indices that describe the electric field of the LG mode are ‘p’ and ‘𝑙’ these are 

known as radial and azimuthal index respectively. Here we have explored the LG modes 

for the different  𝑙 and p indices. The index ‘𝑙’ can take any integer value. Figure 2.1 depicts 

the simulated intensity patterns of a Gaussian beam and a LG beam with  𝑙 = 1. 

 

 

 

 

 

 

 

 

Figure 2.1: Simulated intensity profile of Gaussian (left) and LG mode with  𝑙 = 1 (right). 

Although this intensity plot hides the complexity of the LG modes. For electromagnetic 

radiation, the Poynting vector characterizes the direction and extent of the energy transfer. 

The Poynting vector points along the beam direction, in the simple Gaussian light beam. 

By comparison, in the LG modes, the Poynting vector travels along with the coil as the 

beam propagates. The index value 𝑙 is indicative of the tightness of the spiral of the 

Poynting vectors.  
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There are many different ways to create a beam in a LG mode. One approach requires 

placing the laser beam across two π/2 mode converters. However, this approach demands 

the input also be one of the Hermite-Gaussian (HG) modes. Each HG mode is transformed 

into another LG mode. The recommended approach in this analysis is one that uses an SLM 

to create different LG modes from a simple Gaussian beam by implementing computer-

generated hologram generated using Matlab (Mathworks R2018a) onto the active region. 

The simulated grating is shown below in figure 2.2. 

 

 

 

 

 

 

 

 

 

Figure 2.2: A simulated forked diffraction grating for 𝑙 = 1. 

The diffraction grating is shown in figure 2.2 for  𝑙 = 1, implying that if this grating is 

illuminated with a Gaussian beam the very first order diffracted beam would be the  𝑙 = 1 

LG mode at the first order of diffraction. Besides, the diffracted beam of the mth order will 

be in  𝑙 = m mode of LG. The mathematical basis of these forked grating is to be further 

discussed in this chapter. 

The most interesting thing about the LG modes is that they carrying OAM. A light beam in 

LG mode with index  𝑙 has an OAM 𝑙ℏ per photon. Since 𝑙 only can take integer numbers, 

the OAM is quantized [55]. The fact that 𝑙 can only take integer values follows from an 

exponential 𝑒𝑖𝑙𝜑, a term in the electric field amplitude of the LG modes (here, φ is the angle 

in the plane perpendicular to the beam axis). As we expect, this term oscillates about the 

beam axis with a frequency corresponding to 𝑙. Of course, if φ is increased by 2π, then the 

field should be the same. In other words, 

                                                𝑒𝑖𝑙𝜑 =  𝑒𝑖𝑙(𝜑+2𝜋) =  𝑒𝑖𝑙𝜑𝑒𝑖𝑙2𝜋                                                (2.1)                                                      

Here, 𝑒𝑖𝑙2𝜋 will equal 1 only if  𝑙 is an integer. Thus, the OAM is quantized for beams with 

φ dependence  𝑒𝑖𝑙𝜑 [56]. 
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The OAM variable exhibits quantum properties very similar to those of the spin variable 

for photons. It has been shown experimentally that pairs of photons can be entangled in 

OAM [57]. The variable 𝑙 can take on any integer value. Also, there are strong classical 

reasons to believe that the quantum states which correspond to the LG modes have a 

complete and orthogonal basis [58]. In other terms, OAM of a photon can also be defined 

as a linear arrangement of LG states but none of the LG states itself can be defined as a 

linear combination of any other LG states. For this reason, LG states define an infinite-

dimensional Hilbert space [55]. 

The study of the quantum properties of the LG states is a hot topic, especially, studying the 

entanglement properties. But in order to perform entanglement experiments, we must first 

have a solid understanding of how the LG modes can be generated, superimposed, and 

sorted efficiently. In this chapter, we have aimed to familiarize the reader with the 

fundamentals of LG beams that will be helpful in subsequent chapters. However, the 

structure of light has always been a constant thread throughout my research, it is much too 

large a topic to be discussed in its entirety. We have confined ourselves to basic 

explanations and avoid overly complicated mathematical models. 

2.1.2 Bessel beams 

Diffraction is an edge point in optics that has applications for the construction of optical 

networks. Here we have talked about a type known as “non-diffracting light” [59]. Usually 

referred to as Bessel beams. Estimates of these beams can always be achieved 

experimentally by a lot of methods. The theoretical background of this type of beam is 

discussed and then several experiments using these beams are explained: which include a 

broad variety of areas involving non-linear optics, optical tweezers etc. The Bessel beam 

has  property of intense center, which has drawn interest in areas including atomic optics, 

where the Bessel beam's contracted non-diffracting property may behave like an atom 

guide, also in confinement systems and optical engineering, in which the beam's 

regeneration characteristics help to detect new results which cannot be seen with Gaussian 

beams. Diffraction is indeed an exquisitely related process of a wave property of light that 

happens if a wave meets an object. The wave-front portions propagating across the 

obstruction intervene in a certain fashion and produce a sequence of diffraction. By fact, a 

laser intensity is considered to be "pencil-like" and generally, the divergence is also minor 

but laser light can be easily subjected to diffraction which enables the beam scattering. The 

light can be controlled in order to create a collimated beam or a tightly focused beam relying 
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on the act of concern. Rayleigh limit 𝑧𝑅 is the standard factor that is used to describe the 

expansion of a Gaussian beam and represents the range in which doubling of the cross-

section of the Gaussian beam takes place. 

                                              𝑧𝑅 =  
𝜋𝑤0

2

𝜆
                                                           (2.2) 

here, 𝜆 and 𝑤0 represents the wavelength and beam waist width respectively. From the 

perspective of various uses including medical imaging and atom optics, the idea of 

resolving diffraction has always been strongly plausible and also tempting. This thesis tries 

to deal with the generation of the Bessel light beam. Durnin et al. had first reported the 

Bessel beams as a mathematical model [60]. They focused on Whitaker's Helmholtz 

equation solutions and found that similar Bessel-like solutions were irrespective of the 

direction of propagation. These beams use a Bessel function of the first kind, Bessel term 

comes from the definition of this kind of beam, and this contributes to an extrapolated 

profile cross-section of concentric rings. Mathematically these beams should spread large 

power across an infinite field since they have an infinite number of rings. They also showed 

only that one could experimentally effectively estimate something like a Bessel beam that 

holds the mathematical body's characteristics over a limited area. At first, the idea of any 

"non-diffracting" beam appeared quite controversial and indeed remained so, the previous 

study claims that the Bessel beam was often only a line pattern and it was not exceptionally 

new since it was just somewhat close to Poisson's spot only [61]. However, later the same 

group explained that there can also be several ways of producing these type of line 

patterns and they won't need to illustrate characteristics of Bessel beam. It was also verified, 

as the group figured out in their response, that there are beams for whom central peak is 

strikingly insensitive to the diffraction usually associated with all wave propagation [62]. 

 

2.1.2.1 Properties of Bessel beam 

One can define the electric field of a perfect Bessel beam by: 

                                          𝐸(𝑟, 𝜑, 𝑧) = 𝐴0𝑒𝑖𝑘𝑧𝑧𝐽𝑛(𝑘𝑟𝑟)𝑒±𝑖𝑛𝜑                                      (2.3) 

In which Jn is termed as Bessel function. Also, 𝑘𝑧 and  𝑘𝑟  represent the longitudinal and 

radial wave vectors respectively, in which 𝑘 =  √𝑘𝑟
2 + 𝑘𝑧

2 =  
2𝜋

𝜆
 . Parameters, z, r, and φ 

are the longitudinal, radial, and azimuthal components [63]. Figure 2.3 indicates the 
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intensity pattern of the zeroth-order and the first-order Bessel beam. Bessel beams with 

higher-order are defined by Bessel functions Jn (where n > 0), these higher orders have a 

singularity in the phase on the axis of the beam. Therefore, the consideration concludes that 

the solution obtained for the Helmholtz equation follows the equality, where the intensity, 

I, obeys the following relation of propagation [64]. 

                                                    𝐼(𝑥, 𝑦, 𝑧 > 0) = 𝐼(𝑥, 𝑦)                                                     (2.4) 

It, therefore, makes it more likely to assume that indeed the beam is free from diffraction 

and remains invariable during propagation as well since when the light propagates there is 

no shift in the cross-section. Another method or way to understand this kind of beam is to 

consider a collection of plane waves that are propagating on the surface of a cone. Every 

propagating wave is subjected to a similar phase change, 𝑘𝑧∆𝑧  throughout a distance of ∆𝑧. 

Such a breakdown of the Bessel beam using planar waves expresses within the angular 

spectrum of the beam, which is a kind of a loop or a ring-type structure in k-space. 

Therefore, the optical Fourier transformation of this loop would result in a Bessel light, and 

that is how Durnin et al. found the first experimentally approximation to a Bessel beam 

[60]. The beam's description into plane waves indeed provides a means of characterizing a 

Bessel beam that of the cone's opening angle 𝜃, is described with the help of the waves 

which traverse its surface. The expression for this is given below: 

                                                     𝜃 =  𝑡𝑎𝑛−1 𝑘𝑟

𝑘𝑧
                                                             (2.5) 

Also, the beam's central spot dimensions given by: 𝑟0 =  
2.405

𝑘𝑟
.  

Figure 2.3. Illustration for Bessel beam intensities: (a) zeroth-order mode and (b) first-order mode 

It is essential to keep in mind that perhaps the Bessel beam has a unique property that the 

energy (or power) is equally distributed among all of its rings, so the lower the energy in 
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the central part of the cone, more is the number of rings the beam will have. This property 

is advantageous in certain experimental cases because if we have a higher number of rings, 

it results into enhancement in the propagation length. Durnin et al. has also demonstrated 

and proved that the above assumption did not imply that a Bessel light could not carry 

power effectively like a Gaussian beam like one might believe naively to do [60]. 

Nevertheless, modified Gaussian beams and Bessel beams are found to be comparatively 

more effective at transferring power. They have also demonstrated that one can manage the 

beam's depth of field for the Bessel beam and can be made even more significant than that 

of the Gaussian beam but it might result in power loss in the central region. 

It was also showed that the beam nodes directly relate to a π phase change between 

neighbouring rings, which leads to the idea that a Bessel beam can also be assumed to be 

consisting of a number of the plane waves propagating on the surface of cone. A Bessel 

beam creation is achieved in a variety of different way. The Bessel beam can be considered 

as a Fourier transformation of a round ring. This beam however, can also be generated 

using an aspect of the conical lens or an axicon [63]. The use of an axicon is much more 

useful than that of the slit which is annular because this axicon generally uses the entire or 

sometimes a small part of the input beam. The advantage of using axicon for Bessel beam 

generation is the elimination of the intensity fluctuation, which cannot be neglected during 

the process done with annular slit, which results in a much smoother variance in intensity. 

The alignment of the axicon with the input beam is crucial in generating a Bessel beam. 

Every oblique lighting lead to the introduction of an aspect of astigmatism and this leads to 

a sequence form like a chequerboard rather than a location on axis with a series of circles 

lying in a concentric manner. Other effective techniques of generating Bessel beams exist, 

such as the use of holographic methods that imprint a suitable phase required for Bessel 

beam generation on the Gaussian input beam. However, the modern method for Bessel 

beam generation involves the creation of the holograms; or adjustable holograms created 

with software-operated tools like SLM that we have discussed in much more detail in the 

next section. 
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2.2 Theory of generation of CGHs  

To look deep insight how the forked diffraction gratings are created (described in section 

2.1.1) to convert a Gaussian laser beam to a Laguerre-Gaussian beam, first, it is necessary 

to understand a few basic principles of holography. In a general sense, a hologram is like a 

photograph in that optical information is stored. Unlike a photograph, however, a hologram 

stores information about both the intensity and the phase of the field of the object [64], 

basic diagram of how a hologram works are shown in figure 2.4. 

 

Figure 2.4: Simplified depiction of working of hologram. 

 

When the hologram is being formed, there is the interference of the reference beam with 

the light from the object that we are trying to image as depicted as a plane wave in figure 

2.1. The interference pattern formed by the reference wave and the object wave is what 

recorded on the hologram. So, if the reference wave is described by 𝐸𝑟𝑒𝑓 and the object 

wave by 𝐸𝑜𝑏𝑗 the intensity recorded on the hologram is given by the following equation: 

                                   I = |Eref + Eobj|
2 =  Eref

2 +  Eobj
2 +  2Re[ErefEobj

∗ ]                          (2.6) 

The first two terms relate to the corresponding intensities of both the source beam and the 

reference beam. The final term is that it includes details of the two beams' relative stages. 

The way we have retrieved the information is illustrated in figure 2.4. When the SLM is 

illuminated with the reference wave, an exact copy of the object wave is obtained as the 

output on the other side of the hologram at the angle (relative to the reference wave) at 

which it was input. There is also a beam output at the opposite angle which is the complex 
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conjugate of the object beam, and a transmitted beam that has the same form as the 

reference. 

What we wanted to do in the context of this experiment is the image of a mode of laser 

light rather than an object. Since we do not have the mode we are interested in, to begin 

with, it is easiest to generate the necessary holograms using a computer. For reference, here 

is the spatial amplitude distribution of an LG mode with azimuthal index  𝑙 [65]: 

 

𝑢𝑙(r, φ, z) =  
𝐶𝑙

𝐿𝐺

𝑤(𝑧)
(

𝑟√2

𝑤(𝑧)
)

|𝑙|

exp (−
𝑟2

𝑤2(𝑧)
) 𝐿0

|𝑙|
(

2𝑟2

𝑤2(𝑧)
) exp (

𝑟2

2(𝑧2+𝑧𝑅
2)

) ×

 exp(ilφ) 𝑒𝑥𝑝 (i(|𝑙| + 1)𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑧

𝑧𝑅
)) exp (𝑖𝑘𝑧)                                                            (2.7)                                                     

 

here, beam waist, w(z) is given by: 

                                                        𝑤(𝑧) = 𝑤(0)√1 +
𝑧2

𝑧𝑅
2                                             (2.8)                    

 

Where, 𝑧𝑅 (Rayleigh range) and 𝐿0
|𝑙|

 is generalized Laguerre polynomial which is given by: 

 

                                                 𝐿0
|𝑙|

(x) =   
𝑒𝑥

𝑥|𝑙|

𝑑

𝑑𝑥
(𝑒−𝑥𝑥|𝑙|)                                   (2.9)  

  

We simulated the interference of 𝑙 = 1, LG beam coming at an angle with a Gaussian 

reference beam as shown in figure 2.4. Figure 2.5 shows the simulated interference pattern 

which looks like a forked diffraction grating.                           

 

Figure 2.5: Simulated interference of LG beam and Gaussian reference beam. 
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As it turns out, this analysis is slightly overcomplicated for our purposes. The vital 

difference between a Gaussian beam and a LG beam is the phase 𝑒𝑖𝑙∅. At the most 

fundamental level, all we did is, imparted a phase 𝑒𝑖𝑙∅ onto a beam that has a tilt-in, say, 

the x-direction. In other words, the object beam has a phase 𝑒𝑖𝑙∅ relative to the reference 

beam and the reference beam has a phase 𝑒𝑖𝑘𝑥 relative to the object beam. The intensity 

profile of this simplified hologram is then given by equation 2.10 [66]: 

 

     I(x, y) = |eikx +  eil𝜑| = 2 + 2 cos(kx −  𝑙𝜑) = 2 + 2cos (𝑘𝑥 − 𝑙𝑡𝑎𝑛−1 (
𝑦

𝑥
))      (2.10) 

 

In the above equation, |𝑙| varies the number of dislocations in the forked pattern, the sign 

of  𝑙 varies whether the pattern is oriented upright or inverted, and 𝑘𝑥 varies the spacing of 

the fringes. A few holograms created with this intensity profile are shown in figure 2.6. 

 

                                                                  (ei𝑙𝜑)∗ =  e−il𝜑 =  ei(− 𝑙)𝜑                                                  (2.11) 

Figure 2.6: Simulated greyscale fork diffraction grating; (a) 𝑙 = −1, (b)  𝑙 = +1, and (c) 𝑙 = +2. 

     

2.2.1 Phase blazing 

It is advantageous to incorporate a blazed grating phase pattern to the required phase 

profiles while constructing phase modulation plates, to spatially split the modulated 

modes from unmodulated light during interaction with a phase modulator. This 

unmodulated part can happen due to direct reflection from the SLM display's surface. Both 

for DOEs and SLMs, the quantization of the phase can also be the reason for some 

unmodulated illumination. 
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When we did not add a blazed grating, the unmodulated beam can travel along the same 

direction as the modulated beam, spoiling the desired outcomes on the input light of a phase 

modulation pattern [67]. The use of blazed phase modulation patterns is essential in beam 

modelling implementations and here in this thesis we have used this with SLM for LG and 

Bessel beam generation. The phase in the blazed grating is varying from zero to maximum 

in a single period while in the binary grating (unblazed) the phase has only two values as 

depicted in figure 2.7. 

Figure 2.7: Schematic diagram of a blazed and unblazed (binary) grating. 

Examples of blazing phase patterns are shown in figure 2.8 to transform the 𝐿𝐺0
0 mode to 

helical modes 𝐿𝐺1
0, 𝐿𝐺2

0 𝑎𝑛𝑑 𝐿𝐺3
0.  The angle of the blaze is decided such that the angle of 

diffraction in the 1st order is larger than that of the angle of divergence of the beam. Since, 

many phase patterns modulating tools have some spatial distinct level of mode separation, 

caution should be taken to prevent overlapping of higher orders with the 1st order of 

diffraction from the unblazed phase grating to ensure high quality in the required order of 

diffraction. 

Figure 2.8: Forked diffraction grating: binary (a-c) and blazed (d-f) grating for 𝑙 = 1,  𝑙 = 2 and  

𝑙= 3. 
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2.3 Generation of hologram for LG beam 

Here we have simulated the forked diffraction gratings for LG beam generation using the 

above discussed theoretical approach for hologram generation. In figure 2.9 (a-c), the first 

column shows the linear phase ramp, the second column shows the spiral phase and the 

combination of the first and second columns which gives the ‘forked’ holograms to 

generate optical vortices for ‘p’ = 0 and  𝑙 = 1,  𝑙 = 2, and  𝑙 = 3. 

Figure 2.9: Simulated (1) phase ramp, (2) spiral phase plate and (3) corresponding forked 

diffraction grating for LG beam of  𝑙 = 1 (a),  𝑙 = 2 (b) and  𝑙 = 3 (c). Phase levels are represented 

as grey value. 

The similar approach is used to simulate the forked diffraction grating for higher-order 

radial modes of LG beams (𝐿𝐺1
2, 𝐿𝐺1

3) as shown in figure 2.10. In higher-order radial LG 

modes, the index ‘p’ is introduced which is used to generate nodes in the radial direction. 

Figure 2.10 (a) is for 𝐿𝐺1
2, which has index p = 2, used to create two radial nodes and figure 

2.10 (b) is for 𝐿𝐺1
3, which has index p = 3, used to create three radial nodes.  
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Figure 2.10: Simulated diffraction grating (1), phase plate (2) and corresponding forked 

diffraction grating (3) for higher-order radial LG modes, (a) 𝐿𝐺1
2, (b) 𝐿𝐺1

3. 

2.4 Generation of hologram for Bessel beams 

As shown in figure 2.11 (a) diffraction grating for the Bessel beam is simulated in similar 

fashion by adding an axicon phase to the forked grating. For zeroth order mode, since it has 

no singularity at the center as we have discussed, axicon phase is added to the diffraction 

grating. For higher-order modes of Bessel grating is replaced by a forked diffraction grating 

which will generate a singularity at the center.  

 

Figure 2.11: Simulated gratings for Bessel beam generation of different orders (a) J0, (b) J1, and 

(c) J2. 
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2.5 Three-Dimensional visualization of LG beam using 

COMSOL 

In the area of wave optics, large optical systems in a manner that rigorously resolves 

Maxwell's equation are challenging to simulate. This is because the waves that appear in 

the system need to be resolved by a sufficiently fine mesh. One alternative to this end is the 

use of a beam envelope approach in the COMSOL Multiphysics software. Apart from the 

experimental analysis of these beams, in this section of the thesis, we discuss how to use 

and control the electromagnetic waves system, beam envelopes in COMSOL. Here, we 

have used COMSOL multiphysics software for three-dimensional visualization of 

intensity, phase, and propagation properties of the OAM beams particularly LG beam.  

Sometimes it is difficult to simulate models that are large compared to the wavelength. 

There are various methods to handle large models for fixed wave optics problems. These 

techniques include the so-called diffraction formula for the beam propagation process, for 

example, the Fraunhofer equation, Fresnel Kirchhoff, and the diffraction formula Rayleigh-

Sommerfeld, as well as the beam propagation process and the angular spectrum technique. 

The COMSOL Multiphysics software with beam Envelopes gives an effective solution of 

the Helmholtz equation in a context in contrast to these approaches. It can handle large 

models and significantly relax the need for meshing [68]. 

 

2.5.1 Simulations for LG beam 

In this section, we have explained how COMSOL Multiphysics software can be used for 

the study of an OAM light. By reproducing the OAM beams in COMSOL via simulation, 

here we have supported our test results. COMSOL Multiphysics has therefore proved to be 

a very efficient means of visualization. It has allowed us to achieve accurate results in good 

agreement with the experiments. 

The intensity and phase profiles of OAM beams with index  𝑙 = -1, 0, 1, displayed in the x-

y plane, are instead reported in figure 2.12. Such examples confirm the well-known features 

of OAM beams with index  𝑙 ≠ 0, characterized by an azimuthal phase variation of 2π |𝑙| 

around the central axis of zero intensity, with a handedness dictated by the sign of 𝑙. 
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2.5.1.1 Intensity and phase profiles for LG modes 

 

Figure 2.12: Intensity (a) and phase profiles (b) of the OAM modes with index  𝑙 = -1, 0, 1 

simulated using COMSOL. 

The above figure 2.12 shows the intensity and phase profile for varying topological charge, 

𝑙 = 0 (which corresponds to a Gaussian beam), 𝑙 = − 1, and 𝑙 =  +1. Clearly for 𝑙 = 0 the 

phase remains constant. However, we observed that the phase varies for the other two cases 

and in the opposite direction to each other. The evaluated electric field intensity propagation 

for 𝐿𝐺1
0 mode is shown in figure 2.13. 

 

Figure 2.13: The electric field norm showing the ring structure of the beam for 𝐿𝐺1
0. 
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2.5.1.2 Visualisation of phase propagation 

As discussed earlier, a vortex beam, typically represented by the Laguerre-Gaussian beam 

has a rotating phase around the optical axis as the beam propagates. This phase distribution 

produces a Gaussian donut beam as shown in figure 2.13. 

Figure 2.14: Phase distribution at five different locations along the direction of propagation  
for 𝐿𝐺1

0.  
 

2.5.1.3 Visualisation of spiral phase variation of LG beam 

As it has been discussed that the phase rotates around the optical axis as the beam 

propagates. The resulting beam also called a vortex beam or a helical beam has a spiral 

phase distribution. Figure 2.15 shows the 3D visualization of spiral variation of the phase 

for 𝐿𝐺1
0mode. 
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Figure 2.15: The spiral phase variation of the vortex (OAM) beam for 𝐿𝐺1
0mode. 

 

Another way to generate a beam with OAM is by a spiral phase plate to give a Gaussian 

beam. Thereby, the beam which is transmitted will possess a helical wave-front, leading to 

a vortex beam. Also use of an SLM is one of the efficient methods (briefly discussed in this 

thesis). 

2.5.1.4 Intensity and phase profiles for higher-order radial LG modes 

Different modes of the LG beam are compared with each other to see how they are different 

from each other. Experimental results can only show us some visible features of these 

beams. However, theoretical model simulations for the same using software like COMSOL 

can help to visualize some complex features like phase, propagation in space for these 

beams. Here in figure 2.16, we have shown three modes of LG beam 𝐿𝐺1
0, 𝐿𝐺2

0, 𝐿𝐺3
0 

simulated using COMSOL. The first row shows the intensity profile of these mode. As the 

topological charge increases, the dark region at the center (singularity) increases which we 

have further verified in the experimental section as well (see chapter 3). These modes have 

a variable phase from 0 to 2π at every cross-section of the propagating beam. Middle panel 

shows the variation of phase for different modes of LG, where for 𝐿𝐺1
0 the phase is rotating 

ones from 0 to 2π, whereas for 𝐿𝐺2
0 and 𝐿𝐺3

0 , it is rotating twice and thrice respectively 

around the singularity and the third row shows the 3D visualization for the same i.e. the 

spiral phase of the respective modes. 
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Figure 2.16: Intensities and phases for different modes of LG beam.
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Experimental Studies 
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3.1 Experimental set up: 

Figure 3.1 shows the experimental set up which is used to generate LG and Bessel modes 

using SLM. Here, we have used a diode laser having a Gaussian beam profile after mode 

clean-up with a central wavelength around 655 nm. To clean the spatial mode we use mode 

clean up setup (combination of lens and a pinhole) and passes through a beam expander to 

fill the active region of the SLM (Model: 1920×1152 Analog SLM).. The SLM that we 

have utilized, was bought from Meadowlark Optics, having an active area cross-section of 

1920×1152 pixels, with pixel size 9.2 μm × 9.2 μm. The SLM is then implemented with a 

desired CGH (discussed in Chapter 2) on to its screen to get the required LG and Bessel 

modes. The hologram on SLM generates a diffraction pattern and the desired mode is at 

the first order of the diffraction which is recognized with an image sensor (we have used a 

beam profiler camera from Newport, Model: LBP2-VIS2) to analyse the beam profiles. 

Figure 3.1: Schematic of the setup used for the generation of the LG beam generation using an 

LCOS-SLM. 

Figure 3.2 shows the picture of the setup, we have in our lab. Where we have demonstrated 

the beam path originating from the source (diode laser) and passing through various optics 

and reaching to the SLM screen. After reflection from the SLM screen, the different modes 

of the modulated output beam are recorded, analysed and confirmed. All these are discussed 

in detail in the following sections of this chapter.  
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Figure 3.2: Table top showing the optical path of the laser beam. 

3.1.1 Mode clean up 

There are several reasons due to which a laser beam often has an imperfect beam quality, 

which means there are many distortions in the intensity/phase profile of the beam. Various 

kinds of “mode cleaner” methods are often used for “cleaning up” the beam profile 

depending upon the requirement. These mode cleaners are usually of two types resonant 

and non-resonant. Both of them have their respective operational principles and 

applications. 

 

 

 

 

 

 

Figure 3.3: Mode cleaner set up having two lenses and a pinhole. 

Figure 3.3 shows the schematic of the non-resonant mode cleaner set up using a pinhole 

and a combination of two lenses which we have used in our experiments. From the left-

hand side, the distorted beam is coming and falling on the first lens, which is then made to 

focus on a small spot, passes through a pin hole, and again collimated through the second 

lens. To get the maximum power after mode clean-up, we have used the different 
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SLM 
Beam 

Profiler 
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combinations of lenses and the size of pinholes. The figure 3.4 (b) shows the beam profile 

after mode clean-up and expanded.  

Figure 3.4: Intensity profile for laser output before and after mode clean up. 

3.2 Experimental results 

3.2.1 Generation of LG modes 

We have illustrated here the holographic generation of higher-order LG beams which are 

generated using the SLM. As discussed in Chapter 2, the details of the hologram pattern 

generation, to ensure that these holograms work as expected, we employed the simulated 

forked grating on the SLM screen and analysed the pattern of the output beam. We have 

confirmed the generation of the LG modes using interferometry which is discussed later in 

this chapter. In addition, we have simulated the intensity profiles of the output modes for 

the better understanding the LG modes, which can be seen in figure 3.5 (a-c). We have 

simulated intensity profiles of LG modes for different ‘𝑙’ indices i.e. azimuthal order and 

compared with those experimentally obtained as shown in figure 3.5 (d-f). In this section, 

we have shown the results which were obtained using input as a Gaussian beam profile. 

Figure 3.6 shows the LG beam patterns, which are multi-ringed intensity profiles for 

different ‘𝑙’ and ‘𝑝’ values azimuthal and radial indices respectively. The symmetrically 

even shapes of the resulting beam patterns prove that the aberration of the optical system 

is sufficiently removed to study the output beam quality. In this manner, we have got a nice 

agreement between the theoretical and experimental results by illuminating the CGHs with 

Gaussian profiles.  
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3.2.1.1 Intensity profiles of zero-radial order OAM modes 

Figure 3.5 shows the intensity distribution in the x-y plane for different azimuthal order, 

(a)  𝑙 = 1, (b)  𝑙 = 2, and (c)  𝑙 = 3, keeping radial order p = 0. It can be evident that 𝑙 = 0 

gives pure Gaussian, as discussed in chapter 2. A beam with  𝑙 = 1 resembles a doughnut 

with a node/singularity at the center of the beam. Here, we can see that the central region 

or waist size keeps on increasing with an increase in the value of ‘𝑙’. 

 
Figure 3.5: Theoretically simulated (a-c) and corresponding experimentally generated (d-f) helical 

LG modes patterns generated from the Gaussian input beam. 

3.2.1.2 Intensity profiles of Higher-radial order LG modes 

Figure 3.6 shows the field distribution in the x-y plane for (a) 𝑝 =  2, (b) 𝑝 =  3, 

corresponding to first azimuthal order, i.e.  𝑙 = 1. Here, we can see that the central region 

or waist size remains the same while keep on increasing the value of ‘𝑝’. However, the 

number of rings surrounding the central regions increases. 
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Figure 3.6: Theoretically simulated higher-order LG modes (a-c) and Intensity profiles of 

experimentally generated helical LG modes by the interaction of a 𝐿𝐺0
0, with the phase 

modulation profile (c-d) for 𝐿𝐺1
2and 𝐿𝐺1

3. 

We can very well observe some asymmetry in the experimental intensity profiles. It might 

be due to aberration or the complex shift in the phase profile or the input beam may not 

have been in a pure Gaussian mode, but the reason for this is not entirely clear. We found 

that changing the alignment of the hologram on the SLM did not clear up this problem. 

Also, it is interesting to note that in figure 3.6, the first diffracted beams appear to be getting 

less intense as the order of LG increases from p = 2 to p = 3. The simplest explanation for 

this trend is illuminated by figure 3.5, where profiles of the first diffracted beams are shown 

on the same scale for varying azimuthal index  𝑙 = 1,  𝑙 = 2, and  𝑙 = 3 hologram. Also, from 

figure 3.5, it's clear that as  𝑙 increases, the waist size of the output beam increases. 

Assuming that the same amount of power is channelled into the first diffracted beam for 

each ‘𝑙’ value, consequently, the same amount of power is being spread over larger areas 

for larger ‘𝑙’ value. Here, the output beam seems less intense for larger ‘𝑙’. So, to get an 

exact agreement among the experimental and the theoretical simulated results, there are 

several other factors governing it and it is difficult to pinpoint one of the impacts.  
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3.2.1.3 Intensity distribution of LG modes 

Apart from plotting the observed mode pattern, we have also plotted the cross-sectional 

profiles of both zero-order radial OAM modes, as shown in figure 3.7 (a-c) and higher 

radial order of LG modes, as shown in figure 3.7 (d-e).  

Figure 3.7: Cross-sections of the intensity distribution of observed mode patterns for higher-order 

radial LG modes over pixel position (a) 𝐿𝐺1
0, (b) 𝐿𝐺2

0, (c) 𝐿𝐺3
0, (d) 𝐿𝐺1

2and (e) 𝐿𝐺1
3. 

3.2.1.4 Effect of fringe density on the intensity of generated LG modes 

Fringe density is one of the important parameters of Hologram generation. Fringe density 

is basically, line density and is represented by symbol ‘s’. Also, mathematically we can 

define the fringe density with the help of following relation, where it varies with the number 

of pixels per unit line on the SLM screen. 

                                                   
1

𝑠
=  

𝑃𝑖𝑥𝑒𝑙

𝑙𝑖𝑛𝑒
                                                                     (3.1) 

We have studied the effect of fringe density for 𝐿𝐺1
0mode, for which we generated different 

holograms having different fringe density value and we got the good intensity in the first 

order of diffraction which is generated LG beam for some of the ‘s’ value of hologram. 

Figure 3.8 shows the 3D intensity profiles for some of the ‘s’ values, and it can be observed 

that as the ‘s’ value increases, the intensity in the first order and the spacing between first 

and zero order of diffraction increases. We took the data for various ‘s’ values and noted 

that for s = 3.1(approximately multiple of π), we were able to record better mode intensities, 

which shows that the fringe density plays a crucial role in diffraction from the grating. 

However, no regular trend was observed with the variation of the fringe density.  
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Figure 3.8: Intensity variation of a 𝐿𝐺1
0mode with varying ‘s’ value. 

3.2.1.5 Effect of phase blazing on the intensity of generated LG modes 

We have additionally shown that it is helpful to include a blazed grating phase pattern to 

the initially required phase profile, to spatially isolate the modulated light from the 

unmodulated light during the interaction with the phase modulating device. Figure 3.9 

shows two 3D intensity plots for a LG mode, obtained by using an unblazed and blazed 

hologram and we have observed better intensity in the latter case. 

 

Figure 3.9: Effect of phase blazing on the intensity of generated LG modes. 
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3.2.1.6 Propagation of the LG beam 

LG beams are well known to exhibit some unusual features, which make them suitable for 

a wide range of applications. In the last few decades, the focusing property of the LG beams 

become an important parameter and have recently gained a lot of attention and their uses 

have been reported in the diversity of fields ranging from material processing, microscopy, 

confinement of particles in optical traps, and for micro-manipulation applications because 

of their ability to transfer their OAM to particles. We studied the propagation of first order 

of LG beam and observed the variation of intensity profile and the rotation of intense lobes 

as shown in figure 3.10.  

Figure 3.10: Tight focusing behaviour of a right-circularly polarized vortex LG beam with  𝑙 = 1 

in the vicinity of the focus. 

Clearly, the propagation of an LG beam (𝑙 = 1) in space shows the change in the intensity 

of the beam along the Z-direction, which is found to be maxima at its focus. 

3.2.2 Generation of Bessel modes 

Here, we have shown the experimental results for the generated Bessel modes, by 

implementing the corresponding phase mask (discussed in chapter 2) on the SLM. For the 

generation of Bessel beams, we have utilized a linear phase modulation with axial 

symmetry, like an ‘axicon’. Figure 3.11 (a-d) shows intensity profiles in camera plane (XY 
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plane) for zeroth, first, second, and third order Bessel beams respectively. Figure 3.11 (e-

h) shows the cross-section of the intensity distribution for beam different orders of Bessel 

beam. Higher order Bessel beams generally have a phase singularity on the beam axis and 

hence exhibit a non-diffracting dark, rather than bright core. 

Figure 3.11: Intensity profiles of experimentally generated Bessel (a-d) and Cross-sections of the 

intensity distribution (e-h) for of observed mode patterns of different order (𝐽𝑛) of the Bessel 

beam. 

3.2.2.1 Free-space propagation of Bessel beam 

Bessel beams are ideally considered as nondiffracting but in lab condition, there is a limit 

to it [62]. We have demonstrated the propagation of the zeroth order of the generated Bessel 

beam. We took the beam profile images at varying distances from the SLM, starting from 

1.2 m to 3.5 m, to look into the non-diffractive nature of the beam. The results for the same 

are shown in figure 3.12. Here we can see that generated mode travel some distance without 

getting diffracted, almost up to 2.5 meters as it is clear from figure 3.12 (d) but after that, 

it reaches a limit and then rings keep on diminishing on increasing the distance, also at far-

field we have observed an annular ring, which we have discussed later in detail in section 

3.3.1 of this thesis. 
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Figure 3.12: Free space propagation of the Bessel beam in space at distance (a) 1.25 m, (b) 1.50 

m, (c) 2.00 m, (d) 2.50 m, (e) 3.00 m, and (f) 3.50 m. 

3.3 Verification of generated modes 

So far, we have obtained the LG and Bessel modes with Gaussian input with the help of a 

versatile beam shaping technique that employs theoretical hologram generation and 

implementation on to the SLM depending upon the desired output. After that, we have also 

worked towards verifying these output beams that we have obtained after implementing 

CGH with the Gaussian beam profile. For that, we have used different methods for both 

LG and Bessel mode verification which is discussed one by one.  

3.3.1 Verification for LG modes 

We have confirmed the phase profiles of the output beams by looking at the interference 

patterns of generated LG beams with the plane/spherical reference beam.  

3.3.1.1 Interference with plane wave 

Figure 3.13 shows the schematic outline utilized for the affirmation of LG modes by the 

interference of the acquired modes with the Gaussian fundamental beam as a reference 

beam in the plane waveform. Here, we have done few adjustments in the arrangement that 

we have priory examined for the generation of these beams, the only difference is that we 

kept a beam splitter (BS) in the way of the first Gaussian beam which split this Gaussian 

beam into two parts, out of which one is sent to the SLM to create the diffracted LG modes, 
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a mirror M6 is kept in the way of the other beam coming from the BS, and after reflection 

from the mirror M6, it arrives at the beam profiler camera. Additionally, 1st LG mode 

which is diffracted from the SLM is then likewise sent to the beam profiler alongside the 

Gaussian mode, to record their interference pattern. 

 

Figure 3.13: Schematic diagram of setup for interferometry using plane Gaussian beam. 

The intensity distribution we have obtained after the interference of the two beams (Plane 

Gaussian and different LG modes) are in acceptable concurrence with that we anticipated, 

yet an inquiry stays concerning the phase structure of the beams created. Here, we have 

confirmed the phase profile of different LG modes that we earlier obtained with the SLM 

by looking at the interferograms resulting from the interference of the LG mode with the 

reference plane wave. Figure 3.14 shows the experimentally observed patterns that 

demonstrate clearly the phase profiles for the LG beams with SLM. Additionally, results 

we have obtained also shows a feature, which tells, that the obtained interferograms look 

like the forked grating and subsequent hologram we have implemented onto the SLM for 

their generation. The non-diffracted beam having the zeroth-order displays a plane-wave 

phase profile. However, the first-order beam in principal showed a solitary (single) fork at 

the edges, demonstrating  𝑒𝑖𝜑  type of phase profile. For the second-order beam, we have 

obtained an interferogram which exhibited a twofold fork, showing an 𝑒𝑖2𝜑 type of phase 
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profile. Similarly, the third-order mode displayed three branches in the fork demonstrating 

𝑒𝑖3𝜑 phase [69].  

So, the observed forked liked branches in the interference pattern between various LG 

modes reflected from the SLM screen and a  𝐿𝐺0
0 mode, as shown in figure 3.14, 

demonstrates a decent agreement to the phase profile used to create the LG modes. It is 

clear from the figure, the number of teeth in the fork corresponds to the ‘𝑙’ value of the 

mode being reported. 

Figure 3.14: Experimental interferograms recorded for plane reference wave with different LG 

modes (a) 𝐿𝐺1
0, (b) 𝐿𝐺2

0, (c) 𝐿𝐺3
0, and (d) 𝐿𝐺4

0. 

3.3.1.2 Interference with a spherical wave 

Figure 3.15 outlines the schematic utilized for the affirmation of LG modes by the 

interference of the acquired LG modes with Gaussian beam as reference beam in spherical  

      

Figure 

3.15: Schematic diagram of setup for interferometry using a spherical Gaussian beam. 
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waveform. The arrangement utilized for this situation is nearly equivalent to examine in 

section 3.3.1.1 (for plane reference wave). In this case, we kept a lens (L6) in the way of 

the beam which was reflected from the mirror (M6), to make a spherical waveform of 

Gaussian beam. This reference beam along with the picked diffracted mode, acquired from 

the SLM are made to interfere, and their interference patterns were recorded. 

The interference of the fundamental beam having a spherical Gaussian profile with the LG 

beam is known to change the phase into the intensity distribution. So, whenever we 

interfered with these two beams, the phase of the LG beam, which was in helical pattern 

gets finally converted into a vortex kind of field, which has ‘𝑙’ number of spirals in the 

obtained interferogram. Figure 3.16 (e-h) shows the pattern obtained for the interference 

between Spherical waveform Gaussian and LG modes with azimuthal index  𝑙 = 1, 2, 3 and 

4, obtained from the SLM which was displayed as the helical phase profiles of different 

modes of LG which clearly shows the formation of spirals in the interferogram. All the 

figures foresee the arrangement of a vortex kind of field at the center and show ‘𝑙’ number 

of high-intensity spots. Additionally, the shape of these winding arms continuously changes 

at the central waist as it propagates. Here, we have also tried to simulate these interference 

patterns of fundamental Gaussian beam with the different order of the LG beam as shown 

in figure 3.16 (a-d).  The striking component of every result shown is the winding/spiral 

behaviour observed in these interference patterns, displaying a few spiral arms whose 

number is equivalent to the azimuthal  𝑙 order of the LG mode being reported. This spiral 

pattern is a normal result of the interference between the helical LG modes and the  𝐿𝐺0
0 

mode with their respective phase fronts.  
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Figure 3.16: Results of simulated interferograms for ‘spherical reference wave’ with the ideal 𝐿𝐺𝑙
𝑝
 

mode (a-d). Experimental results for the interference patterns recorded (e-h). 

The interference patterns as displayed in figure 3.16 are found to be in good agreement 

with the recreated/simulated interferograms for almost all the LG modes, which 

demonstrates the correctness of the phase profiles obtained in the experiments. 

3.3.2 Verification for Bessel modes 

The property that has attracted the most attention of any non-diffracting or a Bessel beam 

is the results of the ‘Bessel equation’, which gives the following equality. It states that for 

the propagation of the Bessel beam in the z-direction, the intensity I, follows the given 

relation [58]:                                             

                                                        𝐼(𝑥, 𝑦, 𝑧 > 0) = 𝐼(𝑥, 𝑦)                                          (3.2) 

The above equality shows clearly that will be no change in the beam cross-section 

whenever it propagates and therefore, we concluded that the beam is diffraction free, or in 

other words, the propagation remains invariant. Another way of describing these is to 

consider them as a collection of several planar waves that are supposed to propagate on the 

surface of the cone as it is shown in figure 3.17 (c). Also, each of these propagating plane 

waves experiences an equal phase shift which is equal to 𝑘𝑍∆𝑍 and remains the same over 

a distance of ΔZ. This kind of disintegration of these beams into many planar waves results 
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in the appearance of the annular ring kind of structure in the far-field, which is also be seen 

as a ring in k-space, as illustrated in figure 3.17 (b).  

Figure 3.17: (a) Intensity profile for the Bessel beam, (b) Annular ring produced at the far-field 

(c) Propagation of the k-vectors on the surface of a cone. 

So, for the confirmation of the generated Bessel beam, we have observed an annular ring 

in the propagation of beam at a distance of around 5 meters which might be the Fourier 

transform of the Bessel beam. We have performed the focusing of the generated Bessel 

beam and we got the annular ring at the focal plane similar to that obtained at the far-field, 

which is a well-known property of the Bessel beam as shown in figure 3.19 (a) and figure 

3.19 (b) respectively.  

Furthermore, we have demonstrated another method to justify the formation of the annular 

ring at the far-field upon Fourier transform of the beam in space, by doing the reverse of 

the above procedure. 

 

 

 

 

 

 

 

 

Figure 3.18: Schematic of set up to demonstrate the confirmation of output Bessel mode. 
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Figure 3.19: (a) Annular ring (At far-field) and (b) Intensity of beam produced at the backside 

focus of the lens.  

The setup used for this purpose is shown in figure 3.18. Here, a lens is placed in the path 

of the annular ring that is formed at the far-field and observed the looked into the pattern 

of the obtained beam, which was recorded back-side focal plane of a converging lens, and 

then we looked into the pattern of the obtained beam. We have recorded the clear formation 

of Bessel modes, donated by Bessel regeneration in figure 3.19 has 𝑧𝑚𝑎𝑥  distance of 

propagation, which verified that the modes that have been generated initially with the help 

of SLM were correct. 
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4.1 Concluding remarks 

Beam shaping is a very effective tool when it comes to the field of optics. The SLM along 

with the coupled program can be used to generate any type of hologram. Therefore, the 

SLMs could be pivotal for generating different modes of light. In summary, here we have 

demonstrated the generation of higher-order LG modes and Bessel modes from the 

Gaussian beam as input using reflective type LCOS-SLM implemented with computer-

generated holograms. Since SLM comes with the advantage of producing desired phase 

modulation, mode patterns for various multi-ringed LG beams were universally 

reproduced. Moreover, we have also reported the confirmation of the generated LG and 

Bessel modes by theoretical as well as experimentally using a reference beam. The present 

approach provides a good beam shaping method for the generation of these modulated 

beams which can be employed for different applications such as optical manipulation, atom 

guides, optical traps, etc. 

4.2 Future Directions 

So far, we have presented a technique of beam shaping using SLM and successfully 

generated beams like LG and Bessel beam. Our next aim is to incorporate these beams into 

optical tweezer. Ultimately, SLM possesses a great advantage in optical tweezers setups 

because of its adaptability, as they hold a good potential of providing positional stability to 

the optical traps. Optical tweezers mostly use a standard Gaussian profile for the trapping 

of the particles. However, LG beams that possess OAM has emerged as a better candidate 

for use in optical tweezers [70]. There is plenty of work still to be done in this field and we 

have anticipated that our future work of incorporating these beams into the optical tweezer 

would help us investigate many problems like trapping of low-refractive-index particles 

with significantly enhanced trapping efficiency, trapping of particles that are optically 

reflective and absorptive, looking into rotational and twisting properties of particles which 

are challenging using Gaussian beam profile. 
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