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ABSTRACT

EFFECTS OF BEAM TYPESIN THE PERFORMANCE OF FREE SPACE OPTICS
SYSTEMS

TATGIN, Deniz
M.S.c., Department of Electronic and Communication Engineering
Supervisor  : Prof. Dr. Yahya Kemal BAY KAL

September 2008, 98 pages

In this thesis, a general light source beam formula is developed which combines many beam
types. Using different parameter sets in the general source beam formula, we obtained
different beam’s source equations. Using Matlab, intensity distributions at the source plane
for various beam types are plotted. Received average intensity in atmospheric turbulence is
calculated for the general source beam and numerical evaluations are made and the received
average intensities are plotted for certain specific beams such as Dark Hollow, Flat-topped,
Bottle, Lorentz and Super Gaussian beams.

Keywords: Free Space Optics, Intensity Distribution, Atmospheric Turbulence
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ISIK HUZMESI TIiPLERININ SERBEST UZAY OPTIK SISTEMLERI
PERFORMANSINDAKT ETKISI

TATGIN, Deniz
Y tkseklisans, Elektronik ve Haberlesme Muhendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Yahya Kemal BAY KAL

Eylll 2008, 98 sayfa

Bu tezde, birgok htzme tipini birlestiren bir genel 151k kaynag: formult gelistirildi. Genel
kaynak 151k hiizmesi formultinde farkli paremetre setleri kullanlarak, farkli 1s1k hlizmelerinin
kaynak denklemleri elde edildi. Matlab kullanilarak, c¢esitli hizme tipleri icin kaynak
duzleminde 151k siddeti dagilimlar1 gizildi. Genel kaynak hiizmesi igin tirbilansli atmosferde
alicidaki ortalama 151k siddeti hesapland: ve Dark Hollow, Flat-topped, Bottle, Lorentz ve
Slper Gauss gibi bazi spesifik hizmelerin alict dizleminde olusturdugu 1sik siddeti
dagilimlart nimerik hesaplanarak cizdirildi.

Anahtar Kelimeler: Serbest Uzay Optik, Isik Siddeti Dagilimi, Atmosfer Turbulanst



ACKNOWLEDGMENTS

| would like to express my sincere appreciation and gratitude to my supervisor Prof. Dr.
Yahya Kemal BAYKAL for his guidance, advice, criticism, encouragements and insight
throughout the research.

| would like to thank Assoc. Prof. Dr. Halil Taner EYYUBOGLU, Instructor Dr.Serap
ALTAY ARPALI and Res. Asst. Canan Y AZICIOGLU for their support.

| would like to thank my son Ceyhun Uras TATGIN and my husband Fatih Giray TATGIN
for their patient.

Vi



TABLE OF CONTENTS

STATEMENT OF NON PLAGIARISM ..ot il

AB ST RA CT ettt et st e be et e e e e st eeeate e e e e nneesree s v

@ AU UU TR v

ACKNOWLEDGMENTS.....ec ettt st sn e s e Vi

TABLE OF CONTENTS......ceeeee ettt s e se e s s Vi
CHAPTERS:

1. INTRODUGCTION. ...ttt sttt se s st s e e s snee e e nees 1

1.1 Objectives of the SEUY..........cccuoriiririee e 1

1.2 Organization Of the THESIS........cciiiiie e 1

2. FSO BACKGROUND...... .ottt ettt sees e sae e snee e 3

3. ATMOSPHERIC EFFECTS ON LASER BEAM PROPAGATION.............. 6

3.1 AIMOSPNEriC ALENUBLION........cc.vieiiereiie et 6

311 ADBSOIION. .. .ot 6

312 SCAENING. .. ccueieeueeieeie ettt et ee e e 7

3.2 AtmMOSPNEriC FIUCLUBLION. ........oiviieieiii et 8

3.3 The Extended Huygens-Fresnel PrinCiple..........c.ccooviiniieniiciincenns 9

4. GENERATING DIFFERENT BEAM’S SOURCE EQUATION
FROM GENERAL SOURCE BEAM FORMULA ... 11

4.1 LIMItING CASES.......cceeeiieieiie ettt se e sr e s s sn e e e 12

vii



411 BeESSA BOAM.... oo 12

4.1.2 Bessel Gaussian Beam.........c.coeiiriiiniieieieee e 15
4.1.3 LagUerrEBEaIM........coceiiiieee et e 16
4.1.4 Laguerre Gaussian Beam..........cooierinieieice e 17
415 Dark HOIOW BEAM........c.coiiiiiiiiiiecieece e 21
4.1.6 BOtEBEAM......coiiiiece e 22
4.1.7 Flat-topped BEAM.......ccoiiiiiieeceee e 24
4.1.8 Super Gaussian Beam...........ccocoerieiiniies e 26
4.1.9 LOrentZ BEaM.......cocieceiieeie et 28

5. NUMERIC CALCULATION OF AVERAGE RECEIVED INTENSITY

BY USING GENERAL BEAM FORMULA.......coco e 30
5.1 Dark HOIOW BEaM.......c.ooiiieiiiiiieceeie e 33
5.2 Flat-topped BEAM.......cci it s 35
5.3 BOtIEBEAM......oiceeee e e 37
9.4 LOrentZ BEAM.......ccooiiiiiee e 43
5.5 Super Gaussian Beam..........cccuoiiieiiii i 47
6. CONCLUSIONS.......ceeeeee ettt e se e sn e e e e e 53
REFERENCES.........oo ettt e e R1
APPENDIX:
A. MATLAB PROGRAM USED IN THESIS........coo e Al

viii



LIST OF TABLES

TABLES

Table 2.1: Properties of terrestrial FSO and RF communications.....................



LIST OF FIGURES

FIGURES

Figure 3.1: Laser beam wander due to turbulence cells which are larger than
thebeam diameter...... ..o 8

Figure 3.2: Scintillation or fluctuations in beam intensity at the receiver due
to turbulent cellsthat are smaller than the beam diameter.................... 9

Figure 4.1: Intensity distribution of Bessel beam at the source plane.................. 15

Figure 4.2: Intensity distribution of Laguerre Gaussian beam at the source

plane with mode orders (1,2).......c.vveiuiiniieee e e e e e 19

Figure 4.3: Intensity distribution of Laguerre Gaussian beam at the source
plane with mode orders (2,3).......cc.oeviviiiiiiiiiiiii e el 19

Figure 4.4: Intensity distribution of Laguerre Gaussian beam at the source

plane with mode orders (0,5).......c.uvv e e, 20

Figure 4.5: Intensity distribution of Laguerre Gaussian beam at the source plane
with mode orders (1,10)........ocvvvveieiiiiiieiie e e 2. 20

Figure 4.6: Intensity distribution of dark hollow beam at the source plane........... 22

Figure 4.7: Bottle beam intensity at the sourceplane.............c.ooeviiiiiiiii i, 23



Figure 4.8: Flat-topped intensity at the source planewith N, =8....................

.25

Figure 4.9: Flat-topped intensity at the source planewith N, =5..................... 25
Figure 4.10: Super Gaussian beam intensity at the source plane for N, =8..........27
Figure 4.11: Super Gaussian beam intensity at the source planefor N, =2.......... 27
Figure 4.12: Lorentz beam intensity at the sourceplane...................cooviveeeeee.29
Figure5.1: The normalized average intensity of circular dark hollow beam at

several propagation distances in a turbulent atmosphere with

C?=10"m?"?® w, =2cm, N=3, p=9, 1 =632.8NM........cceccserrrv.........34
Figure5.2: The normalized average intensity of circular dark hollow beam at

several propagation distances in a turbulent atmosphere with

C2=10"m™?3, w,=2cm, N=3, p=9, 1 =632.8NM...............0eeceeerrrn, 35
Figure 5.3: The normalized average intensity of circular flat-topped beam at

several propagation distances in a turbulent atmosphere with

C2=10"m??, w,=2cm, N, =8, 1 =632.8NM...........ccccerrrrrrrnnn.n. 36
Figure 5.4: The normalized average intensity of circular flat-topped beam at

several propagation distances in a turbulent atmosphere with

C2=10"m??, w,=2cm, N, =8, 1 =632.8NM.........cccoevrrrrrnnnnnnn. 37

Figure 5.5: The normalized average intensity of circular bottle beam at
several propagation distances in a turbulent atmosphere with

Xi



C2=10""m™?3, w,=2cm, A =632.8NM.............vveeerrriiiiiiirnnnnn,

Figure 5.6: The normalized average intensity of circular bottle beam at

several propagation distances in a turbulent atmosphere with

C2=10"m?3, w,=2cm, 2 =632.8NM..........oooverereeariininnnnnn,

Figure 5.7: The normalized average intensity of circular bottle beam at

several propagation distances in a turbulent atmosphere with

C2=107m3, W, =2cm, A =155 M....vveiiiiinieeiiiiiee e,

Figure 5.8: The normalized average intensity of circular bottle beam at

several propagation distances in a turbulent atmosphere with

C2=10"m™3, w,=4cm, A =632.8NM.............ovvviirrrnnnnn,

Figure 5.9: The normalized average intensity of lorentz beam at several
propagation distances in a turbulent atmosphere with

C2=10"m™?"?, w,=2cm, A =632.8NM...........ccceeerrrrrrrnernnnn,

Figure 5.10: The normalized average intensity of lorentz beam at several

propagation distances in a turbulent atmosphere with

C2=10"m™3, w,=2cm, A =632.8NM...........cccevrrrrrrrrnnnnn

Figure 5.11: The normalized average intensity of lorentz beam at several

propagation distances in a turbulent atmosphere with

C2=10"m3, w,=2cm, A =155 M. . coiiiiiiiieiiiiieeeiie e,

Figure 5.12: The normalized average intensity of lorentz beam at several

propagation distances in a turbulent atmosphere with

C2=10"m™3, w,=4cm, A =632.8NM...........covveiririreeerinnnnn.

.39

....... 40

41

42

45

.46

A7

Xii



Figure 5.13: The normalized average intensity of Super gaussian beam at
several propagation distances in a turbulent atmosphere with

C2=10""m™?"3,w,=2cm A =632.8NM..........coeeiririeeeeiiiiiineeenn, 49

Figure 5.14: The normalized average intensity of Super gaussian beam at
several propagation distances in a turbulent atmosphere with

C2=10"m™3, w,=2cm, 1 =632.8nM................ceevvvreannnnnn... 50

Figure 5.15: The normalized average intensity of Super gaussian beam at
several propagation distances in a turbulent atmosphere with

C2=10"m™3, w,=2cm, A=1L554uM.......cccevvvveeariiieneennnnnnnn 51

Figure 5.16: The normalized average intensity of Super gaussian beam at
several propagation distances in a turbulent atmosphere with

C2=10"m™3, w,=4cm, A =632.8NM.........cccoovrrrrrrrireaerrrinnnnn, 52

Xiii



LIST OF ABBREVIATION

ABBREVIATION

DHB:.DARK HOLLOW BEAM
FSO:.FREE SPACE OPTICS

Xiv



CHAPTER 1

INTRODUCTION

Free-Space Optics (also known as “FSO”, “Wireless Optics’ or “Optical
Wireless’) is an optical data, voice and video transmission system. Like fiber
optics cable, wireless optics communication systems use laser light to transmit a
digital signal between two transceivers. However, unlike fiber, the laser light is
transmitted through air (free-space) instead of through a glass strand. In order for
the digital signal to be transmitted and received, there must be clear line of site
between each wireless optics unit. In other words, there should be no obstructions
such as trees or buildings between the transceiver units. FSO is primarily
deployed where performance, security, rapid deployment, and cost-savings are
critical issues[1].

1.1 Objectives of the Study

It is the aim of this work to combine the existing optical beam fields in a single
general beam formula, plot the intensity distributions at the exit plane of the laser and
investigate the propagation characteristics at different distances in atmospheric
turbulence by numerical calculation.

1.2 Organization of the Thesis

This thesis comprises six chapters. Chapter 1 is an introduction to this study which
contains the objective of thisthesis.

Chapter 2 includes some basic information about Free Space Optics.



In Chapter 3 the atmospheric effects on laser beam propagation are introduced.

In Chapter 4 the existing optical beam fields such as Bessel, Bessel Gaussian,
Laguerre, Laguerre Gaussian, Dark Hollow, Bottle, Super Gaussian, Lorentz and
flat-topped beams are combined in a single general source beam formulation and

source intensity distributions are plotted via Matlab code.
In Chapter 5 general source beam formulation and Matlab code are used to find the
numerical calculation of the average received intensity of various beam types in

turbulence.

Thethesisis finalized with the conclusion in Chapter 6.



CHAPTER 2

FSO BACKGROUND

The concept of optical wireless communications has been used for millennia,
examples including smoke signals and semaphore flags. In 1880, Alexander Graham
Bell patented the photophone, which modulated light reflected from the sun with a
voice signal and transmitted that across free space to a solid state detector. Thus was
born the first Free Space Optics (FSO) link. Given that Bell described the
photophone as “the greatest invention | have ever made; greater than the telephone,”
we can see that the hype for FSO is also nothing new. Unfortunately, the weather
availability of the photophone was less than 50%, as it required direct sunlight for
operation [2].

FSO transmits infrared, eye-safe light beams from one "telescope” to another using
low power infrared lasers in the terahertz spectrum. The beams of light in FSO
systems are transmitted by laser light focused on highly sensitive photon detector
receivers. These receivers are telescopic lenses able to collect the photon stream and
transmit digital data containing a mix of internet messages, video images, radio
signals or computer files. Commercially available systems offer capacities in the
range of 100 Mbps to 2.5 Gbps, and demonstration systems report data rates as high
as 160 Gbps.

FSO systems can function over distances of several kilometers. Aslong asthereisa
clear line of sight between the source and the destination and enough transmitter
power, FSO communication is possible.



Unlike radio and microwave systems, FSO is an optical technology and no spectrum
licensing or frequency coordination with other users is required, interference from or
to other systems or equipment is not a concern, and the point-to-point laser signal is
extremely difficult to intercept, and therefore secure. Data rates comparable to
optical fiber transmission can be carried by FSO systems with very low error rates,
while the extremely narrow laser beam widths ensure that there is almost no practical
[imit to the number of separate FSO links that can be installed in a given location.

FSO systems offer a flexible networking solution that can offer broadband solutions.
Only FSO provides the essential combination of qualities required to bring the traffic
to the optical fiber backbone — virtually unlimited bandwidth, low cost, ease and
speed of deployment. Freedom from licensing and regulation translates into ease,
speed and low cost of deployment.

Since FSO optical wireless transceivers can transmit and receive through windows, it
is possible to mount FSO systems inside buildings, reducing the need to compete for
roof space, simplifying wiring and cabling, and permitting the equipment to operate
in a very favorable environment. The only essential point to be fulfilled for FSO is
line of sight between the two ends of the link.

The advantages of FSO do not come without some cost. When light is transmitted
through optical fiber, transmission integrity is quite predictable — barring unforseen
events such as backhoes or animal interference. When light is transmitted through the
air, aswith FSO optical wireless systems, it must cooperate with aa complex and not

always quantifiable subject - the aamosphere [3].

FSO technology also emerged as a key technology for the development of rapidly
deployable, secure communication and surveillance systems, which can cooperate
with other technologies to provide a robust, advanced sensor communication
network. However, the line of sight requirement for optical links reduces flexibility
in forming FSO communication networks. Compared with broadcast radio frequency
(RF) networks, FSO networks do not have an obvious simple ability to distribute

4



data and control information within the network. Table 2.1 summarizes the
difference between FSO and RF technologies.

Table 2.1: Properties of terrestrial FSO and RF communications.

FSO Links RF Links
Typical Data Rate 100 Mbps to ~Ghbps L essthan 100 Mbps™
Channel Security High Low
Component Dimension Small Large
Source of Signal Atmospheric turbulence and{Multipath fading, rain, and
Degradation obscuration user interferences

Hybrid FSO/RF networks combine the advantages of both systems and avoid the
disadvantages of FSO or RF alone [4].

Most FSO systems use simple ON-OFF keying (OOK) as a modulation format, the
same standard modulation technique that is used in digital fiberoptics systems,
wherein data are typically transmitted in a digital format with light “ON”
representing a“1” and light “OFF” representing a“0” [5].

Atmospheric conditions affect beams' intensity at the receiver. The purpose of all the
studies is to reduce these negative effects introduced by the atmosphere.



CHAPTER 3

ATMOSPHERIC EFFECTSON LASER BEAM PROPAGATION

Interest in high-data-rate free-space optical (FSO) laser communication systems has
grown significantly in recent years because of the advantages offered by FSO
systems over radio frequency (RF) systems. Mos advantages are simple
consequences of the short wavelengths associated with optical waves. However,
there are some drawbacks that arise from the shorter wavelengths used in FSO
systems. Atmospheric factors are the most serious drawback to FSO systems. Optical
turbulence resulting from small temperature variations gives rise to power losses
from spreading of the beam beyond that due to diffraction alone, and to temporal and
gpatial fluctuations of the laser beam known as scintillation [6].

Atmospheric effects on laser beam propagation can be broken down into two
categories: attenuation of the laser power and fluctuation of laser power due to laser
beam deformation.

Attenuation consists of absorption and scattering of the laser light photons by the
different aerosols and gaseous molecules in the atmosphere. Laser beam deformation
occurs because of small-scale dynamic changes in the index of refraction of the
atmosphere. This causes laser beam wander, laser beam spreading, and distortion of

the wavefront or scintillation [7].



3.1. Atmospheric Attenuation

3.1.1 Absorption

A selective absorption of radiations that propagate at specific optical wavelength in
the atmosphere results from the interaction between photons and atoms or molecules
(N,, O,, H,, H,0, CO,,0,, Ar, etc..) which leads to the disappearing of the

incident photon and an elevation of the temperature. The absorption coefficient
depends on the type of gas molecules and on their concentration. Molecular
absorption is a selective phenomenon which results in a spectral transmission of the
atmosphere presenting transparent zones, called atmospheric transmission window,
and opague zones, called atmospheric blocking windows.

Aerosols are extremely fine solids or liquids particles suspended in the atmosphere
with very low fall speed by gravity (ice, dust, smoke, etc). Their size generally lies

between 10~ and 100 pm. Fog, dust and maritime spindrift particles are examples of
aerosols. Aerosols influence the conditions of atmospheric attenuation due to their
chemical nature, their size and their concentration [8].

3.1.2 Scattering

In addition to absorption losses, scattering losses contribute to atenuation of the
energy, as aresult of elastic collisions of light waves with atmospheric particles. As
the beam propagates, the path losses are integrated along the line of sight until the
laser light reaches the receiver. The scattering losses occur from all sizes of particles

relative to the laser wavelength.

Rayleigh scattering behavior refers to molecular and dust particles that are much
smaller than the wavelength of the laser transmission. The angular scattering
distribution is dependent upon the polarization of the laser. The scattering loss
decreases with longer wavelengths and is only important a lower, UV and visible
wavelengths.



Mie scattering, the lower visibility conditions, due to haze, rain, snow, and fog
events are responsible for limiting free space optical ranges. The elastic scattering is
due to all particles (assumed spherical) that are comparable to the laser wavelength,
and is responsible for dominant atmospheric propagation losses. Haze scattering is
caused by particles a few microns in size and falls off as the wavelength increases.
However, significant scattering attenuations occur only when the rain and snow rates
increase or there isincrease in fog densities [9].

3.2. Atmospheric Fluctuation

Occasional burst errors of the order of 1 msor less occur during laser communication
transmission primarily due to small-scale dynamic variations in the index of
refraction of the atmosphere. Atmospheric turbulence (i.e., wind) produces temporary
pockets of air with slightly different temperatures, different densities, and thus
different indices of refraction. These air pockets are continuously being created and
then destroyed as they are mixed. Data can be lost due to beam wander and
scintillation as the laser beam becomes deformed propagating through these index of
refraction in-homogeneities. The significance of each effect depends on the size of
these turbulence cells with respect to the laser beam diameter. If the size of the
turbulence cellsis larger than the beam diameter, the laser beam as a whole randomly
bends, causing possible signal loss if the beam wanders off the receiver aperture (see
Fig. 3.1). More commonly, if the size of the turbulence cells is smaller than the laser
beam diameter, ray bending and diffraction cause distortions in the laser beam
wavefront. Small variations in the arrival time of various components of the beam
wavefront produce constructive and destructive interference, and result in temporal
fluctuations in the laser beam intensity at the receiver. These fluctuations in receive
power are similar to the twinkling of a distant star. The constant mixing of the
atmosphere produces unpredictable turbulent cells of all sizes, resulting in received
signal strength fluctuations that are a combination of beam wander and scintillation.
Scintillation fluctuations occur on atime scale comparable to the time it takes these
cells to move across the beam path due to the wind (see Figure 3.2). Scintillation



fluctuations can be reduced by using either multiple transmit beams or large receiver
apertures[7].

/

Transmitter Recaiver

Figure 3.1: Laser beam wander due to turbulence cells which are larger than the
beam diameter.

Figure 3.2: Scintillation or fluctuations in beam intensity at the receiver due to
turbulent cells that are smaller than the beam diameter.

3.3 The Extended Huygens-Fresnel Principle

The fundamental problem of optical wave propagation was the determination of the
field at an observation point, given a disturbance specified over some finite aperture.

In the laser beam propagation, we define u(s,O):u(sA,sy,O) and

u(p,L)=u(p,.p,.L) as the input and output fields of a linear system. In the

atmosphere, the field changes with the distance L. The field at the receiver can be
expressed as

u(p,. p,.L)=G(s pL)®u(s,s,.0), (3.1)

where ® is the convolution operator and G(s,p; L) is the Green’s function defined

as



G(sp;L)= M%exp[ikL+%|s—p dexp[w (sp)]. (3.2)

Here w(sp) is the random part of the complex phase of a spherica wave

propagating in the turbulent medium from the point (s, O) to the point (p, L) :

If u(p, L) denotes the optical wave field at the transmitter, the field of the wave after

propagating a distance L through a random medium is defined by the extended
Huygens-Fresnel principle defined as[10]

u(p,L):—Zik]i]iG(s, p;L)u(s 0)d’s, (3.3)

—0 —o0

u(p, L):z—exp (ikL T ]Eu 5,0 exp[—ls p| }exp[w (s.p)Jd’s (3.4)

Using Eq. (3.4) we can find the intensity from u(p,L)u*(p,L), * dencting the

complex conjugate.

10



CHAPTER 4

GENERATING DIFFERENT BEAM’'S SOURCE EQUATION FROM
GENERAL SOURCE BEAM FORMULA

In this section the existing optical beam fields such as Bessel, Bessel Gaussian,
Laguerre, Laguerre Gaussian, Dark Hollow, Bottle, Super Gaussian, Lorentz and
Flat-topped beams are combined in a single general source beam formulation.

Source equation of different beams can be generated from the general source beam
formula. General source beam wave a the source plane (z=0, z being the

propagation axis) will have an electric field distribution of

|:P(sf + sj)y’ + R(sf + sj)yz ]

C
2

(5.5,0)= AT c

1=1 (dla; + dSS:)] (dza; +d4sj)
*(A—V)exp[—j(Vxlsx +Vw3y)]
*Hn(ax|sx+bx|)Hm(ay'Sy+by'), -

where s, and s, are the x and y components of the source plane vector s, i.e,

s=(s,s,). All ¢ subscripted terms establish the specific parameters of the

individual beams comprising the general beam through summation. In this manner,

N denotes the number of beams, A is the complex amplitude of the field at the
origin of the source plane, H,(a,s,+b,) and H (a,s +b,) ae Hermite

polynomials governing the beam variations for s, and s, directions, where n and

11



m are the order, a,, and a, characterize the width, b, and b, are the complex
shift parameters, V,,, V,, are the complex displacement parameters, used to create
physical location displacement and phase rotation or a combination of both, «_, and

a,, arethesourcesizes, k isthe wave number,

Jeodof s T s || EREWER
1 D((%)ﬁ] ey GE’{Q&%)] W{(%)] el

¢ is the phase factor and the other parameterssuchas T, P, R, y,, 7,, 75 0,

d21d31 d41C11 C21 A! 81 C1 D1 E! Gl Q1 W! F]_! F21 F31 F41 F51 n‘Ei f]_! fz

are the variable parameters which change with the beam type which we want to

generate.

The intensity of the optical wave is the squared magnitude of the field. Thus, at the

source plane, the intensity is

1 (s,0)=|u(s,0) ] (4.3)

where u(s,0)=u(s,,s,,0). The intensity distribution of the general beam at the exit

plane of the laser can be calculated by using Eqg. (4.3) for all the cases.
4.1 Limiting Cases

From the general source beam formulation given by Eq. (4.1), the above mentioned
beams' source eguations can be obtained in the limiting cases. Also the mentioned
beams' intensities can be calculated by using Eqg. (4.1) and Eq. (4.3). Here Eg. (4.1)
is checked and found to reduce to the following limiting cases correctly.

4.1.1 Bessel Beam

Diffraction is an interesting wonder that is a feature of the wave nature of light. It has

the possibility of happening anytime when a beam of light passes through an opening
12



or aperture that is large with respect to its wavelength. According to the Huygens-
Fresnel Principle, every point of the wavefront that is unobstructed by the hindrance
serves as a source of spherical wavelets that constructively and destructively interfere
with each other depending on their optical path length. This creates what is called a
diffraction pattern.

Durnin showed that Bessel functions could be used to create exact solutions to the

free space wave equation given by :

(v~— L i) E(r,t) = 0. (4.4)

o Ot

These solutions are surprisingly non-diffracting in their propagation. [11]

The zeroth-order Bessel beam is one such solution and results in a beam with a
narrow central region surrounded by a series of concentric rings. For an ideal Bessel
beam, the electric field is proportional to the zeroth-order Bessel function Jo:

E(r.¢,zt) = E;exp[i(-ot +k,2)] Jo(k,1) (4.5)
where k =70059 ad Kk =79n9. Bessel functions of the first kind is defined
as

i . /2)2‘L'+n .
=0 T+n) ’ ( ) )

where n isthe order of Bessel function. Defining the relevant parameters in Eq.(4.5)

as z=0 and t=0 Bessel beam source equation can be obtained as

13



E(r,9,0,0)=E, exp{i(—a).0+2/1—ﬂcose.0)} Jo(i—ﬂsiner)

21 .
=J,(—sinor
o 7 ) 47
7'[2 . !
—/lzsmzej (s’+s,%)

5|

Defining the relevant parametersin Eq. (4.1) as

it

2
T .
—~,sin*0

¢
[l
| =E+1LN >0, A = T =1P=1,

EIT(E+1)
71=§,R=0,73=1,C1=O,CZ=O,A=2,F3=O, (48)
n=0m=0V, =0V, =0,

Bessel beam can be obtained. Substituting the parameter set in Eq. (4.8) into Eq.
(4.1) and Eq. (4.2) Bessel beam source equation is obtained [12]. After substitution,
the reduced form of the general source beam equation can be written as

(s.,5,0)= 2B (s +5))
—n—zsinze ¢ 49
MR

SIr(¢+1)

where E, is aconstant, A being the wavelength and F(n) is the gamma function,

where I'(n) = (n-1)!.

Substituting Eq. (4.1) and Eq. (4.2) into Eq. (4.3), Bessel beam intensity at the source
plane is calculated by using the general source beam formulation. Figure 4.1 shows
the Bessel beam intensity at the source plane.
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Figure 4.1: Intensity distribution of Bessel beam at the source plane.

4.1.2 Bessel Gaussian Beam

Bessel Gaussian beam is found by multiplying Bessel beam equation by the Gaussian

expression which can be defined as

u(sx,sy,o):EOexpL— ZZX; —20%] (4.10)

where E, is a constant that represents the amplitude. Multiplying Eq. (4.9) by Eq.
(4.10), Bessel Gaussian source equation can be obtained. Defining the relevant
parametersin Eqg. (4.1) as

EO{—ﬂjsinzej
I=§+17N_>OO’A1: g'r(é-kl) ’Tr=17P=177/1=€1

R:Qh=Lq=Q%=QA=QB=QC=LD=%£f4,

E-2,F,=2,G=0,F,=1n=0,m=0,V, =0,
2

V,=0f=11f,=1
(4.11)
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Bessel Gaussian beam is obtained. Substituting Eg. (4.11) into Eq. (4.1) and Eq. (4.2)

the general source beam formula reduces to the Bessel Gaussian source equation as

. ¢
 (-sin’o)

U(5.5,0)= Y E($+5)

¢=0 C'F(C +l)
2 (4.12)
XeXp£ §2 o Syz ]’
2%, 202,

which is a Bessel Gaussian source equation. This correctly checks with reference[13]

4.1.3 Laguerre Beam

The Laguerre beam modes are approximate solutions to the wave equation in
cylindrical coordinates, which are valid when the wave propagates in nearly parallel
beams. The beam-mode superposition representing the transverse electric field E of

an axially-symmetric beam, in cylindrical polar coordinates (r,¢, z) , With the z-axis

being coincident with the beam axis, where r=,/s} +s . Laguerre source field

equation can be defined as [14]

U[m(r,ff),o)=(\/VirJ|—?(5\;j9<p(—J”¢), (4.13)

where L'(x) is the associated Laguerre function which can be described as

n (n+m)!

LL”(X)=Z(—1)k(n_k)!(m+k)!k!xk, (4.14)

and W, isthe width of the beam waist. Defining the relevant parametersin Eq. (4.1)

as
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(-1)° (N+m)!
(@B )(N=¢)(m +¢ gt
T =1 P=1 R=0, y,=¢ +%, v,=1F,=1,¢=0, c,=0, A=0,

B=0, C=0,G=1 Q=0 W=0 m=m, V, =0,
V,,=0,n=0, m=0,

1=(+1 A=

(4.15)

Lagurre beam is obtained. After substituting Eq. (4.15) into Eq. (4.1) and Eq. (4.2),
the reduced form of Eqg. (4.1) can be written as

v (-1 () (N+m)!

Uy (1,0) = ;( ) (N=C)(m+C)1! (4.16)
xexp(~jmyg),

which is a Laguerre source beam equation [14], where N and m, are mode numbers

of the Laguerre polynomial.
4.1.4 L aguerre Gaussian Beam

Multiplying Eq. (4.16) by the Gaussian expression, Laguerre Gaussian source beam
equation is obtained. Defining the relevant parametersin Eq. (4.1) as

() (N+m)
(a2 )(N=¢)Y(m +¢)igt
T =1 P=1 R=0, 71=é+%, ¥.=1¢=0,¢,=0, A=0, (4.17)

B=0 C=0, G=1, Q=05 W=05 m =m,F=1F=2FK=2
Vv, =0V,, =0 n=0 m=0,

t=¢+L A=

Laguerre Gaussian beam is obtained. After substituting Eqg. (4.17) into Eq. (4.1) and

Eq (4.2) , the general source beam formulation reducesto
17



(4.18)

sl
oSS
ol 5 o]

which is the Lagurre Gaussian source field equation [14]. Also the intensity can be
calculated by using Eq. (4.3).

In reference [15] diffractive optics are used to create low and high-order Laguerre-
Gaussian beams from the output of a diode laser. They examine the mode purities,
conversion efficiencies, extinction ratios, and propagation characteristics. They
constructed Laguerre-Gaussian laser beams using diffractive optics in collaboration
with the research department of Diffractive Optics Corporation. Using optics they
created Laguerre-Gaussian (0,1), Laguerre-Gaussian (1,2), Laguerre-Gaussian (2,3),
Laguerre-Gaussian (0,5), and Laguerre-Gaussian (1,10) laser modes. Images of
intensity cross sections for these beams are fitting with our intensity distribution
profile which we generate by using Eq.(4.1), Eq(4.2) and Eq.(4.3).
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Figure 4.2: Intensity distribution of Laguerre Gaussian beam at the source plane
with mode orders (1,2).
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4.1.5 Dark Hollow Beam

In recent years, dark-hollow beams (DHBS) have attracted more and more attention
because of their wide applications in modern optics and atomic optics. DHBs have
been widely studied both experimentally and theoretically. A DHB can be expressed

as afinite sum of Laguerre-Gaussian beams or Gaussian beams. [16]

The electric field of a dark hollow beam at z=0 can be expressed as the following

finite sum of Gaussian beams

- n
: ns +ns’ ns +ns’ (4.19)
o PV

N
where [n ] denotes a binomial coefficient, N isthe order of a circular dark hollow

beam, W, determines the beam waist width, and p=¢® with p<1. Defining the

relevant parametersin Eq. (4.1) as

e
e AN

N EI(N-¢§)
¢ =0,¢,=0 A=0, B=0, C=1, D:%, G=-1,
EZ% Q=%, F=2F=2 F=1F=2FK=2 (4.20)

:?, mZZO, fl:l' fzzl, VX/ :O, Vy/ :O,

n=0, m=0,

dark hollow beam is obtained. After substituting Eq. (4.20) into Eq. (4.1) and Eqg.
(4.2), the general source beam formula reduces to
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_N(_;Lf*l N!
u(sx,sy,o)—g_l N CI(N-¢) (4.21)

which is dark hollow source beam equation [17]. Using Eg. (4.3) the intensity at
source plane can be calculated. Figure 4.6 shows the intensity distribution plot of

dark hollow beam at the source plane.
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Figure 4.6: Intensity distribution of dark hollow beam at the source plane.

4.1.6 Bottle Beam
The electric field of the bottle beam can be defined as

E(r,$,0) = Ly, (r,0)— Ly (r,0), (4.22)

where Ly, and L,, arethe Laguerre polynomialsand Ly, = L(0,0), L, =L(2,0).
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Defining the relevant parametersin Eq. (4.1) as

-1
N=1,A=1T=1¢=0¢c=0P=7-,7=2
20,
2 1
R=—-,7,=17,=1LA=0,B=0,C=1 D=7,
OCSyI 2
=2, G=0f,=1f,=1F=2F=2F=1 (4.23)

V,,=0,V,,=0,n=0, m=0,

bottle beam is obtained. Substituting Eq. (4.23) into EqQ. (4.1) and Eqg. (4.2) , reduced
form of the general source beam formulation is
E(r,0) =Ly (r,z)—Ly(r,z)

2 2
:exp(—l(s—;+s—gn (4.24)
2\ ag, ag
2 2\2 2 2
y —(sx+sy) +2(sx+sy) |
20‘; aszy,

which satisfies bottle beam source equation [18]. With general source beam
formulation, the intensity can be calculated by using Eq. (4.3). Figure 4.7 shows the

intensity distribution at the source plane.

=
o

1., (Intensity at source plane)

¥ axis in cm

Figure 4.7: Bottle beam intensity at the source plane.
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4.1.7 Flat-Topped Beam

Flat-topped (FT) beams are derived from the fundamental Gaussian beam by
introducing an order of flatness parameter. They possess a number of attractive
features. Amongst these are less spreading in propagation and medical applications.
Flat-topped beam source equation can be defined as

us(sx,sy,o):l—[l—exp(—sf/a; ~s /a2, )]Nf , (4.25)

where N, isthe order parameter for flatness, suchthat N, =1. When N, #1, onthe
other hand, the beam sizes will depart from Gaussian source sizes along s, and s,

directions. Defining the relevant parametersin Eq. (3.1) as

N=1 A=1T =1 A=1 B=] C=] D=],
E=1F=2FR=2F=N, f=11,=1 (4.26)
G=0V,=0V,,=0 n=0 m=0

flat-topped beam is obtained. Substituting Eq. (4.26) into Eg. (4.1), and Eq. (4.2),
the general source beam formulation reduces to a flat-topped beam source equation
[19]. The intensity can be calculated using Eq. (4.3). Figure 4.8 is the intensity plot
for flat-topped beam at the source plane when N, =8and Figure 4.9 is the intensity

plot for flat-topped beam at the source plane when N, =5
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Figure 4.9: Flat-topped intensity at the source plane with N, =5.
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4.1.8 Super Gaussian Beam

Super-Gaussian beam is efficient in extracting laser power in a single lowest order
mode with a large user-defined waist, thus improving the beam quality and
focusibility. Super Gaussian beam source equation can be defined as

u(sx,sy,O)exp{_(ﬁS; I] S_Lﬁs; I} } (4.27)

where N, isthe super Gaussian power. [20]

Defining the relevant parametersin Eqg. (3.1) as

N=1 T =1, A=1y,=0,¢=0¢,=0 A=0,B=0, C=1,

Dot _ E:;N, G=0F=N_,F=N_,F,=1, (4.29)

(Vo) (v2)”

V,=0,V,=0n=0m=0,f=1f,=1

super Gaussian beam is obtained. After substituting Eq. (4.28) into Eq. (4.1) and Eqg.
(4.2), the general source beam formulation reduces to a super Gaussian beam source

equation [20]. Figure 4.10 shows the intensity plot for N, =8 at the source plane.

Figure 4.11 showsthe intensity plot for N, =2 at the source plane.
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4.19 Lorentz Beam

These beams are called Lorentz beams because the form of their transverse pattern in
the source plane is the product of two independent Lorentz functions. Lorentz beam
source equation can be defined as

_ 5 1 1
U(SX’SV’O)_WXWy [1+(SX/WX)2J [1+(Sy/Wy)2] (4.29)

where E; is a constant value and W, and W, are parameters related to the beam

width, W, =+/2a, and W, =20

syl ?

with A, W, and WSy e R . Defining the

relevant parametersin Eq. (4.1) as

N=1 A =2E,ag oy, T, =1 y3=0,¢=1 ¢, =1,
d=2d,=2, A=2,F=0,V, =0, V,, =0,
n=0m=0,d, =1, d, =1

(4.30)

Lorentz beam is obtained. After substitution of Eg. (4.30) into Eqg. (4.1) and Eq.
(4.2), the general beam source formulation reduces to

1
205;, +Sf)(2a52y, +S§)’

(s.5,,0)=2E a0, ( (4.31)

which is the Lorentz beam source equation [21]. Figure 4.12 shows the intensity plot
of Lorentz beam at the source plane.
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CHAPTER 5

NUMERICAL CALCULATION OF AVERAGE RECEIVED INTENSITY BY
USING GENERAL BEAM FORMULA

In this part, general source beam formulation and Matlab code used to calculate the
average received intensity in turbulence, numerically. Here, EQ. (5.1) is used as the
source field in the calculation of the average received intensity in turbulence.

u(%o):NZN[ ($+5) +R(s +5) ]

+ (da +ds) (de +ds)

*(A-v)ep|-i(vs +vs)]

5.1
*H (as+b) (as+b) o

The average intensity <I (p, L)> of the general beam on a receiver plane located at

L distance away from the source can be written as

(1(p.L)) =(u(p.L)u(p.L) ), (5.2)

where

K
U(p,L)=mexp ik Hd su(s)e| k(p-9)'/2L+w(sp)| (53
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and

u(p.LJulpL) = ool | Jesuls)

|

—00

*exp| jk(p-s)’ /2L +y (s,p)|

* (—ZTEL) e(p(_jk")]o T dg U'(s,) (5.

*exp| —Jk(p-s,)" /2L+y " (s,.p) |

—00 —00

After substituting Eq. (5.4) into Eq. (5.2), the average received intensity can be
calculated as

*exp| jk[(p-5) - (p-s.)"|/2L| (55

where the ensemble average term within the integrand is
(exp[w (5.0)+v" (52.P) ) = exp[ -po* (s-52) |, (5.6)

with w being the fluctuations of the complex amplitude, p, and p, arethe x andy

components of the receiver plane vector p, such that p=(p,.p,),

Do = (O.545C§k2L)73/5 is the coherence length of a spherical wave propagating in the

turbulent medium and C? is the structure constant. Note that Eq. (5.6) is derived

under the quadratic approximation for the Rytov’ s phase structure function [19], [22]

and
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After substituting Eqg. (5.7) into Eq. (5.5), the average received intensity can be
calculated as

{3 i nsion

AR A AN I L CAE AR CAT AN
(deZ,+dsh)" (dol, +digh)" (del, +as,)" (del, +ds, )

{{“MD %QI‘
ek ol 2

* 0] -1 (VoS Vo) Jexp - (Vs +V45) Jep{ i (p-5)" ~(p -, 21
Hy1 (84S0 +Bi)Huz (84282 +Byz) ml( 13/1+Q,11)Hm2(8y,23/2+b/12),

s)u(s) -ZZM

et
e

(5.7)

é'—aS

The intensity is calculated and plotted at the source plane in Chapter 4. In this
chapter, the average received intensity of different beams in atmospheric turbulence

is calculated by using general source beam formulation Eq.(5.8) and Matlab code
numerical calculation.
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51 Dark Hollow Beam

Figure 5.1 shows the normalized average intensity of circular dark hollow beam at

several propagaion distances in a turbulent atmosphere with C2=10"m?"?,
w,=2cm, N=3, p=0.9, 1=632.8nm. (the wavelength of a commonly used He-Ne

laser). The normalizations in Figure 5.2 and the rest of the figures are carried out with
respect to the peak of each beam individually.

Figure 5.2 shows the normalized average intensity of circular dark hollow beam at
several propagaion distances in a turbulent atmosphere with C2=10"m?*?,
w,=2cm, N=3, p=0.9, 1=632.8nm. One can see from Figure 5.2 that the dark

hollow beam profile disappears gradually (and the central intensity increases) as
propagation distance L increases. While in the far field, the circular DHB becomes a
circular Gaussian beam (without a central hollow) in aturbulent atmosphere.

Furthermore, from Figure 5.2, one can also see that the conversion from a circular
DHB to acircular Gaussian beam becomes quicker and the beam spot in the far field
spreads more rapidly for alarger structure constant.

The normalized average intensity of circular dark hollow beam plots matches with
reference [16].
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Figure5.1: The normalized average intensity of circular dark hollow beam at several
propagation distances in a turbulent atmosphere with C2=10""m"*, w, =2cm, N=3,

p=0.9, 1 =632.8nm.
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Figure5.2: The normalized average intensity of circular dark hollow beam at several
propagation distances in a turbulent atmosphere with C2=10"m*?, w, =2cm, N=3,

p=0.9, 1 =632.8nm.
5.2  Flat-Topped Beam

Figure 5.3 shows the normalized average intensity of circular flat-topped beam at

several propagaion distances in a turbulent atmosphere with C2=10"m?"?,

w,=2cm, N, =8, 1 =632.8nm.

Figure 5.4 shows the normalized average intensity of circular dark hollow beam at

several propagaion distances in a turbulent atmosphere with C2=10"m??,

w,=2cm, N, =8, 1=632.8nm. In turbulent atmosphere the flattened beam profile
35



disappears gradually as the propagation distance increases, and the flat-topped beam

becomes a circular Gaussian beam in the far field.

Furthermore, from Figure 5.4, one can also see that the conversion from a circular
flat-topped beam to a circular Gaussian beam becomes quicker and the beam spot in
the far field spreads more rapidly for alarger structure constant.

The normalized average intensity of circular flat-topped beam plots matches with

reference [23].
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Figure 5.3: The normalized average intensity of circular flat-topped beam at several

propagaion distances in a turbulent atmosphere with C>=10"m??, w,=2cm,

N, =8, 1 =632.8nm.
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Figure 5.4: The normalized average intensity of circular flat-topped beam at several

propagaion distances in a turbulent atmosphere with C>=10"m?*3, w,=2cm,

N, =8, 1=632.8nm.

53 Bottle Beam

Figure 5.5 shows the normalized average intensity of bottle beam at several

—2/3

propagation distances in a turbulent atmosphere with C?=10"m??®, w, =2cm,

A =632.8nm.

Figure 5.6 shows the normalized average intensity of bottle beam at several

23w, =2cm,

propagation distances in a turbulent atmosphere with C?=10"m
A =632.8nm. In turbulent atmosphere the beam profile disappears gradually as the
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propagation distance increases, and the bottle beam becomes a circular Gaussian
beam in the far field.

Furthermore, from Figure 5.6, one can also see that the conversion from a bottle
beam to a circular Gaussian beam becomes quicker and the beam spot in the far field

spreads more rapidly for alarger structure constant.

Figure 5.7 shows the normalized average intensity of bottle beam at several
propagaion distances in a turbulent atmosphere with C>=10"m*3, w,=2cm,
A =1.55u m. The beam spot in the far field range spreads more rapidly for longer

wavelength.

Figure 5.8 shows the normalized average intensity of bottle beam at several

propagaion distances in a turbulent atmosphere with C2=10"m*3, w, =4cm,

A =632.8nm.
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Figure 5.5: The normalized average intensity of bottle beam at several propagation

distances in a turbulent atmosphere with C2=10""m*, w, =2cm, A =632.8nm.
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Figure 5.6: The normalized average intensity of bottle beam at several propagation

distances in a turbulent atmosphere with C2=10"m*, w, =2cm, A =632.8nm.
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Figure 5.7: The normalized average intensity of bottle beam at several propagation

distances in a turbulent atmosphere with C2=10"m*, w,=2cm, A=155um.
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Figure 5.8: The normalized average intensity of bottle beam at several propagation

distances in a turbulent atmosphere with C2=10"m*, w, =4cm, A =632.8nm.
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54 Lorentz Beam

Figure 5.9 shows the normalized average intensity of Lorentz beam at several

—2/3

propagation distances in a turbulent atmosphere with C?=10"m??®, w, =2cm,

A =632.8nm.

Figure 5.10 shows the normalized average intensity of Lorentz beam at several

14 ~-2/3
m/

propagation distances in a turbulent atmosphere with C?=10 , W, =2cm,

A =632.8nm. In turbulent atmosphere the beam profile disappears gradually as the

propagation distance increases, and the Lorentz beam becomes a circular Gaussian
beam in the far field.

Furthermore, from Figure 5.10, one can also see that the conversion from a Lorentz
beam to a circular Gaussian beam becomes quicker and the beam spot in the far field

spreads more rapidly for alarger structure constant.

Figure 5.11 shows the normalized average intensity of Lorentz beam at several
propagaion distances in a turbulent atmosphere with C>=10"m*3, w,=2cm,
A =1.55pu m. The beam spot in the far field range spreads more rapidly for longer

wavelength.

Figure 5.12 shows the normalized average intensity of Lorentz beam at several
propagation distances in a turbulent atmosphere with C>=10"m?*3, w, =4cm,

A =632.8nm.
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Figure 5.9: The normalized average intensity of lorentz beam at several propagation

distances in a turbulent atmosphere with C2=10""m?*, w, =2cm, A =632.8nm.



1, flotomstn o wassrcan e
A Mlaten 1y ar cueban phois]

L=0 km L=1km

A Mlaten 1y ar cueban phois]
A Mlaten 1y ar cueban phois]

L=1.5km L=3 km

Figure 5.10: The normalized average intensity of lorentz beam at several

propagaion distances in a turbulent atmosphere with C>=10"m*3, w,=2cm,

A =632.8nm.

45



1, flotomstn o wassrcan e
A2 Maten 1 ar cureban g

L=0 km L=1km

A Mlaten 1y ar cueban phois]
A Mlaten 1y ar cueban phois]

L=1.5km L=3 km

Figure 5.11: The normalized average intensity of lorentz beam at several

propagaion distances in a turbulent atmosphere with C>=10"m*3, w,=2cm,

2 =155um.
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Figure 5.12: The normalized average intensity of lorentz beam at several

propagaion distances in a turbulent atmosphere with C>=10"m*3, w, =4cm,

A =632.8nm.

55  Super Gaussan Beam

Figure 5.13 shows the normalized average intensity of super Gaussian beam at

several propagaion distances in a turbulent atmosphere with C2=10"m?"?,

w,=2cm, A =632.8nm.

Figure 5.14 shows the normalized average intensity of Super Gaussian beam at

several propagaion distances in a turbulent atmosphere with C2=10"m?*?,
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w,=2cm, A=632.8nm. In turbulent atmosphere the beam profile disappears

gradually as the propagation distance increases, and the Super Gaussian beam
becomes a circular Gaussian beam in the far field.

Furthermore, from Figure 5.14, one can also see that the conversion from a Super
Gaussian beam to a circular Gaussian beam becomes quicker and the beam spot in
the far field spreads more rapidly for a larger structure constant.

Figure 5.15 shows the normalized average intensity of Super Gaussian beam at

several propagaion distances in a turbulent atmosphere with C2=10"m?*?,
w, =2cm, A =1.55u m. The beam spot in the far field range spreads more rapidly for

longer wavelength.

Figure 5.16 shows the normalized average intensity of Super Gaussian beam at

several propagaion distances in a turbulent atmosphere with C2=10"m??,

w,=4cm, A =632.8nm.
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Figure 5.13: The normalized average intensity of Super gaussian beam at several

propagaion distances in a turbulent atmosphere with C>=10"m??, w,=2cm,

A =632.8nm.
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Figure 5.14: The normalized average intensity of Super gaussian beam at several

propagaion distances in a turbulent atmosphere with C>=10"m*3, w,=2cm,

A =632.8nm.
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Figure 5.15: The normalized average intensity of Super gaussian beam at several

propagaion distances in a turbulent atmosphere with C>=10"m?*3, w,=2cm,

2 =155um.
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Figure 5.16: The normalized average intensity of Super gaussian beam at several

propagaion distances in a turbulent atmosphere with C>=10"m*3, w, =4cm,

A =632.8nm.
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CHAPTER 6

CONCLUSIONS

A formulation is developed to represent a general source beam to combine many
types of different beams such as Bessel, Bessel Gaussian, Laguerre, Laguerre
Gaussian, dark hollow, bottle, super Gaussian, Lorentz, Flat-topped. With this
general source beam formulation, all the mentioned beams source equations are
obtained, compared with their existing forms in the literature and intensity patterns
of some of them are plotted at the source plane.

Then, using the developed general beam formula, received average intensity is
calculated in the presence of atmospheric turbulence by numerical calculation.
Distributions of the average intensity patterns are obtained at the receiver plane of
horizontal atmospheric links specifically for dark hollow, flat-topped, bottle,
lorentz and super Gaussian beam. In our formulation, extended Huygens-Fresnel
diffraction integral is used. Numerically calculated normalized average intensity
distribution is plotted for each beam at different distances, wave-length, waist
width of the initial beam and structure constant as quartet plots, first plot showing
the intensity distribution at the source plane, the next three exhibiting the average
intensity distributions at different propagation distances.

In turbulent atmosphere, dark hollow, flat-topped, bottle, lorentz and super
Gaussian beam profile disappear gradually (and the central intensity increases) as
propagation distance L increases. While in the far field, dark hollow, flat-topped,
bottle, Lorentz and super Gaussian beams become a circular Gaussian beam in a

turbulent atmosphere. This correctly checks with reference [24].
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Conversion from dark hollow, flat-topped, bottle, Lorentz and super Gaussian
beam to a circular Gaussian beam become quicker and the beam spot in the far
field spread more rapidly for alarger structure constant.

Bottle, Lorentz and super Gaussian beam spot in the far field range spread more
rapidly for longer wavelength.
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APPENDIX

MATLAB PROGRAM USED IN THESIS

function BesselBeam;

clear;clc;clf;warning off MATLAB:divideByZero;close all
lamda = 1.55e-6; k = 2*pi/lamda;

%BESSEL

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2

2e-22e22e22e22e22e2];

afasyarr =alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000];marr=narr;
sxsetn =-24e-7:40e-9:24e-7;sysetn = sxsetn,

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1e-2; syn=sy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;
us=0;mi=0;f=1;s=(x"2+sy"2)"1/2;N=20;

for I=1:N

teta=90* pi/180;

ksi=I-1;

Tr=1;P=1;gamal=ksi;R=0;gama3=1;c1=0;c2=0;A=2;

F3=0;E0=1;M=0;

Al=((-pi*2./lamda."2).* (sin(teta).”2)). ksi./(factorial (ksi).* factorial (ksi));

alfasxl=alfasxarr(l); alfasyl=alfasyarr(l);
ax = axarr(l);ay = ayarr(l);

bx = bxarr(l);by= byarr(l);
VxI=Vxarr(l);Vyl=Vyarr(l);
n=narr(l);m=marr(l);

gama2=0;d1=0;d2=0;
B=0;C=0;D=0;F1=0;F2=0;E=0;
f1=0;f2=0,G=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;
d3=0,d4=0;

Al



variable 1=Al*Tr.*((P.* (x."2+sy."2) Agamal+R.* (sx.A2+sy.*2).*"gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl).1).AF1-M.* sx.* sy-E.* (sy./(alfasyl) .~ 2) A F2)...
-G.*exp(-H.* (sx./afasxl) . F4-J.* (sy.Jalfasyl) AF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3

end

| CB=u_s* conj(u_s);

maxsinh = max(max(l_CB));

| CB =1_CB/ maxsinh;

meshc(sxn,syn,real(I_CB));

view([14.5 56.0]); colormap([0 0 Q]);

xlabel(\its_x\rm\bf axis in cm','FontSize',12,'FontWeight','bold’);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,26)
zlabel ("\fontname{ Times} \fontsize{ 14} \itl_s (Intensity at source
plane)','FontSize',12,'FontWeight','bold’)
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn))* 1 max(max(sxn))* 1 min(min(syn))* 1 max(max(syn))*1 0 1])
pause;clf reset

A2



function Bessel GaussianBeam,

clear all;clear;clc;clf;close all;warning off MATLAB:divideByZero;
lamda = 1.55e-6; k=2*pi/lamda;

%BESSEL GAUSSIAN

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000];marr=narr;

sxsetn =-24e-7:40e-9:24e-7;sysetn = sxsetn,

Size(sxsetn)

[sx,sy] = meshgrid(sxsetn,sysetn);

Size(sx)

sxn=sx/1e-2;syn=gy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;
u_s=0;mi=0;f=1;s=(sx."2+sy."2)"(1./2);N=20;

for I=1:N

ksi=I-1;teta=90* pi/180;
Tr=1;P=1;gamal=ksi;R=0;gama3=1;c1=0;c2=0;A=0;B=0;C=1;
D=1/2;F1=2;E=1/2;F2=2;G=0;F3=1;f1=1;f2=1;
EO=1;
Al=EOQ.* ((-pi"2./lamda."2).* (sin(teta).2)).~ksi./(factorial (ksi).* factorial (ksi));
M=0;

alfasxl=alfasxarr(l);alfasyl=alfasyarr(l);
ax = axarr(l); ay = ayarr(l);

bx = bxarr(l); by= byarr(l);
VxI=Vxarr(l);Vyl=Vyarr(l);
n=narr(l);m=marr(l);

gama2=0;d1=0;d2=0;
H=0;F4=0;J=0;F5=0;m2=0;phi=0;
d3=0;d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) Agamal+R.* (sx."2+sy.*2).*gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl). 1) .AF1-M.* sx.* sy-E.* (sy./(alfasyl) .~ 2) A F2)...
-G.*exp(-H.* (sx./afasxl) . F4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (Vxl.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3
end

| CB=u_s* conj(u_s);
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maxsinh = max(max(I_CB)); %I_CB nin en bilyiik terimi saptamyor burda aslinda

|_CB =1_CB / maxsinh;%l_CB nin tim degerleri en blyuk terime boltntyor

bdylece | _CB degerleri 0-1 araliginda degisiyor
meshc(sxn,syn,real(I_CB));
view([14.5 56.0]); colormap([0 0 Q]);

xlabel(\its_x\rm\bf axis in cm','FontSize',12,'FontWeight','bold','Rotation',-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65)

zlabel (\fontname{ Times} \fontsize{ 14}\itl_s N (Intensity at source
plane)','FontSize',12,'FontWeight','bold’)
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);
axis ([min(min(sxn)) max(max(sxn)) min(min(syn)) max(max(syn)) 0 1])
pause;clf reset

function y = funb(a,b)
y = factorial(a)/factorial(b)/factorial (a-b);
functiony = funT(el)
T=1;
forj =l
T = (2*]-1)*T;
end
y=T,
function yout = H(nn,xx)
mat = cat(4,0nes(size(xx)),2* Xx,4* Xx."2-2);
for say = 4:nn+1
mat(:,:,:,say) = 2*xx.*mat(:,:,:,say-1) - 2* (say-2)* met(:,:,:,say-2);
end
yout = mat(:,:,:,nn+1);
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function LaguerreBeam;

clear all;clear;clc;clf;close all;warning off MATLAB:divideByZero;
lamda = 1.55e-6; k=2*pi/lamda; % sabit

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxar=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000]; marr = narr;
sxsetn=-12e-2:20e-4:12e-2;sysetn = sxsatn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1le-2;syn=sy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;
mi=0;f=1;5=(sx."2+sy."2)\(1./2);N=0;m3=0;u_s=0;

for ksi=0:N;

|=ksi+1;
alfasxl=alfasxarr(l);alfasyl=alfasyarr(l);
ax = axarr(l); ay = ayarr(l);
bx = bxarr(l); by= byarr(l);
VxI=Vxarr(l);Vyl=Vyarr(l);
n=narr(l);m=marr(l);
M=0;

Al=(-1)."ksi.* factorial(N+m3)./((alfasx].*(m3+2.* ksi)).* factorial (N-
ksi).*factorial(m3+ksi).* factorial(ksi));
Tr=1;P=1;R=0;gamal=ksi+(m3./2);gama3=1;
¢1=0;c2=0;A=0;B=0;C=0;G=1;H=0;J=0;m2=m3;F3=1;

gama2=0;d1=0;d2=0;D=0;f1=0;F1=0;
E=0;f2=0;F2=0;F4=0;F5=0;phi=0;
d3=0;d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) Agamal+R.* (sx."2+sy.*2).*gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl). 1) .AF1-M.* sx.* sy-E.* (sy./(alfasyl) .~ 2) A F2)...
-G.*exp(-H.* (sx./afasxl) . F4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U _S=u stvariable 1.*variable 2; %.*variable 3

end
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| CB =u_s*conj(u_s);

maxsinh = max(max(l_CB));

| CB =1_CB/ maxsinh;

meshc(sxn,syn,real(I_CB)); view([14.5 56.0]); colormap([0 0 Q]);
xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold','Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65);
zlabel ("\fontname{ Times} \fontsize{ 14} \itl_s (Intensity at source
plane)','FontSize',12,'FontWeight','bold");
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn))* 1 max(max(sxn))*1 min(min(syn))* 1 max(max(syn))*1 0 1]);
pause;clf reset
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function Laguerre_Gaussian,

clear;clc;clf;warning off MATLAB:divideByZero;close all
lamda = 1.55e-6; k = 2*pi/lamda;

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000];marr=narr;

sxsetn = -12e-2:20e-4:12e-2;sysetn = sxsetn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1e-2;syn=gy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;
S=(sx.N2+sy.”2).7(0.5); mi=0;f=1;u_s=0; N=2;m3=3;

for ksi=0:N;
I=ksi+1;

alfasx| = alfasxarr(l); alfasyl = alfasyarr(l);

ax = axarr(l); ay=ayarr(l);

bx = bxarr(l);  by= byarr(l);
Vxl =Vxar(l); Vyl =Vyarr(l);
n=narr(l); m=marr(l);

M=0;

Al=(-1)."ksi.* factorial(N+m3)./((alfasx].*(m3+2.* ksi)).* factorial (N-
ksi).*factorial(m3+ksi).* factorial(ksi));
Tr=1;P=1,R=0;gamal=ksi+m3./2;gama3=1,
¢1=0;c2=0;A=0;B=0,C=0,G=1;H=0.5;J=0.5;m2=m3;F4=2;F5=2;F3=1,

gama2=0;d1=0;d2=0;D=0;f1=0;F1=0;E=0;F2=0;f2=0;phi=0;
d3=0;d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) Agamal+R.* (sx."2+sy.*2).*gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl). 1) .AF1-M.* sx.* sy-E.* (sy./(alfasyl) .~ 2) A F2)...
-G.*exp(-H.* (sx./afasxl) . F4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U _S=u stvariable 1.*variable 2; %.*variable 3

end
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| CB =u_s*conj(u_s);

maxsinh = max(max(l_CB));

| CB =1_CB/ maxsinh;

meshc(sxn,syn,real(I_CB)); view([14.5 56.0]); colormap([0 0 Q]);
xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold','Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65);
zlabel ("\fontname{ Times} \fontsize{ 14} \itl_s (Intensity at source
plane)','FontSize',12,'FontWeight','bold");
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn))* 1 max(max(sxn))*1 min(min(syn))* 1 max(max(syn))*1 0 1]);
pause;clf reset

A8



function DarkhollowBeam;

clear all;clear;clc;clf;close all;warning off MATLAB:divideByZero;
lamda = 1.55e-6; k=2*pi/lamda;

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000];marr=narr;

sxsetn = -12e-2:20e-4:12e-2;sysetn = sxsetn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1le-2;syn=sy/ le-2,

axarr = 1./afasxarr; %forml

ayarr = 1./dfasyarr; %forml

bxarr = 0.*axarr; byarr = 0.*ayarr;
u_s=0;mi=0;f=1;s=(sx."2+sy."2)"(1./2);N=10;

for I=1:N

ks=l-1;
Al=(-1).Mksi-1).*factorial(N)./(N.*factorial (ksi).* factorial (N-ksi));
Tr=1;gama3=0;c1=0;c2=0;A=0;B=0;
C=1;D=ksi./2;G=-1;mi=0;E=ksi./2;epsilon=0.5;
H=ksi./(2.* epsilon."2);F1=2;F2=2;F3=1;F4=2;
J=ksi./(2.* epsilon.~2);F5=2;m2=0;
f1=1:f2=1;
M=0;

alfasxl=alfasxarr(l);alfasyl=alfasyarr(l);
ax = axarr(l); ay = ayarr(l);

bx = bxarr(l); by= byarr(l);
VxI=Vxarr(l);Vyl=Vyarr(l);
n=narr(l);m=marr(l);

P=0;gamal=0;R=0;gama2=0;d1=0;d2=0;phi=0;
d3=0;d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) A"gamal+R.* (sx.A2+sy.*2).*"gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl).1).AF1-M.* sx.* sy-E.* (sy./(alfasyl) . 2) A F2)...
-G.*exp(-H.* (sx./afasxl).MF4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3
end

|_CB = u_s*conj(u_s);
maxsinh = max(max(l_CB));
|_CB =1_CB/ maxsinh;
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meshc(sxn,syn,real(I_CB)); view([14.5 56.0]); colormap([0 0 Q]);
xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold’,'Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65);
zlabel (\fontname{ Times} \fontsize{ 14} \itl_s (Intensity at source
plane)','FontSize',12,'FontWeight','bold");
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn))* 1 max(max(sxn))*1 min(min(syn))* 1 max(max(syn))*1 0 1]);
pause;clf reset
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function BottleBeam,

clear all;clear;clc;clf;close all;warning off MATLAB:divideByZero;
lamda = 1.55e-6; k=2*pi/lamda; % sabit

%BOTTLE

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000]; marr = narr;

sxsetn = -12e-2:20e-4:12e-2;sysetn = sxsetn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1le-2;syn=sy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;
mi=0;f=1;5=(sx."2+sy."2)\(1./2);u_s=0;N=1;

for I=1:N
alfasxl=alfasxarr(l);alfasyl=alfasyarr(l);
ax = axarr(l); ay = ayarr(l);

bx = bxarr(l); by= byarr(l);
VxI=Vxarr(l);Vyl=Vyarr(l);
n=narr(l);m=marr(l);

M=0;

N=1;Al=1;Tr=1;c1=0;c2=0;P=-1./(2.* alfasx|.");
gamal=2;R=2./alfasyl."2;gama2=1;gama3=1;
A=0;B=0;C=1;D=1./2;E=1./2;G=0;
f1=1;f2=1;F1=2;F2=2;F3=1;

d1=0,d2=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;
d3=0,d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) Agamal+R.* (sx.*2+sy.*2).*"gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy.~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl).1) . AF1-M.* sx.* sy-E.* (sy./(alfasyl) .~ 2) A F2)...
-G.*exp(-H.* (sx./afasxl) . F4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3

end

| CB=u_s* conj(u_s);
maxsinh = max(max(l_CB));
| CB =1_CB/ maxsinh;
meshc(sxn,syn,real(I_CB));
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view([14.5 56.0]); colormap([0 0 Q]);

xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold’,'Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65)

zlabel (\fontname{ Times} \fontsize{ 14}\itl_s N (Intensity at source
plane)','FontSize',12,'FontWeight','bold’)
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);
axis ([min(min(sxn)) max(max(sxn)) min(min(syn)) max(max(syn)) 0 1])
pause;clf reset

% function yout = H(nn,xx)
%n=nn+ Lary =[];
%[ row,col] = size(xx);yout =[];
%for rowk = 1:row
% y=II
% for colk = 1:col
% x = xx(rowk,colk);
%h(1) =1; h(2) = x*2;
%yy = h(1);
%if nn~=0
% yy = h(2);
% ifnn~=1
% forj=3n
% h(j) =2*x*h(j-1) - 2*(-2)*h(j-2);
% end
% yy=nh();
%end
%end
%y = [y yyl;
%end
%yout(rowk,:) =y;
%end
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function FlattoppedBeam;

clear;clc;clf;warning off MATLAB:divideByZero;close all
lamda = 1.55e-6; k = 2*pi/lamda;

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000]; marr = narr;
sxsetn = -12e-2:20e-4:12e-2;sysetn = sxsetn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1e-2;syn=gy/ le-2,

axarr = 1./alfasxarr;%formal

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;

S=(sx."2+sy."2).7(0.5); mi=0;f=1;u_s=0;N=1;

for I=1:N
alfasx| = alfasxarr(l); alfasyl = alfasyarr(l);

ax = axarr(l); ay=ayarr(l);

bx = bxarr(l);  by= byarr(l);
Vxl =Vxar(l); Vyl =Vyarr(l);
n=narr(l); m=marr(l);

M=0;

%FLAT-TOPPED BEAM

Nf=10;
N=1;Al=1;Tr=1;A=1;B=1;C=1;D=1;E=1;F1=2;F2=2;
F3=Nf;f1=1;f2=1;G=0;

gama3=0;c1=0;c2=0;

P=0;R=0;gamal=0;gama2=0;d1=7;H=0;F4=0;J=0;F5=0;m2=0;phi=0;d2=0;
d3=0;d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) A"gamal+R.* (sx.A2+sy.*2).*"gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl).1).AF1-M.* sx.* sy-E.* (sy./(alfasyl) . 2) A F2)...
-G.*exp(-H.* (sx./afasxl).MF4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3

end

|_CB = u_s*conj(u_s);
maxsinh = max(max(l_CB));
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| CB =1_CB/ maxsinh;

meshc(sxn,syn,real(I_CB)); view([14.5 56.0]); colormap([0 0 Q]);
xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold','Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65);
zlabel (\fontname{ Times} \fontsize{ 14} \itl_s (Intensity at source
plane)','FontSize',12,'FontWeight','bold");
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn))* 1 max(max(sxn))*1 min(min(syn))* 1 max(max(syn))*1 0 1]);
pause;clf reset
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function SupergaussianBeam;

clear;clc;clf;warning off MATLAB:divideByZero;close all
lamda = 1.55e-6; k = 2*pi/lamda;

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000]; marr = narr;
sxsetn = -12e-2:20e-4:12e-2;sysetn = sxsetn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1le-2;syn=sy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;

S=(sx."2+sy."2).7(0.5); mi=0;f=1;u_s=0;N=1;

for I=1:N
alfasx| = alfasxarr(l); alfasyl = alfasyarr(l);

ax = axarr(l); ay=ayarr(l);

bx = bxarr(l);  by= byarr(l);
Vxl =Vxar(l); Vyl =Vyarr(l);
n=narr(l); m=marr(l);

M=0;

Ns=10;

N=1;Tr=1;Al=1;gama3=0;c1=0;c2=0;A=0;B=0;C=1,
D=1./(sort(2))."Ns,E=1./(sqrt(2))."Ns,G=0;F1=Ns;F2=Ns,
F3=1;mi=0;f1=1;f2=1;

P=0;gamal=0;R=0;gama2=0;d1=0;d2=0;
H=0;F4=0;J=0;F5=0;m2=0;phi=0;
d3=0;d4=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) A"gamal+R.* (sx.A2+sy.*2).*"gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy ~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl).1).AF1-M.* sx.* sy-E.* (sy./(alfasyl) . 2) A F2)...
-G.*exp(-H.* (sx./afasxl).MF4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3

end

| CB =u_s*conj(u_s);
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maxsinh = max(max(l_CB));

| CB =1_CB/ maxsinh;

meshc(sxn,syn,real(I_CB)); view([14.5 56.0]); colormap([0 0 Q]);
xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold','Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65);
zlabel (\fontname{ Times} \fontsize{ 14} \itl_s (Intensity at source
plane)','FontSize',12,'FontWeight','bold");
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn))* 1 max(max(sxn))*1 min(min(syn))* 1 max(max(syn))*1 0 1]);
pause;clf reset
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function LorentzBeam;

clear all;clear;clc;clf;close all;warning off MATLAB:divideByZero;
lamda = 1.55e-6; k=2*pi/lamda; % sabit

afasxarr = [2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2 2e-2
2e-22e22e22e22e22e2];

afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;
narr=[00000000000000000000];marr=narr;

sxsetn = -12e-2:20e-4:12e-2;sysetn = sxsetn;

[sx,sy] = meshgrid(sxsetn,sysetn);

sxn=sx/1e-2;syn=gy/ le-2,

axarr = 1./afasxarr;

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;
mi=0;f=1;5=(sx."2+sy."2)\(1./2);u_s=0;N=1;

for I=1:N
alfasxl=alfasxarr(l);alfasyl=alfasyarr(l);
ax = axarr(l); ay = ayarr(l);

bx = bxarr(l); by= byarr(l);
VxI=Vxarr(l);Vyl=Vyarr(l);
n=narr(l);m=marr(l);

EO=1;Al=2.*EQ.*afasxl.*alfasyl;Tr=1;gama3=0;c1=1;c2=1,
d1=2;d2=2;A=2;F3=0;

n=0;m=0;

M=0;d3=1,d4=1,

gamal=0;gama2=0;R=0;P=0;B=0;
=0;D=0;E=0;f1=0;F1=0;f2=0;E=0;F2=0,G=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;

variable 1=Al*Tr.*((P.* (x."2+sy."2) Agamal+R.* (sx.A2+sy.*2).*gama2) . gama3).

J(((d1.*dfasxl.~2+d3.* sx.12).Acl).* (d2.* dfasyl A 2+d4.* sy.~2) . ~c2);
V=(B-C.*exp(-D.* (sx./(alfasxl). 1) .AF1-M.* sx.* sy-E.* (sy./(alfasyl) .~ 2) A F2)...
-G.*exp(-H.* (sx./afasxl) . F4-J.* (sy.Jalfasyl) ~NF5-(j.* m2.* phi))).~F3;
variable 2=(A-V).*exp(-].* (VxI.*sx+Vyl.*sy));
Y%variable 3=H(n,ax* sx+bx).* H(m,ay* sy+by)
U S=u stvariable 1.*variable 2; %.*variable 3

end

| CB=u_s* conj(u_s);

maxsinh = max(max(l_CB)); %Il_CB nin en biyik terimi saptamyor burda aslinda
|_CB =1_CB/ maxsinh;%l_CB nin tim degerleri en buyuk terime boluntyor
boylece | _CB degerleri 0-1 araliginda degisiyor

meshc(sxn,syn,real(I_CB));

view([14.5 56.0]); colormap([0 0 Q]);

Al7



xlabel(\its_x\rm\bf axisin cm','FontSize',12,'FontWeight','bold','Rotation’,-5);
ylabel(\its_y\rm\bf axis in cm','FontSize',12,'FontWeight','bold’,'Rotation’,65)
zlabel (\fontname{ Times} \fontsize{ 14}\itl_s N (Intensity at source
plane)','FontSize',12,'FontWeight','bold’)
set(gcf,'Renderer’,'Zbuffer’);set(gcf,'Color','w');set(gca,'FontSize', 16);

axis ([min(min(sxn)) max(max(sxn)) min(min(syn)) max(max(syn)) 0 1])
pause;clf reset
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function save _darkhollow

clear;clc;clf;warning off MATLAB:divideByZero;close all;clear global

global lamda k alfasxarr alfasyarr Vxarr Vyarr narr marr axarr ayarr bxarr byarr L
Cnro2 px py

lamda = 632.8e-9; k = 2*pi/lamda;

afasxarr = [sOrt(2).* 1e-2 sort(2).* 1e-2 sgrt(2).* 1e-2 sgrt(2).* 1e-2 sgrt(2).* 1e-2
grt(2e-4) sort(2e-4) sgrt(2e-4) sgrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4)
grt(2e-4) sort(2e-4) sgrt(2e-4) sgrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4) |;
afasyarr = alfasxarr;
Vxarr=[00000000000000000000]; Vyarr = Vxarr;

narr =[00000000000000000000]; marr = narr;

axarr = 1./afasxarr;%forml

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;

Cn = 1e-14;L = 5000;

ro2 = (0.545*Cn*k"2*L)"(-1.2);

alt = -5e-2;ust =5e-2;

pxsetn = -32e-2:10e-3:32e-2;pysetn = pxsatn;

length(pxsetn)

tic
| _rarr ={];
for ipy = 1:length(pysetn)
|_rrow=[];
py= pysetn(ipy);
for ipx = 1:length(pxsetn)
px=pxsetn(ipx);
resl = azhizlifourquade(@funtl,alt,ust,alt,ust,at,ust,alt,ust);

|_rrow = [I_rrow resl];

size(l_rrow);

end

| _rarr =[I_rarr;l_rrow];
end

[ pX, py]=meshgrid(pxsetn,pysetn);
pxn=px/1e-2;pyn=py/le-2;
format short €

|_rarr=real(l_rarr);
save('darkhollowcai_cn14 5km','| _rarr','-ascii’)

toc
t=toc/3600
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function yt = funt1(sx1,sx2,sy1,sy2)

global lamda k alfasxarr alfasyarr Vxarr Vyarr narr marr axarr ayarr bxarr byarr L
Cnro2 px py

mi=0;f=1;N=3;

crosscarpim=0;

for 11=1:N

for [2=1:N

ksi2=I2;

Al2=(-1).Mksi2-1).*factorial(N)./(N.*factorial (ksi 2).* factorial(N-ksi2));
Tr=1;gama3=0;c1=0;c2=0;A=0;B=0;
C=1;D=ksi2./2;G=-1;mi=0;E=ksi2./2;epsilon=0.9486832;
H=ksi2./(2.* epsilon."2);F1=2;F2=2;F3=1;F4=2,;
Jksi2./(2.* epsilon."2);F5=2;m2=0;
f1=1:f2=1;
M=0;
%s2=(sx2."2+sy2."2)(1.12);

alfasx|2=alfasxarr(12);alfasyl2=alfasyarr(12);

ax2 = axarr(12); ay2 = ayarr(12);

bx2 = bxarr(12); by2= byarr(12);

VxI2 =Vxarr(12); Vyl2=Vyarr(2);

n2 = narr(12); m2 = marr(12);

%simdide tezde tammlanmanmis paremetreleri tanimlayalim
P=0;gamal=0;R=0;gama2=0;d1=0;d2=0;phi=0;

variable_1=conj(Al2).* Tr.*((P.* (x2./2+sy2./2) .A"gamal+R.* (sx2./2+sy2./2)."gama
2).Agama3)....
J(((d1.*dfasxl2.02+sx2./2) ~cl).* (d2.* alfasy| 2./ 2+sy2./2) ~c2);
V2=(B-C.*exp(-D.* (sx2./(alfasx|2) 1) AF1-E.* (sy2./(alfasyl2) AM2) .~ F2)...
-G.*exp(-H.* (sx2./dfasx12) "F4-J.* (sy2./alfasyl 2) AFS+().* m2.* phi))).NF3;
variable 2=(A-V2).*exp(+.* (VxI2.* sx2+Vyl2.* sy2));
Y%variable 3=H(n2,ax2* sx2+bx2).* H(m2,ay2* sy2+by?2)
u_S2=variable_1.*variable 2; %.*variable 3

ksi1l=I1;
Al1=(-1).~ksi1-1).*factorial(N)./(N.*factorial (ksi 1).* factorial(N-ksi1));
Tr=1;gama3=0;c1=0;c2=0;A=0;B=0;
C=1;D=ksi1./2;G=-1;mi=0;E=ksi1./2;epsilon=0.9486832;
H=ksi1./(2.* epsilon."2);F1=2;F2=2;F3=1;F4=2,;
Jksil./(2.* epsilon."2);F5=2;m2=0;
f1=1:f2=1;
M=0;
%s1=(sx1./2+sy1./2)\(1./2);
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alfasxl1=alfasxarr(l1);alfasyl1=alfasyarr(11);
axl=axarr(l1); ayl=ayarr(l1);

bx1 = bxarr(11); byl= byarr(I1);

VxI1=Vxarr(11); Vyll=Vyarr(l1);

nl = narr(I1); ml = marr(l1);

%simdide tezde tammlanmamis paremetreleri tanimlayalim
P=0;gamal=0;R=0;gama2=0;d1=0;d2=0;phi=0;

variable 3=Al1*Tr.*((P.* (sx1./2+sy1./2) A"gamal+R.* (sx1.22+sy1./2). gama2)."g
ama3)....
J(((d1.*dfasxI1./2+sx1.12) ~cl).* (d2.* alfasyl 1./ 2+sy1./2) ~c2);
V1=(B-C.*exp(-D.* (sx1./(alfasx|1).~f1) .AF1-E.* (syl./(alfasyl1) ~2).~F2)...
-G.*exp(-H.* (sx1./adfasx|1) ~F4-J.* (syl./alfasyl 1) AF5-(j.* m2.* phi))) . F3;
variable_4=(A-V1).*exp(-}.* (VxI1.*sx1+Vyl1l.*sy1));
Y%variable 5=H(nl1,ax1* sx1+bx1).* H(m1,ayl* syl+byl)
u_sl=variable 3.*variable 4;%.*variable 5

Crosscarpim=crosscarpim+u_s2.*u_sl;
end
end

yt = (crosscarpim).* ...

exp(0.5*J*k* (sx1.12 - 2% px*sx1 - sx2.12 + 2* px* sx2)/L).* exp(0.5* j* k* (sy1./2 -
2*py*syl - sy2./°2 + 2*py*sy2)/L).* ...

exp(-(sx1.72 - 2*sx1.* sx2 + sx2.72)/r02).* exp(-(syl./2 - 2¥syl.*sy2 +
sy2./2)/r02);

function yout = H(nn,xx)
mat = cat(4,0nes(size(xx)),2* Xx,4* Xx."2-2);
for say = 4:nn+1
mat(:,:,:,say) = 2*xx.*mat(:,:,:,say-1) - 2* (say-2)* met(:,:,:,say-2);
end
yout = mat(:,:,:,nn+1);
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function save_bottle

clear;clc;clf;warning off MATLAB:divideByZero;close all;clear global

global lamda k alfasxarr alfasyarr Vxarr Vyarr narr marr axarr ayarr bxarr byarr L

Cnro2 px py
lamda = 632.8e-9; k = 2*pi/lamda;

afasxarr = [sOrt(2).* 1e-2 sort(2).* 1e-2 sgrt(2).* 1e-2 sgrt(2).* 1e-2 sgrt(2).* 1e-2

grt(2e-4) sort(2e-4) sgrt(2e-4) sgrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4)

sgri(2e-4) sort(2e-4) sgrt(2e-4) sgrt(2e-4) sgrt(2e-4) sgrt(2e-4) sgrt(2e-4) |;

afasyarr = alfasxarr;

Vxarr=[00000000000000000000]; Vyarr = Vxarr;

narr =[00000000000000000000]; marr = narr;
axarr = 1./afasxarr;%forml

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;

Cn = 1e-15;L = 3000;

ro2 = (0.545*Cn*k"2*L)"(-1.2);

alt = -5e-2;ust = 5e-2;

pxsetn = -12e-2:40e-4:12e-2;pysetn = pxsetn;
length(pxsetn)

mi=0;f=1;u_s=0;N=1,

tic
|_rarr =];
for ipy = 1:length(pysetn)
|_rrow=[];
py= pysetn(ipy);
for ipx = 1:length(pxsetn)
px=pxsetn(ipx);
resl = azhizlifourquade(@funtl,alt,ust,alt,ust,at,ust,alt,ust);

|_rrow = [I_rrow resl];

size(l_rrow);

end

| _rarr =[I_rarr;l_rrow];
end

[ pX, py]=meshgrid(pxsetn,pysetn);
pxn=px/1e-2;pyn=py/le-2;
format short €

|_rarr=real(l_rarr);
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| _rarr
size(l_rarr)

save('bottlealldata’,'l _rarr','-ascii’)
toc
t=toc/3600

function yt = funt1(sx1,sx2,sy1,sy2)

global lamda k alfasxarr alfasyarr Vxarr Vyarr narr marr axarr ayarr bxarr byarr L
Cnro2 px py

mi=0;f=1;N=1;

crosscarpim=0;

for [1=1:N
for 12=1:N

alfasx|2=alfasxarr(12);alfasyl2=alfasyarr(12);
ax2 = axarr(12); ay2 = ayarr(12);

bx2 = bxarr(12); by2= byarr(12);

VxI2 =Vxarr(12); Vyl2=Vyarr(l2);

n2 = narr(12); m2 = marr(12);

M=0;

N=1;Al2=1;Tr=1;c1=0;c2=0;P=-1./(2.* dfasx|2.4);
gamal=2;R=2./alfasyl2."2;gama2=1;gama3=1;
A=0;B=0;C=1;D=1./2;E=1./2;G=0;
f1=1;f2=1;F1=2;F2=2;F3=1;

d1=0,d2=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;
d3=0,d4=0;

variable_1=conj(Al2).* Tr.*((P.* (sx2./2+sy2./2) .A"gamal+R.* (sx2./2+sy2./2)."gama
2).A"gama3)....
J(((d1.*dfasxl2.2+sx2.12) ~cl).* (d2.* alfasy| 2./ 2+sy2./2) ~c2);
V2=(B-C.*exp(-D.* (sx2./(alfasx|2) .~f1) AF1-E.* (sy2./(alfasyl2) AM2) .~ F2)...
-G.*exp(-H.* (sx2./dfasx12) "F4-J.* (sy2./alfasyl 2) AFS+().* m2.* phi))) .M F3;
variable 2=(A-V2).*exp(+.* (VxI2.* sx2+Vyl2.* sy2));
Y%variable _3=H(n2,ax2* sx2+bx2).* H(m2,ay2* sy2+by?2)
u_S2=variable_1.*variable 2; %.*variable 3

alfasxl1=alfasxarr(l1);alfasyl1=alfasyarr(11);
axl=axarr(l1); ayl=ayarr(l1);

bx1 = bxarr(11); byl= byarr(I1);
VxI1=Vxarr(11); Vyll=Vyarr(l1);

nl = narr(I1); ml = marr(l1);

M=0;
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N=1;Al1=1;Tr=1;c1=0;c2=0;P=-1./(2.* dfasx|1."4);
gamal=2;R=2./alfasyl1.”2;gama2=1;gama3=1;
A=0;B=0;C=1;D=1./2;E=1./2;G=0;
f1=1;f2=1;F1=2;F2=2;F3=1;

d1=0,d2=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;
d3=0,d4=0;

variable 3=Al1*Tr.*((P.* (sx1./2+sy1./2) A"gamal+R.* (sx1.22+sy1./2). gama2)."g
ama3)....
J(((d1.*dfasx|1./2+sx1.12) ~cl).* (d2.* alfasyl 1./ 2+sy1./2) ~c2);
V1=(B-C.*exp(-D.* (sx1./(alfasx|1).~f1) .AF1-E.* (syl./(alfasyl1) ~M2) .~ F2)...
-G.*exp(-H.* (sx1./adfasx|1) ~F4-J.* (syl./alfasyl 1) .AF5-(j.* m2.* phi))) . F3;
variable_4=(A-V1).*exp(-}.* (VxI1.*sx1+Vyl1l.*sy1));
Y%variable 5=H(nl1,ax1* sx1+bx1).* H(ml,ayl* syl+byl)
u_sl=variable 3.*variable 4;%.*variable 5

Crosscarpim=crosscarpim+u_s2.*u_sl;

end
end

yt = (crosscarpim).* ...

exp(0.5*J*k* (sx1.12 - 2% px*sx1 - sx2.12 + 2* px* sx2)/L).* exp(0.5* j* k* (sy1./2 -
2*py*syl - sy2./2 + 2*py*sy2)/L).* ...

exp(-(sx1.72 - 2*sx1.* sx2 + sx2.72)/r02).* exp(-(sy1./2 - 2¥syl.*sy2 +
sy2./2)/r02);

function yout = H(nn,xx)
mat = cat(4,0nes(size(xXx)),2* Xx,4* Xx."2-2);
for say = 4:nn+1
mat(:,:,:,say) = 2*xx.*mat(:,:,:,say-1) - 2* (say-2)* met(:,:,:,say-2);
end
yout = mat(:,:,:,nn+1);
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function lorentz

clear;clc;clf;warning off MATLAB:divideByZero;close all;clear global

global lamda k alfasxarr alfasyarr Vxarr Vyarr narr marr axarr ayarr bxarr byarr L

Cnro2 px py
lamda = 632.8e-9; k = 2*pi/lamda;

afasxarr = [sOrt(2).* 1e-2 sort(2).* 1e-2 sgrt(2).* 1e-2 sgrt(2).* 1e-2 sgrt(2).* 1e-2

grt(2e-4) sort(2e-4) sgrt(2e-4) sgrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4) sqrt(2e-4)

sgri(2e-4) sort(2e-4) sgrt(2e-4) sgrt(2e-4) sgrt(2e-4) sgrt(2e-4) sgrt(2e-4) |;

afasyarr = alfasxarr;

Vxarr=[00000000000000000000]; Vyarr = Vxarr;

narr =[00000000000000000000]; marr = narr;
axarr = 1./afasxarr;%forml

ayarr = 1./dlfasyarr;

bxarr = 0.*axarr; byarr = 0.*ayarr;

Cn = 1e-15;L = 3000;

ro2 = (0.545*Cn*k"2*L)"(-1.2);

alt = -5e-2;ust = 5e-2;

pxsetn = -12e-2:40e-4:12e-2;pysetn = pxsetn;
length(pxsetn)

mi=0;f=1;u_s=0;N=1,

tic
|_rarr =];
for ipy = 1:length(pysetn)
|_rrow=[];
py= pysetn(ipy);
for ipx = 1:length(pxsetn)
px=pxsetn(ipx);
resl = azhizlifourquade(@funtl,alt,ust,alt,ust,at,ust,alt,ust);

|_rrow = [I_rrow resl];

size(l_rrow);

end

| _rarr =[I_rarr;l_rrow];
end

[ pX, py]=meshgrid(pxsetn,pysetn);
pxn=px/1e-2;pyn=py/le-2;
format short €

|_rarr=real(l_rarr);
| _rarr
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size(l_rarr)

save('LORENTZalldata,'l _rarr','-ascii’)
toc
t=toc/3600

function yt = funt1(sx1,sx2,sy1,sy2)

global lamda k alfasxarr alfasyarr Vxarr Vyarr narr marr axarr ayarr bxarr byarr L
Cnro2 px py

mi=0;f=1;N=1;

crosscarpim=0;

for 11=1:N

for 12=1:N
alfasx|2=alfasxarr(12);alfasyl2=alfasyarr(12);
ax2 = axarr(12); ay2 = ayarr(12);
bx2 = bxarr(12); by2= byarr(12);
VxI2 =Vxarr(12); Vyl2=Vyarr(l2);
n2 = narr(12); m2 = marr(12);

EO=1;Al2=2.*EOQ.*afasxl2.* alfasyl2; Tr=1,gama3=0;c1=1;c2=1;
d1=2;d2=2;A=2;F3=0;

n=0;m=0;

M=0;d3=1,d4=1,

%tezde gecen paremetrelere deger atadim yukarda

gamal=0;gama2=0;R=0;P=0;B=0;
=0;D=0;E=0;f1=0;F1=0;f2=0;E=0;F2=0,G=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;

variable_1=conj(Al2).* Tr.*((P.* (x2./2+sy2./2) .A"gamal+R.* (sx2./2+sy2./2)."gama
2).A"gama3)....
J(((d1.*dfasxl2.02+sx2.12) ~cl).* (d2.* alfasy| 2./ 2+sy2./2) ~c2);
V2=(B-C.*exp(-D.* (sx2./(alfasx|2) /1) AF1-E.* (sy2./(alfasyl2) ~M2) .~ F2)...
-G.*exp(-H.* (sx2./dfasx12) ~"F4-J.* (sy2./alfasyl 2) AFS+().* m2.* phi))) M F3;
variable 2=(A-V2).*exp(+.* (VxI2.* sx2+Vyl2.* sy2));
Y%variable 3=H(n2,ax2* sx2+bx2).* H(m2,ay2* sy2+by?2)
u_S2=variable_1.*variable 2; %.*variable 3

alfasxl1=alfasxarr(l1);alfasyl1=alfasyarr(11);
axl=axarr(l1); ayl=ayarr(l1);

bx1 = bxarr(11); byl= byarr(I1);
VxI1=Vxarr(11); Vyll=Vyarr(l1);

nl = narr(I1); ml = marr(l1);

EO=1;Al1=2.*EOQ.*afasxl1.*afasyl1; Tr=1,gama3=0;c1=1;c2=1;
d1=2;d2=2;A=2;F3=0;

n=0;m=0;

M=0;d3=1,d4=1,
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gamal=0;gama2=0;R=0;P=0;B=0;
=0;D=0;E=0;f1=0;F1=0;f2=0;E=0;F2=0,G=0;H=0;F4=0;J=0;F5=0;m2=0;phi=0;

variable 3=Al1*Tr.*((P.* (sx1./2+sy1./2) ~"gamal+R.* (sx1.22+sy1./2). gama2)."g
ama3)....
J(((d1.*dfasxI1./2+sx1.12) ~cl).* (d2.* alfasyl 1./ 2+sy1./2) ~c2);
V1=(B-C.*exp(-D.* (sx1./(alfasx|1).~f1) .AF1-E.* (syl./(alfasyl1) ~M2) .~ F2)...
-G.*exp(-H.* (sx1./adfasx|1) ~F4-J.* (syl./alfasyl 1) .AF5-(j.* m2.* phi))) . F3;
variable_4=(A-V1).*exp(-}.* (VxI1.*sx1+Vyl1.*sy1));
Y%variable 5=H(nl1,ax1* sx1+bx1).* H(m1,ayl* syl+byl)
u_sl=variable 3.*variable 4;%.*variable 5

Crosscarpim=crosscarpim+u_s2.*u_sl;
end
end

yt = (crosscarpim).* ...

exp(0.5*J*k* (sx1.12 - 2% px*sx1 - sx2.12 + 2* px* sx2)/L).* exp(0.5* j* k* (sy1./2 -
2*py*syl - sy2./°2 + 2*py*sy2)/L).* ...

exp(-(sx1.72 - 2*sx1.* sx2 + sx2.72)/r02).* exp(-(sy1./2 - 2¥syl.*sy2 +
sy2./2)/r02);

function yout = H(nn,xx)
mat = cat(4,0nes(size(xx)),2* Xx,4* Xx."2-2);
for say = 4:nn+1
mat(:,:,:,say) = 2*xx.*mat(:,:,:,say-1) - 2* (say-2)* met(:,:,:,say-2);
end
yout = mat(:,:,:,nn+1);
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