ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

THEORETICAL, NUMERICAL and EXPERIMENTAL INVESTIGAT ION OF
PARTIALLY COHERENT BEAM SHAPING

M.Sc. THESIS

Ceren ALTINGOZ

Department of Physics Engineering

Physics Engineering Programme

DECEMBER 2015






ISTANBUL TECHNICAL UNIVERSITY % GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

THEORETICAL, NUMERICAL and EXPERIMENTAL INVESTIGAT ION OF
PARTIALLY COHERENT BEAM SHAPING

M.Sc. THESIS

Ceren ALTINGOZ
(509121126)

Department of Physics Engineering

Physics Engineering Programme

DECEMBER 2015






ISTANBUL TEKN IK UNIVERSITESI * FEN BILIMLER I ENSTITUSU

KISM 1 ESEVREL I HUZME SEKILLEND IRILMESININ TEORIK, NUMERiK
ve DENEYSEL INCELENMESI

YUKSEK L iSANS TEZI

Ceren ALTINGOZ
(509121126)

Fizik MUhendisligi Anabilim Dali

Fizik Muhendisli gi Programi

Tez Dansmani: Dog. Dr. Selcuk AKTURK

ARALIK 2015






Ceren Alting6z, aM.Sc. student of ITUGraduate School o Science Engineerin
and Technology with student ID 509121126 successfully defended tiesis
entitted ‘THEORETICAL, NUMERICAL and EXPERIMENTAL
INVESTIGATION OF PARTIAL COHERENT BEAM SHAPING ", which she
prepared after fulfilling the requirements spedcifi;m the associated legislatio
before the jury whose signatures are below.

Thesis Advisor Dog.Dr. Selcuk AKTURK Lo
Istanbul Technical University

Jury Members : Doc. Dr. Selguk AKTURK e,
IstanbulTechnical Universit

Yard. Dog. Alexandr JONAS i,
Istanbul Technical University

Dr.Muhsin Eralp
Kog¢ University

Date of Submission : 27 October 2015
Date of Defense : 22 December 2015

\'



Vi



FOREWORD

| was an Industrial Product Designer working asi€3pEngineer when | asked the
question of what light was. All my aim was to urstand the nature of light when |
met my precious professor Selguk Aktiurk in 2013hat entrance doors of physics
department. Since then we have been working togethe | have achieved to link
my artistic background with the scientific techrisale of optics. | am excessively
gratefull to my professor for the patience and dievohe generously executed.

When working inside the optics group, | have metneYalizay. | am also gratefull

for her support when coping with hard subjects iscNectures. It was my pleasure
to work with her through our experiments in theicgtab. | have completed my last
experiments of SLM with Tansu Ersoy, | would alppieciate her support.

| would not forget to thank my dearest doctor Giildekan for the support through
the rough times, she is a unique personality.

| have my deepest thanks to my dearest mothereasasls us and my little daughter
Duru in the most sincere way. Without her effortspuld not be able to achive all.

| have the same deepest thanks for my dearestrfdtmell never forget how we
managed to wake up in the darkest mornings where tiseno sunshine at all, to
catch the ship to the university.

| have my delicate thanks to my dearest brotherrasagretty considerate wife, as
they support me with kind attitudes.

| am totally gratefull to my little daughter Durfgr her existence in my life. | have
already framed all the pictures she has drawn rhey Thelped me to work harder as
she slept beside me.

All'in one, | am happy to be the life long fellow‘tichttechnik”.

December 2015 Ceren ALTINGOZ
(Optics R&D Engineer)

vii



viii



TABLE OF CONTENTS

Page
FOREWORD ...ttt ettt ettt e e e e e e e e e e e e e e e s s s mnnnneeaeaae s Vil
TABLE OF CONTENTS ..ottt e e e e e e e e iX
ABBREVIATIONS ..ottt ettt Xi
LIST OF TABLES ... oottt e eee s Xiii
LIST OF FIGURES ...ttt ettt e e e XV
SUMMARY s e e e e e et e aan— e ae Xvili
(@ 174 = [P R RO TURRURRUROTRON XiX
1. INTRODUCTION ...ccttiiiiiiiiiiee et eee ettt eenaeeesans 21
1.1Wave Nature of Light and Its CONSEQUENCES ...cceeeervvvniiiieeeeeeeeeeeeeeeeenieaes 22
O A 101 (=] (T (= [ = PP RPUPPPPPRR 23
1.0.2 DIFfFACHION ..ttt e e e e e e e e e e e e e e s e mmnnnr e e e e e e e e e eeeeas 25
1.1.3 CONErenCe thOIY .......uuuiiiiieeeee e 26
1.1.3.1 Temporal CONEIENCE ... eeeeeee e 27
1.1.3.2 Spatial CONErencCe ... e 28
2 IR o | A0 U o = U RURR 31
1.2.1 Coherent lIght SOUICES.......cceeeeeeiiiieee e 33
1.2.2 Incoherent light SOUICES ......coemmmeerreniiiiieeeeeeeeeeee e 35
1.2.3 Partial coherent light SOUICES ........coooiiiiiiiiiiiiiciii e 34
1.2.4 Types of the light sources used iNneYIEriments ..........ccccceeeeeeeeeeeeeeeennn. 37
1.3 BEAM ShAPiNG ..oooieieeiiiiii it ettt e e e e e naaaee e e e e e eeaes 39
1.3.1 Diffraction-free propagation ...cccec...ccooeeeviiiiieeeiiiiiiiiree e eeeeeee e 39
1.3.2 BESSEI DEAMS ... 40
1.3.3 AINY DEAMS ..o e e ee e e e eaaaee 43
2. NUMERICAL SOLUTION OF DIFFRACTION INTEGRAL ..... cocvvverennn. a7
2.1 The Superposition Of WaAVES ........ccceeiiiiiiee e e 47
2.2 DIffraction INtEQIal .........coooiiii e 50
2.3 Partial Coherent Light Source ModelindMATLAB .........ccccoevviviieeeeeenenn, 52
2.4 Numerical Calculations of Bessel Beams Widintial Coherent Inputs.......... 53
3. EXPERIMENTAL STUDIES .....ooiiiiiiiieii e 57.
3.1 Bessel Beam Formation with Partial Cohek#gtit Sources........................ 57
3.1.1 Bessel beam experimental SetUP. e ooevevvieeeeeeiiicie e, 59
3.1.2 Bessel beam experimental reSults...............ooovvveviiiiiiiiiiiiiee e, 59
3.1.3 Bessel beam diSCUSSION ......ccoeeeeeiiiieieeeee e 64
3.1.4 Comparison between calculated andrexpated Bessel beams ............ 66
3.2 Airy Beam Formation with Partial Cohererght Sources............ccccevvvvnneee 68
3.2.1 Airy beam experimental SEtUP ..ecceeeeeeveviiiiviiiiiiiiee e 68
3.2.2 Airy beam experimental reSUIS . eeevvvvevviiiiiiiiee e, 69
3.2.3 Airy beam diSCUSSION ..........ccemeeee e en e e e 70



4. ADVANCED BEAM SHAPING WITH PARTIAL COHERENT LIGHT

SOURGCES ... r e e et e e e e e e e e e e e e e e e e ran——— e e e aaaae s 73
4.1 Beam Shaping with Spatial Light Modulator............cccoovvvvviiiiiiiiieeeeenn. 73.
4.2 SLM CalibDration..........coooiiiiiiieee e 75
4.3 Bessel Beam Shaping With SLM .........coammmeeiiiiiiiie e 79

4.3.1 Bessel beam experimental SEt UP cecee oo, 79
4.3.2 Experimental findings with Blue LaSer..............ccvvvviviiiiiiiiiieeeeeeeeeeen, 79
4.3.3 Experimental findings with Blue LED...............coooeiiiiiiiiiiiiiiiiiie 80
4.3.4 DISCUSSION ...coeeiiiiiiiiie ittt e e e e e e e e e e e e e e s st e e e e e e e e e e e e s e aans 81
4.4Airy Beam Shaping With SLM ......ccoooiiiiiii e 81
4.4.1 Airy beam experimental St UP...ceceeeevvveeeiiiiiiiee e 81
4.4.2 Airy beam findings with blue LED ...cccc..oooiiiiiiiiiiiieeeee 82
4.4.3 DISCUSSION ...cceeieiiiiiiiiiiititete ettt ettt e e e e e e e e e e e e et be e e e ee e e e e e e e e e 83

5.CONCLUSIONS AND PROSPECTS ...ooitiiiiiiiiiieemmc e eieiinveneeeeeeeae e e 85

REFERENCES ... .ottt bbbttt et e e e e e e e e e e e e e st aeneeees 87

CURRICULUM VITAE ..ottt ae e 91



ABBREVIATIONS

NOL
SLM
LED
TC

sC

SF

TF
LCD
LCOS
VAN
PAN
TN
DOC
EL
OASLM
EASLM

. Nature of Light
: Spatial Light Modulator
. Light Emitting Diode
: Temporal Coherence
: Spatial Coherence
: Spatial Frequency
: Temporal Frequency
. Liquid Crystal Displays
: Liquid Crystal on Silicon (reflective LCD)
- Vertical-Aligned Nematic
. Parallel-Aligned Nematic
: Twisted Nematic
: Degree of Coherence
. Electroluminance
. Optically Adressed Spatial Light Modulator
. Electrically Adressed Spatial Light Modulator

Xi



Xii



LIST OF TABLES

Table 1.1: Type of the light sources that are used in oOUEEREENLS............eeeeeeee

Table 4.1: Technical properties of the LC 2002 SLM [67]

Xiii



Xiv



LIST OF FIGURES

Page
Figure 1.1 The movable mirror creates a phase shift betweem waves and
temporal coherence lenght of the light source iasueed[1]................ 27
Figure 1.2:Schematics of spatial and temporal coherence..................ccc........ 30
Figure 1.3:Schematics for understanding spatial coherenadre.................... 30
Figure 1.4:Schematics of an arrangement for producing Yourgterference
QT2 V=] 1 ] 22 PO 31
Figure 1.5: Schematic illustration of three procceses: a) spwous emission,
b) stimulated emission, c) absorbtion....cccceecoovviviiiiiiii 34
Figure 1.6 a) Schematic of lasing b) laser radiation[3]............coooviiiiiiiiiiiiinnnnn. 34
Figure 1.7:a) Schematic filament bulb, b) Its incoherentatidn[32]................. 307
Figure 1.8:a) Schematics of LED, b) blue LED radiation[4]........ccoevvevrrrnnnn. 37
Figure 1.9: DIffraction-fre@ ZONE. .......ccoooiiiiiieece s 38
Figure 1.10:Bessel beam a) transverse, b) longitudinal sextian...................... 39
Figure 1.11: Airy beam a) transverse section, b) its line peofi.....................c... 43
Figure 2.1 : Spatial coherence with componerts&nd X, temporal coherene with
COMPONENES K AN ....vvvviiiiiiiee e e e e e 47
Figure 2.2 : Diffraction of a spatially partial coherent lighburce from a circular
21 01T (0| PP PP 49
Figure 2.3 : Diffraction results With DOC: 1 .............ummmmereeeniiiiinnaaeeee e eeeeeeeeiiieeens 52
Figure 2.4 : Diffraction results with DOC: 0.85 ..........ommmeeeeeiiiiiiieeiiie e 52
Figure 2.5 : Diffraction results with DOC: 0.75 ........uummm e 53
Figure 2.6 : Diffraction results with DOC: 0.50 ..........ammmeeeeeiiiiiiieiiiiiiieee e 54
Figure 2.7 : Diffraction results with DOC: 0.25 ........ummm e 55
Figure 2.8 : Diffraction results With DOC: O .............ummmmereeiiaieeeeeeeereeeeeeeeennnnnnn. 556
Figure 3.1Experimental setup used for diffraction-free beamnegation by
INCONErent SOUICES[49]. ...uuuiiiiie e e oo ettt e e e e e e e e e e eees 59
Figure 3.2 : Profiles of Bessel beams formed by the diode |4S¢r...................... 60
Figure 3.3 : Profiles of Bessel beams formed by blue LED[49]...........ccccccoe... 61
Figure 3.4 : Profiles of Bessel beams formed by white LED[49]....................... 62
Figure 3.5 : Propagation distance vs. on-axis intensity forttitee different sources
and collimation [€NSES[49]. .....coeiiiiiiiiiceeeeer e 63
Figure 3.6 : Propagation distance vs. ViSibility[49]. ....cccceeeeeeeiiiiiieeeee 65
Figure 3.7 : Schematic of the effect of spatial coherence orssBle beam
fOrMAtiON[B4]. ..o e e e e e 66
Figure 3.8 :a) The experimental results at 2.3cm, b) the ¢atled results at 2.3 cm.
....................................................................................................... 66
Figure 3.9 : a) The experimental results at 18.3cm, b) theutatled results at 18.3
(6] 10 TR PP 67
Figure 3.10 :a) The experimental results at 33.3cm, b) theutatled results at 33.3
(6] 1 0 TR PP 67

XV



Figure 3.11 :Construction of the Airy 1ens[70]. ......cccoeeeeueiiiiiiiiie e, 68
Figure 3.12 :Set up of the Airy beam- blue LED experiment..............cccoeeeeeeee. 69
Figure 3.13 :a)On the left experimeted Airy beam image on C@bera , b) on the
right Airy beam profile of the same image processetd MATLAB...69
Figure 3.14 :a) On the left LED generated experiment that vag din the right laser
generated experiment done by Yalizay et al. .[S]..........ccooviiiiiiiiiinnns 70
Figure 3.15 :a) LED generated Airy beam’s peak position-propiagaprofile b)
laser generated Airy beam’s peak position-propagatrofile done by

Yalizay €t al[5]. .ooeeieee e 70
Figure 4.1 :LC 2002 model SLM that is used in our experimefgg|................... 74
Figure 4.2 : The experiment set-up for calibration of the SLM................cccceee. 75
Figure 4.3 : Active gray level change pattern by the softwaré #ne corresponding
change in fringe PatternsS. ..........oooo o e s 76
Figure 4.4 : An example of a fringe pattern and its transvamgensity section with
maximum first three peaks. ...........ooiiiiieeeeemrcicciec e 77
Figure 4.5: Phase shifts for different combination degreegadéryzer and analyzer.
....................................................................................................... 77
Figure 4.6 : Polyfit of the central peak values’ distributian................cccceeeiine. 78
Figure 4.7 : The experimental set-up of the Bessel beam shapihgSLM. ......... 79
Figure 4.8 :a) The MATLAB coded Bessel profile,b) the obserBstsel profile by
the CCD camera for blue [azer. ... i 80
Figure 4.9 :a) The MATLAB coded Bessel profile,b) the obserBsstsel profile by
the CCD camera for blue LED. ..., 80
Figure 4.10 :a) The axicon degree of 0.1°,b) the axicon degfe®02° and c) the
axicon degree Of 0.05°%. ... ...oviiiiiiiiieiimmmmmme e e e e e 1.8
Figure 4.11 : The experimental set-up of the Airy beam shaping $LM. .......... 81
Figure 4.12 :a) The MATLAB coded Airy profile, b) the observédgry profile by
the CCD camera for blue LED. ..........oooiiiimiiieiiiiiee e 82
Figure 4.13 : Airy beam profiles at a) 14mm,b)15mm, c) 16mm wai@m the
COIMALION |ENS. ... 82

Figure 4.14 :a) The exponential degree: 7, b) the exponengglak: 8 and c) the
exponential degree: 9, are seen as the differendbs phase input. .... 83

XVi



THEORETICAL, NUMERICAL and EXPERIMENTAL INVESTIGAT ION
OF PARTIALLY COHERENT BEAM SHAPING

SUMMARY

What is Light? The answer to this simple lookinghwodrum still implies voids
despite the new advancements in quantum field yhédthough light shows patrticle
like nascency it propagates like waves. So therthedout the nature of light
evolves into a composition of both particle and g/axhich is called “wave-particle
duality”. As in this thesis, we try to investigatiee propagation characteristics of
light, we mainly focuse on the wave nature of it.

So the introduction part is written with the aimgW¥ing theoretical background to
construct the foundations of the experimental ancherical investigations that are
coming in the next sections. In this sense, we egéhe first subsection explaining
the wave nature of light and its consequences ilikerference, diffraction and
coherence theory. The subsection of coherenceyth®divided into two, explaining
the temporal and spatial coherence of light. Wendbit approciate to explain these
two terms in separate sections as their relatiygontance have critical role on the
diffraction patterns in our experimental findings.

Recent years are full of detailed papers with kealge of the diffraction behaviour
of coherent light sources, whereas studies resiegratiiffraction with partially
coherent, continous light sources were rare andethemains open points with
unanswered questions. This is why in this thesgpg@gation dynamics of partial
coherent light sources, the diffraction patternat tthey produce and the possible
beam shaping parameters of them are chosen toidhiedt

We introduced the second section just to explatndbherent, partial coherent and
incoherent light sources and their differenceshst we would be clear when using
them in our experiments and calculations. We us$eel &nd white LEDs to represent
partial coherent ligth sources in our experimertengas used blue laser as coherent
light source to compare our findings with partiaherent propagation dynamics.
We concluded the introduction part with a third sedtion explaining the beam
shaping techniques. Here we defined diffractiom-foeams and then give detailed
information about Bessel beams and Airy beamshAsd two non-diffracting beams
are the beams that we have generated through periments, it was also important
for us to construct the theoretical backgrounchef.

In the second main section by using all the gathéneoretical knowledge from the
previous section, we started to numericaly modelpartial coherent light source.
As partial coherent ligth sources are the resultsgberposition of waves with
different frequencies, we first focused on the sppsition of waves. Then defined
how we modeled the partial coherent light sourcRIATLAB. After introducing the
diffraction integral, we put our previously modele8D code into the diffraction
integral to simulate our experiments done with LEDiEs has given us the chance to
compare the simulated values and the experimeratd We concluded this section
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by detecting the effects of the degree of coheréatthe input light source) on the
diffracton pattern, transverse and longitudinalffipgs of the beam.

The third main part is composed of the declaratminthe experimental results done
both with partial coherent and coherent light searcWe have performed each
experiment both for “Bessel” and “Airy” beams. Fe@ch beam, experimental set up,
experimental results and discussion part is conthose

We observed that “Bessel beams” are minimally adf@dy temporal coherence,
while spatial coherence determines the longitudenadlution of the beam profile.
With spatially incoherent beams, the fringe contiascomparable to the coherent
case at the beginning of Bessel zone, while it detaly fades away by propagation,
turning into a cylindrical light pipe. Our resutkow that beam shaping methods can
be extended to cases of limited spatial cohergpaeing the way to new potential
use and application of such sources. Experimesatstads verified that our results are
in accordance with the numerical calculations thathave performed at the second
step.

Our realizations of “Airy beams” with the similakgeriment set-up and same light
sources, have proven that while airy beams carabéyegenerated by laser sources,
the sharpness of the profile is lost when partalerent blue and white LEDs are
used.

So we decided to investigate further by using adedrbeam shaping techniques in
the fourth section. In order to do that we used Sidvgive spatial phase to our
partial coherent sources. We first calibrated thi®1 &nd then calculated the required
Bessel and Airy phase coefficients to use as a lgnagl input for the generation of
each beam. We have concluded that although SlaVinsore advanced technique to
give phase to light, due to the partial coheregittlisources’ special spatial phases
optical elements like axicon and airy lens havesgimore clear beam profiles. To
have more accurate results we concluded to scalentoming beam for further
studies.

The thesis is concluded by giving clarified answierghe open points with partial
coherent light sources especially about their pgapan characteristics. For further
realizations possible new experimental technigsedsio discussed. Our results show
that spatially incoherent sources can be used firadiion-free beam applications
and depending on the particular goal, differengltudinal working planes could be
selected to better serve the purpose. Moreoverabiigy to modulate spatially
incoherent beams also creates great potential twecthe outcoming beam
accordingly, paving the way to the new potentia asd application of such sources.
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KISM 1 ESEVREL I HUZME SEKILLEND IRILMESININ TEORIK,
NUMERIK ve DENEYSEL INCELENMESI

OZET

Istk nedir? Bu basit gorinimli bilmecenin cevabi kuanalan teorisindeki bir¢ok
yeni gelsmelere rgmen hala bilinmeyenler icermektedirsid parcacik kokenli
gorulmesine rgmen dalgalar gibi yayinim gosterir. Boylegggin dazasi Uzerine
kurulan teori, zamanla parcacik ve dalga ikilenfiimiestiren, “parcacik-dalga cifti”
ne dongmustlr. Bu tezde oOzelliklesigin yayinim karakterigii arsstirildigi icin,
dalga yapisi Gizerine odaklaniktar.

Girig boluminde sigin dalga yapisi ve bunun glodusu sonuglar detayl olarak
islenmistir. Buradaki amac takip eden bolimlerde anlatitammerik ve deneysel
bulgulart yorumlamada temel gluracak bilgilerin toparlanmasi ve teorik bir
altyapinin olgturulmasidir. Bu anlamda ilk alt g& dogadaki dalgalar ve bunlarin
fiziginin genel olarak incelenmesiyle g@r. Bu boélim temel dalga yapisinin
kuruldugu ve bunun sigin ilerlemesine benzeyen veya farkhliklar gdsteren
yonlerinin 6ne cikarildgn temel bilgiler icermektedir.

Ilerleyen kisimlardasigin dalga modelini anlamakta temel iki olgu olanigiyin ve
kirinim anlatiimaktadir. Gigim ve kirinim olaylarinin fizi, bu olaylar arasindaki
benzerlik ve farkliliklar belirtilerek;sigin tim bu fiziksel davraglarinin eevrelilik
teorisi ile bglantilar kurulur.

Girisim ve kirinimin anlatildy bu bélimlerin hemen ardindagegrelilik teorisine
gecilmistir. Esevrelilik teorisi ile ilgili temel bilgileri takibae, i1gIn zamansal ve
uzaysal gevrelilik tiplerinden detayl olarak bahsedilmektedu iki terimi ayri bir
alt balikta incelemek istememizin sebebi deneylerimizdejrisim desenleri
Uzerinde olgturduklari etkilerin birbirlerine gére 6nemini amlamizda ¢cok énemili
bir kaynak olacg inancidir.

Esevreli ik kaynaklarinin kirinim davraglariyla ilgili bugiine kadar pek cok
calisma yapilmgtir, ancak yari gevreli hizmelerin kirinim davraghariyla ilgili
calsmalar hem sayica az hem de pek cok cevabi bilinmeygk noktalar
icermektedir. Bu sebeple bu tezigigin dalga yapisi altinda 6zel olarak incelemeye
deser gordigl konu yari gevreli siurekli ik kaynaklari, bunlarin okturdugu
kirnnim desenleri ve bu kirilnim desenlerini etkdeyparametrelerdir. Bdylece bu
Ozel alt balik altinda cevaplanmayi bekleyen pek cok soruykli#¢getiriimesi
hedeflenmtir.

Ikinci ana bolumi gvreli, yari gevreli ve gevreli olmayan gik kaynaklarini ve
bunlar arasindaki farklari anlatmak icin ayirdikikl kayna tipleri arasindaki
farklarin, yaptgimiz deneylerimizde ve matematiksel hesaplarimtadgik farklar
olusturdusunu gérmemiz sebebiyle, bu bélimde kurulan teoftgapinin, sonug
boliuminde yapagamiz yorumlarda belirli bir netlik okiuracgini distinduk.
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Deneylerimizde yari gevreli sik kaynaklarini temsil etmesi icin mavi ve beyaz
LEDleri, esevreli sik kayna| olaraksa mavi lazeri kullandik.

Yaptigimiz calsmalarda lazeri kullanma amacimiz, Bk ikaynainin mikemmel
esevreli yapisi sebebiyle son derece netsmiridesenleri vermesidir. Bu anlamda
lazer g1k kayna kullanarak elde etimiz sonuglari LED ile yapgimiz deneylerle
kargilastirma yaparak cikarimlar yapmak icgin referans dda&uallandik.

Giris  bolimuni Gclnct bir son alghkla kapattik. Bu bolimde hizme
sekilllendirme yodntemlerinden ve deneylerimizde iedg&imiz iki Kkirinimsiz
ilerleyen hizmesekli olan Bessel ve Airy hiizmelerinden bahsettikliBne si1gin
dalgalarseklinde ilerlemesi sebebiyle, gia olarak kirinima grayac& gercegine
ragmen, bu htizmelerin 6zel bir bolgede kirinimsizeldiklerini anlatarak bdadik.
Her iki huzmesekli i¢cin kirinimsiz ilerledikleri bu bolgeleri aattiktan sonra,
bahsetigimiz Bessel ve Airy hizmelerini ayri ayr alt sh&larda inceledik.
Deneylerimizde LEDIlerin yayilim parametrelerini bloer iki hizme ile de
inceledgimizden, bu bolimun teorik alt yapisi da deney starumiz icin yapi@gimiz
yorumlarimizda 6nemli bir kaynak olgtur.

Arastirmanin ikinci ana kisminda, girkisminda elde edilen tim teorik bilginin de
yardimiyla, hem kismisevreli sik kaynaini hem de yapgimiz deneyleri simule
edecelsekilde modellediimiz 1sik kaynainin yayitlimini modelledik. Kismisevreli
hizmeleri modellemek icin bir faz belirledik. Bu ryassevreli fazi olgturuken
esevreli pek cok fazin toplanmasi metodunu kullandk. sebeple dnce dalgalarin
toplanmasi ilkesi tzerine ganlastik.

Bir sonraki bolumde kirinim integralini, bigne delginden gecensik hiizmesinin
belirlenen mesafede bir dlcim ekraninasufanda nasil bir elektromanyetik alan
olusturac&ini hesaplayarak anlattik.

Ardindan daha o©Once hesapladiz kismi  @evreli fazimizi  kullanarak,
hesapladiimiz kirinim integraline exponansiyel olarak ilasttik. Boylece LEDIeri
kullanarak yapgiimiz deneyleri simule eder hale gejrolduk.

Bu bize deneysel bulgularimizla modelfgdiiz numerik datay! karlastirma ve
hangi parametreleri @estiridigimizde hangi dgerlerin nasil dgistigini anlama
olana verdi.

Bu bolima kullanilan stk kayn&inin eevrelilik derecelerini d@stirdigimizde;
girisim desenleri, dik ve yatay kesittekik yayiliminda olgan etkileri inceleyerek
tamamladik.

Uctincii ana kisimsevreli ve kismi gevreli sik kaynaklari ile yapgimiz deneyleri
ve bunlarin sonuclarini anlatmaktadir. Deneylendig g6liminde teorisi anlatilan,
Bessel ve Airy hizmeleri dretilgtir. Her hizme icin deneysel dizenek, deney
bulgulari ve elde edilen sonuclardan cikarimlarepildigl tartsma boélimleri
dizenlenmytir.

Bulgularimiz Bessel hizmelerinin zamansageweelilikten minimal sekilde
etkilenmekle beraber uzaysakegreliligin, hiizmenin ilerleme yontndeki profillerini
onemli olclde etkilegii yonundedir. Kismi gevreli ik kaynaklar ile, Bessel
hizmesinin ilk kisimlarinda sacaklarin goringdi esevreli ik kaynaklarininki
gibi nettir. Ancak htizmenin ilerleyen kisimlaringédrintrligin giderek dgtigu ve
sonlara dgru silindirik bir yapiya dongtigli gozlemlennytir. Deney sonugclari
hizme sekillendirme yontemlerinin belirli uzaysal sevreli ydntemleriyle
incelenebilecgini gdstermgtir. Yaptigimiz deneyler ile hesaplagmiz kirinim
desenlerinin ve dik hizme profillerinin  uyumu ealamizin  d@rulugunu
kanitlamstir.
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Bessel huzmeleri gibi Airy hizmesini de kismgeereli ik kaynaklarl ile
urettigimizde, lasersik kaynai ile kolayca Uretilebilen bu hiizmenin kisngeereli
Isik kaynaklariyla net bir bicimde Uretilemgahi fark ettik. Bu bulgularimizi dikey
kesit profilleri, CCD kameradan afgimiz gortntiler ve kaydegiimiz goruntulerin
maksimum yg@unluklarindan hesaplagimiz MATLAB sapma grafikleriyle de
raporladik.

Airy lens kullanarak yapfimiz bu deneylerde beklenen Airy profillerini
goremememiz sebebiyle SLM kullanarak ileri huzgekillendirme yontemlerini
deneme kararini aldik. Dordinct bélimde bgrdibuda yaptgimiz deneyler ve elde
ettigimiz sonuclari aktardikileri hiizmesekillendirme deneylerini SLM adi verilen
ve gelen giga istenilen uzaysal fazi eklemeye yarayan 0Ozel dptik eleman
kullanarak gercekkirdik. SLM, VGA gorunti aystiricisi ile laptopdan gelen
siyah-beyaz goruntlyld icindeki LCD ekran ile uzay&m olarak, gelen sik
hiizmesine ekler.

CCD kamerada goruntulegimiz hiizmenin elimizin hareketiyle dahi gan hava
akimindan belirgin o6l¢tde etkilergini gozlemledik, bu sebeple SLM’in kendi
kalibrasyonu icin detayl catik. Bu etap belirli bir gelen hiizmeye nasil uzayaa
farki verildigini anlamamizda da 6nemli bir adim oldu. Kalibrasyyaparken mavi
lazeri kullandik. Bugik kayna&ini kullanma sebebimizsevreli olmasi sebebiyle faz
kaymasini iyi yakalayabilmemizdi. Kalibrasyonu ydeqn faz dgisimlerinin
videolarini c¢ektik ve videolari MATLAB'daslieyerek faz farkini incelegimiz
imajlara ve sonrada kaymalar sapgmcuz grafiklere dongtirdik. Bu bolim
programlama konusunda da becerilerimizi giginemizi sgladi.

Bir sonraki adimda Bessel ve Airy hizmelerini splwmacak uzaysal faz farkini
Matlab’da hesaplatarak; SLM’e bu faz farklarini VGgoruntli aywtiricisyla
yansittik.

Deneylerde 6nce mavi lazer ve mavi LED kullanaraisgl hizmelerini ofturduk.
Elde ettgimiz sonuglar mavi lazer igin ¢ok farklilik gostegmekle birlikte; mavi
LED icin axiconla elde ettimiz Bessel hizme profillerinin, SLM ile elde
ettiklerimize kiyasla daha net olglunu tespit ettik. Benzer sonuglari Airy hiizmesini
elde ettgimiz deneylerimizde de bulduk.

SLM kullanilarak elde etfimiz Airy hizme profilleri, lazer kullanarak yapma
deneylerdeki gibi net profiller cikarmadi. Bunutbeplerinden birinin SLM’in kendi
gecirgen LCD ekrani sebebiyle gelen hiizmeye aymicazaysal faz katmasi olarak
disinuk. Bir dger sebebin SLM’in dgilk ¢6ziunurlikli olmasi olabilege
kanisindayiz.

Beklenilen netlikte htizme profilleri odturabilmek igin gelen hizmenin buyatultp
esevreliligin daha yuksek tutulabilegeve ilerleyen argtirmalarin bu dgrultuda
yapilabilecgi fikrindeyiz.

Arastirmamizi kismi gevreli ik kaynaklari ve bunlarin yayihm ozellikleri ilégili
onemli bulgular sentezleyerek sonlandirdik. Eldegieniz sonuglar bize kismi
esevreli sk kaynaklarinin kirinimsiz ilerleyen hiizmelerinl&ailabilecei heryerde
kullanilabilecgini gostermgir. Belirlenebilecek 6zel bir amaca gore bu hiuzmele
farkh yatay kesitlerde 6zel olaralekillendirilebileceini distiniyoruz.ileri hiizme
sekillendirme teknikleri her ne kadar beklgdiiz netlikte sonuglar vermemiolsa
da uzaysal coheransi derinlemesine anlamamizdanlbbhe& adim olmgtur. SLM
kullanarak gelen bir hizmenin uzaysgéweliligini degistirip farkh profillerde pek
cok hizme vyapilabilege gercesi, farkh amaclar icin  hizmelerin
sekillendirilebileceini gostermektedir. Bu sebeple uygun SLM secimiopgimum
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gelen hizme girdileriyle; bu ileri hizmgkillendirme tekniklerinin de LEDsIk
kayna kullanilarak yapilacak ileriki caimalarda tmit vaad egfini goriyoruz.

Tam bu calma, teorik, numerik ve deneysel boyutta tamami&ndan veriler,
bulgular ve hesaplamalarin birbirini tamamfadir kanisindayiz.
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1.INTRODUCTION

Understanding the nature of light has been the majerest of all researchers for
ages. Prof Francesca Maria Grimaldi was the fisstobserve and note the
phenomena of “Diffraction” [6]. Robert Hook was tliest to observe colored
interference patterns generated by thin films [W]. 1845 Michael Faraday
experimented an interrelationship between eleadnd magnetic fields and their
relation to light. In 1873 James Clerk Maxwell 8181879) showed that an
oscillating electrical circuit should radiate elechagnetic waves and he summarized
all the extended empirical knowledgecas l/m . Einstein proposed photons as
concentrated energy in small packets, giving trexrgagnthey radiate in terms of their
frequency a€ = hv. He was the first who suggest that the electroreagmwave
which we perceive macroscopically could be theisttedl manifestation of a
fundamentally granular underlying microscopic phaeaon that he called as photon
[8]. So we may well comprehend propagation of lighthe forms of waves whereas
interaction of it with matter in the process of esidn and absorbtion as in the forms
of photons [6]. Light is neither wave nor a pasgicbut an intermadiate entity that
obeys the superposition principle [9]. In the fallog subsections we will be giving

information about the wave nature of light anccidesequences.

1.1 Wave Nature of Light and Its Consequences

One may consider the essential feature of any vesi&ing in nature as its non-
localization. Of what we should be understandingmf this non-localization
property is that, waves are travelling impulsesthe medium, that they are not

localized like particles.

A wave in this sense is the self sustaining distode of the medium through which
it propagates. We call it a longitudinal wave ietimedium is displaced in the
direction of motion and a transverse wave if thadioma is displaced in a direction

perpendicular to that of motion.
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Electromagnetic waves of light are transverse w§i®@p The crest of a wave is the
point on the medium that exhibits the maximum anhooinpositive or upward
displacement from the rest position. The trough @fave is the point on the medium
that exhibits the maximum amount of negative or mard displacement from the
rest position. The amplitude of a wave refers to the maximum arhooh
displacement of a particle on the medium frometst position.

The wavelength of a wave is simply the length of complete wave cycle. A wave
is a repeating pattern. It repeats itself peridticaver both time and space and the
length of one such spatial repetition (known asagencycle) is the wavelength. The
wavelength can be measured as the distance frosh torecrest or from trough to

trough. In the spatial domain, the localizatiorpbbtons by photo detector makes it
possible to define a “wave function” for the photibself [9].These dynamics of

wave function of light gives physical results cdliaterference and diffraction that
will be explained in the following sections.

1.1.1 Interference

One should have a clear understanding of the phlystaction under the colorful
image of a soap to simply define what interfereisc&/hen an incoming ray of light
strikes the outer surface of a bubble, part oflidiet ray is reflected immediately,
while the other part is transmitted into the thoa film. After reaching the inner
surface of the film, this transmitted light ray reflected back toward the outer
surface. The light rays that are reflected off ieer surface of the bubble travel
further than the light rays that are reflectedtb# outer surface. Some wavelengths
will interfere destructively and others construetiy depending on the extra distance
traveled by a transmitted-and-reflected ray. Thesathce depends on the angle of the
incident light and the thickness of the film. Thigperposition of waves in and out of
the soap buble is the reason for the interfereiaeaves and so these interferences
create colorful visible patterns on the buble.

Interference usually refers to the interaction afves that are correlated or coherent
with each other either because they come fromdheessource or because they have
the same or nearly the same frequency. So in @aodebtain interference, it is only
necessary for the beams to possess statisticalastyiin terms of the so-called
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degree of coherence of light[11]. This is due te tkason if two beams are to
interfere to produce a stable pattern, they must ary nearly the same frequency.

Interference can be observed with any kind of whke light, radio, acoustic,
surface water waves or matter waves. Interfereatenms form when waves collide
and during collisions the negative fields of thelecalar electron shells oppose
compression while converting the kinetic energyhef collision into potential energy
of compressed fields [12]. In these patterns forrhgdconverging trains of light
waves, potential energy resides in the longitudidatk zones (null zones), kinetic
energy in the parallel, bright zones. It is thiackiof a mechanism that creates the
constructive and destructive interferences in themees. The amount by which such
oscillators are out of phase with each other caexXmeessed in degrees from 0° to
360°. When the phase difference is 180 degreeadjans), then the two oscillators
are said to be in antiphase [13]. If two interagtimaves meet at a point where they
are in antiphase, then destructive interferencleoedur.

We should keep in mind that constructive or desitradnterferences are limit cases
and two waves always interfere, even if the restithe addition is complicated or
not remarkable. On the other hand, the cleares¢rpat exist when the interfering
waves have equal or nearly equal coherencies sootigition is that the light has to

be coherent or at least partially coherent [14].

In this section we defined interference as the @rypof all types of waves to form
characteristic stationary variations of the intgndéily the superposition of two or
more waves [15].Diffrcation on the other hand iso#imer phenemenon that includes

the physics of interference and takes our integiaat to the one step further.

1.1.2 Diffraction

Diffraction is the result of interferences of wanaafts and it is the slight bending of
light as it passes around the edge of an obje¢flli& behavior causes ripples at the
boundaries of objects and diffraction is observed.

"Fresnel diffraction” refers usually to, althouglot exclusively, the phenomena
observed close to a two-dimensional object illurredaby plane parallel incident
light [13]. In this regard, we would see light te bending around the edge of the
object. The amount of observed bending dependshenrelative size of the
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wavelength of light to the size of the openingasges. If the opening is much larger
than the light's wavelength, the bending will be@$t unnoticeable [17]. However,
if the two are closer in size or equal, the amoaibending is considerable, and

easily seen with the naked eye.

The main difference between interference and diffoa is the mechanism,
diffraction involves a wave and some obstacle beatds the wave and intereference
involves a wave that combine with other waves. um experiments, both these

phenomena happen and are part of the same ovkeeslbmenon.

1.1.3 Coherence theory

Coherence of an optical field is understood asathiéity of light to interferg¢l8].
Some features of the interference pattern providguantitative measure of the
coherence between light vibrations at two pointspace and at the two instants of
time [11].Coherence in this sense was originally realizeth whe experiments of
Thomas Young and Michelson- Morley in opfik®]. Now it is used in any field
that involves waves, such as acoustics, electecgjineering, neuroscience, and
guantum mechanics as it is the basis for commeagpiglications such as holography,
the Sagnac gyroscope, radio antenna arrays, optmatrence tomography and
telescope interferometers like astronomical opticaderferometers and radio
telescopes.

This thesis is trying to find the answer to the gjiza of what happens when two or
more lightwaves overlap in some region of spaceinre when we use partially
coherent light sources. So we take into accountdbg that, because of the finite
extension of any physical source, and because eoffitlite spectral range of any
radiation, coherent as well as incoherent supetipaosiakes place side by side; the
vibrations in the two beams will then be partiaityrelated, that one can say that the
field is partially cohereii20]. For a clear exploration, we concern using lighirses

of both coherent and partially coherent, so thathaee the chance to compare the

results under differing conditions.

In wave mechanics, two or more wave sources afeqibr coherent if they have a
constant phase difference and the same frequenhcy.often convenient to divide
coherence effects into two classifications as temdpand spatial [6]. Themporal

coherence relates with the wavelength of the wawvieginsight to coherence length
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whereas spatial coherence relates with the trassweavefront profile of the beam
giving insight to coherence arela the below sections, we will be giving further

details of these two types of coherence.

1.1.3.1 Temporal coherence

Temporal coherence describes the correlation ofeal fpoint in a wave observed at
different moments in time. Therefore, it gives dad about the spectral bandwidth or

in other word, wavelength of the light source tvatuse.

Observations in the Michelson—Morley experimentoalgive us an intuitive
understanding about temporal coherence of a ligimtce. By using a half transparent
mirror D, in the middle of the set-up, the lightuste’s incoming beam is splitted
into two. One of the splitted beam’s travellingtdize is adjusted with the position
of the moving mirror, M. Once both beams that are reflected from afid M
interfere, the fringe pattern is observed on theest. By sliding the movable mirror
away from the screen gradually, the time, for tearb that is reflected from mirror
M2 to reach plane B is increases and so the fringesrbe dull and finally are lost
[19]. The experimental set up showing temporal coherean be seen in Figure 1.1

below.
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Figure 1.1: The movable mirror creates a phase shift betwwemtaves and

temporal coherence lenght of the light source iasueed[1]

The appearance of the fringes is said to be a estation of temporal coherence

between the two beams, because the contrast &irilges depends on the time delay
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At introduced between thgid]. We can observe the interference fringes only as
long as:

At, <

(1.5)

L
Av
whereAv is the bandwidth, and the time delag, is called the coherence time of the
light and the corresponding path delay or more ipedg the longitudinal coherence
length of the lightAl is:

A=< =(2)] (1.6)
A being the mean wavelength ardl the effective wavelength range. This quantity
is called the coherence lenght of the I[gh{. Temporal coherence tells us how
monochromatic a source is. In other words, it ctter&zes how well a wave can
interfere with itself at a different time. The cobece time shown as is the delay
over which the phase or amplitude wanders by aifgignt amount and hence the
correlation decreases by significant amount. At edayl of t=0 the degree of
coherence is perfect, whereas it drops signifigaasl the delay passesd=lamely

if Atcis large, the wave has a high degree of tempot@remce and vice ve$i

We define the term coherence length for the sounitbsvarying frequencies to find

the intervals where the source stays partially tmapcoherent. The coherence
length Al then is the distance the wave travels in tifitg and the wave (e.g. an
electromagnetic wave) maintains its degree of @ty the same in this specified

interval.

As stated in equation 1.5, the larger the rang&emfuencies a wave contains, the

faster the wave decorrelates and hence the sm|les.

Therefore, we may conclude that a wave containinfy @ single frequency
(monochromatic) is perfectly correlated with itsatfall time delays, in accordance
with the above relation conversely and a wave wipbsese drifts quickly will have a

short coherence time.

Sources like lasers have high monochromaticity ittn@lies long coherence lengths
up to hundreds of met¢22]. For example, a stabilized and monomode heliuma-neo
laser can easily produce light with coherence lengif 300 m, where as partial
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temporal coherent sources as LEDs have less cahel@mgths ranging from 10-100

um.

1.1.3.2. Spatial coherence

Spatial coherence describes the correlation betvdg#erent points of the same
transverse wave profile in space at a fixed tinfeer&fore it gives an idea of spatial
bandwidth. To define spatial coherence, let usidengwo points lPand B that at a
time t = 0, they belong to the same wavefront s the phase difference between
their electric fields at time t = 0 is zero. If tddferenced.(t)—¢1(t) of their phases
also remains zero at times t > 0, we say that tierperfect spatial coherence
between the two points;Rnd B[15]. Point sources like lasers are spatially coherent
whereas extended sources like LEDs have partidlasgaherency. In practice, for
any point R, in order to have some degree of phase correlatiomt P must lie
within some finite area aroundy,Pwhich is called the coherence area. The high
degree of spatial coherence of laser radiation stagain from the fact that the
spatial field distribution of the beam generatedsbgnulated emission is a mode of
the optical resonatf#3]. On the other hand it is known that the interfeeefringes

formed in a partially coherence light like LEDs apatially localizef24].

So basicly spatial coherence tells us how unifdrenshape of the wave front is. The
variation in the phase differengg results in a reduction in the contrast of the
fringes. If the variations i, are sufficiently small, they may cause only rgigle
variations in the intensity so that there is spaidoerence. Large variations ¢gncan
produce variations in intensity which are largeggtofor the contrast to fall almost
to zero. The fringes are no longer visible, these spatial incoherence. An
intermediate case would indicate a degree of pacbherencfl8]. To make the
differences between spatial and temporal cohersnoéspectively a transverse and
an orthogonal section of a propagating wave camxXamined as can be seen in
Figure 1.2. In this frame spatial coherence givesthe correlation between the
phases of a light wave for different points tramseeo the direction of propagation

at a fixed time.
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Figure 1.2: Schematics of spatial and temporal coherence.

When we examine these different points in a trarsg/eection of a wave, we realize
that the spatial coherency is high if they are irage and it gets lower as the
difference in phases increase. That is why spat kinlight sources like lasers have
high spatial coherency but extended kinds like EEDave partial spatial

coherencf22].In Young's double slit experiment if the spacengen the two slits is

increased, the coherence dies gradually and fitla#lyfringes disappear, proving the
existence of spatial coherence. So this experimemtides information about the

degree of spatial coherence, under conditions whergpatial seperation has been
introduced[20]. Taking into account that is the light source having the form of a
square of sidesAs and R and B are pinholes, we would expect to realize

interference pattern on plane B only if:

%
Figure 1.3: Schematics for understanding spatial coherenare
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ABAs < 4 (1.7)

whereA@ is the angle betweern; Rnd B from the light source andA is the mean
wavelength of the light. In order to observe friage the neighborhood of P, the two

pinholes must be situtated within the coherenca &#fe
R272
AA~ (RAG)?~—— (1.8)

whereS = (As)? is the area of the source, R is the distance lsetvle light source
and plane A. Spatial coherence length is defineth@square-root of the coherence
aredl]. If the spatial coherence length is less than gliteseparation, then the
relative phase of the light transmitted throughhesltt will vary randomly, washing
out the fine-scale fringes, and a one-slit patteilh be observedYoung explained
the interference pattern by considering the prilecipf superposition, and by
measuring the distance between the fringes he latdclithe wavelengf]. On

Figure 1.4 we can realize his ideation with a sargdt up.

Lf

Figure 1.4: Schematics of an arrangement for producing Youimg&ference

pattern[2].

Here S is the source whereasa®d S represent the two pinholes, the interference
pattern with dark and bright lines are seen on oreascreen LL'. For any arbitrary

point P on LL’ to correspond to a maximum we muestel

S,P—S,P=nkn=012,.. (1.7)
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As 5,5, =d and OP =y,
(S2P)? = (5:P)* = [D? + (yu + d/2)?] -[D? + (yu — d/2)*]=2ynd  (18)
Thus,

S,p—§,p=-"2nd_ (1.9)

T S1P+S,P

For d<<D then negligible error will be introducedhen S, P + S{P is replaced by

2D. So we can consider;

S,P — §,P =12 (1.10)
Using Equation (1.7) we obtain;
AD
Y = (1.12)

Thus the dark and bright fringes are equally sparetithe distance between them is
given by2];

__ (n+1)AD  nAD _AD

B=Yn41—Yn = 4 d d (1-12)

which is the expression for the fringe width. Theihility of the fringes is decreased

due to the increasing distance of the two pirj@igls

1.2 Light Sources

In this study types of light sources used in experts and numerical calculations
creates big differences in the results we experieteand verified as we mainly
work on interference and diffraction affects.Thasbiecause with natural light from
the sun or light from a bulb it is quite difficuty get interference effects, whereas it
is no problem to obtain interference with the hel@ laser [15]. For this reason we
have given an importance to generate a separdierséz define the main physical

properties and the differences between the tyd@laf sources. We have explained

32



coherent, incoherent and partial coherent lightsmirespectively so that we would
be clear when comparing our experiment results aithnumerical calculations and

giving the reasons for our findings.

1.2.1 Coherent light sources (lasers)

In this section the fundamental physics behindrlageeration will be introduced
under three main subjects as spontaneous emisstonulated emission and
absorbtion. To describe the phenomenon spontanemission lets consider two
energy levels where level 1 is the ground level kvel 2 is the excited level. We
can assume atoms at level 2 and g, they will tend to decay to level 1 releasing
the energy differencestE;. As can be seen on Figure 1.5 to the a), wheretiesgy

is delivered in the form of electromagnetic wave fitocess is called spontaneous
(or radiative) emissid@5]. As h is the Planck’s constant, the frequengg then:

vy =2 = Eh (1.13)

h h

Lets assume again that the atoms are initiallguell 2 and an electromagnetic wave
with frequencyv = v,is incident on the material as can be seen in Eigus to the
b). In this case the energy difference is delivarethe form of an electromagnetic
wave that adds to the incident wave, since thenmicg wave’'s and material’s
atomic frequencies are the same. This is how stitadlemission occur$he rate of
stimulated emission is proportional to the popolaf the higher level[26].

The fundamental difference between spontaneoustmdlated emission is that, in
spoantaneous emission the emitted atoms’ phasesruagertain relation with each
other and emssion can occur in any direction; wlasrén stimulated emission the
emission of any atom adds in phase to that ofrtheming wave and they are in the
same direction [27]. For the part c) of Figure W&, can assume that the atom is

initially lying in level 1 which we have previoustlefined as ground level.
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Figurel.5: Schematic illustration of three procceses: a) spwetus emission,

b) stimulated emission, c) absorbtion.

The atom will remain there unless a stimulus isliadpIf an electromagnetic wave
with frequencyv = v, is incident on the material, the atom will be eaigo level 2.
The energy difference to raise the atom to thel |2ve obtained from the energy of
the incident electromagnetic wave and the procssdefined as absorbti[2Y].
Population inversion occurs when there are marmstin the excited state than the
ground statg25]. The reason of population inversion is the app#igohulation that
pumps the atoms to the higher energy 1428 Once the critical inversion is
achieved, oscillation starts from stimulated enoissind lasing occuj5].

a)

Figurel.6: a) Schematic of lasing b) laser radiation[3].

Laser radiation shows an extremely high degreeafanhromaticity, coherence,

directionality and brightness as compared to atlegicoherent light sources[29].
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1.2.2Incoherent light sources (bulbs)

If the elements of an object emit entirely incomérevibrations, which are
independent of one another, the radiation emittgdtHis object is said to be
incoherent. The sun, the stars, the planets, lapéscand thearious monochromatic
radiations forming the spectrum ofsaurce, are all examples of incoherent objects
[18]. A good example to the incoherent light sourcaddbe considered as most of
the filamanted light bulbs, which may well be nanasdincandescent lamps. These
light sources emit light with a wire filament, hedtto a high temperature by the
electric current passing through29]. The metal wire is mounted in the glass bulb
filled with an inert ga@2]. This procedure of producing light is simply thiadk
body radiation of the filament under high tempemtin fact, we can be much more
precise: a body emits radiation at a given tempegadnd frequency exactly as well
as it absorbs the same radiafgfj. Due to this type of radiation, light waves are
distributed in each direction randomly. Hence trmmparison of the angular
distribution of radiation from the two sources @es and bulbs) seems to indicate
that there must be a close connection betweentdite af coherence of a source and
the distribution of the radiant intensity of th@Hht that the source generd2€.
Figure 1.7 below shows the section and the radiaifcsuch light source.

Glass Bulb
+ Gas Filling
4 Tungsten Filament

Support Wires
Lead Wires

- Stem
Fuse
B —

Figurel.7: a) Schematic filament bulb, b) Its incoherentaidn[31].

We have shortly examined the incoherent light sesito give intuitive insights to

the understanding of partial coherent light sources
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1.2.3 Patrtially coherent light sources (light emiihg diodes)

Thus far in explanations of phenomena involving shperposition of waves, we've
restricted the treatment to that of either compyeteherent or completely incoherent
disturbances, however there is a middle ground éatvwthese antithetic poles, which
is of considerable contemporary concern and it agtigd coherence[8]. A good
example of the partially coherent light sources Mobe light-emitting diodes
(LEDs) that found broad application fields in inttys LEDs are also promising for

scientific experiments as they exhibit charactesdbetween lasers and bulbs.

Understanding the propagation characteristics dD4.&s the core purpose of this
thesis. In such solid-state light sources the etectirrent is converted into light by
recombination of excited states of atoms into theugd state via emission of a
photon[15]. LEDs are fabricated from semiconducteaterials in which a p/n
junction is fabricated[32].The nature of the extitgtate may differ for different
types of electroluminescence (EL). Electrolumineseeis a non-thermal generation
of light resulting from the application of an electfield to a substance[33]. It
differs from thermal radiation (incandescence) lie telatively narrow range of

wavelengths contained within its spectrum whictyscally 5 to 20 nm([34].

EL in general describes the direct recombinatioele€trons and holes in a suitable
semiconductor structure[15]. Under forward biasditbons, electrons are injected
into the p-type semiconductor and holes are injedtéo the n-type material.
Recombination of these minority carriers with thejonity carriers at the p/n
junction results in near bandgap radiation[34] Stha depletion zone electrons fills
the holes and light is emitted. The released phetmrgy is approximately equal to

the bandgap energy of the semiconductor [20].

In most conventional LEDs, the light emiting seranrductor material is inorganic,
and InGan is an efficient, frequently used exanvpkh a band-gap of 1.37 eV. It
was in 1993 when Nakamura et al. achieved the breakgh for solidstate lighting
by proving the successful use of InGaN as a maéateridblue LEDs [36]. The

wavelength of the emitted light is governed by teeergy bandgap of the

semiconductor material, and is given as[32]:
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[um] (1.14)

Figure 1.8:a) Schematics of LED, b) blue LED radiation[4].

The schematics structure for a blue LED and thétiad of it can be seen in the
Figure 1.8. Partially coherent sources stay inrtfedle of coherent and incoherent
counterparts. We accept two wave sources to begbrfcoherent if they have a
constant phase difference and the same frequensyidbal property of waves
enables stationary (temporally and spatially cantdteterference. In the following
section, we will further investigate coherence tigewith its spatial and temporal

components to fix our understanding over partiderent light sources.
1.2.4 Types of the light sources used in our exparents

In this section, we describe the coherence pragsexi light sources used in our
experiments. The light sources are blue LED, wHhifeD and laser diode
respectively. We have summarized light sources rdaogp to their central
wavelength, emitter area, viewing angle, curreritage via amper and temporal

coherence length properties.

As can be seen in Table 1.1, the blue LED doeshawe¢ spatial coherence but has
limited temporal coherence, whereas white LED hahar spatial nor temporal
coherence, lasers in this sense have both temadatpatial coherence that we used

them as a concrete source for comparison.
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Table 1.1: Type of the light sources that are used in oueagrpents.

& “
BLUE LED. WHITE LED LASER DIODE
Central Wavelenght 465nm 400-750 nm 633nm
Emitter Area 0,4 mm? 0,8 mm* collimated, point like.
Viewing Angle +8° +15° N
Current Voltage via Amper at2.5Vv-1mA at 3 V- 380mA at5,2v- 50mA
Temporal Coherence Length 100pm * 2m

1.3 Beam Shaping

1.3.1 Diffraction-free propagation

As diffraction is a fundamental part of light, imaigg non-diffracting beams seems
ridicilous, but these beams do exist . This is viD§fraction-free propagation” is an
important title that we want to fill under beforeeattly passing to the explanations
of Bessel and Airy beams. Diffraction free beamingariant with respect to
diffraction from one plane to the next[37]. Of ceer it is not possible for a beam

passing through a finite aperture to avoid diffi@ct

Durnin has recently pointed out that the Helmotazagipn has a class of diffraction-
free mode solutions[38]. So these beams are thealtgtnon diffractive propagating

and in reality they are only non-diffracting in thdiffraction-free zone. We consider
the diffraction-free zone within the distancendq, these beams remain their

properties the same as can be seen in Figuretich s painted to red.

Axicon

Incident Beam Collimated beam

‘- —————————————————————————————————— :

Light Source

I
Lens system ¥ Diffraction free

Figure 1.9: Diffraction-free zone.
So when investigating the properties of Bessel Ainglbeams it should be clear for

us that they can be observed by the diffractionhef light source we used in our
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experiments and they don't diffract during theiopagation at their own diffraction-

free zone.

In the following sections we will be investigatinBessel and Airy beams
respectively, so that we would have gathered allttieoretical knowledge we would

need for interpreting our numerical and experimemdings in the conclusion part.

1.3.2 Bessel beams

Perhaps the best known example of such a 2D dikradree optical wave is the so-
called Bessel beam first suggested and observelduogin et al. [39]. This work
sparkled considerable theoretical and experimeataivity and paved the way
toward the discovery of other interesting nonddfinag solutions. A Bessel beam
gets its name from the description of such a beaimgua Bessel function, and this
leads to a predicted cross-sectional profile aéteo§ concentric rings[40].The Bessel
beam with a transverse section on the left ankhiésprofile on the right can be seen
in Figure 1.10.
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a) b)

Figure 1.10:Bessel beam a) transverse section, b) its linflgpro

Bessel beams are diffraction-free (propagationgaddent) solutions of Helmholtz
equation[38]. In cylindrical coordinates the electield envelopes of Bessel beam follow
the form [39]

E(r,¢,z) = Eoexp(ik,z)],(k,r)exp(Ling) (1.15)

39



where J, is then-th order Bessel function of the first kingl, andk, are longitudinal and

radial wave-vector components. In the lowest-atdse oh = 0, the radial intensity profile
appears as a bright spot surrounded by conceinigs of decreasing amplitude. Beams
described by higher order Bessel functions (n¥@®), High-Order Bessel Beams, have a
phase singularity on the beam axis and henceehase-diffracting dark, rather than bright

core[41]. The associated intensity of zero-ordessBEbeam is given by:
o | Jo(kyr) |2 (1.16)

Equation 1.16 is independent of the coordinatesclwimeans that the intensity
profile of an ideal Bessel beam does not changerinde space propagation. This
means that there is no change in the cross-seatidhe beam propagates and thus
the beam can be considered diffraction free, opggation invariant[40]. These ideal
Bessel beams should carry infinite energy; theegfdhey cannot be generated
experimentally. However, approximations to suchaided beam can be obtained
over a limited spatial range, by using various rodf) of which axicon focusing is

by far the most common [22],[43].

Diffraction-free Bessel beams of'@rder are obtained by the superposing of plane
waves whose wave vectors make an angle with thpagadion axis. These plane
waves are realized with point sources that areiliged uniformly around a circle
and an infinitely large aperture lens. After thedipasses through the lens it has non
diffracting properties and is described by the zender Bessel function. The beam is
diffraction free within only a limited region. Theeam generated from such a
geometry is referred to as a quasi-diffraction-tbeam. And bessel beams propagate
in such a quasi-diffraction-free manner exhibitimgs of foci much longer than the
Rayleigh distances of focused Gaussian beams[39]Bessel-like beam can be
easily formed by passing a Gaussian laser beamghran Axicon [44]. The Axicon

is a specialized type of lens which has a coniadiase. Unlike a converging lens
which is designed to focus a light source along dp&cal axis, the design of an
Axicon focuses a light source to a line consisthgnultiple points along the optical
axis[45]. So a beam generated by an Axicon cragsesptical axis and forms rings
of increasing diameter with constant ring thickessgenerating 'O order Bessel
beams which have a high intensity on the centersamaller fringes on the sides. It is

important to note that the Bessel beam has itsggr@renly distributed between its
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rings, so the more rings the beam has, the loweettergy in the central core [46].
One other important property of Bessel beams is #islity to reconstruct even if

they hit an obstruct. After some distance beyiredobstacle, the outer lobes of the
Bessel beam act to replenish the central maximand thus the beam is
reconstructed[47]. This reconstruction is due ®® ¢bnical wavefronts of the Bessel

beams.

A Gaussian beam passing through an axicon gairtsgaaepshift depending on the
maximum radius of the input field “r". This phaskift can be respresented in terms
of the wave vector “k”, axicon tip degre¢”“and refraction index “n” of the axicon
as[44]:

¢(r) = kr tany(1 —n) (2.17)
As for smally valuestany = y the equation 1.18 can be simplified to:
¢(r) =kry(l—n) (1.18)

We can define the Bessel beam half cone angle afteon as:

B = asin(nsiny) —y = (n— 1)y (1.19)
As the wave vector on the r direction is\ke can write it as:

k, =ksinB =k =k(n—1)y (1.20)
So the spatial phase shift due to the axicon casubenarized as :

¢o(r) = —k,r (1.21)
The diameter of the central lobe (distance betwefirst two zeros) is given by[48]:

2

dcent = 07655M (122)
When the input beam is Gaussian-shaped, the défitle @essel zone is approximately
given by[48]:

k
Zmax = = Wo (1.23)

r

wheréW, is the spot size of the incident Gaussian beam.

As is explained in detail in the Fresnel diffractiof Equation 2.22, the phase shift
generated by the axicon is added to this diffragt@sie equation as an exponential

coefficient.
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krr'

E(r,z) « [ exp (_TIZZ). exp (ik ﬁ) .exp(—ik,1)]o(—)r'dr’ (1.24)
Wy 2z z
By applying stable phase approach to the integ@| [
zZ Z2
1(r,2) = 52 ) (krr)exp(= 1) (1.25)

Here P is the total power of the beam,isvthe waist spot size, z is the longitudinal
position and @a=wo/tarp is the position where the axial intensity is meaduto be

maximum.

Plane waves of incoming Gaussian beam, propagatangllel to propagation axis
pass through the axicon and refracted. The difcglane waves coming from the
upper and lower zones of the axicon, have constrieind destructive interference
with each other that when they hit the measureescree realize the Bessel beam
profile. This is also what we experiment when drepfAiry beams however there is

a few steps more and we use Airy lens instead icbax

1.3.3 Airy Beams

It was Berry and Balazs whose calculations proved Airy wave packet was a
solution to the Schrddinger equation[50]. Sivilaglet al. in 2007 experimentally
showed that Airy beams also propagate diffracti@e{61]. Similar to Bessel beams,
Airy beam intensity also stays high over much londjetances than conventionally
focused Gaussian beams. Differently from Bessemisedowever, Airy beams also

exhibit acceleration[52].

Gaussian laser beams can be converted to Airy—Gaessis by introduction of

cubic spatial phase followed by optical Fouriengfarm with a convex lens[53].

To examine the behavior of optical Airy wave paskgiotential-free Schrodinger

equation is taken into account [54]:
l'—+—T: 0 (1.26)

whereg is the electric field envelope, s = xbepresents a dimensionless transverse

coordinate, xis an arbitrary transverse scajez/k(xo)? is a normalized propagation
distance, and k= m/A[52]. So Equation 1.26 admits the following Airy

nondispersive solution:
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o(&,s) = Ai(s — (%)z)exp(i (%) — 1 ( d 3)) (1.27)

12
At the origing(0,s) = Ai(s). Equation 1.27 clearly shows that the intensityfije
of this wave remains invariant during propagatiohilev it experiences constant

acceleration. The terng (2)° in the same equation describes this ballistiettayy.

Figure 1.11 depicts the characteristic ballistigjeictory of Airy beam propagation.
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Figure 1.11:Airy beam a) transverse section, b) its line peofi

We can see that both Bessel beams and Airy beagnfoaned due to the fact of
diffraction and they stay diffraction-free for art@n distance where they show their
individual propagation characteristics.

The deflection of the Airy beam can be calculatéith the formula seen below.

2

Xg=0z+—— (1.28)

(4kZx0%)

One last property of Airy beams is that they selélithemselves during propagation.
Siviloglu et al. have experimantally proved thaeewhe main lobe on upper right
corner of Airy beam is blocked, it reconstruct lf{&5]. This property cause the

beam to be also robust in adverse environments a@sich scattering and turbulent
media.

In the following section we will be giving numeriazalculations for the theoretical
background we have constructed. By this way we ditval exploring the properties
of the spatially incoherent light sources.
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2.NUMERICAL ANALYSIS of DIFFRACTION INTEGRAL

2.1. The Superposition of Waves

All interference and diffraction phenomena that eleserve when investigating the
nature of light is the result of the fact calledigsrposition of waves”. Basicly when
talking about superposition of waves we mainly aterested with what happens
when two or more lightwaves overlap in some regibspace and how the specific
properties of each constituent wave (amplitudesph&requency, etc.) influence the

ultimate form of the composite disturbance.

When we consider an electromagnetic light fieldhwélectronic and magnetic
components at each three dimensions,a&f Ez, Bx, By and B we can realize that

they satisfiy the scalar three dimensional waveagqguo as:

@y, P P 1d
dx2 = dy? = dzZ = v? dt2 (2.1)

As a means for obtaining the intensities of diffeadoeams of radiation, we make
use of the convenient conventiondlea of a wave functiofl3]JAs any linear
combination ofy (¥, t) can be a solution to the above wave equatiencan define a

general solutionvhere the coefficientsi@re simply arbitrary constants, as:

Y (7 t) = X Ci(Ft) (2.2)

Known as the Principle of Superposition, this emumtlarifies that the physics of
the resultant disturbance at any point in a medisnthe algebraic sum of the

separate constituent waves.

If we try to write the physical background of thedaion of two waves, we can write

wave 1 as one of the solutionsyf7, t):
El == EOlslTl(Wt + al) (23)

and wave 2 as:
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EZ == EOZSlTl(Wt + az) (24)

Here we should note that §Eis the amplitude,w” is the frequency, “t” is time and

“a” is the phase representatives of our waves.
The total disturbance would then be:
E = Eysin(wt+a) = E{ + E,

E = Ey;(sinwt.cosa; + coswt.sina,) + Ey,(sinwt . cosa, + coswt.sina,)

(2.5)
where;
Eycosa = Eyq cosa; + Eqy, cosa, (2.6)
Eysina = Ey; sinay + Ey, sina, (2.7)
therefore:
(Eo)? = (Eg1)* + (Eo2)? + 2Eg1 o cos(ay — ay) (2.8)

which gives a nice solution for the amplitude of camposite wave. And to get the

phasea, we can just divide equation 2.6 with equation ast

E01 sina1+E02 sinaz

tana = (2.9)

Egq cOSa1+Eg, cosay

So then we have written the composite wave equdtam two wave disturbances
and see from the resultant wave that although teguéncy stays the same, the

amplitude and phase do changes.

As the flux density of a lightwave is proportiortal its amplitude squared, we can
read from Equation 2.8 that there is an extrantés that of the square of the
component waves, which we can write @y, E,, cos(a, — a;). This additional

term in the equation is what we call the interfeesterm.

What has a big impact on the interference pattethea difference between phases of
component waves a8,= a, — a;. This phase difference may both be caused of the
difference in path lenght due to medium they tramelcause of the initial phase
differences of the two waves themselves. We cartewttie equation of this

expression as follows:
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§ = (xy + @;) = (Jexy + ) =21 — %)+ (@ — @) (2.10)

where x and » are the distances from the light source to theasion pointa is
the wavelength in the pervading mediumnandaz are initial own phases of the light
waves. Here we should note that we could modify egmation considering that

waves may travel different medias before arrivihng bbservation point. So that it

should be an asset to define the index of refractio= Ai o is then:
0
§=n(xy —x2) + (@1 — ) (2.11)
0

wherek, = i—” is the propagation number of the waves travellmghe vacuum and
0

A =n(x; — x,) is the optical path difference. The important thatghis step is to
construct the spatial and temporal coherence framtastheir components correctly.
Henceforth, the symbols k aidwill be reserved for the light wave itself wheraas
and x to describe spatialoptical pattef@ls The wavelength and and the wave
number k are the terms which define directly terapooherence of the light source.
They are the properties of longitudinal distribuatiof light across space as can be
seen with red lines at Figure 2.1. However whencaesider spatial frequency we
should imagine the transverse wave profiles tongefipatial properties of the light
wave at a certain time. Spatial peridocitiyand spatial wave numberdefine spatial
optical patterns of the light wave as can be seebloe transverse plane at Figure
2.1.

Partial
Incoherent Zone

Partial
Coherent Zone

Partial
Incoherent Zone

Figure 2.1: Spatial coherence with componegtsnd », temporal coherene with
component& andA.
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In order to model spatial coherence properties vibelave introduce spatial
periodicities, at integer fractions of a defineddili wO. If we divide a certain

spatial width of Wo, by any integer N, we will obtain the spatial periodicty X, as:

W
A= (2.12)

It is important to note that the spatial periodictfyany wave would decrease by
increasing the integer N that is chosen. In our eh@gk have chosen N to be 10. So

that we would start to see a more spatially incehedistribution on the blue plane.

In order to make a certain beam profile spatialgoherent, we add severals with
arbitrary phase relations. For the spatial wave memk, we can consider the

following equation as:

k=22 (2.13)

DS

The vibration emitted by a source at a given irtstarthe sum of the individual

vibrations due to the different atoms[18]. So jastinvestigated in the beginning of
this section with superposition of waves, we wilhsider the same logic of addition
to construct the partial coherent phase that vallelsponentially added to our final
diffraction equation. To do so the basic solution & wave propagating along the

same direction is introduced as:
@; = Aisin(kxir + a;) (2.14)

To define the partially coherent spatial phase weeld then get totap and obtain

Pincon AS:

Pincon = Z?:l @i (2-15)

2.2. Diffraction Integral

In the previous section we have modeled our spatmartial coherent light source.
In the experimental set up the light from the seysasses through a pinhole where it
exhibits diffraction and then it is conveyed to twecon where it gains an extra
spatial phase. In the first part of this sectiore are mainly interested in the
calculations of what happens to the incident liylatve-fronts after they pass from
the circular aperture of the pinhole. So we askdhestion of what is E(x, y) at a

distance z from the plane of aperture is.
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We imagine a set up as can be seen in Figure 2c2ltolate the formulations of
diffraction from a circular aperture of a partipbsial coherent light source.

; y
y distance “r” T™
|

\ -

Aperture e
transmission N\

X I‘|

=

Spatially Partial Coherent
Incident Wavefront

Observation
Plane ,.,_,_,.__,.,_,_,_, I

Figure 2.2: Diffraction of a spatially partial coherent lighdurce from a circular
aperture.

The field in the observation plane, E (X', y’),mint P’ is given by a convolution:

E(x",y") = [[h(x" —x,y" — y)t(x, V)E(x,y)dxdy (2.16)
As Huygens’ Principle says that every point alongave front emits a spherical
1

wave that interferes with all others[17], hére) = Hw defines the spherical

wave and as can be seen from Figure 2.2 r is #tardie from P to'Rind is equal to

r=@& —x)2+ (' —y)2+2z2, where t (x,y) is the aperture transmission

function.

In the denominator of the expresiion for h(r), wan @pproximate r by z. But we
can't approxi-mate r in the complex exponential clion by z because it gets
multiplied by Kk, which is big, so relatively smathanges in r can make a big

difference. However, we can write:

r=J@ -2+ —y)2+22= z\/l +ES2+ 22 (217)

Andife<<l, V1+e=1+ 8/2;
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x N\Z 1y -\ . (x,_x)z (J"—Y)z
r~z[1+ Z) +E(—)]—Z+ —t (2.18)

zZ

This yield:

E(x',y") = ff—exp {lk [z +( ) (y y) ]}t(x Y)E(x,y)dxdy (2.19)

By simply multiplying out the squares;

E(xl,yl) — ‘ﬂ‘éexp {lk [Z + (x2—2xx’+x'z) + (y2—23;321’+y'2)]} t(x, y)E(x, y)dXdy

2z

(2.20)
and factoring out the quantities independent afick &
, .~ _ exp(ikz) x4y (=2xx" = 2yy")
E(x',y") = = expllk o2 jfexp ik o2
2 + 2
+ %ﬂ £, Y)E (x, y)dxdy
(2.21)

we can obtain equation 2.21, which is the Fresmeigral. It yields the light wave
field E (X, y) after passing the aperture at the distance z fituenscreen in the
cartesian coordinates. Same equation can be cedvenrio cylindrical coordinates
as[24]:

exp[tkz+—r

yr'dr! (2.22)

]f xp( 2)E(r

E(r,z) = —i

2.3.Partial Coherent Light Source Modelling in MATLAB

When modelling our partial spatial coherent ligbuixe we will now gather our

results from section 2.1 and 2.2 into one equation.

In section 2.2, we get the insight to build thefrdiftion integrals and in section
1.4.2, we get even further by introducing this rdiftion equation to a Gaussian
beam. In the same section, we also introduced tiesep of the axicon as an

exponential as we shall remember again as below:

rdr' (2.25)

E(r,z) < [ exp (;V:ZZ).exp (ik g) exp(—ik, )], (&
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Here now it is clear that first exp in the integilafines Gussian beam, second exp is
its diffraction, third exp is the phase of axicordaest is related to Bessel function.

In section 2.1, we found a phase from the supeiipasof many other waves. We
have already defined the total phasepas,, = X.i=; ;- This is the phase we will
exponentialy add to our diffraction equation tooaldefine the partial spatial
coherency of our LED light source. Therefore, omalf equation by taking into
account all parameters would be:

12

-r krr’

E(r,z) < fexp( ).exp (ik %) .exp(—ik,r)exp(—iQincon))o(—)r'dr’

wo?2 z

(2.26)

For all of the rest of the diffraction calculationge will be considering the above-
modeled 465 nm blue LED light source.

2.4. Numerical Calculations of Bessel Beams with Ral Coherent Inputs

After constructing the diffraction integral, consithg the partial spatial coherent
LED and the axicon, we get the calculation resudts MATLAB. In our
calculations, we have taken wavelength for thetlggiurce as 465 nm and put the tip
angle of the axicon as 1°, just in our experimelRecause we want to see the affects
of the degree of coherence (DOC) on our resultshawe chosen the axial distance
where calculations are performed as the focal teditthe axicon. As we can see
clear interference patterns here, we made surdhtbatltering affects would directly

be connected to our changing of the DOC.

When modelling our partially spatially coherenthligsource we add a weighting
factor tog;,qon, related to the degree of coherence (DOC), byiptyhg it with (1-
DOC)

As the DOC closes to the value of one, the lightre® becomes more coherent. So
we have calculated the transverse, longitudinai@es of the light wave fields and
their diffraction patterns taking into account afferent DOCs changing between

one to zero. Results can be seen in the followmgés.
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transverse profile at z=43mm

longitudinal profile at r=0mm

Figure 2.3: Diffraction results with DOC: 1
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On Figure 2.3 with DOC:1, we have full coherenckisTkind of calculation result

isin good accordance with our experimets perfornvél lasers. The Bessel profile
is very clear on the transverse profile, whereascare observe a Gaussian like on
axis intensity distribution on the longutidunal file Diffraction pattern can be seen

on the right of the same figure.

transverse profile at z = 43mm

Figure 2.4: Diffraction results with DOC: 0.85

trangverse prafile at z = 43mm

A ‘

longitudina profile at r=0mm

longiudinal profile 2t r=0mm
—— 2 - e

52

radug e

Eir.z)

Eir,z)




For all figures from 2.4 to 2.8, on part a) of figures we see the average of 100
calculations where as on part b) we can see ondyron from the calculations. As

we have choosen random integers to calculate twherent phase coefficient, the
avarage calculations has given more accurate sesith that of the experiments as

can be comparatively seen in each figure.

As in this figure, the DOC is 0.85, the cohererteets to decrease. So we see a clear
deformation on the Bessel profile. However fringes still appreciable and the on
axis intensity profile is in good accordance witte texperiments as the intensity
gradually decreases after making a peak of intgmasithe focal of aixcon. We can
see the same affects at the diffraction pattetheéaight of the same figure.
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Figure 2.5: Diffraction results with DOC: 0.75

As we gradually decrease the degree of coherenaa tiw 0.75 on Figure 2.5, we
see that the peaks of fringes still remains howéweclarity of them are not good as
the DOC:0.85 case. We can see on the longitudircdilep that the decrase of the
intensity is more stepper. The same affect can bésmbserved in the diffracted

electromagnetic field as the blue low intensityaaigesmaller.
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Figure 2.6: Diffraction results with DOC: 0.5

On Figure 2.6, we can realize that the peaks are smaoother on the transverse
profile. The on axis intensity pattern again desesagradually giving a similar
profile to that of the results with DOC: 0.75. Tdliéracted field on the right is also
giving similar distributions to that of the DOC:6.7esult.
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Figure 2.7: Diffraction results with DOC: 0.25

With DOC:0.25 on Figure 2.7, the transverse prajig¢s even more smoother. Here
on the longitidunal profile we can see that theagis intensity profile decreases even
more stepper. We can read the same affects ofatexifeom the diffraction pattern

to the right of the same figure.
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Figure 2.8: Diffraction results with DOC: 0

With DOC.:0, our light source resembles an incohielight source like a filamanted
bulb. In this sense we loose the Bessel beam ertdfiblly and the on axis intensity

profile is steeper and the same affect is also rebde on the diffracted
electromagnetic field.
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3.EXPERIMENTAL STUDIES with PARTIAL COHERENT LIGHT
SOURCES

This chapter is opened to define our experimengttups, to declare our

experimental findings and to give answers to owgstjons regarding the propagation
dynamics of partial coherent light sources andrtharameters. We generated both
Bessel and Airy beams, so paid attention to defive main subsections for each

beam and investigate each step one by one.

3.1 Bessel Beams

Generation and use of non-diffracting light beasnefiincreasing recent interest, for both
fundamental and applied aspects[56]. In particUassel beams formed by various
approximate methods can exhibit quasi-diffracti@@f propagation, as well as self-
reconstruction over extended distances [57]. s@heams are demonstrated to be enabling
in a broad range of applications, such as plasraaneh generation [58], optical particle
manipulation [59] novel high-resolution optical nascopy techniques[60]and material

processing [61, 62].

Fundamental studies, as well as applications csdb&eams are performed predominantly
with coherent (e.g. laser) sources. Indeed, tHesaheoretical works on diffraction-free

propagation, by Durnin et al., are also based amogioomatic fields and plane-waves (with
k-vectors distributed over surface of a cone) 88, As a result, high spatial and temporal

coherence might seem to be prerequisites for Besaei formation.

On the other hand, questions remain about theveelatportance of spatial and temporal
degrees of coherence, as well as the consequehpestial coherence in Bessel beam
generation. To this end, Fischer et al. invegidj@®essel beams formed by white-light
sources passing through an axicon, and concludsdtémporal coherence is not of
significant importance in the axial interferencétgyas[64]. They performed experiments
with various sources with different spatial andgenal coherences, and observed the typical

Bessel beam pattern in all cases, albeit with ngrfyinge numbers and visibilities.
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Among these sources light-emitting diodes (LEDsjuire further attention due to their
intermediate spatial and temporal coherence andat&lly growing practical use. Various
types of LEDs are shown to be capable of formingsBebeam§65], the depth of non-
diffracting zone being strongly dependent on thétenprofile. In a more extensive work,
performances of LEDs and laser-type semiconduciarces (Lasers diodes or LDs) are

compared[66].

Detailed theoretical analysis of effects of cohesenn diffraction-free propagation is
performed by Bouchal and Perit&]. Partial coherence is modeled by using supeiqosit

of plane-wave components with controlled angulenetation.

As the coherence decreases, lowest-order Bessabl{gvith a central bright spot) exhibit
broadening of the central lobe and smoothenindn@ffiinge structure. For higher-order
modes (i.e. optical vortices), incoherence fille tentral null and destroys the vortex

structure.

In this work, we present our comparative experiadenbrk on formation of quasi non-
diffracting beams by sources of varying tempora spatial coherence. We patrticularly
focus on propagation dynamics of these beamsnvestigate the beam profiles and the

corresponding fringe visibilities as a functiorpabpagation distance.

We observe that in addition to spatial coherefneeptane of observation is also critical to
the observed beam profiles. In the case of a neanvLED source, for example, high-
quality Bessel-like beam in the Bessel zone prsiyely evolves into a light pipe with no

fringe structure, at further propagation distances.

We perform experiments using a LD, a narrowband ldfid a broadband LED. The

sources represent high, partial and low spatiatemngoral coherences, respectively.

We observe that the formation of Bessel beams mbnmaily affected by temporal
coherence, consistent with observations in prevstuslies. On the other hand, we
demonstrate that spatial coherence determinesvtilatien of the beam profile during

propagation along the Bessel zone.

We first present a brief theoretical background and experimental approach. We then
present detailed experimental results on radiall@mgitudinal intensity profiles, observed
with the three sources. Finally, we show quantgaginalysis of fringe visibilities for each

case.
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3.1.1 Bessel Beam Formation Experimental Setup

LED OBJECTIVE PIN HOLE COLLIMATION LENS IRIS AXICON CAMERA

— - b 0 4
\ u
7 X’a y

Figure 3.1: Experimental setup used for diffraction-free begameration by
incoherent sources[48].

The general layout of the experimental setup we useur work is shown in Fig.3.1. As
input light sources of different coherences, walusae LED and white LED (phosphor
type), as well as a red (633 nm) LD. The blue Léfhits at 465 nm central wavelength.
Due to its narrow bandwidth and small emitter atiea, LED has a limited spatial and
temporal coherence. In contrast, the phosphor-ggaemwhite LED source is highly
incoherent. To collimate the light emitted from #wurce, we used a combination of a
microscope objective with magnification of 30X,iahle with an aperture of 30 um, and a
positive lens. We used three different positivedsrwith focal lengths of 15.4 mm, 50 mm,
and 100 mm. Increasing the focal length of thensation lens provides beams with larger
diameters and longer Bessel zones., as well & lewherence areas [66]. In order to limit
the Bessel zone (for experimental ease), we adjtistediameter of the input beam with an
iris. The diameter of the beam was 5.3 mm for 109 collimation lens and 4.6 mm for
other collimation lenses. To generate Bessel beafiep, we used an axicon with a base
angle of 1°. In order to investigate the propagsatiehaviors, we recorded the images of the
radial intensity profiles along the direction obpagation with a CCD camera (ThorLabs
DCU223M), with pixel size of 4.65 pm.

3.1.2 Bessel Beam Experimental Findings

Figure 3.2 presents radial intensity profiles & Bessel beams generated by the LD,
with different collimating lenses. We recorded gy profiles at a number of
transverse planes. In the figure, each row corredpdo a given collimation lens
(indicated in the figure title), while different lcanns show representative radial
profiles from the beginning, middle, and end of 8#sones, along the direction of
propagation from the axicon. The last row shows-tivoensional beam profiles for

these longitudinal positions.
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Figure 3.2: Profiles of Bessel beams formed by the diode |a8¢r

The observations in this set of measurements are dqypical of Bessel-beam
formation with a coherent source. The intensityfilge exhibit the expected Bessel-
function-squared shapes, as long as the deteclane ps within the Bessel zone.
Only towards the end of the zone, the fringe stmgcstart to disappear. In the case

of 15.4 mm collimation lens, the zone ends eartiag to smaller input beam size.

In the last row, images show the two-dimensiorz®)(intensity profiles of the
beams for 100 mm focal lengths of the collimatienses. Square-root of the 2D data
is taken for clarity of outer Bessel rings.

Lastly, it is also observed that the collimationdéhas no direct effect on the contrast
of fringes. Since the input is already highly salfyi coherent, changing the beam
diameter does not affect the coherence area tsignificant degree.
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The results of the same experiment done with BEP ktan be seen in Figure 3.3.
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Figure 3.3: Profiles of Bessel beams formed by blue LED[48].

The experimental procedure for both of the LEDshéssame as the LD case. Figure 3.4
presents radial intensity profiles of the Bessahiiegenerated by using white LED. Number
of important observations can be made with LEDIltgday noting that the spatial coherence
area of the input increases with increasing thiemaied beam diameter. For the smallest
diameter (upper row), the Bessel-beam structwwengpletely absent. On the other hand, as
coherence area increases the fringes start torappttaa quality similar to the laser case
(see below for more quantitative analysis). Funtioee, with a given coherence area, the
Bessel beam structure is formed at the beginnintipefBessel zone, while the fringes
disappear and the beam turns into a narrow cydiaidilight pipe” after some propagation.

The diameter of the light pipe zone is smaller liggher degrees of coherence. This
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observation is in accord with the theoretical ptmhs [67], and is further elaborated in the

discussion section below.
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Figure 3.4: Profiles of Bessel beams formed by white LED[48].

The case of white LED, presented in Figure 3.4 iganeral similar to the blue LED

case. However, since the spatial coherence ofdbees is much weaker, the fringe

contrast is lower and Bessel-like beams are obdeover a narrower longitudinal

range.
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Figure 3.5: Propagation distance vs. on-axis intensity forttinee different sources
and collimation lenses[48].

Apart from the concentric-ring intensity patterr@)other important property of
diffraction-free beams is their extended high orsartensities. Hence, it is also
important to compare the longitudinal evolution toe three different sources. Our
measurements of on-axis intensities are showngargi3.5. Columns (from left to
right) correspond to 15.4 mm, 50 mm, and 100 moalféengths of collimation

lenses. Rows (from top to bottom) correspond téecdht light sources of diode
laser, blue LED and white LED.

The laser case follows the typical Gaussian-likel{iplied by propagation distance
[42]) evolution. Both of the LED sources exhibitmeore-uniform (nearly flat-top)
intensity zones. In these cases, the inputs areGaossian, but rather rectangular
beams, defined by the aperture of the iris. Theegfthe beginnings and ends of
diffraction-free zones are steeper (smoothed outiffraction).

In all cases, the length of diffraction-free zomesease with increasing input beam

diameter, as expected from equation (1.21).
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3.1.3 Bessel Beam Discussion

Bessel beam formation by axicon focusing providesitive way to understand the

transverse intensity pattern. Waves coming fronfiedeht parts of the input beam

interfere constructively or destructively, depemgion their relative phase. As a

result, the transverse intensity profile is anrifi@ence pattern. On axis points, where
all waves meet in phase and with largest amplitydtd the highest intensity. When

waves from two sources of partial mutual coheremgerlap, the resulting intensity

pattern will have maxima and minima giver{4}:

Lnax = 11 + I + 2/ 1 1;Re{y;5} (3.1)
Lpin = 11 + I, — 2\/I;1Re{y;,} (3.2)

wherel;and I, are the intensities of incident waves, ‘Re’ dendtee real part and

Y12 IS the complex degree of coherence.

Since the effect of partial coherence is to redbheefringe contrast, it is also logical

to define visibility of the fringe structure, fdné case of equal intensities[&8]:

Imax—Imin
V= 2 =y, (3.3)

Imax+Imin

The amount of coherence can readily be measurethdynterference visibility,

which looks at the size of the interferenced frengelative to the input waves.

As noted above, one of the most dramatic effedtseadpatial coherence on the beam profile
IS to determine the fringe contrast. As a resutbyder to make more quantitative discussions
we measured fringe visibilities, as defined in dgug3.3). Since the intensity of the fringes

decrease radially, we first divide the data withéhvelope of the Bessel function[24], given:

fenv = HUZ () + Y¢ (]I (3.4)
where, the operatoH generates complex-valued function with the real game as the
original data and the imaginary part given by isétt transform.J,(r) and Y, (r) are the
Bessel functions of the first and second kind reisedy.

The procedure is outlined in the lower-left partFajure 3. 6. We take average over 10

fringes around the center. The results are sumeaanzZ=igure 3.6.

With the laser beam, the visibilities are closg &i the central region of the Bessel-zone and

decrease strongly before and after this zone. iMith ED input, in general, visibilities are
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typically well below the laser case. In additidveyt rapidly fall towards zero by propagation.

When the fringes disappear completely, the vighginot calculated.
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Figure 3.6: Propagation distance vs. visibility[48].

Columns (from left to right) correspond to 15.4 m&® mm, and 100 mm focal

lengths of collimation lenses. Rows (from top tdéttm) correspond to different light

sources of diode laser, blue LED and white LED. @ 15.4 mm case, the two

LED sources yield no fringes, hence the visibsitaae not calculated. Lower figure

on the left column outlines the visibility calcutat procedure.

The propagation dynamics of Bessel-like beams fdrimg incoherent sources can be

understood by considering the interference picbuténed in Fig. 3.7. At a certain axial

position behind the axicon, the radial profileasried by superposition of waves incident on

a finite area of the axicon. Sources like LEDs hawenall, but finite coherence area, and

when coherent waves from the small central regianlap (at the beginning of the Bessel

zone), they exhibit interference effects. Thisvident in the radial intensity patterns (Figures

3.3 and 3.4), as well as in the longitudinal intexssin the forms of a small peak at short

distances. At longer distances, the overlappinges/@eme from outer regions of the input,
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with low coherence relations. Hence, the interfegestructure disappears and what is
observed as light pipe is simply addition of ingeheintensities.

Partially Coherent
Input Axicon

Coherent Waves Incoherent Waves

Coherence Area <~

Figure 3.7: Schematic of the effect of spatial coherence ossBlebeam
formation[48].

3.1.4 Comparison between Calculated and ExperimendeBessel Beams

Here in this section we are focused on the comiparatesults between our
experimental findings and the coded calculations. fi8sst, we compared the
transverse profiles at the distance 23mm from #ieoa by taking the partial spatial
coherent blue LED as the light source.
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Figure 3.8:a) The experimental results at 2.3cm, b) the catedlresults at 2.3 cm.
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As can be seen on Figure 3.8 to the left we sdeaa Bessel profile as we are on the
focus of the axicon and the coherence of the iatierd beams are high in that

region. The same result can also be observed hétltdlculated beam profile on the
right of the same figure.
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Figure 3.9:a) The experimental results at 18.3cm, b) theutaled results at 18.3
cm.

For Figures 3.9 and 3.10, we realize that the MABLAodeled diffraction profiles

on the rights are in good accordance with the exm@ated profiles on the left.
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Figure 3.10:a) The experimental results at 33.3cm, b) theutatled results at 33.3
cm.
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3.2 Airy Beam

Specially shaped light beams are receiving incngasattention from optics
researchers, due to their exotic physical behaaars potential applications [5]. As
explained in the previous section, lots of studyarding Bessel beams are already
done, Airy beams in this sensation has also grenpal of research as they have
even more characteristic properties. Differentiynf Bessel beams,however, Airy
beams also exhibit “acceleration”[52]. We have adie seen that Gaussian beams
cen be converted to Airy-Gaus beams by introducirgjc spatial phase followed by
Fourier transformation; recently it is also demeetstd that by using standard,
inexpensive and readily available cylindrical lesyse new optical element can be
constructed for Airy beam formation [5]. The bel&igure 3.11 resembles the idea

of the Airy lens.

& combination phase

e QUDIG it

paositive

nearly
cylindrical lens

... cubic
surface

phase [rad]
o
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Figure 3.11Construction of the Airy lens[5].

The basic idea in this lens is to match the aqibake delay caused by the optical

element with a third order polynomial at the beaaistyx = w,; as:

(n—1)kx? 3

= P3X (3.5)

So that the coefficient of the cubic polynomial = (";—1)" is defined whera is the

2 Wy
index of refraction of the lens, k is the wavenumibtis the radius of curvature of
the convex side of the lensy s the beam radius (half-width at 4.4 the intensity),

andes is the coefficient of the cubic polynomial.
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3.2.1 Airy Beam Formation Experimental Set Up

When compared to laser, LED light source is mosglediffracted due to its initial
partial coherency. That is why on the set up toegate airy beams we first used a

convex lens to parallelize the beam coming fromitiise

Blue LED Obijective Pinhole Iris Convex Airy Convex Camera
Lens Lens Lens

Figure 3.12:Set up of the Airy beam- blue LED experiment.

I
h

As can be seen from the Figure 3.12, we first Hheeblue led beam pass through an
objective with a magnification ratio of 30. Then Weeused the beam to a pinhole
with 30 um opening, we placed an iris to omit the noise aftelr to parallelize our
beam used the first convex lens of 100mm foci. eAthe beam is parallelized we
placed the airy lens, which gives the expectedapbase to the beam.And after the
airy lens, we used another convex lens of 125mmtéogive Fourier transformation
to the beam. We placed the second Fourier lenstlgxe25mm after the airy lens
and expected to find airy beam profile at the fodust as expected we observed the
clearest one dimensional airy beam profile on the éf the Fourier transformation

lens as can be seen on Figure 3.13.

3.2.2 Airy Beam Experimental Findings

a) | b)

Figure 3.13:a)On the left experimeted Airy beam image on C@Mera , b) on the
right Airy beam profile of the same image processéd MATLAB.
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We measured radial intensity profiles changing whih distance and to measure the
change in the beam profile we slide the usb ccdgingacamera on the ray and
recorded measurement results via u Eye imagingrano@nd processed the images
via Mat lab. We also measured the gauss beamsrbgvieg the airy lens at the
same set up to calculate the values of the bendmdhave. We measured max

intensities via distance on the non-diffractingeon

3.2.3 Airy Beam Discussions

—_—
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intensity [a.u.]
o
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a) b)

Figure 3.14: a) On the left LED generated experiment that e @h the right laser
generated experiment done by Yalizay et al. [5].

We can see from Figure 3.14 that as LED is morgyedifiracted than laser the Airy

beam profile is on the left is not in accordancéhwihe one on the right. The same
results can also be seen in the deflection profiesach light source, we can see
from Figure 3.15 that LED generrated deflectiortlomleft is not in good accordance

with laser generated on the right.
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Figure 3.15:a) LED generated Airy beam’s peak position-propaggprofile
b) laser generated Airy beam’s peak position-pgagian profile done by Yalizay et
al[5].
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So we can conclude that lasers are perfect ligices for airy beam application and
LEDs are worth to investigate further with theimdar optical characteristics to

lasers. The Airy lens was a simple solution togrge cubic spatial phase however,
the profiles did not fit properly to the originaimx beam profiles generated with the
same airy lens by using laser as the light sourrbas, we decided to investigate the

advanced beam shaping parameters by using SLMn&ithexperiments.
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4. ADVANCED BEAM SHAPING WITH PARTIAL COHERENT LIGH T
SOURCES

Airy beam profiles generated by using blue LED akid/ lens was not in good
accordance with the profiles generated by usingrlagth the same set-up. This has
evoked in us the will to further explore the LEDg Using a spatial light modulator
(SLM). As SLM technology enables a more sensitiay w0 give spatial modulation
to our initial light beam, we created this newtget under the name of advanced
beam shaping to further investigate the spatiapgnies of partial coherent ligh

sources.
4.1 Spatial Light Modulator (SLM)

Spatial light modulator (SLM) is a general term actdsng devices that are used to
modulate amplitude, phase, or polarization of liglatves in space and time[69]. A
simple example is an overhead projector transpgreimcthe 1980s, large SLMs

were placed on overhead projectors to project caoempononitor contents to the

screen, since then projectors that are more mdagve been developed where the
SLM is built inside the projector [70].

Any desired light intensity distribution can be geated with high efficiency by
controlling the diffraction and interference pherera of light using light phase the

modulation[71].

The use of LC materials in SLMs is based on thegitical and electrical
anisotropy.There are two basic types of SLMs; first optically addressed
SLMs(OASLM) which converts incoherent light to s§phmodulation, second is
electrically addressed SLMs(EASLM) which convertsctical signals to spatial

modulation[72].

In our experiments we used HOLOEYE's Spatial Ligtutdulator systems that are
based on translucent (LCD) microdisplays[73]. Tiedel of the HOLOEYE SLM

that we used in our experimets is LC 2002 as caseba in the Figure 4.1.
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Figure 4.1 :LC 2002 model SLM that is used in our experimergk[6
HOLOEYEs SLMs are based on either vertical-aligmesnatic (VAN), parallel-
aligned nematic (PAN) or twisted nematic (TN) muatisplay cells. In a twisted cell,
the orientation of the molecules differs by typiga5°/90° between the top and the
bottom of the LC cell and is arranged in a helkelstructure in between. In VAN /
PAN cells the alignment layers are parallel to eattter, so the LC molecules have
the same orientation. The LC 2002 SLM contains S8WEBA (800 x 600 pixels)
liquid crystal microdisplay and drive electronidhe technical descriptions of the

device are listed in the below table as:

Table 4.1: Technical properties of the LC 2002 SLM[73].

Description Units
QOuter package dimensions 82 (W) x 35 (H) x 23 mm
Active area dimensions 26,6 x 20,0 (1,3" diagonal) mm
Screen aspect ratio 4 (H) :3(V)

Display resolution 800 (H) x 600 (V) pixels
Pixel pitch 32x32 ym
Pixel configuration Orthogonal

Gray Levels 256 (B bit)

Optical efficiency: transmittance | = 20 %o
Aperture ratio > 85 %o
Optical Mode translusive, monochrome

Liguid crystal type 90° twisted nematic

Polarizer Mode Normally white

Max. refresh frame rate 60 Hz
lllumination (max) <2 W/em®
Response time (typ.) 42 ms

The SLM can be used with a standard personal canjputlaptop by plugging the
device to a VGA graphics connector. The phaseiligton of a beam incident on
the SLM can be modulated by a voltage on the @des (800x600 pixels) of the
LCD. The phase modulation is a side effect of tigeidl crystal material and is
caused by its birefringence properBy addressing electric pulse to the “pixels” to

change the local electric field across the ligaigel, the pixels switch on or off[72].

74



It yields a more or less linear phase shift witltage of maximum 2 radians at 532
nm. The SLM spatially carves the transverse prasilehe beam and this can be
usedin advanced beam shaping techniques like mgagprojection, display
applications, holography, beam splitting, beam sittgpvavefront modulation, phase
shifting, optical tweezers, pulse modulation. Iderto use liquid crystal SLMs for
gray-level phase control, a careful phase verslimg® calibration is required[74].

We will be explaining of our calibration steps iretfollowing section.

4.2 SLM Calibration:

The calibration steps of the SLM has lead us tduh#er undertstanding of how the
device spatially modulates the input light beanwsodecided to include these steps
as an additional section before directly explainthg advanced beam shaping
experiments. For the calibration, the critical paiuas to find the appropriate degrees
for both polarizer and analyzer. As these specical elements are a kind of
optical filter that passes light of a specific p@ation and blocks waves of other
polarizations, we defined different combination d#grees for both analyzer and
polarizer. We tried to choose the best pair of degyr when introducing ther2

phaseshift through our laptop. The experiment sestgphown in Figure 4.2.

Desktop
(phase output)

Laptop
(phase input)

Blue Laser Filter Concave Convex Polarizer SLM
lens lens

Al Pholic Analizer Convex CCD
' lens Camera

Figure 4.2 : The experiment set-up for calibration of the SLM.

For the calibration of SLM, the same blue laset thaused in the experiments of

Bessel beam formation with the axicon is used ® dear phase shifts. It was
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important for the diameter of the beam to coveretfective area of LCD so we used
a telescope system composed of -50 mm concave @@dnvn convex lens to
magnify the incoming beam by eight times. We usetktallic filter to not to exceed
the maximum available value that we can deteddén@CD cameralhe 0° position
on the polarizer blocks horizontally polarized ligind transmits vertically polarized
components and as the orientation of the polaghanges the polarization of the
input beam to the SLM changes. After taking thetigbenodulation from the device,
the beam is splitted into two with an aluminiuml.fdihe foil has 3 by 6 mm two
holes with 1mm separation, which are opened byguaifemtosecond laser. The
splitted beam is then introduced to the analyzevo Tspllitted beams are then
conveyed to a 200 mm convex lens to create inemtay in the focal plane of this
lens and thus to have the fringe pattern. The geltan the LCD pixels of SLM is
proportional to the gray levels (0-255) of the irealisplayed on the laptop. A phase
shift as a function of these addressed gray leeplseared as a shift in the
interference pattern and we recorded the videdisfdhift by the Holoeye phasecam
software.The “Start” button in the software starts the measient and gray level
from O to 255 is addressed onto the active halfthed gray level window
successively. An example of the addressed gray pateern of the software and the

corresponding changes in the fringe patterns casebe in Figure 4.3.

Figure 4.3 : Active gray level change pattern by the software the corresponding
change in fringe patterns.

We used blue laser as the light source to genénete2r phase shift and recorded
videos of the change in fringe patterns with défgrcombinations of polarizer and
analizor orientationdVe have defined 300315, 330 rotations for polarizer and 0°,
15°, 30°, 45° rotations for the analyzer. To fihe clearest 2 phase shift we have
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analyzed each video. In order to do that, we haparsted the videos into frames
and find the maxiumum first three peaks in eachrfatence pattern as can be seen
in Figure 4.4. This procedure is done for evegnfe and afterwards all the peaks
are sorted in an other graph to see how the phaifie affects the shift of the
maximums of all first three peaks.
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Figure 4.4 : An example of a fringe pattern and its transvarssity section with
maximum first three peaks.
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Figure 4.5 : Phase shifts for different combination degreesabhmpzer and analizer.
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Figure 4.5 shows the phase shifts of peaks fotyp# of degree combinations that
are chosen for the polarizer and analizer. Theicaraxis defines the number of
frames for each video whereas the horizontal agfnés the intensity values for
each peak. Here the blue lines shows the phases $bif peak number one, green
lines shows the phase shift for peak number tworaddines shows the phase shifts
for peak number three. As a result the combinatiotiegrees for polarizer: 315° and
for analyzer: 45° has given the clearest phase. gttithis point we take the inverse
of the 315°-45° graph and taken the polyfit of teatral blue distribution as can be

seen in Figure 4.6.
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Figure 4.6 : Polyfit of the central peak values’ distribution.
We have found the best accordance to the recoraggd with sixth degree

polynomial fit and the calculated phase is as below

y = —2e 12x% +1.2e7%%%5 — 2.7¢79x* + 2.9¢7%x3 — 0.0016x% + 0.025x
+ 42

We applied this inverted phase shift into every MAB code that is used for the

rest of the experiments and made sure that SLMlibrated.
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4.3 Bessel Beam Shaping with SLM:

4.3.1 Experimental Setup:

- | Laptop
(phase input)

Desktop
(phase output)

VGA Splitter

Blue LED Filter Concave Convex Polarizer SILM Analizer Convex Iris ccD
lens lens ‘ lens Camera

~0-6-6

45 out

315in

Figure 4.7 : The experimental set-up of the Bessel beam shapithgSLM.
Experiments for the formation of Bessel beams aredy both using the blue laser
and blue LED which are used in the previous Bdssam experiments that are done
with the axicon. We have not concentrated on tlangh of the beam profile through
the propagation axis as in the previous experimdate with axicon however; we
have focused on searching for the potential foromatf Bessel beams with partial
coherent light sources. Blue laser in this perspeds just used for comparison with

the previous Bessel beam experiment using an axicon

As a difference from the calibration set up we taskay the aluminium folio and so

did not split the beam into two. The polarizere$ ® 315° and analyzer to 45°. The
collimating lens that is used after the analizeai$00mm convex lens and iris is
used to block the noise. Experimental findingsramorded by the CCD camera and
conveyed to the desktop pc as the beam output.

4.3.2 Experimental Findings with Blue Laser:

As can be seen from the experimental set up onr&igw’ the phase input to the
SLM is conveyed from the laptop with gray scaleelsv We have coded the phase
profile corresponding to Bessel beam on MATLAB, sidering the refractive index,

axicon tip angle, waveleght of the input light smairThe axicon tip angle we used

for this experiment was 0.1°.
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We have used the calibrated phase of the polyfifouad and also introduced the
Bessel beam phase. The resultant input phase cseebeon the left of the Figure 4.8
and the gathered intensity out put is observechbyQCD camera on the desktop pc

as on the right of the same figure below.

200 300 400 500 600

a) b)
Figure 4.8 :a) The MATLAB coded Bessel profile,b) the obserBastsel profile by
the CCD camera for blue lazer.

4.3.3 Experimental Findings with Blue LED:

The same procedure was repeated with that of the bED used in the before
experiments. Once the phase profile correspondingessel beam is sent to the
SLM we got the final Bessel profile as seen onrtgbkt of the Figure 4.9. We have

used the axicon tip angle as 0.02° as with thiseamge get the clearest beam profile.

b)

Figure 4.9 :a) The MATLAB coded Bessel profile,b) the obserBagsel profile by
the CCD camera for blue LED.
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4.3.4 Discussion:

One of the certain affects we have seen in thegshaf the observed beam profile
was the change of the axicon tip angle. On Figui®,4we can see three different

axicon tip angles and their MATLAB computed Bess®ges, respectively.

1

m am & s em w80

a)
Figure 4.10 :a) The axicon degree of 0.1°,b) the axicon degf€@02° and c) the
axicon degree of 0.05°.
One other difference that creates a major diffezemas the type of the light source
that was used in the two experiments. We see tiarent laser source gives a sharp
profile whereas partial coherent blue LED has gigemore blended Bessel image
due to its partial spatial coherence. The experaieindings has given parallel

results with the basic beam shaping experimente gamarily.
4.4 Airy Beam Shaping with SLM:

4.4.1. Experimental Setup:

Laptop
(phase input)

Desktop
(phase output)

VGA Splitter

Blue LED Filter Concave Convex Polarizer Analizer Convex Iris Convex CCD

lens lens n - lens lens Camera
\:-’/

315in 45 out

Figure 4.11 : The experimental set-up of the Airy beam shapiitg SLM.
For the formation of the airy beam, we used theestaiescope set up to magnify the

beam 8 times as the width of the SLM. To do thathwaee used -50 mm concave and
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400 mm convex lens. Polarizer and analyzer ar¢éoshie same orientation as in the
calibration. The 50mm convex lens is used afterahalyzer for collimating the

beam, the iris is put to the focus of the 50 mmveariens and it cancels the noise.
The convex lens of 75 mm is put after the irishe distance of 125 mm and it gives
a fourier transformation to the beam and we finelip observe airy beam formations

in our experimental findings.
4.4.2 . Experimental Findings with Blue LED:

We have coded the Airy phase in MATLAB as can kensen the left of the Figure
4.12. ,the resultant beam profile is observed 1l4away from the fourier lens as
seen on the right of the same figure and the beafilepis not in accordance with

the expected Airy beam profile.

am : a} F i an

Figure 4.12 :a) The MATLAB coded Airy profile, b) the observedrprofile by
the CCD camera for blue LED.

a) b) ¢)

Figure 4.13 : Airy beam profiles at a) 14mm,b)15mm, c) 16mm aiayn the 75
mm collimation lens.

b)

We can realize from the Figure 4.13 that the beasibility gets less while the
distance between Fourier lens and CCD camera isesea
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4.4 .3.Discussion:

One of the certain affects we have seen in thegghahthe observed beam profile
was the change of the phase of the input beam doygihg the exponantial degree of

the Airy equation in our MATLAB code. The varyingsultant phase inputs for the
Airy beams is as in the following Figure 4.14.

) o o
) am E
) o) )
anl : 5 i o
G i £ ) E) e 0 0 m 0 e w0 = 20 C 0 an £ i 0 3 0 ]

Figure 4.14 :a) The exponential degree: 7, b) the exponentgiede 8 and c) the
exponential degree: 9, are seen as the differendhs phase input.

We can see that with partial spatial coherent lgiirces we cannot reach sharp

beam profiles with expected Airy shifts. The beasibility is easily lost and control
over the beam profile is very limited. One of tlegtain reason for such affects is that
SLM control techniques is very sensible compareth&b of using optical elements
like Airy lens. Mixing of diffraction orders due tarray structure of SLM (32um
pixel pitch) will create diffraction order that camash out Beseel profile. On the
other hand, translucent LCD structure might slightiffuse transmission, reducing
the contrast of the phase profile. In this regdwé to Airy len’s physical concrete

structure, we get even better results with sucltalptlement.
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5. CONCLUSIONS AND PROSPECTS

We investigated propagation behaviors of two ndfraditing beams which are Bessel beams
and Airy beams. These beams and their non-diffigcforopagation had been already
explored in the previous papers with lasers whiehkeoth temporally and spatially coherent
SO we give our attention to LEDs as they have vayyspatial and temporal degrees of

coherence.

When analyzing both beams’ diffaction parametersplserve that the temporal coherence is
of minor concern as noted in previous works. Ondtier hand, the spatial coherence has

determining role in the propagation dynamics witttie diffraction-free zone.

For Bessel beams with high spatial coherence okthece, the concentric ring structure of
the beam is observed throughout the zone. Withcesuof limited coherence, the intensity
pattern depends not only on the coherence ardeeonput, but also on the observation plane.
For Bessel beams almost in every case, it is peswiobserve the Bessel profile in the near
field, where the overlapping waves emerge from allsarea (comparable to the coherence
area). At longer distances, the fringe structuragunto a broad cylindrical light pipe. Lastly,

in all cases, the on-axis intensity stays high akerentire diffraction-free zone.

For Airy beams we first used the Airy lens. Owuiés with the Airy lens by using LEDs has
given a profile close the that of Airy beam. Todoee we also calculated the deflection of the
maximum intensities through propagation. We hawnse parabolic trajectory very close to
that of the deflection that was already detectedarlier papers by using Laser. As a further
step, we decided to go further with advanced beaapiag experiments by using SLM. The
calibration of SLM has given us important intuitivederstanding of how to shape the spatial
transverse profile of the incoming beam. We appiiealy level as a phase input to generate
Airy and Bessel images via SLM. We have found Bessel profiles could not be clearly
seen with SLM when compared to ones generated iopraxThe same result is accurate also
for the Airy beams. Airy profiles has given moreanl visibility with Airy lens rather than
SLM. We have seen that just like Bessel beams,thls@iry profile strongly depends on the
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coherence area of the input. We concluded the srolhéirence area to be an important reason
for the insufficent wave profiles that we have detd. For further investigations we find it
appropriate to scale the beam after it comes othefpinhole so that a larger coherent area
would be defined and more clear Airy profiles axpexted to be seen. In this regard, LEDs
with better temporal and spatial coherence degreekl be choosen for further experiments.
And to the more SLMs with higher resolutions anfetive SLMs with smaller pixel pitch
instead of the translucent device that we usediiregperiment can be choosen.

In conclusion, our results show that spatially ime@nt sources can be used in diffraction-
free beam applications and depending on the péatigoal, different longitudinal working
planes could be selected to better serve the perpdsreover, the ability to spatially
modulate partial coherent beams also creates gaantial to carve the outcoming beam
accordingly, paving the way to the new potentia asd application of such sources.
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