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ABSTRACT

Due to their unique properties, ndiffracting beams, such as Bessel beams, are increasingly
used in various biomedical, imaging, research,iaddstrial applications.

In this thesis, | present designs for two types of optical systems that generate nearly non
diffracting beams. The first system produces a gunasdiffracting light sheet, while the
second explores different methods for generatmgstant intensity, constant DOF, tunable
range, Bessel beamiBhe motivations behind this work, potential applications of the devel-
oped systems, and a review of the relevant literature and background theory are discussed.

The main proposed ideas to achieve these goals areretsmfed and analyzed.

The research includes mathematical descriptions and numerical simulations of the developed
systems. An experimental realization of the light sheet system is described, with the results

presented and discussed.

To generate the light sheet, we propose a setup comprising a laser, a telescope to expand and
collimate the laser beam, a Powell lens to expand the beam in the spanwise direction, and a
mask on a cylindrical lens. The mask, formed by a pair of doublevetitks with the cylin-

drical lens to produce a thin, nearly ndiffracting light sheet.

For generatingonstant intensity, constant DOF, tunable range, Bessel baanopose

three optical systems. The first system consists of three refractive axicons: the first two ax-
icons create a nearly constaliameter annular beam, and the third, a logarithmic axicon,
generates a nearly constant intensity segment of ligbttuiifability is achieved by adjusting

the distance between the first two axicons.

The second system employs a newly designed optical lens to transform an annular beam into

a Bessel beam with a constant intensity, constant DOF, and tunable range.

The third system involves placing a ring aperture in front of a logarithmic axicon. The tuna-

bility is achieved by varying the mean radius of the ring aperture.
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CHAPTER 1 INTRODUCTION

CHAPTER 1
| NTRODUCTI ON

1.1 Motivations
Non-diffracting beams have a broad range of applications, including microscopy, laser pre-
cision alignment, optical precision control, optical micromanipulation, optical communica-
tion, laser drilling, and more. Among the various types ofdiffracting beans, two stand
out due to their numerous and important applications. The first type generateditiraot:
ing beam in the form of a light sheet. The second type producesdiffranting beam with
a tunable depth of field (DOF). Depending on the speafiplication, this tunability can
involve various DOF parameters, such as intensity, length, spot size, and range (also referred

to as position or throw).

1.1.1Non-diffracting light sheets

Light sheets have numeroagplications, including microscopy, imaging, fluid flow visual-
ization, and particle imaging velocimetry. Light sheet microscopy (LSM) is a rapidly emerg-
ing technique that enables imaging of small and large specimens, both in vivo and ex vivo,
in two and tinee dimensions. This method is particularly valuable for visualizing and under-
standing various biological phenomena. LSM offers significant advantages over traditional
microscopy techniques, such as confocal and widefield microscopy. It enables sdlective i
lumination, minimizing background photobleaching and photodamage. Additionally, LSM
allows the decoupling of the illumination and detection arms, enhancing imaging flexibility

and precision

Most proposed optical systems for generating light sheets in light sheet microscopy (LSM)
rely on multiple optical elements, which often require extensive adjustments and are costly.
Furthermore, these systems can sometimes produce nonuniform lightoshests a short
depth of field (DOF). In my thesisaddopteda simpler approach, developed by Golub et al.
[1], which uses a pair of double slits and a cylindrical lens to generate anguasifracting

2D light sheet. However, one limitation of this system is its restricted spanwise extent.

Biological organisms cover a wide range of length scales, creating a need for light sheets

that extend in both the longitudinal and spanwise directions, while maintaining a small
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thickness for optimal resolution. The dimensions and configurations of the slits ydgd in
play a crucial role in determining important depth of field (DOF) parameters for light sheet
microscopy (LSM), such as length, thickness, and the intensity of secondary peaks. An op-
timization study examining these dependencies would be highly benehoiaglt it is cur-

rently lacking
1.1.2Tunable nondiffracting DOF

The extended depth of field (DOF) associated with-difinacting beams, such as Bessel
beams, has numerous applications in biological, biomedical, and technological fields. Tun-
ing various DOF parameters, such as length, spot size, intensity, or ramgfepndy desir-

able but sometimes necessary. For specific applications, such as endoscopy and boroscopy,
controlling the DOF position with minimal intrusidrnand preferably from outsideis cru-

cial [2]. Various systems have been proposed in the literature to achieve tunable DOF range
(2] [3] [4D).

It is important to note that in the previously mentioned systems, the intensity varies signifi-
cantly along the depth of field (DOF). Achieving a constant intensity is highly desirable for
many applications. To the best of our knowledge, no optical systesistet produce a
tunable DOF with a constant intensity, except in the case of optical n¢gldIelowever,

these optical needles have lengths that are approximately two orders of magnitude smaller
than those considered in this thesis and in these investigé&{®n$3], [4]). Furthermore,

in many scenarios, it is advantageous to maintain a constant DOF length while varying its

range.

1.2 Objectives
For my Ph.D. thesis, | proposkevelopingnew designs for two different types of optical
systems. The first type produces quasndiffracting beam in the shape of a light sheet with
extent in the longitudinal and spanwise directions. The second one would generate a tunable
range, nearly constaiitensity, nearly constant DOF, zero order Bessel beams, herein re-

ferred to simply as tunable range DOF.
1- Design of an optical system generating a light sheet.

In this section, we explore a new design for an optical system that generates a light

sheet. The proposed system aims to be flexible (suitable for both small and large
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specimens), easy to manage (with fewer components and adjustments), and econom-
ically feasible, while delivering competitive performance characteristics, including
small thickness, a large Rayleigh range, langewidth. An experimental study will

be conducted teonfirm the advantages of this new ligsthieet generation system.

Our approach involves using a Powell lens to increase the light sheet's width and
optimizing the mask dimensions to produce a thin light sheet with a high depth of
field (DOF).

2- Design of an optical system generatingiaable rangeconstant intensity, constant
DOF.

The generated DOF will maintain a constant length of approximafetypymand a
constant intensity using passive optical elements (non SLiM)system parameters

are based on those of the logarithmic axicon [6], which has a radu8%mmand
generates a DOF range betwdshand 150 mmfrom the axicon. Designing this
system is challenging due to its numerous and sometimes conflicting constraints.
Therefore, three alternative systems will be developed and compared in terms of per-
formance and feasibility

In the first system, we explore the use of three refractive axicons to generate a tunable
range DOF. The system involves two regular axicons to create an annular beam with a

variable radius, along with a logarithmic axicon to produce the tunable range DOF.

For the second system, we propose the design of a new optical element that will trans-

form a specific input beam into a tunable range DOF.

In the third system, we focus on an optical system consisting of a logarithmic axicon
followed by a ring aperture. Here, we aim to study the effects of the distance between
the axicon and the ring aperture, as well as the position (mean radius) andfwidth o

slit, on the tunable range DOF.

Each section will be followed by a critical analysis, discussing the advantages and dis-

advantages of the system

1.3 Thesis structure
This thesis consists of eight chapters. The first chapter provides an overview of the research,

including the motivations, objectives, structure, and contributions of the.thesis
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Chapter 2 presents the theoretical background, covering the concept-difframting

beams and their characteristics, laser beam shaping, and the basishlapamy devices

used to generate the required shape and irradiation for specific applicatades.ificludes

an overview of scalar diffraction theory. Additionally, a literature review on the following
topics is provided: light sheet generation, annular beam generation, and tunable range DOF

generation

Chapter 3 outlines the steps taken to design a new optical system for generating a light sheet
laser beam. It presents the new optical system, followed bgngtical formulationThe

chapter also covers the optimization of the mask through analytical methods and simulations
using MATLAB, along with the experimental investigation. Finally, a comparison between

the simulation and experimental results is provided

Chapter 4 investigates a method to improve the length of the DOF presented in the previous
chapter using a double illumination technique. The scheme is introduced, and a mathematical

model is developed and implemented using MATLAB

Chapter 5 investigates the generation ¢dirsable range DOEsinga new optical system
composedf three axicons. The firsivo are regulaaxicons that generatas annular beam
from a Gaussian input beamvhich is therfollowed by a logarithmic axicon that transfam
the annular beam o a tunable range DQFBoth snall and large axicon angles am-

ployedto achieve the tunablange DOF

Appendices 1, 2, 4, 5, 7, 8, 10 andptavide result®f simulationsconductedn Chapter 5
to assesthe validity ofthe Fresnel approximation fboth small angle and large angle ax-

icons.

Appendices 3, 6, 9 and 12 contain detailed profiles obtained from the axicons of the systems
studied in Chapter 5.

Chapter 6 presents the design of a new op#ileshenthat transforms specific input beams
into atunable range DQOFTo achievethis, the energy equilibrium equation between the

input aperture and the imaging plaseitilised

Chapter 7introducesa segmented Bessel beam system to genenadéble range DOBy
means of a logarithmic axicon followed by a ring aperture. The tunability is govieyned

changing the mean radius of the ring aperture.
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Appendix 13 presents apodization algorithms tested to remove fluctuations associated with the in-

tensity distributions obtained in the system discussed in Chapldrerresults ofomeof these

tests argorovided

Finally, Chapter 8 contains the thé@&sisummary and concluding statements. This chapter

outlines the benefits and contributions of the research and offers suggestions for future work

1.4 Thesis contributions
This work has led to the publication of a journal paper on the light sheet generation, titled
AExtension of the span and optimization of t
quasihnon di ffracting |light sheetodo in the Jour n;
conference papers were also published. Thetfitsti A Opt i mi zati on of the 0
P ar a mevaspreseried in 2019 Photonics North and published in IHEBE second
paper, tittedd Do usil e d i | | umi nat gicccarpetonmas pteberted atpghe i ¢ a | o]
Frontiers in Optics and Laser Science in 20B8se two conference papers correspond to
the work presented in Chapters 3 and 4, respectively.
A manuscript focusing on the tunable range DOF, which includes the three methods inves-

tigated in Chapters 5, 6, and 7, is currently in preparation.



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

CHAPTER 2
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2.1 Introduction
In this chapter, | will provide the necessary theoretical background and review the relevant
literature. | begin with an overview of nafiffracting beams, including their theory, prop-
erties, and applications. Next, | will discuss laser beam shaping, whiged to achieve
specific beam distributions, and describe some of the optical elements employed in this work
for this purpose. The scalar diffraction theory, which | extensively applied in this research
to simulate the various optical systems desigmelli also be presented. Following that, |
will review the literature on light sheet generation. Since annular beams are a key component
in many tunable range DOF systems, | will also discuss them in detail. The chapter will

conclude with a review of symhs generating tunable range DOF

2.2 Non-diffracting beams
A beamfor which thediameteremainsconstants it propagateis called a nordiffracting
beam &lso referred to as natiffraction, diffraction limited, diffractionfree, diffraction-
less). The nodiffracting property occurs within a certain transmission distance. When the
transmission distance is sufficiently long, the diffraction phenomenon can occur. The term
Adiffractionf r deam was firsintroduced in optics by Durnin ib987[6]. He discovered
that the Helmholtz equatiprshown belowhas a class of diffractiefiee (norspreading

beam) mode solutions.

—— Vi n 2-1

He reported that one solution of the above equdtasnthe fornj7]:

Yifh QoigRa 1 o0 Q 22

whereQ ™ Q,o o " ,m Q -ando isthe zereorder Bessel function of the

first kind. Thetransversentensity (iradance)distributionis defined by

o sYilbs 0 Q7 2-3
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The termv Q" is the same in every plane perpendicular toJtéves.

Since the work oburnin, many researchighave investigateBessel beam propertiegen-
erationand more general types of ndiffracting beams. For example, truncated Bessel
beans [8], higher order Bessel beams, Mathieu beams, higher order Mathieu beams, cosine

beams, parabolic bearf8, and Airy beams have been introduced.

Non-diffracting beams, such as Bessel beams, have been proposed for many applications
including microscopyl10], imaging[11] [12], optical coherence tomograp[iy8], laser trap-

ping [14], Laser Doppler Velocimetrfi5] [16], laser machinindl7] and corneal eye sur-
gery[18].

For more information about neafiffracting beams, properties, generation and applications
the reader is referred tfL9], [20], [21], [22].

2.3 Beam shaping and bsic beamshaping devices
Laser beanshapinginvolvesredistributing the intensity and phase of an input laser beam
by means of an optical systeémhave a specified intensity distribution over a certain region
shown in Figure2-1.

—S—— /

= butput Beam
Input Beam Optical System b

—> \

Target

Figure2-1: Principle of laser beashaping

Since theearly 1990s, laser beam shaping has been widely investigated and usadyin
fields such as medical applications, laboratory research, material processing, lithography,
optical data storage, micromachining in the electronics industry, laser prisbt@pe sep-

aration[23], optical metrology and fiber injectid24]. In each application, there exists a
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preferred intensity distribution or cresection shape. The most common cresstion

shapes include circular, annular, linear, rectangular and multimode beams.

The three most commonly used manipulation techniques in laser beam shaping are apertured
beams, field mappers, and mwdperture beam integrato’s.combination of two of these

three techniques is frequently usg#l] [25]. The apertured technique consists of selecting

a uniform quasflat portion of the input beam that can be accompanied by magnification to
control the size of the output beam. The second technique transforms the input laser beam
into the desired output besin a controlled manner. It uses a phase element (optical element)

to transform the input to a specific output beam. Only-@eflned constant singieode

laser beams can be used in this approach. This technique is suitable if the output laser beam
needsto be collimated, and it requires very good alignm&he last technique for beam
shapers is particularly well suited to multimode lasers with a low degree of spatial coherence.
Multi-aperturebeam integrators are generally used in the shaping of excimer lasers for sem-
iconductor lithography and laser machining and drilling systems. Here, the input beam is
broken up into smaller beamlets that overlap at the target plane by means of a focusing com-
ponent (integrator26]. In this work, the second approach was used in designing the new
optical systems for some cases and a combination of the first and second approaches was

used in others. Nexthe beanrshaping devices used in this research will be introduced.

2.3.1Cylindrical lens
Cylindrical leng@sarecommonlyused in laser beam shaping in various fields such as optics,
ophthalmology, laser technologpjcroscopyand imaging systemé. cylindrical lens trans-
forms a Gaussian laser beam into a line beam by stretching or compressing it along one axis
and effectively changg its shape. Additionallya cylindrical lens can be used in combina-
tion with other optical elements such as refractive and/or diffractive optical elements to

achieve more complex beashaping tasks.

2.3.2Beam splitter
A beam splitter is an optical device that splits an incident beam of light intbdams,
which may or may not have the saomical power The most commonly known shapes of

beamsplitter are plate and cube beam splitters.
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A cube beam splitter imade from two triangular glagsismsgluedtogether at their base
by means ofesin or cemen# hypotenuse face has a dielectric coating influencing the pro-

portion of light reflected and transmitted.

2.3.3Mirror
A mirror is a diffractive optical device that serves to reflect an incident laser beam with a

specific angle to another optical element. It serves to change the light direction.

2.3.4Axicons

The first experiments on axicons were conducted in 1954 by J.H. MacLeod. He published a
paper describing the discovery of axicons and some of their progd@ities.H. MacLeod
defined araxicon as an optical element with a revolution shapelijaeflection, refraction

or both directsa point source of light placed in the optical axis iatmn-axis continuous

range of points. He stated that axicons can have many shapes such as rings, atidders,
cones andthe most useful and easi¢o make is the flat corghapd28]. The light focused

by a lens produces a small spot (focal point); however, when it is focused by an axicon, it

produces a line called the focal len{#B], as shown ifrigure2-2.

Lens

Axicon

Focal point

e o 3 b
- Z= S = Optical axis

—ayee—
|
|

= Optical axis

Collimated light beam Depth of

field

Collimated light beam

Figure2-2: differences between a lens and an axicon

The length of the focal line can vary from the micrometer scale to the kilometer scale, de-
pending on the design and application of the axiégoh.t e r Ma c Jatageantimberw o r k
of papers describing the design, fabrication, properties and applications of axécepab-
lished[30] [31] [32] [33] [34] [35].

Axicons are well suited to produce the extenB®€dF required in many applications, such
as imaging/microscopy, machining, optical coherence tomography, metrologyiffsat-

tion focusing, corneal eye surgery, and optical trapping twe&jrg34].


https://en.wikipedia.org/wiki/Prism_(optics)

CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

The most welknown axicons are regular and logarithmic. We will give a brief description
of them in the following two sections.

2.3.4.1Regular axicon

A classical axicon, also called a regular or linear axicon, generatesdifinacting beam
starting from the axicon tip and extending to a range limited by the input beam aperture or

beam sizg34]. The linear axicon generates a linearly increasing intensity alorigQie
presented ifrigure2-3.

(@) (b)
1 ‘ — —_—
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Figure2-3: Intensity profile distributioagenerated by a linear axicaf@) Longitudinal intensity
distribution (b) Lateral intensity distributian

The phase function of a regular axicon is given with respect to the radiyug34]

e jae — T

- i Y2 1l o e 2-4

where:d — , 0 theend of theDOF (O 1) andYads the radius of the axicon.

2.3.4.2Logarithmic axicon

A refractive logarithmic axicologaxicon)generates a quasondiffracting Bessel beam

with a nearly constant beam size and intensity oveDE as shown irFigure2-4.

10
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Figure2-4: Intensity profile distribution generated by a logarithmic axi¢ajpLongitudinal inten-
sity distribution (b) Lateralintensity distribution

The phase function of an annular logarithmic axicon for an apertuyeioher radius;Yee
outer radius an® andO , whichmark the beginning and the end of ID@F, respectively,
is given with respect to the radiusby: [35]

e OEti &at0 i Y Y ie Yeile o o 2-5

Where®

2.3.5Powell lens
A Powell lens, also known as a laser line generator temsierts a5aussiataser beam into
a uniform straight line. Unlike a cylindrical lens, which generates a Gaussian beam profile
with hotspot center points and fading edges, a Powell lens provides a uniform distribution
of energy along the length of an entire |{8&]. The Powell lens has a 2D conic surface

described in thew Ffueeplane by:

i O®e —_— 2-6

wheres is the curvature and is the conic constanA typical spanwise intensity distribu-
tion produced by a Powell lens is showrFigure2-5:

11
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Figure2-5: Intensity profile distribution obtained @aPowell lens

2.3.6Spatial Light Modulator
A spatiallight modulator (SLM) is usually a computeontrolled reflective or transmissive
device serving to modulate or manipulate the properties of a light beam. It can be used to
modulate the amplitude, phase and/or polarizat8itMs have applications diffractive
optics[38], optical storage, optical metrology, reconfigurable interconnects, quantum optical
computing, optical tweezers, optical microsc¢@g], optical information processing, polar-
ization control, laser pulse shaping, programmable adaptive optics, vector beams generation,

and orbital angular momentum communications.

2.4 Scalar diffraction theory
For the theoretical analysis, | will be mostly using the scalar diffraction theory, which will
be reviewed in the present sectionfffaction phenomena play an important role in the
branches of physics and engineering that déth wave propagationT he wor d dAadi f fr
tiono was coined by Sommerfeld to cover any
that cannot be interpreted as reflection or refraction. The first paper describing diffraction
phenomena was written by Grimaldi in 1665. Grimafdidean experimental apparatus
comprised of an opaque screen illuminated by a very small light source that produced a
negligible penumbra effect, and the light intensity was observed at some distance behind the
screen. Grimaldi observed that the transition fight to shadow was gradual, and there
was an apparition of light and dark fringes in a far plane of observatese results could
not be predicted by the existing theory of optics at the time. Later, the work presented by
Christian Huygens helpedespl n Gr i mal di 6s results. 1t becan

explaining diffraction phenomend0]. In 1678, Huygens argued that each point on a wave

12
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front will be a new source of a secondary spherical disturbance, and the wave front at a later

instant could be found by creating the envelope of a secondary wavelet. In 1804, Thomas

Young introduced the concept of interference. In 1818, Augustin JeareFusgd the ideas

of Huygens and Young to calculate the distribution of light in diffraction patterns. In 1860,
Maxwell argued thaight is a propagatingvaveof electric and magnetic fieldghis is
known as the electromagnetic theory of light. The maidtical formulation of this theory
was elaborated by Gustav Kirchhoff in 1882. Sommerjié@] proved that the boundary
conditions taken by Kirchoff werenconsistent with each otheBommerfeld modified

Kirchoffds theory by omitting

of Greenbés function. T hSosmmenfadwliffrachoa theory and s

is commonly referred to as the scalar diffraction thebigre light is treated as a scalar;

t he

boundary

c al

only the scalar amplitude of one transverse component of either the electric or the magnetic

field is consideredandit is assumed that any other components of interest can be treated

independently in a similar wayhis approach neglects the fact that the various components

of the electric and magnetic field vectors are coupled through Maxwell's equations and can-

not be tread independently. The scatiiffractiontheory yields very accurate results if two

conditions are met: (1) the diffracting aperture must be large comparethexthvelength,

and (2) the diffracted fieldshouldnot be observed too close to the aperture.

By using thecoordinatesystens presented ifFigure 2-6, we can write e first Rayleigh

Sommerfeldiffraction formulain rectangular coordinatexpressed ilkq. 2-7.

Input beam

Figure2-6: Diffraction studysystem
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AR R e
—Fr - WE BNV dwhdwhy Qo' 2-7

Where! is the aperture areaciuia and whohr refer to the coordinates of points the

TY‘IV'IV: _A 'rY ‘Iv,lv

< %

image plane and the apertyiane, respectivelyy cdadat is the electric field at the aperture
plane 'y afoohito i is the distance between the two pointédndr, &is the normal vector at

the aperturg_is the wavelengthnd@is the wave number.

We should note that this equation is valid whe@rwhiihoh 1 _. If we use a diffractive
elemenibf variable phase transmittancesiveeinstead of the aperturthe integral must be
amended to take this into account. If the diffractive element is considered thin and transpar-
ent, we only need to take its effect on the phase of the light into account, and the integral

will be:

. . o . . . h hh A - e v .

Yoy —A Y Gl ——————w ¢ BhY dwhdnhn 0 o H Qo 2-8
The cosine functionwhich is also calledbliquity factor, is defined by

Therefore, théntegral diffractioncan be written as:

e . R R . o

Yofuhn  —A Y olET ———e— Q L0 Y0 ) 2-10

Where the distance is given by the Equation

Y oo o g G o e O o a p 2-11
Fresnel assumed that the angldefined by the vectors and"y chwhchwhy is small, and
then he approximated tlubliquity factor by 1 (approximateby ¢). But in the exponential

expressionthe elementy ahohchohy is very large becaud&® — x p m andy cannot be
approximatd by & .
Yofvhda —A YadmQ  hRRR o R ogpan 2-12

To have access to Fresnel approximatwoa need to write the binomial expansion of R that

can be written only if the following conditions are valid:

® oL«

o oL d 2-13

The binomial expansion (approximation) of the equatione if wL pis givenby:

14
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E 2-14

P ® p Ed—F

In this developmentyp is formulatedas:

[ 2-15

The distancéY can be written:

Ye ap ol 2-16

Here, we assume that the third term of the binomial expansion is negligible when we com-

pare it with the two first elements of the equation. Mgglect:

— 0 W W W 2-17

-a
The Fresnel approximation stipulates f#]:
Gl — o o ®w W 2-18
The integral becomes:
Yofthh — A YYamdamQ 0 Q" 2-19
This integral is known as the Fresnel diffraction integral.

2.5 Literature Review

2.5.1Light sheet generation
Light sheet illumination is the basi$ developing light sheet microscopy (LSML]. LSM
is a powerful imaging technique witnmicrometer resolutiof42], [43]. This technique
provides nondestructive optical sectioning by means of a thin light sheet qélkdisg45] ,
[46] . It has applications ithevisualization of embryonic developmdn#], developmental

biology, neuroscience, medical diagnostics and anatomical regé@ajcl48].

Light sheet fluorescence microscapy technique witlsignificant advantages compared to
other classical techniquds.combines the optical sectioning ability @iconfocal micro-
scope with the wide field imaging speedaafidefield fluorescence microscop9]. Light
sheet fluorescence microscopy visualizes faster and larger specimens with higtespatio

poral resolution$50].

15
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LSM has two main classedigital scanned laser light sheet microsc@p$LM) andselec-
tive plane illumination microscop(EPIM). DSLM produces a virtual light sheet by scan-
ning Gaussian beanfisl], Bessel beam$2] [53], airy beam$54] or lattice beam§s5].

In DSLM, the information is taken point by point, which leads to a lower exposure time.

This method generates a more homogeneous light sheet, the height of which can be con-
trolled. The drawback of DSLM is the high instantaneous intensity, which may lead to in-

creaing photodamage in addition to a more complex setup when compared witf5SRIM

SPIM produces a static light sheet. Different methods have been developed to generate the

light sheet in SPIM such as the use of a cylindrical [86f a slit aperture and a cylindrical

lens[43] [42], a concave lens and three cylindrical ler{dd$, the use of a combination of

an achromatic aspheric optical elements and achromatic cylindricg4Ensand a pair of

double slits and a cylindrical leiff], which was also used by Fadero e{%rl] to generate

a tilted |Iight sheet. The term Aoptical magi

was coined iffl].

For the first systenj56], a Gaussian beans focused by means of a cylindricaéns ands

called a Gaussian light sheet. In the second sygt8ni42], the laser beam is truncated by

a slit to create a sort of uniform beam and then focused by the cylindrical lens. The generated
light sheet is very thin, but the Rayleigh range and the uniformity of the light sheet are se-
verely limited. To increase the fRaigh range, we should decrease the aperture WM&

[56]. This setup has the benefit of being less complicated and easier to manage. In addition,
the related theory and mathematical description are well established. It is well adapted to
smaltsized specimens but for large specimens it becomes inefficientuslfigy of the im-

age at the edge and the resolution along the detected axis are not good enough, and many
investigations have been conducted to improve the uniformity and the Rayleigh range of the
light sheet. For this purpose, a system composed of oreicgHens and three cylindrical
lenses (parallel/crossed/parallel) was propos¢ddih The author confirmed thatompared

to the previous system with 8mmslit, this design extended the uniformity in the intensity
distribution by a factoof* o, and the light sheet is thinner by a facsdx ¢ 8Later, a new

setup formed by a combination of two aspheric condenser lenses, two achromatic cylindrical
lenses and a Powell lens was desigf#. This setup generates a light sheet witlh a

micron thickness and a Rayleigh range of ad@utnm Golubetal. [1] in their design used

16
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a mask consisting of a pair of double slits on a cylindrical lens. This novel setup generates a
guastnondiffracting light sheet with small side lobes. Fadero ardaders used the pre-

vious idea to produce a tilted lighheet excitation and to prove that this system has good
performance and spatially high spatiotemporal resolution.

All the methods mentioneduffer from at least one of the following problems: o+
formity of the light sheet, limited extent, complexity of the setup and high cost. For this, we
will investigate the design of a simple optical system generating a nearly uniform thin light
sheetwith a longDOF and large width that has more flexibility in the sense of being adapt-

able for small and large specimens.

2.5.2Annular beam generation
The ring of light, also called an annular beam or doughnut beam, has been used in many
applications such as particle manipulatitnweezers)[58], corneal surgery18], drilling

[59], laser material processif§0], machining17] and optical data storag@l].

An early optical system for generating a ring of light was suggested by McLeod in 1954; it

is composed of a converging lens (spherical lens) and an axicon (positive cone or negative
cone)[27]. This system generates a ring of light witfixad radius.In 1969, Goodell pro-

posed an eccentric lens, also calledtioc lens, ring lens and mesptical elemenf61],

which transforms points or parallel beams of light into rings. Two lenses were fabricated to
generate 8nm and 38nmm light rings [62]. This system is complicated to fabricate, expen-

sive andnflexible. In 1976, a diffraction analysis of the lemsicon combination illuminated

by a plane wave was done and the ring diamet

on the dielectric index and on the focal length of the spherica]88iis

Y & plQ 2-20

where'y is the ring diameteg is the index of refraction of the axicon materi1lis the

axicon angle an"is the focal length of the len$his work was followed by the study of

the lensaxicon system illuminated by a Gaussian b¢a@j. In 1978, a combination of a

lens and two axicons (concave and convex with an equal base angle) allows for the adjust-
ment of the ring diameter by changing the relative distance between axicons was presented

[17]. Here, the ring diameter is given by:

17
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Y — 2-21

with| p 1t and™vthe axicon separation distané@1999, a new ringoric lens producing
an80-micron light ring was introducef@l]. The suggested lefsdno flexibility and was
expensive. Dickey et d64] designed a system with two positive axicons (axicons can have
different angles) and a lens placed between the two axicons to avoid the complication and
high price of negative axicon manufacturing. This system allows for some flexibility: the
diameter ringcan be changed by changing the axicon base angles, the focal length of the
lens and the distances between the elements. An akdemticon scheme producing a par-

allel annular beam was presented58]. This system is simpler, and the ring diameter is
fixed by the distance between the second axicon and the screen. A diffractive toric Fresnel
zone lens generating a focused ring pattern was suggegtf] and a Fresnel zone plate

with its phase shifted radially outward was introducef®éj.

The abovementioned systems generating a ring of light have at least one of the following

problems: less flexibility, many optical elements, complexity in the fabrication, or high cost.

2.5.3Tunable range DOF
Tuning of different parameter$ quasinondiffracting beamfasbeen examined in the literature
For example,n 2009, Cizara and Dholakia considered the tunability in the shape of the axial
intensity of the generated quddessel beams (uniform intensity, uniformly increasing and
uniformly decreasing intensity$7]. In 2018, Yu et al. generated Bessel beams with tunable
spotsize using a segmented deformable mifé8}. In the same perigotYao et al. generated
Bessellike beams with an adjustable ndiffraction length by using a phasaly spatial
light modulator[22]. Gaborproposedhe generatiorof a Bessel beam with variable core
diameter and propagation properties with liquid md@8 . Later in 2020, Breen et al.
proposed to produce quatifraction-free beams with a tunable spot size &@F [70].
Jiang et al. suggest generating a Bessel beam with a pure longitudinally polarized electric
field using an incidence of horizontal polarization, which can be turned to a beam with a
pure longitudinally polarized magnetic field when the incidence is Baak¢o vertical po-
larization[71]. Finally, Yun et al. producetligh-ordernon-diffracting beams with tunable
shapeg72].
Few investigations examinepiasinondiffracting beams with tunable ran@®F. Forex-

ample Chebbi et al[2] generated a tunable range nearly-ddfracting DOF by using three
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axicons. Rao et a[3] also created tunable range Bessel beams by illuminating an axicon
with hallow Gaussian beams with different orders. Findlliiller et al.[4] created tunable

range Bessel beams by placing a ring aperture in front of an axicon. It should be mentioned
that for these three investigations the intensity varied along the DOF.

Another type ohondiffracting tunable DOF is realized bgedks. Needlesof light or nee-

dle beams areon-diffracting opticalbeams wittalargeDOFand a narrow central spdthe

DOF can reach thousands of wavelengths while maintaining a lateral confinen@eB@ef

or under[73], [74]. These beams are of increasing interest for many optical technologies
such as optical data storag®], particle acceleratiofv¥6], biomedical imagind77], trap-

ping [78] and microscopy79].

Many method have been developed to generate needles, for example, the use of tandem
systems consisting of a beam former and an aberration corrector combined with a nonlinear
axicon[80], a quasparabolic mirrof73], a spherical mirrof74], a9 (agexangle concave
conical mirror, a converging annular lens with negative spherical aberf@tipand an an-

nular aperture with an axicdn6]. Dehez et a[77] stated that it may be preferable for some
applications such as optical data storage;woton laser microscopy and plane illumina-

tion microscopy to have a very narrow diffraction pattern with a tunable axial extent. They
suggested producing a narrow alus of radially polarized light by means of an axicon in

the far field that will be focused using a parabolic mirror or an aplanatic lens. They reported
that the longitudinal extent of the focal line isedivy changing the thickness of the annular
incident beam, which can be achieved with appropriate parameters of thexiems sys-

tem. A spherical mirror system producing needles whose depth of focus could attain hun-
dreds to thousands of wavelengths with a width near the theoreticaDligt#(is presented

in [74]. An optical system composed of an aperture and an axicon to generate a needle with
alongDOFwas introduced by Manahan et al. The authors proposed having a different length
of focus by changing the aperture, the axicon lens or the laser beam dig6kteater, a

system formed by a quagarabolic mirror was created to generate a needle thataah
hundreds to thousands of wavelengths while keeping the spot sizeO8td¢7 3]. In 2018,

a system producing needles with a tunable length and nearly constant irradiance by means
of an SLM was propos€dé].
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The findings of this chapter are published in the following article

Haouas, M., Chebbi, B., & Golub, I. (2018&xtension of the span and optimization of the optical
imagic carpet 0: g enandiffracting light sheeflouraal oivthedOpticad Soai-s i
ety of America A36(1), 124131. (https://doi.org/10.1364/josaa.36.0001)24

3.1 Introduction
Light-sheetmicroscopy is a powerful imaging technique with a micrometer resolj4in
[43]. This technique provides nondestructive optical sectioning by means of a thin light sheet
of laser[44], [45] [46]. This technique has applications in the visualization of embryonic
developmeni47], developmental biology, neuroscience, medical diagnostics and anatomi-
cal researci47], [48].

Many scientists have worked on the generation of light sheets. All the proposed optical sys-
tems have one or more of the following problems: the use of many optical elements that
require extensive adjustments in addition to a high aostiruniform or semiuniform light

sheet and a short Rayleigh range.

In this work, we present a new simple optical system that produces competitive results with
fewer adjustments. Our system contains a6@&@nm He-Ne laser, an expander, a Powell
lens with a fan angle &0 degrees and a pair of double slits on a cylindrical lens with a focal
length of50 mm The expander is used to expand and collimate the laser bearh.#ronm

to 4.2 mm Then, the Powell lens generate$-mmwide laser line. The mask truncates the
input beam, and the cylindrical lens expands the bedne iperpendicular axis of the Powell
laser line. This system produces a uniform |ahg light sheet with side lobes less than
20% of the intensity of the central pedkeDOF is larger than th®aleigh range obtained

with a cylindrical lens. Results from numerical simulation and experiments will be pre-

sented.
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3.2 Proposed system
The proposed system is showrFigure3-1. An expanded Gaussian beam passes through a
Powell lens to generate a thick laser line in the spiae direction, which passes through a
pair of double slits and a cylindrical lens, generating a wide, -aquoasliffracting thin light

sheet.

Cylindrical
lens Light sheet
|
|
|
|
|

Figure3-1: Proposed system. (a) Top view. (b) Isometric view of the mask and cylindrical lens.
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The mask described ii] is made of two double slit§igure3-1). The optimum relative
ratios between the distances between the pair of@lasd their widthsw, for the two pairs
of the slits are given byd ¢w,Q ¢Q, where subscripts 1 and 2 refer to the inner and

outer slits, respectivelfl]. In the present investigation, we will consider masks with differ-
entwaveconvergence anglésm the two slitsdefined by? 0 W& — ,givingf ¢

Even though a cylindrical lens corrected for aberrations gives better fdjulisregular
lens will be used for experimental validation in the present investigation since it is more

readily available, and its size fits the commercially available Powell lens size.

3.3 Phase shifting in the x and y directions
As shown inFigure 3-1, the Powell lens produces a phase shift transformation ir-the
direction, while the pair of double slits/cylindrical lens system creates a phase shifg-in the
direction. Next, we will investigate the coupling between thesephaseransformations
in the final distribution obtained from the combined system (Powell lens + mask/cylindrical
lens). By using the coordinates systems showhiguire 3-1(b) and applying the Fresnel
integral to the Powell lens for an incoming Gaussian beam, the electric field just before the
cylindrical lens with the mask, placed at a distainfitem the Powell lens, is given by:

Y who
Q

—Q Y o Q Q Qo Qo
.,Q=% & oh

where%. is the phase shift of the Powell lens definedsby ¢ pi®Q o ,and

Yeaeh is the Gaussian input beam defifed™y o ho  Q and can be written

as’yy o ho Yo Y o wthY o Q andY o Q

Applying the Fresnel integral to the beam passing through the mask/cylindrical lens, the

electrical field at an observation screen placed at a distarfcem the lens is given by:

Yifiy —Q T A Yo oo Q Q A 32

where- & is the phase shift of the cylindrical lens and is the pupil function, imple-
mented by the pair of double slits maske resulting field from both sets of optical elements

is:
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Yoo Y oo Y afg 3-3
where

Yau —QTAQTY o Q Q. Q  mmw 34
and

Yy —QTAQTY o 00 Q0 @ mwa 35

The above formulation means that the variation irxtdeection, obtained from phase shift-
ing due to the Powell lens, is decoupled from the variation in-thieegtion, obtained from
phase shifting produced by the mask/cylindrical lens. This makes numerical simulations eas-

ier since we can perform the twdegrations independently.

3.4 The laser line generated by the Powell lens
For better uniformity of the laser line, the manufacturer of the Powell lens used in the present
investigation recommends profiles taken at distances larget &amm In fact, in his orig-
inal papef37], Powell gives profile§ maway from the lens for an incoming beam diameter

of 0.8 mmbased on— of maximum intensity. To further explore the change of the-span

wise profile of the laser line for different distances from the Powell lens, we performed
measurements and simulations. Only representative results will be shown. Scalar diffraction
theory catulations using the Fresnel integral are showrigire3-2 for distances from the

Powell lens ofLlO0 mmand175 mm
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Figure3-2: Numerical simulation of the laser line intensity profile obtained by the Powell lens

The @rresponding measurements are showFigure3-3.
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Intensity comparisan

It should be mentioned that the exact profile of the lens used is not provided by the manu-
facturer but itis expected to be slightly different than the one used for the numerical simu-
lation, which partially explains the quantitative difference between the simulations and the
experiments. However, qualitativelyoth the calculations and the measurements shoy that
close to the lens, the laser line has two very high peaks at both ends. These peaks diminish
in intensity at larger distances and the uniformityiiaves, but the overall intensity de-
creases as the laser line divergegen with the high peaks at the ends of the line, the uni-
formity of the intensity at the middle is generally acceptable. For applications requiring span
wise lengths in the order of millimeters, one can still use profiles close to the Powell lens by

simply ignoring the peaks at the end and using only the central region.

3.5 Effect of mask geometry on light sheet DOF and thickness
The two important parameters for the light plane/sheet are the DOF and the sheet thickness.

To study the dependence of these parameters on the geometry of the mask, namely the slits
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separatiorQand widthA (Figure3-1(b)), we use the classical theory for the interference of
waves from a double slit placed at an apertureeplaig oI he electrical field at the obser-

vation plane@uU at a distancé from the aperture with a widthis given by[82]:

Yo ¢TY aHao OEig—0o e 36
"y «dao is the electric field at the aperture ani$ the wavelength. The mask used has a

pair ofdouble slits, adding the corresponding electric fields:

— Héic—odE Y iy ——

Yoo Y b OéEigc—ode

3-7
As was recommended [&], we choose&) ¢, and for simplicity we assum#& and™
to be constant plane waves. We st adw for by
fixed separation® expressed in terms of the convergence anglEigure3-4(a)(c)shows
the intensity variation obtained frobqg. 3-7 for fixed values of of 0.7%, 2.5 and 5,
respectivelyandcorrespondinglifferent values o> . A 50 mmfocal length cylindrical lens

and_ ¢ gémdwere used in our calculations.
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Figure3-4: Effect of slit¥width on intensity profiles and DOF. (a) (@)1 = 02.(bJ(&b,=2.5°.
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These figuregFigure3-49)s how t hat while the slitsd width
thickness, it does affect the intensity of the side lobesd Athe firstslitd svidth, is in-

creasedthe maximum intensity of the side lobes decreases, but the DOF also decreases as
can be seen from the approximate relation for the DOF reporféfi in

0060 38
0]

whereqis the focal length of the cylindrical leasid'Q), is the separatiobetween the slits
with width &},. The optimum value of a would then just be large enough to make the side
| obes 6 i nt @0%softheynaximers iatensith. /e found through numerical sim-

ulations that for the angles uséuis corresponds roughly tberatio% e ¢ y&aThis is con-

sistent with the empirical ratio of 2 used 1.

Next, for a fixed slit widthEq. 3-7 is used to calculate thatensity profile of the beam
which is used to get the thickness of the light sheet defined by the FWHM as a function of
i . The results are plotted iRigure 3-5 (a) and show that as the separation of the slits
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increasesthe thickness of the light sheet becomes smaller. Also showigure3-5 (b) is

the variation of the DOF with the anglefrom Eq. 3-8.
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Figure3-5: (a) Dependence of the light sheet thicknes$;:. (b) Dependance of the DOF én

The above results show that the light sheet thickness and its DOF depend strongly on the
slits geometry. In fact, these two parameters have to be optimized for the specific application
since improving one jeopardizes the second. For example, as theisagdstteen the two

slits increases (larger), the light sheet becomes thinner and the DOF becomes smaller and
vice versa.

More detailed and accurate calculations of the transverse intensity profiles at different lon-
gitudinal locations were carried out using scalar diffraction theory. We use the formula given
by Sheppard ifi83], which assumes an aberratifvae cylindrical lens analyzed in the par-

axial Fresnel approximation:

Y ¢ho :'Q(br‘]"Q QoRAOGEF— . 0w Qun — - - QR — Qée

39
whered ¢ is the pupilfunction,which is implemented by the slits mask, afid the focal
lengthof the cylindrical lens. The results are showhRigure3-6 (a)-(f) for f anglesof 0.75,
1.25,25,5,6,and8,respectively. From these figurege obtain the thickness of the light
sheet based on the full width at half the maximum intensity. The results are shatafein
3-1 and also irFigure 3-5 (a), and they are very close to those obtained fEgn 3-7. In
Figure3-6(a)-(f), the planes P1 and P2 show the depths of field defined by half the maximum

intensity and by the side | obesd intensitie
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intensity, respectively. In all casekefining the DOF by the maximum intensity of the side
lobes is more conservativiereforethis is the method that will be used in our investigation.
The obtained values are shownFigure 3-5 (b) along with those estimated fro&yg. 3-8.

Considering that a log scale is uséd. 3-8 significantly overestimates the DOF, but the

variation with is consistent with the scalar diffraction results.
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In Figure3-6, planes P1 delimithe DOF based ok WHM intensity. Planes P2 delintite
DOF based on side loh@atensities less than 20% of the central peak maximum intensity

For comparison, we also includeTable3-1 the DOF of a Gaussian bedmhich is twice

the Rayleigh range— ) having a waist in the focus. We used the relation for Gaussian
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beams ™ v "Ow'0)whereador a reference to comparere took the FWHM of our

light sheet ati  "Q One observes that while the DOFs of both beams (Gaussian and ours)
are very closepur beamexperiences a significantly smaller broadening than the Gaussian
ch

demonstrates the advantage of our gdé#fiaction free light sheet compared to the Gauss-

beamsd di ffracti on, wh i caused a broadenin

ian beamThe energy efficiency of our scheme was estimated to be around 29% and higher
than that of nostiffracting Bessel and Airy beani$]. In [84], the energy efficiency was

by
photon Bessel beam this parameter is more 1@dimes that of a onphoton Bessel beam.

characterized an Aexcitation confinemento

It should, however, be mentioned that, unlike the present case, scanning is needed to generate

a light sheet from Bessel or Airy beams.

Table3-1: Light sheet characteristics for different convergence angles.

f DOF (based on| Light sheet thick-| Light sheet thick- Rayleigh range,
theintensity of ness based on | ness based on 2pwAl
side lobes <20% FWHM at the FWHM at the (um)
of maximum) middle ¢= f) of ends of DOF
(Lm) the DOF(um) (Lm)
0.79 600 9.6 9.8 660
1.29 220 58 6 240
2.5 56 2.8 3 56
5° 14.8 1.4 1.4 14
6° 104 1.2 1.2 10.3
8° 5.8 0.8 1 4.6

The table above shows that the mask with & v gives the largedDOF, and this mask

will be used foexperimentainvestigation.

3.6 Experimental results

The Powell lens is designed for a specific incoming beam diameter upon which its perfor-
mance stronglydepends This restricted our choice of the mask size to be used for the
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experimental validation of this investigation to the values corresponding to the Powell lenses
available from the manufacturer. The largest possible incoming beam diameter for the Pow-
ell lens is4 mm with a fan angle 020 degrees generatingdammthick (in thex direction)

laser line. Th&60-nmHe-Ne laser incoming beam was expanded using a telescegento

to conform to the Powell lens requirement. Accordingly, we chose the following parameters
of the pair of double slits masgk: & v,1 p® ,0 m®aaandd ma a. This gives

a vertical size of the mask slightly less tf&anm which accommodates tdemmlaser line

from the Powell lens. A cylindrical lens of focal lendi@ mmwas used with this mask.
According to the numerical simulations, this system produces a uniforpthdmight sheet

with side lobes less than 20% of the intensity of the central peak. This value does not offer

the plane sheet with the smallest thickness but offers some gains on the DOF.

Measurementsf the intensity distribution alontipex direction and intensity profiles in the
y-direction at three locations along the DOF are showsigare3-7 in the vicinity of three
positions ofx, namely0 mm +5 mmand-5 mm Our CMOS camera could record only
around 2mm length segments of the beam spgdhthe measurements apeesented iffrig-

ure3-8, Figure3-9 and Figure3-10.These results show the possibility of extending the laser
line in the spaiwise direction while preserving acceptable homogeneity. The average ex-
perimental thickness at FWHM is estimated to be ardin8pum. This is ~15% larger than

the corresponding ideal numerical simulation. The intensity of the side |asatsa higher

than those obtained from the numerical simulations, varying between 20% and 30%. Based
on these values of the intensities of the side lobes, the DOF is estimategDio |lo@ The
intensity measurements in the spaise direction show variation up to 30%dhis is con-

sistent with the specifications of the manufacturer (Laser Line Optics, Canada) of intensity
variation <30%, excluding the side peakke difference between the experimental results
and the numerical simulation results is attributed to the aberrations of the lens used, uncer-
tainties of printing the slits and intensity measurement. The presence of the sgleslob
undesirable for some applications such as LSM since it degrades the resolution and might
cause background photobleaching and photodanesgecially in dense media. Different
techniques have been proposed in the literature to minimize the side lobesvathdtadir

effects, and some of these techniques can be adapted to the present configuragion
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include the use of 2 or@hoton nonlinear excitation schenj84], confocal descannir§5]

[86] and posfprocessing usininear deconvolutiof84].
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Figure3-7: Location of measurements along DOF anthimspanwise direction (diagram not to

scale)
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Figure3-8: Intensity distributions alontpex direction (width span) and sample profileghey-
direction atz=f.
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Figure3-9: Intensity distributions alontpex direction(width span) and sample profilesthmey-
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3.7 Conclusion
This work led to the successful design of a rogtical system that generates a wide light
plane with nearly uniform intensity both along the DOF and in the spanwise direction. Sim-
ulations demonstrate that, depending on the application, it is possible to generate a quasi
nondiffracting thin light sheewith a limited DOF, or one with a longer DOF and greater
thickness. Compared to previous methods for generating light sheets, our scheme offers im-
proved intensity uniformity in both directions, with the added benefit of construction sim-
plicity. In the nexichapter, we propose enhancing the DOF through desidiel illumina-

tion of a quasnondiffracting light sheet
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CHAPTER 4

DOUBLISH DE LLUMI NAOHFAON
QUAI-NONDI FFRACTI NG LI GH"
SHEET

The findings of this chapter apeiblished in the followingonferencerticle.

Haouas, M., Golub, I., & Chebbi, B. (2023, October). Dotble ded i | |l umi nati on of the op
p e t drontiérsin Opticypp. IM7A41). Optica Publishing Group.
(https://doi.org/10.1364/FI0.2023.JM7AN1

4.1 Introduction
In light sheet microscopy, the properties of samples can lead to absorption, scattering, and
reflection, which affect the penetration depth of the light sheet, broaden it, and shift its po-
sition[87], [88]. These phenomena can result in blurry;@futocus, and striped images. To
address these challenges, dotgatked illumination is often employed in light sheet micros-
copy and confocal microscopy. In 2007, Huisken and Stainier introduced multidirectional
sdective plane illumination microscopy with dual illuminatif@®9]. In the same year, Dodt
proposed thredimensional visualization through ultramicroscopy using a similar approach
[43], and in 2009, Santi optimized a thsheet laser imaging microscope with dual illumi-
nation[90].
Hell and his canvestigators pioneered the development of 4Pi confocal fluorescence mi-
croscopy. In this technigue, two opposing microscope objective lenses illuminate fluorescent
objects from both sides, and the collection of fluorescent emissions iseafsamed from
both sideq91]. Since then, many researchers have further developed this technique. For
instance, Lang et al. introduced a 4Pi microscopy method with negligible sidgd@pes
while Hao and his colleague provided a comprehensive review of 4Pmearascopy[92].
In this study, we numerically investigate the use of daesliled illumination in generating
the 'magic carpet' light sheet. We analyze the impact of this method on various parameters,
including thickness, sidelobes, and the depth of field (DOF)
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4.2 Background
The optical scheme discussed in the previous chapter generates a light sheet for optical sec-
tioning of a specimen, enabling the acquisition of a 3D image and providing insights into the
physical details of the specimertenstituents and any dynamic interactions occurring

within.

As previously mentioned, when the light sheet passes through a sample, three optical phe-
nomenarefraction, scattering, and absorptimke place. These phenomena alter the light
sheet and affect its properties, including thickness, depth of field (DOF), and uniformity, as

illustrated inFigure4-1.

Light sheet Deformation of the light sheet

Deformation of the
light sheet by
reflection scattering
and absorption

71

—
Field of view Field of view

Detection
Detection

' Specimen

(

.................. - S -

umination lllumination \

Figure4-1: the alteration of the light she@dapted fronj87]).

The alteration of the light sheet can manifest in the image field as blof-tadus regions,
stripping, and shadows. These artifacts complicate the analysis of the generated images, hin-
dering the study of the targeted phenom{@3 These issues can be mitigated using various
approaches, including optical implementation, digital yppetessing, and hybrid solutions

[93]. Additional strategies involve employing sedfconstructing beams, pivoting the light
sheet within a range of anglg89] [94], rotating the specimej88], and utilizing a double

sidedillumination schem¢89].

The use of selfeconstructing beams has gained significant attention in the field of micros-

copy. Instead of the conventional Gaussian beamye@adinstructing beams, particularly
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Bessel beams, help address the stripping problem in light sheet fluorescence microscopy.
Bessel beams can be generated by various methods, such as placing an annular aperture in

the back focal plane of a le[, using axicon$95], or employing spatial light modulators.

The beam pivoting system employs a diffractive optical element that splits a laser beam into
a series of beamlets with a fixed interline distance. These beamlets are then used to create

multiple light sheets.

The rotation of the specimen requires a specific mechanical system to ¢(@efdte

some studies, maintaining the specimen in a horizontal orientation is necessary, making ro-
tation impractica[87].Doublesidedillumination is widely employed in microscop¥2]

[90] [97] [88].

In this work, we propose examining the advantages of desidbdslillumination on the depth
of field (DOF), the light sheet thickness, and the side lobes. We explore asdsdkillu-
mination for a system comprising a mask on a cylindrical lens, as well as for a system using

a Powell lens

4.3 Double-sidedillumination formed by a mask on a cylindrical lens

4.3.1Proposed scheme
The proposed scheme is illustratedrigure4-2. A light beam (L.B) is split into two beams,
1 and 2, bymeans ofa beam splitter (B.S). The two beams are then directed by mirror 1
(M1) and mirror 2 (M2), respectively. Beam 1 passes through the mask and cylindrical lens
1 (M. Cy 1) to generate the first 'magic carpet,’ while beam 2 passes through the mask and
cylindrical lens 2 (M. Cy 2) to generate the second 'magic carpet.' The same mask presented
in Chapter 3 is used for both beams. Since the two light sheets are coherent, constructive or
destructive interference may occur during propagation, dependirge aalative phase be-

tween the two fields
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M. Cy 1 M. Cy 2

Figure4-2: Proposed schenie

4.3.2Superposition of the two fields and analysis
We use the Sheppard formyi&8] to define the interference field

The field propagating in the positizalirection isdescribedy the equationbelow.

Yada -0, Yoo O @ 4-1
And the field propagating in the negatwdirection will be described by the same equation
listed above and by changiadpy -z andf by -f. The negative sign is used to clarify that the
propagation is done in the opposite directiorz.ofhe field propagating in the negatize
direction is given by:

Yada -0 Q O |, YoQ QO Qe 4-2

The total feld will be the sum of the two counter propagated fields.
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Figure4-3: Superposition of the two fields coming from each side of the optical branches.

To getthemaximum intensity, the two fields are superimposedthatthe distancel must
be seto zeroas shown irFigure4-3. If d is not equal to zero, we get:
Qd 0QLEOM & "OQw'@WQ 4-3
wheref beingthe focal distance of the cylindrical lens.

4.3.3Determination of the DOF of single-sided illumination system
For a singlesided illumination field, the profiles are examined in the vicinity and from the
two sides of the focal plane. The DOF is defined by making sure the central lobe thickness,
defined at 50% of the maximum intensity, has a nearly constant waltezity the quasi
diffraction-less property of the light sheet. In addition, the intensity of the secondary peaks
had to be below 20% of the maximum intensatyd it is considered conservative. The fur-

thest two profiles from the focal plane meeting these conditions are shadvigura4-4,
defining the DOF to b600 pm
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Figure4-4: Profiles limiting the DOF for singlsided illumination

In the next section, we propageterminingheDOF of the doublesided illumination system

andcomparingt to theDOF produced by ainglesided illumination system.

4.3.4Determination of the DOF of double-sidedillumination
In this section we determine the DOF for doukd&ed illumination by adding the fields
from Egs 4-1 and4-2. Considering the interference of the two light sheets, the disthnce
betweenthe two focal planes should be kept to the smallest value to maximize the central
intensity. This should be done while making sure the above two conditions to define the
DOF, namelythe constant central lobe thickness and secondary éabtsnsities below
20% of the maximum intensity, were verified. The optimum vafukewas found to be equal
tol 0 @ds0.066 mm)providing the highest central intensity and a DOF to be equQo

pm. The corresponding limiting profiles are showrFigure4-5.
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Figure4-5: Profiles limiting the DOF for doubisidedillumination.
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The depth of field (DOF) increases by approximately 10% compared to a-sitedkillu-
mination system, while the thickness remainshanged. Additionally, the secondary
peaks are positioned closer to the central main intensity than in the siohegiillumina-
tion case

4.4 Double-sidedillumination formed by a Powell lens
This section focuses on applying the conceptl@iblesided illumination to extend the
magic carpet in the spanwise directiés in the previous chapter, we assume that the field
alterations from the Powell lens and the cylindrical lens are completely independent. We
begin by exploring doubisided illumination using only Powell lenses, as illustrate€iga
ure4-6. A light beam (L.B) is split into two beams, Beam 1 and Beam 2, by a beam splitter
(B.S) and a mirror (M). Beam 1 passes through a Powell lens (P.L), while Beam 2 is reflected

by the mirror (M) and directed to propagate in the opposite direction of Beam 1

Figure4-6: Proposed schente

We simulate the beam generated by the interference of the two peastosedby the two
Powell lenses. In this workve setQ p t_mtThe profiles of singlesided illumination and

doubleside illumination & projection imaging plarsplaced az=100mmandz=175 mm
asshownin Figure4-7.
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Figure4-7: Intensity profiles generatddr single-sided illumination and doubkesided illumination
for z=100 mmandz=175 mm

The intensity profiles of a doubkdd illumination formed by the Powell lens fa~100
mmandz=175mmexhibit significant fluctuations

Since the Powell lens causes the beams to diverge at different angles, the corresponding
beams from the opposing side will have different path lengths upon interference. As a result,
it is not possible to cancel tloscillationsfor all beams simultaneously. Consequently, dou-
ble-sided illumination cannot be effectively implemented for the full system, including both

the Powell lens and the mask on the cylindrical lens. This issue may be addressed by design-
ing a new optical element that refracts the raysiftbe Powell lens such that they become

parallel, though this is beyond the scope of the present thesis.
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4.5 Conclusion
To maintain consistency, it should be noted that the optical scheme is part of a more complex
system, and its efficiency depends on several factors: whether the specimen is in vivo or ex
vivo, whether it is precisely cleared or not, its size (large or}riied type of image required
(2D or 3D), the domain of study (macro or micro cellular), and the precision needed. The
size of the system itself also depends on the specific application and the desired results. In
practice, the available budget dictatiee bptimization of the optical system, imaging sys-
tem, holding system, peiteatment data system, and specimen preparation procedure. This
is a triatanderror process, and no perfect system can be found that is universally applicable

for all specimens ahdomains.

In our study, we demonstrated that douided illumination using a mask on a cylindrical
lens can increase the DOF by approximately 10%, in addition to eliminating stripping arti-
facts. However, our investigation also showed that desibied illuminationwith a Powell

lens is not a viable solution
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CHAPTER 5
GENERATI ON OF TUNABLE R.
DOBY A THARREON SYSTEM

5.1 Introduction
A tunable rangdOF is attracting increasing interest due to its potential applicsation
variousoptical technologies such as optical data stofagk particle acceleratiofv6], bi-
omedical imaging77], trapping[98] and microscopy79]. In 2018, Rao and Samarit
generated segmented zenaler Bessel beams with tunable ranges by illuminating an axicon
with hollow Gaussian beams of different ordéswever, the generated beams exhibited
nortuniform intensity Similarly, Herrero et al[5] produced light needles withtunable
length and nearly constant intensity by usarspatial light modulatofSLM). These needles

typically have a maximum length up po1t 1T Tand a width equal to a fraction of

To the best of my knowledge, no investigatiamthe literature Aveexploredthe creation
of a tunable rangBOF (tunable rang, constant intensity, constant DORthe centimeter
order of magnitud®OF (DOF=25mm) In this chapter, wpropose investigatingn optical
system using refractive optical elememistheyaremore easily and economicalhtegrated
into different applications and systenf3pecifically,we propose using a threeicon system
to produce a tunablengeDOF. The system is composed of two regular axiconsarel

logarithmic axicon.

A logarithmic axicon produces a constant longitudinal intersgitgssts defined DOFThe
realization of this optical element was achieved by a comygeteerated holographic ele-
ment[30] and a refractive diamonirned elemen®9]. It produces uniform longitudinal
intensity over a fixedOF, from a distanc®: to a distanc®-, measured from the optical
element for an incoming radially uniform intensity illumination. A straightforward method

for generating tunableangeDOFinvolvesilluminating the logaxicon with an annular flat
top beam with varying radii, ——, wherei A1 iA are the inner and outer radii of the

annular beanrespectively. The length of tlmesultingDOF dependon the thickness of the
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annular beam, i , andits location depesdn the average radius,Asthe risincreased
the location of the DOF mosgérom D1 to Do.

The challenges of this system are twofold: first, generating an annutadlaeam, and
second, varying its mean radius. One of the few studies that reported the generation of an
annular flattop beam using an SLAK4 [100]. While an SLM could potentially be used to
generate the annular fladp beam and the logarithmic axicon could produce the uniform

intensity DOF, using an SLM may not be practical or economical for many applications.

To address these challenges, we propose a system based on existing optical elements. For
the tunability function, we suggest using a system similar to the vapabklaon Bessel

beam DOF system preseniad?2]. This system utilized a linear axicon to generate the DOF,
resulting in norconstant intensity. To achieve constant intensity, we propose using a loga-
rithmic axicon[99], which is designed to produce a constant intensity for a uniform incom-

ing beam. The drawback of this method is that the produced annular beam does not have a
uniform intensity, and we will assess the effect of this-noiormity on the produced

beam's undrmity using the logarithmic axim.

We consider the two cases of axi@rgle small | v ,and large| ¢ 1. For each

case, wewill explore two configurationdor generang an annular bearthat canbe con-

verted to dunable range DOGEsingthelogarithmic axicon. Thérst configuration consists

of two convex axicons, and the second consists of one concave axicon and one convex ax-

icon.

As design constraist wewill use the same parameters as those of the logarithmic axicon
used in[99], specificallya radius 0%6.25 mmfor the optical elements and a tunable range
betweerb0 mmand150 mmfor the DOF.The generated DOF will have a constant length
of approximately~25 mmand a constant intensitpilthough these design constraints are
somewhatrbitrary, theywill allow for meaningful comparisons between the different sys-

tems

5.2 Axicons with small angles
Using the Huygens Fresnel princigi0] for the numerical calculations involves a double
integration for determination of the electric field at each point in the imaging plane and re-

quires a large amount of computation time. The Fresnel approximation significantly reduces
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computation time and is widely used in literature. As explained in chapter 2, this approxi-
mation is based on two conditions givieynEq. 2-13 andEq. 2-18. These two conditions
will be referred to as condition 1 and conditigneéspectively For an axicon with an angle
of 5 degreesthe calculations performed showed ttie first condition is verified but the
second is notdowever referring to the second conditicBoodman stated thatt hi s suf f i -
cient condition is overly stringent, and accurate results can be expected for much shorter
di st d40lc es o

In the following sections, we perform numerical simulations using both the Fresnel diffrac-
tion integral and the Huygens integral (the integral without the Fresnel approximation) for
several representative cases. The purpose is to evaluate the valilgyFoésnel approxi-
mation by comparing the results obtained from both methéisconsider four different
values for the waist of the incoming Gaussian beamm & a, 0 ™a aho  p& a @,

ando ¢a a. We definghenormalized absolute errob ¢ Pas:

060 —— 51
where'Ois the intensity calculated with the Huygens integral (without Fresnel approxima-
tion) andois the intensity calculated with the Fresnel integral (with Fresnel approximation).
We also consider the difference between the maximum of intensities calculated with and
without the Fresnel approximation:

WOH O &GS 52

As we mentioned in the introductigoroposestudying two configurations: the convex/con-
vex/logarithmic system and the concave/convex/logarithmic system.

5.2.1Convex /convex/logarithmic axicons system
In this sectionwe suggest generating a tunatdageDOF by using two convex axicons
and a logarithmic axicon as shownFigure5-1. By varying the separatiofs, between the
first two axicons, the mean radiusf the annular bearrhanges, enabling the tunability of

the DOF range generated after the logarithmic axicon.
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Convex axicon ~ Convex axicon Logarithmic axicon

B

S 7 Tunable DOF

< > P
-+ 2 o 3 =

Figure5-1: Configuration of optical systeth

As mentioned earliewye beginbye val uat i ng Goodmands statement
volving the first convex axicor.o do this we present the intensity, the normalized inten-

sity, and the normalized absolute error profiles for a Gaussian beanwitiptdur differ-

ent waist values. The corresponding profiles ao®igedin Appendix 1.

To simplify the interpretation of these results, we calculate the maxiafuhe absolute
value of the normalized absolute ef@red &8 0 ®andthe absolute value diie difference
between the maximum of intensitjias ‘OThe results aréabulatedin Appendix 2.The

a W 0 ©andw ‘@aluesare very smalbllowing us to confidently applthe Fresnel ap-

proximation for convex axicons with small ange)

The intensity profiles generated after each one of the axicons were simulated using Fresnel
approximation and presentedAppendix 3 Selected profiles generated after the logarith-
mic axicon are presented kigure 52.
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Figure5-2: Variation of the intensityvga f t er t he | ogari thmic axicon f o

vex/ l.og (5 )

The profilesincludedin Appendix3 show that for a waistw 8@ a a the maximum
separatiorBthat we can use &, 1 dhas beyond that the annular outer radius exceeds the

limit of @& uwx &. Forawaistw T&A& & and for"Y o ™ & no annular beam is
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generated. The maximuBithat we can reacim this casds 16 ™ &. For a waistw

p& & & with Y o ™ a and’Y v 1 & no annular beam is observed, andrttaimum
S that we can reachagjainp ¢ dt & . The same observation holds the waisto ¢ & &
withY om &,Y vmaand™y x 1 & ,noannular beam is formgdowever for
"Y wm aand’Y p mdnd,we start to observe the formation of an annular beihma

peak of intensity in the centéfhe maximum S that cdrereacledisp o dt a.

We can conclude that the convex axicon requires a specific imaging distance to generate an
annular beam, and this distance depends on the waist value.

To interpretFigure 5-2, we defined the length of the tunable DOF-abf the maximum

intensity. The values of this length, as a functionzafthe distance from the logarithmic

axicon to the middle of each DOF), are presemdelgure 53.
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Figure5-3: Variation of the DOF vz for the convex/convex/logarithmic scheme with small angle
axicon

We observe that the length of the DOF increases asSaotti\Wp increasesThe maximum
length of the tunable rand@OF that can be achieved with this configuratisrp g @,

whichoccurs atY p odd andw  ¢d 4.
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5.2.2Concave/convex/logarithmic axicons systems
The configuration considered in this sectammsists of concave, convex and logarithmic

axicon as illustrated iRigure5-4.

Concave axicon Convex axicon  Logarithmic axicon

i |
S Z Tunable DOF

A
A

Figure5-4: Configuration of optical system 2

For this configuration, we proceed similarly to the previous one and define the intensity,
normalized intensity, and normalized absolute error profiles, which are generated using both

the Huygens integral and the Fresnel integral. These profiles are presented in Appendix 4.

To summarize the resulpsesented Appendix 4 weprovidethe maximum of thabsolute
value of thenormalized absolute errdr, A @) 6 ® andthe absolute value tifie difference

between the maximum of intensitjes ;an Appendix 5

The profiles presented fppendix5 show that the maximumbsolute value of theormal-

ized absolute error is larger in the configuratbopticalsystem 2 than in the configuration

of opticalsystem 1However, the maximum absolute value of the normalized absolute error
remains small, except in tliase ofw  ¢& & with™Y o ™ & and™Y v 1 4. In this

case, the intensity profile calculated without the Fresnel approximation presents high sec-
ondary peaks. Despite this, the maximum value of the normalized absohae

i A @) 6 '®andthe absolute difference between the maxini@nsitiesw “@e still con-
sidered small, allowing us to confidently use the Fresnel approximation for a concave axicon

with a small angle.
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The intensity profile after each axicon in this configuration, obtained through simulation and

the Fresnel approximation, is presentedppendix 6 Selected profiles generated by the

logarithmic axicon are presentedrigure 55.
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Figure5-5 shows that this scheme spreéakt, especially foro  p& & & and forw

¢ G a. The maximum“™Yalues, corresponding to these waist valtiest, we can reacare
wTd & andu T & respectively.

As in the previous section, we define the width of the tunBI& at — of the maximum

intensity. The results are summarizedrigure5-6, wherethez correspondto thedistance
from the logarithmic axicon to theenterof each DOF-.

70 T T T T T T T

w0=0.4 mm
w0=0.8 mm
w0=1.2 mm
w0=2 mm

60 |-

* Kk ok ok

40 50 60 70 80 90 100 110 120 130 140 150
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Figure5-6: Variation of the DOF vz for the concave/convex/log scheme with small angle axicon

We observehat the length of the DOF increases wheth"Yandw increasesThe maxi-
mumlengthof the tunable rang@OFthat can be reached with this configurai®o 8 | |

forY x M dandw qd& a.

A comparison of the two configurations reveals that the concave/convex/logarithmic sys-
temprovidesa wider tunable range of DOF than the convex/convex/logarithmic system.

This configuration is considered superior as it directly generates a perfect annular beam,

although it doesiave the drawback of spreading too quickly

53



CHAPTERS GENERATION OF TUNABLE RANGE DOF BY A
THRREAXICON SYSTEM
5.3 Axicons with large angles
5.3.1Convex/convex/logarithmic axicons systems
For this case, we consider regular axicons with large angles, . $Ve investigate Good-

mandés statement as we did in the previous

Numerical simulations were performed usthg complete integral (Huygens integral) and
the Fresnel approximatida generat¢heintensity, thenormalized intensitgnd the normal-
ized absolute error profilesAll results arepresentedin Appendix 7 We calculded

a & o) 6 © andYdor the four different values of wajswith the results showin Appen-
dix 8.

We observedhatboththe & & ¢@) 6 ® andY'CQare larger than those found for a convex

axicon with a small angle.

Foralarge convex axicon anglthe first condition(Eq. 28) is nolongersatisfied and the
Fresnel approximation becomes inappropriate. As a result, we used the complete integral to
define the intensity profiles generated after each axicon, with the results presefyped

pendix 9 Selected profiles generated by the logarithmic axicoslayenin Figure5-7.
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For waistw p& G &, the annular profile generated by the first convex axicorsdta
exhibitfluctuations and the profile deteriorates further with ¢ & &. These fluctuations

affectthe profiles after the second atfird axicons.

Thelengthof the tunableangeDOF generated by the convex/convex/logarithmic axicons
with alarge angle is presentedHingure 58, plotted as a function of the distance z from the
logarithmic axicon to the middle of each DOF
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Figure5-8: Variation of the DOF vg with for the convex/convex/log scheme with large angle ax-
icon.

The tunabléDOF increasess thewaistw and the separatiolyincrease8

5.3.2Concave/convex/logarithmic axicons systems
In this case, we performed numerical simulation using the Fresnel diffraction integral and

the Huygens integral to investigate the error between the two methods.

The intensity, the normalized intensity and the normalized absolute error panélese-

sentedn Appendix 10.

The variation ofé & ¢@) 6 © andY Gireincludedin Appendix 11Both & ¢ @ 6 © and
Y'Gare high aneéxceed thosgenerated by the concave axicon with a small aSjtee the
first condition necessary for applying the binomial expansion is no longer satisfied, we can-

not use the Fresnel approximation. Therefore, we resort to the Huygens integral to generate
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the intensity profiles produced after each axicon of this configuratibresults are in-

cludedin Appendix 12 with selected profiles generated by the logarithmic axicon presented

in Figure5-9
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Figure5-9: Variation of the intensity vaafter the logarithmic axicon for the system concave/con-

vexf/log@ Q ¢
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The profiles presented in Appendix d@monstrate that the concave axicon requires a spe-
cific imaging distance to generate an annular beam, similar to the convex axicon. This dis-

tance is dependent on the waist of the input beam

Similar to the previous systems, the DOF lerdgfinedat — of the maximum intensityis

plotted against the distance z from the logarithmic axicon to the center of thenB{@Ere
5-10.
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Figure5-10: Variation of the DOF vg, Wp andSfor the concave/convex/log scheme with large an-
gle axicon

This configuration produces better results than the precimugex/convex/logarithmic sys-

tem with a large angle, as it minimizes fluctuations and generates smoother intensity. profiles

5.4 Conclusion
In conclusion, forsmall angleaxicons, the Fresnel approximation can be used effectively,
offering a significant reduction in computational time. However, for larger angles, this ap-
proximation is no longer valid, necessitating the use of the complete Huygens integral. Sim-
ulating thesdarge-angle scenarios can be highly computationally intensive, with individual
simulations taking over 12 hours using the powerful resources of the Digital Research Alli-

ance of Canada, especially when processing 100 files.
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Both convex and concave axicons, regardless of angle size, require a specific separation

distance S, between the first two axicons to generate an annular beam. This separation dis-

tance depends on the waist of the input beam. The simulations demonstrate that adjusting

Sallows for control over the length and position of the depth of field (DOF).

The results for the four cases studied indicate that the DOF increases with a larger input
beam waist and a greater distance between the two regular axicons. While the concave/con-
vex/logarithmic configuration produces better results, it also spreads amidéy/ rthan the
convex/convex/logarithmic configuration, presenting a t@ifielepending on the intended

application.

For the four cases of threxicon systems wheWo=0.4 mmandWo=0.8 mm) the obtained
intensitiesshowed a significant central pedk contrast with Wo=1.2 mmandWo=2 mm

the intensity remained more stable over a certain length within the B@Fall systems
considered, the length of the DOF varied considerably as the distance from the logarithmic

axicon increased
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CHAPTER 6

DES| G NEW OPTI CAL ELEM
GENERATI NG A TUNABLE RA
DOF FAOIR ANNULAR | NPUT BE

6.1 Introduction
For For this system, we aim to design a new optical element that produces a tangble
depth of field (DOF) for an annular input beam. By adjusting the radius of the annular beam,
the location of the DOF can be controlled. We apply the method proposed by Sochacki et al.
[31], which uses a nonparaxial design of a generalized axicon throoghetjecal optics

and the law of energy conservation.

In this approach, a Gaussian input beam is modified to achieve a constant axial distribution

at a specific distance from the designed axicon. The energy conservation principle ensures

that the energy within the input aperture is equal to the energy atitjmet. This leads to

the devel opment of an expression for the axi
tion to determine the axiconds phase and sag

We design the new optical element using two methods: first, with an assumed input annular

beam profile, and second, with an annular beam generated by two convex.axicons

6.2 Input annular beam
Generating an annular flattop beam is not easy, especiallyawihable radiusBorglin et
al. utilizeda spatial light modulator to produce an annfitatopbean|101], while Goodell
designed a reflective plaramnvex ring lens to produeging image withaspecific diameter

[62]. Sabatyaretal. generated an annular beaginga Fresnel zone plafé6].

To address this challenge, we propose designing a new logarithmic axicon tailored to a spe-
cific incoming annular beam, as described byé@#f}. The goal is to achieve a tunaldage
DOF (tunable range, constant intensity, constant D@kr approach includes presenting

four distinct sag profiles based on incoming beams with four different diameters.

$s
O i v Q 6-1

60



CHAPTER 6 DESIGN OF NEW OPTICAL ELEMENT GEER-

ATING A TUNABLE RANGE DOF FORAN ANNU-
LAR INPUT BEAM

whered i is a twodimensional power densignd0 is aconstant,i variable that impast

the radius of the annular beam and, the waist.

We used the same idea presented by J. Sochd@a]inThis method proposes to write the

energy conservation law between the input and the qukmut by integrationfind out the

phase of the new optical elemenbtgeneratd.

For a given radial distributio 1 , at an input plane of the optical elementr goal is to

achieveconstanbrraxislight powerdistribution 0 & 0 , over the longitudinal range

between distancd3; andD-.

The conservation law of energpgtween the input and the outgain beexpresseas:

¢“01 1 QI0 daQa 6-2

The integration of the formula above gives:

¢! . 0i1Qi_ 0 aQa 6-3

¢!0_. Q ¥ T 1 Qid. Qa 6-4

Fori | thend i (0]

¢"0, Q¥ T iQid 0 © 6-5
) tss T w 6-6

If we write again the formula farin the interval [0] ]

G Q¥ T iQigi O 6-7

Then we can get the formula @fi

al @ Qs T iqQio 6-8
The phase function of the optical element is defined by:

—_— OE+ i ai 6-9
The integration of the above equation gives:

o i Ll i Qi 6-10
Whered i defined byEqg. 6-8.

The above integral is defined for an annular profile defined as a function of the radius,
Eq. 6-1 and where is avariable thaimpactsthe radius of the annular beaifo achieve

range tunability, we need to vary Since this is not possible on a single element defined by
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the phase function dq.6-10, we opt to design the optical element with a discrete number
of phase functions corresponding to different valuas,afachof whichwould produce a
constant DOF for a certain rangehis optical element would not allow continuous tuning
of the rangginstead it would havefour different discrete range3o get different annular
beams, we used four different values ofEach of these four input beams will be shaped

into an axial intensity betweei;andD> consecutivelyas presented ihable6-1.

Table6-1 : Radius of the input beam and the position of the turla@IE.

i O (mm) O (mm)

0.75 50 75
2.5 75 100

4.25 100 125

5.75 125 150

Theintegral ofEq.6-10is numerically performedh MATLAB , andthe resultsarepre-
sented irFigure6-1.

Each of these combinations will leéa a distinct phasedistribution Each input beam is
defined in a specific annular spatar that the only part of the phase we are interested in is
the phase corresponding at this specific annular spaes, we combined these four con-
secutive phases in one total phase.

Input beams Phases corresponding to ea

specific input beam

Input beams ) ) Phases )

Total phase

red 25

0.04

Intensity (a.u.)
phase
phase

3 4 s & s & 4 2 o0 2 4 6 8 6 6 4 2 0 2
Radius (mm) Radius (mm) Radius (mm)

Figure6-1: Design of a new logarithmic axicon that transfefour annular beams in four consec-

utive segments of constant intensity
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Since adding a constant to the phase function (or to the sag) of an optical element does not
affectits refractivityand the incoming beagnwe shift the four portions by the differences

between the values of i to eliminate the discontinuities between them

Total phase Adjusted total phase

phase
phase

s 6 4 2 o 2 4 s s s & 4 2 o 2 4 s s
Radius (mm) Radius (mm)

Figure6-2: Phase adjustment

Finally, we usapolynomial fittingmethodto make suréhat thefirst and second derivatives
ofe i are continuous. The corresponding phase is sho®igime6-2. By using this phase
in the Fresnel diffraction integral, we can simulate the intensity profile generated by the

newly designed optical element. The results are presenkegdure6-3.
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Figure6-3: The width of the tunable band by thewly designed axicon with four regions.

This new optical element generatasearly constant intensityunable rang®OF with min-
imal oscillationsWe calculate the length of the DOF-atintensity level The variation of

the DOF as a function af (the distance between the new optical element and the central
point of the DOF) is presented kiigure6-4.
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Figure6-4: Variation of the DOF vgfor a new optical element with an analytical annular beam.

The length of the DOF is nearly constant and it is equ@ @000 ¢ & & a.

The new optical element with an analytical annulzaussiarbeam generates tanable

range anearly constanintensity, constant DOF.

6.3 Two-axicon generated annular beam and new optical element
Sincegenerating an annular Gaussian beam with a variable mean radius is not straightfor-
ward, we applied the same design method using an annular beam produced by a pair of
regular axicons. We chose a concave/convex axicon pair because it facilitates earlier for-
mation of the annular beam. The design approach remains consistent with the method de-
scribed in the previous section.

In Eq. 6-4, we substitute the expression of the annular beams with the fuactiorresult-
ing in four annular beams with different radii and ranges. These variations are achieved by

adjusting the distance between the two regular axicons. We define:
Gi @ 011 QIO 6-11

Where ®
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We perform numerical integratida obtain the values @f i . By using these values in Eq

6-10, we can determine the corresponding phase functionpresented ifrigure6-5.

Phases of each specific input Total phase
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Figure6-5: Phase of each annular beam and the total phase of the new optical .element

Here, we applied the same method described in the first section to add constant phases, en-
suring a continuous phase profile. To guarantee the smoothness of the phase function, we
employed golynomial fitting method that ensures both the first and second derivatives of

e | are continuous.

Using the phase of the new optical element in the Fresnel diffraction integral allows us to
calculate the intensity profile produced by the system consisting of the concave/convex/new
optical element. The resulting intensity profile is presentddguare6-6.

66



CHAPTER 6

concave Axicon, Gaussian beam input
s(mm)=20, w0=0.4
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Figure6-6: Intensity profiles defined by the system concave/convex axicon and the new @lptical
ement

The previous results confirm that tliew optical system generatesearly constant inten-

sity tunablerange We calculate the length of the DOFatfor each casand the regltsare

presented irFigure 6-7, wherethe z correspond to thecenter of theDOF (from the new

optical element)
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