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Abstract

The dissertation discusses new prospects for tailoring the properties of optical beams.
Specifically, its intensity profile and the phase structure can be modified using developed, flat-
surface nanostructured gradient index (nGRIN) micro-components. Both surfaces of the nGRIN
micro-components are flat and this unique property enabled novel functionalities of such a phase
element.

The thesis mainly focuses on nanostructured Vortex Phase Masks (nVPM), which are
designed with the use of effective medium theory and simulated annealing approximation method.
Cost-effective modified stack-and-draw nanostructurization was used in the fabrication process.
In contrast to Spiral Phase Plates, nVPMs rely only on the internal refractive index gradient, and
thereby there is no need for spiral relief on its surfaces. This makes its optical performance not
affected by different surrounding media. The mask can be immersed in air, water, ethanol or any
other transparent liquids and resulting vortex beam will have the same value of the topological
charge. In addition, the dissertation aims at novel fiber-based devices such as fiber-vortex
microprobe converters. Furthermore, the design of its improved achromatic version for generation
of white-vortex beams was proposed. The vortex fiber probe has high application potential in
optical trapping and particle manipulation as well as in laser micromachining. The flat-surface
nVPM element can be used as a component of an all-fiber laser vortex beam generator, which can
be integrated with an fiber laser resonator. The fiber vortex generator is a compact and reliable
device compatible with the fiber technology.

The first part of the dissertation is devoted to the theoretical study on nGRIN VPMs in order
to improve the optical quality of the generated optical vortex beam. There is a need for
optimization because GRIN VPMs suffer from the light wave-guiding effect leading to the
azimuthally non-uniform light intensity distribution in the resulted vortex beam. The effect is a
consequence of the azimuthal refractive index profile of the mask. In the profile, there is one area
along the radius of abrupt refractive index change, and light tends to concentrate in the highest
refractive index area of the mask. The influence of the refractive index contrast of component
glasses, effective refractive profile distribution of the masks on the intensity distribution, and
phase structures of the generated vortices are studied. Numerical simulations employing Fourier
Transform-based Beam Propagation Method were used to validate potential methods of
improving the intensity profile of the vortex beam. Eventually, we proved that the best approach
so far in this matter is using two types of glass with a large refractive index difference which
allows the fabricated mask to be very thin. Lesser thickness minimizes the effect of light
waveguiding in the nVPM mask. Research done in scope of the thesis showed that the further
improvement can be obtained by making azimuthal gradient of refractive index of the GRIN mask
described by power functions. Furthermore, it is possible to utilize the nanostructured phase mask
to generate the vortex beam with relatively high topological charges.

The second part of the dissertation focuses on optical experiments performed to evaluate the
quality of the generated vortex beams by means of developed nGRIN VPMs. The sample-set
consists of our in-house developed nVPMs with different mask thicknesses. The optical
performance of one of the selected nVPMs was evaluated in different transparent media air, water,
and ethanol to show nVPM’s advantage over SPP. We used two experimental techniques to
measure topological phase characteristics of the generated vortex beam: the astigmatic
transformation and Mach-Zehnder interferometry. Through comprehensive theoretical analysis



and experiments, we proved the robustness of the nVPMs in optical vortex generation vortex
beams up to topological charge two. The main advantage of this kind of the phase element
(optical performance preservation in any transparent external media) is explained with appropriate
theory.

The next part of the dissertation describes the development and characterization of a novel
fiber-based microprobe consisting of a 28-um thick nGRIN VPM integrated at the end of an
optical fiber. Specifically, regular single-mode optical fiber operating at the wavelength of 633
nm was used. The additional coreless fiber was designed and assembled with the probe to expand
the beam on the mask’s surface. Experimental and theoretical studies proved that the probe
efficiently converts fiber-guided fundamental mode into the optical vortex beam with a single
topological charge. It is worth mentioning, the optical performance of the complete vortex-fiber
probe was not affected by immersion in air, water, or any uniform, transparent media. This is not
possible for other already reported fiber-based systems, which use conventional SPP relief. The
research results also confirm the compatibility of the proposed nanostructurization method with
fiber technology, which gives high application potential. In particular, the probe could
substantially simplify and improve the reliability of optical set-ups used for optical trapping or
particle manipulation. Moreover, fiber-based vortex probe could be beneficial in future vortex
beam applications in optical telecommunication. Due to the high laser damage threshold of the
mask’s materials, the probe’s all-glass structure makes it a perfect candidate for vortex beam
converter for laser micromachining applications.

Finally, another essential improvement of nGRIN VPMs is presented. The nVPM was
redesigned in order to gain achromatic properties. The improved mask aims at white-vortex
beams, which is a very vibrant subject in the field of singular optics. It enables generation of
optical vortices at multiple wavelengths, all having the exact topological charges. This is achieved
by carefully selecting the glass pair to fabricate the mask, those having proper refractive index
dispersion curves. It was motivated by the experience of our research team in developing nGRIN
microlenses with minimized axial chromatic aberrations. Besides proper refractive index
difference profile of glass materials, it has to meet other nVPM fabrication constraints.
Furthermore, the designed and optimized white vortex binary mask structure has been prepared
for the fiber drawing process.
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Streszczenie

Rozprawa doktorska dotyczy nanostrukturyzowanych $wiattowodowych mikrokomponentéw
optycznych typu GRIN (nGRIN) - nanostrukturyzowanych masek wirowych. Gaussowska wigzka
laserowa po przejsciu przez taki element fazowy zamieniana jest na wigzke wirowa.
Mikrokomponenty nGRIN sa plaskie, a ta unikalna wlasciwo$¢ maski wirowej otwiera nowe
mozliwosci zastosowan takich elementow fazowych w roznych dziedzinach fotoniki. Maski
zaprojektowane z wykorzystaniem teoria osrodka efektywnego oraz Metoda symulowanego
wyzarzania. Maski zostaly wykonane metoda mozaikowa, ktéra pozwala na ekonomiczne
wykonanie takich elementéw w produkcji masowej. W przeciwienstwie do klasycznych
spiralnych masek wirowych (SPP), zasada dzialania masek nVPM bazuje na gradiencie
wspotczynnika zalamania §wiatta szkla z ktérego jest ona wykonana. Z tego powodu nie ma
potrzeby wykonywania precyzyjnego reliefu na powierzchni szkta. Maska nVPM ma dzigki temu
wazng zalete, zmiana os$rodka w jakim zostanie ona zanurzona nie wplywu na jako$¢
generowanego wiru optycznego. Raz zaprojektowana maska w powietrzu jak i np. w wodzie lub
etanolu wygeneruje taka sama wigzke wirowga o dokladnie tej samej wartoSci ladunku
topologicznego.

Na bazie maski, w ramach niniejszej pracy zaprojektowano i wykonano $wiattowodowa
mikrosonde do generacji wird6w optycznych. Sonda ta zostala w pelni wykonana w technice
$wiattowodowej. Swiattowodowe mikro sondy generujace wigzki wirowe maja wysoki potencjat
aplikacyjny w potapkowaniu optycznym, optycznej manipulacji czasteczkami a takze w laserowe;j
mikroobrobee powierzchni. Plasko$¢ powierzchni masek to takze duze ulatwienie w tworzeniu
bardziej zaawansowanych systeméw S$wiattowodowych do generacji wirdw optycznych, np.
maska nVPM moze by¢ stosowana wewnatrz wngki laserow widoknowych.

W ramach niniejszej pracy dokonano analizy mozliwo$ci wykonania achromatycznej maski
wirowej do generacji tzw. biatych wiréw optycznych. Maska fazowa umozliwiajagca generacje
biatych wirdw optycznych jest bardzo pozadanym elementem optycznym gdyz dotychczas istnieja
nieliczne metody generacji takich wirow. Maski do generacji bialych wiréw moglyby znalez¢
zastosowanie przy zrodtach super-continuum i laserach generujacych ultrakrotkie impulsy Swiatla.

Pierwsza czg$¢ pracy poswigcona jest badaniom nad optymalizacja gradientu maski w celu
poprawy jednorodno$ci profilu wigzki wirowej. Badania te umotywowane s3 pewna
niedoskonalo$ciag masek nVPM. W gradientowe] masce wirowej jest zlokalizowany obszar w
postaci linii o najwyzszym wspotczynniku zalamania §wiatla i1 graniczy on bezposrednio z
analogicznym o najnizszym wspotczynniku zatamania $wiatla, w zwigzku z tym $wiatlo jest
prowadzone w obszarze o wyzszym wspotczynniku. Skutkuje to nierd6wnomiernym rozkladem
intensywnosci wigzki wirowej. W zwiazku z tym, przedstawiono dwa kierunki poprawy jakosci
wigzek uzyskiwanych za pomoca masek do generacji wird6w optycznych: wykonanie mozliwie
najcienszych masek z zastosowaniem szkiet o duzej réznicy wspotczynnika zatamania $wiatla
oraz stosujac azymutalny nieliniowy profil zmiany wspotczynnika zatamania $wiatta w masce.

W pracy przedstawiono wyniki przeprowadzonych symulacji komputerowych, ktore pokazuja
wplyw roznicy wspotczynnikow zatamania Swiatta szkiet maski oraz jej grubosci na jednorodno$¢
intensywnosci wiazki wirowej oraz rozklad jej fazy. Do symulacji wykorzystano metodg
propagacji wiazki (ang. Beam Propagation Method) z wykorzystaniem transformacji Fouriera. Na
tej podstawie ustalono, Ze najlepiej jest wybra¢ szkla o jak najwigkszej roznicy wspotczynnikdéw
zatamania $wiatla, ktéra umozliwi realizacje¢ najcienszej maski fazowej, co zminimalizuje efekt
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lokalnego prowadzenia $wiatta. Ponadto na podstawie wynikéw symulacji, pokazano ze
jednorodnos$¢ intensywnosci wigzki wirowej mozna poprawi¢ stosujac gradient wspolczynnika
zatlamania $wiatla w masce opisany funkcja potegowa. Wyniki symulacji pokazaty takze, ze w
przypadku masek nVPM mozliwe jest uzyskanie wirowych wigzek optycznych o stonkowo
wysokich tadunkach topologicznych.

Druga czg$¢ rozprawy skupia si¢ na metodach eksperymentalnych przeprowadzonych w celu
weryfikacji jakosci generowanych wiréw optycznych za pomoca masek nVPM. Zbadane probki
stanowig maski wykonane z jednego rodzaju widkna nastrukuryzowanego, ale maski nVPM
przygotowano o réznych grubosciach. Maski te zbadano w trzech réznych osrodkach - powietrzu,
wodzie oraz w etanolu. Eksperymenty przeprowadzono w celu zweryfikowanie gtownej cechy
wyrozniajacej maski gradientowych na tle klasycznych ptytek spiralnych.

Do zbadania charakterystyki wigzek wirowych wykorzystano dwie metody eksperymentalne:
transformacj¢ astygmatyczng oraz interferencja w konfiguracji Macha-Zehndera. Wynikom
eksperymentow towarzysza wyniki symulacji metoda BMP przeprowadzone dla warunkow
analogicznych tym w eksperymencie. W ten sposob przedstawiono faktyczne mozliwosci
generacji wigzek wirowych za pomocg masek GRIN o wartosci tadunku topologicznego jeden i
dwa. Ostatecznie eksperymentalnie i teoretycznie, pokazano brak wptywu zmiany wspétczynnika
zalamania $wiatla zewnetrznego osrodka wokot maski na jako$¢ generowanych wigzek.

Nastepnie opisano konstrukcj¢ 1 wykonanie innowacyjnej mikrosondy optycznej bazujacej na
masce fazowej nVPM umieszczonej na koncu $wiattowodu. Do konstrukcji mikrosondy
wykorzystano klasyczny S$wiatlowod jednodomowy. Ponadto, niezbedne bylo zastosowanie
dodatkowego element miedzy koncem $wiatlowodu a maskg — mikro preta szklanego, ktéry ma na
celu rozszerzy¢ wiazke, tak aby calkowicie wypeli¢ wigzka aperture maski. Takze na
przyktadzie sondy pokazano, ze po jej zanurzeniu w jednorodnej przejrzystej cieczy nie zmienia
si¢ jako$¢ generowanej wigzki wirowej. Obecnie istniejace tego typu mikrosondy swiattowodowe
bazuja na reliefie SPP i nie posiadajg takiej ciekawej wlasnosci. Wykonana sonda potwierdza
kompatybilno$¢ masek gradientowych z technologia $wiattowodowa i stanowi duza warto$¢
aplikacyjng. Poza wczesniej wymienionymi aplikacjami warto doda¢ ze rozwigzanie
swiattowodowe zwigksza potencjal aplikacyjny masek wirowych w telekomunikacji optyczne;j.
Ponadto, mikrosonda jest wykonana wylacznie z elementéw szklanych czyniac ja odporng na
duze moce promieniowania laserowego i z tego powodu moze ona znalez¢ zastosowanie w
mikroobrobce laserowe;.

Ostatnia cze$¢ pracy dotyczy wilasnosci achromatycznych masek nVPM. Jest to niezbgdna
cecha potrzebna do stworzenia maski do generacji bialego wiru optycznego. Wiasnosci
achromatyczne mozna poprawic¢ dzigki precyzyjnemu doborowi pary szkiet w procesie tworzenia
maski. Pomyst ten jest konsekwencja tego, ze nasz zespdt posiada do§wiadczenie w tworzeniu
achromatycznych mikrosoczewek GRIN. Poza wymogiem co do krzywych dyspersji
wspolczynnika zatamania szkiet, musza one spetni¢ inne pozostate wymogi technologiczne. W
ramach pracy wykonano i zweryfikowano projekt achromatycznej maski nVPM
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Chapter 1. Introduction

Optical vortex is one of the most extraordinary optical phenomena discovered during last three
decades. An optical vortex beam (OVB) has a phase singularity at the center of its wavefront. The
wave front rotates with respect to the beam axis and forms a helical structure in three-dimensional
space. The vortex beam cross-sectional intensity pattern has an annular shape which remains intact
while propagating [1-3]. Moreover, optical vortex beams carries new form of light momentum -
orbital angular momentum (OAM) which is directly related with the phase structure of the beams of
the azimuthally rotated phase of light beam.

The term of “optical vortex” was first used for this unique beam in a theoretical study of Coullet
et. al. [4] in 1989. However, it was initially introduced in a work on screw dislocation lines in wave-
trains reported by two physicists, J. Nye and M. Berry in 1974 [5]. To date, OVBs with such unique
optical properties have been a subject of intense study enabling great novelties for numerous scientific
research fields and found many possibilities for applications [6,7]. The most prominent OVB
application is in nonlinear microscopy for which OVB enabled a significant increase of resolution of
the imaging. The improved methods is Stimulated Emission Depletion (STED) microscopy [8,9],
which authors were awarded the Nobel Prize in Chemistry in 2014. Important applications also
include optical trapping and manipulation of micro-particles by transferring OAM from light to
particles [10—13] which is useful in Biomedicine [14] and chemistry [15], to name a few. Equally
impressive are applications in optical communication [16,17], in particular, OVB multiplexing
expands data storage, capacity. In quantum information, OAM-carrying beams make data processing
faster and with higher security [18—20]. Moreover, tightly focused helical beams meet requirements
for working in laser micromachining to create nano/micro patterns on surfaces of many materials [21].
OVBs have also contributed to advanced techniques in the field of astronomy like optical vortex
coronagraph [22,23].

There is high demand of reliable methods for generating optical vortices. The early method for
direct generation of OVBs is in laser cavity [24]. The OVBs are subset of Laguerre-Gauss beams
(LG), there by precisely controlled misaligned laser cavity can generate OVBs. However, the most
common generation method of OVBs is to use optical phase elements for the beam phase control by
transmission, diffraction or reflection of fundamental light beams. The main principle of operation of
the conventional free-space converters is directly imposing a helically phase structure onto incident
waves [25,26]. It is also worth mentioning about spiral phase plates (SPPs) [27-32], g-plates [33],
computer-generated holograms [34], and spatial light modulators (SLMs) [35-38]. Among those
methods, the liquid-crystal SLM is the most often used due to their considerable advantages. It offers
arbitrary phase patterns which can be changed dynamically many times per second to suite different
experiment requirements. However, there are some applications for which SLMs cannot be used due
to limitations of input power and its working efficiency due to its large footprint. Moreover, its high
cost and need for external power supply are also serious downsides of SLM technique. Another
solution is to use micro-optical SPPs. The most often, SPPs are made by means of nanolithography
and approximated by finite number discrete steps [27]. Recently optimized SPPs with more precise
step heights and microscopic size can be fabricated by different high-cost advanced techniques, for
instance, electron beam lithography [29-31]; laser nanopolymerization writing techniques [32].
However, material dispersion also contributes to major limitations on the operating bandwidth of such
a plate.

Generating optical vortices via bulky free-space systems of discrete optical components often
suffers from low purity of spatial modes, losses, alignment and stability issues which maybe serious



problems in technical applications. This leads to further requirements of simplifying sophisticated bulk
discrete element system for micro-vortex creation setups. As a consequence, all-fiber vortex
generators have appeared and been an attracted topic for physicists [39—48]. Recently, the most
attractive and widely used techniques is the helical fiber Bragg grating [41] and mode selective
couplers [44]; graded-index few mode fiber [40]. Recently, there have been special designed fibers
aiming at not only generation but also low-lost transmission of vortex beams, for instance, all-fiber
optical systems using polarization-maintaining and ring-core fibers [47] or chiral periodic
structures [48]. However, the demand of specific design of those fibers practically restricts the
distance of OVB transfer.

Continuous interest in this topic, some groups have recently reported the successful generations of
micro-optical vortex beams through a phase structure fabricated directly onto the tip of conventional
single-mode optical fibers [49-51]. However, those works are expensive since it requires the use of
advanced techniques, for example, a focused ion beam [49] or femto-second 3D direct laser
writing [50] or two-photon polymerization [51]. Moreover, as mentioned, the plates are of staircase-
surface shape — not continuous — and limit input power of the beam. Especially, a SPP is fabricated for
the use in specific external medium which is inconvenient if we need the same OVB to work in
different media.

In recent years, we have proposed an alternative cost-effective stack-and-draw approach with
nanostrucurization technique for mass fabrication of flat-surface nanostructured gradient index
(nGRIN) micro-optical components. This approach was conventionally used for fabrication of
photonic crystal fiber and initially developed for realization of nGRIN microlens done by F.
Hudelist [52]. Since then it has been employed for developing numerous nanostructured optical
components with different functionalities. They include large-diameter GRIN lens [53], elliptic
gradient index microlenses [54,55], nGRIN axicons [56], nGRIN vortex phase masks [57]. Those
micro-optical components consist of thousands of spatially distributed sub-wavelength rods made of
two different glasses to form arbitrary refractive index profile for producing effectively continuous
phase profiles. They perform unique optical properties. In particular, having flat-parallel surfaces, they
are able to be directly integrated with optical fibers making an optical system robust and compact
which allow easier manipulation of the generated beams in 3D space [58,59]. In addition, the optical
properties of those nanostructured components are defined by their internal nanostructure. Thus, their
properties are not influenced by the refractive index of transparent external media which is extremely
advantageous for their potential applications. It is promising to use the same components in different
experimental media. Very similarly, our nGRIN vortex phase masks (nVPMs) for vortex generation
which have been presented for the first time by Krzysztof Switkowski in 2017 posses such unique
properties. However, that work focused on the designed, fabrication and initial test for OVB
generations in free space. Moreover, the presented vortices are not perfect - azimuthally non-uniform
light intensity distribution due to the wave-guiding effects. This can restrict the possibility of their
applications, particularly, in applications with requirement of high uniformity of the beam intensity
such as micro-machining for surface or bulky structures [16]. Therefore, it seems that the nVPMs have
more optical properties and novel potential developments would need to be extensively investigated.

The motivation of this work is to deeply study on optical performance of selected nanostructured
GRIN micro-components and their developments based on nanostructurization technique and effective
medium theory. In particular, both numerical simulation and experiments are carried out to study the
functionalities of nGRIN VPMs in shaping light into optical vortex beams in different external
transparent media such as air, water, ethanol liquids. Besides that, possibilities to overcome the
limitation in the quality of generated OVBs are the subjects of the thesis research. Influences of
effective refractive profile distribution, refractive index contrast of component glasses and topological
charge values on intensity distribution and phase structures of the vortex beams are investigated
numerically. In addition, this work also aim to develop a new micro-optical system — a fiber-based



vortex converter that is able to efficiently converts fiber guided fundamental mode into an optical
vortex with single topological charge no matter in air or water. Lastly, the new nGRIN VPM for
formation of achromatic optical vortices, called white-vortex, is also proposed in here. Such a new
micro-optical mask is designed and its performance is numerically tested for different wavelengths.

1.1 Thesis objectives

The main objectives of this dissertation are to study optical performance of the nanostructuterd
GRIN VPMs for deeper understanding of its properties. Moreover, developments of new fiber-based
micro-optical probes exploiting such the VPMs and a new designed white-vortex mask are also aimed
at in the scope of the work. The key objectives in here are listed as following:

Thesis 1. The microscopic optical vortex beams with various topological charge values can be
generated in air and liquid media by using the same nano-srtuctured gradient index components. The
problem of the light waveguide effect inside the gradient phase components, which accounts to the
non-uniformity of the beam intensity profile, can be mitigated.

Thesis 2. Fiber-based vortex converter microprobe with the integrated gradient index vortex mask
allows the efficient conversion of the Gaussian beam into the vortex beam.

Thesis 3. Achromatic vortex beams can be obtained by using nGRIN vortex mask made of glasses
with matched material dispersive properties.

1.2 Outline of dissertation

This dissertation is divided into eight chapters, including this introduction. The fundamental
knowledge of optical vortex beams is given in chapter 2. The overview of concept and development
technology of nanostructured gradient index vortex phase masks is presented in Chapter 3. Chapter 4,
5, 6, 7 contain my original contributions to the field and they are directly related to verification of the
mentioned thesises of my dissertation. The presentation of the topics is organized as follows:

Chapter 2 provides an overview of optical vortices. Their unique optical properties include the
phase singularity at the center of the helicoidal spatial wavefront which is associated orbital angular
momentum. Then typical vortex verification techniques are briefly shown herein. I also introduce
standard approaches for OVB generation basing on vortex phase components and vortex fiber designs.
Finally, I discuss various promising applications in different field of science and technology due to
extraordinary properties of the optical vortex beams.

Chapter 3 introduces the novel concept and realization of nanostructured gradient index vortex
phase masks. Main tools for design and structure optimization are described in detail, which include
effective medium Maxell-Garnett theory and simulated annealing method. The selections of materials
and exploiting stack-and-draw technique for fabrication of nVPM are also presented at the later part of
this chapter. This chapter mainly bases on the knowledge of previous reports [52,57] and a recent
results on development of fabrication approach by controlling material diffusion [60]. My main
contribution was related to the development of the preform and I also participated in fiber drawing
process. I performed measurements of the fabricated components and data analysis of the obtained
results. The result of this work was published on Optics Express Vol. 27(24), pp. 35052-35064 (2019).

Chapter 4 contains results of my original contributions in the theoretical study on nanostructured
GRIN VPMs for the quality improvement of generated optical vortices to verify Thesis 1. I did
theoretical calculation and performed modeling optimization as well as analyzed the obtained results.
This study addressed limitations existing in previous reported work done by Krzysztof Switkowski et.
al. [57]. The fundamental of Fast Fourier Transform-based Beam Propagation Method (BPM)
employed for numerical simulations of beam propagating through the VPMs and then in external
media is presented. Additionally, a new parameter called quality parameter Q is proposed in order for
easier comparisons of uniformity of vortex intensity distribution. In this chapter, the influence of
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effective refractive profile distribution, refractive index contrast of component glasses and topological
charge values on intensity distribution and phase structures of the vortex beams is analyzed. The
results of this work were published in Optics Express Vol. 28, pp. 21143-21154 (2020) [61].

Chapter 5 contains my original contributions in theoretical and experimental investigations of
the optical performance of fabricated nanostructured gradient index vortex phase masks in various
external media for verification of Thesis 1. In particular, I performed the modeling analysis, developed
the experimental setup and conducted experimental investigations as well as data analysis. In this
chapter, I presents a brief description of geometrical properties of the selective fabricated VPM
samples is introduced. Then the results from a set of computer simulations modeling light propagation
through both the designed binary nanostructured pattern and ideal continuous GRIN vortex phase
masks are presented. Following, the experimental results are presented and compared with the
mentioned theoretical predictions to verify the optical performance of such fabricated nVPMs. It
should be noticed that all tests are conducted firstly in the air and then in different liquid media,
specially: water and ethanol. Moreover, this chapter also presents results of numerical simulation as
well as experimental verifications of generation of the microscopic optical vortices with different
topological charges utilizing our fabricated nGRIN VPMs which have the same designed structure but
varied thicknesses. The results of this work were reported in Optics communications Vol. 463, pp.
125435 (2020) [62].

Chapter 6 presents an application of nVPM in fiber optics as a new integrated fiber-based
vortex converter which are results of my original contributions for verification of Thesis 2. I did
integration process and numerical as well as experimental investigations of optical performance of the
fiber-based vortex converters. Such an integration of nVPM with the fiber tip was made for the first
time which will be described in detail herein. Both experimental and theoretical verifications are
presented and confirm that the probe efficiently converts fiber guided fundamental mode into an
optical vortex beam of single topological charge. In addition, comparison of the optical performance
of the fiber-based vortex converter in the different external media such as air and water are also
discussed. The results of this work were published in Optics communications Vol. 477, pp. 126345
(2020) [63] and in Optics and lasers in Engineerings [64].

Chapter 7 presents my original results to verify Thesis 3 on a new version of nGRIN VPMs
allowing generation of white-vortex beam. The chapter introduces consideration needed for successful
development of chromatically corrected optical elements. The concept of white vortex beam generator
is partially based on our previous work devoted to achromatic nanostructured GRIN microlens for
near-infrared spectral windows which was reported in Optics Express Vol. 27(7), pp. 9588-9600
(2019) [65]. For this purpose, an appropriate pair of soft glass materials which are mechanically and
thermally matched for practically joining in drawing process is specified. Their refractive index
difference has to be optimized to make nGRIN VPMs with technically achievable thickness. Results
of the numerical verifications of achromatic characteristics of optical vortices generated by the nVPM
element will be presented. My main contribution in the work on achromatic nanostructured GRIN
microlens was related to the development of the preform and I also participated in fiber drawing
process and experimental investigations. For the part of the chapter related to development of the
white vortex beam generator, I did the theoretical calculation, design and optimized the nanostructure
of the developed component. I also performed modeling optimization of analysis on its optical
performance.

Chapter 8 presents the dissertation conclusions and also suggestions for future research and
potential applications of nGRIN VPMs, fiber-bases vortex converter microprobe and its achromatic
version.



Chapter 2. Optical vortex beams

This chapter presents fundamentals of optical vortex beams. They are the most recognizable
representatives of the singular optics which is vibrant field over the last three decades. Firstly, I
introduced the novel optical properties of OVBs such as doughnut-like intensity distribution; phase
singularity surrounded by the helicoidal spatial wavefront and associated with it the orbital angular
momentum. Then typical detection techniques for OVBs are briefly shown herein. I also introduce
standard approaches for optical vortex generation basing on surface plates and fiber designs. Finally, I
discuss various promising applications in different field of science and technology due to the unique
properties of the optical vortex beams.

2.1 Optical properties of vortex beams

Generally, vortices which are commonly seen in nature and often used in science possess a
rotational flow of surrounding media having a singularity at the vortex core. In optics, a vortex is a
helical electromagnetic wave beam with the phase singularity on its wavefront — a remarkable feature
of OVBs. Consequently, the intensity on the propagating axis of those light fields vanishes. And then
their cross-sectional intensity pattern has an annular shape which remains during propagation and
exists no matter how tightly the beam is focused [1-3].

J. Nye and M. Berry in 1974 [5] observed screw dislocation lines in wave-trains which are
analogous to the phenomenon appearing in imperfect crystals. Those lines have indeterminable phase
leading to the vanishing of intensity amplitude of the beam. In 1989, Coullet and his group members
coined the term “optical vortex” named for describing a special laser mode created in its cavity [4].
They pointed out the presence of phase singularity of the light field as a solution of Maxwell-Bloch
equations. Afterward, there have been tremendous studies on optical vortices and related effects that
led to the establishment of a new branch of modern physical optics — singular optics [26,66—68].
Here, the word “singular” refers phase behavior at the null intensity location of the field. For a simple
mathematical explanation let consider a scalar monochromatic wave field U(r, ). It is possible to re-
write this complex field into two terms: real parts Ur(r, @) and imaginary part Ui(r, @) which can be
transformed into real amplitude and phase parts A(r, w) and Y(r, ®), respectively:

U(r,w)= Ur (row)+ iU; (rw)=A (r’w)eiwmw) .

In case the field intensity amplitude equal to zero, i.e., A(r, w) = 0, then phase Y(r,®) is
indeterminable, or dislocation occurs. The zero of wave field is always a point in the 2D cross-
sectional plane. In 3D-space, its structure can be described by a line which is circulated around by the
wave-field phase helicoids. The confirmation of OVBs is based on those unique properties.

A simplest well-known form of OVBs is the family of scalar monochromatic Laguerre—Gauss
beams which are obtained by solving the scalar Helmholtz equation [69]:

(V2 + k?)E =0, 2.1)
where the wave-number satisfies k = 2m/A. In cylindrical coordinates, the typical beamlike-paraxial
solutions have a below general form:

U(r,0,z,t) =u(r,0,z)expli(kz — wt)]. (2.2)
Using slowly varying envelop approximation for Eq. (2.1) substituted by Eq. (2.2), we have

2
22 (r )+ S0+ 2k =0, 2.3)

ror\ or 72 962

As a result, the LG, mode solutions are able to attain by separating variables r and ¢:



u(r,6,z) = E, (\/E ) L, (2 (:2) exp[ l(ppl(Z)] exp [12—()7" ]exp(il@), (2.4)

with Eo depicts a constant amplitude of electric field, (z) and wy are the beam radius of z and beam
waist, respectively. The term zj=mwj/A is Rayleigh range and term Pp1(z) = Cp+1+

w(z)

1)tan"'(z/zo) Gouy phase shift and q(z)=z—izo is a complex parameter of the beam. L% (x) is defined by
Laguerre polynomials which satisfies the following equation:
da?Ll,
dx?

x —(l+1—x)—p+le =0, (2.5)

indices p and / are defined as the radial and azimuthal orders of the beam, respectively. Index p can
only have nonnegative integer values while / can take any integers. Index / has additional quantitative
meaning in AOM and in context of OVBs is called topological charge.

1
0.75
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0.25

0
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0

Figure 2.1 The (a) intensity and (b) phase of several Laguerre-Gauss modes.

The field intensity |u(r, 8,z) | and phase Arg{u(r, 8, z)} of several LG, modes are depicted in
Fig. 2.1(a) and (b), respectively. It is worth noting that different values of index p gives different
number of zero intensity rings in a beam cross-sectional pattern. For example, p = 2 means there are 2
circular zeros.

It could be seen that for [ = p = 0, the solution mode LGo is Gaussian beam whose phase is the
same everywhere and wave front includes parallel planes. It has the form:

2.6)

— Wo_
u(r,z) = Eypsexpl—igp(2)] exp [i 272,

where @(z) = tan~1(z/z,) is the Gouy phase shift for the fundamental Gaussian beam.

In contrast to the Gaussian beam — for the integer topological charge [ # 0 — all LG modes have a
zero-intensity point at the beam center i.e., a phase singularity. Its phase consists of the factor exp(il8)
which indicates the wavefronts twisted azimuthally. That means we have optical vortices.

The topological charge [ of a spatial field region is formally defined as:

L=—¢ Vidr Q.7

where the integral is evaluated over a closed C and Y (r) represents the wave beam phase. For the
simple case of scalar monochromatic Laguerre—Gauss beams we considered in this discussion, their
intensity amplitude and phase properties would be continuous everywhere except the zero-amplitude
point. This restricts the OVBs’ phase to increase or decrease only in integer-multiples of 2m;
consequently, the topological charge / is only integer. It should be noted that within an enclosed field
region may exist more than one spiral, and hence there is a net of topological charges. However, only
single-OVBs described by a topological charge of the vortex itself are considered here.

Each OVB carries a specific topological charge / whose sign introduces the singularity sign. In
particular, the phase circulates clockwise if / is positive, otherwise it circulates anticlockwise. OVBs
are shape-invariant during paraxial propagation. In other words, theirs basic shape and phase structure
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along the optical axis remains the same. In particular, the vortex dark center area is persisted no matter
how far an OVB travels and is a consequence of helical structure of the wavefront. Doughnut shaped
vortex beams are the simplified case of LG modes with the index p = 0 is selected for those simplest
cases (see Fig. 2.2)

Figure 2.2 Example of some optical vortex beams having different topological charges /: 3D
(a) and 2D (b) instantaneous phase structure; (c) cross-sectional intensity profile. (d)
Corresponding 2D spiral intensity pattern interfered between these OVBs and a plane wave.
The figure is based on [70].

Optical vortices have another unique property — each vortex beam carry orbital angular
momentum (OAM) which for the first time was recognized in 1992 by Allen’s group at Leiden
University in Nertherlands [71]. Here it should noted that OAM is not related to spin angular
momentum (SAM) which is associated with circular polarization; OAM arises as a result of the
azimuthally varied phase of the light beam. The OAM carried by OVB:s is totally independent of the
polarization states of the beam, and its magnitude could be much greater than of SAM [70,72]. The
magnitude of OAM is related to the number of turns of the helicoid in distance of a wavelength. In
particular, a OVB with phase characterized by the term exp(il@) would have an OAM of /4 for each
photon, / is the topological charge, 8 defines the azimuthal angle on the beam’s cross section and 7 is
Planck’s constant divided by 2zt [73]. OAM discovery replenished our fundamental knowledge of the
theory of light. This was a crucial point when emerged further studies on novel application of OVBs.

Further, Poynting vector which is defined as the vector product of the electric and magnetic field
is often used for explanation of the OAM. In free-space, the Poynting vector gives the direction and
magnitude of the momentum flow. For OVB as well as for other Laguerre-Gauss modes, the
electromagnetic field transverse to the phase-fronts has nonzero axial components. Equivalently, the
Poynting vector, which from its definition is parallel to the normal of the surface of the wave fronts,
has an azimuthal component around the beam. This local distribution of the Poynting vector results
in OAM along the propagation axis.

At this point in sake of completeness it is worth mentioning other interesting class of Maxwell
equations solutions. These beams are often called vector vortex beams or cylindrical beams. Vector
vortex beams share common property of OVBs — they have minimum of intensity at the center. It is a



result of polarization singularity. Cylindrical beams are also intensively studied filed of singular
optics [69,74]. The vector Bessel-Gauss mode is a typical class of vector vortex beams with
cylindrical polarization symmetry. It is derived from the full vector wave equation [69,75]:
VXVXE—k? =0, (2.8)
The general form of an axially symmetric beamlike vector solution with the electric field aligned
in the azimuthal direction is as follows:
E (r,z) = U(r, 2)exp[i(kz — wt)]ég, (2.9)

with U(r,z) satisfies the following equation under the paraxial and slowly varying envelope
approximation:

10 ou U ., o0u

;;(TE)— r_2+ Zlkg—o (210)

The solution that obeys azimuthal polarization symmetry has the trial solution:

ip?z
E(r,z) = EyJ; (fr—;) exp [— ;—kz] u(r, z)expli(kz — wt)]ég, (2.11)
A} Zg

which corresponds to the vector Bessel-Gauss beam we are looking for. In this equation, fis a
constant scale parameter, (r,) is known as the fundamental Gaussian solution given in Eq. (2.6)
and J; is the first-order Bessel function of the first kind. §¢ is the unit vector in the azimuthal
direction.

Equivalently, the transverse magnetic field solution should take the form:

iB%z
H(r,z) = —HyJ, <1’i> exp [— ;—k_] u(r, z)expli(kz — wt)|hg, (2.12)

20 z0

where Hyis a constant amplitude of the magnetic field and ZG is the unit vector in the azimuthal
direction. For this azimuthal magnetic field solution, the corresponding electric field in the transverse
plane is aligned in the radial direction. Hence Eq. (2.12) represents the radial polarization for the
electric field. Clearly there should be a z component of the electric field as well. In many applications,
instead of the vector Bessel-Gauss solutions derived above, other simplified distributions have been
used, especially for cylindrical vector beams with large cross sections. For very small , the vector
Bessel-Gauss beam at the beam waist can be approximated as

[N r2 N
E(r,z) = Ar exp (— E) e,i=r0 (2.13)

The amplitude profile of these cylindrical vector beam is exactly the same as the scalar LGo; mode
without the vortex phase term of exp(if). The polarization distribution is constant for scalar and
variable for vector vortex modes. This type of beams can generally be decomposed into two
orthogonally polarized components. Each of the polarized components may have identical or different
vortex characteristics. Examples of cylindrical vector vortex modes and scalar modes having the same
topological charges are shown in Fig. 2.3.



(a)

(b)

(c)

(d)

Figure 2.3 Examples of cylindrical vector vortex modes charges / = 1 (a) and / = +10 (b),
and their corresponding OAM scalar modes (c) and (d), respectively. The insets show the
phase profile of the scalar OAM modes [76].

2.2 Method used for vortex beam detection

It is not enough to classify any doughnut or annular beam as a vortex beam. Similar intensity
profiles we can witness observing fiber LP modes or Bessel beams.

Moreover, two OVBs with the same value of topological charge (LGo,. and LGy .. modes) have
identical intensity profiles (see the example in Fig. 2.3 for LGozxi). Thus, a number of additional
approaches that are sensitive to phase are required for accurately evaluate the vortex phase structure
and measure the sign and magnitude of the topological charge (TC). Indeed, a wide range of
interferometric techniques, diffraction patterns and modes transformation have been employed for this
purpose [26]. In the scope of this thesis, I would like to focus on detection approaches for scalar vortex
beams - class of LGo; modes.

The most common technique for TC detection is to use interferometric methods because they
provide more intuitive results using simpler implementation. The first practical measurement of the
topological charge was published by Vaughan and Willetts in 1979 who studied the properties of light
beams with a helical phase structure and their interference patterns. Although this method generates a
lobe interference pattern, it does not offer a mechanism to determine the charge signs [77]. In the
following years, interference structures from an OVB and a reference beam, commonly, plane wave or
Gaussian beam realized in Mach-Zehnder interferometer [78,79] have been employed effectively for
characterization of topological charge and phase singularity properties. In this way, interference of the
OVB with the collinear reference spherical wave, leads to spiral interfering fringes in the observation
plane as indicated in Fig. 2.4(b). By making a count of the number of spiral arms in the pattern and
their relative orientations, the vortex order and its corresponding sign can be precisely estimated. The
number of spiral arms on that structure shows the value of vortex charge. The spiral orienting
clockwise/anti-clockwise indicates the vortex of positive/negative charge. In a mechanically
equivalent experiment, if the reference light beam and the OVB are well collimated and tilted with
respect to each other, the attained interferogram introduces the fork-like form. The fringe with
bifurcation in the fork structure indicates the singularity of the phase. Moreover, the value and relative


https://en.wikipedia.org/wiki/Plane_wave

sign of the charge can be easily deduced from the fork structure by comparing a number of counted
fringes at the top and the bottom of the structure. The number of additional fringes in the pattern
equals to the topological charge value of the considered OVB. The handedness of the phase structure
is related to the topological charge sign thereby to up or down orientation of the fork structure.
Examples of fork interference patterns between single charge OVBs and Gaussian beams are shown in

Fig. 2.4(c).
(a) (b) (c)
=+
- . . .

Figure 2.4 Examples of interference patterns obtained between charge / = £1 OVBs and
Gaussian reference beam: (a) collinear propagation (b) and acute angle propagation of the
beams (c). These vortex beams have identical intensity profile. This figure is based on [79].

In addition, self-referenced interferometric technique has been well applied for effectively
revealing the sign and magnitude of topological charge of the studied optical vortices. For instance,
the input vortex beam interfering with its conjugate copy could be realized in a modified Mach-
Zehnder interferometer with Dove prisms, resulting into special patterns revealing both integer and
fractional topological charges up to 60 [80]. Another approach is based on an improved Fiezeau
interferometry that can be realized much easily with use of a flat-concave mirror. With this, one can
obtain distinct-spiral fringe patterns (see Fig. 2.5(a)) providing a convenient solution for topological
charge determination [81]. Moreover, this purpose can be achieved by using structures created from
interference between vortex beams and their own laterally displaced or misaligned copy [82,83].
Consequently, interferometric patterns exhibit pairs of disjoined fork-like structures as examples
represented in Fig. 2.5(b).

(a) On-axis interference Off-axis interference

(b)

Figure 2.5 Examples of patterns of self-interference of the vortex beam realized using
improved Fizeau interferometry (a)[81] and Mach-Zehnder interferometry of spatially
misaligned vortex beams (b) [83].
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Another practical method employed for determination of topological charge is an astigmatic
vortex transformation using either cylindrical lenses or regular tilted lenses. As a result, after passing
through the lens, the initially cylindrically symmetric vortex is deformed into Hermite—Gauss (HG)
modes [84,85]. An OVB with charge / will be split into a pattern of / extended dark and n=17+
1 bright stripes. The number of dark regions indicates the charge of the OVB. For instance, for double
charge vortex, the astigmatic transform pattern consists of three bright strips separated by two dark
elongated lobes as shown in Fig. 2.6. Additionally, the orientation of lobes (right and left diagonal),
determine the sign of the charge, equivalently, the sign of OAM orders.

Figure 2.6 Examples of astigmatic transformation patterns (c) of some OVBs with
corresponding phase (a) and intensity distribution (b). The figure is based on [85].

There have been also some other less-common methods relying on distinctive far-field diffraction
intensity pattern obtained from propagation of the vortex beam through equilateral triangle
aperture [86] or annular aperture [87]. In the former case, a diffraction structure associated with the
topological charge / would be created. The diffraction pattern is a triangle comprised of multiple bright
spots. If there are n dots in the side of the triangle, the absolute value of the OVBs’ topological charge
will be / =n — 1 (see Fig. 2.7(a)). In case of the annular aperture, the diffraction spatial pattern with
bright and dark rings is formed as a consequence of optical vortex propagation through the annular
aperture. An examples of diffraction patterns for OVBs charge / = 2 and 5 are presented in Fig. 2.7(b).
It can be seen that the number of separated bright regions indicates the topological charge value of the
investigated optical vortex beam.
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Figure 2.7 Examples of far-field diffraction intensity pattern obtained from propagation of the
vortex beam through equilateral triangle aperture [86] (a) or annular aperture [87] (b).

The vortex evaluation techniques based on interference and far-field diffraction rather strongly
depend on quality of the obtained characteristic patterns. Topological charge distinction can be
troublesome in case of low quality vortex beams. All the aforementioned approaches work best for a
pure vortex beam with integer value of the topological charge, being a single LG mode with specific
indices p, [ or a sum of modes having identical charge /.

In fact there are a few other techniques for distinguishing or separating vortex states of different
singularity orders such as multipinhole plates [88], computer-generated holograms [89], Shack—
Hartmann wavefront sensor (SHWS) [90] to name a few. However there is a need for further research
to prove reliability of these methods.

2.3 Vortex beam generation

In a broad perspective, optical vortices have become important in many scientific applications as
well as in technology, thereby there is a demand for efficient and reliable methods of generation of
optical vortex beams [25,91]. The early practical method for direct formation of OVBs is by means of
laser cavities which a very effective way to produce high power, high beam quality optical vortices
with high efficiency [24]. However, the most common generation method of OVBs involves
conversion of a Gaussian beam into helical beams by imposing spiral phase modulation through free-
space phase elements [25,26]. This can be realized by transmission, diffraction or reflection of
fundamental light beams through the phase elements, particularly, spiral phase plates (SPPs) [27-32],
g-plates [33], computer-generated holograms [34]. Especially, the generation of vortex beam with a
desired wavefront can be produced using spatial light modulators (SLMs) [36,37]. Recently, there is a
demand for minimizing size of OVB generating elements in order to simplify some sophisticated
optical systems, which rely on OVBs. Realizing them as an all fiber system needs fiber compatible
vortex generators, which is recent and attractive topic of research [39—43].

The direct generation of optical vortex modes from a laser cavity involves preferential oscillation
of Laguerre-Gaussian modes (LGo;) modes within the laser resonator, with the suppression of the
lowest order Gaussian mode (LGo,) and the higher radial LG modes (LG,,). Typically it is realized in
solid-state laser cavities applying several mode selection techniques. Using aperture in the pump beam
allows diffractive optical pumping to excite selectively various LG modes of a laser by changing the
inversion profile in the active medium [92]. Another group used wires as a clipping mask inside the
cavity to force laser to produce HG modes first [93]. Then by bouncing HG in the cavity to obtain
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flipped HG and superposition of both gives LG modes. Another technique involves using centrally
damaged cavity mirrors [94] or exploiting thermal lensing of the laser medium [95]. Moreover, vortex
laser beams can be directly generated through the use of spatial light modulators within the laser
cavity. In this system, an appropriate SLM is used as a resonator mirror and tailors the wave front and
spatial intensity profile of the laser mode to obtain LG modes a the laser output [96,97]. However,
these methods are usually sophisticated and have certain limitation. Such as, the mode degeneracy, the
beam handedness selection, relatively low output power to name a few.

In addition to the use of laser cavities, it is also possible generate LG modes by converting
Hermite—Gauss modes with the use of cylindrical lenses. This is one of the earliest vortex generation
method considered together with the establishment of theoretical foundation for OAM in the early
1990s [71,98]. These works used a couple of cylindrical lenses as mode converters to alter the Gouy
phase shift of an incident beam. In principle, any HG,,, modes oriented 45° with respect to the
cylindrical axis of the lens can be converted into LG,; modes with / = (m — n) and p = min(m,
n) [98,99]. Furthermore, the analogy between transverse modes and polarization states extends to a
description of modes and their transformation with an equivalent to the Poincare sphere [100] and
Jones matrices [101]. Although this astigmatism technique offers a near lossless transformation, they
suffer from two main problems. There is requirement of having high quality HG source beams, which
need modifications inside the laser cavity. Also, the resulting LG modes may contain additional
astigmatism caused by lens imperfections or converter misalignment. Consequently, the obtained LG
modes either have a non-circular intensity cross-sectional pattern or cannot remain their high-order,
OVBs instead split into multiple single vortices [102,103]. Recently, with the developed technology,
the effective combination of optical vortex laser systems and cylindrical lens mode converters enabled
the generation of high-order OVBs carrying large number of OAMs [104-106].

As an alternative to making complex refractive optics, diffractive optical elements are readily
designed to mimic any refractive element of choice for generation of many complex optical beams
including optical votices. From the early 1990s, diffractive optical elements were exploited to convert
spatially coherent, flat wavefront beams into beams consisting of OVBs [107]. Here, a diffractive
optical element is a modified diffraction grating which contains an edge dislocation at its center. As a
consequence, after passing the element, the first order of diffracted light beam has an optical
singularity indicating the formation of beam containing OVBs. Designs of such the elements might be
realized either as an amplitude or phase grating, both of which, due to the edge dislocation, the
resulted phase function has an additional factor of helical phase exp(ilp). In theoretical principle, a
phase grating could transform all of the incident energy into the first diffraction order. Practically, it is
not always true; a fraction of the energy indeed produces a diffracted profile including additional
orders together with the first one. For the amplitude grating, each order is diffracted through a
different angle, and consequently it is simple to use a spatial filter to select the first order.

Similarly, numerically computed-holograms can form OVBs carrying any desired number of
OAMs from the same initial light beam. By illuminating such holograms with a plane wavefront
beam, a first-order diffracted beam with the doughnut intensity and helical phase structure of the
wished beam is produced [34]. It is possible to create required holograms by encoding onto
photographic film the interference patterns between a plane wave and the beam we want to generate.
As mentioned in the previous section, collinearly interfering between a vortex beam and a plane wave
creates a spiral fringe pattern in which the number of spiral arms and their rotating direction show the
value and sign of the singularity order, respectively. On other hand, when these beams are collimated
and tilted to each other, the interference creates a fork grating with a clear defect on fringes indicating
a phase singularity. Basing on such unique properties of these interferences, a hologram plate with
spiral or the fork-like grating can be produced.

The holographic approach could be also implemented using active spatial light modulators for
more efficient conversion of Gaussian beams to optical vortices [35-37]. The most important
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advantage of SLM is it flexibility in producing any desired phase and amplitude pattern which allows
realization of digital holograms. It is remarkable that the SLMs facilitate generation real time dynamic,
computer-controlled holograms for converting a fundamental light beam into an OVB with almost any
target intensity and phase profiles. The use of computer-generated holograms is a one of the most
convenient method in singular optics research. The most common SLM type utilized for this purpose
is based on pixilated-liquid-crystals [36]. Fig. 2.8 shows principle schematic of the cross-sectional
liquid-crystal-on-silicon SLM device. Moreover, it is possible to control both phase and amplitude of
the created OVBs by using phase-only SLMs [37]. In this case, an additional SLM is used for
correcting the phase of a holographically generated beam exploiting Gerchberg—Saxton algorithm.
Recently, this technique has been successfully implemented by using the Arrizén’s algorithm which
provides relatively high signal-noise-ratio and requires a phase range of only < 1.17xn [38].

Input light  Vortex beam

glass substrate Transparent

= — = electrode

/ — ‘Alignment layer
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Liquid crystal layer

silicon backplane | ~Pixelized electrode

Figure 2.8. Schematic of the cross-section of a liquid-crystal-on-silicon SLM [36)].

Advanced high-resolution SLMs sufficiently meet requirements even for application in optical
fiber systems in which vortex converters, consequently generated OVBs, and should be of
microscopic scale for being compatible with the optical fiber or other optical micro-devices. Those
devices offer programmable phase pattern which is able to be changed many times per second for
different experiment requirement. Spontaneously, created OVBs show their high quality due to small
pixel size down to the diameter of 1.6 um [108]. However, for some application SLMs are not suitable
due to it relatively low laser damage threshold and too large footprint for micro optics integration.
Moreover, the high cost of the SLM cell and external control unit is also serious downsides of using
SLM technique for OVB generation.

One of the simplest and most reliable approach for OVB generation is conversion of Gaussian
beam by phase element named spiral phase plates (SPPs) [27-32]. The main idea behind SPP is to
add the spatially distributed phase delay in the input beam. The delay is an azimuthally gradient and
realized by increasing element thickness with the azimuthal gradient making helical surface. In
practical implementation, for sake of simplification, the helical surface of SSPs can be discredited into
many steps as per the element shown in Fig. 2.9.

The design of stair-case-surface shape should match the material refractive index n of the SPP’s
material to create a 2m integer phase for a specific operating wavelength 4. In particular, a designed
SSP has an optical thickness / increasing with azimuthal angle 8: Ah(6) = 6(n — 1)I1/2m. Here, |
is the topological charge of the transmitted beam descibed a phase factor of exp(ilf). The SSP needs
its step height 4 at 6 = 2m being precisely matched with the factor (n-1)/4 which for visible part of
electromagnetic spectrum is in a few hundred nanometers range. This makes it fabrication extremely
challenging, and requires high thickness accuracy available only in advanced technology. In the initial
demonstration reported by Beijersbergen et al. in [27], a SPP with total height step exceeding the
theoretical value was immersed in an refractive index-matched and temperature-controlled fluid. As a
result, the required index mismatch of the height step at the operating wavelength was minimized.
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Figure 2.9. Principle scheme of SPPs for a single charge vortex generation. The figure is based

on [27].

Nowadays, precise techniques are exploited to produce SPPs directly, for instance, electron beam
lithography [29-31] or laser nanopolymerization writing techniques [32]. These fabrication methods
enable SSPs having micro-dimensions and exactly desired step height. Despite that discretization of
the mask to sufficient number of steps does not degrade much of its optical performance, the advanced
lithography allows fabrication of the phase masks with true spiral surface. In case of SSPs with non-
integer multiplicity of 2m in phase profile, the intensity pattern of resulted vortex structure is
degraded. Such OVBs with partial topological charge are not stable in propagation, but useful for
quantum entanglement [109]. The SPP form its proof of principle has limited spectral bandwidth,
because its thickness matches only certain design wavelength. Dispersion of refractive index of
material used for SPP also narrows the bandwidth and often hinders using the element for using for the
beam harmonics (integer multiplicities of the design beams). The limited spectral bandwidth is a
serious problem in applications of SPP with femtosecond or supercontinuum laser beams. To obtain
good optical quality femtosecond and supercontinnum OVBs, the achromatic vortex lens should be
used [28].

Generating OVBs via bulky systems of discrete optical components is troublesome and prone to
misalignment. Generated vortex beams often suffer from low purity of spatial profile that maybe a
serious problem in technical applications. This leads to further requirements of minimizing sizes of
generated OVBs as well as optimizing vortex generator systems. As a consequence, the appearance of
all-fiber vortex generators have been considered as an alternative for above mentioned methods [39—
43]. Those can address existing problems of bulk optical systems of discrete components such as loss
minimization, alignment and stability issues [39,40]. For example, OVBs could be efficiently
generated by the use of the fiber helical Bragg grating which is directly written on a few-mode fiber
path [41]. For that the helical refractive index modulation can be achieved by rotating fiber during
single-side UV exposure using a phase mask. The stability and topological charge of the generated
OVBs could be obtained by using fiber structure of a square core and ring refractive index profile

[46]. Recently, the most attractive and widely used techniques for optical vortex generation is using
mode selective coupler [44]; graded-index few mode fiber (GI-FMF) [40], and developed few-mode
long-period gratings [45]. Because OVBs cannot maintain its propagation in regular fiber, there have
been recent fiber designs for OVBs generation and transmission but most of them aims at vector
vortex beams. There are a few fiber OVB generation methods, but the most common is using a fiber
grating in conjunction with a free-space etalon [42,43]. Later studies in this field are aimed at designs
with lower loss and more compact structure which allow directly generating rather high-purity OVBs
from fibers with associated mode-converter inside it. For instance, all-fiber optical systems using
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polarization-maintaining and ring-core fibers [47] or chiral periodic structures [48] are able to
generate highly-stable optical vortex beams and maintain its propagation under external environmental
disturbance. However, these fibers needs specific design along its whole structure which are expensive
and practically restricts the distance of OVB transfer.

There is continuous interest in research on OVB generation for fiber optics, utilizing commercially
available optical fibers combined with a phase masks at the end. It is a great alternative to bulk setups
or other sophisticated vortex fibers thereby became a vibrant topic inn photonics [49,50]. Recently,
there have been micro-optical vortex beams generated through compact fiber-based generators [49—
51]. Such a generator comprises a phase elements written directly onto the tip of a conventional single
mode fiber as shown in Fig. 2.10. However, this approach is expensive since it requires the use of
advanced fabrication techniques, for example, a focused ion beam [49], or femto-second 3D direct
laser writing [50] or two-photon polymerization [51]. Moreover, due to the mentioned limitations of
the SPP related with its geometry, dispersion and low laser damage thresholds, the use of such a fiber-
SPP system is limited. Especially, a SPP is fabricated for the use in specific external medium which is
inconvenient if we need a same OVB generator to work in different surrounding media.

Figure 2.10. Schematic of fiber-based vortex generator with a SPP written onto the tip of a
conventional optical fiber using 3D direct laser writing. This figure is based on [51]

Recently we have proposed an alternative cost-effective technique for mass fabrication of
nanostructured gradient refractive index vortex masks (nVPMs) [57,62] and compact fiber-vortex
probes composed of nVPMs and commercial single mode fibers [63]. The flat-surface masks with
arbitrary refractive index profile consists of thousands of individual rods of sub-wavelength
diameter [57,62]. A modified stack-and-draw approach have been employed for developing nGRIN
masks with effectively continuous phase profiles [52,57,60]. This fiber-based method is well suited
for mass production, since in one run thousand vortex masks is achieved. Importantly, these fabricated
devices persist its optical properties in external environment with various refractive indices as air and
liquids [62,63]. That means we can use only one device to create the same OVBs in different external
environments. It was also shown that such nVPMs are compatible with optical fiber to form a compact
all-fiber vortex probes for generating either focused or divergent OVBs. These are the main concern
of my dissertation which are discussed in detail in following chapters

2.4 Applications of OVBs

It is natural that due to such extraordinary optical properties, OVBs have been a subject of intense
study and interest for over three decades. To date, OVBs have been enabling great novelties for
numerous scientific research fields - a new insight into the singular optics - and found enormous
salient possibilities for technological applications and innovations [6,7]. Here, it is worth mentioning
supper-resolution of optical imaging microscopy with STED technique [8,9]. OVBs also significantly
contribute to optical trapping and optical manipulation of micro-particles relying on OAM transfer to
matter [10—13] which is useful in biomedicine [14] and chemistry [15]. Equally impressive are the
promising potential applications in optical communication [16,17] for faster transfer data rates. In

16



quantum information, OAM-carrying beams make data processing faster and with higher
security [18-20]. Moreover, helical beams with the size down to micrometers meet up requirements
for laser micro-machining of various materials, making nano/micro patterns on metals and
semiconductor surfaces [21]. OVBs have also contributed to advanced techniques in the field of
astronomy like optical vortex coronagraph [22,23].

2.4.1 Microscopy and imaging

One of the most important application of optical vortices is in microscopy and imaging which is a
vibrant research topic [8,9,110-115]. It was demonstrated that the fascinating helical wave front
properties of OVBs can increase micro-imaging resolutions of phase-contrast microscopes [8]. Early
studies showed several canonical examples of how the OAM beam can be used to image a variety of
intrinsic and extrinsic properties encoded, e.g., in phase and amplitude gradients, dislocations or
delays [110]. Since then the number of works on this topic has been rapid increasing which results in
the fast development of imaging techniques and the creation of advanced microscopes using OVBs.
Specifically, in 2006, Stefan Hell and his colleagues invented STED (stimulated emission depletion)
microscopy technique which is a remarkable milestone of historical development in this field [9]. This
work was awarded the 2014 Nobel Prize in Chemistry. In the typical STED microscopy, an OVB is
coupled with an excitation for super-resolution imaging purpose as depicted in Fig 2.11.
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Figure 2.11. (a) Principles of operation of the STED microscopy and (b) Comparison of
confocal (leftjand STED (right) counterpart images of a labelled preparation reveals a
significant increase in resolution by STED [9].

In another study, OVB was used in high-resolution, wide-field fluorescence microscopy technique
which uses localized standing-wave surface plasmon polaritons at the OVB’s central dark core to
improve the 1D lateral resolution [111]. This technique was then developed to an all-optical technique
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excited by perfect OVBs with fractional topological charge [112]. An optical vortex array with
multiple singularities can overcome the diffractive limit of far-field optical microscopy [113]. Such a
fractional-charge OVB was also employed to significantly improve resolution of all-optical plasmonic
structured illumination microscopy (reaching resolution of sub-100-nm) [114]. Moreover, vector
vortex beams with specific polarization profile have important application in microscopy and imaging
technology [115].

2.4.2 Optical tweezers

The second group of applications of optical vortices is related with optical trapping and
manipulation of objects which is very important for both fundamental research and promising
applications of singular optics [6,11,14]. Optical tweezers use tightly focused beams of light to trap
microscopic particles at or near the optical axis [116]. The fascinating natural structure of vortex
optical fields can be applied as a new optical tools contributing to control over small particles away of
the optical axis [6,11,15]. This was first demonstrated by Bazhenov, Soskin and Vasnetsov in
1992 [117]. Three years later, an un-polarized OVB was used to tweezing a small ceramic
particle [10]. In this study, authors pointed out that the transfer of OAM from light to matter caused a
mechanical force to trap and spin absorptive particles and the direction of spin can be reversed by
changing the sign of the singularity of the used vortex beam. Since then, significant progress has been
achieved in this field including increasing rotating speeds [118], 1000 fold manipulation distance [12],
controlling exact moment of the beginning and stopping of particle rotation [119], trapping and
rotating a group of particles [120] as depicted in Fig. 2.12. Very recently, it was shown that the
manipulation and detection the rotation speed of particles can be done simultaneously using perfect
vortex whose ring radius is independent of its topological charge [121].
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Figure 2.12. (a) Snapshots of recorded movement of a gold particle trimer and (b) a silica
particle tetramer in the focused circularly polarized optical vortices [120]. The particles in the
red dotted circles rotate clockwise.

Moreover, vortex beams combined with additional modes would add degrees of freedom for the
improvement of optical tweezers [122,123]. For instance, some magneto-optical traps were
constructed using a combination of LG TEMy mode and TEMgy mode beams [122]. Laser-cooled
rubidium atoms were trapped in a novel optical trap composing of the doughnut and plugging beams
[123]. Depending on the spin angular momentum and OAM components in an optical vortex trap, a
particle can be rotated either around its own axis or move around a circular orbit [124]. Counter-
propagating vortex beams with changes / = 1 allow trapping, binding and rotating of silicon
nanowires. In addition, other studies have shown the convenience of using a novel OVB-carrying
tweezers for more other purposes such as automated particle guiding, assembly, and sorting [125].
With the control of multi-singular OVBs, many new techniques were designed and applied to trap
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multiple particles [125-127], including the fractional optical OVB for optical tweezers [128].
Moreover, a femtosecond OVB tweezers which have special nonlinear properties can be used for a
particle manipulation [129].

The usefulness of OVB-based optical tweezers was presented in photonics as well as biomedicine
and chemistry. For example, proteins or bio-molecules could be trapped, driven and assembled to
form a specific structure with such devices [14]. Manipulation of DNA molecules was demonstrated
with use of a vortex-carrying tweezer. With tuning the corresponding vortex beam, it is possible to
flexibly control the position, rotation, even condensation of the target DNA or other biomolecule
for biomolecules assembling engineering purposes [14]. Specifically, OVB-based tweezers have
provide great functionalities such as complicated surgery in single cell scale [130].

2.4.3 Optical communication

Optical communication is another important area that exploits the unique optical properties of
OVBs [16,17]. Particularly, the OVB provides great possibilities in beam spatial mode-division
multiplexing [131,132], extending data-rate transfer [133] of optical communication. The use of OAM
multiplexing allows optical communication to break levels of Tbit/s [134,135], much larger than the
traditional methods. The propagation of single as well as multiple OVBs in different external
conditions with atmosphere, free-space has been investigated to prove the concept and show limits of
feasible applications [136—138]. In this way, the capacity of the link and its data rate have been
enhanced significantly for free-space communication [139,140] as well as underwater
communication [141]. Recently, special fibre designs for vortex-multiplexing transmission has been
exploited so that effective long-distance-fibre communication is practically proved [142]. It paves that
way to reach Petabit-capacity level communication.

2.4.4 Quantum information

OAM-carrying OVBs have been applied on quantum domain a bit later than other fields but there
are still plenty of great applications [18-20]. Individual photons carrying OAM (twisted photons)
have presented practical possibilities of exploiting OAM entanglement in quantum information
processing [18]. In particular, higher-dimensional orbital-angular-momentum-based quantum key
distribution with mutually unbiased bases led to an increased information capacity as well as higher
key generation rates per photon up to a dimension of d =4 [143]. As a next step, the developed high-
dimensional quantum key distribution cryptography results in the improvement of telecommunication
security [144]. Besides that, OAM photonic qubits were generated for quantum memory purposes and
this implementation provides an essential capability for future networks [145]. Due to carrying the
inherent infinite dimension, the photon’s OAM has been employed for benefiting higher-channel
capacity communication [146,147]. The multiplexed quantum storage of rare-earth-based optical
processor was presented for a highly reliable memory of 51 spatial modes [146]. The OAM has the
potential for encoding a photon in a high-dimensional space, enabling the realization of quantum
storage through the Raman protocol in a cold atomic ensemble [147]. The combination of high-
dimensional OAM entanglement and digital spiral imaging was also successfully used for probing and
identifying pure phase objects [148]. In addition, quantum entanglement between spin and orbital
angular momentums made quantum communication benefited to aspects of technical control as for
quantum teleportation [149]; capacity and speed [150]. Moreover, entanglement beating using vector
vortex beams with SAM-OAM coupling states for propagation in free-space was presented
recently [151].
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2.4.5 Laser micromachining OVBs

Optical micro-machining is one of the newest areas of applications of OVBs [6,21]. Although
vortex-based optical machining devices are not as powerful as those using Gaussian beam, they have
more advantages in fabrications of special structures [152]. Potential of OVBs shows numerous
special patterns on metal surfaces produced directly under either perpendicular OVB
illuminations [153] or with varying incidence angles [152] or different states of polarizations [154].
Taking advantages of nano-photonics technology and advanced materials, nano-scale OVBs enable
the ease of manufacturing of nano-size structures such as chiral nanoneedles [155] [156], helically
nano-structured surface [157], silicon needles [158]. Examples of silicon needle fabrication are
presented in Fig. 2.13, in which, the additional illumination allows increasing the height of the needle.
Specifically, high-power combined light beams between OVBs and femtosecond laser allow creating
sophisticated bulk devices such as micro-pipes having unique properties [159]. Interestingly, the
focusing OVBs have recently studied in biomedicine as an optical knife for corneal dissection [160].
This vortex-based approach promised a simple, versatile, and cost-effective way of improving the
precision of refractive surgery while reducing bubble formation and pressure-related mechanical side
effect.

280 nm

Figure 2.13. (a) Silicon needle fabricated by single shot irradiation of silicon wafer with
picosecond vortex pulse with energy of 0.6 mJ. The inset shows the magnified silicon needle
tip. (b) Silicon needle fabricated by the subsequent irradiation of additional 11 vortex
pulses [158].

2.4.6 Astronomy

Since the discovery of OAM, a significant progress of study on photon orbital angular momentum
has been achieved and in 2002 a new developed interferometric method allows a straightforward
measurement of the OAM of individual photons in the laboratory [161]. This inspired the introduction
of OAM into astronomy. One year later, Martin Harwit quantitatively described astrophysical
processes of photon OAM as well as introduced a range of astrophysical application emerged related
to photon scattering and vortex generation in the environments surrounding energetic sources, €.g.,
masers, pulsars, and quasars [162]. One of the greatest astronomical application of OVBs is the optical
vortex coronagraph instrument which enables imaging of very faint objects near very bright objects
which would normally be obscured by glare. In particular, extrasolar planets near their host star as
seen from Earth or space telescopes in Earth's solar system. The optical vortex coronagraph was
designed [22] and experimentally demonstrated [23] for the first time by Swartzlander’s group during
years 2005 - 2006. The operating principle of this instrument can be understood in a simple way that
the light of a parent star will be blocked, while keeping the light from nearby but dimmer exoplanets.
This coronagraph instrument has significantly contributed to many breakthroughs in astronomical
demonstration [163—-165]. In particular, a team from NASAs Jet Propulsion Laboratory demonstrated
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that the integration of a vortex coronagraph into a small telescopes allows directly image
planets [165]. This was done by imaging the previously imaged HR 8799 planets with just a 1.5 m
portion of the 5 meter Hale Telescope and the result is depicted in Fig. 2.14.
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Figure 2.14. (a) Schematic of an optical vortex coronagraph with aperture stop (AS), vortex
lens, imaging lenses, Lyot stop (LS), and camera. Numerically generated images depict the
expected profiles for an on-axis point source at infinite [163]. (b) Direct image
of exoplanets around the star HR8799 using a vortex coronograph on a 1.5m portion of
the Hale telescope (integrated with vortex coronagraph) [165].

Along with the development and achievement of these coronagraph devices with use of scalar
vortex masks, vectorial vortex masks have been also employed in coronagraphs for accommodating
both high dynamic and high angular resolution imaging of faint sources around bright
objects [166,167]. Recently, with a reconfigurable multiple vortex phase mask made of a liquid crystal
thin film, high contrast imaging technique using multi-vortices enable to dim multiple sources of light.
As aresult, it gives the possibility to image planets around multi-star systems.

2.4.7 Metrology

In addition to particle manipulation, OAM-matter interaction turned out to be useful in metrology.
Here, the OAM of OVBs interacts with mechanical-momentum of measurement objects which allows
detecting motions of the object [168—170] motions. In particular, it is possible to measure both
translational and rotational displacement using phase singularities in the complex signal generated by
a Laguerre-Gauss filter operation [168]. By analyzing the OAM of the light scattered from a spinning
object, we can observe the multiplicative enhancement of the frequency shift which allows a remote
detection of rotating bodies in both terrestrial and astronomical settings [169]. The lateral motion of an
object in an arbitrary direction can be detected by analyzing the change in OAM of a tilted light beam
eclipsed by the tested object, without object image reconstruction [170].

OAM-based complex spectrum-based system was a powerful tool to measure object parameters
like its relative shape and position, for instance, detection of the opening angle and orientation of a
sector-shaped object [171]. In addition, speckle patterns generated by illuminating different rough
surfaces with an optical vortex allows surface roughness measurements [172]. With the development
in nanophotonics and nanofabrication, deeper researches on OAM-carrying OVBs are required for
higher precisions (nano-scale) of metrology techniques.

Until now there have been various unexplored potential applications of OVBs in many fields of
science and technology. It seems that there is still space for researches, hopefully resulting in
discovery of new spectacular applications.
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2.5 Summary

In this chapter, the fundamental theory of optical vortex beams was presented. Their novel optical
properties i.e. doughnut-like intensity distribution, phase singularity, topological charge and orbital
angular momentum were discussed in detail. Typical OVB verification techniques such as interference
configuration, astigmatic transformation, and diffractive optics were also briefly introduced. In
Addition, standard approaches for reliable OVB generation on basis of conventional phase
components and vortex fiber designs were presented. Finally, I summarized various promising
applications based on unique and fascinating OVB fields which would further have more great
contribution to science and technology.
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Chapter 3. Nanostructured GRIN vortex phase
masks

The present chapter concerns mainly the novel concept and realization of nanostructured gradient
index vortex phase masks (nVPM) whose dimensions reach tens of micrometers [57,62]. Such a phase
component comprises of thousands of parallel nano-rods made of two different types of glasses with
high and low refractive indices. Since the components are nano-sized, the operation principle of the
binary nVPMs is explained by Maxell-Garnett effective medium theory (EMT) [173] in section 3.2.
Those individual rods are spatially arranged following a designed pattern which is determined and
optimized using simulated annealing method (SAM) [174,175] as discussed in detail in section 3.3.
Then selections of materials for production of of nVPMs are presented in section 3.4. Section 3.5 is
devoted to a description of fabrication and development of nVPMs exploiting stack-and-draw
technique. This method was conventionally used for fabrication of photonic crystal fiber and initially
developed for realization of nano-structrured gradient index microlens done by F. Hudelist [52]. The
in-house-developed materials for nVPM fabrication are also introduced in detail.

3.1 Concept of gradient index vortex phase masks

Micro-optical phase elements are an important part of optical systems that perform collimation,
focusing, and more-general phase corrections of light beams. The main principle of operation of all
passive vortex converters such as geometric phase plates is directly imposing a helical phase structure
onto incident waves. The incident waves are usually fundamental light beams: plane wave or Gaussian
beam. The most well-known geometric vortex converter is a spiral phase plate (SPP) as
aforementioned in the previous chapter. Recently, a new type of passive vortex convertors with flat
parallel surfaces named nanostructured GRIN vortex phase mask (nVPM) was presented for the first
time by our group [57] in 2017. Research results of our comprehensive studies of such masks are
reported in [62]. The conventional SPPs and nVPMs share many similar properties but our masks have
several advantages in comparison to the SPP type. Our masks have both flat and parallel facets and its
functionality is defined by its internal structure. Those make them not dependent on refractive index of
the surrounding media. Cost of mass production is minute in comparison to SPPs. Once the
nanostructured fiber is drawn, thousands of elements can be produced from it by cutting the fiber and
mask polishing.

In general, the generation of optical vortices based on illuminating geometrical mode converters
requires the total azimuthal phase shift to be of multiplicity of 2n: Ap = 2=/, with topological charge /
=1, 2,...being integer values. Such an imposition of spatial phase modulation onto the beams could be
achieved by helical variation of one of two parameters: the mask thickness (as conventional SPPs) or
its refractive index distribution (as the novel nGRIN VPMs proposed in this dissertation). The main
difference between those two types is the origin of phase change as depicted in Fig. 3.1.

23



n

Figure 3.1 Concepts of the SPP with linear change of its thickness (a) and the VPM with linear
change of refractive index (b) following azimuthal angle.

In case of SPP type shown in Fig. 3.1(a), the mask that is made of one optical material (constant
refractive index nspp inside whole structure) has one surface of helical shape. Consequently, for a
certain operation wavelength Ao, the output OVB has phase modulation achieved by azimuthal
variation of local mask’s thickness dspp. The thickness can be calculated from the below formula:

2nd
Ap = == (ngpp — Mg = 21l (3.1)

where ng,, denotes the refractive index of the medium surrounding the SPP. Typically, the SPPs are
operated in the air, for that ng, = n,; = 1. For the SPP designed for given wavelength in case of
immersion, condition (3.1) will not be satisfied anymore and we have to make the new SPP. Thus,
optical performances of SPPs are strongly affected by surrounding media which restricts the variety of
its applications.
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Figure 3.2 Linear refractive index change respect to azimuthal angle of ideal continuous
VPMs for topological charge / = +1. This figure is based on [57].

In contrast to SPPs, our continuous GRIN VPM (see Fig. 3.1(b)) relies on the refractive index
gradient of the mask. The concept of this GRIN vortex mask is its material refractive index changing
linearly with azimuth angle ¢ as presented in Fig. 3.2. However, it is advantageous because the
thickness dvpm of the mask is the same for all points on its surfaces (dvem = constant). The refractive
index distribution is described by the following formula:

n(e) = m+ ——, (3.2)

where 7 is the lowest refractive index value, An denotes the difference between the highest and the
lowest refractive index values (An = ny —n;). As a result, for a certain input wavelength Ao, the
desired angular phase variation is engendered by azimuthally continuous refractive index gradient,
which acquires the total phase shift of multiplicity of 2:

2md
Apypy = =5 (ny —my) = 27l. (3.3)
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From relation describing phase step (see Eq. 3.3), angular phase modulation created by our VPMs
results from refractive index difference of the mask’s materials and does not depend on the refractive
index of the external media. Therefore, it can be immersed in any transparent external media and the
converter’s performance will be intact.

Those unique properties broaden flexibility and scope of applications of the mask in comparison
to the classic SPP type. In particular, the constant thickness means VPMs have planar surfaces which
allow easy integrations with other optical devices or standard optical fibers for a compact and robust
optical system. Moreover, as aforementioned, the phase shift value generated by our GRIN VPMs is
not influenced by surrounding media. Thereby it can be advantageous to use the same VPMs for
applications in which immersion in various media is required.

Due to the current technological limitations, the realization of azimuthal refractive index profile in
a continuous solid medium is a big challenge. To overcome this problem, the binary
nanostructurization technique was exploited to create phase optical components. It allows obtaining
almost the same optical performance as an ideal continuous gradient index mask. In this way, the
concept of nanostructured GRIN VPMs (nVPMs) was proposed [57]. Its vortex binary-structure
constitute of thousands of spatially arranged rods whose diameters are much smaller than operating
wavelengths (nano-scale). The schematic of the nVPM and its corresponding effective refractive index
profile is presented in Fig. 3.3. In our design of the mask we used two types of glasses [57,62] which
results in binary structure of the mask. Among many properties of the used glasses, the most important
one is their refractive index and absorption spectrum. Similar structure could be also obtained using
more than two types of glass material for sub-wavelength rods. However, this method would make
assembly and fabrication processes significantly more complicated without much gain in quality and
optical performance of realized nanostructured components [52,57]. The binary approach is the
simplest implementation of the whole fabrication process.

-

Figure 3.3 The schematic of a nanostructured gradient index vortex phase mask: (a) cross-
section and (b) 3D component.

. n,
. ny

The principle of operation of such a component can be described with Effective medium theory
(EMT) [173,176] which is a fundamental approximation for nanostructurization technology which will
be discussed in detail in next section. According to this theory when the boundary conditions are
fulfilled that nano-rod diameter in drawn structure are sufficiently smaller than operating wavelengths.
As a result, the whole structure of nVPMs will act as an effective continuous medium. That means its
effective refractive index profile mimics a continuous change with respect to azimuthal angle as
shown in Fig. 3.2. In addition, the VPM is a scalar vortex generator and does not affect the
polarization of the propagating beam. It is because the VPM is made of isotropic glass and its
fabrication process does not produce any internal strain in the structure.
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Figure 3.4 Schematic comparisons between realized step-like SPPs (a) and nanostructured
gradient index vortex phase masks (b). This figure is based on [61]

In realization, the conventional transmission SPP type as discussed in chapter 2, has discrete, step-
like surface profile that limits a proper representation of ideal, continuous profile of helical phase
structure (see Fig. 3.4(a)). Especially as from Eq. 3.1, due to the high refractive index contrast between
the plate material and air e.g. for typical BK7 glass it equals 0.5 at 1.55 um [53], the step height of a
single charge SPP should be very small c.a. twice the wavelength, which is very difficult to make with
high precision. On the other hand, performance of an nVPM depicted in Fig. 3.4(b) is defined by
optical properties of constituting two glass materials. The nVPM approach offers an additional degree
of freedom for altering material refractive index difference in order to obtain optimized nVPM with
desired charge for practically feasible thickness.

3.2 Effective medium theory for binary medium

As mentioned in the previous section our binary nano-structure is described by using an effective
medium theory (EMT) [173,176]. In this section, a brief theory looking for effective permittivity qgf,
consequently effective refractive index neg, of a binary dielectric medium is introduced. At first let’s
assume that a binary-structured optical element constructs of numerous small sub-regions made of two
different glass materials and each has its own parameters such as refractive index. Its main idea is that
under the boundary condition when the size of those sub-regions is sufficiently small than the whole
element will act as a continuous effective medium.

In this dissertation, all developed optical microelements are composed of discrete nano-sized
diameters rods parallel to each other. Feature sizes (diameter) of such rods are much smaller than the
operating wavelength of the transmission light which satisfies the boundary condition of EMT. That
means, the light would not see the individual rods, it would instead see the whole structure as a
continuous gradient index medium following a mixing rule described by the Maxwell-Garnett
formula [52,173,176]. This mixing-formula gives an effective permittivity of the mixed medium of
sub-wavelength rods in terms of the permittivity and volume fractions of the individual rods.

Originally the Maxwell-Garnet formula has been derived for a dielectric mixture medium. In an
isotropic medium, spherical inclusions having radius r and permittivity & are distributed with
uniformly on average in the host medium of permittivity €,. For that medium, the relative effective
permittivity €q.¢r could be defined by the following equation [173,176]:

(D) = eefreo(E), (3.4)
where gy denotes the vacuum permittivity; (E') and (D) describe volume averages of the electric field E
and the electric displacement D, respectively.

The volume fraction of inclusions is f. The effective permittivity of such a medium can be
computed directly with the Maxwell Garnett mixing formula. This approximation given by first order
of Taylor expansion can be done with & — ¢, < 1.
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To derive a generalization formula of effective permittivity for a complex medium, we consider
the problem in the case of inclusions being uniformly distributed and similarly oriented ellipsoids. The
detailed solution of this problem is described in[176] and it gives the result of conventional
generalized Maxwell Garnett mixing formula:
Ei=En
Eptvp(Ei—€n)
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where the parameters v, (0 < v, < 1,v, +v,, + v, = 1) are the ellipsoid depolarization factors whose

(SMG)p =é&p

=&p , (3.6)

analytical formula is shown in [173]. The formula in Eq. (3.6) is a general form applied for both
isotropic and anisotropic media. It can be easy to derive the Maxwell Garnett mixing formula for only
isotropic composites (Eq. 3.5) from the generalized formula Eq. 3.6 by making the substitution v, =
173. In addition, the generalized Maxwell Garnett mixing formula is used more commonly due to its
convenience in solving different problems and its nice mathematical properties shown in limitation
cases. For instance, it is great that in the limiting case of a medium with v, = 0 the formula in Eq.
(3.6) gives exact results in which (evg), are always numerical values inside the Wiener

boundaries [176]. In here the effective permittivity is approximated by the volume average of the
permittivity of the inclusions.

(emc)p = fei + (1 = fen = ((r)) (3.7
In the case when vy = vy — 12 and v, — 0, the inclusions become infinite circular cylinders. The
large medium is now in a form of an infinite cylinder containing many parallel cylindrical inclusions

of much smaller radius. This becomes similar to the problem considered in the scope of this
dissertation.

Applying this to our nanostructured vortex phase components, the effective permittivity
distribution on cross-section of nVPMs would be calculated using the general Maxwell Garnett mixing
formula in Eq. (3.6). Since all the rods in the constructed component are parallel and align along the
beam propagation direction, so the 2D refractive index profile in the xy plane is invariant along z axis.
Additionally, individual glass rods of the binary structure have a refractive index difference smaller
than 0.025. Thus, the simplified Maxwell Garnett mixing formula (Eq. 3.5) can be also used. In an
assumption of zero absorption of the constituent glasses, the effective refractive index at a certain
point in cross-sectional pattern can be calculated by spatial average of across immediate neighboring
points. In this way, entire sub-wavelength rod structure, while discrete, will behave as a continuous
effective medium. According to the EMT boundary condition, the rods diameter should be smaller
than /2w [173]. Some recent experimental works reported that EMT still valid for the condition of the
feature size of A/5 [52,56]. In an our very recent study, we proved that by controlling temperature
during fabrication process to obtain a suitable diffusion effect, the nanostructured components still can
work effectively exceeding the EMT boundary condition with the diameter of glass rods of
A/0.658 [177]. In this work, the individual rods in all considered nVPMs have diameters are much
smaller than this value (A/0.658).

3.3 Simulated annealing approximations for structured design

As mentioned in previous section, the considered nGRIN VPMs are structured from discrete
parallel nano-rods made of two types of glasses having different refractive indices. Those refractive
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index values correspond to the maximum and minimum values in the gradient structure. Here the
binary structures of the nVPMs are not distributed randomly; instead, all the rods should be arranged
following a specific distribution such that the whole structure would have an effective refractive index
profile imitating the ideal azimuthally continuous gradient refractive index distribution. In other
words, the effective refractive index profile of the binary nanostructured components should be the
closest one to the designed target. It means the distribution of rods decided the effective refractive
index profile of the nVPM, consequently, its optical performance. However, it is not possible to
directly calculate the distribution of the rod pattern for the desired refractive index profile. There are
thousands of related variables and with computational power of single workstation the result cannot be
obtained in realistic time frame. Therefore, in this work, the mixed nanorod distribution of nVPMs
will be determined and optimized by the usage of Simulated annealing method (SAM) [174,175,178]
which can give a good approximation to the optimal solution of a given cost function. For each
problem, the cost function is selected differently for the optimization purpose.

The SAM which belongs to a class of Monte Carlo Algorithms performs well in optimization
problems a large number of degrees of freedom [175]. The SAM is a stochastic optimization
procedure that may lead to a stationary state (the global minimum). In essence this procedure
resembles cooling a crystal down slowly such that defects and other lattice impurities can heal out. As
a result, a pure crystalline structure is achieved at low temperature. For a particular physical system,
each state (S) of it has a specific energy E described by a Hamiltonian E = H(S). This is called the cost
function (energy function) for the optimization problem. The goal of solving this problem is to
minimize the cost function which can have local minima in addition to the global minimum. This
SAM approximation gives the advantage of finding the global minimum while the local minima are
more likely to be avoided. Figure 3.5 presents the schematic describing repeated iterations of SAM for
optimization of a physical system. Each proposed configuration change simply flips a randomly
chosen distribution of the system into a new state [178].

Slow temperature change

Comparison if _ | Trial accepted as initial

Random _/—’V trial better
generated Initial  |—— | Trial
state state state

k4

Comparison if

— 1| Trial accepted as initial
trial worst >

with probability

Random change of the state

Figure 3.5 Schematic of simulated annealing method for solving optimization problem.

The procedure starts with a random selection of a state (Sp) of the system. Then a random trial
state (S;) is generated for consideration. There are two possibilities for this stochastic process. If
H(S;) < H(Syp), the trial state (S;) is accepted as a subsequent state for next iteration (So .= S)).
If H(S;) > H(Sy), the acceptance probability of the new state is determined by Metropolis transition
rate [179]:

A

t(SO - 51) = exp [— k—ﬂ = exp [—w , (3.8)
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where parameters k and T introduce Boltzman’s constant and temperature, respectively. In the next
iteration, the new state (S:) is considered as the initial one for new iterations and finding new suitable
states. In this method, the calculations begin with a random distribution system at high temperature 7
and end with equilibrium of the system at the low temperature (7—0). It is noticed that during the
whole procedure, the temperature which allows jumps over energy barriers between various
configurations should reduce gradually. Otherwise the state configuration gets stuck and we cannot
find the final perfect result. In principle, it is possible to find a global minimum of the cost function for
a given finite problem but it may take infinite time. Therefore, a good approximation of the optimal
solution provided an efficient cooling protocol is chosen [175].

In the case of our binary nanostructured GRIN VPM, it is comprised of thousands of parallel
nano-rods characterized by two different refractive indices as aforementioned. In this way, the nano-
rods distribution, consequently, the refractive index within the mask is invariant along z-axis.
Therefore, the design and optimization problem here is a problem of only 2D distribution of nano-rods
(refractive index) on the cross-section of the mask (XY plane). This problem is solved when the final
refractive index distribution of the binary nanostructure similar to the target distribution in which the
refractive index changes linearly with respect to the azimuthally angle.

It is noticed that the change of refractive index of individual rods makes certain change to the
effective refractive index of the whole structure. Thereby each arrangement of nanorods producing a
certain effective refractive index profile is considered as a state during the optimization process. Here
effective refractive index of a particular area in the nanostructure neff(xi, yj) is determined by a spatial
average of the individual refractive indices of its neighborhood as in Eq. 3.7. The cost function C(S) is
selected in order to measure difference between the effective refractive index profile of the current
refractive index distribution of the whole structure and the target distribution which is given as in
following formula [178]:

C(S) = X j|nese(xi, ¥;) — Nidear (x1, ¥7)| (3.11)
The optimization procedure starts with an initial state with a random distribution of refractive
index in the structure (So). A new closed state is generated by randomly changing refractive index of
one rod (S;) and then it is compared to the target distribution. If the state S; is accepted, the initial state
is substituted by the new state, if not old state remains. The first iteration is completed. This process
will be repeated many times in which the accepted state in previous iteration is considered as the
initial state in the following iteration. For each temperature, the number of steps is preferably greater
than the number of rods in the structure. This ensures refractive index of each nanorod is changed at
least one time for the same temperature. When the number of iterations is reached, the temperature
will reduce and the whole process is repeated. The first step of the new process will starts with the
accepted state from the last step of the previous process. When the temperature 7 is going to 0, the
global minimum of the cost function is achieved. In order to obtain best possible solution, we have to
increase the number of steps of temperature 7" and the number of trial distribution states tested at each
temperature. A detail investigation in [178] showed that when increasing the number of temperature
steps beyond 140 the cost function remains the same at the lowest value. The number of trial states
generated for each temperature process beyond 200000 does not change the cost function at that
temperature. In addition, the area over which the refractive index is averaged when compared to the
ideal distribution is also in important factor considered for the successful of SAM. It influences how
much effective refractive index changes when one rod is changed. A right selection of the area factor
gives sufficiently accurate results while allowing rapid optimization of highly complex structures. The
authors of ref. [178] also pointed that the lowest possible cost function was obtained for 0.99 length
unit of the simulation.
The calculations for the nVPM in this work were performed for averaging area with radius
changing from 0.1 to 1. The lowest cost function was obtained for 0.9 unit length refractive index
averaging, 150 temperature steps and 20000 random states generated for each temperature step [178].
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Figure 3.6 An example of calculated results using SAM method: (a) target index distribution;
(b) final approximation by SAC method; (c) refractive index difference between (a) and (b).
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Figure 3.7 An example of final structure of nVPM used for fabrication (b) corresponding to
the ideal continuous VPM (a) and their 3D plots of refractive index profile.
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Figure 3.6 shows an example of results for nVPM structure’s design and optimization using SAM.
The first row (a) depicts a map of ideal continuous refractive index distribution and index profile of its
horizontally center line. Basing on this target distribution, simulated annealing algorithms allow
calculation of the effective refractive index distribution for the optimized nanostructured pattern (b).
Importantly, in the output of this calculation, we obtained a refractive index difference map between
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these distributions and values which calculated from the used cost function (Fig. 3.6(c)). In particular,
the maximum absolute difference is the biggest difference in single rod size area between target and
final distributions. The total averaged difference value is the sum of differences for each rod sized area
divided by the number of rods in effect of our cost function. As discussed above, it maybe takes
infinite times to obtain the global minimum solution, so there is no guarantee to find a global
minimum in the strict sense. Therefore, to achieve the best approximation, we have to run the SAM
calculation many times and consider all of the final results for the selection of the good pattern for
fabrication. A good optimized structure should have low values of a total averaged index difference
and a maximum absolute difference. Spontaneously, it should also have similar index differences in all
points across the structure.

After selecting the final designed binary vortex mask with the best optimization, we reshape it into
a hexagonal as depicted in Fig 3.7. In principle any shape of the aperture of the final elements can be
obtained with manual assembly. In practice, the hexagonal lattice was selected due to the technical
requirement for the fabrication of the mask. In this way, the positions of individual rods in the
structured pattern will self-maintained throughout the whole fabrication process.

3.4 Materials

In the practice, the designed pattern of nanostructured GRIN vortex phase masks can be realized
by employing a modified stack-and-draw technique. To begin with, the selection of a suitable pair of
glass materials is crucial due to two main reasons. Firstly, their refractive index contrast should be
constant for all wavelengths in the considered range. Secondly, they have to fulfill the technological
requirements of the fabrication process in which their mechanical and thermal properties have to be
matched to combine together in thermal process in the drawing tower. The glass used need to have
temperate kept in range between curvature and sphere creation to maintain proper viscosity for
drawing. Moreover, their viscosities must be similar; otherwise there will be stresses and deformation
in structure. Our previous studies on optical glasses used in stack-and-draw fabrication
approach [178,180] showed that stable processes can be achieved if the difference for those main glass
temperatures is below 50°C. In addition, thermal expansion coefficient difference Aa of those glasses
should not exceed the value of 8x107 K™' [178,180]; otherwise the build-up of stress during cooling
will cause cracks and warp of fabricated structures.

Therefore, it is necessary to chose glasses with good rheological properties and relevant expansion as
well as thermal coefficients to ensure uniformity of the structure during drawing process and lack of
internal tensions after the process accomplished. However, it is difficult to find such a kind of glass
pairs from commercially available glasses. For this reason, we have developed a pair of boro-silicate
glasses at our facility — Lukasiewicz Research Network — Institute of Microelectronics and Photonics
(IMiF). The glass pair was designed and synthesized such that their properties satisfy the above-
mentioned conditions. Those two in-house-made boro-silicate glasses are labeled NC21 and NC32
having lower and higher refractive index, respectively. Their chemical compositions are shown in
Table 3.1 [178].

1
Glass Si0, | B,Os | ALO; | BaO | L0 | NaO | K,0
label
NC-21 56.83 | 23.19 | 0.61 | - 623 | 952 |3.63
NC-32 54 21 05 |5 5 85 |3

Table 3.1. Chemical compositions of boro-silica glasses used for nVPM
fabrication (mol%)

Table 3.2 shows the thermal-physical (rheological) properties of those fabricated glasses which
were measured and reported in [178]. It can be seen that, this boro-silicate glass pair has an expansion
coefficient difference of Aot =0.3x1077 K™ which is well below the given limit value mentioned above.
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This small value allows the two soft glasses to be thermally processed together. During the structure
drawing process in drawing towers, the glasses are kept inside the furnace with a temperature between
the curvature and sphere points for both glasses as measured by the heating microscope. The
measurements show that the difference in curvature temperature is very low AT.=20°C and difference
in sphere temperature ATy, is only 5°C. Those differences are much smaller than for the NC21/NC34
glasses which were used to sucessfully develop nGRIN microlens recently [178]; correspondingly
AT=50°C and ATipn = 35°C. As a result, we obtained the uniform glass structure without
deformations.

Glass paramaters NC-21 NC-32

Refractive index 7 at wavelength of 633 nm 1.5243 1.5495
: : - o -7 K-

:lihermal expansion coefficient o for 20+300° C [10”" K 86.6 86.9

Transition temperature Tg [°C] logn = 13.4 504.7 512.7

Dilatometric softening point SP [°C] logn = 11.0 540 547

Characteristic temperatures in Leitz heating microscope

T [°C]:

curvature Tec logn =9.0 620 640

sphere Tkpn logn = 6.0 725 720

hemisphere Tns logn = 4.0 775 780

spreading Tspr logn =2.0 860 860

Table 3.2. Physical and thermal parameters of NC-21 and NC32 glasses [180] [178].
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Figure 3.8 Refractive indices of two boro-silicate glasses (a) and their index contrast (b) on
the range wavelength from 0.5 to 1.7 um.

In Fig. 3.5(a), there is the wavelength dependence of refractive index of the two boro-silicate
glasses for the wavelength range from 0.5 pm to 1.7 um. Their refractive index difference is given in
Fig 3.5(b). It can be seen that the refractive index different values are almost constant (~0.025) in the
near infrared range between 0.8 um and 1.6 um. Specifically, at wavelength A = 0.633 um, the high
refractive index glass has ny, = 1.5495 and the low refractive index glass has n; = 1.5243. Those values
are measured by mean of Michelson interferometer. In addition, both NC21 and NC32 glasses have
high transmission in visible and near infrared range between 400 nm and 2100 nm. They also have
relatively high laser induced damage threshold =1 J/cm® in femtosecond regime, typical for
borosilicate glass [181]. This leads to the possibility of using this component for high power
applications as laser material processing.
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3.5 Fabrication

Over the last decade, from the first fabricated nanostructured GRIN element that was reported
in [52], different kinds of components have been exploited, for instance, small GRIN micro lenses
[52], large-diameter GRIN lens [53], elliptic gradient index microlenses [54,55], nGRIN
axicons [56]. Those components made by a cost-effective nanostructurization technique have been
exhibiting noticeable optical properties as mentioned in Chapter 1. In this work, the nanostructured
vortex phase masks that are fabricated using the same technique will be discussed in detail as
following.

In preparation for the fabrication process, beside the designed structure pattern used for
assembling, it is necessary to calculate the thickness of the nVPM which is associated twith the
topological charge value of generated optical vortex. Following Eq. 3.3, it can be seen that the phase
shift realized in the mask strongly depends on the thickness of the masks. To generate a vortex beam
with a specific topological charge / at a given wavelength Ay, the thickness d of nVPMs can be
determined as follows:

1
d= Al (3.12)

From this formula we deduce that for a high value of An we can have relatively low value of d
which would lead to very thin vortex masks. Due to the technological limitations in cutting and
polishing it is a challenging mask fabrication. Our current technique can only polish the nVPMs with
thickness being not shorter than 15 um. In the scope of this work, the used boro-silicate glasses that
have small refractive index difference (~0.025). This ensures nVPM thickness in range of tens of
micrometers which is feasible for production. Here, with the known refractive indices of the
borosilicate glasses pair, we can theoretically calculate the dependence of the mask thickness on the
operating wavelength. Fig. 3.9 below shows relations between nVPM thickness and wavelength for 2
specific values of topological charge /=1 and / = 2.
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Figure 3.9 Theoretical calculations of the thicknesses of nVPMs for wavelength range 0.5 pm
to 1.5 um.

As aforementioned in section 3.3, the desired effective refractive index profile of nanostructured
gradient index vortex phase masks will be achieved by a designed nano-rod pattern. That pattern
comprises of thousands of nano-rods made of two boro-silicate glass materials. Such designed nVPMs
with suitable predicted thicknesses are realized by using a cost-effective fabrication method, the
modified stack-and-draw method [57,62]. This nanostructurization technique allows developing
optical elements with truly continuous phase profiles with the diameter of tens of micrometer. By
designing the rods arrangement, various refractive index profiles of the elements can be obtained for
controlling the propagating light while the optical element surfaces remain completely flat. The unique
fabrication capabilities of nanostructuring technique have been confirmed by demonstration of a
number of nGRIN elements like nGRIN microlenses [52,65,182], elliptic lenses [54,55], axicons [56].
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Figure 3.10 Schematic of the fabrication procedure of nVPMs with the use of a modified
stack-and-draw technique.

In this section, the whole procedure of the fabrication of nVPMs utilizing modified stack-and-
draw approach will be described in detail. This approach is conventionally employed for photonic
crystal fiber development. For the fabrication of nanostructured component, the modified approach
contains an additional step (last step) as depicted in the schematic in Fig. 3. 6. Firstly, we prepare two
types of rods made of two borosilicate glasses with high and low refractive indices but similar
rheological and thermal coefficients (Fig. 3.6(a)). Here, they are dawn into rods with small diameter of
~0.45 mm. They are then cut and cleaned carefully to be ready for the next step. The seconds step is
manually stacking the initial perform from the two types of glass rods (Fig. 3.6(b)). The positions of
individual rods must be exact following the designed pattern of hexagonal shape. As mentioned in
previous section, the hexagonal shape is chosen due to the technical requirement for the fabrication of
the masks. Moreover, the size of the drawn structure depends on the size of furnace in drawing tower.
For drawing soft glasses, the used equipment only allows drawing the preform having the long
diagonal of 50 mm. which limits the total number of rods used in stacking process. In this case with
0.45 mm rods, the preform is designed to have 101 rods on the long diagonal. As a result, the total
number of rods used for whole vortex structure is 7651 rods. Such stacked preform is then drawn-
down in the drawing tower to obtain a uniform hexagonal-cross-sectional rod with a dimension of ~2
mm on the longer diagonal (Fig. 3.6(c)). The temperature inside the furnace is kept between
600+700°C during the whole drawing process. In the next step shown in Fig. 3.6(d), the drawn
preform is put at the center of a glass tube which is made of the low refractive index boro-silicate glass
NC21 to form an intermediate preform. The empty space between the drawn initial preform and the
tube is filled by low refractive index rods prepared in the first step of the process. The outer glass tube
and additional filling rods are for creating a cladding area surrounding the central vortex structure. In
the fifth step, the intermediate preform is again drawn-down in the high temperature similar as in
previous drawing step (Fig. 3.6(e)). In this step, the diameter of the structure is reduced in multiple
thermal processes to the standard 125 pum diameter. Eventually, the final-structured fiber is cut into
slices (Fig. 3.6(f)). Each slide is ground down to the desired thicknesses and then polished.

Fig. 3.11 shows sample images taken at different steps during fabrication process. Particularly,
Fig. 3.11(a) presents the drawn structure from the first drawing process after stacking which was used
to stack the intermediate preform. The image is captured under a high-resolution optical microscope.
Figs. 3.11(b-d) are scanning electron microscope (SEM) images which verify the final structure of
fabricated nVPM samples. Specifically, Fig. 3.11(b) shows the whole surface of a fabricated
component containing the vortex structure at its center. It has an outer diameter of 125 pm which is
compatible with the dimension of standard fibers. It is easy to see in Fig. 3.11(c) the magnified vortex
structure having the longer diagonal of ~20 pm. In the higher magnification image for a part of the
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structure (Fig. 3.11(d)), we can see visible individual nano-rods (regions) in which the bright and dark
regions represent high and low refractive index glass rods, respectively.

N

Figure 3.11 Fabricated nanostructured vortex mask: (a) microscope image of the drawn
structure after the first-drawing step. (b-d) SEM images of the surface of a whole drawn
element containing vortex structure (b); the vortex mask structure (c); and magnified part of
vortex structure with visible individual nano-rods. Bright (dark) regions represent high (low)
index glass (d).

The nVPM were designed as having the individual rod diameter of around 200 nm. To fulfill
strictly EMT condition that the feature should be smaller than A/2x, for 633 nm wavelength the use of
nano-rods with 100 nm diameter is required. However, due to the material diffusion between
neighboring rods during the fabrication processes, the EMT conditions are fulfilled for larger rod
diameter, as in our case of A/3, which is already sufficient to produce the desired continuous gradient
index profile as we have shown recently [60]. In this paper, the success of this modified fabrication
method was demonstrated for large diameter nanostructured GRIN microlenses. The combination of a
nanostructurization and enhanced diffusion allowed for the increase of size of individual nanorods
used in microlens structure beyond limits given by EMT. We can control the diffusion process by
selecting a proper temperature and remaining drawing parameters. As a result, we obtain locally
smooth changes in refractive index and total refractive index distribution close to designed parabolic
profile.

3.6 Summary

In this chapter, the nanostructured gradient index vortex phase mask has been presented in detail
from concept to realization. It has shown that the nVPM with diameter of 20 pm consists of thousands
of spatial arranged sub-wavelength rods made of two different glasses characterized by high and low
refractive indices. The glasses are in house made boro-silicate glasses (NC32/NC21) which has
refractive index difference of ~0.025 for a long wavelength range from 0.8+1.6 pm. The masks were
fabricated using the modified stack-and-draw technique which allows controlling rods distribution
easily, consequently, the refractive index azimuthal profile of the optical component. The rod
distribution was determined and optimized by simulated annealing method utilizing a cost function
which measures the difference between a target ideal refractive index distribution and the effective
refractive index of the current nanorod distribution. The individual rods in the vortex structure have
diameter of ~200 nm and with the material diffusion effect, the EMT boundary conditions are satisfied
for the optical component. That means the nVPMs would perform as a continuous medium with an
effective refractive index changing linearly with respect to azimuthal angle.
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Chapter 4. Numerical study on generation of optical
vortex beams with nanostructured gradient index
vortex phase masks

This chapter is devoted to the theoretical study on the optical performance of nanostructured
GRIN VPMs for the quality improvement of generated optical vortices, first reported in[61].
Numerical calculations are conducted to validate potential methods for development of gradient index
vortex masks. In previously reported work done by Switkowski et. al [58], it can be seen that nVPMs
suffer from the wave-guiding effects which lead to azimuthally non-uniform light intensity distribution
in formed vortex beams. Motivation and study methodology of this work are presented in section 4.1.
Then, section 4.2 introduces modelling technique used for these investigations. Here the fundamental
of Fourier Transform-based Beam Propagation Method (BPM) employed for numerical simulations of
beam propagation through the VPMs and then in external media is presented. In section 4.3, a new
parameter called quality parameter Q is proposed for ease comparisons of uniformity of vortex
intensity distribution. In the next part of research, I would focus on discussions of main results of this
work regarding main factors for improving vortex quality in terms of intensity uniformity and phase
distribution. Firstly, refractive index contrast by the used of different pair of glass materials is
considered in section 4.4. Secondly, section 4.5 is devoted to the discussions on proposed non-linear
azimuthal gradient index profiles of the VPM as a method to counteract light guiding effect. Finally,
possibilities to use VPMs to generate vortices with high topological charge are investigated in section
4.6.

4.1 Motivation and methodology of the study

In Our previous study reported by Switkowskiet al. [58], the proof-of-concept of vortex
nanostructured phase mask was introduced. The presented nVPMs enables converting a Gaussian
beam into an OVB with desired topological charge at a certain wavelength. The obtained vortices have
nonuniform intensity profiles, which are shown in experiments as well as in theoretical calculations.
This effect is depicted in Fig. 4.1 for VPM with thickness of 36 microns at wavelength of 890 nm.

Refractive index profile
of the GRIN VPM

Generated optical vortex profile

(b)

Figure 4.1 OVB generation results at Ao = 890 nm reported in [57] show correct phase
dislocation structure and clearly light localization in intensity distribution in both numerical
simulations (a) and experiments (b). Simulated images are captured at distance of 500 pm
behind the end of VPMs.
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Although the OVB exhibit correct helical structure of the phase and doughnut-like shape, its
intensity distribution is azimuthally non-uniform. The radial non-uniformity shows clearly the high
intensity is localizing at the high refractive index area. In other words, the output OVB created by the
use of the fabricated nVPM has a light localization. This phenomenon is associated with waveguide
effects inside thick phase components in which the light would propagate over a long distance.

This phenomenon could limit the possibility of practical applications of the nanostructured
gradient index vortex phase masks, in particular in application with requirement of high uniformity of
the beam intensity such as micro-machining for bulky or even surface structures [16]. Therefore, this
part of my dissertation will present extensive numerical analysis to improve optical performance of
various designed gradient index vortex phase masks. Specifically, I will focus on possible methods to
improve quality of OVBs, mostly to improve the beam intensity distribution. There are few main
factors could influence the OVBs created by the GRIN VPMs such as refractive index contrast of two
glasses, refractive index profile, desired value of the topological charge of the mask.

Firstly, the influence of refractive index contrast in VPMs with topological charge /=1 is
investigated. From Eq. 3.3 as per previous chapter, it can be seen the strong relation between value of
refractive index difference of two glass materials constituting an nVPM and its thickness needed for
realization of desired charge of the OVB. Thus, structures with various refractive index contrasts are
considered as the first approach for improving the formed vortex quality. Our fabricated nVPMs are
made of two different types of glass nano-rods and hence this technique offers an additional degree of
freedom for seeking base-glass materials for different index contrast. Thus, it is promising that one can
design a GRIN VPM with a suitable index contrast for generation of optical vortex having high-
uniform intensity distribution. In principle, to avoid the waveguide effect, the fabricated nVPMs must
be fabricated with thicknesses as short as possible which means the selected pair of glasses should
have high refractive index contrast. On the other hand, the achievable shortest mask thickness is also a
concern. This is because a component shorter than 18 um is technologically challenging due to
requirements on thickness accuracy.

Secondly, the variation of azimuthal refractive index profile of the component of charge /=1 is
studied. As mentioned in the previous chapter, nVPMs are fabricated using a modified stack-and-draw
technique in which the mask is constructed of thousand nano-rods made of two type of glass with high
and low refractive indices. Thus, via internal index nanostructure with specific arrangement of those
nanorods in a hexagonal lattice, an arbitrary refractive index distribution can be obtained. Our
possibility of realization of arbitrary refractive index profiles can be used for improvement of the OVB
intensity profiles. With that advantage, we carried out theoretical analysis of beam propagation for
various curves of refractive index gradient of the nVPM.

Moreover, ability to use nGRIN VPMs to generate vortices with high topological charge by means
of different number of 21 wrapped, phase steps and thickness values was simulated. It is known that
the high-charge OVBs are very sensitive and difficult to generate which is also a challenge for the
realization method using nanostructurization. On the one hand, as aforementioned in Chapter 3, it is
possible to use thicker segments of the VPM with single charge to generate OVBs of higher charge
values rather than the fundamental one. For that the thicknesses of these VPMs correspond to multiple
thickness of the single-charge VPM. On the other hand, those OVBs can be achieved by the use of
VPMs consisting of multiple identical segments with total phase variation of 2w in each segment. Both
methods with longer thickness and with multiple 2n-index-period could generate optical vortices which
provides different quality of intensity distribution.

4.2 Fourier transform beam propagation method for numerical study

In order to study the optical beams shaping by the designed nGRIN VPMs, the beam propagation
through the mask and then propagating in the air are modeled. The schematic of modeling
arrangement in order to evaluate the performance of OVB is presented in Fig. 4.2. It can be seen that
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the beam will propagate firstly through an inhomogeneous medium (VPM) and then in a homogeneous
medium (air). For that purpose, I used an appropriate software employing the Fourier transform beam
propagation method (FTBPM) [183] which has been written previously by a member of our
group [178]. FTBPM approach shows the advantages in computation speed and memory requirements,
especially prominent in case of large structure simulations, over finite-difference time-domain method.
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Figure 4.2 Schematic of numerical simulations of beam propagation through the VPMs

For an easy understanding, I firstly consider how FTBPM is applied for the beam propagation in a
homogeneous medium and then in an inhomogeneous medium. Here the method is based on the
numerical solution of the scalar Helmholtz equation [183] as the following expression:

%u o%u %u

+ + ki3n*u =0, (4.1)

02x2 aZyZ 0272

where ko is wave-number in vacuum. The medium has refractive index n(x,y). Here the considerations
are carried out for a monochromatic wave, so it is possible to write a field component in a form of

u(x,y, z)exp(iwt).

In free space which is an isotropic medium, the refractive index n(x,y) = no. To study the beam
propagation we have used an approach based on the angular spectrum technique which involves
expanding a complex wave field into a summation of infinite number of plane waves. Its mathematical

origins lie in the field of Fourier optics and results in solutions of Eq. (4.1) described in the form of
Fourier integral:

w(x,y,2) = [[° Uy, vy, 2)exp[i2m(vex + vy y)]dvyv,. (4.2)
The term U(vy, vy, z)exp[i2m(vyx + v, y) can be understood as a plane wave with the spatial
frequencies v, and v,,. Now Eq. (4.1) becomes the equation for U (vy, vy, 2)

a%u
02x2

+ (kgnd — 4m? (v + v2))?U (v, vy, 2) = 0. (4.3)
For simplification, let us put:

2 = kgnd —4n?(v: +v3). (4.4)
A family of solution to Eq. (4.3) can have the below form as presented in [183]
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U(vx, vy, Z) = U(vy, vy, zp)exp[—if(z — zp)] 4.5)
Assuming that the field (x,y,z) is known at z = z, and hence using the Fourier transform, it is
possible to determine the spectrum U (vy, vy, Z) using following formula

U(vx,vy,zo) =F (u(vx,vy,zo)) = ffjooo U(Vy, Vy, 2)exp[i2n(vex + vyy)]dvev,  (4.6)

The expression of U (vx,vy,z) in Eq. (4.5) allows calculating its value at any z. Therefore, one

can achieve u(x,y, z) using the inverse Fourier transform (4.2) with the detail discussion given in
[183]

u(x,y,z) = FHF(ulx, y,20))exp[—if(z — z,)]}, 4.7)

Now we consider the monochromatic beam propagation in inhomogeneous medium whose

refractive index at a certain point (X,y) is n(x,y). For our gradient index phase mask, the refractive

index distribution changes linearly with respect to the azimuthal angle. Therefore, the phase correction

must be applied and the complex field u(x,y,z) should be rewritten with the use of averaged

refractive index 71 in the cross-section of the computational volume as below [4]
u(x,y,z) = P(x,y, z)exp(—ikynz). (4.8)
From Egs. (4.1) and (4.8), we obtained the equation for P(x, y, z):
a%p  9%p  9°%p ., — 0P _
%2 m‘l‘ﬁ— 21k0n5+k§(n2 —TLZ)P = 0. (49)
Using the definition of nabla operator
02 02 02
V= —S+-—+-—
ox?  0dy? 0z2
we obtain a simplified form of Eq. (4.9):
_op

V2P — 2ikon o+ k3(n? —a%)P =0. (4.10)

Since the nanostructured component made of two different glasses with relatively low value of

refractive index difference, it is possible to apply the approximation: (n? — n?) ~ 2n(n — N). As a
result, from Eq. (4.10) we attain:

apP .1

9z 2kem

V2P — iky(n — N)P. 4.11)

It can be seen that the first term of the Eq. (4.11) corresponds to a free space propagation in the
medium with a refractive index ny, = N. It is easy to obtain the formal integration of Eq. (4.11):

P(x,y,z+ a) = exp <—iaﬁ\72 —iaky(n —n)P(x,y, z)>, (4.12)
0

where a is a constant representing distance increment on the z direction. In the case of constant a
being small enough, we could apply Barker-Hausdor theorem [4] and approximate
exp(A + B) = exp(A)exp(B). (4.13)
And Eq. (4.12) becomes:

P(x,y,z+ a) = exp (—iaﬁ Vz) exp(—iako(n — ﬁ)) P(x,y,z). (4.14)
In this equation, the first term exp (—iaylﬁVz) introduces the free space propagation in the
0

medium. The second term exp(—iako (n— ﬁ)) which is associated to the inhomogeneous properties
of the medium is a phase correction.

Assuming that P(x,y,z) for a certain z is known. Thus, in order to calculate P(x,y,z + a) with
small distance a, we firstly calculate the free-space propagation of distance a and then combine it with
the term for phase correction. At first, the calculation of free-space propagation of the small distance a
in the homogenous medium with a constant refractive index ny = 7 would be done by using Eq. (4.7)
as below
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Prs(x,y,z + a) = F-H{F(ulx,y,2)) exp(—ifa)}. (4.15)
Next we apply the phase correction corresponding to the medium inhomogeneity to get the final
result:

P(x,y,z+a) = exp(—iako(n - T_l)) Prs(x,y,z + a) (4.16)

In principle, this procedure is utilized for numerical calculation of a complex field (x,y,z) in
subsequent planes perpendicular to Z axis when the initial field for z = zo is known. As a result, we
obtain the beam propagation along Z axis. Fourier transform is realized as discrete Fourier transform
(DFT) using fast Fourier transform (FFT) algorithm. Minimum lateral resolution of the simulation is
determined by the sampling theorem [184]. It is sufficient when lateral steps Ax and Ay satisfy the

condition:

pl pl
AxS2 ¢, Ay < —°

Nmax 2Nmax

(4.17)

where 1,4, is a maximum refractive index in the medium and 4, is the vacuum wavelength. Distance
a has to satisfy the condition
A
a=—2 (4.18)

~ 2mn-7l

4.3 Quality parameter of optical vortex beams

As mention above, the aim of this work is to optimize possible parameters of the GRIN VPM in
order to improve quality of generated OVBs, particularly, the uniformity of intensity distribution. For
that purpose, besides the observation of the intensity distribution, we propose a quality parameter Q to
easily evaluate the quality of OVBs (the mentioned uniformity).

The Q factor is calculated from the normalized light intensity distribution using Matlab. Fig. 4.2
represents an example of 4 main steps of calculation process to look for the quality parameter value O
of a tested vortex intensity pattern. Firstly, the tested vortex intensity distribution is normalized to 1. In
the second step, the center of the vortex is determined manually (Fig. 4.3(a)). Next, the intensity
distribution is converted from Cartesian (x,y) to polar coordinates (7,0) as in Fig, 4.3(b). Meanwhile,
the intensity pattern is divided into N equal-azimuthal segments of the angle value of 8,. In the next
step, for each angle segment 8, the maximum intensity max(/y) have to be found and plot in the frame
of intensity and angles (see Fig. 4.3(c)). Finally, the Q parameter is calculated as a root mean square
error (RMSE) using the formula:

0= ﬁ=1(1 - max(Ign))z
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Figure 4.3 Procedure of vortex quality parameter (RMSE) calculation: (a) determining the
centre point of the OVB; (b) converting the intensity pattern from Cartesian to Polar coordinates;
(c) calculating the maximum intensity for each angle segment.

The specific values of Q parameter will indicate how uniformity of a vortex beam is by means that
the smaller Q, the better uniform distribution. In Fig. 4.4, I introduce an example of a comparison of
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several intensity distribution patterns. It is straightforward that, when the O parameter increases, the
uniformity of intensity distribution falls.
0 =0.0089 0=0.2166 0=10.38356 0.7445

. . . -ih\

Figure 4.4 Example of using vortex quality parameter in comparison of quality of intensity
distribution profiles of several generated OVBs.

4.4 Influence of refractive index contrast of nGRIN VPM on the vortex beam
quality

As above mentioned, the nanostructured gradient index VPMs have been designed and fabricated
with the use of two different glass materials. Thus the refractive index contrast, consequently the
thickness of the nVPM, is defined by such a pair of glasses. Since the realization of the nVPM requires
an appropriate pair of glasses, the selection of glass materials is very limited. Therefore, in this work
numerical simulations are conducted for three refractive index contrast values corresponding to three
available glass pairs which have been successful designed and synthesized at Lukasiewicz Institute of
Microelectronics and Photonics, Poland [56,185,186]. The refractive index curves of such glasses
materials are presented in Fig. 4.5.
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Figure 4.5 Dispersion properties of the three investigated glass pairs: UP (UV710 and
PBG81); NC (NC21 and NC32); FS (fuse silica and Ge-doped silica glass) [61].

The requirement of compatibility of thermo-physical properties of each glass pair was
experimentally proved. Those three pairs of glass materials have different refractive index contrast
curves. As follows from Eq. (3.3) in Chapter 3, this leads to differences in thicknesses of nVPM
structures for generations of OVBs with the same topological charge value / = 1. The basic properties
of each VPM structure are introduced in detail below.

Here the first investigated pair of glasses which is labelled “UP” is two in-house made soft glass
materials including lead-bismuth-gallate glass PBG81 and thermally matched silicate glass UV710.
PBGS1 plays a role of high refractive index material (no=1.887 at 1.55 um) and UV710 has a lower
refractive index of n;=1.511 at 1.55 um. It can be seen that their refractive index contrast is relatively
high (An = 0.376). In order to generate OVBs charge / = 1, the total phase modulation should be 2.
Consequently, according with Eq. (3.3) in Chapter 3, the UP nanostructured VPM has a very short
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thickness d =~ 4 um. This is much challenging for realization due to the technical limitations as
discussed in Section 4.1.

Secondly, the next considered glass pair which is labelled “NC” is two in-house made boro-
silicate glasses named NC21 and NC32. The refractive indices of NC21 and NC32 are of no= 1.5088
and n; = 1.5334 at 1.55 um, respectively. Their index contrast is An = 0.025. Consequently, to
generate OVBs with charge / = 1, the NC VPM structure should have a thickness d = 60 um which is
feasible for fabrication.

The third studied pair of glasses which is labelled “FS” is made of silica-based glass materials.
They includes a fuse silica glass with refractive index no= 1.444 at 1.55 pm and 4.9 % mol Ge-doped
silica with higher refractive index of n; = 1.451 at 1.55 um. It can be seen that they have a very low
refractive index contrast of An = 0.007. Therefore, the nVPM structure made of those glasses have a
very long thickness d = 230 um to generate OVBs charge / = 1. In this instance the waveguide effect
will be most prominent.

It is assumed that all the computational simulations in this work are conducted with use of planar
beam and with Gaussian intensity distribution which is limited by circular aperture with diameter of
20 um at wavelength of 1.55 um as the input source. All investigated nVPMs were 50 pm in diameter
(the longer diagonal). For simplification, the structures FS, NC and UP are treated as continuous
gradient structures whose refractive index profiles change continuously with azimuthal angle from #iow
to mhigh. We model the light beam propagation along z-axis through the VPM structures whose
thicknesses d are calculated basing on Eq. (3.2). The simulation field has dimension of (x,y,z) =
600x600x500 um. The step increment along x and y axes are the same value of 0.1 pm. Along the
propagation axis (z-axis), the simulation steps are different for different media i.e. numerical
calculations inside the structure have step of 0.1 pm, but it is longer when the beam propagates in air
(0.5 um).

In this section, the refractive index distributions of FS, NC and UP structures for generation of
OVBs with topological charge / = 1 is studied. The thickness d of each structure is calculated as
mentioned (dup = 4 um, dnc = 60 pm, and drs = 230 um). All generated OVBs profiles are obtained at
the same distance of 200 um, from the end facet of the VPM structure. The captured results are
canvassed into suitable size images for evaluations of output’s properties as shown in Fig. 4.6.

It can be seen that the best result is shown for UP structure which is also confirmed by the lowest
value of quality parameter Q = 0.1527 as shown in Fig. 4.6(a). Among all considered structures, this
designed VPM has the highest refractive index contrast and the smallest thickness. With a very short
thickness (4um), the waveguide effect is minimized. As a result, the doughnut-like intensity pattern is
almost uniform. The singularity is in exact center of the vortex and phase structure represents single
spiral.

Figure 4.6(b) shows results obtained for NC structure which is thicker (60 um) and designed for
OVB with topological charge /=1. It is clearly seen that there is a localization of the light in the
intensity pattern which reflects formation of high intensity spot related to high refractive index area.
This is a consequence of waveguiding effect when the light propagates over a long distance inside the
VPM. In this case, the intensity pattern shows a bright ring with the quality parameter Q = 0.7372
confirming visible non-uniformity. Despite that, the phase distribution is still perfect with single spiral
arm and the zero-intensity region illustrating the singularity of phase structure aligns with the center of
the pattern.

In the last case of FS structure depicted in Fig. 4.6(c), it is hardly to see doughnut shape although
the phase structure is relatively well preserved. In particular, due to the very thick VPM (230 um), the
generated OVB presents very strong light localization which is caused by the waveguide effect
occurring in high refractive index area. Additionally, this also leads to the shift of the phase singularity
position with a distance of around 10 um from the center of the structure towards the high intensity
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spot. This performance of FS structure disqualifies it for practical applications and hence development
of VPMs according to FS design is not planed. Moreover, from above analysis it can be seen visually
and deduced from quality parameter Q, the intensity profile of UP structured VPM is relatively
uniform and could be accepted for most of applications.
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Figure 4.6 Numerically calculated intensity profiles of OVBs for proposed structures UP, NC
and FS with refractive index distributions and corresponding generated OVBs’ properties [61].

We conducted additional simulations to check the trend for even much higher refractive index
contrast. Beside the fact that assumed in simulation glass parameters does not exists and polishing
such a thin structure is not feasible, we expect OVBs to look ideal. Our simulation showed that
minimal value of the contrast to obtain ideal OVB must by very high. We used NC21 glass material
as a low refractive index glass (no=1.5088 at 1.55 um) and another, hypothetical with refractive index
shifted by An =15.5. Consequently, the thickness of the artificial structure is of 0.1 um which is
extremally thin and waveguide effect disappears. The results of the simulation are presented in Fig.
4.7. We obtained perfect uniformity of intensity profile as well as perfect phase structure. The quality
parameter Q is near zero.
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Figure 4.7 Simulated OVB generated by using a GRIN VPM with a very high refractive index
contrast.
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Those above analyses bring us an essential insight on the influence of the waveguide effect taking
place inside bulky structure of nGRIN VPMs. The thicker the mask the influence of waveguide effect
is stronger. That means for thicker masks the light is highly localized in the high refractive index area.
As a result, although the phase structure of generated OVBs is still correct, their intensity distributions
show the azimuthal non-uniformity and the phase singularity point tend to shift to the light localization
region. Therefore, to obtain better OVBs, the thickness of the VPM should be reduced and, the
refractive index contrast of two glass materials must be increased. However, from technical point of
view, the mask production is much challenging in case of thickness of the order of single micrometres.
In the final step of the fabrication process, we grinded and polished 1-mm-segments of nVPM
structures to reduce their thicknesses to obtain thin nVPM components for the purpose of this
thesis [57]. In those mechanical processes, it is difficult to obtain accurate thickness with thickness
error lower than fraction of micrometer. Alternatively, it can be considered alternative approach, such
as chemical etching [187].

4.5 Influence of nonlinear azimuthal refractive index distribution of nGRIN
VPM on the vortex beam quality

As discussed in previous section, the generation of high-quality OVBs of fundamental
topological charge could be achieved with very thin nGRIN VPMs. However, it is also mentioned
previously that the realization of such very thin mask is challenging in the modified stack-and-draw
fabrication method. On the other hand, all investigated structures so far were with linear azimuthal
refractive index gradient. In other words, we only considered various refractive index contrasts An of
two glass materials and keep the linear variation of refractive index distributions. Thus in this section,
a proposed an alternative solution to explore the effect of azimuthal nonlinear refractive index profile
to improve the quality of the vortex formation. That means different curves of index variation
n(0) following the azimuthal angle 6 are applied to discussed NC and UP structures. The dependence
of n(@) on 6 is expressed as below modelled formula:

1
~) /s (4.19)

n(0) = nyyw + An (E
where the azimuthal angle 6 receives values in the range [0, 2x]. Index g denotes the shape power

index. Chosen g values with corresponding n(8) profiles are presented in Fig. 4.8.
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Figure 4.8 Various plotted curves present various dependences of refractive indices on
azimuthal angle 8 for NC structured VPM with thickness of 60 pm.
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In detail, for large g values, i.e. g =4, the area of high refractive index in the designed structure is
extended. On the contrary, for fractional value, i.e. g = 1/16, the high refractive index area is
minimized. And when g = 1, we have previously discussed linear gradient.

Numerical simulations for NC and UP structures use the same parameters as those in the previous
section, but the only difference is the azimuthal non-linear index profile. A family of power functions
with different shape index g are considered. All generated beams are visualized at distance of 200 pm
from the end facet of the VPMs.

Firstly, I would discuss the results obtained for nonlinear NC structured VPM which are presented
in Fig. 4.9. It can be seen that the shape power index g strongly influences on optical performance of
these NC structures. In other words, the intensity distribution in the cross-sectional bright ring pattern
of the generated vortices clearly depends on values of g. In particular, for g>1, it increases the light
localization in a single spot, consequently, the doughnut-like intensity becomes highly non-uniform.
The results became worse for the shape power index value above g=4 for which the beam is no longer
doughnut-like shaped. And there is strong shift of position of phase singularity point. Similar effect
occurs for values of the shape power index below g =1/8. The good results of generated OVBs is
obtained for the shape power index in range of 1/4+1 in which the intensity is distributed more
uniformly in the light ring but localization spot is still clearly visible. On the other hand, most of
considered structures provides correct phase distribution with a clear phase singularity, except for the
cases of g =1/8 and 1/16. In those cases, we do not get the phase singularity; instead, constant phase
areas appear and locate at the center of the phase structure. That means the output beams of those
structured VPMs are not optical vortices any more.

intensity Refractive index

phase

Figure 4.9 Simulated field intensity and phase of OVBs charge 1 generated with corresponding
NC structures of different refractive index profiles which is determined by shape power index
glol].

Noticeably, for proposed nonlinear function with g = 1/4, the intensity improvement is achieved
as shown in highlighted frame in Fig. 4.9. The result is confirmed by the lowest value of quality
parameter Q = 0.4847. However, uniform donut shape is still impossible to be obtained even when we
consider a full set of monotonic azimuthal profiles of refractive index described by the power
functions in Eq. 4.19. This is because that the waveguide effect caused by nonuniform refractive index
distribution in thick masks.

In addition, numerical simulations are also performed for UP structures with different refractive
index profiles corresponding to different phase power index values g. As aforementioned, this gradient
index structure is very thin (thickness of 4 um) due to the high refractive index contrast of An = 0.376
at 1.55 pm. In this set of numerical model, only the refractive index profiles of UP structures are
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changed while their other parameters are remained as used in the previous section. Figure 4.10 below
presents simulated results of performance of such designed structured masks.
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Figure 4.10 Simulated field intensity and phase of OVBs charge 1 generated with
corresponding UP structures of different refractive index profiles which is determined by shape
power index g [61].

The results show that the best performing OVB is achieved for the UP component having linear
change of azimuthal refractive index distribution g = 1 (highlighted in Fig. 4.10). It produces correct
helical phased structure and almost uniform intensity distribution on the beam cross-sectional pattern
which is confirmed by the lowest value of quality parameter (0=0.1527. In this structure, the
waveguiding effect is minimal so there is no lack of expected improvement with use the nonlinear
profile of the refractive index. For all g values phase structures are correct and distorted only for two
extreme values of g. In other words, any modifications of refractive index profile inside the UP
structured VPM do not help to improve quality of formed OVBs, which, instead, emphasize
localization region in the intensity profile.

In this section, the impact of nonlinear monotonic azimuthal refractive index distribution of nVPM
structures on intensity improvement has been analyzed. The investigation results show that the quality
of generated OVBs in terms of highly uniform intensity and correct phase structure could be improved
only in the case of thick structure with moderate index contrasts, e.g. NC structure. This method
allows minimizing the waveguide effect which is the cause of light localization spot in cross-sectional
intensity pattern. The phase structure is still maintained correctly. As a result, the generated
microscopic-size OVBs reach an acceptable quality. As we consider the structures and materials which
are suitable for fabrication, we are limited in thickness and in refractive index contrast, while
azimuthal distribution of refractive index can be formed freely. Therefore, in realization, the best
option for generation of single charge OVB is to use NC structured VPMs with a thickness of 60 pm
and a nonlinear monotonic azimuthal refractive index distribution (g = 1/4) and moderate refractive
index contrast of An = (0.025.

For a considerable extend, numerical calculations are also conducted for an nonlinear high
contrast structure with a feasible thickness of 15 pm. This designed VPM would have a moderate
refractive index contrast of An = 0.103 which could be possibly obtained for a soft-glass pair. Here we
used the presented NC21 glass as a low refractive index glass (no= 1.5088 at 1.55 pm) and assumed
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high index of refraction no=1.6118 at 1.55 um. A series of various g values as in case for the NC
structure are utilized for simulations. The results are shown in Fig. 4.11.
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Figure 4.11 High refractive index contrast structures with thickness of 15 pm to for selected
values of power index g.

As a result, the optimum OVB is obtained for the shape power index of g=1/2 due to minimization
of waveguide effects. The intensity distribution in the beam cross-section is almost perfectly uniform
with a correct phase structure. Its calculated quality parameter reaches the smallest value O = 0.1037.
This improved version even has better Q factor than for the OVB generated by the optimum UP
structured VPM (a very small thickness of 4 um.

4.6 Generation of high-charge vortices with nanostructured GRIN VPMs

In two previous sections, we have been focused on modifications of nGRIN VPMs for the
generation of OVBs with topological charge / = 1 thereby total phase variation is up to 2n. The masks
for higher topological charges should have multiple of 2x. In principle, this can be achieved with use
of nGRIN VPMs with two methods. The first method is dividing the mask into multiple number of
identical angular zones, with the phase change of 2m in each zone [188] while the materials and
thickness of the mask remains the same. In the second method, the component’s thickness can be
increased by multiple of its thickness needed for topological charge / = 1 as per Eq. 3.3 in Chapter 3.
The relation of topological charge values of generated OVBs and the number of 2rn-phase zones of the
VPM are introduced in Fig. 4.12. The plots depict required index profiles (here with constant gradient)
to create single and multiple 2n-phase-gradient-zone VPMs for formation of OVBs.
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Figure 4.12 Azimuthal linear-index profiles of designed VPMs with 1, 2, 3,4, 5, 6 and 9 2n-
phase zones distributed uniformly clockwise for generation of corresponding OVBs at
wavelength of 1.55 um.

However, both methods do not perform well in case of thick VPMs. For instance, the generation
of OVBs with charge / = 2 using NC structure have been un-successful when applying both of those
methods. As aforementioned, this NC-glass VPM for generation of OVBs with charge 1 is quite thick
(60 pum). The output beam obtained from a 60-pm-thick VPM with two 2n-phase-gradient zones is
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depicted in Fig. 4.13(b) while results for the twice thick NC structure (120 pm) is shown in Fig.
4.13(c). By looking at the phase maps, it is clearly seen that both output beams emerged from those
structure are not optical vortices in LG mode sense. Moreover, the obtained beam intensity profile in
the first method has more than one intensity localization due to waveguiding effect inside small
angular 2n-phase-gradient zones of the thick component. In the second method of 120-um-thick VPM,
the doughnut-like intensity profile is barely visible due to much stronger waveguiding effect

associated with beam propagation in this very thick component.
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Figure 4.13 Double-charge OVBs generated using the VPMs with either a thickness of 120
pm (b) — a double value of the VPMs of single charge (a) or two 2rn-phase-change zones in a
60-um component(c).

In the next set of numerical simulations we present results of considerations of higher topological
charge of UP structures with linear refractive index profile, thickness of 4 um and diameter of 50 um.
For the first approach, those masks have refractive index profile with 1, 2, 3, 4, 5, 6 and 9 2n-phase
zones distributed uniformly clockwise, which should generate the optical vortex with the charge / =
+1, +2, +3, +4, +5, +6 and +9, respectively. The simulated results are presented in Fig. 4.14. It can be
seen that by using VPMs with refractive index profile including 1, 2 and 3 2n-phase-gradient-index
zones, we obtained OVBs with reasonably uniform intensity patterns and clear phase structures which
indicates their topological charge values of /=+1, +2, +3, respectively. This is confirmed by the low
values of O parameter. However, it also can be seen that there are a number of light localization spots
in the cross-sectional intensity patterns which are equal to the topological charge values of vortex
beams. Additionally, the singularity of a higher-order OVB is divided to / displaced singularities
visible as additional dark regions. Probably the darkest spitted region is for charge 1 because numbers
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of new dark spots coincides with vortex charge. This phenomenon was also observed by other research
groups in case of standard phase masks [189].
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Figure 4.14 Simulated results for high topological charge OVB generations using the UP-
structured VPMs with refractive index profiles of single and multiple 2n-phase zones. All the
masks have thickness of 4 pum and diameter of 50 um [61].

In other cases, the output beams generated using UP-glass VPM with more than four 2rn-phase
zones in it are not / charged vortex beams. Although their intensity cross-sections show kind of
doughnut-like shape resemblance, but in each case, there is an additional light localizations at it
perimeter as well as in the center. Their phase structures are complex with flat phase in the center
surrounded by vortex-like phase distribution in peripheral areas. This phenomenon is caused by the
small size of the angular 2m-phase gradient index zones structured inside the VPMs and higher
sensitivity of high-charge vortices to the mask imperfections. In fact, these vortices can be destabilized
breaking up into constituent single charge vortices. With increase of charge the size of individual 27-
phase gradient index zone becomes small enough that beam locally interacts simultaneously with
multiple gradient structure. As a result, the averaging effect related to EMT [173] begins to play a
dominant role in the centre of the beam generated by the VPM. This leads to the lost of phase
singularity and the appearance of a central constant phase area in the phase of the generated beam. For
a VPM with higher number of 2n-phase gradient index zones, this effect is dominant for larger part of
local medium and results in location of intensity peak in the centre of the beam.

Subsequently, the second longer UP structured segments of thicknesses being multiplication of the
base thickness of fundamental-charged VPM is considered. This aims at verification of usefulness for
high-order OVBs formation by means of nVPMs. The optical performances of UP structures with
various thicknesses from 4 to 32 um (corresponding to charge / = +1 to +8, respectively) are
presented in Fig. 4.15. It can be seen that the output beams emerging from all investigated UP
structures is maintaining doughnut-like shape without the central light spots. However, the non-
uniformity in the out beam cross-sections is stronger for the OVBs generated from thicker VPMs as
predicted earlier. This effect confirmed the influence of waveguide effect and it maybe also a reason
for the shift in XY plane of central constant phase spots. Similar to previous approach applied for UP
structures in this section, the appearance of constant phase spots at the center of the beam for thicker

VPMs can be explained as high-order singularity being split into fundamental ones that shift away
from the beam center.
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Figure 4.15 Numerical verification of formation of OVBs with topological charge of /I=+1, +2,
+3, +4, +5, +6, and +8 by the use of UP structures with various corresponding thicknesses.
Their refractive index profiles linearly change with respect to azimuthal angles from 0 to
2n [61].

4.7 Summary

In this chapter the numerical studies on optical performance of nanostructured GRIN VPMs for
OVB generations were performed. Simulations reveal that the non-uniform intensity profile of the
generated OVBs is caused by waveguide effects which could be minimized by engineering of
refractive index profiles. In fact, as the gradient masks can be fabricated by using various pairs of low
and high index glasses, which can result in different mask thickness. The results demonstrated that the
best approach to minimize the waveguiding effect is to fabricate mask employing glasses which
provides highest possible refractive index contrast. In that case the thickness of the mask would be
minimized so the wave-guide effect could be negligible. We found that practically feasible vortex
mask with charge / = 1 can be created using in-house synthesized thermally matched pair of lead-
bismuth-gallate glass PBG81 and silicate glass UV710. Since refractive index difference between the
glasses is very high Anyp = 0.376, a phase mask with linear azimuthal gradient index profile which
corresponds to 2m phase shift can be achieved in a plate of 4 um thick at the operating wavelength of
1.55 pm.

However, fabrication of such a thin component is technologically challenging due to requirements
on thickness accuracy. For this reason we found a compromise in case of VPMs with technically
achievable thickness of 60 um. Furthermore, the beam intensity profile can be improved by non-linear
azimuthal gradient index profile. Different shape power index values of proposed nonlinear refractive
index profile of the components were considered and the significant improvement in uniformity of
vortex beam intensity distribution (and proper singular phase) was achieved by using nonlinear
azimuthal gradient index function with the shape power index g =1/4. As a result a 60-um-thick, well
performing nVPM can be obtained in case of using in-house made pair of thermally matched
borosilicate glasses. Specifically, glass NC21 and NC32 (Annc = 0.025) with compatible designed rod-
arrangement was used. The numerical simulations showed that although, the wave-guide effect cannot
be totally eliminated, it can be minimized leading to acceptable intensity patterns of the generated
vortex beam.

Finally, possibilities to use GRIN VPMs to generate vortices with higher topological charge
values were investigated. The results showed that the masks consisting of multiple identical segments
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with total phase variation of 2x in each segment were able to generate a vortex beam with charge up to
[ =3 for UP structures with relatively uniform beam intensity profiles. However, generation of charge
vortices with higher charged than 3 was unsuccessful as light propagation resulted in loss of phase
singularity and formation of structures with nonzero light intensity in the center. Furthermore, longer
UP structured segments with thicknesses having multiplication of the base-thickness of the
fundamental-charged VPM was analyzed. The results depicted that high-charge OVBs with correct
doughnut shape without intensity spot in the center were achieved for the considered cases.
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Chapter 5. Optical characterizations of single VPMs
in free space and liquid media

In this chapter, the optical performance of single nanostructured gradient index vortex phase
masks (nVPMs) in various external media is investigated theoretically and experimentally. The initial
verifications of performance of nVPMs in free space is a continuation of the previous work done by K.
Switkowski et al. [S7]. To a considerable extent, the deeper study on behaviors of our nVPMs was
carried out and had been reported in the article [62]. Our flat-surface microscopic-size components
whose structure contains spatially distributed nano-rods made of two thermally matched glasses with
high and low refractive indices were, as mentioned previously, fabricated by the modified stack-and-
draw technique. The measured optical properties of the generated vortices with azimuthally phase
distribution are presented. In section 5.1, a brief description of geometrical properties of the selective
fabricated nVPM samples is introduced. Then the following section shows the numerical simulation
results for light propagation through modeled GRIN vortex masks of those selected samples. Finally,
experimental results are presented to verify the optical performance of such fabricated nVPMs. It
should be noticed that all tests were conducted firstly in the air and then in different liquid media,
specially, water and ethanol. Both numerical and experimental studies agree and show that
performance of the nVPM is unaffected by the refractive index of the surrounding environment
making it an excellent candidate for micro-fluidic applications.

5.1 Study method and geometrical properties of investigated nVPMs

The first investigation of optical performance of fabricated nanostructured VPMs was reported by
K. Switkowski and his colleges [57]. The report shows that by using a VPM sample having a long
thickness of 36 pum, single charge OVBs at a wavelength of 890 nm was successfully generated in the
air but its intensity distribution is non-uniform with a light localization. To a considerable extent, the
deeper study was conducted for VPMs with thinner thickness and different external media had been
reported in the article [62].

As stated in previous chapter, the influence of waveguide effect on beam profile is stronger for
longer VPMs. Thus, inhere the thinner masks operating at red light emitted by He-Ne laser (633nm)
are characterized. The numerical simulations and experiments are performed for VPMs with the same
designed structure but varied thicknesses to verify the conversion from fundamental light beam into
optical vortices with different topological charges. Two VPMs with thickness values of 25 pm and 50
um are chosen, according to the theoretical predictions, in order to observe OVBs with topological
charges /=1 and / = 2 at wavelength of 633 nm, respectively.

Furthermore, the helical phase variation following the azimuthal angle is resulted directly from the
azimuthal modulation of refractive index inside the nVPM. That means the mask performance is
unaffected by the refractive index of the surrounding environment. Thus, it is expected that the same
components can be used in different media. For a verification, all tests for 25-um-thick nVPMs are
conducted firstly in the air and then in two other liquids — water and ethanol.

In this work, the selected VPM samples are fabricated with the use of the modified stack-and-draw
technique described in detail in Chapter 3. This method allows developing binary nanostructured
components with truly continuous phase profiles with the diameter of tens of micrometer. Here, the
whole diameter of investigated micro-optical component is 125 pm and the central vortex phase
structure is of ~20 pm as shown in Fig. 5.1. The flat-surface component structure contains total 7561
circular rods with the diameter of ~200 nm which are spatially arranged in a hexagonal lattice
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following the designed pattern. Those rods are made of two thermally matched glasses with high and
low refractive indices and their index contrast is of An = 0.25 at a wavelength of 633 nm.

— ’1
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Figure 5.1 Fabricated nVPMs. Scanning Electron Microscope (SEM) images of the whole
components (a); vortex structure (b); magnified part of vortex structure with visible individual
nano-rods made of high refractive index glass (bright regions) and the low refractive index
ones (dark regions) [62].

5.2 Numerical investigations of the optical performance

In order to numerically study the optical properties of OVBs generated by designed nanostructured
GRIN VPMs, the Fast Fourier Transform Beam Propagation Method (FFT-BPM) has been employed.
The implementation of the FFT-BPM had been explained in detail in chapter 4. The simulations were
performed for both ideal continuous GRIN VPM as well as the corresponding binary nanostructured
pattern (depicted in Fig. 5.2) in which the input parameters for both vortex masks are the same with
those of the fabricated structures as mentioned above.
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Figure 5.2 Designed gradient index VPMs with ideal continuous index distribution (a) and
corresponding binary nanostructured pattern used for fabrication (b). This figure based on [62].

Here it is assumed that all computer calculations were performed for plane input wave at
wavelength of 633nm propagating through the VPMs and then the output beam travels over a distance
of 200 um along its optical axis in free space or in water and ethanol liquids. All field intensity and
phase cross sectional profiles in XY plane of simulated OVBs will be visualized at the end of
simulation area.

The first simulation set is for determination of the most suitable incident beam size in order to
obtain the most uniform intensity distribution of OVBs. For that purpose, we numerically checked for
several incident beam diameters, specifically 12, 15, 18, 20, 23 and 30 um. In this work, we conduct
simulations only for the ideal continuous VPM with the structure diameter of 20 pm and the thickness
of 25 um. In theoretical calculation, we should obtain OVBs with fundamental topological charge
(I=1) at the wavelength of 633 nm. The simulated results are shown in Fig. 5.3. From simulation
results it can be seen that the generated vortex beam with the most uniform characteristic is converted
through the VPM from a planar beam of 18 pm diameter. This is also indicated by the smallest quality
factor (Q = 0.3098) among these simulated cases. Therefore, the beam with diameter of 18 um will be
used for all conducted simulations and experiments in this chapter.
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Figure 5.3 Numerical results for testing the influence of size of incident-beam on the field
intensity and phase structure of OVBs generated by designed ideal continuous GRIN VPM
charge 1.

The next set of simulations was carried out for comparison of optical performance of designed
continuous refractive index VPMs and its corresponding binary nanostructured VPMs. Both
components have thicknesses of 25 pm and diameter of 20 um. The input planar beams are of 633 nm
with a size of 18 um diameter as mentioned. All results are visualized at 200 um distance behind the
masks. The attained numerical calculations for VPMs in free space are performed in Fig. 5.4.
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Figure 5.4. Results of numerically simulations for continuous refractive index mask (a) and
binary structure (b) in free-space: simulated field intensity (first row) and phase structure
(second row) of the generated OVBs with topological charge /= 1.

The simulations showed that both obtained OVBs have doughnut-like intensity structure and
single arm spiral phase pattern. That shows our designed components with a thickness of 25 um can
generate optical vortex of topological charge [ = 1 in air. In addition, simulated results for binary
nanostructured masks are very similar to the ideal one. That means there is no degradation of the
optical performance of the nanostructured VPM with respect to ideal continuous VPM. The obtained
results confirm that the nanostructured mask acts as continuous phase mask. Internal binary structure
fulfills requirements of EMT. However, it is visible that the light intensity distribution is azimuthally
non-uniform. This non-uniformity reflects the influence of relatively long beam propagation through
the mask as numerical analyses discussed in Chapter 4. This waveguide effect leads to the tendency of
light beam to be guided predominantly in the higher refractive index area of the VPM structure.
However, the intensity distribution of the expected OVBs in this case are predicted to be more uniform
than the case reported in [57]. It is understandable because the thickness of components used here are
smaller, thereby the waveguide effect is weaker as discussed previously
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In addition, we also simulated the generation of OVBs using continuous refractive index VPMs in
two different external media: water (n, = 1.333) and in ethanol (#emanor = 1.360). The same input
parameters for both types of masks as the former case were used. The results of those simulations are
very similar to the case of air (see Fig. 5.5). This means predicted optical performance of GRIN VPMs
for generation of optical vortices with topological charge / = 1 is not affected when the masks is
immersed in water or in ethanol. Results prove the main advantage of GRIN vortex masks and can be
extrapolated to any transparent liquids.
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Figure 5.5 Simulated intensity and phase profiles of OVBs using the same designed
continuous index VPM in different external media: water (a) and ethanol (b).

The last numerical simulations were perform in order to study optical performance of GRIN
VPMs for generations of OVBs with charge / = 2 in air. These masks are twice thicker (50 um) than
the above VPMs (25 um), but the rest parameters of these structures are the same e.g. 20 pum in
diameter. Figure 5.6 depicts field intensity and phase profiles of the vortices in the case of ideal
continuous refractive index component and its corresponding binary nanostructured one. It can be seen
that the field intensity profiles have larger dark center areas in comparison to previously shown single-
charge beams. The phase patterns have two arms in the spiral, which indicate creating of double-
charge OVBs.

(a) (b)
Lia:

50x50 pm 0

Figure 5.6 Numerically simulation results for continuous mask (a) and binary structure (b):
simulated field intensity (first row) and phase structure (second row) of the generated OVBs
with topological charge /=2.

Those results confirmed that the generation of an optical vortex with topological charge / =2 at a
specific wavelength Ao requires a GRIN VPM component with a thickness being twice greater than the
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one used for the generation of a single charge vortex beam / = 1. This agrees with theoretical
calculation from Eq. 3.12.

However, it is noticed that the optical performance of OVB generation using the GRIN VPMs is
worse for the case of higher topological charge / = 2. One of the reasons for this is that the required
masks are much thicker, so the waveguide effect is stronger. Secondly, in general the higher order of
the vortex beam the more susceptible for any imperfection which makes the stability of higher order
OVBs is worse than for the beams with charge / = 1.

5.3 Experimental verifications

For the experiments, two parallel-facet nVPMs with diameter of ~20 um and thickness of 25 um
and 54 pm thickness were selected for generation of vortex beams with topological charge /=1 and /
=2, respectively. Our fabricated masks were glued to an edge of the microscope cover-slip glass (20 x
20 x 0.5 mm) by using optical UV-curable adhesive (see Fig. 5.7). The masks were mounted in a glass
cuvette shown glass box in Fig. 5.7(c). The cuvette allows masks to be immersed for studies of their
optical performance in different liquids such as water and ethanol.

Figure 5.7 Image of an investigated VPM in microscopy (a). VPM samples mounted for
experiments performance in air (b) and in water (c) [62].

In order to experimentally characterize the optical performance of fabricated nanostructured
vortex phase mask samples described in section 5.1, the set-up depicted in Fig. 5.8 was used. The
setup is used for observing intensity distribution, phase dislocation of the generated OVBs or
measuring their topological charge with the use of astigmatic transformation technique [190] or Mach-
zehnder interferometer configuration [79]. Each of aforementioned optical setup needs to be
rearranged. In experiment the Gaussian beam impinging the mask must have proper diameter (~18
um) as shown previously in numerical calculations.

Figure 5.8 Experimental setup for characterizing optical properties of selective fabricated
VPM samples
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In the constituted set-up, a He-Ne laser source emitting the light with relatively high coherent
length and stable central wavelength of 632.8 nm, is used to perform measurements. The prepared
VPM sample was clamped to a three axis precision translation stage (Thorlabs, Nanomax) for sample
alignment. Its surface planes are determined by scanning with the imaging system along the optical
axis. All measurements have been taken with the same set of a microscope objectives and a CCD
camera. Specially, a pair of microscope objective lenses with x10 magnification and NA = 0.25 were
used. One is for focusing collimated He-Ne laser, which impinging on surface of the component and
another is for imaging and collimating the transmitted beam. The resulting beam was projected onto
the camera with set same pixel gain and exposure in all experiments. In the case of the 632.8 nm laser,
we used a Thorlabs CMOS camera offering a full-frame resolution of 1280 x 1024 pixels. The camera
and objective lenses were mounted on computer controlled 2D translation staged to ensure the fixed
distance between elements in the imaging setup.

Firstly, in order to observe the intensity distribution of the generated vortex beam, the set-up was
operated following the scheme depicted in Fig. 5.9. In which, the collimated light coming out from the
laser was focused with the first microscope objective into a small spot at the center of the sample
mask. The transmitted divergent beam after propagating through the nVPM was collimated and
projected on camera by the second identical objective and its cross-section intensity profile was
recorded.

CCD
Lensl Lens2

VPM

He-Ne
Laser

Figure 5.9 Schematic of experimental setup for observing cross-sectional intensity distribution
of the OVBs generated by fabricated VPMs.

Next, for diagnostic of topological phase structure of obtained optical vortices, few different
techniques have been applied. They include astigmatic vortex transformation to Hermitte-Gaussian
(HG) modes by cylindrical lens [190] and formation of interference patterns between vortex beam and
the Gaussian reference beam realized in Mach-Zehnder interferometer configuration [79]. In the
former approach, a cylindrical lens was placed directly in front of the camera as shown in Fig. 5.10(a).
Consequently, the cylindrically symmetric vortex is transformed into a pattern of elongated dark and
bright stripes in the focal plane. In the later case, the interference measurement with an operation
scheme illustrated in Fig. 5.10(b). Interferences of vortex beam with reference spherical waves result
in spiral intensity patterns and fork-like pattern which allows confirming the singularity and
topological charge value of the generated OVBs. The detail of these techniques was discussed in
section 2.2, Chapter 2.
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Figure 5.10 Experimental schemes for study of phase characteristic and topological phase
structure of obtained optical vortices.

Following discussions are devoted to analysis results of optical characterizations for 25-um-thick
nVPM in air and liquid media which, according to the theoretical calculations, is expected to convert
the incident light into a single charge OVBs (/ = 1) at 632.8 nm wavelength of the input beam.

Figure 5.11(a) depicts the experimentally observed annular character in light intensity distribution
of OVB obtained in free space. Its dark central region well indicates existence of phase singularity of

the beam. This is also seen on graphs in Fig. 5.11(b, ¢) which show horizontal and vertical intensity
profiles of the vortex cross-section, respectively.

(a)

Intensity [a.u]
Intensity [a.u]
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x [pixels] y [pixels]

Figure 5.11 Cross-sectional intensity pattern of the OVB generated in the air (a) and its
horizontal and vertical profiles (b, ¢) show the singularity at center of the beam. Measured
intensity contrast ratio of the vortex is > 15:2.

The intensity distribution on the ring-shape is visibly azimuthally non-uniform, in which the light
localizes in one location. This non-uniformity reflects the predominant guiding of light in the higher

refractive index area inside the structure of the phase mask as numerical simulations discussed
previously.

The astigmatic transformation pattern obtained on the surface of sensor of the CCD camera after
OVB propagating through a cylindrical lens allows determining the beam topological charge. There

59



are two distinct bright extended bands separated by a dark stripe indicating the single topological
charge /=1 (Fig. 5.12(a)).

Figure 5.12 Astigmatic transformation structure using a cylindrical lens (a); interferograms of
resulted OVB by using collimated (b) and spherical (c) reference beam. The presence of the
fringe with bifurcation at the singularity of the fork-like pattern as well as single spiral arm
indicates single charge (/= 1).

The result is firmly confirmed by intererograms shown in Fig. 5.12(b) and (c) achieved in Mach-
Zehnder interferometric measurements involving collinear and non-collinear reference beams,
respectively. Indeed, in the fork-like structure, there is one extra fringe coming out from the central
zero intensity region substantiating the axial singularity as well as single topological characteristic of
the OVB. Moreover, a relevant result is seen in the spiral pattern — a single spiral arm. All these points
proved the formation of a single-charge OVB at wavelength 632.8 nm propagating in air for the use of
25-um-thick nVPM. These experimental results are in good agreement of previously described
computer simulations. Moreover, it is also noticed that in practice, the optical performance of the
fabricated binary nanostructured GRIN VPMs is better than those shown in simulation. This could be
explained by the sharp refractive index differences on the borders between various nano-regions
presenting in numerical simulations. In the fabricated structures, melted glass diffuses from one to
others and refractive index profiles of borders between two glasses is smoothed out [177].

Altering the polarization state of incident beam did not show any observable differences in any of
patterns showed here since our nVPM is a scalar vortex generator. The formation of optical vortex
beams is due to the azimuthal modulation of refractive index in the nVPM which results in the phase
variation following the azimuthal angle. That means the mask would replicate polarization of incident
beam. The internal nanostructure of nVPM is irregular and much smaller than wavelength, therefore it
doesn’t influence on polarization of the propagating beam. Moreover, we also note that local
birefringence variation can be observed in the case of gradient index components as it was reported in
the case of ion-exchange based gradient index lenses [191]. A similar effect may take place in gradient
index components developed by means of nanostructurization. The nVPM drawing process does
introduce only marginal stress, which locally generates small birefringence in comparison to other
phase mask production methods. Moreover, this effect is negligible since nanorods are made of
thermally matched pair of glasses, and fiber drawing process is carried out in optimized thermal
conditions to reduce local stress, as we have previously shown for silica-based nanostructured gradient
index microlenses [192]. Low residual birefringence of the drawn fiber and the fact that the mask is
very thin makes optical properties of the final nVPM structure polarization insensitive.

The most interesting property of nVPMs is its lack of optical performance degradation when it is
immersed in liquid media. So far this was not proved experimentally. Therefore in the scope of this
thesis, optical measurements performed for the nVPM immersed in water liquid medium will be
discussed and reported in [62]. The fabricated component having thickness of 25 um, used in previous
experiments, was placed into a glass cuvette containing pure water as in Fig. 5.7(c). The same
techniques as above would be utilized to characterize the optical behavior of the mask. As a
consequence, the experimental results are depicted in Fig. 5.13 and it shows that putting the mask in
water does not affect its optical performance. In detail, the intensity pattern of vortex cross-section is
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presented in Fig. 5.13(a) which has characteristic doughnut-like shape manifesting the presence of the
phase singularity in the centre of the transmitted beam. The figure is accompanied by graphs showing
intensity distribution along x and y directions of the generated cross-sectional beam (Fig. 5.13(b, c)).
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Figure 5.13 — Experimental optical characterizations of the OVB generated using the 25-um-thick nVPM
immersed in water: (a) annular intensity distribution; (b, c) its horizontal and vertical intensity profiles; (d)
the astigmatic transformation pattern of the OVB; (e, f) fork and spiral interferogram structures. Measured
intensity contrast ratio of the vortex is > 10:3.

Figures 5.13(d), (e) and (f) show an astigmatic transformation patterns obtained after the formed
OVB is transmitted through a cylindrical lens as well as observed interferometric patterns. The results
demonstrate the value / = 1 of vortex topological charge. Therefore, it can be concluded that the
fabricated VPM persists its optical characteristics in water. In other words, once designed and
fabricated nanostructured masks work well as a vortex converter in air as well as in water and the
properties of generated OVBs do not changed.

To a considerable extent of impressive evidences involving the preservation of optical properties
of our flat-surface nVPMs in other liquid media, we used ethanol. The experiment was conducted with
the same mask and experimental techniques. Measured results are presented in Fig. 5.14. We obtained
very similar performance, even though the surrounding medium of the component has higher
refractive index (n = 1.3604 at 633 nm). There is also a doughnut-like intensity distribution with a
visible dark central region in the intensity pattern as well as it horizontal and vertical profiles. It
suggests the existence of phase singularity of the output vortex. Additionally, its single charge / =1 is
ascertained due to the presence of one dark elongated strip in the astigmatic transformation pattern; the
presence of only one extra fringe and single spiral arm in the corresponding interferograms.

The experimental performances for the nVPMs in all of three media reveal the non-uniform light
intensity. This is difficult to avoid due to the waveguide effects taking place when the light beams
propagating through such a thick GRIN component. However, it is visible that the resulting images
from measurements for the same investigated mask obtained in liquid media are less diffused than
those in the air. This issue is associated with the scattering from the roughness of the mask’s surface.
Because of technological limitations, the certain roughness was exerted during mechanically polishing
step. When the mask was put in the liquid media with higher refractive indices the air, difference in
refractive indices between interfaces is much smaller thereby inhomogeneity is less visible.
Consequently, light scattering from the rough surface of the flat component in liquids is much smaller
than that in the air.
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Figure 5.14 — Experimental characterizations of the OVB resulted from propagation of
Gaussian beam through the 25-um-thick nVPM immersed in ethanol: (a) annular intensity
distribution; (b, c) its horizontal and vertical intensity profiles; (d) the astigmatic
transformation pattern of the OVB; (e, f) fork and spiral interferogram structures. Measured
intensity contrast in the vortex > 15:1.

Hereinafter, further experimentally studies have been carried out for generations of higher charge
OVBs in the air using nVPM samples with the same structure [62]. For that purpose, we had
investigated another mask with almost twice longer thickness (54 um). With the same input source
(central wavelength of 632.8 nm), this component should form an OVB with the topological charge / =
2. The same experimental steps that were utilized for previous study on 25- pm-thick VPMs had been
applied in these measurements. Consequently, it results in patterns of intensity profiles, astigmatic
transformation structure and integerograms introduced in Fig. 5.15.
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Figure 5.15 — Light intensity patterns of the cross-sectional OVB profiles obtained be
propagation of the gaussian beam through the 54-pm-thick nVPM of and its horizontal and
vertical distributions (a, b, ¢). Patterns formed by cylindrical lens and modified Mach-Zehnder
interferometer setup illustrate the double topological charge of the OVB (d, e, f). Measured
intensity contrast ratio of the vortex is > 15:1

62



Figures 5.15(a-c) show the annular intensity characteristic with a visible phase dislocation at the
center of vortex cross-section. However, the central dark area of the cross-sectional intensity
distribution is now wider which suggests higher topological charge. In fact, in the structure imparted
by the cylindrical lens due to the astigmatic transformation of the vortex in Fig.5.16(d), there are two
disparate dark stripes determining double charge vortex ([ = 2). This is also agreed by the fork and
spiral intensity interferometric patterns attained from Mach-Zehnder experiments — two additional
fork-finges and double spiral arms. The obtained experimental results agree with previously presented
results of numerical calculations. This confirms that the nVPM operating at wavelength of 632.8 nm
allows generation of an OVB with topological charge / = 2.

Due to the technical limitations in accuracy of cutting and polishing final mask sample, the
thickness of the nVPM used here was 54 pm a slightly longer than the theoretically calculated (50
um). This difference in thickness of 4 um and together with coexisting influence of wave-guiding
effect, as discussed before, contributed to the non uniform intensity distribution.

5.4 Summary

To sum up, in this chapter, the optical performance of two selected nanostructured gradient index
vortex phase masks (VPMs) with thicknesses of 25 and 54 um in various external media was verified
experimentally. In particular, intensity distribution, existence of phase singularity and topological
charge were determined experimentally.

Obtained results showed agreement with simulated results for designed GRIN VPMs and
fabricated nanostructured GRIN VPMs. That means the binary nanostruturization technique is one of
the most feasible method for fabrication of vortex masks. Only visible drawback is the non-uniformity
of the vortex intensity profiles. This associates with light wave-guiding effects thick GRIN phase
structures. This issue can be minimized when glass materials with high refractive index contrast are
used in fabrication process thereby, allows the VPMs to have lesser thicknesses as discussed in
Chapter 4.

However, in comparison to the converters realized by other techniques, our micro-optical VPMs
have remarkable unique properties. Due to flat-parallel surfaces, they can be easily and efficiently
integrated into compact fiber optics systems. In contrast to other methods it is cost effective, once
drawn a few meters of the fiber can be used to mass production plenty of discrete mask elements.
Additionally, it is also demonstrated that the same fabricated vortex structured fiber could be used to
produce various vortex phase masks for generations of OVBs with different topological charges by
cutting VPMs into slices of suitable thickness. More importantly, both numerical and experimental
studies demonstrated that the mask performance is unaffected by the refractive index of the
surrounding environment making it an excellent candidate for microfluidic applications.
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Chapter 6. Fiber-based vortex converter microprobe

The novel nanostructured GRIN VPM, discussed in details in the previously chapters, has flat
surfaces making its optical performance unaffected by surrounding transparent media which is in
contrast to conventional SPPs. The usage of VPMs allows converting flat wavefront incident light into
helically phased beams with diameter of tens of micrometer which is insensitive of the working
environment. However, those considered single optical VPM s are of microscopic spatial dimensions,
so the mask itself is rather difficult to operate. Therefore, integration of the nVPM with a single-mode
optical fiber path to form a fiber-based vortex converter microprobe was proposed such that it can be
manipulated easily and reliably. The concept, fabrication and characterization of such a new type of
the novel optical microprobe was presented for the first time in [63]. The system comprises of a single
mode fiber (SMF) path, coreless fiber spacer element and the novel nanostructured VPM. The main
idea of this chapter is focused on such the vortex converter system development and its verification,
not on the phase mask itself. In the present chapter, I will discuss more detail in terms of practical
integrations, numerical simulations and experimental verifications of the optical performance of the
integrated converter system in the air as well as immersed in water. Through that, in overall it proofs
the compatibility of our nVPM elements with optical fiber technology. In particular, the concept of the
fiber-based vortex converter microprobe and its creation process is described in details in section 6.1.
Process of integration of the nVPM and the spacer with the fiber needs very high precision active
alignment procedures performed under the microscope. In the next section, I present a proof-of-
concept of the novel compact fiber-vortex converter microprobe with numerical simulation analysis of
the generated OVBs. Eventually, the experimental verification discussion of the results obtained fiber-
based vortex converter in various external media is presented in section 6.3.

6.1 Optical fiber-based vortex converter microprobe: Concept and integration
technique

A novel fiber-based vortex converter microprobe, whose concept is presented in Fig. 6.1, would
be directly integrated from separate components. They include a nanostructured vortex phase mask, a
spacer and a single mode optical fiber (SMF) compatible with the operating light source.

nVPM
SMF

) |

Spacer

Figure 6.1 Schematic of fiber-based vortex converter microprobe composing of a SMF, a
spacer and a VPM.

All fabricated nVPM samples used in this work are circular with an outer diameter of 125 pm and
their central the hexagonal nano-structures have the longer diagonal of 20 = 0.5 um. Due to small
diameter of the SMF fiber mode and relatively large area of the mask, there was a need for use of an
additional core-less-fiber element, spacer, which will expand the beam on the all mask area. The
thickness of the spacer is carefully calculated and they should be in microscopic spatial dimensions,
typically around of 60100 um. In this way, we obtained uniform illumination of the whole area of the
mask, without overfilling the hexagonal aperture. In the case of overfilling, we would have a spurious
diffraction pattern of the hexagonal structure observed in the vortex beam. From the other hand, the
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insufficient filling would not provide good quality vortex beam. The exact value of the thickness of
the spacer depends on the core size of the light delivery fiber as well as VPM structures. It would be
estimated by numerical simulations reported in the next section.

In the preparation step, the nVPM samples contained in glass holders, after the final stage (cutting,
grinding and polishing) of fabrication described in Chapter 3, were checked under a microscopy in
terms of structure diameter and thickness (illustrated in Fig. 6.2(a-b)). Polished micro-optical
components having required thickness were selected according to theoretical calculations as
mentioned in section 3.5 in Chapter 3. Next, the selected vortex masks were taken out from the glass
holders by precise tweezers. Then they were glued on the optical transparent glass plate with the usage
of water based adhesive (Fig. 6.2(c)). This task requires high precisions and much patient since all
nanostructured components here have microscopic size of 125 pm in outer diameter and less than 100
pum thickness.

(e

Figure 6.2 Fabricated VPM samples contained in glass holder after the fabrication process (a-
b) and the selected sample glued on glass plate for integration (c).

The above procedure of nVPMs preparations before integrations was also applied for the spacers.
The spacer was developed in-house using a borosilicate glass labeled NC21 which is the same lower
refractive index glass used for nanostructure VPMs. An optical high-quality NC21-glass rod was
drawn down to a rod with a diameter of 125 pum in a fiber-drawing tower. The drawn coreless fiber
was then cut into short pieces of 1 mm length, and the bunch of samples are polished using fiber
polishing machine (Automet 250 Grinder-Polisher, Buehler) until achieving the required length.

Process of integration of the nVPM and the spacer with the fiber needs very high precision active
alignment procedures performed under the microscope. Any small misalignments between core and
nVPM result in deformation of the output beam and deterioration of vortex generation. Therefore we
have built a microscope-based station for fiber microprobe assembly and worked out a full procedure
for assembly single-mode fiber with ultrathin micro-optical components. Figure 6.3 shows a practical
setup for integration process. Importantly, to ensure proper alignment of the final probe, it is crucial to
clamp both the micro-element and the optical fiber. This reliable and temporary clamping must be kept
during hardening of an optical adhesive.

Optical
- fiber

2
Glass plate
containing element

Objective
lens

T Camera

Figure 6.3 Assembly schematics (a) and practical setup (b) of integration process of the fiber-
based vortex converter microprobe.
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The system contains an inverted microscope (Science IVM 401, Bresser) which allows observing
component from bottom side. The glass plate with the micro-optical components was placed into the
inverted microscope. Above it, the selected single-mode optical fiber (depending on the operating
wavelengths) is clamped to the custom-made holder connected to the precise 3-axis translation stage
(Nanomax, Thorlabs), perpendicular to the microscope objective. The tip of optical fiber is dipped in
UV-curable optical adhesive (NOA65, Norland). After curing adhesive has refractive index of 1.524,
and has flat transmission spectrum curve near 100% in a wavelength range from 400 nm up to 1600
nm.

The optical fiber is positioned above the spacer component in such a way that their centers are
aligned. The fiber was then pressed down slowly until attaining a good contact between two surfaces.
A UV 100 W Mercury lamp is used for around 8 minutes for the final curing. During curing any
movement will cause misalignment. After this fixing step, water was poured on glass plate over the
integrated system for dissolving the water soluble glue used in the initial mounting spacer to
microscope glass slide. The same techniques, is applied to assembling the nanostructured VPM to the
integrated spacer-fiber so that a compact SMF-spacer-nVPM system was formed as an example in Fig.
6.4.

(a) . (b)

SMF n\VPM

spacer

Figure 6.4 Examples of fiber-based vortex converter microprobe sample images under
microscope.

6.2 Numerical investigations of the performance of the fiber-based vortex
converter microprobe

The optical performance of the designed SMF-spacer-VPM systems have been verified
numerically using the Fast Fourier transform Beam propagation method (FFT BPM) described in
chapter 4.

The first set of computer simulations was conducted to investigate the properties of the bare
optical delivery fiber and the result is represented in Fig. 6.5. For simulation fiber path having a core
diameter of 4.3 um and a length of 600 um was assumed. Its core and cladding have refractive indices
of neore= 1.462 and ncragging= 1.457, respectively. The input beam with a wavelength of 633 nm and
diameter (defined at 1/e* cut-off) of 4.3 um was used in simulation. In order to ensure the effective
work of the algorithm realizing FFT PBM, the simulation field along the optical axis (z-axis) was
divided to 1 um steps and to 0.1 pum steps in x and y perpendicular plane.
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Figure 6.5 (a) Modeled beam intensity profiles emerging from the end of the SMF fiber in air.
(b) Intensity profile of the beam propagating along the optical axis. (c-e). Intensity profiles of
beam cross sections along z axis at distance form the fiber end at 8§, 62, 72 pum, respectively.

The numerical calculations showed that the output beam waist at 8 um from the end of the fiber is
3.8 um FWHM. The size of the beam increases along the propagation axis. It can be seen from the Fig
6.5(a) that at the plane directly out of fiber, the beam spot is very small (~ 4 um). In case of direct
mounting nVPM to the end of the optical fiber, most of the energy illuminates only its minute area. As
discussed in the previous Chapter about the beam size for illuminating the vortex structure, to generate
good quality OVBs, the illuminating beam diameter should match the shorter diagonal of the VPM
structure (~ 18 pm).

For the purpose of keeping proper distance between the VPM and fiber end, a piece of coreless
fiber (spacer) was utilized. So the next simulations were performed for light propagating through a
compact system of the mentioned fiber and 200 um spacer. As mentioned in the previous section, the
spacer here is made of borosilicate NC21 glass having refractive index nnc2i=1.5243 at the operating
wavelength of 633 nm. Other input parameters for the optical fiber are the same as per the previous
simulation series. The conducted simulation results are presented in Fig. 6.6. It shows that the required
length of spacer for expanding the light from fiber to attain a light spot with FWHM of ~ 18 pum
should be around 85 pm.
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Figure 6.6 (a) Modeling beam propagation emerging from the end of the SMF in NC21-glass
material (n=1.5243 at the wavelength of 633 nm). (b) Intensity of the beam propagating along
the optical axis. (c) Field intensity along the diameter of beam cross section at working
distance of 85 um.

Base on the above simulation calculations, we have subsequently carried out the numerical
investigations for a selected compact fiber-based vortex converter system (see Fig. 6.7). The design
comprises of 600-um-long fiber, 85-um-thick NC21-glass spacer and a GRIN VPM. The VPM has
diameter of 20 wm and thickness of 25 um which, as followed explanations in Chapter 3, allows the
generation of OVB with topological charge / = 1. Here the simulations were performed for both ideal
continuous and actually realized binary nanostructured VPMs for a comparison. The binary nVPM
was designed the same as the one studied in Chapter 5, which, according to EMT, reproduces the
effective index distribution as the ideal continuous GRIN vortex phase mask. The spatially arranged
nano-regions in the structure are made of two boro-silicate glasses, NC32 (nnigh = 1.549 at Ao = 633
nm) and NC21 (now = 1.524 at Ao = 633 nm) as mentioned previously. Figure 6.7 depicts the scheme
of simulations of the beam propagation through the fiber optics realization of the OVB generator. The

presented results are for a plane located at 300 um from end facet of the generator with assumed free
space propagation.
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Figure 6.7 FFT BPM simulation scheme for the beam propagation through 600-pum-long
optical fiber, 85-pum-thick spacer, 25-um-thick nVPM and distance of 300 um in free space.
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Results of the simulation presented in Figure 6.8 shows intensity profiles and phase structure of
the beam for the ideal continuous refractive index profile as well as the binary nanostructured
designed VPM. All numerical modeling results confirm the formation of optical vortices in air in both
cases of VPMs realizations. Indeed, the phase singularity characteristic is indicated by the doughnut-
like intensity pattern with a clear dark central region. In both cases single arm on spiral phase
structures indicates topological charge / = 1. Therefore, it is numerically proved that the designed

fiber-based vortex converter microprobe should generate single-charge optical vortex beams.
(a) (b)
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Figure 6.8 — Numerically simulated field and phase structure of the beam transmitted by fiber
based micro-optical probe with an ideal continuous index (a) and binary designed VPMs (b)
visualized in air at a distance of 300 um behind the masks. The spacer and VPMs have
thickness of 85 um and 25 pm, respectively.
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It should be noted that these numerical simulations also show non-uniformity of the intensity
profile — some light localization. The wave-guide effect occurs because light propagates for relatively
long distance inside GRIN mask as discussed in details in Chapter 4. To prove that the chosen spacer
thickness is optimal, additional simulations were performed for the spacers with the thicknesses of 0,
40, and 120 um while other parameters of the fiber-based vortex converter microprobe are kept the
same. The simulations were conducted for ideal continuous VPMs, which simplifies simulations
without sacrificing any meaningful details in results as can be seen in case of previous simulation. The
results shown in Fig. 6.9 confirm that optimal thickness of the spacer equals of 85 um.

0

Figure 6.9 Numerically calculated field intensity (top row) and phase structure (bottom row)
of the obtained OVBs using the designed fiber-based vortex converter. The results in a, b, ¢, d
are visualized at 300 um behind the nVPM, corresponding to four converter system with
different thickness of the spacers - 0, 40, and 85 pum, respectively [63].
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In practice, as in the discussion related to technological fabrication in Chapter 5, our facility has
limitations in the accurate polishing of thin optical components for an exact thickness. The thickness
errors are in range below of single micrometers. That means the actually integrated vortex-fiber probes
do not consist all components having exact thicknesses as in the designed cases simulated above
although they are well aligned integrations. Among integrated fiber-based vortex converter probes, we
selected the best one which have the closest thickness values of the nVPM to the above theoretical
calculations. The selected integrated probe consists of 80-cm-long SMF, 84-um-thick NC21-glass
spacer and 28-pum-thick nVPM. In numerical study, only thicknesses of the spacer and nVPM are
varied to match with the actually selected probe while other input parameters are kept the same as per
other previous numerical calculations. In addition, numerical simulations were performed for the fiber-
based vortex converter microprobe immersed in air and water. The results presented in Fig. 6.10 and
Fig. 6.11 are obtained at distance of 300 um after the output end of the VPMs.

In air In water

0 L' 0 2 10 Loax''0 251

Figure 6.10 — Numerically simulated beam intensity and its phase structure for the beam
transmitted through fiber-based micro-optical vortex converter with an ideal continuous index
(a, b) and binary designed VPMs (c, d) visualized at distance of 300 um from the converted
end facet. The NC21 spacer and VPMs have thickness of 84 um and 28 pm, respectively. Plots
(a,c) present OVBs created in air (b, d) in water [63].
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Figure 6.11 Modeled intensity of light propagation in the xz plane through the whole
integrated fiber-spacer-vortex system up to 300 pm distance from the converter in air (a) and
water (b) [63].
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It can be seen that both designed probes with ideal continuous refractive index VPM and binary
nVPM produce doughnut-like intensity patterns with a clear dark central region. The phase structures
of these generated OVBs have single arms indicating the topological charge / =1. Moreover, the
simulated OVBs generated by binary nano-structured VPM (in the top row of Fig. 6.10) is of similar
in quality to the one generated by an ideal continuous VPM (in the bottom row of Fig.
6.10).Therefore, these simulation results predict that the selected fiber-based microprobe with the 28-
um-thick VPMs can converts the fundamental (Gaussian) beam into charge / = 1 OVBs at the
wavelength of 633nm. In addition, Figure 6.10 also reveals lack of significant differences in results
either in case of air or in water that means the optical performance of the designed microprobes are not
affected by water. The optical performance of the probe is also confirmed by simulations of the beam
intensity in the longitudinal plane of light propagation through the whole fiber-spacer-vortex system
and then in 300 um distance in air and water (see Fig. 6.11).

It is worth noticing that the numerical studies of OVB generation in previous chapters were
performed for the plane wavefront of the beam at the input of the mask while here due to the usage of
the optical fiber; the planar input beam is converted to the Gaussian beam. Fundamental mode
(Gaussian) emerging from the fiber became a source for illumination of the VPMs. In a careful
comparison with the vortex beams converted from a planar wave shown in Chapter 5, we can state
nVPMs perform exactly the same for the Gaussian as well as planar wavefront beam.

6.3 Experimental verifications

In this section, I discuss the experimental study on optical characterization of the selected fiber-
based vortex converter microprobe which includes an 84-um-thick spacer and 28-um-thick vortex
mask integrated at the end of an 80-cm SMF ((SM600, Thorlabs)). The He-Ne laser with the central
wavelength of 632.8 nm as for majority of the simulations was also used in experimental part. The
utilized optical fiber provides an optical mode field diameter of 4.3 pm measured at this operating
wavelength. The actual experimentally verified vortex mask and the investigated fiber-based vortex
converter microprobe are shown in Fig. 6.12.

(®)

Figure 6.12 Fabricated nVPM image under microscope (a). Integrated fiber-based vortex
converter images under microscope (b) and in experimental setup for its optical performance
verification (c).

The optical performance of the integrated fiber-based vortex converter microprobe was
characterized using three different experimental schemes are depicted in Fig. 6.13. They are employed
for study the intensity distribution, phase structure and topological charge of the generated OVBs. In
these experiments, the collimated red light emitted from He-Ne laser is coupled into the optical fiber
to excite its fundamental mode. This was done with the usage of a high-magnification microscope
objective Lens 1 (magnification 40, NA = 0.65). The fiber-based vortex converter probe is attached
with a three axes high precision translation stage (Thorlabs, Nanomax) allowing precise manipulation
of the fiber tip. The output beam after the VPM is collimated by a microscope objective Lens 2 (x10,
NA = 0.25) and then depending on the property studied — the additional modification of the set-up
were required. In all of the measurements, a CCD camera with a resolution of 1280 x 1024 pixels
(Thorlabs, DCU224M) was used to record obtained results for later analyses.
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Figure 6.13 Experimental schemes for studying optical properties of OVBs generated by the
fiber-based vortex converter microprobe: intensity distribution (a), phase structure and
topological charge by astigmatic transformation technique (b) and by Mach-Zhender
interferometer configuration (c).

In the first setup (Fig. 6.13(a)), the output collimated beam is directly recorded by the camera. The
output surface of the converter (also output surface of nVPM) is positioned at around focal plane of
Lens 2 while the camera is put at a distance of ~ 20 cm behind the objective lens. Then the distance
between Lens 2 and the integrated converter end would be slightly adjusted to fill the whole imaging
sensor of the camera.

The next setups depicted in Fig. 6.13(b) and (c) are used for study the phase properties and
topological charge of the generated OVBs. The former one uses the astigmatic transformation
technique to convert the vortex beam (Laguerre-Gauss modes) into Hermite-Gaussian modes. This is
realized by means of addition of a cylindrical lens with a focal length of = 15 cm. Here, the camera
would record the transformed pattern of the formed OVBs at the focal plane of the cylindrical lens.
The measurement setup in virtue of the schematic in Fig. 6.13(c) which is a Mach-zehnder
interferometer provides interference between the vortex and the Gaussian reference beam. In here, the
incident beam is equally divided into two parts with the use of a 50:50 fiber coupler (fiber tap). One of
its output is coupled into the fiber-based vortex converter probe for OVB generations. The other one is
collimated by Lens3 (x10, NA = 0.25) which is the reference beam in the interferometer. As a result,
spiral and fork-like interferograms are obtained. The details of these detection approaches were
discussed in Chapter 2.

The following part of this section will be devoted to analyses of the experimental results obtained
with above mention measurement techniques. Now, I would start with the optical characterization of
the selected fiber-spacer-vortex converter sample in a free space. The experimental results are
represented in Fig. 6.14. Figure 6.14(a,b) depict intensity profile of the beam cross-section and its
horizontal as well as vertical intensity profiles obtained from experimental setup in Fig. 6.13(a). It
shows a visible doughnut-like shape intensity pattern with a clear dark central region indicating the
singularity of the converted beam.

Other images in Fig. 6.14 present results for studying phase structure and topological charge of
the converted OVBs. Initially, with a quick check by astigmatic transformation of the generated OVB
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(see Fig. 6.15(c)), we obtained only one dark stripe located between two distinct bright elongated
regions on the pattern. It indicates the generation of OVB with a fundamental topological charge (/ =
1). This is confirmed by interferograms obtained from Mach-Zehnder interferometer (see Fig. 6.14(d)).
The fork-like pattern has one additional fringe coming out from the central zero-intensity region as
depicted in Fig. 6.15(e), indicating the axial singularity as well as topological charge [ = 1.
Equivalently, the collinear interference measurement results in a spiral structure with single arm which
agrees with the above results. Our experimental results are well matched with the numerical prediction
as discussed above and proved that the integrated fiber-based vortex converter system allows
converting Gaussian beam at 633 nm wavelength into an OVB with topological charge / = lin air.
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Figure 6.14 Experimental characterization of the selected fiber-based vortex converter sample
in air: (a) donut-like pattern of intensity profile of the output beam cross-section; its astigmatic
transformation(b); fork (c) and spiral (d) interference patterns obtained in Mach-Zehnder
interference configuration indicating the phase singularity and topological charge / = 1.

However, the fabricated nVPM used for the selected converter system has a thickness of 28 pum,
which is slightly thicker than the theoretically required nVPMs (25 um) in order to convert incident
beam at 633 nm wavelength into fundamental-charge OVBs. However, both experimental and
numerical simulation results as analyzed above confirmed the formation of OVBs with topological
charge of / = 1. The difference of 3 um in the thickness is a result of the technical limitations in the
accuracy of cutting and polishing. This issue together with the wave-guide effect has contributed to the
non-perfect intensity distribution of the generated OVBs.

The subsequent experiments studies optical performance of the fiber-based vortex converter probe
immersed in water, the microprobe is exactly the same as the one used for the previous measurements
in air. The experimental results of the experiment are presented in Fig. 6.15. In particular, Fig. 6.15(a)
shows the doughnut-like intensity profile of output beam. There is zero-intensity at its center. From
interferometer experiments, existence of phase singularity is confirmed by the central bifurcation of
the fringes forming fork-like interference pattern as shown in Fig. 6.15(c). The above confirms OVB
generation in water. To verify the value of the obtained OVB the interference measurement were
complemented with the astigmatic transformation of the generated OVB (depicted in Fig. 6.15(b). The
results show that the generated OVB has a topological charge of / = 1 since there is only one dark
stripe in astigmatic transformed pattern as well as one additional fringe in fork structure and single
spiral arm in spherical wavefront interference pattern. The experimental results agreed with numerical
calculations in Fig. 6.10 (b,d) for the case of ideal (fully continuous) as well as binary VPMs.
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Figure 6.15 Experimental characterization of the investigated fiber-based vortex converter
probe in water: (a) donut-like intensity profile in the output beam cross-section; (b) its
astigmatic transformation; the fork (c) and spiral (d) interference patterns obtained in Mach-
zehnder interference configuration indicating the phase singularity and topological charge / = 1.

6.4 Study on the effect of the polarization and the delivery fiber bend on
performance of the fiber-based vortex converter microprobe

In this part, series of numerical calculations and experiments were conducted to verify the effect
of orientation of linear polarization of the input beams and the bend of the delivery fiber on the
performance of the converter. The results show that there is negligible change in the polarization state
due to the fiber bending. Firstly, it should be noticed that the change of the polarization state of the
input light will not affect the main property of the vortex beam. The polarization of the scalar vortex
beam generated by VPMs is the same as that Gaussian beam which impinges the mask. It is because
the designed and fabricated VPM here is a scalar vortex generator as discussed in detail in Chapter 5
and our previous studies showed marginal birefringence in the nanostructured fiber [192]. The
formation of optical vortex beams is due to the azimuthal modulation of the refractive index in the
nVPM, which results in the phase variation following the azimuthal angle. The mask is made of
isotropic glass materials; thereby there is no induced mechanical stress in the mask. That means the
mask would replicate polarization of the incident beam. The internal structure of nVPM has low short
range order of the nanorods and the rods are round shaped, which means that there is no geometrical
reason to favor any state of the light polarization.

a) b)

Figure 6.16 Studying scheme: (a) bent fiber, (b) distribution of light intensity in the fiber, the
cross-section in the plane of the core.
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Secondly, the scheme in Fig. 6.16 is introduced for studies on the insensitivity of the OVBs
generated by the fibe-based vortex converter microprobe to the bending of the light delivery fiber. In
these investigations, the fundamental mode is used to excite the fiber. Then light propagates in the
bent fiber whose bent path has a radius » and a length of 1/4 of a circle. Then the light propagates in a
short section of a straight fiber path with the spacer and VPM at the end.

The results represented in Fig. 6.17 show that the bend induced phase shift and phase slope, but
this shift of the fundamental mode within the fiber core have a negligible effect on the quality of the
generated OVBs. Only with a very strong bending (very small radius r < 1 mm), a change in light
intensity could be observed due to bending losses inside the fiber. In this case, the centre of the vortex
is slightly moving and the phase changes are also minor but still maintain their spiral character as
depicted in Fig. 6.17(g). The shifting distances of the vortex centre observed when various bending
radius is applied are shown in details by the graph in Fig. 6.17(a).
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Figure 6.17 (a) Relative shift distance of the vortex centre as a function of the fiber bending
radius 7. (b-g) Numerical results for studying the influence of the fiber bending on the OVBs
generated by the fiber-based vortex converter probe. Light intensity distributions and phase
structures are visualized at the distance of 200 pm from the output surface of the nVPM.

6.5 Application of the microprobe for excitation of OAM modes in anti-resonant
fiber

In addition, to verify the performance of fiber-based vortex converter micro-probe, we did
experiments to excite the OAM mode (vortex beam) in anti-resonant (AR) fiber using this particular
integrated converter microprobe. For that purpose, we have added an nGRIN lens of the probe to
match the numerical aperture (NA) between the vortex generator probe and AR-fiber. The schematic
of the developed microprobe is shown in Fig.6.18.
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Figure 6.18 Schematic representation of the fiber-based vortex converter microprobe with nGRIN lens at the end.

The integration process was done manually using the same active alignment technique as
discussed in Section 6.1. Here, the fiber-based vortex converter probe consists of a 41-pm-thick nVPM
and a 610-pm-long nGRIN lens integrated at the end of a single-mode fiber. Since both components
have flat surfaces and they are very compact and were directly integrated with a single-mode fiber to
create a robust and alignment-free, easy-to-manipulate fiber-based generator of vortex beams.  The
performance of such a developed microprobe in generation of vortex beams was studied numerically
as well as experimentally and reported in [64]. The study results are represented in Fig. 6.19.

The results demonstrated that the all-fiber vortex converter transforms a Gaussian beam into an
optical vortex beam with topological charge / = 1 at wavelength A = 980 nm. Moreover, we also
proved that by changing distance between the fiber probe and the output plane we are able to reduce or
enlarge the diameter of vortex without additional optical systems. It is worth noting that the fiber-
based focused-vortex converter probe has a long working distance and the vortex beam after focal
plane diverges slowly. That means the fiber-based vortex converter allows excitation of optical vortex
modes in AR fiber.
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Figure 6.19 Intensity distribution of generated vortex along optical axis in free-space (a) modeling of
propagation of beam along optical axes Z - cross section for XZ and YZ planes are presented, (b) intensity
distribution at various distances from end face of the fiber-based vortex converter: modeling results for
ideal continuous gradient index and nanostructured, experimental results for tested systems.
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6.6 Summary

In this chapter, I presented in details the fabrication process of the novel fiber-based vortex
converter microprobe as well as numerical and experimental results of its optical performance. The
integrated probe includes an SMF path operating at the 633 nm wavelength, 84-um-thick NC21-glass
spacer and 28-um-thick nVPM at the fiber end.

Both experimental and theoretical verifications done in this research confirmed that the fabricated
fiber-based vortex converter probe efficiently converts fiber-guided fundamental mode into OVBs
with single topological charge [/ = 1. It should be stressed that because of its gradient index principle,
the integrated beam converter will maintain its optical performance in any transparent media including
gas and liquids. Such a property is unique and for the first time reported for fiber-based systems
providing opportunity to use the same component in different external environments.

It should be noticed that using the same nVPM component we can easily obtain OV beam with
opposite sign (/ = -1), however it requires to reassembly the fiber vortex converter. For this purpose it
is enough to flip input and output facets of the nVPM in the fiber system. Similarly, it is
straightforward to change a charge of the generated OV. In this case a longer nVPM has to be
mounted in the fiber system. The thickness of this longer mask (D) is a multiple of d: D = /xd, in
which 1 is expected charge of the OV and d is the thickness of the nVPM for generation of OV with
charge /= 1.

Our work confirms the feasibility of using a sequential combination of nanostructured gradient
index micro-optical components having different functionalities in one optical system and still
maintaining the compatibility with the optical fiber technique. One of the envisioned applications of
the fiber-based vortex converter microprobe could be the optical trapping and a particle manipulation
experiments in liquids. In such an application, the mircoprobe should dramatically simplify the
experimental set-ups. Since attenuation of the fiber-based micro-vortex converter is very low and it is
all glass made with high laser damage threshold. These properties open up perspectives for use this
system for laser processing and ablation with structured beams including e.g. micro-drilling and
surface structuring with twisted holes and pillars, respectively, as well as excitation of modes with
orbital angular momentum in optical fibers. In addition, the nVPM can be considered for development
of all-fiber laser vortex beam source, as it can be easily integrated with fiber laser resonator thanks to
flat surfaces, rigid construction and overall compatibility with the fiber technology.
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Chapter 7. Tailoring chromatic properties of nGRIN
micro-optical components

In the previous chapters, I presented the concept of the nanostructured GRIN VPM and
demonstrated its ability in the generation of micro-optical vortex beams. However this kind of nVPM
is designed only for a monochromatic incident beam with a certain wavelength. To a considerable
extend, in here a new nGRIN VPMs with achromatic properties has been proposed. It can generate
“white-vortex beam”, which is a very vibrant subject in field of singular optics. To begin with, in the
first section of this chapter, I will present the successful development of microlenses achromatically
corrected in near-infrared part, reported in [65]. The optical performance of the microlens was
numerically as well as experimentally verified. Research shows that the standard fiber drawing
technology can be successfully applied to the development of achromatic gradient index microlenses
by means of internal nanostructurization. These gradient index microlenses can achieve similar
performance to standard aspheric doublets, while utilizing a simpler, singlet element geometry with
flat surfaces. Furthermore, additional theoretical and numerical study of an achromatic vortex mask
was carried out which will be discussed in details in section 7.2. For the vortex mask development, the
appropriate pair of in-house-synthesized soft glass materials has been specified. The glasses are
mechanically and thermally matched for joining in drawing process. Their refractive index difference
needs to be appropriate in technically achievable thickness. Then, its nano-structure with an azimuthal
gradient index profile is designed using a combination of the simulated annealing method and the
effective medium approximation theory. The achromatic character of optical vortices generated with
the designed VPMs is numerically verified by the usage of the aforementioned BPM method.
Furthermore, already optimized white-vortex binary mask structure has been ready for fabrication in
near future.

7.1 Monochromatic and achromatic properties of lenses

This section is devoted to an introduction of functionality of achromatic correction of a new-
designed nGRIN microlens. The detail discussions of this work were reported in [65]. The successful
creation of nGRIN microlenses having achromatic properties by using the nanostructurization
technique opens up a possibility of exploiting it for the development of white-vortex components.
Thus, I will not go into detail in demonstrating of optical behavior of the achromatic microlens.
Instead, the concept and theoretical analysis will be more emphasized. This will provide the necessary
knowledge to understand the white-vortex concept.

7.1.1 Concept

The standard lenses or singlets are typically monochromatic which means the lens has different
focal lengths for different operating wavelengths (Fig 7.1(a,b)). This manifests as a chromatic
aberration in imaging and is caused by the dispersive nature of glass materials.

The achromatic lenses perform with negligible chromatic aberrations in a wavelength range (see
Fig 7.1(a)). This is highly beneficial behavior for imaging process and optical manipulations.
Recently, the chromatic aberration can be elimited by optimizations of the lens’s shape, but it is very
limited approach for single lens elements. Feasible common approaches have applied on development
of achromatic lens mostly rely on combination of multiple lens elements or materials. In the former
case, typical solutions include doublet [193] and hybrid diffractive-refractive achromatic lenses [194]
whose schematics are presented in Fig. 7.1(c) and (d), respectively. In the later one, the GRIN lenses
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with refractive index changing axially [195] and radially [196] have been proposed as shown in Fig.
7.1(e) and (f), respectively.
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Figure 7.1 (a) Example of mono- and a- chromatic behaviors of the lenses. Schematic of
standard singlet lens (b) and achromatic lenses developed by several approaches: (c) doublet
lens, (d) hybrid diffractive-refractive achromatic lens, (e-f) achromatic refractive GRIN singlet
lens. This figure is based on [65].

Those approaches are successfully applied for achromatic macro-lenses such as microscope and
camera objectives. However, it is more difficult or even impossible for obtaining achromaticity with
micro-size lenses because of technological limitations. Additionally, fabricated achromatic micro-
lenses with at least one non-flat surface are difficult to be integrated with fiber optic systems.
Therefore, there is a need for reliable approach to fabricate micro-sized, all-flat-surface lenses.

In several recent reports, we have successfully demonstrated possibilities of shaping flat-surface
GRIN micro-lenses using the modified stack and draw method [52,54,59,182]. This method exploits
the nanostructurization technique and EMT to create an arbitrary refractive index distribution defining
different optical behaviors of the micro-optical components which were described in detail in Chapter
3. The nGRIN microlens which is constructed from spatial arranged nanorods made of two thermal-
matched glasses with high (#nign) and low (ni0w) refractive indices (Fig. 7.2(b)). The nanostructured
microlens with effectively refractive index distribution mimicking the ideal continuous one is shown
in Fig. 7.2(a).
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Figure 7.2 (a) ideal continuous GRIN microlens and the corresponding designed nanostructured
lens (b) with corresponding refractive index profiles along the center line of the lenses.
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The refractive index distribution along the line crossing through the optical axis of the GRIN lens
has a parabolic shape. It decreases from its center with the highest value — ny to its edge with the
lowest value — n1. According EMT described in Chapter 3, the effective index of an intermediate
region in the nGRIN lens with a given filling factor parameter a of low index glass can be given as:

n; = an + (1 — a)ny,. (7.1)

The refractive index along the line crossing through the nGRIN lens’s optical axis is given by a
radial dependence formula [199]:

n=mn (1 - grjz) (7.2)

where 7; depicts the radial distance from the optical axis of the lens. G defines a gradient constant
depending on the refractive index contrast between two glass materials (An= ny - n1) and the radius of
the lens structure:

2An

G = (7.3)

nr?’

And hence we obtain the focal length f'predicted for the designed binary-nanostructured microlens
as a function of its thickness (d) as below [199]:
1
f= nVG sin(dveG)’
Equivalently, the lens’ working distance which is also known as the back focal length can be
calculated by the following formula [199]:

WD = f cos(d VG). (7.5)
It is obvious that the focal length and the working distance of the designed nGRIN micro-lens vary
for different thickness values. That means we can cut the structure into a suitable thickness for any

desirable focal lengths. However, these lenses exhibit monochromatic properties. They perform
different focal length f'and working distance WD at different wavelengths.

(7.4)

We employed this innovative fabrication approach to develop achromatic nanostructured GRIN
microlens with flat-parallel surfaces. Our achromatic lens has the same focal length and WD for two
different wavelengths. It will be realized by incorporating correct glasses into the design. It is obvious
that each pair of glass materials has certain profile of the refractive index difference changing with the
wavelength. According to Eq. (7.3-7.5), if there are points at which for different wavelengths the
refractive index difference are the same, the focal length and working distance of the fabricated
nGRIN lens will be the same. For a carefully analysis, our achromatic nGRIN lenses can be obtained
by quadratic function of refractive index difference with respect to wavelengths. In comparison to
current achromatic GRIN singlet macro-sized lens designs which are not flat on both surfaces and not
suitable for fiber systems [195,196], our lens is a significant advancement.

7.1.2 Proof of Concept

For a proof-of-concept of the achromatic nanostructured micro-lens, we have used a borosilicate
high and low refractive index glass pair. They was synthesized in-house and labeled NC34 and
NC21A, respectively [65,180]. These glasses satisfy the rheological and thermal matching conditions
as required in Chapter 3. Fig 7.3 presents material dispersion characteristics for those glasses and
calculated effective focal lengths of the achromatic GRIN microlens made of these glasses in the
wavelength range of 0.5-2.0 um. It can be seen that the nGRIN micro-lens made of theses glasses has
the same focal lengths for pairs of wavelengths in the consider range. That means this lens is
achromatic theoretically.
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Figure 7.3 Dispersion properties of two used borosilicate glasses NC21A and NC34 ((a)
refractive index curves for the glasses; (b) their refractive index difference and (c) the
calculated focal length of the corresponding GRIN lens for the range of wavelength from 0.5 to
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Starting with parameters beforehand calculated analytically, we conducted numerical modeling
task to design and optimize the nano-structure of the achromatic nGRIN microlens using NC21A and
NC34 glass nanorods. The final binary structure of the lens is represented in Fig. 7.4(a). There are
7651 boro-silicate glass nanorods used to form a binary hexagonal lattice. Those rods are well
arranged to produce the effective refractive index distribution similar to the ideal continuously
parabolic GRIN lens. The structure has a long diagonal containing 101 rods. The designed binary
structure is fabricated using a modified stack and draw method as described in Chapter 3. The final
fabricated lens structure with a diameter of ~20.0 um has been verified with SEM images as depicted
in Fig. 7.4(b). The lens structure is surrounded by low index glass to form a micro-optical component
with a standard size of 125 um. The pitch length measured for the created GRIN micro-lenses is 309
um at the wavelength of 1550 nm. In this task, a fabricated nGRIN lens samples with a 36-um
thickness (0.12 pitch) has been selected for numerical and experimental investigation.

(@) (b)
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Figure 7.4 Desinged (a) and fabricated (b) binary nGRIN microlens for achromatic
functionality performance and their corresponding magnified parts for a comparison [65].

Figure 7.5 shows the schematic of measurement setup used for experimentally characterizing the
achromatic behavior of the fabricated nGRIN micro-optical lens. In this setup, the microlens was
attached to a three axis translation stage (Thorlab, nanomax) for position adjustment in all of the
experiments. The translation stage movement was controlled by a computer. In order to study the
focusing and achromatic properties of the selected microlens for a wide band of light, we used various
continuous-wave lasers, with corresponding wavelengths in the visible and near infrared bands: A =
532, 658, 850, 980, 1310 and 1550 nm. The light beams emerging from those sources were collimated
before going through the investigated lens. The output results were recorded by an imaging system
including 40 x microscope-lens and a camera. For visible range and infrared up to 1.2 um, a regular
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monochromatic CCD camera was used. For longer wavelengths, a CCD camera with two-photon
converting diaphragm was used. The distance between the camera’s surface and the microscope was
chosen in each measurement as such to keep the size of the structure image on the CCD camera
constant. The cross-sectional intensity profiles of the beam propagetd through the lens were captured
on the CCD camera at different distances from the lens end facet, incrementing with a step of 1 pm
and a position accuracy of 0.1 um.
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Figure 7.5 Schematic of optical setup (a) and its realization (b) for the experimental study on
optical characterization of the achromatic nGRIN microlens.

After measurement, the series of taken images were analysed (Fig. 7.6(a,b)). The analysed
intensity profiles in term of value of the beam diameter (FWHM) were combined in one plot. The plot
of the FWHM of the beam cross-sections at difference distance along the light propagation axis is
presented in Fig 7.6(¢).
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Figure 7.6 (a) Example of recorded intensity images and (b) its calculated FWHM. (c) The
calculated FWHMs at difference distance along the light propagation axis for one wavelength
(one light source). (d) Working distance parameters of the studied nGRIN micro-optical lens as
functions of wavelength calculated by theoretical formula (the blue line), numerical
simulations (the pink dash line) and experimental results (the points).
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As a result, we could determine the effective working distance of the investigated nGRIN lens by
looking at the position of the focal plane for each wavlength - the value of FWHM would be at a
minimum. Experimental results in from Fig. 7.6(d) show that the beam spots at focal planes have
FWHM values in the range of 2.1 — 4.1 um for the wavelength range from 532 nm to1550 nm. The
longitudinal FWHM profiles of the transmitted beams at different wavelengths beam indicate the axial
achromatic behavior of the lens. In particular, the working distance of the investigated lens is the
longest (35.6 um) for the wavelength of 980 nm and reduces until 34.1 um for both shorter and longer
wavelengths as shown in Fig. 7.6.

It can be seen that both theoretical and numerical calculations for the performance of the same
nGRIN microlens also verifies its achromatic properties. The numerical simulations were implemented
using the Beam Propagation Method — FTBPM — described in Chapter 4. The assumed input
parameters of all simulations correspond to those for the experimentally measured sample. The
working distances WD of the lens was theoretically calculated according to Eq. (7.5). However, the
dependences of the investigated lens’s WD on wavelengths in these two cases are much different from
each other. In addition, the measurement results are much more like the theoretical calculations rather
than the simulated results. This issue can be caused by several factors. Firstly, the numerical
simulation with BPM method does not consider the diffusion at the boundary of nanorods as discussed
in Chapter 3. The diffusion smothers out the boundary transitions resulting in the more continuous
change of refractive index of the nGRIN lens as assumed in the analytical equation (7.5). Secondly,
the simulations also do not apply the high-order Padé approximation [36] on the transverse direction
of the beam which is so important for the binary structure. Therefore, the diffusion between glasses as
well as high order Padé approximation should be taken into account in BPM simulation to improve its
accuracy.

7.1.3 Summary

In this section, a concept of nGRIN microlens with achromatic properties in visible and near-
infrared spectral windows has been proposed and proved. The development of this kind of microlens is
based on the EMT and nanostructurization. The achromatic microlens with flat-parallel surfaces has
been designed and fabricated using two types of in-house made boro-silicate glasses (NC21A and
NC34). This pair of glass provides the quadratic change of the difference of their refractive indices
following wavelengths. This resulted in the realization of achromatic GRIN microlens. The optical
performance of the microlens was numerically and experimentally verified. The fabricated
nanostructured lens sample with a thickness of 36 um (0.12 pitch) and a diameter of ~20 um was
investigated by the use of multiple laser sources with center wavelengths at 532, 658, 850, 980, 1310
and 1550 nm. Measurements revealed that working distances of the tested lens are in the range of ~
34.1-35.6 um for the considered wavelength range. In particular, the lens shows the longest working
distance of 35.6 um at 980 nm wavelength and for both shorter and longer wavelengths, shorter
working distances were observed. This proved that our nGRIN microlens introduce similar optical
performance to standard aspheric doublets, but utilize a simpler, singlet element geometry with flat
surfaces and have a microscopic size.

The successful development and fabrication of achromatic singlet component of presented
properties motivated us towards development of white-vortex mask described in the following chapter.
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7.2 White-vortex phase mask

7.2.1 Concept

The nGRIN VPMs considered in previous chapters only perform well for a certain designed
wavelength. That means each VPM is designed with a specific exact thickness for operating at a
certain wavelength A. This monochromatic property can be easily seen from the formula for the total
phase shift Eq. (3.3) discussed in Chapter 3:

Apypm = ?An(%) = 2ml,

in which, the refractive index difference of the used glass materials An(}) is almost constant for the
considered wavelength range (0.5 pm — 1.5 pm).

In this chapter, a new nanostructured GRIN VPM with the achromatic property will be studied
which is white-vortex phase masks (WVPM). In the concept, such an WVPM with a specific thickness
allows correcting the chromatic aberration for at least two different wavelengths. According to the
above equation, the WVPM with a given thickness to generate OVBs with topological charge / should
have the same total phase shift for at least two wavelengths and equal to multiplication of 2m:

Apwyen = 2l = T An(2) = - An2y). (7.6)

Simplifying this equation with / = 1 (total phase shift is 2m), we have the condition for glass

materials making the WVPM for generation of OVBs with fundamental topological charge:

An(4,) An(d) 1
n A, d constant (7.7)

Similar to the case of achromatic nGRIN micro-lenses, this condition can be achieved by using an
appropriate of the pair of glass materials. Specifically, the ratio between wavelengths A and the
corresponding index differences An()L) of these glasses for charge /=1 WVPM must be the same for
at least two wavelengths. As a result, the thickness of the mask, as a function of wavelengths for
generation of OVBs with topological charge / = 1 should be a polynomial of degree 2 as examples in
Fig.7.7.

(@) (b)

Thickness of the mask

2 1 2
Wavelength [pm] Wavelength [pum]

Figure 7.7 Examples of the thickness as a function of wavelengths for the WVPM for
generation of OVBs with topological charge / = 1.

It should also notice that the refractive index difference of the selected glasses must ensure the
feasibility of fabrication of the WVPM (its thickness should be possible to fabrication
implementation). Therefore, it is important to properly select a glass pair having matched dispersion
properties as well as the binary nano-rods structure has to be appropriately designed.
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7.2.2 Materials

As discussed in chapter 3, the nVPM development using stack and draw technique requires the
pair of glass materials having good rheological properties and relevant expansion coefficients as well
as thermal matched coefficients. This is also applied on developing a nanostrucutred GRIN WVPM
(nWVPM). From conditions presented in Section 7.2.1, we see that it is impossible to find the suitable
glass pair from the available glass materials. However, it can be designed and synthesized in-house at
Ltukasiewicz Research Network - Institute of Microelectronics & Photonics (IMiF). First, as a low
refractive index glass we proposed to use an already-fabricated soft glass. It is Lead-Bismuth-Gallium
Silicate Glasses, labeled CS735 [178]. Its chemical compositions and thermal-physical characteristics
are presented in detail in Table 7.1 and 7.2, respectively. Moreover, CS375 glass has high transmission
in very wide range of wavelength from visible up to mid-infrared (500 nm and 2800 nm).

Glass Si0, | B.0s | Gax0s | PbO | CdO
label
CS735 35 14 14 30 |7

Table 7.1 Chemical compositions of CS735 glass used as low refractive index material for
nVPM realization (mol%) [178,180].

Paramaters CS7358
Refractive index 7 at wavelength of 633 nm 2.0139
Thermal expansion coefficient o for 20+-300° C [107 K] 83.5
Transition temperature Tg [°C] logn = 13.4 467
Dilatometric softening point SP [°C] logn = 11.0 491
Characteristic temperatures in Leitz heating microscope T [°C]:

curvature Te logn =9.0 520
sphere Tkpn logn = 6.0 560
hemisphere Ths logn = 4.0 630
spreading Tspr logn =2.0 780

Table 7.2 Physical and thermal parameters of CS735 glasses

Another hypothetical soft glass was used for high index glass (named glass A). Its dispersion
property is determined numerically such that the conditions on refractive indices mentioned in Section
7.2.1 are satisfied. Moreover, for fabrication, this pair of glasses needs to have the same viscosity at
the similar temperatures for maintaining the stability of the drawing processes. The acceptable
difference of the temperatures is not larger than 50°C. The thermal expansion difference Ao of those
glasses should also not exceed the value of 8*107 K™! [178,180] to ensure the structure is not warped.

As a result, the refractive index profiles of a selected artificial glass A and CS735 for the range
from 0.5 to 2.5 um are represented in Fig. 7.8(a). Their refractive index difference as a function of
wavelengths in the considered range is depicted in Fig 7.8(b). It can be seen that the difference
decreases rapidly going towards shorter wavelengths. In near IR the refractive index difference is
small and in mid-IR region is almost constant. Consequently, the nWVPM made of those glasses
should theoretically perform achromatically. In particular, Fig.7.8(c) shows the theoretically calculated
graph for the mask thickness as a function of wavelengths in the range from 0.5 to 2.5 um. It predicts
that, the white-VPMs with thickness being greater than 55 um would be able to produce OVBs with
topological charge equal exactly 1 at two wavelengths. For instance, white-vortex masks with a
thickness of 57 um can theoretically convert Gaussian beams at wavelengths of 675 nm and 890 nm
into two OVBs with charge / =1.
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Figure 7.8 Refractive indices of CS735 glass and proposed glass A (a) and their index contrast
(b) in the range wavelength from 0.5 to 1.6 um. (c) thickness of the nGRIN VPMs made of
these glasses as a function of wavelengths.

7.2.3 Structure design of white-vortex phase mask and numerical study on its
optical performance

The design of a binary-internal structure for such a white-nVPM has been carried out with the
whole procedures similar to previously described for nVPMs in Chapter 3. Here the design uses
refractive index profiles of the selected glasses describe in Section 7.2.2. As a result, the optimized
white-nVPM structure (Fig. 7.11(a)) has the effective refractive index profile is very similar to the
ideal continuous index profile as shown in Fig. 7.11(b,c).

(a)

(b)

" ()

0 2n

Figure 7.9 Binary nanostructured (a) and the ideal continuous index distribution (b) of white-
vortex phase masks and its corresponding index change following the azimuthal angles (c).
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The designed binary structure of the nWVPM totally composed of 17557 nanorods arranged in a
hexagonal lattice. Its longer diagonal is of ~ of 20 um with 151 rods along. Individual rods have a
diameter of ~130 nm which is much smaller than the rod diameter in our previous nVPMs. As a result,
the EMT can be applied more effectively on this nWVPM structure as explained in Chapter 3. As
discussed before, the theoretical calculations predict the thickness values of nWVPM with charge / =
1for specific wavelengths as can be seen in listed in Table 7.3. These are based on the available laser
sources (633, 890, 0.980, 1064, 1310, and 1550 nm) in our facility which we could use for testing the
nGRIN white-VPMs after fabrications.

Thickness of white-

VPMs [um] 55 57 59 61 63 74 86

A1 [um] 0.75 10.675|0.64 | 0.633]0.62 |0.58 | 0.565
A2 [pm] - 0.89 | 098 |1.01 1.064 | 1.31 | 1.55

Table 7.3 Theoretically calculated thickness of nWVPM for generation of OVBs with
topological charge [ = 1 at two wavelength A; and A .

It should be noticed that when the thickness of the nWVPM is greater, the OVB generation is
more strongly influenced by the wave-guide effect as discussed in Chapter 4. At the same time, the
wavelength 633 nm is very convenient because it is the He-Ne laser emitting laser line. Such a lasers
source has long coherent length easing all interference vortex beam measurements used in previous
parts in this dissertation. For this reason, the designed nWVPM with a 61 pm thickness and diameter
of 20 um is selected for the initial study on nWVPM. This mask allows generating OVBs with
fundamental topological charge (/=1) at two wavelength A; = 633 nm and A, = 1010 nm has been
selected for the initial study. The refractive indices of these selected glasses at 633 nm wavelength are
nes73s = 2.0139 and na = 2.0243. And those parameters at 1010 nm wavelength are ncs73s= 1.9750 and
na=1.9916.

The numerical verifications of such theoretical predictions have been carried out for both ideal and
nanostructured WVPMs designs for comparisons. The conducted simulations were based on the Fast
Fourier transform Beam propagation method described in detail in Chapter 4. The light beam
propagation through the WVPM structure and then a 500 pm distance in air has been simulated. The
simulations field has an x-y-z dimension of 600x600x561 um. To make sure the algorithms of the
BPM working effectively, the same small calculation steps of 0.1 um on x axis as well as y axis have
been applied in the whole simulated field. However, the steps along the optical axis (z-axis) are
different for the structure and air, which are 0.1 um inside the white-vortex component and 0.5 pm in
air. All simulation results have been visualized at the distance of 500 um from the output end of the
components. The incident beams have a size (1/e* diameter) of 18 um for a 20 um aperture of the
WVPM which is selected due to similar reasons as discussed in Chapter 5. The numerical simulated
field intensity and phase structure of the beam transmitted through the designed WVPMs are
represented in Fig. 7.10. In all of cases, the intensity distributions have doughnut shape with a clear
on-axis null point, with the spiral phase structure indicating the phase singularity. The beam
topological charge /=1 can be determined from presence of single arm in the phase spiral. Therefore,
we can confirm the formation of OVBs charge /=1 at both wavelengths of 633 nm and 1010 nm, for
both ideal and nanostructured WVPM designs.
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Figure 7.10 Numerically simulated field intensity and phase structure of the beam formed by
designed white-VPMs with an ideal continuous index profile (a,c) and binary structure (b,d) at
two wavelengths 633 nm (a,b) and 1010 nm (c,d). All results are visualized at the distance of
500 pum from the output surface of the components.

In addition, it is seen that the numerical results for ideal continuous GRIN WVPMs and its
corresponding binary nano-structure are very similar. This confirms that there are no degradations of
the optical performance when using the designed nanostructure components. It means we obtained an
optimum designed structure for the nWVPM which can be used for fabrication in the near future.
However, it is not possible to avoid the non-uniformity of intensity patterns of the generated OVBs
due to the wave-guide effect as discussed in Chapter 4. The components designed here are quite thick
(61 um) leading the light to localize as a visible bright spot in all studied GRIN WVPMs.

Another interesting fact is that we can obtain OVBs of the same quality having the topological
charge / = 1 for wavelength offsets resulting A/ in range of +/- 0.1. This is concluded from a careful
theoretical analysis and experimental verification  done in scope of chromatic nGRIN VPMs
described in Chapter 5 and 6. As an illustration, we consider this properties for the nVPM with
thickness of 25 um (Chapter 5) and the nVPM with thickness of 28 um used in the all-fiber vortex
microprobe (Chapter 6). According with Eq. 3.3 in Chapter 3, we calculated the wavelength range in
which an NC-glasses VPM with a certain thickness generate OVBs with topological charge / = 1+ 0.1.
Figure 7.11 shows the theoretical calculated results for NC-glasses VPMs with thicknesses of 25 pm
and 28 pm and.

112
11
1.08 |
1.06 |
1.04 |
1.02 |

——Thickness =25 um

=—Thickness = 28 um

098 |
096 |
094 |
092 |
09 |
0.88

Topological charge

0.57 0.59 0.61 0.63 0.65 0.67 0.69 0.71 0.73 0.75 0.77

Wavelength [um]
Figure 7.11 Calculated wavelength ranges in which the NC-glass VPMs with thicknesses of 25
and 28 pm can work properly to generate OVBs with fundamental charge.
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The proper operation is predicted for a wavelength range of 565+680 nm and 630-+760,
respectively. It can be seen that both nVPMs can well work at the wavelength 633 nm. They
numerically and experimentally generated charge 1 OVBs with similar quality as shown in Chapter 5
and Chapter 6. Therefore, we subsequently carried out the theoretical analysis and numerical
simulations of such properties of the designed WVPM with thickness of 61 pm. As mentioned
previously, there are no degradations of the performance of the binary nanostructure in comparison to
the mask with ideal continuous index profile. Thus, it is enough to conduct the numerical simulations
for only the binary nanostructured WVPMSs. The study predicts that the 61-um thick white-nVPM can
effectively work for wavelength range from 600nm to 1165 nm which results with wavelength
bandwidth of 565 nm (Fig. 7.12). Consequently, we achieve OVBs with charge | = 1 with an error A/
=[-0.1; +0.1] in that wavelength range.
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Figure 7.12 Calculated values of topological charge of OVBs using the 62-pm-thick white-
nVPM as a function of wavelengths.

The numerical simulations have been performed for several selected wavelengths including 760,
600, 1165 nm at which OVBs are at the boundary of the topological charge (! = ~1.1 and 0.9) as
depicted in Fig. 7.14. Other wavelengths have been chosen involving the available laser sources we
have in our facility (890, 980, 1064 nm). Input geometrical parameters for the white-VPM and
simulated parameter for modeling are kept the same as previously presented numerical calculation set.
The obtained results are presented in Fig 7.13.
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Figure 7.13 Numerically simulated intensity (a) and phase structure (b) of the beam formed by
61-um-thick nWVPM at several selected wavelengths (760, 600, 1165, 1064, 980, 890 nm).
All results are visualized at the distance of 500 um from the output surface of the mask.
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The modeling results are presented in Fig. 7.13. The output beams in all cases exhibit doughnut-
like intensity patterns and single phase spirals. These results confirm the generation of OVBs with
topological charge / = 1 in all considered cases. However, it is visible that the uniformity of those
intensity patterns differs for different wavelengths, which is agreed by quality parameter Q. In
particular, the light localizations on intensity profiles of created OVBs are the strongest for the
extreme value of A/ = - 0.1. Their uniformity degree is the lowest with Q > 0.69. Moreover, at 1165
nm wavelength, the bright ring pattern starts to break. This is in agreement with its phase structure
with the out-of-axis location of the phase singularity. Opposite situation resulted for the boundary Al =
+ 0.1 (760 nm wavelength), the OVB presents correct phase distribution and much improvement of
intensity uniformity with the lowest quality parameter Q of 0.3272. The uniformity degree reduces
gradually for OVBs at shorter and longer wavelengths (the quality parameters for those cases are
higher). The simulations as so far showed to be reliable which were proved by the performed
experiment here. It is most likely also in this case. However, due to time constrains of the realization of
the thesis, I was not able to fabricate the structure, and thereby measurements were not possible now.

7.3 Summary

In this chapter, the concept of the nWVPMs with achromatic property has been proposed and its
ability to generate broadband beam white-vortex have been demonstrated numerically. So far the
number of white vortex beam generation methods is very limited. Moreover there is high demand for
such a beam; thereby it is vibrant subject of singular optics.

At first, we presented the successful development of achromatic nGRIN microlens for the near-
infrared spectral range. The concept of nGRIN microlens with an achromatic property has been
proposed and demonstrated. The design of this kind of microlens is based on the EMT and
nanostructurization technique which is realized by a modified stack and draw method. The achromatic
microlens with flat-parallel surfaces has been designed and fabricated using two types of in-house
made boro-silicate glasses (NC21A and NC34). The fabricated nanostructured lens with a thickness of
36 um (0.12 pitch) and a diameter of ~20 um was investigated experimentally by the use of several
laser sources at different wavelengths of 532, 658, 850, 980, 1310 and 1550 nm. Measurements
revealed that working distances of the test lens are in range of 34.1 to 35.6 um for the considered
wavelength range. In particular, the lens shows the longest working distance of 35.6 pm at 980 nm
wavelengths and for the extreme values of the considered wavelengths the working distance was the
shortest. This proved that our nGRIN microlens have similar performance to standard aspheric
doublets, but utilize a simpler, singlet element geometry with flat surfaces and have a microscopic
size.

The promising results for microlens gave an idea to design white vortex phase mask, and its
concept was proposed. The optical performance of WVPMs has been verified analytically and by
numerical simulations. We used an in-house-made soft glass (CS375) and another hypothetical glass
for the nWVPM. This appropriate glass pair produces the required index profile for the achromatic
properties as well as technically achievable thickness of the component. Then, its nano-structure with
an azimuthal gradient index profile is designed using a combination of the simulated annealing method
and the effective medium theory. The numerical verifications of white-vortex generations of the 61-
um-thick VPM have been implemented by the usage of the aforementioned BPM method. In addition,
we also have numerically proved that this WVPM is able to well convert Gaussian beam into OVBs
with topological charge 1=1 for a wide wavelength range from 600nm to 1165 nm with a 565 nm
bandwidth.
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Chapter 8. Conclusion and future work

In this dissertation, I have theoretically and experimentally studied the optical performance of the
fabricated nGRIN VPMs for a deeper understanding of their properties. I have developed new fiber-
based vortex converter microprobes exploiting such nVPMs. I designed an achromatic vortex mask for
white vortex generation. The accomplished objectives mentioned at the beginning of the dissertation
are summarized with future potentials as per below.

The first thesis “The microscopic optical vortex beams with various topological charge values
can be generated in air and liquid media by using the same nano-srtuctured GRIN VPMs. The
problem of the light waveguide effect inside the gradient phase components, which accounts to the
non-uniformity of the beam intensity profile, can be mitigated” has been verified in Chapter 4 and
Chapter 5.

To verify the possibilities to mitigate the effect of the light waveguide on generated micro-
optical vortices using the nanostructured GRIN VPM, I carried out numerical studies on several
factors in terms of its refractive index contrast and index profiles of glass materials in Chapter 4.
Obtained results demonstrated that, the light-localization on the doughnut-like intensity pattern of the
OVBs could be significantly minimized by employing glass pairs which provide high index
contrasts for nVPM fabrication. In such a case, the mask thickness would be very small, and the
wave-guide effect can be neglected. Almost perfect OVBs with topological charge / = 1 can be
created by utilizing practically in-house synthesized glasses: a lead-bismuth-gallate glass PBG81 and
silicate glass UV710 (Anyp = 0.376, the component thickness dup = 4 pm at A = 1.55 um). However,
the fabrication of such a thin component is technologically challenging due to requirements on
thickness accuracy. Another proposed approach in this work is developing technically-achievable-
thickness nVPMs (60 um) by investigating non-linear (described by power function) azimuthal
gradient index profiles with various values of the shape power index g. We found a significant
improvement in the uniformity of OVBs’ cross-sectional intensity pattern for g = 1/4. Here the
refractive index increases with an azimuthal angle slowly at the beginning and much faster towards
the end of the profile. In this case, we used in-house-made borosilicate glasses NC21 and NC32
(Annc = 0.025), whose mechanical and thermal properties are matched for joining in the drawing
process. Performed numerical calculations showed that although the light localization was still
present, the wave-guide effect was much minimized, producing a reasonable uniform pattern of
generated OVBs.

In addition, possibilities of high topological charge OVB generation exploiting the same
fabricated nanostructured vortex phase masks having different thicknesses have been numerically
and experimentally verified in chapter 5. The same fabricated nanostructured nVPMs with thickness
of 25 um and 50 um were used to generate OVBs with topological charges of / = 1 and / = 2 at the
wavelength of 633 nm, respectively. That means the same fabricated vortex structured fiber can be
cut into thicker slices of suitable thickness for higher topological charge masks. The properties of
generated OVBs such as intensity and phase profiles indicating singularity and topological charge
were determined with the use of two experimental techniques, astigmatic transformation, and Mach-
Zehnder interferometry. Obtained simulation results showed that the optical performance of ideal
continuous VPMs and nanostructured phase masks, fabricated by the modified stack-and-draw
method, is the same. It proved the binary nanostructurization technique is the simplest
implementation allowing the continuous azimuthal phase variation.

More importantly, I verified in Chapter 5 that optical performance of the nVPM:s is not affected
by surrounding transparent media. 1 conducted the generations of optical vortex beams with
topological charge / = 1 at the wavelength of 633 nm by using one nVPM with thickness of 25 pm
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demonstrated immersed in water, ethanol and in air. The results shown theoretically as well as
experimentally that the component works the same in all these media, even, the intensity distribution
of OVBs was better in liquid media.

Those above results bring a conclusion that the first thesis of this dissertation is verified
positively.

The second thesis: “Fiber-based micro-optical converter with the integrated gradient index
vortex mask allows the efficient conversion of the Gaussian beam into the vortex beam” has been
analyzed in Chapter 6. Here, a novel fiber-based vortex converter microprobe has been fabricated
and optically characterized in air and water. The integrated converter system includes a single-mode
fiber operating at the 633 nm wavelength, 84-um NC21-glass spacer, and 28-um-thick nVPM at the
fiber end. Both experimental and theoretical studies were demonstrated that the fabricated fiber-based
vortex converter efficiently converts fiber-guided fundamental mode into OVBs with a single
topological charge / = 1. Moreover, the optical performance is preserved in transparent external media.
This was proved experimentally by measurements of the optical performance of fiber-based vortex
converter microprobe immersed in water and air. All the reported fiber-based systems so far used
conventional SPPs, and their optical performance was affected by the change of the external medium.
The presented research results proved the compatibility of nVPM in fiber optics. These results bring
a conclusion that the second Thesis of this dissertation is verified positively.

The third thesis “Achromatic vortex beams can be obtained by using nGRIN vortex mask made of
glasses with matched material dispersive properties” has been analyzed in Chapter 7. Generation of
white-vortex beam is an interesting subject in singular optics and there are only a few existing
methods for the realization. In this work, the concept of the white-nVPMs (nWVPMs) with achromatic
property has been proposed. Its ability to generate white-vortex beams has been demonstrated
numerically. At first, the development of microlenses achromatically corrected in near-infrared
spectral windows was demonstrated. This showed the possibility of applying the internal
nanostructurization technique to the design of an nWVPM. I used an in-house-made soft glass
(CS375) and another hypothetical glass (glass A) for the nWVPM. The glass pair made of the
aforementioned glasses ensures the required refractive index profile for the achromatic properties as
well as the thickness of the component is technically achievable. Its nano-structure with an azimuthal
gradient index profile was designed using a combination of the simulated annealing method and the
effective medium approximation theory. The numerical verifications of white-vortex generations using
the 61-um-thick VPM was performed using BPM method. In addition, I have also numerically proved
that this white-nVPM can convert Gaussian beam into OVBs with topological charge [ = 1 in the
broad wavelength range with a 565 nm bandwidth (in the wavelength range 600 nm to 1165 nm).
These results bring a conclusion that the second Thesis of this dissertation is verified positively.

Future perspective for nGRIN vortex phase masks

My achievement of this work is important because presented micro-optical VPMs have
remarkable unique properties in comparison with vortex generators realized by other techniques. The
unique properties make the nVPM good candidates for various promising applications and research
fields.

The nVPMs, with flat-parallel surfaces, can be easily and efficiently integrated with other micro-
components and optical fibers into compact optical systems. In particular, it allows making fiber-based
vortex converter micro-probes which allow effective generation and flexible control of optical vortex
beam in a dramatically simplified system instead of complex bulky free-space setup. Moreover, the
fiber-based vortex converter probe can maintain its optical performance in any transparent media
including gas and liquids. Such a property is unique and for the first time reported for fiber-based
systems providing opportunity to use the same component in different external environments and
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promising for micro-optofluidic applications, especially where there is a need to study the microfluidic
channel via the fiber port. For instance, the fiber-based vortex converter microprobe can be used in
optical trapping and particle manipulation experiments in liquids.

The fabricated micro-vortex converter is made all of glass, and thereby it has the high laser
damage threshold. That makes the device well suited to generate high power vortex. These properties
open up perspectives for use this system for laser processing and ablation with structured beams
including e.g. micro-drilling and surface structuring with twisted holes and pillars, respectively, as
well as excitation of modes with orbital angular momentum in optical fibers.

In addition, our work confirms the feasibility of using a sequential combination of nanostructured
gradient index micro-optical components having different functionalities in one optical system and
still maintaining the compatibility with the optical fiber technique. The nVPM can be considered for
development of all-fiber laser vortex beam source, as it can be easily integrated with fiber laser
resonator thanks to flat surfaces, rigid construction and overall compatibility with the fiber technology.

There are still a lot of works left related to further fundamental research and development of
different new techniques on next nVPM-based optical devices, for example, devices for generation of
optical vortex beam in mid-IR regime.
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