VILNIUS UNIVERSITY
CENTER FOR PHYSICAL SCIENCES AND TECHNOLOGY

Maksym
IVANQOV

Singular Light Fields:

Generation with an S-waveplate,
Extension to THz Frequencies,
Combination in OPA,

and Applications in Optical Trapping

DOCTORAL DISSERTATION
Natural Sciences
Physics N 002

VILNIUS 2019



Research leading to this dissertation has been carried out between 2015 and 2019
at the Laser Research Center, Vilnius University. The research was supported
by the Research Council of Lithuania. No white mouse was harmed in the
course of this work.

Academic supervisor:
Doc. dr. Aidas MatijoSius (Vilnius University, Natural Sciences,
Physics N 002)

Dissertation Defence Panel:

Chairman — Prof. Habil. Dr. Audrius Dubietis (Vilnius University,
Natural Sciences, Physics N 002)

Members:

Prof. Dr. Daniele Faccio (University of Glasgow, Natural Sciences,
Physics N 002)

Assoc. Prof. Dr. Vygandas Jarutis (Vilnius University, Natural Sciences,
Physics N 002)

Dr. Andrejus Michailovas (State research institute Center for Physical
Sciences and Technology, Natural Sciences, Physics N 002)

Dr. Kestutis Regelskis (State research institute Center for Physical Sciences
and Technology, Natural Sciences, Physics N 002)

The dissertation shall be defended at a public meeting of the Dissertation
Defence Panel at 14:00 on 24th September 2019 in Room 306 of the Laser
Research Center, Vilnius University.

Address: Sauletekio al. 10, Lazeriniy tyrimy centras, Room 306, Vilnius,
Lithuania. Tel. +37064383075;

The text of this dissertation can be accessed at the Vilnius University Library,
as well as on the website of Vilnius University: www.vu.lt/naujienos/ivykiu-
kalendorius



VILNIAUS UNIVERSITETAS
FIZINIY IR TECHNOLOGIJOS MOKSLY CENTRAS

Maksym
IVANQOV

Singuliariniai Sviesos laukai:

generacija S fazine plokstele,

iSpléetimas iki THz ruozo,

derinimas parametrinio Sviesos stiprinimo
metu,

ir taikymas sviesos gaudyklei

DAKTARO DISERTACIJA
Gamtos mokslai
Fizika N 002

VILNIUS 2019



Moksliniai tyrimai, pateikti disertacijoje, atlikti 2015-2019 m. Vilniaus univer-
siteto Lazeriniy tyrimy centre. Tyrimg palaiké Lietuvos mokslo taryba. Sio
darbo metu nenukentéjo jokia balta pelé.

Mokslinis vadovas:
doc. dr. Aidas MatijosSius (Vilniaus universitetas, Gamtos mokslai, fizika —
N 002)

Dissertation Defence Panel:

Chairman — prof. habil. dr. Audrius Dubietis (Vilniaus universitetas,
Gamtos mokslai, fizika — N 002)

Members:

prof. dr. Daniele Faccio (Glazgo universitetas, Gamtos mokslai, fizika —
N 002)

doc. dr. Vygandas Jarutis (Vilniaus universitetas, Gamtos mokslai, fizika —
N 002)

dr. Andrejus Michailovas (Valstybinis moksliniy tyrimy institutas Fiziniy
ir technologijos moksly centras, Gamtos mokslai, fizika — N 002)

dr. Kestutis Regelskis (Valstybinis moksliniy tyrimy institutas Fiziniy ir
technologijos moksly centras, Gamtos mokslai, fizika — N 002)

Disertacija ginama vieSame Gynimo tarybos posédyje 2019 m. Rugséjo mén. 24
d. 14:00 val. fizikos fakulteto lazeriniu tyrimu centro 306 auditorijoje.
Adresas: Saulétekio al. 10, Lazeriniy tyrimuy centras, 306 aud., Vilnius, Lietuva.
Tel. +37064383075;

Disertacija galima perziuréti Vilniaus universiteto bibliotekoje ir VU interneto
svetainéje adresu: www.vu.lt/naujienos/ivykiu-kalendorius



Acknowledgement

I am grateful for the opportunity and trust being first international full time
PhD student at the Laser Research Center. I did my best to keep up with the
high standards of the world-know Vilnius school of nonlinear optics.

Firstly, I would like to thank Valerijus Smilgevicius who introduced me
to the world of nonlinear optics, accepted me for an internship at the Laser
Research Center, and furthermore for offering me this opportunity to switch to
PhD at Vilnius University. Aidas MatijoSius for full support in any questions
arising during the course of this work. Valdas Sirutkaitis and Virgilijus Vaicaitis
for giving me a possibility to join the THz group at the Laser Research Center,
which then turned into one of the chapters of this dissertation. Special thanks
to Valdas and Aidas for upgrading my official status from student to employer,
which allowed me to work on this dissertation while having my lovely wife
by my side. Dag Hanstorp from the University of Gothenburg, Sweden, for
accepting me for an internship during my first year of PhD study and during
next two consecutive summers, which then resulted in one of the chapters of
this dissertation.

Outside the work, I would like to thank football team of the Laser Research
Center for all year around evening football matches, which were happening
outside at any weather, sun or rain/snowfall, +25 or —20°C. These were giving
a great amount of relief and amusement.

Finally, I would like to thank my wife and my parents for unconditional love
and support.



Contents

List of abbreviations 8
Introduction 9

1 Generation of broadband singular light fields with an

S-waveplate 21
1.1 Literature review . . . . . . . . ... L L Lo 21
1.2 Polarization-phase conversion of the beam . . . . . . .. .. .. 24
1.3 Homogeneous retardation . . . . . ... ... ... ... ... 26
1.3.1 Circularly polarized input for optical vortex generation 26
1.3.2  Optical vortices over octave-spanning spectral range . . 28
1.3.3 Linearly polarized input for generation of radial polarization 37
1.4 Inhomogeneous retardation . . . ... ... ... ... ..... 38
1.4.1 Experimental observations . . . . . .. ... .. ... .. 38
1.4.2  Effect of inhomogeneous (sinusoidal) retardation . . . . 39
1.5 Spin-to-Orbital conversion of the angular momentum of the beam 42
1.5.1 Ideal and homogeneously perturbed retardation . . . . . 45

1.5.2  Inhomogeneously (sinusoidally) perturbed retardation
profile . . . . .. 47
1.6 Conclusions to Chapter 1 . . . . . ... ... ... .. ..... 48
2 Extending vortex fields to terahertz frequencies 51

2.1  Generation of THz radiation from laser induced plasma filament
nair. . ... . e 51

2.2 Influence of laser-preformed plasma on terahertz wave generation

in air by bichromatic laser pulses . . . . . . ... ... ... .. 53
2.2.1 Literature review . . . . . . .. ..o 53
2.2.2 Experimental observations . . . . . ... ... ... 53
2.2.3 Theoretical interpretation . . . . . . ... ... ... .. 57
2.2.4 Conclusions to section 2.2 . . . . . ... ... ... 59

2.3 Terahertz vortex wave generation in air plasma by two-color
femtosecond laser pulses . . . . . . ... ... ... ... .. .. 59



2.3.1 Literaturereview . . . . . . . . .. ... ... ... ... 59

2.3.2 Theoretical predictions . . . . . . . ... ... 61
2.3.3 Experimental observations . . . . . ... ... ... ... 62
2.3.4 Simulations . . . . .. .. ... 66
2.3.5 Conclusions to section 2.3 . . . . . . .. ... ... ... 68

3 Degenerate Optical Parametric Amplifier with radially polar-

ized output 69
3.1 Literature review . . . . . . . . ... ... 69
3.2 Theoretical . . . . . ... .. ... 70
3.3 Experimental . . . . ... ... oo 75
3.4 Conclusions to Chapter 3 . . . . ... . ... ... ....... 80

A versatile modular system for optical manipulation experi-

ments 82
4.1 Introduction . . . . . . . . . . . . .. ... 82
4.2 Forces in optical trapping . . . . . . . ... oL 83
4.3 A modular system for optical levitation experiments . . . . . . 87
4.4 Optical manipulation for studies of collisional dynamics of micron-
sized droplets under gravity . . . . . .. ... .. ... 89
4.4.1 Experimental background . . . . . .. ... .. ... .. 90
4.4.2 The experiment . . . . . . . ... ... L. 92
443 Results . . . .. ... 96
4.4.4 Conclusions to section 4.4 . . . . .. ... ... ... 100
4.5 Controlled spin of a nonbirefringent droplet trapped in an optical
vortex beam . . . . . ... 101
4.5.1 Beam preparation . . . .. ... ... ... ... ... 101
4.5.2 Results and Discussion . . . . . .. .. ... .. ... .. 105
4.5.3 Conclusions to section 4.5 . . . . . .. .. ... ... .. 108
4.6 Conclusions to Chapter 4 . . . . .. ... ... ... ...... 110
Conclusions 111
Santrauka 114
Bibliography 129

COPIES OF PUBLICATIONS

144



List of abbreviations

AM

AT
BBO
BS
CCD
CERS

CKE
CwW
DPSS
EOM

FH
fps
FWHM

HW
LC

LG

LED
LIDT

MO
Nd:YAG

nlR
OAM

angular momentum

azimuthal-type

Beta Barium Borate
beam splitter

charge coupled device
cavity-enhanced Raman
spectroscopy

collision kinetic energy
continuous wave

diode pumped solid-state
electro-optical amplitude
modulator

fundamental harmonic
frames per second

full width at half maxi-
mum

half wave plate

liquid crystals

Laguerre-Gaussian

light-emitting diode
laser-induced damage
threshold
micro-lens/objective
neodymium-doped yt-
trium aluminum garnet,
NdIY3A15012
near-infrared

orbital angular momen-
tum

OPA
ov

PBS
PC
PID

PSD
QW
QWP
RMS

RT
SAM
SE

SH
SHG

STED

SWP
TC

THz
TTL

Uuv
VIS

optical parametric ampli-
fication/amplifier

optical vortex

polarizer

polarizing beam splitter
photonic crystals
proportional-integral-
derivative

position sensitive detector
quarter wave

quarter wave plate

root mean square

radial-type
spin angular momentum
surface energy

second harmonic

second harmonic genera-
tion

stimulated emission deple-
tion

S-waveplate

topological charge

terahertz

transistor-transistor logic

ultraviolet
visible light spectrum



Introduction

There is an urban legend about
the infamous bank robber Willie
Sutton (1901-1980) that claims
that, when asked why he robbed
banks, he answered, “because
that’s where the money is.” It
might similarly be said that the
study of optics has traditionally,
and quite reasonably, been about
the regions where the intensity of
light is nonzero, “because that’s
where the light is.”

Gbur, G. (2017). Singular Optics.
Boca Raton: CRC Press

The essence of optical vortex beams can be explained based on the formalism
of light interference. For example, in the interference experiment with three
waves, light vanishes at some points due to destructive interference and enhances
at others due to constructive summation of the waves. While most regions of
non-zero intensity look locally as plane waves, the neighbourhoods of zeros of
the field have unusual behaviour. Because the field intensity is zero, then the
phase is indeterminate, or "singular". Such spots are called phase singularities.
In general, all 2w phase values occur around the zero leading to circulation
of flow of the optical energy. Zeros of field intensity typically manifest as
lines in threedimensional space, around which the phase has a circulating or
helical behavior, which led to the optical vortex (OV) term. One finds that,
with limited exceptions, optical vortices are the typical singularities that occur
in a general interference experiment with more than two waves. OVs have a
well-defined mathematical structure [1] and, furthermore, this structure can
strongly influence the overall behaviour of the wavefield and its interaction with
matter. Now study of singularities of the light fields has grown to the developed
subfield of optics known as singular optics. Since isolated zeros of light field can
give as much information as the bright spots of light, singular optics provides an
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alternative approach to study light. From the practical point of view, specially
prepared vortex beams possess a variety of interesting structural properties
which are useful across many fields of optics: optical trapping and manipulation,
optical communication, microscopy, and astronomy, just to name a few.

First discoveries of the optical vortices have been made in natural (without
special preparation) experiments on diffraction and interference. Naturally
complex light field contains strongly connected pairs of vortices, topological
dipoles [2], which can be tied in knots and links [3], be born and annihilate upon
light propagation. This evolving light field is interesting for the fundamental
research but has a little of practical importance. Therefore, since late 1980s,
different research groups have been developing and proposing schemes for gener-
ation of stable, upon propagation, single OV at the axis of the monochromatic
laser beam. Laser beam with a vortex at the axis is mathematically described
by a Laguerre-Gaussian mode. Phase of OV beam varies azimuthally and
its complex amplitude is proportional to e’?, where ¢ is the azimuthal angle
varying from 0 to 2w, [ describes winding of the helical wavefront and known
as the topological charge or strength of the phase singularity. The topologi-
cal charge describes multiplicity of the helical wavefront and its sign denotes
the handedness [2,4]. Advent of ultra-short pulsed laser systems significantly
complicated process of the generation of the vortex beams. This is because
ultra-short laser pulses consist of a number of spectral components, i.e. they
are broadband. Indeed, the wavefront of OV which give rise to the orbital
angular momentum (OAM) of the beam has the tilt of I\/27r, where r is the
radius [5]. Inherent dependence on wavelength A\ makes generation of OV beams
technically challenging using ultra-short pulses consisting of different spectral
components. But strong motivation for broadband optical systems, e.g. in
optical and quantum communication systems, and data transmission through
photonic crystal fibers, pushes for generation of broadband OV beams.

Away from the optical domain, terahertz (THz) spectral region currently
draws much of attention of physics community. THz radiation is of great
current interest due to many applications such as nonlinear THz spectroscopy
and imaging [6] or alternative for electron bunch compression [7]. Extending
the reach of singular optics to new frequency domains, such as THz radiation,
could open new horizons in the THz physics. Previous attempts on vortex
generation at the THz frequencies [8-15] were exclusively based on manipulation
of THz wave by external components which are inherently limited in terms
of acceptable bandwidth. Therefore, alternative methods for ultra-broadband
vortex generation at THz frequencies should be proposed and investigated.
Very recently, vortex-shaped THz pulses have been generated without external
shaping elements [16,17] in ZnTe crystal, however, with relatively narrow
bandwidth. Therefore, the question of generation of broadband THz vortices is

still remains open.
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Transformations of vortex beams have also been studied in nonlinear regimes.
It was shown that for optical vortices the law of topological charge conservation
holds in the form of I; 4+ Iy = l3 during second order, x(?), nonlinear processes.
Conservation of the topological charge was shown for the processes of second
harmonic generation (SHG) [18], sum-(difference-) frequency generation [19,20],
nonlinear wave mixing [21] and parametric fluorescence [22]. Moreover, in [19,23]
it was shown that arithmetic operations (and multiplication by -1) could be
performed with optical vortices by addition and subtraction of topological
charges in nonlinear processes. It should be mentioned that conservation of
topological charge holds in collinear regime of second harmonic generation
and at small angles in non-collinear regime, otherwise the topological charge
is not conserved [24, 25]. Conservation of topological change upon optical
parametric amplification (OPA), more precisely combination of vortices of
different charges, leads to practically important implications. For example, it is
possible to obtain radially polarized pulses, which can be applied in laser material
processing [26-29], and acceleration of electrons by the longitudinal electric
field component [30-32]. Conventionally generation of radial polarization relies
on polarization conversion in dedicated optical component. However, damage
threshold of the optical components dramatically limits energy of the laser pulse
necessary for the high power applications. Therefore, generation of radially
polarized pulse from OPA based on combination of OVs can be attractive
alternative for the high power applications.

One of the applications of OV beams is in optical trapping and manipulation.
The optically induced rotation of trapped particles is used, for example, in
the noninvasive orientation of living cells, probing dynamics of particles, and
investigations of tribological systems [33,34]. A particle can be set to a rotational
motion by a rotating wavefront upon interference between two beams of slightly
different frequencies [35], or using beams carrying angular momentum (AM).
The AM of light consists of spin angular momentum (SAM) and orbital angular
momentum (OAM) [36]. The SAM is associated with the circular polarization
of the beam, whereas the OAM is associated with the vortex geometry of the
beam, such that the trapped particle experiences an additional tangential force.
Particles trapped on the axis of a beam can be set to rotate by either the
SAM and OAM of the light, in the case of birefringent [37,38] and absorbing
particles [39,40]. On the other hand, nonabsorbing (transparent) and isotropic
particles, such as liquid droplets, cannot be rotated by SAM, such as a circularly
polarized beam. Nevertheless, it is possible to optically rotate such particles
using the OAM of light [34,41-43], as was first demonstrated by Volke-Sepulveda
et al. using transparent silica beads in a liquid [41] and by McGloin et al. using
water aerosol droplets in air [34]. However, in those cases, the beads and droplets
exhibit only orbital motion, making circular trajectories around the center of
a beam due to the doughnut shape of the laser beam. The spinning type of
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motion for such particles—such as when a particle remains in place and spins
around its axis—has not yet been demonstrated. Even though optical spinning
of isotropic and nonabsorbing droplets can find applications outside optics, such
as in fluid dynamics, where rotating droplets could be achieved in the study of
collisional dynamics of liquid droplets in studies of raindrop formation [44].

Goal of the dissertation

Therefore, the goal of this dissertation is to develop methods of generation
of (i) ultra-broadband optical vortices, (ii) terahertz vortices, (iii) radially
polarized vortex-free beam, and to propose application of vortex beams in
optical manipulation as part of development of the versatile modular system
for optical manipulation experiments.

Tasks of the work

In order to reach this goal the following tasks were implemented:

1. To theoretically and experimentally study effect of perturbation of the
phase delay of a geometric phase retarder on the phase, intensity, and
polarization distribution of the generated optical vortex beam and radi-
ally /azimuthally polarized beam.

2. To numerically and experimentally demonstrate a method for generation
of an optical vortex pulses in wide spectral region (more than octave
spanning) from both temporarily coherent and incoherent light sources.
Generated optical vortex should exhibit coaxiality (no spatial dispersion)
of optical vortices generated at different wavelengths.

3. To experimentally investigate influence of laser-preformed plasma on the
energy and spatial properties of terahertz beam generated in air by focused
femtosecond bichromatic laser pulses.

4. To investigate generation of ultra-broadband (>30 terahertz) vortex pulses
at terahertz frequencies from plasma filament formed in air by focused
femtosecond bichromatic optical vortex laser pulses.

5. To develop optical parametric amplifier with radially polarized output
without use of external polarization converters.

6. To develop part of the versatile modular system for optical manipulation
experiments, particularly part for studies of collisional dynamics of micron-
sized droplets under gravity with aid of two optical traps.
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7. To develop a method for optically induced rotation (both spinning and
orbiting) of nonbirefringent and nonabsorbing particles in optical vortex
beam. To be used as an extension to the modular system from the sixth
task.

Aim and tasks of this dissertation are schematically shown in Fig. 4.19.
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Figure 1: Schematic overview of the aim and tasks of this dissertation.

Novelty and importance of the work

Novel schemes for the generation of ultra-broadband optical vortex pulses,
radially polarized pulses, and vortex pulses at THz frequencies were developed
in the course of research described in this dissertation. Effect of inhomogeneous
retardation on the properties of the beam generated with a geometric phase
retarder was investigated for the first time. Novel schemes for the optically
controlled switchable spinning and orbiting motion of a droplet, and for the
optically initiated collisional dynamics of droplets were developed.

Broadband optical vortices has practical importance for quantum commu-
nication systems and broadband data transmission through photonic crystal
fibers. High power radially polarized pulses has practical importance in laser
material processing and acceleration of electrons by the longitudinal electric
field component. Study of THz vortex pulses has a potential to open new routes
towards an active control of ultra-broadband terahertz beam properties and
opens new horizons in terahertz physics by extension of the field of singular
optics to the terahertz frequencies. Developed optical methods for spinning of
droplets and study their collisions has practical importance in fluid dynamics in
studies of raindrop formation and to account for the effect of turbulence on it.
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Key statements for defence

1. Even small perturbation of retardation of a geometric phase retarder leads
to asymmetry in polarization, phase and intensity distribution of the
generated beam. In the case of homogeneous retardation of the geometric
phase retarder this asymmetry is strong. In the case of retardation
oscillating around half wave plate retardation this asymmetry fades out
during free space beam propagation, therefore, polarization, phase, and
intensity becomes symmetrically distributed.

2. Vortex and non-vortex states of the pulse converted on a geometric phase
retarder can be spatially separates with ensured coaxially of the vortices
at any wavelength in the octave diapason around default wavelength.

3. Power of THz waves decreases in the presence of the prepulse-created
plasma even when the crossing point of the two laser beams is well before
or after the pump beam focus. At least two different mechanisms—namely,
phase modification of the pump waves and screening of THz radiation by
preformed plasma filaments—are responsible for this effect.

4. Terahertz radiation generated by electron currents in a plasma filament,
induced by fundamental harmonic Gaussian and second harmonic optical
vortex pump, becomes intensity modulated along the ring of light and
contains two minima between two lobes of maximum intensity. Phase of

the generated terahertz radiation does contain phase singularity.

5. Radial, azimuthal, or mixed polarization states can be obtained in the
degenerate optical parametric amplifier (with Gaussian pump and vortex
signal). Final polarization state can be actively controlled and switched
between by control of relative phase between idler and signal, or idler and

pump.

6. Developed optical trapping scheme allows controllable and repeatable
experiments on collisional dynamics of micron-sized droplets under gravity
as part of versatile modular system for optical manipulation experiments.

7. Optical levitation of a nonbirefringent (isotropic) and nonabsorbing (trans-
parent) glycerol droplet in an optical vortex beam allows to switch between
orbiting and spinning types of rotational motion. The type of motion
depends on the size of the local waist of the trapping beam at the point
of trapping, which is controlled by the power level of the trapping laser
beam.
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Layout of the dissertation

Generation, nonlinear conversion, and applications of vortex beams are discussed

in this dissertation as schematically shown in Fig. 2.
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Figure 2: Layout of the dissertation.
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1. Generation of broadband
singular light fields with an
S-waveplate

This chapter is partially based on the [A4] publication.

1.1. Literature review

Increasing number of photonic applications employ scalar vortex beams (OV)
or vector beams with exotic polarization distribution, for example, with radial
or azimuthal distribution of the electric field. Examples of such applications are
in various areas [26-32,43,45-50]. Broadband OV beams are desired in most of
those applications; however, their generation is technically challenging. Spectral
bandwidths of different methods for efficient vortex generation are summarized
in Table 1.1.

For generation of vortex beams and exotic polarization states this work
employed a geometric-phase retarder, which by changing polarization of the
incident beam changes its geometric (Pancharatnam-Berry) phase [51]. Re-
tardation is induced by the nano-(sub-wavelength)-grating in a fused silica
plate. Such retarders are also referred to as super-structured wave plates —
S-waveplates. Since principle of work of all elements based on the geometric
(Pancharatnam-Berry) retardation (see table 1.1) is based on the same physical
principle, then the use of these terms will be interchangeable in this work.
However, the term S-waveplate, in particular, is used for description of the
experimental results.

A Gaussian beam propagating through an S-waveplate transforms to a
beam with a doughnut intensity profile. Its phase and polarization distribution
depends on the initial polarization state of the beam.

Circularly polarized input: the initial left (right) circularly polarized
Gaussian beam (with, topological charge, I = 0, flat phase) transforms to right
(left) circularly polarized optical vortex beam (with |I| = 1, helical phase).
A decade ago, it was suggested that additional polarization sensitive [68] or
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demonstrated
Method bandwidth ref.
Forked grating 250 nm [52]
Phase plates 140 nm [53]
Axially-symmetric polarizer , quarter entire visible [54-57]
and half waveplates, and a glass cone spectrum
Biaxial crystals + polarization filtering 250 nm [58]
360 nm (theoretical
Uniaxial crystals 4+ polarization limit is transparency [59-61]
filtering range of the crystal
and polarizing optics)
geometric-phase retarder (g-plate, variable 62, 63]
liquid crystals based) monochromatic ’
geometric-phase retarder (photonic 300 nm [64]
crystals based)
geometric-phase ret'arder (S-waveplate, monochromatic 16567
nano-grating based)
this
S-waveplate + polarization filtering 600 nm thesis,
[A4]

Table 1.1: Comparison of bandwidth over which vortex beam can be generated
by different methods.

spatial filtering [69] can significantly broaden the spectral performance of
Pancharatnam-Berry phase elements, such as S-waveplate, g-plate, etc. However,
the experimental efforts were confined to far-infrared spectral range and did not
demonstrate the polarization sensitive beam cleaning as spatial filtering was
performed instead [69]. Similar polarization filtering was performed to reduce
dispersion of topological charge of high order OVs [70]. Yet, enhancement of
spectral performance was not demonstrated, and theoretical description of the
process was not given.

Therefore, in the section 1.3.2 the polarization-sensitive filtering is theo-
retically described, and generation of an optical vortex beam over the entire
visible and near infrared range, from temporarily coherent and incoherent light
sources, is experimentally demonstrated. This technique allows converting
any wavelength dependent (chromatic) Pancharatnam-Berry phase element to
an achromatic one. For the experiments we have employed a high damage
threshold S-waveplate [71] designed to work at the wavelength of 532 nm and
demonstrated that it can be used to generate high contrast OV beams at any
given wavelength in the range between 400 nm and 1040 nm.

Linearly polarized input: the initial linear polarization (with I = 0)
becomes radial (with [ = 0, vortex-free phase) if the S-waveplate is aligned
parallel to the orientation of the incident linear polarization and azimuthal (with
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|{| = 0, vortex-free phase) if aligned perpendicularly. Further linearly polarized
input will be considered in a circularly polarized basis as a superposition of two
orthogonal circularly polarized components. Therefore, radially and azimuthally
polarized beams can be described as a superposition of two beams of opposite
circular polarization, both carrying optical vortices at the center of the beam
with opposite direction of vorticity (i.e. topological charges) [72,73].

Since, the resulting beam is a superposition of two beams of equal intensities,
which centers coincide, it is very sensitive to small perturbations of (i) retardance
and (ii) orientation of varying optical axis (or grating pattern of the S-waveplate).
(i) Proper (e.g. A/2) retardance of a geometric-phase retarder ensures (a) equal
intensities of LCP and RCP components of the beam, which results in "linear"
(meaning zero ellipticity) polarization of the converted beam, and (b) coincidence
of locations of vortices within the orthogonally polarized components of the
beam. (ii) Gradual change of orientation of the optical axis of a geometric-phase
retarder ensures gradual phase advance and rotation of direction of polarization
vector of converted beam and its alignment in, e.g. radial or azimuthal pattern.

It is technically challenging to create a geometric-phase retarder plate with
exactly half waveplate (7) retardation at every point of the plate (i.e. homoge-
neously distributed). Majority of techniques (including nano-grating and liquid
crystals), especially at their early production years, have been producing plates
with retardation which differs from 7 by up to 10% at different places on the
plate (i.e. inhomogeneously distributed). Therefore, in the following sections,
we investigate effect of perturbation of retardation (i) of a geometric-phase
retarder (considering both homogeneous and inhomogeneous perturbations) on
the polarization, phase, and intensity structure of the generated vector beam.
Our theory suggests, and experiment confirms, that perturbation of retardation
of a geometric-phase retarder leads to break in the symmetry of intensity, polar-
ization, and phase distribution of the converted beam. These in turn results in
mismatch of locations of optical vortices in orthogonally polarized components
of the converted beam, and their motion along distinct trajectories, leading to
appearance of the vortex phase in the generated radially/azimuthally polarized
beam. Previously this problem was studied only partially. D’Errico et al. [74]
considered features of a vector beam generated by a g-plate with retardation
perturbed only homogeneously, which usually is not the case on the experiment.
Additionally, effect of perturbation on spin-to-orbital coupling, which has signif-
icant practical implication, was not studied. Present investigation attempts to
shade light on these missing areas. Perturbation of orientation of the optical
axis (ii) will be studied elsewhere.

The rest of the chapter is organized as follows. Section 1.2 gives general
description of the conversion process. Section 1.3 describes phase, polarization,
and intensity structure of the beam converted by a plate with ideal and ho-
mogeneously perturbed retardation in the case of circularly (1.3.1) or linearly
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(1.3.3) polarized input; section 1.3.2 describes a method to correct phase of the
generated vortex beam in an ultra-broadband spectral region. Further, section
1.4 describes phase, polarization, and intensity structure of the beam converted
by a plate with inhomogeneously perturbed retardation and how this might
lead to recovery of the required (e.g. radial) polarization state. Finally, section
1.5 describes spin-to-orbital conversion of angular momentum of the beam.

1.2. Polarization-phase conversion of the beam

We will consider a geometric-phase retarder (g-plate, S-waveplate, etc) with
topological charge of the plate q=1/2 (defining the rotation of the local optical
axis around the singular point) [75]. The Jones matrix of the unperturbed
retarder with exactly A/2 or 7 retardation is given by:

_ |cos(p)  sin(e)
My = lsin(ap) —cos(go)] ’ (1.1)

where ¢ is the azimuthal angle of a polar coordinate system. Now, we will
discuss the action of the retarder on different input polarization states, so let us
involve into consideration the Jones vectors of horizontally (X), vertically (V")
linearly, and left-handed (L) and right-handed (R) circularly polarized states
that are given by:

1 |1 1 10 1 |1 1 |1
EX:ﬂlO];EY:ﬂL];ELZﬂli];ERzﬂl_i]a (1.2)

respectively. Fig. 1.1 schematically shows the process of conversion. A Gaussian
beam with circular polarization converted by such a retarder transforms to
a doughnut shaped beam (not shown). Left part labelled ‘incident’ shows
incident polarization state and corresponding Jones vector. Projection of
angular momenta of the beam on propagation axis z is also specified. The
middle part of this figure schematically demonstrates orientation of the optical
axis of the retarder, its retardation, and Jones matrix M,. Right part labelled
‘output’ shows polarization state of the converted beam. Orientation of arrows
show phase of the beam, as the phase map at the background. The conversion
is accompanied by the following transformation of polarization and phase of
the beam: (Fig. 1.1a) the initial left (right) circular polarization (with |I| = 0)
transforms to right (left) circular polarization, the beam acquires vortex phase
with topological charge |I| = 1, as evident from the ¥ component in the Jones
matrix and by phase distribution in the corresponding subimage. With the
notations of Egs. (1.1), (1.2) we can write:

MyEL = Erexp(ip); MyEr = Er exp(—iyp). (1.3)
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Figure 1.1: Schematic of polarization, phase, and angular momenta conversion
for incident (a) circularly polarized and (b) linearly polarized beam. Arrows show
polarization state, so as the Jones matrices by the arrows. Components shown
by dotted lines do not exist. Retardance of the S-waveplate and orientation of
its optical axis are shown in the middle together with its Jones matrix; ¢ is the
azimuthal angle in polar coordinate system. S,, L., and J, are projections of
spin, orbital, and total angular momenta of the beam on the propagation axis z.

Fig. 1.1b shows that the initial linear polarization becomes azimuthal if the
retarder is oriented perpendicularly to the orientation of the incident linear
polarization, and radial if this orientation is parallel (not shown). The output
beam is a superposition of two vortices with opposite phases, so the total phase
of the beam remains vortex-free, e.g.

MqEX = ERP; MqEY = EAP7 (14)
where
_ L feos(p)| _ 1| sin(p)
= Lm@)] G l— COS(<P)] o

describe the radial and azimuthal polarizations, respectively.
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Figure 1.2: Modelling results of polarization, phase, and intensity distribution of
the beam converted by the geometric phase retarder with (a) ideal 7 retardation
and (b) perturbed retardation w47 /6. Circular polarization is incident. Arrows
show polarization state, so as the Jones matrices by the arrows. Components
show by dotted lines do not exist. Retardance of the S-waveplate and orientation
of its optical axis are shown in the middle together with its Jones matrix.
Columns labelled by L, R, L + R, and X + Y show intensity and phase of left-
hand, right-hand, combined left- and right-hand circularly polarized components,
and combined horizontally and vertically polarized components of the beam,
correspondingly. Locations of optical vortices in the combined beam are shown
in the rightmost column.

1.3. Homogeneous retardation

1.3.1. Circularly polarized input for optical vortex gener-
ation

Unperturbed case

In this case, retardance of the plate is homogeneous and has 7w value.

Phase and Intensity. Fig. 1.2a in columns with corresponding labelling
shows phase and intensity distribution in the left-hand circularly polarized (‘L’)
and right-hand circularly polarized (‘R’) components of the converted beam.
Incident L component has zero intensity after conversion. All the intensity is in
the R component which has a vortex phase. Intensity distribution is symmetric.

Polarization. Upon conversion ellipticity of polarization conserves its value
but changes its sign. Incident L polarization becomes R with homogeneously
distributed ellipticity and orientation of polarization ellipses as shown in column
‘Polarization’ in Fig. 1.2a.

Location of vortices. Output beam was decomposed to X- and Y-polarized
components, which phase is shown in column ‘X+Y’ in Fig. 1.2a. Vortices from
orthogonally polarized components have the same locations within the beam,
as seen in the rightmost ‘OVs locations’ column in Fig. 1.2a.
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Perturbed case

The S-waveplate with the perturbed retardation is represented by the Jones

matrix M,:

M, = lCOS(qw) —sin(qso)] ll 0 ] lcos(qﬁp) Sin(q@]. (1.6)

sin(qp)  cos(qp) | |0 —exp(iu)| |—sin(gp) cos(qp)

From Eq. (1.6) we obtain:

a b
where
a=[1+exp(iu)], b=[1— exp(iu)] (1.8)

10
and M; = 01 is a unity matrix, M, is the matrix of the unperturbed

retarder (Eq. 1.1). u describes the perturbation of retardation. When u = 0,
b= 0 and M, = M,. When u # 0, the effect of the plate on X, Y, L, R, and
elliptic polarizations is described by:

b

a b a
M,Ex = EERP + iEX’ M,Ey = EEAP + §EY, (1.9)

a ) b a ) b
M,EL = EER exp(ip) + §EL, M,Er = §EL exp(—ip) + §ER7 (1.10)

and
1
M,E, = 3 (acER exp(iv) + adEy exp(—ip) + beEr + bdER) , (1.11)

respectively. As seen from Egs. 1.9 and 1.10 the output beam now is a super-
position of the desired polarization state (as from the unperturbed case) and
some coherent background polarized as the incident beam. Fig. 1.2b shows
results of modelling to demonstrate this as described below. Here we consider
homogeneous retardation of the retarder, which differs from 7« by u = 7/6
(Egs. 1.7 and 1.8).

Phase and Intensity. In contrary to the unperturbed case, when retar-
dation of the plate differs from =, the resulting beam has now both L and
R components, as shown in the Fig. 1.2b in the columns with corresponding
labelling. But only component orthogonal to the incident, which in our case
is R, acquires vortex phase, while L. component is just coherent background.
Therefore, the beam with vortex phase can be spatially separated by filtering
the resulting mixed beam by the polarization state. Intensity of the converted
beam remains symmetric.

Polarization. Column ‘Polarization’ in Fig. 1.2b shows that even though
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ellipticity of the incident polarization was homogeneous, ellipticity and orienta-
tion of polarization ellipses of the converted beam become inhomogeneous, i.e.
spatially variable. Nonetheless, this elliptical polarization can be decomposed
to L and R components to separate the homogeneously polarized vortex beam,
as mentioned previously.

Location of vortices. Inhomogeneity of polarization of the converted
beam, or in other words, coherent background in the generated vortex beam
shifts vortex from the center of the beam. This is explicitly shown by the
decomposing the resulting mixed beam into the X- and Y-polarized components
(Fig. 1.2b columns ‘X+Y’ and ‘OVs locations’).

1.3.2. Optical vortices over octave-spanning spectral
range

Polarization selective filtering

In this section we explicitly demonstrate mentioned above polarization selective

filtering of the mixed beam for separation of the vortex phase. We again consider

S-waveplate acting as a half-wave plate phase retarder. We rewrite the matrix
for the S-waveplate as follows:

M, = [095(29) sin(26) 1 ; (1.12)

sin(20) — cos(20)

where 6 is an azimuthal angle of the optical axis of a half-wave plate. The
resulting light field F,,; can be presented as an action of a half-wave plate
converter Mg on the initial field E;,: Fo = MsE;,. If a right-handed circularly
polarized light is transmitted through the S-waveplate, a left-handed circularly
polarized OV (with the topological charge equal to 1) is generated:

1
V2

1 1

1 .
Eou = Ms Ein = 767420 Eina 1.13
t \/5 ( )

where Ej,, = e /v ¢=i(27/20)r*/2R’) js Gaussian envelope, R = z(1+ (2'/2)2),
2 = mwg/\, r? = 22 +y?, 2,y and z are Cartesian coordinates, w is waist of the
beam and A is the wavelength of light. So, left (right) handed circularly polarized
light passed S-waveplate acquires vortex phase and orthogonal right(left) handed
circular polarization. However, if the wavelength of incident light, A, differs
from the wavelength the S-waveplate was designed for, \g, the value of phase
retardation would be different for different wavelengths: A = wAg/A. It means
that only light at the wavelength Ay would remain circularly polarized. Arbitrary
wavelength A would acquire elliptical polarization and phase retardation A. By
multiplying Jones vector for left circular polarization with Jones matrix for the
retarder (S-waveplate) with phase retardation A and azimuth 6 (orientation of
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optical axis), we can calculate how circular polarization of the input light will
be transformed:

Eel =

1 cos? (0) +eBsin?(0) (1 — em)sm(ﬁ)cos(ﬁ)
V2 [ (1 —e)sin(0)cos(0)  sin?(0) + e'2cos?(6)

1
Ein =
(1.14)

Ein

V2 | (1 = e®)sin(0)cos(0) + i(sin(0) + e cos®(0))

1 | cos?(0) + e®sin?(0) +i(1 — e*®)sin(0)cos(6)
V2

Eq. 1.14 does not give much information on phase or polarization dependence
of the beam on phase retardation A or azimuthal angle 6. Now let us assume
that the light with such polarization F.; (Eq. 1.14) passes the left L or right R
circular polarizer (quarter wave plate and linear polarizer). Then, the electric
fields (E'r and Ey) will be following:

|
Er=RE, = 2—\1/5(1 — A)ei20 _; Eip;
(1.15)
E; = LE, = ﬁ(l +e2) || Ein,

where R and L are the Jones matrices for right and left circular polarizers,

1(1 =2 11 —
2 [—i 1‘| 2 L 1 ‘| ( )
After the left-handed circularly polarized light of A # Ao passes through the
S-waveplate and a right-handed circular polarizer, the electric field Fr (Eq. 1.15)

respectively:

becomes similar to what we would expect after passing through the S-waveplate
when A = )\ (Eq. 1.13). It contains the same factor ¢?Y which indicates the
azimuthal phase variation of the field, i.e. presence of an OV. However, after the
left-handed circular polarizer, the electric field Er, (Eq. 1.15) does not have this
azimuthally dependent term. Therefore, after the S-waveplate, the circularly
polarized light of wavelength A # Ay can be separated into two parts according
to the handedness of polarization. Only one of the polarizations will exhibit
the azimuthally varying phase dependence, i.e. become an OV.

The ratio of the two resultant fields depends only on the phase retardation
of the retarder:

1
Ir = ERwE}k:iw + ERyET%y = 5(1 — COST(/\()/)\) (117)

1
17, :ELzEzz'f'ELyEzy: 5(1+COS7T)\0/)\) (118)
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Figure 1.3: The simplified schematic and numerical model for OVs generation
and polarization-sensitive beam cleaning. Gaussian beams (i) pass through the
S-waveplate, resulting in OVs with different contrast, depending on the wave-
length (ii). The quarter-wave plate and linear polarizer work as a polarization-
sensitive vortex beam filter that separates the vortex beam (iii) and the back-
ground with no phase modulation (iv).

In summary, even if any S-waveplate or, in general, any other optical
element based on the phase control of circularly polarized light by half-wave
plates (e.g. [76]) is designed for a specific wavelength, a desired transformed
part of the beam can be easily separated out using a circular polarizer.

As an illustration, using previous equations 1.15 and a Fourier propagation
method, a situation was simulated, where a circularly polarized beam passes
through the S-waveplate, quarter-wave plate and a linear polarizer (Fig. 1.3).
The modelled S-waveplate is set for \y = 530 nm wavelength, whereas the
spectrum of the incident light ranges from 400 nm to 1000 nm. The results
indicate that the contrast of the vortex beam generated with the S-waveplate
strongly depends on the wavelength (Fig. 1.3(ii)). However, after passing the
circular polarizer, at all wavelengths a high contrast OV is obtained (Fig. 1.3(iii)),
with zero intensity at the center. Due to the wavelength mismatch all the
"background", i.e. not phase modulated part of the beam is separated to the
orthogonally polarized field (Fig. 1.3(iv)).

We used an S-waveplate designed for 530 nm (fabricated by Altechna R&D,
developed at the University of Southampton [65,66]). The S-waveplate was
illuminated with femtosecond light pulses tuned in the range of 400 — 1040 nm
from an optical parametric amplifier "Topas” (Light Conversion Ltd.). The
experimental setup was similar to the one illustrated in the Fig. 1.3. However,
to achieve a perfect achromatic behaviour in a wide spectral range, achromatic
quarter-wave plates (for circular polarization generation and for circular analyser)
were replaced with two Fresnel rhombs and a calcite crystal was used to separate
two orthogonal polarizations. The beam profiles were measured using a CCD
camera (Chameleon CMLN-13S2M-CS).

The contrast (intensity in the center of the beam divided by the maximum
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Figure 1.4: Experimental intensity distributions of: (i) Initial Gaussian beam
before S-waveplate; (ii) — beam after S-waveplate; (iii) filtered vortex part of
the beam (after a quarter-wave plate and a linear polarizer); (iv) Gaussian
(background) part of the beam (after quarter-wave plate and linear polarizer).
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Figure 1.5: (a) The contrast of generated vortex beams at different wavelength
before and after the polarization sensitive beam cleaning. (b) Interference of
vortex- and Gaussian part (background) of the beam (at 1000 nm).

intensity of the beam: Ii/Imas) of the OVs generated by the S-waveplate
strongly depended on the wavelength (Fig. 1.4(ii)). At wavelengths close to
the design wavelength of 530 nm, the generated beams exhibited a well-defined
doughnut shape, while at nearly twice longer wavelength (~1000 nm) the
generated beam had a flat top profile with no sign of singularity at the center.
However, after the polarization-sensitive beam cleaning part of the setup (second
Fresnel rhomb and calcite crystal), vortex and Gaussian parts of the beams
were separated into two beams (Fig. 1.4(iii,iv)).

in Fig. 1.5 and 1.6, respectively. The performance of the polarization-sensitive
beam cleaning was evaluated by comparing the contrast of the generated OVs
before and after beam cleaning (Fig. 1.5(a)). Before beam cleaning, the contrast
exhibit a strong dependence on wavelength, whilst after the cleaning, contrast of
OV is similar at all wavelengths. Small variations in the contrast after cleaning
is caused by the variations in the quality of the input Gaussian beam (Fig. 1.4(i))
rather than the chromaticity of the setup.

In order to confirm the presence of phase helicity in the vortex part of the

31



1.0

04r

0.2}

Efficiency (a. u.)

0.0r

200 400 600 800 1000 1200
Wavelength (nm)

Figure 1.6: Polarization sensitive beam cleaning efficiency dependence on the
wavelength. Experimental points are compared with the theoretical curve.
Insets demonstrate measured beam profiles of generated OVs and beams profiles
of filtered out background at different wavelengths.

beam and its absence in the orthogonally polarized part, both parts of the
beams were injected into a Michelson interferometer and interference patterns
were measured (Fig. 1.5(b)). As predicted, the interference pattern of the vortex
beam exhibited a forked structure (which is a clear indication of the phase
helicity) whereas the orthogonally polarized Gaussian (background) part of the
beam produced regular fringes.

The reason for one polarization component to acquire vortex structure and
for other not to is following. The beam is being transformed to OV by acquiring
phase retardation A\g/2 and changing its polarization state to orthogonally po-
larized. When the incident wavelength A # g, the phase delay and polarization
state depend on \; the beam become elliptically polarized. Dividing the beam
into two orthogonally polarized parts and selecting the polarization orthogonal
to initial, we automatically select the light which acquired Ag/2 phase delay.
Therefore, one polarization component carry an OV and other does not.

Fig. 1.4(iii,iv) shows that unlike the contrast, the power ratio between
the cleaned vortex part of the beam and not phase modulated background
(Gaussian "noise") part strongly depends on wavelength. The efficiency of the
vortex/Gaussian conversion at different wavelengths (Fig. 1.6) can be evaluated
using Eq. 1.18. Maximum efficiency is achieved at the design wavelength of
the S-waveplate; the efficiency remains above 50% at the wavelength nearly
two times larger than the design wavelength, demonstrating successful OV
generation in the 600 nm wavelength range (in this range, the efficiency is more
than 50%). Obviously the bandwidth scales with the central wavelength: an
S-waveplate designed for the 1 um wavelength would cover the bandwidth of
1.2 pm.

Besides OVs generation in a broad wavelength range, the presented scheme
can also work as a polarization selective vortex converter. The handedness of
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Figure 1.7: Polarization selective vortex beam generation: (a) experimental set-
up and modeled results; (b) experimentally measured profiles of green (532 nm)
vortex beam after polarization transformation superimposed with orthogonally
polarized red (633 nm) and blue (400 nm) Gaussian beams in the middle;
(c) experimental beam profiles (532 nm and 633 nm) before (on the left) and
after (on the right) polarization sensitive transformation.

circular polarization determines whether the Gaussian beam passing through
the setup stays Gaussian or is converted to an OV. Therefore, for example, if we
have two beams with different wavelengths and orthogonal circular polarizations,
only one of them will be converted to a vortex beam and the other would remain
unaffected (Fig. 1.7(a)). This could be useful for stimulated emission depletion
(STED) applications as both beams could travel in the same optical path and
just before the objective, one of them would be converted to a vortex beam. The
advantage of such geometry has already been demonstrated in [47,77], where an
OV was generated using a highly chromatic optical component, which imposed
a limit on how close the two wavelengths could be. Since our method is based on
polarization selection, there is no such wavelength limitation for the two beams;
only the "correctly" polarized beam will be converted to a vortex. In order to
demonstrate how this works in practice, we performed an experiment using the
setup illustrated in Fig. 1.7(a). We used three lasers with different wavelengths:
red — HeNe laser (633 nm), green — second harmonics of Nd:YAG laser (532 nm),
blue — OPA output at 400 nm wavelength. Orthogonally polarized beams of
two of the lasers (red and green or blue and green) were launched collinearly
through the polarization sensitive OV generator. As shown in Fig. 1.7(b), in
each case, only one beam (green in the presented case) was transformed into
a vortex whereas the other remained Gaussian. With currently available laser
sources intensity efficiency of the methods does not impose limitation for the
application. The proposed scheme with single optical path for both excitation
and depletion beams could significantly facilitate extremely complicated process
of alignment of STED systems.
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Optical vortex generated from an incoherent white light source

Further, we expand our previous considerations to generate "white" light OV.
Hereafter, white light means a broadband incoherent light emitted by an
incandescent halogen lamp. Temporally incoherent incident light field A(t) is
given by the Gaussian-Gaussian noise model [78]:

N
1 § it +1&;
A(t) = ﬁ e( 25+ €J), (119)
i=1

where §); = w; —wp, wp and w; are the central and normally distributed random
frequencies, respectfully; dispersion 02 (o = (w; — w2)/2v/2, wi 9 = 27¢/ A1 2,
¢ — speed of light). ¢; are uniformly distributed random phases. N has to
be significantly large in the simulation (here N = 471). The wavelengths
A1 = 360 nm and Ay = 830 nm, Ay = 530 nm. Intensity distributions after
each component in the experimental setup are obtained by the multiplication
of the Fourier transformed complex amplitude A(t) by the Jones matrix of
the corresponding optical element. For example, the vortex Ey and not phase
modulated E¢ parts of the beam after the polarization filtering are given by:

EV(G) = Eright(left)s(w)v (120)

where S(w) is the Fourier transform of the A(t), Eyight(est) is given by Eq. 1.15.
Such field has Gaussian shaped spectrum and obeys Gaussian statistics [78].
Modeled intensity distributions are shown in the top row of the Fig. 1.8.

Figure 1.8: Intensity normalized numerical plots (top row) and experimental
images (bottom row) of the beam from incoherent light source in the states (i),
(i), (iii), and (iv) as described in the Figs. 1.3 and 1.4.

For the white-light experiment the light source in the experimental setup
described in the previous section was substituted by a 55 W tungsten halogen
bulb and used as the source of an incoherent broadband white light. The light
from the halogen bulb was collected (without focusing system) by a multimode
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gradient optical fiber (86 cm long, cladding diameter 850 pum, core diameter
130 pm) placed close to the lamp. Only the light propagating through the core
of the fiber was then selected by the first aperture (diameter 0.95 mm) placed
21 mm after the tip of the fiber. The spatial coherence of the light was controlled
by the size of this aperture. It should be small enough to provide sufficient
degree of spatial coherence for the generated optical vortex to be visible, i.e.
to posses deep axial minimum of intensity ( [60, 79] and references within).
"White"-light beam with a high degree of spatial coherence was then collimated
with the aid of a pair of lenses in the telescope configuration and spatially filtered
by the second aperture (diameter 110 pm) placed in the common focus between
these lenses. The role of the second aperture was to endow the beam with
nearly Gaussian intensity profile and to control its waist size. The polarization
tailoring of the beam were achieved by Fresnel rhombs and a Glan polarizer. An
angle cut calcite crystal was used to separate two polarization states. Colored
images of the beam were obtained by Canon 600d camera with the default
settings for the white balance, saturation, contrast and color tone.
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Figure 1.9: (a) Spectra of the "white" light beam in different states. Experimen-
tal: Black (solid): initial unpolarized white light; Red (dashed): spectrum of
the polarized collimated beam after passing all the polarization optics but the
S-waveplate; Blue (dashed-doted): vortex part of the beam after the polariza-
tion filtering (i.e. beam passed all the polarization optics and the S-waveplate).
Modelled: Brown (hollow circles): initial spectrum used for modelling; cut at the
limits of visible light. (b) Generated "white" light OV focused by a cylindrical
lens. See text for details.

Bandwidth of the incident white light spans from 325 nm to 1030 nm and
is shown in the Fig. 1.9a (solid black curve marked as "Initial experimental").
However, for modeled intensity distributions spectrum in the limits of human eye
perception was used: from 360-830 nm (hollow brown circles in the Fig. 1.9(a)).
The "white" light beam acquired its vortex structure upon propagation through
the S-waveplate designed for conversion of light in the 20 nm bandwidth (as
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stated by the manufacturer) around its central wavelength of 532 nm. Due to
the far exceeding bandwidth of the incident "white" light, the visibility of the
vortex core (zero intensity at the axis) is "masked" in the beam right after the
S-waveplate (Fig. 1.8). As described in the previous sections, the maximum
conversion efficiency is around design wavelength of the S-waveplate. Hence, the
central part of the beam right after the S-waveplate is filled by the pink-violet
shades, which are result of the substruction of green shades from the white
color. After the polarization selective filtering vertically polarized part of the
beam with "clean" vortex structure (zero axial intensity) is spatially separated
from the horizontally polarized background part of the beam having no phase
singularity. Intensity normalized experimental images are shown in the Fig. 1.8
bottom row and demonstrate good agreement with the model. Outer red shades
and inner blue shades of the circle of light of OV could be explained by the
scattering of white light on objects smaller then the wavelength of light, which
are the nano "cracks" the grating of the S-waveplate is made of.

The spectrum of the filtered optical vortex is shown in the Fig. 1.9(a)
marked as "Filtered vortex" (dashed-dotted blue curve). Red dashed curve in
the Fig. 1.9(a) marked as "No S-waveplate" shows spectrum of the beam after
it passed through all the polarizing optics in the setup (under condition that
the S-waveplate is removed from the setup). Because some of the polarizing
elements were made from calcite, the spectrum of the beam was cut at the blue
side, so it differs from initial and spans from 400 to 1000 nm. The spectrum of
the filtered vortex has its maximum at 545 nm and spans from 410 to 900 nm.
Conversion efficiency at different wavelengths differs as described in the previous
sections.

Different frequency components acquire different phase delay, resulting in
a topological charge dispersion [80]. Based on this effect vortex with half
integer topological charge |I[| = 1/2 can be generated when the S-waveplate is
illuminated by twice the wavelength it is designed for [67]. Above described
polarization filtering compensate topological charge dispersion resulting in equal
TC for all spectral components [70]. To demonstrate unit topological charge of
the generated "white" light OV |I] = 1 the beam after the polarization filtering
was focused by a cylindrical lens (focal distance f = 125 mm) as described
in [81]. At the focal area the light possessed one dark stripe across the intensity
distribution (Fig. 1.9(b)) indicating that the value of topological charge is |I| = 1.
OV generation occurs through the phase and polarization modulation. Thus,
optical vortices at different frequency components demonstrate coaxiality, hence,
avoid anomalous spectral behavior near the vortex core [82].
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Figure 1.10: Modelling results of polarization, phase, and intensity distribution
of the beam converted by the geometric retarder with (a) ideal 7 retardation and
(b) perturbed retardation 7+ 7/6. Linear polarization is incident. Arrows show
polarization state, so as the Jones matrices by the arrows. Linear incidence is
considered as superposition of two circular. Retardance of the S-waveplate and
orientation of its optical axis are shown in the middle together with its Jones
matrix; ¢ is the azimuthal angle in polar coordinate system. Columns labelled
by L, R, L + R, and X + Y show intensity and phase of left-hand, right-hand,
combined left- and right-hand circularly polarized components, and combined
horizontally and vertically polarized components of the beam, correspondingly.
Locations of optical vortices in the combined beam are shown in the rightmost
column.

=)
l}l‘
Intensity, au

R e S
¢ 477 ==N\\

(=]

1.3.3. Linearly polarized input for generation of radial
polarization

Unperturbed case

In this case, retardance of the plate is homogeneous and has m value.

Phase and Intensity. Analysis of the beam we perform in the circularly
polarized basis. Incident linear polarization is considered as superposition
of L and R components, as schematically shown in the ‘incident’ column of
Fig. 1.10a. Upon conversion both incident, L and R, components flip handedness
and acquire vortex phase as shown in the columns ‘L’ and ‘R’ Vortices in these
components have orthogonal direction of vorticity (and both located at the
same spot in the middle of the beam). Therefore, the generated azimuthally
polarized beam is vortex-free, it has plane phase (column ‘L+R’). L and R
components have equal amplitudes and symmetric intensity distributions.

Polarization. Resultant polarization has homogeneously distributed zero
ellipticity (i.e. it is linear at every point), and is is azimuthally oriented, as
shown in column ‘Polarization’ in Fig. 1.10a.

Location of vortices. Since the resultant beam is superposition of two
vortex components then there is no need to decompose it to the X- and Y-
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polarized components. As shown in the rightmost ‘OVs locations’ column
in Fig. 1.10a vortices from orthogonally polarized L. and R components have
the same locations within the beam. Then the vortex phase can be precisely
cancelled such that the resultant phase of azimuthally polarized beam is vortex
free.

Perturbed case

Here we consider homogeneous retardation of the retarder, which differs from
m by u = m/6 (Egs. 1.7 and 1.8). Fig. 1.10b shows results of modelling to
demonstrate effect of such perturbation of the retardation.

Phase and Intensity. Upon conversion both incident, L. and R, compo-
nents flip handedness and acquire vortex phase as shown in the columns ‘L’ and
‘R’. Vortices in these components have orthogonal direction of vorticity. L and
R components have asymmetric intensity distributions, and so the combined
resultant beam (Fig. 1.10b columns ‘L’, ‘R’, and ‘L+R’, correspondingly). Total
phase of the generated azimuthally polarized beam is not vortex-free in this
case.

Polarization. Column ‘Polarization’ in Fig. 1.10b shows that even though
ellipticity of the incident polarization was homogeneous, ellipticity of polarization
ellipses of the converted beam becomes inhomogeneous, i.e. spatially variable.
It changes from the left-hand at the upper part of the beam to the right-hand
elliptically polarized at the lower part. Orientation of ellipses remains azimuthal
because it depends on the orientation of the optical axis of the geometric retarder
and not on the retardance.

Location of vortices. Inhomogeneity of intensity and polarization of the
converted beam in turn causes for optical vortices from orthogonally polarized
components to have different locations within the beam, as explicitly shown in
the rightmost ‘OVs locations’ column in Fig. 1.10b. This difference of locations
of vortices does not allow for full cancellation of the vortex phase in the resultant
beam.

Since for the generation of radially or azimuthally polarized beams both
L and R components are required, then the described in the section 1.3.2
polarization selective filtering is not possible. However, there is another way to
recover necessary polarization state of the beam as described in the following
section 1.4.

1.4. Inhomogeneous retardation

1.4.1. Experimental observations

On practice it is hard to manufacture an element with spatially homogeneous
retardation. For example, experimentally measured retardation of the nano-
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structured geometric phase retarder (S-waveplate "RPC-532-04-216") manufac-
tured for the central wavelength of A\ = 532 nm is shown in Fig. 1.11 in the
column with corresponding labelling. Its retardation oscillates around 7 value
from m — 7/12 to ™ + m/5 and has a sinusoidal-like profile. As a result, beam
acquires spatially variable ellipticity. Which results in appearance of vortex
phase in the beam, as seen from interference pattern shown the corresponding
column in Fig. 1.11. Interference patterns demonstrate appearance of the vortex
phase in the Y polarized component of the beam, which supposed to be vortex
free. Position of the vortex is shifted far from the center of the beam. Therefore,
the following question we aim to answer is: What effect the inhomogeneous
retardation which "sinus-ides" around 7 value has on the beam conversion?

incident S-waveplate: RPC-532-04-216  Polarization out Interference
) L% n+m/S s > o5 y '
o+ g Y <
QD n+m/12 :
R L T[—TC/I 2 06 -03 0 03 06 06 -03 0 03 06 -0.13 0.02 0.17
Niall x, mr » y x, mm
O+ P
A2 =266 nm B
250 nm 0.18
0 T 21 20603 0 03 06 20603 0 03 06 044 029 004

Figure 1.11: Experimentally retrieved polarization and locations of vortices
in the beam converted on the S-waveplate (RPC-532-04-216) in the case of
circularly and linearly polarized incidence. Vortex location is marked by red
star. Rightmost column shows magnified area shown by the red square in the
subimages with interference. Polarization of the reference beam for interference
is vertical.

1.4.2. Effect of inhomogeneous (sinusoidal) retardation

Experimentally retrieved sinusoidal profile of retardation of the S-waveplate has
led to consideration of sinusoidal profiles of retardation of the geometric phase
retarder. Therefore, below we describe effect of retardation having u = sin(jp)
profiles (Eq. 1.8) as shown in ‘Retardance’ column in Fig. 1.13, where j is
specified in the corresponding subimage, and ¢ is the azimuthal angle changing
from 0 to 27, on the phase, polarization, and intensity distribution of the beam

converted on such a plate.

of
o0

> Jp(a)exp(inje), where J, is the Bessel function.

n=—oo

Moreover, J_,(a) = (=1)"J,(«). We insert the expansion into coefficients a

In this case, we make use Jacobi-Anger  expansion:

exp(iasin(je)) —
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and b of Eqs. (1.7) and (1.8):

a =1+ exp(iu) = 1+ Jo(a) + Jy(a)2isin(j) + Ja(a)2cos(2j) + ... (1.21)
and

b=1—exp(iu) = 1 — Jo(a) — Jy ()2 sin(jop) — Ja(a)2cos(2jep) + ... (1.22)

When a < 1, Jp(a) &~ 1 and we note the difference in Egs. (1.21) and (1.22):
in Eq. (1.21) the main contribution is made of (1 4+ Jy(«)) and the field is
modulated by the following sin(jy) and higher terms. In Eq. (1.22), the
term (1 — Jy(a)) vanishes, and the modulations are more prominent. Another
important aspect is that during the free-space propagation the higher order
oscillations diffract out faster than lower order oscillations (Fig. 1.12). This
allows us to leave only Jy and J; terms in expansions (1.21) and (1.22) and
neglect oscillations of higher order. Fig. 1.12 demonstrates normalized intensity
of the vortex and high-order background components (the latter are labelled by
the corresponding j number). Size of the vortex component is 100 pm, size of
the background component is 2.5 times bigger for j = 8. Therefore, upon beam
propagation high-order component diffracts faster and leave the central part of
the beam. This has important consequence for the generation of the beam with
azimuthal /radial polarization, as discussed below.

-200 -100 0 100 200 -200 -100 0 100 200
X, pm X, pm

-200 -100 0 100 200 -200 -100 0 100 200
X, pm X, pm

Figure 1.12: Size of the vortex component (top left) is 100 pm. Sizes of the
background components for j = 2, 5,8 (as specified in the labels) are 150, 200,
250 pm, correspondingly. Propagation distance z = 1 cm, size of the initial
Gaussian beam is 100 gm, A = 532 nm.

Fig. 1.13 shows results of modelling of the beam conversion on the geometric
phase retarder with sinusoidally variable profile of retardance for circularly
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Figure 1.13: Modelling results of polarization, phase, and intensity distribution
of the beam converted by the geometric phase retarder with sinusoidal profile
of retardation, u = sin(jy) , for the case of circular input (upper part) and
linear input (lower part). Retardance distribution and its profile are shown in
the middle. Columns labelled by L, R, and L + R show intensity and phase
of left-hand, right-hand, combined left- and right-hand circularly polarized
components, correspondingly. Locations of optical vortices in the combined
beam are shown in the ‘OVs locations’ column.

(upper part) and linearly (lower part of the figure) polarized incidence. The
retardance profile oscillates 1 or 8 times around 7 value with amplitude of
m/6 as shown in the middle column ‘Retardance’. Right part of the figure
shows polarization, intensity and phase, and vortex locations in columns with
corresponding labelling.

Circular incidence.

For the circular (L) incidence, the resulting beam has both L and R compo-
nents with vortex phase not only in the vortex (R) component, but also in the
background (L) component of the beam, as shown in the upper part of Fig. 1.13
in the columns with corresponding labelling. Described above in the Sec. 1.3.2
polarization selective filtering can be applied to separate vortex phase.

For j = 1, size of both polarization components is similar. Therefore, the
main (brightest) ring of light is asymmetric. However, because intensity of
the background component is comparatively low, this asymmetry is rather
weak. The generated beam has spatially variable ellipticity and orientation of
polarization ellipses (upper part of Fig. 1.13 ‘Polarization’).
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For j = 8, higher-order background component (L) diffracts faster as men-
tioned above. It is much bigger than the vortex component (R). Therefore, only
periphery of the generated beam is affected, while the main (brightest) ring
of light remains intact. The same is true for the polarization of the generated
beam, which is homogeneous on the brightest ring of light.

Linear incidence.

For the linear incidence (which is considered as a superposition of two
circularly polarized components), upon conversion, both L and R components
acquire vortex phase as shown in the corresponding columns in lower part of
Fig. 1.13.

For j = 1, size of both polarization components is similar and they have
comparable intensity levels. Therefore, both components are strongly asymmet-
ric. Polarization ellipses of the generated beam have spatially variable ellipticity
(upper part of Fig. 1.13 ‘Polarization’). Polarization is right-hand elliptical at
the upper and lower parts of the beam where the deviations of the retardation
from 7 is maximal and it is linear at places of proper m retardation. Vortices
from the orthogonally polarized components have different locations within the
beam, as explicitly shown in the rightmost ‘OVs locations’ column in Fig. 1.13.
This difference of locations of vortices does not allow for full cancellation of the
vortex phase in the resultant beam.

For j = 8, similarly to the case of circular incidence, the sizes of vortex and
background components are different. Thereby additional vortices appearing
in the beam affect mostly periphery of the beam leading to smoothing of
the most intense central part of the beam. Therefore, only periphery of the
beam is affected while the main (brightest) ring of light remains almost intact.
Then vortices of L and R components are located much closer to each other
(Fig. 1.13 ‘OVs locations’), which leads to recovery of the linear polarization on
the brightest ring of intensity of the beam (Fig. 1.13 ‘Polarization’).

Therefore, even though the geometric phase retarder has strongly perturbed
retardation, for j > 5, locations of vortices almost coincide, then the polariza-
tion of the generated beam acquires homogeneous ellipticity (e.g. linear), close
to that in the case of ideal homogeneous retardation.

1.5. Spin-to-Orbital conversion of the angular

momentum of the beam

Spin-to-Orbital conversion of the angular momentum of the beam is particularly
important for applications, such as optical orientation of microparticles. There-
fore, in this section we outline this process upon conversion on the geometric
phase retarder for the above described cases of homogeneous and inhomogeneous
retardation profiles. Mutual transformation of the spin and orbital parts of the
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angular momentum of the beam is schematically shown in Fig. 1.14. Below
we describe state of the converted beam for three cases of polarization of the
incident beam: (i) linear; (ii) elliptical; (iii) circular. Incident ellipticity, Xin,
of polarization is changed by orientation of a quarter waveplate, ©, which is
shown as abscissa in Fig. 1.14.

L, — orbital

——
S, —spin

O, rad

Figure 1.14: Spin-to-Orbital conversion of the angular momentum. Green arrows
show polarization state. Insets show phase of the left- and right-hand circularly
polarized components. Abscissa axis shows orientation of quarter wave plate,
hence incident ellipticity. Ordinate axis shows normalized projection of spin S,
red (orbital L, blue) angular momentum of the beam on the propagation axis
z.

(i) (®in, Xin) = 0: Consider linear polarization state (zero ellipticity) of
the incident Gaussian beam falling onto the S-waveplate. At this point incident
linear polarization state of the beam can be represented as a superposition
of two beams of equal intensities both having circular polarization states but
opposite handednesses. After conversion on the S-waveplate, both beams
conserve their ellipticity but do change sign of its handedness. Superposition
of these two beams of equal intensities both having circular polarization states
but opposite handednesses results in a polarization state with zero ellipticity
(linear polarization). As response to the flip of initial handedness of circular
polarization states both beams acquire vortex phase. Handedness of vortex
phase of the beam is opposite to that of the polarization state of the beam.
Superposition of two beams of equal intensities both having vortex phase but
opposite handedness (=1 and [=—1 results in a plane, vortex-free wave front of
the converted beam. Thus, depending on the relative phases of two beams in a
superposition resulting beam appears to be radially or azimuthally polarized
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(zero ellipticity) with vortex free, plane phase front. Both orbital and spin
angular momentum parts have zero value, Eqgs.(1.4), (1.5).

(ii) 0° < (Oin, Xin) < 45°: Incident Gaussian beam falling onto the
S-waveplate is elliptically polarized. Its ellipticity, xin, is between 0 and 45°.
Elliptically polarized beam can be represented as a superposition of two beams of
unequal intensities (¢ # d) both having circular polarization states but opposite
handednesses:

E. =cEp 4+ dER, (1.23)

where ¢ and d are weights (intensities) of two polarized components. After
conversion on the S-waveplate, both beams conserve their ellipticity but do
change sign of its handedness. Superposition of these two beams of unequal
intensities both having circular polarization states but opposite handednesses
results in an elliptically polarized beam with incident value of ellipticity but
opposite sign. As response to the flip of initial handedness of circular polarization
states both beams acquire vortex phase. Handedness of vortex phase of the beam
is opposite to that of polarization state of the beam. However, superposition
of two beams of unequal intensities both having vortex phase but opposite
handedness [ = 1 and [ = —1 in this case does not results in a plane, vortex-free
wave front of the resulting beam, e.g.

MyE. = cErexp(ip) + dEr exp(—ip), (1.24)

Because of unequal intensities of two beams, vortex phase does not cancel
exactly in the resulting beam. Some number of photons having vortex phase
remain uncompensated and contribute to the orbital angular momentum of the
beam. Thus, depending on the relative phases of two beams in a superposition
resulting beam appears to be elliptically polarized with polarization vector
oriented radially or azimuthally, and with complex phase front. Spin angular
momentum of the beam is proportional to the ellipticity of the beam, orbital
angular momentum has the same value but opposite sign of the spin part.

(iii) (Oin, Xin) = 45°: Incident Gaussian beam falling onto the S-waveplate
is single circularly polarized beam. After conversion on the S-waveplate, the
beam conserves its ellipticity value but does change sign of its handedness. As
response to the flip of initial handedness of circular polarization states the beam
acquires vortex phase. Handedness of vortex phase of the beam is opposite
to that of polarization state of the beam. Spin and orbital parts of angular
momentum of the beam have equal, maximal values but opposite signs. The
Jones vectors transform as described in Eq. 1.3.

Therefore, change of ellipticity of the incident beam change relative intensities
of two circularly polarized beams in superposition, which in turn result in total,
partial, or no cancellation of vortex phase of the resulting beam, hence gradual
control of orbital and spin angular momenta of the beam. Below, we investigate
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the motion of vortices within the beam; how they appear in the circularly
polarized vortex beam, move within singular elliptically polarized beam, and
how disappear from the vortex-free azimuthally/radially polarized beam.

1.5.1. Ideal and homogeneously perturbed retardation

In the case of homogeneously distributed retardation locations of vortices
in the orthogonally polarized components were shown in Figs. 1.2 and 1.10
‘OVs locations’ for the cases of incident |S,| = 1 (circularly polarized input,
(Oin, Xin) = 45°) and S, = 0 (linearly polarized input, (0;,, Xin) = 0),
correspondingly. Figure 1.15 shows locations of the optical vortex within the
beam for all possible incident values of S, from +1 to —1. On the experiment
this corresponds to rotation of the quarter wave plate by 180 deg. In the
Fig. 1.15 orientation of the quarter wave plate is shown by ©,,, values changing
from 0 to 180 deg. Correspondence between ©,;, and S, can be done with the
help of Fig. 1.14. Figure 1.15 is divided into 4 panels, labelled X, Y, L, and
R, for each orthogonally polarized component of the converted beam. Each
panel is divided further to 3 areas labelled “X-Y”, “X-0;,,, Xin”, and “Y-0;,,, Xin -
“X-Y” panel shows intensity distribution of the beam in the background and
locations of vortices in front, central part of the beam is additionally zoomed
in and shown as a separate subimage in the red frame. Panel “X(Y)-0;,, xin”
shows projection of vortex locations on the x(y) transverse axis, correspondingly,
versus incident ellipticity of the polarization, x;, and orientation of the quarter
wave plate, 0;,.

Unperturbed (ideal) case

In the case of unperturbed half wave plate retardation of the geometric phase
retarder, w (shown in blue in Fig. 1.15), optical vortex stays at the center of
the beam at any incident ellipticity except one point, 6;, = 45°(135°) for L (R)
circularly polarized component and 90°, 180° for X and Y linearly polarized
components, where intensity of these components disappear completely, hence
the vortex disappears too.

Homogeneously perturbed case

Homogeneous perturbation of retardation of the geometric phase retarder results
in a drift of the vortex position from the center of the beam, as shown by green,
red and pink shades in Fig. 1.15. Deviation of vortex location from the center
increases with increase of perturbation, which is shown by different colors for 6
different values of retardation: = +7/36, 7 £ /12, and 7 £ 7/6. Trajectories of
vortices in the R component of the beam are mirrored to that in L component
(Fig. 1.15 panels L and R). In both L and R components OV crosses center of
the beam once. This corresponds to the case of 6;,, = 45°(135°) with generated
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Figure 1.15: Locations of OVs in the X-, Y-, L-, and R- polarized components
of the beam versus ellipticity, x:», of incident polarization (orientation of the
quarter wave plate, 6;,). Retardation of the S-waveplate is indicated on the
right. See text for further details.

left (right) circularly polarized OV beam with symmetrical intensity distribution.
Unlike vortices in the L and R components, trajectories of vortices in the X-
and Y- polarized components do not mirror each other and do not cross center
of the beam at any incident 6;,. Larger perturbation of retardation shifts
locations of vortices further away from center of the beam and causes more
complex phase distribution, stronger asymmetry of intensity distribution, and
more complex polarization in the center of the beam.

Therefore, perturbation of retardation affects spin-to-orbital coupling in the
generated beam and deteriorates gradual control of orbital and spin angular
momenta of the beam.
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1.5.2. Inhomogeneously (sinusoidally) perturbed retarda-
tion profile

Experimental results for the S-waveplate

Experimentally measured retardation of the S-waveplate "RPC-532-04-216" was
shown in Fig. 1.11 in the column with corresponding labelling. Its retardation
oscillates around 7 value from © — 7/12 to 7w + 7/5 and has a sinusoidal-like
profile of retardation. Experimentally retrieved locations of vortices in the X-
and Y- polarized components after the beam conversion on the S-waveplate is
shown in Fig. 1.16 by empty circles color coded in the hsv colormap.
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Figure 1.16: Locations of OVs in the X-, Y-, L-, and R- polarized components
of the beam versus ellipticity of the incident polarization, x;, (orientation of the
quarter wave plate, 6;,,). Empty circles (experiment) and crosses (modelling) are
for the S-waveplate retardation profile from Fig. 1.11. Copper (solid circles) and
cyan-to-magenta (solid circles) are for the sin(1y), sin(yp/2) retardation profiles
as described in Sec. 1.4.2 and schematically shown in Fig. 1.13. Colorbars on
the right show orientation of the quarter wave plate (in degrees) used to change
incident ellipticity. Intensity distribution at background is shown for sin(1¢p).
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Additionally, the retardation profile of the S-waveplate was modelled and
motion of the vortex within the beam for 4 orthogonally polarized components
is shown in Fig. 1.16 by the crosses color coded with the parula colormap. They
show similar behaviour to that observed experimentally (hsv empty circles).
Vortex in X- and Y-polarized component of the beam approaches center of
the beam when incident polarization is circularly polarized and goes to the
periphery of the beam when incident polarization is almost linear. Because of
asymmetric intensity distribution in these components interaction of vortices
does not “push” them to the infinity but they still remain in the beam. Vortex
in the L (R) polarized component exhibit similar behaviour disappearing when
incident polarization is purely right (left) hand circular.

Sinusoidal profile of retardation

Locations of OVs in the X-, Y-, L-, and R- polarized components of the beam
versus incident polarization are shown in Fig. 1.16 for j = 0.5 and 1, and in
Fig. 1.17 for j = 2 to 8 for sinusoidal profile of retardation sin(jy) as described
in Sec. 1.4.2 and schematically shown in Fig. 1.13.

In the cases of slow oscillations of the retardation profile, 7 = 0.5 and 1,
deviation of the vortex from the center of the beam is the biggest (Fig. 1.16);
trajectories of vortices in this case are highly asymmetric and different to that
from the homogeneous retardation profile.

On contrary, in the cases of fast oscillations of the retardation profile,
j = 2to 8, vortex stays close to the beam’s center at any incident polarization
state (Fig. 1.17) similarly to the case of ideal (unperturbed) retardation. Al-
though the perturbation of retardation is inhomogeneous trajectories of vortices
in this case (j = 2 to 8) are symmetric and similar to that of homogeneous
perturbation shown in Fig. 1.15.

Therefore, as mentioned in the section 1.4.2 lower order oscillations have
larger impact on the beam, while oscillations of high order may keep the beam
profile and spin-to-orbital coupling — unperturbed.

1.6. Conclusions to Chapter 1

In the section 1.2 we showed that perturbation of retardation of a geometric phase
retarder results in the inhomogeneous polarization and intensity distribution
of the generated beam because of the interplay between vortex and Gaussian
beams. This leads to motion of vortices in the orthogonally polarized components
of the generated beam. Deviation of the vortex location is bigger for bigger
perturbation of the retardation value. Motion of vortices leads to the appearance
of vortex phase in the generated radially /azimuthally polarized beam. These
features should be accounted for in high precision experiments. On the other
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Figure 1.17: Locations of OVs in the X-, Y-, L-, and R- polarized components
of the beam versus ellipticity of the incident polarization, x;, (orientation of
the quarter wave plate, 6;,). Retardation of a retarder follows sin(2¢), sin(3¢),
sin(4ep), sin(5¢), sin(6¢), sin(7¢), and sin(8y) profiles. Modelled data for
different retardation profiles is shown by different pictograms as indicated on
the right. Colorbars show orientation of quarter wave plate (in degrees) used to
change incident ellipticity. Intensity distribution at background is shown for

sin(8¢p).

hand, intentional high frequency sinusoidal variation of retardation of the
geometric phase retarder around 7 value, such as sin(8¢), leads to appearance
of single- and multiple-vortex orthogonally polarized components. Multiple-
vortex component diffracts much stronger, thus leaves the beam upon free space
propagation. This implies that polarization and intensity of the generated
beam “heals”, i.e. becomes symmetric. Further investigation towards using
this effect as a way towards achromatization of a geometric phase retarder, i.e.
for the generation of ultra-broadband radially /azimuthally polarized beams, is

necessary.

In the section 1.3.2 we have demonstrated generation of optical vortices over
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the visible and nIR wavelength range by using a single three-component scheme
based on the polarization-sensitive filtering, i.e. separation of the vortex and
background components in the generated beam. The filtering scheme consists
of widely available components, is simple to implement and can be extended
to any optical element based on the phase control of circularly polarized light,
e.g. g-plates, not only as optical vortex converter but also as, e.g., Airy beam
converter [76]. The demonstrated wavelength range spans over 600 nm over
the VIS and nIR range with the efficiency of filtering higher than 50%. Due
to the polarization modulation the presented scheme ensures coaxiality, no
spatial dispersion of optical vortices generated at different wavelengths, which
could be useful for generation of ultrashort OV shaped pulses in quantum
communication systems and data transmission through photonic fibers. We
have also demonstrated the polarization-selective vortex generation, where
only one of two orthogonally polarized beams with different wavelengths is
transformed to optical vortex (doughnut mode) with no limit on how close
the two wavelengths could be. Proposed scheme with single optical path for
both excitation and depletion beams could significantly facilitate extremely
complicated process of alignment of STED systems.
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2. Extending vortex fields to ter-
ahertz frequencies

This chapter is based on the [A1] and [A2] publications.

2.1. Generation of THz radiation from laser in-

duced plasma filament in air

One could distinguish four scenarios of generation of radiation at THz frequencies
from the laser induced plasma filament (Fig. 2.1). (a) The THz emission
mechanism is based on the radial acceleration of the ionized electrons due
to the ponderomotive force generated by the radial intensity gradient of the
optical beam [83], leading to a conical THz emission at an angle to the direction
of propagation (Fig. 2.1a). (b) Applied an external DC bias to the plasma
region to generates transverse polarization (the “DC-bias” method, Fig. 2.1b).
(¢) Another method to introduce the required transverse bias is by using a
superposition of both fundamental harmonic (FH) and second harmonic (SH)
pulse fields to generate the plasma (w — 2w AC-bias method, Fig. 2.1c). Indeed,
the use of two-color fields for generating asymmetric electron dynamics in the
photo-induced plasma was already well established (e.g. [84]). As the frequency
of the optical AC-bias is well above the plasma frequency, this method does not
suffer from the strong screening effects as the DC-bias method does. (d) In the
case of few-cycle pulses (i.e. with <10 fs duration), no additional SH field is
required in order to observe the THz emission (Fig. 2.1d) [85], the amplitude of
which now depends strongly on the carrier-envelope (CE) phase of the pulses.

In this Chapter we consider generation of THz only from plasma filament
induced by two-color laser pulse, such as combination of FH and SH (Fig. 2.1c).
In 2000 it was proposed that underlying mechanism for THz generation is a
four-wave difference frequency (FWDF') mixing parametric process in ionized
air plasmas produced by the laser fields themselves [86]. However, the third
order nonlinearity originating from either/both bound electrons of ions (x(*)
ions) or/and free electrons (x(®) free electrons) due to ponderomotive or thermal
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Figure 2.1: Overview of different plasma-based THz generation techniques.
7 denotes efficiency of conversion from optical to THz frequencies.

effects [87] is too small to explain the observed THz field strength [88]. In
2007 Kim et al. developed a transient photocurrent model [89] to explain
coherent terahertz emission from air irradiated by a symmetry-broken laser field
composed of the fundamental and its second harmonic laser pulses, which is
generally accepted at this moment. Nonvanishing transverse plasma current
J1 = eN.v., where e is the electron charge, IV, is the electron density, and v, is
the electron velocity, can be produced when the bound electrons are stripped
off by an asymmetric laser field, such as a mixed two-color field with the proper
relative phase; v. = eFEjsing/(mew) + eEssin(2¢ + ¢)/(2mcw), where m, is
the electron mass. This photocurrent surge produces an electromagnetic pulse
at THz frequencies. The relative phase between FH and SH of ¢ = x/2
yields maximum THz generation efficiency, while in phase (¢ = 0) FH and
SH produce almost no THz radiation. As demonstrated experimentally, with
¢ =~ 0, the extrapolated THz yield approaches zero, which is consistent with
the photocurrent model. However, this is in sharp contrast with polarization-
based FWDF mixing which predicts the maximum THz yield at ¢ = 0,
because the rectified term from the third order polarization is proportional to
E2(t)Ea,(t) cos ¢ [86]. Note that sin ¢ dependence can also be obtained from
FWDF mixing with an assumption of E, (t) = sin(w) and Es,(t) = sin(2w+¢)
[88]. In either case, THz radiation from polarization-based FWDF mixing
becomes maximal when the peaks of w and 2w fields overlap in time. In
contrast, the photocurrent model predicts that the maximal THz yield occurs
with a ¢ = m/2 phase slippage (or sin ¢ dependence) between the w and 2w
fields.

In order to understand the process of THz generation from the plasma
filament and vote in favour of four-wave-mixing or local currents model we
have performed experiment on influence of laser-preformed plasma on efficiency
of THz wave generation. If x(3) nonlinearity in plasma is responsible for the
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THz emission, then energy of the generated THz wave should increase in the
presence of the pre-created plasma. Following section 2.2 clarifies this question.
Further, once the THz generation mechanism is established, vortex fields are
extended to the THz frequencies in the section 2.3.

2.2. Influence of laser-preformed plasma on ter-
ahertz wave generation in air by bichromatic

laser pulses

2.2.1. Literature review

In this section, we perform an experimental investigation of both energy and
spatial properties of THz radiation as a function of the preplasma position
with respect to the pump beam axis and its focus. We demonstrate here
the rather complicated dependence of the spectral and angular dependence of
THz emission on the spatial position of the preplasma filament, showing the
influence of the propagation effects both for the pump and THz radiation. In
particular, we report a significant effect on THz emission even if the preplasma
is created far away from the main plasma filament. Mechanisms responsible for
the reduction of the THz yield at different positions are proposed and explained.
The suppression of THz radiation generation by the precreated plasma has been
studied previously in several experiments [90-92]. However, in these reports, the
main emphasis has been placed on the investigation of plasma density dynamics,
while geometric factors were not considered in detail.

2.2.2. Experimental observations

For the experiments, we have used a 1 kHz repetition rate femtosecond
Ti:sapphire chirped pulse amplification laser system (Legend elite duo HE+,
Coherent Inc.), delivering 35-40 fs (FWHM) light pulses centered at 790 nm
with maximal pulse energy of 8 mJ. Laser pulses were split into two parts
(main pulse and prepulse with energies of 5.2 and 1.65 mJ, respectively) as
sown in Fig. 2.2. The main pump beam was focused into the ambient air by
the lens of about 30 cm focal length through the nonlinear BBO crystal of
100 um thickness (type I, cut angles: 6 ~ 29° and ¢ ~ 90°). Therefore, the
main pump pulse consisted of the fundamental and second harmonic pulses
and created a plasma filament (main plasma), where the generation of THz
radiation took place. The azimuthal angle of the BBO crystal and its location
were optimized to achieve a maximal THz radiation yield [93,94]. The energy
of generated THz pulses was measured using a calibrated pyroelectric detector,
placed on the computer-controlled translation stage. For the measurements
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Figure 2.2: Experimental setup. Two pulses focused by the lenses L1 and L2 are
superimposed to create two plasma filaments perpendicular to each other. One
of the pulses (referred to as the main pulse) is sent before this superposition to
a BBO crystal which makes it a two-colour one. The second pulse (referred to
as the prepulse) is controlled by a delay stage and a moving mirror M which
allows varying its temporal and spatial position relative to the main pulse. The
detection setup consists of a parabolic mirror PM, filter SF, beam splitter BS,
Michelson interferometer INT, and detector head DET.

of THz wave spectra, a home-made THz Michelson interferometer was used
along with the pyroelectric detector. Before the entrance of the Michelson
interferometer, a THz filter (0.5-1 mm thick Si wafer) was placed, to remove
the high frequency part. During measurements of the spatial distributions of
generated THz radiation, the pyroelectric detector was placed on a computer-
controlled motorized translation stage located at about 50 cm from the plasma
filament. By moving it across the pump beam (along the x and y directions), we
were able to register the corresponding angular spectra of generated radiation.
The prepulse was propagated and focused in the orthogonal direction with
respect to the main beam, to generate a plasma filament that intercepted the
main beam path (figure 2.2). The relative time delay and position of the two
pulses (main pulse and prepulse) were respectively controlled by motorized
and computer-controlled translation stages and by a steering mirror. A CCD
camera was used to image the fluorescence of the plasma filaments. The length
of fluorescence filament was about 2 cm for the pump pulse energy of 5 mJ.
The typical interference traces and corresponding amplitude spectra of

generated THz radiation are presented in figure 2.3. The spectra were calculated
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Figure 2.3: Interference traces (left) and corresponding THz spectra (right) of
generated radiation with (red lines) and without preplasma (black lines). The
preplasma filament was created by a 10 cm focal length lens and was located in
the focal plane of the pump beam. Energies of the pump and preplasma pulses
were 5.2 and 1.65 mJ, respectively. Modulation of the spectra is caused by the
absorption of used THz filters and of the beam splitter of the interferometer
(2 wm-thick nitrocellulose pellicle). The inset at the top right corner shows the
typical dependence of the THz yield on the timing between the main pulse and
prepulse.

by Fourier transformation of the interferograms, and in most cases a non-
negligible signal could be observed up to 60 THz. One can see that the THz
signal significantly decreases when the precreated plasma is present in the path
of the pump beam. In most cases, the attenuation factor of the THz radiation
was nearly the same for all frequencies. As has been reported elsewhere [90-92],
the impact of the preplasma on the efficiency of THz generation was strongly
dependent on the timing between the pump pulse and prepulse: the amplitude of
THz signal did not change when the prepulse was sent after the main pulse, and
rapidly decreased when the sign of the delay between these pulses was reversed
(see inset of the figure 2.3). After the initial dropdown, the THz signal slowly
recovered with a time constant of a few hundred picoseconds, which corresponds
well with ballistic plasma expansion and free electron decay rates reported
previously [90-92,95]. However, in contrast to the previous reports where the
effect of preplasma was observed only when the plasmas (main plasma and
preplasma) were overlapping, in our experiment this effect was also registered
when the main beam was intercepted by the preplasma in locations away from
the main plasma. In addition, we have observed quite complex dependence
of the THz attenuation on the mutual position of the two plasma filaments:
depending on the position of interception point along the main beam (along the
z coordinate axis) the THz yield as a function of preplasma position along the
y coordinate mainly had either one or two minima (at the intersection points
before and after the main plasma—see figure 2.4 and 2.5).

The dependence of THz yield on the mutual positions of the main plasma
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Figure 2.4: Dependence of the THz
power on the position of the preplasma
along the y axis (perpendicularly to
both the main plasma and preplasma
filaments—see figure 2.2) for various in-
tersection points (corresponding to dif-
ferent z coordinates in figure 2.2): (a) be-
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middle of the main plasma, (d) at the
tail of the main plasma, (e) after the
main plasma.
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Figure 2.5: Dependence of the THz
power on the position of the preplasma
with respect to the main beam axis and
relative distance along the z coordinate
axis. For clarity, the main plasma fila-
ment (seen there as a long string) and
preplasma (seen as light points at both
ends) at the two exemplary positions of
z = —1 mm and z = 30 mm are shown
above.

and preplasma can be explained on taking into account at least two different

phenomena. First, when the filaments intersect before the main plasma (fig-

ure 2.4(a)) and the preplasma position is scanned along the y direction (that is,

perpendicularly to the propagation direction of both filaments), the pump beam

refracts and diffracts on the preplasma filament, which directly and due to the

interference of various parts of the beam modifies the light intensity distribution
and phase relations of the bichromatic pump [96] in the focus of the beam, where

THz generation is taking place. Naturally, the strongest interaction occurs when

the preplasma is centered with respect to the main beam, and as a result the
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dependence of THz yield has one main minimum (the local minimum seen in
figure 2.4(a) may be attributed to the fact that during the experiment non-ideal
Gaussian beams were used). At the onset and middle of the main plasma
(figure 2.4(b) and (c) respectively), the dependence becomes more complicated,
since at these points some THz radiation has already been generated and conse-
quently is absorbed and reflected by the preplasma [97]. Therefore, in this case,
the interplay of the interference, diffraction and plasma screening takes place.
Finally, at the tail of the main plasma and after it (figure 2.4(d) and (e)) the
preplasma does not influence the bichromatic pump beam, wherefore plasma
screening becomes the main process reducing the efficiency of THz generation
(absorption and reflection by the preplasma). Since the THz beam has a conical
shape [98], the dependencies of the THz yield on the preplasma position have
characteristic double minima. This is furthermore supported by a more detailed
scan of the spatial distribution of the THz power versus the position of the
preplasma shown in figure 2.5. There, one can also recognize regions with two
minima and the one with a single one. In the former, the distance between the
two minima increases when the intersection point moves along the z axis. The
divergence angle of these two minima (about 4°) corresponds well to the apex
angle of the conical THz beam itself. Thus, we see here the influence of the
preplasma on the spatial structure of the THz beam.

2.2.3. Theoretical interpretation

The above interpretation is supported by the simple estimates of preplasma
contribution to the THz and laser beams. Thus, assuming that the prepulse
creates the plasma filament with electron density n.(r) as a function of the
plasma filament radial coordinate r, the plasma frequency w, is defined as

ne(r)e?

_ , 2.1
Wp P (2.1)

where e and m are the electron charge and mass, respectively. Then the plasma
index variation n(r) across the filament diameter is given by

n(r) =41 - :ié (2.2)

where wg = 2m¢/A is the light frequency and ) is the wavelength.
Phase change A¢(x,y) of the light traversing the preplasma is given by:

Ad(z,y) = 27” /O " n(r)dz, (2.3)

where L, represents the spatial extent of the preplasma filament along the x
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Figure 2.6: Dependence of the total preplasma-induced phase for 800 nm
(orange line) and 400 nm waves (green line) as a function of the transverse
spatial coordinate y according to equation (3). Blue line shows the intensity
distribution of the preplasma filament.

axis (see Fig. 2.2).

Under our experimental conditions, the diameter of the preplasma filament
can be about 100 pm, while the maximal plasma density inside it may reach
10 em™3 [90,99]. The phase modification given by equation (3) is shown
in figure 2.6 assuming plasma density in the multiphoton ionization regime
of |I|'° for 800 nm and |I|° for 400 nm and taking into account ionization
potential 14.5 eV of nitrogen. The plasma frequency can be estimated as
about 28 THz. Light of frequency lower than w, is fully reflected by the pre-
created plasma, whereas for frequencies higher than w,, the plasma becomes
transparent. However, even in that case, the light traversing the plasma filament
may experience strong Fresnel losses if the wy is of the same order as w,. We
believe that this was the case in our experiment, since the maximal spectral
intensity of the generated THz beam was near 28 THz. Thus, the lowest
(0-28 THz) frequencies of the THz beam traversing the preplasma were reflected
and absorbed, while the high-frequency part of the beam was attenuated by
Fresnel reflections (according to equation (2.2), n(r) is larger than 0.8 within
the whole high-frequency range (28-60 THz) of generated THz beam).

Naturally, the impact of plasma on the optical pump waves is much weaker,
but may still cause significant reduction of the THz yield. Thus, according to
equation (2.3) a plasma filament of 100 pm in diameter may induce a maximal
phase slippage of 5.4 radians and 2.7 radians for 800 nm and 400 nm waves,
respectively. Note that a change of relative phase between the fundamental
and second harmonic waves by 7/2 may result in full suppression of THz
generation [96,100]. In addition, since laser-induced ionization of air is a
highly nonlinear process, the transverse spatial electron distribution has a
supergaussian shape even in the case that Gaussian intensity distribution of
the laser beam is assumed (figure 2.6). Besides, the plasma-induced refraction
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index almost directly follows the plasma density distribution—i.e. it is almost
independent of the radial coordinate within the plasma filament. Therefore,
although plasma-induced phase changes decrease with the radial coordinate,
significant fractions of the bichromatic pump beam traversing the preplasma
filament can still acquire significant phase-shifts. As shown in figure 2.6 (orange
and green lines), the preplasma filament may induce more than 75% of maximal
phase change within its 100 um-wide spatial extent. Since the pump beam
diameter at the focus is of the same order, a significant part of the pump beam
area may be affected by the preplasma. Moreover, since the pump beam is
converging as it crosses the preplasma filament, parts of the beam with different
phases interfere at the focal point, decreasing the focal light intensity and thus
further reducing THz yield. Note that similar strong modulation of the laser
beam due to the abrupt index and accumulated phase changes across the plasma
filament diameter for plasma densities even lower than 10'® cm ™3 has recently
been observed [101]. Thus, apart from the direct variation of the relative
phase between the fundamental and second harmonic waves, the preplasma
filament also modulates and decreases the pump beam intensity, which may
also significantly reduce the total THz yield.

2.2.4. Conclusions to section 2.2

In conclusion, we have investigated the influence of a precreated plasma filament
on the energy and spatial properties of terahertz radiation generated in air
by focused femtosecond bichromatic laser pulses. It was found that plasma
absorption and screening play an important role and significantly reduce the
intensity of THz radiation when the intersection point of the bichromatic pump
and prepulse beams is located after the pump beam focus. On the other
hand, when the intersection point is before the pump beam focus, the main
phenomenon responsible for the strong modification of generated THz radiation
is the influence of the preplasma filament on the intensity and relative phase of
the bichromatic pump beam.

2.3. Terahertz vortex wave generation in air

plasma by two-color femtosecond laser pulses

2.3.1. Literature review

Terahertz radiation is of great current interest due to many applications such as
nonlinear THz spectroscopy and imaging [6] or electron bunch compression [7].
As mentioned at the beginning of this Chapter, one of the compact and effective
methods to obtain very high THz field strengths and extremely broadband
spectral widths is THz wave generation from plasma filaments formed in air
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Figure 2.7: Azimuthal intensity (a) and phase (b) distribution of the Fourier-
transformed THz source term 0;J [see Egs. (2.4), (2.5)] at four different fre-
quencies as specified in the legend. The computation has been performed with
parameters close to the experimental.

by focused bichromatic femtosecond laser pulses consisting of first and second
harmonic waves [100,102-104]. On the other hand, special light fields, such as
optical vortex [105], radially polarized [73], Bessel [106,107] and Airy beams [108]
are widely studied and employed in various fields [50,109]. Previous attempts
on vortex generation at THz frequencies [8-15,110] were exclusively based
on manipulation of THz waves by employing external components which are
inherently limited in terms of acceptable bandwidth. Therefore, alternative
methods for ultra-broadband vortex generation at THz frequencies should
be proposed and investigated. Very recently, vortex-shaped THz pulses have
been demonstrated without using external shaping elements [16,17] from ZnTe
crystals, which, however, supply relatively narrow bandwidths.

In this work we investigate vortex THz pulse generation in an air-plasma
induced by the coupling between Gaussian FH and vortex SH pulses. In this
novel scheme, the vorticity is created already at the THz generation stage. It
appears that SH carrying an optical vortex charge affects not only the phase but
also the intensity distribution of the generated THz pulse. We distinguish two
stages of THz vortex generation: (i) At the beginning of the plasma filament,
an intensity modulated THz vortex pulse is created. This intensity modulation
is frequency dependent. (ii) Upon further propagation, the pump pulse may
undergo spatio-temporal instabilities which induce secondary phase singularities
in the THz field, but the total topological charge is conserved. Results of our
investigation suggest an alternative method for the generation of structured
THz waves spanning ultrabroadband frequency ranges, which is not limited by
the spectral acceptance of the external shaping elements or down-converting
crystals; can be used for active control of the THz pulse properties, giving great
flexibility for applications of THz radiation.
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2.3.2. Theoretical predictions

For two-color laser-induced gas plasmas, the ionization current mechanism [111]
is the key player for THz emission, as confirmed in the previous section. This
emission is caused by the macroscopic current of free electrons which are created
by field ionization in the tunneling regime [112,113] and driven by the laser
electric field. The principal electric field component is transverse to the laser
propagation direction, and we consider linear polarization. Neglecting electron
collisions, the current equation reads

q2
o =L B, (2.4)

e

with electron charge go, mass me, electron density n, and electric field E. The
electron density is a time-dependent parameter governed by the ionization rate
and can be computed using ionization rate equations [114,115]. The electric field
consists of both optical frequency components and generated THz components,
which plays an important role in the THz spectral broadening [116]. However,
certain effects can be already understood by considering only the impact of
the bichromatic laser electric field. The down-conversion from laser to THz
frequencies takes place because of the nonlinear product between the electron
density and the laser electric field. It can be shown that at least two laser
colors, here FH and SH with a relative phase angle of 7/2, are required to
obtain an efficient down-conversion towards THz frequencies [89,117]. In order
to understand this down-conversion process in the case of vortex pump pulses,
we first evaluate Eq. (2.4) for the real-valued laser electric field

EL(t,0) = A(t)[E,, cos (wrt) + Fay,,, cos (2wrt + ¢ + lsub)], (2.5)

with fundamental frequency wy,, relative phase offset ¢, pulse envelope A(t);
lsp is the vortex charge of the SH beam. Here, we omit the radial and longitudi-
nal coordinates, and write the electric field as a function of time ¢ and azimuthal
angle 0 only. Equation (2.5) thus represents the rapid time- and 6-dependent
distribution of the electric field along the vortex ring, assuming constant FH
and SH amplitudes E,, 2., . The resulting spectral intensity and phase of the
source term 0;J obtained by Fourier transform is presented in Fig. 2.7 for ¢ =0
and lsg = 1. The intensity is modulated along 6 and is maximal when the
relative phase angle (¢ +Ispf) between the SH and FH takes the values /2 and
37/2 and minimal for 0 and 7 (Fig. 2.7). The modulation depth is the largest
at lower frequencies and decreases for larger frequencies, where also the phase
approaches a linear ramp-up along € as expected for a vortex. The results from
this simple theoretical approach remain qualitatively the same when changing
the laser and gas parameters within the parameter range allowing for efficient
THz generation.
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Figure 2.8: Sketch of experimental setup. QWP - quarter wave plate, SWP -
S-waveplate (q-plate), POL - polarizer, BBO - nonlinear crystal for SH genera-
tion. SH is shown by blue, FH by red-pink, and THz radiation by gray color.
Red letters label relevant positions (see text for details). THz fluency profiles
taken in positions ‘D’ and ‘FC2’ are shown in Fig. 2.9 and 2.10.

2.3.3. Experimental observations

The experimental setup is sketched in Fig. 2.8. We used a 1 kHz repetition rate
laser system (Legend elite duo HE+4, Coherent Inc.). Right before the main
focusing lens (silica, f=30 cm) labeled ‘A’ in the setup, the FH pulse had central
wavelength of 790 nm, FWHM pulse duration 50 fs and energy of 6 mJ. The SH
pulse had central wavelength of 395 nm, FWHM duration ~50 fs and energy of
60 pJ in Gaussian state and 50 pJ in vortex state. Our Gaussian SH pulse was
shaped into an optical vortex by the method described in [118], which ensures
more than one-octave spectral bandwidth of vortex generation: First SH was
circularly polarized by a quarter wave plate (QWP) and converted to an optical
vortex (OV) beam by an S-waveplate (RPC-405-06-557, Workshop of Photonics)
(SWP). Subsequent polarization filtering by a second quarter wave plate (QWP)
and a polarizer (POL) ensured generation of a linearly polarized vortex in the
SH beam profile over the whole spectral bandwidth of the SH pulse. A 0.5 mm
thick Si wafer and various commercial THz filters were used to remove the high
frequency part of the pump and transmit only THz radiation, which was then
collimated and shrank by parabolic mirrors in a telescope configuration to match
the detector aperture. Imaging of the generated THz beam was performed
with a thermal camera detector (VarioCAM head HiRes 640, InfraTec GmbH),
sensitive in the range 0.1 — 40 THz (3000 — 7.5 pm). Spectra of THz radiation
were obtained from Fourier transformed interferometric measurements using
pyroelectric detector (TPR-A-65 THz, Spectrum Detector Inc.), sensitive in
the range 0.1 - 300 THz (3000 - 1 pm) with a flat response function from ~3
to ~100 THz. The laser-to-THz conversion efficiency for the regular Gaussian
pulses was about 10~%, but dropped to ~107° in the case of the SH vortex
pump, which we attribute to the differences in the spatial intensity distribution
of the Gaussian FH and vortex SH beam.

During the experiment the FH beam was always kept Gaussian. Experimen-
tal images of the SH beam are shown in the left panel of Fig. 2.9. The first
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Figure 2.9: (Left panel) Images of second harmonic fluency (non-vortex and
vortex, for Gaussian and vortex state, respectively). Column labeling correspond
to locations where images were acquired as specified in Fig. 2.8. (Right panel)
Corresponding simulated (first column) and experimentally observed (second
column) far-field THz fluencies. See text for details.

and the second row present the SH Gaussian (‘non-vortex’) and vortex beam
(’vortex’), respectively. The first column ‘A’ shows images of the harmonics
prior to the main focusing lens at position A (see Fig. 2.8); the second column
‘F1’ refers to the focus position (F1 in Fig. 2.8). The FWHM beam widths are
33 and 38 um for the FH and the vortex SH in the focal plane of the 30-cm
focusing lens, respectively.

Experimental images of the THz far-field fluency obtained in position ‘D’
(Fig. 2.8) with the thermal camera (0.1-40 THz) are shown in the last column
of Fig. 2.9). The THz fluency obtained with Gaussian SH (upper row) has a
symmetric ring intensity distribution, as expected for conical THz emission
[119,120]. In contrast, the THz fluency obtained with vortex SH (lower row)
has an intensity modulation manifesting as two maxima along the azimuthal
angle, in agreement with our theoretical predictions (see Fig. 2.7). Simulation
results shown for comparison in the first column of right-hand panel in Fig. 2.9)
are in excellent agreement. The simulated fluency is obtained for the spectral
range of 0.01 to 50 THz (see below for details on the simulations).

The presence of a phase singularity in the generated THz beam was confirmed
by the well-controlled method of topological charge determination based on
the astigmatic transformation of singular beams by a cylindrical mirror [81].
This method is valid even in the presence of intensity modulations affecting
the generated THz beam profile. A beam without phase singularity focuses
in a single line, whereas the appearance of a dark stripe in this line indicates
a singular phase. The number of lines and their tilt correspond to the value
and sign of the topological charge. As shown in the left panel of Fig. 2.10, the
single dark stripe in the second row suggests that the topological charge of
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Figure 2.10: Left panel: Simulated (first column) and experimentally observed
(second column) fluencies of the generated THz beams in the focus of a cylindrical
mirror (f = 20 cm). Right panel: shows typical experimental amplitude spectra
of the generated THz pulses in the case of vortex SH (red dash-dot "vortex")
and Gaussian SH (blue solid line "non-vortex").

the generated THz vortex is |lrg.| = 1. Simulation results and experimental
images show again excellent agreement.

As evidenced by the right-hand panel of Fig. 2.10, the experimental spectra
of the generated THz pulses are broadband, spanning from 10 to 40 THz. We
attribute the dips in these spectra to absorbance in optical elements such as
Si filters with spectrally variable transmission (OCz-Si, Tydex) and pellicle
beam splitters. In the case of the THz vortex the peak spectral intensity is
located around 35 THz, while THz pulses without phase singularity have their
maximum around 25 THz. This shift may occur because of the lower ionization
rate at the periphery of the FH pump beam where the SH vortex has maximum
intensity and due to transverse phase variations.

Although astigmatic transformation of generated vortex THz beam by
cylindrical mirror was used as a primary detection method of phase singularity.
Additionally, we can check it by looking at the intensity variation with the change
of the relative phase between two harmonics. As noted in the theoretical section,
the maximum THz yield is expected for a relative phase (¢4 60) = 7/2 and 37 /2
between FH and SH. Since the phase of the SH vortex beam changes by 27 over
the full azimuthal angle, while the phase of the FH is constant along this angle,
the intensity of the THz vortex beam has two minima and maxima. Changing
the relative phase between FH and SH should result in position change (rotation)
of these maxima and minima. To verify this property, the THz vortex intensity
distribution was filmed by the thermal camera. The relative phase between FH
and SH was not controlled but was fluctuating due to long beam pass distances
(>5 meters for each harmonic), vibrations in the room/building, temperature
variations, etc. Because of the random nature of the fluctuations, the THz vortex
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Figure 2.11: Left: Intensity distribution of vortex THz beam (top) and THz
without phase singularity (bottom) versus fluctuations of relative phase ¢
between FH and vortex or Gaussian SH. Shown is one frame from a 12-frame
long video-sequence. Positions of maxima are shown by brown circle and star;
positions of minima are shown by magenta circle and star. Colorbar indicates
intensity in a.u. Center: Locations of maxima obtained from the video sequence
on the left are shown. Colorbar indicates frame number. Right-top: Locations
of minima obtained from the video sequence on the left are shown. Colorbar
indicates frame number. Animated: see links in the text

intensity distribution jitters and makes a full rotation once in a while. The
typical time constant for these phase variations was of the order of 5 s, therefore
we were able to register both the relatively stable THz patterns or the randomly
rotating ones. The thermal camera takes 50 frames per second, corresponding
to 20 milliseconds delay between subsequent frames. 12 consecutive frames
(duration 240 ms) were chosen from a 1 sec long video to demonstrate the
rotation of the intensity distribution due to fluctuations of the relative phase as
shown in top of figure 2.11. Locations of the maxima and minima were found
and plotted by a home written matlab script. The top-rightmost part of the
Fig. 2.11 shows that minima of the beam change their locations in the beam by
180 degrees during the full video sequence. The colorbar on the right indicates
the number of the frame; changing from cyan for the first frame to magenta for
the twelfth frame. Locations of the maxima, color-coded to change from dark to
light brown, demonstrate a similar behaviour. A video sequence of the intensity
distribution rotation is available via the link: https://drive.google.com/
file/d/lec_gVWquwTFPNjY3KAUK2S1pOcEEO2n4f/view?usp=sharing. On the
contrary, the intensity distribution of the THz beam without phase singularity
doesn’t change (figure 2.11 bottom). The fact that the THz beam has a
distinct maximum is due to slight misalignment of transverse locations of
the FH and SH beams. The maximum of the THz beam slightly oscillates
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around the same position due to (flaws in) pointing stability of the laser.
The video sequence available via the link: https://drive.google.com/file/
d/1esYNISQfCOFOUEOro6h30Kqwm_A6nf1J/view?usp=sharing demonstrates a
breathing (in-out) character of the intensity of the THz beam. While filming
THz radiation with and without phase singularity alignment of the setup was
not changed. Yet, the generated THz beam, in the cases of vortex and Gaussian
SH pump, shows qualitatively different behaviour consistent with the theoretical
predictions.

Please, note that the shown motion of locations of top maxima (stars) seems
to be almost fixed, contrary to bottom maxima. This apparent discrepancy may
be explained by the non-ideal intensity distributions of the FH and SH vortex
beams and by the non-optimal alignment between these beams. Thus, as it is
seen in Fig. 2.11 bottom. the THz intensity is larger on the left side of the ring,
The same applies also to the case of the vortex pump (Fig. 2.11 top). Thus,
the THz intensity maxima tends to be more pronounced at this position. The
top maxima/top lobe of the beam does change at the same rate as the bottom
maxima/lobe of the beam. The appearance of the slowly moving upper maximum
is an artefact of the maxima position detection. Matlab detection scheme finds
the biggest peak in the upper lobe maximum of the beam, this peak appears to
be moving at a lower rate than the intensity distribution in this lobe around
this peak, which vary at the same rate as bottom lobe/peak.

2.3.4. Simulations

For a complementary analysis we performed comprehensive numerical simu-
lations of the full experiment by means of a unidirectional pulse propagation
solver [117,121]. Laser parameters and focusing conditions in the simulations
are chosen such as in the experiments. Our simulation results reveal two distinct
stages in the formation and subsequent evolution of the generated THz pulses.
First, intensity and phase modulations of the THz source term due to the
spatially variable relative phase difference between FH and vortex SH pump
components emerge, as expected from our theoretical predictions (see Fig. 2.7).
Second, the pump pulse develops spatio-temporal instabilities generic to the
filamentation dynamics that directly affect the THz pulse distribution.

The right hand side of Fig. 2.12 shows collimated far field intensities and
phases of the generated 10 and 25 THz spectral components at two stages of
the propagation, namely at the beginning of the plasma filament (z = —8 mm),
and after transverse pump instabilities have fully developed (z = —4 mm). All
z positions are given relative to the focus position F1 (z = 0 mm) of the main
pump focusing lens (see Fig. 2.8). To obtain the THz far field, the nonlinear
interaction was stopped at the given z position and the THz field was further
propagated over a few centimeters in vacuum (sufficiently to reach the far field)
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Figure 2.12: (a) and (c) show fluency, (b) and (d) show electric field E(x,t) of
the two-color pump at the beginning of the filament (2 = —8 mm) and after
transverse pump instabilities have fully developed (z = —4 mm). The two
right-hand side columns show collimated far field intensity and phase of the 10
and 25 THz frequency components computed from the field at z = —8 mm and
z = —4 mm, respectively (see text for details). Linear focus F1 is at z = 0 (see
Fig. 2.8).

and collimated with a lens in thin element approximation.

At the beginning of the filament (z = —8 mm) the pump fluency is uniform,
as evidenced by Fig. 2.12 (a). The corresponding spatio-temporal electric field
profile in Fig. 2.12 (b) shows that plasma has only started to deplete the trailing
part of the pump pulse, as one would expect from the usual filamentation
dynamics [121,122]. The generated THz vortex at this early stage of pump
propagation has a single phase singularity in the center. The intensity is circular
with azimuthal modulation, and the modulation depth is larger for lower
frequencies, as predicted by Fig. 2.7. In contrast, at (z = —4 mm) the pump
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pulse has undergone severe transverse distortion [see fluency in Fig. 2.12 (¢)],
and the spatio-temporal field profile in Fig. 2.12 (d) looks much more complex.
These strong perturbations of the pump clearly affect the intensity distribution
of the THz vortex and produce secondary singularities in the generated THz field.
Nevertheless, additional singularities have alternating signs such that the total
topological charge of the singular THz wave with |l7g.| = 1 is preserved during
propagation at all relevant frequency components. Overall, our simulations
results suggest that the produced THz vortices are surprisingly stable against
pump distortions.

2.3.5. Conclusions to section 2.3

We have investigated the properties of THz radiation generated in air plasma
by focused bichromatic femtosecond laser pulses, when one of the pump beams
(second harmonic) is an optical vortex. The presence of a phase singularity in the
generated THz beam was confirmed by astigmatic transformation of the singular
THz beams in the focus of a cylindrical lens, as well as by fully space and time
resolved numerical simulations. Furthermore, it was additionally confirmed by
analyzing the change of the intensity distribution of the THz beam with respect
to the relative phase between fundamental and second harmonic. We report
that, in contrast to other nonlinear processes (second harmonic generation,
parametric generation, etc.), the THz radiation generated by electron currents
in a plasma filament cannot be characterized as a THz vortex beam in the
‘classical’ sense, such as a pure Laguerre-Gaussian beam. Instead, the intensity
of the THz beam is modulated along the beam azimuthal angle and contains two
minima between two lobes of maximum intensity. This is because the relative
phase between two harmonics varies azimuthally when the SH pump pulse is
a vortex. Moreover, our numerical simulations demonstrate that transverse
instabilities in the filamentary pump propagation affect the THz vortex without
destroying it. They may introduce secondary phase singularities, which renders
the phase topology of produced structured THz fields particularly rich. One
of the benefits of THz generation from plasma currents is the large (>40 THz)
spectral range achievable, contrary to bandwidth limited external THz shaping
techniques. We envisage that different combinations of the topological charges
of the FH and SH pulses open a wide playground for the creation of structured
singular THz sources.
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3. Degenerate Optical Paramet-
ric Amplifier with radially polar-
ized output

This chapter is based on the [A5] publication.

3.1. Literature review

In general radially polarized beams can be generated inside a laser resonator
[123-128] as well as outside the resonator. Outside of a laser resonator, the
radial polarization can be achieved by converting circularly polarized light by a
radial analyzer (a polarizer which only transmits a radial polarization) [129,130],
the radial polarization converter — S-waveplate ( [66] and as discussed in the
first Chapter of this dissertation), superimposing two orthogonally polarized
Hermite-Gaussian modes [131], using a spatial light modulator [132-134], or
propagating a circularly polarized optical vortex through a uniaxial birefringent
crystal and splitting it by focusing into a radially and azimuthally polarized
components [135].

Radially and azimuthally polarized beams are two examples of a wide family
of beams with polarization singularities. Yang et. al. has demonstrated an
experimental generation of such beams by superposition of Laguerre-Gaussian
modes [72]. They used a spatial light modulator to generate two optical vortices
of different topological charges and superimposed them.

In this chapter, we propose new alternative technique to generate beams
with polarization singularities and demonstrate it experimentally. The proposed
method is based on the optical parametric amplification and can be used to
create powerful beams, limited only by the damage threshold of the nonlinear
crystal. In the theoretical part we discuss the underlying physical principles
of the technique and in the experimental part the concept of the technique is
introduced. The experimental results and possible extensions of the method
are presented and discussed in the last two sections of the experimental part.
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3.2. Theoretical

To generate beams with polarization singularities, we use a superposition of
two optical vortices obtained by optical parametric amplification. The signal
and idler waves after the optical parametric amplification are combined using a
quarter wave plate to create the output beam with the desired polarization.
Polarization singularities as a superposition of optical vortices.
The polarization vector of a radially polarized beam can be written as follows:

o = Alr) sin ¢

oS (;5‘| 7 (3.1)

where r and ¢ are radial and azimuthal coordinates in the cylindrical
coordinate system and A(r) is the beam’s envelope, which depends only on
r. Using the well-known trigonometric identities, the polarization vector in
Eq. (3.1) can be rewritten as a sum of two circularly polarized optical vortices
with opposite topological charges:

+ exp(—ig) E]) . (3.2)

Note that in Eq. (3.2) the polarization handedness of the optical vortices

—1

v, = %A(T) (exp(i¢)

are opposite as well as the sign of their topological charges.
A similar equation can be written for the azimuthal polarization vector:

= 3A(r) (eXp(i¢) [_1%] — exp(—i¢) M) . (33)

Also, higher order polarization singularities can be expressed as a superposi-

G = A(r) | SO

cos ¢

tion of optical vortices with higher topological charge:

sinl¢

—1

771(RT) _ A(’I“) [COS lo

= JA(r) <exp<u¢>

+ exp(—ilg) H) (3.4)

or

A —sinlg
( T) = A('f‘) [ cos l¢

= 5 A(r) <exp(il¢) llj — exp(—il¢) H) (3.5)

for two types of beams with polarization singularities. When [ = 1, the
Eq. (3.4) reduces to a simple radial polarization beam (as in Eq. (3.1)) and
Eq. (3.5) reduces to an azimuthal polarization beam, just like in Eq. (3.3).
Therefore, throughout this text, when we talk about the general class of beams
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with phase singularity, we will call these beams radial-type (RT) and azimuth-
type (AT) respectively. This is just a limited classification for the purposes
of this work. For more extensive analysis of polarization singularities see the
papers by Vyas et. al. [136] and Brown [137].

The phase relations in the optical parametric amplification. Opti-
cal parametric amplification is used in this work to obtain two optical vortices
of opposite topological charges. Therefore, we analyze phase relations among
the interacting waves. A certain phase difference between the optical vortices is
important in order to obtain the desired output beam.

Assuming the full phase matching, a nearly lossless medium and the slowly-
varying amplitude approximation the well-known coupled wave equations can

be re-written in the following form [138] :

% — —usuzsin @ , (3.6a)
C;—uZ = —u3u; sin® , (3.6b)
Cil—u; = U U2 Sin O (3.6¢)
% = —K cot @diC In (wguous) |, (3.6d)

where ( is the normalized propagation distance, ui, us and wug are the
absolute amplitudes of the signal, idler and pump waves, respectively, and © is
the net phase, which can be expressed as

0 = Y3(¢) — ¥2(¢) — ¥1(C) , (3.7)

where ¥3((), 1¥2(¢) and ¥1(() are the phases of the signal, idler and pump
waves, respectively. The Eq. (3.6d) can be integrated [138] to show that:

uiuguz cos© =T (3.8)

where I is a constant. The relation in the Eq. (3.8) holds true during the
parametric interaction for all values of (.

In the optical parametric amplification process, only the signal and pump
waves are injected, while the idler wave is generated inside the crystal. Therefore,
the initial condition for the idler wave is u2(0) = 0. Inserting this into the
Eq. (3.8), we can see that I' = 0. Afterwards the amplification takes place and
the idler wave appears, therefore u2(¢) > 0 for values ¢ > 0. Then, for the
Eq. (3.8) to hold true, it is required that cos©® = 0. From this it follows, that

0=+ (3.9)

T
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The + or - sign in the Eq. (3.9) determines the energy transfer direction
between the waves. In the optical parametric amplification, the energy transfer
takes place from the pump to the signal and idler waves, therefore, the solution
© = —7/2 is appropriate for this case. From this solution and the Eq. (3.7),
the phase of the idler wave can be expressed:

™

¥2(C) = [W3(C) =¥ Q)] + 5 - (3.10)

The square brackets in the Eq. (3.10) emphasize that the idler’s phase
depends on the phase difference between the pump and the signal waves.
Therefore, if a phase shift is introduced into either the signal or the pump wave,
the idler’s phase will change accordingly.

Let us discuss a particular case. The pump is a plane wave. Assuming a
negligible pump depletion, we can consider that ¥3(¢) = 1390 = const. The
signal beam is an optical vortex with a topological charge [. If a constant phase
shift At is introduced to the signal wave, the phase of the signal wave will
then be (2, ¢) = lp + At)y. Inserting the pump’s and signal’s phases into the
Eq. 3.10, the idler’s phase can be obtained:

¢2(C’¢)=¢30—l¢—ﬁwl+g . (3.11)

The idler wave has the azimuthal phase modulation and its sign is opposite to
that of the signal. In addition, as the signal’s phase changes by a constant A,
the idler’s phase changes by —A4);. Therefore, the phase difference between
the signal and idler waves can be controlled by changing the signal’s phase.
Alternatively, the phase shift could be introduced to the pump wave, while the
signal’s phase remained unchanged. As will be described in the experimental
section, this phenomena will be used to obtain the desired phase difference
between the signal and the idler waves at the output of the nonlinear crystal.

Transformation of the amplified beam by a quarter wave plate.
After the optical parametric amplification we use a quarter wave plate to
combine the amplified signal and idler optical vortices into the output beam
with the desired polarization singularity.

First of all, the coordinate system has to be defined. We choose the left
handed coordinate system and measure all the polarization and optical vortex
wavefront handedness with respect to the source. In that case a polarization

vector [1] will be left-handed and [ 1_ right-handed. Also, the wavefront of
i —i

an optical vortex with topological charge I > 0 will be left-handed and with
I < 0 will be right handed. Thus, we can see from Eqs. (3.2-3.5) that the
wavefront of each optical vortex has a different handedness than its polarization
vector.

With the coordinate system defined, we can now define the rotation transform.
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The matrix of the counter-clockwise rotation transform by angle o around the
z axis will be:

sin « cos «

f: [cosa sina} . (3.12)

This transform rotates a vector by angle a counter-clockwise. The inverse
of this transform would naturally be the counter-clockwise rotation by —a (or,
in other words, the clockwise rotation by «). Its matrix would be:

—sina  cos«

F1_ lcosa sina] ' (3.13)

The Jones matrix of a simple quarter wave plate [139] would be:

A= Ll) ﬂ . (3.14)

If the quarter wave plate is rotated counter-clockwise by angle «, its matrix
would be:

PN [cos2a+isin2a cos asin a1 z)]

Q=TAT ' = (3.15)

cosasina(l —i) isin®a + cos? a

In the experiment a type-II nonlinear crystal is used for the optical parametric
amplification. It produces two orthogonally polarized signal and idler optical
vortices. The two optical vortices are then transformed by the quarter wave
plate into the output beam with the desired polarization structure. We will now
discuss two cases with different phase shifts between the signal and idler waves:

1) The phase shift between the signal and idler waves is /2. In this case,
assuming sufficiently large gain (so that the signal and idler waves will have
approximately the same intensity), we can write the polarization vector of the
outgoing beam:

__ | exp(ilg)
7= L’exp(ilgﬁ)] : (3.16)

If a quarter wave plate, rotated by angle a = 45° counter-clockwise is placed
in the path of the beam, then cosa = sina = 1/4/2. Inserting this into the
Eq. (3.15), the Jones matrix of such waveplate would be:

. 1 —
A= [ , ’] . (3.17)
—i 1
The normalization and phase factors have been dropped in Eq. (3.17).
Multiplying the vector in Eq. 3.16 by the Jones matrix in Eq. (3.17) and
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Figure 3.1: Possible polarizations of output beams width different orientations
of the quarter wave plate (o) and phase shifts between the signal and the idler
waves (A®) when [ = 1. On the left the polarization of a radially (top-left)
and azimuthally (bottom-left) polarized beam is shown. Polarization patterns
shown on the right are obtained when the quarter wave plate is rotated to the
opposite direction.

refactoring the expression, we can obtain the output polarization vector after
the quarter wave plate:

s |1 il | i) | _, |cosio)| (3.18)

—i 1| |iexp(—ilg) sin(l¢)

We can see that at the output of the quarter wave plate, a RT beam will be
present. In the simplest case when [ = 1 it will be a radially polarized beam.

Therefore, if there is a 7/2 phase shift between the signal and idler waves,
a quarter wave plate, rotated by 45° counter-clockwise can transform the two
orthogonally polarized optical vortices with opposite topological charges into a
radially polarized beam (or any other RT beam, depending on the choice of the
topological charge of the vortex). In the case when the signal is a unit-charged
vortex (I = 1), the resulting beam is radially polarized as shown in the Fig. 3.1
(top-left).

2) Consider the same situation as in the case 1), except with the —m/2 phase
shift between the signal and idler waves. Now the polarization vector of the
combined signal-idler beam can be written:

g oo (3.19)

exp(—il®)
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The quarter wave plate is also rotated by 45° counter-clockwise. Following
the same calculations, the result is obtained:

L |1 =i dexp(ilg) | |—sin(l¢)
v l—i 1 [exp(—ilé)} =2 [ cos(l9) 1 ' (8:20)

In this case, a beam of AT family is generated, which in the simplest case

I =1, reduces to an azimuthally polarized beam (Fig. 3.1, bottom-left).

If quarter wave plate is rotated clockwise instead of counter-clockwise, then
a = —45°. In this case the result would be another type of polarization
singularity which does not belong neither to RT nor to AT family (Fig. 3.1,
top-right and bottom-right plots).

In an experiment, if a polarizer is put in the way of the output beam, a
Hermite-Gaussian mode with two maxima will be observed. It will happen
in both cases whether the quarter wave plate is rotated clockwise or counter-
clockwise. The result of such an experiment might be ambiguous. To determine
whether the quarter wave plate is oriented correctly, we have to rotate the
polarizer. If the Hermite-Gaussian modes rotate in the same direction as the
polarizer does, then a radially or azimuthally polarized beam is present at the
output (Fig. 3.1 left images). If the Hermite-Gaussian mode rotates in the
opposite direction, it indicates the presence of a phase singularity of another
type (Fig. 3.1 right images).

3.3. Experimental

Experimental background. The basic idea of the proposed method is to
obtain two optical vortices with opposite topological charges by means of the
optical parametric amplification and to superimpose them by using a quarter
wave plate. The pump beam carries no topological charge while the signal
beam is an optical vortex. According to the law of the topological charge
conservation [140], the idler wave will be formed with a topological charge
opposite to that of the signal. Afterwards, with a properly oriented quarter wave
plate, the combined signal-idler beam is converted to a radially or azimuthally
polarized beam (in case of [ = 1) or another beam of RT/AT type.

The conceptual design of the experiment is shown in the Fig. 3.2. The
signal and pump waves are combined in a collinear fashion using the wavelength-
selective mirror M. The signal wave is amplified in the nonlinear crystal (NLC
in the Fig. 3.2). The optical parametric amplification has to take place in a
type II nonlinear crystal so that the polarizations of the signal and idler beams
are perpendicular. In addition, the wavelengths of the signal and idler beams
have to coincide (the parametric interaction is degenerate with respect to the
wavelength). The initial phase of the signal beam (or alternatively the pump
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Figure 3.2: The conceptual experimental setup : M - a wavelength-selective
mirror, PR - phase retarder (for example a thin glass plate which can be rotated
to adjust the initial phase of the signal beam), NLC - nonlinear crystal (type
II), F - filter, which filters out the pump beam and QW - the quarter wave
plate. The pump beam is purely Gaussian and the signal beam is an optical
vortex. The output is a beam with a polarization singularity.

beam) is controlled by a phase retarder PR which in a simplest case can be
a glass plate which can be rotated to change the optical path of the passing
beam or, alternatively, could be a mirror mounted on a piezoelectric translation
stage. A 7/2 phase difference between the signal and idler waves has to be
achieved at the output of the crystal by controlling the angle of the phase
retarder. After the crystal, the wavelength-selective filter F absorbs all the
remaining pump beam. Then, a properly oriented quarter wave plate turns this
composite signal-idler beam into a beam with a polarization singularity.
Key points in the experimental design.

e The phase difference between the signal and idler beams at the output of
the crystal has to be 7/2 for RT beams or —m/2 for AT beams.

e The beams have to be properly collimated. In the optical parametric
amplification process, the phase conjugation takes place, therefore the
wavefront has to be as flat as possible. Otherwise, if the signal beam’s
wavefront is concave, the idler’s wavefront will be convex and vice versa.
This can cause distortions of the output beam.

e The influence of the walk-off has to be diminished. For that purpose,
a nonlinear crystal with critical phase matching can be chosen and the
beam diameter has to be chosen sufficiently large.

e Gain should be sufficiently high. The energies of the output signal and
idler beams will be different by the amount of the initial signal’s energy.
Therefore, if the gain is sufficiently high, this difference will be diminished.

Ezxperimental setup. Fig. 3.3 shows the realization of the proposed exper-
imental design. The input beam was generated by a Nd:YAG laser with the
pulse duration of 50 ps at 1 kHz repetition rate. The input beam was collimated,
linearly polarized and had a diameter of 2.175 mm at 1/e level. Then the beam
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Figure 3.3: The experimental setup. BS1 - a beam splitter, P - a polarizer,
M1-M4 - mirrors, HW - a half wave plate, QW1-QW3 - quarter wave plates,
L1-L4 - lenses, S - a S-waveplate, PR - the phase retarder, KTP1, KTP2 -
nonlinear crystals, A - an aperture, WSM - a wavelength-selective mirror, F1,
F2 - filters, CC - a birefringent calcite crystal, CCD - a CCD camera.

was split into two branches by the beam splitter BS1: one to generate the pump
beam (the pump branch) and one to generate the signal beam (signal branch).

In the pump branch, the A/2 waveplate HW was used to correct the po-
larization direction and the second harmonic was generated in the nonlinear
crystal KTP1. Lens L1 and L2 were then used to collimate the beam. The filter
F1 filtered out the remains of the first harmonic beam. The second harmonic
beam was used as the pump beam in the output beam generation stage.

The purpose of the signal branch is to convert the first harmonic beam to an
optical vortex, which was used as the signal part in the output beam generation
stage. Mirrors M2, M3, and M4 constitute a delay line to compensate the optical
path differences between the signal and the pump beams. The polarizer P was
used to correct any depolarization, resulting from reflections in the delay line.
The system QW1-S-QW2, consisting of two \/4 waveplates QW1 and QW2
and an S-waveplate, was used to convert the signal beam to a vortex of unit
topological charge. The A/4 waveplate QW1 was used to produce a circularly
polarized beam while the S-waveplate converted it to an optical vortex [71].
Afterwards QW2 converted the optical vortex back into the linear polarization.
The beam vortex was then collimated using the lens 1.3 and L4 and an aperture
A was placed between them in order to filter out unwanted beam distortions.
The phase retarder PR was then used to correct the phase of the signal beam.

Both pump and signal beams were combined by the wavelength-selective
mirror WSM. The parametric amplification took place in the nonlinear crystal
KTP2, producing the two oppositely-charged signal and idler vortex beams.
The filter F2 then filtered off the remains of the pump beam and the signal and
idler beams were converted to the output beam with a polarization singularity
by the /4 waveplate QW3, as discussed in previous sections.
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Figure 3.4: The intensity patterns of the initial pump beam (a), signal beam (b),
the output beam (c), and color map of the normalized intensity (d). The
polarization states of the beams are indicated by the arrows. The pump beam
is a Gaussian beam, while the initial signal beam carries a topological charge of
I = 1. The output beam is radially polarized. The powers of the pump, signal
and the output beams are 0.9W, 0.55 mW and 290 mW respectively with the
pulse duration of 50 ps.

The output beam’s profile was recorded with the CCD camera. The polar-
ization structure was analyzed using a birefringent calcite crystal (CC in the
schematic), which separates the two orthogonal polarizations of the beam. The
polarization structure of the beam was determined from the spatial distribution
of the polarization components.

Experimental results. The recorded intensity profiles of the beams are
shown in the Fig. 3.4. Their polarization states are given by the small arrows in
the top-left corner of the images. Fig. 3.4(a) shows the intensity profile of the
Gaussian pump beam. The signal beam, shown in the Fig. 3.4(b) is an optical
vortex with a unit topological charge. It was formed using a S-waveplate from a
circularly polarized Gaussian beam [71]. The resulting radially polarized beam
is shown in the Fig. 3.4(c). The powers of the pump, signal and the radially
polarized output beam were 0.9W, 0.55 mW and 290 mW respectively with the
pulse duration of 50 ps.

Analysis of the output beam was carried out using the calcite crystal. The
intensity profiles of the separated polarization components are depicted in the
Fig. 3.5 with the small arrows indicating the polarization direction. Fig. 3.5(a)
shows the observed polarization components of the radially polarized beam.
The vertical polarization component (Fig. 3.5(a) upper image) has two maxima,
situated vertically with respect to each other, while the horizontal polarization
component (Fig. 3.5(a) lower image) has two horizontally situated maxima.
The radial polarization was verified by rotating the calcite crystal (Fig. 3.6).

In addition, an azimuthally polarized beam was obtained by changing the
phase between the signal and idler beams using the phase retarder PR. Its
analyzed mode structure is depicted in the Fig.3.5(b). The vertical polarization
component (Fig. 3.5(b) upper image) now has two horizontally situated maxima
while the horizontal polarization component has (Fig. 3.5(b) lower image) has
the vertically situated maxima.
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Figure 3.5: The vertical (top) and the horizontal (bottom) polarization com-
ponents of a radially (a) and azimuthally (b) polarized beams after the calcite
crystal. The polarization states are indicated by the arrows. The color map is
the same as in the Fig. 3.4 (d).

Figure 3.6: Observed patterns of one of the polarization components of the
radially polarized beam as the calcite crystal was rotated. The polarization
state is indicated by the white arrows. The color map is the same as in the
Fig. 3.4 (d).

Another important point in this experiment is the amplification gain. The
previously shown results were obtained at the gain of about 500 times. At
the gain value of about 30, the periphery of the beam does not get correct
polarization and side lobes were observed (Fig. 3.7).

Possible extensions of the method. So far we have shown that using
this method, cylindrical vector beams which are a superposition of optical
vortices with opposite topological charges can be produced. However, if the
topological charge of the pump beam was chosen not equal to zero, then the
idler wave would be formed in accordance to the topological charge conservation
law [140] :

lp = ls + l?, ) (321)

where I, [, l; are the topological charges of the pump, signal, and idler waves
respectively.

Manipulation of topological charges of pump and signal waves allows the
creation of other types of beams with polarization singularities, which are
discussed elsewhere. Such beams have also been obtained using a spatial light
modulator by Ching-Han Yang et. al. [72].
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Figure 3.7: The vertical (left) and horizontal (right) polarization components
of the output beam at low gain of about 30 times. The arrows indicate the
polarization states of the beams. The proper Hermite-Gaussian modes were not
obtained. The side lobes are visible at the periphery of the beam. The color
map is the same as in the Fig. 3.4 (d).

The proposed method could be easily automated. For example, instead
of a thin glass plate, a mirror mounted on piezoelectric translation stage
can be used to control the phase of the signal or pump beam allowing easy
switching between the radially and azimuthally polarized beam. In addition, a
spatial light modulator could be used to modulate the initial signal beam and
provide an easy way to obtain beams with polarization singularities of higher
orders. While it is possible to obtain beams with polarization singularities by
a spatial light modulator directly, the proposed method utilizes the optical
parametric amplification, thus allowing creation of higher power beams than
could be obtained using a spatial light modulator directly. In combination with
automation possibilities this method could find applications in optical trapping
of particles.

3.4. Conclusions to Chapter 3

We have shown a new technique to generate optical beams with polarization
singularities by optical parametric amplification of an optical vortex and subse-
quent beam conversion by a quarter wave plate. Since this technique employs
the optical parametric amplification, it does not require a powerful initial signal
beam. It can produce a powerful output beam while using simple methods to
obtain the initial signal beam such as a printed vortex hologram or a spatial light
modulator, which would normally be limited by the optical damage threshold if
used to obtain the desired output beams directly.

In addition to this, the proposed method can be easily automated. If a
spatial light modulator is used to modulate the initial signal beam, it can
provide an easy computer-controlled way of switching between the modes of
the beam. In combination with increased power output, this method could
find applications in optical trapping of particles and other applications such as
nonlinear optics research and laser material processing.

However, in this Chapter we have demonstrated only the basic idea and
discussed the underlying physical principles of the method. More research is
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needed to determine the influence of dispersion and group velocity mismatch
for ultrashort pulses and how it affects the quality of the resulting beam. In our
case, we used 50 ps pulses in the KTP crystal. The dispersion length was of the
order of several kilometers, therefore the second and higher order dispersion
effects were negligible. In addition, some phenomena that are characteristic
of ultrashort pulse amplification might be utilized in this method, such as the
spatial capture (also called "trapping") of the amplified waves under the pump
wave packet [141-143] or the giant subharmonic pulse generation [144].
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4. A versatile modular system
for optical manipulation experi-
ments

This chapter is based on the [A3], [A6], [B1], and [B2] publications.

4.1. Introduction

Up to this end possibilities of generation of vortex and radially polarized
beams were discussed. In this Chapter, application of a vortex beam in optical
levitation (in the wider context of cloud physics), is demonstrated. Further, in
the introduction, general description of optical levitation is given. Following
section 4.2 outlines limitations of the performed research, sections 4.3 and 4.4
give general introduction to the problem and propose possible direction to solve
this problem. Finally, section 4.5 demonstrates how optical vortex beams can
facilitate the proposed solution.

In optical levitation, upward forces produced by radiation pressure of a laser
beam counteracts the downward force of gravity to create a stable trap just
above the focus of the laser beam. The technique was invented by Ashkin [145].
It predates the invention of the single beam gradient trap [146], a technique
which has found wide applications in biology [147], soft matter physics [148]
and atom optics [149]. Optical levitation, although less commonly used due to
higher power demand on the input beam, has several advantages. First, the
target could be trapped in gaseous environment, for example in air. Second, the
target could be trapped at large distances from the trapping lens, typically at
length scales of a few centimeters and larger. This allows an almost 47 access
to the trapped particle which can be used to simultaneously implement different
methods for analysis and manipulation. Third, the large trapping distance
makes any wall effects on the trapped target negligible. The technique has, for
instance, been used in in-vacuo high energy laser interaction experiments [150],
the study of dynamics of many-body systems [151] and in the measurement of
evaporation rate of supercooled water droplets [152].
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The long term goal of this direction is to create a system where interactions
of droplets with the surrounding media or with other droplets can be studied
with full control of all physical parameters. In the following sections we review
forces in optical trapping, introduce a versatile modular system which can be
used to study a variety of physical phenomena. And demonstrate a few examples
of such studies, with an emphasize of application of an optical vortex beam.

4.2. Forces in optical trapping

Concerning radiation pressure
forces: “A very short experience
in attempting to measure these
forces is sufficient to make one
realize their extreme minuteness —
a minuteness which appears to
put them beyond consideration in
terrestrial affairs ...”

J. H. Poynting, 1905

The study of radiation pressure in 1900th was considered exciting but not
practical. With invention of lasers the situation has changed. High degree of
spatial coherence allows tight (at the order of wavelength) focusing of a laser
beam and dramatic increase of intensity. Consider following simple estimation.
CW green laser light with P =1 W is focused down to dy =~ (1 =+ 10)A. Mirror
bead with the radius of a &~ dy is placed in the focus of the beam. Then, the
force of light pressure is F' = 2P/cy ~ 10~ N. Suppose density of the bead is
p=1g/ecm?® and dy ~ )\, then its mass m ~ 10716 kg. Acceleration acquired
by the bead due to the light pressure takes huge value acc = F/m =~ 107g.
Although light pressure is not the main trapping mechanisms, this estimation
demonstrates that optical forces of focused laser light are significant and optical
manipulation is possible in principle.

Depending on size and chemical composure of particles to be optically
trapped and manipulated absolutely different mechanisms of optical trapping
and rotation apply. Fig. 4.1 summarizes these mechanisms. Below their descrip-
tion is provided.

Depending on size of trapped particles two extreme regimes are considered
in the theory of optical trapping, namely, Rayleigh and geometrical optics
regimes. The Rayleigh regime is usually valid for beads for which the radius a
is much smaller than the laser wavelength [153-155]. The geometrical optics
regime is usually valid for beads for which the radius a is much larger than the
laser wavelength A\. Mie-Debye spherical aberration theory of optical tweezers
consistently covers all regimes from the Rayleigh limit up to the geometrical
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Figure 4.1: Summary of physical mechanisms responsible for optical trapping
and rotation of microparticles. a is particle radius, A is wavelength of trapping
light. SAM and OAM stand for spin and orbital angular momentum of light,
respectively. Regimes with solid (dashed) frames are (not) considered in this
dissertation. See text for details.

optics limit [156, 157].

Optical trapping. In this dissertation, we work only in the geometrical
optics regime. Based on physical mechanisms responsible for optical trapping,
particles used in experiments can be divided into two main categories: non
absorbing (transparent) and highly absorbing particles.

Non absorbing (transparent) particles. The force of radiation pressure
estimated at the beginning of this section, results from reflection of the light
from object’s surface and cannot explain optical trapping. This is because
its effect is to push the object in the direction of the incident beam. To
understand how a laser beam traps an object, we must consider gradient forces.
As conveniently described in [155], gradient forces are related to the beam’s
refraction at the object’s surface. Figure 4.2(a) shows a bead slightly shifted
from the center of the laser beam. The trapping beam has a Gaussian intensity
profile before the focusing objective. Two rays from the beam refracting at the
microsphere’s surface are shown. Ray 1, with the wave vector kq, originates from
the central part of the beam.This ray generates a force F; on the microsphere
upon refraction. Ray 2, with the wave vector ko, originates from the right
side of the beam. It generates a force F5 on the microsphere. Note that
|F1| > |F3| because the intensity profile has a Gaussian shape. Therefore,
the resulting force on the bead points toward the laser focus. In other words,
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because the wave vector k of each ray changes during refraction, its momentum
also changes. Therefore, an object in the beam also experiences a momentum
change. However, in the opposite direction to that of the beam, because of
momentum conservation of the combined system beam-object. This fact implies
that a force acting on the object changes its momentum. Figure 4.2(b) shows
another situation in which the bead is above the objective focus. Observe that
the resulting force also points toward the focus in this situation. It is easy to
see that the force acting on a bead in the laser beam always points toward
the focus for any position of the microsphere relative to the focus. Described
above situation explains optical trapping in geometrical optics regime if the
refractive index of the object is bigger than the refractive index of surrounding
medium, ngp; > Nmeq. If the refractive index of object is smaller than that of
a surrounding medium, nop; < Nmed, the object will be pushed away from the

area of maximum intensity, i.e focal area.

Absorbing particles. Absolutely different mechanism is responsible for
optical trapping of absorbing particles [158,159]. It is based on thermal forces.
Although stochastic thermal forces does not allowed for stable trapping of
absorbing particles in gases using conventional (Gaussian) beam profile. This
is because absorbing particle is being pushed away from the area of maximum
intensity. However, such particles can be stably trapped in minima of intensity
of the beam, for example in the center of the optical vortex beam. In a gaseous
medium optical trapping of absorbing particles complicates by the thermal
interaction of the particle with the medium. The forces of thermal transpiration
or thermal diffusion can be much stronger than the optical forces. It is possible
to create the situation when the forces of thermal diffusion become the main
mechanism of optical trapping. In this case, energy of the laser radiation is
absorbed only by the object placed in optically transparent medium (e.g. gas).
This leads to local increase of average kinetic energy of object’s molecules.
Hence, occurs rise of momentum, which is being transferred to the molecules
of the surrounding gaseous medium. Gradient of pressure in the medium
pushes particle to the region of minimum pressure. Such thermal forces are
called photophoretic forces. If particle is surrounded by evenly distributed
laser radiation, then the particle will be stably trapped by photophoretic forces
based on heat transfer from absorbing particle to the surrounding gas, when the
thermodynamic equilibrium is reached. Beams with optical vortices (e.g. optical
bottle beam or two counter-propagating optical vortex beams) can create above
described necessary conditions.

Optical rotation. Physical mechanisms responsible for optical rotation
of microparticles are different for birefringent and non-birefringent particles.
In general, any particle can be optically rotated by a rotating wavefront of a
beam, e.g. upon interference [160]. Other mechanisms of optical rotation exploit
angular momentum (AM) of light, which consists of spin angular momentum
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Figure 4.2: (a) Two rays (wave vectors k1 and ko) from the beam are represented.
The rays exert forces F; and Fs when refracted on the bead surface. The
resulting gradient force points to the laser focus. (a) A bead localized below
the focus; (b) a bead localized above the focus.

(SAM) and orbital angular momentum (OAM) parts [161].
Non-birefringent microparticles. 1t is possible to optically rotate non-
absorbing, transparent and isotropic particles using OAM of light [162-165], as
first shown by Volke-Sepulveda et al using transparent silica beads in liquid [162]
and by McGloin et al using water aerosol droplets in air [163]. Intensity profile
of a beam caring OAM is ring or doughnut shaped in the transverse plane and
can be described by e.g. non-zero order Laguerre-Gaussian and Bessel-Gaussian
vortex beam. Transparent, non-birefringent microparticle can be trapped in
the ring of maximum beam intensity. The phase front of optical vortex beam
is helically varying around beam’s axis upon propagation. Due to this helical
variation its Poynting vector is tilted with respect to the beam’s axis with local
angle given by Oscrew = I/kr, where k - is the wavenumber and [ is topological
charge of OV [166]. This tilt give rise to the OAM of a beam, which imparts a
tangential force on trapped droplet (which is not restricted azimuthally due to
the cylindrical symmetry of the intensity distribution) making droplet to orbit
around beam’s axis. The torque is proportional to I/ per photon. The direction
of rotation is determined by the handedness of the helical phase front, i.e. by
the sign of topological charge +I. Due to the describes geometry of a trapping
beam it is possible to optically rotate particles of any composition, including
non-birefringent and non-absorbing droplets. However, the particle exhibit only
orbital motion drawing circular trajectory around the center of a beam.
Birefringent microparticles. In the case of non-absorbing birefringent
particles [167,168], particles trapped on the beam axis can be set to rotate by
transferring SAM by a mechanism first observed by Beth in 1936 [169], when he
reported a tiny torque developed in a quartz ‘wave-plate’ owing to the change in
polarization of transmitted light. Depending on the polarization of the incident
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beam, the particles either become aligned with the plane of polarization (and
thus can be rotated through specified angles) or spin with constant rotation
frequency. The torque is proportional to o/ per photon, where o = 41 for left
(right) circularly polarized light, respectively.

Absorbing (non-transparent) microparticles. For absorbing particles
[168,170,171], both spin and orbital angular momenta are transferred with the
same efficiency so that the applied torque is proportional to the total angular
momentum, that is (I — o)k per photon.

It is possible to gradually control AM experienced by a microparticle. In

the beams with coupled spin-angular momentum, total angular momentum per
photon is given by AM = (I — o)k, where its orbital part is represented by
OAM = [h and its spin part by SAM = ok, where o = +1, for left /right circularly
polarized beam, respectively (note, that the conventional way of writing AM
is (I + o)h, with 0 = F1) [161]. For example, total torque experienced by a
particle trapped by an OV beam with [ = +1 is proportional to total AM = 0A
per photon for the case of left circular polarization (i.e. particle is stopped)
and to AM = 2h per photon (i.e. maximum rotation rate) for the case of right
circular polarization. Elliptical polarization would give intermediate rotation
rates.

4.3. A modular system for optical levitation ex-

periments

In this section, an overview of the modular system used for optical levitation
of droplets in air is given. Glycerol droplets are levitated using a laser beam
focused at a point inside a rectangular aluminium chamber that isolates the
droplets from external laboratory air. Figure 4.3 shows the setup schematically.
On each side of the chamber windows, lenses and various optical components can
be mounted. A droplet-on-demand dispenser produces droplets that descend in
still air into the trap. The dispenser nozzle can be equipped with an electrode
in order to vary the amount of charges of the droplets. A borosilicate convex
lens is positioned below the chamber at a position such that the droplets are
trapped in the center of the chamber. Two different lasers have been used
for the experiments described in this section: (i) A diode pumped solid-state
(DPSS) continuous-wave (cw) laser with a wavelength of 532 nm. It has an
RMS stability of 5% and a divergence of 2.5 mRad. (ii) A 660 nm DPSS cw
laser with an RMS stability of less than 1.0% and a divergence of less than
1.5mRad. The power of both lasers can be controlled with a PID feedback
system in order to stabilize the vertical position of a trapped droplet.

The trapped droplet can be observed through any of the four access ports
on the chamber walls. The position of the droplet can be measured with high
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Figure 4.3: A schematic of the modular experimental system. Droplets are
injected by a dispenser into a cage where they are trapped in a position slightly
above the focus point of the laser beam. The dotted line shows the radial
intensity distribution of the laser that has mostly been used (Gaussian) but
for trapping in optical vortices a Laguerre-Gaussian beam profile was utilized.
A large number of analysis and manipulation devices can be attached to the
setup. Some examples of such devices are listed in the figure.

precision by focusing the light scattered by the droplet onto a Position Sensitive
Detector (PSD). The scattered light can also be directed into a spectrometer.
The size of the droplet can be measured directly with a camera equipped with
a telescope or by directing a low power laser at the droplet and imaging the
diffraction pattern created on a remote screen. The charge of the droplet can be
determined by recording the motion of the droplet in free fall between two large
capacitor plates. Alternatively, the displacement of a trapped droplet when a
electric field is applied in the vertical direction. High speed cameras are used to
image the motion of the droplets and the process when two droplets coalesce. The
charge of the trapped droplet can be varied by directing a-radiation or UV-light
towards the droplet. The system is modular. Instruments can therefore be
conveniently attached to the system to study different properties of the droplets.
In one version, the chamber is made such that it can be hermetically sealed,
and hence evacuated. This could be used for studies of droplet properties at
low air pressures or by using other gases.

Examples of possible experimental investigations include but not limited to:

i Charged droplets constitute an interesting physical system frequently
occurring in nature. Clouds, for instance, usually carry a net charge [172]
and properties like surface tension can be changed by charging [173,174].
The question is whether the charge of the droplets affects physical processes
such as droplet growth rate in clouds. In order to study the effect of charge
on droplet collisions and coalescence, the possibility to control the charge of
the droplets by applying an electric field over the nozzle used to produce
the droplets was investigated [B1].
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ii (Time-resolved) spectroscopy. Another example is the Raman spec-
troscopy of an optically levitated droplet with aim to determine the structural
correlation function, i.e. to observe a character of accumulation of disorder
in non-crystalline solids. Or time resolved spectroscopy of coalescing droplets
containing fluorescent dyes to precisely determine time when two droplets
begin molecules exchange [B1, B2].

iii Time-resolved observation of elastic scattering of trapping light to
determine time of coalescence of droplets [B2].

iv Collisional dynamics of micron-sized droplets under gravity. The
collision efficiency, defined as the ratio of the collision cross-section to the
geometric cross-section, is a dimensionless measure of the probability of colli-
sion. In addition to determining the droplet growth rates (see e.g. [175]), the
collision efficiency is a key ingredient in the collision theory of cloud droplets
widely used in many weather and climate models [176,177]. The collision
efficiency is the most uncertain aspect of collision rate theories [177]. Experi-
mental determination of the collision efficiency remains elusive [175,178-182],
although recent studies have yielded some empirical conclusions [183].

v Rotating and spinning droplets. Rotating droplets could be achieved for
the previously mentioned study of collisional dynamics of liquid droplets (iv)
in studies of raindrop formation [44]. Progress in study of rotational dynam-
ics of spinning droplets will advance our understanding of the strong inter-
actions between turbulence and the microphysical processes in clouds [184].

In the following sections we give details of (iv) and (v) examples. For further
details and other possibilities the reader is referred to publications [A3, A6, B1,
and B2].

4.4. Optical manipulation for studies of colli-
sional dynamics of micron-sized droplets under
gravity

As mentioned above, the collision efficiency is a key ingredient in the study of
cloud droplets growth. How the droplet in clouds grow from the sizes (<5 pum),
when condensation of water vapour is effective, to the sizes (>100 um) for
collision cascade to be effective growth mechanism? Theoretically predicted
time scale of droplets growth (of sizes in the transitional region: 10 - 90 um) is
not relevant to that observed empirically. This discreancy of the theory and
experimental observations is called "bottleneck problem" [185,186].

For example, Hopkins et al. [187] used optical tweezers to observe the
coagulation of aerosol droplets, and they determined the droplet growth rates
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using cavity-enhanced Raman spectroscopy (CERS) with nanometer precision.
Power et al. [188] used a single-beam gradient-force optical trap to coalesce
droplets of 2 um to 12 um in diameter and observed the elastically scattered
light from the trapped particles to investigate the time-resolved dynamics of
mixing. Horstmann et al. [189] constructed a single-aerosol particle trap and
coupled it to a conventional optical tweezers to guide and coalesce droplets
of 500 nm to 19 pm in diameter. In all of the above studies, optical tweezers
provide a fully controllable and convenient way to investigate droplet collisions.
However, the light field interacts with the trapped droplets and modifies their
dynamics. The work presented in this dissertation demonstrates a new method
of optical manipulation technique that circumvents this problem. The method
allows us to precisely image droplet collisions in free fall.

4.4.1. Experimental background

We trap two glycerol droplets of different sizes in air by means of two pairs
of focused counter-propagating beams (Fig. 4.4). Two microscope objectives
MO1 and MO2 focus light from two counter-propagating beams to a common
focal point, forming the lower trap for the small glycerol droplet. Similarly,
the microscope objectives MO3 and MO4 focus light from two laser beams
to a second point, forming the upper trap for the large glycerol droplet. The
two traps are vertically separated. By switching off the laser beams with the
appropriate timing, the droplets fall under the influence of gravity and may
collide at a predictable distance below the lower trap. The droplet motion is
captured by two high-speed digital video cameras arranged in a horizontal plane.
Their lines of sight intersect at an angle of 90°.
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Figure 4.4: The principle scheme for studies of droplet interactions. MO1, MO2
and MO3, MO4 are microscope objectives that focus the laser light and form
the “lower” and “upper” optical trap, respectively. The droplets are illuminated
with LEDs, and their motion recorded by a pair of cameras with their lines of
sight arranged at a 90° angle.
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Figure 4.5: Panel (a) shows the geometry for the determination of the impact
parameter, Y, of the collision process from its two orthogonal projections on x
and y-axes. Two droplets with radii a; (top) and as (bottom) fall in gravitational
field, along the z-axis. The parameters x, and x, are the projections of the
impact parameter x onto the z and y-axes, respectively. Panel (b) shows
the trajectory of the interacting droplets under gravity, as observed from the
reference frame of the larger droplet. x. is the critical impact parameter for a
grazing trajectory of the smaller droplet.

The geometry of the collision process is described in Fig. 4.5. A droplet with
radius a is positioned above a second droplet with radius as, where a; > as.
The impact parameter, ¥, is the projection of the distance between the centers
of the two droplets perpendicular to their initial relative velocity, V3 — V5. The
projections of the impact parameter onto the z-z and y-z planes yield x, and
Xy, respectively, and they are related by the equation

X =\/X2+ X2 (4.1)

In the experiment, we control the droplet impact parameter x by adjusting
the relative horizontal position between the two traps. At a critical impact
parameter, Y., a grazing trajectory results, as depicted in Fig. 4.5(b). The
collision efficiency is defined as E = x2/(a1 +a2)?. The geometrical arrangement
of the droplets is described by the dimensionless impact number, defined as [190]

X
B= i (4.2)

where y is the impact parameter defined in equation (4.1), as is the radius of
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the small droplet and I" = a; /a9 is the size ratio. Thus, values of 0 or 1 for the
impact number designate head-on or grazing collisions, respectively.

The droplet physical and kinematic parameters investigated in this work
are summarized in table 4.1. For calculation of these parameters the reader is
referred to the publication [A4].

Table 4.1: The droplet physical characteristics and the collision parameters in
the experiments.

Experimental section 4.4.3.1 4.4.3.2 4.4.3.3

Diameter, 2a (pm) 319 40.0 299 379 299 339
Terminal velocity, V (cm s™!) 3.55 558 3.12 501 3.12 4.01

Reynolds number, Re 0.04 0.07 0.03 0.06 0.03 0.04
Stokes number, St 8.0 159 6.6 135 6.6 9.7
Diameter ratio, I' 1.25 1.27 1.13
Impact number, B 0.51 0.50 0.14
Weber number, We 26x107% 21x107* 4.7x107°

4.4.2. The experiment

Optics and imaging system. A sketch of the experimental setup is shown
in Fig. 4.6. A laser beam generated by a solid state laser (Laser quantum
“gemb32”, 532 nm, 2 W maximum power) passes through a beam splitter (BS)
to form two optical traps at different heights, which we named the “upper” and
“lower” trap. The transmitted beam that is collinear to the incident beam is
used to form the “lower” trap. This beam is split a second time by a polarizing
beam splitter PBS1. A micro-lens (MO) with focal length 5 mm focuses each
beam such that the foci of the two counter-propagating beams overlap. The
combined trapping power from the two beams is approximately 350 mW. In
a similar manner, the reflected beam from BS is used to create the “upper”
trap, which is positioned approximately 2 mm above the lower trap. Two
half wave plates (HW1 and HW2) and the polarizing beam splitters ensure
that the counter propagating beams have orthogonal polarization states, thus
eliminating undesirable interference at the focal points. Two electro-optical
amplitude modulators (EOM1 and EOM2) and two polarizers (P1 and P2)
allow us to control the timing of the release of the droplets. The region where
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the droplets interact is illuminated by two collimated cold white light LED
(Thorlabs MCWHLS5) operated at 10% of the maximum power. Shadow images
are observed by two perpendicularly mounted high speed cameras (Phantom
Miro LAB310). In order to minimize heating by the LED the illumination is
pulsed synchronously with the droplet collisions. The cameras are equipped
with Infinity Model K2 DistaMax Long-Distance Microscope System set to
5x-30x magnification with a mean working distance of 13 cm. Laser light
from the trapped droplets is blocked by a notch filter (Thorlabs NF533-17), so
that the cameras see only shadow images of the droplets with a bright Poisson
(Arago) spot in the center.

EOM2 P2HWI1 ) M6
Ml g
PBS2
) EOMI1 P1 HW2‘ M4
71
ax o) N, LED2
BS PBSI LEDI® MO2 4
MO4
MS\ MO
N
MO3 X M7
MOI1

CAM2
\ / CAM1
M2 M3

Figure 4.6: Sketch of the experimental setup. BS - beam splitter, EOM -
electro-optical modulators, M - mirrors, P - polarizers, HW - half-wave plates,
PBS - polarizing beam splitters, MO - micro-lenses, LED - illumination, CAM
- high speed digital movie camera. The z-y coordinate system represents the
laboratory frame. The z-axis points out of the page, whereas gravity points
into the page.

Droplet generation and size control. We generate droplets in the
size range from 4 to 60 pum in diameter using a commercial printer cartridge
(Hewlett-Packard C6614). The cartridge works as a drop-on-demand system,
where a droplet is ejected each time a TTL pulse is sent to the cartridge from
a pulse generator (see [191] and [192] and references within for the droplet
generation technique). The cartridge, washed and filled with a solution mixed
with 90% (by volume) of distilled water and 10% of glycerol (produced by Fisher
Scientific with a purity of 99.6%), produces droplets with a uniform diameter
of approximately 22 pm. The water evaporates rapidly as the droplet descends
down towards the trap. Hence, the size of the trapped droplet can be controlled
by changing the mixing ratio of glycerol solution. As an example, a solution
containing 5% of glycerol in water yields droplets of approximately 11 pm in
diameter after the water has completely evaporated away. Alternatively, the
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droplet can be made larger by allowing two drops to coalesce in the trap. The
size of the largest droplet that can be levitated is determined by the laser beam
waist and the available laser power. For the results presented in this work, the
droplet size distribution is in the range from 29.9 to 40.0 pwm in diameter.

The droplet chamber. An important part of the setup is the chamber for
delivery, trapping and interaction of droplets. Air current within the chamber
easily affects the droplet motion. In order to shield the droplets from air
turbulence, the cartridge and micro-lenses are mounted in an enclosed chamber.
The chamber is made out of metal and cover glass plates connected by flexible
construction sealant (Sikaflex 291i). The flexible connection allows the movement
of the micro-lenses to be decoupled from the metal plates of the chamber. Hence,
the position of the optical traps can be independently adjusted without breaking
the seal. Droplets descend from the cartridge through a flexible polymer tubing
and enter the chamber through a glass cylindrical tube (2.5 ¢m in diameter)
placed above the chamber. Droplets ejected from the cartridge travel a few
centimeters before reaching their terminal velocity and descend vertically down
the tube to the trapping points. The chamber has four windows on the sides for
illumination and optical access and one on top for visual control and physical
access. The volume of the chamber is approximately 0.24 liters.

The initial control. In order to produce a collision, the two droplets are
released from the same horizontal position but at different vertical positions.
As a coarse adjustment the separation of the traps is adjusted by moving the
lenses for the optical traps (MO1/MO2 or MO3/MO4) in pair. Fine adjustment
in the separation of the traps is accomplished by distributing the input power
in one of the counter-propagating beams for the optical trap asymmetrically.
This is done with a slight rotation of the half wave plate HW1 or HW2 that
is placed before the beam enters the polarizing beam splitters PBS1 or PBS2
(Fig. 4.6). The vertical separation of the two optical traps is 1.7 mm, which
is sufficiently large for the upper droplet to reach its terminal velocity before
approaching the lower droplet.

The release mechanism. The droplets are released from the optical traps
by switching off the laser beams using electro-optical amplitude modulators
(EOM1 and EOM2) (Thorlabs EO-AM-NR-C4) in combination with linear
polarizers (P1 and P2) (Fig. 4.6). The polarizers P1 and P2 are aligned along
the initial polarization vector of the laser beam. By applying the half wave
voltage Vi to the EOMs (in our case V; = 186 V), the EOMs rotate the
polarization by 90°, so it is being blocked by the polarizers P1 and P2. Hence,
the optical traps are turned off and the droplets are released.

The acquisition system and timing mechanism. The imaging system
consists of two high-speed digital movie cameras (Phantom Miro LAB310 from
Vision Research) arranged in a horizontal plane with an angular separation of
approximately 90°. Shadow images of the droplets are obtained by projecting
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incoherent collimated light from two LEDs (Thorlabs MCWHL5) onto the
sensors of the cameras (see e.g. [193]). This arrangement not only offers a
simple approach in the alignment of the two droplets, but also allows a precise
determination of the droplet positions and impact parameters. Movies of the
droplet motion are recorded synchronously by the cameras at a resolution of
64 x 768 pixels (width x height). The field of view is sufficiently large to observe
both the trapped droplets and the interaction region. In order to resolve the
droplet motion at high spatial resolution, each camera is equipped with a K2
DistaMax long-distance microscope from Infinity Photo-Optical Company. Each
camera pixel observes an area of 3.98 um x 3.98 um in space, so that the total
field of view is 0.26 mm by 3.06 mm (width x height). The maximum frame
rate at this resolution is 63000 Hz. After loading the droplets into both traps,
the LED illumination projects shadows of the droplets onto the camera sensors
for the fine positioning. Both cameras and voltage supply for the EOMs are
synchronised and controlled by an external pulse generator (BNC model 565).
At time tg, the pulse generator delivers a trigger signal to the voltage supply
of the EOM2 to release the upper droplet, and to initiate the recording of the
movies on both cameras. At time t5,3 when the upper droplet has traveled
2/3-rd of its way to the lower droplet, a second signal synchronized with the
first one triggers the voltage supply to the EOM1 to release the lower droplet.
The cameras continue imaging the motion of both droplets until they are out of
view. For the initial separation of 1.7 mm, 2/3-rd of it is 1.134 mm and t/3
is approximately 100 £ 50 ms, depending on the droplet size. For a glycerol
droplet of 31.9 pm in diameter, t3/3 is 100.012 ms.

Spatial resolution. To map out the laboratory coordinates in real space,
a Thorlabs calibration mask (model R2L2S3P1) containing uniform dots of
62.5 um in diameter arranged in a square lattice with a separation of £ =125 um
between adjacent dots is placed in the mutual focal plane of the cameras. An
automated particle center finding routine, written in the Matlab programming
language, was used to extract the two-dimensional coordinates of the center
of the dots, from which the mean separation between adjacent dots L (in
pixels) was derived. The spatial resolution of each pixel, R, was obtained
from R = ¢/L. In our experiments, the spatial resolution was approximately
4.0+£0.4 uym per pixel. Because the light sources were collimated, the error in
determining the diameters of the droplets is expected to be fairly small, which
is shown as follows. The areas of the dot shadows were measured to size the
dots. The areas were equal to the number of pixels below a certain threshold.
By this method, the shadow diameters of the dots were consistently about 1.06
times larger than the actual diameter of the dots. After correction for the bias,
the uncertainty in determining the mean diameters was about 2 pm, which is
representative of the error in the sizing of the droplets.
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4.4.3. Results

We have recorded 127 movies of collisions of droplets with different impact
parameters and sizes. In the following sections, we present three main cases:
the coalescence of a gravitationally settling droplet with an optically trapped
droplet, the collision between two gravitationally settling droplets in the absence
of trapping laser light resulting in non-coalescence, and coalescence. In all three
cases we show the trajectories of droplets as they fall, collide and possibly
coalesce.

4.4.3.1 Coalescence of droplets in an optical trap. Figure 4.7 shows
the coalescence process between a gravitationally settling droplet and an optically
trapped droplet, imaged at a frame rate of 32 kHz, similar to the experiments
in [187-189,194]. The settling droplet is 31.9+2.0 pum in diameter, whereas
the optically trapped droplet is 40.0£2.0 pum in diameter, and the resultant
droplet is 43.8+ 2.0 pwm in diameter. The high value of impact number B = 0.51,
calculated from the projections of droplet separations x, and x,, indicates no
coalescence in the case of absence of laser field. In this experiment, the laser
light in the lower trap holds the larger droplet stationary in space and guides the
settling droplet towards the trap, as can be seen in the trajectories in Fig. 4.7.
As the two droplets reach a critical separation, they merge to form a larger drop.
The resulting droplet stays in the trap and executes a damped oscillatory motion
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Figure 4.7: Coalescence of two droplets while the bottom droplet is trapped
by laser light as viewed in (a) the z-z plane and (b) the y-z plane. Panel
(c) shows the droplet trajectories as well as their surfaces extracted from
the movie recorded in panel (b). Adjacent tick marks on both axes indicate
spatial separation of 50 um. The color bar indicates the progression in time in
milliseconds.
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(see video visualization 1: https://www.osapublishing.org/oe/viewmedia.
cfm?uri=oe-25-2-1391&seq=v001). For clarity, this video has been slowed
down by a factor of 320 to 100 fps.

Figure 4.8 shows the coalescence process that is shown in Fig. 4.7 in a more
detailed frame-by-frame sequence of images at a temporal resolution of 31.25 us
per frame. In both sequences, the coalescence process is completed within a
time scale of approximately 180 ps. In comparison with earlier works [187-189],
in which the droplets were guided by the trapping laser light, in our case droplet
coalescence is still the favored outcome.
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Figure 4.8: Projection on = and y directions of time resolved coalescence of two
droplets when the bottom droplet is trapped by laser light.

4.4.3.2 Gravitational settling with kiss-and-tumbling motion. Fig-
ure 4.9 shows the motion of two droplets of different sizes settling under gravity,
imaged at a frame rate of 63 kHz. The diameter of the larger droplet is
37.9£2.0 um and the diameter of the smaller droplet is 29.942.0 um. The
impact number, calculated from the projection of droplet separations y, and
Xy, is B = 0.5. Before the larger droplet affects the smaller one (0 ms in
Fig. 4.9) the separation between them is x, = 1442 pum along the z-axis.
Consideration based on the initial geometry of the droplet trajectories predicts
that they will collide. However, as the large droplet approaches the small one,
it deflects the small droplet to the side without touching, so much so that when
the large droplet finally catches up with the small one the separation y, reaches
a maximum of 35+2.0 um (at ¢ = 16.5 ms on Fig. 4.9). As the large droplet
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continues to fall, the small droplet moves around the large one and gradually
recovers its initial vertical motion (¢ = 25.3 ms in Fig. 4.9) due to Stokesian
microscopic reversibility. This microscopic kiss-and-tumbling motion, whereby
the small droplet bends its trajectory around the big droplet without touching,
has been theoretically described by Zhang and Davis [195] and observed in
experiment for sub-millimeter-size droplets [196]. The total interaction time,
which is approximately the duration of time the centers of the droplets stay
within a separation of a; +as from each other, is approximately 4.2+0.1 ms. The
movie describing this process is available as supplementary material (see video
visualization 2: https://www.osapublishing.org/oe/viewmedia.cfm?uri=
0e-25-2-1391&seq=v002). The temporal resolution in this movie is 15.86 pus.
For clarity, this movie has been slowed down to 100 fps.
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Figure 4.9: The motion of two droplets settling in quiescent air under gravity
as viewed on (a) the y-z plane and (b) the z-z plane that results in kiss-and-
tumbling motion. Panel (c) shows the trajectories of the two droplets as seen
in panel (b). Adjacent tick marks on both axes indicate spatial separation of
50 um. Color bar indicates temporal progression in milliseconds.

4.4.3.3 Gravitational settling with permanent coalescence. In
Fig. 4.10 and 4.11, the sequences of images show the coalescence process of
droplets settling under gravity and interacting without the geometrical confine-
ment of the laser light (see video visualization 3: https://www.osapublishing.
org/oe/viewmedia.cfm?uri=oe-25-2-1391&seq=v003), imaged at 63 kHz.
The diameters of droplets before interaction are 29.9+2.0 and 33.9+2.0 pm, and
the diameter of the resultant droplet is 37.9£2.0 um. The impact parameter,
calculated from the projection of droplet separations x, and x,, is B = 0.14,
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indicating a near head-on collision. The separation between the centers of
the droplets along the x axis is x, = 5.98 um (0 ms in Fig. 4.10). During
the next 11.7 ms, as both droplets approach each other, the larger droplet
displaces the smaller droplet, thereby increasing x, to as much as 12 ym prior
to coalescence. The droplets spent as much as 5.8 £ 0.2 ms together during
which time their center-to-center separation stays less than or equal to the
sum of their radii a; + as. During coalescence the droplets are being pulled
towards each other by capillary forces. The center of mass of the newly formed
droplet is in between those of the individual droplets. The duration of the
coalescence process is approximately 150 ps. In the accompanying movie (see
video visualization 3: https://www.osapublishing.org/oe/viewmedia.cfm?
uri=oe-25-2-1391&seq=v003), the temporal resolution of the image acquisi-
tion system is 15.86 ps from frame to frame, but for clarity the movie has been
slowed down to 100 fps.
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Figure 4.10: Snapshots of two droplets that interact without the influence of
laser light resulting in coalescence as seen on (a) the y-z plane and (b) the
z-z plane. Panel (c) shows the trajectories of the droplets rendered from the
images featured in panel (b). Adjacent tick marks on both axes indicate spatial
separation of 50 um. Color bar indicates temporal progression in milliseconds.

Similar to previous section, the horizontal separation between droplets
increases as the droplets approach each other (Fig. 4.10). But on the contrary,
the droplet interaction here results in coalescence. The main difference, between
this and the previous section, is the value of the impact parameter: B = 0.14
in the case of coalescence and B = 0.5 in the case of non-coalescence. A
smaller impact parameter allows the droplets to come into physical contact.
Our estimation of the collision kinetic energy (CKE) and the surface energy (SE)
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Figure 4.11: Frame-by-frame sequence of images showing the coalescence of two
droplets sedimenting in quiescent air as seen on the (a) z-z plane and (b) the
y-z plane.

of colliding droplets (as discussed in [178] and [181]) showed that the CKE is
insufficient to overcome the SE of the droplets (the CKE is 4 orders of magnitude
less than the SE). This implies that the role of the CKE is to bring the two
droplets close to each other, so that other intermolecular forces could activate
the coalescence process.

4.4.4. Conclusions to section 4.4

We have developed a new technique to image the trajectories of a pair of micron-
sized droplets settling and colliding under gravity. Unlike previous studies
with optical tweezers, in our experiment the droplets interact without the
confinement of the optical trap. We have full control over the initial conditions
of the collision process, namely the impact parameter, the size ratio, and the
chemical compositions of the droplets.

For large impact parameter (B = 0.5), we have observed that the approaching
droplets repel each other from their settling trajectories. For small impact
parameter (B = 0.14), the collision results in permanent coalescence. To the
best of our knowledge this is the first attempt to probe interactions of micron-
sized droplets under gravity with fully controllable initial conditions. The
experiment described here indicates the potential of the technique for studying
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the important problem of droplet growth by gravitational collision of cloud
droplets. In more sophisticated experiments, the technique could be used to
obtain fluorescence spectra of colliding droplets [197], and to probe collision
between electrically charged droplets, post-collision dissipative phenomena and
rotational dynamics of spinning droplets. Progress in these areas of study will
advance our understanding of the strong interactions between turbulence and
the microphysical processes in clouds [184].

4.5. Controlled spin of a nonbirefringent
droplet trapped in an optical vortex beam

In this section we are going to introduce a novel method for optical spin of a
droplet trapped in the laser beam, which can be used in the bigger study of
cloud formation by investigating collisional dynamics of spinning droplets in
the modular system demonstrated in the previous section.

In this section, we demonstrate a method to optically spin a nonbirefringent
and nonabsorbing (transparent) microparticle—a glycerol droplet—around its
axis when it is optically trapped in air by an optical vortex beam. In this
experiment, a droplet is initially trapped in the ring of a Laguerre-Gaussian
light beam. The droplet is unconstrained azimuthally and demonstrates an
orbital motion around the axis of the beam caused by the angular momentum
of the light. By reducing the laser power, the droplet moves towards the waist
of the laser beam. At some point, the size of the droplet becomes of the order of
the size of the laser beam. The trapped droplet is then azimuthally constrained.
The angular momentum of the light then causes the particle to spin around its
own axis. The rate at which a trapped droplet rotates is continuously controlled
from zero to maximum using spin—orbit angular momentum coupling performed
by rotating a quarter-wave plate, as described in [40,43]. The motion of the
trapped droplet is observed using a high-speed camera, and the frequency of
rotation is measured using a photodiode.

4.5.1. Beam preparation

A single optical vortex beam was used to optically levitate and rotate liquid
droplets in air. The complex amplitude of an optical vortex beam can be written
in the form

u(r, ¢, z) = A(r, z)eil‘z’, (4.3)

where 7, ¢ and z are the cylindrical coordinates, A is the amplitude of the beam
(e.g., a nonzero-order Laguerre-Gaussian or Bessel-Gaussian beam), and e'?
describes the azimuthally varying phase of a beam, with [ being the strength
or the topological charge of the optical vortex. The intensity profile of such a
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Figure 4.12: Schematic of a droplet in an optical vortex trapping beam. Left:
The droplet is trapped above the waist of the beam. Inset: The droplet is
orbiting around the axis of the beam. As the power of the beam is reduced,
the droplet moves to the axial position, as indicated by the black spiraling
trajectory. Right: The droplet is trapped at the waist of the beam. Inset: The
droplet positioned at the axis of the laser beam is spinning.

beam is ring-shaped or doughnut-shaped in the transverse plane. The droplet
is trapped in the ring of maximum beam intensity, as schematically shown in
the left part of figure 4.12. The phase front of the optical vortex beam varies
helically around the axis of the beam upon propagation. Due to this helical
variation, its Poynting vector is tilted with respect to the axis of the beam
with a local angle given by Oycre, = U/kr, where k is the wavenumber [5]. This
tilt gives rise to the OAM of the beam, which imparts a tangential force on
the trapped droplet. This is not restricted azimuthally due to the cylindrical
symmetry of the intensity distribution, making the droplet orbit around the
axis of the beam. The direction of rotation is determined by the handedness
of the helical phase front—i.e., by the sign of the topological charge +I. The
geometry of the trapping beam makes it possible to optically rotate particles of
any composition, including nonbirefringent and nonabsorbing droplets.

The optical vortex beam can be generated by various methods. This ex-
periment employed an S-waveplate, which is a nanograting-based g-plate, in
order to make use of the spin—orbit coupling of angular momentum in the
beam to control the spinning frequency of a trapped droplet. A Gaussian beam
propagating through an S-waveplate transforms to an optical vortex beam with
a Laguerre-Gaussian beam profile (I # 0) (Fig. 4.13), as described in detail in
the first Chapter of this dissertation. The conversion is accomplished using the
following transformation of the polarization state: the initial left (right) circular
polarization (with ! = 0) transforms to right (left) circular polarization (with
[I| = 1), (Figs. 4.13b and 4.14b); the initial linear polarization (with |I| = 0)
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Figure 4.13: Schematic showing the preparation of the trapping beam. 6 indi-
cates the orientation of the quarter-wave plate, A/4, with respect to the direction
of the incident polarization. SWP denotes an S-waveplate. SWP flipped denotes
an S-waveplate that is physically flipped around the Z-axis. The red arrows
schematically indicate the polarization state. The resulting polarizations are a)
radial, b) circular, ¢) radial, d) azimuthal.

becomes radial (with |I| = 1) if the S-waveplate is aligned parallel to the orienta-
tion of the incident linear polarization (Figs. 4.13a,c and 4.14a,c) and azimuthal
(with |{| = 1) if aligned perpendicularly (Figs. 4.13d and 4.14d). In general,
the generated radially and azimuthally polarized beams should be vortex free.
However, in the region(s) where the retardation of the S-waveplate slightly
deviates from the half-wave value, these beams become elliptically polarized
with vortex phase |I| = 1 (Fig. 4.14). The stiffness of the optical trapping due to
the different polarization patterns does not vary significantly [199] and does not
affect the presented results. Detailed information on the beam conversion with
aid of the S-waveplate/q-plate can be found in [43,67,74] and references within.
The transmittance, T', of the S-waveplate depends on the incident wavelength,
which for 532 nm is 7' > 50% [200]. The damage threshold of the S-waveplate
LIDT~ 5 J/cm? for A=532 nm and LIDT> 20 J/cm? for A=1064 nm [200].
The experimentally obtained polarization maps shown in figure 4.14 confirm
the polarization states of the generated beams. The interferograms in the same
figure confirm the presence of azimuthally varying phase. The interferograms
show the positions of points of bifurcation of the interference lines (the “charac-
teristic fork”), which indicate the point around which the phase circulates. For
a circularly polarized beam, the point of bifurcation coincides with the center
of the beam (Fig. 4.14b). The location of the bifurcation point is (x; y) =
(0.02; 0) mm, with (0; 0) being the center of the beam. The radius of the ring
of maximum intensity is 0.42 mm. However, for radially /azimuthally polarized
beams, the center of the phase circulation shifts from the center of the beam to
(-0.21; -0.01), (-0.27; -0.03) and (-0.29; 0.03) mm, respectively (Fig. 4.14a,c,d).
The fact that the position of the phase circulation does not coincide with the
center of a beam results in an asymmetric distribution of OAM over the beam.
The effect of this asymmetry on the motion of droplets will be discussed later.
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Figure 4.14: Experimentally obtained polarization maps and interferograms
of a beam prepared as shown in figure 4.13. 6 denotes the orientation of a
quarter-wave plate with respect to the direction of the incident polarization.
First column: the polarization distribution is superimposed on the intensity
distribution. Second column: the position of the characteristic “fork” is marked
by a red star. Polarization of reference beam used to generate interference is
vertical. Third column: magnified area marked by the red square in the second
column. The position and direction of the bifurcation lines are highlighted by
red lines. Topological charges are as follows: a) = -1, b) [ = -1, ¢) | = -1,
d)l =+1.

Rotational frequency control. The total angular momentum per photon
is given by AM = (I—o)h, with the orbital part represented by OAM = [k and the
spin part by SAM = —oh, and o = %1, for left/right circularly polarized beam,
respectively. Note that here AM = (I — o)h and o = £1 has been used instead
of the conventional way of writing AM = (I + o)k with o = F1 [36]. With the
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beam prepared as described above, the total AM experienced by the droplet per
photon is given by AM = (I — o)k = (—1 — 0)h = —1h for the radially polarized
beam (the trapped droplet demonstrates right-hand rotation), AM = (I —o)h =
(+1 — 0)h = +1h for the azimuthally polarized beam (the trapped droplet
demonstrates left-hand rotation) and AM = (I —o)h = (=1 + 1)l = 0 for the
right-hand circularly polarized beam (no rotation). The maximum frequency of
rotation can thus be obtained with a linearly (radially /azimuthally) polarized
beam and with zero rotational frequency using a circularly polarized beam. The
transient polarization states give intermediate values of the AM. By changing the
orientation of the quarter-wave plate (Fig. 4.13) to alter in turn the polarization
state of the trapping beam, the rotational frequency of the droplet can thus be
controlled. This effect of the spin—orbit coupling of the angular momentum in
the beam is used to gradually control the frequency of the rotation of the droplet,
as demonstrated by [40] for absorbing particles and by [43] for nonabsorbing
and nonbirefringent solid particles. In this work, the maximum OAM value is
restricted to |I| = 1. In general, however, it is not limited to this value. The
maximum value is determined by the charge, q, of the plate, which is controlled
in the production of the plate.

Transition from orbiting to spinning. The switch from orbiting to
spinning character of motion is governed by the geometry of the beam; this
can be illustrated with an analogy with the motion of an object being pulled
down a water vortex in a sink or bath: such an object experiences a reduction
in the radius of its orbit and a corresponding increase in the angular velocity.
The vertical position of a droplet depends on the power of the trapping beam.
By lowering the power, the droplet gradually falls down from its stable trap-
ping position above the focal region to the second stable position in the focal
region (Fig. 4.12). The radius of the circle described by the orbiting droplet
is approximately equal to the waist of the beam at the vertical position of the
droplet. When the droplet is within (or close to) the focal area, the beam waist
is smaller than the droplet diameter (right part of Fig. 4.12). The droplet still
experiences AM and the orbiting motion is hence transferred to the spinning
motion when the droplet is locally confined. The transition from orbiting to
spinning motion is accompanied by an increase in rotational frequency.

4.5.2. Results and Discussion

A diode pumped solid-state (DPSS) continuous-wave (cw) laser (Laser quantum
“gemb532”, 532 nm, 2 W maximum power) was used for this experiment. An
S-waveplate (Altechna R&D) and a quarter-wave plate were used to modulate
the phase, spatial distribution, and polarization of the trapping beam (Figs. 4.13
and 4.14). The motion of a trapped glycerol droplet (n=1.47), shown in Fig. 4.15,
was captured with a Phantom Miro eX4 high-speed camera equipped with a
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Figure 4.15: Snapshots of a rotating transparent glycerol droplet (n=1.47)
levitated in air with a radially polarized optical vortex beam of strength /= -1.
The bright spot in the center of the dark droplet is the Fresnel spot. Trapping
power is 196 mW. Focal length of the trapping lens is f = 8 mm. Droplet
diameter is 24.2 pm.

Canon MP-E 65 mm lens and a Canon EF 2X IIT Extender lens. To quantify
the rotational frequency, the light scattered from the trapped droplet was
collected using a photodiode. The time series obtained with the photodiode
was Fourier-transformed to obtain the rotational frequency of the droplet.

Rotational frequency control. Figure 4.16 shows the Fourier-transformed
photodiode signal obtained from a 19.5 um droplet orbiting in a ring of light, as
shown in figure 4.15. The maximum rotational frequency, marked by fy and fqq,
is achieved with a linear polarization state incident on the S-waveplate, which
corresponds to the orientation of the quarter-wave plate at 0° and 90° with
respect to the orientation of the polarization of the incident beam. Deviation
from these orientations dramatically decreases the orbiting frequency: 10°
deviation (i.e., the orientation of the quarter-wave plate at 10° or 80°) results
in the frequency being approximately halved (shown as the curves f1o and
fso in figure 4.16); 45° orientation, which corresponds to circular polarization,
completely eliminates the AM experienced by the droplet and the droplet
stops rotating (curve fy5 in figure 4.16). The direction of rotation remains the
same, independent of the orientation of the quarter-wave plate. Reversal of the
rotational motion is achieved by physically flipping the S-waveplate around the
Z (gravity) axis (that is, by aiming the light through the front face of the plate
instead of the back face), which reverses the handedness of the helicity of the
generated optical vortex. The “fork” in figure 4.14d then points in the opposite
direction to that observed in figure 4.14a—c.

The shift of the “characteristic fork” from the center of a beam (as shown
in figure 4.14) leads to an aperiodic motion of the trapped droplet and hence a
widening of the peaks in the frequency spectrum recorded with the photodiode.
The difference between the rotational frequencies fy and fog is caused either
by disturbances due to the open trapping chamber or a slight misalignment of
the optical components. The appearance of strong higher harmonics has two
origins, being due either to the photodiode being positioned at neither 0° or
90° with respect to the droplet position and beam axis, or due to the aperiodic
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Figure 4.16: Angular frequencies fy obtained from the Fourier-transformed
photodiode signals acquired at different angles 6 of the quarter-wave plate
orientation (see text for details). The greatest rotation rates, seen as the
fundamental Fourier component fy = 16 Hz and f99 = 20 Hz, correspond to the
quarter-wave plate orientations at 8§ = 0° and 90°, respectively. An orientation
of the quarter-wave plate at 45° leads to no rotation—that is, f45 = 0 Hz; 10°
and 80° orientations lead to intermediate values of rotational frequency of fig
= 9 Hz and fgg = 11.5 Hz, respectively. Trapping power is 230 mW, droplet
diameter 19.5 pm, beam diameter measured as the diameter of the ring of
maximum intensity 39.2 pm.

motion mentioned above.

Transition from orbiting to spinning. By reducing the laser power of
the trapping beam, the droplet approaches both the focal plane of the laser
beam and the beam axis. As a result, due to a decrease in the radius of the orbit,
the droplet rotates faster. Figure 4.17 shows the droplet rotational frequency
as a function of the beam power for different trapping lens focal lengths and
different droplet sizes. The behavior is similar for all focal lengths investigated.
Larger beam divergence causes more rapid transformation of the droplet from
orbiting to spinning.

In the limit where the droplet diameter is equal to or greater than the
beam diameter, the nature of the rotation changes from orbiting to spinning.
The insets on the right side of figure 4.17 show an orbiting droplet trapped
at 197 mW and a spinning droplet trapped at 98 mW. From the high-speed
camera recording, it can be observed that the droplet conserves its axial position.
However, the axial constraint makes it difficult to spot the spin in the video
recording (see image insets in figure 4.18). The spinning of the particles is
instead verified by the time series of the signal from the photodiode, which
indeed shows a spinning particle. To verify this, two cases were compared.
In the first case, the quarter-wave plate was oriented at 45°, such that the
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Figure 4.17: Angular frequency of the droplet rotation as a function of the
trapping power. The left side shows the dependency under various specified
experimental conditions, while the right side is an example of a particular case.
f is the focal distance of the trapping lens in mm, and a is the droplet diameter
in gm. Image insets on the right side: glycerol droplet trapped on the axis (top)
and within the ring of light (bottom) of Laguerre-Gaussian beam. Trapping
power is 98 mW and 197 mW, respectively. Droplet diameter is 19.5 pm.

polarization before the S-waveplate is circular and the total AM experienced by
the droplet is this zero. In the second case, the quarter-wave plate was oriented
at 90°, such that the polarization before the S-waveplate is linear and AM = -1h
(see figure 4.16 and section 4.5.1). As shown in figure 4.18, there is a clear
difference between the two signals, despite the similar image sequences observed
with the high-speed camera. The analysis indicates that the droplet spins with
a frequency of fgo = 65.6 Hz when AM is maximum, and stops spinning when
AM is minimum, giving a frequency of f45 = 0 Hz.

In the case of axial localization of the isotropic spinning droplet, there are
two reasons a nonzero photodiode signal is seen. Over a short time scale, an
inhomogeneity or impurity in droplet composition could give rise to a periodic
signal. However, since the droplet is in the liquid phase, it should smear out
over a long time scale, unless the impurity inside the droplet is trapped by
the beam and constituted the main contribution to the signal. Over a long
time scale, variability in the position of the droplet gives rise to the observed
frequency. An asymmetric distribution of OAM or a slight inclination of the
plane of rotation of the droplet with respect to the normal to the direction of
gravity would result in nanometer-scale variations in the position, which is the
main cause of the observed periodic signal.

4.5.3. Conclusions to section 4.5

We have demonstrated a single-beam technique for optical levitation and rotation
of nonabsorbing (transparent) and nonbirefringent liquid droplets in air. The
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Figure 4.18: Comparison of two Fourier-transformed photodiode signals obtained
at two different orientations of the quarter-wave plate. The quarter-wave plate
oriented at 45° (circular polarization, AM is minimum) leads to zero spin,
fas = 0 Hz, while the 90° orientation (linear polarization, AM is maximum)
leads to spin at a frequency of fgg = 65.6 Hz. Insets: snapshots from the
high-speed camera recordings showing a glycerol droplet trapped on the axis of
the Laguerre—Gaussian beam; the bright spot in the center of each droplets is
the Fresnel spot. Trapping power is 98 mW, and droplet diameter 19 pm.

trapped droplet can be made to either orbit or spin around the axis of the
trapping beam. The type of rotational motion depends on the size of the local
waist of the trapping beam at the point of trapping. The vertical trapping
position is controlled by the power level of the trapping laser beam. The
frequency of the rotation of the droplet depends on the polarization of the beam
(even though the droplet is not birefringent) due to the spin—orbit coupling of
the angular momentum in the beam. The polarization is continuously controlled
by the orientation of the quarter-wave plate. This single-beam method may
be preferential to multiple-beam technique on account of interference between
two beams of slightly different frequencies, and for extending the abilities of
conventional optical tweezers and complex setups in the analysis and probing of
microparticles, as discussed in [198]. Although the experiment was performed
in air with liquid droplets the described method can be successfully used in
conventional optical tweezers with samples in any phase (gas/liquid/solid) as
long as the standard condition n, > n, for refractive indices of surrounding, ns,
and particle/sample, n,,, is met. Additionally, this method can find applications
outside optics, such as in fluid dynamics, where rotating droplets could be
achieved in the study of collisional dynamics of liquid droplets in studies of
raindrop formation [44] which was introduced in the previous section.
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4.6. Conclusions to Chapter 4

A versatile modular apparatus for optical levitation has been presented in this
chapter. The apparatus allows simultaneous control of the droplet size, charge,
spin and rotation, allowing the dynamics and chemical structure of glycerol
droplets to be studied using optical imaging technique and Raman spectrometry.
The modular design allows further experimental methods to be developed for
studies of the physics of droplets. The long term goal of this work is to create
a system where interactions of droplets with the surrounding media or with
other droplets can be studied with full control of all physical parameters. The
experiments presented in this chapter constitute important steps towards this
goal.

110



Conclusions

1. Perturbation of retardation of the S-waveplate (and a geometric phase
retarder in general), whether by mismatch of the incident wavelength or
defects in the manufacturing, leads to complex converted beam consisting
of the vortex and non- or multiple-vortex components. This is turn leads
to shift in position of the vortex within the beam and to asymmetry in
intensity distribution and appearance of a vortex phase in the generated
radial/azimuthal polarization. Bigger the perturbation of the retardation,
bigger the vortex shift. When perturbation of the retardation is homo-
geneous, e.g. due to mismatch of the incident wavelength, the spatial
size of the non-vortex component is the same as of the vortex component,
which strongly distorts vortex position, intensity, phase, and polarization
distribution of the generated beam. However, when the perturbation of
the retardation is inhomogeneous, e.g. due to manufacturing error, and os-
cillates around 7 value, then both components in the complex beam carry
vortices. However, size of the multiple-vortex (background) component
is bigger than that of the (main) vortex component, and diffracts much
faster upon propagation. Higher oscillations lead to bigger size of the
multiple-vortex (background) component. Therefore, proper polarization
and phase state of the generated beam recovers after some free space
propagation.

2. White light and broadband (more than octave spanning) vortex beam
generation from a single S-waveplate has been demonstrated. S-waveplate
(and a geometric phase retarder in general) should induce exactly half
wave phase delay for correct conversion of the polarization and phase of
the incident beam. When incident wavelength vary, the phase delay, which
the beam experience also vary. Therefore, resultant complex beam consist
of the vortex and non-vortex components, which can be spatially separates
by polarization. Selecting circularly polarized (with direction opposite to
that of the incident beam) component of the converted beam, we select
only those components of the beam, which have experienced proper half
wave phase delay, hence we select only vortex component. S-waveplate
used in the experiment had half wave retardation for A\g = 532 nm. Vortex
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generation was demonstrated at incident wavelength varying from 400 nm
to 1000 nm, at expense of lower efficiency of generation at the wave-
lengths further from the A\, but still higher than 50% at all demonstrated
bandwidth.

. When THz generating plasma filament intersects with another pre-created
plasma filament then plasma absorption and screening play an important
role and significantly reduce the intensity of THz radiation when the
intersection point of the bichromatic pump and prepulse beams is located
after the pump beam focus. On the other hand, when the intersection
point is before the pump beam focus, the main phenomenon responsible for
the strong modification of generated THz radiation is the influence of the
preplasma filament on the intensity and relative phase of the bichromatic
pump beam.

. For the first time to the best of our knowledge, we have demonstrated
generation of the vortex THz pulse from plasma filament in air induced by
the Gaussian fundamental harmonic and optical vortex second harmonic
pulses. The presence of a phase singularity in the generated THz beam
was confirmed by astigmatic transformation of the singular THz beams in
the focus of a cylindrical lens, as well as by fully space and time resolved
numerical simulations. Furthermore, it was additionally confirmed by
analyzing the change of the intensity distribution of the THz beam with
respect to the relative phase between fundamental and second harmonic.
The intensity of the vortex THz beam is modulated along the beam
azimuthal angle and contains two minima between two lobes of maximum
intensity. This is because the relative phase between two harmonics varies
azimuthally when the SH pump pulse is a vortex. Moreover, our numerical
simulations demonstrate that transverse instabilities in the filamentary
pump propagation affect the THz vortex without destroying it. They may
introduce secondary phase singularities, which renders the phase topology
of produced structured THz fields particularly rich. One of the benefits
of THz generation from plasma currents is the large (>40 THz) spectral
range achievable, contrary to bandwidth limited external THz shaping
techniques.

. Generated, from vortex signal pulse and Gaussian pump pulse, idler pulse
has vortex phase with direction of vorticity opposite to that of the signal.
In type II nonlinear crystal, linear polarizations of the signal and idler
are also orthogonal. Therefore, in the case of degenerate parametric
amplification, signal and idler vortices (of the same wavelength) of oppo-
site topological charges and orthogonal linear polarizations combine to
the vortex-free exotic polarization state by a simple quarter waveplate
converting orthogonal linear polarization states of vortices to orthogonal
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circular states. Exotic polarization state, e.g. radial, azimuthal or mixed,
is controlled by changing phase delay between signal and idler. 7/2 phase
delay results in radial polarization, while 7 phase delay changes polar-
ization state to azimuthal. Possibility of active polarization control and
polarization shaping without external optical components (hence, high
damage threshold and possibility of extremely high energy levels) make
this method very attractive for applications.

. We have undertook significant steps towards creation of a versatile system
for optical manipulation experiments, where interactions of droplets with
the surrounding media or with other droplets can be studied with full
control of all physical parameters. We have designed and demonstrated
system for precise and repeatable collision of micronsized liquid droplets
under gravity. We controlled diameter (hence, terminal velocity), impact
number, chemical composure, and electric charge of droplets.

. Further, we have developed a novel method to rotate nonbirefringen and
nonabsorbing liquid droplets in an optical vortex beam. The trapped
droplet can be made to either orbit or spin around the axis of the trapping
beam. The type of rotational motion depends on the size of the local
waist of the trapping beam at the point of trapping. The vertical trapping
position is controlled by the power level of the trapping laser beam. The
frequency of the rotation of the droplet depends on the polarization of the
beam (even though the droplet is not birefringent) due to the spin—orbit
coupling of the angular momentum in the beam. The polarization is
continuously controlled by the orientation of the quarter wave plate.
Rotation of droplets is another possible parameter to control in the
collision experiment. Investigation of collisional dynamics of droplets with
precise control of the mentioned parameter is core in the studies of cloud
formation in the field of fluid dynamics.
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Santrauka

Ivadas

Optiniy sukuriy pluosty esme galima paaiskinti remiantis Sviesos interferencijos
formalizmu. Pavyzdziui, interferencijos eksperimente su trimis bangomis Sviesa
kai kuriuose taskuose iSnyksta, o kituose sustipréja atitinkamai dél destrukty-
vaus ir konstruktyvaus bangu sumavimo. Nors dauguma nenulinio intensyvumo
diapazonu lokaliai atrodo kaip plokscios bangos, Salimai esantys nulinio lauko
taskai pasizymi neiprastomis savybémis. Kadangi lauko intensyvumas yra nulis,
jo fazé yra neapibrézta arba "singuliari". Tokios vietos vadinamos fazés singu-
liarumais. Apskritai, aplink §i taska galimos visos 27 fazés vertés, o tai leidzia
optinés energijos srauto sukimasi. Lauko intensyvumo nuliai trimatéje erdvéje
paprastai pasireiskia kaip linijos, aplink kurias fazé sukasi arba pasizymi spira-
line forma, dél ko ir atsirado terminas "optinis sukurys" (OS). Nustatyta, kad,
su tam tikromis ribotomis iSimtimis, optiniai sukuriai yra tipiski singuliarumai,
atsirandantys daugelio interferencijos eksperimentuy su daugiau nei dviejomis
bangomis, metu. OS turi gerai matematiskai apibrézta struktura [1], be to, §i
struktura gali stipriai itakoti per bendras Sviesos lauko savybes, iskaitant ir jo
saveika su medZiaga. Siuo metu $viesos lauky singuliarumu tyrimai issiplété iki
pilnai iSsivysciusios optikos srities, zinomos kaip singuliariné optika. Kadangi
izoliuoti lauko nuliai gali suteikti tiek pat informacijos, kiek ir Sviesios sri-
tys, singuliariné optika igalina alternatyvius sviesos tyrimo metodus. Praktiniu
poziuriu, specialiai paruosti sukuriniai pluostai turi daugybe idomiy strukturiniy
savybiy, kurios yra naudingos daugelyje optikos sri¢iu: nuo optinio lokalizavimo
ir manipuliavimo iki optiniuy komunikaciju, mikroskopijos bei astronomijos,
paminint tik keleta savarbiausiy.

Lazerio pluostas su sukuriu asSyje matematiSkai aprasomas kaip "Lagero-
Gauso" moda. OS pluosto fazé kinta priklausomai nuo pluosto azimuto, o
jo kompleksineé amplitudé yra proporcinga e’?, kur ¢ yra azimutinis kam-
pas, kintantis nuo 0 iki 27, o [ apibudina spiralinés bangos frontg ir Zinomas
kaip topologinis kruvis arba fazinio singuliarumo stipris. Topologinis kruvis
apibudina spiralinés bangos fronto kreivuma, o jo zZenklas reiskia sukimosi
krypti [2,4]. Labai trumpuy impulsiniy lazeriniy sistemu atsiradimas stipriai
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komplikavo sukuriniy pluostu generavimo procesa. Taip yra todél, kad itin
trumpi lazeriniai impulsai susideda i$ daugybés spektriniy komponenty, t.y.,
jie yra placiajuosciai. IS tiesy, OS bangos frontas, kuris salygoja orbitinj
Sviesos pluosto sukimo momentg (OSM), yra pakreiptas kampu I\/27r, kur
r yra pluosto spindulys [5]. Charakteringa priklausomybé nuo bangos ilgio
A OS pluosty generacija, naudojant itin trumpus impulsus, susidedancius i$
skirtingu spektriniy komponenty, padaro techniskai sudétinga. Taciau didelis
placdiajuoséiu optiniy sistemu poreikis, pvz., optinése ir kvantiniy rysiu sistemose
bei duomenuy perdavimas fotoniniy kristaly skaidulomis skatina plac¢iajuosciy
OS pluosty kurima.

Toliau nuo optinés srities, terahercy (THz) daZnio spektrinis diapazonas
siuo metu tarp fizikos bendruomenés pritraukia daug démesio. THz spinduli-
uoté yra labai aktuali dél daugelio taikomuyju tyrimy, tokiu kaip netiesiné THz
spektroskopija ir vaizdinimas [6] arba kaip alternatyva elektrony pluostelio sus-
paudimui [7]. Singuliarinés optikos iSplétimas i naujus daznio diapazonus, pvz.,
i THz dazniy sriti, galéty atverti naujus horizontus THz fizikoje. Ankstesnés
stukuriniy THz daznio pluosty kurimo pastangos [8-15] buvo paremtos tik THz
daznio spinduliuotés manipuliavimu iSoriniais komponentais, kas i$ esmés riboja
taip gaunamos priimtinos pralaidumo juostos ploti. Todél, vystant Sig sriti, itin
svarbu siulyti ir tirti alternatyvius plaéiajuoséiy sukuriniy THz daznio pluostu
generavimo metodus. Taip, visai neseniai, sukurio formos THz daznio impulsai
buvo sukurti be iSoriniy formavimo elementy [16,17] ZnTe kristaluose, ta¢iau
buvo gauta palyginti siaura pralaidumo juosta. Todél placiajuos¢iy THz daznio
sukuriniu pluosty kurimo problema vis dar lieka atvira ir reikalauja iSsamiu
tyrimuy.

Banginiu frontu dislokaciju transformacijos taip pat buvo tiriamos ir netiesini-
uose rezimuose. Buvo parodyta, kad optiniy sukuriy atveju topologinio
kruvio iSsaugojimo désnis antrosios eilés, x(2) netiesinés saveikos metu yra
l1 4 lo = l3. Topologiniyu kruviy iSsaugojimas optinio parametrinio stiprinimo
(OPS) metu, tiksliau skirtingu kruviy sukuriuy kombinacija sukelia svarbius
praktinius padarinius. Pavyzdziui, galima gauti radialiai poliarizuotus impulsus,
kurie gali buti naudojami lazeriniams medziagy apdorojimui [26-29] ir elektrony
pagreitinimui/suspaudimui iSilginiu elektrinio lauko komponentu [30-32]. Pa-
prastai radialinés poliarizacijos pluosty generavimas priklauso nuo poliarizacijos
keitimo specialiame optiniame komponente. Taciau optiniy komponenty optinés
pazeidos slenkstis labai apriboja lazerio impulso energija, reikalinga didelés
galios taikymams. Todél radialiai poliarizuoty impulsy generavimas OPS metu,
pagristas OS pluostyu deriniu gali buti patraukli alternatyva didelés galios taiky-

maims.

Vienas i§ OS pluosty taikymuy yra optinis daleliy lokalizavimas ir manipuli-
avimas. Optiskai indukuotas pagautyu daleliy sukimas naudojamas, pavyzdziui,
neinvazinei gyvu lasteliu orientacijai, daleliy dinamikos tyrimuose ir tribologiniu
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sistemy tyrimuose [33,34]. Dalele galima sukti, naudojant $viesos pluoStus,
turincius kampini sukimosi momenta (SM). Sviesos SM sudaro kampinis sukimo
momentas (KSM) ir orbitinis Sviesos pluosto sukimo momentas (OSM) [36].
OSM yra susietas su apskritimine pluosto poliarizacija, o KSM yra susietas su
geometrine sukurinio pluosto struktura taip, kad lokalizuota dalelé yra veikiama
papildoma tangentine jéga. Sukamojo judesio tipas izotropinéms ir neabsorbuo-
jancéioms daleléms, pvz., kai dalelé lieka vietoje ir sukasi aplink savo asi, dar
néra pademonstruotas. Nepaisant to, izotropiniu ir nesugerianc¢iyu laseliy optinis
sukimasis gali buti pritaikytas ne tik optikoje, bet ir, pvz., skys¢iu dinamikoje,
kur, tiriant skystyu laseliy susidurimo procesus, gali susidaryti besisukantys
lageliai [44].

Disertacijos tikslas

Todél sios disertacijos tikslas — sukurti ir iSvystyti (i) ultraplaciajuoséiy optiniy
sukuriy generavimo metodus, (ii) terahercy daznio sukurius, (iii) radialines
poliarizacijos besukurinius pluostus, ir pasitlyti sukuriniy pluosty taikyma
daleliy optinio manipuliavimo srityje, kaip universalios modulinés sistemos,

skirtos optinio manipuliavimo eksperimentams, dalj.

Darbo uzduotys
Siekiant mokslo darbo tikslo, buvo jigyvendintos Sios uzduotys:

1. Teoriskai ir eksperimentiskai iStirti geometrinio fazés létintuvo fazés
vélinimo netolygumu poveiki generuojamo optinio sukurio pluosto ir radial-
iskai/azimutiskai poliarizuotu pluosty fazei, intensyvumui ir poliarizacijai.

2. SkaitmeniSkai ir eksperimentiskai plataus spektro diapazone (daugiau
nei oktavos plo¢io) pademonstruoti optiniy sukuriniy impulsy gamybos
biuda, naudojant laikiskai koherentinius ir nekoherentinius Sviesos Saltinius.
Sukurtas optinis sukurys turéty pasizymeéti generuojamu skirtingu banguy
ilgiy optiniy sukuriy koaksialumu (be erdvinés dispersijos).

3. Istirti ultraplataus spektro rysio (>30 terahercy) sukuriniy impulsy gen-
eravima terahercy dazniu srityje ore susidaranciose plazmos gijose, tam
naudojant fokusuotus bichromatinius femtosekundinius ir sukurinius laze-
rio impulsus.

4. Eksperimentiskai istirti lazeriu sukurtos plazmos jtaka terahercy daznio
spinduliuotés, generuojamos ore fokusuotais femtosekundiniais bichroma-

tiniais lazerio impulsais, energijai ir erdvinéms savybéms.
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5. Sukurti optini parametrinj stiprintuva, pasizymint] radialinés poliarizacijos
iséjimo pluostu, tam nenaudojant iSoriniy poliarizacijos keitikliy.

6. Sukurti universalios modulinés sistemos, skirtos optinio manipuliav-
imo eksperimentams, dali, visy pirma tinkama mikrony dydzio laseliy
susidurimo dél gravitacijos dinamikos tyrimams, tam naudojant dvi optiniy

gaudykliy sistemas.

7. Sukurti optiskai indukuoto dvejopalauzisSkumu nepasizyminciy bei
nesugerianciy daleliy sukimo ir sukiojimo metoda optiniame sukuriniame
pluoste. Buty galima naudoti kaip modulinés sistemos aprasytos Sestojoje
uzduotyje plétinj.

Disertacijos tikslas, uzdaviniai ir iSdéstymas schematiskai parodyti Pav. 4.19.
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Figure 4.19: Disertacijos tikslo, uzduociy ir iSdéstymo schema.

Darbo naujumas ir svarba

Siame disertacijoje aprasyty tyrimu metu buvo sukurtos naujoviskos ultraplataus
spektro optiniy sukuriniy impulsy, radialinés poliarizacijos impulsy ir THz
daznio sukuriniy impulsy generavimo schemos. Pirma karta buvo istirtas
nehomogeninio vélinimo poveikis pluostu, generuojamuy geometriniame fazés
létintuve, savybéms. Buvo sukurtos naujos schemos, skirtos laseliuy optiniu
budu valdomo sukamojo sukimosi ir orbitinio judéjimo kontrolei, taip pat buvo
iSvystyta schema, skirta optiskai inicijuoty laseliu susidurimuy dinamikai tirti.
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Placiajuosciai Sviesos sukuriai turi praktine reikSme kvantiniu rysiu siste-

moms ir duomeny transformavimui per fotoninius pluostus. Didelio galingumo

radialinés poliarizacijos impulsai yra svarbus ir lazeriniame medziagyu apdoro-

jime bei elektronu greitinimui isilginiu Sviesos elektrinio lauko komponentu.

THz daznio sukuriniy impulse tyrimas potencialiai gali atverti naujus kelius

aktyviai placiajuosciy terahercy daznio pluosty savybiy kontrolei bei atveria

naujas terahercy daznio fizikos galimybes, singuliarinés optikos sriti iSpleciant iki

terahercy daznio. Sukurti optiniai laseliy sukimo metodai ir ju susidurimu tyri-

mas turi praktine reikSme skysciy dinamikoje, tyrinéjant lietaus lasy susidaryma

ir turbulencijos jtaka Siam procesui.

Pagrindiniai ginamieji teiginiai

1.

Net nedideli fazes vélinimo netikslumai geometriniame fazés vélinime suke-
lia generuojamo pluosto poliarizacijos, fazés ir intensyvumo pasiskirstymu
asimetrija. Homogenisky fazés vélinimy geometriniame fazés létintuve
atveju, $i asimetrija yra stipri. Kai vélinimas osciliuoja apie pusés bangos
plokstelés vélinima, Si asimetrija iSnyksta laisvo pluosto sklidimo metu,
todeél pluosto poliarizacijos, fazés ir intensyvumo pasiskirstymai tampa

simetriski.

. Geometriniu fazés létintuvu konvertuojamos impulso sukurinés ir

nesukurinés busenos gali buti erdviskai atskirtos uztikrinant bet kurios
bangos ilgio (oktavos diapazone aplink numatytaji bangos ilgi) sukuriy
koaksialuma.

. THz daznio bangyu galia mazéja, joms sklindant per i$ anksto lazerio

impulsais sukurtg plazma net tada, kai dvieju lazerio pluosty susikirtimo
taskai yra daug aréiau arba uz zadinancio lazerio pluosto sasmaukos. Uz §i
efekta atsakingi ne maziau kaip du skirtingi mechanizmai, t.y., zadinanciy
bangu faziy modifikavimas ir ekranavimas lazerio impulsais i anksto
sukurtoje plazmoje.

. Terahercy daznio spinduliuotés, generuojamos elektronu srove, indukuota

pirmosios harmonikos Gauso ir antrosios harmonikos optinio sukurio za-
dinimo, intensyvumas tampa moduliuotas THz pluosto azimutinio kampo
atzvilgiu ir turi du minimumus tarp dvieju maksimalaus intensyvumo
tasky. Sitaip generuojamos terahercinés spinduliuotés fazé yra singuliari.

. Radialine, azimutine arba misrig poliarizacijos busena galima generuoti

iSsigimusiame optiniame parametriniame stiprintuve (su Gauso zadinimu ir
sukuriniu signalu). Galutine poliarizacijos buseng galima aktyviai valdyti
ir perjunginéti, valdant santykine faze tarp skirtuminés ir signalinés banguy,

arba tarp skirtuminés bangos ir zadinimo.
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6. Sukurta optiné daleliu lokalizavimo schema, kaip dalis universalios mod-
ulinés sistemos skirtos optinio daleliy manipuliavimo eksperimentams, lei-
dzia kontroliuojamus ir atsikartojanc¢ius mikrony dydzio laseliy susidurimo
dinamikos gravitaciniame lauke eksperimentus.

7. Dvejopalauziskumu nepasiZzyminc¢iy (izotropiniy) ir nesugerianc¢iy
(skaidriy) glicerolio laseliy optiné levitacija sukuriniame $viesos pluoste lei-
dzia perjunginéti sukimosi ir sukiojimosi judesius. Judesio tipas priklauso
nuo gaudanciojo pluosto sasmaukos matmeny, kurie yra kontroliuojami
gaudanciojo lazerio pluosto galios lygiu.

Placiajuoscéiy singuliariniy Sviesos lauku generav-

imas S bangine plokstele

Sis skyrius i$ dalies pagristas [A4] publikacija.

Pirmoje sio skyriaus dalyje aptariama homogeniniy ir nehomogeniniy
vélinimo nuokrypiu (perturbaciju) geometriniame fazés létintuve jtaka generuo-
jamo pluosto poliarizacijai ir fazinei strukturai (radialiskai/ azimutiskai poliar-
izuoti pluostai, apskritimiskai poliarizuotas optinis sukurinis pluostas) kuris
buvo istirtas teoriskai ir eksperimentiskai. Buvo tirtas asimetrijos ir neho-
mogeniskumo atsiradimas intensyvumo/poliarizacijos pasiskirstymuose, kaip ir
optinio sukurio padéties poslinkis. Rezultatai aptariami remiantis sukinio kon-
vertavimo j orbitini momenta formalizmu. Azimutiskai nehomogeniniy (sinusinio
svyravimo) perturbacijyu tyrimai parodé galimybe iSvengti generuojamos $viesos
iSkraipymu. Musu teorija rodo, ir eksperimentas tai patvirtina, kad vélinimo
nuokrypiai geometriniame fazés létintuve lemia intensyvumo, poliarizacijos
ir konvertuoto pluosto fazés pasiskirstymo simetrijos susilpnéjima. Tai savo
ruoztu lemia ortogonaliai poliarizuoty konvertuojamu pluosty optiniu sukuriy
lokalizaciju neatitikima, bei ju judéjima pagal skirtingas trajektorijas, kas sukelia
sukurio fazés atsiradima generuojamuose radialiskai/azimutiskai poliarizuotuose
pluostuose (4.20a pav.). Kai létinimo nuokrypis yra nehomogeniskas ir svyruoja
aplink 7 verte, tuomet abiejuose priesingai apskritimiskai poliarizuotuose kom-
pleksiniuose pluosto komponentuose atsiranda optiniai sukuriai. Taciau “blogo”
komponento matmenys yra didesni, nei “naudingo” sukurio komponento ir
sklisdami difraguoja daug greiciau. Todél norima azimutriskai simetriska fazé,
intensyvumas ir poliarizacija automatiskai atsistato.

Antrajame skyriuje aprasomas optiniy sukuriniy pluosty generavimas mato-
mojo ir artimojo infraraudonojo spektro srityje placiame bangu ilgiu diapa-
zone, tam naudojant poliarizacijos konverteri su viena S bangine plokstele ir
taikant selektyvu poliarizacijos filtravimg. Naudojant siuloma poliarizacijai
jautry filtravima, mes demonstruojame optinio sukurinio pluosto generavima

i§ kvazikoherentiniy ir nekoherentiniy Sviesos Saltiniu visame matomame ir
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Figure 4.20: (a) Sviesos pluosto, transformuoto geometriniame fazés létintuve
su sinusiniu vélinimo profiliu u = sin(jy) poliarizacijos, fazés ir intensyvumo
pasiskirstymu modeliavimo rezultatai. Vélinimo pasiskirstymas ir gautas pluosto
profilis parodyti stulpelyje “Retardance”. Zyméjimai L, R, ir L + R atitinkamai
parodo kairiniy, deSininiy bei kombinuoty kairiniy ir desininiy apskritiminés
poliarizacijos pluosto komponenty intensyvuma ir faz¢. Kombinuoty kairiniy ir
desininiy apskritiminés poliarizacijos pluosto komponenty optiniy sukuriu vietos
parodytos stulpelyje “OVs locations”. (b) Poliarizacijai jautraus Sviesos pluosty
valymo efektyvumo priklausomybé nuo bangos ilgio. Eksperimentiniai taskai
lyginami su teorine kreive. Intarpai demonstruoja eksperimentiskai iSmatuotus
generuojamy OS pluosty profilius ir isfiltruotos foninés spinduliuotés profilius
skirtingiems bangos ilgiams. 532 nm bangos ilgiui vélinimas lygus 7.

artimajame infraraudonajame spektro diapazone. Sis metodas leidzia bet kuri
nuo bangos ilgio priklausoma (chromatini) Pancharatnam-Berry fazinj elementa
konvertuoti j achromatini. Mes naudojome auksto optinés pazeidos slenkscio S
bangine plokstele [71] 532 nm bangos ilgiui ir parodéme, kad didelio kontrasto
OS pluosty generavimui ji gali buti naudojama bet kuriame bangos ilgiu inter-
vale nuo 400 nm iki 1040 nm (4.20b pav.). Filtravimo efektyvumas, t.y., galios
santykis tarp iSvalytos sukurinés pluosto dalies ir nemoduliuotos fazés fono
(‘R’ 4.20b paveikslélyje) labai priklauso nuo bangos ilgio. DidZiausias efektyvu-
mas pasiekiamas projektiniam S banginés plokstelés bangos ilgiui; filtravimo
efektyvumas islieka didesnis, nei 50% bangos ilgiui, kuris yra beveik du kartus
didesnis uz projektini bangos ilgi, o tai rodo sékmingas OS generavimas 600 nm
bangos ilgio diapazone (Siame diapazone efektyvumas yra didesnis nei 50%).
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Sukuriniy lauky iSplétimas j terahercy dazniy di-

apazonag

Sis skyrius pagristas [A1] ir [A2] publikacijomis.

Pirmajame skyriuje buvo pademonstruotas placiajuoséiy sukury generavimas
matomoje ir artimojo infraraudonojo spektro srityje. Siame skyriuje parodytas
sukuriniy lauky generacijos metoduy isplétimas j tolimaja infraraudonaja spektro
sriti ir THz daznius.

Norint suprasti THz dazniy spinduliuotés generavimo i$ plazmos giju procesa,
kaip aprasyta sio skyriaus pirmojoje dalyje mes atlikome eksperimenta, kurio
metu tyréme lazeriu sukurtos plazmos itakg THz spinduliuotés generavimo efek-
tyvumui. Be to, iSsiaiskinus THz daznio spinduliuotés generavimo mechanizma,
antrojoje sio skyriaus dalyje sukuriniy lauky generavimo metodai buvo iSplésti
iki THz dazniuy.

Pirmojoje Sio skyriaus dalyje apraSytas eksperimentas, kuriame buvo tiri-
amos energiniy ir erdviniy generuojamos THz daznio spinduliuotés saybiu
priklausomybés nuo pirminés iS anksto sukurtos plazmos padéties, zadinimo
pluosto asies ir jo sasmaukos atzvilgiu. Buvo nustatyta, jog, priklausomai nuo
dvieju plazmos giju santykinés padéties uz generuojamos THz bangos galios
sumazéjima yra atsakingi skirtingi mechanizmai (4.21a pav.). (1) pries pagrind-
ine plazma (z = 0 + 17 mm): (a) faziniai poslinkiai, sukelti zadinimo pluosto
luzio (refrakcijos) is anksto sukurtos plazmos gijoje; (b) Zadinimo intensyvumo
moduliacija, kuria sukelia difrakcija ir interferencija is anksto sukurtoje plazmoje.
(3) uZ pagrindinés plazmos (z = 25 =+ 35 mm): (c) plazmos sugertis ir atspindys:
0-28 THz dazniy atspindys ir refrakcija 28-60 THz dazniu atveju; d) Fresnelio
atspindys (zona tarp dvieju terpiu). (2) plazmos viduryje (z = 17 + 25 mm):
visi auksciau mineti: (a), (b), (c), (d).

Antroje Sio skyriaus dalyje buvo istirtos ultraplaciajuos¢iu THz daznio
(maZziausiai tarp 10 ir 40 THz) impulsy, turind¢iy fazinj singuliaruma, generav-
imo dvieju spalvy femtosekundiniy impulsy lazeriu sukurtoje duju plazmoje
ypatumai. Kai antrosios harmonikos pluostas turi sukurini kruvi, THz plu-
ostas taip pat jgauna jvairialype sukurine struktura. Be to, paaiskéjo, kad
THz intensyvumas taip pat yra moduliuotas azimutinio pluosto kampo atzvil-
giu (4.21b pav.). Intensyvumo moduliavimas susijes su skirtingais erdviniais
santykiniu faziy skirtumais tarp dvieju zadinimo harmoniky. Teoriskai nu-
matytas intensyvumo moduliavimas buvo eksperimentiskai pademonstruotas,
naudojant Silumine kamera. Fazinio singuliarumo buvimas susidariusiame
THz pluoste buvo patvirtintas, naudojant gerai iSvystyta topologinio kruvio
nustatymo metoda, pagrista astigmatine singuliariniy pluostuy transformacija
cilindriskai fokusuojanéiu veidrodziu [81]. Papildomai fazinio singuliarumo buvi-
mas buvo patvirtintas stebint THz daznio sukurio poky¢ius, kei¢iant santykine
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Figure 4.21: (a) THz intensyvumo sumazéjimas (schematiSkai parodyta
apacioje), kaip santykinés padéties tarp dvieju plazmos giju (kuriy nuotraukos
yra) virsuje funkcija. (b) THz intensyvumas, fazé ir spektrai sukuriniuose ir
nesukuriniuose pluostuose.

faze tarp pirmosios ir antrosios zadinimo harmoniky. Moduliuoto intensyvumo
pasiskirstymas sukosi pasikeitus santykinei fazei tarp zadinimo bangy. Tolesné
teoriné analizé atskleidé du singuliariniy THz pluosty formavimo mechanizmus.
Pirma, tai yra THz spinduliuotés Saltinio nario intensyvumo ir fazés moduli-
avimas dél kintamo erdvinio santykineés fazes dydzio tarp FH ir sukurinés SH
bangu. Antra, tai yra skersiniai zadinimo impulso nestabilumai. Plazmos gijos
pradzioje zadinimo intensyvumas yra pasiskirstes tolygiai ir ¢ia atsirandantis
THz sukurys centre turi tik vieng singuliary taska. Jo intensyvumo pasiskirsty-
mas yra azimutiskai moduliuotas ziedas. Priesingai, zadinimo gijos viduryje
ir toliau iki jos galo zadinimo impulsas veikiamas plazmos defokusavimo, kas
ir sukelia pluosto iskraipymus. Zadinimas sustiprina stipriausius iSkraipymus
ir Sie stiprus nestabilumai daro jtaka THz sukurio intensyvumo pasiskirsty-
mui bei generuojamame THz daznio pluoste sukuria antrinius singuliarumo
taskus. Papildomi singuliarus taskai turi besikei¢ianc¢ius kruvio zenklus taip,
kad sklidimo metu bendras topologinis pluosto kruvis buty issaugomas ir lygus
vienetui lrg, = 1 visiems daznio komponentams. Vienas is THz daznio sukuriy
generavimo plazmos srovémis privalumu yra ultraplaciajuosciy sukuriy generav-
imas, kas buvo parodyta didesniam nei 40 THz spektro plociui, skirtingai nuo
spektriskai riboto THz sukuriy formavimo isoriniais optiniais elementais.

Optinis parametrinis stiprintuvas generuojantis
radialiskai poliarizuotg pluosta

Sis skyrius pagristas [A5] publikacija.

Yang et. al. [72] eksperimentiskai parodé, kad “Laguerre-Gauso” modu
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(optiniy sukuriu) superporzicija yra radialiskai ir azimutiskai poliarizuotas plu-
oStas (4.22a pav.). Jie naudojo erdvinj sviesos moduliatoriy, kad sukurty du
optinius skirtingu topologiniy kruviy sukurius ir juos sutapatinty. Siame darbe
buvo pasiulytas naujas radialiskai ir azimutiskai poliarizuoty pluostyu formav-
imo budas, taip pat buvo pasiulyta kurti aukstesnio laipsnio poliarizacijos
singuliarumus, sudedant optinius sukurius su priesingais topologiniais kruviais,
kurie gaunami naudojant optini parametrinj stiprinima (OPS). Pasiulytas meto-
das gali buti naudojamas kurti galingus pluostas, kuriuos riboja tik netiesiniu
kristaly pazeidimo slenkstis. Apibendrinami pagrindiniai $io metodo fizikiniai

principai ir galimi jo iSplétimai. Pateikiami eksperimentiniai rezultatai.

120 192 qngies =1

I
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Figure 4.22: (a) Sukuriniy pluosty kombinacijos schema, skirta radialinei arba
azimutinei pluoSto poliarizacijai suformuoti. (b) Eksperimentiskai derinama
OPS iséjimo pluosto poliarizacija.
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Be to, siulomas metodas gali buti lengvai automatizuojamas. Jei pradinio
signalo pluosto moduliavimui naudojamas erdvinis Sviesos moduliatorius, jis
gali suteikti galimybe lengvai kompiuteriu valdyti ir perjunginéti pluosto modas
(4.22b pav.). Atsizvelgiant i padidéjusia iS¢jimo galia, Sis metodas gali rasti
taikymus lazeriniy medziagy apdorojimo ir elektrony greitinimo/suspaudimo
isilginiu fokusuoto radialiskai poliarizuoto pluosto elektrinio lauko komponento
elektriniame lauke ir fundamentiniuose tyrimuose.

Universali moduliné sistema, skirta optinio

daleliy manipuliavimo eksperimentams

Sis skyrius pagristas [A3], [A6], [B1] ir [B2] publikacijomis.

Optiné levitacija, nors ir re¢iau naudojama dél didesnés pluosto galios por-
eikio, palyginti su optiniais pincetais, turi keleta privalumy. Pirma, taikini
galima pagauti dujinéje aplinkoje, pavyzdziui, ore. Antra, taikinys gali buti
sulaikytas dideliais atstumais nuo pagaunancio lesio, paprastai keliu centimetru
ar net didesniu atstumu. Tai leidzia beveik 47 prieigg prie pagautos dalelés,
kuri gali buti naudojama vienu metu jgyvendinant skirtingus analizés ir manip-
uliavimo metodus. Trecia, dél didelio gaudymo atstumo, bet kokie sienu efektai
sulaikytai dalelelei yra nereikSmingi. Ilgalaikis Sios krypties tikslas yra sukurti
sistema, kurioje galimabuty tirti laseliy saveika su aplinkinémis terpémis ar
kitais lageliais, visiSkai kontroliuojant visus fizinius parametrus. Sio darbo metu
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siekiant Sio tikslo buvo idéta daug pastangu. Konkreciai, buvo sukurtos Sios
modulinés sistemos dalys, skirtos optinés levitacijos eksperimentams.

Pirma, tai yra dalis mikrono dydzio laseliy susidurimo dinamikos tyrimu
gravitacijos salygomis. Susidurimo efektyvumas, apibréziamas kaip susidurimo
skerspjuvio ir geometrinio skerspjuvio santykis, yra bedimensinis susidurimuy
tikimybés matas. Be laseliu augimo greic¢io nustatymo, susidurimuy efektyvu-
mas yra pagrindinis debesy laseliy, placiai naudojamy daugelyje oro ir klimato
modeliy, teorijos elementas. Susidurimu efektyvumas yra labiausiai neapibréztas
susidurimu greicio teoriju aspektas. Eksperimentinis susidurimo efektyvumo
nustatymas tebéra sudétingas. Todél Siame darbe pateikiama naujas eksperimen-
tinis metodas, leidziantis sukurti ir vaizdinti mikrony dydzio laseliy susidurima
gravitacijos salygomis. Dvieju optiniu gaudykliu pagalba ore sulaikoma pora
glicerolio laseliy (4.23a pav.). Santykiniai laseliy grei¢iai nustatomi pagal laseliy
dydzius. Susidurimo parametras yra tiksliai reguliuojamas, laselius pozicionuo-
jant dviejomis optinémis gaudyklémis. Laseliai paleidziami iSjungiant gaudymo
spinduliuote, tam naudojant elektrooptinius moduliatorius. Tuomet nusédanciu
lageliy judéjima fiksuoja dvi sinchronizuotos didelés spartos kameros, kuriu
kadravimo daznis yra iki 63 kHz. Skirtingai nuo ankstesniy tyrimu su optiniais
pincetais, Sis metodas leidzia tiesiogiai vaizdinti laseliu susidurima, nepaveikiant
optinés izoliacijos, sukurtos, sulaikanc¢iomis jégomis. Mes visiskai kontroli-
uojame pradines susidurimy proceso salygas, butent susidurimo parametra,
dydziyu santyki ir laseliy chemine sudéti. Dideliems susidurimo parametrams
(B = 0.5) matéme, kad artéjantys laseliai vienas kita atstumia nuo savo nusis-
toveéjusiy trajektoriju (4.23 pav.). Mazo susidurimy parametro (B = 0.14) atveju
susidurimas sukelia nuolatinj susiliejimg (neparodytas). Musy Ziniomis, tai yra
pirmasis bandymas istirti mikrono dydzio laseliu saveika veikiant gravitacijai
ir esant visiskai kontroliuojamoms pradinéms salygoms. Pazanga Siose tyrimu
srityse paspartins musy supratima apie debesyse vykstancia stiprig turbulencijos
ir mikroskopiniy procesy saveika.

Antra, kaip nurodyta $io skyriaus pirmoje dalyje, tai yra dalis laseliy optinio
sukimosi tyrimo sistemos, leidziancios atsizvelgti i turbulencijos poveiki debesyse.
Sviesos kampinio momento sukimosi dalis dvejopai $viesa lauziancia dalele gali
sukti aplink jos asi, taciau neturi jokio poveikio Sia savybe nepasizymincioms
daleléms. Orbitiné $viesos kampinio momento dalis, kita vertus, gali priversti
abi (dvejopai $viesa lauziandia ir Sia savybe nepasizyminéia) daleles suktis
apie $viesos pluosto agi. Siame darbe buvo pademonstruota, kad $viesos dve-
jopalauziskumu nepasizymincios dalelés taip pat gali suktis apie savo asi, jei yra
pagautos optiniame sukuriniame pluoste. Siame eksperimente lagelis i§ pradziy
yra jstriges optinio sukurinio pluosto ziede (4.23b pav.). Laselis yra nesuvarzytas
azimutiskai ir rodo orbitini judéjima aplink pluosto asi, kuri sukelia Sviesos
kampinis momentas. Sumazinus lazerio galia, laselis juda link lazerio pluosto
sasmaukos. Tam tikru momentu laseliu dydis tampa palyginamas su lazerio
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Figure 4.23: (a) Eksperimentinés grandinés schema (kairéje puséje) ir eksperi-
mentinis laisvai krintanéiy laseliy dinamikos rezultaty pavyzdys (desinéje puséje).
(b) Idéjos iliustracija (virSutiné dalis) ir eksperimentiniai rezultatai, rodantys
laseliy judesio perjungima i$ orbitinio sukimosi i sukiojimasi aplink savo asi
(apatiné dalis).

pluosto sasmaukos matmenimis. Tada jstriges laselis yra azimutiskai lokalizuo-
jamas ir Sviesos kampinis momentas sukelia dalelés sukimasi aplink savo asi.
Besisukanciy laseliy sukimosi greitis yra nuolat kontroliuojamas nuo nulio iki
maksimalaus, tam naudojant sukiojimosi ir orbitinio sukimosi momenty saveika,
kuri pasiekiama, sukant ketvircio bangos ilgio fazine plokstele. Istrigusio laselio
judéjimas stebimas naudojant didelés spartos kamera, o sukimosi daznis matuo-
jamas fotodiodu. Nors eksperimentas buvo atliktas ore su skysciy laseliais,
aprasSytas metodas gali buti sékmingai naudojamas iprastiniuose optiniuose
pincetuose. Todél Sis metodas gali rasti taikymy ne tik optikoje, bet ir kitose
srityse, pvz., skys¢iu dinamikos tyrimuose, kai tyrinéjant lietaus lasu formav-
imasi, besisukantys laseliai gali buti gaunami tiriant skystu laseliy susidurimo
dinamika [44], kas jau buvo minéta Sio skyriaus pirmojoje dalyje.

ISvados

1. Nedideli fazes vélinimo netikslumai S banginéje ploksteléje (ir geometrini-
ame fazés létintuve apskritai), nepaisant to, ar jie sukelti pradinio bangos
ilgio netikslumuy, ar gamybos defekty, pasireiskia sudétinga konvertuojamo
pluosto struktura, susidedancia i§ sukuriniy ir nesukuriniy komponentuy.
Savo ruoztu tai sukelia sukuriy padéties poslinkius pluoste, asimetrine
Sviesos intensyvumo pasiskirstymo asimetrijg ir sukurinés fazés atsiradima,
generuojant radialing/azimutine poliarizacija. Kuo didesni létinimo netik-
slumai, tuo didesnis sukurio poslinkis. Kai létéjimo netikslumas yra
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homogeniskas, pvz., dél pradinio bangos ilgio nesutapimo, nesukurinio
komponento erdvinis dydis yra toks pat, kaip ir sukurinio, kas stipriai
iskraipo generuojamo pluosto sukurio padéti, intensyvuma, faze ir poliar-
izacijos pasiskirstyma. Taciau, kai 1étéjimo netikslumas yra nevienalytis,
pvz., dél gamybos klaidy, ir svyruoja apie 7 verte, tuomet abu sudétinio
pluosto komponentai turi sukurius. Tac¢iau “blogo” komponento matmenys
yra didesni uz “naudingo” sukurio komponento dydi ir sklindant difraguoja
daug grei¢iau. Aukstesni svyravimai lemia didesni “blogo” komponento
dydi. Todél po tam tikro laisvos erdveés sklidimo norima generuojamo
pluosto poliarizacija ir faziné busena automatiskai atsistato.

. Pademonstruota baltos $viesos ir placiajuoséio (apimancio daugiau, nei
oktava) sukurinio pluosto generacija, naudojant viena S bangine plokstele
(geometrini fazes létintuva). S banginé plokstelé (ir geometrinis fazés
létintuvas apskritai) turi indukuoti tiksly pusés bangos ilgio fazés vélavima
tam, kad buty teisingai konvertuojamos pradinio pluosto poliarizacija
ir fazé. Kai pradinis bangos ilgis keiciasi, fazés vélavimas, kurj sviesos
pluostai patiria, taip pat kinta. Todél susidares kompleksinis Sviesos
pluostas susideda i§ sukuriniy ir nesukuriniy sudedamuyju daliy, kurios
gali buti atskiriamos pagal poliarizacijas. Pasirenkant apskritimiskai
poliarizuota (nukreipta priesinga pradinés spinduliuotés kryptimi) kom-
ponenta, mes pasirenkame tik tuos pluosto komponentus, kurie patyré
tinkama, pusés bangos ilgio fazés vélavima, taigi, mes pasirenkame tik
sukurini komponenta. Eksperimento metu naudota S banginé plokstelé
indukuodavo pusés bangos ilgio fazes vélinima Ag = 532 nm bangos ilgio
Sviesai. Sukuriy generacija buvo pademonstruota, kai bangos ilgis kito nuo
400 nm iki 1000 nm, atitinkamai mazéjant generacijos efektyvumui labiau
nutolusiems nuo numatytojo bangos ilgio Ay Sviesos pluostams bet visiems
demonstruotiems spektro ploc¢iams vis dar bunant didesniam nei 50%.

. Kai THz daznio spinduliuote genegeneruojanti plazmos gija susikerta su
kita is anksto sukurta plazmos gija, o bichromatinio zadinimo ir papildoma
plazma kuriancio pluosty susikirtimo taskas yra uz zadinancio pluosto
sasmaukos, plazmos sugertis ir ekranavimas vaidina svarby vaidmeni ir
zymiai sumazina THz spinduliuotés intensyvuma. Kita vertus, kai susikir-
timo taskas yra pries zadinimo pluosto sagsmauka, pagrindinis reiskinys
atsakingas uz zymu THz spinduliuotés modifikavima yra isanksto sukur-
tos plazmos gijos itaka bichromatinio zadinimo pluosto intensyvumui ir
santykinei fazei.

. Pirma karta, musy ziniomis, mes pademonstravome sukuriniy THz daznio
impulsy generavimg plazmos gijose, indukuotose gausiniais pirmosios
lazerio harmonikos impulsais kartu su sukurine antrosios harmonikos spin-

duliuote. Fazinio singuliarumo buvimas susidariusiame THz pluoste buvo
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patvirtintas, naudojant astigmatine singuliariniu THz pluosty transforma-
cija cilindriskai fokusuojancio veidrodzio sasmaukoje bei pilnai erdve ir
laika aprasanciu skaitmeniniu modeliavimu. Be to, tai papildomai buvo
patvirtinta analizuojant THz pluosto intensyvumo pasiskirstymo pokycius,
atsirandancius, keiciant santykine faze tarp pirmosios ir antrosios lazerio
harmoniky, kurian¢iy plazmos gija. Sukurinio THz pluosto intensyvu-
mas yra moduliuotas jo azimutinioi kampo atzvilgiu ir susideda is dvieju
minimumuy ir tarp ju esanciu dvieju didziausio intensyvumo sric¢iy. Taip
yra todél, kad santykiné fazé tarp dvieju harmoniky kinta priklasomai
nuo pluosto azimuto, kai antrosios harmonikos zadinimo impulsas yra
sukurinis. Be to, musy skaitmeniniai modeliai rodo, kad skersinis nesta-
bilumas zadinimo pluosto gijoje sklidimo metu gali jtakoti THz sukuri,
jo nesunaikindamas. Tai gali indukuoti antrinius fazinius singuliarumus,
dél kuriu generuojamuy strukturizuoty THz lauky faziné topologija tampa
ypac turtinga. Vienas i§ THz spinduliuotés generavimo is plazmos sroviu
privalumu yra didelis (>40 THz) spektro diapazonas, nepasiekiamas al-
ternatyviais metodais, tokiais kaip spektriskai riboty THz daznio sukuriu
formavimas iSoriniais optiniais elementais.

. Skirtuminés bangos impulsas, generuojamas gausiniu zadinimo impulsu ir
sukurine signaline banga pasizymi sukurine faze, kurios sukurio kryptis yra
priesinga signalinés bangos sukurio krypciai. IT tipo netiesiniuose kristalu-
ose signalinés ir skirtuminés bangu poliarizacijos taip pat yra ortogonalios.
Todeél issigimusio parametrinio stiprinimo atveju signalinés ir skirtuminés
bangy sukuriai (vienodo bangos ilgio), turédami priesinga topologini
kruv] ir ortogonalias tiesines poliarizacijas gali suformuoti besukurine
egzotine poliarizacijos busena, tam naudojant paprasta ketvirc¢io bangos
ilgio plokstele, konvertuojancia ortogonalias tiesines sukuriu poliarizacijos
busenas i ortogonalias nestikurines apskritiminés poliarizacijos buisenas.
Egzotiniy poliarizacijos buseny, pvz., radialiniy, azimutiniy arba ju kom-
binacija, kontroliuojamos, keic¢iant fazés vélavima tarp signalinés ir skirtu-
minés bangu. /2 fazés vélinimas indukuoja radialine poliarizacija, o
fazés vélinimas kei¢ia poliarizacijos buseng i azimutine. Aktyvaus poliar-
izacijos valdymo ir poliarizacijos formavimo galimybé be iSoriniy optiniy
komponenty (taigi, didelio optinio pazeidimo slenkscio ir labai aukstu
energijos lygiu) §i metoda daro labai patraukliu ivairiems taikymams.

. Buvo jidéta daug pastangy, kuriant universalia sistema, skirta daleliy
optinio manipuliavimo eksperimentams, kuriy metu galima tirti laseliy
saveika su aplinkinémis terpémis ar kitais laseliais, visiskai kontroliuojant
visus fizikinius parametrus. Mes sukuréme ir pademonstravome sistema,
skirta modeliuoti tiksliems ir atsikartojantiems susidurimams tarp smulkiy
mikrono eilés dydzio skyscéiu laseliy. Naudojant Sia sistema galima valdyti
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daleliy skersmenj (taigi, ir galutini greiti), smugiu skai¢iy, chemine sudéti
ir elektrinj laseliy kruvi.

. Be to, mes sukuréme nauja metoda, optiniame stukuryje leidzianti sukti
dvejopalauziskumu nepasizymincius ir nesugerianc¢ius skyscio laselius. Pa-
gauti laseliai gali suktis apie gaudancio pluosto asi arba suktis apie savo
asi. Sukimosi judesio tipas priklauso nuo gaudancio pluosto sasmaukos
matmenuy ties pagauta dalele. Vertikali pagavimo padétis valdoma, keic¢iant
gaudancio lazerio pluosto galios lygi. Laselio sukimosi daznis priklauso
nuo pluosto poliarizacijos (nors laselis nepasizymi dvejopalauziskumu)
dél pluosto kampinio ir orbitinio momenty saveikos. Poliarizacija galima
tolygiai kontroliuoti keic¢iant ketvircio bangos ilgio plokstelés orientacija.
Dar vienas galimas parametras, leidziantis kontroliuoti susidurimuy eksperi-
mentg, yra laseliy sukimasis. Laseliu susidurimo dinamikos tyrimali, tiksliai
kontroliuojant minétg parametra yra esminiai, srityje skysciu dinamikos
sprendziant debesy susidarymo problemas.
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We investigate the generation of broadband terahertz
(THz) pulses with phase singularity from air plasmas
created by fundamental and second harmonic laser
pulses. We show that when the second harmonic beam
carries a vortex charge, the THz beam acquires a vortex
structure as well. A generic feature of such THz vortex
is that the intensity is modulated along the azimuthal
angle, which can be attributed to the spatially varying
relative phase difference between the two pump har-
monics. Fully space and time resolved numerical sim-
ulations reveal that transverse instabilities of the pump
further affect the emitted THz field along nonlinear
propagation, which produces additional singularities
resulting in a rich vortex structure. The predicted inten-
sity modulation is experimentally demonstrated with
a thermal camera, in excellent agreement with simula-
tion results. The presence of phase singularities in the
experiment is revealed by astigmatic transformation of
the beam using a cylindrical mirror. © 2019 Optical Society
of America

http://dx.doi.org/10.1364/a0.XX.XXXXXX

1. INTRODUCTION

Terahertz (THz) radiation is of great current interest due to
many applications such as nonlinear THz spectroscopy and
imaging [1] or electron bunch compression [2]. A compact and
effective method to obtain very high THz field strengths and
extremely broadband spectral widths is THz wave generation
from plasma filaments formed in air by focused bichromatic
femtosecond laser pulses consisting of first harmonic (FH) and
second harmonic (SH) waves [3-6]. On the other hand, special
light fields, such as optical vortex [7], radially polarized [8], and
Bessel beams [9] are widely studied and employed in various
fields [10, 11]. Previous attempts on vortex generation at THz
frequencies [12-19] were exclusively based on manipulation of
THz waves by employing external components which are in-
herently limited in terms of acceptable bandwidth. Therefore,
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alternative methods for ultra-broadband vortex generation at
THz frequencies should be proposed and investigated. Very
recently, vortex-shaped THz pulses have been demonstrated
without using external shaping elements [20, 21] from ZnTe
crystals. These, however, supply relatively narrow bandwidths,
while air plasmas were only theoretically considered in [22, 23].

In this work we investigate vortex THz pulse generation in
an air-plasma induced by the coupling between Gaussian FH
and vortex SH pulses. In this novel scheme, the vorticity is
created already at the THz generation stage. It appears that
SH carrying an optical vortex charge affects not only the phase
but also the intensity distribution of the generated THz pulse.
We distinguish two stages of THz vortex generation: (i) At the
beginning of the plasma filament, an intensity modulated THz
vortex pulse is created. This intensity modulation is frequency
dependent. (ii) Upon further propagation, the pump pulse may
undergo spatio-temporal instabilities which induce secondary
phase singularities in the THz field, but the total topological
charge is conserved. Results of our investigation suggest an
alternative method for the generation of structured THz waves
spanning ultrabroadband frequency ranges.

2. THEORY

For two color-laser-induced gas plasmas, the ionization current
mechanism [24] is the key player for THz emission. This emis-
sion is caused by the macroscopic current of free electrons which
are created by field ionization in the tunneling regime [25, 26]
and driven by the laser electric field. The principal electric field
component is transverse to the laser propagation direction, and
we consider linear polarization. Neglecting electron collisions,
the current equation reads

2
o] = q—eneE, 1)
e
with electron charge ge, mass 11, electron density e and electric
field E. The electron density is a time-dependent parameter
governed by the ionization rate and can be computed using ion-
ization rate equations [5, 27]. The electric field consists of both
optical frequency components and generated THz components,
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Fig. 1. Azimuthal intensity (a) and phase (b) distribution of
the Fourier-transformed THz source term 0;] [see Egs. (1), (2)].
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Fig. 2. Sketch of experimental setup. QWP - quarter wave
plate, SWP - S-waveplate (g-plate), POL - polarizer, BBO - non-
linear crystal for SH generation. SH is shown by blue, FH by
red-pink, and THz radiation by gray color. Red letters label
relevant positions (see text for details). THz fluency profiles
taken in positions ‘D’ and “FC2’ are shown in Fig. 3 and 4.

which plays an important role in the THz spectral broaden-
ing [28]. However, certain effects can be already understood by
considering only the impact of the bichromatic laser electric field.
The down-conversion from laser to THz frequencies takes place
because of the nonlinear product between the electron density
and the laser electric field. It can be shown that at least two laser
colors, here FH and SH with a relative phase angle of 71/2, are
required to obtain an efficient down-conversion towards THz
frequencies [6, 29]. In order to understand this down-conversion
process in the case of vortex pump pulses, we first evaluate
Eq. (1) for the real-valued laser electric field

Ep(t,0) = A(t)[Ew, cos (wt) + Exq, cos (2wpt + ¢ + Igyb)],

2
with fundamental frequency wy, relative phase offset ¢, pulse
envelope A(t); Isy is the vortex charge of the SH beam. Here,
we omit the radial and longitudinal coordinates, and write the
electric field as a function of time t and azimuthal angle 6 only.
Equation (2) thus represents the rapid time- and 6-dependent
distribution of the electric field along the vortex ring, assuming
constant FH and SH amplitudes E, 2., - The resulting spectral
intensity and phase of the source term 9; ] obtained by Fourier
transform is presented in Fig. 1 for ¢ = 0 and Isy = 1. The
intensity is modulated along 6 and is maximal when the relative
phase angle (¢ + Ispf) between the SH and FH takes the values
71/2 and 371/2 and minimal for 0 and 7t (Fig. 1). The modulation
depth is the largest at lower frequencies and decreases for larger
frequencies, where also the phase approaches a linear ramp-up
along 6 as expected for a vortex. The results from this simple
theoretical approach remain qualitatively the same when chang-
ing the laser and gas parameters within the parameter range
allowing for efficient THz generation.

3. EXPERIMENTS

The experimental setup is sketched in Fig. 2. We used a 1 kHz
repetition rate laser system (Legend elite duo HE+, Coherent
Inc.). Right before the main focusing lens (silica, f=30 cm) la-
beled ‘A’ in the setup, the FH pulse had central wavelength of

THz far field

D
|| | |

Second Harmonic

non-vortex

05,

=
o

x
g
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>

— 2 M

Fig. 3. (Left panel) Images of second harmonic fluency (non-
vortex and vortex, for Gaussian and vortex state, respectively).
Column labeling correspond to locations where images were
acquired as specified in Fig. 2. (Right panel) Corresponding
simulated (first column) and experimentally observed (second
column) farfield THz fluencies. See text for details.

790 nm, FWHM pulse duration 50 fs and energy of 6 mJ. The SH
pulse had central wavelength of 395 nm, FWHM duration ~50 fs
and energy of 60 yJ in Gaussian state and 50 yJ in vortex state.
Our Gaussian SH pulse was shaped into an optical vortex by the
method described in [30], which ensures more than one-octave
spectral bandwidth of vortex generation: First SH was circu-
larly polarized by a quarter wave plate (QWP) and converted
to an optical vortex (OV) beam by an S-waveplate (RPC-405-06-
557, Workshop of Photonics) (SWP). Subsequent polarization
filtering by a second quarter wave plate (QWP) and a polarizer
(POL) ensured generation of a linearly polarized vortex in the
SH beam profile over the whole spectral bandwidth of the SH
pulse. A 0.5 mm thick Si wafer and various commercial THz
filters were used to remove the high frequency part of the pump
and transmit only THz radiation, which was then collimated
and shrank by parabolic mirrors in a telescope configuration
to match the detector aperture. Imaging of the generated THz
beam was performed with a thermal camera detector (Vario-
CAM head HiRes 640, InfraTec GmbH), sensitive in the range
0.1 -40 THz (3000 - 7.5 um). Spectra of THz radiation were ob-
tained from Fourier transformed interferometric measurements
using pyroelectric detector (TPR-A-65 THz, Spectrum Detector
Inc.), sensitive in the range 0.1 - 300 THz (3000 - 1 #m) with a
flat response function from ~3 to ~100 THz. The laser-to-THz
conversion efficiency for the regular Gaussian pulses was about
10~*, but dropped to ~ 10~ in the case of the SH vortex pump,
which we attribute to the differences in the spatial intensity
distribution of the Gaussian FH and vortex SH beam.

During the experiment the FH beam was always kept Gaus-
sian. Experimental images of the SH beam are shown in the
left panel of Fig. 3. The first and the second row present the SH
Gaussian (‘non-vortex’) and vortex beam ('vortex’), respectively.
The first column ‘A’ shows images of the harmonics prior to the
main focusing lens at position A (see Fig. 2); the second column
‘F1’ refers to the focus position (F1 in Fig. 2). The FWHM beam
widths are 33 and 38 ym for the FH and the vortex SH in the
focal plane of the 30-cm focusing lens, respectively.

Experimental images of the THz farfield fluency obtained in
position ‘D’ (Fig. 2) with the thermal camera (0.1-40 THz) are
shown in the last column of Fig. 3). The THz fluency obtained
with Gaussian SH (upper row) has a symmetric ring intensity
distribution, as expected for conical THz emission [31, 32]. In
contrast, the THz fluency obtained with vortex SH (lower row)
has an intensity modulation manifesting as two maxima along
the azimuthal angle, in agreement with our theoretical predic-
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beams in the focus of a cylindrical mirror (f = 20 cm). Right )
panel: shows typical experimental amplitude spectra of the bt
generated THz pulses in the case of vortex SH (red dash-dot fg
"vortex") and Gaussian SH (blue solid line "non-vortex").
)
tions (see Fig. 1). Simulation results shown for comparison in b
the first column of right-hand panel in Fig. 3) are in excellent z
agreement. The simulated fluency is obtained for the spectral 2

range of 0.01 to 50 THz (see below for details on the simulations).

The presence of a phase singularity in the generated THz
beam was confirmed by the well-controlled method of topologi-
cal charge determination based on the astigmatic transformation
of singular beams by a cylindrical mirror [33]. This method is
valid even in the presence of intensity modulations affecting the
generated THz beam profile. A beam without phase singularity
focuses in a single line, whereas the appearance of a dark stripe
in this line indicates a singular phase. The number of lines and
their tilt correspond to the value and sign of the topological
charge. As shown in the left panel of Fig. 4, the single dark
stripe in the second row suggests that the topological charge of
the generated THz vortex is |I7p;| = 1. Simulation results and
experimental images show again excellent agreement.

As evidenced by the right-hand panel of Fig. 4, the experimen-
tal spectra of the generated THz pulses are broadband, spanning
from 10 to 40 THz. We attribute the dips in these spectra to
absorbance in optical elements such as Si filters with spectrally
variable transmission (OCz-Si, Tydex) and pellicle beam split-
ters. In the case of the THz vortex the peak spectral intensity is
located around 35 THz, while THz pulses without phase singu-
larity have their maximum around 25 THz. This shift may occur
because of the lower ionization rate at the periphery of the FH
pump beam where the SH vortex has maximum intensity and
due to transverse phase variations.

An astigmatic transformation of the generated vortex THz
beam by a cylindrical mirror was used as the primary experimen-
tal detection method of the phase singularity, yielding patterns
in excellent agreement with our simulation results. However,
we also looked at alternative methods to confirm that our un-
derstanding of intensity modulated THz vortex production is
indeed correct. According to our theory, the azimuthal intensity
modulation comes from the fact that the phase of the SH vortex
beam changes by 27t over the full azimuthal angle, while the
phase of the FH is constant along this angle. Thus, changing the
relative phase between FH Gaussian and SH vortex should result
in a rotation of the THz vortex intensity modulation. To verify
this property, the THz vortex intensity distribution was recorded
by the thermal camera over several minutes. The relative phase
between FH and SH was not under control and fluctuated due to
long beam pass distances (> 5 meters for each harmonic), vibra-
tions in the room/building, temperature variations, etc. Because
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Fig. 5. (a) and (c) show fluency, (b) and (d) show electric field
E(x, t) of the two-color pump at the beginning of the fila-
ment (z = —8 mm) and after transverse pump instabilities
have fully developed (z = —4 mm). The two right-hand side
columns show collimated far field intensity and phase of the
10 and 25 THz frequency components computed from the field
atz = —8 mmand z = —4 mm, respectively (see text for
details). Linear focus F1 is at z = 0 (see Fig. 2).

of the random nature of the fluctuations, the THz vortex inten-
sity distribution clearly jittered and made even a full rotation
once in a while (link Visualizationl). In contrast, when we used
FH and SH Gaussian beam profiles, the intensity distribution of
the THz beam (without phase singularity) did not change. The
maximum of the THz beam just slightly oscillated around the
same position due to pointing instabilities of the laser.

4. SIMULATIONS

For a complementary analysis we performed comprehensive
numerical simulations of the full experiment by means of a uni-
directional pulse propagation solver [6, 34]. Laser parameters
and focusing conditions in the simulations are chosen such as
in the experiments. Our simulation results reveal two distinct
stages in the formation and subsequent evolution of the gener-
ated THz pulses. First, intensity and phase modulations of the
THz source term due to the spatially variable relative phase dif-
ference between FH and vortex SH pump components emerge,
as expected from our theoretical predictions (see Fig. 1). Second,
the pump pulse develops spatio-temporal instabilities generic
to the filamentation dynamics that directly affect the THz pulse
distribution.

The right hand side of Fig. 5 shows collimated far field in-
tensities and phases of the generated 10 and 25 THz spectral
components at two stages of the propagation, namely at the
beginning of the plasma filament (z = —8 mm), and after trans-
verse pump instabilities have fully developed (z = —4 mm). All
z positions are given relative to the focus position F1 (z = 0 mm)
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of the main pump focusing lens (see Fig. 2). To obtain the THz
far field, the nonlinear interaction was stopped at the given z
position and the THz field was further propagated over a few
centimeters in vacuum (sufficiently to reach the far field) and
collimated with a lens in thin element approximation.

At the beginning of the filament (z = —8 mm) the pump
fluency is uniform, as evidenced by Fig. 5 (a). The correspond-
ing spatio-temporal electric field profile in Fig. 5 (b) shows that
plasma has only started to deplete the trailing part of the pump
pulse, as one would expect from the usual filamentation dy-
namics [34, 35]. The generated THz vortex at this early stage of
pump propagation has a single phase singularity in the center.
The intensity is circular with azimuthal modulation, and the
modulation depth is larger for lower frequencies, as predicted
by Fig. 1. In contrast, at (z = —4 mm) the pump pulse has un-
dergone severe transverse distortion [see fluency in Fig. 5 (c)],
and the spatio-temporal field profile in Fig. 5 (d) looks much
more complex. These strong perturbations of the pump clearly
affect the intensity distribution of the THz vortex and produce
secondary singularities in the generated THz field. Neverthe-
less, additional singularities have alternating signs such that the
total topological charge of the singular THz /7| = 1is pre-
served during propagation at all relevant frequency components.
Overall, our simulations results suggest that the produced THz
vortices are surprisingly stable against pump distortions.

5. CONCLUSIONS

We have investigated the properties of THz radiation generated
in air plasma by focused bichromatic femtosecond laser pulses,
when one of the pump beams (second harmonic) is an optical
vortex. The presence of a phase singularity in the generated THz
beam was confirmed by astigmatic transformation of the singu-
lar THz beams in the focus of a cylindrical lens, as well as by
fully space and time resolved numerical simulations. We report
that, in contrast to other nonlinear processes (second harmonic
generation, parametric generation, etc.), the THz radiation gen-
erated in a plasma filament cannot be characterized as a THz
vortex beam in the ‘classical” sense as it is mediated by photocur-
rents. Instead, the intensity of the THz beam is modulated along
the beam azimuthal angle and contains two minima between
two lobes of maximum intensity. This is because the relative
phase between two harmonics varies azimuthally when the SH
pump pulse is a vortex. Moreover, our numerical simulations
demonstrate that transverse instabilities in the filamentary pump
propagation affect the THz vortex without destroying it. They
may introduce secondary phase singularities, which renders the
phase topology of produced structured THz fields particularly
rich. One of the benefits of THz generation from plasma currents
is the large (> 40 THz) spectral range achievable, contrary to
bandwidth limited external THz shaping techniques. We envis-
age that different combinations of the topological charges of the
FH and SH pulses open a wide playground for the creation of
structured singular THz sources.
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Abstract

CrossMark

Influence of laser-preformed plasma on the energy and spatial properties of terahertz
(THz) emission generated in air by focused femtosecond bichromatic laser pulses has been
investigated. It was found that the power of THz waves decreases in the presence of the

prepulse-created plasma even when the crossing point of the two laser beams is well before or
after the pump beam focus. Analysis of the experimentally obtained data revealed that at least
two different mechanisms—namely, phase modification of the pump waves and screening of

THz radiation by preformed plasma filaments—are responsible for this effect.

Keywords: terahertz generation, air plasma screening, diffraction, bichromatic laser pulses

(Some figures may appear in colour only in the online journal)

1. Introduction

Terahertz (THz) radiation generation in gaseous media by
focused bichromatic femtosecond laser pulses is a simple,
efficient, and well-established technique [1-3], making it pos-
sible to obtain very high THz field strengths and extremely
broadband spectral widths [4-7]. Since the ionization of
gas molecules is involved in the generation process (see, for
example, [2, 6, 8] and references therein), it is reasonable to
expect that gas preionization before the generation of THz
radiation would influence the yield of THz emission. Thus, in
the case of a single-colour pump [9] or when two two-colour
plasma filaments are concatenated to a single one [10], the
emitted THz radiation increases. In contrast, in the case of
a ‘cross geometry’, when the prepulse creates a plasma fila-
ment perpendicular to the direction of the main bichromatic
pump beam, THz radiation yield can decrease by nearly 40%
[11]. Investigation of this effect might be useful to reveal spe-
cific features of this laser—matter interaction and THz radia-
tion generation; therefore, the suppression of THz radiation
generation by the precreated plasma has been studied in sev-
eral experiments [11-13]. However, in these reports, the main

1555-6611/18/095402+6$33.00

emphasis has been placed on the investigation of plasma den-
sity dynamics, while geometric factors were not considered in
detail. In this paper, we perform an experimental investigation
into both the energy and spatial properties of THz radiation as
a function of the preplasma position with respect to the pump
beam axis and its focus. We demonstrate here the rather com-
plicated dependence of the spectral and angular dependence
of THz emission on the spatial position of the preplasma fila-
ment, showing the influence of the propagation effects both
for the pump and THz radiation. In particular, we report a sig-
nificant effect on THz emission even if the preplasma is cre-
ated far away from the main plasma filament.

2. Experimental setup

For the experiments, we have used a 1kHz repetition rate
femtosecond Ti:sapphire chirped pulse amplification laser
system (Legend elite duo HE+, Coherent Inc.), delivering
35-40 fs (FWHM) light pulses centered at 790 nm with maxi-
mal pulse energy of 8 mJ. Laser pulses were split into two
parts (main pulse and prepulse with energies of 5.2 and 1.65

©2018 Astro Ltd  Printed in the UK
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mJ, respectively). The main pump beam was focused into the
ambient air by the lens of about 30cm focal length through
the nonlinear BBO crystal of 100 pm thickness (type I, cut
angles: 0~ 29° and ¢ =~ 90°). Therefore, the main pump
pulse consisted of the fundamental and second harmonic
pulses and created a plasma filament (main plasma), where the
generation of THz radiation took place. The azimuthal angle
of the BBO crystal and its location were optimized to achieve
a maximal THz radiation yield [2, 14]. The energy of gener-
ated THz pulses was measured using a calibrated pyroelectric
detector, placed on the computer-controlled translation stage.
For the measurements of THz wave spectra, a home-made
THz Michelson interferometer was used along with the pyro-
electric detector. Before the entrance of the Michelson inter-
ferometer, a THz filter (0.5—-1 mm thick Si wafer) was placed,
to remove the high frequency part. During measurements of
the spatial distributions of generated THz radiation, the pyro-
electric detector was placed on a computer-controlled motor-
ized translation stage located at about 50cm from the plasma
filament. By moving it across the pump beam (along the x
and y directions), we were able to register the corresponding
angular spectra of generated radiation. The prepulse was prop-
agated and focused in the orthogonal direction with respect
to the main beam, to generate a plasma filament that inter-
cepted the main beam path (figure 1). The relative time delay
and position of the two pulses (main pulse and prepulse) were
respectively controlled by motorized and computer-controlled
translation stages and by a steering mirror. A CCD camera
was used to image the fluorescence of the plasma filaments.
The length of fluorescence filament was about 2cm for the
pump pulse energy of 5 mJ.

3. Results and discussion

The typical interference traces and corresponding amplitude
spectra of generated THz radiation are presented in figure 2.
The spectra were calculated by Fourier transformation of the
interferograms, and in most cases a non-negligible signal
could be observed up to 60 THz. One can see that the THz
signal significantly decreases when the precreated plasma
is present in the path of the pump beam. In most cases, the
attenuation factor of the THz radiation was nearly the same
for all frequencies. As has been reported elsewhere [11-13],
the impact of the preplasma on the efficiency of THz gen-
eration was strongly dependent on the timing between the
pump pulse and prepulse: the amplitude of THz signal did not
change when the prepulse was sent after the main pulse, and
rapidly decreased when the sign of the delay between these
pulses was reversed (see inset of the figure 2). After the initial
dropdown, the THz signal slowly recovered with a time con-
stant of a few hundred picoseconds, which corresponds well
with ballistic plasma expansion and free electron decay rates
reported previously [6, 11-13]. However, in contrast to the
previous reports where the effect of preplasma was observed
only when the plasmas (main plasma and preplasma) were
overlapping, in our experiment this effect was also registered
when the main beam was intercepted by the preplasma in

Figure 1. Experimental setup. Two pulses focused by the lenses
L1 and L2 are superimposed to create two plasma filaments
perpendicular to each other. One of the pulses (referred to as the
main pulse) is sent before this superposition to a BBO crystal
which makes it a two-colour one. The second pulse (referred to as
the prepulse) is controlled by a delay stage and a moving mirror M
which allows varying its temporal and spatial position relative to
the main pulse. The detection setup consists of a parabolic mirror
PM, filter SF, beam splitter BS, Michelson interferometer INT, and
detector head DET.

locations away from the main plasma. In addition, we have
observed quite complex dependence of the THz attenuation
on the mutual position of the two plasma filaments: depend-
ing on the position of interception point along the main beam
(along the z coordinate axis) the THz yield as a function of
preplasma position along the y coordinate mainly had either
one or two minima (at the intersection points before and after
the main plasma—see figures 3 and 4).

The dependence of THz yield on the mutual positions of
the main plasma and preplasma can be explained on taking
into account at least two different phenomena. First, when
the filaments intersect before the main plasma (figure 3(a))
and the preplasma position is scanned along the y direction
(that is, perpendicularly to the propagation direction of both
filaments), the pump beam refracts and diffracts on the pre-
plasma filament, which directly and due to the interference
of various parts of the beam modifies the light intensity dis-
tribution and phase relations of the bichromatic pump [15] in
the focus of the beam, where THz generation is taking place.
Naturally, the strongest interaction occurs when the preplasma
is centered with respect to the main beam, and as a result the
dependence of THz yield has one main minimum (the local
minimum seen in figure 3(a) may be attributed to the fact that
during the experiment non-ideal Gaussian beams were used).
At the onset and middle of the main plasma (figures 3(b) and
(c) respectively), the dependence becomes more complicated,
since at these points some THz radiation has already been
generated and consequently is absorbed and reflected by the
preplasma [16]. Therefore, in this case, the interplay of the
interference, diffraction and plasma screening takes place.
Finally, at the tail of the main plasma and after it (figures 3(d)
and (e)) the preplasma does not influence the bichromatic
pump beam, wherefore plasma screening becomes the main
process reducing the efficiency of THz generation (absorption
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Figure 2. Interference traces (left) and corresponding THz spectra (right) of generated radiation with (red lines) and without preplasma
(black lines). The preplasma filament was created by a 10cm focal length lens and was located in the focal plane of the pump beam.
Energies of the pump and preplasma pulses were 5.2 and 1.65 mlJ, respectively. Modulation of the spectra is caused by the absorption of
used THz filters and of the beam splitter of the interferometer (2 zum-thick nitrocellulose pellicle). The inset at the top right corner shows
the typical dependence of the THz yield on the timing between the main pulse and prepulse.
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Figure 3. Dependence of the THz power on the position of the
preplasma along the y axis (perpendicularly to both the main plasma
and preplasma filaments—see figure 1) for various intersection
points (corresponding to different z coordinates in figure 1): (a)
before the onset of the main plasma, (b) at the onset of the main
plasma, (c) at the middle of the main plasma, (d) at the tail of the
main plasma, (e) after the main plasma.

and reflection by the preplasma). Since the THz beam has a
conical shape [17], the dependencies of the THz yield on the
preplasma position have characteristic double minima. This
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Figure 4. Dependence of the THz power on the position of the
preplasma with respect to the main beam axis and relative distance
along the z coordinate axis. For clarity, the main plasma filament
(seen there as a long string) and preplasma (seen as light points

at both ends) at the two exemplary positions of z = —1 mm and

z = 30mm are shown above.

is furthermore supported by a more detailed scan of the spa-
tial distribution of the THz power versus the position of the
preplasma shown in figure 4. There, one can also recognize
regions with two minima and the one with a single one. In the
former, the distance between the two minima increases when
the intersection point moves along the z axis. The divergence
angle of these two minima (about 4°) corresponds well to the
apex angle of the conical THz beam itself. Thus, we see here
the influence of the preplasma on the spatial structure of the
THz beam.

The above interpretation is supported by the simple esti-
mates of preplasma contribution to the THz and laser beams.
Thus, assuming that the prepulse creates the plasma filament
with electron density 7,.(r) as a function of the plasma filament
radial coordinate r, the plasma frequency wj is defined as
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where e and m are the electron charge and mass, respectively.
Then the plasma index variation n(r) across the filament diam-
eter is given by

W,

n(r)y=(1--5)"2 @

&
S

2me

where wy = =5* is the light frequency and A is the wavelength.
Phase change Ay(x, y) of the light traversing the preplasma
is given by:

21 [
Ap(x,y) = Tﬂ-/[; n(r)dz, 3)

where L, represents the spatial extent of the preplasma fila-
ment along the x axis (see figure 1).

Under our experimental conditions, the diameter of the
preplasma filament can be about 100 pum, while the maxi-
mal plasma density inside it may reach 10'> em~3 [11, 18].
The phase modification given by equation (3) is shown in
figure 5 assuming plasma density in the multiphoton ioniz-
ation regime of ~I/I'° for 800 nm and ~I/I° for 400 nm and tak-
ing into account ionization potential 14.5eV of nitrogen. The
plasma frequency can be estimated as about 28 THz. Light of
frequency lower than wj, is fully reflected by the pre-created
plasma, whereas for frequencies higher than wy, the plasma
becomes transparent. However, even in that case, the light
traversing the plasma filament may experience strong Fresnel
losses if the wy is of the same order as w,. We believe that
this was the case in our experiment, since the maximal spec-
tral intensity of the generated THz beam was near 28 THz.
Thus, the lowest (0-28 THz) frequencies of the THz beam
traversing the preplasma were reflected and absorbed, while
the high-frequency part of the beam was attenuated by Fresnel
reflections (according to equation (2), n(r) is larger than 0.8
within the whole high-frequency range (28—60 THz) of gener-
ated THz beam).

Naturally, the impact of plasma on the optical pump waves
is much weaker, but may still cause significant reduction of the
THz yield. Thus, according to equation (3) a plasma filament
of 100 pm in diameter may induce a maximal phase slippage
of 5.4 radians and 2.7 radians for 800nm and 400nm waves,
respectively. Note that a change of relative phase between the
fundamental and second harmonic waves by 7/2 may result in
full suppression of THz generation [1, 15]. In addition, since
laser-induced ionization of air is a highly nonlinear process,
the transverse spatial electron distribution has a supergauss-
ian shape even in the case that Gaussian intensity distribution
of the laser beam is assumed (figure 5). Besides, the plasma-
induced refraction index almost directly follows the plasma
density distribution—i.e. it is almost independent of the radial
coordinate within the plasma filament. Therefore, although
plasma-induced phase changes decrease with the radial coor-
dinate, significant fractions of the bichromatic pump beam
traversing the preplasma filament can still acquire significant

¢ {rad], | [arb.units]

5[

L L L h
-0.010 -0.005 0.005 0.010

¥ [em]

-0.015 0.015

Figure 5. Dependence of the total preplasma-induced phase for
800nm (orange line) and 400 nm waves (green line) as a function of
the transverse spatial coordinate y according to equation (3). Blue
line shows the intensity distribution of the preplasma filament.

phase-shifts. As shown in figure 5 (orange and green lines),
the preplasma filament may induce more than 75% of maxi-
mal phase change within its 100 ym-wide spatial extent. Since
the pump beam diameter at the focus is of the same order, a
significant part of the pump beam area may be affected by the
preplasma. Moreover, since the pump beam is converging as
it crosses the preplasma filament, parts of the beam with dif-
ferent phases interfere at the focal point, decreasing the focal
light intensity and thus further reducing THz yield. Note that
similar strong modulation of the laser beam due to the abrupt
index and accumulated phase changes across the plasma fila-
ment diameter for plasma densities even lower than 10'® cm~3
has recently been observed [19]. Thus, apart from the direct
variation of the relative phase between the fundamental and
second harmonic waves, the preplasma filament also modu-
lates and decreases the pump beam intensity, which may also
significantly reduce the total THz yield.

To further analyze the spatial structure of the THz radia-
tion, we first registered the intensity distribution of THz beam
as a function of angle, when no preplasma was present (see
figure 6, red lines). The same measurements were then per-
formed under the conditions of preplasma-modified THz
generation (in most cases, the preplasma position was set at
THz power minimum—see figure 6). Since the preplasma-
modified beam can no longer be considered as axially sym-
metric, the measurements have been performed in both
orthogonal (x and y) directions, whereas preplasma was always
scanned along the y direction. As seen in figure 6, we indeed
observe a notable asymmetry of the preplasma-modified THz
beams. Thus, at the intersection point before the plasma onset
the angular dependence of preplasma-modified THz beam
intensity, scanned along the x axis, consists of four maxima
(figure 6(a), black line). Compared to the two-maxima spec-
trum of the unmodified conical THz beam, it is clearly seen
that apart from the overall decrease of generation efficiency,
the preplasma impact results in strong modification of the THz
angular spectrum. Similarly, apart from the overall decrease
of THz yield, some decrease of the apex angle of preplasma-
modified THz emission along the y axis has been registered
(figure 6(b), black line).

154



Laser Phys. 28 (2018) 095402

V Vaicaitis et al

=) -
s1.0{ a S10] b
= 8
50,81 20,81
5 2
c 0,6 90,6
= E
041 041
0,2 0,2
0,0 0,0 ‘ ;
4 2 -4 2

2 \ 4
Angle (degrees)

2 4
Angle (degrees)

Figure 6. Angular spectra of THz beam scanned (a) along the x and (b) along the y coordinate directions. Red lines show the angular
profile of the unperturbed THz beam, black solid and green dashed curves correspond to the beam profile registered when the main and

preplasma beams are centered before and after the main plasma (at z =

4mm and z = 28 mm respectively—see figure 4). Black dotted

curves show the angular spectra, when the preplasma position in y-direction is set exactly at the one of two THz power minimums after the

main plasma (at z = 28 mm).

The strongest asymmetry of the preplasma-modified THz
beam angular spectrum was observed when the intersection
point was located after the plasma tail. In particular, when the
preplasma position was set to one of the THz energy min-
ima and the beam was scanned along the x axis, the resulting
angular spectrum remained very similar to the one without the
preplasma, while the spectrum along the y direction showed
a strong symmetric decrease of the THz yield (compare black
dotted lines in figures 6(a) and (b)). In addition, when the pre-
plasma position was centered with respect to the pump beam
axis, the overall angular intensity of the beam significantly
decreased along the x axis, but remained almost intact along
the y direction (green dashed lines in figures 6(a) and (b)).
Note that in contrast to the case in which the intersection point
was set before the plasma onset, there was no modification
of the angular THz spectrum (only decrease of angular inten-
sity was observed) when the interaction took place after the
plasma tail. This fact additionally confirms the assumption
that depending on the interaction position with respect to the
z axis, different phenomena are taking place: after the plasma
tail, the preplasma filament simply absorbs and screens the
THz radiation, while before the plasma onset, the modifica-
tion of spatial properties and phase relations of the bichro-
matic pump beam occurs due to propagation in the preplasma,
making a strong impact on the yield and angular spectrum of
the generated THz radiation.

4. Conclusions

In conclusion, we have investigated the influence of a precre-
ated plasma filament on the energy and spatial properties of
terahertz radiation generated in air by focused femtosecond
bichromatic laser pulses. It was found that plasma absorption
and screening play an important role and significantly reduce
the intensity of THz radiation when the intersection point of
the bichromatic pump and prepulse beams is located after the

pump beam focus. On the other hand, when the intersection
point is before the pump beam focus, the main phenomenon
responsible for the strong modification of generated THz radi-
ation is the influence of the preplasma filament on the inten-
sity and relative phase of the bichromatic pump beam.
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ARTICLE INFO ABSTRACT

Keywords: The spin part of the angular momentum of light can cause a birefringent particle to spin around its axis, while
Optical vortices and phase singularities having no effect on a nonbirefringent particle. The orbital part of light’s angular momentum, on the other hand,
Optical trapping and manipulation can cause both birefringent and nonbirefringent particles to orbit around the axis of a light beam. In this paper, we

Angular momentum of light
Polarization singularities
Radial polarization

demonstrate that nonbirefringent particles can also be made to spin around their axis when trapped in an optical
vortex beam. The rotation of the particle depends on the ratio of the size of the particle and the diameter of the
laser beam in which the particle is trapped. It can therefore be controlled by varying the position of the particle

q-plate with respect to the focal point of the laser beam. The rotational frequency can also be controlled by changing
the polarization state of the beam, since spin—-orbit coupling affects the total angular momentum experienced by
the trapped particle. The motion of the trapped particle is detected by a photodiode and a high-speed camera.
Most microparticles found in nature are nonbirefringent, and the method presented in this paper will therefore

open up new applications for optically induced rotations.
1. Introduction shape of the laser beam. The spinning type of motion for such particles—
such as when a particle remains in place and spins around its axis—has

The optical rotation of trapped particles is used, for example, in the not yet been demonstrated.

noninvasive orientation of living cells, probing dynamics of particles, In this paper, we demonstrate a method to optically spin a non-
and investigations of tribological systems [1,2]. A particle can be setto  birefringent and nonabsorbing (transparent) microparticle—a glycerol
a rotational motion by a rotating wavefront upon interference between droplet—around its axis when it is optically trapped in air by an optical

two beams of slightly different frequencies [3], or using beams carrying
angular momentum (AM). The AM of light consists of spin angular
momentum (SAM) and orbital angular momentum (OAM) [4]. The SAM
is associated with the circular polarization of the beam, whereas the
OAM is associated with the geometry of the beam, such that the trapped
particle experiences an additional tangential force. Particles trapped on
the axis of a beam can be set to rotate by either the SAM and OAM of
the light, in the case of birefringent [5,6] and absorbing particles [7,8].
On the other hand, nonabsorbing (transparent) and isotropic particles,
such as liquid droplets, cannot be rotated by SAM, such as a circularly
polarized beam. Nevertheless, it is possible to optically rotate such
particles using the OAM of light [9,2,10,11], as was first demonstrated ; ) - 5 N
by Volke-Sepulveda et al. using transparent silica beads in a liquid [9] from zero to maxl{num using spin-orbit angular m(?merllmm coupling
and by McGloin et al. using water aerosol droplets in air [2]. However, in perff)rmed by rotating a quarter:wave plate, as descrl?)ed in [8,11]. The
those cases, the beads and droplets exhibit only orbital motion, making motion of the trapped droplet is observed using a high-speed camera,
circular trajectories around the center of a beam due to the doughnut and the frequency of rotation is measured using a photodiode.

vortex beam. The results presented here expand on and explain the
preliminary observations presented by Hanstorp et al. in 2017 [12]. In
this experiment, a droplet is initially trapped in the ring of a Laguerre—
Gaussian light beam. The droplet is unconstrained azimuthally and
demonstrates an orbital motion around the axis of the beam caused by
the angular momentum of the light. By reducing the laser power, the
droplet moves towards the waist of the laser beam. At some point, the
size of the droplet becomes of the order of the size of the laser beam.
The trapped droplet is then azimuthally constrained. The angular mo-
mentum of the light then causes the particle to spin around its own axis.
The rate at which a trapped droplet rotates is continuously controlled
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Fig. 1. Schematic of a droplet in an optical vortex trapping beam. Left: The
droplet is trapped above the waist of the beam. Inset: The droplet is orbiting
around the axis of the beam. As the power of the beam is reduced, the droplet
moves to the axial position, as indicated by the black spiraling trajectory. Right:
The droplet is trapped at the waist of the beam. Inset: The droplet positioned at
the axis of the laser beam is spinning.

2. Beam preparation

A single optical vortex beam was used to optically levitate and rotate
liquid droplets in air. The complex amplitude of an optical vortex beam
can be written in the form

@)

where r,¢ and z are the cylindrical coordinates, A is the amplitude of
the beam (e.g., a nonzero-order Laguerre-Gaussian or Bessel-Gaussian
beam), and ¢//# describes the azimuthally varying phase of a beam, with
1 being the strength or the topological charge of the optical vortex. The
intensity profile of such a beam is ring-shaped or doughnut-shaped in
the transverse plane. The droplet is trapped in the ring of maximum
beam intensity, as schematically shown in the left part of Fig. 1. The
phase front of the optical vortex beam varies helically around the axis
of the beam upon propagation. Due to this helical variation, its Poynting
vector is tilted with respect to the axis of the beam with a local angle
given by 0,.,,,, = I/kr, where k is the wavenumber [13]. This tilt gives
rise to the OAM of the beam, which imparts a tangential force on the
trapped droplet. This is not restricted azimuthally due to the cylindrical
symmetry of the intensity distribution, making the droplet orbit around
the axis of the beam. The direction of rotation is determined by the
handedness of the helical phase front—i.e., by the sign of the topological
charge +/. The geometry of the trapping beam makes it possible to
optically rotate particles of any composition, including nonbirefringent
and nonabsorbing droplets.

The optical vortex beam can be generated by various methods. This
experiment employed an S-waveplate, which is a nanograting-based
g-plate, in order to make use of the spin—orbit coupling of angular
momentum in the beam to control the spinning frequency of a trapped
droplet. A Gaussian beam propagating through an S-waveplate trans-
forms to an optical vortex beam with a Laguerre-Gaussian beam profile
(I # 0) (Fig. 2). The conversion is accomplished using the following
transformation of the polarization state: the initial left (right) circular
polarization (with / = 0) transforms to right (left) circular polarization
(with |/] = 1), (Figs. 2b and 3b); the initial linear polarization (with
|l] = 0) becomes radial (with |/| = 1) if the S-waveplate is aligned
parallel to the orientation of the incident linear polarization (Figs. 2a,c
and 3a,c) and azimuthal (with |/| = 1) if aligned perpendicularly
(Figs. 2d and 3d). In general, the generated radially and azimuthally
polarized beams should be vortex free. However, in the region(s) where
the retardation of the S-waveplate slightly deviates from the half-wave
value, these beams become elliptically polarized with vortex phase |/|
= 1 (Fig. 3). The stiffness of the optical trapping due to the different

u(r, ¢, ) = A(r, 2)e',
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) swp

/4, 6=45°

@ A/4,0=90°  SWP @

Fig. 2. Schematic showing the preparation of the trapping beam. ¢ indicates
the orientation of the quarter-wave plate, 4/4, with respect to the direction of
the incident polarization. SWP denotes an S-waveplate. SWP flipped denotes
an S-waveplate that is physically flipped around the Z-axis. The red arrows
schematically indicate the polarization state. The resulting polarizations are (a)
radial, (b) circular, (c) radial, (d) azimuthal.

polarization patterns does not vary significantly [14] and does not affect
the presented results. Detailed information on the beam conversion with
aid of the S-waveplate/q-plate can be found in [15,16,11] and references
within. The transmittance, 7', of the S-waveplate depends on the incident
wavelength, which for 532 nm is T > 50% [17]. The damage threshold
of the S-waveplate LIDT~ 5 J/cm? for A=532 nm and LIDT> 20 J/cm?
for A=1064 nm [17].

The experimentally obtained polarization maps shown in Fig. 3
confirm the polarization states of the generated beams. The interfero-
grams in the same figure confirm the presence of azimuthally varying
phase. The interferograms show the positions of points of bifurcation
of the interference lines (the “characteristic fork”), which indicate the
point around which the phase circulates. For a circularly polarized
beam, the point of bifurcation coincides with the center of the beam
(Fig. 3b). The location of the bifurcation point is (x; y) = (0.02;
0), mm, with (0; 0) being the center of the beam. The radius of the ring
of maximum intensity is 0.42 mm. However, for radially/azimuthally
polarized beams, the center of the phase circulation shifts from the
center of the beam to (-0.21; —0.01), (-0.27; —0.03) and (-0.29;
0.03) mm, respectively (Fig. 3a,c,d). The fact that the position of the
phase circulation does not coincide with the center of a beam results
in an asymmetric distribution of OAM over the beam. The effect of this
asymmetry on the motion of droplets will be discussed later.

2.1. Rotational frequency control

The total angular momentum per photon is given by AM = (I - o)h,
with the orbital part represented by OAM = /A and the spin part by
SAM = —oh, and ¢ = I, for left/right circularly polarized beam,
respectively. Note that here AM (I = o)h and o +1 has been
used instead of the conventional way of writing AM = (I + o)k with
o = F1 [4]. With the beam prepared as described above, the total AM
experienced by the droplet per photon is given by AM = (I — o)h =
(=1 = 0)h = —1n for the radially polarized beam (the trapped droplet
demonstrates right-hand rotation), AM = (/ — 6)h = (+1 — 0)h = +1h
for the azimuthally polarized beam (the trapped droplet demonstrates
left-hand rotation) and AM = (/ — 6)h = (-1 + 1)h = 0 for the right-
hand circularly polarized beam (no rotation). The maximum frequency
of rotation can thus be obtained with a linearly (radially/azimuthally)
polarized beam and with zero rotational frequency using a circularly
polarized beam. The transient polarization states give intermediate
values of the AM. By changing the orientation of the quarter-wave
plate (Fig. 2) to alter in turn the polarization state of the trapping
beam, the rotational frequency of the droplet can thus be controlled.
This effect of the spin-orbit coupling of the angular momentum in the
beam is used to gradually control the frequency of the rotation of the
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Fig. 3. Experimentally obtained polarization maps and interferograms of a beam prepared as shown in Fig. 2. 6 denotes the orientation of a quarter-wave plate with
respect to the direction of the incident polarization. First column: the polarization distribution is superimposed on the intensity distribution. Second column: the
position of the characteristic “fork” is marked by a red star. Polarization of reference beam used to generate interference is vertical. Third column: magnified area
marked by the red square in the second column. The position and direction of the bifurcation lines are highlighted by red lines. Topological charges are as follows:
@i1=-1,()1=-1,()I=-1,(d) I =+] (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

droplet, as demonstrated by [8] for absorbing particles and by [11]
for nonabsorbing and nonbirefringent solid particles. In this work, the
maximum OAM value is restricted to |/| = 1. In general, however, it
is not limited to this value. The maximum value is determined by the
charge, q, of the plate, which is controlled in the production of the
plate.

2.2. Transition from orbiting to spinning

The switch from orbiting to spinning character of motion is governed
by the geometry of the beam; this can be illustrated with an analogy
with the motion of an object being pulled down a water vortex in a
sink or bath: such an object experiences a reduction in the radius of its
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orbit and a corresponding increase in the angular velocity. The vertical
position of a droplet depends on the power of the trapping beam. By
lowering the power, the droplet gradually falls down from its stable
trapping position above the focal region to the second stable position
in the focal region (Fig. 1). The radius of the circle described by the
orbiting droplet is approximately equal to the waist of the beam at the
vertical position of the droplet. When the droplet is within (or close
to) the focal area, the beam waist is smaller than the droplet diameter
(right part of Fig. 1). The droplet still experiences AM and the orbiting
motion is hence transferred to the spinning motion when the droplet
is locally confined. The transition from orbiting to spinning motion is
accompanied by an increase in rotational frequency.
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Fig. 4. of a rotating transp glycerol droplet (n=1.47) levitated
in air with a radially polarized optical vortex beam of strength / = —1. The bright
spot in the center of the dark droplet is the Fresnel spot. Trapping power is 196
mW. Focal length of the trapping lens is f/ = 8 mm. Droplet diameter is 24.2
pm.
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Fig. 5. Angular frequencies f, obtained from the Fourier-transformed photodi-
ode signals acquired at different angles 6 of the quarter-wave plate orientation
(see text for details). The greatest rotation rates, seen as the fundamental Fourier
component f, = 16 Hzand f,, = 20 Hz, correspond to the quarter-wave plate
orientations at & = 0° and 90°, respectively. An orientation of the quarter-wave
plate at 45° leads to no rotation—that is, f,; = 0 Hz; 10° and 80° orientations
lead to intermediate values of rotational frequency of f,, = 9 Hz and fy, =
11.5 Hz, respectively. Trapping power is 230 mW, droplet diameter 19.5 pm,
beam diameter measured as the diameter of the ring of maximum intensity 39.2
pm.

3. Results and discussion

A diode pumped solid-state (DPSS) continuous-wave (cw) laser
(Laser quantum gem532, 532 nm, 2 W maximum power) was used
for this experiment. An S-waveplate (Altechna R&D) and a quarter-
wave plate were used to modulate the phase, spatial distribution, and
polarization of the trapping beam (Figs. 2 and 3). The motion of a
trapped glycerol droplet (n=1.47), shown in Fig. 4, was captured
with a Phantom Miro eX4 high-speed camera equipped with a Canon
MP-E 65 mm lens and a Canon EF 2X III Extender lens. To quantify
the rotational frequency, the light scattered from the trapped droplet
was collected using a photodiode. The time series obtained with the
photodiode was Fourier-transformed to obtain the rotational frequency
of the droplet.

3.1. Rotational frequency control

Fig. 5 shows the Fourier-transformed photodiode signal obtained
from a 19.5 pm droplet orbiting in a ring of light, as shown in Fig. 4. The
maximum rotational frequency, marked by £, and fy, is achieved with a
linear polarization state incident on the S-waveplate, which corresponds
to the orientation of the quarter-wave plate at 0° and 90° with respect
to the orientation of the polarization of the incident beam. Deviation
from these orientations dramatically decreases the orbiting frequency:
10° deviation (i.e., the orientation of the quarter-wave plate at 10° or
80°) results in the frequency being approximately halved (shown as
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the curves f), and fy, in Fig. 5); 45° orientation, which corresponds
to circular polarization, completely eliminates the AM experienced by
the droplet and the droplet stops rotating (curve f;s in Fig. 5). The
direction of rotation remains the same, independent of the orientation of
the quarter-wave plate. Reversal of the rotational motion is achieved by
physically flipping the S-waveplate around the Z (gravity) axis (that is,
by aiming the light through the front face of the plate instead of the back
face), which reverses the handedness of the helicity of the generated
optical vortex. The “fork” in Fig. 3d then points in the opposite direction
to that observed in Fig. 3a—c.

The shift of the “characteristic fork” from the center of a beam
(as shown in Fig. 3) leads to an aperiodic motion of the trapped
droplet and hence a widening of the peaks in the frequency spectrum
recorded with the photodiode. The difference between the rotational
frequencies f, and fy, is caused either by disturbances due to the open
trapping chamber or a slight misalignment of the optical components.
The appearance of strong higher harmonics has two origins, being due
either to the photodiode being positioned at neither 0° or 90° with
respect to the droplet position and beam axis, or due to the aperiodic
motion mentioned above.

3.2. Transition from orbiting to spinning

By reducing the laser power of the trapping beam, the droplet
approaches both the focal plane of the laser beam and the beam axis. As
a result, due to a decrease in the radius of the orbit, the droplet rotates
faster. Fig. 6 shows the droplet rotational frequency as a function of
the beam power for different trapping lens focal lengths and different
droplet sizes. The size distribution of droplets, typical power levels and
other practical information can be found in Appendix. The behavior is
similar for all focal lengths investigated. Larger beam divergence causes
more rapid transformation of the droplet from orbiting to spinning.

In the limit where the droplet diameter is equal to or greater than
the beam diameter, the nature of the rotation changes from orbiting to
spinning. The insets on the right side of Fig. 6 show an orbiting droplet
trapped at 197 mW and a spinning droplet trapped at 98 mW. From
the high-speed camera recording, it can be observed that the droplet
conserves its axial position. However, the axial constraint makes it
difficult to spot the spin in the video recording (see image insets in
Fig. 7). The spinning of the particles is instead verified by the time
series of the signal from the photodiode, which indeed shows a spinning
particle. To verify this, two cases were compared. In the first case, the
quarter-wave plate was oriented at 45°, such that the polarization before
the S-waveplate is circular and the total AM experienced by the droplet
is this zero. In the second case, the quarter-wave plate was oriented at
90°, such that the polarization before the S-waveplate is linear and AM
—1h (see Fig. 5 and Section 2.1). As shown in Fig. 7, there is a clear
difference between the two signals, despite the similar image sequences
observed with the high-speed camera. The analysis indicates that the
droplet spins with a frequency of fyy = 65.6 Hz when AM is maximum,
and stops spinning when AM is minimum, giving a frequency of f;5 =
0 Hz.

In the case of axial localization of the isotropic spinning droplet,
there are two reasons a nonzero photodiode signal is seen. Over a
short time scale, an inhomogeneity or impurity in droplet composition
could give rise to a periodic signal. However, since the droplet is in
the liquid phase, it should smear out over a long time scale, unless
the impurity inside the droplet is trapped by the beam and constituted
the main contribution to the signal. Over a long time scale, variability
in the position of the droplet gives rise to the observed frequency. An
asymmetric distribution of OAM or a slight inclination of the plane of
rotation of the droplet with respect to the normal to the direction of
gravity would result in nanometer-scale variations in the position, which
is the main cause of the observed periodic signal.
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Fig. 6. Angular frequency of the droplet rotation as a function of the trapping power. The left side shows the dependency under various specified experimental
conditions, while the right side is an example of a particular case. f is the focal distance of the trapping lens in mm, and a is the droplet diameter in ym. Image
insets on the right side: glycerol droplet trapped on the axis (top) and within the ring of light (bottom) of Laguerre-Gaussian beam. Trapping power is 98 mW and

197 mW, respectively. Droplet diameter is 19.5 um.
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Fig. 7. Comparison of two Fourier-transformed photodiode signals obtained at
two different orientations of the quarter-wave plate. The quarter-wave plate
oriented at 45° (circular polarization, AM is minimum) leads to zero spin,
fis = 0 Hz, while the 90° orientation (linear polarization, AM is maximum)
leads to spin at a frequency of fy, = 65.6 Hz. Insets: snapshots from the high-
speed camera recordings showing a glycerol droplet trapped on the axis of the
Laguerre-Gaussian beam; the bright spot in the center of each droplets is the
Fresnel spot. Trapping power is 98 mW, and droplet diameter 19 pm.

4. Conclusion

We have demonstrated a single-beam technique for optical levitation
and rotation of nonabsorbing (transparent) and nonbirefringent liquid
droplets in air. The trapped droplet can be made to either orbit or spin
around the axis of the trapping beam. The type of rotational motion
depends on the size of the local waist of the trapping beam at the point of
trapping. The vertical trapping position is controlled by the power level
of the trapping laser beam. The frequency of the rotation of the droplet
depends on the polarization of the beam (even though the droplet is not
birefringent) due to the spin-orbit coupling of the angular momentum in
the beam. The polarization is continuously controlled by the orientation
of the quarter-wave plate. This single-beam method may be preferential
to multiple-beam technique on account of interference between two
beams of slightly different frequencies, and for extending the abilities
of conventional optical tweezers and complex setups in the analysis and
probing of microparticles, as discussed in [12]. Although the experiment

156
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Fig. A.8. Size distribution of droplets used in the experiment.

was performed in air with liquid droplets the described method can be
successfully used in conventional optical tweezers with samples in any
phase (gas/liquid/solid) as long as the standard condition n, > n, for
refractive indices of surrounding, n,, and particle/sample, n,, is met.
Additionally, this method can find applications outside optics, such as
in fluid dynamics, where rotating droplets could be achieved in the
study of collisional dynamics of liquid droplets in studies of raindrop
formation [18].

Appendix

For the experiment glycerol droplets (n=1.47) were used. Size
distribution of droplets is shown in Fig. A.8 The droplets were prepared
using a commercial printer cartridge (Hewlett-Packard C6614). The
cartridge works as a drop-on-demand system, where a droplet is ejected
each time a TTL pulse is sent to the cartridge from a pulse generator (see
Ref. [18] and references within for the droplet generation technique).
Glycerol has no absorption in the visible range of wavelength [19].
Negligible level of absorption could originate from contamination of the
glycerol solution. Purity of used glycerol (produced by Fisher Scientific)
was 99.6%.

Other experimental parameters are specified in Table A.1.
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Table A.1
Experimental parameters.

Optics Communications 427 (2018) 152-157

Focal length, £, mm

Corresponding beam spot
diameter at the waist”, D, um

Beam diameter” at 196 mW power
level, D, pm, (see Figs. 4 and 6)

Typical power required to
levitate the droplet®, P,, mW

Typical power prior the droplet is
lost from the trap®, P,, mW

8.5 53+5
4.1 475
2.7 40+5
0.7 31+5

500 165
440 100
365 115
260 125

@ Calculated as D = 1.274f/D,. D, = 2 mm — spot size of the beam on the lens, f — focal length of the length, 4 = 532 nm — light’s wavelength.
b Beam diameter is measured as the diameter of the ring of maximum intensity.
¢ Measured after the trapping lens. Trapping laser: CW, 2=532 nm.
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demonstrated, with maximum efficiency at a wavelength of 530 nm. The broadband coverage is obtained
using polarization filtering, which is applicable for any component based on geometric phase retardation.
The efficiency of the filtering varies from 50% to 95% depending on the wavelength. This technique has a
potential application in stimulated emission depletion (STED) microscopy and lithography. © 2019 Optical
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1. INTRODUCTION

Optical orbital angular momentum (OAM) of I per photon (/z
is the reduced Planck constant) [1] rises in the light fields with
screw wavefront dislocations [2]. Phase of these beams varies
azimuthally and their complex amplitude is proportional to
e”‘P, where [ is referred to as topological charge, r and ¢ are the
radius and azimuthal angle, respectively. Such OAM beams are
frequently referred to as Optical Vortices (OVs) [3]. Due to the
presence of OAM and doughnut shaped intensity distribution
OVs have found applications in various areas [4-9]. In most of
those applications broadband or at least widely tunable OVs are
desired; however, their generation is technically challenging due
to inherent dependence on wavelength A. Indeed, the wavefront
of OVs which give rise of OAM has the tilt of IA /277 [10].

An exotic method of broadband OV generation exploits non-
linear processes [11]. However, the simpler (hence more prac-
tical) techniques rely on amplitude, phase and/or polarization
modulation of a Gaussian beam in a dedicated optical com-
ponent. The most common component is a forked hologram
recorded on photographic film [12] or displayed with spatial
light modulator [13] that modulates amplitude or phase of an
initial beam. Due to the diffractive nature of such modulation,
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this technique suffers from chromatic angular dispersion [14]
and requires compensation schemes. The widest OV bandwidth
demonstrated to date used a forked grating inscribed in a phase
hologram and covered 250 nm range with the central wavelength
of Ap = 800 nm [15].

Phase plates with varying azimuthal thickness can generate
OVs over 140 nm range in the visible [16]. Their bandwidth
depends on the phase plate material.

Polarization-based methods include axially-symmetric po-
larizer [17], quarter [18] and half [19] waveplates, and a glass
cone [20]. These methods can theoretically produce OVs in the
entire visible spectrum, however, they lack sufficient spatial res-
olution in the axial part of the component, which is essential
in applications such as stellar coronagraphy [21]. Additionally,
the methods described in [19, 20] are limited to |I/|=2. Due to
dispersive nature of glass, OV generated with the glass cone [20]
exhibits spatial and chromatic dispersions. Separately, polariza-
tion grating [22] should be mentioned. It provides extremely
high efficiency over wide spectral region, however, suffers chro-
matic dispersion and has a relatively low damage threshold of
liquid crystals.

Recognition of eigenmodes of light in the form of Laguerre-
Gaussian (LG) modes in a homogeneous anisotropic medium
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(e.g. uniaxial crystals) [23], created a wave of subsequent stud-
ies of broadband OVs generation from spin-orbit coupling of
angular momentum (AM) of light in uniaxial and biaxial crys-
tals. Biaxial crystals demonstrated bandwidth of 250 nm after
additional compensation of chromatic dispersion [24]. Uniaxial
crystals demonstrated 360 nm bandwidth (but are not limited
to this value) [25-27]. To generate OV, Gaussian beam should
be focused onto the crystal. The radial index of the generated
LG mode depends on the angle of divergence of the initial beam
and crystal length. Q-plate is another class of components that
uses spin-to-orbit coupling of AM. Q-plate is a spatially variant
half-wave plate, which by changing polarization of the inci-
dent beam changes its geometric (Pancharatnam-Berry) phase
[28]. When slow (fast) optical axis spatially varies in the form of
¥ = q¢ (with q half-integer) and birefringent phase retardation
is 77 (half-wave) then the AM of light is not transferred to the
material but directly converts from spin to orbital. Three most
common techniques of inducing 7t phase retardation are based
on liquid crystals (LC), photonic crystals (PC) and nano-gratings
(sub-wavelength gratings). LC based g-plates allow tuning of a
plate to a certain wavelength by changing the applied voltage
[29, 30], but do not allow simultaneous coverage of a broad spec-
trum range. PC based g-plates demonstrate 300 nm bandwidth
(from 500 to 800 nm) [31]. Nano-grating (sub-wavelength grat-
ing) based g-plates are also referred to as super-structured wave
plates (S-waveplates). The period of spatial structures in such
plates is shorter than the wavelength of light in the visible spec-
trum [32-34]. These components exhibit high spatial resolution
of patterning in the axial area and are resistant to optical damage
[35]. However, their specified bandwidth is 20 nm around the
central wavelength.

Recently, it was suggested that additional polarization sen-
sitive [36] or spatial filtering [37] can significantly broaden the
spectral performance of Pancharatnam-Berry phase elements.
However, the experimental efforts were confined to far-infrared
spectral range and did not demonstrate the polarization sensi-
tive beam cleaning as spatial filtering was performed instead
[37]. Similar polarization filtering was performed to reduce
dispersion of topological charge of high order OVs [38] (with-
out theoretical description of the process). Yet, enhancement of
spectral performance was not demonstrated.

In this article, using proposed polarization-sensitive filtering,
we demonstrate generation of an optical vortex beam over the
entire visible and near infrared range, from temporarily coherent
and incoherent light sources. This technique allows converting
any wavelength dependent (chromatic) Pancharatnam-Berry
phase element to an achromatic one. We have employed a high
damage threshold S-waveplate with an initial bandwidth of
20 nm (around the central wavelength of 532 nm) and demon-
strated that it can be used to generate high contrast OV beams
at any given wavelength in the range between 400 nm and 1040
nm. The efficiency of the filtering and possible applications of
this technique are discussed.

2. OPTICAL VORTICES OVER OCTAVE-SPANNING
SPECTRAL RANGE

A. Theory

Although topological charge I of the S-waveplate could reach
higher values [39], in the following we restrict our considera-
tions to [ = 1. The S-Waveplate acts as a half-wave plate phase
retarder and it’s operation can be described by the Jones matrix
formalism. The matrix for the S waveplate is as follows:
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Mo = (20) (20) ®
sin(20)  — cos(260)

where 6 is an azimuthal angle of the optical axis of a half-wave

plate. The resulting light field E,,+ can be presented as an action

of a half-wave plate converter Mg on the initial field E;,: Eout =

M;E;,,. If a right-handed circularly polarized light is transmitted

through the S-Waveplate, a left-handed circularly polarized OV

(with the topological charge equal to 1) is generated:

1
Eout = ﬁMs |:

where E;, o1/ w?oi2m/X0)r*/(2R) i Gaussian envelope,
R = z(1+(2/2)?), 2 = 7w}/A, * = 22+ %, x,y and z
are Cartesian coordinates, w is waist of the beam and A is the
wavelength of light. So, left (right) handed circularly polarized
light passed S-waveplate acquires vortex phase and orthogo-
nal right(left) handed circular polarization. However, if the
wavelength of incident light, A, differs from the wavelength the
S-waveplate was designed for, A, the value of phase retardation
would be different for different wavelengths: A = 7Ag/A. It
means that only light at the wavelength A¢p would remain circu-
larly polarized. Arbitrary wavelength A would acquire elliptical
polarization and phase retardation A. By multiplying Jones vec-
tor for left circular polarization with Jones matrix for the retarder
(S-waveplate) with phase retardation A and azimuth 6 (orienta-
tion of optical axis), we can calculate how circular polarization
of the input light will be transformed:

1 } |::| Ei" B

V2 |:(1 — e'™)sin()cos(6) i
1 | cos?(6) +esin(8) +i(1 — e')sin(8)cos(6) E
(1—e®)sin(0)cos(0) +i(sin?(0) + e cos?()) "
3

V2
Eq. 3 does not give much information on phase or polar-
ization dependence of the beam on phase retardation A or az-
imuthal angle 6. Now let us assume that the light with such
polarization E,; (Eq. 3) passes the left L or right R circular polar-
izer (quarter wave plate and linear polarizer). Then, the electric
fields (Eg and E) will be following:

. 1
(1—ei®)e? Ein;
—i
Epept = LEy = 335 (1+¢%) ' Eiy
eft = LEel = 4
2V2 i

where R and L are the Jones matrices for right and left circular
polarizers, respectively:

1

} Ein =

i

Eq =
cos?(0) + eBsin?(0) (1 — e¢)sin(8)cos()

sin2(8) + e®cos?(6)

Evignt = REg = 2%/5

@)

)

After the left-handed circularly polarized light of A # Ag
passes through the S-waveplate and a right-handed circular po-
larizer, the electric field Eg (Eq. 4) becomes similar to what
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we would expect after passing through the S-waveplate when
A = Ag (Eq. 2). It contains the same factor 2% which indicates
the azimuthal phase variation of the field, i.e. presence of an
OV. However, after the left-handed circular polarizer, the electric
field E; (Eq. 4) does not have this azimuthally dependent term.
Therefore, after the S-waveplate, the circularly polarized light of
wavelength A # Ay can be separated into two parts according
to the handedness of polarization. Only one of the polariza-
tions will exhibit the azimuthally varying phase dependence, i.e.
become an OV.

The ratio of the two resultant fields depends only on the
phase retardation of the retarder:

1

Ir = EgcEpy + EgyEgy = §<1 —cos 7TAg/A) (6)
1

I = Er<Efy + EyEj, = E(l+cos71)»n/)\) @)

In summary, even if any S-Waveplate or, in general, any other
optical element based on the phase control of circularly polarized
light by half-wave plates (e.g. [40]) is designed for a specific
wavelength, a desired transformed part of the beam can be
easily separated out using a circular polarizer.

As an illustration, using previous equations 4 and a Fourier
propagation method, a situation was simulated, where a circu-
larly polarized beam passes through the S-Waveplate, quarter-
wave plate and a linear polarizer (Fig. 1). The modelled S-
Waveplate is set for Ay = 530 nm wavelength, whereas the
spectrum of the incident light ranges from 400 nm to 1000 nm.
The results indicate that the contrast of the vortex beam gener-
ated with the S-Waveplate strongly depends on the wavelength
(Fig. 1 (ii)). However, after passing the circular polarizer, at all
wavelengths a high contrast OV is obtained (Fig. 1 (iii)), with
zero intensity at the center. Due to the wavelength mismatch all
the "background", i.e. not phase modulated part of the beam is
separated to the orthogonally polarized field (Fig. 1 (iv)).

(ii) Polarization sensitive (iii)|
vortex beam filtering
\

Quarter-wave plate
(Achromatic)

800 nm

S-waveplate
(@530 nm) g =

1000 nm

Fig. 1. The simplified schematic and numerical model for OVs
generation and polarization-sensitive beam cleaning. Gaus-
sian beams (i) pass through the S-Waveplate, resulting in OVs
with different contrast, depending on the wavelength (ii). The
quarter-wave plate and linear polarizer work as a polarization-
sensitive vortex beam filter that separates the vortex beam (iii)
and the background with no phase modulation (iv).

B. Experiment

We used an S-Waveplate designed for 530 nm (fabricated by
Altechna R&D, developed at the University of Southampton
[32, 33]). The S-Waveplate was illuminated with femtosecond
light pulses tuned in the range of 400 — 1040 nm from an optical

parametric amplifier "Topas” (Light Conversion Ltd.). The ex-
perimental setup was similar to the one illustrated in the Fig. 1.
However, to achieve a perfect achromatic behaviour in a wide
spectral range, achromatic quarter-wave plates (for circular po-
larization generation and for circular analyser) were replaced
with two Fresnel rhombs and a calcite crystal was used to sep-
arate two orthogonal polarizations. The beam profiles were
measured using a CCD camera (Chameleon CMLN-1352M-CS).

C. Results and discussion

The contrast (intensity in the center of the beam divided by the
maximum intensity of the beam: I, / iuax) of the OVs gener-
ated by the S-Waveplate strongly depended on the wavelength
(Fig. 2 (ii)). At wavelengths close to the design wavelength of
530 nm, the generated beams exhibited a well-defined doughnut
shape, while at nearly twice longer wavelength (~ 1000 nm) the
generated beam had a flat top profile with no sign of singularity
at the center. However, after the polarization-sensitive beam
cleaning part of the setup (second Fresnel rhomb and calcite
crystal), vortex and Gaussian parts of the beams were separated
into two beams (Fig. 2 (iii,iv)).

(i)

® 0 '[!

O
o

o
o
Intensity (a.u.)

C © 6
O G © o5
o0 O0e

Fig. 2. Experimental intensity distributions of: (i) Initial Gaus-
sian beam before S-Waveplate; (ii) — beam after S-Waveplate;
(ii) filtered vortex part of the beam (after a quarter-wave plate
and a linear polarizer); (iv) Gaussian (background) part of the
beam (after quarter-wave plate and linear polarizer).

The further analysis of beams presented in Fig. 2 (ii,iii) and
(iii,iv) is shown in Fig. 3 and 4, respectively. The performance of
the polarization-sensitive beam cleaning was evaluated by com-
paring the contrast of the generated OVs before and after beam
cleaning (Fig. 3 (a)). Before beam cleaning, the contrast exhibit
a strong dependence on wavelength, whilst after the cleaning,
contrast of OV is similar at all wavelengths. Small variations
in the contrast after cleaning is caused by the variations in the
quality of the input Gaussian beam (Fig. 2 (i)) rather than the
chromaticity of the setup.

In order to confirm the presence of phase helicity in the vortex
part of the beam and its absence in the orthogonally polarized
part, both parts of the beams were injected into a Michelson
interferometer and interference patterns were measured (Fig. 3
(b)). As predicted, the interference pattern of the vortex beam
exhibited a forked structure (which is a clear indication of the
phase helicity) whereas the orthogonally polarized Gaussian
(background) part of the beam produced regular fringes.
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—a— Before beam cleaning

0.8 —e— After beam cleanin:
S 06
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0.0
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Fig. 3. (a) The contrast of generated vortex beams at different
wavelength before and after the polarization sensitive beam
cleaning. (b) Interference of vortex- and Gaussian part (back-
ground) of the beam (at 1000 nm).

1.0
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0.2
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0.0
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Wavelength (nm)

Fig. 4. Polarization sensitive beam cleaning efficiency depen-
dence on the wavelength. Experimental points are compared
with the theoretical curve. Insets demonstrate measured beam
profiles of generated OVs and beams profiles of filtered out
background at different wavelengths.

The reason for one polarization component to acquire vortex
structure and for other not to is following. The beam is being
transformed to OV by acquiring phase retardation Ag/2 and
changing its polarization state to orthogonally polarized. When
the incident wavelength A # Ag, the phase delay and polariza-
tion state depend on A; the beam become elliptically polarized.
Dividing the beam into two orthogonally polarized parts and
selecting the polarization orthogonal to initial, we automatically
select the light which acquired A(/2 phase delay. Therefore, one
polarization component carry an OV and other does not.

Fig. 2 (iii,iv) shows that unlike the contrast, the power ratio
between the cleaned vortex part of the beam and not phase mod-
ulated background (Gaussian "noise") part strongly depends on
wavelength. The efficiency of the vortex/Gaussian conversion
at different wavelengths (Fig. 4) can be evaluated using Eq. 7.
Maximum efficiency is achieved at the design wavelength of the
S-Waveplate; the efficiency remains above 50% at the wavelength
nearly two times larger than the design wavelength, demonstrat-
ing successful OV generation in the 600 nm wavelength range
(in this range, the efficiency is more than 50%). Obviously the
bandwidth scales with the central wavelength: an S-Waveplate
designed for the 1 um wavelength would cover the bandwidth
of 1.2 ym.

Besides OVs generation in a broad wavelength range, the pre-
sented scheme can also work as a polarization selective vortex
converter. The handedness of circular polarization determines
whether the Gaussian beam passing through the setup stays
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Gaussian or is converted to an OV. Therefore, for example, if
we have two beams with different wavelengths and orthogonal
circular polarizations, only one of them will be converted to a
vortex beam and the other would remain unaffected (Fig. 5 (a)).
This could be useful for stimulated emission depletion (STED)
applications as both beams could travel in the same optical path
and just before the objective, one of them would be converted
to a vortex beam. The advantage of such geometry has already
been demonstrated in [6, 41], where an OV was generated using
a highly chromatic optical component, which imposed a limit
on how close the two wavelengths could be. Since our method
is based on polarization selection, there is no such wavelength
limitation for the two beams; only the "correctly" polarized beam
will be converted to a vortex. In order to demonstrate how this
works in practice, we performed an experiment using the setup
illustrated in Fig. 5 (a). We used three lasers with different wave-
lengths: red — HeNe laser (633 nm), green — second harmonics
of Nd:YAG laser (532 nm), blue — OPA output at 400 nm wave-
length. Orthogonally polarized beams of two of the lasers (red
and green or blue and green) were launched collinearly through
the polarization sensitive OV generator. As shown in Fig. 5 (b),
in each case, only one beam (green in the presented case) was
transformed into a vortex whereas the other remained Gaus-
sian. With currently available laser sources intensity efficiency
of the methods does not impose limitation for the application.
The proposed scheme with single optical path for both excita-
tion and depletion beams could significantly facilitate extremely
complicated process of alignment of STED systems.

| I
Quarter-wave plate

(Achromatic)

Fig. 5. Polarization selective vortex beam generation: (a) ex-
perimental set-up and modeled results; (b) experimentally
measured profiles of green (532 nm) vortex beam after po-
larization transformation superimposed with orthogonally
polarized red (633 nm) and blue (400 nm) Gaussian beams in
the middle; (c) experimental beam profiles (532 nm and 633
nm) before (on the left) and after (on the right) polarization
sensitive transformation.

plate and Polarizer

Overlapping red
Gaussian and blue
Vortex beams

olarized beams

with different
wavelengths

Overlapping blue
Gaussian and red
Vortex beams

3. OPTICAL VORTEX GENERATED FROM AN INCOHER-
ENT WHITE LIGHT SOURCE

A. Theory

In this section, we expand our previous considerations to gen-
erate "white" light OV. Hereafter, white light means a broad-
band incoherent light emitted by an incandescent halogen lamp.
Temporally incoherent incident light field A(t) is given by the
Gaussian-Gaussian noise model [42]:

N
A(H) = % Y ey HiE), ®
=1
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where O] = wj — wy, Wy and wj are the central and normally
distributed random frequencies, respectfully; dispersion o? (o=
(w1 — wy)/2V/2, w1y = 27c/ Ay, ¢ - speed of light). ¢; are
uniformly distributed random phases. N has to be significantly
large in the simulation (here N = 471). The wavelengths A; =
360 nm and A, = 830 nm, Ay = 530 nm. Intensity distributions
after each component in the experimental setup are obtained by
the multiplication of the Fourier transformed complex amplitude
A(t) by the Jones matrix of the corresponding optical element.
For example, the vortex Ey and not phase modulated Eg; parts
of the beam after the polarization filtering are given by:

(O]

Ev(G) = Erigt(teft)S(w),

where S(w) is the Fourier transform of the A(f), Eignt(iefr) is
given by Eq. 4. Such field has Gaussian shaped spectrum and
obeys Gaussian statistics [42]. Modeled intensity distributions
are shown in the top row of the Fig. 7.

B. Experiment

For the white-light experiment the light source in the experimen-
tal setup described in the section 3B was substituted by a 55 W
tungsten halogen bulb and used as the source of an incoherent
broadband white light. The light from the halogen bulb was
collected (without focusing system) by a multimode gradient
optical fiber (86 cm long, cladding diameter 850 ym, core diame-
ter 130 ym) placed close to the lamp. Only the light propagating
through the core of the fiber was then selected by the first aper-
ture (diameter 0.95 mm) placed 21 mm after the tip of the fiber.
The spatial coherence of the light was controlled by the size of
this aperture. It should be small enough to provide sufficient
degree of spatial coherence for the generated optical vortex to be
visible, i.e. to posses deep axial minimum of intensity ([26, 43]
and references within). "White"-light beam with a high degree
of spatial coherence was then collimated with the aid of a pair
of lenses in the telescope configuration and spatially filtered by
the second aperture (diameter 110 ym) placed in the common
focus between these lenses. The role of the second aperture was
to endow the beam with nearly Gaussian intensity profile and
to control its waist size. The polarization tailoring of the beam
were achieved by Fresnel rhombs and a Glan polarizer. An angle
cut calcite crystal was used to separate two polarization states.
Colored images of the beam were obtained by Canon 600d cam-
era with the default settings for the white balance, saturation,
contrast and color tone.

C. Results and discussion

Bandwidth of the incident white light spans from 325 nm to
1030 nm and is shown in the Fig. 6a (solid black curve marked
as "Initial experimental”). However, for modeled intensity dis-
tributions spectrum in the limits of human eye perception was
used: from 360-830 nm (hollow brown circles in the Fig. 6a).
The "white" light beam acquired its vortex structure upon prop-
agation through the S-waveplate designed for conversion of
light in the 20 nm bandwidth (as stated by the manufacturer)
around its central wavelength of 532 nm. Due to the far ex-
ceeding bandwidth of the incident "white" light, the visibility
of the vortex core (zero intensity at the axis) is "masked" in the
beam right after the S-waveplate (Fig. 7). As described in the
previous sections, the maximum conversion efficiency is around
design wavelength of the S-waveplate. Hence, the central part of
the beam right after the S-waveplate is filled by the pink-violet
shades, which are result of the substruction of green shades from
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Fig. 6. (a) Spectra of the "white" light beam in different states.
Experimental: Black (solid): initial unpolarized white light; Red
(dashed): spectrum of the polarized collimated beam after
passing all the polarization optics but the S-waveplate; Blue
(dashed-doted): vortex part of the beam after the polarization
filtering (i.e. beam passed all the polarization optics and the S-
waveplate). Modeled: Brown (hollow circles): initial spectrum
used for modeling; cut at the limits of visible light. (b) Gener-
ated "white" light OV focused by a cylindrical lens. See text for
details.

the white color. After the polarization selective filtering verti-
cally polarized part of the beam with "clean" vortex structure
(zero axial intensity) is spatially separated from the horizontally
polarized background part of the beam having no phase singu-
larity. Intensity normalized experimental images are shown in
the Fig. 7 bottom row and demonstrate good agreement with
the model. Outer red shades and inner blue shades of the circle
of light of OV could be explained by the scattering of white light
on objects smaller then the wavelength of light, which are the
nano "cracks” the grating of the S-waveplate is made of.

The spectrum of the filtered optical vortex is shown in the Fig.
6a marked as "Filtered vortex" (dashed-dotted blue curve). Red
dashed curve in the Fig. 6a marked as "No S-waveplate" shows
spectrum of the beam after it passed through all the polarizing
optics in the setup (under condition that the S-waveplate is re-
moved from the setup). Because some of the polarizing elements
were made from calcite, the spectrum of the beam was cut at the
blue side, so it differs from initial and spans from 400 to 1000 nm.
The spectrum of the filtered vortex has its maximum at 545 nm
and spans from 410 to 900 nm. Conversion efficiency at different
wavelengths differs as described in the previous sections.

Different frequency components acquire different phase de-
lay, resulting in a topological charge dispersion [44]. Based on
this effect vortex with half integer topological charge |I| = 1/2
can be generated when the S-waveplate is illuminated by twice
the wavelength it is designed for [34]. Above described polariza-
tion filtering compensate topological charge dispersion resulting
in equal TC for all spectral components [38]. To demonstrate unit
topological charge of the generated "white" light OV |I| = 1 the
beam after the polarization filtering was focused by a cylindrical
lens (focal distance f = 125 mm) as described in [45]. At the focal
area the light possessed one dark stripe across the intensity dis-
tribution (Fig. 6b) indicating that the value of topological charge
is |I| = 1. OV generation occurs through the phase and polariza-
tion modulation. Thus, optical vortices at different frequency
components demonstrate coaxiality, hence, avoid anomalous
spectral behavior near the vortex core [46].
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Fig. 7. Intensity normalized numerical plots (top row) and ex-
perimental images (bottom row) of the beam from incoherent
light source in the states (i), (ii), (iii) and (iv) as described in
the Figs. 1 and 2.

4. CONCLUSIONS

We have demonstrated generation of optical vortices over
the visible and nIR wavelength range by using a single three-
component scheme based on polarization-sensitive filtering.
The filtering scheme consists of widely available components,
is simple to implement and can be extended to any optical
element based on the phase control of circularly polarized
light, e.g. g-plates, not only as optical vortex converter but
also as, e.g., Airy beam converter [40]. The demonstrated
wavelength range spans over 600 nm over the VIS and nIR
range with the efficiency of filtering higher than 50%. Due
to the polarization modulation the presented scheme ensures
coaxiality, no spatial dispersion of optical vortices generated
at different wavelengths, which could be useful for generation
of ultrashort OV shaped pulses in quantum communication
systems and data transformation through photonic fibers.
We have also demonstrated the polarization-selective vortex
generation, where only one of two orthogonally polarized
beams with different wavelengths is transformed to optical
vortex (doughnut mode) with no limit on how close the two
wavelengths could be. Proposed scheme with single optical
path for both excitation and depletion beams could significantly
facilitate extremely complicated process of alignment of STED
systems.

M. Ivanov acknowledges financial support from the Erasmus

Mundus Action 2 MID project.
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1 Introduction

Radially polarized beams were first generated in 1972." Later
on, their unique properties were discovered. It was found that
a smaller focal spot can be achieved with a radially polarized
beam than using a conventional linearly or circularly polar-
ized light.>* In addition, a strong longitudinal electric field
component has been shown to exist in the vicinity of the
focus of the radially polarized beam.® These properties
have led to a number of new applications, among which
are laser material processing,>® optical trapping and manipu-
lation of microscopic particles,”!” and acceleration of elec-
trons by the longitudinal electric field component.''~!3

Several methods have been proposed to generate radially
polarized beams inside a laser resonator "'*"18 as well as out-
side the resonator. Outside of a laser resonator, the radial
polarization of a beam can be achieved by converting circu-
larly polarized light by a radial analyzer (a polarizer which
only transmits a radial polarization),'*? the radial polariza-
tion converter (the S-waveplate),”’ superimposing two
orthogonally polarized Hermite-Gaussian modes,” using
a spatial light modulator®2> or propagating a circularly
polarized optical vortex through a uniaxial birefringent crys-
tal and splitting it by focusing into a radially and azimuthally
polarized components.>®

Radially and azimuthally polarized beams are two exam-
ples of a wide family of beams with polarization singular-
ities. Yang et al?’ has demonstrated an experimental
generation of such beams by superposition of Laguerre—
Gaussian modes. They used a spatial light modulator to gen-
erate two optical vortices of different topological charges and
superimposed them.

In this paper, we propose a technique to generate beams
with polarization singularities and demonstrate it experimen-
tally. The proposed method can be used to create powerful
beams, limited only by the damage threshold of the nonlinear
crystal (NLC). In the theoretical part of this paper, we discuss

*Address all correspondence to: Paulius Stanislovaitis, E-mail: paulius.
stanislovaitis @ff.stud.vu.lt
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the underlying physical principles of the technique and in the
experimental part the concept of the technique is introduced.
The experimental results and possible extensions of the
method are presented and discussed in the last two sections
of the experimental part.

2 Theoretical

To generate beams with polarization singularities, we use a
superposition of two optical vortices obtained by optical
parametric amplification. The signal and idler waves after
the optical parametric amplification are combined using a
quarter-waveplate to create the output beam with the desired
polarization.

2.1 Polarization Singularities as a Superposition of
Optical Vortices

The polarization vector of a radially polarized beam can be
written as follows:

]

where r and ¢ are radial and azimuthal coordinates in the
cylindrical coordinate system and A(r) is the beam’s
envelope, which depends only on r. Using the well-
known trigonometric identities, the polarization vector in
Eq. (1) can be rewritten as a sum of two circularly polarized
optical vortices with opposite topological charges

{exp(i¢> {_‘i] +exp<—i¢)m }

Note that in Eq. (2) the polarization handedness of the optical
vortices is opposite as well as the sign of their topological
charges.

A similar equation can be written for the azimuthal polari-
zation vector

cos ¢

= sin ¢ O

r

A

—1a0)

3 2

7,
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—sin ¢

cos ¢

7 =)

%A(r){exp(ilﬁ) [_l,] —exp(=id) [ i } }

Also, higher order polarization singularities can be
expressed as a superposition of optical vortices with higher
topological charge

— |

%A(r){exp(ilq')) {_ﬂ + exp(—ilg) [ i } }
—sin I

A(’)[ cos I ]
éA(,«){exp(i[(ﬁ) {_ﬂ —e*p(‘”"’)m }

for two types of beams with polarization singularities. When
[ =1, Eq. (4) reduces to a simple radial polarization beam
[as in Eq. (1)] and Eq. (5) reduces to an azimuthal polariza-
tion beam, just like in Eq. (3). Therefore, throughout this
text, when we talk about the general class of beams with
phase singularity, we will call these beams radial-type
(RT) and azimuth-type (AT), respectively. This is just a lim-
ited classification for the purposes of this work. For more
extensive analysis of polarization singularities, see the papers
by Vyas et al.”® and Brown.”

3)

cos I
sin I

(1)
1

Q)

(5)

2.2 Phase Relations in the Optical Parametric
Amplification

Optical parametric amplification is used in this work to
obtain two optical vortices of opposite topological charges.
Therefore, we analyze phase relations among the interacting
waves. A certain phase difference between the optical vor-
tices is important in order to obtain the desired output beam.

Assuming the full phase matching, a nearly lossless
medium and the slowly varying amplitude approximation
the well-known coupled wave equations can be rewritten

in the following form:*"

dd_bg = —u3l, sin O, ©)
dd_ug = —usu; sin O, (@)
dd_u; = u U, sin O, ®
% = —K cot Gd%‘ In(uyupus), )

where ¢ is the normalized propagation distance, u;, u,, and
uy are the absolute amplitudes of the signal, idler, and pump
waves, respectively, and © is the net phase, which can be
expressed as
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0 =y3(8) —wa() —wi(0). (10)

where w3 (), w2 (¢), and y({) are the phases of the signal,
idler, and pump waves, respectively. Equation (9) can be
integrated® to show that

an

U Uz cos ® =T,

where I' is a constant. The relation in Eq. (11) holds true
during the parametric interaction for all values of (.

In the optical parametric amplification process, only the
signal and pump waves are injected, while the idler wave is
generated inside the crystal. Therefore, the initial condition
for the idler wave is u,(0) = 0. Inserting this into Eq. (11),
we can see that I' = 0. Afterwards, the amplification takes
place and the idler wave appears, therefore, u,(¢) > 0 for
values ¢ > 0. Then, for Eq. (11) to hold true, it is required
that cos ® = 0. From this, it follows that

0=+ 3 (12)
The =+ sign in Eq. (12) determines the energy transfer direc-
tion between the waves. In the optical parametric amplifica-
tion, the energy transfer takes place from the pump to the
signal and idler waves; therefore, the solution ® = —z/2
is appropriate for this case. From this solution and
Eq. (10), the phase of the idler wave can be expressed

v2(0) = (O~ v (O] + 5 a3

The square brackets in Eq. (13) emphasize that the idler’s
phase depends on the phase difference between the pump
and the signal waves. Therefore, if a phase shift is introduced
into either the signal or the pump wave, the idler’s phase will
change accordingly.

Let us discuss a particular case. The pump is a plane
wave. Assuming a negligible pump depletion, we can con-
sider that y3({) = w3 = const. The signal beam is an opti-
cal vortex with a topological charge /. If a constant phase
shift Ay is introduced to the signal wave, the phase of
the signal wave will then be w(z,¢) =Ilp+ Ay,.
Inserting the pump’s and signal’s phases into Eq. (13),
the idler’s phase can be obtained

b3
:W30_1¢_AW1+5- (14)

wa(¢.9)

The idler wave has the azimuthal phase modulation and
its sign is opposite to that of the signal. In addition, as the
signal’s phase changes by a constant Ay, the idler’s phase
changes by —Ays. Therefore, the phase difference between
the signal and idler waves can be controlled by changing the
signal’s phase. Alternatively, the phase shift could be intro-
duced to the pump wave, whereas the signal’s phase
remained unchanged. As will be described in the experimen-
tal section, this phenomena will be used to obtain the desired
phase difference between the signal and the idler waves at the
output of the NLC.

September 2017 « Vol. 56(9)
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2.3 Transformation of the Amplified Beam by a
Quarter-Waveplate

After the optical parametric amplification, we use a quarter-
waveplate to combine the amplified signal and idler optical
vortices into the output beam with the desired polarization
singularity.

First of all, the coordinate system has to be defined. We
choose the left-handed coordinate system and measure all the
polarization and optical vortex wavefront handedness with
respect to the source. In that case, a polarization vector

1

will be left-handed and right-handed. Also,

the wavefront of an optical vortex with topological charge
[ > 0 will be left-handed and with / < 0 will be right-handed.
Thus, we can see from Egs. (2)—(5) that the wavefront of
each optical vortex has a different handedness than its polari-
zation vector.

With the coordinate system defined, we can now define
the rotation transform. The matrix of the counter-clockwise
rotation transform by angle a around the z-axis will be

%:[ ]

This transform rotates a vector by angle a counter-clock-
wise. The inverse of this transform would naturally be the
counter-clockwise rotation by —a (or, in other words, the
clockwise rotation by ). Its matrix would be

:{ }

The Jones matrix of a simple quarter-waveplate®' would

—sin a
cos a

cos a
sin

(15)

sin a

-1 cos a
T

(16)

—sina cos a

amn

If the quarter-waveplate is rotated counter-clockwise by
angle a, its matrix would be

cos®a + isin’a
cos a sin a(1 —i)

cos a sin a(l —i)
isin? @ + cos® a

(18)

@:fﬁ':[

In the experiment, a NLC wit type-II phase matching is
used for the optical parametric amplification. It produces two
orthogonally polarized signal and idler optical vortices. The
two optical vortices are then transformed by the quarter-
waveplate into the output beam with the desired polarization
structure. We will now discuss two cases with different phase
shifts between the signal and idler waves.

1. The phase shift between the signal and idler waves is
/2. In this case, assuming sufficiently large gain (so that the
signal and idler waves will have approximately the same
intensity), we can write the polarization vector of the out-
going beam
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exp(ilgp)
i exp(—ilg)

=t

L)
If a quarter-waveplate, rotated by angle a =45 deg
counter-clockwise is placed in the path of the beam, then
cos a = sin a = 1/v/2. Inserting this into Eq. (18), the
Jones matrix of such a waveplate would be
—i

~ 1 i

[ 7]
The normalization and phase factors have been dropped in
Eq. (20). Multiplying the vector in Eq. (19) by the Jones

matrix in Eq. (20) and refactoring the expression, we can
obtain the output polarization vector after the quarter-wave-

)l

‘We can see that at the output of the quarter-waveplate, an RT
beam will be present. In the simplest case, when [ = 1 it will
be a radially polarized beam.

Therefore, if there is a 7/2 phase shift between the signal
and idler waves, a quarter-waveplate, rotated by 45 deg
counter-clockwise, can transform the two orthogonally
polarized optical vortices with opposite topological charges
into a radially polarized beam (or any other RT beam,
depending on the choice of the topological charge of the vor-
tex). In the case when the signal is a unit-charged vortex
(I =1), the resulting beam is radially polarized as shown
in Fig. 1(a).

(20)

1

—i

—i
1

exp(ilg)
i exp(—ilg)

cos(l¢p)
sin(l¢p)

21
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Fig. 1 Possible polarizations of output beams width different orienta-
tions of the quarter-waveplate (a) and phase shifts between the signal
and the idler waves (A®) when / = 1. On the left, the polarization of a
radially (a) and azimuthally (c) polarized beam is shown. (b) and
(d) Polarization patterns shown are obtained when the quarter-wave-
plate is rotated to the opposite direction.
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2. Consider the same situation as in case 1, except with
the —z/2 phase shift between the signal and idler waves.
Now, the polarization vector of the combined signal-idler
beam can be written

[i exp(ilg) ]

exp(—ildh)
The quarter-waveplate is also rotated by 45 deg counter-
clockwise. Following the same calculations, the result is

obtained
w=[ L ][] <o ],

In this case, a beam of AT family is generated, which in the
simplest case / = 1, reduces to an azimuthally polarized
beam [Fig. 1(c)].

If quarter-waveplate is rotated clockwise instead of
counter-clockwise, then @ = —45 deg. In this case, the result
would be another type of polarization singularity that does
not belong neither to RT nor to AT family [Fig. 1(b) and
1(d)].

In an experiment, if a polarizer is put in the way of the
output beam, a Hermite—Gaussian mode with two maxima
will be observed. It will happen in both cases whether the
quarter-waveplate is rotated clockwise or counter-clockwise.
The result of such an experiment might be ambiguous. To
determine whether the quarter-waveplate is oriented cor-
rectly, we have to rotate the polarizer. If the Hermite—
Gaussian modes rotate in the same direction as the polarizer
does, then a radially or azimuthally polarized beam is present
at the output [Fig. 1(a) and 1(c)]. If the Hermite—Gaussian
mode rotates in the opposite direction, it indicates the pres-
ence of a phase singularity of another type [Fig. 1(b) and
1(d)].

(22

V=

1

—i

—sin(lg)
cos(lp)

—i

1

(23)

3 Experimental

3.1 Experimental Background

The basic idea of the proposed method is to obtain two opti-
cal vortices with opposite topological charges by means of
the optical parametric amplification and to superimpose
them by using a quarter-waveplate. The pump beam carries
no topological charge while the signal beam is an optical
vortex. According to the law of the topological charge con-
servation,*” the idler wave will be formed with a topological
charge opposite to that of the signal. Afterward, with a
properly oriented quarter-waveplate, the combined sig-
nal-idler beam is converted to a radially or azimuthally
polarized beam (in case of / =1) or another beam of
RT/AT type.

The conceptual design of the experiment is shown in
Fig. 2. The signal and pump waves are combined in a col-
linear fashion using the wavelength-selective mirror M. The
signal wave is amplified in the NLC (Fig. 2). The optical
parametric amplification has to take place in a type II
NLC so that the polarizations of the signal and idler
beams are perpendicular. In addition, the wavelengths of
the signal and idler beams have to coincide (the parametric
interaction is degenerate with respect to the wavelength). The
initial phase of the signal beam (or alternatively the pump
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NLC
M (typel) F QW
P A/ T
ump (4./2) . e Output
i PR
| Signal (A,)

Fig. 2 The conceptual experimental setup: M, a wavelength-selective
mirror; PR, phase retarder (for example a thin glass plate which can
be rotated to adjust the initial phase of the signal beam), NLC, non-
linear crystal (type Il); F, filter, which filters out the pump beam; and
QW, the quarter-waveplate. The pump beam is purely Gaussian and
the signal beam is an optical vortex. The output is a beam with a
polarization singularity.

beam) is controlled by a phase retarder (PR), which in the
simplest case can be a glass plate that can be rotated to
change the optical path of the passing beam or, alternatively,
could be a mirror mounted on a piezoelectric translation
stage. A m/2 phase difference between the signal and
idler waves has to be achieved at the output of the crystal
by controlling the angle of the phase retarder. After the crys-
tal, the wavelength-selective filter F absorbs all the remain-
ing pump beam. Then, a properly oriented quarter-waveplate
turns this composite signal-idler beam into a beam with a
polarization singularity.

3.2 Key Points in the Experimental Design

The phase difference between the signal and idler
beams at the output of the crystal has to be z/2 for
RT beams or —z/2 for AT beams.

The beams have to be properly collimated. In the opti-
cal parametric amplification process, the phase conju-
gation takes place, therefore, the wavefront has to be as
flat as possible. Otherwise, if the signal beam’s wave-
front is concave, the idler’s wavefront will be convex
and vice versa. This can cause distortions of the out-
put beam.

The influence of the walk-off has to be diminished. For
that purpose, an NLC with critical phase matching can
be chosen and the beam diameter has to be chosen suf-
ficiently large.

Gain should be sufficiently high. The energies of the
output signal and idler beams will be different by
the amount of the initial signal’s energy. Therefore,
if the gain is sufficiently high, this difference will be
diminished.

3.3 Experimental Setup

Figure 3 shows the realization of the proposed experimental
design. The detailed information about the light source and
the optical elements used in the experiment is given in
Table 1.

The input beam was generated by a YAG:Nd laser with
the pulse duration of 50 ps at 1-kHz repetition rate. The input
beam was collimated, linearly polarized, and had a diameter
of 2.175 mm at 1 /e level. Then, the beam was split into two
branches by the beam splitter BS1: one to generate the pump
beam (the pump branch) and one to generate the signal beam
(signal branch).
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Delay line
" Output beam Beam recording
Signal branch generation and analysis
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! Input beam
|
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Fig. 3 The experimental setup. BS1, a beam splitter; P, a polarizer; M1 to M4, mirrors; HW, a half-wave-
plate; QW1 to QW3, quarter-waveplates; L1 to L4, lenses; S, an S-waveplate; PR, the phase retarder;
KTP1 and KTP2, nonlinear crystals; A, an aperture; WSM, a wavelength-selective mirror; F1, F2, filters;
CC, a birefringent calcite crystal; and CCD, a CCD camera.

Table 1 Information about the optical elements in the experimental
setup.
Additional information
Item(s) Description (if available)
BS1 Beam splitter
M1 to M4 Mirrors
P Polarizer
HW 4/2 waveplate 4 =1064 nm
KTP1, KTP2 NLCs (KTP) Length: 8 mm, aperture:
4.5 x 4.5 mm, type-ll phase
matching (e-oe)
L1 Lens Focal length: 38.4 cm
L2 Lens Focal length: —23.8 cm,
distance from L1: 19.5 cm
QW1, QW2, /4 waveplate 4 =1064 nm
and QW3
S S-waveplate 4 =1064 nm
L3 Lens Focal length: 28.6 cm
L4 Lens Focal length: 19.2 cm, distance
from L3: 56.25 cm
A Aperture Diameter: 300 um, distance from
L3: 35 cm
PR Phase retarder A thin glass plate (thickness:
2.9 mm, refractive index: 1.525)
WSM Wavelength- Reflects the pump beam
selective mirror (2 = 532 nm), transmits the
signal beam (4 = 1064 nm)
F1 Filter C3® — 23 (Russian), absorption
at A = 1064 nm
F2 Filter KC-10 (Russian), absorption at
A =532 nm
cC Calcite crystal An angle-cut birefringent crystal
for the analysis of the beam’s
polarization structure
CCD CCD camera Model: Spiricon SP620U
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In the pump branch, the 1/2 waveplate HW was used to
correct the polarization direction, and the second harmonic
was generated in the NLC KTP1. Lenses L1 and L2 were
then used to collimate the beam. The filter F1 filtered out
the remains of the first harmonic beam. The second harmonic
beam was used as the pump beam in the output beam gen-
eration stage.

The purpose of the signal branch is to convert the first
harmonic beam to an optical vortex, which was used as the
signal part in the output beam generation stage. Mirrors
M2, M3, and M4 constitute a delay line to compensate
the optical path differences between the signal and the
pump beams. The polarizer P was used to correct any
depolarization, resulting from reflections in the delay
line. The system QW1-S-QW2, consisting of two /4
waveplates QW1 and QW2 and an S-waveplate, was
used to convert the signal beam to a vortex of unit topo-
logical charge. The A/4 waveplate QW1 was used to pro-
duce a circularly polarized beam, whereas the S-waveplate
converted it to an optical vortex.>® Afterward, QW2 con-
verted the optical vortex back into the linear polarization.
The beam vortex was then collimated using the lenses L3
and L4 and an aperture A was placed between them in
order to filter out unwanted beam distortions. The phase
retarder PR was then used to correct the phase of the signal
beam.

Both pump and signal beams were combined by the
wavelength-selective mirror WSM. The parametric amplifi-
cation took place in the NLC KTP2, producing the two oppo-
sitely charged signal and idler vortex beams. The filter F2
then filtered off the remains of the pump beam, and the signal
and idler beams were converted to the output beam with a
polarization singularity by the 1/4 waveplate QW3, as dis-
cussed in previous sections.

The output beam’s profile was recorded with the CCD
camera. The polarization structure was analyzed using
a birefringent calcite crystal (CC in the schematic),
which separates the two orthogonal polarizations of the
beam. The polarization structure of the beam was deter-
mined from the spatial distribution of the polarization
components.
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(@) (b)

Normalized intensity

(d)

Fig. 4 (a) The intensity patterns of the initial pump beam, (b) signal beam, (c) the output beam, and
(d) the color map of the normalized intensity. The polarization states of the beams are indicated by
the arrows. The pump beam is a Gaussian beam, whereas the initial signal beam carries a topological
charge of / = 1. The output beam is radially polarized. The powers of the pump, signal, and the output
beams are 0.9 W, 0.55 mW, and 290 mW, respectively, with the pulse duration of 50 ps.

3.4 Experimental Results

The recorded intensity profiles of the beams are shown in
Fig. 4. Their polarization states are given by the small arrows
in the top-left corner of the images. Figure 4(a) shows the
intensity profile of the Gaussian pump beam. The signal
beam, shown in Fig. 4(b), is an optical vortex with a unit
topological charge. It was formed using an S-waveplate
from a circularly polarized Gaussian beam.*® The resulting
radially polarized beam is shown in Fig. 4(c). The powers of
the pump, signal, and the radially polarized output beam
were 0.9 W, 0.55 mW, and 290 mW, respectively, with
the pulse duration of 50 ps.

(@) (b)

Fig. 5 (Top) the vertical and (bottom) the horizontal polarization com-
ponents of a (a) radially and (b) azimuthally polarized beams after the
CC. The polarization states are indicated by the arrows. The color
map is the same as in Fig. 4(d).

Analysis of the output beam was carried out using the CC.
The intensity profiles of the separated polarization compo-
nents are depicted in Fig. 5 with the small arrows indicating
the polarization direction. Figure 5(a) shows the observed
polarization components of the radially polarized beam.
The vertical polarization component [Fig. 5(a) upper
image] has two maxima, situated vertically with respect to
each other, whereas the horizontal polarization component
[Fig. 5(a) lower image] has two horizontally situated
maxima. The radial polarization was verified by rotating
the CC (Fig. 6).

In addition, an azimuthally polarized beam was obtained
by changing the phase between the signal and idler beams
using the PR. Its analyzed mode structure is depicted in
Fig. 5(b). The vertical polarization component [Fig. 5(b)
upper image] now has two horizontally situated maxima,
whereas the horizontal polarization component has
[Fig. 5(b) lower image] the vertically situated maxima.

Another important point in this experiment is the ampli-
fication gain. The previously shown results were obtained at
the gain of about 500 times. At the gain value of about 30, the
periphery of the beam does not get correct polarization and
side lobes were observed (Fig. 7).

3.5 Possible Extensions of the Method

So far, we have shown that by using this method, cylindrical
vector beams that are a superposition of optical vortices with
opposite topological charges can be produced. However, if
the topological charge of the pump beam was chosen not
equal to zero, then the idler wave would be formed in accor-
dance to the topological charge conservation law*

=1, +1, @4)

Fig. 6 Observed patterns of one of the polarization components of the radially polarized beam as the CC was
rotated. The polarization state is indicated by the white arrows. The color map is the same as in Fig. 4(d).
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(@)

(b)

Fig. 7 (a) The vertical and (b) horizontal polarization components of
the output beam at low gain of about 30 times. The arrows indicate the
polarization states of the beams. The proper Hermite-Gaussian
modes were not obtained. The side lobes are visible at the periphery
of the beam. The color map is the same as in Fig. 4(d).

where [,,, [, [; are the topological charges of the pump, sig-
nal, and idler waves, respectively.

Manipulation of topological charges of pump and signal
waves allows the creation of other types of beams with
polarization singularities, which will not be discussed in
this paper. Such beams have also been obtained using a spa-
tial light modulator by Yang et al.”’

The proposed method could be easily automated. For
example, instead of a thin glass plate, a mirror mounted
on a piezoelectric translation stage can be used to control
the phase of the signal or pump beam allowing easy switch-
ing between the radially and azimuthally polarized beams. In
addition, a spatial light modulator could be used to modulate
the initial signal beam and provide an easy way to obtain
beams with polarization singularities of higher orders.
While it is possible to obtain beams with polarization singu-
larities by a spatial light modulator directly, the proposed
method utilizes the optical parametric amplification, thus
allowing the creation of higher power beams than could

Generation of radially polarized beams and higher order polarization. ..

ultrashort pulses and how it affects the quality of the result-
ing beam. In our case, we used 50 ps pulses in the KTP crys-
tal. The dispersion length was of the order of several
kilometers, therefore, the second and higher order dispersion
effects were negligible. In addition, some phenomena that
are characteristic of ultrashort pulse amplification might
be utilized in this method, such as the spatial capture
(also called * trappm%) of the amplified waves under the
pump wave packet™*® or the giant subharmonic pulse
generation.”’
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Abstract: A new experimental technique for creating and imaging collisions of micron-sized
droplets settling under gravity is presented. A pair of glycerol droplets is suspended in air by
means of two optical traps. The droplet relative velocities are determined by the droplet sizes. The
impact parameter is precisely controlled by positioning the droplets using the two optical traps.
The droplets are released by turning off the trapping light using electro-optical modulators. The
motion of the sedimenting droplets is then captured by two synchronized high-speed cameras, at
a frame rate of up to 63 kHz. The method allows the direct imaging of the collision of droplets
without the influence of the optical confinement imposed by the trapping force. The method will
facilitate efficient studies of the microphysics of neutral, as well as charged, liquid droplets and
their interactions with light, electric field and thermodynamic environment, such as temperature
or vapor concentration.

© 2017 Optical Society of America
OCIS codes: (040.1490) Cameras; (100.2000) Digital image processing; (350.4855) Optical tweezers or optical

manipulation.
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1. Introduction

In their textbook on the microphysics of clouds, Pruppacher and Klett [1] devote an entire
chapter to collisions of droplets settling under gravity. The primary concern in this problem
is the determination of the collision efficiency. The collision efficiency, defined as the ratio of
the collision cross-section to the geometric cross-section, is a dimensionless measure of the
probability of collision. In addition to determining the droplet growth rates (see e.g. [1]), the
collision efficiency is a key ingredient in the collision theory of cloud droplets widely used in
many weather and climate models [2,3]. The collision efficiency is the most uncertain aspect
of collision rate theories [3]. Experimental determination of the collision efficiency remains
elusive [1,4-8], although recent studies have yielded some empirical conclusions [9].

In recent years, advances in optical manipulation and high-speed imaging techniques have
provided the opportunity of controlling and measuring the size and trajectories of individual
droplets in air. In a pioneering study, Ashkin and Dziedzic [10] observed the collision and
coalescence between an optically levitated droplet and a gravitationally settling droplet. This
study was followed by a large number of investigations. For example, Hopkins et al. [11] used
optical tweezers to observe the coagulation of aerosol droplets, and they determined the droplet
growth rates using cavity-enhanced Raman spectroscopy (CERS) with nanometer precision.
Power et al. [12] used a single-beam gradient-force optical trap to coalesce droplets of 2 um
to 12 um in diameter and observed the elastically scattered light from the trapped particles to
investigate the time-resolved dynamics of mixing. Horstmann ef al. [13] constructed a single-
aerosol particle trap and coupled it to a conventional optical tweezer to guide and coalesce
droplets of 500 nm to 19 um in diameter. In all of the above studies, optical tweezers provide
a fully controllable and convenient way to investigate droplet collisions. However, the light
field interacts with the trapped droplets and modifies their dynamics. The work presented here
demonstrates a new method of optical manipulation technique that circumvents this problem.
The method allows us to precisely image droplet collisions in free fall.
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2. Experimental background

We trap two glycerol droplets of different sizes in air by means of two pairs of focused counter-
propagating beams (Fig. 1). Two microscope objectives MO1 and MO2 focus light from two
counter-propagating beams to a common focal point, forming the lower trap for the small glycerol
droplet. Similarly, the microscope objectives MO3 and MO4 focus light from two laser beams to
a second point, forming the upper trap for the large glycerol droplet. The two traps are vertically
separated. By switching off the laser beams with the appropriate timing, the droplets fall under
the influence of gravity and may collide at a predictable distance below the lower trap. The
droplet motion is captured by two high-speed digital video cameras arranged in a horizontal
plane. Their lines of sight intersect at an angle of 90°.

MO4 MO3

| M
B2
v/

Camera

Fig. 1. The principle scheme for studies of droplet interactions. MO1, MO2 and MO3, MO4
are microscope objectives that focus the laser light and form the “lower” and “upper” optical
trap, respectively. The droplets are illuminated with LEDs, and their motion recorded by a
pair of cameras with their lines of sight arranged at a 90° angle.

The geometry of the collision process is described in Fig. 2. A droplet with radius a; is
positioned above a second droplet with radius a,, where a; > a,. The impact parameter, y;, is
the projection of the distance between the centers of the two droplets perpendicular to their initial
relative velocity, Vi — V. The projections of the impact parameter onto the x-z and y-z planes
yield yx and y,, respectively, and they are related by the equation

X=X+ A5 (1)

In the experiment, we control the droplet impact parameter y by adjusting the relative horizontal
position between the two traps. At a critical impact parameter, Y, a grazing trajectory results, as
depicted in Fig. 2(b). The collision efficiency is defined as E = )(f. /(a1 + a2)?. The geometrical
arrangement of the droplets is described by the dimensionless impact number, defined as [14]

X
B=—""—, 2
a(1+1D) @
where y is the impact parameter defined in equation (1), ay is the radius of the small droplet and
I'= ay/a; is the size ratio. Thus, values of O or 1 for the impact number designate head-on or
grazing collisions, respectively.
A droplet falling under the influence of gravity and Stokes drag in still air acquires a terminal

velocity (Eq. (10-138) of [1])
2 2
v=—(ﬂ—1)&, 3)
9\ pa v
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Fig. 2. Panel (a) shows the geometry for the determination of the impact parameter, y, of
the collision process from its two orthogonal projections on x and y-axes. Two droplets with
radii a; (top) and a; (bottom) fall in gravitational field, along the z-axis. The parameters y x
and yy are the projections of the impact parameter y onto the x and y-axes, respectively.
Panel (b) shows the trajectory of the interacting droplets under gravity, as observed from
the reference frame of the larger droplet. y is the critical impact parameter for a grazing
trajectory of the smaller droplet.

where g = 9.81 ms~2 is the acceleration of gravity, a is the droplet radius, v = 1.6 x 1079 m?s~!
is the kinematic viscosity of air, and py = 1.26 x 10°> kg m~3 and p, = 1.23 kg m~3 are the
densities of the droplet and air, respectively. In our study, the droplets are composed of glycerol,
but other types of chemical composition can also be used. The Reynolds number

Re = Va , 4)

v

measures the effect of convective forces relative to the fluid viscous forces [15]. A value of Re
< 1 allows a Stokesian description of the motion of the droplet. In this process, there are two
relevant time scales. First, the droplet relaxes to its terminal velocity in time 7, = V/g. Second,
the representative convective time scale in quiescent air is 7, = a/V. The ratio of these time
scales defines the dimensionless Stokes number

2
St=T—“=-(ﬂ—1)Re. (5)
Ta 9 Pa

The Stokes number measures the importance of particle inertia.
Whether or not the droplet kinetic energy can overcome the interfacial energy barrier and
coalesce is measured by the Weber number, defined in terms of the radius of the small droplet [16]

ERTAY)
We - 202pa Vi =10 ©

on

where o = 6.34 x 1072 Nm™! is the surface tension of glycerol. The droplet physical and
kinematic parameters investigated in this work are summarized in Table 1.

185



Research Article Vol. 25, No. 2 | 23 Jan 2017 | OPTICS EXPRESS 1395 ]

Optics EXPRESS NN _— .

Table 1. Droplet Physical Characteristics and the Collision Parameters in the Experiments

Experimental section 4.1 4.2 4.3

Diameter, 2a (um) 31.9 400 299 379 299 339

Terminalvelocity,V(cms’l) 3.55 558 3.12 5.01 3.12 4.01

Reynolds number, Re 0.04 0.07 0.03 0.06 0.03 0.04
Stokes number, St 80 159 6.6 13.5 6.6 9.7
Diameter ratio, I' 1.25 1.27 1.13
Impact number, B 0.51 0.50 0.14
Weber number, We 26x107% 21 x107* 47x107°

3. Experiment
3.1.  Optics and imaging system

A sketch of the experimental setup is shown in Fig. 3. A laser beam generated by a solid state
laser (Laser quantum “gem532”, 532 nm, 2 W maximum power) passes through a beam splitter
(BS) to form two optical traps at different heights, which we named the “upper” and “lower” trap.
The transmitted beam that is collinear to the incident beam is used to form the “lower” trap. This
beam is split a second time by a polarizing beam splitter PBS1. A micro-lens (MO) with focal
length 5 mm focuses each beam such that the foci of the two counter-propagating beams overlap.
The combined trapping power from the two beams is approximately 350 mW. In a similar manner,
the reflected beam from BS is used to create the “upper” trap, which is positioned approximately
2 mm above the lower trap. Two half wave plates (HW1 and HW?2) and the polarizing beam
splitters ensure that the counter propagating beams have orthogonal polarization states, thus
eliminating undesirable interference at the focal points. Two electro-optical amplitude modulators
(EOM1 and EOM2) and two polarizers (P1 and P2) allow us to control the timing of the release
of the droplets. The region where the droplets interact is illuminated by two collimated cold
white light LED (Thorlabs MCWHLYS) operated at 10% of the maximum power. Shadow images
are observed by two perpendicularly mounted high speed cameras (Phantom Miro LAB310).
In order to minimize heating by the LED the illumination is pulsed synchronously with the
droplet collisions. The cameras are equipped with Infinity Model K2 DistaMax Long-Distance
Microscope System set to 5x-30x magnification with a mean working distance of 13 cm. Laser
light from the trapped droplets is blocked by a notch filter (Thorlabs NF533-17), so that the
cameras see only shadow images of the droplets with a bright Poisson spot in the center.

3.2. Droplet generation and size control

We generate droplets in the size range from 4 to 60 um in diameter using a commercial printer
cartridge (Hewlett-Packard C6614). The cartridge works as a drop-on-demand system, where a
droplet is ejected each time a TTL pulse is sent to the cartridge from a pulse generator (see [17]
and [18] and references within for the droplet generation technique). The cartridge, washed
and filled with a solution mixed with 90% (by volume) of distilled water and 10% of glycerol
(produced by Fisher Scientific with a purity of 99.6%), produces droplets with a uniform diameter
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Fig. 3. Sketch of the experimental setup. BS - beam splitter, EOM - electro-optical modula-
tors, M - mirrors, P - polarizers, HW - half-wave plates, PBS - polarizing beam splitters,
MO - micro-lenses, LED - illumination, CAM - high speed digital movie camera. The
x-y coordinate system represents the laboratory frame. The z-axis points out of the page,
whereas gravity points into the page.

of approximately 22 um. The water evaporates rapidly as the droplet descends down towards the
trap. Hence, the size of the trapped droplet can be controlled by changing the mixing ratio of
glycerol solution. As an example, a solution containing 5% of glycerol in water yields droplets of
approximately 11 wm in diameter after the water has completely evaporated away. Alternatively,
the droplet can be made larger by allowing two drops to coalesce in the trap. The size of the
largest droplet that can be levitated is determined by the laser beam waist and the available laser
power. For the results presented in this work, the droplet size distribution is in the range from
29.9 to 40.0 um in diameter.

3.3.  Droplet chamber

An important part of the setup is the chamber for delivery, trapping and interaction of droplets. Air
current within the chamber easily affects the droplet motion. In order to shield the droplets from
air turbulence, the cartridge and micro-lenses are mounted in an enclosed chamber. The chamber
is made out of metal and cover glass plates connected by flexible construction sealant (Sikaflex
291i). The flexible connection allows the movement of the micro-lenses to be decoupled from the
metal plates of the chamber. Hence, the position of the optical traps can be independently adjusted
without breaking the seal. Droplets descend from the cartridge through a flexible polymer tubing
and enter the chamber through a glass cylindrical tube (2.5 cm in diameter) placed above the
chamber. Droplets ejected from the cartridge travel a few centimeters before reaching their
terminal velocity and descend vertically down the tube to the trapping points. The chamber has
four windows on the sides for illumination and optical access and one on top for visual control
and physical access. The volume of the chamber is approximately 0.24 liters.

3.4. Initial control

In order to produce a collision, the two droplets are released from the same horizontal position
but at different vertical positions. As a coarse adjustment the separation of the traps is adjusted
by moving the lenses for the optical traps (MO1/MO2 or MO3/MO4) in pair. Fine adjustment
in the separation of the traps is accomplished by distributing the input power in one of the
counter-propagating beams for the optical trap asymmetrically. This is done with a slight rotation
of the half wave plate HW1 or HW?2 that is placed before the beam enters the polarizing beam
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splitters PBS1 or PBS2 (Fig. 3). The vertical separation of the two optical traps is 1.7 mm, which
is sufficiently large for the upper droplet to reach its terminal velocity before approaching the
lower droplet.

3.5. Release mechanism

The droplets are released from the optical traps by switching off the laser beams using electro-
optical amplitude modulators (EOM1 and EOM?2) (Thorlabs EO-AM-NR-C4) in combination
with linear polarizers (P1 and P2) (Fig. 3). The polarizers P1 and P2 are aligned along the initial
polarization vector of the laser beam. By applying the half wave voltage V. to the EOMs (in
our case V; = 186 V), the EOMs rotate the polarization by 90°, so it is being blocked by the
polarizers P1 and P2. Hence, the optical traps are turned off and the droplets are released.

3.6. Acquisition system and timing mechanism

The imaging system consists of two high-speed digital movie cameras (Phantom Miro LAB310
from Vision Research) arranged in a horizontal plane with an angular separation of approximately
90°. Shadow images of the droplets are obtained by projecting incoherent collimated light from
two LEDs (Thorlabs MCWHLS5) onto the sensors of the cameras (see e.g. [19]). This arrangement
not only offers a simple approach in the alignment of the two droplets, but also allows a precise
determination of the droplet positions and impact parameters. Movies of the droplet motion are
recorded synchronously by the cameras at a resolution of 64 x 768 pixels (width X height). The
field of view is sufficiently large to observe both the trapped droplets and the interaction region.
In order to resolve the droplet motion at high spatial resolution, each camera is equipped with
a K2 DistaMax long-distance microscope from Infinity Photo-Optical Company. Each camera
pixel observes an area of 3.98 um X 3.98 um in space, so that the total field of view is 0.26 mm
by 3.06 mm (width X height). The maximum frame rate at this resolution is 63000 Hz. After
loading the droplets into both traps, the LED illumination projects shadows of the droplets onto
the camera sensors for the fine positioning (see section 3.4). Both cameras and voltage supply
for the EOMs are synchronised and controlled by an external pulse generator (BNC model 565).
At time 1, the pulse generator delivers a trigger signal to the voltage supply of the EOM?2 to
release the upper droplet, and to initiate the recording of the movies on both cameras. At time
t2;3 when the upper droplet has traveled 2/3-rd of its way to the lower droplet, a second signal
synchronized with the first one triggers the voltage supply to the EOM1 to release the lower
droplet. The cameras continue imaging the motion of both droplets until they are out of view. For
the initial separation of 1.7 mm, 2/3-rd of it is 1.134 mm and t,,3 is approximately 100 + 50 ms,
depending on the droplet size. For a glycerol droplet of 31.9 um in diameter, #,,3 is 100.012 ms.

3.7. Spatial resolution

To map out the laboratory coordinates in real space, a Thorlabs calibration mask (model
R2L2S3P1) containing uniform dots of 62.5 um in diameter arranged in a square lattice with a
separation of £ =125 um between adjacent dots is placed in the mutual focal plane of the cameras.
An automated particle center finding routine, written in the Matlab programming language, was
used to extract the two-dimensional coordinates of the center of the dots, from which the mean
separation between adjacent dots L (in pixels) was derived. The spatial resolution of each pixel,
R, was obtained from R = ¢/L. In our experiments, the spatial resolution was approximately
4.0£0.4 um per pixel. Because the light sources were collimated, the error in determining the
diameters of the droplets is expected to be fairly small, which is shown as follows. The areas of
the dot shadows were measured to size the dots. The areas were equal to the number of pixels
below a certain threshold. By this method, the shadow diameters of the dots were consistently
about 1.06 times larger than the actual diameter of the dots. After correction for the bias, the
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uncertainty in determining the mean diameters was about 2 um, which is representative of the
error in the sizing of the droplets.

4. Results

We have recorded 127 movies of collisions of droplets with different impact parameters and sizes.
In the following sections, we present three main cases: the coalescence of a gravitationally settling
droplet with an optically trapped droplet (section 4.1), the collision between two gravitationally
settling droplets in the absence of trapping laser light resulting in non-coalescence 4.2), and
coalescence (section 4.3). In all three cases we show the trajectories of droplets as they fall,
collide and possibly coalesce.

4.1. Coalescence of droplets in an optical trap

Figure 4 shows the coalescence process between a gravitationally settling droplet and an optically
trapped droplet, imaged at a frame rate of 32 kHz, similar to the experiments in [10-13]. The
settling droplet is 31.9+2.0 um in diameter, whereas the optically trapped droplet is 40.0+2.0 um
in diameter, and the resultant droplet is 43.8+2.0 um in diameter. The high value of impact
number B = 0.51, calculated from the projections of droplet separations x . and y,, indicates
no coalescence in the case of absence of laser field. In this experiment, the laser light in the
lower trap holds the larger droplet stationary in space and guides the settling droplet towards the
trap, as can be seen in the trajectories in Fig. 4. As the two droplets reach a critical separation,
they merge to form a larger drop. The resulting droplet stays in the trap and executes a damped
oscillatory motion (see Visualization 1). For clarity, this video has been slowed down by a factor
of 320 to 100 fps.

a)

|
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b)

©) r 0ms
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10 ms
15 ms
20 ms
25 ms
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——
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X S0 um y
Fig. 4. Coalescence of two droplets while the bottom droplet is trapped by laser light as
viewed in (a) the x-z plane and (b) the y-z plane. Panel (c) shows the droplet trajectories as
well as their surfaces extracted from the movie recorded in panel (b). Adjacent tick marks
on both axes indicate spatial separation of 50 um. The color bar indicates the progression in
time in milliseconds.

Figure 5 shows the coalescence process that is shown in Fig. 4 in a more detailed frame-by-

frame sequence of images at a temporal resolution of 31.25 us per frame. In both sequences, the
coalescence process is completed within a time scale of approximately 180 us. In comparison
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with earlier works [11-13], in which the droplets were guided by the trapping laser light, in our
case droplet coalescence is still the favored outcome.
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Fig. 5. Projection on x and y directions of time resolved coalescence of two droplets when
the bottom droplet is trapped by laser light.

4.2. Gravitational settling with kiss-and-tumbling motion

Figure 6 shows the motion of two droplets of different sizes settling under gravity, imaged at a
frame rate of 63 kHz. The diameter of the larger droplet is 37.9+2.0 um and the diameter of the
smaller droplet is 29.9+2.0 um. The impact number, calculated from the projection of droplet
separations y and y,,is B = 0.5. Before the larger droplet affects the smaller one (0 ms in
Fig. 6) the separation between them is y, = 14+2 um along the x-axis. Consideration based on
the initial geometry of the droplet trajectories predicts that they will collide. However, as the
large droplet approaches the small one, it deflects the small droplet to the side without touching,
so much so that when the large droplet finally catches up with the small one the separation y
reaches a maximum of 35+2.0 um (at # = 16.5 ms on Fig. 6). As the large droplet continues to
fall, the small droplet moves around the large one and gradually recovers its initial vertical motion
(t = 25.3 ms in Fig. 6) due to Stokesian microscopic reversibility. This microscopic kiss-and-
tumbling motion, whereby the small droplet bends its trajectory around the big droplet without
touching, has been theoretically described by Zhang and Davis [20] and observed in experiment
for sub-millimeter-size droplets [21]. The total interaction time, which is approximately the
duration of time the centers of the droplets stay within a separation of a; + a, from each other, is
approximately 4.2 + 0.1 ms. The movie describing this process is available as supplementary
material (see Visualization 2). The temporal resolution in this movie is 15.86 us. For clarity, this
movie has been slowed down to 100 fps.
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Fig. 6. The motion of two droplets settling in quiescent air under gravity as viewed on
(a) the y-z plane and (b) the x-z plane that results in kiss-and-tumbling motion. Panel (c)
shows the trajectories of the two droplets as seen in panel (b). Adjacent tick marks on
both axes indicate spatial separation of 50 um. Color bar indicates temporal progression in
milliseconds.

4.3. Gravitational settling with permanent coalescence

In Fig. 7 and 8, the sequences of images show the coalescence process of droplets settling under
gravity and interacting without the geometrical confinement of the laser light (see Visualization
3),imaged at 63 kHz. The diameters of droplets before interaction are 29.9+2.0 and 33.9+2.0 um,
and the diameter of the resultant droplet is 37.9+2.0 um. The impact parameter, calculated from
the projection of droplet separations y, and yx, is B = 0.14, indicating a near head-on collision.
The separation between the centers of the droplets along the x axis is yx = 5.98 um (0 ms in Fig.
7). During the next 11.7 ms, as both droplets approach each other, the larger droplet displaces the
smaller droplet, thereby increasing y to as much as 12 um prior to coalescence. The droplets
spent as much as 5.8 + 0.2 ms together during which time their center-to-center separation
stays less than or equal to the sum of their radii a@; + a,. During coalescence the droplets are
being pulled towards each other by capillary forces. The center of mass of the newly formed
droplet is in between those of the individual droplets. The duration of the coalescence process is
approximately 150 us. In the accompanying movie (see Visualization 3), the temporal resolution
of the image acquisition system is 15.86 us from frame to frame, but for clarity the movie has
been slowed down to 100 fps.

Similar to previous section, the horizontal separation between droplets increases as the droplets
approach each other (Fig. 7). But on the contrary, the droplet interaction here results in coales-
cence. The main difference, between this and the previous section, is the value of the impact
parameter: B = 0.14 in the case of coalescence and B = 0.5 in the case of non-coalescence. A
smaller impact parameter allows the droplets to come into physical contact. Our estimation of the
collision kinetic energy (CKE) and the surface energy (SE) of colliding droplets (as discussed
in [4] and [7]) showed that the CKE is insufficient to overcome the SE of the droplets (the CKE is
4 orders of magnitude less than the SE). This implies that the role of the CKE is to bring the two
droplets close to each other, so that other intermolecular forces could activate the coalescence
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Fig. 7. Snapshots of two droplets that interact without the influence of laser light resulting in
coalescence as seen on (a) the y-z plane and (b) the x-z plane. Panel (c) shows the trajectories
of the droplets rendered from the images featured in panel (b). Adjacent tick marks on
both axes indicate spatial separation of 50 um. Color bar indicates temporal progression in
milliseconds.

5. Discussion

In the present study we have implemented an optical trapping technique to measure the collision
trajectories of free-falling droplets. We discuss in the following a number of points that require
further considerations.

5.1. Thermal effects

In addition to thermal fluctuations in the surrounding air, two major sources of heat are present
in the experiment. First, thermal inkjet technology uses heat, as opposed to mechanical pressure,
to force the liquid out of the print head nozzle. Second, although the absorption coeflicient of
glycerol is small, the focusing effect due to the spherical shape of the droplet invariably heats up
the droplets and the air around it. This may have three implications. First, the droplets evaporate
and decrease in size. We have measured the evaporation rate of trapped droplet. After the droplet
has reached an equilibrium in the trap, the droplet size would have to reduce by as much as
0.5 wm in diameter in order to produce a detectable change in the image. This process happens
across a time scale of approximately 10 minutes. We found that the droplet evaporates according
to the d2-law [22], that is the radius decreases in time following the relation r2(t) = r¥(0) — Bt,
where 7 () is the droplet radius at a given time #, (0) is the initial droplet radius and f is the
evaporation coeflicient. On the other hand, the time scale during which the droplets interact
is of the order of 10 ms, which is approximately 10000 times smaller than the time scale of
evaporation. We therefore conclude that the effect of evaporation is negligible in the collision
process.

Second, the temperature gradient between the droplet and the surrounding air may give rise to
convective air flow and so it raised the question “How much do the droplet trajectories deviate
from those derived purely based on isothermal hydrodynamic considerations?”. We did notice
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Fig. 8. Frame-by-frame sequence of images showing the coalescence of two droplets
sedimenting in quiescent air as seen on the (a) x-z plane and (b) the y-z plane.

that small droplets (@ < 2 um) occasionally move upwards when released from the trap whereas
large droplets (a > 2 um) consistently fall in the same direction as gravity without any apparent
convective motion. The droplets reported in this work are typically in the size range of a >
15 um, so we believe convective motion should be negligible.

Third, the glycerol droplet surface tension diminishes linearly with increasing temperature,
albeit very weakly [23]. The surface tension decreases by 7.6% from a value of 6.34 x 10~* Nm~!
at 20°C to 5.86 x 10~ Nm~! at 90 °C. Since the optical quality of the upper and lower traps
are nearly identical, the droplets should be in nearly the same thermodynamic state upon contact,
so that the coalescence mechanism is purely governed by hydrodynamical processes, and that
there is no formation of thermal shock waves. The thermal conditions of the droplet environment
is certainly one aspect we can control and improve in subsequent experiments.

5.2. Chemical and aerosol contamination

We precisely control the volumetric mixing ratio of the water and glycerol solution in each
experiment. However, the chemical and aerosol content of the room air is not monitored. For
the individual experiments presented here, we have taken precautionary steps to reduce the
probability of contamination by shielding the levitation chamber from its external environment,
as described in section 3.3, and isolating the chamber from the room air for up to a day so
that undesirable contaminants may settle out of the observation volume. Our current effort is to
eliminate this uncertainty by filtering the air in a recirculation loop.
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5.3. Electrical charge

Perhaps the largest uncertainty in connection with the hydrodynamics of the collision process
is the state of the electrostatic charge on the droplets in our experiments. Earlier experiments
utilizing nozzle-based droplet generation technique have noted accumulation of charges on the
droplets upon ejection from the nozzle orifice [24]. While the presence of electrical charge may
be an undesirable aspect in a hydrodynamic experiment, the dynamics of charged droplets is of
particular relevance to the atmosphere [25] and protoplanetary nebula [26]. In the context of
our experiment, which concerns the collision process of binary droplets in a gravitational field,
the presence of charge may add complexity but is not at all unfavorable. Possible diagnostic
measures to determine the amount of electrical charge on individual droplets include applying a
DC or AC electric field across the droplet and measuring the displacement from its equilibrium
position [27].

5.4.  Mixing time scale

Upon initiation of the coalescence process, mixing occurs internally inside the newly formed
droplet. The characteristic time scale of the mixing process can be estimated using dimensional
analysis [16]. Due to size dissimilarity, the capillary pressure within the small droplet exceeds
that within the large droplet by an order of magnitude of 2 o (1/a; — 1/ay). This small pressure
difference drives the small droplet into the large droplet and disperses the liquid inside the
newly formed droplet. This is a fair assumption because large scale motion is most effective at
transporting momentum. The characteristic velocity of the large scale motion, u, can be obtained
from the dimensional relation pg u?/2 = 2 0 (1/a — 1/a;). This motion occurs at a time scale
given by T = D/u, where D is the diameter of the newly formed droplet. For a 37.9 um droplet
as discussed in section 4.3, the corresponding time scale is approximately 30 ps. Such a motion is
within the resolution limit of our imaging system and is an interesting topic for further research.

6. Conclusion

We have developed a new technique to image the trajectories of a pair of micron-sized droplets
settling and colliding under gravity. Unlike previous studies with optical tweezers, in our experi-
ment the droplets interact without the confinement of the optical trap. We have full control over
the initial conditions of the collision process, namely the impact parameter, the size ratio, and
the chemical compositions of the droplets.

For large impact parameter (B = 0.5), we have observed that the approaching droplets repel
each other from their settling trajectories. For small impact parameter (B = 0.14), the collision
results in permanent coalescence. To the best of our knowledge this is the first attempt to probe
interactions of micron-sized droplets under gravity with fully controllable initial conditions. The
experiment described here indicates the potential of the technique for studying the important
problem of droplet growth by gravitational collision of cloud droplets. In more sophisticated
experiments, the technique could be used to obtain fluorescence spectra of colliding droplets [28],
and to probe collision between electrically charged droplets, post-collision dissipative phenomena
and rotational dynamics of spinning droplets. Progress in these areas of study will advance our
understanding of the strong interactions between turbulence and the microphysical processes in
clouds [29].
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