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Abstract

The generation of high-order harmonics opened an era of attosecond science wherein coherent
light bursts are used to probe dynamic processes in matter with a time resolution short enough
to resolve the motions of electrons. It enabled the development of extreme ultraviolet (XUV)
and X-ray table-top sources with both temporal and spatial coherence, which provides the
ability to shape the temporal and spatial structure of the XUV pulses.

Scientists developed techniques to control and measure the temporal structure high harmonic
emissions. These techniques exploited control of the driving laser pulse in the time domain
and facilitated development of more advanced high-harmonic based XUV sources that have
greatly impacted ultrafast measurements.

In this thesis, | apply techniques to control and measure the spatial structure of high harmonic
emissions, and discuss the underlying physics and potential applications of the interaction
between spatially structured laser beams and materials. This study exploits the spatial degree
of freedom in strong field interaction, which has not been given as much attention as the
temporal degree of freedom.

I use liquid crystal devices to shape the wave front of a fundamental laser beam to a vortex
structure, then imprint this structured wave front onto XUV beams through high harmonic
generation. This method provides an alternative to special XUV optics, which can manipulate
the wave front of XUV radiation by all optical means. This result also reveals the conservation
of orbital angular momentum in this extreme nonlinear wave mixing process. In addition to
shaping the wave front, shaping the polarization of the driving beam also allows generation
of circularly polarized the XUV radiation using a high harmonic source.

This thesis also highlights the interplay between shaping the wave front and polarization in
the high harmonic generation process. The topology of the structured beam can be maintained
through this extreme nonlinear interaction due to the spin selection rules and spin-orbit
conservation.

Moreover, this thesis demonstrates an approach to integrate a vector beam into a broadband
ultrafast light source and overcome the bandwidth limitation of mode converters. We use this
approach to generate a few-cycle structured beam. In the future, this beam will be used to
generate a strong ultrafast magnetic impulse in gas and solid targets by driving currents in a
loop, which is a valuable tool for the future of magnetic metrology.

The novel properties of structured laser beams discussed in this thesis expanded the
capabilities of high harmonic based XUV sources and have opened a new field to explore this
additional degree of freedom in strong field interactions.
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Chapter 1 Introduction

Einstein’s theory of photoelectric effect revolutionized understanding of how light interacts
with matter [1]. As a glimpse to the quantum world, the theory predicts no photocurrent can
be produced, regardless of intensity, if the photon energy is smaller than the ionization
potential of the material [2]. However, the “regardless” in this scenario has its regard, and the
theory fails when the intensity of the light becomes strong enough. Light can still produce
photocurrent even when the photon energy is smaller than the ionization potential. The
medium has a probability of absorbing two or more photons, which overwhelms the bounding
energy from the nucleus and produces photoelectric current. Intense light makes this
photocurrent become measurable and gives birth to this new type of light-matter interaction.

Generally, the interaction accompanied by absorption or emission of more than one photon
per elementary act is denoted as multiphoton process [3,4]. Besides producing photocurrent,
multiphoton processes can produce electromagnetic radiation with new frequencies.
Following this path, this nonlinear frequency conversion enabled the creation of many
artificial light sources that produce radiation covering almost the entire electro-magnetic
spectrum. These new technologies allowed humanity to reveal the fine structure of
matter [5,6], track fast dynamics in chemical reactions [7,8], and create even more powerful
light sources [9-12].

Towards longer wavelengths, radio and terahertz region, which have much lower frequencies
than visible light, can be generated by nonlinear interactions such as difference frequency
generation and optical wave mixing [13,14]. Towards shorter wavelengths, second-order
optical harmonics can be produced by interacting with nonlinear materials without inversion
symmetry [15,16]. Furthermore, multiple nonlinear effects can cascade and produce optical
supercontinuum, a broadband optical radiation. This requires either high energy pumping
pulses [17,18], or highly nonlinear devices, for example photonic crystal fibres [19,20].
Recent studies have shown that the generated wavelength can be tailored to the deep or even
vacuum ultraviolet region by designing fibre structures and dispersion [21,22]. In a more
extreme case, the field is strong enough that a high-order and nonperturbative nonlinearity
extends the spectrum of the radiation to the extreme ultraviolet (XUV) or soft X-ray range.
Radiation in this range has applications in photoelectron spectroscopy [23-25], advanced
lithography [26] and solar imaging [27]. This high-order nonlinear interaction is named high-
harmonic generation [28,29].

Different from XUV and X-ray radiation produced by sun corona or plasma-based sources
which are incoherent in both time and space, XUV created through nonlinear optics inherits
the coherence from its driving laser beam. This guarantees the phase of such radiation is
synchronized in time and controllable in space. Furthermore, this coherent interaction ensures
that the polarization of the electromagnetic radiation is largely preserved as well.

In 1993, Corkum developed a semi-classical model for high-order harmonics generation with
gas molecules [30]. This model suggests a feasible route for developing XUV or X-ray light
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table-top source with both spatial and temporal coherence. The model describes how a single
atom interacts with an intense laser field, and how XUV radiation is produced in three steps.
Using this single-atom response, the non-perturbative nature of the high harmonics is well-
explained, such as spectral plateau and cut-off photon energy [28-33]. It also opened the era
of attosecond science, wherein attosecond (107*8 s) duration laser pulses are used to probe
dynamic processes in matter with a time resolution short enough to resolve the motions of
electrons [11,34-36].

A number of theoretical and experimental studies expanded this model in the temporal and
spatial domain [32,37], and revealed a more comprehensive picture of the generation process
that guides the development towards more advanced high-harmonic based XUV sources. By
understanding phase matching, high-harmonic XUV sources are extended to produce
kiloelectron volts radiation [38-40], which grants us access to inner shell electron
dynamics [23,41]. In the time domain, scientists have learned to control and measure the
temporal structure of attosecond and high harmonic pulses. For example, a controlled driving
laser pulse can produce an isolated pulse with an attosecond pulse duration [42—44], which
are used in pump-probe experiments to study the electron dynamics.

In this thesis, | discuss the underlying physics when spatially structured laser beams
interacting with materials and look ahead potential applications of structured XUV radiation.
The study intends to exploit the spatial degree of freedom in strong field interaction, which
was a new research area in strong-field physics. Shaping this additional degree of freedom
opens a new field that is important for both fundamental science and ultrafast metrologies.

To study the interaction of spatially structured beams with gas and condensed phase matter,
two essential technologies are implemented:

1) Femtosecond laser systems that produce repeatable and strong laser field which enables
highly nonlinear interactions with gas and solid-state medium.

2) Liquid-crystal-based beam shaping technology that provides flexibility of designing spatial
profiles and manipulating both the phase and polarization of laser beams.

Combining these two powerful tools allows us to inspect how the structured photons interact
with the materials.

1.1 Strong field interactions and femtosecond lasers
1.1.1 From perturbative to non-perturbative interactions

Research in nonlinear optics usually involves a laser field that is weak compared to the
ionization potential of interacting atomic or molecular system. Therefore, the system is almost
unchanged by the presence of the external field. In this case, the polarizability of the nonlinear
system can be expanded by a Taylor series described with nonlinear susceptibilities »™ shown
as Eq. (1.1) [45]

P(t)=¢ [;((1)E(t)+;((2)E2 (t)+;g‘3)E3(t)+...] , (1.1)



where »™ is the nonlinear susceptibilities, n is the order of nonlinearity, E(t) is the time-
dependent electric field and o is vacuum permittivity. This approach allows investigating
numerous nonlinear optical effects involving few photons or when the optical field is weak
comparing the to the potential of the atomic system.

However, as the laser field gets stronger, high order terms become non-negligible. The
definition of “strong field” can be different depending on the system and process being
studied. For example, in considering multiphoton absorption or ionization, the term strong
field can be defined by the intensity required for the probability of absorbing (n+1) photons
to be comparable to that of absorbing n photons [4]. In relativistic-laser plasma interaction,
the term strong field requires that the field is strong enough to accelerate the particle to a
velocity where its relativistic mass becomes comparable to two times its rest mass [46]. The
term strong field in high harmonic generation, which is most relevant to this thesis, is

quantified by the Keldysh parameter [47]
,/2melp

eE

where Ip is the ionization potential of the nonlinear medium, me is the electron rest mass, e is
the electron charge, E is the amplitude of external field and w is the angular frequency of the
external field. It suggests the condition that the tunnelling ionization is likely to happen, and
the wave nature or the instantaneous optical field become important. In practice, when
interacting 800 nm laser pulse with noble gas atoms (e.g. argon), the critical intensity is ~0.2
PW cm™. At this intensity, the potential of the atomic system is altered by the presence of the
external field, and the external field becomes comparable to the Coulomb forces experienced
by the electron. In this condition, the external field can no longer be treated as a small
perturbation, and perturbation theory fails. Multi-photon processes and higher order
nonlinearities start to appear. The intensity is so high that the probability of absorbing multiple
photons increases. Several multiphoton processes involving electronic dynamics (ionization,
electronic rescattering, etc.) are successfully described within nonperturbative
approaches [47-49], and other optical process are described by a plasmas perspective like
high-order harmonic generation (HHG) [30,32].

Y=o (1.2)

1.1.2 High harmonic generation

McPherson et al. first observed high-order harmonic generation with gases in 1987 [50]. The
high harmonics intensity decreases with increasing order at low orders, but then forms a
plateau where the intensity remains comparable for many orders. Additional experiments with
proper phase matching techniques observe the plateau to be extended over hundreds of
electron volts into the soft X-ray regime [38—40]. This plateau ends abruptly at a position
called the high harmonic cut-off which is related to the laser peak intensity [51,52]. In
addition, the yield of harmonics is highly dependent on the polarization of the driving laser
field [53], and drops dramatically with increasing ellipticity. The plateau in the HHG spectrum
appears to be inconsistent with the perturbative theory, as higher order terms are smaller.

The nonperturbative mechanism of high harmonic generation is explained by a semi-classical
model [30]. The model described the interaction between intense laser field with two
3



procedures: ionization of electrons using tunneling ionization model and evolution of the freed
electron in the continuum using classical mechanics. With a third step, re-collision of the
electron with its parental ion, this model is then known as three-step model or re-collision
model, as shown in Fig. 1-1. The model successfully explains the intensity depend cut-off in
the high harmonic spectrum. It also suggests that using higher intensity or longer wavelength
laser can expand the high harmonic source to higher photon energy [38].

\"‘"Tynneling

Potential
Potential
Potential

v
Y

Electric field
- Y

Fig. 1-1 Ilustration of semi-classical three-step model of high harmonic generation.
Tunneling: Intense infrared laser field tilts the Coulomb potential. Thus, the electron can
tunnel out of the barrier. Acceleration: Freed electron is then accelerated by the driving field
in the continuum and gain Kinetic energy. Recombination: Electron recombines with parent
ion and emit an energetic photon.

When the electron is accelerated in the presences of strong laser field, it can gain hundreds of
electron volts of kinetic energy [32,38]. Upon recombining with its parent ion and decaying
to a ground state, the system will release the excessive energy in the form of emitting a photon.
The wavelength of this photon can be in the extreme ultraviolet or soft X-ray range, from tens
of nanometers down to a few nanometers. The energy can potentially reach keV range by
choosing the interaction medium and phase matching condition [40]. All of the electrons are
synchronized with the driving laser field, so all emitters possess a phase relation to the driving
laser field. This gives rise to the coherent nature of such light source.

1.1.3 Ultrafast laser technology

The development of nonlinear optics and ultrafast laser technology are tightly linked, since
nonlinear interaction with matter favours a high instantaneous laser field and short time
duration. However, obtaining intensities near 1 PW c¢m or field strengths near 10° V/m is
impractical with conventional electrical amplification schemes. Without considering the
conversion efficiency, to create 1 PW cm intensity on a 100 um? area continuously for 10
minutes requires 60 TJ energy, which is the power consumption of Ontario for a day!
Therefore, we can only create an electric field with high intensity for a short period of time.
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For a pulsed laser, the intensity equals to the pulse energy per unit area per unit time; therefore,
building a pulsed laser with high pulse energy and short duration becomes a feasible option.

By scaling up the size of the amplifying material and coherently combining multiple beams,
recent development in the high power solid state laser allows for peak powers of petawatts at
low sub-Hertz repetition rate and sub-picosecond duration [54] [55]. This provides an extreme
experimental environment for scientific research, but its extremely large size and low
repetition rate greatly limit its use in weak signal measurements and commercialization. To
create a strong field environment on a tabletop, we need to further reduce the pulse duration.

There are different strategies for creating pulses with different durations. A mechanical shutter
can gate an optical beam at millisecond opening time, while an opto-electrical modulator
operates at tens of picosecond (hundreds of Gigahertz). To reach the femtosecond time scale,
we must ask the light beam to gate itself. Again, the coherence of the laser beam plays a crucial
role. The duration of the generated optical pulse is pushed to femtosecond by mode-locked
laser technology.

=

Y i TATATAY Y
FAVATRVAVLAY:

I
¢

E Field (a.u.)

P

-2 t(a.u.)

Fig. 1-2 Illustration of mode locking. Constructive interference of waves with difference
colour forms a periodic short pulse shown in the black waveform. The pulse duration of the
black waveform determined by the number of different frequency components and their phase
synchronization.

The mode locking techniques create the femtosecond laser pulses by synchronizing the
radiation at different frequencies. The sinusoidal functions in Fig. 1-2 represent
monochromatic light waves. When the waves are all in phase at one instant in time, the fields
add constructively and produce a narrow pulse. At other times, they destructively interfere.
The duration of the pulse is determined by the bandwidth and phase of the spectrum. This
shortest pulse duration supported by a bandwidth is called transform limited pulse duration.
The current mainstream technology for producing femtosecond pulses is the Titanium
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Sapphire (Ti:S) laser, which can simultaneously support radiation from 700-1000 nm. If all
frequency components can be synchronized in phase, the output radiation can be compressed
to tens of femtoseconds in pulse durations.

/7 Ti:S crystal

Thin film
polarizer

Pump laser

Pockels End mirror

QWP
Pockels
Cell 1

Thin film

polarizer Input seed

Fig. 1-3 Schematics of regenerative cavity. HWP: half-wave plate; QWP: quart-wave plate

Apart from reducing the pulse duration, increasing the output power is another way to achieve
intense electromagnetic fields. Assuming a transform limited pulse duration around 30 fs from
a Ti:S laser is focused to a 100 um diameter focal spot, we would need 0.6 mJ pulse energy
to achieve 0.2 PW cm™, the critical intensity for strong field interaction with noble gas.
However, the typical pulse energy from above mentioned mode locked laser or oscillator is
only a few nJ, which requires further optical amplification.

To build up stronger optical pulses, the seed pulses from a Ti:S optical oscillator are injected
into a regenerative amplifier cavity where they pass through another Ti:S crystal multiple
times before leaving the cavity. As shown in Fig. 1-3, the initial pulse is injected into the
cavity through Pockles Cell 1 which is opened for a short time. After that, the pulse can
undergo many round trips in the cavity. The radiation is enhanced each time the light goes
through the amplification medium. Finally, the pulse is released from the resonator by flipping
its polarization state using a second electro-optic switch (Pockles Cell 2), or the same one as
used for injecting the initial pulse.

After passing through the gain medium recurrently, pulse energies are amplified to the
millijoule level using a table-top amplifier, but higher energies require larger devices. A
typical Ti:S regenerative amplifier can produce 30 fs pulses at a repetition rate of 1 kHz with
an average output power of 1 W, or 1 mJ per pulse. This technology allows us to generate
high harmonic from noble gases, but we need even higher power to obtain the flexibility to
shape the beam.

Higher pulse energy allows more flexibility in shaping the spatial structure of the fundamental
beam. However, we cannot amplify a pulse indefinitely by passing it through a crystal more
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times. As the pulse energy gets higher, the pulses experience increasing nonlinearity. For
example, self-focusing can occur inside the crystal and cause damage to the gain medium.
This bottleneck of amplifying powerful optical pulses was overcome by Strickland and
Mourou in 1985 with a technique called chirped pulse amplification [56]. The pulses are
stretched in time (chirped) to reduce their peak power and nonlinearity inside the medium.
Then the pulses are amplified to a higher energy without distorting their phase front. Finally,
dispersive elements with opposite chirp compress the pulses back to their original duration.
This technique is the standard for high-intensity laser systems and was awarded Nobel Prize
in physics in 2018.

The high intensity laser system (Legend Elite Duo HE, Coherent, Inc.) with which we
performed most experiments in this thesis uses both regenerative cavity technology and the
chirped pulse amplification technique. The pulse energy can reach 10 mJ at 1kHz repetition
rate after two-stage amplification. Such energy provides us the flexibility to shape the beam
and keep the intensity above the critical intensity for high harmonic generation. The high laser
power and short pulse duration initiate nonperturbative behaviour and introduce new physics
and new opportunities to shape the XUV emission.

1.2 Structured beam generation

The generic spatial profile of a laser is a Gaussian mode. Most research in strong field laser
physics concerns interactions with a Gaussian laser beam. This is because dispersion control
and spatial filtering allow us to well-maintain and control the Gaussian profile, even when it
propagates in a medium. However, we can control both the temporal and spatial shape of the
pulse in the experiment, and these are interesting degrees of freedom to explore.

Numerous studies use Fourier transform pulse-shaping of femtosecond pulses in the temporal
domain. In this technique, the pulse is first transformed into Fourier domain. Then, dispersive
optical elements control the spectral phase. Carefully controlling the spectral phase over a
broadband spectrum can compress infrared pulse to single cycle region. This ultrashort pulse
infrared can generate an isolated attosecond pulse [57]. Extra chirp can be induced to elongate
the pulse. For example, in the chirped pulse amplification, the pulses are chirped to avoid self-
focusing while being amplified. Besides shortening and elongating the pulse, the femtosecond
pulse can also be shaped to generate complex waveforms. The spectral phase and the
amplitude are modified independently in the Fourier domain using a spatial light
modulator [58-60]. This technique has been widely used in coherent control, biomedical
imaging and optical communications [61-64].

Structuring the spatial profile of an optical pulse is another active research field. Complex
spatial profiles enable many interesting phenomena that Gaussian optics cannot achieve. For
example, optical tweezers and stimulated emission depletion microscopy both exploit the
spatial properties of the optical beam. As a result, the interaction occurs in only part of the
beam, and the dynamics are no longer uniformly distributed across the beam. This not only
simplifies the experiment by making multiple measurements in one shot across the ensemble,
but it also creates a tiny and complex experimental environment that can be about the size of
wavelength. Such a micro-environment has been implemented in microfluid researches [65].



1.2.1 Liquid crystal phase plate

Liquid-crystal-based devices are a convenient and powerful tool to shape the spatial properties
(e.g. polarization, phase front and intensity) of a laser beam. Due to the birefringence of a
liquid crystal molecule, radiations with different polarizations will experience different phase
delays after propagating through the device. The polarization and the phase front of
electromagnetic radiation are entwined in many other ways than birefringence. For example,
when the polarization of an electromagnetic wave undergoes a continuous sequence of
transformations following a closed path in the space of polarization states on the Poincare
sphere, the wave acquires a phase shift known as the Pancharatnam-Berry phase. This phase
is also called geometric phase since it is determined only by the geometry of the polarization
path [66-68].

By the same principle, if a wave is subjected to transversely inhomogeneous polarization
transformations with a homogeneous initial and final polarization state, the associated
inhomogeneous geometrical phases will induce an overall phase front shaping. For example,
consider the case of circularly polarized light (left-handed in the following analysis) that is

1 0
incident to a half-wave plate. The half-wave plate can be represented as HWP= (O J and

- o 1(1) . : : :
the incident polarization is LCP:E(J , in the Jones matrix representation. To generalize

the matrix representation of the HWP, a rotation matrix is left multiplied to the HWP matrix,
as shown in Eq. (1.3), where a is the relative angle between the direction of the waveplate and

the lab frame.
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Assuming a circularly polarized laser beam is incident on this wave plate, the Jones
representation of the output is

cos2a  sin2a | 1 (1) 1 (cos2a+isin2a 1 exp(i2a) 1 14

sin2a  —cos2a J\2li) f2\sin2a-icos2a) 2 P i (1.4)
In Eq. (1.4), a left circularly polarized beam is converted into a right circularly polarized beam.
In addition, an a-dependent phase is imposed uniformly.

Instead rotating a single waveplate, we use a special phase plate whose birefringence is
position-dependence. In this case, the angle o is a function of spatial coordinate a(X,y).
Therefore, the uniformed phase term exp(i2a) becomes a position dependent term
exp(i2a(x,y)) in the output beam representation, as shown in Eq. (1.5).

cos2a(x,y) sin2a(xy) )1 (1) 1 _ 1
(sin 2a(X,y) —cos2a(X, y)j (,j - EEXP('ZG(X’ Y))(_ij (1.5)
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This approach is different from conventional optics like lenses or wedges, as they introduce
optical path length differences to different parts of a beam. This approach only imposes pure
phase to shape the wave front of a laser beam. In terms of ultrafast laser pulses, it changes the
carrier envelope phase of a laser beam instead of delaying it. Therefore, it is suitable for
broadband and ultrafast optics applications.

To engineer this position-dependent birefringent plate, researchers chose liquid crystals as the
birefringent medium. The advancement of display technologies enables pixel-by-pixel control
of the optical property of liquid crystal molecules. The pattern of the liquid crystal plate can
be either premade or actively controlled during its operation. To modify the orientation of the
liquid crystal molecules, a linearly polarized ultraviolet laser (405 nm) is illuminated onto the
sample (Fig. 1-4). A digital micromirror device (DMD) in the imaging plane controls the beam
shape on the sample, while a half-wave plate controls its polarization. The ultraviolet laser
will make cells within polymer layer along the direction of the laser field where the beam
illuminates. After the polymer cells have been made, the liquid crystal is injected between the
two substrates and the liquid crystal molecules align along the direction of the polymer
cells [69].

S o f4 pinhole

/

f3

UV laser (405 nm)

o

f1

Fig. 1-4 Liquid-crystal phase plate fabrication apparatus. A 405 nm linearly polarized
light beam is rotated and enlarged by going through a cylindrical 4-f system (f1 and f2). The
beam then interacts with the digital micromirror device (DMD) programmed to reflect a
specific light intensity pattern. The reflected beam goes through another 4-f system (f3 and f4)
and an iris in order to select only its brightest diffraction orders as a means to clearly image
the pattern onto the sample. The polarization of the beam is then adjusted by a half-wave plate
(HWP) to the required orientation. After this rotation, the resulting beam aligns a specific
region of the sample's photo-alignment layer.

Alternatively, spatial light modulators are commercially-available devices that perform
similar transformations to the laser beam through a holographic approach [70-72]. Like
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standard holography, the interference pattern between a reference beam and a target beam (a
hologram) is created on the spatial light modulator. When this spatial light modulator is
illuminated by a laser beam with plane wave front, the diffracted beam reproduces the same
wave front as the target beam. However, the diffraction is wavelength-dependent and may
cause the light to diffract into different directions, especially when the pulse is short and its
bandwidth is large [73,74]. This limits the complexity of the shaping we can implement in
broadband pulses using this approach. In contrast, a liquid crystal phase plate works mainly
in a transmission mode and does not rely on the diffraction, which is beneficial for ultrafast
pulse applications.

1.2.2 g-plates and vortex beams

A specially patterned plate called g-plate, whose phase front retardation is a function of the
azimuthal angle, arouses great interest in quantum optics research. Its helical wave front
retardation is associated with orbital angular momentum of light [75]. After passing a
Gaussian beam through the g-plate, the output beam possesses a helical wave front and donut
beam shape [76]. The most commonly used spatial mode carrying orbital angular momentum
is the Laguerre Gaussian (LG) mode.

As a new type of beam that is different from Gaussian plane waves, the vortex beam is
undergoing intense study in both classical and quantum optics research. Its exotic topology
and quantum behaviours are of particular interest: A Mobius strip-like polarization is observed
in the tightly focused vortex laser beam. Even more complex knots and structures are
discovered [77—-80]. These twisted photons can also be entangled in the dimension of angular
momentum [81,82] and form high-dimensional quantum encryption, which benefits the noise
tolerance [83,84] in quantum key distribution.

As an application of vortex beams, researchers encoded different information in channels
formed by orthogonal spatial modes and achieved terabit-per-second high speed optical
communications [85-87]. The spatial mode is an additional degree of freedom that increases
the capacity of free-space communications. Different Laguerre-Gaussian modes act as
different channels when transmitting signals, as they are orthogonal to each other. The OAM
multiplexing is also independent to polarization and wavelength multiplexing, so they may be
used simultaneously. Using high-dimensional multiplexing forms more advanced modulation
scheme and improves the bandwidth efficiency in communications.

Bandwidth becomes a main challenge when communicating with objects in outer space, so
this advanced modulation scheme particularly benefits communication with satellites and
aircrafts. However, Laguerre-Gaussian modes at longer wavelength diffract faster and
degrades the detection of vortex photons. Moving towards shorter wavelength with less
diffraction provides an option for overcoming such problem. In addition, the higher energy
of a single photon may also benefit to simplify the detection system, since the noise is much
weaker for detecting radiation at shorter wavelength.

Vortex beams are also used to overcome the diffraction limit. In 1994, Hell and Wichmann
developed stimulated emission depletion microscopy, which was experimentally
demonstrated in 1999 by Hell and Klar [88,89]. It creates super-resolution images by
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exploiting the nonlinearity in deactivating fluorophores using vortex beams. The sample is
first excited by a Gaussian beam to pump the carriers to the excited state. Then a vortex beam,
which possesses a dark hole in its centre, depletes the excited carriers through stimulated
emission. Since the centre region is not exposed to the deactivation beam, the carriers stay in
the excited state. After relaxation, these carriers will decay to the ground state and emit
fluorescence from the centre region. Through this nonlinear excitation/depletion process, the
size of the non-exposed centre becomes smaller than the achievable resolution for an optical
system. The modified resolution is determined by

Do % (1.6)

2NA ’1+ II
sat

where D is the transverse resolution, 4 is the wavelength of the depletion light, I is the intensity
of the depletion light and lsat is saturation intensity. The resolution is dependant on both
intensity and wavelength of the depletion light. The resolution can be improved by increasing
the intensity of the deactivation beam to deplete more carriers, but this is limited by damage
to the sample. Besides increasing the intensity, the spatial resolution can reach sub-nanometer
levels when this technique is applied with much shorter wavelengths like XUV or soft-x ray.
With solid-state samples, XUV beams are able to resolve nanostructures [90-92] and
distinguish magnetic material [93]. The imaging power of XUV may be extended to the
imaging of biological samples in the future. The work presented Chapter 3 intends to develop
a light source for this potential imaging application by creating vortex beam with controllable
wave fronts.

1.2.3 Polarization structured beam and generation

Apart from controlling the phase front of laser beams, the polarization can also be controlled
and structured. Instead of uniformed polarization across the transverse mode, as shown in Fig.
1-5 (a), the polarization of the laser beam can be a function of spatial coordinates. Two widely
studied polarization structured modes are radially polarized and azimuthally polarized modes,
as shown in Fig. 1-5(b). Since their amplitudes need to be represented in a vector form, these
beams with inhomogeneous polarization are often referred as vector beams.

One way to generate vector beam is to coherently combine two orthogonally polarized laser
beams with different wave fronts. For example, radially polarized or azimuthally polarized
laser beam can be decomposed into a Laguerre Gaussian LG1o0 mode beam with a left
circularly polarized beam and a Laguerre Gaussian LG-1,0 mode beam with a right circularly
polarized beam [94,95], where the first index is the azimuthal index | and the second index is
the radial index p. Varying the relative phase between these two beams can switch the
polarization from a radial one to an azimuthal one.

Radial and azimuthal beams can be decomposed in the linearly polarized basis in addition to
the circularly polarized basis. For example, superimposing two orthogonal linearly polarized
Hermit-Gaussian HGo,1 and HGio0 modes can construct radially/azimuthally polarized
beam [94,96], where the first index is the horizontal index m and the second index is the radial
index n. The two polarization decompositions have different advantages when implementing
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experiments or illuminating the mechanisms: The linearly polarized states can be directly
distinguished and experimentally measured by optical elements like Brewster's angle or wire
grid polarizers at relatively high intensity. The circular basis, on the other hand, are the
eigenstates of the spin angular momentum operator, which is convenient in analysing the
conversion of the angular momentum in nonlinear processes. Therefore, there is flexibility in
the choice of polarization basis to suit the application.

®

Gaussian beam Cylindrical Vector beam

a

Fig. 1-5 Polarization profile of normal Gaussian beam and cylindrical vector beam (a)
Polarization distribution of conventional Gaussian beam. left: circularly polarized Gaussian
beam; right: linearly polarized Gaussian beam. (b) Polarization distribution of vector beams.
Left: radially polarized beam; right: azimuthally polarized beam.

The radially polarized beam intrinsically gives a better match to the solution of light field
emitted from single atom and therefore can be focused to an even smaller spot than focusing
a uniformly polarized light [97,98]. This leads to several important implications of using
vector beams to achieve better spatial resolution in optical microscopy, optical trapping and
laser machining [99-104]. If such beam is tightly focused, the radially polarized electric field
in the transverse plane will constructively interfere in the transverse direction, which gives
rise to a longitudinal electric field at the beam centre [105]. Such fields are used to accelerate
particles to relativistic speeds over a short distance [106,107]. When focusing such a beam on
materials, the orientation of the polarization can be transferred to both metal and dielectric
surfaces. The mechanism is explained in a plasma-formation perspective. More complex
polarizations or patterns can be imparted onto surfaces with a polarization shaping technique
based on liquid crystal devices [108,109] .

As a result of the cylindrical symmetry, radially or azimuthally polarized modes are also
eigenmodes of propagation in a cylindrically symmetric waveguide. Therefore, they are
suitable for use in the generation of ultrashort pulses with currently available high-power pulse
compression technology based on a gas-filled hollow-core capillary. The pulse can maintain
its properties after nonlinear interaction and spectral broadening, which extends its interesting
spatial characteristics to few-cycle pulses [110]. For example, the radial (azimuthal) mode is
a superposition of two Laguerre-Gaussian modes with opposite spin states. Such non-
separable states are maintained after the spectrum is broadened and the pulse is compressed
down to few-cycle duration. This is studied experimentally and discussed in Chapter 6 in
details.

Similar to phase front shaping, liquid crystal-based devices are convenient for preparing
vector beams. Besides superimposing two beams with different wave fronts, the
12



radial/azimuthal beam can be generated by a linearly polarized beam that is incident on a g-
plate. The liquid crystal molecules serve as micro half-wave plate and shape the local
polarization as they are oriented [95,111]. Therefore, the polarizations of a light beam can be
shaped almost “at will” and “point by point™ across its transverse profile.

The polarization structures can be more exotic than linearly polarizations at different
orientations. The structure can consist polarizations with any ellipticity. In an extreme case,
beams containing all possible polarizations on a Poincare sphere are called full Poincare
beams [112]. Hybrid beams are another interesting example of beams with complex structure,
as they have polarizations that evolve while the beams propagate [113]. In this way, the
polarization of a beam can be engineered not only in the transverse direction, but also along
its propagation direction. A study of using this characteristic in high harmonic generation is
presented in Chapter 5.

1.3 Structured beams in strong field physics

Once both high-harmonic based XUV generation and beam shaping techniques became
available, many researchers began using structured beams in high harmonic generation to
study the behaviour of structured photons in this highly nonlinear process. In 2012, ZUrch et
al. published their results of high harmonics produced with a phase vortex beam [114], and
showed that the generated high har