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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, I 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 highharmonic 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 wellexplained, such as spectral plateau and cut-off photon energy [28–33]. It also opened the era
of attosecond science, wherein attosecond (10−18 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, I 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 χ(n) shown
as Eq. (1.1) [45]
1
2
3
P ( t ) =  0   ( ) E ( t ) +  ( ) E 2 ( t ) +  ( ) E 3 ( t ) +

2

,


(1.1)

where χ(n) is the nonlinear susceptibilities, n is the order of nonlinearity, E(t) is the timedependent electric field and ε0 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]

 =

2me I p
eE

,

(1.2)

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 ω 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-2. 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].
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].

Tunneling

Radius

Acceleration

Electric field

Radius

Potential

Ip

Potential

Potential

Potential

Recombination

Radius

t

Fig. 1-1 Illustration 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 cm-2 or field strengths near 109 V/m is
impractical with conventional electrical amplification schemes. Without considering the
conversion efficiency, to create 1 PW cm-2 intensity on a 100 μm2 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.

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
5

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.

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 μm diameter focal spot, we would need 0.6 mJ pulse energy
to achieve 0.2 PW cm-2, 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
6

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 selffocusing 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].
7

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= 
 and
 0 −1

1  1
  , in the Jones matrix representation. To generalize
2 i
the matrix representation of the HWP, a rotation matrix is left multiplied to the HWP matrix,
as shown in Eq. (1.3), where α is the relative angle between the direction of the waveplate and
the lab frame.
the incident polarization is LCP=

 cos  -sin   1 0  cos  sin    cos 2



=
 sin  cos   0 −1 − sin  cos    sin 2

sin 2 

− cos 2 

(1.3)

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

 cos 2 sin 2  1 1 1  cos 2 +i sin 2  1
1
exp ( i 2 )   . (1.4)


 =

=
2  sin 2 − i cos 2 
2
 sin 2 − cos 2  2  i 
 −i 
In Eq. (1.4), a left circularly polarized beam is converted into a right circularly polarized beam.
In addition, an α-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 α is a function of spatial coordinate α(x,y).
Therefore, the uniformed phase term exp(i2α) becomes a position dependent term
exp(i2α(x,y)) in the output beam representation, as shown in Eq. (1.5).

 cos 2 ( x, y) sin 2 ( x, y)  1 1 1
1
exp ( i 2 ( x, y) )  


 =
2
 sin 2 ( x, y ) − cos 2 ( x, y)  2  i 
 −i 
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(1.5)

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].

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 q-plates and vortex beams
A specially patterned plate called q-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 q-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

D=


2 NA 1 +

I

,

(1.6)

I sat

where D is the transverse resolution, λ is the wavelength of the depletion light, I is the intensity
of the depletion light and Isat 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 LG1,0 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 l 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 HG0,1 and HG1,0 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.

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 nonseparable 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
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radial/azimuthal beam can be generated by a linearly polarized beam that is incident on a qplate. 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, Zürch et
al. published their results of high harmonics produced with a phase vortex beam [114], and
showed that the generated high harmonics preserve the singular topology from its fundamental
driving beam. A further study by Gariepy et al., carefully examined the wave front structure
by interfering the high harmonics, and argued that orbital angular momentum is preserved in
this nonperturbative nonlinear process [74]. This result was then confirmed by measuring the
divergence of high harmonics [115]. Another interesting discussion regarding the
conservation of orbital angular momentum in high harmonic generation involves a special
type of beam possessing a non-integer topological charge. The results suggest that the
expectation value of the orbital angular momentum is still conserved [116,117], and the
generated beams are superpositions of different eigenmodes.
To better control the orbital angular momentum, we added a control beam to optically
manipulate the generation process. This approach can be understood in an optical holographic
manner, or by the mixing of orbital angular momentum. This allows arbitrary orbital angular
momentum to be transferred to any XUV wavelength, instead of the harmonic order
determining the OAM [118]. Similar wave front control is demonstrated in a laser induced
plasma hologram at an even higher laser intensity [119]. In such a scheme, a controlled prepulse is used to structure the plasma surface instead of directly using a structured beam to
generate XUV.
Besides the orbital angular momentum and the phase structure, there is great interest in the
dynamics of spin angular momentum in high harmonic generation. It not only concerns the
conservation law of spin angular momentum, but also relates to the polarization control of
XUV light. Efficient generation of circularly polarized XUV light still remains a challenge in
both scientific and industrial applications. Under a slightly different context, generating
circularly polarized XUV beams is primarily studied by mixing two laser beams with counterrotating polarization states [120–122]. Then the circularly polarized XUV beams are used in
probing the chiral response of the magnetic materials [123].
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It is worth noting that the distinction between structured beams and combining multiple beams
becomes blurry, especially when multiple beams are created coherently. The multiple-beam
configuration can be seen as a special case of structured beams, even from each beam’s
perspective, the mode is considered uniform and unstructured. On the other hand, shaping the
spatial profile of a laser beam has much more flexibility than combining two laser beams: both
the polarization and phase can be designed pixel-by-pixel at micrometer precision. Due to
being nearly colinear and the flexibility in patterning structures, a single structured beam has
the potential to improve the phase matching while producing polarization-controlled XUV
radiation and even extending the highest photon energy.
The ability to structure XUV beams is one prominent feature of coherence that high harmonics
inherit from the driving field. The coherence also guarantees the phase relation between XUV
radiation and the fundamental driving field. This relation gives us access to control the XUV
emission phase by controlling the infrared. In comparison, large-scale synchrotron sources
can only provide partial coherence [124] by spatial filtering, which limits its applications in
diffraction analysis of nonperiodic structures and complex biological samples [125]. Phasesensitive measurements at XUV wavelength are possible with high-harmonic sources by
controlling the phase delay of either the XUV pulse or the fundamental infrared pulses.
Engineering both wave front and polarization will also impact industry applications in
addition to scientific research. With fast establishment of EUV lithography manufacturing
lines, industrial integrated circuit (IC) demands XUV light to interrogate fast switching at the
nanoscale. The diffraction limit of conventional diagnostic tool using visible and UV light is
becoming a main challenge for non-invasively characterizing the smaller chips being made.
Mirrorless imaging becomes a feasible option for XUV imaging since it does not require
physical imaging element to perform transformations. Since the post-process reconstruction
algorithm relies on the coherence of the illumination, coherent high harmonic sources play an
important and competitive role. Structuring the fundamental photon create an extra degree of
freedom to further explore in strong field experiments. The all-optical control of phase fronts
and polarization enables us to create XUV photons with complex properties that allow us to
make faster and more advanced measurements.
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Chapter 2 Methodology: Controlling high harmonics with
fundamental fields
Controlling the polarization or phase profile of the fundamental beam generating high
harmonics in experiments enables us to shape the spatial structure of the generated XUV
radiation and to study the physics of the interaction of spatially structured beams with matter.
Two general approaches are used to control the spatial properties of XUV beams: (i) using
XUV optics to modify the XUV radiation after being generated or (ii) optically manipulating
the XUV generation process and directly generating structured XUV radiation. This thesis
follows the second approach, which requires understanding and controlling the high harmonic
generation process. Based on a semiclassical model [30], this chapter presents analysis on
how the XUV emission phase is influenced by controlling the spatial structure of the
fundamental beam.
The first method of shaping XUV beams is similar to how we shape the infrared and visible
beams. The XUV beam is initially generated with unstructured spatial properties. By using
XUV/X-ray optics, the beam is modified to have the desired spatial profile. In broadband
applications (e.g. high harmonic generation, attosecond pulses), reflective optics are more
desirable, since reflective optics are more suited for broadband applications. These optics
often use the incident grazing angle to increase the reflection efficiency. For example,
reflecting from concave or toroidal multilayer mirrors can impose concave phase front
curvatures to XUV beams and focus beams of a given wavelength [126,127]. Besides
reflective optics, diffractive optics also play an important role in shaping beams at extremely
short wavelengths. Zone plates use concentric ring structures used to create constructive
interreferences at certain distance to focus XUV beams or to image nanostructures [5]. This
can be extended to more complex beam shaping by using specially designed diffractive
patterns. However, to control the phase or polarization, all these methods require subwavelength manufacturing precision, which ranges from nanometer to sub-nanometer
precision for XUV wavelengths.
In the second method, the focus of the fundamental beam is spatially modulated using a
structured infrared fundamental or perturbing beam. The XUV beams generated from this
modulated focus are spatially structured during the generation process. This method does not
rely on high quality XUV optics and structures the XUV beam entirely optically. Distinct from
the first method, this method requires that the XUV emission possesses a deterministic relation
to its generation process or the driving laser field. Therefore, the XUV generation methods
that depend on spontaneous emissions or incoherent process cannot apply this “on site”
manipulation.
Built on high harmonic generation, a coherent process, we modify the phase front of the
driving field to control the phase structure of high harmonic radiation. This chapter discusses
how the emission phase of XUV radiation is influenced by the modified laser field. In the
experiment, we use a weak perturbing beam to interfere with the fundamental beam, so that
the total field can be controlled by varying the phase and amplitude of the perturbing beam.
Since the atoms are dilute in gas phase, we only consider the single-atom response with a
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semi-classical model driven by these modified fields. The single-atom response, when
perturbed by a weak field, is studied, and we see that the modulated phase of the fundamental
is extended to phase modulations in the generated high harmonic beams.

2.1 Semiclassical model of high harmonic generation
For a noble gas atom interacting with a strong laser field, if the field intensity is on the order
of or greater than 1014 W cm-2, the field strength near the peak of each oscillation is
comparable, to or greater than, that of the atomic Coulomb field that binds the electrons to the
atom. Due to the high field strength, the potential well confining the electron is weakened and
becomes a barrier, allowing the electron to tunnel into the continuum. The tunnelling rate is
given by [30,128]
Wdc = s Cn*l*

where

s =
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, Ip is the ionization potential, IpH is the ionization potential of

the hydrogen. Edc is the external field, me is the electron mass, e is the electron charge, m, l
are the magnetic and azimuthal quantum number, l* is the equivalent quantum number given
by l* = 0 for l ≪n and l* = n*-1 otherwise, and Γ is the Gamma function.
The time-dependent tunnelling rate is approximated by using the tunnelling rate in response
to a DC field of the same field strength and assuming it changes adiabatically with time as the
field changes. This tunnelling rate is highly nonlinear and is primarily related to the external
field exponentially. The wave perspective of the external field dominates the ionization step
when a large number of photons are involved.
Then, the portion of the electron wave packet in the continuum moves in response to the
driving laser field like a classical charged particle, and its classical trajectory can be calculated
by Newton’s second law:

d 2x
eE
= − cos (t )
2
dt
me
x=



(2.2)



eE
cos (tr ) − cos (tb )  +  sin (tb )( tr − tb ) ,
me 2 

(2.3)

where x is the displacement of freed electron in x direction; E is the peak field strength; ω is
the angular frequency of the driving laser field, tb and tr are the tunnelling time (commonly
known as the ‘time of birth’) and recombination time.
Similarly, for the y direction,
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d2y
eE
= −
sin (t )
2
dt
me
y =



(2.4)



eE
sin (tr ) − sin (tb )  −  sin (tb )( tr − tb ) ,
me 2 

(2.5)

where ε is the ellipticity of the driving laser field.
The tunnelling process is considered instantaneous and the initial velocity and position of the
tunneled electron are assumed to be zero [129,130]. When considering linearly polarized
driving fields (ε = 0), the freed electron is driven only by the x-component of the field and,
consequently, the electron displacement and velocity along orthogonal directions is zero. We
plot the electron displacement trajectory for a tunneling time between ωt = 0.05×2π and ωt =
0.25×2π in Fig. 2-1. The electron is first driven away from its parent ion in the first half cycle
of the laser field and is then driven back when the laser field changes sign and, consequently,
its direction. During the propagation step, the electron is accelerated by the laser field and
acquires kinetic energy throughout its trajectory. Finally, the electron recombines with the
parent ion and emits its excess energy upon re-entering the ground state through the emission
of a photon. The photon energy, according to the conservation of energy, is equal to the sum
of the ionization potential of the atom and the acquired kinetic energy of the electron.

Fig. 2-1 The displacement trajectories for the electron which is tunnelled tunneled
between ωt = 0.05×2π and ωt = 0.25×2π. The thick blue line shows the waveform of the
laser field. The colours of the trajectories represent different kinetic energies gained by the
electron.
The maximum returning electron energy corresponds to a time of birth of ωt = 0.05×2π and
time of return of ωt = 0.7×2π (purple line in Fig. 2-1). The energy of this photon is given by
 = I p + 3.17

eE 2
4me 2 ,

= I p + 3.17U p
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(2.6)

where Up is the ponderomotive potential. (Up corresponds to the time averaged kinetic energy
of the electron wave packet in the presence of the external laser field.) This kinetic energy is
inversely proportional to the angular frequency of the driving laser field. Thus, for a given
field strength, the maximum generated photon energy can be increased by increasing the
driving laser wavelength. This is an intuitive result, as, for a given laser intensity, longer
wavelength driving fields keep the electron in the continuum longer and, consequently,
accelerate the electron for a longer time.
The wave packets are released near the peaks of each half cycle when the field is strong and,
consequently, the XUV photons are generated every half period of the fundamental field.
Additionally, the electric field changes sign each half cycle, which accelerates the electron
wave packet in an opposite direction than the previous half-cycle. This gives rise to a π phase
shift between two adjacent generated XUV pulses. In the Fourier domain, the half cycle
periodicity leads to a 2ω separation between the generated harmonics and the π phase shift
between adjacent pulses offsets the starting frequency from 0 to ω. This is why only discreate
odd orders of harmonics are observed in a typical high harmonic generation process when
using multi-cycle pulses.
In Fig. 2-1, each electron trajectory corresponds to a tunnelling time tb, a recombination time
tr, and a photon energy ħΩ. The emission phase of the photon is related to the ionization time,
the phase that electron wave packet accumulates during the excursion, and the recombination
of the electron re-entering the ground state with its parent ion. Therefore, the emission phase
carries information about both the system from which the electron originated and the external
field which accelerates the electron in the continuum. Decoding this information with the
emission phase of different harmonic orders has been used in molecular orbital tomography,
enabling the probing of atomic or molecular structure and to observe changes in said structure
during chemical reactions [6,131].
Since electrons with different kinetic energies return at different times, XUV pulses generated
in this way exhibit an intrinsic chirp, which has become known as the atto-chirp [132,133].
Additionally, there are two windows of time in which the same returning electron energy
spectrum is observed. The first window, for electrons released between 0 to ωt = 0.05×2π of
the laser cycle, gives rise to a negative chirp. The second window, for electrons released
between ωt = 0.05×2π to ωt = 0.25×2π, exhibits a positive chirp. These two windows of time
intrinsically partition XUV emission into two subsets. For the first window, these electrons
spend a greater time in the continuum than those released in the second window and,
consequently, the harmonics associated with these trajectories are known as long trajectories.
For the second window, the time spent in continuum is less than those from the first window
and, appropriately, these trajectories are known as short trajectories. Due to the intensity
dependent phase and resultant wave front curvature of the generated harmonics, the long
trajectories photons are much more divergent in space and optimal phase matching conditions
for generating macroscopic beams are much more stringent than those for short trajectories.
Consequently, macroscopic high harmonic beams are typically dominated by short trajectory
emissions. As a result, both simulation and experiments shown in this thesis only consider
the contribution from the short trajectories.
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2.2 Perturbation by a coherent external field
As it can be seen from the Eq. (2.3), the electron trajectory is a function of the driving laser
field. If we can modify the instantaneous field strength, we can alter the trajectories of the
electrons during their excursion.
To achieve control of the driving field, we introduce an external field which has a controlled
phase relation to the driving laser field of the generation process. The interference of these
two fields modifies the field in space and time.
If the high harmonic generation process is perturbed by a weak perturbing field Ẽp(t) =
Epcos(ωpt+Δφ), which is added to the intense driving field Ẽd(t) = Ed cos(ωdt), the electron
trajectories described in Eq. (2.3) are modified accordingly. Consequently, the phase accrued
during the electron’s trajectory is modified and, as a result, the emitted phase of the high
harmonic radiation is also modified. Here, Ed and Ep are field amplitudes, and ωp and ωd are
frequencies of the perturbing and driving beams respectively. The harmonic phase modulation
due to the perturbing laser field is predominantly present during the electron trajectory in the
continuum [133].
The phase of the emitted high harmonic photon at frequency Ω associated with the electron
excursion in the continuum can be obtain by

 amp (  ) = 

tr

tb

2

1  ( p − eA )
+ I p  −  dt ,

 2me


(2.7)

where tb, tr, p are the birth time, the recombination time and the canonical momentum of a
specific electron wave packet trajectory corresponding to harmonic order q at frequency Ω. A
is the vector potential of the driving laser fields. The first two terms correspond to the electron
phase accumulated during the electron acceleration and the third term corresponds to the
global phase at the recombination time in terms of frequency Ω. Here we can see that the XUV
phase is related to both the electron trajectory and the birth and recombination times.
However, the recombination time of the electron is a function of the vector potential, which
is highly nonlinear and has no analytical form.
If a weak perturbing field is added, with the same frequency as the driving field, ωp = ωd = ω,
the total laser field retains its cosine function form, but with modified amplitude and phase,
which is induced by the interference between the perturbing field and driving field. Then the
electron trajectories described in Eq. (2.7) will be modified accordingly.
In order to show the underlying physics of this phase shift, we break the phase estimation into
two parts: (i) the phase modification due to changes of the electron trajectory caused by
amplitude variation of the total laser field; (ii) the phase modification due to change of
recombination time due to the phase variation of the driving field.
The change of action caused by amplitude variation can be evaluated by
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dt

where Ap is the vector potential of the perturbing laser field. For each harmonic order, tb, tr, p
are obtained from solving Eq. (2.3) without considering the perturbing field.
If the pulse duration is much longer than one period of an optical cycle, the phase shift can be
evaluated without considering the carrier-envelope phase effect by
tr

eE p

tb

 2 me

 amp (  ) =  −

Ed sin (tb ) − sin (t )  sin (t +  )dt ,

(2.9)

where Ed, Ep are the peak field strength of the driving and perturbing laser field, and Δφ is the
phase difference between the driving and perturbing laser fields. The phase integral is
evaluated with the same times of birth and recombination, as the additional field is treated as
a weak perturbation. Consequently, a greater phase shift will be observed for longer excursion
times.
Apart from the phase term induced by amplitude variation, a perturbing field of same colour
will also shift the total driving field. The total field can be written as

Etotal cos (t +  ph ( ) )
= E p cos (t +  ) + Ed cos (t )

.

(2.10)
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The phase shift for the qth harmonics at frequency Ω, influenced by the phase variation of the
driving field, can be obtained by

Ep

sin 

Ed

 ph (  ) = arctan
Ep

1+

=q arctan

Ed

cos  ,

(2.11)

r sin 
1 + r cos 

where r is the relative amplitude ratio between the perturbing and driving laser field.
As can be seem from the expression in Eq. (2.11), when the modulation depth r is small, the
phase modulation induced by time frame shift can be approximated by
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lim  ph (  ) =qr sin  ,
r →0

(2.12)

which has a π/2 phase shift relative to the amplitude variation.

Fig. 2-2. Theoretical analysis of high harmonic phase modulation. (a) semi-classical
calculation of the phase shift (color) as a function of the harmonic order q and the perturbing
laser phase φ. The relative perturbing laser amplitude r = 0.02. (b) The high harmonic phase
modulations contributed by the total driving field amplitude variation (solid line) and phase
variation (dashed line).
The total phase modulation as a function of perturbing laser phase, ΔΦq, is calculated for short
trajectories and qth order harmonic, as shown in Fig. 2-2 (a). In this calculation, the relative
amplitude ratio between perturbing and driving laser field is r = 0.02. For a given harmonic
order, q, the relation between the harmonic phase shift ΔΩq and the perturbing laser phase
shift can be fitted by a cosine function ΔΦ(Ω) = Cqcos(Δϕ-ψq).The Cq parameter encodes the
modulation depth of the harmonic phase, and ψq encodes the delay of the harmonic phase
modulation relative to the perturbing laser field. For low harmonic orders (e.g. for the
parameters of our experiment, q<25), ψq ≈ π/2 and the harmonic phase modulation is in phase
with the total driving field phase variation. This result implies that, although the electron wave
packet trajectories for low harmonic orders are modified by the perturbing field, the
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modifications are negligible compared to the phase modulation because of the total driving
field phase variation. For harmonic orders close to the cut-off frequency (e.g. q = 33),
ψq≈0.24π and the harmonic phase tends to synchronize with the total driving field amplitude
variation. Changes in the phase accrued during the electron propagation induced by the
amplitude variation of the total driving field becomes important for harmonic orders near the
cut-off. The actual delay, ψq, between the harmonic phase modulation and the perturbing laser
phase is determined by the interplay between the amplitude and phase variations of the total
driving field and falls into the range between 0 and π/2.
To illustrate the coupled effect of these two mechanisms, phase shifts of the harmonics are
estimated separately for contribution due to variations in the driving field amplitude and
phase. The contribution from amplitude variation can be calculated by setting Δφ = 0 for the
perturbing field in equation (2.9) (Fig. 2-2 (b), solid line). In the perturbation case, the
maximum induced harmonic phase modulation equals q arcsin(dE/E) = q arcsin(r) and is
plotted by the dashed line in Fig. 1(b). For low harmonics (e.g. q = 15 or 17) the harmonic
phase shift is close to zero and is significantly smaller than that contributed by the driving
field phase variation. However, the contribution from amplitude variations increases rapidly
with the harmonic order, and the two parts becomes comparable for harmonics close to the
cut-off.
The above calculation for harmonic phase modulation is based on the semi-classical model,
and only takes the phase modulation contribution in the electron acceleration step into
account. Simulation results and discussion by solving the time dependent Schrödinger
equation (TDSE) about these phase modulation mechanisms can be found in [134]. The
results found therein are consistent with the semi-classical calculation except near the cut-off
region. Thus, the ionization and recombination steps have negligible effect on the harmonic
phase modulation compared to the electron propagation step. These results also suggest that
the harmonic phase modulation scheme is mostly independent of the nonlinear medium.

2.3 Measuring the emission phase shift
To complement the analysis above, an experimental in situ reconstruction of emitted phase is
performed by interfering a weak perturbing laser beam and a strong driving laser beam with
the same color (Fig. 2-3(a)).
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Fig. 2-3. Experimental setup for measuring phase variations of fundamental and high
harmonic beams. (a) Schematic diagram of the experimental setup. The temporal delay of
the driving laser beam (thick red lines) is controlled by a piezo-stage relative to the perturbing
laser beam (thin red lines). M1–3 are uncoated silica plates providing 4% reflection for the
laser beams at 45°incident angle. M2 is on a motorized stage. Used for calibration, it can be
moved out of the high harmonic beam path in actual experiments. (b) The camera counts
captured by the reference camera C1 (red) and the calibration camera C2 (blue) respectively.
Measured data are labeled with circles, and the fitted sine functions are plotted with solid
lines.
The relative amplitude, r, and phase, Δψ, are measured using a replicated reference beam pair.
In Fig. 2-3(a), a 70%-reflective beam splitter transmits a portion of the of the harmonic
generating-perturbing pulse pair (30% of the total energy) and the camera C1 captures the
interference with the reference at the focal spot. Experimentally, the mirror M2 is off-set from
the XUV beam line and the high harmonic beam is monitored with an XUV spectrometer.
Thus, the frequency-resolved far field profiles of the high harmonic beam and interference of
the reference laser beam pair on the camera C1 are recorded simultaneously. In order to
determine the perturbing laser phase and relative amplitude from the camera C1 interference
data, a separate calibration procedure is done, wherein the steering mirror M2 is moved in the
high harmonic generation chamber, camera C2 is used to record the interference between the
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fundamental and perturbing beams, and the observed pattern is compared with the reference
beam pair interference data from the camera C1.
Figure 2-3 (b) shows the C1 and C2 camera counts for the centers of the copied reference and
the real focal spot at the gas target. We obtain Δφ by fitting the intensity signal to a cosine
function. The relative field amplitude r can be extracted from the amplitude of the AC
oscillation component and the averaged camera count signal, or the DC component.
There are two main sources of systematic uncertainty in determining Δφ. One is the thermal
or nonlinear Kerr phase effect caused by the optics. We minimize this contribution by using a
4% reflection surface from a silica plate for mirrors M1, M2, and M3, as shown in Fig. xx(a).
The other source of uncertainty is the depth of field of the imaging system from the gas target
to the camera C2. We minimize this source by mounting a knife-edge as a reference object at
the gas nozzle and optimizing the position of the camera C2 by overlapping the images of the
reference object illuminated by the driving and the perturbing beams respectively.
Experimentally we observe visible degradation of the knife-edge image on the camera C2 if
the knife edge is moved 0.5 mm longitudinally along the x-direction. It corresponds to ~0.06π
uncertainty of Δφ.
As shown in Fig. 2-3 (a), the perturbing laser beam (wavelength λp = 2πc/ωp = 800 nm) crossed
the intense driving beam (wavelength λd = λp = 800 nm, pulse duration 40 fs) at the gas jet at
an angle of α = 15 mrad. The oblique angle geometry introduced a linear perturbing phase
shift between the driving and perturbing fields. We tune Δφ with a piezo-controlled translation
stage on the driving beam arm. Thus, the qth harmonic wave front has a cosine function shaped
phase modulation ΔΦ(Ω)=Cqcos(Δϕ-ψq) along the y-direction and at this small angle it
changes the high harmonic beam pointing and the far field divergence. By scanning Δφ, the
oscillation of the harmonic beam pointing, and divergence reveal the harmonic phase
modulation [135]. Figure 2-4 (a) shows the measured far field spectrogram of 19th harmonics
with different temporal delay between the driving and perturbing fields.
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Fig. 2-4. Reconstruction of the high harmonic phase modulation for H19. (a) The
measured far field spectrogram with different temporal delay between the driving and
perturbing fields. (b) The reconstructed near field electrical profile of the H19 beam. The solid
line for amplitude and the dashed line for phase. (c) The reconstructed phase modulation of
the H19 beam at y = 0 with different temporal delay between the driving and perturbing fields
(blue dotted line) and its sine function fitting (red solid line).
Propagating back to the near field, or the position at focus, the phase structure can be obtained
in Fig. 2-4 (b), shown in red dashed curve with its intensity profile shown in blue solid line.
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Considering the phase shift only at the position y = 0, the phase shift of the harmonics ΔΦ(Ω)
with respect to the relative phase between the perturbing and driving laser field Δφ is shown
(blue dotted line) and fitted with a cosine function (red solid line) in Fig. 2-4 (c). The fitting
cosine function is ΔΦ(Ω) = Cqcos(Δϕ-ψq).

Fig. 2-5 High harmonic phase modulation delay ψq and depth Cq in argon. (a) The
harmonic modulation delay ψq as a function of the harmonic order q. The driving laser pulse
energy is 0.83 mJ (blue) and 0.77 mJ (red). (b) The harmonic modulation depth Cq as a
function of the harmonic order q. The experimental results are shown in circles, the saddle
point calculation results in the solid line, and the dash line shows the function qarcsin (δE/E).
In (a) and (b), the relative perturbing field amplitude is δE/E = 0.035.
By fitting the curves in Fig. 2-4 (c), we can estimate the relative delay ψq between the
harmonic phase modulation and the perturbing laser field. This relative delay is between 0 and
π/2, since both the phase and amplitude of the driving laser field will contribute to the phase
shift of the high harmonics. The value indicates the contributions of phase and amplitude
induced phase shift.
The maximum phase modulations for different harmonic orders generated from argon gas are
plotted in Fig. 2-5 (a). For low harmonic orders (q ≤ 25), the relative delay ψq is around (0.50
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±0.13)π, consistent with the theoretical analysis above. It means that the high harmonic phase
modulation for low orders is predominantly determined by the phase variation of the total
driving laser field. For harmonic orders close to the cut-off (q = 33 for 0.83 mJ pulse energy
in blue and q = 31 for 0.77 mJ in red), the parameter ψq decreases to ~0.1π. As discussed
above, it is because the amplitude induced phase becomes important compared to the phase
induced part. For harmonic orders around q = 27 or 29, an increase of ψq is observed that was
not found in the previous theoretical analysis. This observation arises because it is
experimentally difficult to suppress the long trajectory contributions near the cut-off, which
were omitted in the theoretical analysis. However, at the cut-off, the long and short trajectories
merge and the analysis based on the short trajectory assumption becomes available again. In
addition, for both 0.83 and 0.77 mJ driving laser pulse energy, the dependence of ψq on the
harmonic order q behaves the same, implying that the relative importance between the driving
field amplitude and phase variation only depend on whether the harmonic order is close to the
cut-off or not.

Fig. 2-6. High harmonic phase modulation delay ψq and depth Cq in neon. (a) The
harmonic modulation delay ψq as a function of the harmonic order q. The driving laser pulse
energy is 0.83 mJ (blue) and 0.67 mJ (red). (b) The harmonic modulation depth Cq as a
function of the harmonic order q. The experimental result is shown in circles, the saddle point
calculation result in the solid line, and the dash line shows the function qarcsin (δE/E). The
relative perturbing field amplitude is δE/E = 0.030.
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A similar measurement is performed using neon gas as the nonlinear medium, to study the
dependence of the high harmonic phase modulation on the nonlinear gas medium. As shown
in the theoretical analysis, the ionization phase and the recombination phase contributions to
the harmonic phase modulation are negligible compared to the electron propagation phase,
thus the experimental results with neon about the harmonic phase modulation depth Cq and
delay ψq in Fig. 2-6 are similar to those results with argon in Fig. 2-5. As shown in Fig. 2-6
(a), low harmonic orders below the cut-off energy generated in neon follow a π/2 delay relative
to the perturbing field, whereas the delay for higher order harmonics drops as they approach
the cut-off. In Fig. 2-6 (b), the measured modulation depth Cq (circles) is also close to the
saddle point calculation with Ip = 21.56 eV for neon (solid line). Note that the driving field
phase variation induced modulation depth q arcsin (δE/E) can also reasonably predict the
measured harmonic phase modulation depth, and it is independent of the gas type.

2.4 Implications
We study the relationship between the driving laser phase and the XUV high harmonic phase,
which reveal the origin of the dipole phase shift in the strong field interaction. The observed
modulation is primarily attributable to the propagation of the freed electron, which
corresponds to the second step in the semiclassical model. The phase shift is transferred from
the fundamental beam through the modification of the electron trajectories. Since the
displacement of electron trajectory is small compare to the separation between the gas atoms,
the influence of the adjacent atoms is negligible and is omitted. However, the phase shift is
different for harmonics generated from crystals where the electronic band structure of the
generation medium needs to be taken into account [136]. Therefore, measuring the emission
phase of the high harmonic beams may provide a platform for high-harmonic spectroscopy of
solids.
The link between the spatial phase profiles of the fundamental and high harmonic beams
generated in a gas also suggests a spatial light modulator (SLM) for XUV high harmonic
radiation. High harmonic radiation is focused and delivered by various XUV or X-ray optics
for nonlinear optics or imaging applications. However, such optics (and even the extremely
nonlinear high harmonic generation process itself) introduces aberrations to the wave front,
leading to imperfect spatial beam profiles. In this case, a weak perturbing laser beam can be
spatially modulated by an ordinary near infrared or visible SLM, and the modulated perturbing
field overlaps with an intense driving field at the nonlinear medium. Thus, the perturbing field
wave front pattern can be directly imprinted onto the generated high harmonic wave front to
pre-compensate the aberration [137]. Moreover, with the feedback from ex situ wave front
characterizations, the in situ driving-perturbing wave front control scheme would be able to
work in a closed loop, allowing for the possibility of highly controlled and versatile structured
wave fronts for high harmonic radiation.
Besides correcting the aberration of high harmonic beams, the phase control of the
fundamental beam gives us access to shape the emitted phase profiles of the high-order
harmonics. The relation we discussed in this chapter provides an estimation of the phase shift
which can be transferred from the fundamental beam to the high harmonics. By using the
beam-shaping techniques (e.g. spatial light modulators, deformable mirrors) for infrared
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beam, we can shape the spatial phase and amplitude of fundamental driving or perturbing laser
beam at micrometer precision. Then using these structured laser beam to produce high
harmonics enables us to shape the XUV photon into more advanced structures, such as the
Fresnel pattern for focusing and defocusing beams [138] and spiral wave front for beams
carrying orbital angular momentum [74,118,139].
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Chapter 3 High harmonic generation with phase structured
beams
Light beams which have spiral wave fronts carry orbital angular momentum (OAM). These
beams can be flexibly produced and measured with infrared and visible light. Their application
is an important research topic for super-resolution imaging, optical communications and
quantum optics. However, only a few methods can produce OAM beams in the extreme
ultraviolet or X-ray. Controlling the OAM on these beams remains challenging.
In this chapter I demonstrate a tabletop source that can generate XUV beams carrying orbital
angular momentum. By applying wave mixing to a tabletop high-harmonic source, we can
imprint arbitrary topological charge (OAM value) on to XUV beams. The generation process
is driven by a Gaussian infrared laser beam that is perturbed by a weak beam of the same
colour that carries OAM. A q-plate [76] imprints OAM onto the perturbing IR beam through
geometric phase. Our technique enables us to produce first-order OAM beams with the
smallest possible central intensity null at XUV wavelengths. By varying the input polarization
of the perturbing beam, we control the OAM of the diffracted radiation, enabling us to switch
the OAM of high-harmonic beams.
We also developed an interferometric method to measure the topological charge of high
harmonic XUV beams. For a reference we use a separate and highly divergent coherent
source. The interference between the reference and the OAM beams determines the spiral
wave fronts of XUV beams.
This experiment provides a crucial step towards applications of structured XUV beams.
Vortex beams at XUV wavelength can provide high spatial resolution as compared to the
visible and infrared beams. These vortex beams can be focused down to nanometer scale [5]
and they open a route for carrier-injected laser machining and lithography to reach the
stimulated emission depletion (STED) microscopy-like super resolution, which we will
discuss in the application part of this chapter. The XUV vortex beams we create in this
experiment open a route for carrier-injected laser machining and lithography, which may
reach nanometer or even Ångström resolution. The photon energy of these beams is from tens
to hundreds of electron volts, which gives access to directly interact inner shell electrons with
structured photons. Such a light source is also ideal for space communications, both in the
classical and quantum regimes.

3.1 Extreme ultraviolet vortex beams
Optical vortices [75] have become an important research topic with extensive applications in
particle trapping [140], super-resolution imaging [88], optical communications [86] and
quantum optics. Such vortex beams can be flexibly produced, measured and manipulated with
infrared and visible light. For example, stimulated emission depletion (STED) microscopy
overcomes the Abbe diffraction limit by using the dark centre of the first-order optical vortex
beam with a helical wave front characterized by eilφ, where l is the topological charge. The
resolution of STED microscopy can reach λ/100 when visible light is used [141], where λ is
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the wavelength of the pump beam. Structured light sources at shorter wavelengths open a
route to increasing the resolution still further.
However, previous methods [74,114,115] of producing short wavelength vortex beam via
high harmonic generation placed topological charge on the fundamental beam. According to
the conservation of orbital angular momentum, the topological charge of the fundamental is
multiplied by the harmonic order during harmonic generation. Therefore, previous
experiments fail to produce high harmonics with low-order OAM.
In addition, the phase distortion on the fundamental beam is transferred to the harmonics
through high harmonic generation process. These imperfections become even more severe on
the higher orders whose wavelength are shorter. It can make the phase front measurement
difficult. In contrast, our method controls the wave front based on a perturbative approach,
which has relative higher tolerance to aberrations.
In addition to using a perturbative control approach, we also use an advanced liquid crystal
technique to generate vortex beams with fewer defects. Unlike other diffractive devices, qplate works in a transmission mode and therefore does not create spatial chirp for broadband
pulses [142].
Furthermore, for the detuned wavelengths, the phase is only imparted in one circularly
polarized state not the other, as shown in Eq. (3.1) [143,144].
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(3.1)
where δ is the optical retardation after passing through liquid crystal plate.
A circularly polarized beam transmits through a central wavelength detuned phase plate. The
output consists of two parts: 1) a counter-rotating circularly polarized beam with extra phase
and 2) a same circularly polarized beam with no extra phase. Therefore, using q-plates in
preparing the pulsed laser beams eliminates the mode contamination caused by dispersion
when we select a single polarization.
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Fig. 3-1 The laser mode after passing through q-plate. (a) The transverse mode of a
Gaussian beam after passing through a q-plate and being focused by a 50 cm lens. (b) The
transmitted spectrum of a q-plate with different bias voltages. When the voltage is below 1.5
V the effective thickness does not change and almost no light can flip its polarization. When
the bias voltage is set to be 1.8 V, the whole spectrum can be converted from left circularly
polarized state to right circularly polarized state.

3.2 Controlling orbital angular momentum using ultrahigh order wave mixing
The driving field in the experiment is created by interfering two beams. Fig. 3-2 illustrates the
experimental arrangement used to generate high-harmonic beams with OAM. A linearly
polarized 800-nm infrared Gaussian beam, pulse duration of 30 fs, and energy of 500 μJ, is
focused to an intensity of 2×1014 W cm-2 by a 40 cm lens in a noble-gas medium. Another
weaker beam with the same polarization and the same colour is given one unit of OAM by
passing it through a q-plate. The weak vortex beam has 50 fs pulse duration and 250 μJ energy
and is focused by a 20 cm lens to an intensity of ~2×1012 W cm-2. These two beams overlap
in both time and space in the nonlinear medium at a relative angle of 40 mrad. The strong
Gaussian beam drives the high-harmonic generation, while the weak vortex beam controls the
process.
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Fig. 3-2 Experimental setup for generating XUV beams with arbitrary OAM. A strong
infrared laser beam is overlapped with a weak infrared vortex beam in the argon-gas
interaction medium. Their interference creates an intensity and phase distribution with a
forked structure in the gas medium. The distribution is transferred to the phase of the emitting
dipoles. The produced XUV is diffracted by this forked-grating structure. The three diffracted
high-harmonic XUV beamlets that are produced carry +1, 0 and -1 units of OAM. The XUV
beams are spectrally resolved in a detection chamber and detected by a micro-channel plate.
The slit and the grating can be translated together to reconstruct the beam profile. QWP:
quarter wave plate; MCP: micro-channel plate; MM: motorized mirror. Inset: the interference
pattern between the Gaussian driving beam and the vortex beam at the focal plane. This
distribution induces the fork-shaped phase grating of the emitting dipole.
Argon gas is used as the nonlinear medium. We use a thin noble-gas medium to minimize
propagation effects [145]. The gas is injected through a 200 m nozzle into the vacuum
chamber via a synchronized Even Lavie gas jet at a 500 Hz repetition rate. The backing
pressure in the chamber reaches 10-4 mbar.
The centre wavelength of the q-plate is tuned to 800 nm and the q-plate is designed to give
the transmitted beam a topological charge of one. The two non-collinear beams overlap in
both time and space. Their 40 mrad relative angle ensures that the diffracted XUV beams are
also spatially separated. Since the OAM of a light depends on the axis of the beam, a motorized
mirror ensures good spatial overlap of the two beam centres.
The two infrared beams are both linearly polarized and interfere in the gas medium, as shown
in Fig. 3-2. Since the weak vortex beam has a helical wave front, the overlapping IR beams
form a fork-shaped electric field distribution. In contrast to the model with second harmonic
perturbation [74], by using the same colour wave mixing scheme, we form a static holographic
pattern in both its intensity and phase. Such a fork-shaped distribution imprinted on the driving
field alters the electron trajectories, which consequently modifies the phase of the dipole
emission. This distribution induces a weak grating-like spatial phase variation in the emitting
dipoles, thereby causing the XUV beam to diffract in the vertical direction. The first-order
diffracted beams should carry the same OAM as the perturbing beam. This prediction is based
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on the semi-classical model of high-harmonic generation in the strong-field limit [30] and can
be understood qualitatively. The phase modulations appear directly on the XUV beam, while
the amplitude modulation is transferred to phase through the influence of amplitude changes
to the re-collision electron phase and therefore to the induced dipole that is emitted [133].
To detect and characterize the generated XUV radiation, the harmonic beam propagates to a
spectrometer in a differentially pumped detection chamber. The spectrometer consists of a
slit, a grating and a micro-channel plate. The slit and grating are translated together to
reconstruct the beam profiles of the high harmonics. The beams are then spectrally resolved
in the horizontal direction by an 87-degree grazing-incidence grating with 1200 lines/mm, and
are then detected by a micro-channel plate. A camera records the fluorescent screen at the
back of the micro-channel plate. On the spectrogram, different positions along the horizontal
direction correspond to different photon energies, or alternatively, to the order of the
harmonics. We move the slit and the diffraction grating together to reconstruct the spatial
profile of each harmonic.
We use the semiclassical model introduced in Chapter 2 to simulate the high harmonic
generation process. Since the gas medium is only 200 μm thick, we simulate the generation
process with emitters in a single plane, without propagation effects. Each emitter is driven by
the local time-dependent electric field created by the interference of the strong Gaussian beam
and the weak vortex beam. The strong field approximation dipole moment in 2D is calculated
pointwise at the focal plane. It is then decomposed in the Fourier domain to obtain near-field
emission of each harmonic order, as shown in Fig. 3-3. The far-field Fraunhofer diffraction
image is obtained by performing 2D Fourier transformation, which simulate the free space
propagation in the spectrometer.

34

Fig. 3-3 Simulation of high harmonic generation with vortex beams with single plane
emitters. The near field dipole emission is calculated at each point in space and the far field
distribution is obtained by 2-dimensioanl Fourier transform.
To validate the simulation code, we reproduce the results of conservation of orbital angular
momentum with single vortex driving beam. One unit of orbital angular momentum is
imparted onto the fundamental beam and the phase variation on the harmonic beam is
multiplied by the corresponding harmonic order. In Fig. 3-4, the first row shows the
normalized intensity distribution of fundamental, 11th, 13th and 15th order harmonic beams.
Their phase fronts are plotted in the second row, which advances 1×2π, 11×2π, 13×2π and
15×2π phase on in azimuthal direction of fundamental, 11th ,13th and 15th harmonic beams,
respectively. The simulated results are consistent with the experimental results reported
in [74] and [115].
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Fig. 3-4 Simulated results phase and intensity distribution of high harmonic beam driven
by single vortex fundamental beam. (a-d) the intensity distributions of fundamental, 11th,
13th and 15th harmonics. (e-h) the phase distribution of fundamental, 11th, 13th and 15th
harmonics.
The code is extended to have two input beams with a small relative angle ~40 mrad and to
simulate the high harmonic generation process proposed in Fig. 3-2. Instead of the single
vortex beam with a spiral wave front, the total driving field becomes the interference between
a Gaussian and a vortex beam. The dipole response is calculated at each meshed point in space
where the intensity is high. For the points far away from the beam the dipole responses are set
to be zeros, which saves computation time while keeping the far field spatial resolution.
We obtain the simulated results in the far field that is shown in Fig. 3-5. The figure shows that
the beams diffracted in first order exhibit donut shapes in their intensity profiles and have
spiral wave front changing from 0 to 2π in the phase plot, which is the same as that of the
fundamental. The phase front spirals are the same for both 17th and 19th harmonics, in other
words, the orbital angular momentum we transferred to the high harmonic beams are
independent on their harmonic orders. We can obtain arbitrary unit of orbital angular
momentum by changing the topological charge of the perturbing beam or spatially select a
different diffracted order.
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Fig. 3-5 Phase and intensity profiles of the high-harmonic vortex beams with controlled
OAM. Simulated results of phase and intensity profiles of the 17th (left) and 19th (right)
harmonic emission in the far field.
To experimentally reconstruct the intensity profiles of diffracted XUV vortex beams, the
generated harmonics propagate to the far field and are detected by an imaging spectrometer.
The spectrometer is composed of a vertical slit, an XUV imaging grating, a micro-channel
plate, and a CCD camera; the plane of the slit is imaged onto the micro-channel plate using
the imaging grating, and the CCD camera records the intensity profile on the phosphor screen
of the micro-channel plate. The grating separates different orders of harmonics by mapping
wavelength to the horizontal axis of the micro-channel plate.

Fig. 3-6 Reconstructing the intensity profiles of diffracted XUV vortex beams. Left: the
image recoded directly by the camera from the phosphor screen. The large spots around 0
mrad corresponds to the zeroth order Gaussian beams (lXUV = 0 modes), while the split spots
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above and below correspond to the diffracted XUV vortex; Right: reconstructed image by
horizontally translating the slit and the grazing incident grating.
The harmonics beams are truncated vertically when passing through the slit of the
spectrometer, as shown the yellow boxes in Fig. 3-6. In order to measure the full transverse
profile of each harmonic, the slit and grating are moved simultaneously by a translation stage.
Multiple images are recorded when the stage is moving and are composed according to
different stage positions. The vertical slit is chosen to have a width of 100 μm, which ensures
both sufficient flux and horizontal resolution.
Fig. 3-7 shows the reconstructed intensity profile of the 17th and 19th harmonics of 800 nm
beams. The non-diffracted beams at the centre has Gaussian profile with bright centres while
other diffracted beams have donut-like shape with dark centres. The separation between the
first diffracted order and the non-diffracted beam is larger for 17th harmonic, which is also
consistent with the conservation of linear momentum [146].

Fig. 3-7 Intensity profiles of the 17th and 19th order high-harmonic vortex beams with
controlled OAM. Experimental results of the normalized intensity profile of the 17th and 19th
harmonics recorded on the micro-channel plate.
An analogy with holography may be helpful to interpret this far field pattern. It is possible to
think of the vortex XUV beam as being generated in a holographic fashion: the driving
Gaussian beam and weak vortex beam respectively serve the roles of a reference beam and an
object beam. Their interference imposes a fork-shaped holographic structure onto the plane of
the emitting dipoles. As in standard holography, the diffracted orders preserve the wave front
of the incident object (vortex) beam. As the analogy with holography implies, any method
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that can induce phase modulation in the dipole emission, including a forked grating pattern in
the alignment distribution of multi-electron molecules [147], can be used to imprint such
holographic phase pattern in the gas medium.

Fig. 3-8 Illustration of the holographic wave front control of high harmonic beams. The
emitted phase of high harmonics is modulated by the interreference between the strong driving
beam and the weak perturbing beam. The modulated dipole forms a hologram and transfer the
pattern to the generated high harmonics. The generated high harmonic beams diffract into
different orders and the diffracted beam replicate the wave front of the vortex perturbing beam.
As is often the case in nonlinear optics, momentum conservation gives a useful
complementary perspective. Fig. 3-9 depicts the conservation of both the linear and the orbital
angular momentum of the absorbed infrared photons, in the simplest case of third-harmonic
generation. The emitted angle of the XUV photon is determined by the vector addition of
linear momentum [146]. For this reason, the diffraction order in the vertical direction
indicates how many photons from the vortex beam are absorbed. If OAM is also conserved,
as shown in Equation (1),

lXUV = nIR,dlIR,d + nIR,plIR,p ,
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(3.2)

where lXUV is the topological charge of the emitted XUV photon, nIR,d and nIR,p are the number
of photons absorbed from the driving and perturbing beams, respectively, lIR,d and lIR,p are the
topological charges of the driving and perturbing beams, respectively. Then the topological
charge of the XUV photon lXUV must equal the sum of the topological charges of all the
absorbed infrared photons, as predicated in Ref. 11. Because photons from the strong driving
field carry zero OAM (lIR,d = 0), and the ±1st order absorbs or emits one photon from the weak
vortex beam (nIR,p = ±1, lIR,p = 1), any harmonic in the ±1st order diffracted spectrum should
have ±1 unit of OAM. In other words, the topological charges of the XUV beams are
determined by the perturbing infrared beam.

Fig. 3-9 Illustration of the conservation of linear and orbital angular momentum in a
third order harmonics generation case. The emitted angle of the XUV photon is determined
by vector addition of linear momentum. The topological charge of the XUV photon equals the
sum of the topological charges of all the absorbed infrared photons.
As we increase the energy in the perturbing vortex beam, the depth of the phase modulation
increases, and a second diffraction order appears. It also has a donut-shaped intensity profile
but is less intense than the first-order beams. When the perturbing field has an intensity of
~10-2 to the driving field, the energy ratio between the +1 diffraction order and the zero order
at the 17th harmonics is 0.18. The diffraction efficiency depends on the intensity of the
perturbing beam and the mode overlap between the perturbing and driving beams.
Experimental results, including second-order diffraction, are shown in Fig. 3-7 for the 19th
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harmonics and 17th harmonics. Since the process is perturbed by a same colour 800 nm beam,
harmonic 18th is missing due to the half-cycle symmetry of the electric field [133].
The second-order diffracted beams have absorbed two photons from the perturbing vortex
beams and from the conservation of OAM should therefore carry two units of OAM. These
double-helical wave fronts with an azimuthal phase that varies from 0 to 4π, are also
confirmed in our model simulations. In the experimental result in Fig. 3-7, we see that the
second-order beams have a larger hole in their centre. The faster azimuthal phase variation of
the lXUV = 2 beam causes radiation to diffract from the singular centre more rapidly.
The intensity profile of each beam is highlighted in Fig. 3-10 for both the first and secondorder beams of 19th harmonics. The larger dark centre of the lXUV = 2 beam fits the secondorder polynomial much better than it does a first-order (lXUV = 1) beam profile. This can also
be an evidence of the topological charge carried by the diffracted beams, since the higher
charged beam have a larger hole at its centre. However, this indirect measument of intensity
profile is still insufficient to determined the topological charge or the direction of helices. We
need to obtain additional information to assess the wave front structure of the diffracted XUV
beams.

Fig. 3-10 Intensity fittings of 1st and 2nd diffracted beam intensity profiles with 1st and
2nd order Laguerre polynomials. (a) The measured beam profile for 1st diffracted order (blue
dotted line) fits the green solid line (lXUV = 1). (b) The measured beam profile for 2nd diffracted
order (blue dotted line) fits the red dashed line (lXUV = 2). This is an indication of the absolute
value of the topological charges.

3.3 Determine the topological charge of high harmonics
We use interferometry to characterize the wave front and the direction of the helices. The
experimental setup for measuring the phase structure is shown in Fig. 3-11(a). When
characterizing the wave front by means of interferometry, a third infrared beam is added to
produce XUV reference beams. The third beam has a larger beam diameter before the focusing
lens, which leads to a tighter focus than the focus of the generating infrared beam. The
divergence of the reference beam is large enough to enable the reference XUV beams to
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overlap the +1st, 0th and -1st orders XUV vortex beams. The two generating sources are
separated by 150 μm, which is far enough to eliminate crosstalk between the two XUV
sources.
The detection setup in the interferometric measurement for the holographic measurement does
not contain a slit. This allows the entire beam to be observed. To allow both spatial and
spectral resolution, the micro-channel plate is placed close enough to the grating that phase
front information is preserved.
After passing through the spectrograph, the harmonics from the two sources interfere on the
micro-channel plate. Fig. 3-11(b, c, d) show the interference patterns between the reference
XUV beams and diffracted XUV vortex beams. For the +1st order diffracted beam, the forked
pattern has one more fringe on the left than on the right, labeled by dashed line in Fig. 3-11(b).
In contrast, the interference of the reference beam with the -1st order (Fig. 3-11(d)) shows one
additional fringe on the right. This difference in the fringe pattern indicates the opposite
handedness of the helical wave fronts.
The sign of the topological charge on any diffracted harmonic can be changed by changing
the linear polarization of the control beam that is incident on a q-plate [76], and the incident
polarization can be modulated at MHz rates with a polarization modulator such as a Pockels
cell [144]. We demonstrate this control by rotating a wave plate to change the topological
charge from lXUV = +1 to lXUV = -1 as shown in Fig. 3-11(d,e). For applications in super-dense
coding [145] and quantum communication [148], one can even use cascaded Pockels cells and
q-plates of various topological charges [149], with each Pockels cell operating at MHz rates,
consistent with the MHz-repetition-rate, high-harmonic sources that have already been
demonstrated with both cavity-based and single-pass schemes [150].
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Fig. 3-11 Characterization of wave fronts and modulation of topological charges. (a)
Schematic of the interferometric wave front characterization procedure. (b,c,d) Interference
patterns of the Gaussian reference beams and OAM beams of charges lXUV = +1,0,-1. (e) The
sign of topological charge at -1st order diffraction is flipped from lXUV = -1 to lXUV = +1 by
changing the incident polarization.

3.4 Discussion and Implications
The first application that we propose here is super-resolution laser machining. The essence of
STED microscopy is to use the saturation of depletion to exploit the feature at the centre of
an OAM beam [88]. This STED idea can be used for other phenomena that have a similar
response. In laser processing, for example, desorption of a thin layer [151] can potentially be
exploited in a STED-like manner. Consider the case where a donut-shaped XUV beam is
linearly absorbed by a thin layer of polymer deposited on a fused silica substrate. XUVinjected electron-hole pairs are created in the thin-layer material except at the dark centre of
the beam. A following IR laser pulse can cause an avalanche buildup of these carriers,
depositing energy in the material where the carriers were created. The intensity of the guiding
pulse can be much lower than the damage threshold because the following IR pulse [152]
deposits any extra energy that is required. The thin layer will be desorbed where the deposited
energy exceeds the damage threshold. Since XUV beams are selectively absorbed near the
surface and the absorption can be tuned to exploit the atomic structure of the layer or substrate,
the machining stops at the thin film/substrate interface when the thin layer is completely
removed. Such selective absorption prevents the substrate from being engraved and gives rise
to the saturable behavior that enables super-resolution processing.
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The short wavelength of XUV beams affords much higher resolution than the machining
process based on the use of an IR field. Therefore, we propose that carrier-injection-controlled
machining, which so far has only been explored with Gaussian control beams at ultra violet
wavelength [152], will now enable laser machining (and lithography) on the sub-nanometre
scale.
The approach of using a weak field to control the harmonics created by the strong fundamental
pulse opens an important channel to link mature infrared optical devices to XUV radiation
and can serve as an alternative solution to making optical components that function in the
XUV and soft X-ray region. Since the perturbing beam is more than two orders of magnitude
weaker than the driving laser, this method allows liquid-crystal-based, programmable optical
devices to be used in spite of their rather low damage thresholds. This brings us to X-raybased communications, which is the second important applications that we propose.
The potential for fast modulation makes high-harmonic beams potential candidates for longdistance space communications, since shorter-wavelength beams diffract much less upon
propagation and support extremely large data transmission bandwidths. X-ray-based
communication may also overcome ionization blackouts and make it possible to communicate
with hypersonic vehicles or re-entering spacecraft.
But this is not all: there is a rapidly increasing interest in using the entanglement of OAM in
quantum key distribution and communication. Using classical concepts, we estimate of the
diffracted efficiency of the dipole phase grating and illustrate the potential for interesting
quantum optics of extreme nonlinear interactions in high harmonic generation. We make the
following assumptions to describe the interaction of a single perturbing photon.
•

a single perturbing photon in a mode that optimally overlaps in space (S) and time (t)
the driving laser pulse.

•

E = h is used to estimate a classical energy of a single photon.

•

The classical intensity is estimated by by E/St.

•

We use the known characteristics of diffraction gratings to estimate the diffracted light,
although the diffraction efficiency is insufficient to describe the behavior of a single
photon at specific frequency.

Our intension with the estimate below is to motivate the requirement for a quantum theory of
extreme nonlinear optics. We are motivated by the potential to use one photon of an entangled
pair as the perturbation beam. Of course, quantum optics can be important under much less
extreme circumstances.
For our estimate, we will use an 800nm fundamental pulse with 1mJ energy per pulse or N =
4×1015 photons per pulse, 5×1014 W cm-2 intensity at focus and 10-4 energy conversion to the
sum of all harmonics in neon gas. For convenience we will assume that 100eV (65th harmonic)
can represent the properties of all diffracted photons. These choices define the threshold
diffraction efficiency ηTXUV = 1.67×10-10 that we will need for the grating to diffract one
photon.
The diffraction efficiency of a sinusoidal phase grating is given by,
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where δXUV is the phase modulation depth of the emission dipole at XUV wavelength in near
field. Using equation (3.3) we calculate the threshold phase modulation depth for XUV

 TXUV = 4TXUV = 2.6 10−5 rad .

(3.4)

Knowing the required modulation, we can estimate the energy ratio between the strong and
weak IR beams needed to create it. We define a perturbation parameter ε = Ep/Ed, where Ep
and Ed are the perturbing and driving electric field respectively.
The phase estimate can be broken into two parts: a. the phase modification due to changes of
the electron trajectory caused by amplitude variation of the driving laser field; b. the phase
modification due to change of recombination time due to the phase variation of the driving
field.
a. For the nonlinear phase that arises due to changes to the electron trajectory, the
unperturbed phase of qth harmonics at frequency Ω is

 amp (  ) =
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The change of action caused by a perturbed field can be evaluated by
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eE0
E0 sin (tb ) − sin (t )  sin (t +  )dt − I p dtb
me 2 

where tc is time of recombination and tb is time of birth, p is the canonical momentum, Ip is
the ionization potential of the gas medium, A is the unperturbed vector potential of the driving
laser field, Ap is the vector potential of the perturbing laser field, E0 is the amplitude of the
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driving laser field, ω is the frequency of driving laser field and Δφ is the phase difference
between the driving and perturbing laser fields.
b. For the nonlinear phase influenced by the phase variation of the driving field,

 ph (  ) = q arctan

 sin 
.
1 +  cos 

(3.7)

The total phase shift of the dipole emission equals to the sum of the above two contributions.
Since the perturbation is small, we only keep the first order term. The coefficient dδ/dε is
plotting in Fig. 3-12. The phase modulation is stronger for electrons which recombined later
(the higher order harmonics).

Fig. 3-12 Phase modulation coefficient dδ/dε in radians for different electron trajectories
Taking the trajectory corresponding to the 65th order (the dashed line), we can find that the
ratio between modulation depth (dδ) and the perturbation parameter (dε) is 95. Therefore the
ratio between the weak and strong IR field is
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=

d
 TXUV  2.7 10−7 ,
d

(3.8)

and the minimum number of photons in the weak beam to deflect one XUV photon into the
first order is

Np = N 2  290 .

(3.9)

This implies that one high harmonic photon would be scattered for each 290 incident photons.

Fig. 3-13 Scaling XUV diffraction efficiency verse the number of photons per weak pulse
A similar diffraction efficiency is found by simulations using the strong field approximation.
We plot the intensity ratio between the 1st and 0th order diffraction on XUV versus the number
of photons in the weak pulse. Fig. 3-13 shows a linear dependence of the diffracted light
intensity on the intensity of the weak control beam. This is the same scaling that we have
discussed above. Projected to low intensity, the simulation results arrive at the same XUV
diffraction efficiency ηxuv calculated above.
To conclude, we use wave-mixing to add a single photon from a weak beam together with its
orbital angular momentum to a XUV beam created by a strong Gaussian fundamental beam.
We then measure the beam that we have created with holography. The general approach that
we demonstrate allows whatever orbital momentum that is placed in the weak beam to be
transferred to the XUV. This holographic approach is not only limited in creating orbital
angular momentum beams but also other wave front structures [138].
We also analyze and discuss on three possible implications: 1) Space communications: It is
well known in conventional information and communications technology (ICT) that digital
information can be encoded in the orbital angular momentum states of a beam. By showing
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that orbital angular momentum can be transferred from a weak beam to the XUV and switched
with a pockels cell, we open a route to high-data-rate (>100 MHz) XUV communications. To
our knowledge, ours is the first proposal for how data-rate information can be encoded on an
XUV beam. 2) STED-like laser machining: By producing l = 1 beams in the XUV, it may
seem that we have opened sub-wavelength imaging in the XUV where the wavelength of 110nm suggests Angstrom scale spatial resolution. It will be especially significant given that
IR assisted laser machining provide alternative solution to overcomes the limited flux of
current harmonic-based sources. 3) Quantum photonics in the XUV – Our approach to wavemixing allows us to predict that the electric field equivalent of only about 100 photons in the
weak beam is sufficient to produce a single photon with orbital angular momentum on the
XUV beam. We believe that this is the first indication that there will be a possibility of
exploring quantum optics (and perhaps quantum information) that relies on strong field
physics and high harmonic generation.
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Chapter 4 High harmonic generation with polarization
structured beams
Strong field laser physics has primarily been concerned with controlling beams in time while
keeping their spatial profiles invariant. In the case of high harmonic generation, the harmonic
beam is the result of the coherent superposition of atomic dipole emissions. Therefore,
fundamental beams can be tailored in space, and their spatial characteristics, for example their
phase structures will be imparted onto the harmonics [74,114,118,138,139].
Besides the wave front, we can also shape the polarization of the fundamental beam. In this
chapter, we produce high harmonics using a space-varying polarized fundamental laser beam,
which we refer to as a vector beam [96]. By exploiting the natural evolution of a vector beam
as it propagates, we convert the fundamental beam into high harmonic radiation at its focus
where the polarization is primarily linear. This evolution results in circularly polarized high
harmonics in the far field. Such beams will be important for ultrafast probing of magnetic
materials [153].
The liquid crystal devices introduced in previous chapters allow us to shape the spatial mode
of a laser beam not only in phase but also polarization “at will”, point by point, in their
transverse plane [95,154]. Despite their wide utility in the visible and near infrared, such
devices cannot be used directly in the extreme ultraviolet. However, it is possible through high
harmonic generation to upconvert the polarization structures of the fundamental beams to the
extreme ultraviolet, similar to the phase front shaping [118,138,155].
Nevertheless, it is much more common to shape the fundamental beam that produces high
harmonics in time rather than in space. Numerous studies have shown the power of shaping
the temporal polarization in strong field experiments. A typical method for producing isolated
attosecond pulses uses a fundamental pulse with time varying polarization [42–44]. This
method relies on the fact that conversion from the fundamental to the XUV requires nearly
linear polarization [30]. Generating circularly polarized XUV beams by mixing counter
rotating bicircular field with different colours is another good example of shaping the laser
field in the temporal domain. The field is shaped to have three-fold symmetry and enables the
tunnelled electron to recombine with its parental ion every one third of the fundamental optical
cycle [33,120,156]. The field shaping in temporal domain enables efficient generation of
circularly polarized high-order harmonics. Alternatively, the circularly polarized harmonics
are also reported by mixing two non-collinear bicircular driving laser beams [122,157].
Reducing the relative angle is helpful to optimize the phase matching in producing XUV
radiation. To further exploit the spatial degree of freedom, the beam-mixing scheme evolves
into the direct modulation of spatial modes of laser beams. Comparing to the non-colinear
beam-mixing schemes, the laser beam can be modulated pixel-by-pixel enabling a complete
and more flexible control of its spatial properties. This opens a new field of vectorizing the
radiation in both strong infrared and XUV radiation.
In this chapter, we use liquid crystal technology [69,111] to shape the polarization of a beam
in space rather than in time. Such a beam naturally evolves upon propagation, with the
polarization structure of the beam changing from near to far field [113,158]. The liquid crystal
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plate that we use is tuned [69,159] to give half-wave retardation at the fundamental
wavelength. The device’s liquid crystal molecules are aligned in different orientations in each
quadrant. With this device and a quarter-wave plate, we can generate the vector beam with
space-varying beam profile and produces high harmonics with complex polarizations.

4.1 Structuring the polarization of the driving laser beam
Specifically, we modify the transverse profile of a Gaussian fundamental beam such that its
optical properties vary from one quadrant to another. In this case, adjacent quadrants are
defined by opposite circular polarizations with different optical phases. The local polarization
state evolves when the beam propagates. Fig. 4-1 depicts the evolution of the polarization
state upon being focused. In the far field, we show that this beam evolves into one with linear
polarized light in each of four quadrants with neighbouring segment perpendicularly polarized
and each phase delayed by /2. This beam then interacts with a gas-phase nonlinear medium,
thus creating high harmonics in the XUV where the spatial structure of the original linearly
polarized regions is preserved. As with the fundamental, the polarization state of the resulting
XUV vector beam will also evolve as the beam propagates from near to far field.

Fig. 4-1 Profile of the structured pump beam upon being focused The beam profile is
considered after the phase plate to its focus, where f is the focal length. (a) Total intensity of
the beam overlaid with its space-varying polarization pattern. Left-handed polarized ellipses
are drawn in red while right-handed polarized ellipses are drawn in blue. (b) Absolute value
of the third Stokes parameter indicating the degree to which the beam is elliptical, where 0
corresponds to purely linear polarization and 1 corresponds to purely circular polarization.
More specifically, the fundamental laser beam passes through the liquid crystal plate and then
is focused by a lens with a focal length of f. The polarizations profile of the fundamental in its
transverse plane is plotted in Fig. 4-1(a). Both the polarization and the intensity distribution
change, while the beam is propagating from z = 0 to z = f. In addition, the ellipticity of the
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beam change from everywhere circular to locally linear as shown in Fig. 4-2(b), where yellow
colour corresponds to purely circular polarization and the blue colour corresponds to purely
linear polarization.

Fig. 4-2 Profile of the focused structured pump beam The beam profile is considered along
one Rayleigh range from its focus. (a) Total intensity of the beam overlaid with its spacevarying polarization pattern. Left-handed polarized ellipses are drawn in red while righthanded polarized ellipses are drawn in blue. (b) Absolute value of the third Stokes parameter
indicating the degree to which the beam is elliptical, where 0 corresponds to purely linear
polarization and 1 corresponds to purely circular polarization.
In contrast that the polarization profile changes while the beam propagating from the phase
plate to its focal plane, the polarization profile keeps almost unchanged within the Rayleigh
range, as shown in Fig. 4-2. This allows us to assume that high harmonic emitter in a singleplane model while using a thin gas jet that is much shorter than the Rayleigh range of the
fundamental beam.

4.2 Generating high harmonics with varying polarizations
We focus the infrared beam with a 30 cm lens into a pulsed Argon gas jet placed within a
vacuum chamber. The diffractive nature of light causes the field from each segment to
interfere and form new local polarization states at the focal plane. This conversion is illustrated
in Fig. 4-3(a), where we see how ellipticity evolves while the driving beam is focused: the
incident beam is entirely circularly polarized, a feature represented by its yellow colour. After
being focused by a lens, the polarization approaches to a linear polarization state, represented
by the blue sections of the beam. The linear polarization appears first at the interface between
two adjacent segments defined by counter rotating circular states. The orientation of the linear
polarization is determined by the quadrants’ relative phase difference. As the beam propagates
diffraction increases the overlap between two adjacent quadrants. At the focus, the
fundamental beam is linearly polarized where the field is most intense, and these regions are
where high harmonics will be generated.
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Efficient high-harmonic production relies on linearly polarized driving laser fields [30,32].
The local ellipticity of the fundamental beam at the focal plane can be obtained by measuring
the transmitted intensity profile through a linear polarizer. By rotating the linear polarizer, the
light field is projected onto different linear bases. The ratio between the minimum and
maximum intensity of each point in space is plotted in Fig. 4-3(b). The strong modulation
confirms that the field propagation constructively interferes to create locally linearly polarized
light at the focus, thus enabling efficient high harmonic generation. The relative phase delay
is measured by interfering the fundamental beam with a diagonally polarized plane wave. The
resulting interference pattern is shown in Fig. 4-3(c). The shifted fringe pattern indicates a πphase difference between the opposing segments, and each segment is phase delayed from its
neighbour by /2.

Fig. 4-3 Shaping and characterizing the optical polarization of the fundamental driving
laser beam. (a) The evolution of polarization state of a vector beam while it is being focused.
The yellow-coloured part shows where the polarization is circular and blue-coloured part
shows where it is linear. The linear parts start to show up at the interface between adjacent
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segments and are dominant at the focal plane. The circular state is restored when the beam
propagates away from the focal plane. (b) Measured ratios between the maximum and
minimum intensity at each point in space for various rotation angles of the linear polarizer. A
higher extinction ratio indicates that the local polarization state is more linear. (c) The
interference pattern between the fundamental vector beam and Gaussian beam at the focal
plane. The shifted fringe pattern indicates a π-phase difference between the opposing
segments, and each segment is phase delayed from this neighbour by π/2.
Next, we analyze what we expect as the beam is converted to harmonics. Between the
adjacent segments, the driving field has a π/2 phase difference. This phase difference between
the quadrants is transferred to XUV dipole emission by multiplying them by N = 2k+1, where
N is the high harmonic order and k is an integer. Then the XUV emitting phase φXUV of the
four segments becomes [160]:
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Eq. (4.1) shows that the phase pattern is preserved even after the frequency up-conversion of
all odd order harmonics. After the high harmonics are generated at the focus, the XUV
radiation propagates in free space. Since both the local polarization and the π/2 phase
retardation between neighboring quadrants are preserved on conversion, the XUV beam will
restore the circular polarization when it propagates away from the generating site. The
intensity induced dipole phase will also contribute to the phase structure in each quadrant.
However, each quadrant has same intensity distribution and therefore the same dipole phase
structure in the emitting phase. Therefore, the phase relation between the quadrants described
in Eq. (4.1) is still valid. The up-converted phase has a reversed handedness in the helical
phase fronts between adjacent harmonic orders. As a result, the harmonic emission of adjacent
harmonic orders will have opposite handedness in the same segment, since the phase
differences between the orthogonal linear components are π/2 and -π/2, respectively.

4.3 Characterizing the polarization structured high harmonics
We characterize the polarization distribution of the XUV beams in space by measuring their
two-dimensional spatial profiles in the far field. The experimental setup is shown in Fig. 4-4.
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Fig. 4-4 Experimental setup for measuring XUV polarization using an XUV polarizer.
The linearly polarized driving laser beam is prepared by going through a half-wave plate, a
designed phase plate and a quarter-wave plate to convert into circular state. It is then focused
by a f = 30cm lens into a vacuum chamber to interact with argon noble gas. The generated
XUV radiation propagates through a XUV linear polarizer placed 50cm from the gas jet and
in the far field for the XUV light. The reflectivity of a silver mirror in the XUV is polarization
dependent. With a 23-degree angle of incidence to a pair of silver mirrors we construct a XUV
polarizer in front of a XUV spectrometer to select one linearly polarized state.
The fundamental infrared femtosecond pulses come from Ti:S laser system at 1 kHz repetition
rate. The beam passes through a vector beam generator, which consists of a set of wave plates
and a liquid crystal phase plate to control the local polarization. Then a 30 cm lens focuses the
beam into a vacuum chamber where the intense laser pulses interact with noble gas atoms and
produce high harmonics. The generated harmonics propagate into a differentially-pumped
detection chamber, in which there is an XUV polarizer and an XUV spectrometer. To
distinguish the two orthogonal linear polarization states, we implement two parallel silver
mirrors as an XUV polarizer [161] with ~1:10 extinction ratio, as shown in Fig. 4-5. The high
harmonic intensity detected on the micro-channel plate is measured while rotating the linearly
polarized driving laser beam. The high harmonics are assumed to be polarized along the same
direction as their fundamental. The polarized angle of the XUV polarizer is then defined by
the XUV maximum transmission.
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Fig. 4-5 Linear calibration of XUV spectrometer. Normalized transmitted intensity of XUV
beam at the 25th harmonics order versus different equivalent polarizer angles, with respect to
the direction of the polarization of the XUV beam. The extinction ratio between s- and ppolarizations is ~10:1.
First, the intensity beam profile of the 25th harmonic, Fig. 4-6(a), is reconstructed without
passing through the XUV polarizer. Since our vector beam does not have azimuthal symmetry
in either its intensity or polarization state, a two-dimensional beam profile measurement is
required for every harmonic order. We send the XUV beam to an XUV spectrometer to get
spectrally resolved signals. Any variation of the beam intensity profile in the vertical direction
is directly recorded on our spectrometer in a single image. Then we take multiple images while
translating the XUV spectrometer horizontally to obtain the intensity variation along
horizontal direction. The two-dimensional image of the XUV beam profile is reconstructed
by stacking the translated recorded spectrograms according to the position of the XUV
spectrometer. We perform this beam profile measurement both with and without the XUV
polarizer.
The beam consists of an array of bright spots, which is predicted to be circularly polarized.
The multiple-spot distribution is the two-dimensional Fourier transform of harmonics
distribution at the focal plane. It is also a signature of the high-order nonlinearity of this
process, in which the high harmonics are produced nonlinearly as a function of the intensity
and ellipticity. Such nonlinear transfer function is also Fourier transformed and convoluted in
the far field, which results in multiple spots structure in the detecting plane. Furthermore, the
adjacent spots have the opposite handedness, which they inherit from the driving field.
The polarizer is difficult to rotate physically. In addition, it is difficult to align with the beam
propagation direction, so that the incident angle can be maintained while the XUV polarizer
is rotated. In lieu of rotating the XUV polarizer, we rotate the polarization of the incident beam
by introducing a half-wave plate in front of the liquid crystal plate in the experiment. We
change the polarizing orientation of the incident driving laser beam, which is equivalent to
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physically rotating the XUV polarizer, except for the polarization selectivity of the XUV
grating. In our setup, two parallel mirrors are installed in front of the spectrometer to ensure
the same incident angle. To rotate the polarization state of the incident fundamental driving
laser beam, a half-wave plate is placed in front of the phase plate. When the half-wave plate
is rotated by a small angle θ, the polarization of the incident beam is rotated by 2θ. After going
through a phase plate, the polarization of each segment is rotated by -4θ with respect to the
phase plate and obtains a -2θ rotation in the lab frame. Then the quarter-wave plate is rotated
by -2θ, to retain the same incident angle between optical axes of the wave plate with the
incident polarization.
Using the same approach, we reconstruct the intensity profile of the transmitted beam, after
the XUV vector beam passes through the XUV polarizer. If the polarizer is set at a 0°relative
angle, with respect to the polarization direction of the upper and lower segments of the
fundamental as labelled in Fig. 4-3(b), the transmitted beam shows horizontal fringes (Fig. 46(b)). These fringes can be interpreted as two-source interference of the two generating
segments (upper and lower ones), which are displaced in the vertical direction. Each dark node
in the vertical direction indicates a π-phase jump in the XUV due to the interference. Radiation
from the other two segments (left/right) is not transmitted, since it is orthogonal to the
direction of the XUV polarizer, which is aligned with the polarization of the upper/lower
segments.
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Fig. 4-6 Reconstructed two-dimensional beam intensity profiles of the 25th harmonic
beam. The spectrally resolved 2D profile of generated XUV beams can be reconstructed by
translating the spectrometer while recording the spectrogram. (a) Measured beam profile
without going through the XUV polarizer. (b-d) Projected intensity profiles for different linear
bases. By changing the relative angle (b) 0°, (c) 45°, (d) 90° between the vector beam
generator and the XUV polarizer, we measure the intensity distribution of 25th harmonic beam
after going through the XUV polarizer. Driven by the designed vector fundamental beam, the
generated XUV radiation consists of both s- and p-polarized components shown in (b) and
(d). The intensity does not vanish at bright spots, while changing the relative angle between
the polarizer and polarization of the beam. (c) When the relative angle is set to 45°, modulation
appears in both vertical and horizontal directions.
When we change the waveplate angle, the intensity will never vanish at the position of bright
spots shown in Fig. 4-6(a). This shows the XUV field has nonzero component in every
direction and is consistent with the behavior of a circular/elliptical polarization state. Fig. 46(c) shows the intensity profile when the polarizer is oriented at 45°. The intensity profile has
a similar multi-spot structure to that in Fig. 4-6(a), and all segments transmit through the XUV
polarizer. The interferometric modulations occur in both vertical and horizontal directions,
since radiation from all four generating segments can be equally transmitted through the XUV
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polarizer. This intensity profile also disproves the linear polarization at those segments, since
adjacent segments would have orthogonal -45°polarization and would not transmit through
the 45°XUV polarizer.
If the relative angle reaches to 90°, the transmitted intensity shows vertical fringes, as in Fig.
4-6(d), which is similar to the 0°case but in an orthogonal direction. These fringes come from
the interference between the left/right segments, which are horizontally displaced in space.
The signal-to-noise ratio is degraded in these measurements due to the scattering and low
reflectance of the silver mirrors in the XUV polarizer. Figs. 4-6(b,d) depict the intensity
distribution when the vector XUV beam is projected to the orthogonal linear basis. This again
illustrates, at the intersection of these two sets of fringes, the bright spot of the XUV beam has
both orthogonally polarized linear components.
Next, we turn to the phase relation in the XUV vector beam and confirm experimentally the
opposite handedness of adjacent bright spots. For our measurement, we employ a linear
reference XUV beam, produced by a separated and more tightly focused high-harmonic
source. This reference XUV beam interferes with the vector XUV beam we generate, shown
in Fig. 4-7(a), over its whole transverse profile. We can control the polarization of the
reference XUV beam with a half-wave plate acting on its fundamental, since the generated
XUV beam has the same linearly polarized state as its driving field.
In the relative phase measurement, we fix the position of the XUV spectrometer and allow
only two vertically displaced adjacent XUV segments to pass through the spectrometer slit.
They are identified by the two boxes in Fig. 4-7(b). Then we use the linear reference XUV
beam to interfere with the two transmitted segments. The blue and green curves in Fig. 4-7(b)
show the interferences when the reference XUV beam is p- and s-polarized, respectively. If
the two segments have the same handedness, then the modulation in each segment will line
up for both polarizations. If they have opposite handedness, then there will be a phase shift of
one cycle with respect to the other. In the figure, we see that the intensity is modulated
vertically as expected. The dashed red lines in Fig. 4-7(b) reference the peaks of modulation
periodicity.
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Fig. 4-7 Measuring interference between an XUV vector beam and a linear polarized
XUV reference beam. (a) Experimental setup. The polarization of the reference beam is
controlled by a half-wave plate (HWP) for the fundamental. The XUV beams are spectrally
resolved and spatially overlapped in an XUV spectrometer. The interference images are
recorded by the micro-channel plate (MCP). (b) Interference between the XUV reference and
vector beam. The blue curve shows the fringes when the reference beam is p-polarized, and
the green curve shows the fringes when the reference beam is s-polarized. The dotted red lines
indicate periods of the modulation. All the red dotted lines aligned with all the peaks of the
green curve, which indicates the s-component at intersections are all in phase. For the pcomponent shown with the blue curve, either the peaks or the valleys are aligned with the red
dotted line, and that indicates p-components at intersections that are out of phase with respect
to the adjacent one.
When the reference beam is s-polarized (green curve), all peaks are aligned with the reference
lines in both left and right boxes. In the case of p-polarized interference, the peaks are inphase with the dashed reference lines in the left box and out-of-phase in the right box. This
shows that the p-polarized components have a π-phase jump between the adjacent spots. The
in-phase s-component and out-of-phase p-component cause counter rotating polarization
between the two segments. With this measurement, we can perform phase sensitive optical
tomography on the vector XUV beam along two orthogonal polarization bases.

4.4 Discussion and implications
The ability to control the spatial mode of the driving beam enables us to generate more
complex beams by engineering their transverse profile. The phase retardation can be designed
by patterning different phase structures on the liquid crystal plate, while the polarization of
XUV can be changed by changing the driving polarization. In this case, the high harmonic
generation process provides access to transferring the spatial manipulation to XUV beams.
Such manipulation is not only limited to the 2D transverse plane but can be extended to 3D
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space while the beam is propagating and transforming. The generation of complex
polarization states will enable increasingly capable table-top XUV sources to probe the
dynamics of polarization sensitive systems [123].
One important application of circularly polarized XUV is the sensitivity of magnetic domains
or chiral molecules to the handedness of light. Currently, both the structure and dynamics of
magnetic domains are measured with circularly polarised harmonics created by manipulating
the sub-cycle time structure of the fundamental beam. Specifically, these experiments use a
driving beam composed of counter rotating light at the fundamental frequency and its second
harmonic [120].
Using the spatial structure of the fundamental rather than the time structure has potential
advantages. The monochromatic driving field leads to a higher cut-off energy, which is
mainly limited by the damage threshold of the liquid crystal plate, as required by the 3Up cutoff law [30,33,156,162] under a same ionization rate. Expanding the beam size on the liquid
crystal plate or deploying water cooling system will increase the damage threshold. The
extended cut-off that the vector beam approach appears to offer will be important for high
photon-energy probes. Structuring the spatial mode of single laser beam provides a paraxial
geometry that generally favors phase matching. The interaction length will be limited by the
variation of the polarization state and accumulated phase during propagation if the thickness
of the interaction medium is significantly increased compared to the Rayleigh length.
In addition, the polarization remains linear in the region where intensity is highest in our
approach. This results in a higher fraction of the energy that can produce high harmonics
relative to polarization gating in temporal domain. We determined the fraction of the energy
that can produce high harmonics by turning on and off the ellipticity dependence in the semiclassical simulation.
(1) We assumed that the intensity remained the same, but the polarization was linear, and we
calculated the single atom conversion efficiency.
(2) Then we used the actual vector beam polarization profile and performed the same
calculation.
The excursion of the electron is calculated by classical trajectory in the presence of the laser
field. The spread of the wave packet is estimated by its perpendicular velocity [163].
Then the yield is calculated “point by point” as a function of local intensity and helicity at the
focal plane. The laser parameters are 50 fs pulse, 3×1014 W cm-2 peak intensity interacting
with argon gas. Fig. 4-8 shows the 25th harmonic yield when the local fields are artificially
turned into linearly polarized. Fig. 4-8 shows when the helicity is included. Harmonics are
only generated from the four lobes where the polarization is near linear (and the intensity is
strongest). No harmonics are produced where the polarization is elliptical or circular (and the
intensity is low).
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Fig. 4-8 25th harmonic yields in the near field. (a) the 25th harmonic yield in the near field
when the field is all linear. (b) the 25th harmonic yield in the near field after the polarization
shaping. The harmonics are only produced where the field is high, and polarization is closed
to linear.
With respect to the fraction of the energy that can produce high harmonics for different orders
due to polarization shaping, we divide the total high harmonic yield in the right Fig. 4-8(b) by
that in the Fig. 4-8(a) for each different order. Then the ratio versus the harmonic order is
plotted in Fig. 4-9. We can see that, as the order goes higher, the yield is more sensitive to the
ellipticity and therefore the fraction of the energy that can produce high harmonics is lower.

Fig. 4-9 The fraction of the energy that can produce high harmonics of spatial
polarization shaping. Comparing to the linearly polarized driving laser field, the fraction of
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the energy that can produce high harmonics gradually reduces as the order of harmonics goes
higher.
This approach can be considered as a spatial analogy to the temporal domain polarization
gating. While temporal polarization gating works, a fraction of the laser energy is wasted since
there is no HHG when the polarization is not nearly linear. In the temporal polarization gating,
more than half of the energy is wasted, since the main peak of the electric field is elliptically
polarized and only half cycle field (even not the strongest one) is used to produce high
harmonics. In the spatial case, the flexibility of designing the phase pattern ensures that most
energy goes into linearly polarized regions. Fig. 4-9 illustrates a promising efficiency that
more than half of the energy is used to produce high harmonics in the spatial polarization
gating.
To conclude, shaping the polarization of fundamental beam takes the use of the spatial
dimensions and expand the capability of producing complex XUV beams. As we
demonstrated in this chapter, three spatial dimensions (two transverse and one longitudinal)
contribute to the mode evolution of fundamental and XUV beams. The evolution enables the
production of circular polarized at XUV wavelength and overcomes the low yield in the
frequency up conversion.
High harmonic vector beams such as these are ideal for probing circular dichroism [123,164]
as they can simultaneously provide counter rotating circular polarization states at XUV
wavelengths. The spatial separation of circularly polarized spots permits the isolation of one
particular state by spatial filtering. Together with the inherent temporal resolution of high
harmonic sources, this technique may be used to study how magnetic domains can be
switched. This result also proves the capability of using the spatial properties of vector driving
beams to generate high harmonics with novel complex spatial profiles. That is, it leads to
another degree of freedom which we can design and engineer for tabletop harmonic based
XUV sources.
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Chapter 5 Spin assisted angular momentum control in highharmonic generation
In the previous chapters, we show that controlling phase front and polarization in strong field
interaction extends the capability of high harmonic sources. The structured beams create XUV
radiation with special properties, for example spiral wave front and circular polarization,
which are hardly achievable with conventional harmonic-based light sources. The interactions
also reveal the conservation law of angular momentum, as the polarization and the phase front
are associated with the spin and the orbital angular momentum of photon respectively. These
two parts of the angular momentum of photon are closely related and classically the different
polarization states can be projected on to a same set of orthogonal bases with different phase
terms.
In this chapter, we would like to show how these two parts of angular momentum can
influence each other in the high harmonic generation process, while we shape both the
polarization and the phase front. The interplay between spin and orbital angular momentum
in the up-conversion process allows us to control the macroscopic wave front of high
harmonics by manipulating the microscopic polarizations of the driving field. We demonstrate
the control of orbital angular momentum in high harmonic generation from both solid and gas
phase targets using the selection rules of spin angular momentum. The gas phase harmonics
extend the control of angular momentum to extreme-ultraviolet wavelength. We also propose
a bi-color scheme to produce spectrally separated extreme-ultraviolet radiation carrying
orbital angular momentum.

5.1 Spin and polarization control in high harmonic generation
Manipulating the phase front and the polarization of an optical beam have garnered great
attention in the optics and quantum research. For example, as we introduced in Chapter 3, the
wave fronts of Laguerre-Gaussian modes have a spiral shape, and are linked to the OAM of
photons [75]. Due to the limitation of available optics [165,166], shaping the wave front of
extreme-ultraviolet or soft X-ray radiation is challenging, despite demand for these
wavelengths in microscopy, spectroscopy and lithography applications [24,167,168]. As we
demonstrated in Chapter 3, nonlinear frequency conversion under non-perturbative conditions
provides a feasible route to control or transfer structured wave fronts to the XUV and even Xray regions. By pre-shaping the driving optical field, the phase spirals that define the OAM
can be imparted to the generated frequencies through a noncolinear wave mixing [118]. The
beams carrying different orbital angular momentum are emitted at different diffraction angles.
Similarly, the local polarization or the spin angular momentum (SAM) of the XUV field can
also be controlled by engineering the polarization of the incident driving fundamental
beam [120,169,170]. The circularly polarized XUV beams are a source for polarization
sensitive measurements of inner shell electrons in materials and determining chiral
molecules [123,171,172].
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Previous experiments show that, on their own, the spin and the orbital angular momentum are
conserved during the nonlinear conversions in both perturbative [173–175] and nonperturbative regimes [74,121] under paraxial conditions. These experiments either modify the
polarizations or the wave fronts of the driving laser beams, while keeping the other part
uniform or planar. Such ‘pure mode’ configurations concentrate on studying the behavior of
either the spin or the orbital angular momentum during the nonlinear conversion and
deliberately eliminate possible influences from the other part of the angular momentum. So
far, however, there has been little discussion about the interplay between these two types of
angular momentum in high-order nonlinearities, which would allow us to further control the
angular momentum in desired wavelengths.

5.2 Shaping both the polarization and phase
Instead of using a driving beam with a single spatial mode or a uniform polarization state, we
manipulate both the spin and orbital angular momentum of the driving beam using one mode
to control the other. In this specific case, the spin selection rule eliminates the channels that
could lead to higher OAM state [74,118], confining the OAM of the high harmonics to that of
the fundamental, in this case ±1 unit. This interplay between the spin and orbital angular
momentum during up-conversion allows us to control the macroscopic wave front in the short
wavelength radiation by manipulating the microscopic polarization of the driving field.
The experiments are performed with both solid and gas targets. The solid target gives us
access to both above and below bandgap harmonics, which can easily be manipulated and
measured with conventional optics due to their low frequency. Harmonics generated from
noble gases, on the other hand, allow this technique to be transferred to much higher
frequencies. We will show that the results for photon energy ~42 eV are consistent with a
beam with OAM values l equal to ±1.
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Fig. 5-1 Generating high-order harmonics under non-perturbative conditions. (a) The
experimental setup of generating structured high-harmonic beams from a solid crystal target
(b) A Gaussian beam is converted by a q-plate into a superposition of Laguerre Gaussian
modes with opposite circular polarization states.
In this experiment a laser beam (with a duration of 50 fs, center wavelength of 1.8 μm for ZnO
crystal and 800 nm for argon gas) generates harmonics in a solid or gas-phase target (Fig. 51(a)). We shape the spatial characteristics of the beam with a q-plate that can change the
polarization (or phase) of the incident laser beam [69,95,159] point by point across the beam
profile. After passing through the q-plate, the 1.8 µm beam in LG0,0 mode is converted to a
superposition of LG0,1 and LG0,-1 modes [176], as illustrated in Fig. 5-1(b). These two modes
have opposite circular polarization, corresponding to two eigenstates of SAM, and their
superposition results in a radially polarized beam with a zero intensity at its center. The
fundamental beam with ~20 μJ pulse energy is then focused by a 30 cm lens to reach ~1 TW
cm-2 on the crystal surface.
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Fig. 5-2 Characterization of 3rd and 5th order harmonic emission. (a) The optical spectrum
of the 3rd and 5th harmonics measured with and without the UV filter a bandpass filter with a
passband from 250 nm to 400 nm is used to isolate the 5th order harmonic signal from the 3rd
order harmonic signal. (b) Intensity of scaling of harmonics yields with respect to different
pulse energy of the driving laser pulse. The dashed lines indicate the 3rd and 5th power intensity
scaling versus the pulse energy. The damage threshold is the turning point of the intensity
curve where the harmonic signal significantly decreases.
Ocean Optics Maya UV fiber spectrometer records the optical spectrum of the harmonic
beams generated from ZnO crystal. Both the 3rd and 5th harmonic of the fundamental beam
peak at 350 nm and 580 nm, shown in Fig. 5-2(a). In the experiment, a band pass filter with a
pass band from 250 nm to 400 nm is inserted to isolate the 5th order harmonic signal from the
3rd order harmonic signal, so that we can characterize the 3rd and 5th harmonic beams
individually.
Harmonics can be generated within either the perturbative or non-perturbative regions before
irreversible damage. In the perturbative region, electrons are mostly confined in bounded state
and introduced time-dependent polarizability in response to the external field. The anharmonic
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potential gives rise to the optical harmonic emission. The yield of the harmonic is scaling
proportional to In, where I is the intensity of the driving laser field and n is the harmonic
order [45]. This scaling rules does not apply in nonperturbative region when the intensity of
the laser beam is high, and recombination of electron is involved in the harmonic generation
process. Therefore, the two different mechanisms can be distinguished by intensity scaling
(Fig. 5-2(b)) where both the 3rd and 5th harmonics no longer retains its 3rd and 5th power law
behavior (shown as the black dashed lines in Fig. 5-2(b)) [177]. The results presented in this
chapter are all obtained under the non-perturbative condition.
When the intensity of the driving laser beam exceeds the damage threshold of the crystal and
damage spot is observed on the crystal surface. The harmonic signal drops dramatically as
shown in Fig. 5-2(b). This drop of harmonic signal is irreversible in contrast to the
nonperturbative saturation.
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Fig. 5-3 Control of OAM on high-order harmonics by selection rules of SAM. (a) The
allowed and forbidden transitions in multiphoton process plotted in energy diagram. (b) The
experimental setup of generating structured high-harmonic beams from a solid crystal target
and interferometric characterization of the OAM on the harmonic beams. (c) The
experimentally observed interference pattern between a reference beam and a left handed
circularly polarized OAM carrying beam with l = -1. (d) The experimentally observed
interference pattern between a reference beam and a right handed circularly polarized OAM
carrying beam with l = +1.
During harmonic generation, energy conservation requires that the number of fundamental
photons involved in producing harmonics must equal the harmonic order. For instance, in 5th
order harmonic generation shown in Fig. 5-3(a), five fundamental photons are absorbed and
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produce one ultraviolet photon emitted at 360 nm. This emitted ultraviolet (UV) photon can
only have two possible spin eigenstates, s = +1 and s = -1, where s is the quantum number of
SAM. Therefore, only two possible channels are allowed: either absorbing two left (s = +1)
and three right circularly polarized photons (s = -1), or three left (s = +1) and two right (s = 1), as shown in Fig. 5-3(a) on the right. Any other combinations, for example those shown on
the left, are forbidden, since the final SAM of the UV photon cannot satisfy the condition 〈s〉
≤ 1 when spin is conserved.
The total OAM of the emitted harmonic photons for the two allowed processes equals to the
sum of OAM from all involved fundamental photons. In this case, the OAM value for the two
processes can only be l = +1 and l = -1, respectively, where l is the quantum number of the
OAM states. In other words, the OAM of the harmonics equals the OAM of the fundamental.
It is the bounded spin states and conservation of angular momentum which selects the OAM
value of harmonics.
To show that the OAM value of each circularly polarized state is constrained by the spin
selection rule, we use a combination of a quarter-wave plate and a linear polarizer to serve as
an analyzing element for circular polarization [178]. Since these two optical components do
not change the topology of the wave front, the OAM quantum number can be measured by
interference with another plane wave sharing the same polarization state [179]. The reference
plane wave is coherently created by an independent source from the solid target without wave
front shaping.
In experiment a linearly polarized Gaussian reference beam is focused onto the same ZnO
sample. The focus of this reference beam is 200 μm spatially apart from structured beam focus.
This reference beam produced both 3rd and 5th harmonics which are both linearly polarized
with a planar wave front as shown in Fig. 5-3(b). The structured and the reference harmonics
interference in the far field and the interference pattern reveals the wave front information of
the structured beam. To resolve the wave front on two different circularly polarized states, a
quarter waveplate and a broadband linear polarizer is used to serve as a circularly polarizer. It
is worth noticing that when combining the reference beam and structured beam, a nearly
normal incident geometry is preferred since the structured beam has non uniform polarization.
Fig. 5-3(c,d) show the interferometric results of the s = +1 and s = -1 state 5th harmonics –
above-bandgap harmonics for ZnO. Both results show a fork-shaped pattern and opposite
orientations between two circular polarized states. The beam’s OAM value can be read from
different numbers of fringes from left side of singularity point to its right side. The OAM
values on the s = ±1 components are l = ∓1, respectively, which correspond to the OAM of
the fundamental beam.
It is possible for the SAM of the optical beam to be transferred to the crystal lattice [180,181],
depending on the rotational symmetry of the crystal sample. In this experiment with (0001)cut free-standing ZnO, such an effect is not excluded. However, the measured harmonic yields
from these channels are below the noise level in the measurement, which are at least two
orders-of-magnitude weaker than the channels shown in Fig. 5-3(a) that do not exchange SAM
with the crystal lattice. Therefore, the higher order OAM states are negligible, and the l = ±1
state dominates the harmonic output.
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Symmetry-enabled channels that lead to higher-order OAM modes may be revealed in other
strongly coupled systems. For such processes to be important, the material should exhibit an
anisotropic harmonic yield with varying orientation of a linearly polarized driving
field [170,182].
As a superposition of two equally intense circular states, the driving field is locally linear
everywhere at its focus. Thus, the generated harmonic beams should maintain the radially
polarized structure of the driving beam. The polarization singularity forces a zero intensity at
the beam center as shown in Fig. 5-4(a).

Fig. 5-4 Characterization of polarization states of high-harmonic beams from ZnO
crystal using a linear polarizer (a) Intensity profile of generated 5th harmonics from ZnO
target. (b-d) The intensity profiles of 5th harmonic beams from ZnO, with wavelength of 360
nm, after passing through a linear polarizer with its optical axis angle placed at 0°, -45°and
90°, respectively.
To confirm the polarization of the generated harmonic beam, we measure the polarization of
the 5th harmonic beam using a linear polarizer, a UV band-pass filter and a UV enhanced
camera. The intensity profiles of the 5th harmonic after passing through the linear polarizer
are shown in Fig. 5-4(b-d) where we have oriented the linear polarizer at 0°, -45°and 90°,
respectively. The bright lobes rotate as we change the angle of the linear polarizer. The
horizontal/vertical parts of the beam are observed when the optical axis of the linear polarizer
is placed horizontally/vertically. This is consistent with the characteristic of a radially
polarized beam. From an interferometric point of view, in circular-state bases, the linear
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polarizer selects a common linear component from the two circular states and lets them
interfere collinearly on the camera. The two bright lobes in their intensity illustrate 22π phase
shift between left and right circular states in the azimuthal direction. This confirm the analysis
that one unit of OAM is imparted to the 5th harmonics with opposite signs between the two
spin states.

5.3 Towards a shorter wavelength
To reach higher photon energies, we extend the above experiment to a gas-phase target and a
much higher intensity. With a noble gas, the effect of transferring SAM to the nonlinear
medium is also eliminated, due to the rotational symmetry of the gas atoms [181]. The only
possible OAM values on any harmonics are l = ±1.
In the experiment, we use the optical pulse from Ti:Sapphire laser at 800 nm with 50 fs
duration and 0.8 mJ energy to produce high harmonics from argon gas. The experiment setup
is shown in Fig. 5-5. The pulse is shaped by a q-plate just like the beam in the previous section
which is used for harmonic generation on solid. The interaction with argon gas jet produces
high harmonic emission extends to the 29th harmonics of 800nm with photon energy of ~45
eV. The gas jet is 200 μm thick with a backing pressure at ~5 bar.

Fig. 5-5 The experimental setup for producing spin-constrained high harmonic vortex
beams. The driving pulse is the optical pulse from Ti:Sapphire laser at 800 nm with 50 fs
duration and 0.8 mJ energy. The pulses interact with argon gas and produced high harmonic
up to the 29th harmonics. The generated XUV radiation is propagated into the detection
chamber where the beam profile is recorded XUV spectrometer, which consist of a 100 μm
wide slit, a XUV imagining grating and micro-channel plate (MCP). An XUV polarization,
which is consist of a pair of paralleled mirrors is inserted before the XUV spectrometer, so
that the detection apparatus has polarization selectivity at XUV wavelength.
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The harmonic emission from the gas reproduces a doughnut-shaped intensity distribution from
the driving beam, which is shown in Fig. 5-6(a). The image is recorded directly by a microchannel plate without passing through dispersive element, to eliminate the polarization
selectivity from the measuring system. Therefore, the intensity distribution is an intensity
summation of all high harmonics.

Fig. 5-6 Characterization of polarization states of high-harmonic beams from argon gas
target using a XUV linear polarizer. (a) Intensity profile of generated high-order harmonics
from argon gas target. (b-d) The intensity profiles of 27th harmonic beams from argon gas,
with wavelength of 30 nm, after passing through a linear polarizer with its optical axis angle
placed at 0°, -45°and 90°, respectively.
However, it is not trivial to separate the two superimposed circularly polarized beam at XUV
wavelength and measure their OAM value separately, as with solid target. To link the result
from gas and solid targets, we replace the linear wire grid polarizer used for solids by a pair
of silver mirrors [161]. The generated high harmonics are passed through both the mirror pair
and the XUV imaging grating before detected by the micro-channel plate. The polarization
selectivity of the mirror pair and the grating is ~10:1, and the mirror pair act like an XUV
polarizer as we introduced in Chapter 4. Instead of rotating the mirror pairs, we rotate the
incident beam to change the optical axis of the linear polarizer. As shown in Fig. 5-6(b-d), we
see two nodes orient along different angles as we rotate the driving laser beam. This is the
same behavior as we reported in Fig. 5-4(b-d) for a solid target, and it indicates that
controllable OAM is also transferred to XUV wavelength.
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Controllable OAM (or structured polarization states) of short wavelength radiation will result
in tighter optical focusing [183], excite inner shell dynamics [184] and probe ultrafast
magnetic dynamics [153]. This study contributes to this growing area of research by exploring
the relation between the spin and orbital angular momentum in the up-conversion process
under strong field condition. Furthermore, we show the potential of solving control problems
by linking the two components of the angular momentum. The topological charge is
constrained to be equal to that of the fundamental beam. It can, therefore, be easily
manipulated by the conventional optical elements [74,118]. In addition, the collinear
geometry and locally linearly polarized driving field ensures efficient conversion to the
harmonic emission, which is crucial for the development of a light source.
To further decouple two superimposed circular states at XUV wavelength, we propose a bicolor driving approach to isolate high harmonics beam with controlled OAM. In that case, the
driving field would consist of a fundamental OAM beam with l = +1, s = -1 and a second
harmonic beam with l = -1, s = +1. According to the conservation of SAM, there are only two
allowed channels for high harmonic generation, as shown in Fig. 5-7. Different from the
scheme driven by a single-color field, the emissions from these two channels corresponds to
7th and 8th harmonic generation. In other words, the two OAM modes are decoupled in energy.
Classically, the mixing of the two-color field will result in a 3-fold symmetric driving field,
with a re-collision happening every third of a period [121]. Since the two beams carry different
phase front spiral, the 3-fold trajectories rotate their orientations by 2π along azimuthal
direction. This geometric phase gives rise to the phase-front spiral of the generated high
harmonics.

Fig. 5-7 The energy diagram of spectrally decoupled OAM mode in high-order
harmonics. Two allowed 5-photon processes in the two-color scheme is split into 7th and 8th
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harmonics in spectrum, whereas the emitted photons are energy degenerate using the same
color driving field.
In this experiment, both spin and orbital angular momentum are conserved on their own, since
the medium that we are interacting with is nearly isotropic and the focusing geometry of the
driving laser beam is paraxial. However, exploring the interaction, for example in waveguide
or tightly focused geometry [185,186] where spin and orbital angular momentum can be
coupled, may lead to even more complex behavior. Just like other fundamental particles,
photons exhibit spin-orbit coupling when interacting with matter. The coupling not only exists
between spin and orbital angular momentum, as we mentioned above, it can also happen
between the photons and crystal/electronic structures. A strongly coupled solid-phase system
may help create electro-optic devices that respond to the polarization and wave front of
incident light, or new optical sources, such as polarization/spin controlled soft X-ray for
magnetically sensitive probing.
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Chapter 6 Generating few-cycle cylindrical vector beam
Compressing optical pulses to a shorter time duration is continuous pursued by researchers in
the field of ultrafast optics. Recent progress has permitted the generation of light pulses
compressed to only a few oscillation cycles of the optical fields. As strong field interactions
are often associated with the electron response to the field of driving laser pulses, and emitted
photons or electrons are sensitive to the carrier envelope of the field. These field-sensitive
effects become significant with few-cycle pulses due to its rapid rise time. By controlling the
carrier envelop phase, few-cycle light pulses permit control of the two trajectories of freed
electrons in strong-field interactions on a time scale of the light oscillation period. Its rapid
rise time also enables unprecedented ultra-intense field to interact with electron system
without depleting the ground state population.
In the spatial domain, a radially polarized beam is able to produce tightly focused light fields
beyond the Gaussian beam diffraction limit. However, with current technology its duration is
limited by the relatively narrow bandwidth that generation techniques can support. Generating
pulses which have both ultimate temporal and spatial compressibility has to overcome the
bandwidth limit in mode conversion. This chapter tackles this problem by performing
nonlinear compression with a spatial structured beam.
Using a 10-cycle pulse with a central wavelength of 1.8 µm, we show that radially polarized
beams can be compressed to the few-cycle regime while still maintaining their radially
polarized nature. It, therefore, seems feasible, using only well-developed methods, to reach
focused intensities of ~1019 W cm-2. Conversion via high harmonic generation will also open
a route for applications in attosecond science, especially for a wide range of optical
measurements and optical control that require high spatial and temporal resolution.

6.1 Generating polarization structured beam
Vector beams are laser beams with a non-uniform polarization structure across their profile
and a subclass of them has an intensity and polarization profile that is cylindrically
symmetric [96]. An important characteristic of a tightly focused radially polarized beam, for
example, is that it forms a smaller focus spot than what can be achieved with a comparable
beam of either linear or circular polarization [98,183].
Many methods produce cylindrical vector beams, especially radially and azimuthally
polarized beams. There are intracavity devices [187] for lasers that efficiently convert a
conventional single mode Gaussian laser beam into one with a different polarization
distribution [188,189]. However, these devices always have a relatively narrow bandwidth.
In all areas of ultrafast science, pulses can be amplified or shaped up to the bandwidth limit
of the most narrow-band processes involved, and then compressed by self-phase-modulation
in a nonlinear medium – often a fiber. This is how the high power few-cycle pulses used for
attosecond science are created [190]. This method can also create single-cycle pulses in the
visible or near infrared [191,192]. Optical pulse compression by self-phase modulation is a
critical element in all ultrashort pulse lasers [193]. In fact, optical continua can even be
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generated by self-phase modulation in fibers with noble gases [17,194]. In all of these cases,
the final pulse duration can be much shorter than what the bandwidth restriction might imply.
This chapter aims to show that pulse compression is available for cylindrically symmetric
vector beams. Pulse compression will greatly expand the application area of these beams.
For our experiment, we have chosen a radially polarized beam that we generate using a
linearly polarized Gaussian beam propagating through a q-plate [69] and we find very similar
results for azimuthal polarization. We will show that the q-plate has a bandwidth limit that is
insufficient to create a few-cycle pulse. However, once the pulse is shaped and spatially
filtered to ensure its cylindrical symmetry, we will show that it can be compressed down to a
few-cycles by means of a conventional gas-filled hollow-core fiber compressor.
We use a 1.8 m beam produced by the laser source which consists of a chirped-pulseamplified Ti: Sapphire laser system and a white-light seeded high-energy optical parametric
amplifier (HE-TOPAS, Light Conversion) [195]. The Ti: Sapphire laser system that we used
provides 50 fs laser pulses at 800 nm with a 5 mJ pulse energy at a repetition rate of 1 kHz.
The optical parametric amplifier is pumped by the 800 nm light and it provides 1.8 μm pulses
with ~50 fs duration. The 1.8 µm pulses from the OPA are spatially cleaned by focusing into
a hollow-core fiber (1.4 m long, 400 μm core diameter) with an f = 75 cm lens made of CaF2,
as shown in Fig. 6-1.
We use a q-plate (q = 1/2) for generating a radially polarized beam [69]. A q-plate is
composed of two ITO substrates covered by a polyimide layer (50 nm thick PAAD22 from
BEAM Co.) and a liquid crystal layer (NLC 6CHBT LC). The ITO substrates are spin coated
by polyimide on single side. The liquid crystal is then injected in between the coated sides of
the two substrates. The alignment pattern of the liquid crystals in the q-plate is ‘written’ during
its fabrication.
Its liquid crystals’ optical retardation is controlled through an external electric field which is
applied on the plate. Therefore, the device’s central wavelength can be tuned by simply
adjusting the applied voltage. The center wavelength of the OPA output is 1.8 μm, which has
the negative dispersion in fused silica to compensate the chirp induced by spectral broadening
in the hollow core fiber. However, ITO substrates can be absorptive for the wavelengths
longer than 1 μm depend on the deposition process. In fabricating q-plate for 1.8 μm, we use
CEC 100S ITO glass substrate from Präzisions Glas & Optik GmbH, which maintains over
80% transmission up to 2.5 μm radiation.
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Fig. 6-1. Setup of a few-cycle vortex beam generation experiment with a 1.8 μm laser
source. P1, P2: polarizers; Vpp: power supply for the q-plate; L: lens. Fiber: 20cm long, 150
μm core; HWP: achromatic half-wave plate for the central wavelength of 1.8 µm; QWP:
achromatic quarter-wave plate for the central wavelength of 1.8 µm; The right lower two
figures show the beam profile of the output beams after the fiber put under vacuum and filled
with 8 bar Kr gas, respectively.
However, similar to other mode convertors, the q-plate can only support a relatively narrow
spectrum for a given voltage. In Fig. 6-2, we compare the polarization of the initial pulse
(blue) and the pulse that has passed the q-plate (red). We perform this comparison over a
broadband infrared spectrum ranging from 1.5 μm to 2.1 μm and recorded the pulse’s
spectrum after going through a polarizer with a fiber spectrometer (Ocean Optics, USB
2000+). A q-plate fundamentally consists of a structured half-wave plate such that a passing
beam’s polarization locally remains linear but is rotated to a degree depending on the relative
angle between the beam’s polarization and the local alignment of the liquid crystals. We can
make use of this effect to extract the bandwidth that the q-plate supports by examining the
degree to which linear polarization is preserved throughout our spectrum. This degree of
similarity can be measured by making the beam go through a polarizer. Namely, we expect
wavelengths that experience the required conversion to remain linear with 90 rotation and
therefore not to go through the polarizer. To gauge this condition, we use a measure called the
“polarization identicality” defined as the minimum output of the polarizer as the polarizer is
rotated divided by the maximum output. In Fig. 6-1, the blue and red curves show the
polarization identicality of the beams before and after the q-plate respectively. Only a ~100
nm bandwidth gets a similar optical retardation and maintains a zero-valued polarization
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identicality. Therefore, Fig. 6-2 shows that a q-plate cannot support the full spectrum of a fewcycle [196].

Fig. 6-2. “Polarization identicality” of the laser beam before and after the q-plate. This
measure is defined in the text and is an indicator of the conversion efficiency of the q-plate at
a given wavelength where values closer to zero indicate a higher efficiency. The blue and red
curves show the identicality of the beam before and after the q-plate, respectively.

6.2 Pulse compression after converting the mode
Since most of spatial mode conversion has the bandwidth limit, just like the q-plate, we have
to use the q-plate where the pulse bandwidth is relatively narrow – i.e. before pulse
compression. As shown in Fig. 6-1, a polarizer after the fiber spatial filter is used to maintain
a homogeneous linear polarization. Then the beam passes a q-plate with a proper bias voltage
for the central wavelength of 1.8 μm and the linear input polarization is transformed into radial
polarization.
The radially polarized beam was then re-focused into a krypton-filled hollow-core fiber (20
cm long, 150 μm or 250 μm core diameter) by an f = 15 cm or 30 cm lens as shown in Fig. 62. The nonlinear propagation in the hollow-core fiber adds bandwidth and an approximately
linear positive chirp. In Fig. 6-2, the right lower two figures show the beam profile of the
output beams after the fiber under vacuum and filled with 8bar krypton gas, respectively. We
can see that the beam has a uniform doughnut-shaped intensity profile and is not distorted by
passing the hollow-core fiber when it is used passively or when it was filled with krypton gas.
For our experiment, the Gaussian beam on the q-plate has a pulse energy of 200μJ within a
~5.5mm FWHM beam diameter. Using a radially polarized beam with input energy of 150
µJ, we achieved 40% transmission. In comparison, the transmission for the Gaussian beam is
47% (using the same coupling geometry). The highest energy we had used on the q-plate is
220 μJ. Therefore, the damage threshold of the q-plate is higher than 1.85×1010 W cm-2.
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In the krypton-filled hollow-core fiber, the spectrum of the pulse is broadened by self-phase
modulation. Since the polarization is inhomogeneous in the transverse plane, therefore, the
pulse characterization is performed by sampling different segments of the beam. Figure 6-3(a)
shows the broadened spectrum for four segments of the beam selected from the vector beam.
Self-phase modulation within the hollow core fiber broaden the spectrum of all the four
segments. The spectra of the lower, left and right parts of the beam have a similar bandwidth
while that of the upper part is a little broader.
Similar to conventional fiber compression that a pulse that exits a fiber is chirped, we
compensate the chirp with an antireflection coated fused silica plate in the beam path [197].
To characterize the spectral phase and the beam’s temporal duration, we performed secondharmonic-generation (SHG) frequency-resolved optical gating (FROG) on these four
segments. The temporal profiles of the amplitude and phase of different quadrants of the
compressed pulses are shown in Fig. 6-3(b-e). These curves correspond to 15 fs pulses for the
upper part of the beam and 17 fs pulses for the remaining three segments. All sampled pulse
durations are less than three optical cycles in duration and have a central wavelength of 1.8
μm.

Fig. 6-3. Compression of the radially polarized beam. (a) Spectra of the spatially polarized
beam measured at four different spatial locations after the fiber compressor. The spectra of
the lower, left and right parts are similar and the upper spectrum is a little broader than the
others. (b-e) The temporal profiles (blue curves) and phases (red curves) of the laser fields
corresponding to the four spectra in (a) measured using a FROG. The pulse duration of the
lower, left and right parts is 17 fs and that of the upper part is 15 fs which agrees with their
bandwidths.
In addition to measuring the pulse duration, we also confirm its polarization state is preserved
during the compression. We measured the polarization state of the output broadened beam by
passing the beam through a polarizer and recorded the beam profile using a CMOS camera
(Data Ray WinCamD-LCM). For a radially polarized beam, after the polarizer, the output
beam will be a linearly polarized beam with polarization parallel to the transmission axis of
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the polarizer. The output electric field strength will have its peak at the polarizer’s orientation
angle. As shown in Fig. 6-4, the intensity profile has two lobes that rotate with the orientation
of the polarizer which is indicated by red arrows (Fig. 6-4 (b) to (e)). Therefore, the beam
polarization is always oriented with the radial direction along the polarizer axis. It confirms
that the output broadened beam is still a cylindrical vector beam with radial polarization.

Fig. 6-4. Polarization measurement of the radially polarized beam. (a) beam profile
without polarization selection. (b-e) beam profiles upon propagating through a polarizer
measured with a CCD camera for four different axis angles.

6.3 Characterizing the polarization topology
We also characterized the topological charge of the compressed polarization vector beam. For
beams with phase singularities, the topological charge of the latter is quantified by recording
the interference between the beam and a tilted Gaussian, thus resulting in a forked interference
pattern [118]. The difference in the number of interference fringes between one side and the
other corresponds to the topological charge of the singularity. An equivalent approach can be
used to portrait the polarization singularity carried by vector beam, which uses two colinear
components in the vector beam with opposite handedness.
A radially polarized beam is a beam that can be considered to be a superposition of left and
right circularly polarized components with a phase delay around the circumference. The
required phase delay corresponding to the two beams having opposite helicity and both
possess one unit of topology charge. The Jones matrix expression of a radially polarized beam
with an azimuthal phase exp(iφ) can be written as

 cos   1
 1 1
1

 = exp(−i )    + exp(i )   
 sin   2
i 2
 −i 
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(6.1)

which consists of a right-hand circularly polarized (RHCP) beam and a left-hand circularly
polarized (LHCP) beam with opposite helicity and opposite topological charge where  is the
azimuthal coordinate angle in the plane perpendicular to the propagation.
If this beam passes through a quarter-wave plate, the two circularly polarized components
identified above will be converted into two perpendicular linearly polarized beams. Then a
polarizer will interfere the two components when we select a given polarization direction.
Finally, if we insert a half-wave plate between the q-plate and the quarter wave plate, the halfwave plate flips the handedness of the circularly polarized beams and also shifts the relative
phase between the two circularly polarized components. Assuming the angle that the fast axis
of the half-wave plate makes with respect to the x–axis is  , the Jones matrix of the half-wave
plate can be derived as in Eq. (1.3). The Jones representation for the whole setup shown in
Fig. 6-2 is:

 1
 1 
1
1  1 0  1 0  cos 2 sin 2  



 exp ( −i )   + exp ( i )    = cos ( − 2 )    (6.2)
2  0 0  0 i  sin 2 − cos 2  
i
 −i  
 0
Thus, the half-wave plate gives a positive 2θ phase delay to the left circular polarized beam
and a negative 2θ phase delay to the right circular polarized beam. Therefore, we should
observe a ±2θ phase delay for the two linearly polarized beams and the two arms of the linear
interferometer.
As we rotate the half-wave plate, the relative phase between the two arms of the interferometer
will be changed accordingly. The relative phase change is four times the phase delay
corresponding to the rotated angle of the half-wave plate. During a full scan of the wave plate,
the phase delay between the interferometer arms would be 4 times the phase gradient of the
beam’s wave front. Therefore, the period number of the interference signal for a full circle
scan of the half-wave plate also gives the topological charge.
To retrieve the topology of the polarization rotation, we recorded the beam profile with the
CMOS camera as a function of the rotation angle of the half-wave plate, as shown in Fig. 62. We obtain a two-lobe intensity pattern, similar to the pattern obtained by passing through a
polarizer (Fig. 6-2). When the half-wave plate is rotated, the two-lobe pattern rotates
accordingly. Figure 6-4 (a) shows the sum of all the beam intensity patterns for a full 360°
scan. Alternatively, we can select one  wide segment of the beam and record the signal as
the half wave plate is rotated. We plot the beam energy in this segment as a function of the
half-wave plate rotation angle θ in Fig. 6-4(b). We obtained four peaks in a full 360 scan
indicating that the phase changes by 2π for a full 360 wave plate scan.
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Fig. 6-5. Wave front interference scan and the focus beam profile. (a) Integrated intensity
profiles for a full 360 scan. (b) Interference signal for one point of the beam as a function of
HWP angle. (c) The phase retrieved for different points on the circle’s circumference. (d) The
focus beam profile of the compressed radially polarized beam.
The phase φ can be retrieved by fitting the maximum points of the curve in Fig. 6-5(b), since
the condition for the maximum intensity is only obtained when φ = 2θ. We retrieved the phase
of each point on the circle with 2 resolution and plotted it as the function of the point angle
in Fig. 6-5(c). The curve confirms the 2π phase shift of the beam wave front for the full 360
scan of the half-wave plate, corresponding to the topological charge equal to one. The phase
is almost linear with respect to the point angle.

6.4 Nonlinear optics with few-cycle vector beam
These pulses will have broad applications in high-field physics, and we confirm the focus
beam profile of these pulses to estimate the performance of the compressed beam. We focus
the compressed pulses with an f = 75mm CaF2 lens and the profile is shown in Fig. 6-5 (d).
The beam diameter is ~60 μm. With 15 fs pulse duration and 60 μJ energy, we can estimate
the peak intensity >1.4×1014 W cm-2. This peak intensity is enough for many strong-field
experiments on solid target.
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Fig. 6-6 High-order harmonic generation from ZnO. (a) Harmonic spectrum (harmonic
orders are indicated as HH3 to HH7) from the ZnO sample. (b) Intensity scaling of the 5th
harmonic yields from the ZnO sample with respect to different pulse energy of the driving
pulse.
Figure 6-6 shows an experiment using the compressed vector beam to generate optical
harmonics from ZnO crystal. Both harmonics below and above the ZnO bandgap are observed
in Fig. 6-6(a). Fig. 6-6(b) depicts the harmonic yields verses the incident pulse energy. We
can see that the signal start to decreases when the intensity is high, which indicate the pulse is
intense enough to go beyond the damage threshold of ZnO crystal. This experiment is an
example of observing nonlinear optical phenomenon with ultra-short vector beam.
In our experiment the beam energy is limited by the laser and the size of the q-plate we used
which is ~5mm. Had we used a larger q-plates and a high energy OPA, the energy and peak
intensity could have been higher. In fact, S-waveplates [198], a relative of q-plates but made
by cracking quartz, will with stand much higher intensity. The current limiting factor is hollow
core pulse compression with an experimental limit of ~ 15 mJ.
A 5 mJ pulse [199] with pulse duration of 15 fs has a peak power of 3×1011 W. Focused to
the wavelength scale an intensity of 1019 W cm-2 is feasible. This would be a very interesting
pulse with a longitudinal field reaching relativistic intensities (~1018 W cm-2 for 800 nm
wavelength). Long before such an intensity, high harmonics can be created in gases and solids,
opening a new regime of attosecond science.
In conclusion, we have used a gas filled hollow-core fiber to compress a radially polarized
vector beam in the same way that we compress Gaussian beams. While we employed 1.8 μm
light for this demonstration, we expect that hollow-core fiber compression will be possible for
other wavelengths and that it can be generalized to more complex fibers. Pulse compression
should be possible for any cylindrically symmetric vector beam and we expect that vector
beam pulse compression can be generalized to single [200] or multi-plate pulse
compression [201] as well.
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These pulses will be important for laser acceleration experiments [202] as well as for high
harmonic or attosecond pulse experiments with radially polarized drivers. Using solid or gas
as a nonlinear medium, it will be possible to produce radially polarized harmonics with a
curved wave front [177] that will reach wavelength scale focal spots compared to Gaussian
beams [98], thus opening a route towards vacuum or extreme ultraviolet microscopy.
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Chapter 7 Conclusion and perspectives
7.1 Conclusion
In this thesis, I have proposed the implementation of spatially structured beams in strong field
experiments, particularly in the case of generating high-order harmonics. Shaping the spatial
profile of the fundamental beam provides a new degree of freedom to control the
characteristics of high harmonic XUV beams.
Both the phase front and polarization of the high harmonic beams can be tailored entirely by
optical means, without the use of special XUV optics. XUV high harmonic beams generated
in such a way can obtain spiral shaped phase fronts with arbitrary topological charges and
circularly polarized electric fields. These characteristics cannot be produced using
conventional high-harmonic based sources. Table 7-1 summarizes the results of this work,
which explores the properties of both the spatial phase and polarization of XUV highharmonic beams, along with other important advances in the development of high harmonic
sources. Spatially structured source is a relatively new area of research within the highharmonic generation research community and its continued development is a highly soughtafter goal in the field.

Amplitude

Frequency

Time

Amplitude gating
single attosecond
pulse [57] [203] [204]

Waveform
synthesis [205]
[206]

Space

Annular beam high
harmonic
generation [208]

Attosecond
lighthouse
[209]

Phase
Few cycle
carrierenvelope phase
effects [207]
Vortex XUV
beams
Chapter 3, 5

Polarization
Polarization gating
single attosecond
pulse [42] [43] [44]
Vector /circularly
polarized XUV
beam
Chapter 4, 5, 6

Table 7-1 Comparison between high-harmonic techniques using beams shaping. The
work explored the underdeveloped research in studying the spatial property of both phase and
polarization of strong field experiments. Like other techniques listed in the table, the novel
high-harmonic structured beams expand the capabilities of table-top XUV sources.

Regarding the angular momentum of high harmonic beams, this thesis revealed how spin and
orbital angular momentum can be transferred to XUV beams in a controlled manner. The
generation of XUV beams in this way was shown to conserve angular momentum, despite the
highly nonlinear and non-perturbative underlying physics of the XUV generation process.
85

These results can be understood using the recollisional model of high harmonic generation
and can be accurately described with the semiclassical three-step model.
With the semiclassical three-step model, this work explained how the phase structure of the
fundamental beam can be transferred to the emitted phase structure of the high harmonic
beams. The emitted phase is predominantly accumulated during propagation of the electron
in the continuum. By varying the trajectory of the electron during propagation, the phase of
the fundamental beam is imprinted onto the resultant phase of the high harmonics.
Based on the relation revealed with the three-step model, we then introduced a holographic
approach to shape the wave fronts of high harmonic beams. We used a perturbing beam with
a spiral wave front to control the high harmonic generation process and generate XUV beams
with controlled orbital angular momenta. The phase front of the first-order diffracted XUV
beam replicates the spiral wave front of the fundamental beam. From a wave-mixing point of
view, this result also confirms that the orbital angular momentum is conserved in this nonperturbative nonlinear process. In addition to generating XUV vortex beams, this method is
generally capable to produce other wave front structures at XUV wavelength. This approach
makes the liquid crystal beam shaping techniques immediately available to high harmonic
generation experiments and links the research fields of structured light and strong field.
Further, the polarization of the fundamental beam was also shaped to generate circularly
polarized harmonics. We used a liquid crystal phase plate to shape the local polarization of
the fundamental beam. The polarization of the fundamental beam evolves throughout its
propagation. The polarizations are purely circular in the far field and primarily linear in the
near field, where the high harmonics are generated. Shaping of the polarization opens up the
possibility to use the inhomogeneous polarization mode of the fundamental to expand the
capability of high-harmonic-based light sources in the generation of radiation with complex
polarizations.
The polarization and the phase front of a beam are associated with the spin and orbital angular
momentum, respectively. These two parts of the orbital angular momentum are intrinsically
related. To combine the phase and polarization, we also discussed the interplay between the
spin and orbital angular momentum in the process of high harmonic generation. We have
shown that the spin and orbital angular momentum are respectively conserved within the
paraxial region and when the nonlinear system is rotationally symmetric. Therefore, the
transfer of orbital angular momentum can be limited by the selection rule of spin angular
momentum.
Implementing structured beams enables the production of XUV photons with controllable
orbital and spin angular momenta. The interplay between these two components of the total
angular momentum imposes additional constraints during the high harmonic generation
process. This thesis discussed the conservation of spin-orbital angular momentum under the
paraxial condition while interacting with trivial topological systems, which are most
commonly applied in high harmonic generation experiments (e.g. diffuse gas jets). Different
86

types of spin-orbital coupling or selection rules may occur while these conditions do not apply.
Therefore, this thesis demonstrates a clear direction for continued research in this area and the
extension of high-harmonic and attosecond science to several new fields wherein experiments
can be developed, for example, using tight focusing geometries or interactions with non-trivial
topological systems.
To further develop spatially structured light sources for high intensity experiments, where the
carrier envelop phase plays an important role, we developed a few-cycle vector beam source
by compressing broadband vector beams in a hollow core fiber system. This scheme
overcomes the bandwidth limitation of the mode converter during the beam shaping and
produces pulses with 25 fs duration while preserving the radial polarization. These spatially
structured ultrashort pulses combine complex spatial characteristics and high temporal
resolution. The large bandwidth and the sub-cycle dynamic of the few-cycle pulse enables
coherent control while interacting with matter. The interaction of such precisely structured
pulses of light, in both space and in time, provide a new tool to study nonlinear interactions
of such pulses with matter.

7.2 Perspectives
Besides generating high energy photons, controlling the electron ionization and motion is an
important subject frequently discussed in strong-field physics. Previous studies have shown
that strong laser fields can control the behavior of such electrons by tuning their phase and
polarization. On the other hand, structured beams exbibit inhomogeneous polarization and
phase front characteristics. Combining these two aspects leads to spatial control of ionized
electrons, just like what we have done to the XUV photons. Here we propose a possible route
to use structured laser fields to generate transient current loops and magnetic impulses in the
THz frequency range, which could benefit next generation magnetic metrology.
Electric charge in motion generates magnetic fields, and confining currents to conductors or
superconductors in a solenoidal configuration forms the basis of state-of-the-art magnetic field
sources. The magnetic field generated at the center of an ideal solenoid is expressed by the
following relation: B = μnI, where μ is the permeability of the core material, n = N/L is the
number of wire turns per unit length, and I is the circulating current. Generating large magnetic
fields is, therefore, inseparable from confining high current to a compact volume. In the case
of electrical conductors, the current is limited by the resistivity of the conductor together with
its temperature regulation. The performance of a superconductor is restricted by its critical
current density, beyond which a flux-flow resistivity is present.
Ionization and charge acceleration induced by optical fields presents an alternative route to
control high current densities. A gas medium with a high ionization potential, Ip, permits the
application of strong optical fields before a gas is ionized. Atomic helium (Ip = 24.6 eV) can
withstand electric fields exceeding E = 6.75 V/Å (intensity, I = 6.1 × 1014 W cm-2). When
ionized by λ = 4000 nm light, the ponderomotive energy is Up = e2E2/4mω02 = 903eV, where
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m is the electron mass, e is the electron charge, and ω0 is the angular frequency of the optical
field), corresponding to an electron velocity, v = (2eUp/m)1/2 = 1.78 × 107m/s. The
combination of an ionized gas population of ni = 1018 cm-3 and an electron velocity of v = 107
m/s enables a current density beyond |J| = |q|niv = 1.6 × 1012 A/m2 to be driven by the optical
fields. This current density surpasses what is possible in conductors or superconductors by
approximately three orders of magnitude. Harnessing photo-excited currents offers the
possibility for ultrafast, optically synchronized magnetic fields of record-breaking magnetic
field amplitudes.
Delicate control of charge motion in solids and gases can be achieved through “coherent
control”, an optical technique whereby a laser pulse with angular frequency, ω, is applied to
a system simultaneously and co-linearly with its second harmonic, 2ω [210,211]. The system
can be driven into degenerate excited states by each of the two pulses independently. Applying
the two pulses coherently and adjusting their relative phase enables control of quantum
interference between the two excitations. In atomic systems, the two laser pulses can be used
to ionize an atom, and their relative phase exerts control on the direction and energy of the
photo-ionized population.
By relaxing the requirement for a solenoid composed of wires, one can envisage a solenoid
consisting of a continuous sheet of circulating charge. In this case, an equivalent expression
for the ideal solenoid equation can be written as: B = μIL, where IL is the circulating current
per unit length.
This scenario can be realized using coherent control driven by two cylindrical vector beams
with azimuthal polarization. The electric fields of the azimuthal beam have linear polarization
pointing in the azimuthal direction at each point in the beam. When ω and 2ω azimuthal beams
are used to control photoionization in a gas, the spatial intensity and polarization configuration
of the azimuthal beams are transferred to the collective electron motion of the ionized gas.
The collective electron trajectories circulate around the longitudinal axis of the laser beam,
and the charge motion produces an azimuthal current density, Jθ. This current density induces
a longitudinal magnetic field, Bz. The direction and amplitude of both the current and the
induced magnetic field can be precisely controlled by adjustment of the relative phase between
the two light waves.
For an azimuthal laser beam focused into helium gas to a ω0 = 200 μm beam waist, one can
estimate confinement of the gas ionization to a radial extent of approximately Δr = 40 μm.
The current per unit length can be calculated as, IL = JΔr = 6.4 × 107 A/m, which would
produce magnetic fields on the order of B = μ0IL = 80 T, similar to those available in state-ofthe-art magnetic field facilities. However, turning on such high magnetic fields using
femtosecond laser pulses would result in a large back electromotive force (herein back-EMF)
acting on the ionized electrons. Faraday's Law, ∮ 𝐸𝐸𝑀𝐹 ∙ d𝑙 = − ∫

𝜕𝐵
𝜕𝑡

⋅ d𝐴 , can be used to

estimate the amplitude of the back-EMF field present at the beam radius, ω0: 2πω0EEMF = πω02 ΔB/Δt. Turning on ΔB = 80 T within Δt = 50 fs produces a back-EMF, EEMF = -16 V/Å,
which is even larger than the driving field. These estimates suggest that, while the final
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magnetic field may not reach 80 T, large, rapid rise-time, isolated, B-fields are feasible. To
proceed, we need a model that can capture the complex spatio-temporal coupling of charge
motion, induced magnetic and back-EMF fields. To account for these intricacies, a detailed
simulation is conducted in [212], which suggested up a few Tesla magnetic field. Since
atmospheric density plasmas lose coherence on a picosecond timescale, the current loop
radiates electro- magnetic impulses at terahertz bandwidth.
Such fields would be a powerful new tool for condensed matter physics, atomic and molecular
physics, and could potentially be used for guiding charged particle beams for plasma physics.
In contrast to conventional magnetic fields, which have been limited in bandwidth to gigahertz
frequencies, this scheme provides a route to magneto-optical pump-probe measurements at
terahertz frequencies. The introduction of short, intense magnetic impulses in the form of
electromagnetic waves would also enable optical synchronization with sophisticated detection
schemes, such as magneto-optical sampling, high-harmonic magnetic circular dichroism
spectroscopy, or spin-polarized attosecond electron diffraction, enabling temporal resolution
of magnetic-field-induced microscopic dynamics. Magnetic field metrology based on this
ultrafast optical generation scheme will enable new frontiers in magnetism, particularly
scaling to higher magnetic fields and resolution of femtosecond and attosecond magnetization
dynamics.
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