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Introduction

1.1. Ultrafast and ultrasmall

The interaction between light and matter determines how we see the world around us.
Studying this interaction lies at the basis of understanding our surroundings, and has
driven technology with an accelerating rate over the last decades. The discovery of the
laser [1] in 1960 has revolutionized the field of science that studies light-matter interac-
tion, as it provided a source of coherent, collimated, and monochromatic light. These
unique properties allowed to produce light intensities that where not achievable before.
Successively, it triggered the development of technologies that enabled the generation of
ultrashort pulses of light, from the picosecond (= 10712 ) [2] down to the femtosecond
(=107159) [3, 4] regime, which is the timescale at which electrons interact and behave
naturally. The assets of high intensity and ultrashort duration were unified by the inven-
tion of the CPA [5] (chirped pulse amplification), acknowledged with a Nobel prize in
2018 [6]. The technique enabled the generation of high intensity ultrashort light pulses,
up to the point that the pulses allow for modification of the optical and electronic prop-
erties of the matter they interact with. For sufficiently high intensities, the interaction
can lead to the generation of new wavelengths, a field of physics which is described by
nonlinear optics [7, 8]. This type of nonlinear interactions led to an evolution of accessi-
ble wavelengths, specifically shorter wavelengths with higher photon energies. The abil-
ity to resolve small features in matter is restricted due to the Abbe diffraction limit [9],
which directly relates the minimum resolvable distance to the wavelength of the light in-
volved in the interaction. The access to shorter wavelengths has therefore opened up the
investigation of light-matter interaction on the ultrasmall (nanometer (nm) = 10~° m)
scale. The interaction at these small scales lies at the basis of nanolithography [10],
which is the key technology that is used to produce the nm features in semiconductor
chips. Access to ultrafast and ultrasmall light-matter interaction unlocked new domains
of science, such as femtochemistry [11], that before remained unexplored and were only
accessible through indirect observations. Furthermore, investigation of the ultrafast and
ultrasmall aspects of our world inspired the field of attosecond science [12], that inves-
tigates the primary processes following excitation in all scientific disciplines of biology,
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chemistry, and physics.

1.2. High-harmonic generation

The light source that has driven the field of attosecond science over the last decades is
based on the process of high-harmonic generation (HHG), which was discovered experi-
mentally in the late eighties [13, 14]. Under strong irradiation of an ultrafast pulse, gases
were shown to emit a broadband spectrum extending into the extreme-ultraviolet XUV,
defined as broadband electromagnetic radiation from 10 eV to 120 eV) range. The strong
laser field allows for the excitation of electrons, which are subsequently accelerated and
eventually recombine with the parent ion, leading to the emission of high energy pho-
tons [15, 16]. The intrinsic short timescales at which the XUV bursts are generated [17-
19], enable the investigation of electron dynamics with attosecond resolution in gases
[20-22] and condensed matter [23]. In addition, the short wavelengths allow for investi-
gation and imaging of small structures with high resolution [24, 25], for instance through
lensless imaging [26-28]. Moreover, the XUV bursts itself contain encoded information
on the strong-field light-matter interaction that generates the high harmonics. This ad-
ditional property is explored in the field of high-harmonic spectroscopy [29], which for
example allows to reconstruct molecular orbitals [30, 31]. The underlying mechanism of
gas-based HHG has been well understood [32], and revealed the possibility to push HHG
into the soft X-ray regime (defined as radiation from 120 eV to 1200 eV) [33] and increase
the element sensitivity and spatial resolution of the technique.

Whereas gas-based HHG was discovered experimentally, the generation of high har-
monics from solid-state materials was predicted theoretically [34, 35], before the first ex-
perimental demonstration. The existence of solid-based HHG was confirmed in 2011 by
the experimental observation of HHG from ZnO [36], which demonstrated that photon
energies extending beyond the bandgap of ZnO could be generated by driving with mid-
infrared laser pulses. Ever since the discovery, solid-based HHG has been shown in a
wide variety of materials such as semiconductors [37-39], wide bandgap dielectrics [40-
45], thin-film materials [46], two-dimensional materials [47, 48], and metals [49]. The
choice of wavelength of the driving laser allows to generate energies extending from the
THz [37] to the XUV regime [40]. Moreover, the generation from patterned solids [50-53]
demonstrated the additional benefit of solid HHG to engineer the generated wavefront
and process through geometrical confinement of the strong-field light-matter interac-
tion. The generation of high harmonics from solids emerges from the strong-field in-
duced carrier dynamics [35] within a periodic potential, which is determined by the elec-
tronic properties of the material under investigation. More specifically, the strong field
causes excitation and recombination of carriers between the valence and the conduc-
tion band, referred to as the interband process. Additionally, the acceleration of carriers
within the bands leads to HHG due to intraband processes. Since the carriers are bound
to follow the energy landscape of the material, solid-based HHG can be used to directly
probe band structures [39, 40, 54-56], electron dynamics [41, 57], and Berry curvatures
(58], through high-harmonic spectroscopy. The high density and additional flexibility
to structure the medium, in combination with the ultrafast induced electron dynamics,
will enable solid-based HHG to empower the field of attosecond photonics [59, 60].
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Evidently, HHG is an excellent technique to obtain broadband coherent ultrashort
XUV pulses in a table-top setting, allowing for next-generation attosecond science and
metrology. However, the applications of HHG remain restricted due to the limited bright-
ness of the XUV pulses. So far, probing of electron dynamics has mainly been achieved
with the assistance of an infrared or visible pulse, worsening the temporal resolution.
Applications to achieve higher spatial and temporal resolution rely on the interferometry
of two XUV pulses [61, 62], or even their nonlinear interaction [63], which is only feasible
with high enough XUV intensity. Additionally, the low signal-to-noise requires long in-
tegration times, sensitive detectors, and challenging experimental conditions. The XUV
intensity is limited due to the inherently low conversion efficiency (108 to 1076) of the
HHG process. In addition, to achieve high intensity at the interaction plane, proper fo-
cusing of the XUV wavefront is crucial. However, shaping of the XUV wavefront after
generation is by all means non-trivial, since the short XUV wavelengths are absorbed in
almost any material, and the use of conventional optical elements is limited. Since the
XUV wavefront and the HHG efficiency are determined by the light-matter interaction
that leads to the generation of high harmonics, control over the HHG process is crucial
to improve the XUV intensity and the applicability of HHG sources.

1.3. Outline

The goal of this thesis is to investigate novel methods to control the HHG process to im-
prove the efficiency and engineer the XUV wave front. Through a set of different exper-
iments, it is demonstrated that multi-color driving, structuring the generation medium,
and pre-exciting the medium, will all offer control parameters over HHG. To start with,
we describe the theoretical background of high-harmonic generation in Chapter 2. Here
we elaborate on the concept of extreme nonlinear optics, followed by a description of the
microscopic properties of the HHG process in both a semiclassical and quantum me-
chanical framework, and discuss the macroscopic properties of the HHG process. The
general methods to perform the experiments and simulations presented in this thesis
are described in Chapter 3, which contains details on the generation of the ultrashort
pulses, a description of the optical setups, and reports on the material parameters of the
solid samples used in the experiments. Control over the divergence and efficiency of
gas-based HHG is presented in Chapter 4. Driving the HHG process with both the fun-
damental and its second harmonic simultaneously, allows to control the ionization pro-
cess and the electron dynamics with sub-cycle precision and enables optimization of the
yield and the divergence of the XUV wavefront. The potential of structuring the genera-
tion medium in solid-based HHG is explored in Chapter 5. We demonstrate that geomet-
rical modifications of the HHG process in micrometer- and nanometer-sized silica struc-
tures facilitates control over the phase, amplitude, and polarization of the generated XUV
wavefront. Additionally, we use the coherent diffractive emission from these structures
to probe near-field confinement in nanostructures and to image complex structures with
sub-fundamental-wavelength resolution. In Chapter 6, we present that two-color XUV
high-order wavemixing from silica follows perturbative intensity scalings and boosts the
conversion efficiency of solid-based HHG by at least one order of magnitude. A quan-
tum theory is used to describe the underlying generation mechanism and reveals that
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the HHG process is enhanced due to laser-dressed states. Finally, we demonstrate the
technique of transient grating high-harmonic spectroscopy in MgO in Chapter 7, and
observe that pre-excitation of the solid enables control over the XUV wavefront and the
HHG process. Preliminary analysis shows that the XUV wavefront is modified due to the
combination of macroscopic propagation effects of the fundamental and microscopic
generation properties of the HHG process.



Theoretical Background

2.1. Introduction - Extreme nonlinear optics

Over the last decades it has become possible to produce ultrashort femtosecond laser
pulses [3, 4], such that research on light-matter interaction in the ultrafast domain has
become accessible. In addition to the ultrafast timescales, the short pulses allow for
reaching intensities of the light which can modify the optical and electronical properties
of matter, which unlocks a regime with rich and new physics [12, 64, 65]. In order to
describe the interaction of the intense ultrashort pulses with matter, we start by defining
the complex electric field amplitude of a linearly polarized pulse as [66],

F(1) = Fo()e! @D 4 c.c. @2.1)

with Fy(?) the temporal envelope, which determines the length and the spectral width
of the pulse, and an oscillating component with a temporal phase ¢(¢). The c.c com-
ponent is required to make the value of the field real, but we discard this term to sim-
plify notation further on. We categorize the temporal phase into three contributions,
¢(t) = o + wot + Paqa(?). The first contribution is the carrier-envelope phase, ¢pg, which
determines the offset of the oscillating wave with the temporal envelope. For pulses that
consist of only a few cycles, the peak intensity of the pulse will be sensitive to the carrier-
envelope phase, which then has a significant impact on the light-matter interaction [67].
In this thesis, we use pulses with many optical cycles, such that the carrier-envelope
phase does not have any significant influence on the peak intensity and therefore we
set this phase to 0 rad. The second contribution determines the frequency of the oscil-
lations in the pulse and is set by the central angular frequency wg. The third contribu-
tion accounts for any additional phase ¢,44(#), which originates from dispersion effects
during propagation of the pulse, such as chirp. To simplify calculations, we neglect the
additional phase throughout this chapter.

When a short pulse interacts with a material, the strong electric field exerts a force on
the carriers inside the material and induces microscopic charge separation, which leads

5
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to a polarization P(#). For moderate strengths of the electric field, the carrier motion
follows the oscillations of the electric field, which results in a linear polarization PL(p)
[8]. As the field strength increases, the carrier acceleration becomes perturbed, which
results in nonlinear contributions to the polarization, PN'(z). The total polarization is
defined as the combination of the linear and nonlinear contributions,

P(t) =P () + PN () = YR + Y PP () + YO (1) + ..) 2.2)

where y/ denotes the j-th order optical susceptibility. As follows from this definition,
only materials with properties that results in a non-zero y/ are able to induce the corre-
sponding j-th order polarization. As a consequence of the nonlinear polarization, elec-
tric fields with different frequencies than the central frequency wy are generated. The
underlying physics of the conversion from one frequency into another is described by
nonlinear optics [8, 68, 69]. As an example, materials that posses a y® or y® can gen-
erate the second [7] and third [8] harmonic of the central frequency wy, respectively. In
some materials, the strong field can induce a significant y'’, which leads to the genera-
tion of low-order harmonics, defined as Kerr-type harmonic generation [70]. The magni-
tude of the optical susceptibility drops significantly fast for higher orders [71], such that
the generation of higher harmonics due to higher order susceptibilities /) becomes
very inefficient, resulting in a characteristic spectral shape. The intensity scaling of har-
monics, generated by a y/)-th order susceptibility, increases according to a perturbative
law, set by the order of nonlinearity j.

At even higher intensities of the pulse, the perturbative regime will not be sufficient
to describe the light-matter interaction, and we enter the domain of extreme nonlinear
optics [34], which includes high-harmonic generation (HHG). This chapter provides the
theoretical background of the interaction of a stronglaser field with either gases or solids,
which leads to HHG. At first, we approach the microscopic aspects using semiclassical
concepts, which provides tools to understand the main characteristics of HHG, but is
not able to fully describe the underlying physics. Therefore, also a quantum mechanical
approach is described, to provide a more complete picture of the microscopic generation
mechanisms. Finally, the macroscopic properties of HHG will be presented, to correctly
reproduce an experimental setting. Throughout this thesis atomic units (e=m =% =
47meg = 1) are used, unless stated otherwise.

2.2. Semiclassical approach

The generation of high harmonics originates from the carrier dynamics that are induced
by a strong laser field, and was initially observed for a gas [13, 14]. Conceptually, HHG
can be described by just three steps [15, 16, 72]: the ionization of an electron, the prop-
agation through the continuum, and the recombination of the electron with the par-
ent ion, see Fig. 2.1a. In the recombination step, the energy accumulated by the elec-
tron is converted into high energy photons due to recollision with the parent ion. It is
this recollision-type HHG, that has driven the field of attosecond science over the last
decades. In analogy, the three-step model can also describe the solid-state HHG process
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[73], see Fig. 2.1b. The process starts with the excitation of an electron from the va-
lence to the conduction band, leaving behind a hole in the valence band. Subsequently,
the electron (hole) propagates along the conduction (valence) band during the second
step. Finally, the interband recombination of the electron with the hole results in the
emission of high energy photons. The recombination mechanism is equivalent to the
recollision-type HHG in gases and will be described in section 3. For both gas and solid
HHOG, the first step involves the excitation of carriers across a potential barrier by strong-
field ionization [74], which will be described in section 1. The strong-field ionization in-
dicates that the carriers tunnel through the potential barrier, which inherently involves
a quantum mechanical process, making the overall three-step model semiclassical. Ad-
ditionally, the nonlinearity of the strong-field ionization can lead to the generation of
low-order Brunel harmonics [70, 75]. The propagation step of the carriers in both the
gas or solid HHG process can be described fully classically, as is presented in section 2.
In solid HHG, the acceleration of the carriers across the nonlinear curvature of the en-
ergy bands also results in the generation of high energy photons, associated with velocity
harmonics [76].

a) b)

Laser field o ]
\I 3. Recombination Conduction

NP2 NS band 2. Acceleration

N N
ANNNS N
Atomic v A

* :
; " 2. Acceleration | i XUy
potential | | X\ .- 1. lonization | IMAS
1. lonization : XUV i
A‘ A- v
Electron Valence 2. 3. Recombination
wave packet band

Figure 2.1: The three-step model: a) gas HHG: the ionization (1) of an electron (wave packet),
followed by the acceleration (2) of the electron, leads to the generation of XUV photons due to
recombination (3) of the electron with the parent ion. b) In solid HHG the ionization creates an
electron (hole) in the conduction (valence) band. The nonlinear acceleration of the carriers during
the propagation step leads to harmonic radiation. Additionally, harmonics are generated upon
recombination of the electron with the associated hole.

2.2.1. Ionization - Strong-field ionization and Brunel harmonics

The emission of any harmonic generation starts with the promotion of electrons from
the ground state to an excited state, which is either a continuum state for gas-based
HHG, or a bound state in an energy band for solid-based HHG. The process of excit-
ing carriers can be described by strong-field ionization, defined by Keldysh for both the
atomic and solid case [74]. The characteristics of strong-field ionization are summarized
by the adiabatic Keldysh parameter:

re= = 2 o5, 23)
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This parameter depends explicitly on the field strength F, the fundamental frequency
w, and the energy gap between the ground state and the excited state, either the ioniza-
tion potential I, or the energy bandgap Eg, for an atom or a solid, respectively. To obtain
this expression, the assumption is made that the Coulomb potential of the excited elec-
tron and the remaining positively charged component is neglected, which is referred to
as the strong-field approximation (SFA) [77]. Three relevant regimes are indicated by the
Keldysh parameter yy, that will change the underlying mechanism of how an electron
will be promoted to the excited state. For y; >> 1, the excitation occurs through mul-
tiphoton ionization (MPI), which resembles the excitation of an electron through the
absorption of multiple photons simultaneously, necessary to cross the energy barrier.
For example, to excite an electron across the energy gap of MgO (7.8 eV), we will need
about five 800-nm (1.55 eV) photons. In the situation that y << 1, the excitation of an
electron can be described by tunneling ionization (TI). Due to the strong electric field,
the energy barrier is distorted, such that an electron can tunnel through the barrier. In
the intermediate regime, for y = 1, the excitation is described by diabatic tunneling, in
which the electron quickly changes energy levels, to become excited. This concept will
be discussed in more detail in the quantum mechanical approach. For a given energy
gap, or ionization potential, and a given wavelength of the driving laser, the intensity is
the control parameter to determine which process describes the ionization.

— Tl approximation ~—MPI approximation ~ — Keldysh rate ~ --- Vk

=
o
w
=]

1010 1010

1073 105
Intensity (W/cm?)

101 1013
Intensity (W/cm?)

lonization rate (1/fs/cm3) &
lonization rate (1/fs/cm3) &

Figure 2.2: The Keldysh rate (green) and parameter (dashed black line), for general atomic (a)
and solid (b) HHG conditions, driven by 800-nm pulses. The ionization rate is also shown for
the approximation that tunnel ionization (TI, red) or multiphoton ionization (MPI, blue) is the
dominating excitation mechanism.

As an example, Fig. 2.2 shows the full Keldysh ionization rate (green line) for an Ar-
gon atom and for a SiO» bandgap, respectively, for a range of intensities at which HHG
occurs for an 800-nm pulse. Additionally, Keldysh approximated the ionization rates for
the case that TT or MPI is the dominating excitation mechanism, which are also shown in
Fig. 2.2, as the red and blue line respectively. The equations for the full Keldysh rate, the
approximated TI rate, and the approximated MPI rate, can be found in Appendix A, and
are calculated and formulated following the approach presented in [78]. As expected, the
Keldysh ionization rate is approximated by MPI for y; >> 1, and can be approximated by
TI for y4 << 1. For the generation intensities required to obtain harmonics from Argon
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(10 W/cm?), the Keldysh parameter (dashed black line) has a value below 1, meaning
the ionization can be described by TI. At lower intensities, the Keldysh parameter be-
comes higher than 1, and the ionization can be described by MPI. Since the ionization
potential of Argon (15.6 eV) is large compared to the driving photon energy (1.55 eV),
the ionization rate approximated by MPI will be inefficient. The generation conditions
for a solid are different. In general, the energy gap of a solid is smaller than the ioniza-
tion potential of the gases used for HHG. This means that a lower intensity is needed to
reach Keldysh parameters above 1, and to achieve efficient ionization. Due to the lower
damage threshold of solids (a few 10'®> W/cm? for SiO5), it is difficult to reach far into the
TI regime. Typically, the generation conditions for solid HHG imply a Keldysh parame-
ter around 1, meaning we find ourselves in the diabatic tunneling regime, which will be
elaborated on in the quantum mechanical section, presented later in this chapter.

The strong-field ionization rate, as defined by Keldysh, only accounts for a monochro-
matic cycle-averaged increase of the excited-state carrier population. Effectively, this
leads to a step-wise increase of the carrier population, where the electrons are excited at
the peak of the electric field. However, if we excite carriers with a femtosecond pulse, the
strong-field ionization has a sub-cycle character and the growth in carrier population
follows a nonlinear trend. A lot of work has followed up on the initial work by Keldysh, to
describe the sub-cycle dynamics of strong-field ionization [79-81]. In Chapter 4 of this
thesis, the ADK-rate [82] is used to determine the ionization rate in a two-color field.

22113

ADK x e 3F0T, (2.4)

A rapidly changing electron population can lead to the generation of low-order harmon-
ics, which originate from the nonlinearities in the sub-cycle strong-field ionization. This
harmonic generation mechanism was initially proposed by Brunel [75], hence we refer
to this source of radiation as Brunel harmonics. The origin of other low-order harmonics
due to strong-field ionization is described in more detail in [70].

2.2.2. Propagation - Classical description for gases and solids

Atomic trajectories

In the atomic case, the propagation of the electron through the continuum can be de-
scribed fully classically [15]. We determine the position of the electron in space, de-
noted by the variable x, upon interaction with a monochromatic linearly polarized elec-
tric field. The electron is driven by the force of the electric field, and the position x can
be retrieved by solving the equation of motion d?x/dt? = —F(t), which is formulated in
atomic units. Through integration of the equation of motion, starting from the ioniza-
tion time ¢/, we find the velocity v(f) of the electron at time ¢,

t
v(t) = —f Fycos(wt)dt + vy,
¢ (2.5)
F . . p
= —;[sm(w 1) —sin(wt)] + vy.
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In the semiclassical approach, the initial velocity vy of the electron is assumed to be
zero. With a second step of integration, we find the position of the electron, which is
formulated as:

t
x(1) :f v(r)dr
v (2.6)

FO ! . ! !
= p (cos(wt) —cos(wt’) +sin(wt)w(t—1t))

This expression allows to calculate the trajectory of the electron for any time of ioniza-
tion ¢’ in the laser cycle, which will lead to a unique set of trajectories, see Fig. 2.3a. All
trajectories start at x(¢') = 0, and will recombine with the parent ion at a later time ¢, if
x(t) = 0. Each ionization time has an associated recombination time, which can be used
to calculate the kinetic energy K of the electron, accumulated during the propagation:

1, . . "2
K(t) = Ev (1) =2Uplsin(w?) —sin(wt)]", 2.7

with the ponderomotive energy defined as U, = Fy/4w?. The kinetic energy, in units of
the ponderomotive energy, is shown as a function of ionization time in Fig. 2.3b. This
figure indicates that there are two electron trajectories that will accumulate the same
kinetic energy during the propagation. These contributions are referred to as the short
and the long trajectories, linked to the relative length of both trajectories. There is one
energy, in which these two trajectories merge, which is the highest kinetic energy that
the electron can obtain, which is equivalent to 3.17 Up,.

a) b)
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Figure 2.3: a) Electron trajectories. Each ionization time leads to a unique trajectory. b) Accumu-
lated kinetic energy (blue) in units of U, for a range of ionization times. There are two ionization
times that lead to the same kinetic energy, refered to as the long and short trajectory, related to the
length of the excursion time (red) of each trajectory.

Aswill be elaborated on in Chapter 4, the presence of both long and short trajectories
is not favorable for the divergence properties of HHG. The contributions from the long
and short trajectories can be manipulated [83], by adding a second electric field to the
generation process. In the case that both fields are aligned along the same axis, and
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obtain the same polarization, the two-color field can be described one-dimensional and
is defined as
F(t) = Fycos(wt) + aFycosCwt + ¢pay), (2.8)

in which the second electric field represents the second harmonic of the fundamental
driver, with a relative two-color phase ¢,,. The strength of the second field is deter-
mined as a fraction a of the fundamental field amplitude Fj.

The angle between the polarization direction between the fundamental and second
harmonic field is defined as 0, and can be used as a control parameter to influence the
HHG process. We define that the fundamental field is aligned along the x-direction, and
depending on the angle 0, the second harmonic field has a component in both the x-
and y-direction. The two-color field becomes two-dimensional and is defined as,

Fy(t) = Fycos(wt) + acos(8) FycosRwt + ¢ay), 2.9

Fy (1) = asin(0) Fy cosut + ¢ay). '
The equation of motion of the electron can be defined for both dimensions separately,
which leads to the following definitions of the position of the electron along x and y,

F 1

5 (5 [cos(wi) — cos(wt’) +sin(wt)w(t—1)]
wc 2

x(t) =
(2.10)

+ %acos(@) [coswt + Poy) — cosRwt’ + Pay,) +sin2wt’ + ¢oy)2w(t - t)]),

y(0) = % (%asin(@)[cos(ZwH(pr)—cos(2a)t’+¢2w)+sin(2a)t’+¢>gw)2w(t— ). 2.11)

Depending on the relative polarization angle, relative phase, and relative strength be-
tween the two-color fields, the electron trajectories can be manipulated, as presented in
Chapter 4.

Solid motion

In the case of solid HHG the propagation of the carriers can also be described classi-
cally [34, 40]. Instead of freely propagating in the continuum, as for the atomic case, the
electron (hole) is accelerated inside the conduction (valence) band. Therefore, the equa-
tion of motion is given by the propagation of the carrier along the energy dispersion of
the band. In the tight-binding approximation, in one dimension, the energy dispersion
relation of the energy band A along momentum k, can be described as [84]

Ep(k) =)_ex(x)cos(kx) (2.12)
X

in which the band coefficients €, (x) represent the amplitude of the spatial harmonics of
the lattice structure along the x-dimension. As an example, the energy dispersion of the
lowest lying conduction band of SiO, is shown in Fig. 2.4a, along the crystal direction



12 2. Theoretical Background

I'-M. The velocity of the carrier in band A is defined as

0E) (k)
ok '

v k) = (2.13)

and is denoted in the same figure by the red line. Around the bandgap (k=I"), the velocity
shows a linear dependence on the momentum. For higher momentum, the electron
will explore the nonlinear part of the band, indicated by the nonlinear curvature of the
velocity.

a) b) Q)
—--— A(t) —1=0.15 TW/cm2 —I=4.5 TW/cm?
1 — 101
12 5 2 )
= B 5 100
= 0 g -f% _g 10
~ © ~ E10°
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M T M 3 7 11 15
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Figure 2.4: a) Conduction band of SiO» and velocity VE(k). b) Electron velocity during laser inter-
action, for a moderate and strong electric field. c) Spectral components originating from velocity
harmonics.

Upon interaction with a linearly polarized laser field, the momentum of the electron
will become time-dependent, which we describe as,

K(t)=k(t=0)+ A(D), (2.14)

with the vector potential, defined by the electric field F(¢),

t
A(D) =—f F(thdt'. (2.15)

o0

The time-dependent velocity of the electron can then be defined, by substituting the
time-dependent momentum, and integrating Eq. 2.12 and 2.13, as,

vy(k, 1) :—er,l(x)sin[(k+A(t))x]. (2.16)
X

This expression demonstrates that the velocity is dictated by the vector potential A(z).
The acceleration of the electron inside the band will resemble a current j(#). Due to
nonlinearities in the energy band, and therefore the velocity, the current contains higher
frequency components, which will lead to the generation of harmonics. The spectral
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components of these 'velocity’ harmonics can be calculated by Fourier transformation
of the time derivative of the current [34, 40],

oJ(t
Inng () o |%|Zo< Y loFvalk, 011 (2.17)
k

For two different intensities, the time-dependent electron velocity and the correspond-
ing harmonic spectra are shown, see Fig. 2.4b,c, respectively. As expected by the defi-
nition in Eq. 2.16, the time-dependent velocity of the electron is dictated by the vector
potential (black dashed line). At an intensity of 4.5 TW/cm?, the amplitude of the vector
potential is high enough to accelerate the carriers beyond the most nonlinear part of the
band, which corresponds to the highest velocity. Therefore, the velocity drops again after
the electrons are accelerated beyond the maximum. Additionally, the electrons mainly
experience the nonlinear curvature of the band, resulting in higher yield of the harmonic
spectrum for higher intensities, see Fig. 2.4c.

For high enough intensities, the electron is accelerated towards the edge of the Bril-
louin zone, where it might scatter and undergo a Bloch oscillation as it traverses the
Brillouin zone again [85, 86]. The characteristics of this oscillation are described by the
Bloch frequency wp = Fya, which is set by the field strength Fy and the lattice constant
a. The mechanism underlying the generation of velocity harmonics, or equivalently re-
ferred to as Bloch harmonics, has been used to explain HHG [36, 37, 40]. Moreover, the
Bloch frequency provides a direct explanation for the observed linear scaling between
the field strength and the highest generated harmonic [36, 37, 59]. One important fea-
ture of the velocity harmonics, is that the emission of all harmonics will be synchronized
to the electric field, such that no temporal chirp is present in the emitted harmonic pulse
[41, 76, 87, 88]. Potentially, this emission feature can be used to identify the genera-
tion mechanism of harmonic orders in an experiment. In addition, the intensity scaling
of the velocity harmonics follows a perturbative dependence on the fundamental field
strength [34, 40]. The perturbative character of the harmonic yield is used in Chapter 6
of this thesis, to explain the underlying mechanism of solid HHG in silica.

Based on the semiclassical approach, the emission of velocity harmonics, induced
by nonlinear velocity components, is not present for atomic HHG, as shown in Fig. 2.5.
During the propagation of the electron through the continuum, the electron does not ex-
perience any nonlinear acceleration, as the energy follows the expression k(#)? < v(t)?
(Eq. 2.7), which corresponds to a parabolic energy band, see Fig. 2.5a. The resulting
velocity of the accelerated electrons is calculated by taking the derivative of the energy
band, according to Eq. 2.13, and has a linear dependence on the momentum. The elec-
tron velocity as a function of time is shown in Fig. 2.5b, for the same two intensities used
in the example of Fig. 2.4. Since the velocity depends linearly on the momentum, which
depends linearly on the vector potential, as defined in Eq. 2.14, the carrier velocity fol-
lows the trend of the vector potential. As a result, the velocity does not contain any higher
order frequency components that will lead to harmonic generation, and the spectrum is
dominated by the frequency of the laser pulse (harmonic order 1), see Fig. 2.5c.
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Figure 2.5: a) Parabolic band, representing an atomic energy band, and velocity VE(k). b) Electron
velocity during laser interaction, for a moderate and strong electric field. c) Spectral components
of the velocity, which demonstrate that velocity harmonics are absent for parabolic energy bands.

2.2.3. Recombination - Emission of high energy photons

Atomic recollision

After the electron has gained kinetic energy K, it will recombine with the parent ion,

emitting photons with energies
Wxuy = Ip+K (2.18)

in which I, denotes the ionization potential of the gas used. The maximum energy, that
can be emitted is called the cutoff energy [15]:

Omax = I +3.17U,. 2.19)

Since the ponderomotive energy depends linearly on the intensity, the cutoff energy
scales accordingly, with a quadratic dependence on the field strength. Also, the pon-
deromotive energy depends quadratically on the wavelength of the driving laser. By us-
ing longer driving wavelengths, the electron can gain more kinetic energy during propa-
gation, and eventually reach a higher cutoff. The strategy of using longer driving wave-
lengths is used to push HHG beyond the soft X-ray regime [89, 90]. As the harmonics
are emitted at different recombination times, the temporal spectral shape of the attosec-
ond pulse will be chirped [91-93]. The short trajectories will lead to a positively chirped
pulse, whereas the long trajectories result in negative chirp. The temporal shape of the
attosecond pulse will have a direct influence on the achievable intensity of the XUV. One
of the reasons why short trajectories are favoured over long trajectories, is because pos-
itive chirp can be compensated [94, 95] for more easily in the XUV energy regime then
negative chirp. The appearance of only odd high harmonics originates from the interfer-
ence of the attosecond HHG pulses, which are generated in each half-cycle of the funda-
mental laser pulse. Since the electric field flips sign every half-cycle, only odd harmonics
are constructively interfering on the detector. The addition of a second color field, can
break the half-cycle symmetry, which leads to the additional detection of even harmonic
orders.
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Recollision model for solids

In solid HHG, the energy of the photons that are emitted through interband recombi-
nation, are given by the energy gap between the electron and the hole at the time of
recombination,

wxuy = Eg(k(1)) (2.20)

As the momentum of the electron is time-dependent in the presence of a laser field,
the emitted photon energy is given by the time-dependent energy gap. In a real space
depiction, the emission of a photon occurs when the electron recollides with the hole.
The position of the electron and hole are given by,

t
x1.(0) :f VE, [k())dT 2.21)
t!

in which VE) resembles the energy dispersion of either the conduction band or valence
band.

In contrast to the atomic case, the cutoff energy is not set by the laser field, but is
restricted to the maximum electron-hole energy difference that the associated carriers
can reach during acceleration. For low intensities, the electron moves around in the
part of the energy band surrounding the bandgap. In the case that the band structure
of the material surrounding the bandgap can be described by a parabolic shape, the ve-
locity of the electrons will be dominated by a linear component. Therefore, in analogy
with the atomic case, the recollision-type HHG for lower intensities suggests a quadratic
relation between the field strength and the cutoff energy for those parabolic band struc-
tures, which is in contrast with experimental observations of a linear dependence [36,
37]. Based on the recollision mechanism, the temporal shape of the high-harmonic ra-
diation will exhibit temporal chirp [41, 76, 87, 88]. The exact temporal shape will depend
on the energy band dispersion. This feature of the recollision-type generation mecha-
nism, has been used to identify the origin of the harmonic generation in several exper-
iments [88, 96], and has been used to reconstruct the band properties in materials [54].
Again, the odd harmonics that are present in the far-field originate from an interference
effect between half-cycle emission, and driving HHG with two-color fields can lead to the
observation of even harmonics. In addition, a spatial asymmetry can also induce even
harmonic orders. Depending on the rotational symmetry of a crystal, a linearly polar-
ized pulse might probe different crystal axis upon interaction, which leads to symmetry
breaking and the appearance of even harmonics.

2.3. Quantum mechanical approach

The semiclassical three-step model of HHG is useful to identify some generation mecha-
nisms of high-harmonics, such as Brunel harmonics, velocity harmonics, and recollision-
type harmonics. In particular for gas-based HHG the three-step model is sufficient to
explain the main features of HHG. However, the variety in experimental observations for
solid HHG have led to intense discussions regarding the underlying mechanisms, since
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not all phenomena could be explained by an universal description. Especially the rela-
tive contribution and interaction between the different generation mechanisms in solid
HHG is a topic of investigation [59, 97]. To obtain a more complete description, we take
into account the quantum mechanical nature of the medium that generates harmonic
radiation due to strong-field light-matter interaction. We start with describing the inter-
action of an electron with a laser field for two set energy levels, to introduce some basic
concepts. The two-level model allows to calculate a harmonic spectrum, but is not able
to discriminate between interband and intraband contributions. Therefore, as a next
step, we include the propagation of carriers along the energy bands. The interaction is
solved using Houston states, which treat the eigenstates in an adiabatic basis and allows
to disentangle interband and intraband contributions. Next, we introduce the concepts
of Bloch oscillations and Wannier-Stark localization, which both occur at high driving
intensities of the field. Finally, we end this section with the semiconductor Bloch equa-
tions (SBE), which allows to take into account multi-electron interaction.

2.3.1. Field-free basis and Bloch states

For simulating HHG in a two-level system, we follow the approach presented in [87]. We
start with describing the interaction of a linearly polarized laser field with a two-level
system in one-dimension, in order to determine the electronic wave function. In the
velocity-gauge approach the time-dependent Schrédinger equation is given by [87, 98]

0 L
ia [W(1)) = (Ho + Hind 'Y (2)), (2.22)

where Hj is the field-free Hamiltonian and Hiy is the interaction Hamiltonian, which
describes the strong-field light-matter interaction between the laser field and the elec-
tron, defined as,

. PP
Hy = > +V(%), (2.23)
Hine = A(DP, (2.24)

with p the momentum operator, V(%) the periodic lattice potential, and A(#) the vector
potential of the electric field F(#). In this derivation we apply the dipole approximation
A(x, t) = A(t), which is justified since the wavelengths involved are larger than the lattice
constants, which determine the spatial dimension of the interaction.

The first step is to define the eigenstates of the field-free Hamiltonian, which are
defined as the Bloch states [87],

Holpni) = En(k) |k - (2.25)

Here n is the level index, k is the crystal momentum and the eigenvalues E,, (k) represent
the energy dispersion of the bands along the crystal momentum. The Bloch state can
be written out as a plane wave interacting with a function that is periodic in the lattice
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constant a. )
(Xlpni) = €  Upy(x), (2.26)

in which the function satisfies the periodic condition.
Unk(x+ a) = Upg(x). (2.27)

Since we assume that the vector potential has no dependence along x, each of the mo-
mentum channels in k can be solved independently [98, 99]. For a given momentum
ko, we can express the wave function as a linear combination of Bloch states and time-
dependent coefficients for energy level n and momentum ko,

[ o (1) =Y Cky (8) [Pk - (2.28)
n

The absolute square of the time-dependent coefficients C,, (f) represent the population
in level n. Making use of this expression, we can rewrite the time evolution in a given
momentum channel as,

0 .
ihacnko = Cuky En(ko) + A1) ) Cprg, per, (2.29)
n!

in which E, (ky) corresponds to the energy of level n for momentum channel ky. The
!
coupling strength between levels n and 7’ is given by the transition matrix element pZO" ,

PR = (o Pk, - (2.30)

The numerical calculation and obtained values of this transition matrix element are de-
scribed in Chapter 3. Since the Bloch states are defined without the presence of the field,
and therefore do not dependent explicitly on time, we refer to this basis as the "field-free’
basis. The interaction of the solid with the laser in the field-free basis corresponds to
the interaction with many independent n-level systems, see Fig. 2.6a. To simulate the
band structure, each two-level system is solved for a slightly different energy gap [99].
The interaction leads to a driven current in each momentum channel ky, which can be
calculated using,

Tk () = =¥ ko (D1 P IW iy () + A(D)]
=—[Rel Y Clp (DCwiy (DPET1+ A(D)]. (2.31)
n,n’'

The total current is retrieved by adding up all momentum contributions along the
Brillouin zone,

Jiotal (1) = f Jko(Ddko. (2.32)
k0€BZ
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Figure 2.6: a) In the field-free basis, the interaction corresponds to population exchange between
many independent two-level systems. b) In the adiabatic basis, the carriers propagate along k,
before recombination, such that interband and intraband contributions can be calculated sepa-
rately.

The total current rapidly oscillates, which leads to the generation of high-harmonics.
The spectral components of the harmonic emission can be computed by Fourier trans-
formation of the total current, see Fig. 2.7. The spectrum shows clearly resolved low-
order harmonics below the bandgap, followed by a plateau region of the harmonics ex-
tending to the cutoff. The disadvantage of solving the interaction in the field-free basis,
is that we are not able to discriminate between separate contributions to the harmonic
signal, but can only compute the total harmonic signal.
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Figure 2.7: a) Harmonic spectrum calculated using the field-free basis.

2.3.2. Adiabatic basis and Houston states

In order to identify the different harmonic emission mechanisms, we simulate the inter-
action in a time-dependent adiabatic basis, see Fig. 2.6b. As the electron interacts with
the laser field, it is driven along the energy band, such that the momentum becomes
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time-dependent, k(f) = ko + A(¢f), which is equivalent to the momentum evolution de-
scribed in the semiclassical approach. The result of the time-dependent momentum is
that the eigenstates of the Hamiltonian will also become time-dependent,

H(1) |pn(1)) = En(1) |pn(1)), (2.33)

in which |¢, (1)) is the adiabatic eigenstate, better known as the Houston state [100],
with the corresponding eigenvalue E, (¢). Instead of a fixed energy value, the eigenvalues
become time-dependent and correspond to the band energy at a given time ¢. A general
example, based on the results presented in [87], of time-dependent eigenvalues is shown
in Fig. 2.8a. The energy level of the valence and conduction band are set at -0.5 and 0.5
a.u., respectively. Upon interaction with the laser field (w=0.1 a.u.), which corresponds
to a few-cycle femtosecond pulse, the carriers are accelerated inside the energy bands,
resulting in a time-dependent eigenvalue for the corresponding band.

O
-

Time (T,) Time (T,)

Figure 2.8: a) Energy eigenvalues of the adiabatic Houston states, for a valence and a conduction
band. b) Population in valence and conduction band.

The wave function in the adiabatic basis, for an initial momentum kg, becomes

[P (D)) =) anky (1) [Pk, (1)), (2.34)

with the coefficients a,, () related to the population of level n. To calculate the time-
dependent population in each band, we solve for the coefficients using,

iaanko

ar Y En k()8 = F(8) Xy (K ()] - (2.35)

n/

The coupling strength between two levels n and n' is now given by the time-dependent
transition matrix element, defined by

A pn(D1 Pl (D)
X (1) = i =g = TR (2.36)
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The coupling strength within a level n is zero. By solving Eq. 2.35, we can calculate the
population evolution in each level, see Fig. 2.8b. The population exchange shows two
types of dynamics, which we categorize as diabatic and adiabatic processes, which are
defined with respect to the time evolution of the system, which is set by the cycle time of
the driving field. On one hand we observe sudden population exchange, which occurs
at moments in time where the transition matrix element X,,, is large. The transition
coupling strength is maximum at points where the energy difference between the bands
is minimal, this occurs at the peak of the electric field and results in the diabatic popu-
lation exchange. On the other hand, we observe that the population remains constant
between the peaks of the electric field. During this time, the carriers are accelerated
across the bands, such that their energy changes slowly, which is referred to as adiabatic
dynamics.

Similar as for the field-free basis, the total harmonic signal originates from the rapidly
oscillating current, induced by the population dynamics,

J(O) = F@OIPIYW) =Y [an* n(DI pldpn(®) + Y @) aw (1) (bn(D] Pl (1)).

n n,n'

(2.37)
In the adiabatic basis, we can separate two contributions. The first term corresponds
with the currents that are correlated to the population dynamics within a band, there-
fore referred to as intraband processes jinua(?). The second term corresponds with cur-
rents that originate from the population exchange between the bands, therefore called
the interband contribution jiner(#). The harmonic emission generated by the interband
and intraband processes are shown in Fig. 2.9a. The emission below the bandgap shows
a perturbative drop in harmonic yield and is dominated by the intraband contribution.
Above the bandgap, the emission originates from the interband process and extends into
an emission plateau of harmonics. At the cutoff energy, the spectrum drops sharply. Fig-
ure 2.9b shows the time-dependent spectral characteristics of the HHG. The color map
denotes the harmonic yield on a logarithmic scale. This analysis of the HHG emission
allows to identify which energies are emitted at which time of the interaction. Two clear
emission features can be identified. For energies above the bandgap (1 a.u., equivalent
to HO 10), the emission shows a strong time-dependence. For a certain time in the cy-
cle, only one energy is generated. This feature can be described by the recollision-type
generation mechanism, for which the emitted energy corresponds to the energy gap at
a given time. For confirmation, the time-dependent bandgap, corresponding to the dif-
ference in eigenvalues between the valence and the conduction band, is also shown in
Fig. 2.9b as the white line, and traces out the emission features. In addition, we ob-
serve that twice in each half-cycle the same harmonic energy is emitted, which can be
identified as the presence of short and long trajectories [101]. The other emission fea-
ture is related to the below bandgap harmonics, which shows no time dependence. We
perform the same analysis for the intraband and interband contributions separately,
see Fig. 2.9¢,d, respectively. Indeed, the intraband contribution dominates the below
bandgap emission, and shows no time-dependent emission profile. From Fig. 2.9d we
observe that the interband contributions are clearly responsible for the recollision-type
emission features above the bandgap. Below the bandgap, no time-dependence is vis-
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Figure 2.9: a) Intraband and interband contributions of the harmonic spectrum, calculated using
the Houston states. b) Spectrogram of the total current, c) the intraband contributions, and d) the
interband contributions. The color axis represents harmonic yield on a logarithmic scale.

ible, and the harmonics are emitted in phase with the electric field. For clarification,
both the intraband and interband contributions themselves can be induced by differ-
ent mechanisms. In analogy with the semiclassical description, the current induced by
the change in population of a certain level |a, (f)|?, due to strong-field ionization can
be identified as Brunel harmonics. Under the assumption that the population within a
band does not change, the velocity of the carriers, contained in the term (¢, (£)| p |, (1)),
relates to velocity harmonics. The interband term is directly related to the population ex-
change between the bands, a;,(#)a,/(t), which can be identified as the recollision mech-
anism. Additionally, the build up of polarization between the bands, induced by the
excitation of carriers, will contribute to both the intraband and interband emission.

Overall, the adiabatic basis provides a method to separate interband and intraband
contributions, and to investigate the spectral and temporal features of the harmonic
emission. However, these features as described above strongly depend on the inten-
sity of the driving field. As presented in [87], at high intensities the spectral shape of the
harmonic emission changes drastically. Due to the large force on the electron, it will ac-
celerate across the first edge of the Brillouin zone, and will undergo a Bloch oscillation.
As aresult, the population exchange changes very rapidly, which blurs out the harmonic
features in the emission profile. This phenomena can be understood in the context of
crossing Wannier-Stark states, and is described in the following section.
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2.3.3. Dressed states: Floquet & Wannier-Stark

Another way to think about the strong light-matter interaction, is in the context of light-
dressed states. In the quantum mechanical framework, the electron wave function be-
comes 'dressed’ upon interaction with light inside a periodic potential, associated with
the Floquet picture. The dressed electronic wave function corresponds with a Floquet-
Bloch [102, 103] state, which leads to photon-dressed energy bands. In other words, as
the electron is accelerated inside an energy band, extra energy bands emerge, which are
separated from the original energy band by the fundamental photon energy. The elec-
tron wave function is fully delocalized in this definition, and spreads out throughout the
crystal.

As described in the previous section, as the intensity of the light field increases, the
electron is driven across the edge of the Brillouin zone. In real space, the crossing of
the edge resembles a Bragg-like reflection [100] and subsequently the wave function be-
comes localized [104, 105]. As an example, we take a look at the one-dimensional inter-
action of a valence and a conduction band, described in the Floquet picture. To simulate
the interaction we follow the approach as described in [106]. The Hamiltonian describ-
ing this system, in the length-gauge formalism is

Ey(k() —Fop

A= R Bolk(n)

(2.38)

inwhich Ej (k(?)) describes the energy dispersion of band A as a function of time-dependent
momentum. The interaction between the energy bands is described by the term Fyp,
which relates to the field strength Fy and the dipole moment y, as defined in the length-
gauge. In a static field, the momentum changes linearly with time, k(f) = k(t = 0) + Ft.
Therefore the Hamiltonian becomes periodic in time, and can be written up as a Fourier
series,

er —Fo u"

R e (2.39)

JE(1) =) e MUBl gpn,  gpn =
n
in which e}’ denotes the Fourier component of the energy band A, similar to the compo-
nents in Eq. 2.12, and wp represents the Bloch frequency. The transition dipole between
states are given by the Fourier components u”. Next, we solve the eigenvalue problem
[106] ) )
Y (FE —nwpbyy M) 9Ly =€l 1) (2.40)

vi,n'

and obtain the eigenenergies € of the eigenstates |¢!}), which are Wannier-Stark states
[107]. Instead of being dressed by the fundamental photon energy, the Wannier-Stark
states are dressed by the Bloch frequency and form a Wannier-Stark ladder, see Fig. 2.10a.
This figure shows two Wannier-Stark ladders represented in a coordinate picture, one for
the conduction band (red lines) and one for the valence band (blue lines). The Wannier-
Stark ladder is built up from Wannier states at each lattice site n, which are separated
in energy by the Bloch frequency wp = aFy, which depends on the field strength Fy and
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Figure 2.10: a) Wannier-Stark ladder, showing the Wannier states for the conduction (red) and
valence (blue) band. b) Intensity dependent eigenvalues of the Wannier-Stark states, showing
avoided crossings (diabatic transitions) between states for high intensities.

the lattice constant a. The two ladders are separated by the band gap energy E;. The
coefficients ej’{ relate to the coupling strength between the nth neighbouring site. The
amount of states within a ladder resembles over how many lattice sites the electronic
wave function is defined. In this example, each WS ladder is described for the nearest
n = x1 and next-nearest n = +2 neighbour.

The eigenenergies of both Wannier-Stark ladders are shown as a function of the in-
tensity in Fig. 2.10b. The energy levels of the valence and conduction band e(}L are set
at 0 and 9.6 eV, respectively. The coupling to the nearest neighbour 7 = 1, relates to the
width of band A and is set to €} = 2 eV and €}, = 0.67 eV. As the intensity increases, the dif-
ference between eigenvalues within the same Wannier-Stark ladder becomes larger and
the two Wannier-Stark ladders start to overlap. The states between two Wannier-Stark
ladders form avoided crossings, at which population transfer between the conduction
and valence band occurs through diabatic transitions (denoted by the green arrow). The
population transfer described by these diabatic transitions can be described by Zener
tunneling [106]. In addition, population that remains within the same Wannier-Stark
state can change energy through adiabatic dynamics (denoted by the red arrow). The
population transfer results in the emission of high energy photons [106], where the emit-
ted energy is given by the separation between Wannier states €]} — e"f,/ . As the separation
of states is defined by the Bloch frequency, Wannier-Stark localization can be used to
explain the experimentally observed linear scaling in the cutoff energy with respect to
the field strength Fy, which corresponds to a quadratic dependence to the intensity, see
Fig. 2.10b.

2.3.4. Semiconductor Bloch equations

Simulating HHG using Bloch states, Houston states, or Wannier-Stark states allows to
identify the main characteristics of solid harmonic generation. However, the previously
described models have in common that they do not take into account the dephasing of
the coherence between the carriers, which originates from elastic or inelastic scattering
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with other electrons, impurities, or phonons [108]. Therefore, we model the genera-
tion of high-harmonics from silica, by solving the semiconductor Bloch equations [35,
37, 109] for a three-level system, consisting of one valence band and two conduction
bands, for an 800-nm pulse. In the following equations we refer to the valence and the
two conduction bands as hj, e}, and ey, respectively. The additional advantage of the
semiconductor Bloch equations is that it solves directly at which position in k-space the
carriers are located as a function of time, such that the behaviour of the carrier dynamics
is more transparent and easier to identify. The system of coupled differential equations
are solved for the momentum k dependent population f]? in band A and the polarization

p%’v between bands A and A/, and is written out for bands A € {hy, e1, €2} as:

. hie e h .1 hie e h erh
la—tpkl '= (Ekl +Ekl —ZE)pkl ! _(l_fkl _fkl)dkl 'F(1) 2.41)
+ lF(t) _vkpll;llfn +F(t)[dlizhl pzzel _dlleezpll;llezl
iiphlez — (E€2 +Eh1 _ ii)phleZ _ (1 _er _fhl)deZth(t)
ot k k k T2 k k k k (2.42)
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in which, the single particle energies of the carriers in band A are given by E,’g The
creation of polarization and population due to the presence of an electric field F() fol-
lows from the terms that involve the transition dipole moment d,iw. The intraband dy-
namics, caused by carrier acceleration by F(¢) within the bands, are described by the
terms including V. The dephasing time of the polarization is denoted by 7>,. The transi-
tion dipole moment d,’cw between the bands A and A’ is approximated in first order k- p
theory [110] as

AV =at & — (2.47)

where dé’v resembles the transition dipole moment between bands A and A’ at the I'-
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point, and Eé’v the bandgap energy at the I'-point between bands A and A’. The am-
plitude of the transition dipole moments is calculated as described in Chapter 3, and
is directly correlated to the coupling strength between two different bands. Since the
transition dipole moment varies in amplitude for different combinations of bands, the
transitions and carrier dynamics between and within these bands also vary. The semi-
conductor Bloch equations are cast as a set of coupled partial differential equations with
periodic boundaries. To solve this numerical problem, the k-dimension of the equations
are represented in a Fourier-series base and then solved by using spectral methods, as
provided through the Dedalus project [111].

The macroscopic polarization P(f) and macroscopic current () are calculated [35]
by

P =Y 1d*pir +ecl (2.48)
LAk
Jo =Y vk} (2.49)
Ak

with the group velocity v* (k) given by
v (k) = Vi E}. (2.50)

The interband polarization and the intraband current are equivalent to the interband
and intraband processes, as described in the adiabatic basis previously. We calculate the
spectral representation of the source field of interband polarization as follows

0 92
Finter(w) = F [ajinter(t)] =F [%P(t)] = wzg[P(t)] = CUZP(CU). (2.51)
and the intraband current as
0 . . .
Finra(w) =% [&]intra(t)] =ioF )] =iv](w). (2.52)

The total harmonic spectral density at the sample plane is defined by both contributions,
I (@) = [0*P() + iw] (@)%, (2.53)

The spectral components of the interband polarization and intraband current are shown
in Fig. 2.11. We observe that the interband polarization dominates the emission above
the bandgap, and that the intraband current is most efficient below the bandgap. Both
the interband polarization and intraband current show a perturbative trend for the low-
order below bandgap harmonics. In more detail we look at the carrier and polarization
dynamics in time and momentum space, see Fig. 2.12a,b, respectively. As time evolves,
the population of electrons in the first conduction band grows with each half-cycle,
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Figure 2.11: a) The spectral components of the intraband current and interband polarization cal-
culated using the semiconductor Bloch equations.

which is denoted by the change in color, which represents the population density. We
can observe from the same figure, that the electric field drives the carriers within the
band along the momentum axis. These oscillations are in phase with the vector poten-
tial (the magenta line in Fig. 2.12a), which is equivalent to the time-dependent momen-
tum picture presented earlier on. For the polarization growth, shown in Fig. 2.12b, we
conclude that the trend is dictated by the electric field (the white line in Fig. 2.12b). Ad-
ditionally, the polarization is the largest for values of the momentum surrounding the
bandgap (k = 0). Next, we look at the spectral components for each momentum channel
k, see Figs. 2.12¢,d. The spectral components of the intraband current, clearly show that
no emission is present at the bandgap. As the curvature of the band is flat around the
bandgap, indeed no emission is expected. The main emission of the intraband current
dominates the below bandgap region. The standing oscillation features alongk, for each
harmonic, are associated with Bloch frequencies, originating from the carrier excursion
beyond the Brillouin zone edge. The polarization shows similar features, see Fig. 2.12d.
The main emission originates from above bandgap harmonics.

2.4. Macroscopic properties

The previous theoretical background has described in detail how the microscopic high-
harmonic generation is calculated. In an experimental setting, the macroscopic quan-
tities of the high-harmonic generation are measured. This section describes how to ob-
tain the macroscopic properties and how to take into account the spatial properties of
the harmonic radiation, to reproduce an experimental setting.

2.4.1. Gaussian beams and interference

In addition to the temporal characteristics of a femtosecond pulse, described previously
in Eq. 2.1, we need to describe the spatial properties, which we define as,

Ic()c2 + y2)

F(x,y,2) = Fy(x, y, 2)e k&t —ame— ~¢(2) (2.54)
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Figure 2.12: a) Conduction band population in momentum and time. The vector potential of the
electric field is shown as the magenta line. b) Microscopic polarization in momentum and time.
The electric field is represented by the white line. ¢) Spectral components of the intraband current
for each momentum k. The color axis represents harmonic yield on a logarithmic scale. d) Spec-
tral components of the interband polarization for each momentum k. The color axis represents
harmonic yield on a logarithmic scale.

with the spatial envelope Fy(x, y, z), which corresponds with a Gaussian envelope,
and a phase term, which consists of three contributions. As the pulse propagates along
z, the plane wave component will accumulate a phase, set by the wave vector k = w/c.
The second term determines the parabolic curved wavefront, which originates from the
propagation associated with a radius of curvature R(z). The last term corresponds to
the Gouy phase, which is given by the offset between the plane wave and the parabolic
waves. In the focus we assume no wave front curvature and are left with a plane wave.

In the experiments described in Chapter 6 and 7, we use multiple beams, which we
cross non-collinearly in focus. The interference between the two beams results in an
oscillating total electric field along the sample plane. In order to correctly calculate the
generation of the harmonics, we have to determine the total electric field for each posi-
tion in the sample. The crossing angle § induces a phase factor between the interfering
field, which depends on the position x as ¢(x) = xsin(f). As an example we take the
configuration used in Chapter 6, where an 800-nm beam and a 400-nm beam cross at
the sample plane, see Fig. 2.13. Along the x direction interference occurs, which results
in a modulated intensity distribution at the sample plane, see Fig. 2.13b. In Chapter 7,
two 266-nm beams are crossed at the sample plane, and form a standing grating. The
spatial features of this grating are described in more detail in the corresponding chapter.
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Figure 2.13: a) Non-collinear configuration, two beams with crossing angle 3 lead to an interfer-
ence pattern in the sample plane, as shown in b).

2.4.2. Diffraction

The spatial properties of the harmonic radiation at the sample plane determine the fea-
tures of HHG during detection, which takes place in the far-field. The far-field profile of
the harmonic radiation can be computed by Fraunhofer diffraction, which corresponds
to a Fourier transform of the harmonic wave at the sample plane:

& [Fung (xsp,w)] < Fung (XFr, 0). (2.55)

The Fraunhofer diffraction is appropriate to use, if the wavefront has propagated over
far enough distance, which can be determined by the Fresnel number,

F=— (2.56)

in which a corresponds with the size of the object, L relates to the propagated distance
and A the wavelength of the light. For the regime, at which the propagation distance
is much larger than the object size, the Fresnel number becomes much smaller than
1, and Fraunhofer diffraction can be used to approximate the diffraction. In the case
that the propagation distance is on the order of the size of the object, we have to use
Fresnel theory to calculate the diffraction of the wavefront. For example, as shown in
more detail in Chapter 5 and Chapter 7, a structure can imprint a phase grating onto the
fundamental wavefront. As the fundamental wave then propagates through the 100 um
sample, we are still in the Fresnel diffraction regime, which leads to modulation of the
wavefront. We refer to this regime as near-field diffraction, which is equivalent to the
regime in which high-harmonic generation occurs.

2.4.3. Phase matching

The total harmonic signal in gas-based HHG originates from many gas atoms, the emit-
ters, that are distributed across space. The associated generated harmonic fields inter-
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fere with each other. To achieve a maximal harmonic signal, the emission of all gas atoms
has to constructively interfere, a process we refer to as phase matching [112-115]. The
phase mismatch between the emitters can be written as Ak; = Akg + Akyp + Ak + Akg,
and depends on four significant contributions. The first term Ak relates to the phase
mismatch introduced by the Gouy phase. The second term Ak, originates from any
phase delay introduced by the dispersion of the neutral medium, which is related to
the gas pressure and the refractive index mismatch between the fundamental driver and
the HHG. The third term Ak, corresponds to a phase mismatch introduced by the free-
electron plasma dispersion that is created during the HHG process, since the gas be-
comes ionized during the process. The last term Ak, relates to the dipole phase that the
electrons accumulate during the propagation step, which is different for each harmonic
order and their corresponding long and short trajectories, and is dependent on the field
intensity. The position of the gas jet, the intensity of the driving pulse, and the pressure
of the gas are all control parameters in the process of optimizing phase matching. Since
the dipole phase is different for short and long trajectories, one of these trajectories can
be phase-matched accordingly to one’s liking [116].

The photon energies that are generated during solid-state HHG, as experimentally
presented in this thesis which focuses on XUV generation, are associated with a very
short absorption length inside the materials (SiO; and MgO) used for generation [117,
118]. Due to the short XUV emission volume, no destructive or constructive interference
can take place, such that we can neglect phase matching effects in solid HHG.






Methods

3.1. Laser source

The femtosecond light pulses used in the experiments described in this thesis are gen-
erated using a commercially available Ti-Sapphire amplified laser system (Astrella, Co-
herent). The Astrella can be described by three main components: the Vitara, which
generates the seed pulses, the Revolution, which generates the pump pulses, and the
regenerative amplifier, which generates the final output pulses.

The Vitara femtosecond oscillator produces pulses with a central wavelength of 815
nm with a bandwidth of 60 nm at FWHM at 80 MHz repetition rate. The oscillator is
pumped by an integrated Verdi-G diode-pumped laser, which generates about 4.5 W
power at an operating current of 27 A. The Vitaramodelocked power is 600 mW, of which
halfis used to seed the Astrella cavity. To prevent optical damage to the Ti:Sapphire crys-
tal, while amplifying the seed pulses from the nJ to the mJ level, the seed pulses are
stretched in time using a grating stretcher to lower the peak intensity of the pulses dur-
ing the amplification process, a technique known as chirped pulse amplification [5]. The
pulses are coupled into the regenerative amplifier, of which the design resembles an op-
tical cavity, at a repetition rate of 1 kHz using a Pockels cell. Subsequently the pulses are
amplified in a Ti:Sapphire crystal, which is pumped by the Revolution. This pump-laser
provides pulses at a central wavelength of 532 nm, an average power of 35 W, at an op-
erating current of 21.3 A, at 1 kHz repetition rate. The pulses make 13 round trips in the
regenerative amplifier, before being coupled out by another Pockels cell. Subsequently
the pulses are compressed in time using a grating compressor. After the grating com-
pressor, the pulses have a central wavelength of about 800 nm, a bandwidth of 35 nm,
with a total average power of 7 W at 1 kHz repetition rate. The bandwidth of the pulses
allows for a 35-fs pulse length, if no higher-order dispersion is present. The character-
ization of the pulse length is performed by a home-built second-harmonic generation
frequency-resolved optical gating (FROG) setup, using a 100 pm (3-Barium Borate (BBO)
(Castech) to generate the second-harmonic signal at around 400 nm. An experimental
trace is presented in Fig. 3.1a, which was reconstructed (Fig. 3.1b) to obtain the spec-
tral shape and phase (Fig. 3.1c) and electric field and temporal phase (Fig. 3.1d). The
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Figure 3.1: a) Experimental FROG trace. b) Reconstructed FROG trace. c) Reconstructed spectral
intensity (blue) and phase (red). d) Reconstructed electric field amplitude (blue) and temporal
phase (red).

reconstructed pulse length at FWHM is about 45 fs, with a reconstructed bandwidth of
20.9 nm. As can be seen in Fig. 3.1c, the reconstructed bandwidth is narrower than the
measured bandwidth of 32 nm. Due to phase matching, the 3-BBO used in the FROG
setup cannot frequency-double all spectral components with the same efficiency, which
will therefore narrow the spectral bandwidth, which is translated into a narrower recon-
structed fundamental spectrum. Due to this spectral narrowing, the reconstructed pulse
duration is an upper limit of the actual pulse duration.
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3.2. High-harmonic generation setup

The general layout of the high-harmonic generation setup is shown in Fig. 3.2. The driv-
ing pulse is reflected with a flat mirror onto a spherical mirror, that focuses the pulses in-
side the center of the HHG chamber. Depending on the experiment, the incoming pulses
might consist of multi-color pulses, of which the setup is described in the corresponding
chapter. In general, the spherical mirror has a silver coating and a 75-cm focal length.
In the center of the HHG chamber, the generation medium is positioned, which is either
a gas or a solid. A manual three dimensional translation stage allows for precise posi-
tioning of the generation medium to the desired position. Subsequently, the generated
harmonics and remaining fundamental pulses propagate through a differential pump-
ing tube towards the detection chamber. The harmonics are spectrally dispersed with
an aberration-corrected, concave, flat-field grating (1200 lines/mm, Shimazu model 30-
002), and are detected by a double-stack microchannel plate (MCP, Photonis) assembly.
This geometry serves as a far-field spectrometer, where the spectrum is dispersed in the
horizontal plane, and the beam freely propagates in the vertical direction. The phos-
phor screen is imaged with a camera, positioned outside the vacuum setup. Images are
recorded and subsequent data analysis is performed.

gas  solid l Camera
1 -

MCP]
II A Aror
HHG chamber V
grating Detection Chamber

Figure 3.2: General layout of the high-harmonic generation setup. The infrared laser pulses are
focused onto the generation medium (either a gas or a solid), positioned in the center of the HHG
chamber. After the generation, the XUV and the fundamental infrared pulses propagate to the de-
tection chamber, where they are dispersed by an XUV grating and detected using a multi channel
plate (MCP) assembly.

The experimental generation conditions, such as beam size and pulse energy, vary
for the generation of harmonics from gases and solids. More specifically, the peak in-
tensity of the pulses in gas HHG lies around 2 10'* W/cm?, whereas the peak intensity
inside the solid sample has to stay below a few 10'® W/cm?, in order to prevent damage
to the samples. Due to the lower intensity in solid HHG, in general, the signal of the gen-
erated harmonics is also lower. Additionally, the XUV grating that is used to refocus the
harmonics onto the MCB is specified for short wavelengths (5 nm - 20 nm), such that in
the plane of the MCP the lower harmonics (H5-H11, 160 nm - 72 nm) are not focused
properly, which reduces the signal-to-noise. To compensate for the lower signal level,
the voltage between the MCP plates is increased from 1.6 kV to 2.3 kV, with the phosphor
screen set at 3 kV above the voltage applied to the MCP plates. The disadvantage of the
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high applied voltage onto the MCB, is that other charged particles (electrons and ions) in-
crease the background noise significantly, reducing again the signal-to-noise. The back-
ground signal is the lowest in the case that we apply a positive voltage between the front
and back MCP plate, which allows to only measure negatively charged particles, in ad-
dition to the XUV photons, indicating that ions are the main source of the background
signal.

3.3. Material parameters for simulations

To simulate the strong-field light-matter interaction that generates high harmonics, one
needs to know the material parameters of the solid-state sample that is used for the gen-
eration. These parameters resemble: the energy levels of the bands, the dispersion of
the bands, the dipole coupling strength between the bands, and the lattice parameters
along the used symmetry direction of the material of interest. All these parameters are
determined by the properties of the many electron wave functions that build up the ma-
terial. In this thesis, the energy bands and the dipole coupling between the bands are
calculated within density functional theory, which uses functionals of the electron den-
sity instead of wave functions to calculate the electronic structure. In particular, we use
pseudopotentials and a plane-wave basis set as implemented in Quantum Espresso (QE)
[119].

The first step in determining the energy bands and the dipole couplings is to perform
a self-consistent field (scf) calculation, using the pw.x executable, from the Plane-Wave
scf (PWscf) package provided by QE. The crystal structure, lattice parameters, pseudopo-
tentials of the atoms, and positions of the atoms that build up the unit cell of the solid,
are input parameters. The scf calculation has to be tested for convergence, specifically
the plane-wave cutoff (variable 'ecutwfc’) and the grid of k points have to be chosen such
that the total energy converges. The next step is to use the output of the scf calculation as
input for the band calculation, again using the pw.x executable. The eigenvalues of the
energy bands are calculated for each k point that is specified. In order to calculate the en-
ergy dispersion along a symmetry direction, the k-points have to be chosen accordingly
to the crystal symmetry. Finally, the output of the band calculation is post-processed
using the bands.x executable from the Post-Processing (PP) package, provided by QE.

The last parameter that needs to be calculated before we can simulate HHG is the
transition dipole moment between the bands. We approximate the k-dependence of the
transition dipole moment d,’}’1 between the bands A and A’ in first order k- p theory [110]

as
AN

M _ T
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where d(’]w is the transition dipole moment between bands A and A’ at the I"-point, and
EQ,W the bandgap energy at the I'-point between bands A and A'. Throughout this thesis,
all solid-state HHG experiments are performed on either amorphous or crystalline silica
(S§i0y) or crystalline Magnesium Oxide (MgO), along the crystal symmetry planes that al-
ways involve the I'-point. Since we can calculate the energy bands along the correspond-
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ing symmetry planes using QE, we only need to determine the transition dipole moment
at the I'-point. The dipole moments are calculated using the epsilon.x executable, which
is a post processing code of the PWscf package. This code can be used to calculate the
real and imaginary part of the dielectric tensor, and uses the transition dipole moments
between the bands to calculate this. In order to get access to these values, one needs to
modify the epsilon.x executable, such that the dipole moments are printed in the out-
put file. The epsilon.x code does not work for an automatically generated k-point grid,
therefore the k points have to be written out explicitly. Additionally, the epsilon.x code
requires pseudopotentials that are not Ultrasoft, which is a kind of pseudopotential that
needs less planewaves to describe the pseudo-wavefunctions of the system, which is
specified in the variable ’is_ultrasoft’ in the header data of each pseudopotential-file.
The epsilon.x code can be used after an initial scf calculation, which meets these re-
quirements.

Silica
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Figure 3.3: (a) Top view of the unit cell of SiO». b) Hexagonal crystal orientations. c) Calculated
band structure of SiO». The strongest coupling valence band, and the two strongest coupling con-
duction bands are highlighted in red, blue, and green, respectively.

The energy levels and the transition dipole moments of fused silica at the I'-point be-
tween the valence band and two conduction bands are calculated, to provide input for
the semiconductor Bloch equations, described in the theoretical background, in Chap-
ter 2. The unit cell of SiO,, see Fig. 3.3a, is described by three basis vectors that describe
an hexagonal crystal lattice, vi=a(1, 0, 0), vo=a(-1/2, V3172, 0) and v3=a(0, 0, c/a), with
a=8.04 A and c/a=1.1, see Fig. 3.3b. The pseudopotentials (generalised gradient approx-
imation in the shape of the Perdew, Burke, and Ernzerhof (PBE) functional [120]) that
were used for the Si and O atoms were obtained from the QE website. The plane-wave
energy cutoff used was 40 Ry. The calculation is performed for an automatically gener-
ated uniform grid of 10 points in each k direction. Both these parameters were tested for
convergence. The calculated band structure along the main symmetry directions of SiO,
is presented in Fig. 3.3c. For a simulation of high-harmonic generation, we are specifi-
cally interested in the energy bands that are strongly coupled to each other, as this will
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lead to the strongest interaction. In this specific band structure calculation, it is not the
highest valence band that couples the strongest to the lowest lying conduction bands,
but the valence band that lies four levels below the highest lying valence band, marked
in red in Fig. 3.3c. Therefore we perform the calculations using the energy levels and
coupling parameters between the strongest coupling valence band, and the two lowest
lying conduction bands. These energy levels are calculated to be 0 eV, 9.6 eV and 12.6
eV, at k =0, for the valence and the two lowest lying conduction bands respectively. The
experimentally determined band gap of silica varies from 7.5 eV to 9.6 eV [121], which
is comparable to our calculation. The dipole moments between these energy levels A, A’
are calculated to be dé”el =0.318 a.u,, d;'* = 0.014 a.u. and dgzhl =0.037 a.u. The cal-
culated dipole coupling strength between the valence and the conduction band is com-
parable to the theoretical value of 0.37 a.u., presented in [122], which was calculated for
a smaller band gap energy of about 8 eV. We model the light-matter interaction along the
I'-M crystal direction of silica, as this orientation generates the highest harmonic yield
[40].
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Figure 3.4: (a) Top view of the unit cell of MgO. b) FCC crystal orientations. c) Calculated band
structure of MgO. The highest lying valence band and the lowest lying conduction band are high-
lighted in red and blue, respectively.

The unit cell of MgO, see Fig. 3.4a, is described by three basis vectors that describe a
face-centered cubic (FCC) lattice, vi=a/2(-1, 0, 1), v»=(0, 1, 1) and vz=a/2(-1, 1, 0), with
the lattice constant a=7.23 A, see Fig. 3.4b. The pseudopotentials (generalised gradient
approximation in the shape of the Perdew and Zunger functional) that were used for
the Mg and O atoms are also retrieved from the QE website. The plane-wave energy
cutoff used was 44 Ry. The calculation was performed on an automatic generated k-grid
of 6 points along each direction. Both these parameters were tested for convergence.
The calculated band structure of MgO, see Fig. 3.4c, contains much less energy bands
in comparison to SiO,. The difference originates from the fact that the unit cell of MgO
only consists out of two atoms, whereas the SiO, unit cell is build up from nine atoms.
The energy levels at the I'-point are calculated to be 0 eV and 7.8 eV, for the highest lying
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valence and the lowest lying conduction band respectively. The calculated band gap
energy is identical to the experimentally determined value of 7.8 eV [123]. The dipole
moment between these energy levels is calculated to be 0.78 a.u. The energy levels and
dipole moment are used to simulate HHG from MgO, as presented in Chapter 7.
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Divergence and Yield Control in
Two-color Gas High-Harmonic
Generation

Parts of this chapter have been published in Phys. Rev. A. 13,054029 (2020) [124] and Sci. Rep. 11, 24253 (2021)
[125]
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4.1. Introduction

High-harmonic generation (HHG) is the cornerstone of attosecond science [12, 19, 126—
129] and ultrafast (table-top) extreme-ultraviolet and soft-X-ray science [130] every since
its discovery in 1987/1988 [13, 14]. Furthermore, applications in coherent diffractive
imaging [27, 28, 131-134], spectroscopy [135-139] and metrology in industry [140-142]
benefit from the short emitted wavelengths and the associated potentially high spatial
resolution. All these applications would, however, benefit tremendously from higher
conversion efficiencies and better focusability of the generated pulses. In particular,
semiconductor wafer metrology requires microfocusing with limited energy in the wings,
which would otherwise produce diffraction artifacts from metrology targets that are of-
ten embedded into an integrated-circuit infrastructure. In addition, larger divergent
beams reduce the numerical aperture of an optical system.

The origins of divergence and better focusability can be understood by the intrin-
sic generation mechanism of HHG. Irradiation of a gas with a strong laser field leads to
ionization of electrons from the parent ions. The electrons are accelerated in the con-
tinuum and accumulate an intensity-dependent phase during propagation, before they
recombine with the parent ion, leading to the generation of XUV photons [15, 32, 143].
The typical Gaussian intensity distribution of the driving field in focus (Fig. 4.1a) gives
rise to a double-Gaussian divergence-resolved profile [144-147], as shown in Fig. 4.1b.
Each generated energy is the superposition of the contributions of two electron paths
through the continuum, the short and the long trajectories. These trajectories have a
unique transit time of the continuum electron, which leads to a different phase upon re-
combination, leading to the emission of two differently curved wavefronts and therefore
the double-Gaussian profile of the harmonic beam in the far-field, as shown in Fig. 4.1c.

The nature of divergence in HHG has been understood in a number of early seminal
publications. However, it only became clear very recently that the different trajectories
give rise to aberrations, which hinder refocusing of the pulses from HHG to high in-
tensities [148, 149]. This is caused by the different virtual sources of the long and short
trajectories within each harmonic energy (illustrated in Fig. 4.1a), which cannot be reim-
aged to the same plane with a subsequent focusing element, thus diminishing the overall
focusability of the beam. Thus the far-field divergence and its deviation from a mono-
Gaussian profile is a signature of the focusability of the beam.

In order to increase the brightness of the HHG beam, control over the short and long
trajectories is crucial, as selection of one of the two species improves the focusability.
The work in this chapter builds on a number of earlier papers on two-color HHG. The
second harmonic in two-color HHG introduces an additional momentum to the strong-
field driven electron in the continuum. This approach has enabled the reconstruction of
electron transit times [150, 151] using a weak second harmonic for both short and long
trajectories [152]. Two-color HHG with a strong second harmonic [153] has enabled the
selection of long or short electron trajectories by tuning the relative phase of the two-
color pulses [83]. However, it remained unclear if and how much this strategy would
change the divergence and how the overall conversion efficiency of the generation pro-
cess would be affected. In a separate work, two-color HHG has been show to improve
the flux of plateau harmonics dramatically [154]. However, in [154] the cutoff was not
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Figure 4.1: (a) Schematic representation of an HHG source and refocusing of the harmonics (alens
is shown for simplicity). For a given harmonic order g, the different contributions of the dipole
phases for the short and the long trajectories give rise to different positions of the corresponding
virtual sources (dashed blue and black lines). When the harmonics are refocused, the image of the
long trajectories will be out of focus, leading to an overall smearing of the profile in the observa-
tion plane. (b) Experimental (green dashed line) spectrally-integrated, divergence-resolved inten-
sity profile in the far-field, fitted with a double Gaussian distribution (red solid line), representing
the contributions of short (blue line) and long (black line) trajectories, respectively. (c) Qualita-
tive intensity distribution in the observation (focal) plane, obtained by Fraunhofer diffraction. An
additional quadratic radial phase distribution was added to the profile for the long trajectories to
account for the larger dipole phase of the long trajectories. This additional phase gives rise to the
different divergences and virtual source positions of long and short trajectories.
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detected by the spectrometer in this work, which makes any quantitative assessment of
the total flux difficult. Parallel polarized multi-color fields beyond the fundamental and
the second harmonic have been numerically demonstrated to simultaneously increase
the yield [155] and decrease the divergence of HHG [156, 157]. Similar multi-color HHG
schemes have been experimentally demonstrated to increase the HHG yield [158], as
originally proposed in [159]. More recently, it has been realized that linearly and cross-
polarized two-color fields with angles between fundamental and second harmonic that
deviate from 0 or 90 degrees can generate elliptically and circularly polarized HHG [160-
163]. These important findings motivate a systematic investigation on how yield and
divergence are affected in cross-polarized two-color HHG.

In this chapter we systematically investigate both experimentally and theoretically
which relative polarization configuration in two-color HHG in Argon is best suited to si-
multaneously optimize divergence, focusability and overall photon yield. We compare
the two-color HHG spectra with a one-color configuration for the spectral range of har-
monic 13 to harmonic 25. In addition to a perpendicular two-color configuration, we
also generate harmonics in parallel two-color fields, and several intermediate polariza-
tion angles. By comparing experiments and simulations, we show that HHG in a two-
color field can favor the emission of plateau harmonics through trajectory reshaping and
selection and enhance the overall yield for specific two-color phases.

4.2, Simulated yield and trajectory contributions

This section describes the underlying concept to control divergence and yield in two-
color HHG. We start of with a classical approach, followed by a more in-depth SFA simu-
lation. The concept of the experiment is illustrated in Fig. 4.2, which shows the classically
calculated long and short electron trajectories of harmonic order 15 in both a perpendic-
ular and parallel polarized two-color laser field, for two different two-color phases. The
two-color field is defined as E(¢) = E,, cos(wt) + Ea,, cos(2wt + ¢2,,), with w the frequency
of the fundamental, and where ¢, is defined as the relative two-color phase between
the fundamental and the SH. The figures also show the relative instantaneous strong-
field ionization rate in the two-color field [74, 79].

Only when the field is chosen such that the electron is returning to its origin at the
time of return, recombination is efficient. In a perpendicular configuration that occurs
when the initial lateral velocity is compensated by the lateral displacement introduced
by the second harmonic [151]. For 0 rad phase (Fig. 4.2a), the long trajectory recombines
to the origin and the short trajectory misses the origin. In addition, the ionization rate
is influenced significantly due to the strong SH field. In this specific case, the ionization
rate at the time of birth of the short trajectory is about 1000 times lower than at the max-
imum of the pulse. For a phase of 0.57 rad (Fig. 4.2b), the short trajectory recombines
and the long trajectory misses its ion. Moreover, the ionization rate at the time of birth
of the shirt trajectory is only 400 times lower than at the maximum of the pulse. So for a
perpendicular configuration, both ionization and recombination favor the short trajec-
tory for this two-color phase. In a parallel configuration, the SH field will not be able to
give a lateral momentum kick to the trajectories, but it will influence the trajectories, see
Fig. 4.2¢,d. For both relative two-color phases the long and short trajectories will both
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Figure 4.2: The short (blue) and long (red) trajectories for harmonic 15 as well as the two-color
normalized ionization rate (green) are shown for a relative two-color phase of (a) 0 rad and (b)
0.57 rad, for a perpendicular configuration of the fields. For the same relative two-color phases of
(c) 0 rad and (d) 0.57 rad for a parallel configuration.

recombine, such that trajectory selection in this configuration is not possible. Besides
the trajectory selection mechanism, a change in relative strength of this ionization-rate
will lead to the selection of trajectories. For example, the ionization rates for the parallel
configuration vary strongly as the relative phase changes. For a relative phase of 0 rad
the long trajectory has a significantly higher ionization rate than for the phase of 0.5
rad.

A more quantitative comparison is made by simulating the harmonic process in a
two-color field as a single-atom response [32, 164] in Fig. 4.3, and subsequently gen-
eralized to a realistic multi-atom response by propagation computations [164] later in
this chapter. Figure 4.3 shows time-frequency analyses of a single-atom simulation in
a single cycle of the fundamental electric field (Fig. 4.3a) for one-color (800 nm) HHG
(Fig. 4.3b), perpendicular polarized two-color HHG (Fig. 4.3c,e), and parallel polarized
two-color HHG (Fig. 4.3d,f) for two different phases of the two-color field, respectively.
The electric field is defined the same as for the classical calculations, and displayed for
a parallel configuration for two different phases in Fig. 4.3a. The return kinetic energy
of the electrons is shown on the vertical axis in Fig. 4.3b-f normalized to the pondero-
motive energy of a free electron in the laser field. The horizontal axis shows one full
cycle of the fundamental laser field. The time-frequency plots in Fig. 4.3 were obtained
by calculation of the transverse components of the single-atom time-dependent dipole
using the strong-field approximation (SFA) integral with a hydrogenic transition matrix
element [144]. Subsequently, for each time in the optical cycle a frequency analysis was
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Figure 4.3: Time and frequency resolved emission. The color scale represents the squared dipole
moment in C2m?. The white lines are the semi-classical calculation of the frequency versus the
recombination time. (a) Electric field for one and two colors, for two different two color phases.
(b) For 800 nm only. Long and short trajectories are labeled in the first half-cycle emission (not
labeled but clearly visible in the second half cycle). (c) Two-color phase of 0 rad, perpendicular
configuration. (d) Two-color phase of 0.5 7 rad, perpendicular configuration. (e) Two-color phase
of 0 rad, parallel configuration. (f) Two-color phase of 0.5 7 rad, parallel configuration.

performed by multiplying the time-dependent dipole using a Gaussian window func-
tion with a r.m.s width of 0.4 w centered around the time under investigation, Fourier
transforming, and subtracting the ionization potential. The color map in Fig. 4.3 repre-
sents the square of the dipole moment, which is proportional to the single-atom emis-
sion intensity and therefore also to the yield of the harmonics, if phase matching can be
neglected. The white lines are the return kinetic energies, as calculated semi-classically
according to the three-step model [15, 143]. In these calculations, a total intensity of 104
W/cm? with a relative contribution of 20 % second harmonic light was assumed. We as-
sumed Gaussian laser beams focused to a 1/e? waist radius of 35 um, with pulse energies
of 0.72 and 0.18 m]J for the fundamental and SH respectively, and a pulse length of 80 fs
FWHM for both. A flattop gas target was assumed with a length of 220 pm and a pressure
of 100 mbar Argon, placed 4 mm upstream of the focus.

In the case of a one-color driving field (Fig. 4.3b) the mapping of each harmonic en-
ergy onto the recombination times in each half cycle is clearly visible. The short trajec-
tories are positively chirped (positive slope of the emission in the time-frequency plots)
and the long trajectories are negatively chirped (negative slope). We note that the SFA
calculation agrees well with the semi-classical calculations. The emission intensity of
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the short and long trajectories is comparable, which is in agreement with the general
observation of a double-Gaussian beam profile of the high-order harmonics. With the
addition of a perpendicular SH field, the relative ratio between the long and short tra-
jectories is heavily modified by the relative phase of the two-color field, see Fig. 4.3c and
e for the two-color phases of 0 and 0.57 rad, respectively. Again, the SH field imparts a
lateral component to the momentum of the continuum electrons, thus preventing the
recombination of either short (Fig. 4.3¢c, 0 rad) or long electron trajectories (Fig. 4.3e,
0.57 rad), depending on the relative two-color delay. In particular, the short trajectory
selection for a relative phase of 0.57 is strongly enhanced, resulting in an overall increase
of the total yield for this relative two-color phase. In the case of parallel two-color gener-
ation, the forces on the continuum electrons exerted by the two fields are aligned parallel
and therefore trajectory selection by hindering recombination of electrons is not possi-
ble. Nevertheless, there is a clear difference in yield from the short and long trajectories
as shown in Fig. 4.3d,f. This is because the two-color phase will act as a gate for certain
ionization times in the parallel case, leading to half-cycle emission with very different
cutoff energies. For a relative two-color phase of 0 rad, the increased total electric field
leads to enhanced ionization close to an absolute phase of the combined field of wf =0
(x-axis in Fig. 4.3a). Ionization of electrons in this window will lead to emission of lower-
energy photons, i.e. to a lower half-cycle cutoff than in the one-color case, because the
absolute total electric field at the instant of recombination is lowered for subsequent
absolute phases wt of the combined fields. The strong difference in half-cycle cutoffs
becomes even more extreme for a relative two-color phase of 0.5x rad (Fig. 4.3f), and
the same argumentation holds. The two half cycles lead to strongly different emission
cutoffs, with the lower one contributing the highest yield.

Overall the simulations suggest stronger trajectory suppression and hence larger con-
trol over the divergence for perpendicular polarizations on the one hand, but estimate
on the other hand a higher emission intensity for the parallel configuration, compared
to the monochromatic and the perpendicular two-color configuration. We thus set out
to test this theoretical indication both through simulations and experiments, in order to
find optimum polarization and two-color phase configurations that allow for simultane-
ous divergence and yield optimization. In addition, the predicted difference in half-cycle
cutoffs can be exploited for an absolute phase and intensity calibration of the two-color
field.

4.3. Experimental details

To control the relative phase and the relative polarization between a fundamental field
and its second harmonic (SH) we use the setup as shown in Fig. 4.4. The fundamental
800-nm pulses are frequency doubled to 400 nm, using a 0.2 mm thin -BBO (Castec).
The power of the SH pulses was kept constant at 200 mW. The total power of the two-
color pulses was 1.6 W. Assuming similar pulse lengths, similar focal spot sizes and per-
fect temporal synchronization, this leads to a SH intensity fraction of about 14%. The
delay between the fundamental and SH is compensated using two calcite plates. By mo-
torizing the rotation angle of one of the calcite plates, sub-cycle control over the delay
between the two colors was possible. To control the relative polarization, a half-wave
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Figure 4.4: Experimental setup to control the relative phase and polarization between a funda-
mental and the second harmonic.

plate (Eksma Optics) for the 800 nm pulses was used, which acts roughly as a zero-wave
plate for the 400 nm pulses. The two-color pulses are then focused inside an effusive Ar-
gon gas jet, using a 75 cm focal length aluminum spherical mirror. The gas jet was posi-
tioned using a 3D translational stage just before the focus. This configuration minimizes
phase mismatch and reabsorption, leading to the observation of a near-single-atom re-
sponse. In order to compare two-color HHG with HHG driven by monochromatic 800
nm pulses, the BBO was taken out, and the intensity of the monochromatic and two-
color pulses was matched, to obtain similar cutoffs and therefore a fair comparison be-
tween the two generation schemes.

The harmonics are spectrally dispersed with a concave abberation-corrected flat-
field grating, and are detected using a double-stack microchannel plate backed with a
phosphor screen. The harmonics freely propagate in the vertical direction, while being
focused in the horizontal direction by the grating. The phosphor screen is imaged using
a CMOS camera.

4.4, Results

4.4.1. Absolute calibration of two-color fields

We now turn to exploiting the strong cutoff modulations as a function of the relative two-
color phase in parallel polarized two-color fields for calibrating the absolute two-color
phase and absolute intensities of fundamental and SH. The simulations in Fig. 4.3d,f
suggest that adjacent half cycles will gain different cutoff energies, which we now test
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Figure 4.5: Cutoff modulation in parallel polarized two-color HHG. (a) Cutoff kinetic energy in
adjacent half cycles, called first and second half cycle, as a function of two-color phase. Depending
on the relative phase, each half cycle will have a different cutoff. (b) Simulated two-color HHG
spectra as a function of two-color delay, showing how the cutoff modulates depending on the two-
color phase delay. (c) Experimental HHG spectra as function of two-color phase, showing the same
cutoff modulation as suggested in the simulations in (b). (d) Change of cutoff energy as a function
of SH intensity. See text for details on the plotted functions.

experimentally in Fig. 4.5.

The kinetic energy of the returning electron in the cutoff for two adjacent half cycles,
as obtained by semi-classical calculations, is shown in Fig. 4.5a. For delays where the
two half cycles have the same cutoff, the maximum kinetic energy is close to the cut-
off energy in one-color HHG (3.17 U)). The simulated and measured HHG spectra as
a function of two-color phase, as shown in Fig. 4.5b,c, respectively, show an excellent
match and reveal that the cutoff modulation has a large impact on the yield of the gener-
ated harmonic spectra. If we overlay the modulation of the cutoff of adjacent half cycles
from Fig. 4.5a with simulated and measured spectra (red and blue lines in Fig. 4.5b,c), we
observe that the lower branch generates the most intense harmonics, in agreement with
SFA calculations shown in Fig. 4.3d,f. Comparing the cutoff and intensity modulation be-
tween experiment and simulation now allows calibrating the absolute two-color phase,
which was used throughout this chapter. In addition, we can calibrate the absolute in-
tensities of the two-color field, as the cutoff-energy change as a function of two-color
phase depends on the relative intensity of the fundamental and SH. For that purpose,
the minimum and maximum cutoff energies fiw, and fiw, are extracted from the experi-
mental data in Fig. 4.5c. We call the kinetic energy of the minimum cutoff from the exper-
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imental data normalized to the ponderomotive energy f (R) = (iw; - I)/ U, (blueline in
Fig. 4.5d), with I, the ionization potential and U, the ponderomotive energy. The kinetic
energy of the maximum cutoff from the experimental data is g(R) = (w2 — I,)/U) (red
line in Fig. 4.5d). While the minimum cutoff in the experimental data corresponds to the
simulated minimum half-cycle cutoff (minimum of blue and red lines in Figs. 4.5a,b,c),
the maximum cutoff g(R) that is visible in the experimental data corresponds to the
crossing of maximum and minimum cutoff of the simulated data (crossing of red and
blue line in Figs. 4.5a,b,c). The maximum cutoff as obtained by the semi-classical cal-
culation (maximum of blue and red lines in Figs. 4.5a,b,c) is barely visible, neither in
the SFA simulation (Fig. 4.5b) nor in the experimental data (Fig. 4.5c). By comparing
the measured kinetic energy corresponding to the crossing point (red line in Fig. 4.5d)
and the minimum cutoff (blue line in Fig. 4.5d) to the predicted values as a function
of relative SH intensity, we can determine the SH intensity fraction, and from the cutoff
crossing point (which does not vary much with SH intensity fraction) the absolute inten-
sity can be determined. With this procedure we obtain a total peak intensity of 1.4-10
W/cm?, a peak intensity of 1.2-10'* W/cm? for the fundamental, and a peak intensity of
0.2:10'* W/cm? for the SH.

While determining the peak intensity is in principle possible by measuring pulse du-
ration, focus size and pulse energy separately, we find that the procedure outlined here
gives far more accurate results, as it also reveals if fundamental and SH are properly
temporally synchronized and spatially overlapped in focus. The method proposed here
furthermore directly relates to the intensities that are involved in HHG as opposed to
deducing intensities from a number of separate measurements.

4.4.2, Far-field characteristics

We now analyze the yield and divergence optimization in two-color HHG in detail, and
determine which relative polarization between SH and fundamental in the two-color
field most favorably influences these beam properties. To this end, we have measured
the divergence-resolved far-field harmonic spectra for three different relative polariza-
tions between the two colors, and scanned the relative two-color phases, see Fig. 4.6.

For a perpendicular configuration (Figs. 4.6a and b), both the shape and the yield
of the spectrum change significantly for different two-color phases. Figures 4.6a and
b represent phase delays that generate a rather mono-Gaussian profile (Fig. 4.6a) and a
more divergent profile (Fig. 4.6b), respectively. Whereas the generation in Fig. 4.6ais very
centered, and most signal is contained in the smaller divergence angles, Fig. 4.6b shows
a much larger distribution of signal across larger divergence angles. This demonstrates
that the divergence of the beam can be controlled by changing the relative two-color
phase delay. This is directly related to the selection of short or long trajectories as shown
in our simulations in Figs. 4.3b,d. In addition, we also observe that the yield for the more
mono-Gaussian profile is higher than for the more divergent spectrum.

The second row of spectra corresponds to measurements with a relative polarization
of 45 degrees. In Figs. 4.6c and d, we show spectra for 0.5z rad and 0 rad phase delay,
that generate a high and a low total yield, respectively. There is a slight difference in
divergence visible between the two spectra, but this is not as significant as for the per-
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pendicular case in Figs. 4.6a,b. We notice that the cutoff changes by a few harmonic
orders for the two different two-color phases in Figs. 4.6c and d. This is a direct result of
the different half-cycle cutoffs of adjacent half cycles in (partially) parallel polarized two-
color fields as shown in Fig. 4.5¢, which lead to a strong cutoff modulation as a function
of the two-color delay. In the third row, we analyze the results of two-color delay scans
for parallel polarized two-color fields. Figure 4.6e shows the spectrum for a two-color
phase of 0.57 rad, producing a high yield, and Figure 4.6f shows the spectrum for 0 rad,
producing a low yield. Similar to the figures in the center column for 45 degree polariza-
tion in the two-color field and in agreement with the SFA simulations in Fig. 4.3, we see
an enhanced cutoff extension in Figure 4.6f, where the yield is lowest.
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Figure 4.6: HHG spectra for different two-color phases and relative polarizations: (a,b) HHG spec-
tra for perpendicular polarizations between SH and fundamental, for 0.5z and 0 rad, respectively.
(c,d) HHG spectra for relative polarizations of 45 degrees, for 0.57 and 0 rad, respectively. (e,f)
HHG spectra for parallel polarizations, for 0.5z and 0 rad, respectively. The color maps denote
yield on a logarithmic scale.
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We now turn to the analysis of a complete scan of the relative phase delay of the two-
color field, displayed in a single figure, see Fig.4.7a. Figure 4.7 is a compact way of plot-
ting an entire scan of a divergence- and energy-resolved HHG spectrum as a function of
the two-color phase: the sinusoidal modulations of the HHG signal as a function of the
two-color phase (oscillations of a few different energies and divergences are shown in
Figs. 4.7b-d) are Fourier transformed pixel by pixel. The frequency component with the
highest amplitude from this Fourier transform corresponds to an oscillation-cycle dura-
tion of 0.67 fs (equivalent to a relative phase shift by z rad). The amplitude of this fre-
quency is displayed in Fig. 4.7a as the brightness of the plot, bright (as opposed to dark)
regions indicate an intense harmonic signal. The phase of this frequency is encoded as
color, and is determined by the phase of the intensity oscillations in each different pixel
(as shown in Fig. 4.7b-d) and can thus be directly linked to relative two-color delays in
units of the phase of the two-color field in radians, as shown in the legend (round color
map) in Fig. 4.7a. Two pixels with colors on opposite ends of this legend thus corre-
spond to intensity modulations, where the intensity in one pixel is maximized, whereas
the other one is minimized for the same two-color delay. Figure 4.7a thus displays at
which two-color delay each pixel in the spectrum has the highest emission intensity.
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Figure 4.7: (a) Pixel-by-pixel Fourier transform of the HHG intensity as a function of two-color de-
lay. The brightness encodes the amplitude of the dominant frequency component of the Fourier
transform, and the color encodes its phase. The legend (round color map in the bottom right)
indicates how the color is related to the phase of the two-color field. The intensity oscillations as
function of two-color phase for selected regions of interest marked in (a) are shown for (b) har-
monic order 11, (c) harmonic order 15, and (d) harmonic order 21 as function of the two-color
phase.

Aslong and short trajectories show a maximum emission intensity for different two-
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color phases, this method directly visualizes which parts of the divergence-resolved beam
profile are dominated by long and short trajectories, respectively. There is a clear dis-
crimination between the larger (green-yellow) and smaller (blue) divergence angles for
each harmonic order. This means that at the two-color delay related to the blue color, the
harmonic signal that is coming from the smaller divergence angles is optimized, which
we can relate to the emission of short trajectories. Oppositely, for the two-color delay
related to the green-yellow shade, the signal is maximized in the wings, caused by an
increase of long trajectory emission. In addition, each harmonic order shows a slightly
different color shade, denoting that each order has a different two-color phase at which
either the short or the long trajectories optimize, reflecting the change in recombina-
tion times for different harmonics. Comparing the oscillations for different harmonic
orders in the spectrum, see Fig. 4.7b-d, we note that the phase difference between the
two trajectories becomes smaller for higher harmonics. For the harmonic orders in the
cutoff, long and short trajectories merge and thus there is no discrimination for emission
between larger and smaller divergence angles, as can be seen also in Fig. 4.7 from the
absence of a phase (color) contrast for small and large divergences in cutoff harmonic
orders.

In the same way we will analyze the complete two-color phase scan of the intermedi-
ate polarization of 45 degrees, see Fig. 4.8a. Again we observe a color difference between
inner and outer divergences for each harmonic order, which is particularly pronounced
for the plateau harmonics. In addition, we observe that the modulation of the cutoff
is especially visible, as we see a clear color contrast for plateau and cutoff harmonics,
which means their yield maximizes for different two-color phases. This is a direct result
of the different half-cycle cutoffs of adjacent half cycles in (partially) parallel polarized
two-color fields as shown in Fig. 4.5c, which lead to a strong cutoff modulation as a func-
tion of the two-color delay. Overall this demonstrates that a relative polarization angle
of 45 degrees provides an intermediate case, where the perpendicular SH component
can still give a large enough lateral momentum to the electrons for trajectory selection,
whereas the enhanced ionization through the parallel component of the SH field favor-
able enhances the yield. In addition, it has been reported [161-163] that an intermediate
polarization between two-color fields will lead to elliptically polarized harmonics. The
manipulation of the electron trajectories by using two-color fields can lead to a classical
angular momentum of the electrons with respect to the atom, due to a point of recombi-
nation of the electron which is at a distance from the nucleus. The additional asymmetry
of adjacent half-cycles leads to an elliptical polarization.

For the parallel case we take a look at Fig. 4.8b. The analysis of the complete two-
color scan shows again that the cutoff harmonics optimize for a different two-color phase
than the plateau harmonics, similar to the observation and explanation of Fig. 4.8a and
in agreement with the SFA simulations in Fig. 4.3. We also observe that the divergence-
resolved profile of each harmonic order in Fig. 4.8b still shows a substructure of two-
color phases (colors) at which the yield optimizes. For example the harmonic around 22
eV shows orange wings in the vertical direction, and a green center. In contrast to the
other polarization angles, this trend is not as clear and uniform among all harmonics
simultaneously. This is because for parallel polarizations, the two-color delay also acts
as a gating mechanism in the ionization step, such that the yield of each harmonic will
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Figure 4.8: (a) Fourier map for 45 degree polarization. (b) Fourier map for parallel polarizations.

be optimized at a different two-color delay, corresponding to different colors for each
harmonic in Fig. 4.8b. In addition, since the short and long trajectories have different
ionization times, color contrast within a harmonic is still visible. This is in agreement
with Fig. 4.3, in which we observed that also in the parallel two-color configuration there
is a selection of long and short trajectories due to the changing ionization gate as func-
tion of two-color delay, albeit less pronounced than for perpendicular polarizations.

4.4.3. Divergence and yield optimization

In this section we analyze the beam profiles in two-color HHG in more detail, to quan-
tify the divergence change and the signal level of the harmonic orders for different rel-
ative two-color delays, see Fig. 4.9. We start with the analysis of harmonic orders, gen-
erated in a perpendicular two-color configuration. For these experiments, we removed
the half-wave plate in order to rotate the polarization of the 800 nm pulses, and ob-
tain directly a perpendicular configuration between the 800 nm and 400 nm pulses. The
relative strength of the SH intensity was approximately 25%. The divergence of the har-
monics is determined by summing the intensity of harmonic 13 through harmonic 23
and normalizing it to their maxima, to highlight the effect of the two-color fields on the
divergence. The spectrum is generated with the gas jet before the focus, such that the
divergence of the short-trajectory contributions is intrinsically small [148]. This small
divergence is achieved because the dipole phase and phase-front curvature of the funda-
mental possess opposite signs and thus partially cancel each other out when the gas-jet
is placed before the focus. This gas-jet position is therefore the natural choice for diver-
gence optimization in two-color HHG, as the short trajectory component of the beam



4.4. Results 53

already possesses the desired property. At the same time, the more divergence long-
trajectory contributions are efficiently phase matched with the gas before the focus [165,
166]. However, we show that this does not present a problem, since the long-trajectory
contribution can be effectively suppressed in two-color HHG [83]. The profile of the
beam generated with the 800-nm fundamental only (dashed red curve) in Fig. 4.9a is
still clearly not mono-Gaussian, indicating the presence of both long and short trajecto-
ries. The blue curve displays the HHG beam profile for a relative two-color phase of 0.5
rad, at which the short trajectories are enhanced. The green curve represents the beam
profile for a relative phase of 0 rad, optimizing the contribution of the long trajectories.
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Figure 4.9: Experimental beam profiles: a) Perpendicular two-color HHG, divergence comparison
for a relative phase of 0 rad (green) and 0.5 rad (blue) phase and 800 nm only (red) for H13-H23.
Divergence comparison for b) H13, ¢) H14, d) H21. e) Yield comparison for H13-H25, with separate
comparison for f) H13, g) H14, h) H21.

The beam profile generated with two-color driving and a relative phase of 0.57 rad
has much less signal in the wings at larger divergence angles in Fig. 4.9a compared to
HHG with the fundamental 800-nm field only. Simultaneously, the total signal at this
relative phase is enhanced by a factor of 2.2 compared to the HHG with the fundamental
field, as can be seen in Fig. 4.9e, which shows the actual and not the normalized inten-
sity. Each beam profile can be fitted by a double Gaussian, as previously illustrated in
Fig. 4.1b, which allows estimation of the relative contributions from the long and short
trajectories. In the case of two-color HHG optimized for short trajectories (blue), the
amplitude of the long-trajectory contribution is decreased by a factor of 1.9 compared
to the conventional one-color HHG (red). This demonstrates that for a relative phase of
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0.57 rad, both the divergence and the total signal level are improved. At this phase, the
instantaneous ionization rate is modified in favor of the short trajectories and the long
trajectories are prevented from recombining. At a relative delay of 0 rad, displayed by
the green curve, the signal in the wings is enhanced. In addition, the total signal level is
comparable to the signal for the HHG with the fundamental 800-nm field only.

The change of the instantaneous ionization rate as a function of the two-color phase
is, in general, small for the long trajectories and, in particular, less significant than for
the short trajectories. Therefore, a relative delay of 0 rad does not enhance the signal
level of the long trajectories very much. Simultaneously, this phase deflects electrons re-
lated to short trajectories, thus decreasing the overall signal from the short trajectories.
Figures 4.9b-d,f-h, show the divergence and yield changes for three separate harmonics
orders 13 (62 nm), 14 (57 nm), and 23 (35 nm), respectively, taken from the same scan
as the total profile shown in Fig. 4.9a. In order to compare the even harmonics with the
800-nm only configuration, an average of the neighboring odd harmonics signal is taken
for generating the red curve in Figs. 4.9c,g. For lower harmonics, the long and short tra-
jectories have vastly different excursion amplitudes. Therefore, the low harmonics show
a large difference in total intensity and divergence for the two different relative phases.
In all cases, the short-trajectory-optimized (800 + 400)-nm-driven HHG emissions (blue
curves) show less signal in the wings, compared to the 800-nm-driven HHG (red curves).
Also, the overall intensity in Figs. 4.9e-g, of the blue curve compared to the red curve
increases by factors of 10 and 2 for harmonic 13 and 14 but decreases for harmonic 23
by about a factor of 2. We note that harmonic 23 is close to the cutoff and the intensity
of the two-color field is likely slightly lower than for 800 nm only, as observed by a re-
duced cutoff. However, harmonics near the cutoff show less increase in absolute signal
or even a decrease in general. The reason is that the relative excursions for the long and
short trajectories become similar for higher harmonics and merge in the cutoff of the
spectrum.

To further investigate the process of improving the brightness of the HHG beam, the
position of the gas jet and the ratio between the power of the fundamental and second-
harmonic field are varied. Figures 4.10a,b show the beam profiles in which the gas jet
is positioned behind the focus. In this configuration, phase matching favors the short-
trajectory contribution [165, 166] but the divergence is increased [148] and the yield de-
creased compared to the situation in which the jet is before the focus. As a consequence
of the intrinsically increased divergence, the signal in the wings is suppressed even more
in short-trajectory-optimized two-color HHG (blue) compared to the fundamental-field
case (red), namely by a factor of 2.2 as compared to a factor of 1.9 in Fig. 4.9a. The over-
all intensity of the signal is increased (Fig. 4.10b) by a factor of 2.9, also surpassing the
factor of 2.2 obtained in Fig. 4.9a, where the gas jet is placed before the focus. Figures
4.10c,d show the beam profiles for an experiment in which the percentage of the second-
harmonic power is lowered to 11%. Although the total intensity is slightly improved at a
relative delay of 0.5 rad compared to 800 nm only, the improvement of the divergence is
less pronounced with the lower second-harmonic field power. By having a lower contri-
bution of the second harmonic, the ionization rate will be changed less compared to the
fundamental-field-only case. Also, the selection of trajectories by introducing a smaller
lateral velocity component will become less efficient.
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Figure 4.10: Experimental beam profiles: a) perpendicular two-color HHG, gas jet behind the fo-
cus, divergence comparison with 800 nm only (red) and for 0 (green) and 0.57 rad (blue) phase
delay. b) Yield comparison. c) Perpendicular two-color HHG with only 11% of SH, divergence
comparison. d) Yield comparison.

Next, we analyze the beam profiles in two-color HHG for different polarization an-
gles and systematically compare experimental and simulated results. These experiments
are performed under the conditions described in the experimental details section of
this chapter, with the half-wave plate implemented to rotate the relative polarization
between the 800-nm and 400-nm pulses. The top row of Fig. 4.11 shows simulated,
spectrally-integrated profiles. These beam profiles were obtained by using the single-
atom time-dependent dipole data, as shown in Fig. 4.3, as input to a propagation code
based on the slowly varying envelope and paraxial approximations [164], which coher-
ently adds the emitted contributions of each volume element of an extended gas medium
while taking diffraction and dispersion effects into account. The time- and position
dependent amplitude and phase of both laser fields were calculated by propagation
through the gas medium, while keeping track of ionization-induced refractive index changes.
The resulting XUV beam profile in the far-field was obtained by a Hankel transform.

For the two extreme cases, namely parallel and perpendicular polarizations, we com-
pare the total yield (Figs. 4.11a,c) and the shape of the beam profiles after normalization
(Figs. 4.11b,d). This is done for two phases, 0 and 0.57 rad (green dash-dotted and solid
blue lines, respectively), which correspond to phases that optimize long and short tra-
jectories for the perpendicular configuration, respectively. The yield and beam profile
of the monochromatic configuration is also shown as a dashed red line, for comparison.
The parallel two-color scheme leads to a much higher yield compared to the one-color
case, for both phase delays, as shown in Fig. 4.11a. Especially for a phase delay of 0.5
rad, the yield is greatly enhanced. For the same phase delay, the shape of the beam pro-
file is also slightly less divergent compared to the one-color configuration as shown in
the normalized profiles in Fig. 4.11b. In the perpendicular configuration, a phase delay
of 0.57 rad leads to the highest yield (Fig. 4.11c), which is also enhanced compared to
the one-color case. Additionally, a two-color phase of 0.5z leads to an overall narrower
beam shape (Fig. 4.11d).
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Figure 4.11: Simulated and experimental beam profiles: (a) Simulated parallel two-color HHG,
yield comparison for 0 (green) and 0.5z rad (blue) phase delay and 800 nm only (red). (b) Sim-
ulated parallel two-color HHG, divergence comparison. (c) Simulated perpendicular two-color
HHG, yield comparison. (d) Simulated perpendicular two-color HHG, divergence comparison.
(e-h) Experimental beam profiles, corresponding to (a-d).

The simulations are compared with the experimental results in the bottom row of
Fig. 4.11, for the same two-color phases of 0 and 0.57 rad, and for the same spectral re-
gion (H13-H25). The total yield for the parallel configuration, shown in Fig. 4.11e, is in
excellent agreement with the simulated data (panel a). Both delays lead to a consider-
ably higher yield than in the monochromatic case, and the beam profiles show some
phase-dependent modulation as well: there exists a phase (0.71x rad) that minimizes
the overall divergence of the harmonic beam, as shown in Fig. 4.11f, which is explained
by trajectory selection through gating the ionization times in the earlier sections of this
article. In the perpendicular case, the two-color phase has a large influence on the yield
of the emission. The monochromatic case leads to a higher yield (Fig. 4.11g) than both
two-color phases, in contrast with our simulations (Fig. 4.11c) and our previous set of
experiments shown in Fig. 4.9, where we showed that perpendicular polarized two-color
HHG can improve the yield as well. We attribute this discrepancy to the necessary in-
troduction of a half-wave plate for 800 nm into the common beam path of 800 nm and
400 nm for adjusting the relative polarization between both colors in the present ex-
periments discussed. This waveplate was identified to introduce some ellipticity to the
400 nm beam, lowering the total yield that could be achieved with a cleaner overall polar-
ization state in the absence of a waveplate. In addition, the ratio between the fundamen-
tal and SH intensity will influence the amount of yield enhancement, as demonstrated
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in Fig. 4.10d.

In agreement with the results in Fig. 4.9, we observe that the perpendicular two-color
configuration has dramatic effects on the divergence (Fig. 4.11h). The beam profiles for a
phase of 0 rad and 0.5z rad show a similar trend as the simulation. For the phase of 0.5
rad the beam profile becomes more narrow than the monochromatic case. Conversely,
there is a two-color phase (0 rad) that makes the contribution of the long trajectories
dominant at large propagation angles, thus increasing the divergence. In addition, we
show a two-color phase that minimizes the long trajectories (0.677 rad), where their con-
tribution vanishes almost entirely, so that the overall beam profile approaches a perfect
mono-Gaussian distribution.

The results in Fig. 4.11 have shown the strong influence of two-color HHG on the
yield and beam profile / divergence. We now analyze further which two-color delays op-
timize divergence and yield, respectively, to see if both quantities can be optimized si-
multaneously. In Fig. 4.12, we track the total yield (black line) of the harmonics for each
phase delay, which we obtain by summing the total signal of the detected harmonics.
The total yield is normalized to the total 800 nm yield, to eliminate detection efficien-
cies depending on polarization. Second, we determine at which divergence angle the
intensity of the beam profile reaches a 1/e? value, which we show by the red line. We
compare these values with the values obtained from HHG with the fundamental only,
which are shown by the dashed lines. We compare the divergence of the two-color data
for all polarization configurations to the perpendicular value.
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Figure 4.12: Divergence and yield, for different relative polarizations between SH and fundamen-
tal, as a function of two-color phase. (a) Parallel polarizations, leading to similar divergence as
800 nm generation, and much higher yield compared to 800 nm generation. (b) Two-color config-
uration, with 45 degree relative polarizations, showing improved divergence, and improved yield
compared to 800 nm only. (c) Perpendicular two-color configuration, showing improved diver-

gence compared to 800 nm only. The faded out areas correspond to profiles that became so broad-
ened that a reliable extraction of the divergence angle at an intensity of 1/e% became unfeasible.

The first remarkable observation is that for any two-color delay in the parallel con-
figuration, the yield of the harmonics is higher than for the one-color configuration, see
Fig. 4.12a. Second, tracking the divergence observable, we can see that there is a depen-
dence on the two-color delay. The beam profile becomes narrower than in the one-color
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case for most of two-color delays. Interestingly, the yield and divergence do not optimize
at the same two-color delays. This is expected, as the yield will optimize for maximizing
both short and long trajectories, whereas the divergence changes when either select-
ing the short or the long trajectory. For an intermediate polarization, the yield in the
two-color case is again still higher for any two-color phase than for the one-color con-
figuration, illustrated in Fig. 4.12b. Also, we see an improved divergence, depending on
the two-color delay. For a perpendicular two-color configuration, we can see that the di-
vergence curve shows an even larger contrast than for the other polarizations, as shown
in Fig. 4.12c. This confirms the significant control over trajectories in this configura-
tion. The overall yield is lower than for the one-color configuration, which we discussed
before in the text around Fig. 4.11. All in all, the results in Fig. 4.12 show that for an ap-
propriately chosen two-color phase, two-color HHG can increase the yield and decrease
the divergence and thus improve both quantities. However, the phase at which diver-
gence and yield optimize is not identical. The relative polarization between SH and fun-
damental allows an experimentalist to choose between perfecting either the divergence
(perpendicular polarizations) or the yield (parallel polarizations).

We have summarized our results, for five relative polarization angles in Fig. 4.13. The
overall yield is the highest in the parallel case. For 67.5 degrees and larger angles, the
yield becomes lower than in the one-color configuration. Even for these angles we do ex-
pect that perpendicular two-color HHG can still be made more efficient than one-color
HHG as shown in Fig. 4.9, and the discrepancy was explained in the previous section by
the necessary introduction of a waveplate and the ratio between the fundamental and
SH intensity. Divergence control is the clearest in the perpendicular two-color config-
uration, as the contrast between the narrowest and broadest divergence at 1/e? is the
largest at this polarization angle. Still, for all polarization angles, divergence control is
visible.
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Figure 4.13: Summary of divergence and yield in two-color HHG. (a) Highest (blue) total yield for
two-color HHG, compared to the lowest (green) total yield, and the 800 nm only configuration
(red), for five different polarizations. (b) The blue line shows results for two-color phases, which
minimize the divergence, as a function of the polarization angle between both colors in the two-
color field. This is compared to results obtained with a two-color phase where the divergence is
broadest (green), and to the divergence of HHG with the fundamental only (red). The last data
point for largest divergence (green) at 90 degrees polarization angle is faded out, as it corresponds
to avery divergent beam profile where an accurate divergence extraction becomes difficult, similar
to the results in Fig. 4.12c.
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We want to stress the importance of the divergence and yield control for interme-
diate polarization configurations with respect to the polarization state of the generated
high-harmonics. The divergence control demonstrates that the electron trajectories are
modified depending on the two-color phase. As mentioned before, and shown in [161-
163], the lateral component in cross-polarized two-color HHG will lead to a classical an-
gular momentum of the electrons relative to the atom. If both half-cycles are symmetric,
which is the case for perpendicular cross-polarized two-color fields, the angular mo-
mentum obtained in each half-cycle will cancel out with the adjacent symmetric cycle
and the harmonics will be linearly polarized. For intermediate cross-polarized config-
urations, adjacent half-cycles are not symmetric, as described around Fig. 4.8a,b, such
that there is an effective angular momentum for the electrons which will be translated
into elliptically polarized harmonics. Although we have not measured the ellipticity ex-
plicitly, the agreement between the SFA simulations and experimental data through-
out this chapter gives confidence that the harmonics are indeed elliptically polarized.
The generation of elliptically and circularly polarized extreme-ultraviolet pulses with
two-color fields provides opportunities for circular dichroism in the extreme-ultraviolet
range [167].

4.5, Conclusion and outlook

In conclusion, we have conducted an extensive parameter study to identify the effects
of the relative polarization between the two colors in two-color high-harmonic genera-
tion. We have compared the divergence and the yield with the one-color configuration.
A parallel polarization of fundamental and SH in the two-color field leads to the highest
yield enhancement. A perpendicular configuration leads to the best divergence control.
The simulations quantitatively reproduce the experimental beam profile as a function of
two-color phase and relative polarization between fundamental and SH. For a qualita-
tive understanding, we find that all observations can be rationalized by the single-atom
response in terms of trajectory selection and gating the tunnel ionization window in two-
color laser fields.

The control of divergence and yield of high-harmonic generation will be hugely ben-
eficial for attosecond science and lensless imaging with HHG sources. Pump-probe ex-
periments with two attosecond pulses from HHG, sometimes dubbed the "holy grail of
attosecond science", have made tremendous progress [61, 168], but remain challenging
because the peak intensities attainable with individual pulses from HHG are relatively
low. All experiments that aim at attosecond pump-probe or nonlinear processes in the
extreme-ultraviolet and soft X-ray range will benefit tremendously from our two-color
strategy to achieve brighter HHG with higher-quality foci. Many imaging applications
need a small focus, as too large a field of view can come at the expense of the resolu-
tion. In addition, a nonclean (i.e. not mono-Gaussian) focus can cause problems in
image-reconstruction algorithms that do not directly retrieve the beam, and it will al-
ways cause problems when a fine detail embedded in a larger structure is imaged, where
a non-mono-Gaussian focus would create imaging artifacts due to diffraction from the
surrounding structures. Improvements of the focusing of HHG are not limited to two-
color fields, but extend to any manipulation in the HHG process that favors trajectory
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selection or allow gating of the ionization rate. This seems to be the beginning of a larger
effort, as recent papers have highlighted the importance of understanding [148, 149] and
improving the microfocusing of HHG [169].
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5.1. Introduction

Attosecond science and strong-field physics are undergoing a revolution through the
recently discovered generation of high harmonics in solids [36, 37, 170]. Until now, high-
harmonic generation (HHG) from dielectrics was shown to generate photon energies
well into the extreme ultraviolet (XUV) photon energy range [40, 58, 171]. The flexibil-
ity associated with solid samples consequently promises achievements beyond those of
gas-phase HHG [14], which enabled femto- and attosecond timescale [19, 128-130, 172]
studies, and all-optical nanoscale XUV imaging [27, 131]. All XUV experiments that rely
on post-generation beam shaping are currently challenged by the lack of suitable optical
elements: Refractive optics are limited by the high absorption of materials in the XUV
and were only recently demonstrated by gas expansions with a spatially varying density
profile close to a resonance [169]. Diffractive XUV focusing through binary amplitude
shaping has recently been demonstrated for polychromatic HHG pulses [173]. However,
binary diffraction elements are challenged by low efficiencies (10% for gratings [174]),
whereas purely phase shifting elements would provide higher efficiencies (41% for grat-
ings) but their realization is impractical due to the extremely short attenuation lengths
in the XUV.

The possibility to nano-structure the emitting medium in solid HHG opens up the
path towards tailored emission profiles, and to directly generate XUV patterns inside
structures for imaging unknown objects through diffraction with sub-fundamental-wave-
length resolution. First steps have been undertaken in HHG from engineered surfaces,
albeit at relatively low photon energies and from larger structures [50-53, 175-178]. In
this chapter, we introduce and demonstrate XUV science of nanostructures by HHG. We
show how the diffracted emission patterns can be quantitatively understood and mod-
eled, and use this knowledge for first demonstrations to control the phase, amplitude,
and polarization of the emitted XUV pulses at will. Moreover, we introduce XUV gen-
eration from complex structures and use the measured patterns to reconstruct the un-
derlying nanoscale structures. Our results demonstrate profile retrieval in all three di-
mensions, paving the way towards imaging and semiconductor wafer metrology through
solid-state HHG from structured materials.

5.2. Control over the phase and amplitude of the XUV

To generate diffractive high harmonics in the XUV we focused 800 nm femtosecond
pulses onto a grating-structured (10 pm pitch, 5 um linewidth, 85 nm height) fused silica
sample (112 + 3 um thick), as shown in Fig. 5.1. Only odd harmonics orders are observed,
because fused silica appears isotropic to HHG due to its small crystal-domain sizes. The
absorption length in silica at the generated wavelengths is less than 20 nm [117], hence
effective harmonic emission takes place only close to the interface between silica and
vacuum at the rear surface, and phase matching over an extended volume of the emitted
XUV is negligible. For more details on sample fabrication, see Appendix B.

When the sample is oriented such that the flat surface faces the impinging pulses
(Fig. 5.2a), harmonic orders 7 (H7), 9, and 11 are diffracted onto the detector (Fig. 5.2b).
At the structured rear surface, diffraction originates from a transverse phase modulation
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Figure 5.1: Experimental setup for generation of diffractive solid-state high-harmonics from struc-
tured solids.

of the XUV emission, which is introduced by the optical path-length difference of the
grating grooves, and therefore has a periodicity equal to the pitch of the grating. We
simulated diffraction patterns (Fig. 5.2d) using an analytical model (Fig. 5.2¢), assuming
a phase grating in the near field.

We start with describing the electric field of harmonic order g in general as E,;,;, =
Aguve! P, with amplitude Ayyy and a phase ¢yuy. In general ¢ = Z’TTyn, in which y is
the propagation distance, A the wavelength and 7 the refractive index. The wavelength
of harmonic q is related to the fundamental wavelength by Ay, = A—LI]R, such that we can
define ¢xuv = g¢ir. The phase of the harmonics at the interface between bottom grooves
and vacuum is:

bxuv,u = q(pIR,y:O + (/)xuv,y:h + Parb., (5.1)

and for harmonics generated in the top grooves:

Pxuv,n = GPIR,y=h + Parb.- (5.2)

It is possible that an extra phase is transferred from the fundamental to the harmonic,
which we define here as ¢41,.. We assume that this phase is the same for the top and
bottom groove, thus canceling out when calculating the phase difference between the

two grooves:
2nh

Apxuy = Gxuv,u — Pxuv,n = (1-nR). (5.3)

//‘/XUV

This phase difference defines a binary phase grating, with a pitch of 10 um. The ampli-
tude of the fundamental field has a Gaussian envelope, with a FWHM of 100 um. The
phase of the fundamental field is flat, as generation of the harmonics occurs at the focal
plane. Far-field diffraction patterns are then calculated by using Fourier transformation,
following Fraunhofer diffraction theory, resulting in Fig. 5.2(d).
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Figure 5.2: (a,b) Diffracted high harmonics generated inside the grating-structured rear surface.
The color scale represents normalized intensity. (c) Analytical model used to simulate the diffrac-
tion. (d) Simulation of HHG diffraction from a near-field phase grating. The color scale represents
normalized intensity.

The excellent agreement of photon-energy dependent diffraction angles and effi-
ciencies between experiment and simulation confirms our model. The generation of
HHG directly inside the diffractive grating-structured silica, which then entails a pure
phase grating, leads to extremely efficient first-order diffraction. Specifically for H7, H9,
and H11, the percentage of the sum of the signal diffracted into the first orders, com-
pared to the sum of both the first and zeroth-order signals, is 70 %, 90%, and 97%, re-
spectively. We expect to also diffract light into the third orders and higher orders, but are
unable to measure these orders in the present experimental configuration. For H9 and
H11 only little signal is diffracted into the zeroth order, which resembles the situation of
the theoretical maximum of 41% diffraction efficiency in each first order [174].

The depth of the grooves of the grating can also be reconstructed from the measured
wavelength-resolved diffraction efficiencies in Fig. 5.2b. We employ an analytical model
which allows to extract the modulation depth of a binary phase grating, and therefore
the height of the grooves, with prior knowledge of only the refractive index of the bulk
and the central wavelength, see Fig. 5.3. The model starts with describing the unit cell of
a binary phase grating [179], with pitch A and linewidth b, as

fo= [rect(J—;) ®6(x+ gn + [rect( )®6(x— AT_bnew’. (5.4)

X
A-b
When convoluted with a comb function, this expression describes an infinite phase grat-
ing, in which the phase depth between two neighbouring grooves is set as ¢. The Fourier
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transform of this expression gives the amplitude of each diffracted order in the far field:

sin(mg/2)

F@lgeg == 0

[isin(md/2)]. (5.5)

By dividing the intensity of the first order, I, with the intensity of the zeroth order, Iy, we

can solve for ¢:
¢ = 2arctan(Z | 21 (5.6)
=2arctan(—=/ — .
2\ Iy

Combined with the equation for the phase, eq. 5.3, we obtain an expression for the
height, given by the measured intensities of the first and zeroth order of the diffraction
signal, per harmonic wavelength Ayy.

I
arctan(z —1) (5.7
2\ Iy

_ Axuv
(nir—Drm

The three harmonic orders give an average height of 76 nm (Fig. 5.3), which is close to
the value of 85 nm measured with a profilometer. This demonstrates that HHG can be
utilized as a tool for direct height metrology of a periodic sample through phase control
of the XUV generation.
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Figure 5.3: Height reconstruction, using the data from panel Fig. 5.2b

We now turn to a configuration where the sample is oriented such that the infrared
pulses impinge on the structured surface first and harmonics are emitted from the rear
flat surface (Fig. 5.4a). The structured front surface imprints phase modulation onto
the infrared beam, which translates into amplitude modulation on the flat rear surface,
leading to diffraction patterns with the same emission angles, but markedly different
intensity distributions (Fig. 5.4b) compared to the previous configuration (Fig. 5.2a,b).
To calculate the diffracted far-field pattern, we assume a flat phase for the fundamental,
prior to interaction with the grating. The grating imprints a phase modulation onto the
field, but the phase is now only determined by the wavelength of the fundamental and
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Figure 5.4: (a,b) Diffracted high harmonics generated by a phase grating imprinted infrared pulse.
(c) Analytical model concept. (d) Simulation of HHG diffraction from a near-field amplitude grat-
ing. The color scale represents normalized intensity.

the refractive index at 800 nm. To determine the fundamental field amplitude and phase
at the generation interface, we use Fresnel diffraction to propagate the field through the
sample. This leads to a sinusoidal modulation of the amplitude and phase difference of
about 0.37 rad of the fundamental at the flat side of the sample. Subsequently, amplitude
and phase of the XUV field are calculated as follows:

Exuy (%) = Ajp (x)7 e 99m), (5.8)

where the harmonic field Exyy is set by the amplitude of the fundamental Ajg(x) to the
power of g, the harmonic order. The phase is calculated by multiplying the fundamen-
tal phase times the harmonic order. The perturbative dependence of the harmonic field
on the fundamental field is justified by earlier experimental observations [40], in which
HHG in silica is described by semiclassical intraband carrier dynamics, which also re-
sults in a nonlinear perturbative dependence. Far-field diffraction is then calculated us-
ing Fraunhofer diffraction, leading to the simulated pattern in Fig. 5.4d. HHG is effec-
tively driven by a periodically modulated intensity distribution of the fundamental field,
which facilitates the emission of both odd and even diffraction orders (Fig. 5.4b, due to a
limited field-of-view in the detection, we did not observe the even orders of H9 and H11
for positive divergence angles), whereas even diffraction orders are absent for the XUV
phase grating with 50% duty cycle in Figs. 5.2. As before, experimental intensities and
simulations (Fig. 5.4b,d) show good agreement.

In both configurations, the odd diffraction orders originate from modulations with a
periodicity of 10 um, the pitch of the grating. In addition, even diffraction orders appear
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Figure 5.5: (a) Evolution of fundamental phase as a function of sample thickness. (b) Intensity
distribution as a function of sample thickness. The color scale represents normalized intensity. (c)
Intensity distribution at the thickness of our sample, 112 pm.

as a cause of a modulation in the fundamental near field with a periodicity of 5 um. We
attribute this faster modulation due to the Fresnel propagation that repeats the initial
phase grating after regular distances [180, 181], the so-called Talbot length zt = 2na%/A
(a is the pitch of the grating, n the refractive index). For our parameters this means the
phase grating is imaged after a distance of 363 um. Half way the Talbot length, at 181 pm,
the grating is imaged with a 7 phase shift, see Fig. 5.5a. This translates to modulations
in the intensity of the fundamental field which are also shifted with respect to the initial
amplitude modulations, see Fig. 5.5b. At the thickness of our sample, 112 um, the inten-
sity distributions (Fig. 5.5c¢) shows modulations with a periodicity of 5 pm, causing the
emission of even diffraction orders at the flat exit surface due to breaking of the original
50% duty cycle of the grating.

Additionally, the sinusoidal modulation of the amplitude imparted onto the funda-
mental field, determined by the geometric parameters of the grating structure and the
sample thickness, gives rise to higher local power density, thus enhancing the conver-
sion efficiency of light pulses at the fundamental frequency to HHG by about a factor
of 2. Figure 5.6a shows a direct comparison between the divergence-integrated spectra
generated in such configuration and spectra generated in a flat bulk material, with equal
sample thickness. The enhancement is most pronounced for higher harmonic orders
due to the nonlinear HHG process. For the configuration in which generation occurred
in the structured surface, no significant enhancement was visible (Fig. 5.6b).

We have thus far shown the generation of structured XUV light and explained the
underlying mechanism in periodic structures larger than the wavelength of the funda-
mental driving laser. We also demonstrated the ability to use the emitted harmonics
to sense the amplitude distribution of the fundamental field at the generation interface
and to reconstruct height profiles. We now turn to investigating light-matter interaction
of intense femtosecond pulses with periodic structures with characteristic sizes smaller
than the driving wavelength, in which the fundamental near field will be shaped by the
geometry of the structure, which provides opportunities for controlling not only ampli-
tude and phase, but also the polarization state of the emitted XUV light.
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Figure 5.6: (a) Comparison of signal from flat and structured surface as generated in the config-
uration of Fig. 5.4. (b) Comparison of signal from flat and structured surface as generated in the
configuration of Fig. 5.2.

5.3. Generation from nanostructured silica

Generation inside a nanostructured fused-silica grating with sub-fundamental-wavelength
dimensions (400 nm pitch, 200 nm linewidth, 85 nm height, Fig. 5.7a) is shown in Fig. 5.7.
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Figure 5.7: (a) AFM image of the structure. (b) Schematic of setup, for detecting zeroth and first-
order diffraction. (c) Polarization-dependent HHG.

We observed first-order diffraction of the harmonics, when emission occurred on
the structured side (Fig. 5.7b). This demonstrates that also with these sub-fundamental-
wavelength dimensions a phase grating can be imprinted onto the XUV wavefront, sim-
ilar as in Fig. 5.2b. The signal was absent when the structure was facing the incoming
pulses, thus the mechanism of imprinting amplitude modulation on the fundamental
wavefront (Fig. 5.4b) does not apply here, since the structural features are too small for
the fundamental wavefront to diffract from. For 400-nm pulses, diffractive harmonic
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Figure 5.8: First order diffraction of H3 of 400 nm, from a fused silica grating with 400 nm pitch.
(a) Generation occurs at the flat side. (b) Generation occurs at the structured side.

emission at both the flat and at the structured side is possible (Fig. 5.8). The diffractive
XUV generation is caused not only by phase modification, but also by the near-field am-
plitude of the 800-nm pulses at the structured exit surface, which represents a powerful
new control mechanism over XUV emission.

We demonstrate this by changing the near-field of the 800-nm pulses in the nanos-
tructures at will by changing the polarization of the incoming pulses with respect to the
grating grooves. We measured the polarization-dependence of HHG through detecting
both the first and zeroth-order diffracted harmonics, as shown in Fig. 5.7b, left and right
panel, respectively. The yield of the first diffraction orders (Fig. 5.7c) for three different
polarization angles (0° (parallel with grooves), 45°, and 90° (perpendicular to grooves))
shows a significant dependence for each harmonic, demonstrating that the polarization
indeed acts as a control parameter for XUV generation. In more detail, we observe that
all harmonic intensities maximize at 0°, except for the zeroth-order of H7 and the first-
order of H5, which minimize at this angle (see Figs. 5.9a,b). The common features among
the polarization dependent intensities of the harmonics can be attributed to the effect of
the sub-wavelength structure on the fundamental field distribution, which we simulated
(see Appendix C) for parallel, intermediate, and perpendicular orientations, as shown in
Figs. 5.9¢,d,e, respectively. For a perpendicular orientation the field is localized between
the grooves, whereas for parallel orientation the field is concentrated inside the grooves.
Consequently, the minimum signal for intermediate polarization angles around 45° in
Figs. 5.9a,b arises from a less efficient generation of the harmonics, which is caused by
the splitting of the fundamental field amplitude between the top and bottom grooves.
Based on the near-field simulations in Figs. 5.9c,d,e, we simulated the zeroth and first
order diffracted harmonic signals, which are shown in Figs. 5.9f,g. The simulations ac-
curately capture the increased XUV generation at 0°and 90° and a minimum signal for
intermediate polarization angles around 45°. A convergence study (see Appendix C) fur-
thermore demonstrates fully converged simulations. Thus, we have shown that HHG can
indeed be controlled by modifying the fundamental near-field distribution by changing
the incoming polarization, and inversely this distribution can be probed using diffracted
HHG.
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Figure 5.9: (a) Polarization-dependent zeroth-order diffraction. (b) Polarization-dependent first-
order diffraction. (c,d,e) Simulation of the near-field of 800 nm, when polarized parallel, at 45°, and
perpendicular to the grooves, respectively. The color scale represents the intensity, normalized
to the maximum intensity of the parallel configuration. (f,g) Simulated polarization-dependent
zeroth and first-order diffraction signals.

Some intensity dependencies in Figs. 5.9a,b stand out and require deeper analysis:
We observed a relatively weaker modulation of H5, which is below the band gap of silica
and thus generated over a much longer interaction length than other harmonics. This
leads to greater contributions from the unstructured bulk of the silica as compared to
generation in the vicinity of the structured surface, thus reducing the overall intensity
modulations as a function of angle between polarization and grooves, as reproduced by
the simulations in Figs. 5.9f,g. Another intensity dependence that requires further anal-
ysis is that of H7, which minimizes at 0°. H7 is just above the band gap of silica, so the
cascaded frequency conversion steps and their interference may become relevant [182],
as intermediate lower harmonics can be generated over the entire interaction length of
the solid medium. We modeled H7 as interference between the direct upconversion of
seven 800 nm photons, sum frequency generation of the fundamental and twice H3 for
the first cascaded step, and H5 and twice the fundamental for the second cascade (see
Appendix C), which reproduces the experimental data well. Inclusion of cascaded pro-
cesses could possibly resolve discrepancies between experiments and simulations for
other harmonics too, e.g. H9. Such a simulation would be challenged by the larger num-
ber of cascaded processes, and goes beyond the scope of our study, but may stimulate
new theories.

The redistribution of field amplitudes along parallel and perpendicular components
is reminiscent of a form birefringence of the nanostructured grating, which thus acts as



5.4. Imaging of nanostructures 71

a waveplate for the generated XUV pulses. The agreement between our simulations in
Figs. 5.9f,g and experimental data in Figs. 5.9a,b lends confidence to ascribing polariza-
tion states to the emitted harmonics, which are extracted from the simulations. Table 5.1
summarizes the Stokes parameters of the zeroth and first diffraction order of all harmon-
ics for the incident fundamental polarization angle of 45 degrees. Different harmonics
exhibit various degrees of elliptical polarization. For example, the zeroth-order of H5 is
almost purely linearly polarized at 45°(Stokes parameter U), and intuitively expected as
H5 is emitted over the unstructured bulk where no form birefringence occurs. On the
other hand, the contribution of the circular polarization component (Stokes parameter
V) exceeds 70% in the first-order of H9 and H11. As the nonlinear susceptibility tensors
for HHG in amorphous silica represents an isotropic medium, the elliptical polarization
can only be attributed to structurally induced phase retardation between polarization
components parallel and perpendicular with respect to the grating. These experiments
and simulations have shown that HHG is sensitive to the geometry of the structure, and
therefore can be used to investigate near-field effects. We foresee that using HHG to di-
rectly image the near-field distributions would allow to further characterize the effects of
strong field confinement [52, 53], offering a new platform for ultrafast physics in nanos-
tructured solids.

Stokes Zeroth diffraction order First diffraction order
parameters | H5 H7 H9 H11 H5 H7 H9 HI11
IQI2 0.000 | 0.060 | 0.002 | 0.004 | 0.007 | 0.825 | 0.099 | 0.098
|U)? 0.996 | 0.562 | 0.606 | 0.537 | 0.943 | 0.065 | 0.200 | 0.174
IVI2 0.004 | 0.379 | 0.392 | 0.459 | 0.050 | 0.110 | 0.701 | 0.727

Table 5.1: Polarization state of the zeroth and the first diffraction order for harmonic orders gen-
erated with 45 degree angle between polarization and grooves. The squared moduli of Stokes pa-
rameters Q, U, V (corresponding to the contributions of linear 0-90 degree, linear +45 degree, and
circular polarization states, respectively) are shown, normalized by squared modulus of the I pa-
rameter (corresponding to the total field intensity).

5.4. Imaging of nanostructures

Here we take the first step into this direction and demonstrate direct imaging of peri-
odic and aperiodic structures through harmonic emission. We chose a complex aperi-
odic structure (smiley’) patterned in silica by e-beam lithography shown in Fig. 5.10a.
We generated with 400 nm, for which the third harmonic dominates the diffracted sig-
nal. If HHG was more polychromatic, spectral filters would be needed to select a cer-
tain harmonic, or Fourier-transform imaging [27, 183] could resolve the HHG spectrum
pixel-by-pixel. The main beam is blocked out with a beam block, leading to the diffrac-
tion pattern of the smiley structure as shown in Fig. 5.10b. The calculated diffraction
pattern (Fig. 5.10c) matches well with the experimentally measured one, showing the
same significant features of the diffraction pattern. In Fig. 5.11a, the diffracted pattern
is generated from an array of micron-sized pillars, with 2 um dimensions, spaced four
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Figure 5.10: (a) Schematic of experimental setup. (b) Measured diffraction pattern of target in
(a). (c) Simulated diffraction pattern of target in (a). The color scale represents intensity on a
logarithmic scale.

micrometers apart. In this particular diffraction pattern, the beam block will not block
out any other diffraction signal, except the zeroth order, easing the reconstruction of
the structure. The image reconstruction through a phase retrieval algorithm [184, 185]
in Fig. 5.11b correctly captures the orientation of the array, and the dimension as well
as the spacing of the micron pillars. As a comparison, a microscope image of the pillar
array is shown in Fig. 5.11c. Compared to other HHG-based imaging techniques [186],
here we can generate diffractive HHG directly from the structure of interest, which offers
a new imaging tool for the inspection of patterned surfaces in the XUV.

5.5. Conclusion and outlook

The control of phase, amplitude, and polarization in solid HHG from nanostructures will
allow sensing and even imaging femtosecond-resolved [187] electric near-field distribu-
tions in dielectric metasurfaces [52] and nanostructures. Moreover, the opportunity to
shape XUV pulse properties at will opens new perspectives for pulse shaping that are
otherwise challenging to achieve by modifications after generation. In particular, the
demonstrated phase control can inspire the design of new highly efficient phase diffrac-
tive elements, such as zone plates, which will be more efficient than the typically used
binary elements. This approach of combined generation and shaping in a single element
may soon compete with post-generation XUV shaping given the high efficiencies of XUV
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Figure 5.11: (a) Measured diffraction pattern of an array of micron-sized pillars. (b) Reconstructed
surface. (c) Microscope image of the array of micron-sized pillars.

phase control [174] and the ongoing efforts to increase the efficiency of solid HHG [188,
189].
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6.1. Introduction

The emission of high-order harmonics from solids [35-37, 40] under intense laser-pulse
irradiation is revolutionizing our understanding of strong-field solid-light interactions
(36, 37, 40, 48, 70, 96, 190], while simultaneously opening avenues towards novel, all-
solid, coherent, short-wavelength table-top sources with tailored emission profiles and
nanoscale light-field control [53, 191]. To date, broadband spectra have been generated
well into the extreme-ultraviolet (XUV) [40, 57, 71, 188], but the comparatively low con-
version efficiency still lags behind gas-based high-harmonic generation (HHG) sources
[40, 188], and have hindered wider-spread applications. Here, we overcome the low
conversion efficiency by two-color wave mixing. A quantum theory reveals that our ex-
periments follow a novel generation mechanism where the conventional interband and
intraband nonlinear dynamics are boosted by Floquet-Bloch dressed states, that make
solid HHG in the XUV more efficient by at least one order of magnitude. Emission in-
tensity scalings that follow perturbative optical wave mixing, combined with the angular
separation of the emitted frequencies, make our approach a decisive step for all-solid
coherent XUV sources and for studying light-engineered materials.

High-harmonic generation from gases has revolutionized ultrafast spectroscopy [129,
130], imaging science [27, 28], and is finding its way into first industrial applications
[124, 125, 192], but is still limited by the low conversion efficiency from infrared to XUV
photons. A thorough understanding of the mechanism of gas-based HHG spurred the
use of sculpted multi-color drivers that favorably modify the ionization rate, and thus
increase the conversion efficiency [124, 154, 158, 193, 194]. The mechanisms of solid
HHG are still being debated. Different generation regimes exist, and are characterized
by the choice of the driving field and generation material. Proposed mechanisms include
nonlinear intraband currents [36, 40], arising from carrier acceleration by the strong
field after band-gap excitation, electron-hole recollisions after carrier excursion [37, 96]
creating an interband polarization, ionization-induced injection currents [70] for low-
order harmonics, or treating emission as originating from dressed eigenstates in a strong
static field, which under high excitation intensities drives Bloch oscillations, known as
Wannier-Stark states [106]. The importance of carrier-injection dynamics in solid HHG
[70], combined with the observation of enhanced gas HHG for short-wavelength drivers,
which favorably modifies the ionization step [195] and thus enhances the conversion ef-
ficiency, points towards a new strategy for both enhancing the efficiency of solid HHG,
as well as shedding light on the generation mechanism: two-color non-collinear XUV
generation.

6.2. Experimental details

This section describes the experimental setup needed for two-color non-collinear XUV
generation. The output of a Ti:sapphire amplifier (Coherent Astrella, 800 nm, 1 kHz) is
split into two arms, see Fig. 6.1. In one arm, the second harmonic is generated inside a
200 pm thick 3-barium borate (BBO) crystal. The second arm contains a delay line to op-
timize temporal overlap of the two pulses onto the sample. Half-wave plates are placed
in both arms to ensure parallel polarization of both pulses. Focusing is achieved by
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means of a spherical mirror with focal length f=500 mm. The crossing angle of 17.5 mrad
in focus is implemented by impinging onto the spherical mirror with the two beams
parallel and displaced in height by 9 mm. The beam sizes are individually adjusted us-
ing irises so as to maximize the signal while preventing damaging the sample. This leads
to a focal distribution of the second harmonic to be half the size of the fundamental at
full-width at half maximum. The generated harmonics are spectrally dispersed along
the horizontal direction with an aberration-corrected, concave, flat-field grating (1200
lines/mm) and detected by a double-stack micro-channel plate assembly, backed with a
phosphor screen, which is imaged with a CMOS camera from outside the vacuum cham-
ber.
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Figure 6.1: Experimental arrangement for two-color non-collinear wave mixing.

6.3. Results

6.3.1. Non-collinear two-color wave mixing

Similar to non-collinear HHG in gases [196, 197], the angle between fundamental (800 nm)
and second harmonic (SH) (400 nm) driving pulses (Fig. 6.2) provides an angular sep-
aration of the photon channels and prevents their overlap and interference, unlike in
collinear two-color HHG [198]. Non-collinear HHG leads to an emission pattern (Fig. 6.2)
of harmonic wave mixing orders (WMOs) labeled (n, m). Three selection rules must be
considered to understand non-collinear wave mixing spectra driven by the fundamental
and its second harmonic, and to assign each harmonic WMO to a unique combination
of photons.

Both wavelengths contribute to the emitted photon energies via an integer number
of photons. From a simple energy conservation standpoint, the expected emission takes
place at photon energies: qwy = nwr+m2wy = (n+2m)wy, where g = n+2m s the har-
monic order, w ¢ is the angular frequency of the fundamental laser field, and n and m are
the numbers of photons from the fundamental and its second harmonic, respectively.
This yields a discrete spectrum, shown in Fig. 6.2b. Emission corresponding to even har-
monics of the fundamental is present, despite the fact that fused silica is a centrosym-
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metric material. In fact, in a two-color field of commensurate frequencies, the parity
conservation rule, which requires the total number of photons 7 + m = to be odd, allows
for generation of even harmonics of the fundamental through the addition (subtraction)
of an odd amount of photons. The third conservation rule needed for a description of
the full far-field profile shown in Fig. 6.2b, is conservation of the momentum. The har-
monic spectrum spans less then an octave in energy, resulting into a unique mapping of
each wave-mixing order (WMO) onto its emission angle § for a crossing angle a between
fundamental and the second harmonic,

2msina
Bn,m) = 6.1

n+2mcosa’

A small-angle approximation is used in Eq. 6.1.
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Figure 6.2: a) Experimental arrangement. b) Far-field spectrum of XUV wave mixing in silica.
WMOs are spectrally dispersed in the horizontal direction and propagate freely in the vertical
direction. WMOs generated only from 800 nm or 400 nm propagate at 0 mrad or 17.5 mrad, re-
spectively. Harmonic orders refer to multiples of the 800-nm fundamental. c) Yield of different
WMOs as a function of the intensity of the 400-nm pulse. The dashed lines are power laws, whose
exponent is indicated in the plot. The different lines are vertically offset for clarity. The intensity
of the 800-nm pulses was 11 TW/cm?.

The emission patterns in Figs. 6.2a,b show strongly enhanced WMOs compared to
the angularly separated emission from the respective fundamental beams, which are in-
dicated by dashed lines in Fig. 6.2b. The separation of fundamental and SH photon chan-
nels in each WMO allows for identifying the effect of intensity scaling of the pulses on the
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harmonic emission, as shown in Fig. 6.2c for the scaling of the 400-nm pulse intensity - a
first step in investigating and optimizing the photon-yield enhancement apparent in the
WMOs. The yield of all WMOs faithfully follows a power-law trend over a large intensity
range. The exponents of these power-law scalings (i.e. the slopes in a log-log plot) are
close to the number m of 400-nm photons involved, which would be the exponent for
the scaling of the yield as a function of intensity in perturbative optical wave mixing.

6.3.2. Simulation of two-color driven solid HHG

In order to understand the origin of the enhanced WMOs (Fig. 6.2b) and the perturba-
tive intensity scalings (Fig. 6.2c) we solve the semiconductor Bloch equations [109] to
simulate solid-state harmonic generation. The field-driven carrier population exchange
between the bands leads to the generation of an interband polarization and an intra-
band current, see Chapter 2 for more details. This model was solved for a grid of points,
which was spanned by the crossed 800-nm and 400-nm pulses that form a spatial inter-
ference grating. The resulting spatially modulated XUV emission was then propagated to
the far-field by Fraunhofer diffraction (Fig. 6.3b), resulting in an excellent reproduction
of the experimental wave mixing pattern (Fig. 6.3a).
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Figure 6.3: a) Recorded far-field spectrum, the color axis represents the yield on a logarithmic
scale. b) Simulated far-field spectrum, the color axis represents the yield on a logarithmic scale.
¢) Simulated electron population f€! (k, t) (normalized magnitude given by color axis) of the first
conduction band along the I'-M crystal direction, in momentum and time space. The blue line
represents the vector potential of the laser pulse. Ty denotes the cycle duration of the 800-nm
pulse (2.7 fs). d) Comparison between the contributions of the interband polarization (blue) and
intraband current (red).
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Zooming into the attosecond electron dynamics in k-space that drive HHG, we ob-
serve that the intense two-color laser field excites carriers from the valence band to the
first conduction band not just at the I'-point but all across k-space. Simultaneously, the
field accelerates the carriers along the energy bands, resulting in carrier trajectories in k-
space that trace out the vector potential of the field (Fig. 6.3c). Due to the high pondero-
motive energy the carriers are accelerated beyond the first edge of the Brillouin zone and
undergo Bloch oscillations. The concentration of carriers at a given k-point undergoes
rapid changes in time, inducing a high-frequency interband polarization that radiates
light at high photon energies, see Fig. 6.3d. The radiation due to the carrier acceleration
inside the bands, the intraband current, is significantly lower than the radiation from
interband polarization for the harmonic energies measured in this experiment.

To identify which bands contribute most to the signal, we calculate the separate con-
tributions of the interband polarization (Fig. 6.4a) and the intraband current (Fig. 6.4b)).
Overall, the polarization dominates the emission in the spectral region around the bandgap
(H5-H11). The main contribution of the intraband current originates from the carriers
inside the first conduction band. The main contribution of the polarization is generated
between the valence and the lowest lying conduction band. Both the interband and in-
traband mechanisms have in common that they are induced by laser-driven motion of
carriers inside the bands. To identify if this laser-driven carrier motion gives rise to the
perturbative intensity scalings, we model the harmonic emission originating only from
the electron group velocity, which we describe semi-classically [34, 58] using a time-
dependent crystal momentum which traces out the shape of the band during accelera-
tion.
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Figure 6.4: a) Separate contributions of the interband polarization. b) Separate contributions of
the intraband current. The valence band and the two lowest lying conduction bands are denoted
by the subscripts hy, e1, and e, respectively.

6.3.3. Perturbative intensity scaling in high-order wave mixing

A detailed investigation of the experimental (open circles) and semi-classically simu-
lated (dashed lines) yields of the WMOs as a function of intensity of the driving fields is
shown in Fig. 6.5. Figure 6.5a shows a scaling of the 400-nm pulses, wherein the intensity
of the fundamental 800-nm field is kept constant. The dashed lines in Fig. 6.5 show that
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the simulated trend of a specific harmonic order (n, m) reproduces the highly nonlinear
dependence of the scaled driving field. We observe saturation of the XUV yield at high
intensities, when approaching the damage threshold.
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Figure 6.5: Experimental (open circles) and simulated (dashed lines) intensity scaling of differ-
ent harmonic orders, in three cases: a) only the intensity of the 400-nm pulse is scaled (the ratio
I100/1g00 varies between 0.01:1 to 0.4:1 from left to right on the horizontal intensity axis, Iggo=11.0
TW/cm?) b) only the intensity of the 800-nm pulse is scaled (the ratio Iggg/I40¢ varies between
0.06:1 to 0.7:1 from left to right on the horizontal intensity axis, I499=5.4 TW/ cmz), and c) the total
intensity of two colors is scaled (the ratio I4099/Igoo is 4.3:1). The color coding is consistent across
the panels.

Next, experiments and simulations were performed for constant intensity of the 400-
nm pulse, while the energy of the fundamental pulse is increased in steps. The behaviour
in both experiment and simulations resembles that of a perturbative process. At the
higher intensities, the fundamental and the SH foci may have lost some overlap, which
leads to an overestimation of the 800-nm intensity involved in the wave mixing process
and therefore lowers the power dependence. WMOs that contain more 800-nm pho-
tons deviate more severely from a pure power law, as observed for WMOs (4,3) and (5,2).
Figure 6.5¢ shows a scaling of the total intensity, where the energy of the two pulses is in-
creased independently in steps, to keep the ratio of intensities constant across the scan.
The experimental data again show good agreement with semi-classical predictions, and
reproduce the nonlinear dependence. More specifically, most orders follow a power law
of 5 for these 5™ order processes shown in Fig. 6.5c. The yield as a function of intensity is
reproduced well for the entire intensity range. The scaling law of WMO (3,2) systemati-
cally shows a lower power dependence, possibly caused by a drift in the beams at higher
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intensities, which leads to an overestimation of the intensity. Intensity scalings of WMOs
that contain fewer 800-nm photons are less affected by the drift.

The good agreement between experiments and simulations in Fig. 6.5 confirms that
the laser-driven carrier motion drives the XUV generation of solid-state HHG, resulting
in a perturbative scaling for large intensity ranges. This has important implications for
XUV sources based on solid HHG. The perturbative response causes the yield of solid
HHG as a function of driving intensity to rise with an exponent determined by the num-
ber of photons (n, m) involved in HHG. This enables selective enhancement of individ-
ual or a selection of WMOs, depending on the relative strength of the two driving fields.
Together with the natural angular separation of WMOs, this illustrates that XUV wave
mixing in solids can help to realize an all-solid single-element XUV generator and multi-
wavelength beamsplitter, where different energy emissions are mapped onto different
emission angles. Further separation of the remaining energies in a beam could be real-
ized by the simple addition of a hard aperture, without the need for lossy metal filters.

6.3.4. Efficient two-color driven solid high-harmonic generation

Additionally, we deduce from experimental wave-mixing patterns a dramatic yield en-
hancement for WMOs, as compared to single-color harmonics. In Fig. 6.3a, WMO (3,2)
is the most intense emission, whereas (5,2) is the most intense at a photon energy of 14
eV, and (7,2) is the most intense at 17.1 eV.
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Figure 6.6: The yield of several harmonic orders (of the fundamental) at a) 10.9 eV, b) 14.0 eV, and
¢) 17.1 eV photon energy, as a function of total driving intensity. The blue curves represent on-axis
harmonics, in which the 800-nm intensity is fixed around 11.0 TW/cm? and the 400-nm intensity
is increased from 0 TW/cm? to about 5 TW/cm?2. The red curves represent WMOs at the same
photon energies (10.9 eV, 14.0 eV, and 17.1 eV, respectively) in which the 400-nm intensity is fixed
around 5.4 TW/cm? and the 800-nm intensity is increased from 0 to 7.5 TW/cm?.
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In order to estimate how much brighter the WMOs are, we compare the yield of a
WMO with the yield of an on-axis harmonic generated at the same photon energy and
total intensity, see Fig. 6.6. To obtain the fairest comparison, we compare scans where
HHG is exclusively driven by the fundamental 800 nm pulses and in which the total in-
tensity is build up from both driving wavelengths. Both scans were taken under similar
experimental conditions. More specifically, we compare scans where the intensity of the
800-nm pulse is around 11.0 TW/cm? and the intensity of the 400-nm pulse is varied
(blue lines in Fig. 6.6). At this 800 nm intensity, the efficiency of HHG driven by 800 nm
alone is close to maximal and the main on-axis harmonics (orders (7,0), (9,0), and (11,0))
are always present, and their yield does not change significantly by addition of the sec-
ond color. Scans in which the intensity of the 800-nm pulses is scaled and the intensity of
400 nm is kept constant (red lines in Fig. 6.6) start at lower intensity of the 800 nm pulses
and the WMOs show a dramatic increase in yield. Comparing the yield of the WMOs as
a function of total driving intensity (fundamental and SH intensity combined) with the
yield of on-axis harmonic orders at the same photon energy and total driving intensity,
provides the enhancement factors. The yield of order (7,0) is only a few arbitrary units at
an intensity of 11.0 TW/cm?. At the same total intensity, which now consist of both fun-
damental and SH intensity, the signal of WMO (3,2) has a yield of about 170 (arbitrary
units), leading to an enhancement factor of 85. An enhancement factor of about 50 is
found for H9, shown in Fig. 6.6b, in which the on-axis harmonic (9,0) has a single-digit
yield, whereas the WMO (5,2) shows a yield of around 100. For H11 the enhancement
is least pronounced, the signal of the WMO (7,2) is about 7 times larger then the on-axis
harmonic (11,0). Overall we are confident to report an increase of the WMOs with at least
one and up to two orders of magnitude compared to the on-axis harmonics for H7 and
H9, and about half an order of magnitude for H11. Extrapolating from the conversion
efficiencies of 106-10"7 that have been reported for silica and single-color HHG with a
near-infrared driver in the same photon energy range [188], this places the conversion
efficiency of wave mixing from silica well into the 107°-10°% range, which is comparable
to gas-phase sources.
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Figure 6.7: Comparison of 800-nm 400-nm driven solid-state high-harmonic generation a) Wave
mixing with equal 400-nm and 800-nm intensity of 5.4 TW/cm?. The color axis represents har-
monic yield on a logarithmic scale. b) Simulated spectra, comparing 400-nm, 800-nm and two-
color driving with equal intensity.
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The aforementioned laser-driven carrier motion alone - which is a hallmark of mech-
anisms discussing both intraband currents and interband polarizations - does not ac-
count for this yield enhancement. For a more in-depth investigation what causes this
unusual high efficiency of WMOs, we first verify experimentally the relative importance
of both driving wavelengths. The separation of fundamental and SH photon channels in
WMOs allows to identify that harmonic generation is more efficient for short-wavelength
drivers. If we generate with both the fundamental and SH field at equal intensities (each
5.4 TW/cm?), we observe that the dominant harmonic emission occurs within WMOs
that are along the 400-nm divergence direction shown in Fig. 6.7a, signaling a dominant
contribution of the 400-nm field to the WM pattern. Simulations for equal intensity of
800-nm, 400-nm or two-color pulses in Fig. 6.7b indeed confirm that aiding HHG by
adding a shorter wavelength leads to the highest harmonic emission.

Comparing the momentum and time-resolved photocarrier excitation for 800-nm
and 400-nm pulses in Figs.6.8a,b, we make two observations: First, the use of a short
driving wavelength increases the ionization probability and thus the number of excited
carriers. Second, the shorter driving wavelength accelerates carriers across k with a
higher frequency, leading to enhanced carrier concentration around the I'-point, where
the band curvature facilitates both large carrier velocity and acceleration. This combina-
tion of increased photoexcitation, and high-frequency light-induced carrier motion re-
sults in a larger polarization for shorter driving wavelengths, giving more efficient high-
order harmonic emission in the XUV, shown for 800 nm and 400 nm in Figs. 6.8c,d, re-
spectively. Mixing two driving fields additionally leads to the advantageous combina-
tion of high yield and broad spectral coverage. The driving force of enhanced carrier
concentration is most clearly seen from the k-resolved and energy-resolved polariza-
tions in Figs. 6.8c,d. Driving HHG with 400 nm (Fig. 6.8b) supports Floquet-Bloch states
[103] where the bands are dressed with multiples of the driving photon energy. Transi-
tions between such states gives rise to the polarization signals at energies of multiples
of the k-dependent band energies, clearly visible in Fig. 6.8d. This contrasts to the sit-
uation with 800 nm, where the strong driving and longer wavelength allows for the car-
riers to accelerate beyond the Brillouin zone edge. Therefore Wannier-Stark states - the
eigenstates in a quasi-static electric field of an electron undergoing Bloch oscillations -
are a more appropriate basis where dressing by multiples of the Bloch frequency occurs
[106]. This illustrates that the shorter driving field operates further in the multiphoton
regime providing assistance to more efficient carrier excitation and thus overall boost-
ing HHG emission intensity. Microscopically, this has important ramifications that can
stimulate new theories: While Floquet-Bloch dressing with 400 nm drivers supports a
delocalized excitation due to dressing of the bands and thus encompassing many unit
cells, the strong 800 nm driver leads to subsequent spatial localization due to Wannier-
Stark dressing, and emission frequencies given by the energy differences of the localized
Wannier-Stark states.

6.4. Conclusion and outlook

In conclusion, we have demonstrated efficient extreme-ultraviolet two-color non-collinear
high-order wave mixing in silica. Our theory based on semiconductor Bloch equations
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Figure 6.8: Comparison of 800-nm 400-nm driven solid-state high-harmonic generation. a) Elec-
trons in the first conduction band as a function of time and crystal momentum for an 800-nm
pulse (vector potential represented by the blue line), and b) for a 400-nm pulse. c) Energy- and
momentum-resolved polarization for 800 nm, and d) for 400 nm, both for an intensity of 1.6
TW/cm?2. The color bar represents harmonic yield on a logarithmic scale. Harmonic orders re-
fer to multiples of the 800-nm fundamental, even orders of the driving frequencies cancel out in
the emission spectrum due to symmetry.

revealed that both Floquet-Bloch dressing followed by interband and intraband dynam-
ics, that can rather be rationalized as dressed Wannier-Stark states, compete during in-
tense laser-irradiation promoting high-efficiency carrier excitation and thus boosting
the HHG emission intensity. The resulting brightness enhancement turns solid HHG
into a competitive source, especially in combination with the recently pioneered wave-
front shaping of solid HHG through nanostructures [191]. Moreover, our simulations
show that harmonics can be understood as signatures of laser dressing and Floquet en-
gineering of materials [199, 200], a topic that has recently gathered much attention due
to the opportunity to modify electronic structures of solids at will purely through light-
matter interaction [201, 202]. In addition, the multiband dynamics that drive wave mix-
ing in this study correspond to a field-driven attosecond electron wave packet motion
in the crystal lattice. The simultaneous recording of multiple experimental observables
from solid HHG may thus allow for the reconstruction of this attosecond electron motion
as previously achieved in molecules [128], and become a valuable tool for investigating
laser-driven phase transitions and strongly correlated electron dynamics trough high-
harmonic spectroscopy [203], with the possibility to add picometer spatial resolution as
demonstrated for solid HHG recently [204].






{

Transient High-Harmonic
Spectroscopy in MgO

87



88 7. Transient High-Harmonic Spectroscopy in MgO

7.1. Introduction

The experimental discovery of high-harmonic generation (HHG) from solids [36] has
provided a new way to study strong-field light-matter interaction at timescales, spatial
dimensions, and intensities that before were inaccessible. Solid HHG enables the gen-
eration of THz [37] to extreme-ultraviolet [40] wavelengths, with structured wavefronts
[50, 191] through generation from nanostructured solids [51-53, 176, 191], and is demon-
strated in a wide variety of materials, such as ZnO [36, 42], SiO, [40, 70, 171], MgO [43],
and Al,O3 [71]. Moreover, solid HHG was demonstrated as a spectroscopy technique
to probe directly the strong-field light induced electron dynamics [41, 57], electronic
band structure [39, 40, 54], and valence electrons characteristics [204]. However, fur-
ther developments of solid-HHG-based spectroscopy techniques are slowed down by
the inherently low conversion efficiency of the process [40, 188]. To compensate for the
low signal-to-noise, the repetition rate of the driving laser could be increased [59, 188,
205] to boost the HHG photon flux. Additionally, HHG at MHz/GHz repetition rates can
be realized in enhancement cavities, which has been demonstrated successfully for the
generation of high harmonics from gases in an intracavity configuration [206, 207]. How-
ever, in gas HHG the generation medium becomes ionized, which eventually leads to a
plasma buildup in the interaction region and reduces the conversion efficiency of HHG
due to phase mismatch. The highest repetition rate is therefore limited to the time it
takes for the gas within the interaction volume to be refreshed. The situation in solid
HHG is different, since the medium is not ionized, but merely excited with a carrier pop-
ulation that may relax back to the ground state on ultrafast timescales, depending on the
generation medium and excitation conditions. Therefore, the effect of the excited carrier
population on the solid HHG process has to be identified and understood, in order to en-
sure that accumulated electronic changes upon exposure do not irreversibly damage the
solid and decrease the HHG efficiency between subsequent laser pulses.

Pump-probe experiments in ZnO [187] have shown that excitation of the sample de-
creases the overall HHG efficiency. The given explanation states that the valence band
electron population depletes and reduces the interband recombination probability, re-
sulting in less efficient HHG. However, the increased conduction band population was
also shown to enhance the intraband current [187], in agreement with earlier work [208].
Additionally, pump-probe experiments in monolayer MoS; [209] demonstrate a reduc-
tion in the HHG efficiency, due to a decrease in coherence time of the electron-hole pairs,
necessary for an interband polarization and hence HHG. The relative importance of in-
terband and intraband electron dynamics in the process of HHG is strongly dependent
on driving wavelength, intensity, and the material under investigation. Therefore, dif-
ferent generation conditions are expected to result in different responses of HHG in the
presence of an excited carrier population. Moreover, in a quantum mechanical frame-
work, the excitation of a material with a pump-pulse can generate a superposition state
of a ground state and an excited state. Subsequent HHG from the excited material with a
probe-pulse is sensitive to the emission of the superposition state, but is not able to dis-
entangle the phase and amplitude contributions of the ground and excited state. Phase
and amplitude information of HHG from an excited state can be extracted using tran-
sient grating high-harmonic spectroscopy [135, 210-212], as demonstrated for gas and
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molecular HHG.

Here we transpose the technique of transient high-harmonic spectroscopy to solid
materials, to identify phase and amplitude of solid HHG in the presence of an excited
carrier population. The high density of solids complicates this technique, since macro-
scopic propagation effects on the fundamental driver cannot be neglected and will affect
the phase and amplitude of the HHG. Therefore, we additionally measure the effect of
an excited carrier population on the fundamental wavefront, to isolate the macroscopic
contributions. The remaining phase and amplitude contributions originate from the mi-
croscopic HHG process itself. We elaborate on both the macroscopic and microscopic
contributions through simulations and additional measurements. In addition, we com-
pare results of the technique performed in SiO, and discuss the differences. Overall we
demonstrate that the combined measurement of transient grating spectroscopy on the
HHG and on the fundamental allows to extract absolute phase and amplitude informa-
tion of excited state HHG. Extracting both amplitudes and phases will allow for measur-
ing transient modifications of the solids, such as band gap renormalizations and lattice
expansions, and possibly even transient band structures [55] by linking the observed
quantities to a theoretical model.

7.2. Experimental details

The concept of transient-grating high-harmonic spectroscopy is shown in Fig. 7.1. The
setup is used to study the effect of an excited carrier population on HHG and to simul-
taneously compare to the properties of HHG in an unexcited configuration. To obtain
an excited carrier population, we cross-illuminate the solid sample (MgO) by two 266-
nm pulses. The interference of the two pulses results in a transient grating and creates

266 nm XUV H7 (10.5 eV)
i MgO target grating
800 nm ‘ — —

35 fs /,»——'——l\\\\ i

.
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Figure 7.1: Experimental concept for transient-grating high-harmonic spectroscopy.

regions across the sample with and without an excited carrier population due to two-
photon absorption. A time-delayed 800-nm pulse interacts with both regions and gen-
erates harmonics (dominated by H7), which are dispersed by an XUV grating and de-
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tected by a double-stack multi-channel plate (MCP) assembly backed with a phosphor
screen. The excited carrier population influences the phase and the amplitude of the
harmonic generation at the sample plane (near-field). The modulation at the sample
plane is translated into a diffraction pattern in the far-field, resulting in the appearance
of the first diffraction orders of each detected harmonic.

The phase and amplitude modulation of the harmonic near-field is a combination
of contributions from the microscopic generation process and the macroscopic propa-
gation. Since the attenuation lengths of H7 and H9 are about 33 nm and 20 nm for SiO,
[117] and about 10 nm and 8 nm for MgO [118], respectively, we only take into account
how the propagation modulates the fundamental driving wavefront. Subsequently, we
determine this modulation by measuring the diffraction from the 800-nm fundamental
from the transient grating, and determine how this is translated onto the harmonics. The
total phase and amplitude modulation is retrieved through analysis of the diffracted har-
monics. The experimental configuration and details of transient grating spectroscopy
are described in the following section.

Transient grating spectroscopy on HHG

In more detail, the optical setup to perform transient-grating high-harmonic spectroscopy
is shown in Fig. 7.2. The output of a Ti:sapphire amplifier (Coherent Astrella, 800 nm, 1
kHz, 35 fs) is split into two arms by a beamsplitter (BS). The first 800-nm arm (reflected
by the BS) is used to generate the high harmonics and serves as the probe beam in this
configuration. The 800-nm pulses are guided across a delay stage, to allow for control
over the temporal delay between the 800-nm pulses and the transient grating. The sec-
ond 800-nm arm (transmitted by the BS) is used to generate the transient grating in the
sample. First, the 800-nm beam is partially converted into a second harmonic (SH, 400
nm), by frequency doubling inside a 200 pm thick 3-barium borate (BBO) crystal, which
is cut at an angle of 29.9 degrees. Subsequently, a calcite plate is used to compensate
for the accumulated group delay between the 800-nm and 400-nm pulses. Next, a half-
wave plate (A/2) for 800 nm is used, to rotate the polarization of the 800-nm pulses such
that they are aligned with the polarization of the 400-nm pulses. A second 100 um (3
BBO crystal, cut at an angle of 44.3 degrees, is used to convert the 800-nm and 400-nm
pulses into 266-nm pulses, equivalent to the third harmonic (TH) of 800 nm. Two 266-
nm high reflector mirrors guide the beam towards a beamsplitter, which produces two
266-nm arms. The first 266-nm arm (transmitted through the BS) is guided across a
delay stage, and at the same time is lowered by about 1.5 cm in the vertical direction,
hence we refer to this arm as the 'bottom’ arm. The second 266-nm arm (reflected by
the BS) is maintained at the same height and we refer to this arm as the 'top’ arm. The
vertically offset 266-nm arms are reflected to two D-shaped mirrors, which are placed
alongside the beam path of the 800-nm beam. From that point on, the 266-nm beams
and the 800-nm beam propagate parallel to each other. The 266-nm beams are vertically
offset from the 800-nm, one 266-nm beam above and the other one below the 800-nm
(this is represented in Fig. 7.2 by the horizontally displaced 266-nm arms). Next, the
three beams are reflected by an DUV enhanced flat aluminum mirror onto an aluminum
coated spherical mirror with a focusing distance of 75 cm, which focuses the pulses onto
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Figure 7.2: a) Experimental configuration to obtain a transient-grating for high-harmonic spec-
troscopy. b) Wave mixing of H7, which only appears if the 800-nm and 266-nm pulses overlap in
time and space, and of H9, which is present if the 266-nm pulses overlap in time and space. The
corresponding number of photons of the 800-nm pulse, the bottom 266-nm pulse, and the top
266-nm pulse are denoted in between the brackets, respectively.

the sample, located in the center of the HHG chamber. The generated harmonics (H7
and H9) are spectrally dispersed with an aberration-corrected concave flat-field grating
along the horizontal direction, and freely propagate in the vertical direction. A double-
stack micro-channel plate assembly, backed with a phosphor screen, detects the har-
monics. Finally, a CMOS camera outside of the vacuum chamber images the phosphor
screen.

To obtain a transient grating inside the sample the two 266-nm pulses require to be
overlapped in time and space, which can be confirmed by the observation of wavemixing
in H9, shown in Fig. 7.2b. Each 266-nm pulse will generate a third harmonic (which adds
up to H9 of 800 nm) in the sample, visible at + 9 mrad. If the two 266-nm pulses overlap
in time and space, additionally the wavemixing signal between the two pulses appears
at + 3 mrad. The wavemixing orders are a combination of two photons of one 266-pulse
and one photon of the other 266-pulse, which will add up to a total energy consistent
with H9 of 800 nm. The ninth harmonic order, generated by the fundamental 800-nm
pulses only, is very low in signal and is therefore not visible in Fig. 7.2b at 0 mrad. By
maximizing the yield of the wavemixing signal, the overlap of both 266-nm pulses can be
optimized. In addition, the 800-nm pulse needs to keep spatial overlap with the transient
grating. In this experiment, we have stabilized one of the mirrors in the 800-nm beam
path, with a feedback loop using input from the spatial position of the focus of the 800-
nm arm. The signal for the feedback loop was obtained by placing a 150 um quartz plate
just before the input window, to reflect out the focus of the 800 nm. If the 800-nm pulse
and two 266-nm pulses overlap in time, wavemixing in H7 is observed, see Fig. 7.2b. The
wavemixing signal originates from the addition of one 266-nm photon from one beam



92 7. Transient High-Harmonic Spectroscopy in MgO

and four 800-nm photons, adding up to H7, and appears at + 3 mrad. In addition, a
wavemixing signal appears at 0 mrad from the addition of one 266-nm photon of each
arm and one 800-nm photon, which therefore overlaps with the signal of H7 generated
by 800 nm only. The yield of the wavemixing signal will depend on the relative intensity
of the 800-nm and the 266-nm pulses, as will be discussed later on in this chapter. If
the 800-nm and 266-nm pulses have optimal overlap in time and space, the yield of the
wavemixing signal will be optimized, and can therefore be used as an alignment tool.

Transient grating spectroscopy on the fundamental wavefront

To identify the effect of the transient grating on the fundamental wavefront, we reflect
the recombined pump and probe pulses with an additional DUV enhanced aluminum
mirror, placed just before the input window, onto an MgO sample outside of the vacuum
chamber, as shown in Fig. 7.3a. The sample is positioned in the focus of the 266-nm
and 800-nm pulses. A filter to remove the 266-nm pump pulses is placed in the propa-
gation path, such that the isolated 800-nm wavefront can be measured with a camera.
The temporal and spatial overlap of the 266-nm pulses can be confirmed by the obser-
vation of self-diffraction (SD) [213] of the 266-nm pulses, as shown in Fig. 7.3b. If the
266-nm pulses overlap in time and space, they will induce a transient grating. Subse-
quently each 266-nm pulse can diffract from this transient grating itself, resulting in two
additional 266-nm beams, vertically offset to the zeroth order of the 266-nm beams. The
intensity of the 266-nm pulses is high enough to locally modify the material properties
of the sample. If the delayed 800-nm pulse overlaps with this locally modified region,
small intensity modifications to the 800-nm wavefront can be observed, as visible in the
difference in signal distribution in the zeroth order, before and after time zero, in the
bottom panels of Fig. 7.3c. The observation of these small modifications can be used
to ensure spatial overlap. Next, the effect of the transient grating on the fundamental

a) z b) Observation plane c)
& I 266 nm 800 nm >0

____________________ t<0

& :ﬂ X o st +1st +1st
HHG *SD
[? .“ chamber e QOth

“ ° Oth oth oth
. (
|\ % MgO TP, e > %
266nm T Rt b

Camera  fjjter

Divergence

Figure 7.3: a) Experimental configuration to measure the effect of the transient-grating on the fun-
damental wavefront. b) Observation of self-diffraction (SD) of 266-nm ensures overlap between
the two 266-nm pulses. Subsequently the fundamental field is diffracted. c¢) Measured first and
zeroth order diffraction of the fundamental, before and after time zero.

wavefront can be identified. In the case of MgO, the transient grating results in a refrac-
tive index modulation, which translates into a phase modulation onto the fundamental
wavefront. As a result, diffraction of the fundamental beam can be observed, as shown
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in Fig. 7.3b. The yield of both the zeroth diffraction order and the first diffraction order
are measured with a camera for a range of time delays. Before time zero, no diffraction
is present. After time zero, the first diffraction order appears, and additionally the zeroth
order wavefront shows modulations (Fig. 7.3c). For visualization the first order signal is
multiplied by 100, in order to compare with the zeroth order signal. The diffraction angle
of the first orders depends on the parameters of the transient grating, described in the
next section.

7.3. Theoretical background

This section describes the underlying theoretical background of the transient grating. In
addition, the extraction of the relative phase and amplitude from the experimental data
is presented.

Transient grating parameters

The transient grating [214] is formed by the interference between two crossing beams,
as shown in Fig. 7.4a. The interference leads to a spatially modulated distribution of
the 266-nm intensity, which results in an excited carrier population through two-photon
absorption. To obtain the intensity distribution of 266-nm at the sample plane, we will
first determine the total electric field. We formulate the electric fields polarized along
the 2-direction as,

Ey(r, 1) = By el lar-ot+dny 7.1)
Ey(r, 1) = Byeller-witday (7.2)

where E; and E, are the amplitudes of the fields and the phase of the fields is determined
by the three contributions in the exponential. The first term is set by k; and ky, which
represent the wave vectors, and the propagated distance r. The second term is set by
the central frequency w of the beam. The last term represents a general phase offset ¢,
and ¢, for each beam respectively, which we set to zero for simplicity further on. In the
experimental configuration the two beams have the same wavelength and cross each
with an angle 0 with respect to the propagation plane. Based on the symmetry in the
x direction and the asymmetry in the y direction, we can write out the wave vectors of
each wave as: ky = (ky,x, k1,) and ko = (k2 x, k2,y) = (k1,x, —k1,,). The electric fields can
therefore be written as,

E1(x,y, 1) = Ey el RLxxthuyy-ong (7.3)
E>(x,y, 1) = Epe!Rxx—kLyy-ong (7.4)

We assume the same field amplitude E; = E» = E; for both waves, and obtain an
expression for the total field by adding up both contributions,

Erotal(X, ¥, ) = 2E; cos(ky, y y) e F1¥00 3, (7.5)
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Figure 7.4: a) Two crossing beams leading to a transient-grating. b) Intensity distribution at the
sample plane (black line). The excited carrier population, induced by two-photon absorption, is
described by the distribution given by the blue line.

The amplitude of the total field is spatially modulated along the y-direction, Eq = 2E; cos(ky,y y).
The resulting total intensity distribution is defined as,

(7.6)

1+cos(2k1,yy)
T o< |Eol® o< [2E; | cos® (k1 yy) o 4|E,-|2(fy).

The wave vector k,, = sin(6) 27” is set by the crossing angle 6 and the wavelength 1. The
resulting periodicity of the spatial modulation equals A = ﬁn(m. As an example, if the
crossing angle equals 9 mrad, the resulting intensity modulation (black line) induced by
the transient grating has a 14.8 um pitch, which is depicted in Fig. 7.4b. The focus sizes
of the beams in our experiment are around 150 um, such that the fundamental is ex-
posed to multiple periods of the grating and thus diffracts. The excitation of an electron
across the bandgap of MgO (7.8 eV) can only occur through two-photon absorption. Ef-
fectively the distribution of the excited carrier population (blue line) equals I?, such that

. L . k 2 .
the spatial modulation is described by (M) , see Fig. 7.4b.

Relative phase and relative amplitude

The observed diffraction of the generated harmonic is caused by a phase and amplitude
modulation of the harmonic field at the sample plane, induced by the transient grating.
This section describes how to reconstruct the relative phase and amplitude using the
diffraction signals of the generated harmonics. The illumination of the sample with a
transient grating results in regions with an excited carrier population (excited state) and
regions that remain unexcited (ground state). We define the transient amplitude and
phase of the ground state emission as dg and ¢, and for the excited state as d, and ¢..

Also we introduce the relative amplitude d, = Z—; and the relative phase as A = ¢, — ;.
The total harmonic intensity, as a function of time, from the ground state and the excited
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state is given by:
Ltoral(1) = | Eg + E|*

= |dge'?s + d,.e'%°|?

= @+ A2+ dgd, (050 4 & PsTie) 7.7)
= dj +d; +2dgd, cos(Ap)

= dy(1+d; +2d, cos(A¢))

The intensity of the unexcited sample is equal to df,. If we normalize the total signal
to the ground state intensity, we obtain the following expression:

total Ztotal oy 4 d2 +2d, cos(Ag) (7.8)
0

As elaborated on in the previous section, due to the two-photon excitation, we obtain
a spatially modulated distribution of an excited-state population that is proportional to
the function (% (cos(kx)+1))2, with the wave vector k = 2ky,y. The excited fraction is nor-
malized to the maximum induced carrier population, and therefore oscillates between 0
and 1. We are using the expression cos?(x) = w to rewrite the spatial distributions
of the ground state and the excited state to

Eg(x) = dge ¢g(1——(cos(kx)+1)

(7.9)
= dge“/’ (§ L —cos(kx) — 1 cos(ka))
8 8
1
E.(x)= (Z(cos(kx) + 1)
3 1 1 (7.10)
= dc (5 + = 5 cos(kx) + 8 cos(ka))

The modulation of the ground state and the excited state will result in a diffraction
pattern of the harmonic signal in the far-field, which oscillates with spatial frequency
¢, and is determined by a Fourier transform. We add up the two signals and obtain the
following expression for the far-field distribution,

F(Eg+Ee) () = (dgei‘ng + deei‘/’eg) 5+

1 . . k k
_ ipe _ ip - —
; (dee™: - dgeite) (5(5 5+ 271)) + (7.11)

(o ige i k k
= (dee™® - age 8)(5(£—H)+5(€+n)
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The intensity of the zeroth diffraction order is given by,

5 312
Im=0(2) = ‘(dge“bgg + dee””"’—)

8
(7.12)
= dé (9 25d; + E)’Od cos(A ))
“16la 4 4T ¢
The intensity of the first diffraction order is given by,
1 i i 2
Ip=1(2) = ‘_ (deel¢e - dgeld)g) ,
4
(7.13)

2

d
= 1—2 (d? - 2d, cos(Ag) +1).

Due to the two-photon absorption and the resulting spatial distribution, second order
diffraction will also appear in the far-field. The second order will be absent in the case
of a one-photon absorption process [135]. The intensity of the second order diffraction
peak is given by,

1 ) 2
Im=2(2) = 'E (deeld)e - dge”bg)
2 (7.14)
= 1—52 (d? - 2d, cos(Ag) +1).

Using the expression for the zeroth (Eq. 7.12) and first order diffraction (Eq. 7.13), we
can solve for the product of the relative amplitude and phase,

16(I;n=0 — 2 Im=1) +4
20 ’

dycos(A¢) = (7.15)

In addition we can solve for the square of the relative amplitude, by substitution of Eq.
7.12 into Eq. 7.15,

d? = 161,,-1 +2d, cos(A¢g) — 1. (7.16)

The product of the relative amplitude and phase (Eq. 7.15) can be calculated using the
measured intensity of the zeroth order (I,,~¢) and the first order (I,;,=1) diffraction. Sub-
sequently, the retrieved value of Eq. 7.15 can be substituted into Eq. 7.16 to solve for the
square of the relative amplitude d?. Knowing d? and d;, cos(A¢), we can determine the
relative amplitude d, and relative phase A¢.

The relative amplitude and phase relate to the properties of the harmonic field at
the generation plane. The phase and amplitude of the harmonic field, described for
harmonic order g, are proportional to the properties of the 800-nm field that generates
the harmonic radiation at the ground state and excited state region,
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Eg,q = dg,qel(pg'q X (Eg,SOO)q = (dg’SOO)CIelq(Pg,soo’

i . (7.17)
Ee,q = de,qe?*7 o (E¢g00)7 = (de,g00) 7€ 7%

More specifically, the amplitude and the phase of the 800-nm field for both the ground
state and the excited state region have to be determined. Due to the two-photon excita-
tion, the material properties of the excited region may change compared to the unexcited
ground state region, which could influence the phase and amplitude of the fundamental
field during the propagation through the MgO sample. In particular, a refractive index
modulation induces a phase modulation onto the fundamental wavefront, which addi-
tionally modifies the amplitude distribution of the fundamental wavefront, as will be
elaborated on later in this Chapter. The exact dependence of the harmonic amplitude
on the fundamental field strength is not known, therefore we make a perturbative ap-
proximation, such that the harmonic amplitude is raised to the power of the harmonic
order g. Additionally, the phase of the fundamental field that is transferred to the har-
monic order is also proportional to g. In addition to the fundamental field properties, an
additional amplitude and phase component contribute to the harmonic field, induced
by the HHG process itself. For example, the presence of an excited carrier population
could modify the efficiency of the HHG process and introduce an associated extra phase
contribution. We refer to this amplitude for the ground and excited state HHG process
as, dg nng and de HHa, respectively. The phases induced by the HHG process are defined
as ¢g uuG and ¢ Hue, for the ground state and the excited state respectively. The total
harmonic near field of the ground and excited state region can therefore be described as,

. "
Eg,q — (dg,800)ng,HHGelq(’bg‘800 lﬁbg,HHG’

. . 7.18
Ee,q = (de,BOO)qde,HHGelqd)e'BOOHd)e'HHG- ( )

Finally, we define the relative amplitude and relative phase of the harmonic field at the
generation plane by dividing E, 4 with Eg 4,

Eeq

= Epq = dyqe'™07 (7.19)

Eg,q
After substitution of Eq. 7.18 into the expression of Eq. 7.19, we find the final expressions
for the relative phase and relative amplitude of the harmonic field,

Apg = qAdgoo + ApuuG,

(7.20)
dr,q = (dr00)? dr,HHG-

In more detail, the total relative phase A¢, is given by the combination of the macro-
scopic phase from the fundamental field A¢ggo multiplied by the harmonic order g, and
from the phase that originates from the microscopic HHG process, A¢yng. For the total
relative amplitude d,, both the amplitude of the generation process and the properties
of the fundamental field have to be taken into account. Since the exact dependence of
the harmonic amplitude on the fundamental field is not known, the expression for the
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relative amplitude d,4 is an approximation. In contrast to the approximated amplitude,
the phase expression is exact.

7.4. Results

7.4.1. Transient grating spectroscopy of harmonic 7 in MgO

The generation of harmonics in MgO using 800-nm pulses is dominated by the emission
of H7 (10.8 eV). In the presence of the transient grating (TG), induced by 266-nm pulses
with a total intensity of 2 10''W/cm?, an excited carrier population modulates the H7
near-field and TG diffraction orders appear in the far-field. The signal of the diffracted
harmonic is determined as a function of the time delay between the 800-nm pulse and
the TG, as shown in Fig. 7.5a. The intensity of each diffraction order is normalized to the
total signal of H7 at negative time delays, which corresponds to 800-nm pulses arriving
at the sample before excitation. The intensity can therefore be compared directly to an
unexcited (ground state) configuration. Remarkably, the total intensity of harmonic 7
(black line) is higher in the presence of an excited carrier population. The zeroth order
diffraction first shows a decrease in signal and slowly recovers back to unity for larger
time delays. The diffraction signals decay exponentially, with a mean decay time of 73
ps (+ 3 ps), indicating that the excited carrier population decays on the same timescale.
The decay time is on the same order of magnitude compared to earlier findings of a free-
carrier population in MgO [215], which reports a mean decay time of 50 ps (+ 5 ps).
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Figure 7.5: a) Zeroth order (red) and transient grating (blue and yellow) diffraction orders of H7 in
MgO. The total signal is denoted by the black line. b) Reconstructed relative phase and amplitude.

As described in the theoretical background, we can retrieve the relative phase and
amplitude of the harmonic field at the sample plane using the intensity of the zeroth and
the first TG diffraction orders, which is depicted in Fig. 7.5b. The relative phase peaks at
about 1.5 radian just after time zero, and decays over time as the excited carrier popula-
tion relaxes. The relative amplitude shows a similar trend, starting at a peak value of 1.25.
The relative amplitude is defined as the ratio between the excited state and the ground
state amplitude, therefore we can conclude that the harmonic intensity (d?) of the ex-
cited region is more than 50% higher. Before the excitation, the relative phase difference
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and relative amplitude are zero and one, respectively, as the entire sample is unexcited
and can be described by the ground state. At the moment the carrier population has
fully relaxed back to equilibrium, we expect to get back to the values before time zero.
Indeed, the relative amplitude decays back to unity. However, the relative phase shows
an offset of 0.5 radian. Since the total signal at large delays has not fully recovered back
to the initial signal level and there is still some signal present in the + first TG orders, a
non-zero relative phase is reconstructed.

These results indicate that if the excited carrier population increases, the diffraction
efficiency and the total signal also increase. We confirm this observation with another
measurement, shown in Fig. 7.6a, where we determine the dependence of the diffrac-
tion signals on the 266-nm intensity. The time delay between the 800-nm probe pulse
and the transient grating is set at 3 ps. Next, the 266-nm intensity is increased in steps,
which results in an growing excited carrier population. We observe that a higher 266-
nm intensity will lead to a higher diffraction efficiency and that the total signal is also
enhanced. The reconstructed relative phase and amplitude of the diffracted signals as
a function of 266-nm intensity is presented in Fig. 7.6b. As expected, for low 266-nm
intensity (little excitation), there is little difference between the ground state and the ex-
cited state, such that the relative phase and amplitude equal zero and one, respectively.
As the 266-nm intensity increases, the excited carrier population grows, and the relative
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Figure 7.6: a) Zeroth order (red) and transient grating (blue and yellow) diffraction orders of H7 in
MgO, as a function of 266-nm intensity. The total signal is denoted by the black line. b) Recon-
structed relative phase and amplitude.

phase and amplitude also increase. This observation can be explained by two reasons.
On the one hand, the excited carrier population will induce refractive index changes,
which can modify properties of the fundamental wavefront due to propagation effects.
These properties will be transferred to the harmonic generation. On the other hand,
the presence of an excited carrier population changes the generation conditions of the
HHG process, and results in modified generation efficiency with corresponding phase
modifications. Since both processes are influenced by the excited carrier population, we
now perform independent measurements on the transient diffraction of the fundamen-
tal 800-nm pulses in order to decouple the different contributions from each other.
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7.4.2. Macroscopic propagation contributions

To identify the contribution to the relative phase and amplitude due to propagation ef-
fects, we need to determine the phase and amplitude of the fundamental wavefront at
the generation plane, in the presence of a transient grating. In order to do so, we gener-
ate a transient grating in MgO and measure the diffraction of the fundamental 800-nm
wavefront, as described in Fig. 7.3. The decay time of the excited carrier population in
Fig. 7.5a corresponds to the decay times of a free-carrier population, which induces a
refractive index change (8, 215], defined in SI units as,

AN,e?

An= —,
€0Mw

(7.21)

with AN, the carrier population in the conduction band, e the electronic charge, ¢
the vacuum permittivity, m the effective electron mass, and w the angular frequency of
the excitation pulse. The induced refractive index change translates into a phase modu-
lation imprinted onto the fundamental wavefront, upon propagation through the MgO
sample. The accumulated phase in the near-field results in diffraction of the fundamen-
tal wavefront in the far-field. The zeroth and first order diffraction were measured as a
function of time delay, as shown in Fig. 7.7a. The intensity of the 266-nm pulses in this
experiment is estimated at 2.3 10''W/cm?, which is different from the transient grat-
ing used in Fig. 7.5a. Therefore we abstain from comparing absolute values, and focus
on comparing qualitative trends. As expected, no diffraction appears for negative time
delays, at which no excited carrier population is present. After time zero, the zeroth or-
der shows a small dip in signal and we see the first diffraction order appear, which is
multiplied by a factor of 100 for visualization. The diffraction into the first orders can-
not account for the total observed decrease in the zeroth order signal, which therefore
might be caused by induced nonlinear absorption of the fundamental due to the pres-
ence of the excited carriers. The first order diffraction signals show an exponential decay
with a mean decay time of 34 ps + 4 ps. The peak diffraction efficiency into the first or-
der (just after 0 time delay) is calculated to be 2.7 1073. The diffraction efficiency from
a near-field phase modulation, induced by two-photon absorption and corresponding
transient grating parameters, is calculated using rigorous coupled wave analysis (RCWA)
simulations. The measured diffraction efficiency corresponds to a refractive index mod-
ulation of -2.7 107, which leads to an accumulated negative phase of -0.21 rad due to
propagation through the 100 um MgO sample, calculated using the relation A¢ = %,
where x corresponds to the thickness of the sample.

Earlier work on structured solid HHG, presented in Chapter 6, has shown that a
phase modulation imprinted onto the fundamental wavefront results in an additional
amplitude modulation [191]. In accordance to those findings, we calculate the phase
and amplitude of the fundamental after propagation through the sample using Fresnel
diffraction. As a first assumption, we assume all accumulated phase, as calculated by
the RCWA simulations, is imprinted on the fundamental field at the first interface, which
corresponds to an upper limit estimate of the amplitude and phase modulations. The
spatial phase modulation of the fundamental wavefront at the first interface follows a
two-photon excitation distribution as given by Eq. 7.6, since the induced phase mod-
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ulation originates from a refractive index modulation (Eq. 7.21), which is determined
by the excited carrier population. Subsequent propagation through the sample, reveals
that indeed an additional amplitude modulation is present in the 800-nm near-field at
the sample exit surface. The amplitude and phase modulations are shown in Fig. 7.7b.
In more detail, the spatial distribution of the phase modulation preserves it shape, al-
though the relative phase reduces slightly in magnitude from -0.21 rad to about -0.17
rad. The amplitude modulation is visible on top of the Gaussian envelope of the 800-nm
wavefront.
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Figure 7.7: a) Zeroth and first diffraction orders of fundamental wavefront from a carrier popula-
tion induced phase grating. b) Propagated near-field of 800-nm at the generation plane, showing
both phase and amplitude modulation.

In Figure 7.8 we compare the phase and amplitude modulation that is contributed to
the XUV by the spatially modulated fundamental with the experimentally reconstructed
total relative phase and amplitude in the XUV presented in Fig. 7.6. Since the inten-
sity of the 266-nm pulses was different in the measurements, and the experiment was
performed at a different time, we refrain from any absolute comparisons. Nevertheless,
we will compare the trends of the relative phase and amplitude we observe. First we
compare the modulation of the phase in Fig. 7.8a. The XUV phase modulation is con-
structed by imprinting the peak relative phase difference in Fig. 7.6b onto the spatially
modulating two-photon absorption distribution, presented in Fig. 7.4b. The contribu-
tion of the fundamental to the XUV phase modulation is constructed by multiplying the
spatially resolved phase modulation in Fig. 7.7b with a factor of 7, corresponding to the
harmonic order. The spatial phase modulation of the XUV and the contribution of the
fundamental to the XUV match in terms of periodicity and shape of the distribution,
see Fig. 7.8a. However, the absolute value of the phases are noticeably different, since
the XUV phase shows a stronger phase modulation than the contribution of the funda-
mental. The remaining offset can have two origins. Either the difference originates from
the experimental conditions not being identical, or the difference originates from an
additional phase modulation originating from the microscopic HHG process. Further
measurements will have to be performed, to identify what causes the observed phase
offset. A similar analysis is performed for the amplitude comparison, see Fig. 7.8b. The
XUV amplitude is presented as the absolute value of the harmonic near field, which is



102 7. Transient High-Harmonic Spectroscopy in MgO

constructed using the peak relative amplitude obtained from Fig. 7.5b. For visualization,
the ground state amplitude is defined as one, such that the excited state amplitude cor-
responds to the relative amplitude. The amplitudes are then imprinted onto the spatial
modulation induced by two-photon absorption, as described in Eq. 7.9 and Eq. 7.10.
To obtain the contribution of the fundamental to the XUV amplitude modulation, the
amplitude modulation presented in Fig. 7.7b is divided by the Gaussian envelope of the
fundamental wavefront. To convert the fundamental amplitude modulation to the har-
monic near-field modulation, we use a perturbative approximation and raise the am-
plitude distribution to the power of 7, the harmonic order. Moreover, the transferred
fundamental field distribution indicates a lower amplitude at the ground state regions,
compared to the initial field strength, which would correspond to 1. Therefore, we re-
frain from defining a relative amplitude for the contribution of the fundamental to the
XUV, as the ground state region does not have the same amplitude as before excitation.
We observe that the modulation due to the fundamental is on the same order of magni-
tude as the XUV amplitude, however the spatial trends do not match well. The near-field
propagation of the fundamental wavefront does not resemble an amplitude modulation
that follows a two-photon absorption distribution. Additionally, the fundamental ampli-
tude modulation is most likely an overestimation, as it is calculated while assuming all
phase modulation is imprinted on the front surface of the sample. The discrepancy of
the amplitude modulation could be accounted for by the modified microscopic HHG ef-
ficiency in the presence of an excited carrier population, which will follow a two-photon
excitation spatial modulation. Overall, the phase and amplitude modulations of the fun-
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Figure 7.8: a) Comparison of the phase modulation reconstructed from the XUV measurements
(as presented in Fig. 7.6) and from the contribution of the spatially modulated fundamental to the
XUV (as presented in Fig. 7.7), shown as the black and red line, respectively. The phase discrepancy
might be accounted for by an intrinsic phase originating from the microscopic HHG process. b)
Comparison of the XUV amplitude modulation and the fundamental amplitude modulation. The
XUV amplitude modulation (as reconstructed from the data in Fig. 7.6b) follows a two-photon
excitation spatial modulation. A perturbative approximation is made, to approximate the effect
of the fundamental field modulation (as obtained from Fig. 7.7b) onto the harmonic near-field
modulation. The mismatch in amplitude modulation might again originate from the microscopic
HHG process.

damental wavefront will have a contribution to the overall relative phase and amplitude



7.4. Results 103

of the XUV, which can not be neglected. How much the contribution is exactly, will have
to be determined in future measurements, in which the transient grating has the exact
same parameters in both the measurement on harmonic diffraction as the measurement
on the fundamental wavefront diffraction.

7.4.3. Microscopic generation contributions

The results presented so far demonstrate that a transient grating of excited carrier pop-
ulation modifies the harmonic near-field, of which a fraction originates due to propa-
gation effects of the fundamental wavefront. Although further experiments have to de-
termine the exact fraction, we elaborate in this section on the remaining contribution to
the relative phase and amplitude originating from the HHG process itself. To isolate the
contributions of the fundamental propagation and the microscopic generation process,
we block one of the 266-nm beams and perform a pump-probe measurement with only
one excitation pulse, see Fig. 7.9. If only one 266-nm pulse illuminates the sample, we
do not induce a transient grating and there will be no modulation of the fundamental
wavefront due to propagation effects. Effectively, the pump-probe measurement probes
only the relative phase and amplitude contribution originating from a modulated mi-
croscopic HHG process. We compare the intensity of the zeroth order diffraction of H7
for three different situations, see Fig. 7.9. Each intensity is normalized to the signal at
negative time delays, corresponding to an unexcited sample. The signal of the zeroth
order drops in the configuration where both 266-nm arms form a transient grating in the
sample (red line, denoted by TG). In addition, the trend is shown for the pump-probe
scheme (blue line), which also shows a drop compared to the unexcited trend (black
line), corresponding to an 800-nm only configuration.
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Figure 7.9: a) Intensity of the zeroth diffraction order of H7 for three different measurement con-
figurations: both 266-nm arms are present (red line) and form a transient grating, only one 266-nm
arm is present (blue line), which is a regular pump-probe measurement, and no 266-nm is present
(black line) to compare with the 800-nm only trend.

The drop in signal in a pump-probe configuration suggests that the harmonic gen-
eration from an excited sample decreases the total signal, due to a combination of ampli-
tude and phase contributions. Earlier work on transient-grating spectroscopy in molecules
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[135, 210-212] explains that a drop in zeroth order diffraction in a pump-probe config-
uration can be caused by the destructive interference between the excited state and the
ground state. In the case of molecules, the excitation from the ground state to the excited
state is associated with a certain excitation probability. Effectively, only a fraction of the
molecules is excited, and the generation target is described by a combination of ground
state and excited state components, which possess a different phase and amplitude. A
pump-probe configuration measures the interference between the excited state and the
ground state, which can either be constructive or destructive, depending on the relative
phase between the states. In gas-based HHG, the relative phase difference between the
states can be related to the properties of the electron dynamics upon generation. In an
excited state, the electron experiences a different ionization potential, which translates
into a phase offset compared to the ground state excitation. Additionally, the efficiency
of the HHG process is higher for the excited state due to the different ionization poten-
tial.

For solid-based HHG a similar mechanism could explain the observed drop in ze-
roth order diffraction. Upon illumination by a 266-nm pulse, only a fraction of the MgO
unit cells obtain an excited carrier population. We perform a preliminary simulation,
to investigate the effect of an excited carrier population on the efficiency of the HHG
process, see Fig. 7.10. The HHG process is simulated by the interaction of an 800-nm
pulse interacting with a two-level system (0 eV and 7.8 eV, representing MgO), defined
in the adiabatic basis using Houston states, which is described in more detail in Chap-
ter 2, section 3.2 of this thesis. To mimic an excited population, the initial population
of the levels was altered to match the refractive index change, retrieved from the results
presented in Fig. 7.7. Using Eq. 7.18, the retrieved refractive index change corresponds
to a conduction band carrier population of 1.5 10'¥ e/cm3. Based on the density of MgO
(5 10?2 units/cm?®) and the presence of eight valence electrons per unit MgO, we calcu-
late an excitation fraction of 0.26%. The harmonic spectra were calculated for both an
excited and unexcited configuration, see Fig. 7.10. The excited configuration generates
an enhanced HHG signal compared to the unexcited configuration. The already present
carrier population results in an increased HHG signal, since the amplitude of both the in-
terband polarization and intraband current depend on the carrier density within a level.
Even though this simulation shows that an excited carrier population increases the yield
of the HHG process compared to an unexcited sample, these results are insufficient to
explain our experimental results. In particular, the simulation presented is based on a
single-electron interaction, whereas in reality the interaction of many electrons with the
strong-light field generates high-harmonics. Especially the effect of an excited carrier
population on the decoherence time of the electron-hole pairs involved in the gener-
ation has to be identified, as this will also determine the magnitude of the interband
polarization and hence the HHG efficiency. Moreover, it is not included to what extent
an excited unit cell of MgO affects neighbouring unit cells, and therefore how the elec-
tronic band structure of MgO is modified by an excited carrier population. Besides the
amplitude of the HHG signal, more advanced simulations should provide phase infor-
mation of the HHG, for both the excited and unexcited configuration. The origin of the
corresponding phase difference is possibly directly related to any changes in the band
gap, equivalent to the change in ionization potential for the molecular case. To cor-
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Figure 7.10: a) HHG spectrum of MgO calculated in the Bloch basis for an unexcited (blue) and
excited (red) configuration, corresponding with an initial conduction band population of 0.26%.

rectly calculate the effect of an excited carrier population on the HHG process advanced
simulations have to be performed. Specifically using models that take into account the
modification of the electronic landscape of MgO in the presence of an excited carrier
population and multi-electron interactions, such as dephasing of the carrier population.

7.4.4. Comparison with Silica

The decay dynamics of the excited carrier population in MgO show a decay time of 73
ps (+ 3 ps) in Fig.7.5a, which means that a laser with GHz repetition rate could be used
to drive solid HHG in MgO and to increase the photon flux. Another material which has
shown to generate efficient harmonics in the XUV [40] is SiO,, of which the free-carrier
population was shown to decay on the order of 100 fs [215], and subsequently forms a
self-trapped exciton population, which is hypothetically even compatible with THz rep-
etition rate drivers. In contrast to MgO, free-carriers in SiO, can form trapped exciton
states [215], of which the effect on HHG is not known. Therefore, the transient-grating
spectroscopy was also attempted in SiO2, but no transient-grating signal was observed.
Due to the larger band gap of SiO, (9.6 eV), excitation with 266-nm photons can only
occur through three-photon absorption, which is significantly less efficient compared to
two-photon absorption. The comparison between the wavemixing signals of H7 in MgO
and SiO; in Fig. 7.11a show a significantly different distribution. The same intensity of
800 nm (5 TW/cm?) and 266 nm (0.23 TW/cm?2) was used in both samples. In MgO, the
wavemixing signal is dominated by the 0-mrad and + 4-mrad signal. The wavemixing
at 0 mrad originates from a combination of the main generation of H7 from 800-nm
photons, and in addition the wavemixing signal with one photon of each 266-nm arm,
combined with one 800-nm photon. The signal at +4 mrad is constructed by the combi-
nation of four 800-nm photons and one 266-nm photon. Interesting to observe is that in
SiO, the wavemixing signal is dominated by two-266-nm photon and one 800-nm pho-
ton mixing, which corresponds to the signal at + 10 mrad. In SiO, the absorption of
266-nm is lower, due to the larger bandgap, such that the remaining intensity after prop-
agation through the sample at the back surface is higher than in MgO. In addition, for the
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Figure 7.11: a) Wavemixing of H7 in MgO and SiO2 at zero time delay. b) Delay trace of the signal
at -10 mrad with two 266-nm arms (TG) and only one 266-arm (pump-probe).

chosen 800-nm intensity, the main generation of H7 is also less efficient than in MgO. To
identify if there are any electron dynamics that influence the HHG process, we compare
a transient-grating and pump-probe configuration in SiO, in Fig. 7.11b. In the case of
a transient-grating configuration, the wavemixing signal at + 10 mrad overlaps with the
angle at which a transient-grating signal would appear. The intensity of the signal at —10
mrad is tracked as a function of time delay, corresponding to the red line in Fig. 7.11b.
In the case that one 266-nm arm is blocked, we only track the wavemixing component,
and obtain the blue line. The identical shape of the intensity trace in time, shows that no
additional transient-grating signal is discernible, and the entire signal is dominated by
wavemixing. The 266-nm pulses are not capable of producing a significant excited car-
rier population. Therefore, a higher photon energy should be used for photoexcitation
to explore the dynamics of an excited carrier population in SiO,.

7.5. Conclusion and outlook

In conclusion, we have demonstrated transient-grating high-harmonic spectroscopy in
MgO to determine the effect of an excited carrier population on the solid HHG process.
The method enables the reconstruction of the relative amplitude and phase modulation
of the harmonic near-field, which originates from an excited carrier population that is
induced by two-photon absorption of 266 nm light. The total reconstructed phase and
amplitude are a combination of macroscopic propagation effects of the fundamental
wavefront and microscopic contributions due to a modified HHG process. Additional
transient-grating spectroscopy on the fundamental wavefront allows to disentangle the
macroscopic contributions from the microscopic contributions. The importance of each
contribution will have to be determined in future measurement, performed under iden-
tical transient-grating conditions. Subsequent advanced simulations provide a new way
to relate the remaining microscopic phase and amplitude to the solid HHG process.
More specifically, the relative microscopic phase could be related directly to a modifi-
cation of the energy levels in MgO, induced by the excited carrier population. More-
over, preliminary simulations suggests that an excited carrier population enhances the



7.5. Conclusion and outlook 107

efficiency of solid HHG. Overall, the presented combination of transient-grating spec-
troscopy performed on the fundamental wavefront and on the generated high harmon-
ics provides a complete method to disentangle phase and amplitude contributions of
macroscopic and microscopic contributions of HHG in the presence of an excited car-
rier population.






Electron Density Rate Equations

In Chapter 2.2.1 we discuss several approximations to describe the ionization mecha-
nism for the excitation of electrons. The equations to calculate the ionization rates are
presented here, and are based on the approach presented in [78]. The growth of the elec-
tron density due to strong-field ionization was described by Keldysh [74] for gases and
solids. In the original work, Keldysh approximated the electron density rate for the case
that tunnel ionization (TT) is the dominant photoionization process, described as,

e 2 Eg(meEg)3/2( enk \"?
TI= 927 2 372
R , Vimeb (A1)
TV meEg 2 1 meszg
exp |-=————[1--——==2]],
P 2 ehF 8 e2F2

with Eg the bandgap of the material, m,. the effective electron mass, e the electronic
charge, o the central angular frequency and F the field strength. Additionally, he ap-
proximated the electron density rate for the case that multi-photon ionization (MPI) is
the dominant process,
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Here, Eg represents the effective bandgap, given by,
. e’ F?
Eg = Eg + W, (A.3)
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and ¢(x) represents the Dawson function,
X
d)=e ™ fo e dt. (A.4)

The complete rate equation that Keldysh formulated in [74] is given by,
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where the function Q refers to,
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The quantities K and E correspond to elliptical integrals of the first and second kind re-
spectively. Within the strong-field ionization rate, the effective bandgap is reformulated
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For completeness, the Keldysh parameter is given by,
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with [ the intensity of the light.



Sample preparation

The experiments described in Chapter 5 and Chapter 6 are performed using fused silica
samples. The cleaning procedure and the techniques to structure these silica samples
are described in this appendix.

B.1. Cleaning procedure

The 100 um-thick amorphous fused silica samples utilized in this thesis were purchased
from UQG Optics (CFS-1010 UV Coverslip) and cleaned with an acid piranha (H,O /
37% NH4OH / 30% H»03, 5:1:1 mixture) solution at 70 degrees for 15 minutes, followed
by isopropanol cleaning, prior to experimentation.

B.2. Structured samples

All structures are made on approximately 100 pm thick fused silica substrates (supplied
by UQG Optics, Part No. CFS-1010). Before patterning, the substrates are cleaned follow-
ing a base piranha procedure. Photoresists (Shipley microposit S1813 for UV lithography
and CSAR 62 for e-beam lithography) are spincoated using a SUSS Delta 80 Spin Coater.
The gratings with micrometer pitch, and the micrometer pillar array are fabricated by
UV lithography (SUSS MA/BA 6 MASK Aligner). The nanometer grating and the more
complex smiley pattern are made with electron beam Lithography (Raith e-LiNE lithog-
raphy system Voyager). Etching of the substrates is done by reactive ion etching (Oxford
Plasmalab 80+ Ion Beam Etching).

The gratings with micrometer pitch and micrometer array pillar samples are char-
acterized using optical microscopy (Zeiss Axioskop2) and a surface profilometer (KLA-
Tencor stylus profiler P7), to determine the pitch and the height of the structures, see
Figs. B.1 and B.2.

The grating with 200 nm linewidth is characterized using an atomic force microscope
(Bruker Dimension icon XR). The height and pitch of the grating is measured before and
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Figure B.1: Optical microscope image of the grating with 10 pm pitch and 5 um linewidth.

nm L L L | ' L L L L
K
50
-50 "J
-1004.., ; : . ; . ; ; =
0 20 40 60 80 100 120 pm

Figure B.2: Height determination of the grating with 10 pm pitch, using a profilometer. The height
is measured to be 85 nm + 3 nm.
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Figure B.3: Atomic force microscope image of the nanometric structure (400 nm pitch, 200 nm
linewidth, 85 nm height), measured before the experiment.

after the measurements, to exclude degradation of the structure during the measure-
ments (see Fig. B.3).






Simulations of HHG from
nanostructures

In Chapter 5.3, we describe the generation of high harmonics from nanostructured sil-
ica and compare the experimental results with simulations, of which the details are de-
scribed in this appendix.

C.1. Numerical simulations for nanostructured grating

Numerical modelling of HHG was performed in "fundamental-to-harmonic" sequence
[216, 217] in a two-dimensional frequency-domain model using commercial finite-element
software COMSOL Multiphysics. The geometry of our model is shown in Fig. C.1. It con-
sists of a finite-sized rectangular grating of depth 85 nm, pitch 400 nm, linewidth 200
nm, and corner curvature radius 15 nm. The number of grooves was 100, yielding a total
grating extent of 40 um along the horizontal (x) direction (the grooves were effectively in-
finite along the out-of-plane (z) direction). The grating was placed on top of a substrate,
modelled as a rectangle of height (y) 2.5 pum and width (x) 50 um, and with frequency-
dependent optical constants (n, k) of silica based on [117].

Maximum element size [nm] # Mesh
Red area Green area Blue area Elements
H1 10 (Asi02/54.8) | 25 (M/32, Asi02/21.9) | 50 (A/16, Asip2/11) 5092922
H3 10 (Asi02/17.7) | 25 (\/10.7, Asio2/7.1) | 50 (\/5.3, Asio2/3.5) | 5092922
H5 10 (hsi02/9.7) | 25 (\/6.4, hsin2/3.9) | 50 (A\/3.2, hsio2/1.9) | 5092922
H7 10 (Asin2/6.5) 25 (\/4.6, Asip2/2.6) 50 (A/2.3, Asio2/1.3) | 5092922
H9 10 (rsi02/6.7) | 20 (\/4.4, hsio2/3.4) | 40 (M/2.2, hsioz/1.7) | 7680278
H11 10 (Asin2/6.6) 16 (A /4.5, hsip2/4.1) 32 (A /2.3, Asip2/2.1) | 11308501

Freq.

Table C.1: Mesh parameters in different areas of the model, as highlighted in Fig. C.1(a). The
wavelength inside SiO2 and vacuum are defined as Agjop and A respectively.
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Figure C.1: (a) Geometry of the model used to simulate HHG in COMSOL. The simulation space
consists of a rectangular block of silica with a grating on its top side, enclosed by a semi-circular
vacuum region. The outermost layer is PML (Perfectly Matched Layer) with zero-field scattering
boundary condition at the outer boundaries, except for the bottom boundary at fundamental fre-
quency, where a source of electric field is defined. Different colors (red, green, blue) indicate areas
of different mesh element sizes. (b,c) Example electric field distribution at the fundamental (b)
and the 11th harmonic (c) for the incident field polarized at 45° with respect to the grating

To enable approximately free-space propagation of HHG diffraction orders, the up-
per (vacuum) part of the simulation space was shaped into a semi-circle of radius 25 um
(matching the horizontal extent of the substrate). The entire simulation space (rectangle
+ semi-circle) was additionally surrounded by a 400 nm-thick perfectly matched layer
(PML), with scattering boundary condition set at the outermost boundaries. The mesh
was adjusted to the wavelength of subsequent harmonics, and, furthermore, different
areas of the simulation were meshed with various maximum element sizes, depending
on their importance, which is summarized in table C.1. For example, a finer mesh was
used in the silica volume in which the HHG occurs (red area in Fig. C.1(a)), or in the vac-
uum area through which the zeroth and first diffraction orders propagate (central green
area in Fig. C.1(a)). Further details on the stability of the solutions can be found in the
next section, convergence study:.

Simulations at fundamental frequency (corresponding to free-space wavelength 800
nm) were performed assuming zero field everywhere except for the bottom boundary,
where we set a Gaussian-profile excitation defined as ox (Xsina + Zcosa)exp(—iky —
x?/w?) , where % and z are the in-plane and out-of-plane unit vectors, « is the polariza-
tion angle of incident fundamental beam, and w =5 um. The model was solved at seven
different polarization angles of incident electric field: 0°, 15°, 30°, 45°, 60°, 75°, and 90°,
where @ = 0° corresponds to the polarization along z (out-of-plane, along the grooves of
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a) B b) o)

1 1
85 85 85
0 0 0

Figure C.2: Simulated field distribution of the fundamental field inside the nanostructured silica
grating for 90°, 45°, and 0°, respectively. The color scale represents the intensity, normalized to the
maximum intensity of the parallel configuration.

the grating), whereas a@ = 90° means the polarization along x (in-plane, perpendicular
to the grooves, parallel to the periodicity axis). These simulations yielded spatial distri-
butions of total (incident + scattered) electric field at fundamental frequency, which are
shown in Fig. C.2(a,b,c) for 90°, 45°, and 0°, respectively.

Two different approaches were used to simulate HHG. In the first approach, we as-
sumed that the HHG is a direct process, in which the fundamental beam is directly
converted to the n harmonic via n'-order nonlinear process. Therefore, the mod-
eling sequence consisted of only two steps, performed separately for each of the con-
sidered polarization angles, the first step at the fundamental frequency (as described
above), and the second step at the 51, 7, 9™ and 11" harmonic frequency (free-space
wavelengths: 160, 114, 89, and 73 nm, respectively). In all simulations of the second
step, the field was assumed zero at all outer boundaries, and the nonlinear polariza-
tion density P, = €9y (B, - E,,)"?>"V/2E,, was used as the source term within the red
area in Fig. C.1(a), taking as input the fundamental electric field E, simulated in the
previous step. This formula was used for all harmonics, providing isotropic nonlin-
ear optical response and the corresponding n™ power law dependence. In the sec-
ond approach, applied to the simulations of H7, we have included two possible con-
tributions of cascaded processes, as motivated in the main text. The first type of cas-
cade under consideration was H7 due to third-order sum-frequency generation (SFG)
of the fundamental and twice of H3. In this case, the nonlinear polarization density
was calculated as P, = €9 Xg)s (E3p - E3w)E,, using as input the fundamental field E,,
obtained in the first simulation step, and the 3rd harmonic field E3, obtained in the
additional, intermediate simulation step from P3, = €g )(?i)rect(Ew -E,)E,. The second
type of cascade was H7 originating from SFG of the H5 and twice the fundamental,
with nonlinear polarization obtained from Pz, = €9 xffa)s (Ey, - Ey)Esy,. We reproduced the
experimentally measured polarization dependence of the zeroth and the first diffrac-
tion order of H7 by simultaneously fitting both data sets, using complex-valued coeffi-
cients describing subsequent contributions as fitted parameters, and coherently adding
complex-valued Cartesian components of the electric and magnetic fields resulting from
these contributions, taking advantage of the superposition principle applied to radiated
fields. Finally, the time-averaged power flow was calculated from the summed fields as
o 3Re{H} Ey — Hy Hny + 3Re{—H} Ex + Hy Ez}ny, with ny, n, being the components
of the unit vector normal to the boundary. The simulations inherently take into account
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macroscopic phase matching due to the different refractive indices of XUV and IR in sil-
ica into account. Since the cascaded processes are dependent on the optical constants
and structure-induced near-field effects at intermediate frequencies, one can envision
that using resonances at intermediate frequencies may be a very promising strategy for
tuning the contributions towards constructive interference [182]. Including the contri-
bution of cascaded frequency conversion could possibly resolve the discrepancies be-
tween experiments and simulations also for other harmonics (especially those above the
band gap, such as H9). However, we refrain from such detailed analysis, as our main in-
tention in this work is to signal the possibility that such effects could play a significant
role (on the example of H7), while they are certainly not the only factors determining the
observed properties of HHG (with other potentially significant factors being transient
and non-classical dynamics, which are not included in our frequency-domain simula-
tions). Furthermore, higher-order harmonics such as H9 may contain contributions of a
larger number of different types of cascades, which makes the analysis analogous to that
performed for H7 significantly more tedious.

At the end of all HHG simulations, the power scattered to subsequent diffraction or-
ders was obtained by fitting the appropriate spatial distributions of the time-averaged
power flow over selected ranges of the semi-circular inner PML boundary using a Gaus-
sian function, matching the beam profile inherited by subsequent harmonics after the
fundamental beam. To illustrate this procedure, we present examples of such Gaussian
fits for 11™ harmonic in Fig. C.3. Fitting the profiles of radiated HHG beams by Gaussian
curves renders our results insensitive to the interference between spatially overlapping
tails of the neighboring diffraction orders. To calculate the Stokes parameters presented
in Table 5.1, we used complex-valued Cartesian components of the scattered electric
fields obtained at the same PML boundary.
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Figure C.3: Examples of the Gaussian fits (red, green, and blue lines) of the zeroth (left) and first
(right) diffraction orders in the simulated radiated power (gray) at the inner PML boundary for the
11" harmonic at polarization angles 0°, 45°, 90° (red, green, blue, respectively).
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Figure C.4: Polarization dependence of the zeroth (top row) and the first diffraction order (bottom
row) of the 7th harmonic: comparison of the experimental data (first column, the same as plotted
in Fig. 5.9) with the separated contributions of direct and cascaded H7 simulated in COMSOL
(columns 2-4). The last column shows the polarization dependence (the same as plotted in Fig.
Fig. 5.9 in the main text) obtained by coherent superposition of three different contributions to the
radiated H7 electromagnetic fields multiplied by complex coefficients: 1+0i for the direct process, -
2.305-0.766i for the first cascaded process (third-order SFG of the fundamental and H3), and 2.291-
2.153i for the second cascaded process (third-order SFG of the fundamental and H5).

C.2. Convergence study

Table C.1 shows that the mesh settings for the critical areas of our COMSOL model are
in the regime that is generally accepted as sufficient for optical simulations. The central
region of nonlinear polarization in silica (red area in Fig. C.1(a)) is resolved with more
than 6 elements per wavelength (including correction by refractive index), whereas the
regions of HHG propagation in vacuum (upper green area) are resolved with more than
4 elements per wavelength. On the other hand, the side regions containing residual frac-
tion of optical fields are poorly meshed due to limited computational resources. How-
ever, the mesh quality in these regions does not significantly influence the radiated HHG
power of the zeroth and first diffraction orders, which is demonstrated by a convergence
study presented in Fig. C.5, using H11 as an example. Here, the mesh settings, labelled
with letters A, B, ..., are tuned from extremely coarse (A) to extremely fine (E), as spec-
ified in Table C.2. Here, settings labelled with ‘D’ correspond to the settings used to
obtain the results for H11 presented in this work. The mesh parameters are tuned only
for the side regions (blue area, green area in silica), while the parameters in the criti-
cal regions are not changed. The largest variation between poorly meshed (A) and well
meshed (E) simulation results is found to be around 8%, which is observed in the abso-
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lute radiated power under incident polarization 0°. However, when considering the ratio
between radiated HHG power at different polarization angles (i.e. the shape of polariza-
tion response of HHG), this variation does not exceed 5%. With mesh settings ‘D’, used
to obtain the results presented in this work, we are very clearly in the ‘safe zone’, with
variation between ‘D’ and ‘E’ not exceeding 0.05% in the absolute power and 0.025% in
the power ratio. The situation may be slightly worse for other harmonics, especially for
H?7, in case of which the mesh parameters in the side regions are close to ‘B’ in the A-E
scale (due to the high refractive index of silica at that frequency). However, even in such
case, the eventual error would likely not exceed 5% in the power ratio, as suggested by
the results presented here, hence not affecting the simulated polarization response in a
visible way.
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Figure C.5: Convergence study for H11. The top plots show the absolute radiated power (in arbi-
trary units) for subsequent polarization angles (0°, 45°, 90°) of the fundamental beam, whereas the
bottom plots show the H11 power generated under incident polarization 45° and 90° relative to
the power generated under incident polarization 0°. Mesh settings corresponding to labels A, B,
..., are provided in Table C.2
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. . Element size [nm]
Mesh settings (Fig. C.1) Green area in silica | Blue area
A 30 (Asin2/2.2) 60 (A /1.2, Asio2/1.1)
B 25 (Asi02/2.6) 50 (\/1.5, Asio2/1.3)
C 20 (hsi02/3.3) 40 (\/1.8, hsi02/1.6)
D 16 (Asi02/4.1) 32 (M /2.3, hsi02/2.1)
E 13 (hsio2/5.1) 26 (M/2.8, hsi02/2.5)

Table C.2: Mesh parameters for the blue areas and green areas in silica (Fig. C.1) used in the con-
vergence study (Fig. C.5). The wavelength inside SiO2 and vacuum are defined as Agjp»2 and A re-
spectively.

C.3. Lack of resonant confinement

Rigorous modelling of ultrafast phenomena typically requires time-domain simulation
approaches such as FDTD. However, taking into account the large size of our model, as
well as extremely high resolution of spatio-temporal grids required for the stability of
FDTD algorithms, such approaches would be impractical in this case. Hence, we used
frequency-domain FEM method, which is more feasible in terms of computational re-
sources. Such approximation is further justified by the lack of resonant field enhance-
ment in the studied silica grating, which is explained below and in Figure C.6. Every
nanostructure that supports some kind of optical resonances will modify the temporal
dynamics of the optical fields by the ring down effects. In other words, the optical en-
ergy would be stored for some time (proportional to the resonance Q factor), decaying
exponentially, leading to time-dependent enhancement of the local optical fields, which
could have significant effect especially on the nonlinear optical phenomena. In such
case, a transient time-domain modelling approach would be inevitable to accurately
predict the optical response of the system. However, the nanostructures considered in
this work do not support any kind of such resonant field confinement, which we have
confirmed by performing eigenfrequency analysis in COMSOL. We have used a model
consisting of a single unit cell of the grating, with a thick (5 um) layer of silica below the
grating, and with similarly thick layer of vacuum above the grating, both terminated by
1 um tick perfectly matched layers (PML) which emulate the radiative damping of the
fields at infinity. The in-plane momentum (kj, in the units of m/a, where a = 400 nm
is the grating period) is set by the Floquet periodic boundary condition, swept over half
of the first Brillouin zone. The overall design of this model is conceptually similar to
that used to reveal the eigenmodes of a diffractive metasurface in [218]. Here, we have
used such model to reveal optical eigenmodes supported by the grating, and we have
investigated the degree of spatial confinement of optical fields associated with these
eigenmodes. We have quantified this spatial confinement by numerically evaluating the
fraction of electromagnetic energy density U = %nr“eolEl2 contained within a distance
of <1 um from the surface of the grating. Since the total thickness of the model geom-
etry is 10 pm (excluding the PML), a fraction of 10% or less is equivalent to the lack of
confinement. Results of this eigenfrequency analysis are presented in Fig.C.6, in which
two types of geometries are considered. The first (on the left) is identical to the grat-
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Figure C.6: Results of eigenfrequency analysis in COMSOL, performed for the silica grating (on the
left, equivalent to the grating studied in this work) and for a free-standing nanostructured silica
slab (on the right). In both cases, only one unit cell is modelled, with in-plane momentum (k) set
by the Floquet periodic boundary condition. The color of the lines corresponds to the degree of
spatial confinement of the eigenmodes in the vicinity of the grating’s surface.

ing investigated in this work, while the second geometry (on the right) is a 500 nm thick
nanostructured free-standing silica slab, which is investigated for comparison. In the
first case (on the left), the degree of eigenmode energy confinement does not exceed 10%
(blue color of the lines), except for the high frequencies (around H11). This means that
all eigenmodes found in this simulation are freely propagating plane waves, folded into
the first Brillouin zone by the grating periodicity, forming so-called Rayleigh anomalies.
Similar eigenmodes are found in the second case (free-standing slab, on the right), how-
ever, the degree of confinement is significantly higher (red color of the lines), as guided
modes of the slab turn into resonant Bloch modes. Such structure should be regarded as
a system with resonant field enhancement, requiring a time-domain approach for accu-
rate modelling of ultrafast optical phenomena, as opposed to the non-resonant grating
structure central to this work.
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Summary

Thelight source that has revolutionized attosecond science over the last decades is based
on the process of high-harmonic generation (HHG), which is a unique method to gener-
ate a broadband coherent spectrum extending into the extreme-ultraviolet (XUV) range.
The temporal and spatial resolution of HHG enables investigation of strong-field light-
matter interaction in the ultrafast and ultrasmall dimensions, and finds applications in
attosecond science, lensless imaging, and industrial metrology. Unfortunately, the in-
trinsic low conversion efficiency of HHG and the limited methods to control the gen-
erated XUV wavefront, slow down present research and future development of appli-
cations that are based on HHG. Control over the HHG process is essential to improve
the conversion efficiency and XUV wavefront characteristics, in order to facilitate next-
generation attosecond science and metrology.

The generation of high-harmonics emerges from the electron dynamics that are in-
duced by strong-field light-matter interaction. In gas-based HHG, the strong field ion-
izes an electron from the atom, subsequently the electron is accelerated in the field,
and finally recombines with the parent ion, resulting in the emission of XUV photons.
In solid-based HHG, the combination of excitation and recombination of carriers be-
tween energy bands, referred to as interband processes, and the acceleration of carri-
ers within the band, called the intraband processes, both lead to the generation of har-
monics. Since the characteristics of the HHG process are determined by the strong-field
light-matter interaction, the generated XUV pulses can be used to probe this interaction
directly.

This thesis presents experimental techniques and results that demonstrate control
over both gas-based and solid-based HHG in the extreme-ultraviolet regime. Addition-
ally, the underlying mechanism and working principles are explained through theoreti-
cal models and simulations, of which the theoretical background is described in Chapter
2. All experiments were performed using intense femtosecond pulses, and details on the
generation and manipulation of these pulses using optics is presented in the Chapter 3.

In Chapter 4, we demonstrate divergence and yield optimization in polarization con-
trolled two-color gas-based HHG. Imaging, spectroscopy, and metrology applications
using HHG sources require high XUV brightness, related to the conversion efficiency
and the focusability of the generated XUV pulses. We systematically investigate, both
experimentally and theoretically, the effect of the relative polarization between the fun-
damental and its second harmonic in two-color HHG, and compare the results to a one-
color configuration. In a perpendicular two-color field, the relative phase between the
two colors can be used to manipulate the long or the short trajectories, allowing control
over the divergence of the harmonics. In a parallel two-color field, the relative phase
can be used to modify the ionization rate to select trajectories and additionally allows to
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enhance the total yield.

Next, we describe extreme-ultraviolet shaping and imaging by HHG from nanostruc-
tured silica in Chapter 5. Tailoring of any XUV wavefront after generation is challenged
by the lack of efficient optical elements and limits HHG applications. We demonstrate
how HHG from a structured generation medium enables control over the phase, am-
plitude, and polarization properties of extreme-ultraviolet pulses. Moreover, we use
the emitted patterns to reconstruct height profiles, probe the near-field confinement
in nanostructures below the diffraction limit of the fundamental, and image complex
structures using the coherent diffractive emission from the structures.

In another experiment, we establish efficient extreme-ultraviolet high-order wavemix-
ing from laser-dressed silica, described in Chapter 6. Solid-based HHG allows to produce
a coherent, broadband, extreme-ultraviolet light source with tailored emission profiles,
but is put at disadvantage due to the low conversion efficiency from infrared to XUV
photons. Here, we overcome the low conversion efficiency by driving the HHG simul-
taneously with the fundamental and its second harmonic, in a non-collinear geometry.
The observed high-order wave mixing emission follows perturbative intensity scalings
and enhances the XUV efficiency by at least one order of magnitude. The underlying
generation mechanism is described by a quantum theory, that reveals that solid HHG is
boosted through laser-dressed states.

Finally, we demonstrate transient grating high-harmonic spectroscopy in MgO in
Chapter 7, and investigate how an excited carrier population influences solid-state HHG.
Two crossed 266-nm pulses induce a transient grating of excited carrier population due
to two-photon absorption in the MgO. The modification of the relative amplitude and
phase of the harmonics at the generation plane results in diffraction in the far field.
Preliminary analysis demonstrates that both the macroscopic propagation effects onto
the fundamental and the microscopic generation mechanism of the HHG process con-
tribute to the amplitude and phase modulation.



Samenvatting

De afgelopen decennia is de wetenschap zich steeds meer gaan bezighouden met het be-
studeren van ultrasnelle femtoseconde (= 107 s) processen en ultrakleine nanometer
(= 107° m) karakteristieken van onze wereld. De lichtbron die de laatste decennia een
revolutie teweeggebracht heeft in dat vakgebied is gebaseerd op het proces van hogere
harmonische generatie (HHG). Dit proces is een unieke manier om een breedbandig co-
herent licht spectrum te genereren dat zich uitstrekt tot in het extreem-ultraviolet (XUV)
regime. De korte XUV golflengtes worden in attoseconde (= 10718 s) lichtpulsen gege-
nereerd, waardoor HHG een uitstekende techniek is om ultrasnelle fysische processen
te onderzoeken in het vakgebied van de attoseconde wetenschap. Daarnaast lenen de
korte XUV golflengtes zich voor lensloze beeldvorming en industriéle metrologie, een
vakgebied wat zich bezig houdt met het inspecteren en bestuderen van kleine structu-
ren op de nanometer schaal. Helaas zitten er ook nadelen aan de HHG techniek. Ten
eerste, is het genereren van de XUV fotonen erg inefficiént. Ten tweede, is het uitermate
lastig om het XUV licht te beheersen, omdat normale lenzen en spiegels niet goed wer-
ken voor de korte golflengtes. Deze nadelen zorgen ervoor dat de huidige wetenschap
en toekomstige toepassingen, die gebaseerd zijn op de HHG techniek, worden vertraagd.
Controle over het HHG proces is essentieel om de omzettings efficiéntie en het gebruik
van het XUV licht te verbeteren, om de volgende generatie van attoseconde wetenschap
en nanometer metrologie te faciliteren.

De generatie van hogere harmonische komt voort uit de beweging van de elektronen
die wordt geinduceerd door de intense licht-materie interactie. In gas-HHG, ioniseert
het sterke laser veld een elektron van het atoom, waarna het elektron vervolgens wordt
versneld door het laser licht, en tenslotte recombineert met het atoom waaruit het ioni-
seerde, wat resulteert in de emissie van hoog energetische XUV fotonen. Bij HHG, waar-
bij een vaste stof dient als generatie medium, leidt de combinatie van excitatie en re-
combinatie van geladen deeltjes tussen energiebanden, de zogenaamde interband pro-
cessen, en de versnelling van geladen deeltjes binnen de energieband, de zogenaamde
intraband processen, beide tot het ontstaan van hogere harmonische. Aangezien de
karakteristieken van het HHG proces bepaald worden door de licht-materie interactie,
kunnen de opgewekte XUV pulsen gebruikt worden om deze interactie te bestuderen.

Dit proefschrift presenteert experimentele technieken en resultaten, die controle aan-
tonen over zowel gas-gebaseerde als vaste stof-gebaseerde HHG in het extreem-ultraviolet
regime. Bovendien worden het onderliggende mechanisme en de werkingsprincipes
toegelicht door middel van theoretische modellen en simulaties, waarvan de theoreti-
sche achtergrond wordt beschreven in hoofdstuk 2. Alle experimenten werden uitge-
voerd met intense femtoseconde pulsen, en details over het genereren en manipuleren
van deze pulsen met behulp van optica worden gepresenteerd in hoofdstuk 3.
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In hoofdstuk 4 demonstreren we de optimalisatie van de divergentie en de signaal
sterkte van gas-HHG door middel van polarisatie-gecontroleerde twee-kleuren HHG.
Toepassingen die gebruik maken van HHG bronnen, zoals beeldvorming, spectroscopie,
en metrologie, vereisen een hoge XUV helderheid, wat gerelateerd is aan de omzettings-
efficiéntie en de focusseerbaarheid van de gegenereerde XUV pulsen. Wij onderzoeken
systematisch, zowel experimenteel als theoretisch, het effect van de relatieve polarisa-
tie tussen de fundamentele laser en zijn tweede harmonische in twee-kleuren HHG, en
vergelijken de resultaten met een één-kleuren configuratie. In een loodrecht tweekleu-
renveld kan de relatieve fase tussen de twee kleuren worden gebruikt om de lange of
de korte elektronen banen te manipuleren, waardoor controle over de divergentie van
de hoge harmonischen mogelijk wordt. In een parallel tweekleurenveld kan de relatieve
fase worden gebruikt om de ionisatie stap te manipuleren om specifieke elektronen ba-
nen te selecteren en maakt het bovendien mogelijk om het gehele HHG signaal te ver-
sterken.

Vervolgens beschrijven we het vormgeven van extreem-ultraviolet licht en beeldvor-
ming door middel van HHG van nano-gestructureerd silica in hoofdstuk 5. Het op maat
maken van een XUV golffront na generatie wordt bemoeilijkt door het gebrek aan ef-
ficiénte optische elementen en beperkt HHG toepassingen. Wij tonen aan hoe HHG
van een gestructureerde vaste stof controle mogelijk maakt over de fase, amplitude en
polarisatie-eigenschappen van extreem-ultraviolette pulsen. Bovendien gebruiken we
de uitgezonden patronen om hoogteprofielen te reconstrueren, de verdeling van het
laser licht in nanostructuren onder de diffractielimiet van de fundamentele te onder-
zoeken, en complexe structuren af te beelden met behulp van de coherente diffractieve
emissie van de structuren.

In een volgend experiment stellen we efficiénte extreme-ultraviolette hoge-orde golf-
vermenging vast in siliciumdioxide, beschreven in hoofdstuk 6. HHG in een vaste stof
maakt het mogelijk een coherente, breedbandige, extreem-ultraviolette lichtbron te pro-
duceren met op maat gemaakte emissieprofielen, maar wordt benadeeld door de lage
omzettingsefficiéntie van infrarode naar XUV fotonen. Door HHG tegelijkertijd aan te
drijven met de fundamentele en zijn tweede harmonische, in een niet-collineaire geo-
metrie, overkomen we de lage omzettingsefficiéntie. De waargenomen hoge-orde golf-
menging volgt perturbatieve intensiteits schalingen en verhoogt de XUV efficiéntie met
ten minste een orde van grootte. Het onderliggende generatiemechanisme wordt be-
schreven door een kwantumtheorie, die onthult dat HHG in een vaste stof wordt ver-
sterkt door laser beinvloede kwantum toestanden.

Tenslotte demonstreren we in hoofdstuk 7 roostervormige hoog-harmonische spec-
troscopie in MgO, en onderzoeken we hoe een populatie van aangeslagen geladen deel-
tjes HHG in een vaste stof beinvloedt. Twee gekruiste 266-nm pulsen induceren een
rooster van aangeslagen elektronen, door middel van twee-foton absorptie in MgO. De
verandering van de relatieve amplitude en fase van de hoge harmonischen in het gene-
ratievlak resulteert in diffractie in het detectievlak. Uit een voorlopige analyse blijkt dat
zowel de macroscopische propagatie-effecten op het fundamentele veld als het micro-
scopische opwekkingsmechanisme van het HHG process bijdragen aan de amplitude-
en fasemodulatie.
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