TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Controlling the microscopic and macroscopic aspects of high
harmonic generation in solids

Mukhtar Hussain

Supervisor: Doctor Marta Leitao Mota Fajardo
Co-Supervisors: Doctor Gareth Oisin Williams
Doctor Hamed Merdji

Thesis approved in public session to obtain the PhD Degree in
Technological Physics Engineering

Jury final classification: Pass with Distinction

2021






TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Controlling the microscopic and macroscopic aspects of high
harmonic generation in solids

Mukhtar Hussain

Supervisor: Doctor Marta Leitao Mota Fajardo
Co-Supervisors: Doctor Gareth Oisin Williams
Doctor Hamed Merdji

Thesis approved in public session to obtain the PhD Degree in

Technological Physics Engineering

Jury final classification: Pass with Distinction

Jury

Chairperson: Doctor Luis Miguel de Oliveira e Silva, Instituto Superior Técnico,
Universidade de Lisboa

Members of the Committee:

Doctor Philippe Zeitoun, Laboratoire d’Optique Appliquee, CNRS, Institut Polytech-
nique de Paris, France

Doctor Miltuin Kovacev, Institut fur Quantenoptik, Leibniz Universitat Hannover, Ale-
manha, Germany

Doctor Gongalo Nuno Marmelo Foito Figueira, Instituto Superior Técnico, Universidade
de Lisboa

Doctor Marta Leitao Mota Fajardo, Instituto Superior Técnico, Universidade de Lisboa

Funding Institutions
FCT - Fundagcao para a Ciéncia e Tecnologia, Portugal under grant-PD/BD /135224 /2017,
PTDC/FIS-PLA/31868/2017, LASERLAB-EUROPE grant agreement no. 871124, Eu-
ropean Union’s Horizon 2020 research, French ANR through the grant PACHA (ANR-
17-CE30-0008-01), and the PETACom and Optologic FET Open H2020.

2021






Resumo

A geracao de harmdnicas de ordem elevada (HHG) ocorre quando um pulso de laser intenso forga um
electrdo a oscilar na presenga de uma carga positiva (ido) e, consequentemente, os fotoes direcionados
pelo laser sao convertidos em fotoes de energias mais elevadas. Este processo resulta num pulso com com-
primentos de onda entre o ultravioleta profundo (DUV) e raios-X suaves que podem ser utilizados para
imagens attossegundo de orbitais moleculares, observa¢ao em tempo real de tunelamento de electroes e
fornece uma nova ferramenta para fisica ultravioleta, como o electrao ou dinamica molecular em semi-
condutores de 6xidos metalicos e materiais bidimensionais. O processo HHG pode ser perturbativo ou
nao perturbativo, dependendo da intensidade do campo de diregao e das propriedades do material. O
aumento do interesse por HHG nao perturbativo em sélidos foi impulsionado pelo aparecimento de fontes
ultravioleta extremas de estado sélido compactas (XUV) e a perspectiva de separar as propriedades do

material por meio da interagao entre campos fortes e sélidos.

Tradicionalmente supbe-se que as harmonicas mais brilhantes e de ordem inferior sdo puramente
perturbativas por natureza. No entanto, a fronteira entre os regimes perturbativos e nao perturbativos
muitas vezes permanece obscura. Aqui, a geragao de segundas harmdénicas (SHG) e a geracao de terceiras
harménicas (THG) em cristais de MgO (Cr: MgO) dopados com crémio e MgO (Cr) pristinos foram
explorados com uma fonte de comprimento de onda préxima do infravermelho (NIR) operando a 800
nm, 40 fs e com taxa de repeticao de 1 kHz. Ao girar o cristal em relagao a polarizacao do campo de
diregdo, o comportamento perturbativo isotrépico e cadtico da eficiéncia de SHG em MgO puro e Cr:
MgO é observado. Além disso, mostramos que com a introduc¢do de impurezas, o comportamento nao
perturbativo do THG é perdido devido ao bloqueio das oscilagoes intrabanda e ao aumento das vias de

absorcao linear introduzidas pelos niveis de energia dopante em Cr: MgO.

O modelo semi-cldssico de trajetérias de electroes (modelo ndo perturbativo) e o modelo perturbativo
sao adotados para explicar o comportamento nao perturbativo e perturbativo de THG em MgO e Cr:
MgO. O efeito da concentracao de dopagem no rendimento dos sinais SHG e THG foi investigado. Em
particular, o aumento da reabsorgao da segunda harménica (SH) e da terceira harménica (TH) aumenta
com a concentragao de Cr dopante e, portanto, limita a eficiéncia geral alcangavel. Além disso, harmonicas
abaixo da lacuna de banda, como a terceira (H3) e quinta (H5) de 3 pum, 40 fs, operando a 100 kHz foram
geradas em MgO, Cr: MgO (1300 ppm e 9500 ppm) e a simetria dos cristais foi mapeada medindo a
dependéncia da orientagao de H3 e H5. Este trabalho mostrou que, ao introduzir dopantes em cristais
simples, a estrutura electrénica pode ser modelada para adequar a resposta éptica nao linear em termos
de eficiéncia e dependéncia angular. Este estudo abre caminho para a fusao de engenharia de bandgap e
geracao de harmonicas de estado sélido para personalizar processos de conversao de frequéncia. Talvez
de igual importancia, é a perspectiva de testar experimentalmente teorias do mecanismo HHG de estado
sélido com estruturas electronicas adequadas, com o fim de fazer um mapeamento totalmente 6ptico da

estrutura de bandas dos sélidos.

Além disso, SH e TH foram geradas em dielétricos de largura de banda larga, como em safira (Sa),

cristais de SiOgz e silica fundida (F'S) devido a sua maior lacuna de banda e maior limite de dano em



comprimento de onda de conducao de 800 nm. Mapedmos a resposta do cristal medindo a polarizacao
e a resposta de elipticidade dessas harmoénicas. Macroscopicamente, a propagacao nao linear do intenso
campo de direcao de NIR em materiais de banda larga representa um desafio para controlar as pro-
priedades espectrais de HHG em sélidos. Portanto, investigdmos os efeitos de propagacao nao linear do
campo de condugao NIR ultrarrdpido intenso nos dielétricos de bandgap amplo, como MgO, Cr: MgO, Sa,
SiO, cristais e F'S. Para evitar os efeitos de propagacao nao linear, SH e TH foram geradas na geometria

de reflexao e comparados com as harménicas da geometria de transmissao em cristais Sa, SiOs e FS.

Também separdmos as contribui¢oes das harménicas (SH e TH) dos filmes finos de nitrato de aluminio
(AIN), nitrato de aluminio e gélio (AlGaN) depositados no substrato Sa na geometria de transmissao
e reflexao. A geragado e a separacao dessas harménicas de baixa ordem destacaram a possibilidade de
gerar fontes XUV a partir de filmes finos. Além disso, SHG e THG foram geradas em (100) orientada
6xido de gélio tdnico, policristalino, e (010) orientada policristalino (GagOs) a 800 nm e mapearam a
resposta de simetria do cristal medindo a dependéncia da orientagdo das harmoénicas. Curiosamente,
observamos um forte sinal de SH e TH na polarizagao eliptica e circular dos pulsos de laser de condugao
do policristal (010) GagOgs. As harménicas de largura de banda mais baixas H3, H4, H5, H6, H7, H8 ¢ H9
de comprimento de onda de 3 pm em GazO3) (100) e (010) policristalino foram geradas no Laboratério de
Intenso Lasers (L21), IST, Lisboa. Além disso, mapedmos a simetria dos cristais medindo a dependéncia
de orientagao dessas harménicas, destacando o potencial de mapear a estrutura de banda electrénica por
meio da dependéncia de orientacao das harménicas. Isso pode abrir um novo horizonte para os pulsos
XUV e, possivelmente, pulsos de attosegundos isolados, através da polarizacao completa dos materiais

electronicos de poténcia.

Harmoénicas de ordem elevada revelaram uma riqueza de perspectivas, como mapeamento totalmente
optico da estrutura de banda electrénica, informagoes quanticas ultra rapidas e a criagao de novas fontes
attossegundo de estado sélido. Esforcos significativos foram feitos para compreender os aspectos mi-
croscépicos do HHG em cristais, enquanto os efeitos macroscépicos, como os efeitos de propagacao nao
linear do pulso de condugao dentro do meio sélido denso e seu impacto no processo de HHG, sao fre-
quentemente negligenciados. Portanto, o HHG e os efeitos de propagacao dos pulsos de condugdo em
HHG em cristais de silicio (Si) e 6xido de zinco (ZnO) foram gerados no laboratoire d’Optique Appliquee
(LOA), Paris, Franga, usando o laser NOVAE. Neste estudo, os efeitos macroscépicos foram explorados
comparando dois materiais com propriedades 6pticas distintas, Si e ZnO. Ao scanear a posigao focal de
85 fs, pulsos de comprimento de onda de 2.123 pum dentro dos cristais (varredura Z), reveldmos mudangas
espectrais nas harmonicas geradas. Nos interpretamos o blueshift geral do espectro harménico emitido
como uma impressao da modulagao espectral do campo de direcao que ocorre durante a propagacao
dentro do cristal. Esta interpretagao foi suportada por simulacoes numéricas. Este estudo demonstra que
através da manipulagao do campo de dire¢ao fundamental por meio de efeitos de propagacao nao linear,
o controle preciso do espectro de HHG emitido em sélidos pode ser realizado. Este método pode oferecer

uma forma robusta de adaptar os espectros de HHG para uma variedade de aplicagoes espectroscopicas.

A flexibilidade de geracdo de comprimento de onda por meio do processo HHG em sélidos abriu

um novo horizonte para manipular a forma dos feixes e permitiu a geracao de imagens de estruturas

ii



de difragdo na nanoescala. A técnica de imagem de difragdo coerente sem lente (CDI) de pticografia
permitiu a obtengao de imagens de amostras estendidas no campo distante usando fontes de iluminagao
de raios-X ou XUV. Neste trabalho, gerdmos as harmdénicas em semicondutores (ZnO e Si) e visualizdmos
a superficie do cristal gravado a partir da emiss@o harménica de um semicondutor. A formacao do feixe
espacial de harmoénicas foi controlada por placas de zona espiral (SZP) gravadas na superficie de ZnO
e nanocircuitos em cristais de Si pela técnica de feixe de ides focado (FIB). A reconstrugdo de imagens
de padroes de difragao simulados e medidos experimentalmente no campo distante foi validada com a
pticografia na biblioteca PyNX.Ptycho. As harménicas difratadas das SZP’s geram feixes de momento
angular orbital (OAM) que tém muitas aplicagdes que vao desde microscopia até informagcoes quanticas.
Este estudo pode abrir caminho para abrir um novo horizonte para o uso de HHG de estado sélido para
aplicacoes plasmonicas e imagens de dominios magnéticos a partir da auto-emissao de harmédnicas em
materiais magnéticos.

Exploramos as aplicagbes que usam as harménicas de fase gasosa, muito mais brilhantes para obter
dados de sonda de bombearde disparo tinico de um sélido, a medida que ele se transforma em plasma.
Essa rota pode oferecer uma perspetiva tinica sobre a compreensao da dinamica dependente do tempo
do préprio processo HHG de estado sélido, pois uma sonda de feixe pode medir as transigoes eletrénicas

que ocorrem durante o tempo ultrarrapido.

Palavras-chave: Geragao de alta harmoénica, Aspectos microscépicos e macroscépicos,
Harmoénicos perturbativos e nao perturbativos, Efeitos de propagagao nao-linear, Imagem

ultrarrapida espectroscopia

iii






Abstract

High harmonic generation (HHG) occurs when an intense laser pulse forces an electron to oscillate
in the presence of a positive charge (ion), and consequently, driving laser photons are converted to
higher energies photons. This process results in an ultrashort pulse of deep ultraviolet (DUV) to soft X-
rays employed for attosecond imaging of molecular orbitals, real-time observation of electrons tunneling.
It provides a new tool for ultrafast physics, such as electron or molecular dynamics in metal oxide
semiconductors and two-dimension materials. HHG can be perturbative and non-perturbative depending
on the driving field strength and the material properties. The surge in interest towards non-perturbative
HHG in solids has been driven by the appeal of compact solid-state extreme ultraviolet (XUV) sources
and the prospect of untangling the material properties through the intimate interplay of strong fields and

solids.

The traditional assumption is that the brighter, lower-order harmonics are purely perturbative. How-
ever, the border between the perturbative and non-perturbative regimes often remains unclear. Here,
second-harmonic generation (SHG) and third-harmonic generation (THG) in pristine MgO and chromium
(Cr) doped MgO (Cr: MgO) crystals have been explored with a near-infrared (NIR) driving wavelength
operating at 800 nm, 40 fs, 1 kHz repetition rate. On rotating the crystal relative to the driving field
polarization, the isotropic and chaotic perturbative behavior of SHG efficiency in pure MgO and Cr:
MgO is observed. Furthermore, we show that with the introduction of impurities, the non-perturbative
behavior of THG is lost due to the blocking of intraband oscillations and the increased linear absorption

pathways introduced by the dopant energy levels in Cr: MgO.

The semi-classical electron trajectories model (non-perturbative model) and perturbative model are
adopted to explain the non-perturbative and perturbative behavior of THG in MgO and Cr: MgO
crystals. The effect of doping concentration on the yield of SHG and THG signals has been investigated.
In particular, increased re-absorption of the second-harmonic (SH) and third-harmonic (TH) increases
with Cr dopant concentration, limiting the overall achievable efficiency. Furthermore, below bandgap
harmonics such as third (H3) and fifth (H5) of 3 um, 40 fs, operating at 100 kHz has been generated in
MgO, Cr: MgO (1300 ppm and 9500 ppm) and mapped the symmetry of the crystals by measuring the
orientation dependence of H3 and H5. This work has shown that the electronic structure can be shaped
to tailor the non-linear optical response in terms of efficiency and angular dependence by introducing
dopants into simple crystals. This study paves the way for merging bandgap engineering and solid-state
harmonic generation to tailor frequency up-conversion processes. Perhaps of equal importance is the
prospect of experimentally testing theories of the solid-state HHG mechanism with tailored electronic

structures, with a final view towards all-optical mapping of the band structure of solids.

Furthermore, SH and TH have been generated in wide bandgap dielectrics such as Sapphire (Sa),
silicon oxide (SiO3) crystals, and fused silica (FS) due to their wider bandgap and higher damage threshold
at 800 nm driving wavelength. We have mapped the crystal response by measuring the polarization and
ellipticity response of these harmonics. Macroscopically, the non-linear propagation of the intense near-

infrared (NIR) driving field in wide bandgap materials poses a challenge to control the spectral properties



of harmonics in solids. Therefore, we have investigated the non-linear propagation effects of the ultrafast
intense NIR driving field in the wide bandgap dielectrics such as MgO, Cr: MgO, Sa, SiOs crystals, and
FS. To avoid the non-linear propagation effects, SH and TH have been generated in reflection geometry

and compared with the transmission geometry harmonics in Sa, SiOs crystals, and FS.

We have also disentangled the contributions of harmonics (SH and TH) from aluminum nitrate (AIN),
aluminum gallium nitrate (AlGaN) thin films deposited on the Sa substrate in transmission and reflection
geometry. The generation and disentangling of these low-order harmonics have highlighted the possibility
of generating XUV from thin films. Furthermore, SHG and THG have been generated in a (100) oriented
single, and polycrystal, and (010) oriented polycrystal Gallium Oxide (GazOs) at 800 nm. We have
mapped the crystal symmetry response by measuring the orientation dependence of harmonics. Interest-
ingly, we have observed a strong signal of SH and TH at elliptical and circular polarization of the driving
laser pulses from (010) oriented polycrystal GagO3. The below bandgap harmonics H3, H4, H5, H6, H7,
H8, and H9 of 3 pum wavelength in (100) and (010) oriented polycrystal GasO3 have been generated at
The Laboratory for Intense Lasers (L2I), IST, Lisbon. In addition, we have mapped the symmetry of the
crystals by measuring the orientation dependence of these harmonics, highlighting the potential to map
the electronic bandstructure through the orientation dependence of harmonics. This can open up a new
horizon for the XUV pulses and possibly isolated attosecond pulses through polarization gating from the

power electronics materials.

High harmonics have revealed a wealth of perspectives such as all-optical mapping of the elec-
tronic band structure, ultrafast quantum information, and the creation of novel all-solid-state attosecond
sources. Significant efforts have been made to understand the microscopic aspects of HHG in crystals.
In contrast, the macroscopic effects, such as non-linear propagation effects of the driving pulse inside
the dense solid media and its impact on the HHG process, are often overlooked. Therefore, non-linear
propagation effects of the driving pulses on low and high harmonics in silicon (Si) and zinc oxide (ZnO)
crystals have been generated at the laboratoire d’Optique Appliquee (LOA), Paris, France, by using the
NOVAE laser. This study explores macroscopic effects by comparing two materials with distinct optical
properties, Si and ZnO. By scanning the focal position of 85 fs, 2.123 um wavelength pulses inside the
crystals (Z-scan), we reveal spectral shifts in the generated harmonics. We interpret the overall blueshift
of the emitted harmonic spectrum as an imprint of the driving field spectral modulation occurring during
the propagation inside the crystal. This is supported with numerical simulations. This study demon-
strates that manipulating the fundamental driving field through non-linear propagation effects can realize
the precise control of the emitted low and high harmonics spectrum in solids. This method could offer a

robust way to tailor HHG spectra for a range of spectroscopic applications.

The flexibility of generating new wavelengths through the harmonics process in solids has opened
up a new horizon to manipulate the shape of beams. It enables the imaging of nanoscale structure
in diffraction. Ptychographic lensless coherent diffraction imaging (CDI) technique had enabled the
imaging of extended samples in the far-field by using XUV or X-rays illumination sources. Here, we have
generated the harmonics in semiconductors (ZnO and Si) and imaged the etched crystal surface from

the harmonic emission. The spatial beam shaping of harmonics is controlled by etched spiral zone plates
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(SZP) on the surface of ZnO and nanocircuits on Si crystals by the focused ion beam (FIB) technique.
The reconstruction of diffraction imaging of simulated and experimental measured diffraction patterns in
the far-field validated with the ptychography in PyNX. Ptycho library. The harmonics diffracted from
the SZP’s generate the orbital angular momentum (OAM) beams with many applications ranging from
microscopy to quantum information. This study could pave the way to open a new horizon to use solid-
state harmonics for plasmonic applications and imaging of magnetic domains from the self-emission of
harmonics in magnetic materials.

We explore applications using the much brighter gas-phase harmonics to achieve single-shot pump-
probe data of a solid as it transforms to a plasma. This route could offer a unique insight into understand-
ing the time-dependent dynamics of the solid-state HHG process itself, as a probe beam can measure the

electronic transitions occurring during the ultrafast time.

Keywords: High harmonic generation, Microscopic and macroscopic aspects, Pertur-
bative and non-perturbative harmonics, Non-linear propagation effects, Ultrafast imaging

spectroscopy.
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Chapter 1

Introduction

Laser pulses of nano to femtosecond duration can be obtained through Q-switching or mode-locking
techniques. However, these techniques are costly, bulky, and required to deposit a considerable amount
of energy to the medium. The ability to achieve high field without depositing a large amount of energy
is a pivotal question to address. Thanks to the medium’s non-linear effects, which offered a way to
achieve shorter pulses on the interaction of laser pulses in a high field regime without depositing too
much energy onto the medium. A tunable wavelength and shorter pulses have been achieved through
a process known as harmonic generation. High harmonic generation (HHG) has enabled to explore the
ultrafast phenomena with a high spatial and temporal resolution that has never been achieved before
[1]. The process of HHG in gases was first reported in 1987 by McPherson et al. [2]. HHG in gases has
been explained through a three-step model (tunnel ionization, acceleration, and recombination) [3]. The
strong non-linear interaction of driving laser pulses with the gases produces a train of light bursts in the
extreme ultra-violet (XUV) spectral region with attosecond duration [4, 5]. HHG is a robust method
to up-convert near-infrared or visible light into XUV or even soft X-rays in gases [6, 7], providing a
new tool for ultrafast physics. This has offered the opportunities for attosecond studies in spectroscopy
[8, 9], photo-emission timescales from solids [10], ultrafast current switching in solids [11]. The imaging of
molecular orbitals [12] and fundamental timescales of ionizations [13] have been enabled through HHG in
gases. HHG has been exploited for attosecond science [14], and attosecond imaging of molecular orbitals
[12, 15]. The last 20 years have seen most of the effort in HHG focused on gasses [16], molecules [17],
and plasma in the high-intensity regime [18].

In solids, the up-conversion of driving photon energies at moderate laser intensities, due to the non-
linear polarizability of the medium is known as perturbative harmonic generation [19]. In this regime,
the harmonic generation efficiency falls off rapidly with the increasing order [20]. Omne of the non-
linear perturbative response of material on the interaction of intense laser pulses results in the frequency
doubling or second-harmonic generation (SHG) [21, 22, 23, 24, 25, 26]. Similarly, the frequency tripling
in solids has been observed through the mixing of frequencies, i.e., the sum of SHG frequency and
fundamental frequency [27, 28, 29]. These frequency doubling and tripling have been attributed to

the perturbative response of solids in which the intensity of harmonics scales linearly with the driving



intensity of the laser. Recently, third-harmonic generation (THG) has been shown to display some
characteristics of non-perturbative high harmonic generation (NP-HHG) at high field strengths with
800 nm [30] and 1.3 pum [31] driving wavelengths. In the non-perturbative regime, the up-conversion
of frequencies is demonstrated through the motion of electrons under the influence of a strong driving
electric field where the intensity of generated harmonics scales non-linearly. However, at longer driving
wavelengths, the perturbative response persists even at high field strengths [31], making the two regimes
difficult to untangle through THG. The perturbative and non-perturbative response of harmonics can
be disentangled through the Keldysh parameter ‘4’ under the given experimental conditions [32]. For

example, in the perturbative response of harmonics v > 1 and in non-perturbative regime, v <1.

In 2010, a robust method of high-order NP-HHG in solids was demonstrated for the first time by
Ghimire et al. [33] that has opened the door to myriad of discoveries in the solid-state that have already
been demonstrated in the gas phase. Experiments and theories following this discovery have shown that
the process is extremely sensitive to the electronic structure and crystal orientation relative to the laser
field polarization. The first report of solid-state NP-HHG in wide bandgap semiconductors by employing
few-cycle mid-infrared pulses has exhibited the linear scales of cutoff energy with the driving laser field.
Interestingly, the solid-state HHG efficiency strongly depends on the parameters of the driving field of
lasers, such as laser intensity and polarization, along with the optical and structural properties of solids.

In the last decade, solid-state HHG has been studied in a wide variety of crystals, amorphous solids
and tailored structures [31, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. The physical picture of
solid-state HHG is in its infancy and is the subject of ongoing discussion [47, 48, 49, 50, 51, 52]. A better
understanding of the physical process of solid-state HHG will not only lead to improve the secondary
sources but could offer an ability to map the nonlinear properties and possibly allow all-optical mapping
of the electronic structure of solids [38, 53, 54, 55, 56, 57]. Usually, in solids above bandgap harmonics
are termed as high harmonics generation (HHG) [44]. More recently, HHG has been realized in the
strong field regime, where electron tunneling, inter-band transitions and intra-band electron motion lead
to non-perturbative harmonic generation [31, 33, 56, 58]. These processes are typically associated with
higher-order harmonics in the flat plateau region of the harmonic spectrum. Such harmonics have shown
an intriguing dependence on the driving field orientation [31, 59, 60], band-structure [58] and intra-band

electron motion [31, 58].

HHG in solids can be realized in materials transparent or less opaque to the driving laser pulse
wavelength. As femtosecond duration pulses are generally generated in the near to mid-infrared region,
insulating and semi-conducting solids are the materials of choice for HHG. HHG process in solids shares
some similarities with HHG in gases, at least conceptually [57, 61]. The first step is an inter-band
transition that promotes a charge carrier to the conduction band. Once there, this electron is driven by
the fundamental field and can emit harmonics due to oscillations within a band (intra-band) or excitation
and relaxation between bands (inter-band) [34, 38]. For example, HHG in ZnO [33, 39, 40] has been shown

to reveal both the inter and intra-band mechanisms.

A full quantum mechanical approach has been adopted which demonstrated the interplay between

the intra-band and inter-band transitions in solids (semiconductors and dielectrics) which entails that



only the inter-band transitions contribute to HHG process [61]. Several numerical methods have been
adopted by others to explain the process of HHG in solids such as time-dependent Schrodinger equations
(TDSE) [35, 49, 50, 59, 62, 63, 64], semiconductor Bloch equations (SBE) [34, 54, 55, 57, 61, 65, 66, 67,
68, 69, 70, 71] and time-dependent density functional theory (TDDFT) [51, 52, 58, 72, 73, 74]. It has been
computed that the driving laser field ellipticity acts differently and strongly influence the mechanisms of
inter-band and intra-band [58]. The inter-atomic bonding contributions to the HHG in solids could open
the possibility to retrieve the inter-atomic potential of using own electrons of material and consequently,

the valence electron density [31].

Apart from the microscopic physics of carrier generation and motion, the properties of the HHG
emission can be influenced by the propagation of the electric fields inside the crystal. This macroscopic
propagation is highly non-linear for the driving field and linear for the harmonics, owing to their much
lower intensity. This makes the HHG spectrum an intricate fingerprint of the complex interplay of
microscopic and macroscopic processes. The macroscopic aspects of HHG particularly propagation of the
intense driving field has been previously linked with redshifts in the HHG spectrum in plasmas and gases
[75, 76, 77]. This effect is attributed to the delayed emission of HHG from excited states or resonant
states [78] or dislocation of molecules [79]. In solids, numerically computed HHG spectra have shown
redshifts in the higher plateaus due to higher band transitions [36]. In sapphire, intensity-dependent
redshifts and blueshifts were observed in the spectrum of harmonics and attributed to the long and
short electron/hole trajectories, respectively [80]. These studies showed the electronic effects on the
HHG process, while the macroscopic or propagation effects of the driving field on the spectral profile of
harmonics haven’t been fully explored. We have demonstrated that the strong photoionization process is
the only process that contributes to the non-linear propagation effects on harmonics in solid-state-HHG
[81]. Other studies demonstrated the propagation effects on harmonics [14, 82, 83, 84] while Vampa et al.
offered a way to avoid the propagation effects [41]. In addition, an ab initio computational study reported
the impact of the thickness of thin films on the efficiency of harmonic generation and revealed efficient
harmonics generated from only the few-tens of nanometer [85]. The computational study of ultrafast
light propagation effects in thin films of different thicknesses showed the saturable absorption is the key

factor for non-linear effects [86].

Recently, HHG in the XUV spectral region has been generated in titanium nitride (TiN) thin films
deposited on Magnesium oxide (MgO) substrate, which illustrated that the intensity scaling of harmonics
and angular anisotropy attributes to the anisotropic nature of the conduction band of TiN, indicating
the source of harmonics in metals corresponds to intra-band transitions [87]. This generation of XUV in
the conductive metallic film can open up new opportunities towards the efficient and compact frequency
combs where the electric field can be enhanced around and inside the TiN antenna, [88, 89]. This can be
employed to replace the large cavity systems [90]. The enhanced high-order harmonic generation has been
reported from the metal surface by tuning the electronic band structure [91], highlighting the possibility
to generate XUV pulses in the range of 10-100 eV and in the “water window”spectral range (282-533
eV). The solid-state HHG has opened up the prospect of new XUV light sources [92] and generation of

isolated attosecond pulses [93]. The shorter driving wavelengths for the generation of HHG provide an



excellent source of narrow-band XUV frequencies, which have many applications such as photoelectron
spectroscopy of atoms and molecules [94]. The prospect of measuring and controlling dielectrics with
ultrafast optical pulses for signal processing and optoelectronic devices has already been highlighted

[11, 95] but research in this field is just emerging.

1.1 Thesis outline

The goal of this thesis is to investigate the ultrafast response of a matter under extreme conditions,
mainly to generate below bangap (low-order) and above bandgap (high-order) harmonics in solids. The
process of low-order harmonics is presented by controlling the microscopic and macroscopic effects such
as tailoring the electronic structure by doping and through the non-linear propagation of intense driv-
ing fields in thin solids. We have generated low-order harmonics in solids at 800 nm and investigated
the transitions from non-perturbative to perturbative harmonics by tailoring the electronic structure in
solids. The spectral control of high harmonics is demonstrated through the non-linear propagation effects
of the driving pulses. In addition, we have displayed harmonic emission as a source for the self-imaging
of different spiral zone plates, single slit, different nanostructures. We have reconstructed the isolated
nano-structures images in simulation and experimental data by adopting ptychography. We have gener-
ated and imaged the intensity distribution of the orbital angular momentum harmonics beams from the
etched surface of semiconductors. Furthermore, the perspective of the ultrafast high energy density states
in Titanium (Ti) using femtosecond laser pulses in pump-probe setup demonstrated. We have shown the

changes in the XUV optical properties and electronic structure using ultrafast HHG spectroscopy.

The present thesis work consists of the following parts:

An overview of harmonics in gases and solids:
In chapter 2, we have described the basics and presented an overview of harmonics in gases and solids. A
comparison of perturbative and non-perturbative harmonics has been introduced. We have discussed the
harmonics dependence on the driving wavelength, conversion efficiency, polarization or orientation, and
ellipticity dependence in gases and solids. We have presented the results for the optimization of HHG in
gases that have been carried out at the VOXEL laboratory for imaging and probing solid-density plasma.

Low-order harmonic generation in dielectrics and thin films:
e In chapter 3, initially, SHG and THG in wide-bandgap dielectrics such as MgO and Chromium (Cr)
doped MgO (Cr: MgO) at 800 nm driving wavelength of the pulse duration of 40 fs, operating at 1
kHz is investigated at VOXEL laboratory, Instituto Superior Tecnico (IST) (see, table 1.1). We have
investigated the impact of Cr doping concentration on the SHG (400 nm) [26] and THG (267 nm). The
non-linear response has been mapped through the polarization and ellipticity dependence of these below
bandgap harmonics. We have shown perturbative SHG, and non-perturbative THG can be controlled in
the tailored cubic crystals (Cr: MgO). The semi-classical electron trajectories model (non-perturbative

model) and perturbative model are adopted to explain the non-perturbative and perturbative behavior



of THG in MgO and Cr: MgO. Furthermore, below bandgap harmonics such as third (H3) and fifth (H5)
of 3 pm, 40 fs, operating at 100 kHz have been generated in MgO, Cr: MgO (1300 ppm and 9500 ppm) in
The Laboratory for Intense Lasers (L2I), IST, Lisbon (see, table 1.1). In addition, the crystal symmetry
is mapped by measuring the orientation dependence of H3 and H5 at a fixed laser polarization.

e The non-linear propagation of the intense near-infrared (NIR) driving field in amorphous and crys-
talline materials poses a challenge. It can offer an opportunity to control the spectral properties of
harmonics in solids. To address this challenge, we have investigated the non-linear propagation effects of
the intense ultrafast NIR in the crystalline and amorphous materials such as MgO, SiOg, sapphire (Sa),
and fused silica (FS). The impact of non-linear propagation of NIR on the SHG and THG have been
investigated in transmission and compared with the SHG and THG in reflection geometry [96].

e The isotropic and anisotropic polarization response of SHG and THG have been observed in single
and polycrystal oriented along (100) and (010) Gallium Oxide (GazO3) at 800 nm driving wavelength.
Interestingly, a strong signal of SHG and THG has been observed at the elliptical and circular po-
larization of the driving field in (010) oriented polycrystal GasQOs, highlighting the possibility to use
elliptical /circular harmonics for probing magnetic materials or chirality of molecules. In addition, below
bandgap harmonics such as third (H3), fourth (H4), fifth (H5), sixth (H6), seventh (H7), eighth (HS),
and ninth (H9) in (100) and (010) oriented polycrystal Ga;Os have been generated at 3 um wavelength
in L2I, IST, Lisbon (see, table 1.1). We have mapped the symmetry of the crystal by measuring the
orientation dependence of harmonics which can open us the horizon to map the electronic bandstructure
of solids through non-perturbative harmonics.

e In addition, SHG and THG have been investigated in thin films such as Aluminium Nitrate (AIN),
Aluminium Gallium Nitrate (AlGaN) deposited on the Sa substrate at 800 nm (see, table 1.1). We have
disentangled the contribution of harmonics from the substrate and thin films by adopting transmission

and reflection geometry.

Material ~ Driving wavelength ~ Thickness (um) bandgap (eV) Harmonics order

Si 2.1 pm 2 and 300 1.11 H3-H9
STO 2.1 pm 300 3.25 H3-H7
ZnO 800 nm and 2.1 pm 200 3.3 H2 and H3-H7

AlGaN 800 nm 0.5 4.7 H2, H3
Gag03 800 nm and 3 pm 300 5.02 H2,H3-H9
Cr: MgO 800 nm and 3 pm 200 5.36 H2, H3, H5
AIN 800 nm 3 6.2 H2, H3
MgO 800 nm and 3 pm 200 7.8 H2, H3, H5
Si04 800 nm 200 9 H2, H3
FS 800 nm 300 9 H2, H3
Sapphire 800 nm 200 10 H2, H3

Table 1.1: Harmonic generation in various solids of different bandgaps ranging from 1-10 eV has been
studied in this thesis at different driving wavelengths. We have measured harmonics’ spectral, spatial,
polarization, ellipticity response, and the impact of non-linear propagation on harmonics. H2: second-
harmonics, H3: third-harmonics,....... , H9: ninth-harmonics.



High harmonics in semiconductors and imaging of nano-patterns through solid-state

ptychography:

e In chapter 4, initially, we have generated the below and above bandgap harmonics (high harmonics)
(up to 9*"-order) in thick and thin Silicon (Si), Zinc Oxide (ZnO), and Strontium Titanate SrTiO3
(STO) (see, table 1.1). We have investigated the polarization response of harmonics to map the crystals
symmetry at 2.123 pm. By scanning the focal position of 85 fs, 2.123 pum wavelength pulses inside the
crystals (Z-scan), we have revealed spectral shifts in the generated harmonics with the translation of
the laser peak intensity in crystals, thus revealing the control of spectral properties of the generated
harmonics at the macroscopic level [81]. The role of the material bandgap is shown to affect the re-
absorption of the harmonic spectrum within the bulk, with wider bandgap materials (such as ZnO used
in this study) allowing for less re-absorption and greater control of the harmonic spectrum as compared to
silicon. We have supported our experimental findings with the calculations of the non-linear propagation
of the driving field inside the bulk material.

e In the second part of chapter 4, we have implemented the solid-state harmonics based ptychogra-
phy to image the nano-structures from the self emission of harmonics from the etched surfaces. We have
etched nanostructures on the Si surface by focused ion beam (FIB) and recorded diffraction patterns with
self-emission of harmonics from Si. The reconstruction of diffraction imaging of simulated and experi-
mental measured diffraction patterns in the far-field validated with the ptychography in PyNX.Ptycho
library. This study could pave the way to open a new horizon to use solid-state harmonics for plasmonic
applications and imaging of magnetic domains from the self-emission of harmonics in magnetic materials.
Finally, the spatial beam shaping of harmonics is controlled by etched spiral zone plates (SZP) on the
surface of zinc oxide (Zn0O). The harmonics diffracted from the SZP’s has generated an orbital angu-
lar momentum (OAM) beams. The intensity distribution of vortex beams of fifth harmonics is imaged
to show that harmonics photons carrying an OAM. We show that the shaping of the material surface
can modulate the intensity distribution of harmonics which can produce focused optical vortices up to
nanometers scale.

Conclusions and perspectives:

The chapter 5 consists of conclusions, perspectives and achievements that have been attained during
this thesis work. The perspectives included the investigation of electronic and molecular dynamics of
ultrafast charge carriers in semiconductors by solid-state harmonics as a probe beam in conjunction with
the photo-emission spectroscopy. A brief description of femtosecond time-resolved imaging system based
on the single-shot transmission of XUV light from HHG in Xenon (Xe) in a femtosecond laser-heated
titanium foil is highlighted as a perspective with the idea to use a solid-state HHG sources to probe the

solid to plasma transition in future.



Chapter 2

Basics and overview of high
harmonic generation in gases and

solids

In this chapter we have explained the basics of high harmonic generation (HHG) in gases and solids.
The phenomena of low-order perturbative harmonic generation is demonstrated in section 2.2. The non-
perturbative HHG in gases and its related aspects are explained in section 2.3. The optimization of HHG
in gases which is carried out at VOXEL laboratory has been described in section 2.3.5. The process of
non-perturbative HHG in solids and related aspects of solid-state HHG has been demonstrated in section

2.4. Finally, the propagation effects of the driving field on harmonics are discussed in section 2.5.

2.1 Introduction

High harmonic generation (HHG) is a non-linear mechanism in which the intense driving field (near-
infrared (NIR), Mid-IR, or IR wavelengths) interacts with the non-linear medium and generates the
integer frequencies of the driving field frequency. The intense driving field dictates the coherent motion
of electrons which results in HHG emission. Typically HHG is divided into two types; 1) perturbative har-
monics, which scale (perturbatively) linearly with the driving field intensity. The perturbative harmonics
can be generated through the multiphoton ionization (MPI) process or wave-mixing. 2) Non-perturbative
harmonics originated through the electron’s tunnel ionizations (TI), and the intensity of such harmonics
scales non-perturbatively with the driving field intensity. Perturbative and non-perturbative harmonics
can be generated simultaneously under the influence of an intense driving laser field in the medium. By
calculating the Keldysh parameter ‘y’, one can have an idea which process is dominated, either per-
turbative or non-perturbative under the given experimental conditions [32]. The Keldysh parameter is

calculated as
V2mV
el

y=w (2.1)
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Where V is the ionization potential of the given non-linear medium, m and e are the mass and charge
of an electron, w and E are the driving field’s frequency and electric field strength, respectively. For the
MPI, v > 1 and for TI process, v < 1, respectively [97, 98]. So by calculating the v under the given
experimental conditions, we can predict whether the observed harmonic generation process is perturbative

or non-perturbative in addition to the intensity scaling of the harmonics on the driving field intensity.

2.2 Perturbative harmonic generation

The perturbative harmonic can be generated through the wave-mixing or multiphoton ionization
process. An electron from the valence band absorbs “n” photons of the intense driving laser pulse having
frequency w, jumps to higher energy levels (conduction bands in case of solids), and emit photons of
“nw” frequency. The second harmonic generation (SHG) is the perturbative harmonic in nature. It is the
first non-linear response of solids when intense laser pulses interact with the solids. The two photons of
the driving laser pulses are absorbed by the solids and emit another photon with the twice frequency of
the driving photon as shown in figure 2.1(a). The energy level diagram for the process of SHG is shown in
figure 2.1(b). The driving photon absorbs by an electron and jumps from the ground state to a first virtual
state which further jumps to the next virtual state by absorbing another photon of the same frequency
w. The excited electron decay to the ground state by releasing a photon having the frequency of 2w. This
phenomenon is termed as SHG. The intense driving laser field induces the non-linear polarization in the

medium, which is given as
P = xWE' + egxPE? + ¢ox®PE? 4+ ... + eox ™ E" (2.2)

Where, x(™) are the nth order non-linear susceptibilities, €, is the vacuum permittivity, x(!) is responsible
for the linear polarization. The SHG is induced by the second-order non-linear susceptibility x(?) of the
medium. Similarly, x(®) induces the third harmonic generation (THG) and so on...

The SHG was first reported experimentally by Peter Franken et. al. in 1961 [19] by focusing the
694 nm on the quartz crystal and measured the spectrum of 347 nm on the photographic paper. The
theoretical explanation of SHG was demonstrated in 1962 [99] and demonstrated various rules about
the interaction of light with the non-linear medium, which results in SHG. The SHG is forbidden in the
centrosymmetric materials or having the inversion symmetry [100] as the higher-order even harmonics.
However, even for these materials, SHG can be generated at the interfaces or the surfaces where the
symmetry is broken [26] which is termed as surface second harmonic generation (SSHG). SSHG had been
used to probe the molecular monolayers adsorbed to surfaces [101]. The most common way to generate
the SHG is to use the birefringent medium. Another way of generating an efficient SHG is to vary the
refractive index of the medium periodically and meet the quasi-phase-matching conditions.

One of the third-order non-linear response of solids can be observed when an intense laser driving
field interacts. As a result the optical THG is observed which is attributed to the third-order non-linear

susceptibility x(®) as shown in figure 2.2(a). The three photons of the driving laser pulses are absorbed
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Figure 2.1: (a) The geometry of SHG in solids, w and x(? are the frequency of light and second-order
non-linear susceptibility of the solid. (b) Energy level diagram for SHG in solids. An electron absorbs
two photons of driving laser, jumps to a higher virtual state in between the bandgap, and emits a photon
of frequency (wspe=2w) when de-excited to the valence band. Red and cyan line arrows indicate the
fundamental and second harmonic photons.
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Figure 2.2: (a) The geometry of THG in solids, w and x(® are the frequency of light and third-order
non-linear susceptibility of the solid. (b) Energy level diagram for perturbative THG in solids. An
electron absorbs three photons, jumps to a higher virtual state in between the bandgap, and emits a
photon of frequency (wrpg=3w) when de-excited to the valence band. Red and blue line arrows indicate
the fundamental and third harmonic photons.



by the solids through multiphoton absorption process and emit a photon which has three times frequency
to the fundamental photon. The energy level diagram for the process of THG is shown in figure 2.2(b).
The driving photon absorbs by the electron and jumps from the ground state to a first virtual state and
further jumps to the next virtual state by absorbing second photon of the same frequency w. Finally
reaches to a third virtual state by absorbing third photon of the same frequency w. The excited electron
de-excited to the ground state and released a photon having the frequency of 3w. This process is known

as perturbative optical THG.

The THG is one of the non-linear optical process [102, 103] which is more efficient generally at the few
end layers of surfaces or interfaces [81, 104, 105, 106]. The conversion efficiency of perturbative harmonics
in solids depends upon the careful alignment of the crystal to obtain the phase-matching condition. Under
the phase matching condition, the fundamental and harmonics beam travel with the same phase velocity
in the crystal, and as a result the generated harmonics beam buildup at the medium’s exit. The intensity

of the nth harmonics 1™ varies perturbatively with the intensity I(t) of the driving laser field as follows.
I = M )n (2.3)

Where 7 is the order of the perturbative harmonics and x(™) is the nth order non-linear susceptibility.
With the increase of the order of harmonics, the probability of converting the driving laser photons
into harmonics decreases in the medium through multiphoton process. As a result, the efficiency of
harmonics falls rapidly. The generated harmonics scale perturbatively at the relatively lower driving
intensity. The perturbative harmonics generated throughout the non-linear crystals added up coherently
through phase matching. The conversion efficiency of the perturbative harmonics is mainly limited by
the imperfect phase matching and dispersion of crystals. The matching of pump spectrum and non-linear
crystal spectral acceptance monitored the efficiency of the SHG process [107]. Suppose the group velocity
mismatch (GVM) in a non-linear crystal is smaller than the driving pulse duration. In this case, the
efficiency of SHG and THG can be enhanced. The efficiency of the SHG and THG processes mainly

depends on the non-linear crystal properties and driving laser intensity.

There have been an intense exploration for such non-linear materials [108]. Bismuth borate, BiB3Og
(BiBO), Beta-Barium Borate (BBO), Lithium Triborate (LBO), and Potassium Titanyl Phosphate (KTP)
are the well known non-linear crystals that are often used to generate efficient SHG, and THG [108, 109,
110, 111, 112]. BBO is given preference over other crystals and is widely used for SHG and THG due
to its good phase-matching and thus higher conversion efficiency. For the efficient SHG and THG in
non-linear crystals, the compensation of phase and group velocity mismatch along with the lower-order
group velocity dispersion (GVD) must be taken into account [109]. The phase matching can be obtained
by using different thickness, rotating and tilting of crystals. The spatial walk-off angle can be observed
during the propagation of pulses in birefringent crystals. The intensity distribution drifted away from the
wave vector direction. Whereas in a temporal walk-off, the temporal overlap of pulses is lost due to the
group velocity mismatch. The walk-off effects such as spatial and temporal walk-off can be compensated

using various thicknesses of non-linear crystals.
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In summary, the odd perturbative harmonics can be generated in the medium which lacks the inversion
symmetry. In contrast, the even-order harmonics vanished in the medium having inversion symmetry
such as in gases. The first even-order perturbative harmonics can be generated at the surfaces of cubic
crystals [26] or at the interfaces. Usually, the higher-order harmonic generations observed through the

TT process, which falls under the umbrella of a non-perturbative regime.

2.3 Non-perturbative HHG in gases

2.3.1 Basic HHG process

HHG in gases has been intensively studied for three decades which was first reported at the University
of Illinois [2] and later at CEA Saclay [113]. The emission of HHG was observed in the noble gases when
subjected to intense laser frequency. The microscopic process of HHG in gases described by Paul Corkum
in 1993 [3] which is known as a three-step model as shown in figure 2.3. The first step (1) of this model,
an electron is released from the parent atom through tunnel ionization. In the second step (2), an electron
is accelerated by the applied laser field in the continuum and gains kinetic energy. In the third step (3),
the accelerated electron recombines to the parent ion with a certain probability of reversing applied field
direction and emits photons whose energy is equal to the sum of kinetic energy gained by the electron
during motion plus the ionization potential of the atom. This process is repeated after every half cycle
of the driving laser field. The spectrum of HHG can be obtained by taking the Fourier transform of the
attosecond train of generated pulses. The real and momentum space picture for the atomic (gas-based)

HHG is shown in the figure 2.11c and 2.11d, respectively.

3. Recombination

-

\

\ 2. Acceleration

1. Tunelling

Figure 2.3: Schematic illustration of the three-step model for HHG in gases. (taken from [38])

The yield of HHG in gases can be tuned by optimizing the intensity in the range of (10**-10%)Wcm =2
of the laser field, beam waist at focus position, aperture diameter, size of the gas cell and by tuning the
pressure in the gas cell. A balance condition between phase matching, generation, and re-absorption

should be achieved to maximize the generation efficiency of harmonics. As gas is an isotropic medium
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and lacks inversion symmetry, therefore only odd-order harmonics can be observed. The even and odd-
order harmonics can be generated in the gas by tweaking the symmetry considerations. The symmetry
conditions can be perturbed by using a two-color driving field which can result in even as well as odd
harmonics in gases. The efficiency of HHG in gases depends on the driving wavelength, phase matching

conditions, and linear polarization of the driving field.

2.3.2 Wavelength dependence of HHG in gases

The frequency of the high harmonic cutoff which is the highest frequency generated in the harmonic
spectrum can be calculated as follows [114]

e?E2)\?

(2.4)
Where £ is the reduced Planck constant, I, is the ionization potential, U, is the pondermotive energy, m
and e are the mass and charge of the electron, respectively. The cutoff energy of the harmonic spectrum
increases with square of the electric field and square of the driving wavelength. The Ti: sapphire-based
laser driving wavelength centered around 800 nm has been used as an ideal source to generate high
harmonics in gases in the past. Recently, the Mid-IR driving wavelength was also adopted to generate
high harmonics in gases. The Mid-IR driving wavelengths extend the cutoff to quadratic wavelength
scaling of the pondermotive energy [115]. However, with the increase of the driving wavelength, the
efficiency of the HHG in gases dramatically decreases as predicted theoretically on the scale of A(=5—6)
[116] and measured experimentally on the scale of A(6=7) [117]. This decrease in intensity of HHG with
the increase of driving wavelength is attributed to the spreading of the dipole and non-dipole effects

118, 119).

2.3.3 Conversion efficiency

The conversion efficiency of HHG from driving photons to harmonic photons depends upon the driving
wavelength, driving intensity, the polarization of the driving field, gas medium, and pressure in the gas
cell. The conversion efficiency is high, about one order in magnitude at 800 nm as compared to 1550 nm
driving wavelength [120]. The conversion efficiency in various noble gases varied due to their different
ionization potential. At 800 nm driving wavelength, the conversion efficiency of Xenon gas is 1074,
Argon has 10~ while Neon gas has the conversion efficiency of 10~7 [120, 121, 122, 123]. Similarly, the
calculated HHG efficiencies in helium at different driving pulse energies and pressures showed that the
efficiency could be increased by few orders of magnitude with higher energetic driving pulses. HHG in
gases are efficient when the driving wavelength is highly linearly polarized or weakly elliptical. With
the increase of ellipticity, the efficiency of the HHG in gases rapidly falls. This is because when the
driving field has elliptical polarization, the chances of accelerated electrons to recombine with the parent
ions are minimal. As a result, emission of harmonics decreases and eventually drops to zero at circular

polarization of the driving field in gases [124].
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2.3.4 Phase matching condition

To achieve the highest conversion efficiency from driving photons to harmonic photons, the phase
velocity of the generated harmonics and the driving wavelength should be same in the medium (gas)
while traveling. This builds up the coherent flux of the harmonic signals, which is known as phase
matching [103]. The phase mismatch Ak for HHG in gases introduced by the medium dispersion, neutral
gaseous dispersion, free-electron plasma dispersion, the dispersion induced by the focus of the laser field,

and the atomic phase dispersion can be written as [125]
Ak = Akn + Akp + AkGouy + Akgy (2.5)

Where Aky is phase mismatch subjected to the neutral gaseous medium, Akp is the plasma introduced
phase mismatch. Akgouy is the Gouy phase mismatch induced due to the driving laser focus position
in the gas cell, and Ak,; is the atomic phase mismatch. The optimized phase match conditions can be
obtained by optimizing the various parameters such as intensity of the driving field, adjusting the pressure
of the gas in the gas cell, and focus position of the driving wavelength [126, 127]. For the optimized HHG

in gases, following conditions must be satisfied [121].
Lmed > 3Labs; and Lcoh > 5Labs (26)

Where, L,,q is the HHG length, L, is the absorption length of harmonics signal, and L., is the

coherence length which is the propagation distance over which the harmonics signal add constructively.

2.3.5 Optimization of high harmonic generation in gases at VOXEL

HHG in gases are routinely generated, optimized [128], controlled [129], used for imaging [130]
and dense plasma diagnostics in the VOXEL laboratory at IPFN, IST, Lisbon, Portugal. The typi-
cal schematic illustration of the experimental setup to generate HHG in gases is shown in figure 2.4. The
output of the Astrella laser of 7.5 mJ pulses is directed to a 50 : 50 beam splitter and used only the
reflected part of laser energy. The reflected energy is further controlled by using two irises and focused
in the rear edge of a gas cell having a dimension of 10 mm in diameter and 15 mm long by 750 mm
focal length lens. The Al filter of 464.5 nm thickness of 28.5% calibrated XUV transmission is inserted,
which blocks the near-IR pulses and transmits the high harmonics (HH) signal directed to the XUV-CCD
camera by a flat mirror. The measured footprints of the HH are shown in the inset of figure 2.4 which are
optimized for different aperture size, focus position and gas pressure in the gas cell. After optimizing the
footprints of HH by XUV-CCD, we have set up the grating-based spectrometer for spectral measurements
of HHs.

The HHG pulses in a gas cell are filtered by 464.5 nm and 150 nm Al filter one by one and together
as well. The HH signal after the Al filters are incident at a grazing angle of 9° on a spherical mirror with
a radius of curvature of 3 m. The focused HH pulses are directed to a gold transmission grating having

1000 lines/mm by a gold-coated flat mirror, which resolves the signal into its spectral components. The
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Figure 2.4: Schematic illustration of the experimental setup for HHG in gases. Laser parameters: 800
nm, 40 fs; 1 kHz and used estimated peak intensity ~ 10'* Wem=2. Inset (left) shows footprints of
HHG and inset on right shows one of the spectral profile of HHG in gases. The footprints and spectral

components of HHG were measured alternatively by translating the grating out and in the HHG beam
path.
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distance between the grating and the XUV-CCD (Princeton Instruments PIXIS-XO 1024B) is kept at 36
cm. The resolved spectral components of HH pulses are imaged on the XUV-CCD, as shown in the inset
of figure 2.4.

The best optimized conditions were obtained from recording the footprints of HHG in Ar at (400 &
800) nm, Xe, and Ne gases at a gain of 3 of XUV-CCD, which corresponds to one electron per count.
The energy of HHs in Ar at (400 & 800) nm, Xe, and Ne is calculated from the spectrometer calibration
counts. The energy of HHG in Ar, Xe, and Ne under the optimized conditions is listed in table 2.1 which

is measured by using the transmission grating-based XUV spectrometer.

Gas P(mbar) Aperture size(mm) HH Photon No. HH Energy (nJ)

Ar 13.5 8 6.94E4-07 2.34
Ar* 7.5 11 4.54E4-07 1.53
Xe 3.5 8 6.27TE4-07 2.12
Ne 15 8 5.97E+05 0.02

Table 2.1: The optimized conditions for high harmonic generation (HHG) in gases to obtain maximum
energy. * corresponds to two colour driving wavelength (400 nm & 800 nm).

Spectral measurements of HHG in gases

The integrated and normalized spectrum of HHG in Ar is shown in figures 2.5(a) and 2.5(b). The
HH21, HH23, HH25, and HH27 have a higher brilliance. At the same time, HH25 is the dominant one at
near-IR (800 nm) driving wavelength, as shown in figure 2.5. Furthermore, HHG in Ar are generated by
collinearly focusing the fundamental pulses (800 nm) and second harmonic (400 nm), generated in 100 pm
thick BBO crystal. Odd and even order harmonics are attributed to the two-color driving fields (800 nm
and 400 nm). The integrated spectrum and normalized spectrum of even and odd order harmonics in Ar
gas at two-color driving wavelengths is shown in figure 2.6. In contrast, HH17, HH19, HH21, and HH23
have higher photon numbers at two-color driving wavelengths (800 nm and 400 nm). In the two-color

driving wavelength, the HH21 is dominant in the HH spectrum, as shown in figure 2.6(b).
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Figure 2.5: Spectral measurements of HHG at 800 nm in Ar. (a) Integrated spectrum, (b) Normalized
spectrum.
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Figure 2.6: HHG spectrum in Ar at 800 & 400 nm driving wavelength. (a) Integrated spectrum, (b)
Normalized spectrum.

The shifting of peaks and generation of relatively lower order harmonics in Ar when pumped by

fundamental and its second harmonic pulses ascribed to the lower energy of the focused incident pulses into

the gas cell, attributable to the lower conversion efficiency BBO crystal. Furthermore, the contribution

from the long trajectories results in a small HH signal because they lead to a short coherence length L.

compared to the short trajectories.
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Figure 2.7: Spectral measurements of HHG at 800 nm in Xe. (a) Integrated spectrum, (b) Normalized
spectrum.

The high harmonic spectrum in Xe and Ne under the optimized conditions are shown in figures 2.7

and 2.8, respectively. The HH19 is dominant in Xe, and HH37 is the brightest one in Ne generated high

harmonics. The energy of the harmonics calculated from the spectrometer is 5.44 times smaller than that

of the CCD measurements. The throughput of our spectrometer is 18.4%.
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Figure 2.8: Spectral measurements of HHG at 800 nm in Ne. (a) Integrated spectrum, (b) Normalized
spectrum.

Pressure and stability scan of HHG in Ar and Xe

The high harmonic intensity in Ar for each HH order is recorded using the spectrometer setup for
different pressure of the gas cell. We have the fixed the other experimental conditions such as pulse
energy, beam diameter, lens position, and focusing position of the laser pulses in the gas cell. The
behavior of the normalized integrated photon number variation for each HH order with different gas cell
pressure in Ar is shown in figure 2.9(a). At higher pressure, in the gas cell, the intensity of the HH is
low, which is attributed to the low phase-matching conditions. The other factor of lower intensity is due
to the inefficiency of the vacuum system to extract leaked Ar gases from the gas cell, which can absorb
the generated HH signals. The HH beam stability is important for the spatial measurements or spatial
applications and intensity from shot to shot to confirm repeat-ability. The intensity stability of high
harmonic generation in Ar under optimized pressure (13.5 mbar) is recorded for the integration time of

50 ms. The shot-to-shot stability of each HH order is shown in figure 2.9(b).
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Figure 2.9: (a) Pressure scan of the integrated signal per HH order in Ar, (b) Shot to shot stability of
each HH in Ar at 13.5 mbar.

The dependence of integrated count number and shot to shot stability of higher-order HH in Xe gas
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Figure 2.10: (a) Pressure scan of the integrated signal per HH order in Xe, (b) Shot to shot stability of
HHG in Xe at 3.8 mbar.

is shown in figure 2.10. The maximum number of counts for each HH in Xe gas is observed on the
XUV-CCD at 3.8 mbar (see figure 2.10(a)). Furthermore, the variations in integrated count number for
each HH from shot to shot at the optimized pressure have the same approximate pattern as shown in
figures 2.9 and 2.10 for Ar and Xe gases, respectively. The sharp decrease in the yield of HHs attributed
to the phase mismatch introduced by the dispersion of the gases. This shows that to obtain the stable
and efficient XUV source from the gases, the optimum pressure, focus position, and suitable intensity of

the driving laser pulses in the gas cell should be considered.

2.4 Non-perturbative harmonics in solids

2.4.1 Introduction

HHG in gases are routinely generated in research laboratories and formed the basis of attosecond
science. However, gas-based HHG phenomena involve a complex and expensive setup consisting of chirped
pulse amplification (CPA) femtosecond laser systems, vacuum chambers, vacuum pumps, and gas sources
that should be confined to a short interaction volume required the sophisticated optics and expensive
detection system. Interestingly, solid-state medium offer an alternative way to generate high harmonics
without using such a complex system as far gas based harmonics. A decade ago, HHG in solids was
observed by focusing the 3.25 pm driving field to 500 pm thick ZnO crystal [33] and observed the

harmonics up to 25th order at 5 TWcem™2.

These observations have opened up a new dimension of
strong-field interaction with solids and attosecond science. Interestingly, the cutoff high energy scales
linearly with the strength of laser field in solids as compared to the quadratic dependence as anticipated
by the three-step re-collision model [3, 114]. Ghimire et al. observed the strong deviation of harmonics
yield from the power-law as anticipated from the perturbative non-linear optics. This poses a question
about the explanation of HHG in solids. The observed results cannot be explained by the traditional
perturbative non-linear optics or strong field re-scattering kinematics. To address this, HHG have been

generated in wide variety of solids ranging from graphene [131], amorphous solids [37] to wide bandgap

dielectrics [31, 60, 132], tailored structures [44, 46, 133] and in metals [87]. Several studies reported that
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the solid-state HHG could be employed to map the electronic properties of solids [57, 59, 134]. Yet,
the solid-state HHG is in its fancy and is the subject of ongoing discussion related to its explanation

33, 31, 34, 46, 58, 68, 87, 135, 136].

Solid-state HHG

a b Intra-rb?]rtwd Conduction
curre band

.

Recombinations

-~

Inter-band
o polarization
o (tunelling) Recombination

1

]

I
Y,
1

oscillations

Valence
band

Atomic HHG

c ; 2 Acceleration Free electron
> Fecombination ' / continuum

- -

\

| 2. Acceleration

1. Tunelling 3. Recombination

1. Tunelling

& Y Parent ion

Real space Momentum space

Figure 2.11: The microscopic process of HHG in solids and atomic level. (a) Real-space illustration of
HHG in solids, the driven electron can scatter from the periodic potential, recombine to the associated
hole (ion), and re-collide with the nearest hole (ion) due to the closely packed arrays of atoms. (b) The
momentum-space picture of HHG in solids illustrates the intra-band Bloch oscillations in the conduction
band and the inter-band polarization through tunneling between valence and conduction band. Both
transitions result in the emission of high-frequency photons in the forward direction. (c) Real-space
picture of three-step model for HHG in atomic level (gases). (d) Momentum space representation of
HHG in gases where the electron tunnels from the bound state to the continuum state where the field
accelerates it in the parabolic continuum and then recombine with the parent ion to emit high-frequency
photons. (taken from [38])

Microscopically its imperative to contemplate the difference between solid-state HHG and the three-
step re-collision model qualitatively. Due to the higher number density of solids compared to gases,
there is a significant overlap of atomic orbitals from the adjacent atoms of the solids. This creates the
delocalization of the valence and conduction band states in solids. The energy band occupied by the
valence electrons is called the valence band. The band above the valence band separated by some energy

bandgap is termed as conduction band in which electrons can move freely. The schematic illustration of
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solid-state HHG and atomic case in real and momentum space is shown in figure 2.11. In solids, HHG
can be observed through Bloch oscillations (intra-band transitions) or inter-band polarization or through
both process (see, figure 2.11 (a-b). Whereas in gases only inter-band polarizations results the HHG (see,
figure 2.11(c-d). Although it is more appropriate to work in the reciprocal space by considering the Bloch

wave functions and use the Houston picture [137] in the presence of driving laser electric field (E(7)).

In the Houston space picture, single-particle states evolved and are given as

k= k(t) = ko + % / E(r)dr (2.7)
where ko and k(t) are the time independent and dependent lattice wave vectors, e is the charge of an
electron and A is reduced Planck,s constant.

Within a band, the single-particle state moves periodically in the absence of scattering. At the strong
driving field, this single-particle state diffracts from the Brillouin Zone (BZ) boundaries within half the
cycle of the driving field and is known as Bloch oscillations (see, figure 2.11(a)). These Bloch oscillations
are also termed intra-band transitions. The rate at which the single-particle state travels through BZ at
the laser peak field F and a lattice constant d is given as wp = % which is know as Bloch frequency. The
momentum space schematic illustration of harmonics (figure 2.11(b)) indicates the dynamics of electrons
and holes in the lowest conduction band and highest valence band, respectively. An electron is excited
from the valence band to the conduction band of the crystal by the driving laser field. Both the electron
and hole will move in the opposite direction in the conduction and valence band, respectively dictated
by the vector potential of laser light. On the reversal of electric field direction, the electron and hole
can recombine beyond the I'-point and emit harmonics [61]. This kind of transition is known as inter-
band HHG. In solid-state HHG, the intra-band (within the band) and inter-band (in between the bands)

transitions occurred. Whereas in gas-based HHG, only the inter-band transitions lead to the HHG signal.

A full quantum mechanical approach is required to explain the interplay between the intra-band
and inter-band transitions, contributing to the emission of harmonics in solids (semiconductors and di-
electrics). For this, one can adopt the density matrix approach or time-dependent many-body Schrodinger
equations. The solution of these approaches provided by the semiconductor Bloch equations (SBE) [65].
Below are few essential steps that shows how to get a spectrum of harmonics from SBE. The total emission
of harmonic intensity I, (w) from the solids can be expressed as

OP(t)

Lot (w) |J—'(7 + J(1))| o |wP(w) 4 iJ (w)]? (2.8)

Where, 62—?) is the inter-band polarization current, J(t) is the intra-band current. P(w) is the Fourier

transform of time dependent polarization P(t) which observed due to electron-hole motion. J(w) is the

Fourier transform of J(t) and is given as
P(t) = Z dipr(t) + c.c. (2.9)
k
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J) =Y Jrfe) (2.10)

k,\e{e,h}

Where, dj is the dipole matrix element, p; is the microscopic polarization, j,;\ = %Akeg are the matrix
elements of current, f,;\ (t) corresponds to occupations of electron and hole in band. The p; and fi are
the solutions of the SBE and is given elsewhere [65].

However, the underlying microscopic mechanism of HHG in solids is controversial and under intense
debate. Several approaches have been adopted to explain the underlying microscopic mechanism of
HHG in solids. HHG generated in MgO found that only the inter-band transitions are contributing
to the emission of harmonics [138]. At the same time, it could be varied for other crystals. Such as
HHG in the thin film of poly-crystalline SiOy showed that only intra-band transitions contribute to
the emission of harmonics rather than inter-band transitions [56]. An important factor that affects the
microscopic phenomena of HHG in solids is the driving wavelength. As reported [68, 139] that intra-band
transitions are dominated when the driver wavelength is longer. While at shorter wavelengths such as 1.0
to 5.0 pum, the inter-band transitions are dominant for the generation of harmonics in solids. Therefore,
microscopically the HHG in solids is a complex interplay between intra-band and inter-band transitions.
Both mechanisms can be tuned by the experimental conditions and non-linear properties of a material
under investigation.

There are several aspects of solid-state HHG that will be discussed here:

2.4.2 Wavelength dependence of solid-state harmonics
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Figure 2.12: Recent progress of HHG in solids depending on the photon energy of the highest harmonic
with the driving photon energy. Harmonic generation in most of the solids crystal in red boxes will
be discussed in this thesis. For this, the driving wavelength of 800 nm, 40 fs operated at 1 kHz has
been employed. Crystals enclosed with the green box are derived at 3 pm to generate low and high-order
harmonics. The low bandgap semiconductor, such as encircled by blue are driven at 2.1 ym to explore the
process of HHG until 5.3 eV. We have generated harmonics up to 4.7 eV at 800 nm driving wavelength,
shown in black squares. (taken from [38]).
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The driving wavelength immensely influenced the process of HHG in solids. For low bandgap materials,
longer driving wavelength and low energy driving photons are essential to avoid the optical damage
threshold of materials. For wide bandgap materials such as MgQO, fused silica, Quartz, Sapphire, etc.,
harmonics can be generated at 800 nm. Such femtosecond lasers wavelengths are commercially available in
most of the research laboratories. Due to the smaller bandgap in metals and semiconductors, the process
of HHG can be explored efficiently if the driving source has a wavelength in the range of mid-infrared. The
dielectrics having a wide-bandgap can be pumped by the near-infrared wavelength to generate the XUV
photon energy through the HHG process. Apart from this, at the longer wavelength, the contributions
of the inter-band drop exponentially as A~!14%2:9 [140] and the intra-band contribution to the emission
of high harmonics will be dominant. More driving photons are required to make a transition from the
valence band to the conduction band and drive inter-band transitions at the longer wavelength. Therefore
its contribution decreases. The recent progress of HHG in solids for various driving wavelengths is shown
in the figure 2.12, black squares are the energy of the harmonic which have been generated during this

thesis for different driving wavelengths such as 800 nm, 2.1 gm and 3 pm.

2.4.3 Polarization or orientation dependence of solid-state harmonics

The prominent feature of strong polarization dependence of harmonics in solid distinguished it from the
gas-based HHG. As the gas medium is isotropic, the efficiency of harmonics is independent of the applied
linear polarization direction to the gaseous medium. Whereas in solids, the anisotropic nature of crystal
structure and non-parabolic nature of the electronic bandstructure contributes to the harmonics. In the
intra-band regime, the motion of electrons in the conduction band is controlled by the linear polarization
of the driving field, and the laser polarization dictates its direction of propagation. Therefore, the motion
of the electron wave packet is influenced by the dispersion of the band structure. The different harmonics
correspond to the oscillation of electrons to a different region of the energy band. Hence the band
dispersion energy can control the group velocity of electrons. Thus the harmonic efficiency can be tuned
by either rotating the crystal and keep the laser polarization or vice versa. The orientation/polarization
dependence can predict the crystal symmetry and most probably electronic bandstructure [58]. Solid-
state HHG is anisotropic and depends on the symmetry of crystal structure. The understanding of the
real space picture of HHG can lead to exploring the strong sensitivity of the HHG to the atomic-scale
structure [33, 31, 51, 60, 105].

Ghimire et al. [33] in 2010, first time observed the strong anisotropic response of HHG by rotation of
ZnO crystal with the laser driving field as shown in figure 2.13(c). Similarly, You et al. [31] had reported
that maximum emission of high harmonics strongly depends on the laser driving field polarization angle
to the orientation of crystal (figures 2.13(a) and 2.13(b)). The efficient harmonics have been observed
when the driving field is aligned to the major axis of MgQO, i.e., along Mg-O or O-O bonding direction
and have minimum efficiency in between (figures 2.13(a) and 2.13(b)). The microscopic origin of this
strong anisotropy attributed by electron trajectory model and found that intensity of harmonics increases
(decreases) when the electron trajectories connected (missed) the first and second nearest-neighbor sites.

We have calculated the electron trajectories under linear and elliptical polarization to explain the THG
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Figure 2.13: (a) Polarization dependence of THG at 1.3 pm for different driving field strength (b)
Polarization dependence of HHG in MgO (taken from [31]). (c) Polarization dependence of high order of
harmonics in ZnO (taken from [33]). (d) Polarization dependence of high order of harmonics in Si with
the rotation of the crystal. (taken from [141]).
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process in MgO and as explained in section 3.2.10. It has been observed that the low-order harmonics
are less sensitive than the higher-order harmonics to the laser polarization. The high-order harmonics
originate from the intra-band regime and are more sensitive to the band structure and incoming laser

polarization.

Vampa et al. [141] observed the strong anisotropic response of HHG in Si by rotating the Si crystal
with respect to the laser driving field as shown in figure 2.13(d). Strong anisotropy of HHG was observed
recently in thin-film metals of TiN, and this anisotropy is attributed to the anisotropic nature of TiN
conduction band [87]. The polarization dependence of HHG can be explained with electron trajectory
models [31, 60, 132] and can provide the opportunity to determine the crystal structure and band struc-
ture. Thus the anisotropy of polarization dependence of harmonics is mainly dependent on the crystal
symmetry and conduction band structure. This anisotropy technique can be employed to generate the

isolated attosecond pulses in solids through polarization gating.

2.4.4 Ellipticity dependence of solid-state harmonics

The ellipticity of the driving field is another crucial parameter for the solid-state HHG. You et al. [31]
measured the ellipticity dependence of HHG in MgO and observed the secondary maxima at the circular
polarization, highlighting the possibility of generating circularly polarized harmonics from solids as shown
in figure 2.14. The shifting of ellipticity of harmonics had been observed by rotation of crystal concerning
the laser driving field polarization. When the MgO crystal rotated by 45° and laser polarization aligned
to O-O. Alternatively, Mg-Mg bonding direction, the ellipticity peaks shifted to £0.65. The ellipticity
dependence of HHG has been explained with the electron trajectories model, which highlights the emission

peak corresponds to the electron collision to the nearest neighbor as shown in figure 2.14 (¢ and d).

The yield of harmonics is dependent on the band curvatures at various k-values. The yield of har-
monics can be more potent at elliptical or circular polarization of the driving field. As simulation results
showed that the inter-band and intra-band harmonics behave differently to the ellipticity [51]. Therefore,
the ellipticity dependence of each harmonic behaves independently attributed to the delocalization of
electrons for different regions of the Brillouin zone [51]. As predicted [58] that circularly polarized har-
monics can be generated in solid crystals. Experimentally, circularly polarized harmonics in solids have
been observed by a single color driving pulses [142, 143, 144]. Compared to gas-based HHG, which can
only be efficiently generated at linear polarization. Because at the circular polarization of driving field,
electron misses the collision to parent ion in gases. However, HHG in solids has the advantage that they
can be generated even when the driving laser field has a high degree of ellipticity due to the intra-band
transitions in the non-parabolic bandstructure. This can open up a new horizon for the mapping of the

magnetic domain in materials through circular polarized solid-state XUV pulses.
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Figure 2.14: Ellipticity dependence of 19*" order harmonics in MgO (a) Measured 19** harmonics when
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2.4.5 Conversion efficiency of solid-state harmonics

The number density of solids is higher as compared to the gases which can give an advantage over
gases due to the higher number of emitters during the HHG process. At the same time, the re-absorption
of the generated harmonics in solids can limit the efficiency of harmonics. As the order of harmonics
increases, the more they get attenuated during propagation in the solids [145]. As a result, the harmonics
generated at the front surface or deep inside the crystal can’t be detected due to the crystal dispersion.
Therefore, to achieve the highest signal of harmonics, the laser focus should be translated to the rear side
of the solid target. The conversion efficiency and average power of visible and UV harmonics vs order of
the harmonics in ZnO at 3.8 um driving wavelength has been reported [39] as shown in figure 2.15. The
conversion efficiency varies from 1076 to 10~7 for the 11th to 17th order harmonics. A similar conversion
efficiency of harmonics has been achieved in noble gases at 800 nm driving wavelength [121]. It shows

that solid-state HHG can be used as a source of XUV pulses for spectroscopy applications.

2.4.6 Intensity scaling for non-perturbative solid-state harmonics

Typically, harmonics having photon energy smaller than the bandgap of the solids scale perturbatively.
In comparison, the above bandgap harmonics scales non-perturbatively with the intensity of the driving
field [33, 39]. However, the border between the perturbative and non-perturbative, particularly for
low-order harmonics is vague and required to untangle. We have disentangled the perturbative and non-
perturbative response of low order harmonics (THG) in the chapter 3. We showed that the perturbative
and non-perturbative behavior of THG is material-dependent at a fixed intensity of the driving laser

pulses.
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Figure 2.16: Dependence of the individual high harmonics intensity on the driving field intensity. (taken
from [33])

The non-perturbative scaling equation for the harmonic intensity is given as
I"=1(t)%,qg#n (2.11)

Where n is the order of harmonics and ¢ is the scaling factor of the driving intensity. The intensity
scaling of non-perturbative high order harmonics in 500 pm thick ZnO had illustrated [33] as shown in
figure 2.16. It shows that the intensity scaling of harmonics varied from the perturbative (dotted black
line for fifth harmonics scaling). The process of HHG in sapphire crystal explored at the 800 nm driving
wavelength to draw a relation between the order of harmonics n and scaling factor ¢ [105] and reported ¢
= 3.8,6.0,8.3 and 5.0 for H7, H9, H11, and H13 harmonics. The intensity of the driving field is an order of
magnitude smaller than the gas-based HHG for solid-state HHG. Usually, to generate the efficient HHG
process in solids, the intensity of the driving field is in the range of (10! —10**) Wem =2 depending upon
the bandgap of solids [33, 31, 38].

2.5 Propagation effects of driving field in solids

Apart from the microscopic aspects, the macroscopic factors can modulate the overall process of
harmonics. Non-linear propagation effects of the driving field are one of the macroscopic effects which
can tune the generation process of harmonics in solids. For example, at the normal incidence of the laser

beam to solids, the transmitted power of the laser beam can be obtained through the Fresnel transmission
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coefficient. The Fresnel transmission (T) in solids having linear refractive index n can be written as

4n

Tp= "
! (14+n)?

(2.12)
The linear refractive index is different for different driving wavelengths and solids. For example, at 2.1
pm driving wavelength, ZnO and Si have the linear refractive index of nz,0=1.92 [146] and ng;=3.4492
[147], respectively. Similarly, the linear refractive index of magnesium oxide (MgO) at 800 nm driv-
ing wavelength is 1.73 [148]. The linear absorption of the driving laser beam in solids is pronounced
depending upon the optical properties of the solids. For a uniform absorption in medium, the output
intensity of the driving laser beam can be given as I, = [pe”“%., where I is the input intensity of the
driving laser beam, « is the absorption coefficient. Z is the propagation distance in the medium. The
non-linear optical properties of the medium can contribute to their role at high field, depending on the
medium and laser driving intensity. The Kerr effect can induce self-phase modulation and self-focusing
in the space and time domain, respectively. The interaction of an intense laser field with the solids has of
great importance for its many applications ranging from biomedical technologies [149], micro-machining
of optical materials [150, 151, 152], optical data storage [153], white light continuum generation [154, 155]
and at below damage threshold of solids can generate the HHG [33, 31, 38, 132].

The theoretical aspect of non-linear propagation effects of the driving field in solids and the observed

impact of the non-linear propagation effects on harmonics will be discussed in section 4.2.

2.6 Conclusion

In this chapter, we have explained the underlying physics of the harmonic generation and various
factors which can tune the generation process in gases and solids. The process of harmonics generation
in gases can be demonstrated through the three-step model (inter-band transitions). Whereas in solids,
the harmonics phenomena can be explained through inter-band and intra-band transitions. Solid-state
harmonics have the advantage over gas-based due to the anisotropic nature of materials, can predict
the crystal symmetry, and map electronic bandstructure through orientation/polarization response of
harmonics. However, the process of harmonics can be controlled in solids either by tuning the electronic
band structure through doping or by the non-linear propagation effects of the driving field. The yield
of harmonics can be more substantial at elliptical or circular polarization of the driving field due to the
different k-values of band curvatures. In comparison, harmonics in gases can only be observed at linear
polarization of the driving laser. This gives an advantage of solid-state harmonics to generate an elliptical
or circular polarized light, which can be used to study chirality or explore ferromagnetic materials. As,
the number density is higher in solids than in gases, which could offer a way to have brighter deep

ultraviolet (DUV) sources for spectroscopy applications.
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Chapter 3

Low-order harmonic generation in

dielectrics and thin films

In this chapter, we discuss the non-linear response of wide-bandgap dielectrics such as MgO, Chromium
(Cr) doped MgO (Cr: MgO), Sapphire (Sa), SiO4, and fused silica (FS), in single and polycrystal gallium
oxide (Gag03) in terms of second-harmonic (SH) and third-harmonic (TH) on the interaction of 800 nm,
40 fs operating at 1 kHz driving laser beam. We have investigated the impact of the driving field intensity,
polarization/orientation and ellipticity on the emission of SH and TH. The doping effects on the low-
order harmonics by tailoring the electronic structure have been explored in MgO. We have disentangled
the harmonic emission (SH and TH) from thin films (AIN and AlGaN) and Sa substrate. The TH and
fifth-order harmonics in MgO, Cr: MgO, and harmonics up to ninth-order have been generated in single
and polycrystal GagOs at mid-infrared (MIR) 3 pm driving wavelength. In this chapter, we have also
highlighted the non-linear propagation effects of the driving field on the SH and TH.

3.1 Effects of chromium dopants on second-harmonic generation

in MgO

3.1.1 Introduction

Second-harmonic generation (SHG) is one of the first perturbative non-linear response of solids at high
driving fields. Efficient SHG is not possible in centrosymmetric solids due to symmetry conditions that
forbid phase-matching. Near surfaces and interfaces, this symmetry is broken, and the phenomenon of
SHG can occur. This process is termed surface second-harmonic generation (SSHG). In centrosymmetric
crystals such as MgO used in this study, SHG phase matching conditions are not met in the bulk. For
example, perturbative and non-perturbative high harmonics have been generated from the surface states
of solids. It has been shown the suppression of higher harmonics in bulk material due to lack of phase
matching [30]. For an in-depth theoretical and experimental treatment of SHG, we refer the reader to

the following works [21, 22, 23, 24, 25, 156]. Practical uses of SSHG are widespread, including SHG
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spectroscopy for imaging to investigate the bio-molecular interactions at interfaces [157], optical imaging
[158, 159], characterization of the interface of semiconductors [160], and near-field and far-field optical
microscopy of microelectronics structures [161].

Here, we introduce Chromium (Cr) into pure single crystal magnesium oxide (MgO) to experimentally
investigate the role of doping in the SHG process. Cr is a transition metal with higher energy occupied
electron orbitals than MgO. Doping MgO with Cr will have the effect of adding electrons at normally
unoccupied energy levels in the MgO energy states. Chromium atoms have been shown to replace Mg
sites during the doping process [162, 163]. Simulations showed the homogeneous distribution of Cr at the
oxygen sites at low doping concentration [163]. It has been shown to generate less local stress compared
to other transition metals when introduced into MgO, making it a good candidate for doping [164].
Cr-doped MgO possesses long-range order and several active optical sites, making it a good candidate
for optical measurements. The change in the optical properties of MgO by introducing Cr dopants
has been attributed to the new optical transitions made available from the Cr to the MgO orbitals
[162]. The Cr dopants introduce electronic states in the MgO bandgap, which give rise to new optical
transitions [165]. MgO doped with Cr, Cr: MgO shows practical promise in several areas. The impact of
doping concentration and crystal polarization on SHG is a relevant scientific and practical question. By
introducing dopants, we can alter the electronic structure and change the non-linear optical properties
of the crystal. This could be used to tailor certain materials for strong field optoelectronics applications,
for example, allowing a new degree of control in solid-state high harmonics [166].

In this section, we will report the generation of the second-harmonic in pure MgO and Cr: MgO
crystals. The impact of crystal polarization and doping concentration on the yield of the SHG signal will
be demonstrated. Experimental results have been explained by calculating the electronic structure using

density functional theory (DFT) of pure MgO and Cr doped MgO crystals.

3.1.2 Experimental setup for SHG

We used near-infrared (NIR) laser pulses of 40 fs at 800 nm operating at a repetition rate of 1 kHz,
which is focused on the solid crystals to generate the second-harmonic (SH). The schematic illustration
of the experimental setup is shown in figure 3.1. The pulse duration of the driving field was measured by
an autocorrelator, as shown in figure 3.2(a), and the spectral profile of the fundamental field measured
by a UV-VIS spectrometer which is shown in figure 3.2(b). Femtosecond laser pulses of ~ 20 uJ energy
were focused on the 200 um thick pure MgO and Cr-doped MgO bulk crystals to ~ 100 pm diameter
by a convex lens of 750 mm focal length. The estimated peak intensity of ~ 1.0 x 10'® Wem™? is below
the damage threshold of MgO and Cr: MgO crystals. The incident beam was kept normal to the surface
plane of the crystal to avoid birefringence. The crystal was mounted on a three-dimension translation
stage as well as on a motorized rotational stage to keep the focal spot fixed at a point in the crystal
during the rotation of the target. We can rotate the polarization of the driving field through a half-wave
plate rather than rotating crystal about its axis but due to the unavailability of a half-wave plate, it was
not possible.

The MgO crystal is cubic with 001-cut and (100) edge polarization. The pure MgO crystals were
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Figure 3.1: Schematic illustration of the experimental setup for second-harmonic generation in MgO. The
driving laser parameters: 40 fs, central wavelength 800 nm operating at 1 kHz.

fabricated by a three-phase electric arc furnace as a single bulk crystal. The Cr powder is introduced
directly into the MgO during the growth process and hence is uniformly distributed throughout the MgO.
The fundamental and second-harmonic pulses are separated using the chromatic dispersion of the side
edge of a convex lens of a 100 mm focal length. The fundamental pulses are blocked by an iris and a short
pass filter. The SH pulses are further focused by a 50 mm focal length into the optical fiber, which is
connected to a UV-VIS spectrometer. The laser polarization has been kept fixed while the target rotated
about its axis to observe the polarization/orientation response of SHG in the pure and doped Cr: MgO
crystals. The SHG spectrum is measured by a UV-VIS spectrometer. The SHG is first optimized by
tuning the laser focus to maximize the SHG yield in pure MgO. These focusing parameters are then kept

fixed for all the doped samples to compare the SHG response.
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Figure 3.2: (a) The temporal profile of the driving pulses which are measured from the autocorrelator,
(b) Spectrum of the driving pulses measured by the UV-VIS spectrometer.
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3.1.3 Doping impact on the yield of SHG

In this section, we have investigated the impact of Cr dopant concentration in pure MgO on the SHG
efficiency. To validate the wavelength of the SH, we present the spectral measurements of the SH at a
fixed polarization of the driving laser pulse, as shown in figure 3.3(a). The spectral shape is identical for
all dopant concentrations, yet the intensity varies significantly. This is consistent with the different overall
intensities presented in figure 3.4(a). About a two-fold higher intensity of SHG is observed for a doping
concentration of 740 parts per million (ppm) compared to the pure MgO crystal. Interestingly, as the
concentration of Cr is increased further, the SHG intensity monotonically decreases, as shown in figure
3.3(b). To observe the global dependence of Cr concentration we present total SHG yield accumulated
over all angles for several dopant concentrations. The impact of doping on the yield of SHG is shown in
figure 3.3(b). The yield is measured as the average over one complete rotation of the crystal. This shows
that at the lowest concentration of doping, which is 740 ppm here, the yield is highest. The yield of SHG

decreases as the dopant concentration increases further.
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Figure 3.3: (a) SHG spectrum at a given angle ‘0’ of rotation of pure MgO and MgO with different dopant
concentrations of Cr. Pure MgO crystals (red diamonds), 740 ppm of Cr dopant in MgO crystal (blue
dots), 1300 ppm of Cr dopant in MgO crystal (green squares), and 9500 ppm dopant concentrations of
Cr in MgO (yellow circles),(b) Angle averaged SHG intensity as a function of Cr dopant concentration.

To understand the dependence of efficiency on the Cr doping concentration, we now discuss the effect
of Cr doping on the electronic, structural and optical properties of MgO, with reference to previous
studies. At low dopant concentrations, most of the chromium ions take the position of the Mg ions [167].
Higher dopant concentrations of Cr have been shown to introduce different crystal phases, which may
affect the SHG process [165]. Furthermore, it has been reported that by increasing the concentration of
Cr doping, the number of atom-sized holes at the surface increases, which could also affect the efficiency
of SHG [162]. The atom-sized hole may increase the symmetry breaking and thus enhance the SHG. At

increasing levels of dopant concentration, structural changes occur, yet the influence of these new crystal
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phases on the optical properties is expected to be small. SSHG may not be strongly affected by the
overall crystal structure as it is confined to the surface, yet small imperfections at the crystal surface may
play a role.

Doping common oxide crystals to alter their optical properties is a widely known and well-developed
industrial technique [168, 169]. Here, we look at other works that have independently measured the
effect of Cr doping in MgO on the optical properties. We are primarily concerned with our wavelengths
of interest (800 nm and 400 nm). Cr: MgO has shown that transmission of optical light decreases
overall with increasing doping concentration [170], relevant for both our wavelengths of interest. The
optical properties are a direct consequence of the electronic structure of the material. To clarify how the
electronic structure changes in MgO when Cr atoms are introduced, we have conducted DFT simulations
of pure and Cr doped MgO. The results of these calculations, along with a discussion of how to explain

the experimental results are presented in Section 3.1.5.

3.1.4 Orientation dependence of SHG

——MgO (pure) —@—Cr: MgO (740 ppm)
= Cr: MgO (1300 ppm)9 0 Cr: MgO (9500 ppm) Orientation dependence of SHG in different MgO samples
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Figure 3.4: (a) Orientation response of SHG in pure and Cr-doped MgO crystal at fixed driving laser
polarization and crystal rotation about its center. Pure MgO crystal (red), 740 ppm of dopant (blue), 1300
ppm of dopant (green), and 9500 ppm of dopant (yellow). (b) Sample dependent orientation dependence
of SHG in different MgO identical crystals.

At a fixed polarization of driving laser pulses, the crystals were rotated to observe the crystal orien-
tation response of SHG with respect to the electric field. An anisotropic and a continuous response of
SHG on the crystal orientation is observed in pure MgO as shown in figure 3.4(a). This polar graph has
the linear axis in arbitrary units. The behavior shown here underlines the complex dynamics of SHG
in pure MgO and is attributed to the sensitivity of surface structural effects [171, 172, 173]. The exact
shape of the orientation response of SHG may vary depending on crystal surface features or quality, as
SH is generated due to the roughness of the crystal surface. Conversely, isotropic emission is observed

for all crystals containing Cr dopant, as shown in figure 3.4(a).
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Furthermore, the Cr-doped MgO samples show a higher SH efficiency for all dopant concentrations.
The angular anisotropy of the second-harmonic emission relative to the crystal orientation present in pure
MgO is lost when dopants are introduced. We have found that the exact angular dependence pattern of
pure MgO to be sample dependent as shown in figure 3.4(b). Crystals 1 and 2 are new ones, while 3,
4 are exposed many times under intense laser intensity. However, all crystals have a similar thickness,
cut, and edge orientation. Nevertheless, we found the orientation dependence similar to each other.
Moreover, SHG was not observed from MgO samples with two polished surfaces, which shows that the
disordered surface morphology is the source of SHG in this study. However, the overall efficiency of SHG

is dependent on the doping concentration as shown in section 3.1.3.

3.1.5 Electronic Structure Calculations from Density Functional Theory

The SHG process has an inherent dependence on the allowed energy states and their related occupation
in the crystal. To better understand the role of the Cr doping, theoreticians in our group Dr. Gareth
Williams and Fernando Lima have performed density functional theory (DFT) calculations of the pure and
doped crystals (shown in figure 3.5(a) and 3.5(b), respectively). The DFT calculations were performed
using the VASP package [174, 175, 176]. Projected augmented wave (PAW) pseudo-potentials [177]
and the generalized gradient approximation (GGA) for the exchange-correlation functional was used
in combination with 300 bands and a 12x12x12 automatically generated k-point mesh. The recently
measured valence band structure of MgO agrees with our DFT calculations [178]. The single difference
in the calculations of the pure MgO and doped Cr: MgO cases here was the inclusion of a Cr atom at
the central site normally occupied by Mg. The cell size was 64 atoms in total, therefore introducing a Cr
atom at the center of this cell would correspond to a = 1.6 percent dopant concentration. This is higher
than our maximum dopant concentration of /1 percent in the experiment. However, the increase in cell
size necessary for calculations with lower dopant concentrations becomes computationally prohibitive.
Nonetheless, the physical effect of the dopant on the electronic structure remains qualitatively valid.
A further increase in dopant concentration would increase the occupation of higher energy states and
ultimately converge to the electronic structure of metallic Cr.

We present calculations of the band dispersion in the I'-X direction of pure and Cr doped MgO in
figure 3.5(a) and figure 3.5(b), respectively. In pure MgO (figure 3.5(a)), we note an optical bandgap
of bulk MgO of around 4.7 eV. This lies in clear contrast to the accepted band-gap of around 7.8 eV
[179]. The discrepancy between the accepted band-gap and the value reported here is due to the choice
of xc functional used. Here we use the GGA to the xc functional, which is known to underestimate the
band-gap. In fact, calculations similar to those presented here have yielded similar bulk band-gaps from
4.6 to 5 eV for bulk MgO [179, 180]. It should be noted that surface bandgaps of MgO have been shown
elsewhere [179, 180] to be in the 5 eV range. Coincidentally, the bulk DFT band-gaps reported here are
closer to the measured surface MgO band-gaps, where the SHG process reported here largely occurs.

It has been shown elsewhere that band-gaps of MgO can be well reproduced with other, more com-
putationally expensive methods [179]. Calculations of the band-structure of MgO have been shown to

match experimental values when more complex approaches (using hybrid Hartree-Fock methods) to the
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Figure 3.5: (a) The band dispersion plots using DFT, calculated in the I'-X direction for MgO (pure).
The lattice constant used was a=4.2 A. The red arrows indicate the driving laser photon energy, and
the blue arrows show the photon energy of the second-harmonic. The occupation of the various bands
is indicated in the respective legends,(b) The band dispersion plots using DFT, calculated in the T-X
direction for chromium doped, MgO. The lattice constant used was a=4.2 A. The red arrows indicate the
driving laser photon energy, and the blue arrows show the photon energy of the second-harmonic. The
occupation of the various bands is indicated in the respective legends.

xc functional have been employed [180]. However, these approaches have the downside of often been
computationally more intensive. Since our cell size is already at the limit of our computational resources,
we restrict our calculations to the more efficient, but less accurate GGA approach. Despite the expected
underestimation of the optical band-gap in bulk, MgO reported here, we maintain that this difference
does not affect our conclusions: the reduced band-gap by introducing Cr dopants increases the photon

absorption process, thereby increasing the SHG efficiency.

In figure 3.6 the highest occupied energy level (Fermi energy) is indicated by the vertical dash-dot line
around 3 eV. There are no available energy levels for blue (SHG) photon transitions around the Fermi
energy for pure MgO. Therefore, a multi-photon absorption process must occur to drive electrons to the
higher energy states (red arrows in figure 3.6 (a)). Conversely, the Cr: MgO has higher-lying occupied
(defect) states due to the Cr doping (sharp peak around 8 eV). This higher-lying occupied (defect)
state allows for direct driving and recombination of electrons without the need for prior multi-photon
absorption processes to occur. This increases efficiency by allowing a more probable two-photon process
to excite the electrons. The dependence of SHG efficiency on the direction of the driving field is minimal,
as the highest occupied state (dashed line in figure 3.6(b) is a narrow, atomic-like line that varies little
in energy to crystal polarization. This lack of angular dependence on the initial and final state in the
electronic structure translates to a lack of observed angular dependence with Cr: MgO, as shown in figure

3.4(a). Hence, we can tailor the efficiency and polarization response of non-linear processes in crystals
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Figure 3.6: The density of states (DOS) is calculated with density functional theory (DFT). The red
arrows indicate the energy of a photon of the fundamental near-infrared (NIR) driving laser field. The

blue arrows indicate the energy of a second-harmonic photon and the red arrows indicate the driving
fundamental photon. (a) MgO, (b) Cr: MgO.

by manipulating the electronic structure. The efficiency, however, can be limited by the changing optical
properties as the dopant concentration is increased. This shows that a delicate balance of the element

and concentration of the dopant is essential for improving solid-state SHG in terms of yield.

This shows that the electronic structure can be shaped to tailor the non-linear optical response in
terms of SSHG efficiency and angular dependence by introducing dopants into simple crystals. We show
that Cr can increase the SSHG efficiency and mitigate angular polarization dependence when introduced
to MgO and that efficiency favors dopant concentration on the order of 740 ppm. This study paves
the way for merging bandgap engineering and solid-state harmonic generation to tailor frequency up-
conversion processes from surface states. Perhaps of equal importance is the prospect of experimentally
testing theories of the solid-state high harmonic generation (HHG) mechanism with tailored electronic

structures, with a final view towards all-optical mapping the band structure of solids.

3.2 Effects of dopants: transition from non-perturbative to per-

turbative third-harmonic generation in MgO

The surge of interest in non-perturbative high harmonic generation (NP-HHG) in solids has been
driven by the appeal of compact solid-state XUV sources and the prospect of untangling the mate-
rial properties through its response to strong fields. The traditional assumption is that the brighter,
lower-order harmonics are purely perturbative. However, the border between the perturbative and non-
perturbative regimes often remains unclear. Here, we show that third-harmonic generation (THG) using
800 nm, 40 fs pulses displays a non-perturbative response in a wide band-gap insulator in MgO. Fur-
thermore, we show that with the introduction of dopants, this non-perturbative behavior of THG reverts
to the more common perturbative behavior. We attribute this to the blocking of the non-perturbative

pathways and the increased linear absorption pathways caused by the dopant energy levels.
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3.2.1 Introduction

As explained in chapter 2, in solids, the up-conversion of driving photon energies at moderate laser
intensities due to the non-linear polarizability of the medium is known as perturbative harmonic gen-
eration [19] (normally second or third). In this regime, harmonics efficiency falls off rapidly with the
increasing harmonic order [20]. More recently, HHG has been realized in the strong field regime, where
electron tunneling, inter-band transitions, and intra-band electron motion lead to non-perturbative har-
monic generation [33, 31, 56, 58]. These processes are typically associated with higher-order harmonics
in the harmonic spectrum’s flat ‘plateau’ region. Such harmonics have shown an intriguing dependence
on the driving field orientation [31, 59, 60], band-structure [58] and intra-band electron motion [31, 58].

Most of the naturally occurring crystals are centrosymmetric and support odd high-harmonic gener-
ation due to inversion symmetry. In NP-HHG studies, the lower-order harmonics are generally assumed
to be perturbative and are largely ignored. However, third-harmonic generation (THG) has been shown
to display some characteristics of NP-HHG at high field strengths with 800 nm [30] and 1.3 pm [31]
driving wavelengths. At longer driving wavelengths, the perturbative response persisted even at the high
field strengths [31], making the two regimes difficult to untangle through THG. The THG of standard
laser wavelengths (800 nm) is nearly always the brightest harmonic in centrosymmetric crystals. It is
still easy to manipulate (it can propagate in the air). Therefore, it could be an attractive candidate for
NP-HHG studies in solids. For example, the role of the material properties on NP-HHG and their impact
on the generation mechanism remains an open question. In particular, how changes in the electronic
structure influence the harmonic generation mechanism is not yet fully understood. This understanding
is crucial for knowing what information can be gleaned from solid-state harmonics in the perturbative
and non-perturbative regimes. This has been highlighted by a recent study of chromium (Cr) doped
MgO, showing increased in high-order HHG emission [181] and in the lower-order harmonics [26] with
altered electronic structures.

In this section, we show THG in MgO with 800 nm wavelength displays a largely non-perturbative
behavior. We alter the electronic structure in MgO with increasing concentrations of Cr dopant. We
find that at the highest Cr concentration, the non-perturbative response reverts largely to the pertur-
bative regime. We attribute this behavior to the changing electronic structure of the material with
increasing dopant concentrations. This work shows that THG generation carries all the hallmarks of a

non-perturbative process involving electron motion beyond the parent atom in the suitable material.

3.2.2 Experimental setup for THG generation in MgO and Cr: MgO crystals

NIR laser pulses at a wavelength of 800 nm and 40 fs in duration are focused on the crystals to generate
the third-harmonic (TH). An illustration of the experimental setup is shown in figure 3.7a. Driving field
pulses of energy ~ 20 pJ are focused to a 100 um diameter spot with a 75 cm lens into 200 pm thick pure
MgO and Cr doped MgO (Cr: MgO) crystals. The peak intensity is estimated to be ~ 1.0 x 103 W
cm2. The crystals are oriented along the (100) edge with a 001 cut (Crystal GmbH). The same crystals
(Cr: MgO) used in the SHG [26] were adopted with different Cr doping concentrations (740, 1300, 5000,
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Figure 3.7: (a)Schematic illustration of experimental setup for THG in pure and Cr: MgO crystals
showing the half-wave plate (HWP), quarter-wave plate (QWP), convex lenses (L1 and L2), crystals
(C) and harmonic filter (HF), iris is used to block the scattered NIR. (b) Band diagram illustration
of non-perturbative THG showing field-ionization (FI) between the valence band (VB) and conduction
band (CB), the intraband electron motion in the CB of pristine MgO results the emission of TH signal.
Inset shows the single unit cell of MgO (c¢) Band diagram illustration of perturbative THG in Cr: MgO,
showing THG can occur either between the virtual states (VS) and the vacancy defect band (VDB) or
between CB and impurity defect band (IDB). A single photon linear absorption occurring between the
VS and the CB, and the splitting of the CB by higher Cr levels (Cr). Inset shows the single unit cell of
Cr: MgO, V,,4 represents the vacancy of Mg.

38



and 9500 parts-per-million (ppm)) for THG. After the crystal, the THG pulses are filtered by a harmonic
filter (HF) and focused by a convex lens (L2) of 10 cm focal length into a UV-VIS spectrometer.

The sketch of the underlying electronic excitation in pure MgO and Cr: MgO is shown in figures
3.7(b) and 3.7(c), respectively. On the interactions of the intense laser field, an electron wave packet
is excited from the valence band (VB) to the first conduction band (CB) through field ionization (FI)
at the I' point. In the CB, the excited electron experienced intra-band accelerations and emits THG
signal (see, figure 3.7(b)). Whereas in Cr: MgO crystals, the impurity defect band (IDB) appears near
to CB and the vacancy defect band close to the VB (see, figure 3.7(c)). We have observed the splitting
of CB by Cr energy levels in DFT calculation, see the reference [26]. These additional energy levels can
increase the one-photon absorption process, block the intra-band transitions. The Fermi energy level lies
in between the VDB and first CB [182], therefore the VDB initially has the electrons. This can lead to
a multiphoton transition from VDB to virtual states (VS) and results the emission of TH photons either
between the VS and the vacancy defect band (VDB) or between CB and impurity defect band (IDB) as
illustrated in figure 3.7(c) but the most probable transition would be between VS and VDB or VB. The

THG from this transitions agreed well with our experimental data.

3.2.3 Spectral and linear transmission of TH in MgO and Cr: MgO crystals

The spectral profile of THG in MgO and Cr: MgO crystals measured with the spectrometer is shown
in figure 3.8(a). The peak of THG in MgO is centered at 266.5 nm with an FWHM of 4.25 nm. We have
observed the spectral broadening of the TH signal in lower doped (740 ppm) and higher doped (9500
ppm) crystals. The FWHM of TH from Cr: MgO (740 ppm) and Cr: MgO (9500 ppm) is broadened to
6.54 nm and 8.1 nm, respectively. The peak of TH in Cr: MgO (9500 ppm) is broaden and red-shifted
and centered at 268.5 nm. Whereas the FWHM of TH signal generated in Cr: MgO (1300 ppm) and
Cr: MgO (5000 ppm) reduces to 4 nm and 4.15 nm, respectively (see figure 3.8(a)). The spectra of
THG signal from MgO in transmission (7, red dots) and reflection (R, blue dots) were measured with
another UV-VIS spectrometer (Sarspec). NIR/3 (black dotted in air and black line in MgO) to match
the peak of TH theoretically is shown in figure 3.8(b). The THG signal generated in transmission showed
multiple pronounced peaks structure due to non-linear propagation effects than the TH signal observed
from reflection geometry.

For the linear transmission of THG (267 nm) in MgO and Cr: MgO crystals, we have generated a
strong 267 nm signal in the SiO5 crystal at an intensity of ~ 1.0 x 10'® Wem™. The transmitted spectral
measurements of 267 nm through the MgO (pure) and different doped Cr: MgO crystals are shown in
figure 3.8(c). Minimal linear absorption of 267 nm by the MgO (pure) crystal is observed. In comparison,
the transmission of 267 nm through Cr: MgO crystals decreases with doping concentration. There is a
strong linear absorption of 267 nm by the Cr: MgO crystals. This shows that the THG from the front
surface of the doped crystal will be absorbed, and the observed TH signal can be obtained from the back
surfaces in the doped crystal (Cr: MgO). To understand the broadening effect, a careful study of NIR
propagation through MgO and Cr: MgO is reported in section 3.2.11. It explains that the non-linear

effects such as strong photoionization, and self-phase modulation are inducing the change in the medium’s
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refractive index, which induces the phase shift in the driving pulses and spectrum modulations. This
effect has been imprinted on the TH spectrum. Therefore, spectra of TH in low and higher doped crystal

are broaden.
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Figure 3.8: (a) Spectral measurements of THG in MgO (pure) and Cr: MgO with different doping con-
centrations at normal incidence of the driving field to crystals. At low and higher doping concentrations,
the TH spectrum exhibits broadening and a redshift, (b) Spectral measurements of THG in transmission
(blue dots) and reflection (red dots) in MgO. Where R: reflection and T corresponds to transmission.
NIR/3 (black dotted in air and black line in MgO) to theoretically match TH’s peak. (c¢) Transmission
of THG signal through MgO and Cr: MgO crystals.

3.2.4 Intensity dependence and doping impact on the yield of THG

The intensity variation of THG in pure MgO and Cr doped MgO versus the estimated driving field

intensity is illustrated in figure 3.9(a). A perturbative TH process typically scales I with the intensity

11.45 11.30

dependence as observed in Cr: MgO (9500, pink squares), whereas we have observed a and
dependence in MgO and Cr: MgO (1300 ppm) as shown in figure 3.9(a), which is more characteristic of a
non-perturbative mechanism. Intensity scaling for MgO and low doped MgO exhibits a non-perturbative
response, whereas higher doped MgO (9500 ppm) shows a perturbative response (I12-97+9-2),

The yield of the generated TH versus the doping concentration of Cr in MgO is shown in figure
3.9(b) (blue diamonds). There is a sharp decrease (=~ 3.5-times) in THG intensity in Cr: MgO crystals
for 740 ppm and further reduction (&~ 5.5-times) for 1300 ppm. The efficiency decreases even more for
more significant dopant concentrations. To untangle the contributions of linear and non-linear optical
properties to the decrease of TH intensity as dopants are introduced, we have measured the linear optical
properties at the TH wavelength through the pure and Cr: MgO crystals. The linear transmission of TH
(blue dots) in MgO and Cr: MgO crystals is shown in figure 3.9(b) and follows the TH intensity closely.
The linear transmission of the NIR transmission (square black dots) in MgO and Cr: MgO crystals as
shown in figure 3.9(b). The decrease in the intensity of THG in Cr: MgO with the doping concentration
is attributed to the increased absorption of the NIR photons and the TH photons generated in the bulk
of the doped crystals. This increased absorption is rooted in the altered electronic structure of the Cr:

MgO crystals, that allows photon absorption between VS and the CB transition (see figure 3.7c). As

the additional electronic states such as vacancy defect band (VDB) and the IDB emerged or vacancies
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Figure 3.9: (a) The dependence of the yield of TH in MgO (red diamond points), Cr: MgO (1300 ppm,
blue dots), and Cr: MgO (9500 ppm, pink squares) crystals versus the estimated driving intensity (I).
Power law fitting gives an exponent value of (1.45 £ 0.04) (red dotted line) for MgO, (1.30 £ 0.04, blue
dotted line) for Cr: MgO (1300 ppm) and (2.97 + 0.2, pink dotted line) for Cr: MgO (9500 ppm). (b)
The doping concentration impact on the NIR transmission (square black dots) generated THG intensity
(red diamonds) and linear transmission of TH wavelength (blue dots) through the crystal (red circles) in
MgO and Cr: MgO crystals. All vertical axes are normalized to one.

emerged into the MgO electronic bandstructure by the Cr dopants [167, 165, 162] which give rise to new

optical transitions.

3.2.5 Perturbative model for polarization and ellipticity response of THG
The anisotropic THG linear polarization response is compared with the perturbative model [102, 183].
The third-order polarization for cubic crystal is given as [184]

where, i refers to the three cubic axes. Xzzzz 1S tensor component of third-order susceptibility along the
[100] crystallographic axis of cubic crystal.
The intensity of THG for s-polarized driving field is given as [102]

I (Sw)a[(XT'ﬂxac - 3X.mcyy)cos(4¢) + 3(X’I:’I:’I"£ + Xacn:yy)]2|Es (W)‘G (32)

In equation 3.2, the | 3(XzzzotXazyy)| 2 and |(Xzwwz — 3Xzayy)| 2 arve the isotropic and anisotropic

contributions to the non-linear response, respectively.
The ellipticity dependence of THG in MgO has been compared to the perturbative model [185].

According to the perturbative model, the intensity of harmonic ‘¢’ is given as

1—e\4!
Iy =1g0 +~ Tre (3.3)
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where I4o corresponds to base-line harmonic intensity, v, ¢ and e are the proportional factor, harmonic

order and laser field ellipticity, respectively.

3.2.6 Semi-classical analysis of electron and hole trajectories (Non-perturbative

model)

The semi-classical analysis of electron trajectories inside the crystal of MgO for linear and elliptical
polarization has been reported [31, 132, 60]. These semi-classical electron trajectories cannot predict
the quantitative nature of harmonic yield, but for the angular distribution of harmonics, this analytical
analysis is quite helpful. According to the semi-classical model, the motion of electron in the energy band
under the influence of driving laser field E(t) = Egcos(w)t is given as

H
dk ﬁ
— =—F( 34
L =-E() (3.9
Where, k is the crystal momentum. The evolution of the position of electron wave-packet in the conduction

band can be written as

a7 9e(F)
T (3.5)

%
Where, e( k) is the conduction band energy dispersion. For the face centered crystal (FCC), the energy
dispersion of crystal in the plane of (001) is approximated by the tight-binding model and is expressed as

e(kg, ky; k, =0) =3(A+B) — A(cos% + coskl’Ta + 005%005%) — B(1+ cos(kza) + cos(kya)) (3.6)
Here, A and B are the constants that are given some values to fit the structure of crystals, as A=1.25
and B=0.6 given by Tan et al. [186] to fit with the structures of MgO.

Vampa et al. reported in their semi-classical analysis that on the interaction of laser field with the
solids, holes also translate in the valence beyond the I'-point [34]. Therefore, we have also calculated the
hole dynamics under the influence of the NIR driving field of ~ 0.9 V/A strength. The corresponding
electron and hole dynamics will be presented in the subsection 3.2.9

To demonstrate the angular distribution of THG in MgO in non-perturbative model, We follow
the same assumptions for our calculation in pure MgO as reported in [31] that the yield of THG is
essentially dependent on the closeness of the trajectories of electrons regarding ionic cores in the crystal
and considered Gaussian symmetrical charge distribution in MgO (pure) around the ionic cores. The

yield of high harmonics have been expressed as

_ (r=rmg)? _ (r=r9)?

Iy x Chee g + Cye a3 3.7
g

Where C,,4 and C, are the strength of harmonics corresponding to the collisions with the magnesium

and oxygen atom, a, and a,,, are the size of the ionic core while r, and r,,, are the location of ionic
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core of oxygen and magnesium, respectively. ris the closest distance of electron from the center of ionic
core. By using this semi-classical model, You et al. [31] has chosen Cy = 0.15 and C,,4 = 1 to match the
relative maxima along O-O and Mg-O directions for 21% harmonics while a, = 0.35a and a,,, = 0.1a
taken from the reference [187], where a=4.2 A is the lattice constant of MgO. We have chosen Cy = 1 and
Cmg=0.05, a, = 0.35a and @,y = 0.1a to match the relative maxima along O-O and Mg-O directions for
37? harmonics in MgO conduction band under the electric field strength of ~ 0.90 V/ A . The measured

angular distribution of THG agreed with the semi-classical analysis as shown in figure 3.10(a).

3.2.7 Polarization response of THG in MgO and Cr: MgO

Further to the overall intensity dependence of the harmonic yield, the variation in the yield as a
function of the driving field polarization orientation has been shown to reveal critical signatures of the
generation mechanism [31]. To further untangle the THG mechanism, we have carried out the linear
and elliptical polarization dependence. We have compared the results to perturbative (see subsection
3.2.5) and non-perturbative theories (see subsection 3.2.6). To measure the linear polarization response,
we have kept the crystals at a fixed orientation and vary the linear polarization of the driving field
using a half-wave plate (HWP). We have observed a clear anisotropic four-fold polarization response of
THG in MgO and low doped Cr: MgO (1300 ppm). Whereas a more isotropic response is observed for
higher doped crystals (Cr: MgO (9500 ppm)) (shown in figure 3.10(a)). In pure MgO, You et al. [31]
measured a more isotropic response and four-fold symmetry for THG at moderate field strength, and an
additional 4-fold symmetry along the cubic bonding direction (Mg-O) at higher field strength (making
8-fold symmetry in total). We have only observed a 4-fold symmetry of THG along the O-O bonding
direction at a driving wavelength of 0.8 um. Other studies have observed 4-fold symmetry along the Mg-
O direction at a driving wavelength of 1.55 ym for the higher-order harmonics [181]. Comparing these
studies shows a complex interplay between the driving field, harmonic order, and crystal orientation.

We have compared the measured polarization response of THG with the perturbative [102, 183] and
non-perturbative models [31, 60], as shown in figure 3.10(a). Perturbation theory predicts smooth TH
peaks along the O-O bonding direction in MgO, coupled with the isotropic emission. This theory matches
well with our observed polarization dependence of Cr: MgO (9500 ppm). For lower doped and pure
MgO, sharper, more well-defined peaks along the O-O direction emerge. This shows our data diverging
from perturbative theory, and we must look to non-perturbative approaches for further insight. NP-HHG
begins with the promotion of an electron from the valence band to the conduction band (figure 3.7b). The
electron then undergoes intra-band oscillations or inter-band transitions due to the driving field. These
transitions can support the emission of higher photon energies in the process. The crystal band structure
dictates both intra-band electron motion and inter-band transitions, making the NP-HHG sensitive to
the orientation of the crystal relative to the polarization direction. We follow a semi-classical approach
used elsewhere [31] that captures the electron motion within the conduction band of the crystal. As
direct inter-band transitions are unlikely to contribute to the TH generation, we consider only intra-band
motion.

We have followed similar assumptions for electron trajectories in pure MgO as reported in [31], i.e.,
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Figure 3.10: (a) Polarization response of THG in MgO (red diamond), analytical perturbative (green
line), non-perturbative model (black dotted line), Cr: MgO for 1300 ppm (blue circles), and 9500 ppm
(pink squares). Lines connecting the markers are used to guide the eye. (b) The semi-classical electron
trajectories for linearly polarized laser pulses for different polarization angles relative to the crystal axis
of MgO.

that the yield of THG is dependent on the distance of closest approach to the neighboring ionic cores
in the crystal. For the description of NP-HHG model see section 3.2.6 and for the perturbative model
see section 3.2.5. The electron trajectories are calculated for a range of linear polarization of the driving
field. We have considered that the electron tunneling originates from the O atom. The nearest neighbors
to these atoms are considered for collisions. Along the cubic bonding direction (0° and 90°), the electron
crosses several distinct atomic sites (see figure 3.10(b)) and results the emission of THG signal. As
we shift the linear polarization away from the cubic bonding direction, the intensity of TH increases
and reaches a maximum when linear polarization is aligned to the O-O bonding direction. As the linear
polarization of the driving field begins to align towards the Mg-O bonding direction, the intensity of THG
decreases and reaches to minimum signal again. Both the perturbative and non-perturbative approaches
show qualitatively similar patterns. However, the measured angular polarization distribution of THG
in low doped (1300 ppm) agrees with the non-perturbative model (sharper, more well-defined peaks).
While at the highest dopant concentration (9500 ppm), the polarization response reverts to a shape
better described by the perturbative model (broader and less defined peaks). The observed experimental
differences in the polarization response could be due to different THG mechanisms. Nevertheless, the
patterns could, in principle, be fit to either model with the right choice of parameters. The stringent test
that can discern between these two descriptions is needed: the dependence of THG on the ellipticity of

the driving field polarization.

3.2.8 Ellipticity dependence of THG in MgO and Cr: MgO

It has been shown elsewhere that the intensity of HHG driven by elliptically polarized driving fields

is a key signature of a non-perturbative mechanism [31, 58]. In the semi-classical one-electron picture,
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elliptical driving fields result in more curved electron trajectories in the crystal than linear polarization.
These curved trajectories make the harmonic emission dependant on the crystal orientation and the
driving field ellipticity, which can differ greatly from the perturbative behavior. We have measured the
ellipticity response of THG in pure and doped MgO at four angles (0°, 15°, 30° and 45°) between the linear
polarization position of the driving field, and the O-O the axis of the crystals. The linear polarization
of the driving field is aligned along the O-O direction with an HWP to generate the maximum THG
signal. A quarter-wave plate (QWP) is placed behind the HWP (as shown in figure 3.7a) and rotated to
measure the THG intensity at a range of ellipticities. The yield of THG in pure MgO is maximum (red
diamond) at linear polarization (¢=0, along the O-O axis) and minimum at circular polarization (e==+1)
(figure 3.11a). It is expected that the HHG signal decreases with increasing ellipticity [58, 188] as we
have observed with all crystals (figure 3.11a). The peak to valley ratio is, however, much less for the pure

and low doped crystals.

The same measurement is repeated, with linear polarization of the driving field shifted by 15°, 30°
and 45° from the O-O bonding direction. For 15°, the THG peak in MgO (red diamonds) shifts from
e=0 to e= — 0.5 in figure 3.11b, and for 30° the peak THG signal shifts to e= — 0.3 (figure 3.11c).
For 45°, the emission peak of THG shifts from linear to elliptical (e=%£0.65), showing a unique two-
peak structure, as shown in figure 3.11d. The shape of the Cr: MgO (9500 ppm) ellipticity dependence
remains approximately centered at linear polarization for all the orientations as shown in figure 3.13.
In comparison, the low doped MgO (1300 ppm) depart significantly from this trend, especially at 45°
(see figure 3.12. The ellipticity dependence of THG in MgO has been compared to the perturbative
model [185], and the non-perturbative model [31]. The ellipticity dependence of THG from Cr: MgO
(9500 ppm, cyan squares) follows the perturbative model closely, which predicts diminishing intensity as
ellipticity increases for all orientations (as shown in figure 3.13). However, the yields of THG in MgO
(red diamonds) and 1300 ppm doped Cr: MgO (blue dots) closely follow the non-perturbative response
as shown in figures 3.11 and 3.12. To explain the observed non-perturbative patterns, we graph the
electron trajectories in the pure MgO crystal for 0° and 45° orientations using (Figs. 3.14(a) and figure
3.14(d), respectively). We have also graphed the electron trajectories under linear, elliptical, and circular
polarization for the field strength 0.9 V/ A when linear polarization of driving field-aligned 15° away from
0-0 bonding direction (see figure 3.14(b)) and when linear polarization of driving field-aligned 30° away
from O-O bonding direction (see figure 3.14(c)).

In figure 3.14(a), the electron hits O atomic site and results in the maximum emission of THG for
e=0 (figure 3.11a). Similarly, at an elliptical polarization (e==£0.5) of the driving fields, the electron
trajectory is close to the first neighbor Mg atom and the second nearest atomic site leading to a lower TH
signal. Finally, for circular polarization (e=+1), the electron trajectory connects only to Mg atom sites
while misses the closest O atomic sites. Therefore the contribution to the emission of TH is maximum
at linear and minimum at circular polarization (figure 3.11a). Along the Mg-O bonding direction (45°),
the electron trajectory crosses only Mg atomic sites at linear polarization (¢=0), while at elliptical
polarization (e=40.5) they miss Mg atomic sites, and at circular polarization (e==1) electron trajectories

are connected to the O atomic sites. Therefore, the emission of TH is minimum at linear and maximum at
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Figure 3.11: Ellipticity dependence of THG in MgO. Linear polarization (vertical black long dashed-
dotted, £=0), elliptical polarization (vertical gray dotted, e=+0.5) and circular polarization (e==1).
The measured response of THG in MgO (red diamonds), perturbative model (green curve), and non-
perturbative model (black dotted curve). Lines connecting the markers are used to guide the eye. Linear
polarization of driving field-aligned (a) to O-O bonding direction, (b) 15° away from O-O bonding direc-
tion, (c) 30° away from the O-O bonding direction (d) to Mg-O bonding direction.
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Figure 3.12: Ellipticity dependence of THG in Cr: MgO (1300 ppm). Linear polarization (vertical black
long dashed-dotted, e=0), elliptical polarization (vertical gray dotted, e=+0.5) and circular polarization
(e==£1). The measured response of THG in Cr: MgO 1300 ppm (blue circles), perturbative model (green
curve), and non-perturbative model (black dotted curve). Lines connecting the markers are used to guide
the eye. Linear polarization of driving field-aligned (a) to O-O bonding direction, (b) 15° away from O-O
bonding direction, (c¢) 30° away from the O-O bonding direction (d) to Mg-O bonding direction.
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Figure 3.13: Ellipticity dependence of THG in Cr: MgO (9500 ppm). Linear polarization (vertical black
long dashed-dotted, e=0), elliptical polarization (vertical gray dotted, e=20.5) and circular polarization
(e==£1). The measured response of THG in Cr: MgO 9500 ppm (cyan squares), perturbative model
(green curve), and non-perturbative model (black dotted curve). Lines connecting the markers are used
to guide the eye. Linear polarization of driving field-aligned (a) to O-O bonding direction, (b) 15° away
from O-O bonding direction, (c) 30° away from the O-O bonding direction (d) to Mg-O bonding direction.
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circular polarization (figure 3.11d). The peaks at circular polarization predicted by the non-perturbative
model are not observed in the experimental data in figure 3.11d. Furthermore, the peak emission is
not achieved at circular polarization for all orientations, as shown in figure 3.11. The non-perturbative
model considers the trajectory of a single electron and does not include macroscopic aspects, such as
phase matching, that will be minimized for circular polarization in all cases. The ellipticity response of
the Cr: MgO (9500 ppm) crystal is congruent with the expected perturbative response, see figure 3.13.
However, the marked deviation of the driving field ellipticity response in pure and low doped MgO cannot
be explained with perturbative theory. In contrast, a good match with the NP-HHG model is found.

This behavior can be explained in terms of the electron structure of pure and doped MgO. The Cr
dopants change the electronic structure of pure MgO, and change the possible direct electron transitions
(inter-band) and electron trajectories (intra-band). In pure MgO, an electron is first field ionized from the
valence band (VB) to conduction band (CB), where the electron is driven by the field and its oscillations
cause non-perturbative THG (NP-THG) (figure 3.7b). In Cr: MgO, however, new Cr energy levels appear
between the VB and CB, and within the CB itself [26, 181]. Although we have approximated the Cr: MgO
band-structure here, it is in broad agreement with other works [26, 181]. Moreover, the observed increased
absorption of the NIR and TH frequencies in figure 3.9(b), are consistent with the approximation. These
new levels allow single photon transitions from the VS or IDB to CB, and split the CB by Cr levels
(figure 3.7¢c), effectively blocking long range intra-band oscillations in lieu of single photon intra-band
transitions. Therefore, at high Cr doping concentrations, the NP-THG mechanisms are greatly limited
by the introduction of new energy levels causing linear absorption of the driving photons, and blocking
long range pathways of the free electrons. The remaining available THG mechanism in these crystals
is perturbative, that occurs either between the VS and the vacancy defect band (VDB) or between CB
and impurity defect band (IDB). The most probable transition would be between VS and VDB or VB
as the THG from this transitions agreed well with our experimental data. In the Cr: MgO (9500 ppm)
crystal, the ellipticity dependence follows the purely perturbative predictions, whereas in pure and low
doped MgO, the electron motion within the conduction band causes NP-THG, which can be explained
in terms of intra-band electron motion.

Although THG is generally assumed to be perturbative, we have shown that NP-THG can be gen-
erated in a wide bandgap insulator such as MgO using 800 nm light. We have confirmed this behavior
by comparing the pure MgO results to crystals with increasing dopants that alter the electronic struc-
ture. As dopant concentration increases, the pathways for NP-THG to occur decrease, and we observe
a purely perturbative response. This study shows that even the lowest order odd harmonics can be
non-perturbative, and the emission intensity is sensitive to the band structure and crystal properties.
Moreover, the non-perturbative process allows for significantly more emission of circularly polarized light

than the traditional perturbative process, which could be an attractive probe for magnetic materials.

3.2.9 Electron and hole dynamics in one-dimension in MgO

We have calculated the electron dynamics for different driving fields such as at low driving field 0.1

V/A, moderate 0.5 V/A, relatively high field 0.9 V/A and at higher field 1.5 V/A. To observe the effect
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of the driving wavelength on the dynamics of electrons, we have chosen 800 nm, 1300 nm, and 2100 nm
wavelengths, as such wavelengths are primarily available at the research laboratories. The position of
the electrons at various field strengths for different wavelengths are calculated in the conduction band by
considering the non-parabolic (np) nature of the band along the I' — Xdirection as shown in figure 3.15.
The evolution of E-field E(t) for various electric field strength Ej is shown in the black curve in each
graph of figure 3.15. At the low electric field strength of Ey=0.1 V/;l, the electron trajectories for the
propagation time 0 to 27 /w, where w is the driving frequency at 800 nm, 1300 nm, and 2100 nm driving
wavelength follows the parabolic profile and behave similarly. Except for the longer driving wavelength,
the excursion distance transverse by the electron is longer, as shown in figure 3.15(a). For the moderate
field Ey=0.5 V/ A, the electron trajectories in real space begin to differ, particularly for longer driving
wavelength especially at 2100 nm as shown in figure 3.15(b). The electron trajectories under the influence
of 800 nm driving wavelength still follow the parabolic path even at the field strength of Eq=0.9 V/A
(figure 3.15(c)).

Similarly, a 1-dimension analysis of the velocity of an electron in the conduction band under the
influence of various driving field strengths are shown in figure 3.16 for different driving wavelengths
such as 800 nm (pink), 1300 nm (dark yellow), and 2100 nm (dark blue). At the low electric field
strength (figure 3.16(a), the velocity trajectories of an electron for all driving wavelengths are parabolic.
Whereas for moderate (0.5 V/A) and higher field strength (1 to 1.5 V/A), the velocity trajectories of an
electron are highly non-parabolic, see figures 3.16(b), 3.16(c) and 3.16(d). Although at 800 nm driving
wavelength, the velocity trajectory of an electron shows parabolic behavior at a field strength of (0.5
v/ A). These trajectories show that the driving wavelength and the electric field strength play a vital
role in the dynamics of an electron in the conduction band. At low driving wavelength and electric field
strength, electron only shows the parabolic nature of their dynamics while at longer and higher electric

field strength, they exhibit non-parabolic behavior.

The momentum gained by the electron in the conduction band in 1-dimension real space under the
influence of various field strength is shown in figure 3.17 for different driving wavelengths such as 800 nm
(pink), 1300 nm (dark yellow), and 2100 nm (dark blue). The evolution of E-field E(t) for various electric
field strength Ej is shown in a black dotted curve in each graph of figure 3.17. At low field strength
such as 0.1 V/A, the momentum of the electron follows the parabolic response as shown in figure 3.17(a).
With the longer driving wavelength, higher momentum is gained by the electron in the conduction band
of MgO. Even at the moderate field and higher field strength, the momentum gained by the electron for

all driving wavelengths shows the parabolic nature.

The hole dynamics in valence band in 1-dimension real space at an electric field strength of Ey=
0.9 V/A is calculated by considering the energy dispersion equation 3.6. For this, the energy dispersion
equation 3.6 for holes in the valence band holds with A=-0.25 and B=0. The hole dynamics such as
propagation distance, velocity, and momentum gained by the hole in 1-dimension are shown in figure
3.18. The evolution of E-field E(t) (black dotted curve), hole propagation distance (violet curve) is in
the units of lattice constant a. The velocity gained by the hole (red curve) and momentum gained by

the hole (blue curve) is shown in atomic units (a.u.). The propagation distance, velocity, and momentum
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Figure 3.15: The dynamics of an electron in conduction band for different driving wavelength (800, 1300,
and 2100 nm) in 1-dimensional real space, the evolution of E-field E(t) (black dotted curve) The distance
of electron is expressed in the units of “a”which is the lattice constant of MgO (au:4:.2)21)7 np represent
the non-parabolic band. (a) 0.1 V/A, (b) 0.5 V/A, (c) 0.9 V/A and (d) 1.5 V/A.
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Figure 3.16: Electron velocity trajectories in the conduction band for different driving wavelengths (800,
1300, and 2100 nm) in 1-dimensional real space at different electric field strengths. The black dotted
curve shows the evolution of E-field E(t) for various electric field strength Ey. The electron velocity is
expressed in the atomic units (a.u.) and normalized to 1 for clarity. (a) 0.1 V/A, (b) 0.5 V/A, (c) 0.9
V/A and (d) 1.5 V/A.
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Figure 3.17: The trajectories of the momentum gained by the electron in the conduction band under
different field strengths for different driving wavelengths such as 800 nm (pink), 1300 nm (dark yellow),
and 2100 nm (dark blue) in a 1-dimension real-space picture. The evolution of E-field E(¢) for various
electric field strength Ey is shown in the black dotted curve in each graph. The electron’s momentum is
expressed in the atomic units (a.u.) and normalized to 1 for clarity. (a) 0.1 V/A, (b) 0.5 V/A, (c) 0.9
V/A and (d) 1.5 V/A.
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Figure 3.18: The hole dynamics in the valence band in real space in one-dimension at an electric field

strength of Ey= 0.9 V/A. The evolution of E-field E(t) (black dotted curve), hole propagation distance

(violet curve) is in the units of lattice constant a, velocity gained by the hole (red curve), and momentum
gained by the hole (blue curve) are shown in atomic units (a.u.).

gained by the hole in 1-dimension are calculated for initial phase 0 to final phase 27 /w, where w is the
angular frequency of the driving field at 800 nm. The hole-trajectories show that the hole dynamics are
limited to the ionic core and do not propagate much in a lattice. How particularly the hole dynamics

contribute to the emission of HHG in solids is still an open question?

3.2.10 Electron trajectories in MgO for linear and elliptical polarization

In this section, we have calculated the electron and hole dynamics in 2-dimension for different electric
field strengths. Initially, we have calculated the electron trajectories in 2-dimension momentum space
of MgO under the influence of the linear polarization driving field of 800 nm. The electron trajectories
in the conduction band of MgO under linear polarization for different linear polarization angles of the
driving field with the major axis of the crystal, i.e., along the Mg-O bonding direction in 2-dimensional
momentum space are shown in figure 3.19. The electron trajectories under the field strength of Ey=0.1
V/A at 800 nm wavelength is shown in figure 3.19(a) for different linear polarization angles aligned to
the major axis of MgO (Mg-O). The electron trajectories in MgO for 0°, 15°, 30°, 45°, 60°, 75° and 90°
at low field strength (Ey=0.1 V/A) are similar and don’t cross the first unit cell as shown figure 3.19(a).
The propagation of the electron trajectories are considered with the initial phase of 0.17/w to 0.87/w,
where w is the angular frequency of the driving field at 800 nm. At the field strength of 0.5 V/ A, the

electron trajectories are shown in figure 3.19(b), which shows that the electron can surpass multiple unit
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Figure 3.19: The electron trajectories under linear polarization for different angles relative to the crystal

axis in the conduction band under different field strengths for 800 nm driving wavelength. (a) 0.1 V/A,
(b) 0.5 V/A, (c) 1 V/A, (d)1.5 V/A.
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cells. The electron trajectories are symmetrical along with the major (Mg-O) and minor-axis (along O-O)
of the MgO. The electron trajectories for the field strength of 1 V/A and 1.5 V//Ol are shown in figure
(3.19(c) and 3.19(d)) at 800 nm driving wavelength. The electron can pass the four-unit cell of MgO,
and the electron trajectories are symmetrical along the Major and minor axis of MgO. At the same time,
they begin to deviate and showed curve behavior for other polarization angles (15°, 30°, 60° and 75°).
The electron trajectories are highly curved for the field strength of 1.5 V/A (see figure 3.19(d)) due to
the multiple interactions with the atomic sites which caused the collision and scattering with the atomic
core.

The electron trajectories (solid lines) in the conduction band and hole trajectories (dashed lines) in
valence band in MgO under linear polarization aligned along crystal axis for different field strengths
at 800 nm driving wavelength. Figures 3.20(a) and 3.20(b) shows the electron and hole trajectories at
an electric field strength of 0.5 V/A and 0.9 V/A for the linear polarization of the driving field. Both
electrons and holes are traveling in opposite directions. The holes are limited to the oxygen ionic core
while the electrons cross multiple atomic sites depending on the driving field strength.

We have also calculated the electron and hole trajectories for elliptical and circular polarization of the
driving field to see the influence of the driving field polarization on trajectories. The electron trajectories
(solid lines) in the conduction band and hole trajectories (dashed lines) in valence band in MgO under
linear polarization (0°, 90°), elliptical (15°, 30°, 60°, 75°) and circular (45°) polarization with respect to
crystal axis for different field strength for 800 nm driving wavelength at 0.5 V/A (see figure 3.20(c)) and
at 0.9 V/A (see figure 3.20(d)). At the elliptical and circular polarized driving fields, the electron and
holes trajectories are highly curved, minimizing the chances of recombination of electrons and holes, thus
controlling the inter-band transitions. This can reduce the efficiency of higher-order harmonics under
elliptical fields as highlighted earlier [34]. We have observed such effects in the case of THG in MgO that
the intensity of THG is low at elliptical and circular polarization of the driving field. This shows that

the emission of harmonics involves multiple atomic sites in MgO.
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Figure 3.20: The electron trajectories (solid lines) in the conduction band and hole trajectories (dashed
lines) in valence band in MgO under linear polarization aligned along crystal axis for different field
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strength at 800 nm driving wavelength. (a) 0.5 V/A, (b) 0.9 V/A. The electron trajectories (solid lines)

in the conduction band and hole trajectories (dashed lines) in valence band in MgO for linear polarization
(0°, 90°), elliptical (15°, 30°, 60°, 75°) and circular (45°) polarization to crystal axis at a different field

strength of 800 nm driving wavelength. (c) 0.5 V/A, (d) 0.9 V/A.
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3.2.11 Propagation effects of the NIR driving field in MgO and Cr: MgO

crystals

The propagation of an intense driving field can induce the permanent change in the refractive index of
the medium with and without the occurrence of structural changes [189]. These changes are attributed to
the photoionization of an electron from the valence band to the conduction band, free-carrier absorption,
free-carrier interaction, and some self-induced effects that greatly perturb the propagation of the driving
field in solids. However, during the harmonic process, the intensity of the driving field is always kept lower
than the damage threshold to avoid any permanent change in solids. Nevertheless, the driving intensity
is sufficient to generate efficient harmonics, which can induce non-linear effects during the propagation
of laser pulses in a solid medium. Such non-linear effects have been observed in MgO and Cr: MgO.

The spectrum of driving field NIR centered at 800 nm and propagated through the MgO (pure) and
Cr: MgO crystals at an intensity of ~1.0 x 10*® Wem™ is shown in figure 3.21. The Gaussian fit FWHM
of NIR in the absence of crystals is 23.8 nm while FWHM of NIR through MgO is 40.96 nm as shown in
figure 3.21(a). We have observed the broadening and blue-shifting in the transmitted spectra as seen in
the Gaussian fit (red dotted curve of NIR and the blue dotted curve represents the transmission of NIR,
through MgO). With the increase of the doping concentration of Cr in MgO, the transmitted spectra of
NIR broaden as shown in figures 3.21(b-e). The FWHM of NIR transmitted through Cr: MgO (5000
ppm and 9500 ppm) increased to 35.3 nm and 38.5 nm, respectively. We have observed the broadening
and blue-shifting in the transmitted spectra, attributed to the strong photoionization and self-phase
modulation effect (SPM).

The amount of blue-shifted spectral broadening in MgO (figure 3.21(a)) is limited due to the mul-
tiphoton absorption process, counterbalance of free-carrier density, and the components of blue-shifted
frequency experience Kerr non-linearity at the leading edge, and attenuation at the trailing edge of the
optical pulse [190]. The refractive index of the medium modulated due to the Kerr effect and free-carrier
density due to the self-focusing effect and multiphoton absorption process. The Kerr non-linearity induces
the blue shift in the spectrum of a pulse at the trailing edge and the redshift at the leading edge. In
contrast, the increase in free-carrier density induces a blue shift at both edges of the pulse [190]. Thus,
we observe a net blue-shifted spectrum in MgO. The self-focusing effect is observed in Cr: MgO crystals
[191] which induces the SPM effect. SPM is a non-linear effect that induces the varying refractive index
with the interaction of light with the medium. The variation in the refractive index of the medium
produces the phase shift, and as a result, the pulse spectrum changed. We have observed broaden trans-
mitted driving spectra through Cr: MgO (figure 3.21(b-e)). Furthermore, the transmission of the driving
field decreases with the increase of doping concentration, particularly for 9500 ppm dopant concentration
which induces more non-linear effects. This has been observed on the propagated spectrum in Cr: MgO

(9500 ppm), see figure 3.21(e).
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Figure 3.21: Propagation of focused NIR (800 nm) in 200 pm solids crystals. (a) The spectrum of NIR
(red) when there is no sample has the FWHM=23.8 nm and the transmission of NIR, (blue) through MgO
has the FWHM=40.9 nm. (b) Transmission in Cr: MgO(740 ppm), (c) Transmission in Cr: MgO(1300
ppm), (d) Transmission in Cr: MgO(5000 ppm), (eg(lransmission in Cr: MgO(9500 ppm).



3.2.12 Below bandgap harmonic generation in MgO and Cr: MgO at 3 ym

driving wavelength

High-order harmonics in dielectrics at longer driving wavelengths are favorable as dielectrics can
withstand at the higher critical fields than the shorter wavelength. This can generate more efficient
below and above bandgap harmonics. Therefore, we have explored the below bandgap harmonics at the
longer driving wavelength Mid-infrared (MIR) 3 pum driving wavelength in MgO and Cr: MgO crystals.
This driving wavelength has advantageous over IR (800 nm) due to its smaller photon energy. MIR offers
an opportunity to deposit more energy on the crystal and avoid damage of crystals such as MgO and
Cr: MgO. At a longer driving wavelength, in the non-perturbative regime, electrons excursion distance
in the conduction band is longer compared to shorter driving wavelength highlighting the possibility to

map the bandstructure of solids beyond the I'-point.
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Figure 3.22: (a) Illustration of an experimental setup to generate harmonics in MgO and Cr: MgO in
transmission. The driving laser parameters: 40 fs, central wavelength 3 pm operating at 100 kHz to an
estimated peak intensity ~ 1.5 x 10> Wem™, (b) Spatial profile of driving beam recorded with the CCD
shows elliptical spatial profile. (c) The spectral profile of laser. Where W: wedge, L1: 10 cm focal length,
L2: 5 cm focal length, C: crystal, M: mirror.

We have used a Mid-infrared (MIR) laser of driving wavelength of 3 pm, 40 fs operating at 100 kHz.
The schematic of the experimental setup to generate harmonics (third: H3 and fifth: H5) at MIR driving
wavelength in MgO and Cr: MgO crystals is shown in figure 3.22(a). The spatial and spectral profile
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of the driving pulses is shown in figures 3.22(b and c). The MIR laser pulses have the energy of 60 uJ,
which were reduced to between 4.5 to 5.5 uJ by using a calcium fluoride wedge (W) and focused on the
crystals (C) as shown in figure 3.22(a). The driving beam of 1 cm diameter is focused to a beam waist
of ~ 20 um by 10 cm focal length lens (L1) on the crystals to an estimated intensity of ~ 1.5 x 103
Wem~2 by considering the refractive index (n=1.691 at 3 um) of MgO. The fundamental and harmonics
beams are separated by using ultrafast prism dispersion. The fundamental beam is directed to the MIR
beam dumper to avoid any damage surrounding the experiment space. The harmonics are focused on

the UV-VIS spectrometer (Sarspec) by 5 cm focal length lens (L2) as shown in figure 3.22(a).

3.2.13 Spectral and Z-scan measurements of below bandgap harmonics in

MgO and Cr:MgO at 3 ym
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Figure 3.23: Spectral measurements of below bandgap harmonics in 200 gm thick MgO and Cr: MgO

crystals in transmission at a 3 um driving wavelength at an estimated peak intensity ~ 1.5 x 10" Wcm™2.
(a) H3, (b) H5.

The spectral measurements of below bandgap harmonics (H3 and H5) in MgO (red), Cr: MgO (1300
ppm) in green and Cr: MgO (9500 ppm) in blue are shown in figures 3.23(a) and 3.23(b), respectively.
We have observed that the central wavelengths of the harmonics in Cr doped crystal are blue-shifted
due to the strong photoionization of the valence band. The absorption of the driving photon increases
in doped crystals at the given intensity compared to pure MgO due to the low bandgap. This induced
the modulation in the refractive index of the medium. As a result, the propagated driving spectrum
blue-shifted as we have observed in other crystals [81]. Consequently, this blue-shifting is imprinted on
the spectral profile of the generated harmonics.

To explore the generation depth of harmonics (H3 and H5) in MgO and Cr: MgO crystals, we have
carried out the Z-scan measurements by translating the focus position of the MIR pulses in crystals. The

beam waist at the focus position is 20 pm. The calculated Rayleigh length (646 pm) under our experi-
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Figure 3.24: Z-scan of below bandgap harmonics in 200 pgm thick MgO (red dots) and Cr: MgO (for 1300

ppm, green squares and for 9500 ppm blue diamonds) crystals at a 3 pm driving wavelength. (a) H3, (b)
H5.

mental conditions is larger than the thickness of the crystals. We have observed almost a flat intensity
profile of 200 pum width of H3 in all crystals as shown in figure 3.24(a), equal to the thickness of crystals.
Although, the intensity of H3 is a bit lower from the front surface as compared to the back surface (figure
3.24(a)) due to the linear absorption. Similarly, we have carried out the Z-scan for H5. As the focus
position of the MIR is translated into crystals, we have observed the shifting H5 peak more towards the
back surface, particularly for the doped crystals as shown in figure 3.25(b). We have attributed this to
the more absorption of H5 photons generated from the front surface of the crystals. The intense H5 is
observed when the focus position of MIR is near the back surface which can avoid the re-absorption of

generated photons.

The below bandgap harmonics can be modulated in the medium during their propagation due to the
coherence length (L.) [82]. We have calculated the L. of H3 and H5 at 3 u driving wavelength generated
in MgO. For H3, L. is 31.8 pym and 13.4 um for H5, respectively. The L. for H3 in MgO at 800 nm
driving wavelength is 4 pm. This shows that the coherence length of below bandgap harmonics is larger
for the longer driving wavelength, which has attracted the attention of a long driving wavelength source

for the HHG process in solids.

3.2.14 Orientation dependence of below bandgap harmonics in MgO and Cr:
MgO at 3 ym

The orientation dependence of below bandgap harmonics (H3 and H5) was measured to map the
crystal symmetry by rotating the crystals. The orientation dependence of H3 (shown in figure 3.25(a))
and H5 (shown in figure 3.25(b)). We have observed the four-fold anisotropic response of H3 in MgO
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Figure 3.25: Orientation dependence of below bandgap harmonics in 200 gm thick MgO (red dots) and
Cr: MgO (for 1300 ppm, green squares and for 9500 ppm blue diamonds) crystals at a 3 pm driving
wavelength. Inset shows the MgO unit cell. The violet and cyan color ball represents Mg and O atom,
respectively. (a) H3, (b) H5.

and Cr: MgO crystals. The nature of H3 is isotropic, yet the peaks of H3 are observed along the O-O
bonding direction (as shown in the inset of the crystal unit cell). Similarly, we have also measured the
orientations dependence of H5 in these crystals as shown in figure 3.25(b). The orientation dependence of
H5 in MgO and Cr: MgO (1300 ppm) is highly anisotropic as compared to Cr: MgO (9500 ppm) crystal
and aligned to the O-O bonding direction. The response of low-order harmonics along the Mg-O bonding
direction is minimal and differs from what has been reported earlier for higher-order harmonics [31, 46].

This shows the intricate orientation dependence of the order of harmonics on the driving wavelength.

Conclusion

We have generated SH and TH in wide bandgap pure MgO and Cr: MgO crystals with different doping
concentrations at a driving wavelength of 800 nm. The intensity response of THG in pristine MgO shows
characteristics of a non-perturbative response. We have observed a decrease in THG intensity in Cr: MgO
as the doping concentration increases, which we attribute to inter-band processes. A four-fold anisotropic
linear polarization response of THG is observed in pristine MgO and low doped Cr: MgO characteristic
of the non-perturbative harmonic process. However, we observe the regression to a typical perturbation
response at higher dopant concentrations, which matches well with models and experimental results of
perturbative responses shown elsewhere. The ellipticity response of THG in Cr: MgO for low doping
follows the non-perturbative response. In contrast, at higher doping, it reverts to perturbative and shows
a more atomic-like response. This is attributed to the splitting of the deep Mg conduction band by Cr
energy levels. Our work demonstrates that a non-perturbative THG can be achieved in a wide bandgap
insulator and is highly sensitive to the underlying crystal properties. The change of behavior at large

dopant concentrations is attributed to the Cr impurities allowing linear inter-band absorption and blocks
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long-range intra-band transitions within the conduction band, contributing to perturbative THG. This
study highlights the potential to use the anisotropic response of even low-order harmonics for polarization
spectroscopy. The signal is orders of magnitude larger to probe spatial symmetry and band structure in
the strong-field regime with commonly available Ti: Sa laser wavelengths of 800 nm.

We have also calculated electron and hole position trajectories, velocity trajectories, and momentum
trajectories in the conduction and valence band, respectively, for linear and elliptical polarized field at
different field strength and driving wavelengths. The trajectories showed the non-parabolic and curved
pathway of electrons and holes at the high electric field strength and longer driving wavelength. In
addition, the non-linear propagation effects have been observed in MgO and Cr: MgO crystals. The
strong photoionization and self-phase modulation induce the blue-shifted and broadening of the driving
pulses, which has imprinted on the harmonics in MgO and Cr: MgO.

Furthermore, below bandgap harmonics (H3 and H5) have been generated in MgO and Cr: MgO
crystals at MIR laser pulses of the driving wavelength of 3 um, 40 fs operating at 100 kHz. We have
observed the blue-shifted spectrum of harmonics in Cr: MgO crystals as compared to harmonics spectra
generated in the pristine MgO. This is attributed to the strong photoionization of the valence band of Cr:
MgO crystals which blueshifted the driving wavelength that imprints on the generated harmonics. Z-scan
showed the flat H3 signal from MgO and Cr: MgO crystals, whereas the intensity of H5 is maximum when
the driving pulse of MIR is focused near the back surface of crystals. We have observed strong four-fold
anisotropy of orientation dependence of H5 compared to H3 in MgO and Cr: MgO crystals indicating
the intricate orientation dependence of the order of harmonics on the driving wavelength. Propagation
of the below bandgap harmonics is limited by the coherence length of harmonics and re-absorption of the
crystals. We showed that with the increase of harmonics order, the efficient generation region is shifted
to the back surface of the crystal due to the decrease in coherence length with harmonic order. The
coherence length of the generated harmonics is directly dependent on the driving wavelength frequency.
This has attracted the longer driving wavelength source as a potential candidate for the HHG process in

solids.

3.3 Low-order harmonic generation in amorphous and crystalline

substrates

In this section, we have explored the low-order harmonics such as SHG and THG in amorphous
and crystalline substrates such as fused silica (FS), quartz (SiO2), and Sapphire (Sa) at the driving
pulses of 800 nm, 40 fs, operating at 1 kHz [96]. The bandgap of these dielectrics is higher than MgO.
Therefore, these dielectrics can withstand at a higher driving intensity without any optical damage than
MgO and Cr: MgO. Furthermore, these crystalline substrates lack inversion symmetry, which gives us
a leverage to generate SHG and map its polarization/orientation symmetry response. We have explored
the polarization response of these harmonics and driving wavelength ellipticity’s impact on low-order
harmonics. In addition, the non-linear propagation effects on SHG and THG were discerned and avoided

in reflection geometry.
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3.3.1 Spectral measurements of SHG in fused silica (FS)

The 30 pJ pulse energy of 40 fs at 800 nm is focused on the 300 um thick fused silica (FS) to generate
the second-harmonic (SH) beam. The driving pulses are focused by 70 c¢cm focal length to FS (9 eV
bandgap) to ~ 100 pum with an estimated peak intensity of ~ 5.0 x 10'* Wem™ which is below the
damage threshold (=~ 10'* Wem™2) of FS [192]. The SH and fundamental pulses are blocked by the iris
and harmonic filter (HF) as shown in figure 3.26. The filtered SH pulses are focused on the optical
fiber by a short focal length lens of 10 cm. The optical fiber is connected to the spectrometer to collect
the second-harmonic signal. The spectral profile of SHG in FS in transmission (red data points) and
reflection (blue data points) is shown in figure 3.27(a). We have observed fringes in the SHG spectrum
both in reflection and transmission, which are separated by 3.15 nm. These fringes are imprinted from

the driving pulses, as shown in figure 3.27(a).

Reflection

‘ / geometry

UV-VIS , L2
spectrometer ;
HF

Astrella

Figure 3.26: The schematic illustration of the experimental setup for SHG and THG in amorphous and
crystalline substrates in transmission and reflection geometry (dotted rectangle). For reflection geometry,
solids are aligned to 45° to the incoming driving laser pulses and reflected the signals filtered by HF and
focused to UV-VIS spectrometer by L2. The driving laser parameters: 40 fs, central wavelength 800 nm
operating at 1 kHz at a field strength of ~ 1 V/ A corresponding to the estimated peak intensity ~ 5.0 x
10'® Wem™, Where HWP: half-wave plate, QWP: quarter-wave plate, W: wedge, L1: 75 cm focal length,
L2: 10 cm focal length, C: crystal, HF: harmonic filter, M: mirror.
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3.3.2 Polarization response of SHG in F'S

The FS were mounted on the translation stage to translate at the focus point of the driving field to
measure the strong signal of SH. The polarization of the driving field is rotated by the HWP to observe
the polarization response of SH in both reflection and transmission geometry. The polarization response
of SHG showed a perturbative response in F'S. We have observed the more isotropic response of SHG in
FS in transmission geometry (red data points) as shown in figure 3.27(b) having small bumps of peaks
along with the horizontal polarization. SHG shows the anisotropic response in reflection geometry and
has strong two-fold symmetry along the vertical linear polarization direction (see, figure 3.27(b)). This
anisotropic response of SHG in reflection geometry of FS is similar to SiOs response as shown in the

black curve of figure 3.27(b).

SHGin FS—@—R—@—T
---------- NIR/2——NIR/2 in FS
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Figure 3.27: The driving laser parameters: 40 fs, central wavelength 800 nm operating at 1 kHz at a field
strength of ~ 1 V/A corresponding to the estimated peak intensity ~ 5.0 x 10 Wem™ (a) Spectral
measurements of SHG in 300 pm thick fused silica (FS) in transmission (red data points) and reflection
(blue data points) geometry. NIR/2 (black dotted in air and black line in FS) to theoretically match
SH’s peak. (b) Polarization response of SHG in FS in transmission (red data points) and reflection (blue
data points) geometry. The polar graph has the linear axis in arbitrary units.

3.3.3 Propagation effects and spectral measurements of THG in FS

The schematic illustration of an experimental setup to generate THG in FS is shown in figure 3.26.
The central wavelength of 800 nm and temporal duration of 40 fs, operating at 1 kHz of the driving laser
field [26] is used to generate the THG in FS. We have used the Astrella femtosecond laser and insert a
wedge (W) to reflect few mW laser pulses to drive the FS. The 30 mW laser pulses focused to 300 pum
thick FS by a 75 cm focal length convex lens. The fundamental NIR filtered by using the corresponding
harmonic filter (HF) and further focused to UV-VIS spectrometer (Sarspec) by 10 cm focal length convex
lens as shown in figure 3.26. The spectral measurements of the THG in FS are shown in figure 3.28(b).
The spectrum of the THG has multiple peaks, which are imprinted due to the fundamental driving NIR
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source (figure 3.28(a)). The FWHM of the NIR driving field in transmission (28.5 nm) and reflection
(27.7 nm) is increased as compared to the fundamental FWHM (25.97 nm). Due to non-linear effects, the
transmitted spectra (red) scales up at the trailing edge compared to fundamental driving field spectra
(black curves). This broadening has been imprinted on the TH spectrum as well as compared to the
reflected TH. The FWHM of TH generated in the transmission is 5.44 nm, and in reflection geometry, it
has an FWHM of 4.66 nm (figure 3.28(b)).

NIR in FS ——NIR FWHM=25.97nm THG in FS—@—R—@—T
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Figure 3.28: The driving laser parameters: 40 fs, central wavelength 800 nm operating at 1 kHz at a field
strength of ~ 1 V/A corresponding to the estimated peak intensity ~ 5.0 x 10'® Wem™. (a) The NIR
(black) after transmission through FS (red) and reflection (blue) from FS. The FWHM of transmitted
NIR is 28.5 nm, and reflected NIR is 27.7 nm, respectively. At the same time, the FWHM of fundamental
NIR is 25.97 nm. (b) Spectral measurements of THG in FS in reflection (blue data points) having FWHM

of 4.66 nm and transmission(red data points) having FWHM of 5.44 nm. NIR/3 (black dotted in air and
black line in FS) to theoretically match TH’s peak.

Due to non-linear propagation effects, the transmitted spectra (red) showed multiple enhanced peak
structures at the trailing edge compared to the fundamental driving field (black curves). We have observed
that the enhanced NIR spectra at the trailing edge in transmitted and quite small enhancement at
the trailing edge in reflected NIR from the FS, which attributes to the strong photoionization effect.
Furthermore, we have observed fringes in the SHG spectrum both in reflection and transmission, separated
by 3.15 nm. These fringes are imprinted from the driving pulses as shown in black dotted (NIR/2) in
figure 3.27(a). Noted that the central peak of the SHG spectrum is blue-shifted when compared with
the theoretically driving SH spectrum (NIR/2 black dotted spectrum). The broadening effect has been
observed in the TH in transmission compared to the reflected TH signal in FS. We have observed that
the spectral profile of TH in reflection is blue-shifted than in transmission. Similarly, we have observed
multiple peaks on THG in transmission (red dots), which are imprinted due to the fundamental driving
NIR pulses (figure 3.28(a)). The transmitted driving pulses NIR/3 (black dotted line) in FS are blue-
shifted than NIR/3 (dotted black) in the air due to non-linear propagation effects. Therefore, the THG
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generated in the transmission is blue-shifted, with multiple pronounced peaks are the leading part of the
pules.

The fringes are equally spaced before and after the central peak with the separations of 1.6 nm.
This modulation appears in the spectrum of THG due to the driving spectrum modulation as shown in
figure 3.28(a). There is a possibility of appearing of fringes on the harmonic spectrum while spectral
modulation is absent on the driving field [193]. This could be due to the interference of harmonic signals
generated from the interface and the bulk solid crystals. Such modulation in the spectrum of SHG [194],
and in THG and fifth-order harmonics in transparent solid medium, [195] has been reported. The fringes
spacing is inversely proportional to the temporal separation between the harmonic signal generated from
the front surface and the bulk and thickness of the solid medium. Similarly, there could be other reasons
for fringe spacing due to the non-linear effects of high intensity inside the solids medium [196]. The pulse
splitting of the fundamental beam occurs when it interacts with the solids medium, which eventually

leads to the spectral modulation of harmonics and the fundamental driving beam.

3.3.4 Polarization and ellipticity measurements of THG in F'S
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Figure 3.29: (a) Polarization response of THG in FS in reflection (violet dots) and transmission (red
dots) geometry at 800 nm driving wavelength, (b) Ellipticity response of THG in transmission geometry
in FS at 800 nm driving wavelength.

The polarization response of THG in FS is measured by employing the HWP to rotate the horizontal
polarization of the driving field. Although, FS is amorphous (non-crystalline) in nature and does not
exhibit any symmetry. However, the THG shows two fold-symmetry as illustrated in figure 3.29(a)
(red data points). The intensity of the THG is maximum for the linear polarization and has minimum
generation efficiency along with the vertical linear polarization. We have also measured the polarization
response of THG in reflection geometry (violet data points) as shown in figure 3.29(a). The polarization
response of THG in reflection demonstrates highly anisotropic four-fold symmetry similar to the response

of crystalline SiO4 (see, figure 3.31). Although the amorphous quartz (FS) lacks the long-range periodicity
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but still can exhibit strong polarization dependence of below bandgap harmonics in reflection (four-fold))
and transmission (two-fold). We attributed this to the localization of electron excursion distance in FS
as reported earlier [37].

In the next step, we have aligned the horizontal polarization of the driving field to obtain the peak of
THG in FS and have inserted the QWP before the HWP as shown in figure 3.26 to measure the ellipticity
dependence of THG by rotating the ellipticity of the driving field. The ellipticity response of the THG
in FS is illustrated in figure 3.29(b). The maximum of the THG can only be generated when the driving
laser field is linearly polarized (ellipticity=0). At the same time, the intensity of THG in FS falls to a
minimum, almost negligible at circular polarization (ellipticity==1). Nevertheless, there is quite strong
THG in FS at elliptical driving polarization (ellipticity==+0.5) as shown in figure 3.29(b). This shows
that even from the amorphous solids, elliptical harmonics can be generated, which is advantageous over

the atomic phase harmonics.

3.3.5 Spectral measurements of SHG and THG in SiO,
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Figure 3.30: (a) Spectral measurements of SHG and THG in SiO3 at 800 nm driving wavelength, (b)
Incident average power (mW) scan for THG in SiOs.

We have generated the low-order harmonics (SHG and THG) in the crystalline SiOy oriented along
(0001) having dimension 10x10x0.2 mm?. Due to the non-centrosymmetric nature of SiOs, the even-
order harmonics can be generated at the given driving field. The schematic illustration of the experimental
setup to generate harmonics at 800 nm is shown in figure 3.26. The spectral measurements of SHG and
THG in SiO2 measured with the UV-VIS spectrometer are shown in figure 3.30(a). The acquisition time
for SHG was adjusted to 10 ms and for THG to 1s, respectively. There was no spectral modulation
observed in the spectrum of THG as we have observed in the spectral modulation of THG in FS (figure
3.28(b)). The SHG spectra exhibits the modulation with the double peak structure. The peaks are
separated by 13.5 nm. These double peaks appeared due to the spectral interference of SHG signals

generated from the front surface and bulk of SiOy crystal. We have observed the appearance of multiple
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peak spikes in the THG spectrum with the increase of the driving laser peak power as shown in figure
3.30(b). The increase of the driving field peak power, which consequently increased the peak intensity of
the driving field, results in the broadening of the THG spectrum.

3.3.6 Polarization and ellipticity measurements of SHG and THG in SiO,

Polarization dependence of harmonics
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Figure 3.31: Polarization response of SHG and THG in SiOs at 800 nm driving wavelength. (a) Trans-
mission geometry,(b) Reflection geometry (c) Ellipticity response of SHG (blue dots) and THG (cyan
dots) in transmission in SiO.

To map the crystal symmetry, we measured SHG and THG’s polarization response in SiO5 by rotating
the HWP. The polarization and ellipticity response of SHG and THG in SiO3 is shown in figures (3.31(a)
and 3.31(c)), respectively. The polarization response of SHG is asymmetric four-fold while THG has
the 2-fold symmetric response in transmission as shown in figure 3.31(a). This asymmetric anisotropic

polarization response of SHG is attributed to the perturbative nature of SHG in SiO5. While the two-

71



fold anisotropic polarization response of THG inclined towards non-perturbative (Cyan data points)
as shown in figure 3.31(a). Figure 3.31(b) shows the polarization response of SHG and THG in SiO; in
reflection geometry. The polarization response of SHG is two-fold, while THG showed four-fold anisotropic
response. The polarization response of SHG and THG in reflection geometry is highly anisotropic, with
sharp peaks as the propagation effects are absent. The ellipticity measurements of the SHG and THG
is demonstrated in figure 3.31(c) which shows that the harmonics have maximum intensity at the linear
polarization (ellipticity=0). The SHG has adequate strength at the circular driving field, while the THG

has the minimum intensity at circular polarization as shown in figure 3.31(c).

3.3.7 Spectral measurements of SHG and THG in Sapphire (Sa) crystal

Sapphire (Sa) is one of the most commonly used non-linear optical elements, owing to its large bandgap
(10 eV) and high damage critical power of 1.7 MW [197]. Therefore, we have explored the process of SHG
in 200 pm thick Sa (Al;O3) at 800 nm driving wavelength. The experimental setup to generate SHG is
shown in figure 3.1. The driving pulses are focused by 70 cm focal length to Sa to &~ 100 pym. The focused
pulses have the peak intensity of ~ 5.0 x 10'® Wem™ which is well below the damage threshold of Sa.
The spectral measurements of SHG in the Sa crystal are shown in figure 3.32(a), showing the pre-peak

before the main peak.
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Figure 3.32: Spectral measurements of SHG and THG in Sa crystals at 800 nm driving wavelength. (a)
SHG, (b) THG.

We have also generated THG in Sa. The experimental setup is the same for the Sa crystal as described
in FS (see section 3.3.3). The acquisition time for THG has been chosen 1s and signal acquired with an
average of over five acquisitions by a UV-VIS spectrometer. The spectrum of THG generated in 200 pum
thick Sa crystal is shown in figure 3.32(b). We have observed only a single peak at 264.5 nm without
any spectral modulations or fringes. Furthermore, we have increased the power of the driving field to

see the intensity-dependent effect on the spectra of THG as illustrated in figure 3.33(a). The intensity of

72



Power (mW) scan of THG in Sa
——15 18 20 25 30
~9-35-0—40-0— 43045

‘ ‘ : ‘ ‘

F

normalized intensity

250 260 270 280
wavelength (nm)

(a)

Figure 3.33: Average driving power (mW) scan for the spectral measurements of THG in Sa at 800 nm
driving wavelength.

the THG increases with the increase of the power of the driving field, and corresponding THG spectra

broaden.

3.3.8 Polarization and ellipticity measurements of SHG and THG in Sa

The Sa crystal was mounted on the motorized rotation stage and rotated about its axis for a complete
rotation to observe the polarization response of SHG. The polarization response of SHG and THG in Sa is
measured at the driving intensity of ~ 5.0 x 10> Wem™. The SHG generated in the Sa is perturbative.
We have observed the isotropic response of SHG in Sa as shown in figure 3.34(a). The polarization
response of SHG in Sa is more atomic-like in nature. The anticipation of the structure of Sa could not
be mapped from the SHG, but it could be mapped from the higher-order harmonics [105, 198].

The polarization response of THG has been measured by rotating the HWP. We have observed the
two-fold response of THG in Sa as shown in figure 3.34(b). The polarization angle of the driving field
is a relative one to the crystal axis. Similarly, we have measured the ellipticity response of THG in Sa
which is oriented along (0001) direction. For this, the peak of THG is initially obtained by rotating the
HWP and then inserted the QWP before the HWP to observe the ellipticity response. The ellipticity
response of THG in Sa is shown in figure 3.34(c) which shows a more efficient THG signal at the linear
polarization (ellipticity=0) and falls rapidly by switching the driving polarization from linear to elliptical
and falls to a minimum at circular polarization (ellipticity=+1). These measurements depict that we can

still generate elliptical THG in the Sa.
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Figure 3.34: The polarization response of SHG and THG in Sa measured at 800 nm driving wavelength
at an estimated intensity of ~ 5.0 x 103 Wem™. (a) Polarization response of SHG in Sa, the angle is
arbitrary relative, (b) Polarization response of THG in Sa crystal, (¢) Ellipticity response of THG in Sa.
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3.3.9 Non-linear propagation effects on the spectra of harmonics in Sa
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Figure 3.35: (a) Propagation of NIR (800 nm) in 200 pm Sa crystal. NIR ( black) FWHM=25.97
nm, transmission (red) and reflected from the front surface of Sa (Blue ) having FWHM=22.63 nm and
FWHM=26.67 nm, respectively. (b) Spectral measurements of SHG in transmission (red data points) and
reflection (blue data points) geometry. NIR/2 (black dotted in air and black line in Sa) to theoretically
match SH’s peak. (c) Spectral measurements of THG in reflection (blue data points) and transmission(red
data points). NIR/3 (black dotted in air and black line in Sa) to theoretically match TH’s peak. Where
R: reflection and T corresponds to transmission.

We have explored the propagation effects on the spectral profile of the driving spectrum and the
impact on the spectral profile of SHG and THG in Sa. The experimental setup to observe non-linear
propagation effects of driving pulses and generation of below bandgap harmonics is described in figure
3.26. The transmitted spectra of the driving field through Sa are compressed and have more enhancement
towards the leading edge of spectra, and the trailing edge of spectra falls as compared to the driving NIR
spectrum. As a result, the FWHM of NIR transmitted through Sa is 22.63 nm while the FWHM of NIR
is 25.97 nm and the reflected FWHM of NIR from Sa is 26.77 nm which is more blue-shifted and has

pronounced peaks at the trailing edge, as shown in figure 3.35(a).

We have generated SHG and THG in Sa, oriented along (0001) having dimension 10 x 10 x 0.2 mm?
at ~ 5.0 x 10 Wem . The acquisition time for SHG 100 ms and THG was chosen to 1s with an
average over five acquisitions to measure the spectrum of THG by UV-VIS spectrometer. The spectral
measurements of SHG in Sa in transmission and reflection geometry are shown in figure 3.35(b). The SH
spectrum has the FWHM of 6.42 nm transmission, whereas reflection geometry has an FWHM of 6.27 nm.
The spectral measurements of THG in transmission and reflection geometry are shown in figure 3.35(c).
FWHM of TH signal in the transmission is 5.43 nm, while in reflection geometry has the FWHM of 5.35
nm. The THG signal generated in the transmission is broader as compared to reflection in Sa (figure
3.35(c)). We have quantified the non-linear propagation effects in Sa. The fundamental propagated NIR
driving spectrum in Sa does not show any significant changes as compared to the reflected one (see, figure
3.35(a)). However, the THG measured in the transmission is red-shifted. In reflection, it is blue-shifted,

highlighting the non-linear propagation effects such as strong photoionization.
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3.4 Comparison of low-order harmonic generation in single and

polycrystal solids

Gallium oxide (GagOgs) has attracted a huge interest owing to its wide bandgap (5.02 eV), high
thermal stability, and high breakdown field of 8 MV /cm, and high laser induced damage threshold =
0.36 Jem~2 [199]. This make it an attractive candidate for solar-blind ultraviolet (UV), high power
electronic devices [200] and a promising laser crystal element due to its low phonon energy and good
thermal properties [201]. The GayOs3 crystal lies under the umbrella of a mono-clinic Cs/,, space group
having a three-dimensional structure with two nonequivalent Ga*? sites. The first Ga*? site bonded
with the six O~2 atoms to form octahedral of GaO~® and the second Ga*t? site bonded with the four
O~2 atoms to form GaO~* tetrahedral to form two types of polyhedral structural representation. Such
structure is a pure octahedra layer, and mixed of octal and tetrahedral [202]. The dispersion of the
refractive index of 8- GasOg thin films investigated by RF-sputtering which range between 1.75 to 1.9
[203] which is quite close to MgO crystals. Similarly, the a-GayOg crystal has the same structure as a-Sa.
Thus lacking the inversion symmetry. This lack of inversion symmetry in the GasOg3 crystal can enable
to generate the even-order harmonics. Therefore, we have generated SHG and THG in Ga;O3 at 800 nm
driving wavelength and explored the linear and elliptical polarization dependence of SHG and THG. In
addition, the non-linear propagation effects on the driving wavelength spectrum and its impact on the

spectral profile of SHG and THG have been investigated.

3.4.1 SHG and THG in single versus ploycrystal Ga;O3; at 800 nm

The non-linear response of GasQOg3 crystals is explored by focusing on the 800 nm driving wavelength
of a pulse duration of 40 fs operating at 1 kHz. The laser beam is propagated to (100) surface plane
of the single crystal, polycrystal (see figure 3.36(a), and (010) polycrystal GasOgs (see figure 3.36(b)).
The GazOj3 polycrystal oriented along (100) and (010) is 500 pm and 650 pm thick. The schematic of
the experimental setup to observe propagation effects and to generate harmonics are shown in figure
3.26. For the sake of clarity, (100) surface plane and (010) surface plane polycrystal are expressed as
(100) and (010) polycrystal. The propagated spectrum of focused driving wavelength (NIR) in the air
(red color), through (100) single crystal GasO3z (blue dots), (100) polycrystal (camel color), and (010)
polycrystal (green color) GagOgs is shown in figure 3.37(a). There was no significant change observed
in the propagated NIR in polycrystal except in (100) single crystal GasOs. We have observed the non-
linear propagation effects of the driving wavelength in (100) single crystal GasO3. The propagation of
the driving field induces the blueshifts in the driving field due to non-linear effects. The non-linear effects
induce the change in the refractive index of the medium on the interactions of intense femtosecond pulses
with the GayOs3.

The low-order harmonics (SHG and THG) of 800 nm wavelength are generated by focusing with
the 75 cm focal length to ~ 75 ym beam waist. SHG and THG have been generated at an estimated
peak intensity of ~ 0.5 TWem™2 in GayO3z. SHG and THG have been measured with the corresponding
harmonics filter with the UV-VIS spectrometer (Sarspec) as shown in figures (3.37(b) and 3.37(c)). The
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Figure 3.36: (a) Schematic illustration of the lattice of single and polycrystal GasOs when the laser beam
is propagating through a (100) polycrystal. Inset shows the sample holder with the crystal lattice with
the view direction of lattice in < 201 >, (b) Laser beam is propagated to the (010) surface plane of
polycrystal Gay;O3. Courtesy of Dr. Marco Peres from CTN, IST.
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Figure 3.37: (a) NIR transmitted spectrum in air (red color), through a (100) single crystal GasOs3
(blue dots), (100) polycrystal (camel color) and (010) polycrystal (green square) GasOs. (b) Spectral
measurements of SHG in (100) single crystal (blue dots), (100) polycrystal (camel color), and (010)
polycrystal (green square). In the absence of HWP, the spectral measurements of SHG in (100) polycrystal
(cyan diamond). NIR/2 (black dotted in air and black solid line in (100) single crystal GagO3) to match
the peak of SH theoretically. (c¢) Spectral measurements of THG in GayOg, (100) single crystal (blue
dots), (100) polycrystal (camel color), and (010) polycrystal (green square). NIR/3 (black dotted in air
and black solid line in (100) single crystal GasO3) to theoretically match the peak of TH.
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fringes observed on the driving laser spectrum are imprinted on the spectrum of second-harmonic (SH).
This imprinting of the spectral fringes corresponds to the intensity-dependent non-linear effect of the
driving field in the (100) single crystal GazO3. Such non-linear effects of high intensity inside the solids
medium have been reported [196]. Interestingly, the spectral fringes on the SHG spectrum disappeared
when we remove the HWP from the beam path (cyan diamond, figure 3.37(b)). We have observed the
blue-shifted SH spectrum in (100) polycrystal GasOg in camel color as shown in figure 3.37(b). This
indicates that the fine-tuning of the THG central wavelength can be witnessed through the non-linear
propagation effect. This highlights that the non-linear propagation can induce blueshifts and redshifts
depending on the nature of solid materials, corresponding non-linear refractive index, and driving field
intensity. In the next step, we have measured the polarization and ellipticity response of SHG and THG

for different orientations of the crystal axis to the linear laser polarization.

3.4.2 Polarization and ellipticity measurements of SHG and THG in Ga;0;

crystal

The polarization response of the SHG and THG in a (100) single crystal Ga;O3 at =~ 0.5 x 1013Wem =2
is measured by rotating the linear polarization of the driving field by HWP. The polarization response of
SHG (blue dots) is shown in figure 3.38(a) and THG (blue dots) in figure 3.38(b). The SHG polarization
response is more perturbative, relatively isotropic, and has the maximum efficiency and linear horizontal
polarization. A dip in the polarization response observed along the vertical linear polarization direction
could be due to the detection system (spectrometer) or less conversion efficiency. We have observed
identical polarization responses at low and higher driving peak power. The THG exhibits the anisotropic
symmetrical polarization response. Along with the horizontal linear polarization, the prominent two-fold
peak of THG was observed. In contrast, a two-fold minor peak of THG was observed along the vertical

polarization direction of the driving field.

0 180 0
Polarization response of SHG Polarization response of THG
in Ga,03 in Ga,03
—8—(100) single crystal —@— (100) single crystal
(100) polycrystal (100) polycrystal
(010) polycrystal (010) polycrystal
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Figure 3.38: Polarization response of harmonics in (100) single crystal (blue dots), (100) polycrystal
(camel color) and (010) polycrystal (green square) GazOs at 800 nm driving wavelength. (a) SHG (b)
THG.
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Figure 3.39: Ellipticity response of the harmonics in (100) single crystal (blue dots), (100) polycrystal
(camel color), and (010) polycrystal (green square) GasOs, the vertical black dotted line represents the
linear polarization (ellipticity =0) of 800 nm driving wavelength. (a) Ellipticity response of SHG (b)
Ellipticity response of THG.

Surprisingly, the polarization response of SHG and THG from the polycrystal Ga;O3 in both surface
plane (100) and (010) polycrystal showed different behavior as shown in figures ( 3.38(a) and 3.38(b)). The
polarization response of SHG in (100) and (010) polycrystal GasOgz exhibits the four-fold structure and
broad four-fold peaks having more isotropic contributions, respectively. Similarly, polarization response of
THG in (100) and (010) polycrystal GasO3 showed multi-peak structure, see figure 3.38. The polarization
dependence of SHG and THG in surface plane (100) single crystal GagOs is shown in blue data points
for comparison in figure 3.38. This noticeable different harmonics response is attributed to the different
periodic arrangements of atoms in lattice and possibly exploration of electron dynamics in the different

regions of the non-parabolic band of GayO3.

The generation process of below bandgap harmonics in solids is greatly affected by the ellipticity of
the driving beam [58]. Therefore, we have explored the ellipticity response of SHG and THG in a single
crystal GaoOg oriented along (100) surface plane at the NIR driving wavelength of 800 nm. A QWP has
been used before the HWP and rotated it to observe the driving field ellipticity effect on the emission of
the SHG and THG processes.

The ellipticity response of SHG in the (100) single and polycrystal GasOs behaves similarly, maxi-
mum at linear polarization (ellipticity=0) and minimum at the circular polarization (ellipticity==1) as
shown in figure 3.39(a). The yield of SHG decreases monotonically with the increasing ellipticity of the
driving laser. The distribution of SHG yield is symmetric around ellipticity=0 and behaves atomic-like.
Whereas, the ellipticity response of SHG in (010) polycrystal shows non-atomic-like behavior, shows the
secondary peak (bump like) at ellipticity=20.65 as shown in figure 3.39(a). The ellipticity response of
THG in (100) single crystal of Ga;O3 shows maximum yield at linear and secondary maximum at circular
polarization (ellipticity==+1) as shown in figure 3.39(b). Whereas THG in the (100) and (010) oriented

polycrystal GayO3 exhibit pronounced deviation from the Gaussian profile distribution. This non-atomic
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non-monotonic response of THG was observed at a fixed crystal axis. The yield of THG is asymmetric
around ellipticity =0, indeed increases with the increase of ellipticity of the driving field and reaches to
maximum at driving field ellipticity==1.

This different behavior of ellipticity response is attributed to the different crystal structures and the
non-perturbative response of THG. The non-perturbative response of THG resulted from the intra-band
transitions of electrons driven by the strong NIR field. It has been reported earlier that the circular
harmonics are governed by the symmetry group of crystals at the circular polarized driving field [204].
However, Klemke et al. demonstrated that polarization states of harmonics are not only controlled by
the symmetries of crystal but also depend on the inter-band and intra-band electron dynamics [188]. Our
results show that the strong signal of THG can be generated at elliptical and circular driving polarization
from the polycrystal Ga;O3. The non-atomic response of SH and TH in polycrystals indicates that the

electrons explore the non-parabolic region of electronic band structures.

3.4.3 Spectral measurements of below bandgap harmonics in polycrystal

Gay03 at 3 ym driving wavelength
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Figure 3.40: Spectrum of harmonics in Gallium oxide at 3 pm driving wavelength of an estimated peak
intensity of ~ 1 x 103 Wem™2. (a) (100) polycrystal GagO3, the photoluminescence signal indicated in
dotted ellipse, (b) (010) polycrystal GagOs.

To investigate the below bandgap harmonics generation in polycrystal GasOs, we have derived these
crystals with the mid-infrared (MIR) laser pulses. The detailed description of the experimental setup to
generate below bandgap harmonics in (100) polycrystal and (010) polycrystal GasOg is shown in figure
3.22. The MIR pulses of 3 um, 40 fs operating at 100 kHz are focused by 7.5 cm focal length lens
(Calcium fluoride, CaF3) to a beam waist 18 pum to GagOs crystal. The estimated peak intensity of
~ 1 x 10' Wem™2 is used by considering the linear refractive index 1.95 of GayO3 [205] to generate
harmonics up to 9th order containing both odd and even order harmonics. The even-order harmonics
have been observed due to the lack of inversion symmetry in GasOj3 crystals. The generated harmonics
are separated by the ultrafast prism and focused to UV-VIS spectrometer by 5 cm focal length lens.

The spectral measurements of below band harmonics in (100) polycrystal GasOs and (010) polycrystal
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Gag O3 are shown in figure 3.40(a) and 3.40(b), respectively. The photoluminescence peak is observed in

between H5 and H6 harmonics in (100) polycrystal Ga;O3 as shown in figure 3.40(a). Multiple peaks
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Figure 3.41: The spectral fringes measurements of H5 in GagOs3 polycrystal oriented (100) and (010) at
3 pm driving wavelength field.

have been observed in the H5 spectrum in both (100) polycrystal and (010) polycrystal GasO3 due to
the interference of H5 generated from the front surface and bulk crystal. For more clarity, the spectral
response of H5 in (100) polycrystal and (010) polycrystal GasOgs is shown in figure 3.41 which shows a
structured (multiple peaks) fringe spectra. Such structured spectra of THG and H5 reported earlier [195].
H5 from (100) polycrystal is a broader and red-shifted wing with the fringe spacing of &~ 8 nm, whereas
the fringe spacing in the H5 spectrum of (010) polycrystal GasOs crystal is = 6 nm. The calculated
fringe space for 500 pm thick (100) polycrystal is ~ 7.5 nm, and for 650 pum thick (010) polycrystal is
5.75 nm as enlisted in table 3.1.

Thickness um  Measured fringe spacing (nm) Calculated fringe spacing (nm)

500 8 7.5
650 6 5.75

Table 3.1: The measured and calculated spectral fringe spacing of H5 in polycrystal Ga;O3 at 3 pm
driving wavelength.

The fringe spacing are calculated as

A\? A2
A= — = .
At cd. (2 L) (3:8)

Vg,w Vg,5w

Where c¢ is the speed of light, At is the temporal separation between the harmonic pulses generated

at the surface and throughout the crystal, v, ., and vg s, are the group velocities of fundamental and
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fifth-order harmonics pulses, respectively. The group velocity is calculated as vy = <(1 + %dn/ d)\). The
fringe spacing A\ is inversely proportional to the temporal separation of the two pulses. This shows that
the fringe spacing will be smaller for the thick crystal as observed in 650 pm thick, which is 5.75 nm as
compared to 8 nm fringe spacing in 500 pgm thick polycrystal. This kind of structured harmonics spectra
depends on the driving energy, order of harmonics, propagation distance, the thickness of crystals, and
group velocity phase mismatch of generated beams. For a thick crystal, the temporal separation ‘At’
can be large, resulting in smaller fringe spacing that could be beyond the spectrometer’s resolution. On

the other hand, the At could be small for relatively thin crystals, resulting in large fringe spacing. The

fringe spacing could be larger than the bandwidth of the harmonic pulses, therefore unable to detect.

3.4.4 Orientation dependence of below bandgap harmonics in Ga;O3 at 3 ym
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Figure 3.42: Orientation dependence of below bandgap at 3 ym driving wavelength of an estimated peak
intensity of ~ 1 x 10 Wem™2 in polycrystal Ga;O3 with different surface plane to the driving laser
field. (a) Odd-order harmonics in (100) GagO3. (b) Even-order harmonics in (100) GagO3. (¢) Odd-order
harmonics in (010) GazO3. (d) Even-order harmonics in (010) GagOs.
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We initially generated below bandgap harmonics using MIR at 3 pm, 40 fs, 100 kHz pulses in (100)
polycrystal and (010) polycrystal Ga;O3. Then to map the crystal symmetry response through harmon-
ics, orientation dependence of harmonics are measured by rotating the crystal about its axis. A four-fold
anisotropic polarization response of odd-order harmonics (H3, H5, H7, and H9) and in even-order har-
monics (H4, H6, and H8) have been observed in (100) polycrystal Ga;Os along I'-X as shown in figures
3.42(a) and 3.42(b), respectively. Similarly, in (010) polycrystal GagOs, the orientation response of har-
monics has the strong four-fold anisotropy along I'-N bonding direction as shown in figures 3.42(c¢) and
3.42(d), respectively. This shows that the orientation response of harmonics in (100) and (010) polycrys-
tal depends on the electronic structure of crystal largely or the way crystals are cut and oriented with

respect to the driving field.

3.4.5 Low-order harmonics wavelength dependence on the bandgap of solids
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Figure 3.43: Central wavelength dependence of harmonics versus bandgap of solids at 3 pm driving
wavelength.

We have observed the central wavelength of low-order harmonics are shifting for different bandgap
crystals at the 3 pm driving wavelength. Particularly, we have compared the central wavelength of H3
and H5 generated in MgO, Cr: MgO (5000 and 9500 ppm), (100) polycrystal, and (010) polycrystal
GagO3 as shown in figure 3.43. With the increase of the crystal’s bandgap, the central wavelength of
harmonics are red-shifted or vice versa at the 3 pm driving wavelength of 40 fs, operating at 100 kHz.
We anticipated that harmonics in wide bandgap crystals are generated from the leading part of driving
laser pulse. Whereas in low bandgap crystals, harmonics are generated from the trailing part of the
driving pulses. As the refractive indices of both crystals (MgO and GagOgz) are similar(narg0=1.7 and

NGa,0,=1.75) [148, 203]. Therefore, the effective parameter for the wavelength shifting of harmonics is
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the bandgap and the laser driving intensity.

Our theoretical simulation showed that the non-linear effects could influence the driving spectrum
during the propagation of intense driving pulse. The non-linear propagation effects induced the instan-
taneous varying refractive index due to strong photoionization. As a result, the driving spectrum gets
blue-shifted. This blueshifting imprints on the generated harmonics. As the bandgap decreases, the im-
pact of non-linear propagation effects increases. This can induce the more blue-shifted driving spectrum,
and consequently, the harmonics would be blue-shifted. We anticipate that tuneable wavelengths can
be generated in solids by using different crystals of various bandgap at fixed laser driving wavelengths.
The tuneable wavelengths can map atomic transitions and through molecular spectroscopy to deduce the

molecular or atomic dynamics.

3.5 Low-order harmonic generation in thin films

HHG in gases, thick and thin solids have been routinely explored and attracted tremendous attention
due to their flux of XUV and generation of isolated attosecond pulses. Whereas solid-state HHG has
offered an alternate route than gas-based HHG to realize the XUV light sources. However, the damage
threshold and absorption of harmonics in solids are limiting the flux of harmonics. Therefore, interest
has been developed to explore the harmonics process in thin films as the efficient harmonics is generated
from few end layers of solids [85]. In addition, the non-linear propagation effects could be minimum in
thin films. Here, we have explored the process of low-order harmonics (SHG and THG) in thin films
such as Aluminum Gallium Nitrate (AlGaN), and Aluminum Nitrate (AIN) deposited on the Sapphire
substrate at a driving wavelength of 800 nm, 40 fs operating at 1 kHz. We are thankful to Dr Marco
Peres and Dr Katharina Lorenz from the CTN capmus of IST for providing us these thin films.

3.5.1 Transmission and reflection of NIR from thin films

In this section, we have initially measured the driving field’s spectrum in transmission and re-
flection from thin films. The propagation effect of intense NIR driving wavelength in transmission
through solids induces non-linear effects in photoionization or self-phase modulation, which can induce
the blueshift /redshift and spectral broadening of the driving pulses. In thin films, the distance of propa-
gation of intense driving pulse is small, and the spectral modulation can be limited or controlled precisely
by the thickness of thin films. To control the driving beam spectrum, we have used a 3 um thick AIN and
500 nm thick AlGaN thin films deposited on the Sa substrate. Initially, we have measured the driving
field’s transmission effect and disentangled by comparing it with the reflection of driving pulses from
these thin films and substrates. The ultrafast laser irradiated and unirradiated thin films morphology
was measured with the Atomic Force Microscopy (AFM) to observe the change on the thin film surface.
Later on, we have generated SHG and THG in transmission and reflection geometry (see figure 3.44)
to avoid the propagation effects and disentangle the thin films and substrate contributions to SHG and
THG.

These thin films have hexagonal structures with a C-plane cut. AIN belongs to the III-V group of
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semiconductors with a bandgap of 6.2 eV and has a high damage threshold [206] for femtosecond pulses,
thus enabling the interaction of the intense driving field with the thin films. AIN thin film grown on Sa
have used to realize the compact frequency comb high harmonic source in the spectral range of vacuum
ultraviolet (VUV) [207] and observed the more efficient THG in transmission geometry facing the thin
films at the rear-surface of the substrate. It has been observed that TH generated from the AIN thin films
is 3-times intense, and fifth harmonics is 1000-times intense from alone Sa substrate [207]. High harmonic
have been generated in AIN which showed a clear signature of the origin of the harmonic generation in

solids from surface effects [208].

AlGaN is an alloy of GaN and AIN of an energy bandgap of 4.7 eV. AlGaN has been employed to
generate the deep ultraviolet [209] and ultra-deep ultraviolet (UDUV) light-emitting diodes (LEDs) [210]
which make it an exciting candidate for the harmonic generations. SHG has been generated in the AlGaN,
and GaN [211] thin films deposited on Sa substrate having a different thickness at 1040 nm Nd: YAG
Q-switched laser. However, free-standing thin films of nanometers, like AIN or AlGaN, are impossible to
use practically, and disentangling it from the bulk contribution is essential, as it must be deposited on a

substrate.

(2) L2 HF Sa L1 HWP QWP

UV-VIS Iris
spectrometer Sa

L1 HWP QWP

. UV-VIS
: spectrometer

(b)

Figure 3.44: Schematic illustration of the experimental setup to generate low-order harmonics AIN and Al-
GaN thin films deposited on Sa. (a) Transmission geometry (b) Reflection geometry. NIR: near-infrared,
HWP:half-wave plate, QWP:quarter-wave plate, L1 and L2:lens, HF: harmonic filter, Sa: sapphire.

The schematic illustration of the experimental setup to generate low-order harmonics in thin films
such as AIN and AlGaN at 800 nm, 40 fs in transmission and reflection geometry is shown in figure

3.44. In transmission geometry, thin films are faced on the rear-surface to generate harmonics from the
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thin films (figure 3.44(a)) while in reflection geometry, thin films are on the front surface to reflect the
fundamental and harmonics as shown in figure 3.44(b).

The transmission spectra of intense driving field NIR (black curve) through the Sa substrate (blue
curve), AIN thin films (red curve), and AlGaN thin film (pink curve) are shown in figure 3.45(a) while
the spectra of NIR in reflection geometry is shown in figure 3.45(b). The FWHM of the NIR driving
field transmitted through AIN and AlGaN is ~ 26 nm and 26.4 nm, which is close to the actual FWHM
of the driving field (25.97 nm). In contrast, the transmitted spectra of the driving field through Sa are
compressed and have more enhancement towards the leading edge of spectra, and the trailing edge of
spectra falls as compared to the driving IR spectrum. As a result, the FWHM of NIR transmitted through
Sa is 22.63 nm. We have observed the propagation effects of the driving field in AIN and AlGaN thin
films sample, which exhibits the blue shifts in the driving field (see figure 3.45(a)), whereas in Sa, we have
observed the compression of the driving field at the trailing edge. We have observed minor broadening of
the driving field in reflection geometry having FWHM of 27 nm, 26.5 nm, and 25.5 nm in Sa, AIN, and
AlGaN, respectively (see figure 3.45(b)). In reflection geometry, the NIR driving field is more inclined
towards redshifts in AIN.

Spectrum of driving field in transmission Spectrum of driving field in reflection
—NIR , FWHM=25.97nm; —— Sa, FWHM=22.63nm —NIR, FWHM=25.97nm; —— Sa,FWHM=27nm
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Figure 3.45: The spectral measurements of the driving field propagated through thin films deposited on
Sa substrate (blue curve), AIN (red curve), and AlGaN in the pink curve. The FWHM of NIR in each
sample is given on the graph. (a) Transmission, (b) Reflection.

3.5.2 Morphology measurements of unirradiated and irradiated thin films

In the raw Sa sample, there is a tiny ripple-like morphology (by zoom out the image, one can see
parallel lines) with deposits (bright) on some places as shown in figure 3.46(a) taken by AFM. Figure
3.46(Db), the laser radiated Sa shows some spots the ripple-like morphology (left bottom), but in some
places (top), we can see a sort of granular structures due to the laser interactions.

The AFM images of AlGaN thin films deposited on Sa substrate measured for two different zones are

shown in figure 3.47. The un-irradiated zones of AlGaN thin films exhibit the granular structures with
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Figure 3.46: Atomic Force Microscopy images of the surface of a Sa crystal. (a) Un-irradiated, (b)
Irradiated with 40 fs, 800 nm laser pulses.

Figure 3.47: Atomic Force Microscopy images of the surface of a 0.5 ym AlGaN thin film deposited on
Sa crystal. (a) Un-irradiated zonel (roughness 3.6 nm), (b) Un-irradiated zone 2 (roughness 4.7 nm).
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Figure 3.48: Atomic Force Microscopy images of the surface of a 0.5 pm AlGaN thin film deposited on
Sa crystal. (a) zonel radiated with 40 fs, 800 nm laser pulses (roughness close to 19 nm), (b) Zoom in to
nm scale, (c¢) Zoom in for single spot, (d) The line-out profile of dashed line drawn in (c).
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Figure 3.49: Atomic Force Microscopy images of the surface of a AIN thin film deposited on Sa crystal.
(a) Un-irradiated zonel (roughness 2.5-6.5 nm) (b) Un-irradiated zone 2 (roughness 2.5-6.5 nm), (¢) Zone
1 irradiated with 40 fs, 800 nm laser pulses, (d) Zone 2 irradiated with 40 fs, 800 nm laser pulses.
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the roughness of thin-film ranging from 3.6 to 4.7 nm. Whereas AFM images of the surface of a 0.5 ym
AlGaN thin film deposited on Sa crystal for zone 1 radiated with 40 fs, 800 nm laser pulses shown in
figure 3.48(a). The irradiated zone does show marked differences as a hole structure (with hole depths
of 40-50 nm) than un-irradiated thin films (figures 3.47). Consequently, the roughness increases by one
order of magnitude, up to almost 20 nm. The zoom-in of figure 3.48(a) up to nm scale shown in figure
3.48(b) which shows more granular surface due to femtosecond laser irradiation. The line out of a single
spot (figure 3.48(c)) of an irradiated surface is shown in figure 3.48(d), which shows the depth of the hole
of almost 40-50 nm indicating surface morphology modification of AlGaN thin films.

The AFM images of unirradiated thin films of AIN deposited on Sa substrate are shown in figures (3.49
(a) and (b)) which exhibits the triangular structures. The roughness of AIN thin films was measured in
the range of 2.5-6.5 nm. The AFM images of irradiated zones of AIN thin films show a sort of triangular
structures as well with some tiny structures on the irradiated one (bottom left and top right) as shown

in figures (3.49 (c) and (d)) with the roughness of irradiated thin films of 7 nm.

3.5.3 Spectral measurements of SHG and THG in AIN and AlGalN thin films
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Figure 3.50: The spectral measurements of SHG from thin films deposited on the Sa substrate (blue
dots), AIN (red dots), and AlGaN (pink dots). NIR/2 (black dotted in air and black line in Sa, green and
cyan lines through AlGaN and AIN thin films) to theoretically match SH’s peak. (a) In transmission, (b)
In reflection.

The spectral measurements of SHG in Sa, AIN, and AlGaN in transmission and reflection geometry
are shown in figures 3.50(a) and 3.50(b). The SH spectra have the FWHM of 6.42 nm, 6.4 nm, and 6.87
nm in Sa, AIN, and AlGaN, respectively in transmission. Whereas, in reflection geometry, FWHM of
6.27 nm (Sa), 6.4 nm (AIN), and 6.2 nm (AlGaN) is observed. The SHG spectrum in AIN is red shifted
in reflection and has the enhanced fringe peaks. Whereas, in Sa and AlGaN, fringes peaks are less intense

than the main peaks (see figure 3.50(b). In the transmission geometry, the secondary peaks of SHG in all
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samples match each other. In reflection geometry, we are catching the harmonics signal from the front
surfaces where thin films are deposited. In this way we can avoid the non-linear propagation effects of
the driving field. The propagation effect is observed in Sa and AlGaN as the FWHM of SH is increased

by 6.7 % and 7.3 % in transmission as compared to reflection, respectively.
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Figure 3.51: The spectral measurements of THG from thin films deposited on Sa substrate (blue data
points), AIN (red data points), and AlGaN in pink data points. NIR/3 (black dotted in air and black
line in Sa, green and cyan lines through AlGaN and AIN thin films) to theoretically match the peak of
TH. (a) In transmission, (b) In reflection.

Similarly, the spectral measurements of THG in Sa, AIN, and AlGaN in transmission and reflection
geometry are shown in figure 3.51. FWHM of TH signal in Sa, AIN, and AlGaN in transmission geometry
is 5.43 nm, 4.99 nm, and 6.87 nm, respectively. The TH generated in AlGaN thin films sample is more
blue-shifted while the TH spectrum AIN thin film has lessened at the trailing part of the pulse and
enhanced at the leading edge as shown in figure 3.51(a). The TH spectrum measured in reflection
geometry from Sa, AIN, and AlGaN has the FWHM of 5.35 nm, 4.35 nm, and 5.66 nm, respectively
(figure 3.50(b)). The THG generated in the transmission is broader than in reflection which is attributed
to the non-linear propagation effects such as self-phase modulation effects, strong-photoionization in
AlGaN. These none-linear effects can broad and blue-shifted the driving field. This broadening and

blue-shifting can imprint on the harmonics as we have observed in transmission geometry in thin films.

3.5.4 Polarization dependence of SHG and THG in thin films

To map the non-linear response of thin films, we have employed the HWP to rotate the driving field
polarization to measure the polarization response of harmonics. The measured polarization response of
SHG and THG in transmission and reflection are shown in figure 3.52 and figure 3.53, respectively. The
polarization response of SHG in transmission in Sa (substrate) (blue data points), AIN (red data points),

and AlGaN (pink data points) are all identical and demonstrated the two-fold symmetry with a highly
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Figure 3.52: Polarization measurements of SHG from thin films deposited on Sa substrate (in blue data

points), from AIN (in red data points), and AlGaN (in pink data points) at 800 nm driving wavelength.
(a) In transmission, (b) In reflection.
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Figure 3.53: Polarization measurements of THG from thin films deposited on Sa substrate (in blue data

points), from AIN (in red data points), and AlGaN (in pink data points) at 800 nm driving wavelength.
(a) In transmission, (b) In reflection.
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isotropic response as shown in figure 3.52(a). In the next step, we have measured the polarization response
of SHG in reflection geometry (figure 3.52(b)). The polarization response of SHG is more anisotropic in
Sa and AlGaN, while AIN shows the isotropic response. This is due to the fact of avoiding non-linear
propagation effects of the driving pulses. The polarization response of THG in AIN, AlGaN thin films,
and Sa substrate in the transmission is shown in figure 3.53(a). Thin films exhibit a two-fold response of

THG in transmission, whereas polarization response THG in Sa behaves differently.
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Figure 3.54: Ellipticity measurements of THG in Sa substrate (blue data points) and AlGaN (pink data
points) at 800 nm driving wavelength.

The polarization response of THG in thin films and Sa in reflection geometry are shown in figure
3.53(b). Clearly, THG from Sa and AIN shows four-fold symmetry while the AlGaN shows anisotropic
two-fold symmetry. The polarization response of THG from the thin films are more anisotropic as com-
pared to the substrate due to the anisotropic nature of electronic band structure. The polarization
response of thin films behaves differently than Sa, both in transmission and reflection. The THG has
more isotropic contribution than anisotropic contributions in Sa, while a strong anisotropic polarization
response observed from the samples on which thin films are deposited. Finally, we have employed the
combination of HWP and QWP to measure the ellipticity response of THG in Sa and AlGaN. We have
observed the intense emission of THG at linear polarization (ellipticity=0), which falls as we shifted
from linear to elliptical (ellipticity==4-0.5). We have observed minimum intensity at circular polarization
(ellipticity==1) as shown in figure 3.54. The ellipticity response of AlGaN (pink dots) has the maximum
intensity at linear polarization (ellipticity=0) and secondary maximum is observed at the circular polar-
ization (ellipticity==+1) as shown in figure 3.54. This study shows that the efficient low-order harmonics
in thin films can be generated and disentangled from the substrate in reflection. Strong anisotropy of

low-order harmonics has been observed in thin films along with the behavior of ellipticity which deviates
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from the perturbative response. This study highlights the mapping of the anisotropic nature of electronic

band structure through low order harmonics in thin films at most commonly available laser sources.

3.6 Conclusion

In this chapter, we have demonstrated the generation of low-order harmonics in wide bandgap di-
electrics and thin films at 800 nm and 3 pm driving wavelength. We have controlled the non-linear
response of MgO by tuning the electronic structures through doping. We show that Cr doping can in-
crease the SSHG efficiency and mitigate angular polarization dependence when introduced to MgO. The
non-perturbative response of THG reverts to perturbative on the introduction of impurity. We show that
even the lowest odd harmonic order can originate from a non-perturbative process and that the emission
intensity is sensitive to the band structure and crystal properties. The observed results are validated
with the support of DFT calculations and semi-classical analysis of the electron trajectories model.

Furthermore, SHG and THG have been generated in amorphous and crystalline solids at 800 nm which
shows the strong polarization dependence of below bandgap harmonics in FS and SiO,. We attributed
this to the localization of electron excursion distance in FS and SiOs. In addition, we have generated
SHG and THG in a single and polycrystal Ga;O3 at 800 nm, and symmetry of these crystals mapped
by polarization measurements of harmonics. SHG shows more isotropic polarization response whereas
THG exhibits a strong anisotropic polarization response in single and polycrystals. Four-fold anisotropic
orientation dependence of harmonics observed in (100) polycrystal along I'-X bonding direction and
whereas in (010) polycrystal GasOgz along I'-N at 3 um driving wavelength. The strong signal of THG
has been generated at elliptical and circular polarization from the polycrystal GasO3z. We attributed the
strong anisotropic response of harmonics to the complex interplay of crystal surface plane to the laser
beam, inter and intra-band transitions. We have also successfully disentangled the contributions of SHG
and THG from thin films (AIN and AlGaN) and Sa at 800 nm driving wavelength.

Furthermore, we have investigated the non-linear propagation effects of the ultrafast intense near-
infrared driving field at 800 nm, 40 fs duration in the wide bandgap dielectrics. We attributed the
broadening of driving pulses in transmission due to the self-phase modulation. The observed propagation
effects are imprinted on the below bandgap harmonics. This work shows the sensitivity to control the
spectral profile of harmonics by manipulating the driving field, showing the possibility of new tailored
solid-state harmonics sources for optical diagnostics. We attributed the complex interplay of the crystal
surface plane to the laser beam, inter and intra-band transitions to the non-perturbative low-order har-
monics. This study highlight the potential to use wide-bandgap dielectrics as deep ultraviolet and possibly

XUV sources through the solid-state harmonics process in a vacuum for spectroscopy applications.
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Chapter 4

High harmonics in semiconductors
and imaging of nano-patterns

through solid-state ptychography

In this chapter, initially, low and high harmonics have been generated in silicon (Si) and zinc oxide
(Zn0), and Strontium Titanate (SrTiOs or STO) at 2.123 pum laser wavelength and mapped the crystal
symmetry through polarization response of harmonics, which are described in section 4.1. We have
measured the spatial and spectral profile of harmonics with the UV-enhanced CCD camera and UV-
VIS spectrometer. The spectral profile and orientation dependence of SHG have been demonstrated in
ZnO at 800 nm in subsection 4.1.5 and 4.1.6, respectively. The spectral control of high order harmonics
through non-linear propagation effects in Si and ZnO has been presented in section 4.2. The experimental
and simulated reconstruction of images of nano-patterns and nano-structures by ptychography has been
demonstrated in subsection 4.3. Finally, we have described the generation of OAM’s beams in solids and

imaging the intensity distribution of vortex beams at fifth-order harmonics in section 4.4.

4.1 High harmonic generation in Si, ZnO and STO

4.1.1 Introduction

In this chapter, initially, low and high harmonic (above bandgap) generation in semiconductors and
the non-linear propagation effect of the driving pulses on harmonics [81] will be presented. We have
generated low (H3) and above bandgap harmonics which are termed as high order harmonics (H5, H7
and H9) in ZnO and Si crystals at 2.1 pum driving wavelength. The spectral and spatial profiles of these
high-order harmonics are measured. To reveal the generation region of harmonics in the ZnO and Si
crystals, we have carried out the z-scan measurements by translating the crystals along with the focus
point in the optical axis of driving pulses. We have observed that H3 generated from the bulk ZnO is less

intense, about half intense as the signal generated from near the surfaces with splitting the spectrum into

95



two peaks. The z-scan demonstrated that the crystals structure is absorbing the H5 and H7 generated
from the front surfaces. The observed harmonics (H5 and H7) are attributed from the rear surfaces of
the crystals. The propagation-dependent blueshifts in the spectrum of the generated harmonics have
been observed with the translation of focus position of the driving field in crystals. Furthermore, the
simulation of the propagation of the focused driving field is carried out to map the non-linear response
of ZnO and Si crystals at ~ 0.29 TWem™ of laser intensity.

Additionally, the mapping of the crystal structure have be unfolded by the polarization measurements
of harmonics, provided that the driving field has sufficient strength to drive the electrons away from the
parent ions. Therefore, we have measured the polarization dependence of low and high harmonic in
Si, ZnO, and STO. An anisotropic four-fold symmetric polarization response is observed in Si crystals,
revealing the exploration of electron-hole dynamics in the I'-K-M direction in reciprocal space. The
isotropic response of polarization dependence of harmonics has been observed in ZnO owing to low driving
field strength that can be advantageous when using etched spiral zone plates (SZP) to manipulate the
beam to generate OAM beams. This study highlights the potential to control the spectral properties of
harmonics in semiconductors and enables mapping the crystal symmetry and electronic band structure

at nJ pulses.

4.1.2 Experimental setup to generate high harmonics in Si and ZnO

A schematic representation of the experimental setup for high harmonics generation in the semicon-
ductor is shown in figure 4.1(a). The photograph of the actual setup is shown in figure 4.1(b). We have
employed a fiber laser (NOVAE Company) operating at 2.123 pm with a pulse energy of ~ 8 nJ and
a repetition rate of 19 MHz. To enable a tighter focus and thus achieve higher intensities, the size of
the laser beam is magnified by a factor of 3.75 times using a telescope (T). The 85 fs duration pulses
are focused on the crystals by a convex lens of 3 cm focal length up to a maximum peak intensity of
a ~ 0.29 TWcm? well below the damage threshold of crystals. The generated diverging harmonics are
further focused on a convex lens of 15 cm focal length either on a UV-enhanced CCD camera or a UV-VIS
spectrometer for spatial and spectral beam characterization. Band-pass filters centered at each harmonic
wavelength are used to separate and characterize the HHG properties. Z-scans are performed to localize
the longitudinal medium response by using the optimized coupled spectrometer, as illustrated in the inset

of figure 4.1(a).

4.1.3 Spectral and spatial measurements of harmonics in Si

We have generated efficient harmonics up till ninth order (H9) in 2 pm thick, (100) oriented silicon
samples. The spectral and spatial profiles of H3, H5, and H7 harmonics have been measured in both
crystals. The spatial profile of H3 in Si 2um thick has many aberrations owing to the imaging setup
limitations. Therefore the spatial profile of H3 is excluded (figure 4.2). We could only observe the H9 in
Si crystal through the UV-enhanced PCO-CCD camera. Therefore its spectrum is absent in figure 4.2).
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Figure 4.1: (a) Schematic representation of the experimental setup to generate high order harmonics
(H3, H5, and H7) in the 300 pm thick silicon (Si) and 200 gm thick-(100) oriented ZnO crystal at 2.123
pm driving wavelength. The convention for the Z-scan notation is explained in the inset. Note that, P:
polarizer, L: lens, T: telescope, S: sample, HF: harmonic filters, FM: flip mirror, CCD: charged coupled
device, (b) Photograph of the actual experimental setup.
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Figure 4.2: The spectral and spatial measurements of low and high harmonics at 2.123 pm driving
wavelength in 2 yum thick Si crystal. Each harmonic’s spectral and spatial profile was measured separately
with the corresponding harmonics filters for different acquisition times by UV-VIS spectrometer and UV-
enhanced PCO-CCD camera, respectively.

4.1.4 Polarization measurements of harmonics in Si

The mapping of the non-linear response of Si crystals are measured by rotating the vertical polarization
of the driving field to the [100] crystal direction. The polarization dependence of harmonics (H3, H5,
H7 and H9) in the 300 pm and 2 pm thick Si is shown in figure (4.3(a) and 4.3(b)), respectively. The
polarization measurements of harmonics (H3, H5, H7, and H9) in Si revealed a four-fold anisotropy. The
anisotropic response of the harmonic efficiency is consistent with the crystal structure of (100) Si [141].
The crystallographic structure of (100) Si exhibits the four-fold symmetry in the atomic arrangement and
demonstrates the four-fold symmetry of Raman signals [212].

We have measured the polarization response of harmonics in the Si crystal at 2.123 pm at 0.29
TWecem™. In the 300 pm thick Si crystal, as the harmonic order increases, the angular contrast becomes
higher. The polarization dependence of H7 and H9 are the most contrasted ones which correspond to
the non-perturbative response of harmonics as shown in figure (4.3(a)). In the Si (2 pm) thick), H3
exhibits a perturbative response while H5, H7, and H9 are non-perturbative, as shown in figure (4.3(b)).
The harmonic signal maximizes when the driving field has been rotated to the direction of (110). The
electron-hole pairs created by the intense driving field along this orientation are accelerated along with
the projection of Si-Si bonds onto the (001) plane. This corresponds to the I'-K-M direction in the
reciprocal space of Si. The harmonic efficiency is minimal when the polarization of the driving field is
aligned along the (100) direction, which corresponds to the I'-X in the reciprocal space. The observed
strong polarization dependence of the harmonics can only be demonstrated by considering the microscopic
generation mechanism, as the Si possesses isotropic linear properties. Therefore, the phase matching or

absorption process does not explain the strong polarization dependence of the harmonics in Si.
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Figure 4.3: Polarization response of high order harmonics in Si crystals of different thicknesses at 2.123
pm driving wavelength. (a) 300 pm, (b) 2 pm.

4.1.5 Spectral measurements of SHG in ZnO at 800 nm

SHG has been generated in bulk ZnO crystals, ZnO nanofibers, and ZnO thin films as well [213, 214,
215]. The reflective SHG in the ZnO thin films is demonstrated the three-fold symmetry [216]. The ZnO
has a wide range of applications and has a great potential for optoelectronic devices [217, 218]. The
transmissive SHG in ZnO crystals and its polarization response need to investigate. It is expedient to

understand the clear picture of underlying non-linear processes in thin ZnO.

The ZnO crystal is a wurtzite hexagonal structure having crystallographic orientation (0001), with
the edge < 11 — 20 >. ZnO is a non-centrosymmetric uni-axial crystal. To generate the SHG in ZnO,
40 fs pulses of ~ 4 uJ energy focus on the 500 um thick ZnO crystal. The focused pulses have the
peak intensity of ~ 4 x 10*' Wem™ which is below the damage threshold of ZnO. The dimension of
ZnO crystal is 5 x 5 x 0.5 mm. The second-harmonic and fundamental pulses are separated by the
chromatic dispersion of a convex lens and blocked by the iris and a short pass filter, as shown in figure
3.1. The filtered second-harmonic pulses are focused on the optical fiber by a short focal length of 5
cm. The optical fiber is connected to the spectrometer to collect the second-harmonic signal. To observe
the polarization response of SHG, thin solid crystals were mounted on the motorized rotational stage
to rotate the crystal about its axis. The computer controls the steps of the motorized rotational stage.
Furthermore, the rotational stage is mounted on the linear translational stage to translate the crystal

towards or away from the focus point of driving pulses.

The spectral measurements of SHG in the low bandgap ZnO crystal are shown in figure 4.4(a). The
spectrum of SHG in pure MgO (blue curve) and Cr: MgO (red curve) is measured under the same
conditions (same energy and focal spot). The second-harmonic signal generated in ZnO is recorded at
lower driving pulse energy. The energy was reduced to avoid optical damage, as the ZnO has a lower

bandgap (3.37 eV) than the MgO bandgap (7.8 eV). The signal of SHG in ZnO is relatively lower. The
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bandgap is smaller than MgO, and only a few NIR photons are involved in the phenomena of SHG.
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Figure 4.4: (a) The spectral measurements of SHG in ZnO crystal generated at 800 nm driving wavelength,
(b) Polarization response of SHG in ZnO at 800 nm driving wavelength. The polar graph has the linear
axis in arbitrary units. The optical axis is kept perpendicular to the surface of the ZnO crystal during
polarization response measurements.

4.1.6 Polarization response of SHG in ZnO at 800 nm

The ZnO crystal was mounted in the rotation stage and rotated about its axis for a complete ro-
tation. The driving pulses are linearly horizontal polarized at fixed driving polarization to observe the
Polarization response of SHG. The SHG generated in the ZnO is perturbative and is generated through
the below bandgap. An anisotropic and more symmetrical response is observed in ZnO crystal, showing
the sensitivity of SHG on the crystal structure. This anisotropic emission of SHG in ZnO is due to the
thick periodic solid. The polarization response of SHG exhibits the six-fold symmetry as shown in figure
4.4(b). This six-fold symmetry polarization response of SHG is consistent with the breaking of inversion
symmetry along the ‘¢’ axis of the crystal. The observed anisotropic response of polarization dependence

of SHG in ZnO is inconsistent with the higher-order even harmonics symmetry [33].

4.1.7 Polarization measurements of low and high harmonics in ZnO at 2.123

pm

The polarization dependence of the generated harmonics in ZnO is measured by rotating the vertical
polarization of the driving field with the half-wave plate (HWP) while keeping the focus point in the
crystal fixed. The corresponding polarization dependence of harmonics is measured with the UV-enhanced
PCO-CCD camera. We have observed the isotropic dependence of the harmonic signal on the laser
polarization for below bandgap harmonics (H3 and H5). At the same time, there is some chaotic response

of polarization dependence for H7 as depicted in figure 4.5. The observed isotropic polarization response
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for low-order harmonics is different from the reported anisotropic polarization response for higher-order

harmonics [33, 39, 219)].

%0 —— 5
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Figure 4.5: Polarization measurements of harmonics (H3, H5, and H7) generated in ZnO at 2.123 um
driving wavelength at an intensity of 0.29 TWem™.

This non-identical behavior of polarization dependence of harmonics than the reported one [33] is
attributed to the low driving field strength. The crystal symmetry or electronic bandstructure can be
mapped if the strength of the laser pulses is strong enough to make the substantial electrons’ trajectories.
In our case, the intensity of the driving field is 0.29 TWem™. Therefore the motion of electrons around
the parent ion is not much affected by the potential of neighboring atomic sites. As a consequence, the
atomic-like response of polarization dependence of harmonics is observed in ZnO at an intensity of ~ 0.29

TWem™2.

4.1.8 Harmonic generation in strontium titanate (SrTiO; or STO) at 2.123

pm driving wavelength

Strontium titanate (SrTiOs) single crystal has its lattice parameters which match with the most
materials and has a Perovskite crystal structure of bandgap of 3.2 eV [220]. Therefore, STO has been
widely used as a crystal substrate for epitaxial growth of oxide thin films and superconducting thin films.
It has been widely used for optical windows and high-quality sputtering targets. STO has been used as a
substrate for the thin films of BiFeO3 (BFO) by pulsed laser deposition technique with a 5 nm conducting
buffer layer of SrRuOj3 [159]. Because of its transparency to 2.123 um wavelength, STO is a potential
candidate to explore the process of harmonics. We have generated harmonics up to the 7th order in
STO. The experimental setup to generate the 3rd (H3), fifth (H5), and seventh (H7) in STO at 2.123 pm

wavelength is illustrated in figure 4.1(a).
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4.1.9 Spatial measurements of harmonics in STO

The spatial profiles of H3, H5, and H7 measured by UV enhanced PCO-CCD camera for different
acquisition times in STO with the corresponding harmonic filters are shown in figure 4.6. We have

observed the decrease in the spot size of the harmonic with the increase of harmonic order.
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Figure 4.6: Spatial measurement of harmonics in STO recorded by UV-enhanced PCO-CCD camera at
2.123 pm driving wavelength at an intensity of ~ 0.29 TWem™. (a) H3, (b) H5, (c) HT7.

4.1.10 Polarization and ellipticity measurements of harmonics in STO

The polarization and ellipticity dependence of H3 (red dots) and H5 (blue dots) in SrTiOs, oriented
along (001) measured with the UV-enhanced PCO-CCD camera as shown in figures (4.7(a), 4.7(b)),
respectively. The signal of H7 generated in STO was weak, therefore excluded for the polarization and
ellipticity measurements. The polarization and ellipticity response of harmonics are observed with the
rotation of HWP and QWP, respectively. Figure 4.7(a) shows the four-fold symmetry of polarization
response of H3 (red dots) and H5 (blue dots). The peaks of H3 and H5 are shifted by 45°, showing

different polarization. This shows that even below band harmonics exhibit different polarization behavior
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depending on how transitions are generated. Figure 4.7(b) shows the ellipticity response of harmonics,
strong emission of H3 (red dots) and H5 (cyan dots) observed at the linear polarization of the driving field
(ellipticity=0). H3 has the minimal intensity at the circular polarization (ellipticity==1), whereas H5 still
has sufficient signal even at the circular polarization(ellipticity==1), see figure 4.7(b). This response of
ellipticity dependence of harmonics validated with the earlier prediction that different harmonics behave

differently to ellipticity due to the different origin of harmonics [58].
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Figure 4.7: (a) Polarization response of H3 (red dots) and H5 (blue dots) in STO crystal at 2.123 um
driving wavelength. (b) Ellipticity response of H3 (red dots) and H5 (blue dots) in STO crystal at 2.123
pm driving wavelength.

4.1.11 Conclusion

We have generated a second-harmonic in the low bandgap ZnO crystal at 800 nm driving wavelength,
40 fs pulse duration at an estimated peak intensity of ~ 1.5 x 10" Wem™. SHG has been investigated
relative to the polarization angle between the crystal and laser polarisation. An anisotropic and mirror-
symmetrical response is observed in ZnO crystal, showing the sensitivity of SHG on crystal electronic
structure. In comparison, harmonics (H3, H5, and H7) have been generated at 2.123 pm driving wave-

length at an intensity of ~ 0.29 TWem™.

At the longer driving wavelength with the low driving field
strength, the isotropic polarization response of harmonics has been observed in ZnO, highlighting the
atomic-like response of polarization dependence of harmonics in ZnO. We have also generated efficient
harmonics up till H9 in 300 pm and 2 pum thick Si crystals and mapped the crystal symmetry by measur-
ing the polarization response of harmonics. The polarization measurements of harmonics in Si revealed
a strong four-fold anisotropy. H3 demonstrated perturbatively, whereas H5, H7, and H9 showed a non-
perturbative response. In addition, we have observed four-fold symmetry of H3 and H5 in STO with
maximum emission of H3 and H5 at ellipticity =0. Whereas, H5 exhibits the relative higher signal than

H3 at the circular polarization (ellipticity ==+1). These results pave the way towards generate circular

polarized pulses chirality measurements and to explore the magnetic domains of ferromagnetic materials.
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4.2 Spectral control of high order harmonics through non-linear

propagation effects

High harmonics in crystals has revealed a wealth of perspectives such as all-optical mapping of the
electronic band structure, ultrafast quantum information, and the creation of all-solid-state attosecond
sources. Significant efforts have been made to understand the microscopic aspects of HHG in crystals. In
contrast, the macroscopic effects, such as non-linear propagation of the driving pulse and its impact on
the HHG process, are often overlooked. This work studies macroscopic effects by comparing two materials
with distinct optical properties, silicon (Si) and zinc oxide (ZnO). By scanning the focal position of 85
fs duration, 2.123 pum wavelength pulses inside the crystals (Z-scan), we reveal spectral shifts in the
generated harmonics. We interpret the overall blueshift of the emitted harmonic spectrum as an imprint
of the spectral modulation of the driving field on the high harmonics. This process is supported with
numerical simulations. This study demonstrates that through manipulation of the fundamental driving
field through non-linear propagation effects, precise control of the emitted HHG spectrum in solids can

be realized. This method could offer a robust way to tailor HHG spectra for a range of applications.

4.2.1 Introduction

In the last decade, solid-state HHG has been studied in a wide variety of crystals, and amorphous
solids [33, 31, 37]. The physical picture of solid-state HHG is in its infancy and is the subject of ongoing
discussion [47, 48, 49, 50, 51, 52]. A better understanding of the physical process of solid-state HHG will
not only lead to improved secondary sources but to an ability to map the nonlinear properties and possibly
allow all-optical mapping of the electronic structure of solids [53, 54, 55, 56, 57, 38]. HHG in solids can be
realized in materials transparent to the driving laser pulse wavelength. As femtosecond duration pulses
are generally generated in the near to mid-infrared region, insulating and semi-conducting solids are the
materials of choice for HHG. The HHG process in solids shares some similarities with HHG in gases, at
least conceptually [57, 61]. The first step is an inter-band transition that promotes a charge carrier to the
conduction band. Once there, this electron is driven by the fundamental field and can emit harmonics
due to oscillations within a band (intra-band) or excitation and relaxation between bands (inter-band)
[34, 38].

The initial inter-band excitation requires a tunneling or a multi-photon absorption process, and the
rate of free carrier generation is therefore inversely proportional to the bandgap. Apart from the micro-
scopic physics of carrier generation and motion, the properties of the HHG emission can be influenced by
the propagation of the electric fields inside the crystal. This macroscopic propagation is highly nonlinear
for the driving field and linear for the harmonics, owing to their much lower intensity. This makes the
HHG spectrum an intricate fingerprint of the complex interplay of microscopic and macroscopic pro-
cesses. For example, HHG in ZnO [33, 39, 40] has been shown to reveal both the inter and intra-band
mechanisms. Similarly, harmonics have been generated in the most widely used material in electronics,
silicon (Si), at 2.1 pm driving wavelength [88] and used to disentangle the surface and bulk contributions

in Si [136], and topological insulators [221]. It has also been shown that HHG in Si and ZnO can be
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controlled and monitored by manipulating the crystal surfaces [133, 44]. For example, spatial shaping of
the crystal surface has been used to create HHG beams that carry an orbital angular momentum (OAM)
[222] without the need of costly devices for spatial phase control. These generated OAM beams have
many applications varying from the manipulation of nanoparticles to quantum cryptography [223].

Microscopic processes have previously been attributed to spectral shifts during HHG. The propagation
of the intense driving field has been linked with redshifts in the HHG spectrum in plasmas and gases
[75, 76, 77]. This effect is attributed to the delayed emission of HHG from excited states or resonant
states [78] or dislocation of molecules [79]. In solids, numerically computed HHG spectra have shown
redshifts in the "higher plateaus” due to higher band transitions [36]. In sapphire, intensity-dependent
redshifts and blue-shifts were observed in the spectrum of harmonics and attributed to the long and short
electron/hole trajectories, respectively [80].

Other works have also quantified the macroscopic propagation effects in the HHG process [14, 83, 84].
Ghimire et al. showed theoretically that the efficiency of below band-gap harmonics is modulated mainly
by phase-matching conditions, and the above band-gap harmonics are limited by re-absorption in the
material itself [82]. Similarly, numerical simulations of the propagation effects in semiconductors have
shown that the dephasing of harmonics reduced the HHG signal [224]. Vampa et al. experimentally
demonstrated HHG in a reflection geometry with the aim to avoid propagation effects [41]. Propagation
effects have been shown to impact the HHG process in solids. Nevertheless, some studies report that
efficient harmonics are generated from only a few tens of nanometers, [85, 86], whereas the driving field
usually propagates within the solid for hundreds of microns. These studies highlight the importance of
non-linear driving field propagation and its impact on the HHG process in solids.

Here, we have generated third (H3), fifth (H5), and seventh (H7) order-harmonics in Si and ZnO
crystals with a central driving wavelength of 2.123 pm in the sub-TWem™ intensity regime. We have
investigated the impact of the non-linear macroscopic beam propagation on the HHG process in Si and
ZnO, particularly to anticipate the role of the non-linear propagation of the driving pulse and the effect
on the spectrum of the harmonics. Although the tuning of the driving laser wavelength can allow tuning
of the HHG, commercial laser systems traditionally operate with a fixed central laser wavelength, making
tuning impossible. Alternatively, the non-linear propagation of intense driving pulses in solids offers a
route to control the spectral profile of harmonics. By tailoring the generation scheme in terms of the
generating medium, crystal thickness, and laser focusing geometry, we show that it can offer flexible and
precise control over the HHG frequency comb while using a fixed driving laser frequency.

This section is structured as follows; the experimental setup to generate HHG and to observe the
propagation effects of the driving field is described in section 4.1.2. HHG in Si and ZnO, and their
spectral shift are reported in sections 4.2.2 and 4.2.3, respectively. Section 4.2.4 presents a discussion of

the experimental results linked with numerical propagation of a focused driving laser field in Si.

4.2.2 Spectral shifting of harmonics in Si

We have generated harmonics in a 300 pm thick, (100) oriented Si crystal. The spectral and spatial
profiles of H3, H5, and H7 harmonics are shown in figure 4.8(a). The z-scans for H3 and H5 are recorded
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with steps of 10 um as shown in figure 4.8(b). The signal of H7 is feeble and is therefore excluded from the
Z-scan study. The yield of H3 and H5 reaches their maximum when the focus position of the driving field
is on the back surface of the Si crystal. This is attributed to the absorption of the harmonics generated
at the front surface and inside the bulk of the Si crystal. Compared to H3, the efficient generation region
of H5 is translated ~ 5 pum towards the back surface (see figure 4.8(b)) due to its stronger absorption in
the crystal. In parallel, we have measured the spectral of the harmonics generated in the Si crystal as a

function of the focus position of the driving laser.
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Figure 4.8: Spectral and spatial measurement of high order harmonics in a 300 pm thick Si crystal.
Each harmonic’s spectral and spatial profile was measured separately for different acquisition times with
corresponding harmonic filters. (a) H5 multiplied by 100 and H7 by 1000 to make them visible in the
combined graph. (b) Z-scan measurements of H3 (red dots) and H5 (blue dots) in the Si crystal.

2

2, where w, is the

The driving intensity (I,) at the surface of the crystal is estimated as I,=2P/rw
beam waist at z calculated using hyperbolic function [225] by considering the non-linear refractive indices
of crystals with a confocal parameter b=46 pm and P is the peak power which is 0.05 MW (as shown in
figure 4.9(a)). A spectral shift of about 3.4 nm for H3 and 3.9 nm for H5 is observed in Si (see. figure
4.9(a)) as the laser focus is scanned from outside the crystal (at the position -60 pum) to inside the bulk
(at the position of +60 pm) a spectral blue shift in H3 and H5 is observed. Indeed, when the laser focus
is outside the crystal, the spectrum of H3 is centered at 704 nm. In comparison, H5 is centered at 425
nm, corresponding to harmonics of the central driving wavelength in a vacuum. In this configuration,
we expect that non-linear propagation effects are minimal. However, when the laser is focused inside the
crystal (+60 pm), the spectrum of H3 shifts to 701 nm, while that of H5 is shifting to 421 nm (see figure
4.9(a)).

We have observed the variation in full-width half maximum (FWHM) of H3 (red dots) and H5 (blue
dots) as shown in figure 4.9(b). The behavior of FWHM in H3 decreases as the focus position moves

towards the crystal’s back surface, reaches a minimum when focus reaches the back surface and further
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Figure 4.9: (a) Spectral shifting of the harmonic signal generated in the 300 pum thick Si crystal with the
focus position. The driving intensity evolution (I,) at the rear face of the crystal with the focus position
z (green squares). The spectral shift in H3 (red squares) and spectral shift in H5 (blue squares). (b)
Variation of FWHM of harmonics with the propagation distance.

increases as the focus are translated inside the Si crystal. At the same time, the FWHM of H5 increases
as the focus position of the driving pulses moves towards the back surface and inside the Si crystal. This
variation in FWHM of harmonics is attributed to the non-linear propagation effects of the driving pulses,
such as variation in the non-linear refractive index of the medium through strong photoionization of the

valence band to the conduction band.

4.2.3 Spectral shifting of harmonics in ZnO

The combined harmonic spectrum (H3, H5, and H7) generated in ZnO and the corresponding spatial
profiles are shown in figure 4.10(a). The measured harmonic signal (H3, H5, and H7) as a function of
the focus position of the driving beam in the ZnO crystal is shown in figure 4.10(b). The Z-scan of H3
exhibits a double peak structure corresponding to the front and back of the crystal. The signal of H3 is
reduced when the focus position is in the center of the crystal. H3 generated before and after the focus
point in the bulk contributes destructively due to the phase mismatch of H3 pulses at the exit of the
crystal. As a result, the signal of H3 drops when the laser focus position is at the center of the crystal,
while the signal of H3 is maximum when the laser is focused near the surfaces. Such behavior has been
reported elsewhere [195, 106, 30].

We observe a single peak for H5 and H7, which shows the detected harmonics originate from the rear
surface of the crystal. As the harmonic order increases, the region of efficient harmonic generation moves
closer to the back surface of the crystal. This is likely due to longer phase-matching conditions for the
lower-order harmonics.

Figure 4.11(a) shows the spectral response of H3 for different focus positions. A spectral modulation

and splitting of the H3 peak are observed, showing two peaks separated by up to 12 nm when the focus
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Figure 4.10: (a) Spectrum of the harmonic emission in ZnO at Z=0 for different acquisition times, with
the harmonic beam profiles in insets, (b) Z-scan measurements of H3 (red dots), H5 (blue diamonds) and
H7 (violet hexagons) order harmonics.

of the driving field is in the middle of the ZnO crystal. The first peak of H3 begins to decrease, while
the second peak of H3 builds up with the translation of the driving focus towards the front surface. The
reduction of the intensity of the harmonics when the driving field is focused inside the bulk crystal has
been reported elsewhere and attributed to phase mismatch between two harmonic sources, from the front
surface and bulk [195, 30], and in sapphire crystals due to phase mismatch in bulk due to geometrical
focusing effects [106]. The effective Rayleigh length here is long enough to generate H3 from the surface
of the crystal, even when the focal point is near the center of the ZnO crystal (see figure 4.10(b)). This
creates a pulse of H3 from the surface that propagates at its group velocity in the crystal. The main
driving envelope propagates at a different group velocity and drives H3 generation throughout the bulk of
the crystal. The different group velocities of these two H3 pulses can cause overall destructive interference
of the H3 signal, as seen in (figure 4.10(b)). Our spectral measurements of H3 highlight this interference
effect as a function of the focus position in figure 4.10(b). Such spectral modulations have been attributed
to such interference effects elsewhere [80, 226].

The intensity of H3 increases with the spectral blueshift as we move the focus from outside the crystal
towards the crystal (from z = - 60 ym to z = 0, triangle data points of figure 4.11(b)) and reached a
maximum at z = 0 which corresponds to the rear surface of the ZnO crystal. When further translating
the laser focus inside the crystal (z = + 40 pm), the intensity of H3 decreases. However, the width of
the spectral shift increases even more. H3 generated from the front surface (red rectangles) and a back
surface (black triangles) of the crystal undergoes blueshifts (8 nm and 12 nm respectively) as shown in
figure 4.11(b).

We have also observed the spectral blueshifts in the spectrum of H5 and H7 in ZnO as shown in figure

4.11(b). There were no spectral modulations and splitting as observed for H3. The signals of H5 and H7
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Figure 4.11: (a) Spectral shifting and splitting of H3 in ZnO. (b) The evolution of the driving intensity
(I,) at the rear surface of crystal for different focus positions z (green dots). H3 is generated from the
front surface (red data points) and at the ZnO crystal’s back surface (triangle data points). H3 exhibits
a blueshift as the focus of the driving field translates towards the back and front surfaces. The z = 0
corresponds to the front surface for the red data points and the back surface of the crystal for the triangle
data points—the spectral shift in H5 (blue diamonds) and spectral shift in H7 (violet diamonds).

have increased when translating the laser focus position towards the rear surface. By further translating
the focus of the driving field inside the crystal, the signal of H5 and H7 decreases. The total spectral

blueshifts across our measurement range are about 3.9 nm for H5 and H7, as shown in figure 4.11(b).

We have observed the variation in full-width half maximum (FWHM) of H3 (red dots) from the front
surface and (black dots) corresponds to back surface as shown in figure 4.12(a). The behavior of FWHM
in H3 increases as the focus position moves towards the crystal’s front surface, reaches a maximum when
focus reaches the front surface, and further decreases as the focus is translated inside the ZnO crystal.
Similarly, the FWHM of H3 generated from the back surface increases as the driving pulses’ focus position
is translated towards the back surface and has a maximum FWHM of 18 nm at the back surface, which
rapidly decreases when the focus position is translated out of crystal. Surprisingly, the FWHM of H3 in
the center of the crystal is smaller than front and back surfaces, which could be due to the filamentation
inside ZnO and defocusing of the driving pulses, which eventually destroy the phase-matching conditions.
As a result, the emission of H3 is low and therefore corresponding FWHM of the H3 signal. Whereas
the FWHM of H5 (blue diamonds) increases and H7 (violet dots) decreases as the focus position of the
driving pulses moves towards the back surface and inside the ZnO crystal as shown in figure 4.12(b).
This variation in FWHM of harmonics is attributed to the non-linear propagation effects of the driving
pulses, such as variation in the non-linear refractive index of the medium through strong photoionization

of the valence band to the conduction band.
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Figure 4.12: Variation in FWHM of the spectral profile of harmonics in ZnO with propagation distance
(a) H3. (b) H5 and H7.

4.2.4 Modelling and Discussions

To understand the physical processes that give rise to the harmonic spectral shift, we have modeled
the propagation of the driving field inside the Si and ZnO crystals. Dr. Auguste Thierry carried out the
modeling for the propagation of femtosecond pulses which help us to understand the shifting of spectral
profile of harmonics in Si and ZnO. We restrict the calculation to z >>zp, where z is the focus position
inside the crystal and zg is the Rayleigh length. We have used the model described in Ref. [189], with
the exception that only the instantaneous Kerr effect is taken into account in our model. The group
velocity dispersion and higher-order dispersion are calculated using a Taylor expansion in w — wg up to
the fifth order of the frequency-dependent wavevector, k(w)=n(w)wg/c. Where wq is the central driving
frequency, w is the shifted frequency, n(w) is the index of refraction, and ¢ is the speed of light. We
then solve the paraxial wave equation in a cylindrical geometry coupled to the equation describing the
electron density evolution. The detailed theoretical description of driving pulse evolution in the solid
medium is described as; The laser propagation in semiconductors is modeled by considering the paraxial

wave equation in cylindrical geometry.

In the pulse frame, it writes [189, 227]:

de i, (9 10 ~= 1 [0k o\
T (arzﬂm)eﬂ;m(awm)w_m(laf) ‘
ag

E w
5 (1 4w )U " [pe] + ikonaU T2 [|e|€] — 7gU71T |1|3216
€

(4.1)

where € = €(r,z,7) is the amplitude of the electric field in the moving frame with the group velocity
of wave,vg=( g—‘;ﬂ’)w:wo, where wq is the central carrier frequency. 7 is the retarded time, given as 7=t-
z/vy and is measured in the moving frame. The first and second terms in the right side of 4.1 are

linear in € and responsible for the beam diffraction in the radial direction and the pulse dispersion in
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the medium. The summation term corresponds to the frequency-dependent wave vector k(w) in

w — wp and obtained from the Taylor expansion up to m=5. The index of refraction n(w) is given by the
Sellmeier equation of the crystal and k(wg) = k. The p and o parts of equation 4.1 related to the plasma
refraction and absorption terms while the second last term of equation 4.1 related to the instantaneous
Kerr-induced self-focusing effect. Whereas, Wp; corresponds to the photoionization-induced absorption

of the driving beam, F, is the bandgap of the medium, U ~1 is the space-time focusing operator and is

given as U:1+ﬁ6% and operator T2 is the responsible for self-steepening of the pulse in the medium
g

and is related as T=1+ -~ 2

wo E
The cross-section for the inverse bremsstrahlung absorption (o) is obtained from the Drude model

and is given as [228]

62 WoTe

g =

4.2
nowoeoc 1 + w2 (4.2)

where 7. is the electron-hole re-collision time. The photoionization rate is obtained from the Keldysh’s

formula [32].

If the driving field intensity is higher than the damage threshold of the solid, then irreversible damage
occurred in the crystals, and the yield of the harmonics falls abruptly. This damage threshold of the
crystal depends on the intensity, repetition rate of the driving field, and bandgap of the medium. At a
shorter driving wavelength, this damage often occurred as few photons were required to bridge the gap of
the valence band to the conduction band. For longer wavelength, even at higher intensities, the damage
does not appear due to more photon absorption required for the electron to jump from the valence band
to the conduction band. The conduction band electrons absorption via sub-conduction band transition
plays a vital role in the damage of dielectrics on the interaction of femtosecond pulses ranging from
near-ultraviolet to visible [229]. The wavelength-dependent laser-induced damage threshold for different
bandgap solids has highlighted the dependence of damage threshold on material properties and irradiation
parameters [229, 230, 231, 232]. The thermal change can be subsided if the operating frequency is low
such as an order of Hz, and heat can be dissipated before the subsequent pulses. In contrast, this heat
dissipation is difficult at the MHz driving system.

However, the propagation of the intense driving field can induce the permanent change in the refractive
index of the medium with and without the occurrence of structural changes [189]. These changes are
attributed to the photoionization, free-carrier absorption, free-carrier interaction, and some self-induced
effects that greatly perturb the propagation of the driving field in solids. The evolution of the electron

density in the solids under the influence of the driving field can be written as

dp _ g 2 P
o = Wrilleh + ool = £ (43)

In equation 4.3, first term corresponds to the photoionization which contributes to the generation of
free-electrons from valence to conduction band [233]. F ple|? describes the avalanche ionization and £
represents the electron recombination process. Where, p density of electron, Wp; is ionization rate, o is
the cross section of plasma absorption and 7, represents the characteristics mean time of recombination

of electron.

111



For the high harmonics process, the intensity of the driving field is always less than the damage threshold.
Therefore the process of avalanche ionization can be ignored. Since the recombination time of electrons
with the corresponding parent is of the order of a few hundred femtoseconds [234], and harmonics phe-
nomena are generated within the half cycle of the driving field. Therefore, the second and third terms of
4.3 will be ignored when considering the propagation effect of the driving field on the harmonics process.
Therefore, the photoionization process is the only process that contributes to the non-linear propagation
effects along with the crystal’s non-linear properties [189] such as dispersion, diffraction, etc. on har-
monics as we have observed in ZnO and Si [81]. Other studies demonstrated the propagation effects on
harmonics [14, 82, 83, 84] and offer a way to avoid the propagation effects [41]. In addition, an ab initio
computational study reported the impact of the thickness of thin films on the efficiency of harmonic gen-
eration which highlighted that efficient harmonics have been generated from the few tens of nanometer
[85]. The computational study of ultrafast light propagation effects in graphite thin films of different
thicknesses showed that saturable absorption is the key factor for non-linear effects, which enables the
deeper penetration of the light pulse in the medium at driving intensity I > 2 x 10 Wem =2 [86].

The equation 4.1 is solved in the frequency domain and is given as
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0z 2k(1+ =)y \9r2  ror ‘ Zm m! \ dw™ w:wOw ‘

nowo =1

( 2 R (4.4)
ol+iweTe—= . 1+ 2)" —— E, 1+2% [Wpre

_ g 1T WoTe feomo e wo) T Bg STy

21_’_%@6]4-2 0n21+%“6‘ 3 21_’_% EE

where U = 1+ kivy =1+ %, and T'= 1+ wio The symbol . represents the time Fourier transform
and ng =ng — )\0(2—’;) A=), lepresents the group index of refraction.

For further details of the wave equation in different forms, see the reference [235]. We have considered
crystals as a continuous medium in this modeling and characterize it by its macroscopic properties such
as atomic density pg, etc. Therefore, the geometry of crystals is excluded from these calculations.

We have propagated the electric field in z-direction by solving the coupled set of equations 4.4 and
4.3 on a grid of N, x N, points with a step size of Ar = Az = 0.1um and the envelope of the pulse
is discretized on N;=1024 points. The linear and non-linear components of € of equation 4.4 are solved
separately with the standard split-step method [236] with O(Az2) error. The linear of e is solved using
the Cranck-Nicholson scheme, and the Laplace operator is discretized by a finite difference method based
on a three points centered scheme. The nonlinear part is propagated in z using a fifth-order Runge-Kutta
scheme, with Cash-Karp coefficients [237]. This method is also used for solving the equation on the time
evolution of the free-electron density equation 4.3.

We have chosen Neumann boundary conditions ((%)r:o = (%)r:rm = 0), along with the spatial filter
to prevent spurious reflection of propagated wave on the external edge of the grid. The spatial filter is

defined as:
1 if r<n,

3 4
17(rrp> if r>mr

Tm—Tp

(4.5)

The solution of 4.4 is filtered periodically in frequency to dump the higher frequencies, which may
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induce if there is a pulse self-steepening effect. Although under our experimental conditions, the self-

steepening effect cannot be reached yet, the filter is applied after 50 steps in z as follows:

1—(§ig)? i€ [1,Ny/2]

| (4.6)
1- (%)2 ir € [Ny/2, Ny

Along with these conditions, the laser pulse is assumed to be a Gaussian, both in time and space.
One can also use an experimental pulse envelope for the calculation.

The laser parameters used were an 85 fs pulse duration, ~ 7 mm Gaussian beam diameter focused
onto the 300 pm Si and 200 pum ZnO crystals to beam waist of 0.83 pm and 1.45 pum respectively, by a 3
cm focal length lens. Initially, we have assumed that the conduction band is empty. Crystal properties
of Si are taken from [238, 239, 240, 241], as shown in table 4.1 and ZnO [242, 243, 244], as shown in
table 4.2. The simulation parameters and laser focusing parameters for Si and ZnO crystals are enlisted

in tables 4.1 and 4.2, respectively.

Si crystal parameters Laser and focusing parameters
thickness 300 pm A 2.123 pm
no 3.449 T 85 fs
£, 1.11 eV E 5nJ
m* 0.26 R 7 mm
Te 0.33 fs f 3 cm
Ty 2.5 ns Wo 0.831 pm™)
Pat 4.99 x10?2 cm™3 ZR 3.56 pum*)
N9 1.65 x10713 em? /W zg -60 to +60 pum

Table 4.1: Si crystal parameters, the laser and focusing parameters for Si crystal. ) inside the crystal
by considering the refractive index of Si.

ZnO crystal parameters Laser and focusing parameters
thickness 200 pm A 2.123 pm
ng 1.919 T 85 fs
E, 3.3eV E 5nJ
m* 0.245 R 7 mm
Te 4.31 fs f 3 cm
Ty 150 ps wo 1.493 ,um(*)
Pat 4.148 x10%?2 cm™3 2y 6.4 pm)
no 5 x1071% cm?/W 2 -60 to +60 pm

Table 4.2: ZnO crystal parameters, the laser and focusing parameters for ZnO crystal. (*) inside the
crystal by considering the refractive index of ZnO.

Where Ej is the bandgap of materials, 7. and 7,. are the electron and hole collision and recombination
time , m* is the effective mass of electron, p,; is the atomic density, ng and ny are the linear and non-
linear refractive indices of materials, respectively. A, 7, E are the driving wavelength, pulse duration and
energy of the laser pulses, respectively. f, wy and zg are focal length of lens, beam waist in the medium
at focus position and Rayleigh length by considering the refractive indices of the medium, respectively

and zq is the scanning range.
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In figure 4.13(a) and 4.13(b), we have reported the spatially integrated output spectrum as a function
of focus position for Si and ZnO crystals, respectively. The focus was moved by 60 pum from each side of
the rear surface. The spectral blue shift and absorption are larger in Si than ZnO, the bandgap is small,
and the peak intensity inside the crystal is higher for Si. When focusing behind the crystal, the shift

rapidly drops to zero in both cases.
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Figure 4.13: Evolution of the spatially integrated output spectrum with the focus position of laser pulses.
(a) Si. (b) ZnO.

Figures 4.14(a) and 4.14(b) depict the spectral profile for respectively Si and ZnO crystals, and for
zo = -60, 0 and +60 pm. In Si, the spectrum narrows as the focus is moved inward the crystal, and
a red wing appears. The width, measured at half-maximum, is 51.2 nm for zg = -60 pm, 56.5 nm for
zo = 0, and 72.9 nm for zg = +60 pum. The latter value is close to 76.4 nm achieved for a Fourier
transform-limited pulse of 85 fs duration. For ZnO, the spectrum full-width at half-maximum remains

close to the value for the Fourier transform-limited pulse, and the profile is not modified.
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Figure 4.14: Spectral shape of the propagated driving spectrum for the different focus position zo=-60
pum (blue, when focus position is in air), 0 (red, when focus position is at the front surface), and +60 pm
(black, when focus position is inside the crystals). (a) Si. (b) ZnO.

Figure 4.15(a) quantifies the (absolute) shift of the central driving wavelength for both crystals. The

maximum shift, reached inside the crystal, is 54.0 nm for Si and 17.4 nm for ZnO. The spectral blue
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shift, as well as the absorption, are larger in Si than for ZnO due to the smaller bandgap that facilitates
free carrier generation. When focusing behind the crystal, the shift rapidly drops to zero in both cases
as seen in figure 4.15(a).

The macroscopic non-linear propagation of the laser pulses in the crystal induces a spectral blueshift
in the driving field. This shifts the central wavelength of any high-order harmonics generated at the
rear side of the crystal. Figure 4.15(b) compares the measured spectral shift at z =0 for the different
harmonic orders with the expected HHG wavelengths from the numerical propagation of the fundamental
pulses. Qualitatively, the model predicts the direction of the spectral shift (blue) for all high harmonics.
However, the measured shift for harmonics in Si and ZnO is less shifted as predicted by the modeling
values (see figure 4.15(b)). The model considers only the driving pulse and does not include the complex
dynamics in the HHG process. Therefore, we do not expect an exact agreement between the HHG central

wavelength and the propagated driving wavelength.
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Figure 4.15: (a) The spectral shift of the driving wavelength with the focus position in Si (black squares)
and ZnO (red dots) for the focus position z = -60 pm (moving from vacuum towards the back surface)
to +60 pm (inside crystals), respectively. (b) The spectral shift in HHG when the focus of the laser is
at z =0 (backside of crystals), non-shifted (blue diamonds), Si (empty black squares), ZnO (empty black
circles), and as per modeling in Si (black squares) and ZnO (empty red circles).

We attribute the HHG spectral shifts to the non-linear propagation of the intense driving field inside
the crystal. Photo-ionization drives the generation of free-electrons in the optical transition from the
valence band to the conduction band. The increased free carrier density induces a change in time and
space-dependent refractive index that up-shifts the driving laser frequency. This is a well-documented
effect observed in short-pulse laser ionization in gasses [245, 246, 247]. In turn, this up-shift in driving
frequency results in an up-shift of the harmonic frequencies, which we observe as an overall blue-shift
in HH wavelengths. Through modeling of the non-linear propagation, we find that increased free-carrier
density through photo-ionization is the principal physical mechanism causing these shifts (figure 4.15(a)).
This is consistent with our general experimental observations, in that the blue-shift increases when the

distance of the driving pulses propagation inside the crystal is greater, resulting in the generation of more
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free carriers (Figs. 4.9(a) and 4.11(b)). The band-gap of the material is also shown to play a crucial role.
Above band-gap harmonics are limited to the last few microns of the material, where spectral control is
possible but limited due to re-absorption. Below band-gap harmonics (such as H3 in ZnO) can be created
from the surfaces and bulk of the material, allowing not only blue-shifted but strongly modulated spectra

(figure 4.11(a)).

4.3 Imaging of the nano-patterns by solid-state harmonics pty-
chography

The flexibility of the generating wavelength through the HHG process in solids has opened up a new
horizon to manipulate the shape of beams. It enables the imaging of nanoscale structure in diffraction.
Ptychography lensless coherent diffraction imaging (CDI) technique had enabled the imaging of extended
samples in the far-field by using XUV or X-rays illumination sources [248]. Here, we have generated the
harmonics in semiconductors (ZnO and Si) and imaged the etched crystal surface from the harmonic
emission by adopting ptychography. The spatial beam shaping of harmonics is controlled by etched
spiral zone plates (SZP) on the surface of zinc oxide (ZnO) and nano-patterns on silicon (Si) crystals
by the focused ion beam (FIB) technique. The reconstruction of diffraction imaging of simulated and
experimental measured diffraction patterns in the far-field has been validated with the ptychography in
PyNX.Ptycho library. Furthermore, we show that the harmonics diffracted from the SZP can generate
the orbital angular momentum (OAM) beams which have many applications ranging from microscopy to
quantum information. This study could pave the way to open a new horizon to use solid-state harmonics
for plasmonic applications and imaging of magnetic domains from the self-emission of harmonics in

magnetic materials.

4.3.1 Introduction

The observation of HHG in solids [33] has opened up a new horizon towards its applications [249]
particularly spatial beam shaping and imaging of surfaces [222]. The monitoring and controlling of solid-
state HHG can be done by manipulating the surface of solids [44, 133, 222] which gives it an advantage
over the gas-based HHG. The spatial profile of the generated harmonics in ZnO manipulated by etching
different SZP on the surface of ZnO crystal to generate and image OAM beams in the focal plane [222].
Conventionally, lensless X-ray microscopy or coherent diffraction imaging (CDI) is adopted to acquire the
atomic level resolution of an object in diffraction. Recently, CDI has employed for femtosecond single-shot
nanoscale imaging [250, 251, 252] and for broadband imaging [253] purpose.

For wide-field imaging, the conventional CDI is unable to scan the non-isolated samples or objects.
For this, an extension of CDI, named ptychography, has been adopted. In the ptychography multiple
diffraction patterns recorded [254, 255] through raster/spiral scanning of sample with the probe beam.
The recorded diffraction patterns should be well overlapped (about 70 to 75%). The ptychography

enables imaging of extended objects and opens a new horizon for applications of diffractive imaging
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[256, 257]. Several iterative phase retrieval algorithm introduced to reconstruction object modulus and
phase [258, 259, 260] along with the ptpy [261], SHARP [262] and PyNX.Ptycho [263, 264, 265] which are
several ptychograpical solvers. Ptychography often used to characterize the x-ray phase vortices [266],
far-field diffraction imaging of objects ranging from periodic nanopatterns [267] to biological samples
[248, 268]. So far, ptychography has been adopted to reconstruct the image either by X-ray or XUV
probe beam generated through gas-based HHG. Here, the first time we have employed the concept of
single solid-state HHG as a probe and object to make the realization of robust and compact setup for
the reconstruction of nano-structures and nano-patterns.

We have generated the efficient fifth-order harmonic (H5) in ZnO and Si crystals at 2.123 pm driving
wavelength at 0.29 TWem™. The spatial profile of H5 is measured with the UV-enhanced PCO-CCD.
We have etched the different nano-patterns such as single-mode spiral zone plate (SMSZP), double-mode
spiral zone plate (DMSZP), triple-mode spiral zone plate (TMSZP), off-axis spiral zone plate (OASZP),
and single slit on the surface of ZnO crystal by FIB. These nano-structures contribute to the spatial beam
shaping of the harmonics. We have recorded the diffraction patterns of these nano-structures by the H5
(= 422 nm) with an objective microscope (numerical aperture= 0.65) coupled with the corresponding
harmonic filters (HF) and the UV-enhanced PCO-CCD camera. The images of the intensity distribution
of OAM beams generated by the SMSZP is measured by the H5 harmonic. The reconstruction of the
diffraction imaging by the lensless diffraction imaging technique called ptychography of these OAM beams
are underway at the moment. Although, we have shown the reconstructed simulated images by using
ptychography.

In the second experiment, nano-patterns were etched on the surface of 5 um thick Si crystal by FIB and
generated the efficient H5 at the etched nano-patterns surface. These nano-structures and nano-patterns
are fabricated by Dr. Willem Boutu, CEA-Saclay, France. The diffraction pattern of the corresponding
nano-patterns is recorded at each point of the spiral scan. Finally, we have reconstructed the diffraction
imaging of etched nano-patterns from simulation and experimental diffraction patterns by employing

ptychography in PyNX.Ptycho library.

4.3.2 Focused ion beam etching of crystals

The nano-patterns and nano-structures are engraved on the ZnO and Si crystal by FIB. The different
nano-structures and nano-patterns on the surface of Si crystal are etched by a focus ion beam (FIB) by
Dr. Willem Boutu from CEA-Saclay, France. We uploaded the design of the structure as a image on the
FIB program. The value of each pixel defines the ion (Ga) dose received by the sample at this spot, with
255 being the dose defined by the parameters and lower values lead to a part of that (i.e., a pixel with a
value of 124 would receive a dose of Defined dose x 124/255). To set the dose, we defined: the ion beam
current (50 pA for the 1st test), the time spent on one given spot (5ms once + 50 x 0.1ms), and the
step size (because there is an overlap between successive spots) (here 30nm). The matter removes by the
ion beam does not fully go in the chamber, but part of it goes back on the surface behind the beam (the
deeper you pattern, the larger this part), standing long on each spot will not lead to a good structure.

Therefore, it is better to use a short dwell time and pattern the full object several times. We have etched
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Figure 4.16: Geometry of FIB

the SZP’s sample on ZnO surface in dimension of 10 x 10 um while nano-patterns are etched on the
Si surface having dimension of 13 x 18 um (length x width). For the experiment we have successfully
reconstructed the Ptychography images of the nano-patterns etched on 5 pum thick Si with a depth of 50

nm as shown in figure 4.22(a).

4.3.3 Reconstruction of simulation data using PyNX library

Several parameters are needed to simulate in the far-field diffraction patterns of objects and recon-
struct the phase from simulated or experimental diffraction figures, such as the size of the simulated
sample in pixels, the adequate pixel size of the detector, the wavelength of the harmonic beam, the dis-
tance of detector from a sample, the size of a pixel in the object plane, and the increment step of the scan
and pixels as well as the diameter of the probe. All these requirements have been defined in the Python
code. Second, information related to the object, probe, scan type (raster or spiral) and the type of beam,
the noise, the pixel size of the beam, and the number of photons is mandatory. This information is then
used in the simulation class, which will then simulate the various diffraction patterns. For the initiation
of reconstruction, the set of far-field diffraction images is of the same matrix size as the simulated data,
and we considered the probe size in pixels. The diffraction patterns are simulated from the probe and
initial object, which eventually generate the Ptychography data. Then various mathematical algorithms
are employed for the reconstruction from the ptychography data.

Finally, in our simulation, we have employed various mathematical algorithms such as difference
map (DM) [255, 269], alternating projection (AP) [270], and maximum likelihood refinement (MLR)
[271] are executed for the reconstruction of diffraction images in the ePIE [260] in the PyNX.Ptycho
[265, 264] ptychograpical solvers library. In the ePIE algorithm, initial guesses for the object and probe
are mandatory. Therefore, the object is initially considered a free-space and probe waveform, respectively,
updated at each scan point. The movement of the probe performed by the Python script during the
simulation in raster scanning with a step size of 500 nm. Each point corresponds to a different diffraction

pattern. The random sequence of diffraction pattern taken into account, by starting with the initial
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diffraction pattern and the product of the current object guess with the shifted probe guess yields the
exit-wave guess. In the next step, the modulus of the Fourier transform of the exit-wave replaced the
square root of the random sequence diffraction pattern. Consequently, the updated exit wave was obtained
through an inverse Fourier transform. The updated probe and object guesses were obtained from the
two updated functions as reported [260]. This update process of probe and object guesses recommence
for the diffraction pattern of each scan point to complete an ePIE iteration. Thus ePIE enables the

reconstruction of both the wavefront of the object and probe simultaneously.

Initially, we have used SMSZP and generates the simulated diffraction pattern at 50 pm (figure
4.17(a)) distance to execute the reconstruction of the phase and amplitude of an object. A raster/spiral
scan with a step of 730 nm is considered to generate the scan points with an overlap of more than 75%
with a total of 900 scans points. The simulated diffraction patterns at some distinct scan points at a
wavelength of 422 nm are shown in figure 4.17(b). We have introduced an offset of 10 % of the step size
to circumvent the periodic artifacts. We have introduced the Poisson noise distribution, and with this
arrangement, far-field diffraction patterns of SMSZP simulated with a total photon count of 1 x e®. The
Fresnel number (V) can be calculated as N = a?/L), a is the radius of focused beam, \ is the harmonics
wavelength and L is the distance of imaging setup from the focus position. The N at 50 pm distance
from focus position is found to be 0.097 which shows that we are in far-field regime. The reconstructed
modulus of object and phase is obtained after 15 iterations with the numerical error calculated between

two successive iterations LLKn(p) is 2.340 at 50 pm far-field distance.

In the next step, we have introduced a nano-patterns having dimension of 15 x 10 um (length x
width) as shown in figure 4.22(a) to reconstruct the object modulus and phase, and probe modulus and
phase in simulation. The reconstructed object modulus and phase, and probe modulus and phase is
shown in figures 4.18(a) after 10 iterations with the numerical error calculated between two successive
iterations LLKn(p) is 0.40 for 4.18(a). Figure 4.18(b) shows the simulated diffraction pattern for some
distinct scan points of nano-patterns. In addition to this, we have used another nanocircuit of different
etching structure to confirm the ptychography simulation library. The reconstructed object and probe,
modulus and phase is shown in figure 4.19(a). Figure 4.19(b), shows the far-field diffraction pattern at
several distinct scan points. The calculated Fresnel number N is found to be less than 1 (= 0.097) for

the given conditions for all these nano-patterns and nanocircuits.

In the next step, we have introduced a nano-patterns having dimension of 15 x 10 um (length x
width) as shown in figure 4.22(a) to reconstruct the object modulus and phase, and probe modulus and
phase in simulation. The reconstructed object modulus and phase, and probe modulus and phase is
shown in figure 4.20(a) after 10 iterations with the numerical error calculated between two successive
iterations (LLKn(p)) is 12.5 for 4.20(a). Figure 4.20(b), shows the simulated diffraction pattern for some
distinct scan points of nano-patterns.

Apart from the simulation reconstruction, we have obtained the diffraction patterns of all the nano-
patterns and OAM beams by probing the self-emission of H5 harmonics from the etched surfaces. We
have successfully implemented the reconstruction of the SZP images and nanostructure images etched

on the Si and ZnO by using the PyNX library by using the combination of alternating projection and
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Figure 4.17: (a) The simulated ptychography reconstruction of SMSZP at a far-field. The calculated
Fresnel number N is found to be less than 1 (=~ 0.097) for the given conditions. The image has recon-

structed object amplitude, phase, and probe amplitude and phase. (b) Far-field diffraction pattern at
some distinct scan points.
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Figure 4.18: (a) The simulated ptychography reconstruction of nano-patterns diffracted images at far-

field. The image has reconstructed object amplitude, phase, and probe amplitude and phase. (b) Far-field
diffraction pattern at six distinct scan points.
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Figure 4.19: (a) The simulated ptychography reconstruction of nano-patterns diffracted images at far-

field. The image has reconstructed object amplitude, phase, and probe amplitude and phase. (b) Far-field
diffraction pattern at several distinct scan points.
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Figure 4.20: (a) The simulated ptychography reconstruction of nano-patterns diffracted images at far-

field. The image has reconstructed object amplitude, phase, and probe amplitude and phase. (b) Far-field
diffraction pattern at various distinct scan points.
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difference map algorithms. For further detail of the experimentally data reconstruction see the subsection

4.3.4.

4.3.4 Experimental setup for solid-state harmonics ptychography

A schematic representation of the experimental setup for the solid-state harmonics based ptychography
is shown in figure 4.21. The 85 fs pulses of central wavelength 2.123 pm, operating at 19.6 MHz, are
focused near the exit etched surfaced of crystals by 3 cm focal length convex lens to a size of ~ 2.5 ym
with the peak intensity of ~ 0.29 TWecm™. At this driving intensity, harmonics up to ninth order are
observed in the air. The corresponding band-pass filter selects H5. Therefore, H5 (422 nm) is employed
as a probe pulse for the diffraction imaging of nano-structures and nano-patterns due to its sufficient

photon flux and sample fabrication characteristics.
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Figure 4.21: (a) The schematic of the experimental setup for solid-state harmonic generation-based
ptychography. The H5 generated in the 5 gm thick Si crystal at 0.29 TWem™2 of 85 fs, 19 MHz of central
wavelength 2.123 ym employed as a probe beam to image the etched surfaces of crystals. The spiral scan
points result in a series of sufficient overlapped scan images, which eventually enables the reconstruction
of the object. HWP: half-wave plate, L: lens, T: telescope, HF: harmonic filter, OL: Objective lens
(N.A.= 0.65 ), CCD: charge-coupled device.

One of the images of nano-patterns etched on the surface of Si crystals is shown in figure 4.22(a).
Image of nano-patterns etched on the surface of 5 pm thick Si crystal patterned with FIB with a depth

of around 50 nm. The sample size is 13x18 um?. The etched sample is mounted on the motorized XYZ
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translation stage to translate the sample in the spiral scan pattern to generate the diffraction patterns
at each scan point. The electronic motorized controlled Labview program carries out the spiral scan of
nano-structures and nano-patterns with sufficient overlap of (70-75)%. Dr. Maria Kholodtsova wrote
the Labview program from CEA-Saclay, France. The zero-order diffraction of nano-patterns and nano-
patterns through H5 (= 422 nm) is measured by employing an objective lens (numerical aperture= 0.65)

which coupled with the harmonic filter (HF) and UV-enhanced PCO-CCD camera.

4.3.5 Reconstruction of the experimental data
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Figure 4.22: Experimentally ptychography reconstruction of the nano-patterns by solid-state harmonics
(422 nm). (a) Image of nano-patterns etched on the surface of 5 ym thick Si crystal patterned with FIB
with a depth of ~ 50 nm. The sample size is 13 x 18 um?. (b) Using Alternative Projection (AP) and
Difference Map (DM) algorithms for n=185 iterations in six cycles. One cycle of 30 iterations of the AP
algorithm followed by one iteration of DM and artificially increasing the camera pixel size and sample to
detector distance by a factor of 15 at a fixed probe diameter of 1.7 ym. (c¢) Using AP and DM algorithms
for n=185 iterations in six cycles. One cycle of 30 iterations of the AP algorithm followed by one iteration
of DM, no change in camera pixel, and fixed probe diameter of 2.5 pm. (d) Using only AP algorithms
for n=200 iterations.
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Figure 4.23: Experimentally ptychography reconstruction of the nano-patterns by solid-state harmonics
(422 nm) using AP and DM algorithms for six cycles. One cycle consists of 30 iterations of the AP
algorithm followed by one iteration of DM without an update in probe plus 20 iterations with the AP
algorithm by updating the probe. (a) Modulus of the reconstructed object. (b) The phase of the
reconstructed object.

Once the diffraction figures have been processed. It is desired to reconstruct the phase and modulus
of of the samples. To reconstruct the modulus and phase of the objects, we have used the PyNX library
[263, 264]. We have used Alternative Projection (AP) and Difference Map (DM) algorithms to for the
reconstruction of images in the PyNX library. The best reconstruction of ptychography of nano-patterns
is obtained when the combination of AP and DM algorithms is used in a cycle. Total six cycles of 30
iterations of the AP algorithm followed by one iteration of the DM algorithm have been executed to fix
the probe. The fixed probe diameter of 1.7 um is used, and artificially increasing the camera pixel size
and sample to detector distance by a factor of 15. The reconstructed image is shown in figure 4.22(b).
At a probe diameter of 2.5 um without the artificially change in camera pixels, the reconstruction of
the image is shown in figure 4.22(c) by using AP and DM algorithms for n=185 iterations. We have
reconstructed the image by only using the AP algorithm at 200 iterations as shown in figure 4.22(d) at a
fixed probe diameter of 2.5 um without manipulating the camera pixels and sample to camera distance.
The sharpness of the reconstructed image is a bit blurred.

We have also reconstructed the image of nano-patterns through ptychography by using AP and DM
algorithms for six cycles. One cycle consists of 30 iterations of the AP algorithm followed by one iteration
of DM without an update in probe plus 20 iterations with the AP algorithm by updating the probe. The
Modulus of the reconstructed object is shown in figure 4.23(a) and the phase of the reconstructed object
is shown in figure 4.23(b).

Finally, we have reconstructed the ptychography imaging of spiral zone plates (SZP) which were
etched on the ZnO surface. The diameter of SZP is 10 pm and etched depth ~ 205 nm. The amplitude of

the reconstructed images for loop4 and loop6 is shown in figure 4.24(a-b) and the reconstructed phase of
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the SZP is shown in figure 4.24(c-d), respectively. Each loop consists of 30 iterations of the AP algorithm
and 2 iterations of DM algorithms. The phase and amplitude of the etched SZP on ZnO are successfully
reconstructed through the self-emission of harmonics (H5). This has enabled a robust method of imaging

of non-isolated nano-objects in far-field diffraction by solid-state ptychography.
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Figure 4.24: Experimentally ptychography reconstruction of the spiral zone plate (SZP) by solid-state
harmonics (422 nm) using AP and DM algorithms for six cycles. One loop consists of 30 iterations of the
AP algorithm followed by two iteration of DM by updating the probe. Amplitude of the reconstructed
images for loop4 and loop6 (a-b). The phase of the reconstructed images for loop 4 and loop6 (c-d). The
color bar of the images are twilight.

Indeed, we notice that the signal-to-noise ratio in the simulations is higher than the signal-to-noise
ratio of the experimental data. In addition, the number of iterations and the choice of the reconstruction
algorithm (AP, ML, DM) have a significant impact on the reconstruction when the corrective factor
M is integrated into the script of Python. It is assumed that the AP would allow the sample phase
to be reconstructed because the reconstruction error converges to a minimum value. We have tested
different reconstruction algorithms, such as the AP, DM reconstruction algorithm for different iterations
and enables us to reconstruct the object through high resolution up to few nm. Our results has open
up a new horizon for the imaging of the nano-patterns or nano-structures through a table-top setup by

using solid-state HHG which can enable the real time observations of ultrafast phenomena in the electric

circuits.
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4.4 Orbital angular momentum harmonics beam generation from

semiconductor

The interaction of orbital angular momentum beams (OAM) with the matter is intensively studied for
a wide range of applications [223]. There have been extensive efforts theoretically as well as experimentally
to generate such vortex beams from the latest light sources [272, 273, 274]. Recently, it has been confirmed
the transfer of OAM beams from laser to the harmonic generations [275, 276]. There are generally two
approaches to generate OAM harmonics beams in solids [222]: 1) the driving laser beam carrying the
OAM beams and focused on the solids, 2) A spiral zone plate (SZP) etched on the surface of the solids
which can act as diffractive optics. We have adopted the second approach to generate an OAM harmonics
beam. We have etched the binary SZP on the surface of 200 pm thick ZnO crystal by focused ion beam
(FIB). The dimension of the SZP is 10 x 10 pm with an etch depth of ~ 200 nm. The etched SZP is

a

shown in the inset of figure 4.25.
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Figure 4.25: Schematic illustration of the experimental setup to generate orbital angular momentum
(OAM) harmonics beam in ZnO. Inset shows the etched binary SZP (diameter= 10 pm) on the surface
of the ZnO crystal. P: polarizer, L: lens, T: telescope, HF: harmonic filters OL: Objective lens (N.A.=
0.65 ), CCD: charge-coupled device, SZP: Spiral zone plate.

The schematic illustration of the experimental setup to generate OAM harmonics beams is shown in
figure 4.25. The 85 fs, 19 MHz of central wavelength 2.123 pm is used to derive the SZP etched ZnO
surface. Laser pulses are focused on the rear side of ZnO crystals to an estimated intensity of ~ 0.29
TWem™? by 3 em focal length. The generated OAM harmonics beam of H5 (422 nm) is filtered with a
harmonic filter (HF) and imaged by using an objective lens of numerical aperture =0.65 which is coupled
with the PCO-CCD camera.

The intensity distribution of OAM harmonics beams generated by the binary single-mode spiral zone

plate (SMSZP) with the emission of H5 (422 nm) at different distances (60 pm, 80 pm, 100 pm, 200
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Figure 4.26: The intensity distribution of the orbital angular momentum (OAM) harmonic beam gener-
ated by the single-mode spiral zone plate (SMSZP) at various distances from the focus plane. (a) 60 pm,
(b) 80 pum, (c) 100 pm, (d) 200 pm.
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Figure 4.27: (a) The FIB engraved structures on the ZnO surface (i) Double-mode spiral zone plate
(DMSZP), (ii) Triple-mode spiral zone plate (TMSZP), (iii) Off-axis spiral zone plate (OASZP), (iv)
Single slit. (b) The intensity distributions of OAM harmonics beams generated from the etched surface
of ZnO at the focal plane (i) DMSZP, (ii) TMSZI%O

single slit.
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(i) OASZP, (iv) H5 diffraction pattern from the



pm) from the focus plane is shown in figure 4.26. The intensity distribution of the H5 diffraction pattern
disperse, and the size of the diffraction image increases with the translation of imaging setup away from
the focus plane of single-mode SZP (figure 4.26). We have observed the OAM of topological charge (I = 1)
to the H3 and H7 harmonics, but the annular shape of the OAM has aberrations and deformations. The
imperfections of the annular shapes of OAM imprinted into the H3 and H7 harmonics could be attributed

to the fabrication faults and aberrations in the driving pulses.

We have also etched different nano-objects on the ZnO such as double-mode spiral zone plate (DM-
SZP), triple-mode spiral zone plate (TMSZP), off-axis spiral zone plate (OASZP), and single slit as shown
in figure 4.27(a). The intensity distribution of OAM harmonics beams from these SZP’s near the focus
plane is imaged by using imaging setup as shown in figures 4.27(b) (i-iii) to validate the OAM of topologi-
cal charge | = 2 from DMSZP (see figure 4.27(b)(i)) and [ = 3 from TMSZP as shown in figure 4.27(b)(ii).
The intensity distribution near the focal plane of DMSZP and TMSZP is not super sharp and contrasted
one . The imperfections and distortion of diffraction imaging by H5 owe to be the illumination of limited
zones of SZP’s and fabrication faults. The other reasons for imperfect imaging of higher mode SZP are
the defaults of fabrication (etching width and depth, etc.), residual aberrations, and misalignment of the
driving pulses. The generated H5 harmonics has a limited size &~ 2.5 um, which only illuminates the
central regions of the SZP’s. To measure the complete image of the diffraction pattern of these SZP’s,
one can adopt the lens-less coherent diffraction imaging technique ptychography [259, 260, 277], as we

have adopted for the nano-patterns ( see section 4.3).

The intensity distribution of H5 for the binary OASZP at the focal plane is imaged as shown in
figure 4.27(b)(iii). The contrast of mode quality for the OASZP is much better than the mode quality of
DMSZP and TMSZP. This improved contrast of mode quality for the OASZP is attributed to more illu-
mination of density zones at the focal plane by the H5 beams than the zones illumination of DMSZP and
TMSZP. The first-order diffraction of binary and non-binary OASZP at the blazed grating shows more
diffraction of photons in the first-order for the non-binary OASZP [222]. The diffraction patterns gener-
ated by the OASZP have been employed to measure the topological charge [222] with the interferometric

measurements.

Finally, we have imaged the intensity distribution of H5 from 1 pm thick single slit and managed to
record the diffraction order up to the fourth-order as shown in figure 4.27(b)(iv). The diffraction of light
through silt has many applications, such as excitation of the surface plasmon-polaritons in graphene [278]
and imaging of surface plasmon polariton fields [279]. Due to the bugs in code and intensity distribution
issues in the recorded diffraction figures, the reconstruction of these patterns are underway with the
improvement in data and code. The present study suggests that further work needs to be done for
the reconstruction of SZP’s in terms of fluency, size and depth of etched crystals, and calibration of
imaging setup to materialize the ptychography for nano-patterns and nano-structures from self-emission

of harmonics.
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4.5 Conclusion

In this chapter, initially, we have generated below and above bandgap harmonics (high harmonics)
in semiconductors such as ZnO, Si and STO at 2.123 pm wavelength at an estimated intensity ~ 0.29
TWem~2. We have measured the spatial, spectral profile of harmonics in these crystal and demonstrated
the polarization dependence of harmonics. The polarization response of harmonics in Si and STO revealed
strong four-fold anisotropy. Interestingly, relative higher signal of H5 is observed in STO than H3 at the
circular polarization (ellipticity =41). We have observed front and back surface emission due to phase
matching of the H3 in ZnO, while back surface emission due to re-absorption of over bandgap harmonics
in Si and ZnO. In ZnO, the generation of the H3 is efficient from the crystal’s front and rear surfaces, and
a modulated spectrum is observed when focusing at the center of the crystal. We attribute this spectral
modulation to the group-velocity mismatch of surface and driven part of H3 pulses during propagation,
indicating the interference pattern of the temporal separated H3 pulses. The isotropic polarization
response of harmonics in ZnO, highlighted the atomic-like response due to the low driving intensity. This
could pave the way towards circular polarized harmonics for chirality measurements and to explore the

magnetic domains of ferromagnetic material.

Furthermore, we have explored the non-linear propagation effects of the driving pulses on the har-
monics in Si and ZnO. We have demonstrated the changes in the emitted harmonic spectrum to drive
laser focal position in the crystals. We observed that all the harmonic peaks are blueshifted as the fo-
cus position is translated into the crystals. Due to the dependence on the focal position and hence the
propagation length in the crystal, we attribute the observed blueshifts to non-linear propagation effects
of the driving laser. This is supported by calculations of the non-linear propagation of the driving field
in Si and ZnO, which exhibits a blueshift of the central frequency attributed to the photoionization of
valence band electrons. Even in samples that strongly absorb the HHG spectrum, we show that since the
emitted harmonics come from a small region at the end of the crystal, modulation of the driving pulse
before the point of generation can be used to control the HHG spectrum. For materials with bandgaps
higher than the harmonic photon energy, further spectrum control can be obtained from front and back
surface emission, as we have demonstrated with the third-harmonic in ZnO. This study reveals the fine
control of the harmonic emission spectrum through macroscopic non-linear effects in the bulk crystal
alone. This technique could be used for tailoring frequencies for ultrafast spectroscopic techniques or
spectral shaping for ultrashort pulse generation.

Furthermore, we have imaged the non-isolated nano-patterns etched on the Si crystal surface and SZP on
ZnO surface from the self-emission of harmonics by adopting the lensless imaging technique ptychography.
We have successfully reconstructed the modulus and phase of the nano-patterns from the self-emission
of harmonics by using the PyNX library. In addition, we have also implemented the simulation recon-
struction of various nanostructures and nano-patterns by ptychography. So far, ptychography has been
adopted to reconstruct the image either by X-ray or XUV probe beam generated through gas-based HHG.
For the first time to our knowledge, we have employed the concept of a single solid-state harmonics as

a probe and object to realize a robust and compact setup for the reconstruction of nano-structures and
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nano-patterns. Our results could pave the way towards a new horizon for diffractive imaging applica-
tions through solid-state ptychography and imaging of magnetic domains of ferromagnetic materials by
self-generated harmonics emission.

Finally, the spatial beam shaping of harmonics has been controlled by etching the SZP’s on the
surface of ZnO. The intensity distribution of vortex beams of H5 at 2.1 pum driving wavelength has been
imaged to show that harmonics photons are carrying an OAM of topological charges [ = 1,2 and 3. Our
investigation shows that the spatial beam shaping in terms of OAM can be materialized in solid-state
harmonics. We show that the shaping of the material surface can modulate the intensity distribution of

harmonics which can produce focused optical vortices up to nanometers scale.
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Chapter 5

Conclusions and Perspectives

5.1 Conclusions

In the framework of this thesis, we have generated low and high-order harmonics in the semiconductors,
thin films, and wide bandgap dielectrics of bandgap ranging from 1.11 eV to 10 eV under different driving
wavelengths. The generation process of harmonics has been explored with laser properties such as the
different driving wavelengths (800 nm, 2.123 pm and 3 pm), intensity, polarization, and ellipticity of
the driving fields. We have also measured the macroscopic propagation effects and found that they can

influence the spectral content of the high harmonics.

In chapter 3, SHG and THG are demonstrated in pristine MgO and Cr: MgO crystals with a NIR
driving field operating at 800 nm, 40 fs, operating at a 1 kHz repetition rate. On rotating the crystal
relative to the driving field polarization, an anisotropic and chaotic behavior of SHG efficiency has been
observed. The SHG signal was isotropic and symmetrical, attributed to the complex interplay between
surface and non-linear effects for SHG in MgO. The isotropic emission of SHG is attributed to the minimal
angular dependence of the Cr valence band, which we identify as the most probable initial energy state of
the multi-photon NIR absorption process through our DFT calculations. A four-fold anisotropic response
of THG is observed in pure MgO and low doped Cr: MgO. We showed that THG in MgO displays a
non-perturbative response which is supported by the intensity dependence and driving field ellipticity
studies. Furthermore, we showed that with the introduction of new energy levels through doping, this
non-perturbative behavior of THG reverts to the more common perturbative behavior. We attributed
this to the blocking the non-perturbative pathways and the increase in linear absorption caused by the
dopant energy levels. This work has shown that the electronic structure can be shaped to tailor the
non-linear optical response in terms of efficiency and angular dependence by introducing dopants into
simple crystals. Furthermore, we have generated H3 and H5 in MgO and Cr: MgO crystals at 3 pm MIR
driving wavelength. The non-linear response of crystals is mapped through the orientation measurements

of harmonics, which showed the similar pattern of H3 and H5 as observed at 800 nm.

We have investigated the non-linear propagation effects of the ultrafast intense NIR driving field in

wide bandgap amorphous and crystalline solids. We have explored spectral, polarization and ellipticity
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dependence of SHG and THG in these amorphous and crystalline solids. Compared with the transmission
geometry, the low-order harmonics have been generated in reflection geometry to avoid the non-linear
propagation effects in FS, SiOs, and Sapphire crystals. We attributed that the strong photoionization,
free-carrier density, and self-phase modulation induce the spectral shifts and broadening of the driving field
spectrum. This work shows the sensitivity to control the spectral profile of harmonics by manipulating the
driving field, highlighting the possibility of new tailor solid-state harmonics sources for optical diagnostics.

Furthermore, the process of low-order harmonics in single versus polycrystal Gallium Oxide (GagO3)
at 800 nm and 3 pm driving wavelength have been explored. The crystal symmetry has been mapped
through the orientation dependence of harmonics. A strong signal of SH and TH have been observed
at the elliptical and circular polarization of the driving laser pulses (at 800 nm) in (010) polycrystal
GagO3. The observation of harmonics at the elliptical or circular polarization in (010) polycrystal GagOs
is fascinating. It offers the possibility of the generation of elliptical or circular light sources, which can

apply to measure a molecule’s chirality or magnetic domains of magnetic materials.

Finally, SHG and THG in thin films have been explored at 800 nm driving wavelength. We have
disentangled the harmonics, particularly THG, from the thin films and substrate in reflection. The THG
has more isotropic contributions in Sapphire substrate, while in the thin films response of THG is highly
anisotropic. This is attributed to the different symmetry responses of thin films. Harmonic generation
from thin films could open a new horizon and offered a route to beat the non-linear propagation effects
and absorption limit of above bandgap harmonics due to the controlled growing thickness. However,
the free-standing thin films of nanometers, like AIN and AlGaN, are impossible to use practically, and
disentangling them from the bulk contribution is essential. This study highlights the potential to generate
higher-order harmonics from thin films deposited on the substrate and possibly new DUV secondary
sources.

In chapter 4, Below and above bandgap harmonics in silicon (Si), zinc oxide (ZnO), and STO crystals
have been explored at 2.123 um driving wavelength. We have studied macroscopic effects (non-linear
propagation effects) on low and high harmonics by comparing two materials with distinct optical prop-
erties, silicon (Si) and zinc oxide (ZnO). By scanning the focal position of 85 fs, 2.123 pm wavelength
pulses inside the crystals (Z-scan), we reveal spectral shifts in the generated harmonics. We interpret the
overall blueshift of the emitted harmonic spectrum as an imprint of the driving field spectral modulation
occurring during the propagation inside the crystal. This is supported with numerical simulations. This
study demonstrates that through manipulation of the fundamental driving field through non-linear prop-
agation effects, precise control of the emitted harmonics spectrum in solids can be realized. This method
could offer a robust way to tailor HHG spectra for a range of spectroscopic applications.

In the second of chapter 4, we have imaged the isolated nano-patterns etched on the Si crystal
surface from the self-emission of harmonics by adopting lensless imaging technique ptychography. We
have successfully reconstructed the modulus and phase of the nano-patterns from the self-emission of
harmonics by using the PyNX library. We have also implemented the simulation reconstruction of
various nano-structures and nano-patterns by ptychography. This study could pave the way to open a

new horizon to use solid-state harmonics for plasmonic applications and imaging of magnetic domains
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from the self-emission of harmonics in magnetic materials. Finally, the spatial beam shaping of harmonics
have been controlled by etching the SZP’s on the surface of ZnO. Our investigation shows that the spatial
beam shaping in terms of OAM can be materialized in solid-state harmonics. We show that the shaping
of the material surface can modulate the intensity distribution of harmonics which can produce focused
optical vortices.

In addition, I have also participated in other experiments during my Ph.D particularly in the aligning,
executing experiments and helping other graduate students to get the experimental data. In the first
experiment, we have presented a systematic study of the dependence of the aberrations of the high
harmonics (HHS) on the aberrations of the driving infrared (IR) laser. We showed that we could control
the astigmatism of the HHS by changing the astigmatism of the driving IR laser while keeping the high
harmonic (HH) photon number controlled. We show that we can control the astigmatism of the HHS
by changing the astigmatism of the driving IR laser without compromising the HH generation efficiency
with a WF quality from A/8 to A/13.3. This allows us to shape the XUV beam without changing any
XUV optical element. [129].

In the second experiment, we have studied Lithium Fluoride (LiF) crystals, traditionally used for
X-ray, as a detector for a tabletop XUV source from HHG in gases. We have successfully recorded a scan
of the focal plane of a Fresnel Zone Plate with a high dynamic range. With this study, we showed that
lithium fluoride (LiF) could be used as a detector for HHG XUV, with a high potential to do near field
imaging of complex objects such as the focus of structured light [130].

Finally, we have presented the the results of experiments about the femtosecond time-resolved imaging
system based on the transmission of extreme ultra-violet (XUV) light from high harmonic generation in
Xenon (Xe). We used the much brighter gas-phase harmonics to achieve single-shot pump-probe data of
a solid as it transforms to a plasma. This route could offer a unique insight into understanding the time-
dependent dynamics of the solid-state HHG process itself, as a probe beam can measure the electronic

transitions occurring during the ultrafast time.

5.2 Achievements

The main achievements of this thesis are presented hereunder;

e Surface-second-harmonic generation (SSHG) observed in MgO and Cr: MgO at 800 nm driving
wavelength. The impact of doping concentration on the yield and orientation dependence of SHG has
been demonstrated. The process of SSHG has been aided with the DFT calculation at VOXEL labora-
tory, IST, Lisbon [26].

e Demonstration of perturbative and non-perturbative THG in MgO and Cr: MgO at 800 nm driving
wavelength highlights the inferring of the information through THG that have shown high-order harmon-
ics. This has been achieved at VOXEL laboratory, IST, Lisbon (Ready to submit in Optics Express).

137



e We have successfully demonstrated the process of SHG and THG in amorphous and crystalline
solids such as FS, SiO5, and Sa at 800 nm driving wavelength. In addition, polarization and ellipticity
response of harmonics have been successfully demonstrated at VOXEL laboratory, IST. The non-linear
propagation effects of the intense femtosecond pulses on low-order harmonics in the amorphous and
crystalline solids have been successfully demonstrated at the VOXEL laboratory IST [96].

e An efficient signal of SHG (400 nm) and THG (265 nm) has been generated in single and polycrystal
Gag 03 at the elliptical and circular polarization of the NIR pules at VOXEL laboratory, IST. Such
elliptical and circular polarized ultraviolet pulses can be employed to study the chirality and probing
magnetic materials. In addition, harmonics up to the ninth order of 3 pum driving wavelength have
been generated in (100) and (010) oriented polycrystal GasO3. We have observed anisotropic orientation
dependence of harmonics which showed a complex interdependence of the crystal cut and orientation
relative to the laser driving polarization (manuscript in preparation).

e We have successfully disentangled the response of SHG and THG from thin films and bulk at 800
nm driving wavelength in VOXEL laboratory, IST (manuscript in preparation).

e Below and above bandgap harmonics in Si, ZnO and STO have been generated at the laboratoire
d’Optique Appliquee (LOA), with the collaboration of CEA-Saclay, Paris, France. The macroscopic
control of spectral profile of high-order harmonics in semiconductors is successfully demonstrated by the
non-linear propagation effects of the driving laser pulses (2.123 pm) [81].

e The reconstruction of the images of nano-structures etched on semiconductors by ptychography
using solid-state harmonics has been implemented at Laboratoire d’Optique Appliquee (LOA), with the
collaboration of CEA-Saclay, Paris, France.

e We have successfully generated the orbital angular momentum harmonics beams of different topo-
logical charges in semiconductor and imaged the voxtex beams in near and far-filed.

e | have also participated in other experiments to control the wave-fronts of XUV pulses generated
in gases [129] and high spatial resolution imaging through lithium fluoride detectors for a tabletop XUV
source [130].

e Finally, we have successfully imaged the solid to plasma transition in titanium (Ti) foil through

femtosecond pulses of soft x-rays created through HHG in gases at VOXEL laboratory, IST, Lisbon.

5.3 Perspectives

In this section of the thesis, the results achieved during this work in terms of possible applications are

presented.

e Realization of a compact and table-top XUV ultrafast light source based on the solid-state HHG at
the VOXEL and L2I, IPFN, IST.

e Implementation of the solid-state HHG spectroscopy for all-optical probing of the electronic band

structure of solids. This solid-state HHG spectroscopy can be implemented in the L2I laboratory, IST,
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owing to the presence of MIR (3 pm laser wavelength).

e The solid-state HHG based ptychography can be used for the plasmonic applications and imaging
of magnetic domains from the self-emission of harmonics in magnetic materials.

e The measurements of charge transport and kinetics of recombination in metal oxide semiconductors
(MOS) can be foreseen by using the XUV pulses generated through the solid-state HHG process by a
time-resolved transient XUV spectroscopy. This time-resolved transient XUV spectroscopy can be im-

plemented at VOXEL and L2I laboratories to study the charge transport in MOS.

e Measurements of the ultrafast charge carrier dynamics in two-dimension (2D) photocatalytic ma-
terials with the deep UV ultrashort pulses generated by high harmonics in solids (MgO, fused silica) in
conjunction with the pump-probe photoemission spectroscopy. The understanding of the charge carrier
dynamics at the surface of photocatalytic materials can lead to efficient photocatalytic materials by tun-
ing 2D material. This will be implemented during my postdoctoral at the Vaida Lab., Department of
Physics, University of Central Florida, Orlando, USA.

5.3.1 Imaging of ultrafast transition from solids to plasma

One of the most challenging states of matter in the intermediate realm between solid and plasma
is referred to as warm dense matter (WDM), where quantum, Coulomb, and plasma considerations are
necessary to consider [280]. Critical physical properties, such as dielectric function, electrical conductivity,
and equation of state, can be fully described by the configuration of two systems: the electrons and ions yet
untangling the role of each are impossible in equilibrium [281, 282]. Femtosecond lasers have facilitated
large amounts of energy to be deposited in the electron system of solids, leaving the heavier ions to
respond one thousand times slower [283, 284]. This heating method opens a unique temporal window
through the ultrafast electron dynamics, electron-ion coupling, and eventual equilibrium conditions in
extreme conditions can be viewed, independently [285, 286].

A laboratory platform has been used to create and measure ultrafast high energy density states using
femtosecond laser pulses and imaged the XUV optical properties and electronic structure changes using
ultrafast HHG spectroscopy in VOXEL laboratory, IST, Lisbon. Femtosecond pulses of soft x-rays created
through HHG in gases have been used to probe in space and time to study these exotic states. The laser-
induced solid-to-plasma transition presents a dynamic transformation from the well-described solid state
to the strongly coupled plasma state. The transition involves a range of comparable parameters, such
as Coulomb, quantum, and structural effects, that must be accounted for in models. This constitutes
a grand challenge to describe accurately within current theoretical frameworks, making experimental
measurements essential. Exploring the effects of electronic excitation and structural changes can elucidate
the impact of these two systems, providing practical constraints to models. The degree to which these
plasmas absorb light of a specific frequency, the opacity, can be used to explore the electronic and

structural changes and directly compared to models. These laser-induced changes can only be resolved
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with femtosecond time resolution diagnostics, as the equilibration of the electronic and ion systems is on
the scale of picoseconds.

Here, we have presented a femtosecond time-resolved imaging system based on the transmission of
XUV light from HHG in Xenon (Xe). We image in transmission a femtosecond laser-heated titanium foil
with extreme ultraviolet light to measure the changing optical properties as a function of time. We use a
grazing incidence focusing and imaging system that images in transmission a laser-heated titanium foil of
100 nm in a single shot. We find a drop in transmission that occurs on a picosecond timescale, indicating
structural effects rather than electronic. We attribute the decrease in transmission to increased optical

absorption through increased inter-band pathways as the ion structure disintegrates.

Experimental setup to generate and image the HED states

A schematic illustration of the experimental setup to create an image of HED states is shown in figure
5.1(a). We use a femtosecond laser system producing near-infra-red (NIR) pulses at a wavelength of
800 nm and a duration of 50 fs at full width half maximum (FWHM). The initial pulse is split using a
polarising beam splitter. The pump pulse used as an optical heater is 1 mJ in energy and focused on
a titanium foil of 100 nm thickness with a 5 nm carbon passivization layer on the front and back. The
other portion of the split pulse is focused into a gas cell filled with Xenon at a pressure of 3.5 mBar to
create an XUV spectrum of discrete photon energies to probe the laser-heated titanium in transmission.
An aluminum filter of 100 nm thickness was placed before the chamber entrance and directly in front
of the CCD to filter the NIR light from the probe arm and block optical light from the CCD. We use
two Kirkpatrick-Baez (KB) configuration optics to focus the XUV pulse onto the target (KB1 in figure
5.1(a)) and to image the transmitted XUV light at the back of the target (KB2 in figure 5.1(a)). Each
Kirkpatrick-Baez optic consists of two silicon dioxide mirrors of a 3-inch diameter positioned at an angle
of 10°. Each mirror is positioned at an angle of 45° relative to the plane of the laboratory floor, and
each mirror in the KB optic is positioned at 90°. In this way, the beam exiting the KB pair does not
continue to elevate as it propagates. In other words, it propagates in parallel to the laboratory floor,
making further angle correcting mirrors unnecessary and increasing the overall beam-line transmission.
The picture of the vacuum chamber with the illustration of NIR, XUV beams, and KB,s and focusing
lens is shown in figure 5.1(d).

The spectrum of the HHG pulse was measured at the exit of the KB2 optic using a slit and grating
combination. The extracted HHG spectrum is shown in figure 5.1(b). The entire spectrum was used
to form the image of the HHG light transmitted through the target. The photon number was sufficient
to record an image of the target in a single shot. The temporal overlap of the pump and the probe
was confirmed through Spatio-temporal overlap on a second-harmonic crystal such as BBO on the target
plane as shown in figure 5.1(c). This was achieved by removing the aluminum filter in the probe arm
and allowing the NIR light to propagate in the probe arm onto the target surface while simultaneously
allowing the attenuated pump pulse to propagate onto the BBO crystal. The two brighter spots of blue
light correspond to the second-harmonic of the pump and probe arm while the central blue spot, which

is generated through the temporal and spatial overlap of pump and probe NIR arm in BBO (see, figure
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Figure 5.1: (a) Schematic illustration of an experiment to generate and image HED states in Ti. (b)
Probe XUV spectrum generated in Xenon gas. (c¢) Spatial and temporal overlap of pump and probe arms
at Ti with the BBO. (d) Picture the chamber where HED states are created by heating the Ti target
with NIR and imaged with the XUV pulses. XUV: extreme ultraviolet, NIR: near-infrared, L1: lens, TS:
translation stage, KB: Kirkpatrick-Baez.

5.1(c).

Time resolved data in the solid to plasma transition

We show a typical XUV transmission image of the cold solid target (without the pump pulse) in
figure 5.2(a). The image is slightly skewed and astigmatic due to the use of spherical mirrors at grazing
angles. The horizontal magnification is ~1.6, and the vertical magnification is ~1.9. The photographs
of plasma and plasma emission are shown in figure 5.2(b)—1200 fs delay XUV beam than with the NIR
pump pulse. The dark lines are the target supports, and each target is 360 um x 360 pm. The targets
are square, and astigmatism comes from the use of the grazing incidence spherical mirrors. The dark area
labeled “plasma”in (figure 5.2(b)) is approximately the area of the NIR heating pulse and is dark due
to increased absorption relative to the surrounding areas. The area labelled “plasma emission”in (figure
5.2(b)) is due to the radiative emission from the hot plasma. The dashed line over the plasma region in
(figure 5.2(b)) is where the profile of the plasma is taken, and the relative transmission measurement is
taken.

The zoom-out transmission image of cold Ti and laser-heated Ti (transition from solid to plasma)
with XUV is shown in figures 5.2(c) and 5.2(d). We have measured the transmission of the cold solid
titanium target by comparing the transmitted intensity with and without the target in place. The average
transmission is taken over multiple individual target areas and shots using the entire high-order harmonic
spectrum for each image. We compare our values of absolute transmission of our 100 nm titanium foil

coated with 5 nm of carbon on both sides. The time-resolved relative transmission (the relative change
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Figure 5.2: (a) Transmission images are taken from the backside of the target (Ti) for XUV only. (b)
XUV with the NIR pump pulse 1200 fs before the probe. The dark lines are the target supports, and
each target is 360 pm x 360 pm. The targets are square, and astigmatism comes from the use of the
grazing incidence spherical mirrors. The dark area labeled “plasma”in (b) is approximately the area of
the NIR heating pulse and is dark due to increased absorption relative to the surrounding areas. The
area labeled “plasma emission”in (b) is due to the radiative emission from the hot plasma. The dashed
line over the plasma region in (b) is where the plasma profile is taken, and the relative transmission
measurement is taken. (c) Typical transmission image of cold Ti with XUV.(d) Typical image of solid to
plasma transition in Ti with XUV.
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Figure 5.3: Relative transmission of XUV in laser-heated 100 nm Ti, (a) For 2 ps. (b) For 15 ps.
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from the cold solid signal) as a function of time from the arrival of the pump pulse is shown in figure
5.3. We have designed a way to take photographs of a plasma with an XUV source on a femtosecond
time scale as shown in figure 5.3. The ultrafast changes appear electronic, suggesting ionization occurring
within the first 100 fs of the IR heating pulse.

The laser-induced changes from solid to plasma can only be resolved with femtosecond time resolution
diagnostics, as the equilibration of the electronic and ion systems is on the scale of picoseconds. We present
femtosecond time-resolved images of transmitted extreme ultra-violet (XUV) light from high harmonic
generation. We use a grazing incidence focusing and imaging system that images in transmission a laser-
heated titanium foil of 100 nm in a single shot. We present the experimental setup and preliminary results
of this ultrafast transition. Femtosecond time-resolved imaging of solid density titanium at 10 eV in a
single shot showed a strong absorption of XUV pulses (hw = 20 - 30 eV). The ultrafast changes appear
electronic, suggesting ionization occurring within the first 100 fs of the IR heating pulse. This timescale
seems long for electrons but short for ions, electron thermalization, or ultrafast melting. Future studies
require which can improve the temporal resolution and reveal the delay (if any) between IR heating and
probing of ionization of the bound electron states in solids through XUV source generated through gases.
The solid-state HHG offered an alternate route for XUV pulses to probe HED states and image the

ultrafast transitions from solid to plasma.
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Abstract

The study of the non-linear response of matter to high electric fields has recently encompassed harmonic generation in sol-
ids at near-infrared (NIR) driving wavelengths. Interest has been driven by the prospect of ultrafast signal processing and
all-optical mapping of electron wave-functions in solids. Engineering solid-state band structures to control the non-linear
process has already been highlighted theoretically. Here, we show experimentally for the first time that second harmonic
generation (SHG) can be enhanced by doping crystals of magnesium oxide (MgO) with chromium (Cr) atoms. We show that
the degree of enhancement depends non-linearly on dopant concentration. The SHG efficiency is shown to increase when Cr
dopants are introduced into pure MgO. A physical picture of the effect of Cr dopants is aided by density functional theory
(DFT) calculations of the electronic structure for pure and doped samples. This work shows an unambiguous enhancement
of the SHG efficiency by modifying the electronic structure. The observed effects are consistent with an electronic structure
that facilitates surface induced SHG and demonstrates a minimal angular dependence. This work highlights the potential of

manipulating the electronic structure of solids to control, or test theories of, their non-linear optical response.

1 Introduction

Second harmonic generation (SHG) is the first perturbative
non-linear response of solids at high driving fields. Effi-
cient SHG is not possible in centrosymmetric solids due
to symmetry conditions which forbid phase-matching. Near
surfaces and interfaces, this symmetry is broken, and the
phenomenon of SHG can occur. This process is termed as
surface second-harmonic generation (SSHG). In centro-
symmetric crystals such as MgO used in this study, phase
matching conditions are not met, and the observed SHG
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produced is due to SSHG. For example, perturbative and
non-perturbative high harmonics have been generated from
the surface states of solids which shows the suppression
of higher harmonics in bulk material due to lack of phase
matching [1]. For an in-depth theoretical and experimental
treatment of SHG, we refer the reader to the following works
[2-7]. Practical uses of SSHG are widespread, including
SHG spectroscopy for imaging to investigate the bio-molec-
ular interactions at interfaces [8], optical imaging [9, 10],
characterization of the interface of semiconductors [11], and
near-field and far-field optical microscopy of microelectron-
ics structures [12].

Here, we introduce Chromium (Cr) into pure MgO to
experimentally investigate the role of doping in the SHG
process. Cr is a transition metal, with higher energy occu-
pied electron orbitals than MgO. Doping MgO with Cr will
have the effect of adding electrons at normally unoccupied
energy levels in the MgO energy states. Chromium atoms
have been shown to replace Mg sites during the doping
process [13, 14] and simulations showed the homogeneous
distribution of Cr at the oxide lattice at low doping concen-
tration [14]. The Cr dopants introduce electronic states in
the MgO bandgap, which give rise to new optical transitions
[15]. MgO doped with Cr, Cr: MgO, shows practical promise
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in a number of areas. It has been shown to generate less local
stress compared to other transition metals when introduced
into MgO, making it a good candidate for doping [16]. Cr-
doped MgO possesses long-range order and a number of
active optical sites, which make it a good candidate for the
optical measurements. The manipulation of the optical prop-
erties of MgO by introducing Cr dopants has been attributed
to the new optical transitions made available from the Cr to
the MgO orbitals [13]. The impact of doping concentration
and crystal orientation on SHG is both a relevant scientific
and practical question. By introducing dopants, we can alter
the electronic structure and change the non-linear optical
properties of the crystal. This could be used to tailor certain
materials for strong field optoelectronics applications, for
example a new degree of control in solid-state high harmon-
ics [17].

In this work, we have generated the second harmonic in
pure MgO and in Cr: MgO crystals. The impact of crystal
orientation and doping concentration on the yield of SHG
signal has been investigated. Experimental results have been
explained by calculating the electronic structure using den-
sity functional theory (DFT) of pure MgO and Cr-doped
MgO crystals.

In Sect. 2 we describe the experimental approach. The
dependence of dopant concentration and crystal orientation
on SHG are discussed in Sects. 3.1 and 3.2, respectively.
We present DFT calculations of the electronic structure of
the crystals and discuss our findings in Sect. 3.3. Finally, we
give concluding remarks in Sect. 4.

2 Experimental setup

We used near-infrared (NIR) laser pulses of 40 fs at 800 nm
operating at a repetition rate of 1 kHz, focused on the solid
crystals to generate the second harmonic (SH). The sche-
matic of the experimental setup is shown in Fig. la. The
pulse duration of the driving field was measured by an auto-
correlator, as shown in Fig. 1b, and the spectral profile of
fundamental field measured by a UV-VIS spectrometer,
as shown in Fig. Ic. Femtosecond laser pulses of ~20 uJ
energy were focused on the 200 pum thick pure MgO and
Cr-doped MgO bulk crystals to~ 100 um diameter by a
convex lens of 750 mm focal length. The peak intensity
of ~1.0x10"3 W c¢m~2 is below the damage threshold of
MgO. The incident beam was kept normal to the surface
plane of the crystal. The crystal was mounted on a three-
dimension translation stage as well as on a motorized rota-
tional stage to keep the focal spot fixed at a point in the
crystal during the rotation of the target.

The MgO crystals are cubic with 001-cut and (100) edge
orientation. The pure MgO crystals were fabricated by a
three-phase electric arc furnace as a single bulk crystal. The
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Cr powder is introduced directly into the MgO during the
growth process and hence is uniformly distributed through-
out the MgO. The fundamental and second harmonic pulses
are separated using the chromatic dispersion of the side edge
of a convex lens of a 100 mm focal length. The fundamental
pulses are blocked by an iris and a short pass filter. The SH
pulses are further focused by a 50-mm focal length into the
optical fiber, which is connected to a UV-VIS spectrometer.
The laser polarisation has been kept fixed while the target
rotated about its axis to observe the orientation dependence
of SHG in the pure and doped Cr: MgO crystals. The SHG
spectrum is measured by a UV-VIS spectrometer. The SHG
is first optimized by tuning the laser focus to maximize the
SHG yield in pure MgO. These focusing parameters are then
kept fixed for all the doped samples.

3 Results and discussion
3.1 Doping impact on the yield of SHG

In this section, we investigate the impact of Cr dopant con-
centration in pure MgO on the SHG efficiency. To validate
the wavelength of the SH we present the spectral measure-
ments of the SH at a fixed polarisation of the driving laser
pulse, as shown in Fig. 2a. The spectral shape is identical
for all dopant concentration, yet the intensity varies signifi-
cantly. This is consistent with the different overall intensities
presented in Fig. 3. About a twofold higher intensity of SHG
is observed for a doping concentration of 740 parts per mil-
lion (ppm) compared to the pure MgO crystal. Interestingly,
as the concentration of Cr is increased further, the SHG
intensity monotonically decreases, as shown in Fig. 2b. To
observe the global dependence of Cr concentration we pre-
sent total SHG yield accumulated over all angles for several
dopant concentrations. The impact of doping on the yield
of SHG is shown in Fig. 2b. The yield is measured as the
average over one complete rotation of the crystal. This shows
that at the lowest concentration of doping, which is 740 ppm
here, the yield is highest. The yield of SHG decreases as the
dopant concentration increases further.

To understand the dependence of efficiency on the Cr
doping concentration, we now discuss the effect of Cr doping
on the electronic, structural and optical properties of MgO,
with reference to previous studies. At low dopant concen-
trations, most of the chromium ions take the position of the
Mg ions [18]. Higher dopant concentrations of Cr have been
shown to introduce different crystal phases, which may affect
the SHG process [15]. Furthermore, it has been reported that
by increasing the concentration of Cr doping, the number of
atom-sized holes at the surface increases, which could also
affect the efficiency of SHG [13]. The atom-sized hole may
increase the symmetry breaking and thus enhance the SHG.
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Fig. 1 a Schematic of second harmonic generation in MgO. The driving laser parameters: 40 fs, central wavelength 800 nm operating at 1 kHz.
b The pulse duration of driving pulses measured from autocorrelator. ¢ Spectrum of the driving pulses

At increasing levels of dopant concentration, structural
changes occur, yet the influence of these new crystal phases
on the optical properties is expected to be small. SSHG may
not be strongly affected by the overall crystal structure, yet
small imperfections at the crystal surface may play a role.

Doping common oxide crystals to alter their optical
properties is a widely known and well-developed industrial
technique [19, 20]. Here, we look at other works that have
independently measured the effect of Cr doping in MgO on
the optical properties. We are primarily concerned with our
wavelengths of interest (800 nm and 400 nm). Cr: MgO has
shown that transmission of optical light decreases overall
with increasing doping concentration [21], relevant for both
our wavelengths of interest.

The optical properties are a direct consequence of the
electronic structure of the material. To clarify how the elec-
tronic structure changes in MgO when Cr atoms are intro-
duced, we have conducted DFT simulations of pure and

Cr-doped MgO. The results of these calculations, along with
a discussion of how they explain the experimental results are
presented in Sect. 3.3.

3.2 Orientation dependence of SHG

At a fixed polarisation of driving laser pulses, the crystals
were rotated to observe the crystal orientation dependence
of SHG with respect to the electric field. An anisotropic
and chaotic dependence of SHG on the crystal orientation is
observed in pure MgO as shown in Fig. 3. This polar graph
has the linear axis in arbitrary units. The behaviour shown
here underlines the complex dynamics of SHG in pure MgO
and is attributed to the sensitivity of surface structural effects
[22-24]. The exact shape of the orientation dependence of
SHG may vary depending on crystal surface features or
quality, as SH is generated due to the roughness of crystal
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Fig.2 a SHG spectrum at a given angle, 6, of rotation of pure MgO
and MgO with different dopant concentrations of Cr. Pure MgO crys-
tals (red), 740 ppm of Cr dopant in MgO crystal (blue), 1300 ppm of

—&— MgO (pure) 90
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Fig.3 Orientation dependence of SHG in undoped and Cr-doped
MgO crystal at fixed driving laser polarisation and rotation of crystal
about its centre. Pure MgO crystal (red), 740 ppm of dopant (blue),
1300 ppm of dopant (green) and 9500 ppm of dopant (yellow)

surface. Conversely, isotropic emission is observed for all
crystals containing Cr dopant, as shown in Fig. 3.
Furthermore, the Cr-doped MgO samples show a higher
SH efficiency for all dopant concentrations. The angular ani-
sotropy of the second harmonic emission relative to the crys-
tal orientation present in pure MgO is lost when dopants are
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introduced. We have found that the exact angular depend-
ence pattern of pure MgO to be sample dependent. Moreo-
ver, SHG was not observed from MgO samples with two
polished surfaces, which shows that the disordered surface
morphology is the source of SHG in this study. However,
the overall efficiency of SHG is dependent on the doping
concentration. This has been discussed in Sect. 3.1.

3.3 Electronic structure calculations from density
functional theory

The SHG process has an inherent dependence on the
allowed energy states and their corresponding occupa-
tion in the crystal. To better understand the role of the
Cr doping, we have performed density functional theory
(DFT) calculations of the pure and doped crystals (shown
in Fig. 4a, b, respectively). The DFT calculations were
performed using the VASP package [25-27]. Projected
augmented wave (PAW) pseudo-potentials [28] and
the generalised gradient approximation (GGA) for the
exchange—correlation functional were used in combina-
tion with 300 bands and a 12 X 12 x 12 automatically
generated k-point mesh. The recently measured valence
band structure of MgO agrees with our DFT calculations
[29]. The single difference in the calculations of the pure
MgO and doped Cr: MgO cases here was the inclusion of
a Cr atom at the central site normally occupied by Mg. The
cell size was 64 atoms in total, therefore, introducing a Cr
atom at the centre of this cell would correspond to a~1.6%
dopant concentration. This is higher than our maximum
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Fig.4 The band dispersion plots using DFT, calculated in the I'-X
direction for a pure, and b chromium-doped, MgO. The lattice con-
stant of MgO is 4.2 A, however the supercell lattice constant of
a=8.4 A used in the calcuations results in the bands being folded four

dopant concentration of ~ 1% in the experiment. However,
the increase in cell size necessary for calculations with
lower dopant concentrations becomes computationally
prohibitive. Nonetheless, the physical effect of the dopant
on the electronic structure remains qualitatively valid. A
further increase in dopant concentration would increase
the occupation of higher energy states and ultimately con-
verge to the electronic structure of metallic Cr.

We present calculations of the band dispersion in the
I'-X direction of pure and Cr-doped MgO in Fig. 4a and b,
respectively. In pure MgO (Fig. 4a), we note an optical band
gap of bulk MgO of around 4.7 eV. This lies in clear contrast
to the accepted band-gap of around 7.8 eV [30]. The discrep-
ancy between the accepted band-gap and the value reported
here is due to the choice of xc functional used. Here we use
the GGA to the xc functional, which is known to underes-
timate the band-gap. In fact, calculations similar to those
presented here have yielded similar bulk band-gaps from
4.6 to 5 eV for bulk MgO [30, 31]. It should be noted that
surface band gaps of MgO have been shown elsewhere to be
in the 5-eV range. Coincidentally, the bulk DFT band-gaps
reported here are closer to the measured surface MgO band-
gaps, where the SHG process reported here largely occurs.
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times in the figure. The red arrows indicate the driving laser photon
energy, and the blue arrows show the photon energy of the second
harmonic. The occupation of the various bands is indicated in the
respective legends

It has been shown elsewhere that band-gaps of MgO can
be well reproduced with other, more computationally expen-
sive methods [30]. Calculations of the band-structure of
MgO have been shown to match experimental values when
more complex approaches (using hybrid Hartree—Fock meth-
ods) to the xc functional have been employed [31]. However,
these approaches have the downside of often been compu-
tationally more intensive. Since our cell size is already at
the limit of our computational resources, we restrict our
calculations to the more efficient, but less accurate GGA
approach. Despite the expected underestimation of the opti-
cal band-gap in bulk MgO reported here, we maintain that
this difference does not affect our conclusions: the reduced
the band-gap by introducing Cr dopants increases the photon
absorption process, thereby increasing the SHG efficiency.

In Fig. 5 the highest occupied energy level (Fermi
energy) is indicated by the vertical dash—dot line around
3 eV in Fig. 5a. There are no available energy levels for
blue (SHG) photon transitions to occur around the Fermi
energy for pure MgO. Therefore, a multi-photon absorp-
tion process must occur to drive electrons to the higher
energy states (red arrows in Fig. 5a). Conversely, the
Cr: MgO has higher lying occupied (defect) states, due
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Fig.5 The density of states of states of MgO (a) and Cr: MgO (b)
calculated with DFT. The red arrows indicate the energy of a photon
of the fundamental IR driving laser field. The blue arrows indicate
the energy of a second harmonic photon

to the Cr doping (sharp peak around 8 eV). This higher
lying occupied (defect) state allows for direct driving and
recombination of electrons, without the need for prior
multi-photon absorption processes to occur. This increase
efficiency by allowing a more probable two-photon pro-
cess to excite the electrons, as shown in Fig. 2. The
dependence of SHG efficiency on the direction of the
driving field is minimal, as the highest occupied state
(dashed line in Fig. 5b is a narrow, atomic-like line that
varies little in energy with respect to crystal orientation
(as shown in Fig. 3). This lack of angular dependence on
the initial and final state in the electronic structure trans-
lates to a lack of observed angular dependence with Cr:
MgO, as shown in Fig. 3.

Hence, by manipulating the electronic structure, we
can tailor the efficiency and polarisation dependence of
non-linear processes in crystals. The efficiency, however,
can be limited by the changing optical properties, as the
dopant concentration is increased. This shows a delicate
balance of the element and concentration of the dopant is
essential for improving solid-state SHG in terms of yield.

@ Springer

4 Conclusion

We have generated the second harmonic in pure and Cr-doped
MgO with a NIR driving field. On rotating the crystal relative
to the driving field polarisation, an anisotropic and chaotic
behaviour of SHG efficiency in pure MgO is observed. This is
attributed to the complex interplay between surface and non-
linear effects for SHG in MgO. Conversely, the SHG signal
was isotropic and symmetrical in Cr-doped MgO crystals.
This isotropic emission of SHG is attributed to the minimal
angular dependence of the Cr valence band, which we identify
as the most probable initial energy state of the multi-photon
IR absorption process through DFT calculations. The effect
of doping concentration on the yield of SHG signal has been
investigated, showing that the lowest (740 ppm) concentration
of Cr gives a twofold increase in SHG efficiency relative to
pure MgO. At higher doping concentrations the SHG yield is
reduced. This reduction in SHG yield at higher dopant concen-
trations is attributed to the changing linear optical properties of
doped MgO. In particular, increased re-absorption of the SH
increases with Cr dopant concentration and, therefore, limits
the overall achievable SHG efficiency.

This work has shown that, by introducing dopants into sim-
ple crystals, the electronic structure can be shaped to tailor the
non-linear optical response in terms of efficiency and angular
dependence. We show that Cr can increase the SHG efficiency
and mitigate angular polarisation dependence when introduced
to MgO, and that efficiency favors dopant concentration on the
order of 740 ppm. This study paves the way for the merging
of bandgap engineering and solid-state harmonic generation
to tailor frequency up-conversion processes. Perhaps of equal
importance is the prospect of experimentally testing theories
of the solid-state high harmonic generation (HHG) mechanism
with tailored electronic structures, with a final view towards all
optical mapping of the band structure of solids.
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ABSTRACT

High harmonic generation (HHG) in crystals has revealed a wealth of perspectives such as all-optical mapping of the electronic band struc-
ture, ultrafast quantum information, and the creation of all-solid-state attosecond sources. Significant efforts have been made to understand
the microscopic aspects of HHG in crystals, whereas the macroscopic effects, such as non-linear propagation of the driving pulse and its
impact on the HHG process, are often overlooked. In this work, we study macroscopic effects by comparing two materials with distinct opti-
cal properties, silicon (Si) and zinc oxide (ZnO). By scanning the focal position of 85 fs duration and 2.123 um wavelength pulses inside the
crystals, (Z-scan) we reveal spectral shifts in the generated harmonics. We interpret the overall blueshift of the emitted harmonic spectrum
as an imprint of the spectral modulation of the driving field on the high harmonics. This process is supported with numerical simulations.
This study demonstrates that through manipulation of the fundamental driving field through non-linear propagation effects, precise control
of the emitted HHG spectrum in solids can be realized. This method could offer a robust way to tailor HHG spectra for a range of
applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053152

In the recent decade, solid-state HHG has been studied in a wide
variety of crystals and amorphous solids." * The physical picture of
solid-state HHG is in its infancy and is the subject of ongoing discus-
sion." ” A better understanding of the physical process of solid-state
HHG will not only lead to improved secondary sources but also to an
ability to map the nonlinear properties and possibly allow all-optical
mapping of the electronic structure of solids.'”"'” HHG in solids can
be realized in materials transparent to the driving laser pulse wave-
length. As femtosecond duration pulses are normally generated in the
near to mid-infrared region, insulating and semi-conducting solids are
the materials of choice for HHG. The HHG process in solids shares

some similarities with HHG in gases, at least conceptually."*'® The
first step is an inter-band transition in the material that promotes a
charge carrier to the conduction band. Once there, this electron is
driven by the fundamental field and can emit harmonics due to oscilla-
tions within a band (intra-band) or excitation and relaxation between
bands (inter-band).'”"”

The initial inter-band excitation requires a tunneling or a multi-
photon absorption process, and the rate of free carrier generation is,
therefore, inversely proportional to the bandgap. Apart from the
microscopic physics of carrier generation and motion, the properties
of the HHG emission can be influenced by the propagation of the

Appl. Phys. Lett. 119, 071101 (2021); doi: 10.1063/5.0053152
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electric fields inside the crystal. This macroscopic propagation is highly
nonlinear for the driving field and linear for the harmonics, owing to
their much lower intensity. This makes the HHG spectrum an intricate
fingerprint of the complex interplay of microscopic and macroscopic
processes. For example, HHG in ZnO"'®"” has been shown to reveal
both the inter and intra-band mechanisms. Similarly, harmonics have
been generated in the most widely used material in electronics, silicon
(Si), at 2.1 um driving wavelength”’ and used to disentangle the sur-
face and bulk contributions in Si*' and topological insulators.” It has
also been shown that HHG in Si and ZnO can be controlled and mon-
itored by manipulating the crystal surfaces.””** For example, spatial
shaping of the crystal surface has been used to create HHG beams that
carry an orbital angular momentum (OAM)™ without the need of
costly devices for spatial phase control. These generated OAM beams
have many applications varying from the manipulation of nanopar-
ticles to quantum cryptography.

Microscopic processes have previously attributed to spectral
shifts during HHG. The propagation of the intense driving field has
been linked with redshifts in the HHG spectrum in plasmas and
gases.”” *” This effect is attributed to the delayed emission of HHG
from excited states or resonant states’’ or dislocation of molecules.”'
In solids, numerically computed HHG spectra have shown redshifts in
the “higher plateaus” due to higher band transitions.”” In sapphire,
intensity-dependent redshifts and blue-shifts were observed in the
spectrum of harmonics and attributed to the long and short electron/
hole trajectories, respectively.”’

Other works have quantified the macroscopic propagation effects
in the HHG process.” " Ghimire ef al. showed theoretically that the
efficiency of below bandgap harmonics is modulated mainly by phase-
matching conditions, and the above bandgap harmonics are limited by
re-absorption in the material itself?” Similarly, numerical simulations
of the propagation effects in semiconductors have shown that the
dephasing of harmonics reduced the HHG signal.”® Vampa et al.
experimentally demonstrated HHG in a reflection geometry with the
aim to avoid propagation effects.”” Propagation effects have shown to
impact the HHG process in solids, yet some studies report efficient har-
monics are generated from only a few-tens of nanometers,"”*" whereas
the driving field usually propagates within the solid for hundreds of
micrometers. These studies highlight the importance of the non-linear
driving field propagation and its impact on the HHG process in solids.

In this Letter, we have generated third (H3), fifth (H5), and
seventh (H7) order-harmonics in Si and ZnO crystals with a driving
central wavelength of 2.123 um in the sub-TW cm ™ intensity regime.
We have investigated the impact of the non-linear macroscopic beam
propagation on the HHG process in Si and ZnO, particularly to antici-
pate the role of the non-linear propagation of the driving pulse and
the effect on the spectrum of the harmonics. Although the tuning of
the driving laser wavelength can allow tuning of the HHG, commercial
laser systems traditionally operate with a fixed central laser wave-
length, making tuning impossible. Alternatively, the non-linear propa-
gation of intense driving pulses in solids offers a route to control the
spectral profile of harmonics. By tailoring the generation scheme, in
terms of the generating medium, crystal thickness, and laser focusing
geometry, we show that it can offer a flexible and precise control over
the HHG frequency comb, while using a fixed driving laser frequency.

A schematic representation of the experimental setup is shown in
Fig. 1. We have employed a fiber laser (NOVAE Company) operating
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FIG. 1. Schematic representation of the experimental setup to generate high order
harmonics (H3, H5, and H7) in the 300 um thick silicon (Si) and 200 um thick-(100)
oriented ZnO crystal. The convention for the Z-scan notation is explained in the
inset. Note that P: polarizer; L: lens; T: telescope; S: sample; HF: harmonic filters;
FM: flip mirror; CCD: charged coupled device.

at 2.123 um with a pulse energy of ~8 nJ and a repetition rate of
19 MHz. To enable a tighter focus and, thus, achieve higher intensities,
the size of the laser beam is magnified by a factor of 3.75 times using a
telescope (T). The 85 fs duration pulses are focused on the crystals by
a convex lens of 3 cm focal length, up to a maximum peak intensity of
~0.38 TW cm ™2, which is well below the damage threshold of the
crystals. The generated diverging harmonics are focused by a convex
lens of 15 cm focal length either on a UV-enhanced CCD camera or a
UV-VIS spectrometer (with a pixel resolution of == 0.2 nm) for spatial
and spectral beam characterization, respectively. Band-pass filters cen-
tered at each harmonic wavelength are used to separate and character-
ize the HHG properties. We perform Z-scans by translating the crystal
in the direction of laser propagation, as shown in Fig. 1 (inset).

We have generated harmonics in a 300 um thick, (100) oriented,
Si crystal. The spectral and spatial profiles of H3, H5, and H7 harmon-
ics are shown in Fig. 2(a). The z-scans for H3 and H5 are recorded
with steps of 10 um as shown in Fig. 2(b). The signal of H7 is very
weak and is, therefore, excluded from the Z-scan study. The yield of
H3 and H5 reaches their maximum when the focus position of the
driving field is on the back surface of the Si crystal. This is attributed
to the absorption of the harmonics generated at the front surface and
inside the bulk of the Si crystal. Compared to H3, the efficient genera-
tion region of H5 is translated ~5 ym toward the back surface [see
Fig. 2(b)] due to its stronger absorption in the crystal. In parallel, we
have measured the spectral of the harmonics generated in the Si crystal
as a function of the focus position of the driving laser.

The driving intensity (I,) at the surface of the crystal is estimated
as I, =2P/nw?, where w, is the beam waist at z calculated using a
hyperbolic function’” by considering the non-linear refractive indices
of crystals with a confocal parameter b=46 um and P is the peak
power that is 0.05 MW (as shown in Fig. 3). A spectral shift of about
3.4nm for H3 and 3.9 nm for H5 is observed in Si (see Fig. 3). As the
laser focus is scanned from outside the crystal (at the position
—60 um) to inside the bulk (at the position of +60 um), a spectral
blue shift in H3 and H5 is observed. Indeed, when the laser focus is
outside the crystal, the spectrum of H3 is centered at 704 nm, while
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FIG. 2. Spectral and spatial measurement of high order harmonics in a 300 um thick Si crystal. The spectral and spatial profiles of each harmonic measured separately with
the corresponding harmonic filters for different acquisition times. (a) H5 multiplied by 100 and H7 by 1000 to make them visible in the combined graph. (b) Z-scan measure-

ments of H3 (red dots) and H5 (blue dots) in the Si crystal.

that of H5 is centered at 425 nm, corresponding to harmonics of the
central driving wavelength in vacuum. In this configuration, we expect
that nonlinear propagation effects are minimal. However, when the
laser is focused inside the crystal (+60 um), the spectrum of H3 shifts
to 701 nm, while that of H5 shifts to 421 nm (see Fig. 3).

The combined harmonic spectrum (H3, H5, and H7) generated in
ZnO and the corresponding spatial profiles are shown in Fig. 4(a). The
measured harmonic signal (H3, H5, and H7) as a function of the focus
position of the driving beam in the ZnO crystal is shown in Fig. 4(b).
The Z-scan of H3 exhibits a double peak structure corresponding to the
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FIG. 3. Spectral shifting of the harmonic signal generated in the 300 um thick Si
crystal with the focus position. The driving intensity evolution (/,) at the rear face of
the crystal with the focus position z (green squares). Spectral shift in H3 (red
squares) and spectral shift in H5 (blue squares).

front and back of the crystal. The signal of H3 is reduced when the
focus position is in the center of the crystal. H3 generated before
and after the focus point in the bulk contribute destructively due to
the phase mismatch of H3 pulses at the exit of the crystal. As a
result, the signal of H3 drops when the laser focus position is at the
center of the crystal, while the signal of H3 is maximum when the
laser is focused near the surfaces. Such behavior has been reported
elsewhere.”” *

We observe a single peak for H5 and H7, which shows the
detected harmonics originate from the rear surface of the crystal. As
the harmonic order increases, the region of efficient harmonic genera-
tion moves closer to the back surface of the crystal. This is likely due to
longer phase matching conditions for the lower order harmonics.

Figure 5(a) shows the spectral response of H3 for different focus
positions. A spectral modulation and splitting of the H3 peak is
observed, showing two peaks that are separated by up to 12 nm when
the focus of the driving field is in the middle of the ZnO crystal. The
first peak of H3 begins to decrease while the second peak of H3 builds
up with the translation of the driving focus toward the front surface.
The reduction in the harmonics intensity when the driving field is
focused inside the bulk crystal has been reported elsewhere and attrib-
uted to phase mismatch between two harmonic sources, from the front
surface and bulk,"”*” and in sapphire crystals due to phase mismatch
in the bulk due to geometrical focusing effects.”* The effective Rayleigh
length here is long enough to generate H3 from the surface of the crys-
tal, even when the focal point is near the center of the ZnO crystal [see
Fig. 4(b)]. This creates a pulse of H3 from the surface that propagates
at its group velocity in the crystal. The main driving envelope propa-
gates at a different group velocity and drives H3 generation through-
out the bulk of the crystal. The different group velocities of these two
H3 pulses can cause overall destructive interference of the H3 signal,
as seen in Fig. 4(b). This interference effect is highlighted by our spec-
tral measurements of H3 as a function of the focus position in
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Fig. 4(b). Such spectral modulations have been attributed to such the spectral shift increases even more. H3 generated from the front
interference effects elsewhere.”*® surface (red rectangles) and back surface (black triangles) of the crystal

The intensity of H3 increases with the spectral blueshift as we undergoes blueshifts (8 and 12 nm, respectively) as shown in Fig. 5(b).
move the focus from outside the crystal toward the crystal [from We have also observed the spectral blueshifts in the spectrum of
z=—60um to z=0, triangle data points of Fig. 5(b)] and reach a H5 and H7 in ZnO as shown in Fig. 5(b). There were no spectral mod-
maximum at z= 0, which corresponds to the rear surface of the ZnO ulations and splitting as observed for H3. The signals of H5 and H7
crystal. When further translating the laser focus inside the crystal ~ have increased when translating the laser focus position toward the
(z=+ 40 um), the intensity of H3 decreases. However, the width of rear surface. By further translating the focus of the driving field inside
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FIG. 5. (a) Spectral shifting and splitting of H3 in ZnO. (b) The evolution of the driving intensity (/,) at the rear surface of the crystal for different focus positions z (green dots).
H3 generated from the front surface (red data points) and at a back surface (triangle data points) of the ZnO crystal. H3 exhibits a blueshift as the focus of the driving field
translates toward the back and front surfaces. The z=0 corresponds to the front surface for the red square data points and the back surface of crystal for the black triangle
data points. Spectral shift in H5 (blue diamonds) and spectral shift in H7 (violet diamonds).
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the crystal, the signal of H5 and H7 decreases. The total spectral blue-
shift across our measurement range is of about 3.9 nm for H5 and H7
as shown in Fig. 5(b).

To understand the physical processes that give rise to the har-
monic spectral shift, we model the propagation of the driving field
inside the Si and ZnO crystals. We restrict the calculation to z > zg,
where z is the focus position inside the crystal and zy is the Rayleigh
length. We have used the model described in Ref. 47 with the excep-
tion that only the instantaneous Kerr effect is taken into account in
our model. The group velocity dispersion and higher-order dispersion
are calculated using a Taylor expansion in @ — wj up to the fifth order
of the frequency-dependent wavevector, k(w) = n(w)wy/c, where
is the central driving frequency, o is the shifted frequency, n(w) is the
index of refraction, and c is the speed of light. We then solve the para-
xial wave equation in a cylindrical geometry, coupled to the equation
that describes the evolution of the electron density. The laser param-
eters used were an 85 fs pulse duration, ~7 mm Gaussian beam
diameter focused onto the 300 um Si and 200 um ZnO crystals to a
beam waist of 0.83 and 1.45 um, respectively, by a 3 cm focal length
lens. Initially, we have assumed that the conduction band is empty.
Figure 6(a) quantifies the (absolute) shift of the central driving wave-
length for both crystals. The maximum shift, reached inside the crystal,
is 54.0 nm for Si and 17.4 nm for ZnO. The spectral blue shift as well
as the absorption are larger in Si than for ZnO due to the smaller
bandgap that facilitates free carrier generation. When focusing behind
the crystal, the shift rapidly drops to zero in both cases as seen in
Fig. 6(a).

The macroscopic non-linear propagation of the laser pulses in
the crystal induces a spectral blueshift in the driving field. This shift
results in a shift of the central wavelength of any high order harmonics
generated at the rear side of the crystal. Figure 6(b) compares the mea-
sured spectral shift at z= 0 for the different harmonic orders with the
expected HHG wavelengths from the numerical propagation of the
fundamental pulses.

Qualitatively, the direction of the spectral shift (blue) is correctly
predicted by the model for all high harmonics. However, the measured

[AA] [nm]

zg [pm]

scitation.org/journal/apl

shift for harmonics in Si and ZnO is less shifted as predicted by the
modeling values [see Fig. 6(b)]. The model considers only the driving
pulse and does not include the complex dynamics involved in the
HHG process itself. Therefore, we do not expect an exact agreement
between the HHG central wavelength and that of the propagated
driving wavelength.

We attribute the HHG spectral shifts to the non-linear propaga-
tion of the intense driving field inside the crystal. Photo-ionization
drives the generation of free-electrons in the optical transition from
the valence band to the conduction band. The increased free carrier
density induces a time and space dependant refractive index change
that up-shifts the driving laser frequency. This is a well-documented
effect observed in short pulse laser ionization in gasses.” " In turn,
this up-shift in driving frequency results in an up-shift of the harmonic
frequencies, which we observe as an overall blue-shift in HH wave-
lengths. Through modeling of the non-linear propagation, we find
that increased free-carrier density through photo-ionization is the
principle physical mechanism causing these shifts [Fig. 6(a)]. This is
consistent with our general experimental observations, in that the
blue-shift increases when the distance of the driving pulse propagation
inside the crystal is greater, resulting in the generation of more free
carriers [Figs. 3 and 5(b)]. The bandgap of the material is also shown
to play a crucial role. Above bandgap harmonics are limited to the last
few micrometers of the material, where spectral control is possible but
limited due to re-absorption. Below bandgap harmonics (such as H3
in ZnO) can be created from the surfaces and bulk of the material,
allowing not only blue-shifted but also strongly modulated spectra
[Fig. 5(a)].

We have observed front and back surface emission due to phase
matching of H3 in ZnO while back surface emission observed due to
re-absorption of over bandgap harmonics in Si and ZnO. In ZnO, the
generation of H3 is efficient from the front and rear surfaces of the
crystal and a modulated spectrum observed when focusing at the cen-
ter of the crystal. We attribute this spectral modulation to the group-
velocity mismatch of surface and driven part of H3 pulses during
propagation, indicating the interference pattern of the temporal

(b)
@ non-shifted HHG O Si B Si (model)
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FIG. 6. (a) Spectral shift of the driving wavelength with the focus position in Si (black squares) and ZnO (red dots) for the focus position z= —60 um (moving from vacuum
toward the back surface) to +-60 um (inside crystals), respectively. (b) The spectral shift in HHG when the focus of the laser is at z =0 (back side of crystals), non-shifted
(blue diamonds), Si (black empty squares), ZnO (black empty circles), and as per modeling in Si (black squares) and ZnO (red empty circles).
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separated H3 pulses. We have demonstrated the changes in the emit-
ted harmonic spectrum as a function of the driving laser focal position
in the crystals. We observed that all the harmonic peaks are blueshifted
as the focus position is translated into the crystals. Due to the depen-
dence on the focal position, and hence the propagation length in the
crystal, we attribute the observed blueshifts to non-linear propagation
effects of the driving laser. This is supported by calculations of the
non-linear propagation of the driving field in Si and ZnO, which
exhibits a blueshift of the central frequency, attributed to the photo-
ionization of valence band electrons. Even in samples that strongly
absorb the HHG spectrum, we show that since the emitted harmonics
come from a small region at the end of the crystal, modulation of the
driving pulse prior to the point of generation can be used to control
the HHG spectrum. For materials with bandgaps higher than the har-
monic photon energy, further control of the spectrum can be obtained
from front and back surface emission, as we have demonstrated with
the third harmonic in ZnO. This study reveals the fine control of the
HHG emission spectrum through macroscopic non-linear effects in
the bulk crystal alone. This technique could be used for tailoring fre-
quencies for ultrafast spectroscopic techniques or spectral shaping for
attosecond pulse generation.
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As high harmonic generation (HHG) sources have proliferated, the need for high resolution, affordable extreme
ultraviolet (XUV) detectors has become ubiquitous. We studied lithium fluoride (LiF) crystals, traditionally used
for x rays, as a detector for a tabletop XUV source from high harmonic generation in gases. The LiF response curve
showed a dynamic range of 10° (not saturated), with a minimum threshold fluence of 66 nJ/cm?”. Imaging tests
were performed revealing sub-micrometer spatial resolution. We successfully recorded a scan of the focal plane of a
Fresnel zone plate with high dynamic range. With this study, we showed that LiF can be used as a detector for HHG

XUV, with a high potential to do near field imaging of complex objects such as the focus of structured light.
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1. INTRODUCTION

High resolution imaging with soft x rays is a very promising
route for wide-field microscopy with nanometer resolution.
With recently developed high repetition rate, high average
power tabletop laser technology, extreme ultraviolet (XUV)
sources from high harmonic generation (HHG) have become
widespread [1]. One barrier to the uptake of XUV radiation
imaging is the difficulty in detection. Soft x ray detectors
are fragile and expensive equipment, limiting use of XUV
diagnostics in laser laboratories.

An ideal detector has high sensitivity, small pixel size, and a
large dynamic range. Spatial resolution is typically dependent
both on the optics and detection systems. In the case of lensless
imaging, pixel resolution and detector size are key limiting
factors. Typical XUV sensors [2] are limited in pixel size, while
older technology of XUV films is limited by the grain size of the
Ag emulsion (~pm). Their poor sensitivity and small dynamic
range caused them to be abandoned in favor of charge coupled
devices (CCDs) [3].

The difficulty in XUV detection comes from the small
absorption length in most materials, requiring use of back-
thinned solid state photodetector material. For back-thinned
CCDs, the smallest pixel is around 10 pm. However, thanks to
their high sensitivity and high quantum efficiency, an individual
photon counting is possible in each pixel, which drives the
widespread use of CCDs. Methods to bypass this limitation in
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pixel size have been designed to decrease numerically the pixel
size using sub-pixel displacements of the detection chip for
supet-resolution [4].

In recent years an alternative detection method has been
proposed and demonstrated for x ray imaging. This method
consists on the creation of color centers (CCs) in lithium fluo-
ride (LiF) crystals [2,5,6]. The simplest CCs are point defects
where anion vacancies are filled by electrons. These defects, and
more complex ones, can be produced by irradiating the crystals
with ionizing radiation, such as x rays. For imaging applications,
only F2 and F;‘ CCs are relevant [2]. Once these types of CCs
are created in LiF crystals, they are stable for long periods of
time (at room temperature) and can be observed easily with an
optical microscope since they have an absorption band around
450 nm and emit in the visible spectra (F2 around 680 nm and
F; around 540 nm).

Since these pioneering studies, LiF crystals were used as a
detector in large-scale x ray facilities such as XFEL at Riken [7],
where single-shot measurements were made thanks to the high
peak brightness of the source. There are some key differences
when considering typical x ray and HHG sources. Harmonics
are generated with ultrashort pulses, and CC temporal response
has shown dependence on the source pulse width. It has been
demonstrated [6] that F2 CCs are predominant for continuous
or nanosecond pulse duration whereas Fj are predominant
for femtosecond soft X ray pulses. This temporal dependence
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also seems to dictate the minimum threshold fluence for image
recording on LiF, which apparently is much smaller for pico-
and femtosecond pulse width sources, with a 10 ] /cm? thresh-
old reported for a 100 fs source [6] and 70 wJ/cm? reported for
7 ps[8].

The first demonstration of the usage of LiF for HHG was
reported in [9], using relativistic HHG in the range of 80—
150 eV. While the relatively low signal-to-noise ratio due to
the XUV energy per shot and source stability was not enough
to demonstrate high resolution imaging, this study showed
single-shotacquisition was possible in the XUV.

Here, we have investigated LiF crystals as a detector for a
tabletop XUV source from HHG in gases. We have studied the
response of LiF, specifically F3 type CCs, to XUV radiation in
terms of its dynamic range and imaging capability using contact
masks and diffractive optics [Fresnel zone plate (FZP)]. We
found LiF to be suitable for the XUV HHG source since the
minimum threshold fluence was of 66 pJ /cm?.

2. EXPERIMENTAL SETUP

We used a commercial Ti:sapphire laser to obtain IR pulses
at 800 nm of 35 fs duration at 1 kHz repetition rate. The IR
was focused by a lens (focal length of 75 cm) at a gas cell filled
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Fig.1. (a) and (b) Fluorescence images taken by the Leica TCS-SP5
confocal optical microscope in fluorescence mode of the LiF crystal
exposed at XUV radiation through a contact copper mesh. Gray
regions are the luminescent areas where active CCs have been gener-
ated by the EUV radiation produced by 3.6 x 10° shots of HHG in
Arat 11 mbar (fluence of 6.5 m] /cm?); the black regions represent the
shadow of the mesh having a period of 125 pm. (c) Fluorescence image
of a recorded mesh square where the diffraction pattern is visible, taken
with Zeiss LSM 710, with objective Plan-Apochromat 63 x /1.40 Oil
DIC M27 (~200 nm resolution). The XUV irradiation conditions are
the same as in (a) and (b) images. (d) Profile from the region marked
in (c). (¢e) Zoom in of the profile with a diffraction pattern with a
minimum FWHM of 600 nm. (f) Setup for LiF response calibration.
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with argon (Ar) at 11-14 mbar. The generated high harmonics
(HHs) were directed straight to a vacuum chamber while the
remaining IR was blocked by two aluminum filters (150 nm Al).
The HHG spectrum comprises wavelengths between 27.6 and
47.1 nm, corresponding to harmonics orders between 29th to
17th.

The LiF samples consisted in a UV grade LiF crystal with a
diameter of 25.4 mm and thickness of 3 mm. The CCs were
observed using confocal microscopes with an Ar excitation
laser of 458 nm and spectral detection interval between 470
and 650 nm, in order to detect the F; CC. We used the Leica
TCS SP5 confocal microscope to acquire most of the images
presented in this work. The detection system of this microscope
consist of an 8-bit hybrid photodetector (HyD). A different
confocal microscope—Zeiss LSM 710 with an 8-bit photo-
multiplier tube (PMT) detector was used to acquire higher
resolution images.

For the LiF response analysis, the crystal was mounted on vac-
uum motors, recording each irradiation in a different position in
the crystal. Copper gratings with 125 pm pitch (hole 85 pum, bar
40 pm) and 20 pm thickness were loosely mounted on the sur-
face of this crystal so that we could identify clearly each irradia-
tion position, as represented in Fig. 1(f).

We used the same HHG and confocal microscope acquisition
setups to image the focus of a FZP lens. The lens was fabricated
in 100 nm gold (Au) and 10 nm chromium (Cr) layers on top of
a 30 nm silicon nitride (Si3N4) membrane and was designed to
have 612 zones, an outermost zone width of 340 nm, a diameter
of 800 pm, and a nominal focal distance of 8.15 mm at 32 nm.

3. LIF RESPONSE TO XUVS FROM HIGH
HARMONIC GENERATION

We performed the LiF response calibration by irradiating copper
gratings with increasing XUV fluence, obtained with increasing
the number of shots from 5 x 10% to 3.6 x 10°. The HHG
energy was estimated from the number of counts obtained in the
CCD for one shot, for which we obtained 2 4 1 nJ /cm?/shot.
The resulting photoluminescence (PL) intensities, represented
in Fig. 2 as “grid calibration,” were measured by averaging the
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Fig. 2. Photoluminescence intensity dependence (at A = 458 nm)
from the fluence of HHG beam irradiation. We calculated the uncer-
tainty in fluence based on the minimum and maximum HHG energy
observed at the laboratory. The uncertainty in PL is larger for FZP
focus points due to the high standard deviation in each area caused

by the beam profile. All the PL intensities were obtained with Leica
TCS-SP5.
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£, fi,

(a) Schematic of the experimental setup of LiF crystal illumination by XUV radiation focused by a FZP. Here is also represented the super-

position of the nondiffracted (zero-order) radiation on the LiF crystal. (b)—(d) Images obtained on LiF of the PL intensity distribution of the XUV
beam near the FZP focus position for each of the harmonics (artificially colored). Scan positions are relative to the distance between the lens and crys-
tal (z= 0 mm corresponds to the lens position). Scan position z = 7 mm obtained with 9 x 10° shots, and the rest obtained with 3 x 10° shots. The
confocal fluorescent microscope Leica TCS SP5 was used for the readout process with a 10 x magnification objective (700 nm resolution). For each
image we optimized the acquisition conditions in order to not saturate the peak intensity. (¢) Schematic of the HHG near the focus positions of the
three strongest harmonics—HH,;, HH,3, HH,s—whose focus is represented by £1, £33, f35, respectively.

counts inside each grid square. As it is shown in Fig. 1(a), the
intensity profile is not homogeneous, so for each irradiation we
measured the intensities in the brightest and most uniform area
[Fig. 1(b)].

The PL intensities measured from the FZP focus imaging
were added to the plot in Fig. 2 to complement the fluence
range. The FZP focus points correspond to the intensities mea-
sured for each focused harmonic at different positions along the
beam path as it is shown in the next section in Fig. 3. The Oth
order points, in the low fluence range of the plot, correspond to
the intensities measured in the zero-order images (Fig. 4).

While the direct irradiation fluence was obtained by direct
comparison with CCD signal, the fluence after the FZP was
calculated by taking into account the well-known transmission
efficiencies for each diffraction order and the Si3N4 membrane
transmission, as well as the focusing effect and energy percentage
of each harmonic in the case of focused radiation.

Itwas reported in [6] that the LiF response curve for softx rays
follows a square root law. The data from the grids calibration

Fig. 4. (a) PL image of the LiF irradiated area. In the center we can
distinguish the images for each scan position (we repeated some of the
scan positions, hence there are seven visible “focus”) saturated due to
the high exposure on microscope. (b) Schematic of the areas irradiated
due to Oth order transmission and their superpositions.

does not have enough fluence range to confirm this behavior.
Considering the addition of the data from the FZP focus imag-
ing, it seems that the LiF response is following a square root
behavior. However, we must note that the intensities measured
in the focus images have too much uncertainty to provide a
strong conclusion about the LiF response.

Nevertheless, these results showed that we did not reach
saturation of the crystal, which is also in accordance with other
reports where for similar sources a saturation was not achieved
even for fluence values as high as 260 mJ/cm? [6]. The data
from the focus images showed also that we could see images with
lower fluence, where we have observed a minimum required
fluence of 66 1] /cm?.

All of the PL intensities present in Fig. 2 were obtained with
the Leica TCS-SP5 confocal optical microscope with the acqui-
sition conditions described in Section 2. However, due to the
low 8-bit dynamic range of the readout system, some images
were acquired with different exposures, and then the intensities
were scaled to the same conditions.

4. IMAGING HHG USING LIF
A. Wide Field Imaging with High Resolution

Figure 1 shows the images of one of the calibration grids irra-
diated with 3.6 x 10° shots. In these images we observed
interference fringes on the edges of the squares. Since HHG is a
highly coherent source, edge diffraction occurs, and due to the
nonperfect contact between the grid and the crystal surface these
patterns appeared [10].

The minimum feature observed in these patterns had a
FWHM of 600 nm, which corresponds to a distance of around
200 pm between the grid and the surface. Note that the confocal
microscope resolution was ~200 nm [2]. With this imaging
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test, we verified that, as expected, our source could produce large
field images with high spatial resolution in LiF.

B. Direct Detection of Zone Plate Micro-focus

FZP lenses are widely used with soft x ray radiation, but usually
itis difficult to image the focus of these lenses for several reasons.
With soft x rays, the focus length is usually very short, so it is
difficult to place a detector such as a CCD near the focus plane.
Besides this, their large pixel size makes it difficult to image the
focus points, which is often smaller than the pixel size of the
CCDs. LiF crystals have been used to image soft X ray focus [8],
but to our knowledge LiF has never been used to image the focus
of FZP lenses in XUV.

In this work we used a LiF crystal to image the focus of a FZP
lens. We scanned the beam path near the region where we could
find the focus of each strongest harmonics with orders: 21st,
23rd, and 25th, represented by HH,;, HH,3, and HH;s with
focus at f; =7 mm, f,3 = 7.6, and f,5 = 8.2 mm, respectively.
The harmonics have 600 pm separation between each focus,
so we recorded five different positions moving the LiF crystal
along the z axis with 300 um and 600 pm of step size, with a
total distance of 1.2 mm. Hence, we recorded images for scan
positionsz=7,7.6,7.9, 8.2, and 8.8 mm (distance from FZP
lens). The initial scan position was determined by measuring
the distance between LiF crystal and lens, and the rest were
determined by the vacuum motor step size. This represents a low
precision for the initial scan position (~500 pm) and a much
higher precision between each scan position (~1 pm, from
vacuum motor precision).

We estimated the exposure time from the results obtained
with the grid irradiations, where we concluded the minimum
exposure time to provide a fluence sufficient to separate the
signal from the background noise was equivalent to 5 x 10°
shots. As the beam focusing results in a much higher fluence, we
irradiated each position with 3 x 10° shots. In order to obtain
a brighter and easier-to-detect PL pattern, we repeated ina “L”
shape scan position with z =7 mm with a 3 higher number of
shots of 9 x 10°. Between each irradiation we also moved the
LiF crystal in x and y directions [Fig. 3(a)], keeping an interval
0f200 pm between the centers of each image.

In the sequence of images presented in Figs. 3(b)-3(d), we can
distinguish different levels of PL intensities. In the center of each
image, we can see brighter regions that correspond to the focus
of each harmonic. Around these centers we can observe disks
with lower PL intensities, which correspond to the harmonics
out of focus on that scan position, as represented in Fig. 3(e).
Therefore, in Fig. 3(b), HHy; focus is visible in the center, and
the disk around this center corresponds to HH,3. In Fig. 3(c),
HH;3 is in focus, the disk around this center corresponds to
HH,; and HH;s, and, with much lower PL intensity, a second
disk is visible with a larger diameter corresponding to HH,7.
In Fig. 3(d), HHjs is in focus, and around the peak there is a
smaller disk (indistinguishable) corresponding to HHy3 and
HHy7 and then a larger disk from HHj;. In order to verify the
measured scan positions, all the disk and focus sizes were com-
pared to the theoretically expected values, and the PL intensities
from each harmonic were compared to the relative intensity of
each harmonicin the HHG spectrum. With this comparison we
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concluded that the scan positions had a small offset of ~50 pm
from the real focus positions.

The focus spot produced by this FZP lens has a minimum
diameter of 1.6 wm (independent of the wavelength). We
detected a minimum focus size with FWHM of 2.45 um for
the scan position z= 7.6 mm, which corresponds to the focus
position of 23rd harmonic. We would like to stress that in con-
trary to experiments with hard x rays [7], here the attenuation
length of the harmonics inside the LiF crystal is around 20 nm.
Since the lens depth of focus is 7 ptm, we can neglect the beam
propagation inside the crystal. Taking this into account, we can
conclude that the difference between the expected focus size and
the recorded one is due to the small offset of the scan position.

Figure 4(a) shows the images of the nondiffracted (zero-
order) radiation transmitted through the FZP lens. In the
middle we can see the focused images for each position of scan.
These centers appear saturated in this image because the micro-
scope was set to a high exposure mode so that the zero orders are
visible. As illustrated in Fig. 4(b), some areas of the zero-order
images are superimposed. The zero orders correspondent to the
scan positions with 3 x 10° shots are not visible in Fig. 4 because
their exposure time was 3 times smaller than the one used for
scan position z =7 mm.

C. Dynamic Range

Besides resolution and sensor size, a key feature of a detector is
its dynamic range. A detector with a large dynamic range allows
for a high y of detection, enabling the imaging of multiple phe-
nomena with different intensities at the same time. LiF crystals
have demonstrated high dynamic ranges; however, in this work,
we were limited by the dynamic range of the microscope readout
system of only 8 bit. This limitation can be surpassed by using
different conditions of the confocal microscope [11], such as
different values for the laser output power, detector gain, and
acousto-optic tunable filter (AOTF).

The plot in Fig. 5 shows the minimum and maximum of
PL detected for the scan position of z=7 mm. We used three
different AOTFs and laser output power values and kept all
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Fig. 5. Lineout (a) and (b) shown in Fig. 4, combining different
microscope conditions that show the minimum and maximum pho-
toluminescence along the beam profile. AOTF 60 corresponds to the
lowest exposure and AOTF 86 to the highest. On the left side, marked
with 1, 2, 3, we can see the limits of each plateau corresponding to the
areas illuminated with 1, 2, 3%, 4x zero orders, as seen in Fig. 4.
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the other acquisition parameters constant. In the center we can
see the peak originated by the focusing of the 21st harmonic
(A =38.1 nm) on top of a flat plateau originated from the super-
position of four zero-order images as shown in the Fig. 4(b). As
can be seen in the zoom of the peak, with different microscope
exposures, we can distinguish features that were previously
saturated and indistinguishable.

In this plot, the calculated fluence values for each zeroth-
order plateau are also represented; the disk originated from the
HHo;3, and the peak originated from the focus of the HH;;. The
minimum fluence detected was 95 1J/cm? from one Oth order
(marked in the plot with 1), and the maximum fluence detected
was ~100 m]/cm? for the focus point, which corresponds to a
total dynamic range of ~10°.

From the results in this experiment, we consider that this
dynamic range is underestimated since it appears that the LiF
crystal did not saturate. We can then presume that if higher
intensities were achieved we could still discriminate them in this
crystal.

5. CONCLUSION

In this work we showed that LiF crystals can be effectively used
as an XUV detector for the gas based HHG tabletop sources,
allowing an accessible imaging method with high spatial
resolution for these widely available sources.

The LiF crystal response curve showed that the minimum
XUV fluence required was bellow 100 pJ /cm?, and we observed
PL intensities for a maximum fluence around 100 m]J/cm?
without any sign of saturation in the crystal. These values
translate into a large dynamic range in the LiF crystal of 10°.
Since there was no saturation, we can presume that this crystal
is capable of larger dynamic ranges, at least of 10% as reported
by [6]. We note that most modern confocal microscopes
already have a 16-bit readout system that facilitates the PL
measurements.

As imaging tests, we analyzed a grating diffraction pattern
recorded in the LiF where the minimum feature size observed
was around 600 nm and recorded the beam structure around the
focal plane ofa FZP.

With these tests we were not able to demonstrate the viability
of single-shot imaging with LiF for our source. In fact we only
used long exposure times, which are equivalent to more than 10°
shots. Nevertheless, LiF crystals still provide a high resolution
detector for near field imaging, which is very promising for the
study of structured light, such as beams with orbital angular
momentum.
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With high-harmonic generation (HHG), spatially and temporally coherent XUV to soft x-ray (100 nm to 10 nm)
table-top sources can be realized by focusing a driving infrared (IR) laser on a gas target. For applications such as
coherent diffraction imaging, holography, plasma diagnostics, or pump—probe experiments, it is desirable to have
control over the wave front (WF) of the HH's to maximize the number of XUV photons on target or to tailor the WF.
Here, we demonstrate control of the XUV WF by tailoring the driving IR WF with a deformable mirror. The WFs
of both IR and XUV beams are monitored with WF sensors. We present a systematic study of the dependence of the
aberrations of the HHs on the aberrations of the driving IR laser and explain the observations with propagation

simulations. We show that we can control the astigmatism of the HHs by changing the astigmatism of the driving
IR laser without compromising the HH generation efficiency with a WF quality from A /8 to A /13.3. This allows us

to shape the XUV beam without changing any XUV optical element.
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© 2020 Optical Society of America

1. INTRODUCTION

Radiation with wavelengths of 10 nm to 100 nm, also known
as extreme ultraviolet (XUV), can be generated in a table-top
setup by focusing a driving infrared (IR) laser on a gas target.
This process known as high-harmonic generation (HHG)
produces spatially and temporally coherent pulses that are used
to perform coherent diffraction imaging [1,2], holography
[3,4], plasma diagnostics [5,6], or pump—probe experiments for
sub-femtosecond microscopy to study ultra-fast processes [7,8].

For the most demanding applications, it is desirable to have
control over the wave front (WF) of the HHs to maximize the
number of XUV photons on target. A flat WF would allow tight
focusing on target, and a deformed WF would allow to adapt the
beam to a favorable shape on target. The use of additional XUV
optics such as mirrors in grazing incidence would introduce
losses to the signal. Adaptive XUV optics are technically very
challenging and expensive [9] and therefore implemented only
at facilities such as synchrotrons or with free-electron lasers. An
alternative to reflective optics and diffractive Fresnel zone plates
in the XUV was recently developed by Drescher ez /. [10] and
Quintard ez al. [11] using a density gradient in a gas jet to create
adeformable refractive lens with low absorption.

1559-128X/20/051363-08 Journal © 2020 Optical Society of America

The losses inherent to XUV optics could be avoided if the
generated XUV beam could be shaped in the required way
during its generation process. Instead of using challenging
gas jet systems or adaptive XUV optics under grazing inci-
dence to shape the HHs under high losses, our approach is
to imprint the WF aberrations in the IR using a deformable
mirror (DM).

Yoshitomi ez al. [12] used for the first time a DM to control
the WF of a high-repetition IR driving laser to optimize the
phase-matching conditions and therefore enhance the signal
of the HHs. Wang ez a/. [13] recently used a DM to reduce the
driving IR laser WF root-mean-square (rms) deformation to
A /32 [measured with a Shack—Hartmann WF sensor (WES)].

An imprinting of an astigmatism from the driving IR to the
generated HHs was found by Gautier ez 2/, [14]. Valentin ez al.
[15] changed the astigmatism at 0°/90° of the driving high-
repetition IR laser and measured the WF of the HHs and IR
with a Hartmann and a Shack—Hartmann sensor, respectively.
A minimization of the HH rms deformation was achieved
with a spurious astigmatism in the IR still present, not with the
astigmatism minimized. They were able to reduce the rms of the
HHsdown to A /7, twice the diffraction limit.
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Dacasa et al. [16] were recently able to achieve a WF quality
of up to A/11 of single-shot high-order harmonics by reducing
the rms deformations of the driving IR laser. They observed
an astigmatic HH WF (rms = Ay /11) at 0° with the IR WF
(rms = Ajr/53) having an astigmatism at 45°. However, so
far, no systematic study has shown direct correlations between
the IR and the XUV WFs. The main interest of studies so far
has been to achieve the flattest WF possible by correcting the
aberrations.

In this work, we present a systematic study of the depend-
ence of the aberrations of the HHs on the aberrations of the
driving IR laser. We show that we can control the astigmatism
of the HHs by changing the astigmatism of the driving IR laser
while keeping the HH photon number controlled within 20%
depending on the chosen astigmatism, furthering the capability
ofall optical control of XUV WFs.

2. EXPERIMENTAL SETUP

A sketch of the experimental setup is shown in Fig. 1 and
described in the following. The commercial Ti:sapphire laser
system Astrella by Coherent, Inc. generates IR pulses at 800 nm
of 35 fs duration at 1 kHz repetition rate with energies of 7.5 mJ
per shot. An attenuator reduces them to 4.2 mJ. The IR beam
is directed to a commercial DM with 40 piezo actuators pro-
duced by Thorlabs (model DMP40) with a 10 mm diameter
and protected silver coating. The transmission of the DM is
measured to be 83%. After passing an aperture with a diameter
0f 9.5 mm, the pulse has an energy of 2.6 m] and is focused with
alens of 75 cm focal length at the downstream end of a gas cell
that is 15 mm long. HHs in the XUV with a center wavelength
of 32 nm are generated with argon gas at a pressure of 21 mbar.
Two aluminum filters with a thickness of 300 nm block out the
residual IR. We measure a superposition of all five HH orders
present in our experiment. However, the individual WFs can
differ from each other [11,17-20]. The WFs and intensities
of both the HHs and IR laser are measured with WESs built
in partnership between Laser-Laboratorium Géttingen e.V.
(LLG) and DESY [21]. The XUV WES is placed 350 cm down-
stream of the gas cell. After each XUV acquisition, a wedge is
inserted into the IR beam path downstream of the lens to deflect
the beam towards the IR WFS. The fraction of ionization in

Al filter
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our experimental conditions being less than 1% [22], we can
measure the IR beam WF before interaction.

The XUV WES uses a Hartmann plate with 57 x 57 holes
having diameters of 75 pm and a pitch of 250 um, enabling a
measurement of the WF to an accuracy of A/30 [23]. The IR
WES has a WF resolution at 633 nm with an absolute accuracy
of /50 to A/150. A modal reconstruction of the WF with a
Born—Wolf expansion of the Zernike coefficients is used (as
described in ISO 15367 [24]). The analysis grid and circular
aperture are set to contain intensities above 13.5% (1/¢?) of the
peakintensity in both IR and XUV.

The control software of the DM allows a manipulation of
the IR WF by changing its Zernike coefficients. The WF rms of
the IR beam is minimized manually. From this neutral setting,
aberrations such as astigmatism, coma, and spherical aberration
are introduced. The corresponding changes in the XUV WFs
are recorded. With a shutter working at 1 Hz, the exposure times
of a measurement of the IR WES is set to 100 ms and for the
XUV WES to 400 ms to 500 ms. For the IR, an average of 30
measurements is recorded, and for the XUV, 30 measurements
are recorded in sequence and later averaged.

3. RESULTS

Astigmatism as a lower-order aberration has a strong correlation
between IR and XUV [Fig. 2(a)] translating with a factor of
about 1:2.5.

Higher-order aberrations such as coma and spherical
aberration do not show a clear correlation as in the case for
astigmatism. The change of coma does not translate into the
HHs [see Fig. 2(b)]. One can instead see an influence on the
diagonal astigmatism [see Fig. 2(c)], although at a lower degree
than for pure astigmatism.

Exemplary, we present the intensity and WF in the case of
changing astigmatism £45° in Fig. 3 and in the case of changing
vertical coma in Fig. 4. Each figure shows a neutral setting of
the DM labeled (B) in the center of the figure together with a
most negative setting (C) below and a most positive setting (A)
above. The leftmost and second to left columns show the aver-
aged recorded normalized intensity and WF (normalized to the
wavelength) for IR and XUV, respectively. The chosen aperture
on the IR WES has a diameter of 4.5 mm and on the XUV WES
of 10 mm. The color maps of the WF are normalized to +0.2A
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(red) and —0.2A (blue) with Ajg = 800 nm and Axyy = 32 nm.
The center and second to right columns show the horizon-
tal and vertical caustic along the gas cell position calculated
using numerical Fresnel propagation [21,25] in a window
of 300 um x 300 um. The caustic stretches from 10 mm
upstream to 25 mm downstream of the gas cell end in step sizes
0f 0.5 mm, resulting in 72 images. The rightmost column shows
the propagated intensity at the end of the gas cell for IR and
XUV, respectively. Beam direction is from left to right. The gas
cell end is highlighted with white dashed lines. The beam width
was determined using D40 fits [26,27]. Under the assumption
of a Gaussian beam, the corresponding peak intensity was cal-
culated with the knowledge of the energy of the IR beam and
the recorded counts on the XUV WFS in units of W cm™2 and
counts cm ™2, respectively. In order to compare the measure-
ments, the color maps of the intensities are normalized to the
same value. The IR color map is normalized to 101> W cm™2

Research Article

and the XUV color map to 3.7 x 10'° counts cm™2. Black
and white contour lines represent 50% and 13.5% of the peak
intensity, respectively. Yellow contour lines show 10 W cm ™2
for the TR and 10'* counts cm ™2 for the XUV. The HH beam is
approximately half as large as the driving IR beam. On average,
the IR beam has a full width at half maximum (FWHM) of
71 um and the XUV beam a FWHM of 36 ium at the end of the
gas cell.

A. HHs Photon Number Dependence on Introduced
Aberrations

Focusing an XUV beam can be achieved, for example, with
mirrors in grazing incidence. A common configuration used
is the Kirkpatrick—Baez mirror pair [28], where two line-foci
are overlapped to produce a focus. A downside of this approach
is that the focus is astigmatic. Pre-compensating the beam’s
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Fig.4. Vertical coma of the driving IR beam is changed. The generated HHs show a change in astigmatism £45° and only a weak change in ver-
tical coma. (A) Most positive setting of the DM, (B) neutral setting of the DM, and (C) most negative setting. Leftmost column: averaged recorded
intensity at the WES (normalized to 1). Second to left column: averaged recorded WF at the WES [normalized to +0.2A (red), —0.22 (blue)], with
A = 800 nm and Axyy = 32 nm. Aperture diameter on the IR-WFS is 4.5 mm and on the XUV-WES 10 mm. Center and second to right columns:
horizontal and vertical caustic around the gas cell position. Beam direction is from left to right. The gas cell end is highlighted with white dashed
lines. The height of the profiles is 300 pm. Rightmost column: Propagated intensity at the downstream end of the gas cell (300 pm x 300 pm). The
IR color map is normalized to 10'> W cm™2, and XUV intensity color map is normalized to 3.7 x 10'®counts cm™~2. Black and white contour lines
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aberrations by introducing an astigmatism in order to achieve
a tight focus on target requires that it is not detrimental to the
number of HH photons per shot. Maréchal’s criterion [29] for
a diffraction-limited beam says that the rms deformation of the
WEF has to be below A /14 = 0.071A. In the neutral setting (B),
the XUV beam is close to diffraction limited with a rms defor-
mation of 1/10.2 % 1./200 ((0.098 = 0.005)%) [Fig. 5(a)]
and A/12.7 £ /200 ((0.079 £ 0.005)1) [Fig. 5(b)]. When
astigmatism at 0°/90° is introduced, the XUV photon number
either does not change significantly [setting (C) in Fig. 5(a),
with a rms deformation of 1/8.62 4= 1/56] or even increases
by ~ 12% [setting (A) in Fig. 5(a), with a rms deformation of
A/9.34 £ 1 /91]. Diagonal astigmatism leads to a reduction of
the photon number of up to ~ 20% [setting (C) in Fig. 5(b),
with a rms deformation of A/8 £ 1/59]. In the other setting
(A), we lose less energy, although we have a worse rms deforma-
tion of A/7.24 + X1 /200). The maximum observed aberration
coefficient of astigmatism without losing the HH photon num-
ber is about 0.4A [Fig. 2(a)]. This corresponds to a Strehl ratio
0f 0.67 [30]. A pre-compensation of astigmatism with the DM
to achieve a Strehl ratio of 1 would therefore allow an increase of
the peak intensity of up to 50%.

Introducing coma to the IR beam can lead to higher photon
number losses than for astigmatism. A change of coma in the

negative direction (B)—(C) leads to a decrease in rms deforma-
tion for both horizontal and vertical comas and an increase in
the photon number by ~ 5% [Fig. 5(d)] to ~ 15% [Fig. 5(c)].
In the positive direction (B)—(A), the photon number can drop
by up to ~ 35%.

4. DISCUSSION

Our measurements clearly show strong correlations between
HHs and IR for low-order aberrations such as astigmatism (as
well as defocus and tilt), but not for higher-order ones.

A. HH Reconstruction from Recorded IR WF and
Intensity

In order to understand why the IR beam’s astigmatism is
imprinted in the generated HHs but not the coma, we use a
simple semi-classical model describing the generation of HHs.
We reconstruct the HH intensity and WF from the recorded IR
data. This approach was used recently by Dacasa ez4/. [16]. The
IR field is propagated to a generation position z at the gas cell
end where the field £, of the g-th harmonic is approximated
with the expression
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Ey(x,y,26) X|E(x, y, zo)|* expl—i(g - o+ o1, (1) inverse of the intensity /(x, y, z¢) of the IR beam (for details,
see [16]):
with the phase being composed of g times the field ¢ of the v, (g — qp)zwz

driving IR beam and a dipole phase ¢, determined by the Qu(x,y,26) =
I(x,y, 26)

2



Research Article

with ¥ =1.030x 1078 Wem ™, ¢, =1,/hw, I,
ionization potential of Argon, and w: IR frequency.

The fields of harmonic orders 21-29 present under the
experimental conditions are generated and propagated to
the position of the XUV WES. The spectrum was measured
before (see inset in Fig. 1). The individual relative intensities
of HH orders 21, 23, 25, 27, and 29 are 30%, 60%, 100%,
80%, and 20%, respectively. The first column in Figs. 6 and 7
shows the weighted sum of both intensity and phase according
to the individual intensities in the spectrum. The second col-
umn shows the recorded data as comparison. The individual
reconstructed harmonic signals are shown in the columns to
the right. All images are on the same scale showing a window
of 10 mm x 10 mm. Figure 6 shows that we can successfully
reproduce the measured intensities and shapes. The simulated
HHs for IR beams with coma (Fig. 7) do not show any comaand
confirm the measurements, given our experimental conditions.

In order to check other settings that could result in coma
in HHs, we investigated various simulation conditions of the
driving IR beam. We varied the intensity’s shape, introduced
flat-top beams, changed the beam’s size and strengthened the
coma values in the IR. We could not find any coma in the HHs.
The nonlinear HH process acts as a filter for areas of higher
intensity in the beam. Although the phase term in the expo-
nential of Eq. (1) does affect the shape of the reconstructed WF
as shown by Dacasa [16], we have identified the main filtering
effect to be due to the £4 dependence of the HH generation on
the beam. Trimming the outer parts of the WF results in a shape
resembling astigmatism, which we have observed [see Fig. 2(c)],
effectively reducing the order of aberration.

5. CONCLUSION

We show that we can control the astigmatism of the HHs by
changing the astigmatism of the driving IR laser with a change
of the HH photon number of up to +12% and —20% with
a WF quality from A/8 to A/13.3. Having control over the
astigmatism of the XUV allows us to shape it to the individual
requirements of each application. Elongated targets could be
illuminated without the use of additional optics that would
introduce losses or having to implement challenging gas jet
systems. With a WF rms deformation of 1/8 + 1/59 close to
Marcheal’s criterion A /14, the ability to change the astigmatism
would allow to improve the focus and Strehl ratio of XUV optics
in grazing incidence like Kirkpatrick—Baez mirror pairs. The
observed Strehl ratio in the XUV for the strongest possible astig-
matism was below 0.67. A pre-compensation of astigmatism
with the DM would increase the peak intensity at the focus up
to 50%.

We successfully demonstrate the manipulation of the WF and
intensity of HHs by manipulation of the WF of the driving IR
laser with a DM. In our experiment, astigmatism was particu-
larly susceptible to control. No corresponding correlations can
be found for higher-order aberrations such as coma. Instead,
a correlation between coma and astigmatism exists, however
minor. Propagation of the beam using a simple semi-classical
HHG model confirms the observed aberrations in the XUV and
can explain the observed effective aberration filter for higher
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orders due to the £4 dependence of the HH generation on the
driving IR beam.

Future work could entail the implementation of an adaptive
closed-loop system between an XUV WES and an IR DM
with a finer control to produce beam shapes and WFs on target
according to experiment needs with increased number of XUV
photons.
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