LUND UNIVERSITY

High-order harmonic generation with few-cycle pulses for ultrafast electron
spectroscopy

Ouahioune, Nedjma

2026

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Ouahioune, N. (2026). High-order harmonic generation with few-cycle pulses for ultrafast electron spectroscopy.
[Doctoral Thesis (compilation), Faculty of Engineering, LTH]. Department of Physics, Lund University.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/a5a80fb3-4113-46ba-988f-0dd14622f700

Download date: 14. Jun. 2026



High-order harmonic generation with few-cycle
pulses for ultrafast electron spectroscopy

NEDJMA OUAHIOUNE
DEPARTMENT OF PHYSICS | FACULTY OF ENGINEERING, LTH | LUND UNIVERSITY

g > <
b -1IIA=







High-order harmonic generation with few-cycle pulses for ultrafast
electron spectroscopy






High-order harmonic generation
with few-cycle pulses for
ultrafast electron spectroscopy

by Nedjma Ouahioune

LUND

UNIVERSITY

Thesis for the degree of Doctor in Physics
Thesis advisors: Dr. Mathieu Gisselbrecht, Prof. Anne I Huillier, Dr. Cord L.
Arnold
Faculty opponent: Dr. Franck Lépine

To be presented with the permission of the Faculty of Engineering, LTH of Lund University, for public
criticism in the Rydberg lecture hall at the Department of Physics on Friday, the 4th of September 2026 at
13:00.



DOKUMENTDATABLAD enl SIS 61 41 21

Organization Document name

LUND UNIVERSITY DOCTORAL DISSERTATION
Department of Physics Date of disputation

Box 118 2026-09-04

SE-221 00 LUND Sponsoring organization

Sweden

Author(s)

Nedjma Ouahioune

Title and subtitle
High-order harmonic generation with few-cycle pulses for ultrafast electron spectroscopy

Abstract

In this thesis, a high-repetition-rate attosecond light source based on high-order harmonic generation in gases
was used to perform time-resolved electron spectroscopy in atoms and solids. The source was driven by few-cycle
near-infrared laser pulses with a controllable carrier-to-envelope phase, enabling the generation of sequences of
two to four attosecond pulses in the extreme ultraviolet range within only a few laser half-cycles. Part of the
work was devoted to characterizing these short attosecond pulse trains using laser-assisted photoionization. The
results reveal that both microscopic and macroscopic aspects of the generation process influence the number and
relative intensity of the pulses contributing at different photon energies. Temporal confinement of the emission
was observed and attributed to subcycle phase-matching dynamics. The duration of the attosecond pulse trains
was further reduced through precise control of the time-dependent polarization of the driving laser field. Subcycle
polarization gating, where linear polarization is confined near the peak of the pulse envelope, strongly reduced
the attosecond pulse duration. This was experimentally evidenced by the presence of continuous spectra highly
sensitive to the laser carrier-to-envelope phase.

Another part of this thesis studied the impact of effects arising from the ultrashort nature of the light fields on
laser-assisted photoionization of helium, where interference between electron wavepackets plays a central role.
Four new types of quantum interference involving one-photon ionization pathways through absorption of the
attosecond pulses and two-photon ionization pathways involving the absorption or emission of an additional laser
photon were observed and theoretically explained. A second study investigated interference effects involving highly
excited states of helium, highlighting the influence of the spectral amplitude and phase of the laser field. A retrieval
method was developed to extract information about the excited states and the light fields.

Finally, measurements of ultrafast electron dynamics in semiconductors were performed. Carrier relaxation dy-
namics in cubic tin(II) sulfide were investigated under various photoexcitation conditions using attosecond transi-
ent absorption spectroscopy. Several relaxation pathways could be disentangled, including the onset of many-body
interactions between carriers, which were found to accelerate cooling and recombination processes from a threshold
photoinduced carrier density. Using time-resolved photoemission electron microscopy, the potential for spatial
localization of photoelectron emission from indium phosphide nanowires driven by the few-cycle laser pulses was
also experimentally and theoretically investigated. The photoelectron kinetic-energy distributions were found to
be compatible with sub-femtosecond emission durations.

Key words
High-order harmonic generation, Attosecond, Photoionization

Classification system and/or index terms (if any)

Supplementary bibliographical information Language
English
ISSN and key title ISBN

0281-2762 978-91-8104-984-8 (print)
978-91-8104-985-5 (pdf)
Recipient’s notes Number of pages Price
201

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to
all reference sources the permission to publish and disseminate the abstract of the above-mentioned dissertation.

2026-05-24

Signature Date




High-order harmonic generation
with few-cycle pulses for
ultrafast electron spectroscopy

by Nedjma Ouahioune

LUND

UNIVERSITY



A doctoral thesis at a university in Sweden takes either the form of a single, cohesive re-
search study (monograph) or a summary of research papers (compilation thesis), which the
doctoral student has written alone or together with one or several other author(s).

In the latter case the thesis consists of two parts. An introductory text puts the research work
into context and summarizes the main points of the papers. Then, the research publications
themselves are reproduced, together with a description of the individual contributions of
the authors. The research papers may either have been already published or are manuscripts
at various stages (in press, submitted, or in draft).

Cover illustration front: Laser-assisted photoionization spectrogram obtained with short APTs and
few-cycle NIR laser pulses.

Cover illustration back: Spectrogram of electron photoemission from an InP nanowire induced
by few-cycle NIR laser pulses.

Funding information: The thesis work was financially supported by the European Research Council
(Grant Nos. 2020-05200, 2023-04603, 2021-04691) and the Knut and Alice Wallenberg Founda-
tion.

pp i-102  © Nedjma Ouahioune 2026

Paper I © 2025 Optica Publishing Group

Paper I ~ © 2026 The Authors under CC BY 4.0
Paper I © 2026 The Authors under CC BY 4.0
Paper IV © 2026 The Authors under CC BY 4.0
Paper V. © 2026 The Authors

Paper VI © 2026 The Authors

Faculty of Engineering, LTH, Department of Physics

1SBN: 978-91-8104-984-8 (print)
1SBN: 978-91-8104-985-5 (pdf)
1ssN: 0281-2762

Printed in Sweden by Media-Tryck, Lund University, Lund 2026
W Eco Media-Tryck is a Nordic Swan Ecolabel
certified provider of printed material.
/// Read more about our environmental

v,’,I, work at www.mediatryck.lu.se
uess  MADE IN SWEDEN ==



« Que diable allait-il faire dans cette galére ? »
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Abstract

In this thesis, a high-repetition-rate attosecond light source based on high-order harmonic gener-
ation in gases was used to perform time-resolved electron spectroscopy in atoms and solids. The
source was driven by few-cycle near-infrared laser pulses with a controllable carrier-to-envelope
phase, enabling the generation of sequences of two to four attosecond pulses in the extreme ultra-
violet range within only a few laser half-cycles. Part of the work was devoted to characterizing these
short attosecond pulse trains using laser-assisted photoionization. The results reveal that both micro-
scopic and macroscopic aspects of the generation process influence the number and relative intensity
of the pulses contributing at different photon energies. Temporal confinement of the emission was
observed and attributed to subcycle phase-matching dynamics. The duration of the attosecond pulse
trains was further reduced through precise control of the time-dependent polarization of the driving
laser field. Subcycle polarization gating, where linear polarization is confined near the peak of the
pulse envelope, strongly reduced the attosecond pulse duration. This was experimentally evidenced
by the presence of continuous spectra highly sensitive to the laser carrier-to-envelope phase.

Another part of this thesis studied the impact of effects arising from the ultrashort nature of the light
fields on laser-assisted photoionization of helium, where interference between electron wavepackets
plays a central role. Four new types of quantum interference involving one-photon ionization path-
ways through absorption of the attosecond pulses and two-photon ionization pathways involving
the absorption or emission of an additional laser photon were observed and theoretically explained.
A second study investigated interference effects involving highly excited states of helium, highlight-
ing the influence of the spectral amplitude and phase of the laser field. A retrieval method was
developed to extract information about the excited states and the light fields.

Finally, measurements of ultrafast electron dynamics in semiconductors were performed. Carrier
relaxation dynamics in cubic tin(II) sulfide were investigated under various photoexcitation con-
ditions using attosecond transient absorption spectroscopy. Several relaxation pathways could be
disentangled, including the onset of many-body interactions between carriers, which were found
to accelerate cooling and recombination processes from a threshold photoinduced carrier density.
Using time-resolved photoemission electron microscopy, the potential for spatial localization of
photoelectron emission from indium phosphide nanowires driven by the few-cycle laser pulses was
also experimentally and theoretically investigated. The photoelectron kinetic-energy distributions
were found to be compatible with sub-femtosecond emission durations.



Popular science summary

“High-order harmonic generation with few-cycle pulses for ultrafast electron spectroscopy”. If I had
to break down this title in plain English, it would be: “I shot at any poor electron unlucky enough
to be in the way of my laser and took note of their reaction”. This may sound unsettling, but this is
not so far from the truch.

This thesis is about tracking the very (very) fast dynamics of very (very) small particles. But what
does “very (very)” mean?

How fast and how small?

The particles we are interested in are electrons, which live in the smallest constituent of matter, called
atoms. An atom is about 0.1 nanometer in size, that is, 0.0000000001 meter. For comparison, the
smallest things we can see with our naked eyes are hair, and it is a million times larger. To see beyond
our own limit, we use advanced instruments like microscopes, which is still not enough to see an
atom. In this work, we focus on electrons which are even smaller than an atom!

Even if we could resolve the size of an electron, we would not see it because it moves too quickly.
It is like attempting to follow by eye the course of a bullet, of a bolt of lightning or tracking your
supervisor’s thoughts. Simply impossible, one could think.

To overcome this, we can develop high-speed cameras that help us to make a movie in “slow motion”.
In practice, this means taking snapshots with a high shutter speed, and processing them at a speed
we can keep up with. Imagine that you are recording a race: if you only take a snapshot at the
start and at the finish, you miss everything in between. To truly see what happens, you need many
images taken along the way.

Today, the fastest cameras can capture events lasting a few picoseconds (0.000000000001 seconds).
As it turns out, this is still not enough to observe electrons since they move on attosecond time scales.
An attosecond is 0.000000000000000001 second. If you don’t have the time to count the zeros, I
can do it for you: 18.

The camera we use is ultrashort light pulses at the attosecond time scale. We send our laser into
a gas made of many atoms and the interaction leads to light bursts of attosecond duration: our
attosecond shutter! The complex phenomena behind this interaction state something very simple:
the shorter the laser pulses, the shorter the produced attosecond pulses. We therefore use a laser
with the shortest pulse duration in the world. A part of this thesis has been devoted to study ways
to reduce the duration of the produced attosecond pulses by controlling the interaction itself.

Measurement time!

Now that we have a tool fast enough to “film” electrons, the next question is: what do they actu-
ally do? Well in reality, we do not know much until the attosecond pulse impinges on the atom.
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Something quirky occurs when this happens. Electrons can be at two places at the same time, with a
certain probability. This means they may absorb energy from the light and become excited, so-called
photoexcitation, or they may leave the atom, so-called photoionization.

However, electrons are not isolated. Like humans, when an electron wants to do something, neigh-
boring particles might want to prevent it from doing so. In the case of photoionization for example,
other electrons can interact to delay the time it takes the electron to leave the atom. Measuring the
exact time has been one of the breakthroughs of attosecond science. Yet, it is a tough task since
one needs to disentangle the contribution of the light used for the measurement from that of the
surrounding environment. To do so requires both prior knowledge of the light properties and a
robust experimental method. This thesis addresses both points by characterizing the properties of
the short attosecond pulses and by showing that using them in time-resolved experimental studies
provides new information about photoionization.

The principle behind these time-resolved experiments is always the same: the pump-probe scheme.
A first light pulse kicks off the electron dynamics, and a second pulse probes the induced changes.
By changing the time at which the second pulse arrives, a “movie” of the dynamics is made. These
methods are applied here to study electrons in both atoms and solids, which are made of many
atoms. Understanding how electrons move in such systems is fundamental, as many technologies
are closely tied to their motion. From electronics and solar cells to emerging quantum technologies.
Controlling electron motion is key to future innovations.

By improving our ability to observe and understand ultrafast electron dynamics, this work con-
tributes to the long-term development of faster electronic devices and more efficient, sustainable
materials.
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Populirvetenskaplig sammanfattning

“Hogordningens harmoniska generering med ficykelpulser fér ultrasnabb elektronspektroskopi”.

Om jag skulle behova bryta ned den hir rubriken pa ren svenska sa skulle det bli: ” jag skot pé alla
stackars elektroner som rikade befinna sig i vigen f6r min laser och antecknade hur de reagerade.”
Det kan lita orovickande men det ligger faktiskt inte s lingt frin sanningen.

Den hir avhandlingen handlar om att f6lja den mycket (mycket) snabba dynamiken hos mycket
(mycket) sma partiklar. Men vad betyder egentligen “mycket (mycket)”?

Hur snabbt och hur smatt?

De partiklar vi 4r intresserade av ir elektroner, som lever i den minsta bestindsdelen av materia, sa
kallade atomer. En atom har en storlek pd ungefir 0,1 nanometer, det vill siga 0,0000000001 meter.
Som jimforelse dr det minsta vi kan se med blotta 6gat ungefir en miljon ganger stérre, ungefir lika
brett som ett harstrd. For att se bortom véra egna begrinsningar anvinder vi avancerade instrument
som mikroskop, men en atom ir fortfarande 10 000 ginger mindre. Och elektroner 4r minst 100
000 génger mindre 4n en atom.

Men 4ven om vi kunde urskilja storleken pa en elektron skulle vi inte kunna se den, eftersom den
ror sig for snabbt. Det 4r som att forsdka folja en kula, en blixt — eller din handledares tankar. Helt
enkelt oméjligt skulle man kunna tro.

For att 6vervinna detta problem si kan vi utveckla hghastighetskameror som hjilper oss att skapa
en film i “slow motion”. Det innebir i praktiken att man tar bilder med mycket kort exponeringstid
och sedan spelar upp dem i en hastighet vi kan f6lja. Férestill dig att du filmar ett lopp: om du bara
tar en bild vid start och en vid mél missar du allt diremellan. Fér att verkligen se vad som hinder
behovs manga bilder lings vigen.

Idag kan de snabbaste kamerorna finga hindelser som varar nigra pikosekunder (0,000000000001
sekunder). Men det ricker fortfarande inte for att observera elektroner, eftersom de rér sig pa azro-
sekundsskalan. En attosekund ir 0,000000000000000001 sekund. Om du inte har tid att rikna
nollorna efter decimaltecknet kan jag géra det at dig: 18.

Kameran vi anvinder ir ultrakorta ljuspulser pd attosekundsskala. For att nd attosekundsomradet
skickar vi vér laser genom en gas bestdende av ménga atomer. Vixelverkan leder d4 dill ljusblixtar
med attosekunders varaktighet: vir attosekund-“slutare”!

De komplexa fenomenen bakom denna vixelverkan siger nigot vildigt enkelt: ju kortare laser-
pulser, desto kortare blir de producerade attosekundspulserna. Dirfor pressar vi ner laserpulsernas
lingd till nagra fi femtosekunder. En del av denna avhandling har dgnats at att undersoka sitt att
ytterligare forkorta de producerade attosekundspulserna genom att kontrollera sjilva vixelverkan,
utan att dndra den drivande laserpulsens varaktighet.
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Dags att miita!

Nu nir vi har ett verktyg som ir tillrickligt snabbt for att "filma” elektroner, ir nista friga: vad gér de
egentligen? I sjilva verket vet vi inte mycket forrin attosekundpulsen triffar atomen. Nir detta sker
intriffar nigot mirkligt. Elektroner kan befinna sig pé tva stillen samtidigt, med en viss sannolikhet.
Detta innebir att de kan absorbera energi frin ljuset och bli exciterade, si kallad foroexcitation, eller
s4 kan de limna atomen, s3 kallad fotojonisering.

Elektroner ir dock inte isolerade. Precis som minniskor kan nirliggande partiklar férsoka hindra
en elektron frin att gora ndgot nir den vill géra det. Vid fotojonisering kan till exempel andra
elektroner interagera for att fordroja den tid det tar for elektronen att limna atomen. Att mita
den exakta tiden har varit ett av genombrotten inom attosekundvetenskapen. Det 4r dock en svar
uppgift eftersom man miste skilja ut bidraget fran det ljus som anvinds fér mitningen fran det
som kommer frin omgivningen. Fér att gora detta krivs bade férkunskaper om ljusets egenskaper
och en robust experimentell metod. Denna avhandling behandlar bidda dessa punkter genom att
karakterisera egenskaperna hos de korta attosekundspulserna och genom att visa att anviindningen
av dem i tidsupplésta experimentella studier ger ny information om fotojonisering.

Principen bakom dessa experiment ir alltid densamma: en forsta ljuspuls sitter iging elektronernas
rorelsemdnster, och en andra puls undersdker de forindringar som uppstir. Genom att variera tid-
punkten for den andra pulsen kan man spela in en "film” av dynamiken. Dessa metoder anvinds hir
for att studera elektroner bade i enskilda atomer och i fasta material, som bestir av manga atomer.
Att forstd hur elektroner rér sig i sddana system ir av grundliggande betydelse, eftersom manga tek-
niker ir nira kopplade till elektronernas rérelse. Frin elektronik och solceller till nya kvanttekniker
ir kontrollen av elektronernas rorelse avgdrande for framtida innovationer.

Genom att forbittra var formédga att observera och forstd ultrafast elektrondynamik bidrar detta
arbete till den lingsiktiga utvecklingen av snabbare elektroniska komponenter och mer effektiva
och hillbara material.



Résumé scientifique vulgarisé

« Génération d’harmoniques d’ordre élevé avec des impulsions laser & peu de cycles pour application
a la spectroscopie électronique ultrarapide ».

Une maniére simple d’expliquer mon titre serait : j’ai tiré sur tous les pauvres électrons assez mal-
chanceux pour se trouver sur le chemin de mon laser, et que j’ai observé leur réaction. Cela peut
sembler déstabilisant, mais cela est assez proche de la réalité.

Cette these porte sur le suivi de la dynamique trés (trés) rapide de particules tres (trés) petites. Mais
qu'entend-on par « trés (tres) » ?

A quelle vitesse et a quelle échelle ?

Les particules qui nous intéressent sont les électrons, qui vivent dans les plus petits constituants de la
maticre appelés atomes. Un atome a une taille d’environ 0,1 nanomeétre, soit 0,0000000001 métre.
A titre de comparaison, les plus petites choses que nous pouvons voir 4 I'ceil nu sont un million
de fois plus grandes, de 'ordre de I'épaisseur d’un cheveu. Pour dépasser nos propres limites, nous
faisons appel 2 des instruments avancés comme les microscopes, ce qui ne suffit toujours pas pour
voir un atome. Dans ce travail, nous nous intéressons aux électrons, qui sont encore plus petits
qu'un atome !

Mais méme si nous pouvions distinguer la taille d’un électron, nous ne le verrions pas, car il se
déplace trop rapidement. C’est comme essayer de suivre 4 I'ceil nu la trajectoire d’'une balle de
pistolet, d’'un éclair ou les pensées de votre directeur de thése. Tout simplement impossible, pourrait-
on penser.

Pour observer des phénoménes aussi rapides, les caméras ultra-rapides peuvent nous aider en ralen-
tissant le film du mouvement. Lidée repose sur la prise de plusieurs images, ensuite projetées les
unes aprés les autres & une vitesse que nous pouvons suivre. Imaginez que vous deviez filmer une
course : si vous ne prenez qu'une photo au départ et une i l'arrivée, vous manquerez tout ce qui se
passe au milieu. Pour vraiment voir ce qui se passe, il faut prendre de nombreuses images tout au
long de la course.

Aujourd’hui, les caméras les plus rapides peuvent capturer des événements de quelques picosecondes
(0,000000000001 seconde). Cependant, cela reste insuffisant pour observer les électrons, car ils évo-
luent sur des échelles de temps azzosecondes. Une attoseconde correspond 20,000000000000000001
seconde. Si vous n'avez pas le temps pour compter les zéros apres la virgule, je le fais pour vous : 18.

Notre caméra est faite d’impulsions lumineuses ultracourtes, de durées attosecondes. On envoie notre
laser dans un gaz composé de nombreux atomes, et I'interaction produit des impulsions lumineuses
de durée attoseconde : notre caméra attoseconde ! La physique complexe de l'interaction donne
lieu & une regle tres simple : plus les impulsions laser sont courtes, plus les impulsions attosecondes
produites le sont également. Nous utilisons donc les lasers avec les durées les plus courtes du monde.
Une partie de cette thése a été consacrée 4 'étude de moyens de réduire la durée des impulsions
attosecondes produites en contrdlant l'interaction elle-méme.
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Place aux mesures !

Maintenant que nous disposons d’un outil assez rapide pour « filmer » les électrons, la question
suivante est : que font-ils réellement ? En réalité, pas grand-chose. .. jusqu’a l'arrivée des impulsions
attosecondes lumineuses. Lorsque cela arrive, quelque chose d’étrange se produit. Les électrons
peuvent se trouver a deux endroits en méme temps, avec une certaine probabilité. Ils peuvent rester
dans leur état initial, étre excités, ce qui s'appelle photoexcitation, ou ils peuvent quitter 'atome en
absorbant de I'énergie lumineuse, ce qui sappelle photoionisation.

Cependant, les électrons ne sont pas isolés. Comme les humains, lorsqu'un électron veut faire
quelque chose, les particules voisines peuvent tenter de 'en empécher. Dans le cas de la photoio-
nisation par exemple, d’autres électrons intéragissent avec lui ce qui peut retarder le moment ot
il parvient & quitter 'atome. Mesurer précisément ce temps constitue un des grands succes de la
science attoseconde. Pourtant, Cest une tiche redoutable, car la lumiere utilisée pour la mesure a
un impact sur le mouvement des électrons qui doit étre pris en compte. De telles études nécessitent
donc 2 la fois une connaissance préalable des propriétés de 'impulsion lumineuse et une méthode
expérimentale robuste. Cette thése aborde ces deux aspects en caractérisant les propriétés des im-
pulsions attosecondes courtes, et en montrant que leur utilisation dans des expériences résolues en
temps fournit davantage d’informations sur la photoionisation.

Le principe de ces expériences repose sur le méme principe : la technique pompe-sonde. Une pre-
miére impulsion lumineuse initie la dynamique électronique, et une seconde sonde les changements
induits. En modifiant le moment d’arrivée de la seconde impulsion, on obtient donc un film de la
dynamique. Ces méthodes sont appliquées ici a 'étude des électrons dans les atomes ou dans les so-
lides, constitués de nombreux atomes. Comprendre comment les électrons se déplacent dans ces sys-
temes est fondamental, car de nombreuses technologies dépendent étroitement de leur mouvement.
De I'électronique aux panneaux solaires, en passant par les technologies quantiques émergentes, le
controle du mouvement des électrons est essentiel pour les innovations futures.

En améliorant notre capacité & observer et comprendre la dynamique ultrarapide des électrons, ce
travail contribue au développement 4 long terme de dispositifs électroniques plus rapides ainsi que
de matériaux plus efficaces et durables.
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APT
ATAS
ATRS
ATI
BBO
CB/CBM
CMA
CPA
CEP
CIEL
DLD
d-scan
EWP
GD
GDD
HeNe
HHG

IR

LAP
MCP
NOPA
NIR
PAD
PEEM
RABBIT
SAP
SATI
SHG
SFA
TDPT
TDSE
TOF
TOD
TR-PEEM
VB/VBM
WD
Xuv

Attosecond Pulse Train

Attosecond Transient Absorption Spectroscopy
Attosecond Transient Reflection Spectroscopy
Above-Threshold Ionization

Beta-Barium Borate

Conduction Band/Conduction Band Minimum
Central Momentum Approximation

Chirped Pulse Amplification
Carrier-to-Envelope Phase

Coincidences entre Ions et Electrons Localisés
Delay-Line Anode Detector

dispersion scan

Electron Wavepacket

Group Delay

Group Delay Dispersion

Helium-Neon

High-order Harmonic Generation

Infrared

Laser-Assisted Photoionization

Microchannel Plate

Non-collinear Optical Parametric Amplification
Near-Infrared
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Part I: Thesis






CHAPTER 1 I

Introduction

1 Time-resolved electron spectroscopy

Light—matter interactions have long been a central area of research, driven both by their fundamental
importance and their wide range of applications to study and control matter. Progress in this field
has been closely tied to the development of light sources, enabling ever more precise ways to probe
matter. It is well-known that shining light on matter may lead to the absorption of one or several
photons, thereby promoting an electron to a higher bound energy level (photoexcitation) or to a
free continuum state (photoemission). These processes are associated to a dynamic response of the
system driven out-of-equilibrium. For example, photoexcitation is followed by radiative and/or
non-radiative relaxation to lower excited states while in photoemission, the electron is emitted with
a delay due to scattering with neighboring charged particles. Information about the electronic
response can be obtained by measuring an observable impacted by the electron interaction (light
spectrum) or a property of the electron itself (energy, momentum, spin, etc...).

A widely used detection method consists in photoemitting electrons using light, then detect their
kinetic energy (i.e. spectrum), which is referred to as electron spectroscopy. Depending on the exact
light parameters (frequency, field strength) and matter properties (binding energy), the photoemis-
sion takes place in different regimes. If the photon energy exceeds the binding energy, single-photon
ionization occurs, as illustrated in Fig. 1.1a. This is called the photoelectric effect, which was first
observed by Hertz [1] and explained by Einstein [2]. For high-frequency and/or weak fields, non-
linear absorption of multiple photons having a total energy exceeding the binding energy is also
possible, as shown in Fig. 1.1b. In contrast, intense fields give rise to tunnel ionization in which
the Coulomb potential is distorted by the field strengths, lifting the need for having a total energy



exceeding that binding the electron to the atom. This process is illustrated in Fig. 1.1c.
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Figure 1.1: Main photoemission regimes. (a) Single-photon ionization with a high energy photon. (b) Multiphoton ionization,
possible for long wavelengths. (c) Tunnel ionization. Each arrow represents the absorption of a photon and the
purple gaussian area represents the electron wavepacket.

Nowadays, it is possible to generate laser pulses with femtosecond durations (1 femtosecond = 10~
second), which exhibit broadband spectra in various regions of the electromagnetic spectrum and
can be focused to high peak intensities. This enables reaching the three aforementioned photoe-
mission regimes, which is done in the various applications of this work. However, measuring the
spectrum provides incomplete information, as it does not directly access the phase of the photoelec-
tron which carries temporal information.

Time-resolution is obtained by means of pump-probe interferometry. In this scheme, a pump
pulse initiates the phenomenon of interest (e.g. photoexcitation or photoemission) which is then
probed by a variably delayed pulse. It was implemented to study nuclear dynamics in molecules
with femtosecond laser pulses by Ahmed Zewail, for which he was awarded the Nobel Prize in 1999
[3]. This method has since been extended to the study of numerous phenomena in molecules or
solids in spectral regions ranging from the deep ultraviolet to the mid-infrared.

Yet, electron dynamics in atoms occur on even shorter timescales: attosecond ones (1 attosecond =
10~'® second). Furthermore, binding energies of ground state atoms or of core-levels in molecules
and solids reach extreme ultraviolet (XUV) or X-ray energies, inaccessible with femtosecond pulses.
With the advent of attosecond science, accessing electron dynamics involved in these phenomena
became possible.

2 'The realm of attosecond spectroscopy

Attosecond science emerged in the late 1980s, when scientists discovered that focusing an intense
laser in a gas produced a broad comb of odd high-order harmonics of the laser frequency [4, 5]. This
process, called high-order harmonic generation (HHG), gave access to a broad spectral range in the
XUV or even X-ray region, compatible with attosecond durations. Since then, HHG has become
a common technique to generate attosecond pulses, often in two main forms: long attosecond
pulse trains (APTs) or single attosecond pulses (SAPs). As it is the natural time scale on which
electrons move, each type of XUV radiation has revolutionized the study of electron dynamics in
matter. Among its numerous successes, these could be used to measure photoionization time delays
in atoms [6, 7, 8, 9], molecules [10, 11, 12] and condensed matter [13, 14] or to investigate sub-
femtosecond dynamics of core excitons [15, 16, 17, 18]. More recently, large efforts of the community



are dedicated to develop protocols for characterizing the temporal evolution of the quantum state
of electrons [19, 20, 21] or to extend the already existing metrology schemes [22, 23, 24].

The richness of applications arises from the immense choice in light sources, and their possible
manipulation, but also detectors, which give access to more observable hence new information
about the electron dynamics. Thus far, attosecond science has mostly combined XUV SAPs or
APTs with phase-locked infrared (IR) laser pulses while detecting either charged particles or light.

When light-detection is chosen, attosecond transient absorption or reflection spectroscopy (ATAS
or ATRS) dominates [25, 26, 27, 28, 29, 30], although alternative methods exist such as four-
wave mixing [31, 32]. This thesis has used ATAS to investigate relaxation dynamics of photoexcited
electrons. Here, an IR laser is used as a pump to induce changes in a sample, through which a
XUV probe is propagated. The transmitted XUV spectrum is recorded, and provides information
about the out-of-equilibrium dynamics. These all-optical techniques are in generally favored to
study liquids or solids, which can be challenging with charged particle detection. This is especially
pronounced in solids composed of several elements of the periodic table for which ATAS is more
easily implemented.

When electron-detection is chosen, two cornerstone techniques dominate: streaking [33, 34, 35]
and the Reconstruction of Attosecond Beating By Interference of Two-photon Transitions (RAB-
BIT) [36, 37]. Both can be described as multiphoton processes (see Fig. 1.1a and b). RABBIT
consists in using a weak IR probe to create quantum interference between electron wavepackets
(EWP) produced through photoionization by the XUV. The amplitude and phase of the interfer-
ence encodes information about the light fields or photoionization process. However, the subset of
accessible variables is restricted and generally requires prior knowledge about the process itself or the
light fields to disentangle the different contributions, especially in complex systems [38]. Besides,
the complexity of this approach increases when broadband pulses are employed such that this im-
plementation has been often avoided by the community. In this thesis, a robust study is carried out
with the aim to lay the foundation for the interpretation of measurements using broadband fields
and to leverage them as a more powerful metrology tool to study complex systems.

3 Scope of this work

Broadly, this work has been devoted to the study of ultrafast electron spectroscopy using broadband
few-cycle laser pulses and short APTs -down to nearly SAPs. Since such studies intrinsically in-
volve complex effects that are highly sensitive to the light source properties and detection methods,
different approaches were employed, as illustrated in Fig. 1.2.

In the first part of this thesis, efforts were dedicated to improve the understanding of the few-cycle
laser driven HHG light-source and its control. This system produces short APTs consisting of two
to four attosecond pulses with different spectral and temporal properties. Their characterization is
crucial for the photoemission-related applications since the light field properties impact the meas-
urements.

A thorough study of HHG using laser-assisted photoioniziation (LAP) shows that both microscopic
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Figure 1.2: Overview of the light sources and detectors used in this thesis. Each combination of a light source and detector
has its own scope of sensitivity.

and macroscopic aspects of the HHG process could change the number of pulses in the train in
specific spectral ranges, due to the simultaneous effect of the carrier-to-envelope phase (CEP) of the
laser and to time-dependent phase matching. This offers control capabilities for tuning the light
source.

Other methods to control the XUV radiation consisted in manipulating the polarization of the few-
cycle laser pulses driving HHG. In particular, the harmonic emission could be temporally confined
to obtain continuous XUV spectra compatible with the generation of SAPs, which improves the
versatility of the attosecond light source.

The second part of this thesis focused on using the attosecond and few-cycle pulses in applications.
Two of them concentrated on interpreting and using broadband effects to extract new information
in LAP whereas two others addressed various phenomena in light-solid interactions.

In the former, photoionization of helium using a comb of broad harmonics in the presence of a
few-cycle laser field was studied using a reaction microscope which provided the three-dimensional
momentum of the photoionized electrons. New observations are made arising from broadband
effects. We propose a theoretical framework for LAP with broadband light fields, which is essential
for extending these studies to more complex systems. A method to reconstruct the full quantum
state of highly excited states via photoionization is also benchmarked in helium.

Finally, dynamics in semiconductors were investigated using two different techniques. First, an
ATAS set-up combining few-cycle lasers and SAPs with a XUV spectrometer (in blue in Fig. 1.2)
enabled identifying carrier cooling and recombination dynamics in a cubic tin(Il) sulfide (z-SnS)
semiconductor. The importance of this work relates to the identification of several carrier relaxation
regimes, highly relevant for photovoltaic applications. In addition, it emphasizes the potential of
this technique to study complex solids composed of several atoms.

An energy-resolved photoemission electron microscope (PEEM) was also installed to carry out time-
resolved measurements of photoemission from indium phosphide (InP) nanowires directly with the
few-cycle laser pulses. This work demonstrates that ultrafast production of electrons with broadband
energy spectra, compatible with sub-femtosecond duration (several hundreds of attoseconds), can
be localized at the edges of the wires.



4 Papers and outline

This thesis is based on six papers, which are connected to the use of few-cycle lasers and short APTs
for the investigation of electron dynamics. These can be divided into two categories:

(1) Temporal confinement of the high-order harmonic emission driven by few-cycle lasers, and
its characterization (Papers I and II).

(2) Electron spectroscopy with few-cycle lasers and short APTs (Papers I1I-VI).

Papers I and II investigate two mechanisms to confine the high-order harmonic emission driven by
few-cycle laser pulses. In Paper I, the time-dependent polarization state of few-cycle laser pulses is
tailored to confine the high-order harmonic emission. We find that oblique reflections which trans-
port the polarization-gated pulses to the HHG target detrimentally alter the polarization-gate. We
pre-compensate this effect and demonstrate a CEP-dependent confinement of the XUV emission.
In Paper II, we generate short APTs with few-cycle laser pulses for different laser CEPs and char-
acterize them using LAP. The spectra exhibit an energy-dependent number of attosecond pulses,
which depends on the CEP-dependent single-atom response. We also show that the number of
pulses is non-trivially impacted by XUV confinement due to phase matching dynamics.

LAP of helium atoms using a comb of broad harmonics in the presence of a few-cycle dressing
laser field is performed in Papers III and VI. In Paper III, a three-dimensional electron momentum
detector enables the identification of four new interference features in the photoelectron spectra,
arising from interference between quantum pathways of different parities. These are distinguished
and encode unique information about the light fields and photoionization process. Paper VI fo-
cuses on interference involving below-threshold excited states. In particular, we find that the broad
bandwidths of our few-cycle laser pulses enrich the measurement, although they require careful
analysis.

Papers IV and V focus on the ultrafast spectroscopy of semiconductor materials. In Paper IV, an
ATAS set-up from the Stephen R. Leone group in Berkeley is used to investigate charge carrier
dynamics in a metastable cubic phase of SnS. The dynamics are studied under different photo-
excitation conditions, which enables identifying different carrier cooling and recombination re-
gimes. Paper V presents a energy- and time-resolved study of photoemission from InP nanowires
using few-cycle laser pulses and a PEEM. Due to local field enhancement, the photoelectron kinetic
energy spectra exhibit features typical of the strong-field regime. These present broad bandwidths
compatible with ultrashort durations, down to the attosecond regime.

This thesis is organized into four chapters. Chapter 2 introduces the fundamentals of few-cycle
laser pulses as well as the experimental laser source and pulse-manipulation tools used in this work.
In Chapter 3, theoretical and experimental HHG driven by few-cycle lasers is described. Based on
these notions, two different mechanisms to confine the high-order harmonic emission are discussed.
Chapter 4 focuses on angularly-resolved LAP with short APTs and few-cycle pulses, and compares
it with the traditional RABBIT and streaking techniques. It is shown that this regime gives rise
to new observations, which open the road to many possible studies. Finally, Chapter 5 presents
two different time-resolved methods for ultrafast spectroscopy of solids (ATAS and TR-PEEM) and
provides an example of application for each of them.






CHAPTER 2 I

Few-cycle laser pulses and their manip-
ulation

The experimental techniques used in this thesis, in particular high-order harmonic generation and
pump-probe interferometry, rely on the coherent properties of the light. The first section introduces
the basic tools required to understand these measurements. Then, few-cycle laser pulses and methods
applied to manipulate their properties are described, in view of the use of these tailored pulses for
light-matter interactions in the next chapters.

1 Light pulses

Light-matter applications are often described by treating light either as an oscillating electromagnetic
wave or as a photon. Both descriptions are valid, although physical intuition may come more
naturally from one or the other depending on the situation.

Light oscillating at a single frequency v is infinite in time and is referred to as monochromatic.
Such waves constitute the building block of laser pulses. This is depicted in Fig. 2.1a, where mono-
chromatic waves with different frequencies and a constant phase relationship are added, leading to
a main peak with large amplitude. The pulse duration A7 is as short as it can be, and the pulse is
said to be Fourier limited. In contrast, Fig. 2.1b shows the superposition of monochromatic waves
with random phase relationships. The resulting waveform consists of small random amplitude fluc-
tuations, and no main peak is distinguishable.



Time Time

Figure 2.1: Superposition of waves with different frequencies. Superposition of N=10 monochromatic waves of different
frequencies (blue to red curves) with a (a) fixed and (b) random phase relationship. In (a) the waves sum up to a
well-defined main peak with a full-width at half maximum A7 while in (b) their overlap leads to random intensity
fluctuations of small amplitude.

All phenomena investigated in this thesis involve interactions with lasers, and rely on their coherent
properties which means that the phase relationship is well defined over time. In the following sec-
tions, two concepts essential to the experiments in this work are introduced: spectral interferometry
and multiple-slit interference.

1.1 Light pulses in the frequency and temporal domains

The measurements presented in this work are performed in the frequency domain, which is related
to the temporal one through the Fourier transform pair:

N +oo ) 1 +oo .
E(w) :/ Ene™dt +— E@ = ﬂ/ E(w)e™ dw. (2.1)

For laser pulses, the electric fields are conveniently expressed as complex quantities:

E() = |E(8)] %0 o Ew) = |E(w)|d?), (2.2)

where w = 2zv is the angular frequency, |E(#)| the amplitude of the complex envelope, E(w)| the
spectral amplitude with | E(w)|? being the spectrum, ¢(#) the temporal phase and ¢(w) the spectral
phase.

Figure 2.2a and d present Gaussian Fourier limited pulses with a duration of 6 fs and 30 fs in the
time domain. The envelope is plotted in red, and its maximum value £y corresponds to the electric
field amplitude. The rapidly oscillating component, shown in black, is referred to as the carrier
wave. Its oscillation frequency is approximately equal to the central frequency wy of the spectrum
with bandwidth Aw, shown in Figure 2.2b and e. The time and frequency being conjugate variables,
broader bandwidths lead to shorter pulse durations.

The Fourier transform provides important insights about the spectrum of the entire pulse. However,
two-dimensional spectrograms, which show the variations of the signal as a function of time and

10
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Figure 2.2: Common representations of light pulses. Electric field in the (a,d) time and (b,e) frequency domains of a 6 fs
(top pannel) and 30 fs (bottom pannel) light pulse. (c,f) WD of the pulses. The time (frequency) axis is normalized
to the laser period (central frequency).

frequency, provide a more intuitive representation of the spectral phase, especially when it strongly
varies across the pulse envelope. The Wigner distribution (WD), given by

“+oo
Wz, w) :/ E(t+ %) E (t— ) e ™ dr, (2.3)

— 0o

provides a high spectral and temporal resolution. Here, different temporal slices of the pulse are
auto-correlated. A drawback of this distribution is that non-physical cross terms can occur, which
will be the case when simulating attosecond pulse trains in the next chapters. Those appear in-
between consecutive components, and take on positive and negative values. The WD of the femto-
second pulses shown in Fig. 2.2a and d are displayed in ¢ and {, respectively. The strong correlation
between time and frequency is immediately accessible. Since the pulses are Fourier limited (con-
stant spectral phase), the frequency is constant over time. The effect of a varying spectral phase is
discussed later.

1.2 Spectral interferometry

Pump-probe experiments in this work aim at investigating light-matter phenomena over ultrashort
time scales, which is not yet possible with electronic recording devices. Since the time domain is not
accessible, a solution is to perform measurements in the frequency domain. Spectral interferometry
was introduced to measure ultrashort laser pulses in the 1970s [39, 40]. It consists in measuring the
spectrum resulting from the interference between two pulses delayed by 7, expressed as

[(w) = |E () + | Ex(w)]* + 2| E1 (w)|| E2(w)| cos (wT + Ag) (2.4)

where E)(w) and E(w) are the two fields and A¢ their relative spectral phase. While the delay
changes the periodicity of the fringes, the phase changes their position. Figure 2.3 compares the

1



spectra arising from the interference between two pulses delayed by 7 (blue) and 7 + 47 (black
dotted line) in time. In the former case, the interference pattern consists of peaks separated by 771,
and is modulated by the pre-factor £ (w)E;(w). Increasing the delay between both pulses by 67
decreases the separation between the peaks in the spectral domain to (7+ 7)™, as shown by black
dotted lines. In this thesis (Papers II, III, IV, V and VI), light-matter interaction phenomena are

investigated with methods building on the concepts of spectral interferometry.
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Figure 2.3: Two-pulse interference. Schematic of the spectrum arising from the interference between two pulses delayed by
7 (blue) and 7 4 57 (black dotted line).

1.3 Multiple-pulse interference

Equation (2.4) shows that two light pulses separated in the temporal domain interfere in the spectral
domain, even at large delays where they do not overlap. Certain processes, especially high-order
harmonic generation, leads to the emission of pulse trains, composed of several pulses separated in
time. Their spectrum can be understood in terms of multiple-pulse interference.

Figure 2.4 shows the spectrum of pulse trains composed of N = (a) 3, (b) 5 and (c) 10 pulses
separated by 7. We observe that the interference maxima become narrower as the number of pulses
increases and that N — 2 secondary maxima arise in-between the main peaks. In the case of three-
pulse interference, the separation between the main peaks is half that between consecutive main
peaks. Accordingly, the interference pattern can be intuitively thought of as the sum of interference
patterns produced by each pulse-pair combination, as depicted in Fig. 2.4d. The secondary peaks
can only originate from interference between the first and third pulse (gray curve) while interference
between the second and first (or third) pulse leads to the main peaks (pink curve).

Breaking the time periodicity by slightly modifying the distance between two of the pulses allows
controlling the position of the main or secondary maxima, thus breaking the symmetry of the
pattern. Changing the phase of a pulse in the train leads to similar control possibilities. These
concepts have strong consequences for high-order harmonic generation with few-cycle laser pulses.

12
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Figure 2.4: Multiple-pulse interference. Spectra of pulse trains composed by (a) three, (b) five and (c) ten pulses separated by
7 in the temporal domain. The spectra can be thought as the sum of interference between all possible pulse pairs.

2 Few-cycle laser pulses

Nowadays, it is possible to reach pulse bandwidths of several hundreds of nanometers, that can
support pulses as short as a few optical periods 7y = 577(: In this thesis, ~6 fs near-infrared (NIR)
pulses are used, which contain two to four optical cycles. Most of the optical elements used to
manipulate the light pulses are chromatic, meaning that they have a frequency-dependent refractive
index n(v). Since the speed of each frequency component in the medium depends on the refractive
index, the various frequencies that make up the pulse propagate at different speeds resulting in
a frequency-dependent phase. As discussed in the previous section, shorter pulses are obtained
for temporally correlated waves. This makes the control of the phase a challenging but crucial

requirement to achieve very short pulse durations.

An intuitive understanding of the means by which dispersion affects the pulses can be obtained by
expanding the spectral phase in a Taylor series around the central frequency wy

1 1
d(w) = ¥ + 6\ (W —wo) + = ¢ (w — wo)* + = o (W — w)? + ... 2.5)
~— =~ 2! ~— 3! ~—
CEP GD GDD TOD

where (;5(()”) = :Z)dz wewp> (()O) the carrier-to-envelope phase (CEP), qb(()l) the group delay (GD),
(()2) the group delay dispersion (GDD) and d)(()a) the third order dispersion (TOD). These terms are

described in more details in the next sections.

2.1 Carrier-to-envelope phase and stereo-above-threshold ionization

The CEP corresponds to the absolute phase of the electric field oscillations with respect to the peak
of the envelope. The electric field of a 6 fs pulse having three CEP values separated by 45° is plotted
in Fig. 2.5. At a CEP of 0° and 90°, the carrier is symmetric with respect to the peak of the
envelope (#=0) and oscillates as a cosine and a sine, respectively. For in-between CEP values, for
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example 45°, the carrier is asymmetric with respect to the peak of the envelope. Applications using
few- or single-cycle pulses, like HHG or above-threshold ionization (ATI), are highly sensitive to
the instantaneous electric field. This requires a stable, and ideally controllable CEP.
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Figure 2.5: Carrier-to-envelope phase. Electric field of a 6 fs light pulse with a CEP equal to (a) 0°, (b) 45° and (c) 90°.

During propagation in dispersive media, however, the envelope and the carrier propagate at differ-
ent speeds, resulting in a timing mismatch. This leads to CEP shifts A@cgp. Similar effects can
also occur upon light reflection, depending on the light polarization state, which effect on HHG
is studied in Paper I. Such aspects, in practice detrimental, offer means to control the CEP. For
example, the thickness of BK7 or fused silica wedges can be adjusted to stabilize, shift or control
the CEP of NIR pulses.

In Papers I, I and III, the CEP is locked using the stereo-above-threshold-ionization (SATT) tech-
nique [41], schematically illustrated in Fig. 2.6. Few-cycle laser pulses are tightly focused to high
peak intensities (~10'? W/cm?) into a xenon gas, resulting in photoionization. The field asymmetry
is transferred to the photoelectrons, which are detected in opposite directions parallel to the field
polarization. Their time-of-flight #rop (energy) is measured and a filter is applied on photoelectrons
with high energies, that are more sensitive to the asymmetry.

a
Unlocked

® Locked

AEz

Figure 2.6: CEP-locking with the SATI. (a) Set-up of the SATI system. Few-cycle pulses (red) are focused into the SATI, where
photoionization of xenon occurs. The photoelectron kinetic energy is detected in two opposite directions, and
resulting asymmetry signal is analyzed by a feedback loop that controls a wedge pair located before the SATI. (b)
Polar graph of asymmetry parameters for two different photoelectron energy slices. The gray and black points show
the asymmetry parameters at each laser shot when the CEP is unlocked and locked, respectively.
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The photoelectron counts detected by each detector (P; and Pg) yield an asymmetry parameter
A= (Pr— Pr)/(Pr+ Pr) x cos (pcEp + ¢o), which presents sinusoidal variations with the CEP.
The phase ¢y of oscillations being energy-dependent, two energy slices are taken and optimized to
obtain a relative 90° phase difference. These are plotted in a two-dimensional graph that takes the
form of a circle, where the polar angle ¥ is the CEP. The distribution is shown in Fig. 2.6 for an
unlocked (gray points) and a locked (black points) CEP. Long-term CEP drifts lead to a change
in polar angle, which can be actively compensated for by a feedback loop that moves a wedge pair
upstream the SATT. This can also be used to shift the CEP by a known amount. The SATT provides
a CEP stability of around 160 mrad (corresponding to a precision of 10°).

2.2 Higher-order terms and dispersion scan

The first order term ¢(!) in Eq. (2.5) is a group delay, that is a temporal shift of the pulse. Since it
does not affect the pulse duration, it is generally neglected. Higher order contributions, however,
modify the pulse’s shape, especially at the edges given the fast variations of (w — wy)”. In the
bottom panel of Fig. 2.7, the WD of a 6 fs pulse having various spectral phases (shown in blue in
the top panel) are plotted. In Fig. 2.7a and d, the reference Fourier limited pulse, having a constant
phase, is shown. A GDD equal to 8 fs* is added in Fig. 2.7b. The corresponding WD, displayed in
Fig. 2.7e, presents a frequency tilt that spans a larger temporal window than in d. Adding a second
order phase term thus stretches temporally the pulse, thereby reducing its peak intensity. The GDD
can be negative or positive, in which cases it induces a frequency decrease or increase with time,
respectively. Sources of positive GDD are ubiquitous in optical set-ups and their effect must be
balanced with special optics, such as chirped mirrors or grating compressors.
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Figure 2.7: Effect of the spectral phase. (a-c) Graphs showing the spectral amplitude of a 6 fs pulse (in black) and the applied
spectral phase (in blue). (d-f) Wigner distribution of the pulses in (a-c). The amplitudes are normalized in each graph
and not scaled to the Fourier limited pulse.

In Fig. 2.7¢, a positive TOD (5 fs°) is applied, translating to a signature parabolic shape of the
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WD, as seen in Fig. 2.7f. A pre-pulse also appears around -47;. Therefore, the TOD modifies
the envelope shape by simultaneously stretching the pulse and separating the Gaussian tails from
the main pulses, resulting in smaller pre- or post-pulses, depending on the TOD sign. This is very
detrimental to the beam quality, as it affects the shape of the pulse on top of the duration.

For the experiments presented in this thesis, the aim is to obtain the shortest pulse duration possible.
This is done by measuring the pulse duration with the dispersion scan (d-scan) technique, from
which the presence of high order spectral phase terms can be inferred. A d-scan measurement
consists in scanning the spectrum of a nonlinear signal for different material dispersion. The set-up
is shown in Fig. 2.8a. First, the laser pulse to characterize is sent into a pair of dispersive wedges,
where it acquires a spectral phase ¢#(“), mostly a positive GDD. Optical elements with negative
dispersion, like chirped mirrors, are introduced upstream to compensate the excess dispersion. The
pulses are then focused in a nonlinear crystal, where their second harmonic is generated. The d-scan
trace, which is the second harmonic signal as a function of the wavelength and wedge insertion Ax,
is recorded with a fiber spectrometer. Second harmonic generation (SHG) being nonlinear, the
signal’s intensity is maximum when the pulse is optimally compressed. The electric field (amplitude
and spectral phase) at each Ax is retrieved using an algorithm that minimizes the root mean square
error between the measured and a simulated trace.
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Figure 2.8: Dispersion scan. (a) Schematic of a typical d-scan set-up. Right panel: Simulated d-scan traces obtained for the
second harmonic of a 6 fs pulse centered at 850 nm. D-scan trace, which shows the second harmonic signal as a
function of the wedge insertion and wavelength, when the pulse is (b) Fourier limited, has (c) a positive GDD and
has (d) a positive TOD.

In addition to providing the pulse duration, the d-scan provides an indication on whether high
order phase terms are present, in which case the pulse duration is not Fourier limited. On the
right of Fig. 2.8, the simulated d-scan trace for a 6 fs pulse at 850 nm with different spectral phases
is shown. In Fig. 2.8b, the pulse is Fourier limited so the trace is flat and the signal maximum at
Ax = 0. During experimental campaigns, we use various dispersive elements with the aim to obtain
this type of trace, to ensure having the optimum pulse at the application target (HHG medium or
ionization medium). In Fig. 2.8¢, a positive GDD is applied to the pulse, which shifts the trace
without strong modifications of the shape. Finally, a positive TOD leads to a tilt (see Fig. 2.8d),
with a shape analogous to the WD showing the effect of GDD on the spectral phase in Fig. 2.7b-e.
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It is important to note that the d-scan does not measure the CEP of the electric field.

3 Manipulation of the light polarization

A great number of applications depend on the light polarization, defined as the direction in which
the electric field oscillates in space. Several methods exist to manipulate the polarization either
spatially or temporally, enabling the investigation of symmetries in various types of matter or the
control of light-matter interactions on ultrafast time scales [42]. For instance, tailored polarization
in ultrashort light pulses has opened promising research fields, including the ultrafast engineering
of electronic states in materials [43, 44, 45] or the generation and control of strong magnetic fields
on ultrafast timescales [46, 47].

In the context of this thesis, the polarization of few-cycle laser pulses is manipulated in time to con-
trol the XUV radiation generated via HHG. Specifically, the polarization gating technique, which
consists in confining a specific polarization state (linear) in a narrow temporal window, is imple-
mented. Means to create a polarization gate for reducing the duration of produced XUV pulses have
been widely developed since the early 1990s [48, 49, 50, 51, 52, 53]. In this section, a beginner’s
guide on how to use propagation in birefringent materials to manipulate the polarization in time
is given. It then presents the set-up implemented to create polarization-gated few-cycle pulses in
Paper I, including key experimental challenges.

3.1 Control of the polarization through birefringence

According to Jones formalism, the electric field vector can be decomposed into orthogonal com-
ponents with amplitudes £; (i=x,y) having a relative phase A¢p = ¢, — ¢,

3= | e .6

The tip of the electric field vector traces an ellipse during light propagation, as shown in Fig. 2.9.
The shape is determined by the two angles 1) and x:

tan (2¢) = %Rm cos(Ag), (2.7)
R
tan (2x) = ﬁ sin(Ag) (2.8)

with R = E,/E, being the components’ amplitude ratio. The exact shape defines the polarization
state, which is classified into three types: circular when the ellipse is a circle (R = 1 and A¢ = z/2),
linear when the ellipse folds onto a plane and elliptical otherwise.

It follows that the polarization can be manipulated via optical elements that control R and/or A¢.
A widely used approach is to employ birefringent materials, in which light possesses an anisotropic
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Figure 2.9: Polarization ellipse. Ellipse drawn by the electric field tip vector over its course. The exact shape is solely determined
by the angles v and .

refractive index such that orthogonal field components propagate at different velocities. This results
in a relative phase expressed as

Ap(w) = %An(w)d, 2.9)

where 4 is the thickness of the crystal and A# is the difference between the refractive indices. The
value of Az depends on the material and on the crystal orientation. In Paper I, uniaxial crystals
are used, which can be oriented such that light linearly polarized along a so-called ordinary x, and
extraordinary x, axis has a refractive index equal to the ordinary 7, and extraordinary 7, indices,
respectively. By tuning the thickness, one can finely control the phase shift and thus the polarization.
For example, quarter-wave plates introduce a phase shift of 7/2, enabling conversion between linear
and circular polarization.

For ultrashort pulses, birefringence has an additional crucial consequence. Since the orthogonal
components propagate at different velocities, they become temporally delayed with respect to each
other. In their overlap region, the polarization becomes time-dependent because the amplitude
varies within the individual components pulse envelopes.

3.2 Experimental set-up for polarization gating

The in-line polarization gate set-up implemented in Paper I uses two birefringent plates made of
fused silica, as schematically illustrated in Fig. 2.10. First, the pulse that is linearly polarized over
the entire duration is transmitted through a quarter waveplate (QWP1). When the ordinary (or
extraordinary) axis is oriented parallel or perpendicular to the field, the polarization remains linear.
To create the polarization gate, one of the axes of QWP1 is instead oriented at an angle 8; with
respect to the input field. This results in two orthogonal, delayed replicas of the input pulse.

At the time where the amplitudes of the two components is equal, the polarization is circular. Away
from this time, the polarization becomes increasingly elliptical since R = |E,|/|E,| decreases. Rap-
idly, R=0 and the polarization is linear. Finally, linear polarization at the position of the polarization
gate is desirable so another quarter waveplate (QWDP2) is inserted at an angle 6, = 6; — 45°.

Figure 2.11 illustrates the delayed orthogonal field replica for two different angles of QWP1. The rel-
ative amplitudes between the orthogonal components is different in both cases, as seen in Fig. 2.11a-
b. However, the phase difference is fixed, as it is solely determined by the thickness and refractive
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Figure 2.10: Polarization gating. Schematic of the polarization-gate setup implemented in Paper I. Linearly polarized pulses
are split into two delayed orthogonally polarized components by a first quarter waveplate (QWP1), producing a
time-varying polarization state. A second quarter waveplate (QWP2) is used to obtain circular polarization at the
peak of the output pulse envelope.

indices of the material. As a result, the polarization gate position #pg changes since R=1 occurs at
different times for the two angles, as seen in Fig. 2.11c-d.
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Figure 2.11: Manipulation of the polarization gate position. Principle schematic of a polarization gate generated at dif-
ferent times s in the pulse by changing the angle 0. (a,b) Input electric field orientation with respect to the
principal axes of the first quarter waveplate. (c,d) Delayed replica of the input field (red and orange) after propaga-
tion in the quarter waveplate. The input electric field envelope is indicated with a gray dotted line.

In Fig 2.12, we plot a simulation of the output electric field strength (in black) and of the degree
of ellipticity tan(y) (in blue) at the output of two fused silica waveplates with thickness 16.5 mm
and 6;=10° and 45°. We observe that the ellipticity varies mostly linearly with time and reaches
zero at different times for different angles. Furthermore, the gate spans less than an optical period,
enabling efficient temporal confinement of the linear polarization. The exact number of covered
half-cycles depends on the CER, which is found to have an effect when the gated pulse is used for
high-order harmonic generation in Paper I.
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Figure 2.12: Temporal properties of the polarization gate. Polarization gate generated at different times by changing the
angle 6; between the electric field and the ordinary axis x, of QWP1. Simulated electric field strength at the input
(in gray) and at the output (in black) of two fused silica waveplates at (a) 6;=10° and (b) 45°. The degree of
ellipticity is plotted in blue.

3.3 Design challenges

In most experiments, the polarization-gated pulse is created upstream of the application chamber
(HHG target), such that coated reflective optics (e.g. mirrors) are used to transport the pulse to
the application target. However, reflection is polarization-dependent: the electric field components
parallel and perpendicular to the plane of incidence, known as s- and p-polarization, experience dif-
ferent amplitude and phase changes. For a pulse which is linearly polarized throughout its duration,
the field is either s or p polarized, and reflection does not alter its polarization state. In contrast,
a pulse having a time-dependent polarization state always has a total electric field that can be de-
composed into a s- and a p- component, whose relative amplitude and phase changes with time.
Upon reflection at oblique incidence, these components are modified differently, thereby changing
the polarization state.

Even though the absolute phase shifts introduced by the reflections is small, it becomes non-negligible
for few-cycle pulses. In this thesis, we drive high-order harmonic generation with polarization-gated
pulses. However, the gate is created in air and then transported to the HHG medium via six reflec-
tions at45° on coated metallic mirrors. Paper I shows that these reflections alter the time-dependent
polarization to an extent that the gate is destroyed before reaching the HHG medium.

To address this issue, an in-line experimental arrangement, shown in Fig. 2.13, was developed to
pre-compensate the reflection-induced dephasing. The gated pulses first pass through two pairs of
wedges. Each pair is composed of a birefringent quartz wedge, BW1 and BW?2, that have opposite
insertion values (Axgw, = —Axpw1). The delay between the two orthogonal replica of the input
pulse is finely controlled by changing the thickness. Since varying the thickness by just 0.1 pm
yields a group delay [|7,| = 0, A¢(w)] of approximately 3 as at 850 nm, an attosecond precision is
possible.

To maintain a neutral dispersion (constant thickness), each birefringent wedge is coupled to a non-
birefringent fused silica wedge (NW1 and N'W2), that moves synchronously to compensate thick-
ness variations (Axnwi = —Axpwi, with i=1,2). A specificity of this arrangement is that only
positive delays can be achieved. Negative delays are obtained by adding two birefringent quarter
waveplates (QWP3 and QWP4) that have their extraordinary and ordinary axes aligned but inverted
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Figure 2.13: Pre-compensation system. Schematic illustrating the polarization control set-up. The polarization-gated pulses
enter the unit from the left and propagate into two pairs of movable wedges consisting of birefringent quartz (BW1
and BW2) and non-birefringent fused silica (NW1 and NW2) wedges. Then, it propagates into two birefringent
quarter waveplates (QWP3 and QWP4). Green and purple arrows indicate the extraordinary and ordinary axes,
respectively.

to that of the wedge pairs.

4 Experimental generation of few-cycle optical pulses

In this thesis, most of the experiments (Papers I, II, III, V, VI) were performed in Lund using a
laser system relying on optical parametric chirped pulse amplification (OPCPA) technology [54].
The laser set-up is presented in the following.

4.1 Optical Parametric Chirped Pulse Amplification

In general, chirped pulse amplification (CPA) [55] consists of three steps, illustrated in Fig. 2.14a.
First, the pulses are temporally stretched by introducing a frequency-dependent phase, which re-
duces their peak intensity. This allows their subsequent amplification in a gain medium (amplifier)
without causing damages. The amplified pulses are then compressed back to their initial duration
by controlling the spectral phase, thus leading to a large peak intensity gain AL While very reliable,
CPA systems based on conventional bulk gain media, most often titanium-sapphire (Ti:Sa) crystals,
suffer from thermal issues and a narrow amplification bandwidth. The heat issues lead to a trade-off
between having a high repetition rate or a high pulse energy and the limited spectral ranges limit
the minimum achievable pulse duration. For applications in this thesis, one wants to have intense
few-cycle pulses (broad bandwidths) at a high repetition rate.

This is achieved with the OPCPA technique, which differs in that the amplification step is nonlinear,
as illustrated in Fig. 2.14b. More precisely, non-collinear optical parametric amplification (NOPA) is
used. Here, two light fields with different frequencies, called the seed (red) and the pump (green), are
focused into a uniaxial Beta Barium Borate (BBO) crystal. When they are temporally and spatially
overlapped, the BBO nonlinearity leads to frequency mixing, where different frequency components
in the spectra are added or subtracted with each other thus producing new frequencies. In NOPA,
energy from the pump is transferred to the seed and a third wave, called idler (rainbow colors), is
produced. The overall process is sensitive to the phase relationship between the interacting beams.
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Figure 2.14: Amplification schemes used in the Lund laser system. Principle schematic of the (a) CPA and (b) OPCPA
technique. The set-up in Lund uses NOPA, in which the pump and the seed are mixed noncollinearly, as seen in (c).

It can be shown that the phase matching condition for an eficient process is:
Ak = kpump - kseed - kidler = 07 (210)

where Kpump»> Kseed and Kiqier are the wavevectors of the pump, seed and idler, respectively. The
wavevector mismatch depends on the angle 6, between the pump beam and the crystal optical axis
(dotted line), and the angle o, between the pump and seed beams, as illustrated in Fig. 2.14¢c. In
practice, we adjust both angles to optimize phase matching when preparing the laser source for
experimental campaigns. In this thesis, the maximum bandwidth which can be amplified is about
a 300-350 nm with a central wavelength around 850 nm.

4.2 Laser system

The schematic of the complete experimental OPCPA set-up is presented in Fig. 2.15. It starts with
a Ti:Sa oscillator providing pulses <6 fs. A dichroic mirror separates the beam into a broadband
(640-1100 nm, in red) and a narrowband (at 1030 nm, in black) portions, that will become the
seed and pump sources for the OPCPA. The narrowband pulses are stretched and amplified using
a combination of fibers, which reduces the repetition rate from the MHz range to 200 kHz. The
stretched pulses are then compressed by a pair of reflection gratings to a duration of ~300 fs. The
second harmonic of these pulses is generated with a SHG crystal while the remaining fundamental
is damped by a dichroic mirror (DM). The second harmonic (in green) is used for pumping the

OPCPA.
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Figure 2.15: OPCPA laser system. Schematic of the OPCPA laser system. CM: chirped mirror pair. DM: dichroic mirror. SHG:
Second harmonic generation. BS: beam splitter.

A beam splitter (BS) then separates the pump into two parts. The transmitted pump is focused into a
BBO crystal (labeled 1) for nonlinear amplification. The reflected part is focused into another BBO
crystal (labeled 2). In both BBO stages, the pump is spatially overlapped with the seed (in red).
The temporal overlap is obtained via a delay stage in the seed arm, that is actively stabilized with
a feedback loop that uses the angularly separated idler as a reference. Finally, the IR amplification
(covered bandwidth and power) is optimized by applying high order terms of the spectral phase
on the seed directly at the oscillator throughput using a pulse shaper. For example, the GDD and
TOD can be individually changed following Eq. (2.5) to obtain the shortest pulse duration.

Figure 2.16a shows a typical output spectrum from the OPCPA. The spectrum has a structure com-
posed of many peaks, with a center wavelength around 850 nm. The inhomogeneous shape of the
spectrum has large implications for the photoionization experiments performed in Papers III and
VI, which will be discussed in the next chapters. In Fig. 2.16b, the temporal profile and phase of the
electric field, retrieved with the d-scan, is shown. A main pulse is visible, that has a duration <6 fs,
with some pre- and post-pulses of smaller amplitudes. These additional small pulses have an impact
for applications in solids, which is discussed in the context of photoemission electron microscopy
in Paper V.
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Figure 2.16: Experimental laser characterization. (a) Experimental spectrum at the output of the OPCPA. (b) Electric field
amplitude (in black) and phase (in blue) retrieved from a second harmonic dispersion scan at the position of optimal
wedge compression.
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CHAPTER 3 I

Short attosecond pulse trains

This chapter studies high-order harmonic generation driven by few-cycle laser pulses, which is a
nonlinear light-matter interaction used to generate attosecond pulses in the XUV range. First,
we describe the spectro-temporal structure of attosecond pulse trains generated with high-order
harmonic generation. Second, we put an emphasis on the spectro-temporal properties of attosecond
pulses produced by a few-cycle driving pulse, as it is central to Papers II, III and VI. Finally, we
discuss methods to control the attosecond pulse duration, in relation to Papers I and II.

1 Why generating short attosecond pulse trains?

In attosecond science, HHG is primarily used to produce SAPs or long APTs. Meanwhile, short
APTs generated by few-cycle driving lasers are rarely used, even though they present unique spectral
and temporal properties. A recent work has shown that the number of attosecond pulses in the train
could be controlled by changing the CEP of the driving laser, providing means to manipulate ul-
trafast processes such as photoionization [56]. More generally, the CEP-dependence of strong-field
physical phenomena has regularly been used as an effective control parameter, for example in pion-
eer works related to above-threshold-ionization [57] or photoemission from metallic nanostructures

[58].

In this thesis, we exploit the spectral and temporal properties of short APTs to deepen the under-
standing of light-matter interactions. In Paper III, for instance, we demonstrate that employing
short APTs in a laser-assisted photoionization scheme traditionally implemented with long APTs
provides access to new experimental observables, as discussed in the following chapter. Moreover,
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short APTs share some features with SAPs, in particular a broad spectrum. This makes them well
suited for applications such as attosecond transient absorption spectroscopy, which is used in Paper
IV to study charge carrier dynamics in a semiconductor. Finally, simple methods can be applied to
reduce short APTs to SAPs. In Paper I, this is achieved by manipulating the polarization state of
the driving laser pulses with the set-up described in Chapter 1.

Arguably, short APTs therefore combine many advantages of both types of XUV radiation. The
following sections provide the theoretical and experimental tools about HHG driven by few-cycle
laser pulses.

2 High-order harmonic generation

High-order harmonic generation is a nonlinear interaction between an intense laser field (from
10" W/cm?) and matter that leads to the generation of high-order harmonics of the laser field.
Since its discovery in the late 1980s [4, 5], HHG is routinely used to produce coherent trains of
attosecond pulses. Figure 3.1 shows the schematic of a typical HHG spectrum, in logarithmic scale.
The spectrum is composed of peaks separated by twice the laser frequency, corresponding to odd
high-order harmonics. Three distinct regions can be identified. First, the intensity decreases linearly
with frequency (“perturbative regime”). This behavior is well-described by a Taylor expansion in the
electric field strength E:

alEl + agE'% + ... (31)

This decrease is followed by a plateau of constant intensity, which cannot be described with Eq. (3.1).
Finally, a sudden drop in intensity arises, called “cut-off”. To understand the origin of the plateau,
the interaction between the intense laser field and the medium must be considered.
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Figure 3.1: Schematic of a typical spectrum obtained with high-order harmonic generation in a gas. Logarithm of the
relative intensity of high-order harmonics as a function of the frequency. Three distinct regions are indicated: a
decrease in intensity, followed by a high-harmonic plateau persisting until a cut-off frequency, above which the
intensity drops.
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2.1 The three-step model

Many properties of the harmonic emission, including the spectral plateau, stem from the interaction
between the laser field and a single-atom (microscopic response). This interaction is well described
by a semi-classical model based on three steps [59, 60, 61], schematically illustrated in Fig. 3.2. First,
the electric field distorts the Coulomb potential binding the electrons and the nucleus together, to
such an extent that the electron can reach the continuum via tunneling. Since it requires large
field strengths, this occurs at times close to a peak of the electric field. In the continuum, the
electron is accelerated by the electric field, thus gaining kinetic energy. After a fraction of a period,
the electric field sign changes and the electron is accelerated back towards its parent ion. There is a
finite probability that it recombines, emitting the excess energy in the form of a high energy photon,
typically in the XUV range.
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Figure 3.2: Schematic of the three-step model. Close to a peak of the laser electric field (in red), the distortion of the Coulomb
potential (in black) is maximum. The electron can reach the continuum through tunnel ionization. It subsequently
accelerates in the electric field, away from the ion, and then back, when the field changes sign. At last, it can
recombine, and emit the excess kinetic energy in the form a high frequency photon (XUV or X-ray range).

The three-step model successfully predicts the maximum emitted photon energy, called cut-off en-
ergy [01, 62]:
E =1,+3.17U, (3.2)

where J, is the ionization energy of the atom and U, the ponderomotive energy equal to avhl/ (m,w?),
with / being the Planck’s constant, ¢ the harmonic order, 7, the electron mass and « the fine struc-
ture constant. The linear scaling with laser intensity and wavelength offers means to control the
energy range.

According to this model, the process repeats itself each time the electric field changes sign, leading to
trains of attosecond pulses separated by half the optical period, as illustrated on the left of Fig. 3.3. In
the spectral domain (right), the spectrum consists of peaks separated by twice the laser frequency,
analogous to multiple-pulse interference (see previous chapter). It is important to note that this
model does not describe accurately important quantum aspects, included in the intensity-dependent
single-atom dipole. In this thesis, the microscopic aspects of the APT generation are simulated by
solving Eq. (3.5) and approximating the time-dependent dipole by a power law [|4,(#)|* = 2%(2)]
-valid in our intensity range [63, 64].
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Figure 3.3: Temporal and spectral profiles of the high-order harmonic emission. Left panel: Electric field of an APT (blue)
generated by an infinitely long driving laser (red). Right panel: Corresponding HHG spectrum.

2.2 Phase-matching

Although the single-atom response describes many of the harmonic emission properties, in reality,
the laser propagates in a partially ionized medium composed of many atoms. The total harmonic
field at the output of the medium is the coherent superposition of all emitted fields with a same
frequency qw. The absence of phase relationship between these fields result in destructive interfer-
ence that reduces the HHG yield, as schematically illustrated in Fig. 3.4a. For an efficient HHG
process, the relative phases of the fields emitted by all the atoms must be “matched”, see for example
Fig. 3.4b. This is achieved by controlling the generation conditions such as to maintain a fixed phase
relationship between the fundamental (generating) and harmonic (generated) field throughout the
interaction length Lg,s. This translates into the following “perfect phase-matching” condition:

Ak(g) = gko —kq =0, (3.3)
where k¢ and kg are the wave vectors of the fundamental and XUV field, respectively.

In this thesis, HHG is performed in a gas, leading to four contributions to the total phase mismatch,
originating from the focusing of the fundamental laser (Akg,.), the microscopic generation process
(Akgip), the dispersive neutral atoms (Ak,s) and the ionized electrons (Akge). The total phase
mismatch becomes:

0 0
/j\ /—5\
Ak(g) = Akai(q) + Akie(q) + Aktoc(q) + Akaip (g)- (3.4)
<0 >0 or <0

Since the contributions have different signs, they can compensate each other to achieve perfect
phase-matching [see Eq. (3.3)]. Finally, as each term depends on the harmonic order, phase-
matching can lead to spectrally varying harmonic intensities, and thus plays a major role in the
spectral and temporal properties of the harmonic emission.

The main message of this section is that the intricate time-frequency dependence of HHG arises
from microscopic and macroscopic effects, which in turn depend on a multitude of variables, such
as the laser parameters [see Eq. (3.2)] or the HHG target design [see Eq. (3.4)].
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Figure 3.4: Schematic of phase-matching. Representation of the phase relationship between harmonic fields emitted by a
multitude of atoms in a nonlinear medium. The emitted fields corresponding to a harmonic order 4 are (a) out-of-
phase and (b) in-phase throughout the medium, resulting in a (a) small and (b) large amplitude.

3 Few-cycle driving pulses

Driving HHG with few-cycle laser pulses leads to fundamentally different XUV spectro-temporal
properties than using long ones, due to their rapid intensity variations. Figure 3.5 shows the tem-
poral (left panel) and spectral (right panel) profiles of the XUV radiation for a decreasing laser
duration. Temporally, the number of attosecond pulses in the train decreases with the duration,
due to the single-atom dipole dependence on intensity. Spectrally, this is associated to an increase
in harmonic width. In the limit of a single attosecond pulse (bottom row), the spectrum presents a
broad continuum, still modulated by twice the laser frequency due to the presence of two very weak
satellite pulses.

In the following, the concepts introduced above are applied to few-cycle pulses, and used to develop
asimple one-dimensional model of HHG driven by few-cycle lasers, which includes the microscopic
and macroscopic response.

3.1 Electron trajectories in the continuum

First, we give a more detailed description on the use of the three-step model. Within the single-atom
picture, the electron acceleration in the continuum is treated classically. After it is ionized at a time
#;, its motion until recombination at a time 7, is given by Newton’s equation,

i(1) = ——E(8), (3.5

me
where x is the distance to the nucleus and e the electron charge. Solving this equation yields electron
trajectories, as illustrated in Fig. 3.6a for a single half-cycle of the driving field. The kinetic energy of
the electron when it recombines with the nucleus is indicated by the color scale and the gray curves
correspond to trajectories for which the electron does not recombine with the ion. We see that a

broadband continuum of frequencies is emitted, with a maximum energy given by the cut-off law
[see Eq. (3.2)].
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Figure 3.5: Temporal and spectral profiles of the harmonic emission for decreasing laser durations. Left panel: Electric
field of the attosecond pulses (blue) generated by driving lasers (red) of different durations. Right panel: Corres-
ponding HHG spectra.

Figure 3.6b shows the kinetic energy as a function of the ionization time (left) and recombination
time (right). For a certain kinetic energy, two different trajectories contribute. These can be classified
into two families: the “short” trajectories, that correspond to electrons that recombine between 0
and 0.45T, and the “long” trajectories, that correspond to electrons recombining between Ty/2
and 3T(/4. In the former, lower photon energies are emitted first while it is the opposite in the
latter. This energy-dependent delay in the emission is called attosecond chirp (attochirp) [65].

For real laser pulses that have a finite duration, the intensity varies from one half-cycle to the next,
with more pronounced differences for few-cycle drivers. Electrons in the continuum therefore ac-
quire a trajectory-dependent phase, called dipole phase, which is different for electrons emitted in
different half-cycles. A simple approximation is derived in [66] by assuming that the XUV photon
frequency varies linearly with the return time for plateau harmonics (see dashed line in Fig. 3.6b):

B(Q) ~ 1,(Q — Q) + 1(77)(9 ~Q,)?, (3.6)
where L
€07,C
v =(t— 69)3_070057 (3.7)

Q is the XUV photon frequency, €, the ionization frequency emitted at #, and Q. the cut-off
frequency emitted at 7. This equation is valid for the short trajectory. The second term is the
GDD, which is inversely proportional to the fundamental laser intensity and which leads to a chirp
of the attosecond pulses (attochirp). Since the intensity varies over femtosecond time scales, it
gives rise to a femtosecond chirp (femtochirp) [65]. This femtochirp breaks the 7 /2 periodicity by
shifting an attosecond pulse temporally, analogous to changing the separation between two pulses
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Figure 3.6: Electron trajectories in the continuum. (a) Distance from the nucleus of the electron as a function of time. The
kinetic energy at recombination is indicated in color scale for each trajectory. (b) Electron kinetic energy as a function
of the ionization (left) and recombination (right) time.

in multiple-pulse interference (see previous chapter). In the spectral domain, this translates to a
shift of the harmonic peak energies.

In this thesis, HHG is driven by 6 fs laser pulses. The XUV photon energies emitted in each half-
cycle of such a pulse can be calculated by solving Eq. (3.5), which yields the kinetic energy at return,
and then applying the cut-off law [see Eq. (3.2)]. The resulting photon energy is shown in Fig. 3.7
as a function of the recombination time for a CEP of (a) 0° and (b) 90°. In both cases, the cut-off
energy varies across the pulse, since the value of U, depends on the peak intensity of the half-cycle
in which the electron recombines. In particular, higher photon energies are only emitted during
a few half-cycles of the electric field, at the center of the pulse. This can be understood with the
cut-off law [Eq. (3.2)], from which the minimum field intensity /imin(g) required for a harmonic
order ¢ to reach the plateau region can be deduced:

mw?

- 3.17ah

Inin(q) (qhw — 1,). (3.8)
It varies linearly in the harmonic order g. This behavior is specific to few-cycle drivers as it is a fair
assumption to assume that consecutive half-cycles have similar intensities for long drivers.

Finally, a given harmonic order is emitted in a different number of half-cycles between the two
CEP values. For example, energies above 38 eV are generated in three half-cycles of the pulse in
Fig. 3.7a, against in two half-cycles in Fig. 3.7b. The reason is that the CEP governs the intensity
of the half-cycles. A CEP of 0° presents a main half-cycle symmetrically surrounded by two half-
cycles of slightly smaller amplitudes while a CEP of 90° presents two main half-cycles symmetrically
surrounded by two half-cycles of comparatively small amplitudes. This CEP-dependent property
has major consequences on the spectro-temporal properties of the harmonic emission, which is
described in the following as it is central to the work of Paper II.
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Figure 3.7: Photon energies for a few-cycle pulse. Electron kinetic energy as a function of the recombination time for HHG
driven by a 6 fs pulse with a CEP of (a) 0° and (b) 90°. The field of the driving laser is indicated in red.

3.2 'The role of the CEP

Figure 3.8 shows APTs simulated by a 6 fs laser pulse -similar to those delivered by the OPCPA
laser system- for a CEP of 0°, 45° and 90°. At 0°, three main attosecond pulses are produced,
consisting of a main one symmetrically surrounded by two less prominent ones. Shifting the CEP
by 45° breaks the symmetry relative to the center of the pulse, leading to three attosecond pulses
with different amplitudes, including a very small one. Finally, an additional step of 45° restores
the symmetry, and two pairs of attosecond pulses are emitted, with two dominating ones. The total
number of attosecond pulses is very important in experiments. For example, it leads to very different
features in laser-assisted photoionization experiments, as explained in Paper II and in [56].
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Figure 3.8: CEP-dependence of short pulse trains in the temporal domain. APTs produced by a field with a CEP of (a) 0°,
(b) 45° and (c) 90°. The driving field is shown in red.

Although the temporal profile of the APTs provides information about the number of pulses, it was
found in the previous section that different energies are emitted in a different number of half-cycles
(see Fig. 3.7). This predicts a decreasing number of attosecond pulses with increasing energy. In
Fig. 3.9, the XUV spectrum generated by a few-cycle pulse having 45° CEP is sketched. Each
half-cycle of the laser field leads to attosecond pulses with different energy cut-offs E,;. In the
spectrum, three spectral regions are distinguished, that result from the interference of a different
number of attosecond pulses in time. The lowest harmonic orders (up to E,, in orange) consist
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of odd harmonic peaks separated by 2wy, with smaller even harmonics in-between, due to the
interference between three attosecond pulses. At energies above E,q, the harmonic structure consists
of broad odd harmonics, due to the interference between two attosecond pulses (in blue and purple).
Finally, a single half-cycle (in blue) produces photon energies beyond E,;, leading to a continuum
spectrum (single pulse). This slit-interference behavior of HHG in the few-cycle regime has many
consequences for photoionization experiments, discussed in Paper II.

a b >3 pulses 2 pulses 1 pulse

r 1 r \r 1

2w i 2hw
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XUV intensity

t'w 6t Time Es E; E, Energy

Figure 3.9: Spectral structure of a short APT in the spectral domain. (b) Sketch of the spectral content of attosecond
pulses generated in each half-cycle of a short laser pulse, shown in (a). Each color (purple, blue, and orange) refers
to a specific pulse, with a unique cut-off energy E,. The pattern resulting from the interference is shown in gray.
Schematic adapted from Paper II.

It is worth mentioning that for certain CEP values, the emission of a continuum at high energies,
compatible with the generation of a SAP if spectrally selected, is predicted. However, it is not
isolated in the temporal domain. Furthermore, the relatively narrow spectral width restricts the
temporal duration. Several techniques exist to further confine the harmonic emission. In Paper I,
we drive HHG with polarization-gated pulses to confine the harmonic emission to a single half-
cycle of the driving pulse. In Paper II, we show that macroscopic effects can confine the harmonic
emission.

3.3 Impact of macroscopic effects on short APTs

As previously stated, optimizing the yield of HHG relies on a trade-off between many parameters,
which leads to an immense versatility in HHG light source design. Previous works established that
the optimum yield follows an hyperbolic relationship between the gas pressure and gas medium
length [64, 67], with each of the two hyperbola branches being dominated by certain phase mis-
match terms. In the vertical branch, the total phase mismatch mostly depends on the neutral and
plasma dispersion (Ak ~ Ak, + Akge). In contrast, the plasma dispersion is negligible in the
horizontal branch (Ak =~ Ak, + Akgoc + AKqip). In this thesis, the experimental parameters
place the HHG light source close to the crossover of both branches, where all terms can play a role.
This is depicted in Fig. 3.10, where the intensity of the harmonic order 25 calculated by solving
the time-dependent Schrédinger and propagation equations is plotted in color as a function of the
pressure and of the gas length for our experimental parameters [63]. Below, we explain how the
harmonic intensity is calculated with a simple one-dimensional model [63]. Based on this, a simple
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approach to calculate the APTs, that accounts for the complete (micro- and macroscopic) HHG
process, is described which was developed in the framework of Paper II.

[mbar.m]

r
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a

Figure 3.10: Experimental hyperbola of the Lund HHG light source. Simulated intensity for harmonic 25 generated in
argon (in color) as a function of gas length and pressure. The medium is placed after the focus (z=18 pm) and the

ionization degree is calculated at an intensity of ~1.6x 10" W/cm?2. The Rayleigh length is z,=100 um. The white
dashed line indicates a medium length of 36 pm and the black dot the experimental set-up in Lund.

Transient phase matching

To calculate the harmonic yield, knowledge about the total phase mismatch [see Eq. (3.4)] is first
required. Below, the different terms are given for our experimental parameters, assuming one-
dimensional on-axis phase-matching along the longitudinal coordinate z. Their detailed description

can be found in [64].

The phase of a Gaussian pulse changes under focusing, which is described by the Gouy phase ¢(z) =
— arctan (z/zg), where zg is the Rayleigh length. This leads to a phase mismatch given by

Zr

Akgoc(2) = —qm <0. (3.9)

In Fig. 3.11a, Akjo is plotted for harmonic orders between 11 and 27, for z=18 pm and z,=100 pm.
As expected, it decreases linearly with the harmonic order.

The microscopic single-atom response also leads to a wave vector mismatch. This term can be
calculated as the spatial derivative of the dipole phase [see Eq. (3.6)]. For short trajectories, it takes
the following form

2z7(qwo — Q)
22 B(?) '
The sign depends on the position, and is opposite before and after the focus (2=0), at which the term
cancels out. Figure 3.11b shows the variations of Akqs, with the harmonic order and time for a 6 fs
pulse of ~1.6x10'* W/cm? intensity and z=18 pm. It varies rapidly in time, due to the intensity
inverse scaling. In addition, it is larger for higher order harmonics.

Akgip (2, ) = (3.10)

Finally, dispersion arises from the interaction with the nonlinear medium, with neutral atomic
density p, and depends on the fraction of free electron 7 arising from ionization of the atoms.
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Figure 3.11: Individual contributions to the total wave vector mismatch. (a) Wave vector mismatch due to focusing as
a function of the harmonic order. (b) Wave vector mismatch due to the dipole phase as a function of time for
different harmonic orders (color). The intensity is shown in gray. (c,d) Temporal phase mismatch originating from
the plasma dispersion for different harmonic orders (color) at a CEP of 0° and 90°. The ionization degree is shown
in gray. (e) Temporal phase mismatch originating from argon atoms for different harmonic orders (color). The

pulses are 6 fs long with a peak intensity of 1.6x 10" W/cm?. The Rayleigh length is 100 pm. The pressure in the
36 pm-long medium is 5.5 bar.

The fraction of free electron is often computed with approximations that rely on a cycle-average
of the free electron density variations, such as the Perelomov-Popov-Terent'ev (PPT) model [68].
In this thesis, the non-adiabatic Yudin-Ivanov model, described in [69], is used which accounts
for subcycle variations of the ionization degree. Figure 3.11c,d shows the temporal variations of the
ionization degree for a 6 s pulse of peak intensity equal to 1.6x10'4 W/cm? and CEP of 0° and 90°.
Several plateaus occur at times when the electric field is zero, meaning no additional free electrons
are created. The times at which plateaus occur depend on the CEP.

The electronic wave vector mismatch is calculated as the optical path length difference between the
fundamental and harmonic fields. This leads to

Pre(2) &

Aka(t) = wo 2[‘607}1

< 0. (3.11)
It is proportional to the atomic density and harmonic order ¢. In Fig. 3.1lc and d, the temporal
variations of Ak, are plotted for the harmonic orders 11-27 and a CEP of 0° and 90°. The pressure
is 5.5 bar. As expected, Akg, varies linearly with the harmonic order. For a given harmonic order,
the same value of Ay, is reached at different times for the two CEPs.

The atomic wave vector mismatch Ak, is expressed as

Ak (2) = gpAa(q) rees

(1 —nee(2)] > 0, (3.12)

where Aa(q) = (cg—a,) with o and o, being the static and dynamic polarizabilities. In Fig. 3.11e,
Ay is plotted as a function of time for the same spectral range and parameters as in the previous
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figures. The value of Ak, is positive, and varies with the harmonic order. The temporal variations
can be neglected for the experimental conditions of this work, due to the small ionization degree. It
is important to note that the atomic contribution is positive and can be controlled with the density
of atomic gas to achieve perfect phase matching [see Eq. (3.3)].

Finally, the total phase mismatch calculated with Eq. (3.4) is shown in Fig. 3.12a,b for the same
parameters as the above figures. The temporal evolution depends on the order. For instance, the
harmonic 15 reaches perfect phase matching at the peak of the intensity against in the falling edge
of the pulse (z > 0) for the other orders. At 90°, it occurs close to an ionization plateau. Due to
the temporal variations of the ionization degree, the phase-matching window (|Ak(g, 7)| ~ 0) is
transient. Perfect phase matching occurs for a given critical ionization degree 7cyit., determined by
all phase matching terms. In particular, a larger neutral atomic density needs to be compensated by
a higher ionization degree. In our experimental conditions, the ionization degree is small, typically
a few percent explaining it can be reached in the falling edge of the pulse. We show in the following
that it leads to a temporal confinement of the harmonic emission for the higher orders.
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Figure 3.12: Temporal variations of the total phase mismatch. Total phase mismatch as a function of time for four different

harmonic orders ¢ and a CEP of (a) 0° and (b) 90°. The horizontal black dashed line corresponds to perfect phase
matching.

Macroscopic confinement of the harmonic emission

In a one-dimensional model, considering the absorption of the harmonics under propagation in the
gas, the harmonic intensity can be expressed as [63]:

microscopic

—"=  cosh |k;Lgas| — cos[Ak(2) Lyas)
19 o< Ty o lraten] e

W2+ AR (7)

¢ Faleas (3.13)

macroscopic

where Lap,s = 1/(2k,) is the finite absorption length with x, = 1/(pc) being the absorption
coeflicient and o the absorption cross-section [70]. Figure 3.13a,b shows the harmonic yield as-
sociated to the total phase mismatches in Figure 3.12a,b. The high-order harmonics (harmonics
23-25) are confined in the falling edge of the pulse. For both CEPs, the harmonics are generated
mainly after the maximum intensity of the driving pulse. At 90°, good yields (superior to half the
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maximum) are achieved for a shorter temporal window, making the phase matching more transi-
ent. The single-atom alone, indicated by the black dashed line would predict that higher orders are
produced uniformly over the course of the pulse.
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Figure 3.13: Temporal variations of the harmonic yield. Harmonic yield as a function of time for four different harmonic
orders ¢ and a CEP of (a) 0° and (b) 90°. Dashed lines indicate the temporal profile of the single-atom response.

This has consequences for the short APTs produced in this work which can be simulated using

Eq. (3.13) as the sum of the harmonic fields [37, 65]:
Expr(t) = Y E(8) = > (/L (g)e o ti®an(), (3.14)
q q

where ®gjp, is the temporal dipole phase. Figure 3.14 shows the Wigner distribution of APTs simu-
lated with the one-dimensional model for the parameters used throughout this section. The physical
signal components correspond to the positive regions separated by half an optical period, while the
in-between regions with alternating positive and negative signals corresponds to cross-terms inher-
ent to the Wigner distribution (see previous chapter). In the top panel, Eq. (3.13) is used such that
both micro- and macroscopic effects are considered while in the bottom panel, only the microscopic
response, I,(#) o |d,(#)|* is included. The two cases exhibit pronounced differences. In particular,
the relative strengths between the attosecond pulses is different with and without phase matching.
In general, the number of dominating attosecond pulses is smaller when phase matching is included
due to confinement of the harmonic emission.

In Fig. 3.14a and c, the driving laser CEP is equal to 0°. When phase matching is included, mainly
two attosecond pulses arise at high energies while three equally strong attosecond pulses are visible
when it is not included. For a CEP of 90° (Fig. 3.14b and d), one attosecond pulse in a half-cycle
in the falling edge of the pulse dominates when there is the phase matching while there are mainly
four attosecond pulses with the single-atom response only. This shows that phase matching reshapes
the relative amplitudes between the attosecond pulses in the train, which in turn affects the spectral
pattern resulting from multiple-pulse interference.

This model brings many physical insights into the phase matching dynamics. However, it cannot
describe the complex three-dimensional spatio-temporal effects of the generation process, which
can lead to a non-uniform dipole response. A more advanced model, that includes reshaping of the
electric field (plasma and neutral dispersion) during propagation in the nonlinear medium, is also
used in Paper II [71].
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Figure 3.14: Wigner distribution of the short APTs from the OPCPA. APTs generated with the one-dimensional model using
6 fs pulses with a peak intensity of 1.6x 10" W/cm? and a CEP of 0° (left panel) and 90° (right panel). The top row
corresponds to simulations including the macroscopic HHG effects while the bottom row shows the APTs simulated
with the single-atom response only. The parameters are the same as in all of the figures in this section.

4 Experimental evidence of harmonic confinement

This section presents the main experimental evidence of harmonic confinement in relation to Paper
Iand II.

4.1 Harmonic-generation set-up

The attosecond light source in Lund is schematically illustrated in Fig. 3.15. The pulses from the
OPCPA laser system (described in Chapter 2) enter a vacuum chamber kept at a static pressure of
10~ mbar. At the entrance, a thin beamsplitter (BS) transmits 90% of the beam while the remaining
10% (not shown) is reflected and used for applications such as laser-assisted photoionization. Then,
the transmitted pulses are tightly focused to a beam spot size of 5 pm by an off-axis parabola (OAP)
with a focal length of 5 cm. The focus of the beam is located in the middle of another small vacuum
chamber where a 30—40 pm long gas jet is inserted. The interaction of the laser with the gas generates
a comb of broad high-order harmonics. High conversion efliciencies in this tight focusing geometry
require large atomic densities (up to several kg/m?®) which may negatively affect the vacuum in the
chamber [72]. To overcome this issue, a catcher is connected to the nozzle which is continuously
pumped. A three-dimensional translation stage is finally used to further optimize the harmonic
generation conditions. For all experiments, the gas jet is placed after the focus, to select harmonics
corresponding to the short trajectories [73].

At the exit of the HHG chamber, an aluminium filter (F) blocks the remaining fundamental IR
while transmitting the XUV through a hole-drilled mirror (HM). A retractable flat mirror (FM)
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Figure 3.15: Schematic of the attosecond light source in Lund. Laser pulses from the OPCPA can be stabilized using the
SATI. A large portion of these pulses is transmitted by a beamsplitter (BS) into a pump arm, and focused by an
off-axis parabola (OAP) to perform HHG. The residual fundamental laser is removed with an aluminum filter (F).
The generated XUV is guided by a flat mirror (FM) and a diffraction grating (DG) to a microchannel plate (MCP)
coupled to a phosphorescent screen (PS). Optionally, a polarization gate (PG) can be implemented and then sent
to a pre-compensation set-up (CS). A fused silica (FS) wedge pair is used to control the overall dispersion.

and diffraction grating (DG) spatially separates the output XUV frequencies onto a micro channel
plate (MCP) and phosphor screen (PS) assembly in the far-field. A camera images the phosphor
screen. A limited spectral range of the harmonic comb is recorded and can be tuned by changing
the grating angle. By retracting the flat mirror and the grating, the XUV can be sent to application
chambers.

High-order harmonic generation is a nonlinear process which requires high peak intensities. This
means that the laser pulse must be the shortest possible in the HHG medium. Experimentally,
this is achieved by controlling the dispersion with the fused silica (FS) wedge pair (see Fig. 3.15).
More precisely, a harmonic dispersion scan is recorded, which consists in acquiring XUV spectra
for different insertions Axgio, of the wedge pair. An example for HHG performed in argon with
CEP-stabilized pulses is shown in Fig. 3.16. At the optimum compression point (see white dashed
line), the XUV signal and the cut-off energy are maximum, since the peak intensity is largest. This is
the wedge position one must choose to have the shortest, most intense pulse in the HHG medium.

Insertion [mm]

Energy [eV]

Figure 3.16: Harmonic dispersion scan in argon. Spatially integrated XUV spectrum as a function of the FS wedge pair
insertion. The CEP is locked with the SATI.

Moreover, closely spaced tilted fringes can be observed. If the scan is performed without CEP
locking, they are not visible. They should therefore be connected to CEP-effects. In fact, it was
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shown in a previous work [66] that for small changes of Axsio, around the optimum compression
point, the fringes exactly follow the CEP shifts induced by the wedges. This is because the dispersion
introduced for very small changes (on the order of the micrometer) is negligible. The harmonic
dispersion scan can therefore be used to study the effect of the CEP on XUV spectra, which is done
in Paper I to investigate the CEP-dependent generation of a XUV continuum.

4.2 DPassive macroscopic confinement

Experimental far-field HHG spectra are shown in Fig. 3.17 for two CEP values separated by 90° and
different backing pressures (around twice the pressure in the gas medium) [72]. At low pressure (5
bar), the spectral widths of all harmonic orders are similar, suggesting that the number of attosecond
pulses remains constant with energy. When the pressure is increased to 9 bar, however, higher-order
harmonics broaden. This implies that these harmonics are generated over a shorter time. Figure
3.17a shows broad peaks compatible with generation of two attosecond pulses while Fig. 3.17b
shows peaks in-between the odd orders, which suggests the presence of three attosecond pulses.
This confirms that macroscopic effects can change the number of attosecond pulses in selective
spectral regions, hence the spectro-temporal properties of the APTs.
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Figure 3.17: Effect of atomic density on XUV spectra. Far field XUV signal integrated radially as a function of the energy for
two CEPs separated by 90°. The different colors indicate different backing pressures. The curves are normalized
to their maximum.

4.3 Temporal confinement based on polarization gating

Alternative techniques to confining the harmonic emission involve manipulating the electron tra-
jectories in the continuum through a driving field with tailored polarization. One widely used
method is to drive HHG with a polarization gate, as elliptical fields are known to strongly reduce
the efficiency of HHG [74]. For instance, the XUV yield has been observed to decrease by half at a
threshold ellipticity e¢, 0£13% [75]. This reduction can be understood within the three-step model.
After ionization in the continuum, an electron accelerates along the electric field. For an elliptical
field, a transverse component is always present, which continuously drives the electron away from
its parent ion, thereby preventing it from recombining. Without recombination, photon emission
cannot occur. Therefore, the complete HHG process only arises for (nearly) linear polarization.
Driving HHG with polarization-gated pulses, where the polarization is linear in a narrow temporal
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region, thus confines temporally the XUV emission. Many studies showed that polarization gating
can reduce the duration of APTs and even produce SAPs [76, 34, 77].

In Paper I, an XUV continuum spanning over 10 eV is generated by driving HHG with the
polarization-gate set-up described in Chapter 2.3. Figure 3.18a shows a harmonic dispersion scan
acquired by finely tuning the insertion Axg;io, of the wedge pair.
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Figure 3.18: CEP-dependent confinement of the XUV emission. (a) Harmonic dispersion scan for HHG driven by
polarization-gated few-cycle pulses. The dashed rectangles indicate the regions with XUV continua. (b) XUV
spectra at two different CEPs, indicated by purple and black solid lines in (a). Figure adapted from Paper |

It can be seen that the harmonic spectrum changes with insertion at energies above 50 eV. The
changes are visible for the high energies, since these correspond to electrons spending a longer time
in the continuum, that are more sensitive to variations in ellipticity and to CEP-dependent energy
cut-offs. In particular, continua appear in the regions indicated by black dashed rectangles. As seen
before, Axsio, > Apcrp, such that their periodicity is equal to z. These CEP values are those
for which the emission of an attosecond pulse is confined to a single half-cycle near the peak of the
electric field. The continuum can be better seen in Fig. 3.18b (black curve), where the harmonic
spectrum for the insertion value indicated by the black line is plotted. At another CED, for example
indicated by the purple line, a harmonic structure is clearly visible (see purple curve in top plot) due
to the gate spanning two optical half-cycles of the laser.

Finally, another approach to generating a SAP is to push the laser duration below the optical cycle
[78, 33, 79, 80]. In practice, this requires complex laser systems composed of expensive and high
maintenance equipment, whereas polarization gating relies on comparatively simple and cheaper
experimental arrangements.
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CHAPTER 4 I

Laser-assisted photoionization
with ultrashort pulses

Studies of photoionization dynamics have attracted considerable interest with the development of
synchrotron light sources [81]. An important aspect of these studies is the characterization of partial
amplitudes and relative phases between different ionization channels as a function of the photon
energy. However, measurements based only on the kinetic energy and angular distribution of the
photoelectron are not sufficient, since the phase of the outgoing photoelectron is necessary to fully
understand the dynamics [82]. In attosecond science, this phase can be accessed using laser-assisted
photoionization. The principle, illustrated in Fig. 4.1a, consists in measuring the kinetic energy of
electrons ionized by an XUV pulse in the presence of an IR laser field as a function of the delay
between the two fields.

There exists two main approaches, which were initially introduced at the beginning of the millen-
nium to characterize the XUV radiation: streaking [34, 33, 35] and RABBIT [36, 37]. In streaking,
illustrated in Fig. 4.1b, the energy of an electron wavepacket produced by a SAP is changed by the
presence of a strong IR field. This leads to a shift of the photoelectron energy spectrum (in blue)
to lower (in gray) or higher (in red) energies. As a result, oscillations of the energy with the delay
arise which encode information about the attosecond electron dynamics. In RABBIT, ionization
by an APT is followed by the absorption or emission of a probe photon, as illustrated in Fig. 4.1c.
Since the harmonic separation is twice the IR energy, photoelectrons produced by absorption of
the harmonic ¢ and of an IR photon reach the same final state as those due to the absorption of
the harmonic ¢ + 2 and emission of an IR photon. This leads to sidebands (in red) in-between the
main bands (in blue). Spectral interference arises between the absorption and emission paths, from
which the attosecond electron dynamics is retrieved.
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Figure 4.1: Schematic of LAP with SAPs and APTs. (a) Principle of a LAP measurement. An EWP is produced through pho-
toionization by an attosecond pulse and interacts with an IR field. A detector measures a property of the electron.
(b,c) Photoelectron counts as a function of the XUV-IR delay and kinetic energy in the case of (b) streaking and (c)
RABBIT.

However, interpreting LAP measurements remains a complex task, due to their dependence on both
the light fields properties and ionization processes. This may require prior knowledge of the fields
or some simplifications of the process itself [38]. This complexity increases when ultrashort pulses
are used, whose properties can significantly affect the measured signal, making the characterization
of the fields particularly important [83, 84].

In this work, LAP measurements are performed using small sequences of attosecond pulses in the
presence of a weak few-cycle laser field. In the first section, we provide the theoretical knowledge
required to describe the photoionization processes involved in LAP, with an emphasis on the angular
properties. Then, the experimental method, including tools to measure the photoelectron angular
distribution, is detailed. Finally, three experiments are presented based on Papers II, III and VI,
each of which can be interpreted as an interference phenomenon in either the time or the frequency
domain.

1 Theoretical framework

1.1 Single-photon ionization

When an atom interacts with light in the XUV range, direct photoionization can occur, corres-
ponding to an electronic transition from an initial discrete state |7) to a final continuum state |p),
as illustrated in Fig. 4.2. For XUV wavelengths, the field can be assumed uniform across the atom
(dipole approximation), such that its interaction with the light can be expressed as

IA/(Z’) = —a . £XUV (t) (41)

where Exyv is the XUV field and d = —ef is the dipole operator. This can then be used to
express the one-photon ionization transition amplitude within time-dependent perturbation theory
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Figure 4.2: Direct photoionization of an atom following absorption of an XUV photon. Energy diagram showing the
stationary states of an atom. The blue arrow indicates the transition in which an electron in the ground state |i) is
promoted to a continuum state |p).

(TDPT) as

AWM = (p| d |7) - / Pt Exuv (2) dt, (4.2)

—_———
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Exuv (wpi)

where wp; = wp — wj is the frequency difference between the initial (energy w;) and the final state
(energy wp), MW s the one-photon transition matrix element and Exuv is the Fourier transform
of the XUV field. This formula shows that measuring the photoelectron yield (|.A()|?) as a function
of kinetic energy depends on the spectrum of the ionizing radiation, as well as on the square of the
energy-dependent dipole matrix elements (p| d |#). This yield also depends on the electron emission
angle relative to the linear polarization of the XUV, which we define along z throughout this chapter.
In this work, the angularly-resolved photoelectron yield is the experimental observable.

In atoms, the wavefunction of an electron in the initial state can be separated into a radial and
an angular part ¥(r) = R,.(r) YL, (0, @), characterized by a principal quantum number 7, an
orbital angular momentum Z and a magnetic quantum number 7, and where r = {r, 6, ¢} are
the spherical coordinates. As ionization is a half-scattering process, the final state in the continuum
is given by a linear superposition of waves with well-defined angular momentum:

_ b Ao MmO Y (KR (F Y r 4
p) \//;g:: s (K/R)Rix (7) Y, (1 /7) (4.3)

where k = p/h is the wavevector, 7 (k) a scattering phase and A and m), the orbital angular
momentum and magnetic quantum number of the final state, respectively. This is called the partial
wave expansion.

The angular part of the wavefunction is described by spherical harmonics

22+ 1 (A+my)!

I Ol x (cos0) ™, (4.4)

Ykmx (9, ¢) =

where P{* are the generalized Legendre polynomials. Their real partis plotted in Fig. 4.3 for my = 0
and A=0, 1, 2 and 3. The signal is symmetric with respect to the x—y plane. The sign, indicated in

45



color, changes between the downward (z < 0) and upward (z > 0) direction for odd A but does
not for even ), since the parity of spherical harmonics is given by (—1)*. This parity dependence
has many consequences for photoionization with ultrashort broadband pulses.

Upward {

z
Downward { | ‘ * * y X

Figure 4.3: Angular properties of the spherical harmonics. Real part of the spherical harmonics for mx equal to 0 and X to
0, 1, 2 and 3. The red (blue) color indicates positive (negative) values.

For linearly polarized light, the selection rules in the dipole approximation imply that the pho-
toionization transition probability [see Eq. (4.2)] is non-zero when the change in orbital angular
momentum A/ or in magnetic quantum number A fulfills:

Al =L—XN==+1 and Am=m; — m) =0. (4.5)

Therefore, absorption of a linearly polarized photon always changes the parity. Another major con-
sequence is that several quantum pathways may lead to the same final state. The possible angular
momentum channels for the single-photon ionization of ground state (a) helium and (b) neon are
shown in Fig. 4.4. For helium, only the channel L = 0 — X = 1 is possible, and the final state is
odd. For neon, the channels L =1 —+ A =0o0r L = 1 — X\ = 2 exist, and the parity which is
initially odd becomes even.

These selection rules therefore determine which angular momentum channels contribute to the
partial wave expansion [see Eq. (4.3)]. Then, substituting Eq. (4.3) into Eq. (4.2) enables expressing
the angular-resolved measured photoelectron yield, that is the photoelectron angular distribution

(PAD), as

Sg\lL)mk (0,¢) = ‘*A(l)( = ’ Z ﬂ)\LmA Yy (0 ¢)}2 4.6)

RWON

where Y 5
&), = ExuvM), (4.7)

. 1 . . . .
with ]WE\ L)mA being the one-photon transition matrix element for the scattering channel .

In this thesis, photoionization of helium by a linearly polarized XUV field is considered. Since
my = my = 0, the magnetic quantum number notation is removed from now on and Eq. (4.6)
simplifies to:

S(0) = 1412 Yi0(6)> = \a“>|2cos (). (4.8)

The PAD only depends on the polar angle 8, such that it exhibits azimuthal symmetry.
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Figure 4.4: Angular momentum channels in one-photon ionization. Possible orbital angular momenta of the final states
in XUV photoionization of ground state (a) helium and (b) neon for m;, = 0.

1.2 Two-photon ionization

In two-photon ionization involving XUV and IR fields, the interaction of the IR laser field with the
atomic ground state can be neglected, meaning that the laser field primarily influences the electron
in the continuum. Ionization therefore occurs through the absorption of an XUV photon and
the additional absorption or emission of an IR photon. The corresponding two-photon transition
amplitudes are expressed as

AP = Exuv (Q) &R (WM,

- ~ (4.9)
A7) = Exuv (Q)EiR (w)MP7),

where &g is the Fourier transform of the IR field, Q the XUV frequency and + (-) denotes the
absorption (emission) of an IR probe photon. The two-photon transition matrix element is given

by
MOty S P 10 o)
h? n—ot 4w+ Q —wp +in’ ‘
p/

where |p’) is an intermediate bound or continuum state with energy wy/. The two dipole matrix
elements describe the transition from the initial to the possible intermediate states, and from the
intermediate states to the final continuum state. The expression diverges when the light frequency
matches the difference between two states (Q = wpr — w;). Accordingly, any direct transition from
a bound to a continuum state is resonant making photoionization by XUV light very efficient, in
contrast to using an IR laser. Finally, the sum integral jfp, accounts for all possible quantum paths
leading to the final state |p).

In this thesis, broadband XUV and IR fields are employed, such that several combinations of XUV
and IR frequencies can lead to the same final photoelectron energy. The coherent superposition of
all these quantum paths must be taken into account. In Paper III, the effect of large bandwidths,
and the associated manifold of possible quantum paths, is investigated in details.
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1.3 Laser-assisted photoionization

In LAP measurements using a weak IR field, such as RABBIT, interference arises between two-
photon quantum paths involving absorption of different harmonics. This is illustrated on the left
of Fig. 4.5 for helium. Absorption of harmonics A, and H,, (blue arrows) leads to main bands
(blue Gaussian area). The additional absorption of an IR photon after absorption of harmonic
and emission of an IR photon after absorption of harmonic H 5, indicated by red arrows, forms
sidebands (red Gaussian area) in-between the main bands. Parity is conserved since the same number
of photons (two) is exchanged in both contributing pathways. The sideband signal is expressed as
2
Ssp = A(2,+)(7.) + A(z’_)(r) , (4.11)

where 7 is the XUV-IR delay. In general, the phase of a two-photon transition amplitude includes

Energy Energy
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S \ > - odd, even
¢ _* [ even — even
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¢ laser odd
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Figure 4.5: LAP scheme in the spectral domain. Left: Energy diagram illustrating LAP of ground state helium in the traditional
RABBIT case (left). The blue (red) arrow represents transitions induced by the harmonics (probe field). The blue (red)
Gaussian areas show the spectral region covered by the main bands (sideband). Right: same scheme for shorter
driving and probe laser pulses. The increased spectral widths of the main bands and sideband lead to overlap regions,
indicated in purple. The parity of the final states is indicated in text.

the phase of the (g + 2)-th harmonic field ¢,(¢,+2), of the IR field p1r = wT + wcEp and of the
two-photon transition matrix element ¢ [85]. The sideband signal can then be shown to oscillate
with delay at twice the IR frequency:

Ssp(1) = JABD 2 4 |A@D |2 42| APD | AZ )| cos 20T — (Adxuv + Adar.)]  (4.12)

where Apxuv = ¢g12 — ¢4 and Aday. = ¢op. — ¢, . This shows that the sideband oscillations
carry information about the light field properties and the ionization process.

In this work, however, few-cycle laser pulses are used to both drive HHG and as the probe field.
Their short duration leads to broad harmonics and probe spectrum, thus enabling overlap between
the main- and sidebands, as indicated in purple on the right of Fig. 4.5. This overlap allows one-
and two-photon quantum paths of opposite parity to interfere. The measured signal can then be
expressed as

Spm(T) = | 4(:)/ +A(2’+)(T) + ./4(2’7)(7) |2~ (4.13)
one-photon two-photon
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Several cross-terms arise, involving products between two-photon amplitudes, AZ+) AZ=)* or
between one- and two-photon transition amplitudes, AM* A2+ or AM* AZ=) " The former
contribute to the RABBIT term oscillating at 2w. The latter, however, give rise to new parity-
mixing terms oscillating at w, since only the two-photon transition amplitudes contain an IR phase
dependence (A®*) oc 7). These terms are discussed in Paper IIL.

For photoionization of helium with linearly polarized fields, the interference can involve three an-
gular momentum channels, indicated in Fig. 4.5. Using the partial wave expansion [see Eq. (4.3)],
the signal can then be expressed as a sum of contributions from each scattering channel

2

Spat(7,0) = |0 11(0) Z a5yt (7) + a3y ()] Yo (0)] (4.14)

where
2 5 2,4+
§10+)(7') = Exuv(Q)& ‘}ngo )’

(4.15)
2,— 5 S 2,—

agry (1) = 5XUV(Q)51R(W )Mglo g
with ZWél 5 £) being the two-photon transition matrix element for the scattering channel ¢. The signal
does not depend on the azimuthal angle ¢ since the magnetic quantum number is equal to zero.

Using Yjp o P? [see Eq. (4.4)], the partial wave expansion naturally decomposes the PAD into a
linear sum of associated Legendre polynomials, weighted by coeflicients 4, [86]:

Span(T,0) Zb Pcos(0)], (4.16)

where N is the number of photons involved in the interaction. Interference involving quantum
pathways of same parity produces a symmetric PAD relative to the x—y plane, perpendicular to the
laser polarization (see Fig. 4.3). Detecting electrons emitted upwards or downwards is therefore
equivalent. This means that odd Legendre polynomials, which are asymmetric relative to this plane,
are not necessary to describe the PAD. However, those are used for describing the parity-mixing
signal, which presents a pronounced asymmetry relative to the x—y plane.

1.4 Strong-field approximation

The photoionization transition amplitude in LAP can also be approximated using the strong-field
approximation (SFA), which goes beyond lowest-order perturbation theory [87, 60]. It assumes
that the electron is weakly affected by the Coulomb potential of the ion after photoionization by
the XUV, leading to the following expression

II

+eo (&) o
b(p,7) = —i / dt Exuv(t—71)-d[p+eA(t)] "\ 7 #SP0 (4.17)

— 00

I
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Step I describes the photoionization to a continuum state by the XUV field at time # — 7. In step
11, the photoelectron accumulates a phase due to the IR vector potential A(t), equal to the action
S(p,t) = — f:roo dt [2ep. A(t') + #A*(t')] /(2m.h). Equation (4.17) can be solved numer-
ically to simulate both streaking and RABBIT, which was done in Fig. 4.1b,c for photoelectrons
having p, > 0. For streaking, a Gaussian XUV with 20 ¢V bandwidth and a probe intensity of
1x10" W/cm? is used whereas in RABBIT, a long APT (harmonics of 0.2 eV bandwidth) and
probe intensity of 2x10"" W/cm? is used. The spectrograms exhibit different behaviors when vary-
ing the delay in the two regimes. In this work, the IR probe is weak and the APTs short, leading to
an intermediate regime, as shown below.

Figure 4.6a,b shows simulated LAP spectra integrated over the upper hemisphere (p, > 0) for APTs
generated by a 6 fs driving field with CEP values of 0° and 90° and a weak IR probe (10''W/cm?).
Atlong delays, the XUV and IR fields do not temporally overlap, and the spectra display main bands
arising from the one-photon absorption of the harmonics. Near temporal overlap, the spectrograms
obtained for the two CEP values differ significantly.

0.0 0.5 1.0

Energy [eV]

-1 0 1
Delay [fs] Time [To]

Figure 4.6: Simulated LAP spectrum for two and three attosecond pulses. Left panel: Photoelectron counts as a function
of the XUV-IR delay and of the kinetic energy. A selection on electrons emitted in the upper hemisphere is performed.
Right panel: Wigner distribution of the APTs (indicated by dashed lines) where the energy axis is shifted by the helium
ionization potential. The laser that generates the APTs and dress the photoionization has a duration of 6 fs and a
CEP of (a,c) 90° and (b,d) 0°.

For the CEP of 90°, see Fig. 4.6a, the electron kinetic energy oscillates as a function of delay with
a periodicity equal to the laser period. This can be explained by first considering the Wigner dis-
tribution of the ionizing APT, calculated in Fig. 4.6¢c. The alternating positive and negative values
correspond to the cross-correlation terms inherent to its mathematical definition (see Chapter 2).
The positive regions appearing at —0.257; and 0.257; (see dashed lines) indicate that the APT
is predominantly composed by two attosecond pulses at all energies. The interference of the cor-
responding electron wavepackets leads to spectral interference in the LAP spectrogram, translating
to energy peaks separated by 2wy. When the XUV and IR overlap, the IR phase modulates the
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phase of each EWD, by a value which depends on the direction of emission (p), and on the vector
potential (A). The phase difference is therefore opposite for the two wavepackets, due to their half-
period separation (A has an opposite sign). As a result, the LAP spectral peaks associated with the
two EWDPs are shifted by equal magnitudes, but in opposite directions. This oscillatory behavior
resembles streaking, but differs in that it originates from EWDP interference, with opposite modula-
tions of the kinetic energy. It requires significantly lower intensities than streaking. Consequently,
it is not the full spectrum that is shifted around its center of mass, but rather the individual main

bands.

For the CEP of 0°, the APT consists of three attosecond pulses, located at —0.57, 0 and 0.5 75, as
seen on the Wigner distribution in Fig 4.6d. The phase shift imprinted by the IR field is the same
between the two outermost EWPs, since their temporal separation is equal to an optical period
(same sign of A). In contrast, the shift of the central EWP is opposite to that of the outermost ones
since the sign of A is opposite. However, whether it is the EWP at —0.5 7} or at 0.5 7 which comes
closer to the central one does not play a role. Therefore, the LAP spectrum, shown in Fig 4.6b, now
resembles RABBIT with sidebands appearing in-between the main bands that oscillate at the laser
period with delay.

These results show the strong connection between the LAP interference pattern and the number of
attosecond pulses. Therefore, LAP spectra can be used to analyze the structure of the attosecond
pulse train. For example, we consider the case where the CEP value is 45° in Fig. 4.7a. Two distinct
spectral regions can be identified, delimited by the dotted line. At low (high) energies, a three-pulse
(two-pulse) interference pattern arises due to the presence of three (two) attosecond pulses in the
low (high) energy region, as seen on the Wigner distribution in Fig. 4.7b. This type of interpretation
is used in Paper II to characterize the APT, and therefore the HHG process.
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Figure 4.7: Simulated LAP spectrum for a spectrally varying number of attosecond pulses. (a) Photoelectron counts as a
function of the XUV-IR delay and of the kinetic energy. A selection on electrons emitted in the upper hemisphere is
performed. (b) Wigner distribution of the APT where the energy axis is shifted by the helium ionization potential.
The laser used to generate the APT and dress the photoionization has a duration of 6 fs and a CEP of 45°.

2 Experimental method
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2.1 Pump-probe interferometer

In Papers 11, IIT and VI, LAP measurements are performed using the pump-probe interferometer
shown in Fig. 4.8 [72]. Directly at the output of the OPCPA, the CEP of the few-cycle pulses is
stabilized on a shot-to-shot basis with a feedback loop from the SATT to a wedge pair in the oscil-
lator (see Chapter 2.1). The CEP-stable pulses are then split at the entrance of the HHG chamber
into a pump (red) and a probe (orange) arm. In the former, HHG in argon produces a comb of
broad harmonics (short APTs). The remaining IR is blocked with a 200 nm thick aluminum filer,
through which the XUV is transmitted. The XUV pump is finally recombined with the IR probe
using a hole-drilled mirror. Both co-propagating light fields are focused by a toroidal mirror into
a vacuum chamber containing helium. The PAD of the photoelectrons is measured with the CIEL
(Coincidences entre Ions et Electrons Localisés) spectrometer, described in the next section.

HeNe laser
SATI | Delay
m; PUMp sy Stabilization
Oscillator OPCPA . ; \ delay
I A Bgam P il [ ] Delay
splitter A
Apcep i A A
Py I
I — CIEL
— —— | ! Toroidal
: : mirror
A ':\ /' 7 Holey
L' -7 mirror

Figure 4.8: Pump-probe set-up for LAP experiments. Few-cycle CEP-stabilized pulses from the laser are split into a pump
(red) and a probe (orange) arm by a beam splitter. In the pump arm, attosecond pulses are generated and temporally
delayed relative to the probe field. The pump and probe are recombined with a holey mirror and focused by a toroidal
mirror into the three-dimensional reaction microscope (CIEL).

Laser-assisted photoionization spectra are acquired by controlling the XUV-IR delay 7 with a trans-
lation stage in the pump arm. An active delay stabilization with a typical accuracy of 26 as [72] is
used, which relies on a helium-neon (HeNe) laser that follows the beam path of the pump and the
probe (in green).

2.2 Three-dimensional momentum detector

In this thesis, we discuss aspects of photoionization which can only be experimentally observed if
angle selection on the PAD is possible. Therefore, the three-dimensional momentum of the pho-
toelectrons is measured with the CIEL, which is a so-called reaction microscope [88, 89]. Particle
detection with the CIEL, schematically illustrated in Fig. 4.9a, relies on the use of electric and mag-
netic fields to collect the charged particles produced after each laser shot and to reconstruct their
initial momentum p.

Following their interaction with the light field, particles possessing large transverse momenta -which
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might otherwise escape- are confined transversely by a homogeneous magnetic field, applied along
the detector axis. An electric field is additionally used to accelerate particles of opposite charge in
opposite directions. After traveling a distance L, the particles reach position sensitive detectors,
consisting of a MCP coupled to a delay-line anode detector (DLD). These detectors provide the
impact position (transverse position x and y) as well as the time-of-flight rrow, which is the time
taken by a particle to reach the detector from its initial position, and is therefore related to the
longitudinal position z. From the detectors” information, the initial momentum is calculated ana-
lytically by projecting on each axis Newton’s law of motion, solely governed by the Lorentz force

F=4(E+vxB).

a

MCP+DLD

XUV

Electric field

+————— Magnetic field

Figure 4.9: Working principle of the CIEL spectrometer. (a) Schematic of the CIEL. After interaction with the light, an electric
and magnetic field collect the electrons. The time-of-flight and impact position on the detector is recorded, thus
giving information about the initial momentum of the electrons. MCP: Microchannel plate. DLD: Delay-line anode
detector. (b) Experimental PAD arising from photoionization of helium by short APTs, linearly polarized along z.
Rings arise due to photoionization by different harmonics.

In Fig. 4.9b, the momentum of photoelectrons ionized from helium by an attosecond pulse train
with linear polarization along z is shown in the x—z plane. Circular wings, due to absorption of
harmonics, are seen in the upward and downward directions, and are characteristic of a p—wave.
Given that the time-of-flight depends on the particle energy and mass, knowledge about the parent
ion for each electron is accessible with post data processing, and electrons and ions are said to be
measured in coincidence. This enables photoionization studies of gas mixtures. It is also important
to mention that the detectors have a dead time and radius, such that two close impact events (in
space or time) can lead to a detection ambiguity. For single photoionization, a straightforward
solution consists in restricting the number of photoionization event per laser shot to less than one,
for example by using low gas densities or controlling the flux of the ionizing radiation. The trade
off is a longer acquisition time, which is compensated for by the high repetition rate of our laser
system.

The particularity of this LAP set-up comes from two main experimental choices. On the one hand,
few-cycle laser pulses with controllable CEP are used to generate the harmonics but also to dress the
photoionization experiments. On the other hand, the CIEL detector gives access to the angularly-
resolved PAD. Together, these features enable us to study LAP with ultrashort pulses in both the
time and spectral domains.
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3 Experimental results

In this section, we discuss the LAP measurements performed in Papers II, III and VI using the set-up
described above. An intermediate regime between streaking and RABBIT arises, where interference
patterns are highly sensitive to the light field properties. It then becomes possible to carry out dif-
ferent experiments “simply” by tuning the driving laser parameters (e.g. CED, duration, intensity).
First, LAP experiments with APTs made up by two to four attosecond pulses are interpreted in the
temporal domain to learn more about the intricate temporal and spectral properties of the XUV
radiation. Then, the point of view is shifted to the spectral domain in order to describe the inter-
ference between quantum paths of different parities. Finally, the sensitivity of interference effects
involving highly excited states of helium to the properties of the laser probe field is investigated.

3.1 Characterization of APTs

In Paper II, LAP spectra are acquired in helium for two different values of the CEP having a relative
separation of 90°. The results are presented in Fig. 4.10a and ¢, and three-dimensional simulations
detailed in the paper allow determining their CEP values to 70° and 160°, respectively. As seen in
Section 2.2, the spectrograms can be interpreted as interference between EWPs, and therefore de-
pend on the number of attosecond pulses that interfere in the temporal domain. As a consequence,
a decreasing number of attosecond pulses with energy is expected due to harmonics with higher
energies being generated during a shorter time (see Chapter 3). For the 70° CEP (Fig. 4.8a), the
spectra have the expected behavior.
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Figure 4.10: Experimental LAP spectra in helium for two different CEP values. (a,c) Photoelectron counts in the upward
direction as a function of the XUV-IR delay and of the kinetic energy. (b,d) Wigner distribution of the APT where
the energy axis is shifted by the helium ionization potential. Adapted from Paper II.
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The interference pattern in Fig. 4.10c, however, presents a different energy-dependence from what
we have seen so far. The pattern exhibits RABBIT-like features at low energies, from 0 to 6 €V, as well
as oscillations of the kinetic energy with the delay between 6 and 11.5 eV. Above 11.5 €V, it presents
main- and sidebands, with a “chessboard” pattern. This unexpected feature in the highest energy
spectral range should be associated with three attosecond pulses in the temporal domain. We verify
this by extracting the spectro-temporal properties of the XUV radiation from the photoelectron
spectra.

The complete spectro-temporal characterization of the XUV can be obtained from retrieval tech-
niques, developed as direct extensions of frequency-resolved optical gating (FROG) [90, 91, 92, 93,
94, 95]. These methods rely on minimizing the root mean square error between the entire exper-
imental spectrum and a spectrum simulated with the SFA. Starting from an initial guess for the
light fields, the algorithm iteratively refines them until a convergence criterion is reached. In Paper
I, we apply the refined extended Ptychographic Iterative Engine (ePIE) [91, 92] to retrieve short
attosecond pulse trains. The procedure begins with a reduced number of ePIE iterations, that make
use of the central momentum approximation (CMA), in which the photoelectron momentum is ap-
proximated by its central value in the SFA equation. The resulting XUV and IR fields then become
the initial guess in the so-called “Volkov transform” generalized projections algorithm (VTGPA),
which can converge to a more physical solution as it does not rely on the CMA approximation [94].

The Wigner distributions of the retrieved APTs are shown in Fig. 4.10b,d. In Fig. 4.10b, three
main pulses are visible at low energies and two main ones at higher ones. In contrast, Fig. 4.10d
displays two dominating pulses up to 10 €V and three pulses at energies above, which give the
chessboard pattern. Until now, the three step model alone could explain the spectra. However, it
cannot account for the non-trivial change in the number of pulses observed in Fig. 4.10d. With the
help of the three-dimensional macroscopic HHG simulations and the analytical one-dimensional
model developed in the previous chapter, we found that the macroscopic temporal confinement
of high-order harmonics could modulate the spectral amplitude of each attosecond pulse in the
train. This means that macroscopic effects during HHG can impact the energy-dependent number
of attosecond pulses, which in return can be detected with a very sensitive pulse characterization

method like LAP.

3.2 Parity-mixing interference

In Paper III, LAP of helium atoms is performed in a situation where there is a constant number
of attosecond pulses at all energies, while still having broad harmonics (3 or 4 attosecond pulses).
The resulting photoelectron spectrum is shown in Fig. 4.11a. Only photoelectron emitted in the
upper hemisphere of the detector (p, > 0) are shown. At long delays, the XUV and IR fields do not
temporally overlap such that broad main bands are visible, indicated by white dotted lines. At short
delays (around 0 fs), broad sidebands oscillating at 2w appear between the main bands, indicated
by white dashed lines. It is possible to see that the sidebands extend up to the main bands. This
overlap is expect to give rise to parity-mixing (see Fig. 4.5).

The amplitude of the Fourier transform, computed along the delay axis, is presented in Fig. 4.11b.
The frequency axis is normalized to the central IR probe frequency wy. Both the main- (white dotted
lines) and sidebands (white dashed lines) present signal in a finite range of frequencies around 2wy,
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Figure 4.11: Measurement of the parity-mixing signal. (a) Counts of photoelectrons emitted upwards (in color) as a function
of kinetic energy and XUV-IR delay. (b) Amplitude of the spectrum Fourier transform. (c) Projection on the energy
axis of the signal at w (purple) and 2w (red and blue). White dotted (dashed) lines indicate the positions of the
main- (side-) bands.

while the main bands exhibit additional oscillations close to wp. The signal at 2w is projected onto
the energy axis in Fig. 4.11c. It is strongest at the center of the main- (blue) and sidebands (red) and
is directly related to the traditional RABBIT scheme in which long APTs are used (see Fig. 4.5).
On the other hand, the signal at w is neither centered on the main bands nor on the sidebands,
as shown by the purple curve. It overlaps with the red and blue curves, and its strength decreases
towards the centers of the main- and sidebands, where the overlap is reduced. This confirms that it
originates from parity-mixing.

Figure 4.12a shows the logarithm of the Fourier amplitude for the two lowest-energy main bands.
The signal at w splits into two components, red- and blue-shifted relative to the central IR frequency
wy. The results are reproduced theoretically for our experimental parameters by solving the three-
dimensional time-dependent Schrédinger equation (TDSE) [96, 97, 98, 99]. The resulting Fourier
transform amplitude is shown in Fig. 4.12b in logarithmic scale. The fourfold pattern is reproduced,
with each substructure being indicated by roman numbers. Their physical origin is detailed below.

Energy [eV]

Frequency [wy]

Figure 4.12: Spectral amplitude of the parity-mixing signal. (a) Experimental and (b) theoretical spectral amplitudes for the
two lowest energy main bands. Roman numbers indicate the four different substructures. The central energy of
the main bands are indicated by white dotted lines. Adapted from Paper IlI.

Figure 4.13a illustrates the interference pathways involving different frequencies of the probe spec-
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trum (Fig. 4.13b) by colored arrows. It can be seen that the blueshifted components arise from
interference involving two different main bands (“inter-harmonic” interference). For instance, a
final state in region I (II) can be reached by a two-photon transition involving absorption of the
harmonic ¢ + 2 (g — 2) and emission (absorption) of a probe photon but also by a one-photon
transition involving absorption of the harmonic 4. These two-photon transitions require high probe
frequencies (above wy), as indicated for two different ones with purple and blue arrows in Fig. 4.13b.

a

Energy

Probe spectrum

Wo
Frequency w

o Frequency w

Figure 4.13: Quantum pathways leading to parity-mixing in the main bands. (a) Schematic illustrating interference path-
ways between final states of even and odd parity corresponding to “inter-" (I and Il) and “intra-" harmonic (lll and
IV) interference. Interference involving different IR frequencies are shown with different colors, see probe spectrum
in (b). Adapted from Paper IlI.

Conversely, the redshifted components arise from interference involving a unique main band (“intra-
harmonic” interference). Typically, a final state in region III (IV) can be reached by a two-photon
transition involving absorption of the harmonic ¢ and absorption (emission) of a probe photon but
also by a one-photon absorption of the same harmonic (g). These two-photon transitions occur for
low probe frequencies (below wy), as indicated by red and yellow arrows in the schematic.

For a sufficiently large spectral range of the probe, the substructures can overlap at the central probe
frequency and in the middle of the main bands. However, no signal is observed, which can be under-
stood by considering the experimental and theoretical phase map, shown in Fig. 4.14a,b. Adjacent
substructures indeed exhibit a 7 phase difference, which is due to the fact that I and III involve the
emission of a probe photon, whereas II and IV involve the absorption of a probe photon.

In the paper, we derived a simple theoretical framework based on TDPT and the partial wave
expansion, which leads to the following expression for the parity-mixing signal integrated in the
upper hemisphere of the detector

Spm(m) =2 CZ%{‘SIR w)Eg1+2(Q4)E, Q) My M = (D)

£=0,2
) +  +&r(W)E-2(Q-) MT]W%J M(I))* (4.18)
() «  +ERW)E(QE; *’“Mﬁo_ My

(IV) = +&r(W)E(Q-)E(Q )MTW%0+A’[§<I>)*}-

where ¢ = V/3/4, o = V/15/16, Qx = Q F w and Q are the intermediate and final state
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Figure 4.14: Spectral phase of the parity-mixing signal. (a) Experimental and (b) theoretical spectral phase for the two
lowest energy main bands. Roman numbers indicate the four different substructures. The central energy of the
main bands are indicated by white dotted lines. Adapted from Paper Ill.

frequencies, 1\4%}#) and Mﬁ;’i) are the two-photon transition matrix elements involving different
harmonics and only the g-th harmonic, respectively. Each of the four terms correspond to one of
the interference regions (I, II, III and IV) and involves different two-photon matrix elements or
harmonic fields. Interestingly, one can see that the sum of the first and second term resemble a
RABBIT expression such that similar information than that given by RABBIT can be obtained, in
addition to new information from the intra-harmonic interference terms. From Eq. (4.2) and (4.9),
one can see that A() o i. Neglecting the small contributions to the phase, this gives R{ie™ ™7} =
+ sin (wT), showing that the two terms corresponding to regions I and II or similarly ITI and IV are
approximately out-of-phase. The same argument applies for the two terms corresponding to region
II and III (or I and 1V). This phase shift enables distinguishing the various terms in the Fourier
domain, making LAP schemes with broadband fields very powerful.

3.3 Quantum beats

In previous sections, direct photoionization to a continuum state by absorption of an XUV photon
was discussed. However, it may occur that an harmonic is resonant with Rydberg states, which are
highly excited bound states lying below the ionization threshold. The electron yield then exhibits

features due to those below-threshold states [100, 101], which we investigate below in connection to
Paper VI.

Figure 4.15a shows a spectrogram acquired in helium for a long delay range (-15 to 70 fs). In the
low-energy region, below the first main band, the electron yield oscillates as a function of delay with
a period of 14 fs (see black arrow). In this experiment, the 15-th harmonic is resonant with the 153,
1s4p, 1s5p and 1s6p Rydberg states, as illustrated schematically by the blue arrow and Gaussian
area in Fig. 4.15b. As a result, the excited atom is in a superposition of these states, which can be

described by
©) =)+ gl (4.19)
>0

where |) are the electronic states and ¢; their coefficients with p; = |¢|* being the population. The
binding energies €1, (7 = 3,4,5,6) of the Rydberg states being small, subsequent absorption of
an IR probe photon (red arrows) ionizes the system.
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Figure 4.15: Long LAP measurement in helium. (a) Experimental photoelectron yield (in color) as a function of energy and
delay. Slow oscillations with a period of 14 fs (black arrow) arise in the low energy region, indicated by the
black dashed lines. (b) Schematic of the two-photon transitions involved in the energy signal below 1 eV (quantum
beats). The harmonic 15 excites helium (blue arrow) since it is resonant with the 1snp Rydberg states (» = 3, 4, 5, 6),
indicated in gray. The IR produces electron wavepackets (red arrows). Due to its broad bandwidth, quantum paths
involving different Rydberg states interfere coherently, for example the 1s4p and 155p (in orange).

Because of the IR broad spectral width (red Gaussian areas), two-photon ionization pathways in-
volving different Rydberg states may overlap spectrally, and thereby interfere coherently. This type
of interference is known as quantum beat, and has an oscillation period given by

Tnp—mp = b(slmp - Elsmp)717 (420)

where 7 # m. In the data presented here, the experimental signal primarily arises from interference
between the 1s4p (14, = —0.85 eV) and 1s5p (e15, = —0.54 €V) states, where the period
T4y—s, = 13.3 fs is consistent with the experimental one.

A closer inspection of the energy region below 1 ¢V in Fig. 4.16a reveals an energy-dependent shift
of the oscillation maxima, resulting in a linear tilt with a slope of approximately -0.1 fs/eV (black
dashed line). In Paper VI, a retrieval algorithm based on Monte-Carlo methods is developed to find
the complex IR field and coefficients ¢;. Starting from an initial guess, the parameters are iteratively
refined to reproduce the spectrogram until a convergence criterion is reached.

li1 s6p

E 1s5p
g>0 1s4p
()
i, 1s3p
30 60 30 60
Delay [fs]

Figure 4.16: Quantum beats. Low-energy region of the spectrogram corresponding to the area indicated by black dashed
lines in Fig. 4.15. Red arrows indicate in which spectral regions the contribution due to a given Rydberg state is
relevant. (a) Experimental spectrogram. Spectrogram simulated (b) with and (c) without a flat IR spectral phase.

Figure 4.16b displays the reproduced spectrogram assuming a flat IR spectral phase. The main
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features, including the oscillation period and relative amplitudes, are well reproduced thus already
demonstrating that the IR spectral amplitude and excited states distribution across the resonant har-
monic play a major role in the measurement. Nevertheless, the energy-dependent tilt is not repro-
duced within this approximation. Allowing the IR spectral phase to vary in the retrieval leads to ex-
cellent qualitative and quantitative agreement with the experiment, including the energy-dependent
tilt (see Fig. 4.16¢). Therefore, the tilt is a direct consequence of the probe field spectral phase.

Importantly, this study shows that the Gaussian and flat spectral phase approximations fail. Charac-
terizing the spectral amplitude and phase of the light fields is thus essential to understand and extract
information from measurements, since in general few-cycle pulses unavoidably present a complex
structure (see Chapter 2). More broadly, a robust method to extract the probe field properties is
also developed.

4  Further developments

This section presents unpublished studies related to the results of Paper III.

4.1 Extraction of quantitative information about photoionization

Laser-assisted photoionization measurements using long pulses have been extensively used to extract
the atomic time delays associated to the one- or two-photon transitions. The idea is to study the
phase and amplitude of the sideband signal and extract information from it. However, this method
suffers from the various contributions to the phase, in particular due to the light fields or to the
various angular momentum channels. For a given scattering channel, the two-photon transition
atomic phase can be written as the sum of two terms [85]:

S5, = M+ 05 4 (4.21)

where 7/ is the one-photon phase from the XUV-induced L — A transition and gbi o>, arises
from the continuum-continuum transition due to interaction with the IR. A method to access the
individual terms in this phase currently consists in applying the following procedure [102, 103, 38]:

(1) The PAD is decomposed in Legendre polynomials by fitting the electron yield as a function
of the polar angle 6 to Eq. (4.16) for each energy and delay. The fitted 4,, coeflicients provide
a “data set”, i.e. a system of equations with shared parameters. The experimental 4, #; and
hy for the experimental data in Paper III are shown in Fig. 4.17. The electron yield oscillates
at 2w with the delay.

(2) The theoretical expression for the PAD, given by

2

Ssp(r,0) = | Y [ah1y7 (1) + iy (1)] Yo (0)] (4.22)
4
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is expanded. The resulting terms, which involve squared spherical harmonics or cross-products
between different ones, are converted into a linear sum of Legendre polynomials using
Eq. (4.4). This yields an expression for Ay, », and A4, which we give in Appendix 1 for
helium.

(3) Finally, the shared parameters are simultaneously fitted to the experimental 4, yielding in-
formation about each scattering channel.

In helium, the number of unknown parameters and of equations should allow retrieving two in-
formation about the two-photon process: the difference between the continuum-continuum phases
in each scattering channel ¢7Cic’01 — (bfc’ﬂ as well as the ratio between the channel-resolved two-

. . 2,4 2.4 .

photon transition amplitudes |M(<)10 )| / |M§10 )|. However, it can be shown that there are conver-
gence issues since the system of even A-parameters (hg, 4, and h4) remains unchanged under the
simultaneous substitutions

¢cc 01 57 05(-;;,217 ‘M6ﬁ0| A |M;10|7 (4.23)
Gee.01 € Pecats |Mro] < |My0]-

This ambiguity in solution, detailed in Appendix 1, requires prior knowledge about the photoion-
ization process. For example, Fano’s propensity rule [104, 105] was assumed in [38], which states
that upon absorption (emission) of a laser photon, the scattering channel of highest (lowest) orbital
angular momentum is favored.

0.1 0.5 0.1 05 09 -0.1 0 0.1

Energy [eV]

Delay [fs]

Figure 4.17: Expansion of experimental data in Legendre polynomials. Extracted (a) 4o, (b) 42, (¢) 4 coefficients obtained
by fitting the experimental data of Paper lil.

For LAP with broadband fields, an asymmetry relative to the plane perpendicular to the light field
polarization arises in parity-mixing regions due to the parity properties of spherical harmonics,
which is described using odd Legendre polynomials. The experimental 4, and /3 are shown in
Fig. 4.18, in which the photoelectron yield oscillates at w, as expected for parity-mixing interference.

We show that applying a global fit procedure to the odd parameters allows retrieving the scattering
channel information without convergence issues nor requirement for prior knowledge. For intra-
harmonic parity-mixing interference (region III and IV), the odd parameters are expressed as

h(7) = Fin (@) F, Q) F, Q)M [V3IMEE) | cos (wr + ADE)

(4.24)
2\/_|Mg0i | cos (wr £ ADF) ],
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Figure 4.18: Expansion of experimental data in odd Legendre polynomials. Extracted (a) 4, and (b) /45 coefficients obtained
by fitting the experimental data of Paper IIl.

hy(T) = 3\23

where F; = || denotes the modulus field amplitudes, Afl)zt (Q) = pcep + Adxuv(Qx) +
Anyo(Q) + qbcic, 1 (Q) with A7 being the phase difference between one-photon transitions in-
duced by absorption of the XUV frequency ) and Q.

Fin (@) F( Q) Fy( Q)M 1M cos (wr + ADF) | (4.25)

Both A(I)(j,[ and A@;ﬁ contain the same offset wcpp + Adxuv + Anig, such that fitting them gives
access to the difference between the continuum-continuum phase differences:
Ay — ADY = ¢ o) — e o (4.26)

. . 1 2 .
In addition, the prefactors in 4; and bs scale as A%, o |M(10) | |1V[§10’i) |, such that they only differ by
the two-photon transition matrix elements. Fitting A, allows retrieving the two-photon amplitude

ratios:
Ay _ M| w2
Ao M) '
This equation is related to Fano’s propensity rule [104, 105]. When only the radial part is considered,
the ratio is superior (inferior) to 1 for the emission (absorption) case.

Figure 4.19 shows the results from this global fit procedure performed on the TDSE data for the
intra-harmonic interference signal (selected by applying a filter in the Fourier domain). Black dots
indicate the fit results while the purple and blue curves are theoretical data obtained from [106] and
[107], respectively. The fitted continuum-continuum phase differences, displayed in Fig. 4.19a and
¢, align with the theory. The agreement is also good for the radial amplitude ratios (see Fig. 4.19b
and d), as the correct favored scattering channel is retrieved. As explained before, only two energies
are accessible in the experiment and there is a limited spectral resolution, such that application to
the experimental data would require better measurements. We note that a similar approach can be
applied to the inter-harmonic interference signal.
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Figure 4.19:
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Extraction of continuum-continuum phases and radial scattering channel amplitude ratios from the
parity-mixing signal. Global fit results for the odd 4, parameters (black points), obtained from the intra-harmonic
interference signal in helium TDSE calculations. (a,c) Difference of continuum-continuum phases for the absorption
and emission of an IR photon. (b,d) Ratio of scattering channel radial matrix element amplitudes for the absorption
and emission of an IR photon. The blue and purple curves are theoretical data obtained from [106, 107].

4.2 Interference pattern at low-beating frequencies

Fourier analysis of LAP measurements (see Fig. 4.11b) reveals electron-yield oscillations at low fre-
quencies, below 0.4wy. Signal due to parity-mixing interference can be suppressed by integrating
over all photoemission directions. The resulting Fourier amplitude is presented in Fig. 4.20a. The
persistence of the low-frequency signal indicates that it originates from the interference between
ionization pathways of same parity. A notable feature of this signal is the pronounced variations of
its amplitude with frequency. Similar observations can be made for the spectral phase, displayed in

Fig. 4.20b.

Figure 4.20:

Frequency w [wo] Frequency w [wq] Frequency w

LAP measurement for all photoelectrons. Measured spectral (a) amplitude and (b) phase of photoelectrons
emitted in all directions. White dotted lines indicate the positions of the main bands. (c) Energy transitions involved
in the signal at low frequencies for the absorption scheme. The different IR frequencies are represented by the
colored arrows. For sake of simplicity, only transitions from a given main band 4 to a sideband are shown. Similar
interference exists for the emission case.
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This contribution stems from interference between two-photon ionization pathways that involve
the absorption (or emission) of IR photons with different frequencies. The relevant energy trans-
itions are illustrated in Fig. 4.20c for the absorption process. Transition involving absorption of an
IR photon of frequency w; (purple arrow) can interfere with those absorbing an IR photon of lower
frequency w, (blue arrow), leading to oscillations at the difference frequency dw = wy — w, <K wy.
Naturally, many such frequency combinations also contribute (e.g. see green, yellow and red ar-
rows). Similar interference occurs between transitions involving the emission of IR photons having
different frequencies (not shown in the schematic). This interference scheme bares many similarit-
ies with an already existing technique called KRAKEN (Kvanttillstinds tomogRafi av AttoseKund
ElektroNvégpaket) [20].

Figures 4.21a and b show TDSE simulations performed using Gaussian light fields with a flat spectral
phase. Most features cannot be reproduced, e.g. the sideband phase or amplitude modulations. An
interesting study would therefore consist in understanding this interference, starting with evaluating
the role of the IR spectral phase and amplitude or of the femtosecond chirp of the XUV radiation.

Energy [eV]

Frequency w [wq] Frequency w [wq]

Figure 4.21: LAP simulations for all photoelectrons. Theoretical spectral (a) amplitude and (b) phase of photoelectrons
emitted in all directions. White dotted lines indicate the positions of the main bands.
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CHAPTER 5 I

Ultrafast spectroscopy of semiconduct-
ors

Ultrafast light—matter interactions in solids give rise to electronic and structural dynamics spanning
a wide range of time scales, from attoseconds to picoseconds. Resolving these dynamics requires
light sources with sufficiently short pulse durations, such as few-cycle laser and attosecond pulses.
In this work, such ultrashort pulses are used for exploring the behavior of electrons in semiconduct-
ors using optical and charged-particle detection techniques. Semiconductors are the foundation of
modern electronics, from data storage and communication to quantum devices. Silicon has been
the workhorse of the semiconductor industry, representing approximately 90% of photovoltaic ap-
plications and being ubiquitous in electronic chips [108, 109]. However, continued demands in
ever decreasing material dimensions and improved performance have driven the development of
commercial devices based on other materials. In particular, compound semiconductors have been
replacing silicon in various applications and represent an important area of current ultrafast spec-
troscopy research.

This thesis focuses on two such systems. In Paper IV, SnS thin films in a newly synthesized phase are
investigated using ATAS, an all-optical technique combining short attosecond pulses and NIR few-
cycle pulses. In Paper V, InP nanowires are studied with an energy-resolved PEEM and few-cycle
laser pulses, with an emphasis on the effect of their small dimensions on photoemission processes.

This chapter starts by describing the experimental techniques used in this work, ATAS and PEEM.
Then, two applications aiming at investigating ultrafast electron dynamics in compound semicon-
ductors are presented.

65



1 Experimental methods for time-resolved spectroscopy

In isolated atoms, electrons occupy discrete atomic orbitals with well-defined energies. In solids, the
atomic orbitals of neighboring atoms overlap due to interactions between valence electrons, resulting
in the formation of broad energy bands. The properties of valence electrons are of particular interest
since they determine the optical and electronic properties of the material, and can be accessed using
visible and NIR light. In contrast, core electrons remain localized around their parent atoms and
largely preserve their atomic character. Transitions involving core levels are therefore sensitive to the
local environment of a specific element in the material. Such transitions typically lie in the XUV
or X-ray spectral range, making XUV spectroscopy adapted to element-specific studies of ultrafast
electron dynamics in solids.

ATAS is a technique combining electronic and elemental sensitivity by initiating ultrafast dynamics
with a NIR pump pulse and probing the temporal evolution through core-level transitions using
XUV attosecond pulses. Since broad spectral bandwidths are needed to resolve the dynamics and
access multiple electronic transitions, ultrashort pulses are well suited for this technique.

Beyond probing electron dynamics, intense few-cycle NIR pulses enable the investigation of strong-
field and nonlinear photoemission processes. To study these effects in semiconducting nanostruc-
tures, a PEEM set-up was implemented during this thesis work. Such a set-up provides surface-
sensitive spatial imaging together with access to the emitted electron energy spectrum, making it
appropriate for studying ultrafast electron dynamics at the nanoscale.

1.1 Attosecond transient absorption spectroscopy

ATAS relies on absorption spectroscopy, which consists in transmitting light through a sample and
measuring changes in the spectrum after propagation. In a typical experimental arrangement, shown
in Fig. 5.1, the transmitted intensity is recorded by a spectrometer and follows the Beer-Lambert
law:

I(w) = Iy(w)e~ @)t (5.0)

where /) is the incident intensity, cv the absorption coefficient and L the sample thickness. Experi-
mental results are generally presented in terms of the optical density:

l(w)>
OD(w) = —1lo TN ) (5.2)
( ) glO <]0 (UJ)
XUV XUV o

| Ly spectrometer - 2

‘ R >

- — 3
Sample Energy

Figure 5.1: Principle of extreme ultraviolet absorption spectroscopy. XUV light is focused onto a sample and the transmit-
ted intensity recorded by a spectrometer.
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Absorption spectroscopy in the XUV and X-ray spectral range is referred to as core-level absorption
spectroscopy, since photons in this energy range can induce transition from bound core levels to
unoccupied states. Figure 5.2a shows the calculated absorption spectra of 0.2 pm thick silicon (Si)
and tin (Sn) layers, reproduced from [110]. At the onset of transitions from core levels to the lowest
energy unoccupied states, absorption edges occur which correspond to a sudden rise in absorption.
Their location is indicated by dotted lines. Absorption edges are conventionally named after the
initial electronic shell involved in the transition: K—edge for the 15, L-edge for 25 and 2p, M—edge
for 3s, 3p and 34, etc... In silicon, two absorption edges are visible, corresponding to a transition
from the 25 (~100 ¢V) and 2p (~150 eV) core levels (L-edge). The edge at 100 €V is significantly
sharper, making it easier to detect. In tin, a single pronounced absorption edge appears around
24 eV, and originates from excitations involving the 44 core levels (N—edge). In contrast to the

deep Si core levels, the N—edge is shallow, and only corresponds to the onset of the 4d core levels
[111].
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Figure 5.2: Absorption edges of silicon, tin and tin(ll) sulfide. (a) Absorption coefficients of Sn and Si as a function of
the energy. (b) Absorption spectrum of z-SnS measured with a linearly polarized XUV. The absorption edges are
indicated by the vertical dotted lines.

Figure 5.2b shows the optical density of a 7-SnS thin film measured using a short APT. Two ab-
sorption edges can be identified corresponding to transitions from the Sn 4d;/, and 4ds,, core
levels to the conduction band minimum. This shows that core-level spectroscopy provides good
elemental selectivity. This selectivity is beneficial in attosecond experiments employing broadband
pulses, where multiple electronic transitions can contribute simultaneously to the measured signal
and overlap. In charged-particle detection techniques, these overlapping contributions may com-
plicate the interpretation of ultrafast dynamics.

This thesis focuses on studying electron dynamics with very high temporal and energy resolutions.
For this, a pump-probe set-up designed for ATAS, from the group of Stephen R. Leone in Berkeley,
was used [112]. The simplified schematic is shown in Fig. 5.3. First, a NIR ultrashort laser pulse
(4-5 fs), called the pump, induces changes in the electronic distribution of a sample. Then, a
weaker attosecond pulse is recombined with the pump at the sample and its transmitted spectrum
is recorded using a diffraction grating and a charge-coupled device camera (15-40 eV energy range).
To isolate pump-induced effects, absorption spectra are systematically measured both in the presence
and absence of the pump, using a shutter in the pump arm. Results are finally presented in terms
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of the differential XUV absorbance:
[ um )
AA(7,€) = —log, [XUV“’ (7 6)} (5.3)
Ixuv(T,€)

where 7 is the delay between the pump and the probe, /xuv+pump and Ixuv is the XUV intensity
with and without pump field, respectively. By controlling the delay, the temporal evolution of the
differential absorbance is obtained, providing insight into the electronic processes at play.

T
A—

/\ /\ ‘ Diffraction
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Figure 5.3: Attosecond transient absorption spectroscopy set-up. Few-cycle and attosecond pulses are noncollinearly fo-
cused onto a sample. At the output, a flat-field grating diffracts the XUV frequencies at different angles, which are
recorded with a charge-couple device camera. By varying the delay of the laser, temporal resolution is obtained.

A limitation of ATAS is the restricted range of compatible samples, which must fulfill thickness
requirements. If the sample is too thick, the transmitted XUV intensity is strongly attenuated and
too weak to measure. In contrast, if the sample is too thin, the changes in absorption cannot be dis-
tinguished from the background noise. Therefore, even though nanostructures are of considerable
interest, alternative techniques are generally more suitable.

1.2 Energy-resolved photoemission electron microscopy

Investigating electron dynamics in nanostructures can be done using PEEM. It consists in ima-
ging electrons photoemitted from the surface of a sample following interaction with light. More
precisely, a set of electrostatic lenses produces a magnified image of the sample surface with high
spatial resolution. In this work, a commercial PEEM (Focus GmbH) equipped with a time-of-flight
detector was installed, which is schematically illustrated in Fig. 5.4a. A light pulse incident at a 65°
angle on a sample’s surface photoemits electrons. The electrons reach an extractor, where they are
accelerated with a 14 kV voltage. An intermediary image is then formed by the objective lens. At
this stage, a contrast aperture may be inserted to improve the resolution. Finally, the electrons go
through two consecutive projective lenses, which project the image onto an MCP and a fluorescent
screen where the electrons are converted to visible light. The final image is recorded by a camera.

Although the theoretical spatial resolution is limited by electron diffraction, the experimental resolu-
tion suffers from aberrations. In principle, the resolution should be in the range of a few nanometers
for low energy electrons but in practice is on the order of a few tens of nanometers. Because elec-
tron trajectories depend on their kinetic energy, the image focus is typically optimized for a narrow
energy bandwidth during experiments. Electrons with different energies are out-of-focus, thereby
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Figure 5.4: Schematic of the Focus TOF-PEEM. (a) Electrons photoemitted by a light pulse enter the PEEM column in the
extractor, where they are accelerated before going through a set of various complex lenses. A final magnified image
is formed on the imaging unit, consisting of a MCP-fluorescent screen and a camera. In the drift tube, a retractable
DLD-MCP detector can be inserted, detailed in (b). This unit operates with a pulsed light source and measures the
time-of-flight of the photoelectrons.

blurring the image. In this thesis, photoemission in strong local electric fields is studied, which
leads to broad energy bandwidths (up to tens of eV). The spatial feature of the PEEM then allows
selecting individual nanowires and measure their photoelectron kinetic-energy spectrum.

The PEEM time-of-flight unit is schematically illustrated in Fig. 5.4b. Two drift tubes kept at a low
voltage are inserted after the projective lenses to decelerate the electrons. A retractable DLD-MCP
system is placed before the camera imaging unit to measure the time taken by the electrons to reach
the detector after photoemission relative to the laser trigger signal at the 200 kHz repetition rate.
Electrostatic calculations then relate the time-of-flight to the electron kinetic energy. Figure 5.5a
presents the calculated energy resolution against the drift-tube voltage. Lowering drift voltages
improve the energy resolution, until a threshold around 10 V. In our experiments, a drift voltage
between 20 and 40V is typically used, leading to an energy resolution of approximately 100 meV.

A major limitation of PEEM measurements arises from space-charge effects due to Coulomb re-
pulsion within the cloud of photoemitted electrons. This repulsion changes electron trajectories in
the PEEM, thus broadening or shifting the energy spectra and affecting the spatial resolution. To
mitigate such issues, the number of electrons per laser shot is kept to an average of one.

Figure 5.5b presents a photoelectron spectrum measured by focusing the OPCPA laser pulses onto
an InP nanowire. The shape is a modified Gaussian with a maximum at low kinetic energies. After
interaction with the light, an electron may scatter on its way to reach the vacuum, thereby transfer-
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Figure 5.5: PEEM energy feature. (a) Calculated energy resolution as a function of the drift voltage for different electron
kinetic energies. A realistic ripple drift voltage of 20 mV and time resolution of 160 ps is used. (b) Electron spectrum
measured by focusing the OPCPA laser on an InP nanowire. The blue area approximately indicates the secondary
electron background.

ring energy to surrounding electrons. This scattering process produces a large amount of secondary
electrons with low kinetic energies. As a consequence, the low-energy region of the spectrum is pre-
dominantly due to secondary electrons while contributions to the high-energy regions are mostly
due to direct photoemission.

Finally, Fig. 5.6 shows the average distance an electron travels in a solid before it undergoes inelastic
scattering as a function of its initial kinetic energy referenced to the Fermi level. Although the curve
might vary depending on the material, it provides a satisfactory trend and is generally considered
universal. The curve exhibits a minimum around 50-100 eV, going as low as 1 nm. This corresponds
to a few atomic layers. Accordingly, electrons photoemitted with these kinetic energies provide
highly surface-sensitive information. At lower kinetic energies, such as those typically encountered
in NIR strong-field photoemission experiments (~1.5 eV), it reaches up to 5-10 nm, which remains
surface-sensitive.
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Figure 5.6: Inelastic mean free path of electrons. Curve for the inelastic electron mean free path in elements, taken from
[113]. The energy is given relative to the Fermi level. The red and blue shaded area indicate the photon energies of
the light sources used in this work.
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1.3 Time-resolved photoemission electron microscopy

To resolve electron dynamics with both high temporal and spatial resolution, interferometric optical
measurements can be implemented. To this end, an additional toroidal mirror at grazing incidence
was installed after the pump-probe interferometer used for LAP experiments to refocus the beams on
the PEEM sample, as schematically illustrated in Fig. 5.7a. The spatial profile of the refocused pump
(in red) and probe (in orange) is shown in Fig. 5.7b. Their diameter is much larger than that of the
nanostructures studied in this work, which ensures uniform illumination. The temporal evolution
is then accessed by varying the actively stabilized translation stage in the pump arm, similarly to
LAP experiments in atoms.
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Figure 5.7: Time-resolved PEEM set-up. (a) Two replica of the NIR few-cycle pulses are refocused by a toroidal mirror on
the sample in the PEEM. Their relative delay is controlled with an attosecond accuracy using the same pump-probe
interferometer as used for LAP (see Fig. 4.8). (b) Beam profile of the pump (left) and the probe (right) at refocus.

In contrast to solids with larger dimensions, nanostructures locally enhance the electric field of the
impinging light, leading to strong local fields. Accordingly, nonlinear photoemission, for example
through the simultaneous absorption of several laser photons is easily enabled. In the perturbative
multiphoton regime, the transition probability is then predicted to be directly proportional to the
total electric field raised to the multiphoton order 7. The photoelectron signal at a certain kinetic
energy and delay is then given by the 7-th order nonlinear interferometric autocorrelation function:

Ion(r, E) = / | Eoe. (1) + Eoe.(t— 7)1 (5.4)

where Ejoc.(2) and Ejoe. (¢ — 7) are the local electric fields induced by the pump and probe fields at
the surface. Figure 5.8a computes this function for » = 3, and for the experimental electric field
used in the experiments of Paper VI, retrieved with a d-scan (see inset). No field enhancement is
included, such that Fjoc. (£) = E1(2) and Eioc. (¢ —T) = 7EL(¢— 7) with E1, being the most intense
laser beam and » = 0.5 their relative ratio. In Fig. 5.8b, the total electric field is plotted for two
different delays between the fields. The total fields differ mostly in strength.
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Figure 5.8: Cross-correlation electron signal. (a) Third order (» = 3) nonlinear interferometric autocorrelation function cal-
culated for the experimental electric field shown in the inset. (b) Total electric field at -5.8 fs (gray) and 0 fs (black).

The long-term purpose of the beamline is to study LAP from nanostructures in a similar fashion
than in atoms, using our short APTs as a pump and characterize them by operating the reaction
microscope in parallel. Preliminary datasets were acquired on InP substrate and nanowires. A
preliminary analysis shows that the samples were oxidized, which is unfortunate, and that photo-
electrons emitted from the oxygen core levels overlapped with those emitted from the indium ones,
leading to spectral congestion. This problem, which is largely absent in ATAS, is a major limitation
of charged-particle detection schemes.

2 Experimental measurements of compound semiconductors

In this section, experimental measurements of electron dynamics in compound semiconductors are
presented.

2.1 Compound semiconductors

Compound semiconductors are materials composed by two or more chemical elements. Since ele-
ments from different groups of the periodic table have different structural, optical or electronic
properties, combining them provides additional features that are not available in single-element
materials. In particular, they enable a wide spectral range of energy bandgaps and band structure.
This is depicted in Fig. 5.9 for binary compounds of the group III-V (an element from group III
and V) and IV-VI (an element from group IV and VI).

IV-VI semiconductors usually have small band gaps, making them suitable for mid-infrared op-
toelectronic devices. While many crystallize in a rock-salt structure (e.g. lead-based compounds),
others crystallize in orthorombic phases such as SnS, SnSe, GeS and GeSe. In Paper IV, a recently
synthesized metastable cubic phase of SnS, relevant to optoelectronic and energy-conversion applic-
ations, is investigated using ATAS.

HI-V semiconductors are widely used in high-speed electronics and optoelectronics, due to a high
electron mobility and strong optical absorption. Many possess direct bandgaps, that enable a more
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Figure 5.9: Bandgap map of binary IlI-V and IV-VI semiconductors. Bandgap energy as a function of the lattice constant
for selected semiconductors of the group IlI-V (black) and IV-VI (blue). Data taken from [114, 115, 116, 117, 118,
119, 120, 121]. The compound semiconductors studied in this thesis are indicated by the dashed circles.

efficient radiative recombination compared to silicon. These materials can be synthesized as low-
dimensional structures having nanoscale sizes in at least one-dimension. Typically, semiconductor
nanowires can be grown via a gold (Au) metal seed thus forming metal-semiconductor hybrid struc-
tures, useful for a wide range of applications [122, 123, 124]. They adopt regular cylindrical shape.
In Paper V, InP nanowires are studied as a structural platform for controlled photoemission.

2.2 Charged carrier dynamics in 7-SnS

Many research works have been carried out on SnS thin film solar cells, owing to its strong visible-
light absorption and abundance on Earth. However, its photovoltaic performance has remained low,
primarily due to defects, impurities, and pronounced anisotropy [125, 126, 127]. In the last years,
a metastable high-symmetry cubic phase (z-SnS) has been synthesized, with promising prospects
for photovoltaic applications [128, 121]. In the following, the ATAS set-up introduced earlier (see
Fig. 5.3) is used to study carrier relaxation dynamics in this material with high temporal resolution
and elemental sensitivity, following the experiments of Paper IV.

The differential XUV absorbance [see Eq. (5.3)] of 30 nm 7-SnS thin films is measured in Fig. 5.10a
as a function of pump-probe delay and XUV photon energy across the Sn V4 5 absorption edge. At
positive delays, the laser pulse (pump) arrives before the XUV, thus photoexciting electrons in the
conduction band (CB), as illustrated by the red arrow in Fig. 5.10b.

For delays above 0 ps, the XUV probes the pump-induced changes, leading to variations in the
absorbance at 25.5 and 26.5 €V (see black dashed lines). These energies match with core-level
transitions from the Sn 4ds /, and 4d;/, spin—orbit-split states to the conduction band minimum
(CBM) [129, 130, 131], indicated by dark blue arrows in Fig. 5.10b. Specifically, the differential
absorbance decreases (increases) just above (below) the absorption edge for both spin—orbit com-
ponents. The increase in absorption arises from pump-induced state filling in the CB, while the
decrease in absorption arises from a depletion of available states in the VB (state blocking).

Figure 5.11 presents the differential absorbance averaged over short (0-100 fs) and long (1-3 ps)
delays. The onset of the absorption edge has shifted at longer times, which is due to the interplay
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Figure 5.10: ATAS measurement of z-SnS. (a) Differential XUV absorbance of z-SnS as a function of pump-probe delay and
XUV photon energy. (b) Simplified energy diagram of z-SnS with the XUV (blue arrows) and pump (red arrow)
transitions. The dark (light) gray Gaussian areas represent the photoexcited electrons (holes). The solid (dotted)
parabolas represent the valence and conduction bands with (without) bandgap renormalization. Adapted from
Paper IV.

of electronic and structural effects. On the one hand, state filling increases the energy onset of the
absorption edge in time by occupying states while many-body interactions among carriers lead to
a redshift that reduce the bandgap, called bandgap renormalization (see dotted lines in Fig. 5.10b)
[132, 133]. Finally, pump-induced lattice motions may also shift the core-level potential energy. In
addition to the energy shift, the signal amplitude varies with time. It is larger at early times, in
which case it is dominated by hot carriers. At later times, the system relaxes toward equilibrium
through cooling of the CB electrons and their subsequent recombination with the VB holes.
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Figure 5.11: Differential XUV absorbance at short and long delays. Differential XUV absorbance across the Sn Ny4 5 absorp-
tion edge as a function of the XUV photon energy. The purple and blue curves show averages over pump-probe
delays between 0 and 100 fs and between 1 and 3 ps, respectively. Adapted from Paper IV.

The measurement was repeated for carrier densities ranging from 1.6 10" t0 3.1 x 10%° electrons/cm 3,
corresponding to 0.04% to 0.775% of the equilibrium valence band population. It is possible to
assume that electron dynamics can be decomposed into a fast intraband cooling followed by a slower
hole-electron recombination. Therefore, the signal is averaged over the energy window indicated by
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gray shaded area in Fig. 5.11 for each measurement and fitted to a bi-exponential Gaussian function:

« . P
carrier COOllﬂg

—
AAcg (T) = ( 1— e_FrT ) ( Afe_FfT + Ase_FST ), (5.5)
——— ——
rise “carrier recombination”

where I'; describes the rise of the signal, I'¢ the fast decay rate and I's the slow decay rate, with
associated amplitudes Ay and A, respectively.

The fast decay rate, shown in Fig 5.12a, provides information about carrier cooling [134]. Two

regimes are observed depending on the carrier density: a slowly varying rate below 1.6 x 10%°

electrons/cm ™2 (pink area) and an increasing rate above (blue area). Analysis using a two-temperature
model in Paper IV indicates that cooling is non-radiative in both regimes. At low densities, it is

primarily governed by the ability of the system to absorb heat, leading to intraband relaxation to-

ward the band edges, as illustrated schematically in Fig. 5.13 (label 1, left). At higher densities,

many-body interactions between carriers, referred to as Auger processes, enable an additional cool-

ing channel, where CB electrons transfer their energy to holes in the VB via Coulomb scattering,

see label 1 on the right of Fig. 5.13.
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Figure 5.12: Decay rates in z-SnS. Decay rates extracted from a bi-exponential fit as a function of the carrier density. Blue
and cyan colors correspond to the 44; , (at 25.5 eV) and 445/, (at 26.5 eV) state filling window. The error bars
indicate one standard deviation. (a) Fast decay rate, corresponding to cooling. (b) Slow decay rate, corresponding
to recombination. The solid curve shows a fit to a polynomial rate equation. Adapted from Paper IV.

The fitted slow decay rate, shown in Fig. 5.12b, is used to study carrier recombination mechan-
isms [135]. Its density dependence is described by a polynomial rate equation including multiple
recombination channels. By fitting the slow rates to this equation (black solid line), two dominant
mechanisms are identified: Shockly-Read-Hall (SRH) at low densities and Auger-recombination
at high densities. These recombination pathways are shown in Fig. 5.13 (label 2). In SRH, inter-
mediate discrete energy states arising in the forbidden bandgap due to impurities and defects trap
carriers, leading to non-radiative recombination. In the Auger process, the recombination energy
is non-radiatively transferred to a third carrier. The onset of Auger-recombination from a density
of 1.6 x 10%° electrons/cm ™ coincides with the onset of Auger-cooling, indicating that it is the
threshold density for many-body effects in 7z-SnS. These non-radiative processes are major limiting
factors in the efficiency of thin film photovoltaic cells, since they dissipate energy as heat rather than
generating a photocurrent. This makes 7z-SnS an ideal platform to investigate loss mechanisms in
solar cells.
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High densities

Figure 5.13: Cooling and recombination mechanisms in z-SnS. Following photo-excitation by the pump (red arrow), the hot
electron and hole distributions undergo cooling (1) before recombining (2). At low densities (left), fast intraband
cooling toward the band edges occurs, followed by Shockly-Read-Hall recombination mediated by defects or im-
purities in the forbidden bandgap. At high densities (right), Auger cooling and recombination takes place, which
involves energy exchange between at least three carriers. Adapted from Paper IV.

This investigation of electron dynamics in 7-SnS was motivated by the higher symmetry compared
to its natural orthorombic phase. In particular, many structural properties relevant to photovoltaic
applications (e.g. thermal ones) are governed by collective lattice vibrations known as phonons.
In some of the measurements, coherent phonon oscillations excited by the pump laser could be
resolved. While several phonon properties could be extracted (period, dephasing time or phase),
it was not possible to unambiguously assign the phonon mode due to the primitive cell of 7-SnS
being large, with 64 atoms yielding 192 vibrational modes [121, 120, 128, 136]. However, compar-
ing phonon oscillations in 7-SnS with the ones in its orthorhombic phase could unravel the role
of structural symmetry, and may help assess the potential of 7-SnS for photovoltaic applications.
An interesting follow-up experiment would thus consist in measuring both phases under similar
conditions and compare their phonon dynamics.

2.3 Controlled ultrafast photoemission from InP nanowires in locally enhanced

fields

In light-matter interactions, photoemission is conveniently described by the Keldysh parameter,
given by v = /®/(2U,) with ® being the material work function [137, 138]. At relatively weak
field strengths (y > 1), multiphoton emission arises, in which the electron absorbs several photons
n. The photoemission probability decreases when the number of exchanged photons increases.
For large field strengths (y < 1), the electron can escape through tunneling due to field-induced
distortions of the atomic potential. In this case, the electron can acquire energy in the electric field
of the light and even rescatter at the surface, thereby reaching high energies. The photoelectron
spectra exhibit a broad energy plateau (constant electron yield with energy), followed by a slowly
decreasing cut-off.

Recent studies of photoemission from metallic nanostructures induced by few-cycle IR pulses demon-
strated their potential as ultrafast, spatially localized electron sources supporting sub-femtosecond
durations -down to the attosecond regime [139, 140, 58]. These remarkable properties arise from the
underlying nonlinear light-matter interaction, in which the nanostructure plays a major role by its
capability to locally enhance the electric field and enable strong-field tunneling even for moderate
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laser intensities [139, 140, 58, 141, 142, 143]. In Paper V, photoemission from semiconductor InP
nanowires, which have comparatively received little attention, is studied since their structure should
lead to field enhancement as well.

Figure 5.14a schematically illustrates the principle of the experiment, performed with the previously
described set-up (see Fig. 5.7). Due to local field enhancement, the interaction between the incident
far-field laser (in red) and an InP nanowire leads to photoelectron sources spatially localized at the
wire’s edges (in purple). This can be shown by simulating the electric field distribution in the vicinity
of the wire. For this, the wire is modeled as a cylinder of 2.65 pm length and 0.2 pm height with a
gold seed at its tip, in accordance with the geometrical features extracted from the Scanning Electron
Microscopy image shown in Fig. 5.14b. Maxwell equations are then solved with Finite-Difference
Time-Domain simulations [144]. Figure 5.14c shows the electric field distribution resulting from
the interaction with a 6 fs Gaussian pulse normalized at 1 V/m. The field is enhanced at the corners
of the wire up to twice its value, see for example the red rectangular area.
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Figure 5.14: Field-enhanced photoemission from InP nanowires. (a) Two delayed replica of a NIR laser (in red) impinge on
an InP nanowire. The nanostructure enhances the field, leading to localized photoemission at its edges. The pho-
toelectrons (in purple) reach the PEEM extractor, where their energy is recorded. (b) Scanning Electron Microscopy
image of a measured isolated wire. The red arrow indicates the orientation of the electric field with respect to the
nanowire longitudinal axis. Inset: angle of incidence and field polarization direction relative to the nanowire on
the sample (top view). (c) Finite-Difference Time-Domain simulations of the local field £.. distribution. The red
arrow indicates the propagation direction of the field.

In this experiment, the intensity of the total field at the optimum overlap is about a few 101 W/em?.
By considering the work function of InP [145], this should place the experiment in the multiphoton
regime (y ~ 7 >> 1). However, the local Keldysh parameter is considerably different in the regions
where the electric field is enhanced, such that the semiconductor nanostructure can lead to a change
of photoemission regime, where strong-field effects become important. Local-field enhancement is
therefore a powerful benefit when studying photoemission in strong fields, as it removes the need
to use considerably higher intensities, which in general damage the samples.
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Figure 5.15a shows the spectrally-resolved cross-correlation measurement, that is the electron counts
as a function of delay between the fields and electron kinetic energy. Electrons are emitted with a
periodicity of 2.8 fs, corresponding to the laser period, such that the electron emission closely follows

the electric field of the light.
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Figure 5.15: Properties of photoelectrons. (a) Electron counts (in color) as a function of the kinetic energy and pump-probe
delay. (b) Electron energy spectra obtained after a delay average in the optical cycle indicated by the (1) gray and
(2) black dashed lines in (a). The spectrum corresponding to the optical cycle with highest field strength exhibits a
broad plateau, followed by a slowly decreasing cut-off (red dashed line)

By varying the delay, hence the strength of the total field, the energy spectrum changes. The highest
kinetic energies are produced at 0 fs, when the total field is strongest. The average energy spectrum
of electrons emitted around this delay, taken in the range indicated by the black dashed rectangle,
is shown in Fig. 5.15b in logarithmic scale. The electron counts are constant over a broad energy
range until a cut-off at approximately 14 eV. This plateau-like feature is characteristic of strong-
field photoemission regime, suggesting that the local field enhancement could enable tunneling.
A remarkable property of the photoelectrons is the broad energy bandwidth, which is compatible
with sub-femtosecond durations (several hundreds of attoseconds). In gray, the energy spectrum
averaged between -6.1 and -3.5 fs (gray area in Fig. 5.15a) is plotted. Since this delay corresponds
to comparatively small intensity, the cut-off energy is lower. We note that even larger energy band-
widths were produced in some measurements, however, space charge effects then impacted the
results, precluding thorough analysis.

In addition, the delay stabilization system which provides ~26 as precision (see previous chapter)
enables resolving a tilt of the kinetic energy with delay within each period. In particular, higher
energies seem to be emitted first. This tilt, which could be reproduced by measuring other InP
wires, is unexpected since the electron yield should vary symmetrically in time around an oscilla-
tion maximum (see Fig. 5.8a). These features currently remain under investigation. Theoretical
collaborations with the group of Claudio Verdozzi in the Mathematical Physics divion of Lund
University are ongoing. More precisely, a microscopic approach combining ab initio calculations
and quantum many-body methods is employed. A low-energy Hamiltonian is derived from density
functional theory using maximally localized Wannier functions in a minimal sp basis and used in
nonequilibrium Green’s function simulations of electron dynamics under pump—probe fields.
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CHAPTER 6'

Conclusion

1 Summary of the thesis

In this thesis, we explored the potential of short APTs in advancing the field of ultrafast science and
related applications. The work focused on both the development of the source and its application
to laser-assisted photoionization in helium, used as a benchmark system, as well as to charge carrier
dynamics in solids. The key findings of this work point to several interesting phenomena. In
particular, the use of few-cycle driving pulses allowed us to observe subcycle phase-matching effects
in high-order harmonic generation. In addition, the broad spectral bandwidth of the pulses led to
the appearance of new quantum interference in photoionization measurements.

More specifically, regarding high-order harmonic generation, we thoroughly characterized the com-
plex spectral and temporal structure of the APTs. To this end, LAP was used to measure short APTs
for different driving laser CEP values (Paper II). The results showed that both microscopic and
macroscopic effects play an important role in the energy-dependent number of attosecond pulses in
the train. In particular, evidence of confinement of the harmonic emission, attributed to subcycle
phase matching, was observed. Further confinement of the XUV emission is of interest for the pro-
duction of single attosecond pulses (SAPs). To address this, a method based on driving HHG with
polarization-gated few-cycle pulses (Paper I) was implemented. The HHG yield as a function of the
CEP exhibited features consistent with a temporal confinement of the XUV emission approaching
the SAP regime. Hence, the implementation of polarization gating provides additional control over
the generated attosecond pulses and makes the source more flexible for future applications.

Applications concerning ultrafast spectroscopy of atoms and solids were then carried out. Two stud-
ies focused on short-pulse effects in photoionization of helium by a comb of broad harmonics in
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the presence of a few-cycle dressing laser field (Papers III and VI). Paper III investigated broadband
effects in photoionization and found that the large spectral widths give rise to four types of interfer-
ence involving quantum paths of different parities. While this adds complexity, we showed that the
pathways can be distinguished, thus providing four new observables with their own properties. In
Paper VI, interference between broadband electron wavepackets involving non-resonant and reson-
ant quantum paths were studied. The phase and amplitude of the interference pattern were found
to be influenced by the complex spectral properties of the light fields. In this study, we develop an
efficient numerical methodology to retrieve information without prior knowledge of the light fields,
thus circumventing the downsides of using ultrashort pulses while emphasizing their advantages.

Paper IV focused on ATAS measurements, which rely on ultrashort attosecond pulses, close to SADs.
The purpose was to investigate charge carrier dynamics in a metastable cubic phase of SnS. This
technique proved to be very powerful to investigate conduction-band related dynamics, particularly
relevant to photovoltaic applications. It brought insights about non-radiative carrier cooling and
recombination mechanisms, which are limiting factors for the efficiency of thin film solar cells.

Finally, the few-cycle laser pulses themselves were used for studying photoemission from semicon-
ductor nanostructures (Paper VI). InP nanowires are ideal sources of ultrashort and spatially local-
ized electrons, having energy bandwidths compatible with sub-femtosecond durations.

2 Outlooks

This thesis explored several applications, for which we foresee follow-up studies. Those mainly build
on the experimental set-ups developed during this thesis and on the properties of the short APTs.

2.1 Toward new attosecond metrology tools for probing matter

The set-up developed in Paper I for manipulating the time-dependent polarization of the few-cycle
laser pulses offers many possibilities to control the short APTs, beyond the simple polarization-
gating. For example, it enables the creation of two cross-polarized attosecond pulses with a control-
lable delay. Figure 6.1 shows the PAD of electrons produced through ionization of helium by two
short APTs, linearly polarized along x and z. In this scheme, the dipole selection rules are altered,
now allowing electronic transitions with Az = %1 in addition to those with Am = 0. This is
depicted in Fig. 6.1d, which shows the available one-photon energy transitions from ground state
helium.

Since photoelectrons with various magnetic quantum numbers, associated to spherical harmonics
of different phases (V},, o ¢”?) and angular properties, contribute to the PAD, the azimuthal sym-
metry along the detector axis (z) is broken. This is shown in Fig. 6.1c, where the PAD projected
along x behaves like that of a p-wave oriented at 45° with respect to the y and z axes. Information
about the quantum channels of different 7z are therefore encoded in the angular and radial coordin-
ates, when a single such channel (m = 0) was accessible in helium using only linearly polarized

light.
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Figure 6.1: Measured photoelectron angular distribution for two delayed cross-polarized APTs. (a-c) Two-dimensional
projection of the momentum of electrons ionized by cross-polarized APTs separated by O fs. z is the axis of the
detector. The APTs are linearly polarized along x and z. (d) Channels involved in the XUV-induced one-photon
ionization of ground state helium.

Furthermore, as the delay between the attosecond pulses can be controlled, phenomena analogous
to spectral interferences between electron wavepackets are expected. We aim to use it to investigate
electron wave packet dynamics, while adding control over the light polarization, since the visibility
of interference fringes from two sources is an indicator of their mutual coherence. This principle
has recently been applied, by measuring ions, to study the interplay between entanglement and
coherence in the photoionization of hydrogen molecules [24].

We are currently developing methods to determine the contributions of the different magnetic
quantum numbers, and a first application using the electron spectrometer to perform polarimetry
of the light has been achieved. Beyond resolving partial waves with different s, this could allow
probing symmetry in matter, since several systems behave differently depending on the XUV po-
larization (e.g. chiral molecules) [11, 146].

2.2 Toward quantum state tomography in LAP

In this thesis, effects arising from the complex light field properties, in particular their broad band-
widths, were investigated in the context of LAP measurements. Notably, Paper VI successfully
exploited these short-pulse effects to retrieve the relative amplitudes and phases of highly excited
states. Future research directions therefore point toward the implementation of quantum state
tomography protocols [19, 20], which are methods that consist in reconstructing the full quantum
state of a system, that would exploit short-pulse effects.

In particular, it was found in Chapter 4 that using short APTs leads to interference between quantum
paths of same parity that are not observed in traditional RABBIT schemes, most notably at low
frequencies (w < 0.4wy), for example in Fig. 4.20. Here, the broadband IR creates a coherent
superposition between different parts of the EWP produced by XUV-induced one-photon trans-
itions. More precisely, two IR probe photons with frequency w; and wy, = w; + dw (dw is a small
detuning) create quantum interference between two different intermediate states. By varying the
delay of the IR probe field, oscillations at dw = w; — w, arise which amplitude and phase de-
pend on the coherence between the two different energies of the one-photon EWP. In other words,
the possibility to encode information about the off-diagonal elements of the density matrix exists,
with many resemblance to an already existing quantum state tomography protocol called KRAKEN
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(Kvanttillstainds tomogRafi av AttoseKund ElektroNvigpaket) [20]. It would therefore be of very
high interest to explore these interference structures further.

2.3 PEEM-related outlooks

Finally, measurements with the PEEM were also performed on InP using short APTs. However, the
samples were not uniform and presented oxydation layers, thus leading to overlap between electrons
from oxygen and from indium, which made the interpretation more difficult. While it shows that
PEEM can be sensitive to elemental structure (like oxidation), it also puts forwards its limitations.
ATAS can be a more appropriate method for such studies. It could, however, be valuable to repeat
the experiment on a sample with better quality.

In connection with the photoemission experiments performed in Paper V, CEP-dependent studies
of the electron yield could be of very high interest, since strong-field effects often depend on this
parameter as seen throughout this thesis or in measurements on metallic nanotips [58].
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Appendix A

Chapter 4 discussed the expansion of the PAD in Legendre polynomials, and proposed a method
to extract the continuum-continuum phase differences and amplitude ratios between different scat-
tering channels from the odd coeflicients (5, and /43). This appendix demonstrates that extracting
these quantities using even coeflicients (4, /, and A4) does not converge to a unique solution in
helium, preventing an unambiguous characterization of the photoionization process.

Al Expansion of photoelectron angular distribution

For two-photon ionization of helium by long pulses, the PAD can be expressed as
Ssp(7,0) =ho(T)PY[cos(0)] + ha(T)P[cos(0)] + ha(T)Pilcos(6))]. @
According to TDPT, the same quantity can be written in terms of partial waves:

S (7, 0) = 4r?|asis™ (7) Yoo (8) + alyy ) (7) Yoo (6)

(2:+) (257) 2 (2)
+ayp  (T) Ya0(0) + a3y (7))/20(9)} .
The 472 factor accounts for the integration over the azimuthal angle, since the magnetic quantum
number is zero in helium and linearly polarized fields are used. Expanding this equation produces
terms proportional to (Yy)? or Yy Yo (€ # £'), which can be linearized using Eq. (4.4):

1
YEZJO = apgv (3)
1 18 10
1/50247{(71’24—7]’;—#1)8)7 (4)
1
Yoo Yoo = E\@Pg ©)
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By comparing Eq. (1) with the linearized Eq. (2), explicit expressions for the coeflicients 4, can be
found.

At a given energy in a sideband, the even coefficients are given by:

-+ 2,— ,+ 2,—
ho(T) —|401o )|2 + | (()10 )|2 + |ﬂ21 )|2 + |ﬂ§10
2,4) — _
+ 2|¢(()10 ||‘1010 )‘ Cos [ZWT + (50010 - ‘Pmo)] (©)

2,+ 2,— —
+ 2|ﬂ§10 )||ﬂ£10 )‘ Cos [ZWT + (802+10 - ‘leo)]v

10 _
pu(r) = S i+ i

+ 2|4210+)H”210 )| Ccos [ZWT + (‘leo 90;10)] }

2,4) 2.+
"‘2\@{“(()10 ||“210 )|COS [¢610 = ©310) 7)

Jr|‘1010 Hﬂm )‘COS [‘Pow 802_10]

+ iy |lasty | cos [2wr + (¢gio — Pa10)]

+ —
+ |4010 H”zm )| CcoS [2‘*’7 + (@210 @010)} }a
18 2,
ha(T) = 7{ ﬂngr)‘z + ‘”210 )|2
(8)
+ —
+ 2|"21 )||4210 )| co8S [ZWT + (‘sz 90210)} }

Here, the two-photon phase ¢7:(Q) = dxuv(Qx) +1710(Q) +¢cic,e1 (Q)+pcEp is introduced
with Q+ = Q F w and Q being the intermediate and final state frequencies.

A.2 Global fit on the even coefhicients

Notably, the even weights contain only cosine terms of phase differences and are invariant under
simultaneous exchange of the { = 0 and ¢ = 2 contributions:

Po10 € Phhos |Mgi0| < |M55],

_ _ 9)
Po10 € Pa10 |Myo] <> |M3y]-

This invariance property implies that the system of equations Ay, b2, b4 possesses two distinct
solutions. Since only the continuum-continuum phases are different between 803:10 and gazilo, it
is straightforward to understand the substitutions given in Eq. (4.23) of Chapter 4. As a con-
sequence, simultaneously fitting the two-photon amplitudes and phases to obtain @i, — 3, =

¢§:,01 - ¢§:,21 and |1\4(()§’0i) |/\]\4§21’0i)| gives rise to two sets of solutions.
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Figure 2: Extraction of continuum-continuum phases and radial scattering channel amplitude ratios from even Le-
gendre coefficients. Results of a global fit on the even 4, (black and blue dots) for datasets generated with ab initio
data taken from [107], indicated by gray stars. (a,c) Difference of continuum-continuum phases for the absorption
and emission of an IR photon. (b,d) Ratio of scattering channel radial matrix element amplitudes for the absorption
and emission of an IR photon. The blue and black dots are two fit results that yield similar accuracy. Only the solution

in black is physical.

In Fig. 2, star-like symbols show the theoretical continuum-continuum phase differences and amp-
litude ratios taken from [107], for either the (a,b) absorption or (c,d) emission of an IR photon.
The theoretical values are used to calculate Ay, 5, and A4, which are then simultaneously fitted using
equations (6), (7) and (8). The fitted parameters are: \]Wfﬁ{;r) [, |1l/l((ﬁ’(f) [ |M<2%b+) [ \Mj;{) |, @d10s
D100 Pa10 and @31, The fit is repeated for N = 1000 sets of initial conditions. It is found that
two sets of solutions typically give excellent fit results, which are indicated by blue and black dots
on the figure. To converge toward the physical solution prior knowledge is needed, for example of
Fano propensity rules [105]. This highlights the potential of broadband effects, which enable using
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the odd Legendre polynomials and thus circumvent such convergence issues.
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of two carrier density-dependent regimes, in particular the onset of Auger mechanisms from a

threshold density.

This was a very collaborative experiment, which resulted in a manuscript where I share first author-
ship with Hugo Laurell, Kevin Xiong and Thomas Kjellberg Jensen. I participated in data acquis-
ition, jointly analyzed the data, and contributed to discussion of the results. I also contributed in
writing the manuscrip, in particular the “Results and Discussion” section.

Paper V: Ultrafast photoemission from InP nanowires mediated by local optical
field enhancement

This paper establishes InP nanowires as a platform for producing localized, ultrashort electron
bursts in the strong-field regime, owing to pronounced field enhancement capabilities. It reports
field-enhancement-mediated strong-field emission from a semiconductor nanostructure, providing
bandwidths supporting sub-femtosecond durations.

I conceived the experiment and obtained funding for it. I took the lead role in designing and
building parts of the set-up, performing the measurements, analyzing the data and discussing the
results. I wrote the manuscript.

Paper VI: Quantum beats: Finite pulse effects

This paper investigates interference effects involving highly excited states of helium using a comb
of broad harmonics and few-cycle laser pulses. The influence of the spectral amplitude and phase
of the laser field is emphasized. Monte Carlo simulations are developed to characterize the excited
states, while accounting for the properties of the probe field.

I was involved in the acquisition of the data sets. I have contributed to the development of the data
curation and analysis tools. I provided feedback on the manuscript.
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