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710 see a World in a Grain of Sand
And a Heaven in a Wild Flower,

Hold Infinity in the Palm of Your Hand
And Eternity in an Hour. ”

- William Blake






Abstract

The interaction between Extreme UltraViolet (XUV) Attosecond Pulse Trains (APT)
and matter enables real-time investigation of electron dynamics on their natural time-
scale. This is achieved by the addition of a weak InfraRed (IR) field, which probes the
ionization process. However, achieving the required temporal and spectral precision
for such studies imposes stringent demands on the experimental setup. This thesis
presents the development and implementation of a novel, ultra-stable, and flexible
Mach-Zehnder interferometer for attosecond photoelectron metrology. The setup
features active stabilization achieving < 13 attoseconds (RMS) temporal jitter and
enables photoelectron spectroscopy with an energy-resolution better than 80 meV for
low-energy electrons.

Using this setup, two complementary experimental schemes have been employed.
First, resonant tvvo-photon ionization processes are investigated using the Reconstruc-
tion of Attosecond Beating By Interference of Two-photon transitions (RABBIT) pro-
tocol. In helium, we measure phase variations as functions of angle and energy across
the 3p, 4p, and sp Rydberg series. Angular channel selection is achieved using cross-
polarized pump and probe fields. In argon, we study the 357 14p Fano resonance,
resolving the spin-orbit (SO) splitting and observing phase variations that depend
on the spectral width of the XUV pulse. These effects are interpreted by taking into
account the influence of final-state interactions.

Second, a new quantum state tomography protocol, KRAKEN (a Swedish acronym
for Kvanttillstinds tomogRafi av AttoseKund ElektroNvigpaket), is introduced and ex-
perimentally demonstrated. KRAKEN enables the reconstruction of the photoelec-
tron density matrix, extending attosecond metrology to partially coherent or mixed
quantum states. We show good agreement between KRAKEN measurements and the-
oretical predictions for photoionization in helium and argon. The protocol is further
extended with a poly-chromatic probe scheme (Poly-KRAKEN), which improves the
efficiency and reduces the duration of the experimental measurement by exploiting
both spectral and temporal domains simultaneously.






Popular Science Summary

Attosecond Photoelectron Metrology: from light to electrons, is the title I have chosen for
this thesis. With it, I hope to guide the curious reader through the work we have
done. However, just as I would have felt at the start of my PhD, this title may seem
a bit hard to decipher at first glance. If you feel the same, or if you would prefer to
begin this journey in a more accessible way, then this section is for you.

In our group, we aim to study the movements and interactions involved with electrons.
These phenomena are not governed by the laws of “classical physics”, but are instead
governed by quantum mechanics. To be able to resolve these phenomena, one would
need a “stopwatch” with a finer precision than the duration of these phenomena. As
for electrons, their natural timescale is on the scale of attoseconds (1 as = 10718 s).
There are as many attoseconds in a single second, as there have been seconds since
the Big Bang. Naturally, we do not have cameras or electronics that work on this
timescale, quite frankly not even close. So in order to study these movements and
interactions, we must do something else.

Similar to the quick and intense flash of an analog camera, people have discovered a
way to generate very short /ight pulses that may resolve the electrons on their natu-
ral timescale. As described in the beginning of the thesis, these ultrafast light pulses
are generated by focusing a state-of-the-art laser into a gas. In these extreme, high-
intensity conditions, a strange phenomenon known as High-order Harmonic Gen-
eration (HHG) may occur. Light may be generated with new frequencies that are
multiples of the generating laser frequency, known as harmonics. Much like with
a string instrument, one may generate the fourth harmonic overtone of the sound
frequency, by clamping the string to a fourth of its original length. Similarly to the
string instrument, in HHG several harmonic frequencies are generated. Where the
interference of these harmonics leads to the generation of an Astosecond Pulse Train
(APT), a series of light pulses, each with a much shorter duration than that of the
ultrafast laser that generates them.

With these attosecond pulses we have our needed “stopwatch”, but the question re-
mains of how we can perform the experiments and retrieve the relevant data. As
explained by Albert Einstein himself a little more than a hundred years ago [1], light
with sufficiently high frequencies may be able to liberate the bound electrons. If the
APT is focused into a gas, the free electrons generated are known as photoelectrons
since they are set free by a light-matter interaction with light quanta, known as pho-
tons. The higher the frequency of the harmonic that liberated the electron, the higher
the kinetic energy of the photoelectron ejected is found to be.

Which brings us to the last part of the title, metrology, the scientific study of mea-

iii



surement. Methods developed and covered in this thesis can be summed down to
essentially two different techniques. In the first experiment, we study the interference
between photoelectrons that are generated by the absorption of light with different
harmonic frequencies. Here we are able to extract both wave properties of the light
and an insight into the atomic structure. If we go back to the music analogy, this
method would be similar to if we try to study if two musicians playing different har-
monic overtones are able to play ”in phase” with each other or not. In the second
experiment, we instead study the interference between photoelectrons that are gen-
erated by the absorption of light within a single harmonic frequency. Here we are
able to extract quantum properties of the photoelectron wave-packet created. In the
analogy, this would be more like studying the degree to which two or more musicians
are playing ”in phase” with each other within the same harmonic overtone.

iv



Populirvetenskaplig sammanfattning

Attosekundsforoelektronmetrologi: frin ljus till elektroner ir titeln jag har valt f6r denna
avhandling. Genom den hoppas jag kunna guida den nyfikna ldsaren genom det arbete
vi har utfért. Men, precis som jag sjilv kiinde i bérjan av min doktorandtid, kan denna
titel initialt verka nagot svér att tyda. Om du kinner likadant, eller om du f6redrar
att paborja denna resa pé ett mer littillgangligt sitt, sd 4r detta avsnitt for dig.

I var forskargrupp forsoker vi att studera rorelser och interaktioner som involverar
elektroner. Dessa fenomen styrs inte av den klassiska fysikens lagar, utan av kvantme-
kanikens. For att kunna observera dem krivs ett “stoppur” med bittre tidsupplésning
in sjilva fenomenens tidsforlopp. Elektroners naturliga tidsskala ir i storleksordning-
en attosekunder (1 as = 10718 ). Det finns lika ménga attosekunder i en enda sekund
som det har funnits sekunder sedan Big Bang. Naturligtvis har vi varken kameror el-
ler elektronik som fungerar pa denna tidsskala, faktiskt inte ens i narheten. Sa for att
studera dessa rorelser och interaktioner méste vi ta till en annan metod.

P3 ett liknande sidtt som den snabba och intensiva blixten i en analog kamera, har fors-
kare uppticke ett sitt att generera mycket korta Jjuspulser som kan upplésa elektroner-
nas rorelser pd deras naturliga tidsskala. Som beskrivs i bérjan av denna avhandling,
genereras dessa ultrasnabba ljuspulser genom att fokusera en toppmodern laser in i en
gas. Under dessa extrema, hdgintensiva forhallanden kan ett markligt fenomen uppsta,
s kallat 6vertonsgenerering (High-order Harmonic Generation, HHG). Vid dessa for-
hallanden kan ljus genereras med nya frekvenser som r multiplar av den ursprungliga
laserfrekvensen, si kallade Gvertoner eller harmoniska frekvenser. Ungefir som pé ett
stringinstrument, dir man kan skapa den fjirde 6vertonen genom att korta stringen
till en fjardedel av dess lingd, genereras flera olika 6vertonsfrekvenser i HHG. Inter-
ferensen mellan dessa frekvenser leder till skapandet av ett AstosekundsPuls Tig (APT),
en serie ljuspulser, dir varje puls 4r mycket kortare dn den redan ultrasnabba laserpuls
som genererade dem.

Med dessa attosekundspulser har vi virt nédvindiga “stoppur”, men fragan kvarstr:
hur utf6r vi experimenten och far ut den relevanta informationen? Som Albert Eins-
tein forklarade for lite mer 4n hundra ar sedan [1], kan ljus med frekvenser med till-
rickligt hog energi frigéra bundna elektroner. Om vi fokuserar en APT in i en gas,
genereras fria elektroner som kallas foroelektroner, eftersom de frigors genom ljus—
materia-interaktion med ljuskvanta, si kallade fotoner. Ju hogre frekvens den dverton
som frigjorde elektronen hade, desto hogre kinetisk energi far den utsinda fotoelektro-
nen.

Detta f6r oss till den sista delen av titeln, mezrologi, den vetenskapliga studien av mit-
ningar. Metoderna som har utvecklats och behandlas i denna avhandling kan i hu-



vudsak delas upp i tva olika tekniker. I det forsta experimentet studerar vi interferens
mellan fotoelektroner som genererats genom absorption av ljus med olika 6vertons-
frekvenser. Hir kan vi extrahera bade ljusets vagegenskaper och fi insikt i atomstruk-
turen. Om vi dtervinder till musikanalogin, skulle denna metod motsvara att studera
om tvd musiker som spelar olika Gvertoner spelar ”i fas” med varandra eller inte. I
det andra experimentet studerar vi istillet interferens mellan fotoelektroner som ge-
nererats genom absorption av ljus inom en och samma &vertonsfrekvens. Hir kan vi
extrahera kvantegenskaper hos det skapade fotoelektronvigpaketet. I analogin skulle
detta motsvara att analysera i vilken utstrickning tva eller fler musiker ir i fas med
varandra nir de spelar inom samma dverton.

vi
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Chapter 1

Introduction

1.1 A brief background to this thesis

One of the foundational phenomena in light-matter interaction, first discovered by
Heinrich Hertz in 1887 [2], is the photoelectric effect. This phenomenon, as explained
by Albert Einstein [1] (later earning him a Nobel prize), occurs when high-frequency
light is absorbed by an atom, molecule, or solid, causing one or more electrons to be
emitted. The atom, molecule, or solid is only photoionized if the photon energy A2
overcomes the electron binding energy I,,. If so, the photoelectron is emitted into
the continuum with the kinetic energy €y = h{) - I,,. By studying the kinetic energy
of the photoelectron, detailed information about the internal structure of matter can
be obtained. This technique is known as photoelectron spectroscopy, developed by Kaj
Siegbahn in 1956, earning him a Nobel prize [3].

Photoelectron spectroscopy gives an incomplete description of the process of pho-
toionization and the properties of the photoelectron. From the cross-section only,
proportional to the probability that a photoelectron is emitted with a certain kinetic
energy, it is not possible to deduce the temporal dynamics of the ionization process.
When a photoelectron can be described by a wavefunction, or more precisely a wave-
packet in the case of ionization by a light pulse, both its phase and amplitude need
to be characterized in order to fully determine its properties and its time evolution.
The energy variation of the photoelectron and its temporal evolution are inherently
connected via Heisenberg’s uncertainty principle,

AeAT > E (r.1)

[\



where £ is the reduced Planck’s constant, A7 can be understood as the temporal scale
of the dynamics and Ae as the energy needed to initiate it. For example, the ionization
potential of helium is Ae ~ 25 eV, leads to a time of evolution on the scale of A7 > 13
as (10718 5). This defines the natural timescale of electronic motion to be on the order
of attoseconds.

To capture this ultrafast electronic motion, we need ultrashort, high-frequency light
pulses. The development of short pulses has evolved rapidly since the invention of the
laser in 1960 [4] thanks to Q-switching [5], with pulses in the nanosecond regime (10~"
s), mode-locking (6, 7], with pulses in the picosecond (107" 5 [8]) and femtosecond
regime (10" s, [9]). This opened the door for the new field of femtochemistry, first in-
troduced by Zewail [10], allowing for the study of chemical reactions on their natural
timescale. The Chirped Pulse Amplification (CPA) technique invented by Strickland
and Mourou (and later earning them a Nobel prize) [11], allowed the production of
high-powered, ultrashort-pulsed lasers.

A key breakthrough was the discovery of High-order Harmonic Generation (HHG
[12]), which enabled the generation of pulse trains in the Extreme UltraViolet (XUV)
range, with durations on the order of hundreds of attoseconds. The duration of the at-
tosecond pulses in a pulse train was first measured by Paul et al. [13] through a method
known as Reconstruction of Attosecond Beating By Interference of Two-photon transitions
(RABBIT). RABBIT is a photoelectron spectroscopic technique, where interferences
between two-photon transitions involving high-order harmonics and the InfraRed
(IR) probe field with a variable delay enables determination of the relative phase be-
tween consecutive harmonics. Other methods, such as Streaking [14], has also proven
successful in determining the pulse duration of attosecond pulses. L'Huillier, Agos-
tini and Krausz later earned a Nobel prize in 2023 for their contribution to attosecond
science.

In general, the information obtained from a RABBIT or Streaking measurement re-
flects not only the properties of the attosecond pulses, but also those of the pho-
toionization process. This has been used to study non-resonant photoionization of
atoms [15-17], molecules [18, 19], and solids [20, 21]. Resonant processes introduce
additional structure and complexity due to the involvement of intermediate or quasi-
bound states. This thesis focuses more specifically on bound resonant ionization [22,
23], and auto-ionizing resonances [24—26], where strong coupling between discrete
and continuum states leads to complex interference effects and temporal dynamics.

RABBIT and similar methods rely on wave formalism. As such, they assume that the
photoelectron wave-packet retains full coherence and can be described by a wavefunc-
tion, with phase and amplitude. However, this is not always possible. Sometimes,
due to experimental fluctuations or the contribution of multiple (incoherent) pro-



cesses, the photoelectron wave-packet might be subject to what is called decoberence.
The influence of entanglement (for example between the ion and the electron) and
decoherence in atomic and molecular photoionization [27, 28], has been previously
investigated within the field of attosecond science [29-34]. Recently, a Quantum
State Tomography (QST) protocol called Mixed-FROG, allowing the reconstruction
of the density matrix of a photoelectron, created by the absorption of an Attosecond
Pulse Train (APT) has been experimentally demonstrated [35].

1.2 Synopsis

Understanding the quantum nature of the photoionization process at the attosecond
timescale imposes stringent requirements on experimental precision, stability, and
flexibility. This thesis addresses these challenges by the implementation of a novel
experimental setup that enables attosecond metrology with unprecedented stability,
control, and spectral-resolution. This allows us to explore resonant photoionization
in helium and argon using high-resolution RABBIT measurements, and extend at-
tosecond science beyond wave-based methodology, using a new QST protocol for
photoelectron wave-packets (KRAKEN, a Swedish acronym for Kvanttillstinds tomo-
gRafi av AttoseKund ElektroNvigpaket). Together, these developments mark a step
forward in probing and reconstructing ultrafast quantum processes.

1.3 Outline

This thesis is based on six papers, categorized into three themes: (i) experimental
development, (ii) RABBIT-based investigations, and (iii) KRAKEN-based QST. A
seventh paper is included in Appendix, but its content is not discussed in the main

body of this thesis.

In Paper I, we present an ultra-stable and versatile Mach-Zehnder interferometer for
high-energy resolution attosecond pump-probe photoelectron spectroscopy. By ac-
tively stabilizing the interferometer directly on the phase relation between the pump
and probe, we are able to maintain low temporal jitter and independent control of
the spectral profiles of the pump and probe. This allows for an easy switch between
the two main protocols used, RABBIT and KRAKEN.

In Paper II and III, resonant photoionization using the RABBIT protocol is studied
in argon and helium, respectively. In Paper II, we study the photoionization of ar-
gon atoms across the 353p°4p Fano resonance with high spectral-resolution RABBIT
measurements. A variation of the measured spectral phase larger than 7 is found,



depending on the experimental conditions, due to the interaction between final states
reached by two-photon transitions. In Paper III, resonant two-photon ionization via
the 3p, 4p and sp Rydberg states in helium is studied. With the help of angle-resolved,
angle-integrated, and energy-resolved RABBIT measurements, we interpret the ob-
served phase variations as functions of angle and energy using perturbation theory.

In Paper IV-VI, simulations and experiments using the KRAKEN protocol are pre-
sented. Paper IV provides a theoretical description of the protocol, supported by
numerical simulations. Using a bichromatic probe with phase-locked spectral com-
ponents, we can couple different spectral parts of the photoelectron wave-packet to
the same final energy. Photoelectron spectra are recorded as a function of the pump-
probe delay for different bichromatic frequency separations from which we determine
the density matrix. In Paper V, the first KRAKEN measurements are presented. The
density matrices of photoelectrons from helium and argon are measured and compar-
isons with theoretical calculations shows excellent agreement. Finally, in Paper VI,
we demonstrate an improvement of the KRAKEN protocol, which uses a Golomb
ruler for the probe spectrum. This enables the retrieval of multiple sub-diagonals in
a single measurement, by simultaneously using the spectral and temporal domains
more effectively.

The outline of the thesis is as follows: Chapter 2 introduces the light sources used
in all experiments, from the Ti:sapphire laser to the XUV APT, and the present in-
terferometric experimental setup. Chapter 3 describes resonant and non-resonant
photoionization by the absorption of one and two photons. The RABBIT protocol
and its experimental implementation are presented. Applications to resonant pho-
toionization are briefly described. In Chapter 4, the QST protocol, KRAKEN, and
its experimental implementation are presented. An improvement to reduce the ex-
perimental retrieval time, Poly-KRAKEN, is proposed. Finally, Chapter s contains a
short summary and an outlook.



Chapter 2

Experimental methods

In this chapter we briefly present the experimental methods used in this thesis. We
describe the femtosecond laser system (Section 2.1), high-order harmonic generation
in gases (Section 2.2) and the experimental setup, based on optical interferometry and
photoelectron spectroscopy (Section 2.3 and Paper I).

2.1 The femtosecond laser system

2.1.1  Brief introduction to femtosecond light pulses

An optical pulse can be described by its complex amplitude

E(t) =|B(t)] e riwot (2.1)

where| E(t)| is the amplitude of the complex temporal envelope, ¢(t) is the temporal

phase and wy is the carrier frequency. The complex spectral amplitude, is the Fourier
transform of E(t),

ew(”), (2.2)

B(w) - # [ Byt <[ o)

where |E (w)‘ is the amplitude of the complex spectral envelope and ¢(w) is the

spectral phase. An optical pulse is often described as a Gaussian pulse,
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Figure 2.1: Oscillations with increasing frequencies (red to yellow). The summed intensity is shown in black.
The black dotted line denotes the position of a reference time to. The red line indicates a linear
shift of the position of the central maxima of the oscillation as a function of frequency. In A, ten
spectral components are in phase, in B the same ten spectral components exhibit a quadratic phase
and in C only the first five spectral components in phase are present, both leading to a longer pulse
thanin A.

2 . .
E(t) =|Ey| e 22 i) +iwot, (2.3)

where|Eyp| is the amplitude and At is the pulse duration, defined as the Full Width at
Half Maximum (FWHM) of the intensity. The pulse duration and spectral bandwidth
Av, are related by the time-bandwidth product

AtAv > 0.44, (2.4)

where v = w/2m. Ultrafast pulses require a broad spectral width. In Fig. 2.1, we can
clearly see that the duration of the temporal pulse displayed in A is much shorter than
that of the pulse in C, since the number of frequency components contributing to
the total spectral intensity is higher. A broad spectrum does not however, necessarily
lead to an ultrafast pulse. This can be understood by introducing the instantaneous
angular frequency

(2.5)

w(t) =wo +

0p(t)
ot



If the temporal phase is either constant or has a linear dependency on time, the in-
stantaneous frequency remains independent of time and all frequencies within the en-
velope of the pulse are synchronized. However, any quadratic temporal phase ¢(t) o<
t2, leads to an instantaneous frequency with a linear dependence w(t) = wo +bt. This
effect is known as chirp, where

_9%(t)
b= o2’

(2.6)

is the chirp parameter quantifying its magnitude. In this case the pulse duration
becomes longer which can be seen by comparing A and B in Fig. 2.1. The number of
frequency components are the same, however, in A, the phase is constant, while in B it
is quadratic. The shortest pulse possible is obtained with a constant or linear temporal

phase, which is known as Fourier Transform Limited (FTL), with AtAv ~ 0.44.

2.1.2  Ti:Sapphire oscillator

In our laboratory we use a Laser Quantum venteon CEPs, titanium (Ti**) doped sap-
phire (Al2O3) oscillator (Ti:Sa [36]), with an output spectrum covering >300 nm,
centered at 800 nm, generating close to FTL pulses with a duration <6 fs, with 3 nJ of
energy per pulse at 80 MHz repetition rate. The Ti:Sa is pumped with a continuous
wave (CW) laser at 532 nm, allowing for both CW and pulsed lasing. To achieve short
pulses one first has to sustain multiple longitudinal modes, such that the length of the
entire resonator (from the end mirror (EM) to the outcoupler (OC)) is a multiple of
half the mode’s wavelength. Secondly, these modes must also be locked in phase with
each other. As illustrated in Fig. 2.1 A, if the oscillator can sustain a large amount of
these phase-locked modes, a short pulse may be created. Two additional conditions
are required, a gain medium with a large gain bandwidth such as the Ti:Sa crystal,
and a mechanism to favor mode-locking and consequently short-pulse lasing.

We achieve mode-locking through a passive technique known as Kerr Lens Mode-
locking (KLM [7]) (See Fig. 2.2). In KLM, third-order nonlinear effects present in
the gain medium, make the refractive index intensity-dependent, resulting in self-
focusing within the gain medium. Since the instantaneous intensity is different for
the CW and pulsed outputs, they will exhibit different spatial properties. The cavity
layout in combination with the Kerr lens leads to a better overlap of the mode-locked
pulses in the gain medium, and thus to a higher gain for the pulsed operation than
for CW. However, to reach a more stable regime, the process must be initiated by an
adjustable mirror (AM) that perturbs the laser into stable pulsed operation. The dis-
persion introduced by propagation through the crystal and air in the cavity is compen-
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Figure 2.2: A schematic of the Ti:Sa oscillator used in the present work. The gain medium is Ti:Sa, and the
oscillator cavity is extended between the end mirror (EM) and the output coupler (OC). A tunable
BaF,> wedge pair (WP) and thin BaF, plate (P) compensate for any dispersion and an adjustable
mirror (AM) is used to obtain mode-locking.

sated for by dispersion compensating mirrors, an adjustable Barium Flouride (BaFs)
wedge pair (WP) and a glass plate (P). Amplification of the oscillator output is carried
out at 1 or 3 kHz. Thanks to Ti:Sa’s high thermal conductivity, these repetition rates
can still support the generation of high-power ultrafast pulses, making the Ti:Sa laser
a cornerstone of ultrafast science [37].

2.1.3 Chirped pulse amplification

Short pulses lead to high peak intensities that may induce unwanted nonlinear effects
and/or damage to the gain medium it self. A solution to this is to broaden the pulse
using dispersive elements such as a wedge pair or as in our case, a pair of gratings
(see Fig. 2.3), before amplifying. The technique is known as Chirped Pulse Amplifi-
cation (CPA [11]). The peak intensity of the chirped pulse is much lower, allowing
amplification in the gain medium without any unwanted effects. The amplified and
stretched pulse is then compressed by another grating pair, such that the total path
length through the stretcher and compressor is equal for all spectral components.
Thus high-power ultrashort pulses can be obtained.

2.1.4 Beamline

In Fig. 2.4, we show a schematic of the most important components in our laser sys-
tem. The stretcher consists of a single grating and a retro reflector in an aberration free
Offner triplet configuration [38]. We then send the pulses into a Fastlite Dazzler [39],
which is an Acousto-Optical Programmable Dispersive Filter (AOPDF), allowing for
shaping of the spectral phase and amplitude. The bandwidth output after the DAZ-
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Figure 2.3: An illustration of Chirped Pulse Amplification (CPA): A short, low-energy pulse is first generated
by an oscillator. This pulse is then stretched in time by a stretcher, reducing its peak power while
maintaining its total energy. The stretched pulse is subsequently amplified, increasing its energy
without damaging the amplification medium. Finally, the pulse is recompressed to a short duration,
resulting in a high-energy, ultrashort pulse.
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(wizzen | pum2 ) ramr |

221fs,5ml, 1 or 3 kHz T ¢ v \
Compressor Cwogemc 3—pa}ss Regenerative
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Figure 2.4: A schematic of the most important components and their interaction with each other, of the laser
system used in this thesis.

Pockels cell

| MAZZLER

ZLER is chosen to be almost 100 nm, but can be reduced!. The central wavelength of
the pulse can be independently controlled between 780-830 nm. This has been used
in Paper II and III, to ensure resonant ionization, covered in the next chapter.

The amplification is done in four stages of Ti:Sa crystals, pumped by two frequency
doubled Neodynium-doped Yttrium-Lithium-Floride (Nd:YLF) Continuum Terra

lasers, with a central wavelength of 527 nm. The first stage is a 7-pass booster amplifier,
followed by a Pockels cell, selecting single pulses with a repetition rate of 1 or 3 kHz.
In the second stage the pulses are amplified in 14 round trips (regenerative amplifier),
followed by a second AOPDF (Fastlite MAZZLER), used to counteract gain narrow-
ing [40]. To mitigate the spectral shape caused by the oscillator and amplification,

'Reducing the bandwidth increases the pulse duration to about 40-50 fs.
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one selectively introduces loss in the high-intensity regions of the spectrum, allowing
the MAZZLER to produce a flatter and broader output spectrum. The third stage
is a 3-pass amplifier. The first three amplifiers all use pump 1 for amplification. The
final stage is another 3-pass amplifier, cryogenically cooled to -190° to avoid thermal
lensing and damage [41]. After the amplification stages, we achieve pulse energies
from to 7.5 to 10 m]J.

The pulses are then compressed to near FTL pulses of > 22 fs, using two holographic
gratings in a Treacy configuration [42]. Due to the low efficiency of the compressor
gratings (~ 65 % after 4 passes), the final pulse energy is between 4.5 to 6.5 m]. A weak
reflection is sent to a Fastlite WIZZLER, providing a single shot measurement of the
spectral phase and amplitude [43, 44]. The results are then sent to the DAZZLER,
in a feedback loop such that one can optimize the spectral phase and compensate for
dispersion caused the whole laser chain until the generation chamber.

2.2 High-order harmonic generation

The shortest possible pulse duration is fundamentally limited by the time-bandwidth
product Eq. (2.4). However, there is a practical limit to how short a pulse can be
generated for a given wavelength. This is known as the single-cycle limit, and it cor-
responds to approximately 2.67 fs for light with a central wavelength of 8oo nm. To
achieve sub-fs pulse durations, the central wavelength has to be well into the Extreme
UltraViolet (XUV) regime. These frequencies can be reached by nonlinear processes.
In the nonlinear regime, optical properties of the medium may be modified by a
strong electric field, and in return, alter the driving field itself, leading to new fre-
quencies. The first non-linear optical process observed, shortly after the invention of
the laser in 1960 [4], was second harmonic generation in quartz, by Franken et al. in
1961 [45]. As the strength of the driving field increases, higher-order harmonics may
be generated [12, 46].

High-order Harmonic Generation (HHG) was first observed in the late 80’s [12, 46].
As illustrated in Fig. 2.5, the generated spectra can be schematically divided into three
distinct regions. First, a perturbative region where the intensity of the harmonics
decreases exponentially with harmonic order g. This region is followed by the appear-
ance of a plateau, which cannot be explained within the framework of perturbative
nonlinear optics. Finally, another sharp decrease occurs in the so called cut-off re-
gion. This phenomenon has been observed in noble gases [12, 46], molecules [47],
solids [48] and liquids [49]. Due to the high intensity of the generating electric field,
the atomic potential may be significantly distorted. Hence, the light-matter interac-
tion requires a non-perturbative description.
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Figure 2.5: An illustration of the spectra generated through HHG. From the left, a quick decline in spectral
intensity in the perturbative region (blue), followed by a plateau with almost constant spectral
intensity (green). Another quick decline then follows in the cut-off region (red).

2.2.1 The three-step model

The Three-Step Model (TSM) was first introduced with a semi-classical approach [so,
s1], later improved with a fully quantum mechanical model known as the strong field
approximation [52]. In this thesis, we will only cover the semi-classical approach, since
it can explain most spectral and temporal features of high-order harmonics. Fig. 2.6
shows the three steps of the model. In step (1), the atom is exposed to a strong electric
field (red dotted line) that significantly distorts the atomic potential (black dotted
line). The total potential (blue line) forms a barrier that is thinnest at the peak of the
electric field, where the tunneling probability is the highest. The electron may then
tunnel ionize through the barrier. In step (2), the electron is accelerated away from
the parent ion by the electric field. As the electric field changes sign, the electron is
driven back towards the parent ion, with a non-zero momentum. Finally, in step (3),
the electron may recombine with the parent ion, leading to the emission of an XUV
photon with energy given by A = I, + €, where (2 is the angular frequency of the
generated photon, I, the ionization potential and €y, the kinetic energy of the electron
gained in step (2).

The electron trajectories through the continuum in step (2) can be calculated by solv-
ing Newton’s equations of motion for a charged particle, exposed to the Lorentz force.
Assuming a driving electric field equal to | Ep|sin(wot), linearly polarized in the z-
direction, the electron acceleration in this direction is given by
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Figure 2.6: An illustration of the TSM. At the top, the three steps are shown relative to the electric field os-
cillation as a function of time. (1) Tunnel ionization that may lead to recombination (blue) starts
at the peak of the field and stops when the field changes sign. (2) From the time the electron is
ionized until it recombines it is exposed to the oscillating electric field (green). (3) The electron
may recombine from the time the electric field first changes sign, until a full laser cycle after the
start of step (1). At the bottom, a segment of each of these processes is illustrated.
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where me is the electron rest mass, e the elementary charge and ¢; is the time of ion-
ization. The electron trajectory, assuming that the electron appears in the continuum
at time ¢; and position z(¢;) = 0, with zero velocity, is then given by

E
(k1) = A

5 [sin(wot) —sin(wot;) —wo(t —t;) cos(woti)] . (2.8
Mew

As shown in Fig. 2.7, electrons that are ionized before the peak of the driving field
will never return to the parent ion (x = 0) (gray dashed lines). However, if ionization
occurs between the peak and the sign change of the field, the electrons may return
within a single cycle?. Because tunnel ionization can occur twice per electric field
cycle, XUV radiation is emitted every half-cycle (see Fig. 2.7). Due to half-cycle peri-
odic generation and interference in an isotropic medium, the resulting XUV radiation
consists only of odd-order harmonics, spaced by 2wy. The kinetic energy of the elec-
tron when it returns is illustrated in color for the different trajectories, and is given

by

2t is possible for electrons to return after a full cycle, however, the probability decreases rapidly with
each additional pass [s3].
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Figure 2.7: Classical electron trajectories around the parent ion are governed by Newton's equations of motion
in the presence of an electric field. The electric field (red) accelerates electrons away from the
parent ion until it changes sign, after which the electrons are accelerated back toward the ion.
If electrons tunnel ionize before the peak of the electric field, they undergo strong acceleration
away from the ion and may never return (gray dashed lines). The trajectories are shown in color
according to the kinetic energy they return with, expressed in terms of the ponderomotive energy.
Electrons may tunnel ionize twice per laser cycle, as the field exhibits two peaks of opposite sign.

et tr) = 2Up [cos(wotr) = cos(wot)] (2.9)

where ¢, is the return time of the electron and U), is known as the ponderomotive
energy, given by

e2F?

U, = —4me£8 o< )\gl, (2.10)
where \g is the wavelength of the driving field and I the peak intensity given by
I = ceg|Ey|* /2, where c is the speed of light and € the vacuum permittivity. The
TSM successfully predicts both the start and end of the plateau. The plateau begins
with the first odd harmonic whose energy exceeds the ionization potential I;, of the
medium. The cut-off corresponds to the maximum photon energy, obtained when
the electron recombines with its parent ion after gaining 3.17U),, (see Fig. 2.7 and
2.8) and is given by

Ecvp-off ® Ip + 3.17U,. (2.11)

It is possible to extend the plateau by increasing the wavelength of the driving field.
However, the HHG conversion efficiency scales poorly with increasing wavelength
(# A7 =277 [54]). One could also increase the intensity and thereby the acceleration
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Figure 2.8: Kinetic energy of the returning electron as a function of ionization (blue background) and return
times (green background). The electric field (red) accelerate the electrons such that the maximum
kinetic energy is 3.17U,. All other return kinetic energies can be obtained by either the short
(purple) or long (blue) trajectories.

experienced during the electron trajectories in Step 2. This is however limited by
the depletion of the single-atom ground state and the macroscopic phase-matching
conditions (see Subsection 2.2.2).

As can be seen from Fig. 2.7 and 2.8, apart from the maximum kinetic energy, all
kinetic energies may be obtained for two sets of ionization and return times. The
two families of trajectories are called short and long, depending on whether the elec-
tron recombination time is shorter or longer than the trajectory leading to the cut-off
energy. They are indicated in purple and blue in Fig. 2.8, respectively.

2.2.2 Phase-matching

Atom emissions throughout the gas medium must be phase-matched in order to
achieve any significant conversion efliciency of the HHG process, as illustrated in
Fig. 2.9. In A, the individual contributions from single atoms have random phase re-
lation, while in B they are phase-locked, generating a field with a significantly higher
amplitude. The condition required for phase-matching can be expressed using the
wave vectors of the fundamental (ko) and of the harmonic fields (k,) as

Ak(q) = qko— kg =0. (2.12)
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Figure 2.9: lllustration of incoherent (A) and phase-locked (B) harmonic emission. Coherent buildup leads to
significantly enhanced XUV output.

The total wave vector mismatch can be decomposed into four contributions [ss],

Ak = Ak, + Ak, + Ak + Akg, (2.13)

where Ak, arises from the neutral gas dispersion, Ak, from the electron plasma dis-
persion, Ak, originates from the geometrical phase (Gouy phase) due to the focusing
of the driving field and Ak is the phase acquired during the electron trajectory in
step 2 of the TSM. Ak, is proportional to the gas density and is always positive, while
Aky, which rapidly varies with the intensity of the driving field, is always negative.
The neutral atom and electron plasma dispersion varies linearly with the gas pres-
sure. While the XUV flux may initially increase with gas pressure, eventually either
the plasma density or the probability for reabsorption of the XUV light will become
too high, and the conversion efficiency will drop significantly [56]. The free electron
density also results in a blue-shift of the fundamental frequency [57].

The contribution of the Gouy phase (Ak,) depends on the focusing of the driving
field and the position of the medium relative to the laser focus. It is always negative.
Lastly, the contribution of the electron trajectory (Akgy) depends on the intensity.
Since the electron spends a different amount of time in the continuum for the short
and long trajectories, phase matching may select only one of them. Ak, changes sign
across the focus, such that for z < 0, Aky is negative, and for z > 0, positive. In
our experiments we align the gas cell so that z > 0 (after the focal plane), so that

Ak + Akq =|Aky| +|Aky|.
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Figure 2.10: An illustrates the time-frequency relationship between pulses and their frequency representa-
tion. A femtosecond XUV pulse envelope (A), corresponds to a single harmonic spectral peak (D).
A phase-locked APT (B), corresponds to a frequency comb of harmonics (E). A single isolated at-
tosecond pulse (C), corresponds to a broad envelope consisting of a continuum of frequencies (F).

2.2.3 Attosecond pulse train

Fig. 2.10 illustrates the time-frequency relationship between pulses and their frequency
representation, where spectral components are assumed to be phase-locked (i.e. with
the same phase). Fig. 2.10 D shows the spectral intensity of a single harmonic peak.
By applying a Fourier transform to the harmonic spectral amplitude, as previously
discussed in Section 2.1.1, we obtain the electric field of a femtosecond-duration har-
monic (A), related to the duration of the driving field.

In contrast, a single isolated attosecond pulse (C) exhibits a broad spectral amplitude
composed of a continuum of frequencies (F), representing its spectral envelope.

Through the HHG process, attosecond pulses with broadband continuum spectrum
are generated every half cycle from a single atom. These interfere with each other, and
result in a frequency comb of narrowband odd harmonics (see Fig. 2.10 E). In the time
domain, this results in an APT, consisting of a sequence of attosecond pulses within
a ’long’ femtosecond envelope (B). Isolated attosecond pulses can be produced, by
ensuring that only one half-cycle has sufhcient intensity to generate harmonics in the
cutoff [58].

In practice, the temporal structure of the harmonics is influenced by both femzochirp
and attochirp [59—61], as well as the presence of multiple electron trajectories, which
affect phase-locking and thus the formation of the APT. Selecting a single trajectory
enables the generation of a clean APT.
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2.3 Experimental setup

The setup, described in Paper I, implemented and used for all papers in this thesis is
the focus of this section. The update to the experimental setup presented here was
implemented at the beginning of this thesis and is an important part of my thesis
work. Only the angular-resolved results in Paper III were obtained with the prior
experimental setup, detailed in [62]. In order to perform attosecond interferometric
measurements and the experiments described in Chapters 3 and 4, the relative path
length between the pump and probe must be controlled with a very high precision.
The fundamental frequency of the laser described in Section 2.1 is centered around 800
nm, so that the 2w oscillation period sought in the RABBIT protocol (see Chapter
3) is T'/2 = 133 fs. A realistic time step during a delay scan is a tenth of this, i.e.
133 as, which corresponds to a motion of the delay stage (about half as big as the
beam path) equal to ¢7'/40 ~ 80 nm. This precision has to be maintained for the
entire duration of the experiment, sometimes several hours long. For the KRAKEN
protocol described in Chapter 4, the delay must be scanned over a long range, since
we need to be able to resolve two nearby peaks in the frequency domain. To be able
to resolve a signal generated from two peaks separated by roughly 6 nm, we need at
least a delay range of AT > A\?/(cAN) ~ 400 fs. A spectral-resolution much lower
than, for example the Spin-Orbit (SO) splittings in argon ( 177 meV) as described in
Chapter 3, is also required for the measurements attempted. Henceforth, we require
a stable experimental setup, with high spectral-resolution and the possibility to have
both small time steps and a long scan range.

Other requirements for this setup are the individual spectral control of the two in-
terferometer arms, and in general an increased flexibility for novel experiments. The
experimental setup implemented in this thesis is shown in Fig. 2.11. It is possible
to choose between two beam paths for the pump beam (red) and the probe beam
(vellow). For the highlighted beam path, we have the probe arm with the 4f-shaper
coupled in, and the pump arm with the 4f-extension to keep both arms equally long.

This configuration is used in Papers IV-VL. In reduced color, these extensions are not
coupled in (Paper II-III).

2.3.1 Mach-Zehnder interferometer

The IR laser detailed in Section 2.1 is sent into a Mach-Zehnder interferometer with
a 60/40 beam splitter (BS). Both the pump and probe arms include a delay stage.
The pump pulse (red) goes through a femtosecond scale delay stage (ES) for both
coarse delay adjustments and/or long delay scans, while the probe pulse (yellow) is
reflected by an attosecond scale piezo stage (AS) for fine adjustments. In both arms,
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Figure 2.11: An illustration of the new attosecond interferometer, detailed in Paper I. The paths of the pump,
probe and XUV are shown in red, yellow and purple respectively. The setup can be divided into
eight main parts: a Mach-Zehnder interferometer (from BS to RM), a 4f-shaper, a spectral filter, a
generation chamber, a recombination chamber, a photoelectron detector, an XUV spectrometer
and an active temporal stability scheme (from RM to C1). The following components are: BS,
beam splitter; FS, femtosecond scale delay stage; HOWP, high-order waveplate; WP, wedge pair,
LP, linear polarizer; FM, focusing mirror; GC, gas cell; FW, filter wheel; RM, recombination mirror,
/2, half-waveplate; AS, attosecond scale piezo stage; PM, pick-up mirror; G, concave grating; C;,
Camera i; S;, spectrometer i. Adapted from Paper I.

two flip mirrors allow us to couple the 4f-shaper/extension in or out depending on
the configuration needed. In the 4f-extension of the pump arm, similar to a single
stage Lyot filter, a spectral filter consisting of a high-order-quartz waveplate (HOWP)
at a 45° angle relative to the incoming polarization, a birefringent wedge pair (WP)
and a linear polarizer (LP) are introduced. The HOWP applies wavelength-dependent
phase retardation to the pump pulse. The WP allows us to tune the total order applied
so that the relative phase between the two polarization arms may vary between s-15 full
rotations (each rotation corresponds to a phase retardation of 27). The transmitted
spectrum after the LP is modulated by a tunable sinusoidal function, which gives us
control over the central wavelength, the spectral width, and the outgoing polarization

of the pump field.

Both the pump and the probe are focused with focusing mirrors (FM), with the same
focal length of f=50 cm, so that their spatial properties remain similar. The central part
of the pump is blocked before being focused, to limit the stress on the metallic filters
on the filter wheel (FW). These are only about 200 nm thick, and are hence quite
sensitive. The outer part of the pump is focused into the gas cell in the generation

chamber to drive the HHG process as detailed in Section 2.2. The resulting XUV
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Figure 2.12: An illustration of the 4f-shaper with two reflective diffraction gratings (G;), two focusing mirrors
(F;) and a mask (M). The separation between the different elements is the same as the focal length
of the focusing mirrors, hence the name: 4f-shaper.

and pump IR goes through the filter wheel (FW), see Fig. 2.14. Only the the outer
pump IR passes through the fused silica plate, while the central part of the pump
IR is blocked by the aluminum foil 3. For the XUV only the central part of the
beam passes through the aluminum foil, while any outer part is blocked by the fused
silica plate. The XUV and IR pump components are therefore spatially separated
after the filter wheel, which is explained further in Section 2.3.3. The pump and
probe are finally recombined, completing the Mach-Zehnder interferometer, at the
recombination mirror (RM), detailed in 2.3.2 and 2.3.3.

2.3.1.1 4f-shaper

The probe path includes another type of spectral filter, known as a 4f-shaper. As
shown in Fig. 2.12, our 4f-shaper consists of two Spectragon 1200 lines/mm reflective
diffraction gratings (G;), two spherical mirrors (F;), with a focal length of f = 50 cm,
and a mask (M). The total length between the two gratings is 4f, which explains the
name. The first grating and focusing mirror allow us to spatially separate the spectral
components of the probe in the Fourier plane, where the mask is placed. By changing
the position and shape of the mask in the Fourier plane, we have full control of the
spectral shape of the probe, as shown in Fig. 2.13. Allowing us to perform experiments
with specific requirements of the probe spectra, see Paper IV-VI. We measure the
spectral phase before and after the 4f-shaper with a dispersion scan (d-scan, see Paper
VII [63, 64]), to ensure the quality of the 4f-shaper (see Paper I).

The masks used in Paper V and VI, are shown in Fig. 2.13 A and B, respectively.
In Paper V, we used a probe pulse with two spectral peaks. One is kept constant
between measurements, while the other is tuned across the probe’s bandwidth. The

3The type of metallic foil can be changed, for Paper I-III a single layer of aluminum was used,
for paper Paper IV-VI a layer of germanium of varying thickness was added. Since we use an annular
cropped beam, the central part is not so strong and does not damage the filters.
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Figure 2.13: An illustration of the masks used for the KRAKEN (A) and Poly-KRAKEN (B) protocol. Experimen-
tally measured spectra for respective protocols are shown in (C) and (D).

spectral profile shown in C is an example of a bichromatic probe used in one of these
measurements. In Paper VI, a single mask is used leading to a probe field with five
spectral components, shown in D. More information is given in Sections 4.1 and 4.3.

2.3.2  Application chamber

As is shown in Fig. 2.14, the pump XUV and the outer probe IR propagate to the
gold-plated toroidal mirror (f=30 cm), to be refocused into a diffuse gas jet in a 2f-2f
scheme, in the application chamber. The XUV and IR fields are then reflected on a
concave grating (G) towards an XUV spectrometer. The grating can be moved out
of the beam path, allowing the study of the IR pump and probe focus and spatial
overlap with the help of a lens and camera C2. The spatial overlap in the application
chamber can be improved by fine-tuning the RM using piezoelectric adjusters. The
XUV spectrometer detector consists of a Micro-Channel Plate (MCP [65]), followed
by a phosphor screen, and finally a camera (C3).
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2.3.3 Active temporal stabilization of the Mach-Zehnder interferometer

Ovur setup requires careful and stable overlap of the pump and probe fields in both time
and space. A pick-up mirror (PM) can be introduced between the RM and toroidal,
to study the spatial or the temporal overlap. The temporal overlap is adjusted by
looking at the spectral interferences on the spectrometer St 4.

A S
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+ I l Fused silica

RM &

A \ A
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PM 5 D
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Figure 2.14: A schematic representation of the active temporal stabilization of the Mach-Zehnder interferom-
eter. A the recombination of the pump and probe at the recombination mirror (RM), with the
pump and probe IR in red and yellow respectively, while the XUV is shown in purple. The fol-
lowing components are: FW, filter wheel; PM, pick-up mirror; MBES, magnetic bottle electron
spectrometer; S1, spectrometer 1; \/2, half-waveplate; UVFS, UV fused silica block; FL, focusing
lens; WP, wedge pair; LP, linear polarizer; NF, narrowband filter; C1, camera 1. In B, a sketch of
the metallic filter mounted on a holey fused silica plate. In C, the spatial fringes recorded in C1
and in D, their FFT. For clarity, the mirrors folding the beam path out of the vacuum chamber (see
Fig. 2.11) are removed from this figure. Adapted from Paper I.
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The outer part of the pump IR and the central part of the probe IR are used for active
temporal stabilization. The overlap of the two pulses does not coincide exactly with
the temporal overlap of the XUV and the probe propagating towards the application
chamber. As shown in Fig. 2.14, the pump XUV and IR are temporally separated
(A7) due to the difference in optical path lengths of the thin aluminum filters (a
couple of hundreds of nm thick) and the fused silica plate (around 1.5 mm thick). An
additional path length difference, due to the probe path travel through the RM (ATy),
must also be taken into account. To compensate for this, a thick fused silica block
(ES) is introduced into the pump arm, and a thin wedge pair (WP) into the probe

“To study the temporal overlap with the PM, we must not have any filter so the central part of the
pump IR passes through the recomb chamber as well.
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such that the actual temporal profile after the RM on the S; and the reference taken
out on the camera overlaps °. The two beams are focused down with a focusing lens
(FL), to spatially overlap on the camera, such that spatial fringes may be observed,
as shown in Fig. 2.14 C. To improve the contrast of these fringes a half-waveplate
(A/2) in the probe and a linear polarizer (LP)®, allowing us to vary the ratio of the
two beams by adjusting the overlap on the camera. Finally, a narrowband filter can be
added to extend the range within which the temporal overlap between the two arms
can be detected. The fast Fourier transform (FFT) of the spatial fringes is extracted,
as shown in Fig. 2.14 D, from which the spatial frequency and phase can be extracted.
A PID-controller, controlling one of the delay stages, uses this signal as a feedback,
where the phase is proportional to the pump-probe delay. This is how the delay is
controlled and the interferometer is actively stabilized down to around 13 as Root-
Mean-square (RMS) error over several hours (see Paper I). The stabilization is based
directly on the phase relation between the pump and probe fields, as opposed to using
a co-propagating CW HeNe laser [66], allowing for improved versatility.

2.3.4 Photoelectron Detectors

As previously mentioned, both the XUV pulse train and probe IR pulse are focused
down into the application chamber, where a target gas is injected. Ionization of a gas
by a combination of XUV and IR pulses, allows for experimental schemes such as
RABBIT (see Section 3.2), and KRAKEN see Chapter 4. Both of these experimental
schemes rely on detecting the photoelectrons as a function of delay between the XUV
pump and IR probe fields. In all papers, a Magnetic Bottle Electron Spectrometer
(MBES) is used, a schematic of which is presented in Fig. 2.15. In Paper III, a Velocity
Map Imaging Spectrometer (VMIS) [67] is also used. This spectrometer allows for
angular resolution and will only be briefly covered in this thesis.

Photoionization occurs in the overlap between the XUV/IR foci and the continuous
effusive gas jet in the application chamber. The ionization rate is kept low such that a
few events occur per pulse. The photoelectrons are then guided into a flight tube by a
conically shaped NdFeB magnet placed on the opposite side of the chamber, close to
the gas jet, delivering a strong, inhomogeneous magnetic field (100-1000 mT). The
magnetic field has a 47 sr collection efficiency, parallelizing the electron trajectories
towards the flight tube. Here, a weak, homogeneous magnetic field (0.1-10 mT) keeps
the photoelectrons in stable trajectories along the 2 m long flight tube. The combi-
nation of these two magnetic fields forces the photoelectrons into helical trajectories

>Technically, only the two IR components will overlap fully due to this, meaning A7y is un-
accounted for. However, this is usually on the scale of hundreds of attosecond and is in practice com-
pensated by a quick delay scan to find the true 7 = 0 before all experiments.

¢It is a Wollaston prism, where the angle of refraction is different for different polarized components.
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MCP

Figure 2.15: An illustration of the magnetic bottle electron spectrometer (MBES), used for all papers. Adapted
from Paper Ill.

around the magnetic field lines, running parallel to the flight tube. At the end of
the flight tube, a MCP amplifies the electron signal through a cascade of collisions.
The entire flight tube is encased in mu-metal, shielding the electrons from any distur-
bances caused by the earth magnetic field.

The MBES is a Time-of-Flight (ToF) spectrometer. The generated photoelectrons
follow classical trajectories in the flight tube, with a time of flight ¢ related to the
kinetic energy by

me [ L+ 2
Ej = —6( ’Y) , (2.14)
2\ tror

where m, is the electron mass, L is the length of the flight tube and + is a calibra-
tion parameter. t7,p is measured with the help of a photodiode at the laser output
that starts the recording time, which is stopped by the acquisition card when the
detector signal is retrieved 7. The sampling rate of the data acquisition card hence
sets a lower limit to the energy resolution of the MBES, which can be expressed as
§ By, o L*t73% 10t Since troF increase linearly with L, it is clear that a longer flight
tube improves the resolution of the spectrometer. The resolution of the MBES also
depends on the kinetic energy, and the resolution of the MBES can also be expressed
as 0Fy/Ey o< dt/trop. Our MBES, detailed in Paper I, has a measured resolu-
tion of § ./ E), ~ 2% at 1-2 eV. A tunable retarding potential may be applied along
the flight tube, to slow down fast electrons for a better resolution. The MBES has a
spectral-resolution below 80 meV, for kinetic energies below s V.

Another limitation is that photoelectrons generated with the same kinetic energy, but
ejected in two opposite directions may end up with two different ¢t1,p. For example,

7Any electronic signal delays also need to be accounted for.
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one of these photoelectrons may be ejected directly towards the flight tube, while the
other towards the strong magnet, to eventually be repelled towards the flight tube
by the strong magnetic field. The extra time it takes for the second electron to enter
the flight tube, appears as a ’tail’ towards lower kinetic energies. This spread of the
photoelectron kinetic energy can be understood through the convolution between the
MBES Point-Spread Function (PSF) and the kinetic energy spectrum (.Syq) of the

electron,

Smeasured(€) = / de'PSF(€')Syqu(e—¢€). (2.15)

The effects of the PSF can be removed by spectral deconvolution, if the spectral-
resolution of the MBES as a function of kinetic energy is well characterized. In Paper
V-VI spectral deconvolution algorithms based on blind Lucy-Richardson deconvolu-
tion are used to further increase the spectral-resolution [33, 68, 69].

In Paper III, both MBES and VMIS measurements were performed. While the
MBES offers a 47 sr collection efhiciency, it necessarily integrates over all emission
angles, resulting in loss of angular information. A VMIS, on the other hand, al-
lows angular channels to be resolved, enabling full characterization of the photoelec-
tron emission. In the VMIS, photoelectrons produced are accelerated by electrostatic
lenses and projected onto a MCP and phosphor screen, which is then imaged by a
CCD camera, projecting the 3D momentum distribution onto a 2D plane. Assuming
cylindrical symmetry, the angular distribution can be reconstructed using an inverse
Abel transform. In Paper III, this was done using the pBASEX algorithm [70]. The
energy resolution at low energies (0 Ey/E), ~ 5%) is however lower than that of the
MBES.
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Chapter 3

Attosecond interferometry

In Section 3.1, the single and two-photon ionization processes that are studied in this
thesis are formally described. The two-photon attosecond interferometric protocol
known as RABBIT, fundamental to Paper I-II1, is introduced in Section 3.2. Lastly
in Section 3.3, the main results of Paper II and III are briefly described.

3.1 lonization processes

3.1.1 Photoionization

Photoionization occurs when an atom absorbs a single photon with more energy than
the atomic potential (h€2 > Ip). An electron is removed from the atom into the
continuum, where it is no longer bound. The ionization of an atom from the ground
state |g) by the absorption of a single XUV pulse with a bandwidth of €2, populates
a broadband superposition of continuum states |¥), (see Fig. 3.1).

Conventional photoelectron spectroscopy allows only measurement of the amplitude
of the spectrum S(€) [71] !. However, with the advent of attosecond photoelectron
techniques, both the spectral amplitude and phase of the photoelectron wave-packet
can be measured. This also enables the study of ionization dynamics in the time
domain. Attosecond photoelectron interferometry, which is used in this thesis, utilizes
two-photon transitions and is covered in the following sections.

!Angular resolved spectroscopy does allow for the retrieval of the relative phase between different
angular parts of the spectrum.
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Figure 3.1: The energy diagram for single-photon ionization of an atom from its ground state |g), to a broad-
band, continuous photoelectron state |¥)_. The central energy of the resulting photoelectron
spectrum S(e) is determined according to the XUV frequency 2 and the ionization potential of
the atom, I,.
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Figure 3.2: The energy diagram for a two-photon ionization of an atom from its ground state |g). In A(B), the
atom is ionized(excited) by the absorption of a XUV photon to an intermediate continuous (bound)
state, followed by the absorption of an IR photon (ionizing the atom) to the final continuous pho-
toelectron state. A high IR intensity may result in multi photon ionization as represented in C.

As illustrated in Fig. 3.2 A (B), the atom is ionized (excited) by the absorption of
an XUV photon to an intermediate continuous (bound) state |¢; ), followed by the
absorption of an IR photon (ionizing the atom) to the final continuous photoelectron
state |€ ) 2. The photoelectron wave-packet is centered around the final energy such
that € = h(2 + w) + €4, where €5 = —I}, for a neutral atom in its ground state [1].
Assuming that both the XUV and IR fields are linearly polarized along 2, the two-
photon transition matrix element between the initial state |g), and the final state |ef)
can be calculated based on second-order perturbation theory as [15]

2The IR can be absorbed before the XUV, but this much less probable [72]
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M(i)(Q) o lim $(5f|2|5i) {eil2]9) (3.1)

9:cf ~0t 1 hQd+ €5 —€; + i€ ’

where the integral sum runs over all continuum and discrete intermediate states |€;).
The two-photon matrix element becomes significantly large when €; = h{2+¢,, which
is the case for resonant two-photon transitions (Paper III, Fig. 3.2 B) and when A€) >
I, (Paper I-II and IV-VI, Fig. 3.2 A). From the intermediate state, an IR photon
can either be absorbed (+) as shown in Fig. 3.2, or emitted (-), as indicated by the
superscript of the two-photon transition matrix element.

Due to the finite nature of both the IR and the XUV pulses, the effects of the band-
widths must be included in our description of the two-photon ionization amplitude.
Each energy of the final continuous state may be obtained by several pairwise combi-
nations of IR and XUV frequencies, such that A(2+w) = €7 — €4 = Al . The final
two-photon transition amplitude is hence given by a convolution integral [73, 74],

ie? e - i(Qe - T £
Ag(;,ie)f(QefgvT) = —7/0 dQETR(Qe ;g — Q)™ B ()M (),

g,€f
(3-2)

where Erp and Expy are the spectral IR and XUV amplitudes, respectively, and
7 is the delay between the two fields. The two-photon spectral signal S(eyf, ), is
proportional to the square of the final two-photon transition amplitude.

At high laser intensities, multiphoton jonization becomes possible as shown in Fig. 3.2
C. In this work however, intensities of the IR are kept low (~ 10" W/cm™2), such
that multiphoton ionization does not readily occur.

3.1.3 Fano resonances

In Paper II, we study photoionization close to autoionization resonances, where a
bound state is embedded in a continuum, interacts with it via the Coulomb interac-
tion and auto-ionizes (see Fig. 3.3 A). This results in two different quantum paths to
the same final energy which interfere with each other. These resonances exhibit a char-
acteristic asymmetric profile (see Fig. 3.3), first described theoretically by Ugo Fano
[75]. The resulting photoelectron wave-packet exhibits both amplitude and phase
variations across the resonance, illustrated in Fig. 3.3 B.

Following the Fano formalism, the interaction of an atom with a single XUV photon
populates a quasi-bound state, consisting of a superposition of an excited discrete
bound state |«) and a broadband continuum state |5¢) [75],
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Figure 3.3: In A, we have the energy diagram of the 2s2p Fano resonance in helium with g = -2.77. In B, the
Fano profile (in blue) and the phase (orange) of the resonance factor is presented.

), =ala)+ [ deB()]5), 63
where o and 3(€) are the complex coefficients of the bound and continuum states,
respectively. The one-photon transition matrix element from the ground state |g) to

the photoelectron state | V), can be expressed as

q+e

(U, 21g) = (Bl 29) (3.4)

€+i’
where € = 2(E — E,,) /T is the reduced energy, E,, the resonance energy, I = 27|V,
the width of the resonance and V' characterizes the configuration interaction between
the bound and continuum states. The Fano ¢ parameter is a real number that char-
acterizes the resonance, depending on the relative strength of the transition matrix
elements of the autoionizing and direct ionization paths, as

{alZ9)

q= m (3.5)

The transition matrix element from the ground state to the photoelectron state (Eq. (3.4)),
is simply the product of the transition matrix element to the unperturbed continuum,
by the resonance factor

qt+e

R(e) = (3.6)

€+

In the presence of a Fano resonance, the non-resonant spectral profile shown in Fig. 3.1,
is modulated by the absolute square of the resonance factor, resulting in the character-
istic asymmetrical Fano profile illustrated in Fig. 3.3. For ¢ = 0, we have a symmetrical
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Figure 3.4: A, energy diagram of the RABBIT protocol, and B, an example of the photoelectron spectrum as a
function of delay experimentally measured in helium.

window resonance with a decrease of the photoelectron signal around the resonance.
In the limit of ¢ - +00, we recover a symmetric Lorentzian profile, typical for a
bound transition. In Paper II, we study the 353p%4p window resonance in argon in
great detail, with ¢ = —0.25 (see Section 3.3.1).

3.2 RABBIT

In order to resolve electron dynamics occurring on its natural timescale, interferomet-
ric protocols capable of accessing both the amplitude and phase of the emitted photo-
electron wave-packet are used. In Paper I-II1, all photoelectron measurements utilizes
the RABBIT (Reconstruction of Attosecond Beating By Interference of Two-photon
transitions) [13] protocol. RABBIT is based on conventional two-photon ionization
processes, using a weak IR probe pulse in conjunction with an XUV APT, generated
through HHG (see Section 2.2). The XUV APT consists of odd-order harmonics of
the fundamental IR frequency, such that Q4.1 = (¢ + 1)w.

As shown in Fig. 3.4 A, two neighboring harmonics of orders ¢ + 1, populate two
continuum states |€4.1), respectively. With the introduction of a weak IR probe
pulse with frequency w, additional transitions within the continuum through the
absorption (+) or stimulated emission (-) of an IR photon are enabled, resulting in
two-photon pathways to the same final energy state |e ).
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This leads to the appearance of three spectral features (see Fig. 3.4 B) in the total
photoelectron spectrum. The first two are the spectra Sy.1(€), generated by single-
photon ionization of the atom by absorption of the XUV harmonic pulses, called
main bands. The last one, referred to as a sideband (SB), is located between the two
main bands spaced by 2hw. The SB arises from the interference of two quantum
paths: the ionization by the absorption of harmonic g — 1 followed by the absorption
(+) of an IR photon, or the ionization by the absorption of harmonic ¢+1 followed by
the stimulated emission (-) of an IR photon. The SB spectrum oscillates as a function
of the delay 7, between the XUV and IR fields according to [61, 76],

cos (AD), (3.7)

q+1 q+1

(e,7) = |A(+)

‘A

+ 2‘A(+)

|A

where A(i)l are the two-photon transition amplitudes for the absorption (+) and emis-
sion () paths. The SB phase A®, can be decomposed into three individual contribu-
tions A® = 2wT — Apxuy — Apa. Assuming that the phase of the fundamental IR
field is constant, the phase difference coming from the IR field is equal to 2w, where
7 is the delay relative to the XUV. The second term is related to the XUV, and is equal
to the phase difference between the two consecutive harmonics involved [61, 76],

Apxuy = arg[ Exuv(Qg+1)] — arg[ Exuv (Qg-1)] # 2wrxuy.  (3.8)

Here 7xyv is the XUV group delay [61]. Lastly, the atomic phase difference

Apa = arg[ My ) (Qge1)] - arg[MJ0) (Q4-1)], (3.9)

provides insight into the electron dynamics of the ionization process. By scanning
over the delay and fitting the oscillations of each SB according to Eq. (3.7), one can
extract the spectral variation of Apxyy + Apa. Assuming that we ionize into a flat,
featureless continuum (as is the case in Fig. 3.4 B), this spectral variation, can largely
be attributed to the group delay of an attosecond pulse in the train [13].

The RABBIT protocol does thus not only provide the means to retrieve the tempo-
ral structure of the ionizing APT, but also gives access to the temporal dynamics of
the photoelectron wave-packets themselves [15]. This can be the study over a broad
spectral range, with corresponding ultrafast attosecond dynamics [15, 17-19]. The
RABBIT protocol has also been used to study the influence of resonances on the
wave-packet such as in Paper II and III.
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Sometimes the photoelectron state is created only is partly coherent, i.e. it cannot be
described by the wavefunction formalism used in this section. In this case, one cannot
readily apply the RABBIT protocol, but must instead utilize other methods such as
Mixed-FROG [77], or KRAKEN described in Paper IV-VI and Section 4.

3.2.1 Rainbow RABBIT

Rainbow RABBIT is an energy-resolved extension of the RABBIT protocol, devel-
oped by Gruson et al. [25]. Unlike conventional RABBIT, where the SB signal is
integrated over its spectral width, Rainbow RABBIT measures the phase across the
width of the SB. This spectrally resolved measurement enables the reconstruction of
the amplitude and phase of electron wave-packets with high energy-resolution. The
protocol is particularly useful for studying fast phase variations within a SB arising
from resonances (see Paper II and III). By fitting the SB oscillations as a function of
the XUV-IR delay independently for each energy bin, Rainbow RABBIT provides
detailed information on photoionization dynamics. However, the method relies on
the assumption that the XUV chirp across the SB is negligible. In cases where fem-
tochirp or blueshift effects are significant, additional corrections may be necessary to
accurately extract phase information.

3.3 Experimental RABBIT measurements

3.3.1 Photoionization of argon close to the 35! 4p Fano resonance

In Paper I1, we study the photoionization of argon atoms across the 35 14p Fano res-
onance using the Rainbow RABBIT technique [25]. The upgraded setup described in
Section 2.3 allows us to improve on studies previously made [24, 78], by fully spectrally
resolving the two SO components (Aegp = 177 meV).

In Fig. 3.5 A, the energy diagram of the two-photon ionization scheme is presented.
The presence of autoionizing states is shown on the left not only in the one-photon
intermediate state, but also in the final two-photon states. The spectra as a function
of pump-probe delay are shown for SB18 (B) and SB16 (C). The SO components are
clearly resolved thanks to the narrow 10 nm probe bandwidth. The 2w oscillations are
extracted from the spectrograms and presented in D and E, respectively.

Fig. 3.6 shows the 2w spectral amplitude (black) and phase (blue) for SB16 (A and
C) and SB18 (B and D), using a 10-nm bandwidth probe (A and B) and a 35-nm
bandwidth probe (C and D). A clear difference can be observed between SB16 (A) ex-
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Figure 3.5: (A) Diagram showing the levels, channels, and processes involved in the experiment. Purple (red)
arrows represent harmonic (IR) photon interactions. Black arrows indicate autoionization path-
ways. Dashed lines denote continuum or virtual states accessed through absorption of a harmonic
photon or a combination of harmonic = IR photons. Solid lines represent quasi-bound states that
can decay via autoionization. (B) Measured photoelectron spectra in SB18, and (C) in SB16 in argon,
plotted against the delay between XUV and IR pulses. (D) Photoelectron spectra in SB18 and (E) in
SB16 after extracting the oscillations. Adapted from Paper II.

hibiting a 27 phase shift, while the variation of SB18 (B) is less than 1.4 rad. However,
when both SB are measured instead with a 35-nm bandwidth probe (C and D), both
phase variations are smoothed out and agree with previous measurements indicated
in red [78].

The different phase variations of SB16 and SB18 can be modelled with the help of
an effective complex ¢-parameter. We assume that the two-photon transition matrix
element (see Eq. (3.1)) can be represented close to resonance as

q+e
My.e,(€) o< P (3.10)

where § is the effective complex g-parameter. Fig. 3.7 shows the variation of M, in
the complex plane (A and C) and its corresponding spectral phase (B and D). Different
values of ¢, lead to different complex trajectories (Fig. 3.7 A) e.g. far from the origin
(black), passing through the origin (blue), or enclosing the origin (red). The corre-
sponding phase variations (B) are less than 7, exactly 7, and 27, respectively. Due to
finite pulse effects leading to a mixing of different spectral components, the complex
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Figure 3.6: (A-D) Amplitude (black) and phase (blue) of SB16 and SB18 measured with 10 nm (A, B) and 35 nm
(C, D) bandwidth probe. Red curves from Ref. [78] are offset for comparison. Vertical lines mark
357145 (green), 3s'4d (orange), 357 !6s (violet), and 3s7'4p + 1 IR photon (grey) resonance posi-
tions. Dashed and solid lines indicate the 2P1/2 and 2P3/2 ionic states, respectively. Adapted from
Paper II.

two-photon transition amplitude shrinks as the bandwidth of the probe increases,
making it possible to switch between including the origin or not, thus changing the
phase variation.

A similar phase variation may also be found if we assume that the matrix element can
be written as [24]

(bg) _ (0) 4 py(bg) g+e
P Mgef (Mgef+ géf) (3.11)

where Mg( e)f

(bg=background) channels, and [79]

are the matrix components for the interacting (o) and non-interacting

= (gMD, +iM$D) [(MED, + M), (3.12)
This describes the case of an interacting continuum and a non-interacting one which
arises in the case of several angular channels. Depending on the background (Fig. 3.7
C), the complex trajectory may lie far from the origin (black), pass through the origin
(blue), or enclose the origin (red), corresponding to phase variations (D) of less than
m, exactly 7, and 27, respectively.
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Figure 3.7: The complex two-photon matrix element M (w) (A and C), and corresponding phase arg[ M (w)]
(B and D), (A-B) for the cases ¢ =-0.25+0.25i (black), g = -0.25 (blue) and ¢ = —0.25-0.25i (red) and
(C-D) without (blue), with positive (black), or negative (red) background. Adapted from Paper II.

Finally, a calculation presented in Paper II shows that the presence of resonances
near the final state can result in final-state interactions that shift and/or elongate the
complex trajectory in the complex plane, leading to a different phase variation for
SB16 and SB18. This demonstrates that the narrowband RABBIT protocol is a highly
sensitive tool, capable of revealing subtle quantum pathways that may otherwise be
obscured by finite-pulse effects. A comprehensive understanding of resonances in
both intermediate and final states is therefore essential, along with careful control
over the probing conditions and their influence on the studied system.

3.3.2 Resonant photoionization of helium Rydberg states

In Paper III, we investigate two-photon resonant ionization of helium via intermedi-
ate states in the 1snp' P, Rydberg series with n = 3—5 (see Fig. 3.8). The IR frequency
is tuned such that the 15th harmonic is resonant with the 3p, 4p and sp states, fol-
lowed by ionization due to the absorption of an additional IR photon. To probe
the phase of the resulting electronic wave-packet, we use a non-resonant two-photon
pathway leading to the same final state—namely, absorption of the 17th harmonic
followed by stimulated emission of an IR photon, using the rainbow RABBIT tech-
nique. Angular-resolved combined with angular-integrated measurements (See Sec-
tion 2.3.4), enable an extension of previous studies [23, 80].
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Figure 3.8: Energy levels and two-photon ionization pathways via the 3p, 4p, and 5p Rydberg states in helium.
Violet and red arrows indicate excitation by the 15th and 17th harmonics and IR photons, respec-
tively. The spherical harmonics corresponding to the different angular momentum channels are
indicated in cyan. Adapted from Paper lII.

Fig. 3.9 shows the angle-integrated spectral intensity and phase retrieved using the
VMIS. In A, three broad maxima appear approximately at the positions of the 1snp! Py
resonances for n = 3—5, from left to right. Note that the relative intensity strengths
are arbitrary and not to scale. In B, the measured spectral phase (red line), is shown
alongside simulations based on the Random Phase Approximation with Exchange
(RPAE) [81], both without (grey dashed line) and with (black solid line) the inclu-
sion of pulse bandwidth and power-induced broadening. A phase jump close to 7
is observed at each resonance. The slowly varying slope across the resonances is only
reproduced when finite pulse effects are included (red and dashed grey lines). Ad-
ditionally, phase jumps of opposite sign and similar magnitude appear between the
resonances, corresponding to energies where the transition matrix elements vanish
and change sign (these are called “antiresonances”).

There are two final states with angular momenta s or d and different angular proba-
bility distributions. Simulations of the contributions of the angular channels around
the 4p resonance were performed and the phase variations as a function of energy and
angle are presented in Fig. 3.10 B. As expected, both s- and d-channels exhibit a sharp
phase jump close to 7 rad due to the 4p-resonance (red), so that angle-integrated
measurements are sufficient to capture on-resonance phase jumps. Both channels in-
dividually exhibit another clear phase jump due to an antiresonance, in the s-channel
(right) at a lower kinetic energy (blue), and in the d-channel (left) at a higher kinetic
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Figure 3.9: Two-photon ionization via 1snp states with n = 3, 4, 5. (A) Angle-integrated yield, with the red
line representing experimental measurements and the black line showing results from RPAE-based
simulations [81] and (B) angle-integrated phase. The red solid line indicates the measured data and
the shaded regions reflect the uncertainty of the weighted average. Simulated phases are shown
both without (grey dashed line) and with (black solid line) the inclusion of pulse bandwidth and
power-induced broadening. Vertical grey lines mark the energies of the resonances for n = 3, 4,
and 5. Adapted from Paper lIl.

energy (green). Further, the d-channel clearly exhibits an angular-dependent phase
jump at the magic angle § = 54.7°. This angle corresponds to a zero of the spherical
harmonic Yag.

Fig. 3.10A (left) shows the total simulated phase of SB16 where contributions from
all angular momentum channels are added. Due to the distinct angular and spectral
dependencies of the phase for the contributing channels, the total SB16 phase exhibits
smoother phase transitions at the anti-resonances, a pronounced phase jump at the 4p
resonance, and a spectrally-dependent phase variation along the magic angle. Both the
simulation and experiment confirms that the d-channel contribution dominates. The
theoretical results are in good agreement with the experimentally retrieved phase data
shown in Fig. 3.10A (right). Unfortunately, the experimental data could be reliably
retrieved only over a small angle-energy region.

We also performed angle-integrated measurements using the MBES together with
the newly implemented high-resolution setup (Paper I and Section 2.3). In Fig. 3.11
A, SB16 and Hr7 spectra are presented as a function of pump-probe delay. In B,
the spectral phase across close to the 4p resonance is presented. The experimentally
measured phase (dashed) is compared to the theoretically retrieved phase (solid) for
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contour. The radial coordinate represents the total electron energy, while the polar angle corre-
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using the cyclic color scale shown in the top right corner. (B) Simulated contributions of the s
(right) and d (left) waves in the absorption path. Adapted from Paper IIl.
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Figure 3.11: Angle-integrated measurements using MBES. (A) Spectra of SB16 and H17 as a function of pump-
probe delay. (B) Extracted phase of SB16 for parallel (red) and perpendicular (black) polarizations,
i.e. the d-wave only. Measured data (dashed lines) are compared with simulations (solid lines).
Adapted from Paper lIl.

parallel XUV and IR polarization (red), where both s- and d-channels contribute, and
perpendicular polarizations (black), where only the d-channel contributes (see Paper
III). As expected, the 7 phase jump is clearly visible in both polarization configura-
tions, confirming that the 4p resonance is resolvable in angle-integrated experiments.
Here, the smooth jump can once again be understood by finite pulse effects.

Angle-integrated and angle-resolved measurements complement each other in reveal-
ing resonant ionization dynamics in helium. While integrated data capture clear 7-
phase shifts at resonance, angle-resolved measurements uncover channel-specific fea-
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tures like anti-resonances and angular-dependent phase behavior. Their agreement
confirms that both methods together provide a more complete and accurate charac-
terization of the photoionization process.
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Chapter 4

KRAKEN

In this chapter the KRAKEN protocol (Swe: Kvanttillstinds tomogRafi av AttoseKund
ElektroNvagpaket, Eng: quantum state tomography of attosecond electron wave-
packet) is presented.

The chapter is divided into three parts. In Section 4.1 we describe the theoretical
framework behind the KRAKEN protocol, initially presented in more detail in Paper
IV. In Section 4.2, we present experimental measurements of the density matrix of
photoelectrons created in helium and argon. Here we summarize some of the main
conclusions and limitations presented in Paper V. Section 4.3 discusses an alterna-
tive QST protocol named Poly-KRAKEN, that generalizes the KRAKEN scheme for
a more efficient reconstruction of the photoelectron density matrix as presented in

Paper VI.

4.1 'Theory of the KRAKEN protocol

The KRAKEN protocol is a quantum state tomographic (QST) measurement of a
photoelectron created when an atom absorbs a short XUV pulse. Fig. 4.1 A schema-
tizes the ionization of a neutral atom with a pulse with a central frequency €2 and spec-
tral width 0€2 leading to a spectrally broad photoelectron wave-packet. The quantum
state representing the ion and the photoelectron can be written as

Oy, = [ deXes()li)s 9l (4)
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where ¢;(€) are complex coefficients (f de ¥ |cj(e)‘2 = 1), |e), are the continuum
states, which we label with their energy €, and |5) ; are the jonic states which we label
with their degrees of freedom j. The combined system described in Eq. (4.1) is known
as a bipartite system (ion-electron). If this bipartite state can be written as a tensor
product of the individual contributing state vectors, i.e. [¥);, = |¥V); ® |¥),, then
the state is defined as separable. Any pure bipartite state that cannot be written as
tensor product of the individual contributing state vectors, i.e. is not separable, is
then entangled [82]. In other terms, unlike separable states where the information of
each individual physical system can be understood without knowledge of the whole
bipartite system, for an entangled system this is not the case. For an entangled state,
one cannot measure one subsystem without affecting the other subsystem as well.

Since we only measure the photoelectron, we have to trace over the ionic degrees of
freedom. Assuming that we have an initial pure state, we end up with a final expression
of the photoelectron density matrix [Paper IV]

pe=tri (W) () = [ derder Y c(e)es(e) e (eal. )

The purity of the reduced photoelectron state is defined as [Paper V]

2
Y=Tr(p?) = [ derdeslpeler,er)]”. (43)

A pure state is defined such that 7 = 1, and for v < 1, we have what is known as
mixed state. As the name suggests, mixed states can be understood as an incoherent
mixture of pure states, thus implying that the total photoelectron state is partially
coherent [82, 83].

The photoelectron spectrum, S(€), measured with the MBES (see Fig. 2.15) or similar
spectrometers, only gives access to the main diagonal of the density matrix, as illus-
trated in Fig. 4.1 D. Fig. 4.1 presents the energy diagram of the ionization process (A)
and the corresponding elements of the density matrix obtained from the photoelec-
tron spectrum (D). These elements of the density matrix are known as the populations.
Since the photoelectron state is broadband and continuous, its density matrix will also
be broadband and continuous. For illustrative purposes, we present the density matrix
composed of discrete elements, as in an experimental measurement.

To characterize the entire density matrix, we must also retrieve the off-diagonal ele-
ments, called coberences. This can be done as illustrated in Fig. 4.1 B, by the utilization
of a bichromatic probe, composed of phase-locked synchronized spectral components,
wy and wa. As such, two intermediate states, |€1) and |€2), can be coupled to the

42



Kinetic Energy, e;

Kinetic Energy, e,

Kinetic Energy, e;

Kinetic Energy, e,

Kinetic Energy, e;

A B C
len- T 1 - -1 -
JQ{* w1 Wwa Wi wa
le2) o — s
Q f 6w
. N
S(e) 1 p
l9) —— S(eg, T, 0w)
lg) ——— lgg ——
D E € F

Kinetic Energy, e,

Figure 4.1: An illustration of the KRAKEN protocol. In A to C, the energy diagrams for different ionization
protocols are represented. In D to F, density matrix elements are indicated, where elements in dark
blue represent elements not retrieved. In A and D, the photoelectron spectrum S(¢), is due to
single-photon ionization of an atom from its ground state |g), to a broad spectral region of the
ionization continuum. In B and E, the photoelectron spectrum S(ey, 7), results from two-photon
ionization, due to the XUV and a bichromatic probe field, projecting two different spectral compo-
nents, |e1) and |e2), of the intermediate photoelectron state to the same final state, ¢ ), allowing
the retrieval of a sub-diagonal of the density matrix. And finally, in C and F, the photoelectron
spectrum S(ey, 7, dw), is obtained by scanning the bichromatic separation, 6w, over the width of
the photoelectron state, 612, allowing the retrieval of a sparse density matrix.

same final state, |ef), such that €5 = €1 + hwy = €2 + hwa. As described in Paper IV,
the photoelectron spectrum corresponding to the absorption of an XUV pulse and a
bichromatic probe field delayed by 7, can be approximated to:

1OwT

+e

S(ef, )~ Heg,e1

*
Heg,e1 /“[/Gf,Ggpe(&l? 62) +e

2
pe(€r,€1) +

—i0wT

Hegeo

2
pe(€z, €2)

*
Heg e Mef,el p6(€2> 61)7

(4.4)

where 0w = w1 —wo = (€3 — €1)/h and Mey.e; are dipole transition matrix elements
between continuum states, |€12) and |ef). Only the terms in the second line in
Eq. (4.4) oscillate with a beating frequency of dw with the pump-probe delay, hence
the coherences are easily obtained. These coherences are represented in Fig. 4.1 E
and the location of a single density matrix element p¢ (€1, €1 + hdw), is clarified with
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the orange and red dotted lines. For a single dw, all the coherences corresponding to
intermediate continuum states separated by dw will be measured. We therefore obtain
not only a single off-diagonal element but a full sub-diagonal (Fig. 4.1 E). Additionally,
since the density matrix is hermitian pe (€1, €2) = p; (€2, €1), only half of the density
matrix needs to be measured. As such, the same sub-diagonal is also present under
the main diagonal with the same separation (not shown).

In order to reconstruct the sparse density matrix, one needs a series of unique pro-
jective measurements on the photoelectron state. This method is known as QST
and is the gold standard for characterization of a quantum state as covered in [Paper
IV]. For each dw, one sub-diagonal is obtained from the analysis of the photoelec-
tron spectrum, S(€s,7). By scanning dw over the width of the photoelectron state
0 < dw < 69, and measuring S(Ef, T,0w), one can obtain several sub-diagonals, as
illustrated in Fig. 4.1, C and E The sparse density matrix is therefore retrieved directly
from measurements, without relying on an retrieval algorithm, with an arbitrary en-
ergy resolution. Note that the density matrix is "sparse” since it is obtained from a
discrete number of measurements.

4.2 Experimental KRAKEN measurements

In Paper V, KRAKEN measurements are performed in helium and argon. In both
experiments we ionize the target gas using the 19" harmonic generated in argon
(hQ ~ 29.4 V), with a spectral width of A2 = 140 meV. While the ion and the
photoelectron form a simple bipartite product state in helium, this is not necessarily
the case for argon. As illustrated in Fig. 4.2, the ionic ground state in argon is split
into two states due to SO splitting, separated by Aego ~ 177 meV. The final state
in argon is therefore a sum of two ion-electron product states, where the ion can be
in the 2P, /2 or 2p, /2 states. In Subsection 4.2.1, we will present the experimental
method and the main results in helium. In Subsection 4.2.2 we will focus on the
results obtained in argon, and how the SO splitting affects the purity.

4.2.1 Measurements in helium

Performing a full KRAKEN measurement is quite challenging, since it requires about
afull hour for each sub-diagonal and an additional two for the main diagonal. Further,
for the entire duration of the experiment, a high laser stability is required. The setup
used for the measurements is presented in detail in Section 2.3 (see also Fig. 2.11). One
spectral component of the probe was kept fixed at 770 nm, while the other spectral
component was tuned between 790-840 nm in steps of 10 nm. The bandwidth of
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Figure 4.2: Illustration of the ionization process and photoelectron spectrum in helium and argon. In argon,
two spectral peaks (orange and blue) separated by the SO splitting, Aeso = 177 meV, with different
statistical weights are shown. These two states may spectrally overlap depending on the width of
the individual photoelectron states.

each spectral component of the probe was equal to 8 nm.

The measurements in helium are presented in Fig. 4.3 A. Each column corresponds to
a different dw, varying between o (left) and 134 meV (right). The sub-diagonal am-
plitude, As,, (€1) o< pe(€1,€1 + hdw), and phase, 05, (€1) = arg[pe(€1, €1 + how) |
were extracted through a fit to the oscillations (Fig. 4.3 A), using a cosine function
with a Gaussian envelope. Instead of using XUV-only photoelectron spectrum as
presented in Fig. 4.1 A [71], we determine the main diagonal through a two-photon
process to maintain the relative amplitude between the main and sub-diagonals. We
obtain Ag(€1) (proportional to pe(€1,€1)), by blocking a single spectral component
of the otherwise bi-chromatic probe. A shutter allows us to record the background
noise which is then subtracted out to improve the signal-to-noise ratio since the main
diagonal is more affected by static noise. The retrieved amplitudes A, are shown in
Fig. 4.3 B.

Since the central frequency is different for different dw, the amplitude As,, are slightly
shifted in energy with respect to each other. This shift must be compensated when
building the sparse density matrix. We also take into account small Stark shifts (see
supplemental information of Paper V). Both the harmonic and probe spectra are
recorded and used to normalize the retrieved amplitudes according to

Aéw(el)

) (4-5)
Iy \ le qw1]w2qw2

where Iy, 1,,, and I, are the integrated spectral intensities of the harmonic and the

pe(€1,€1 +0w) =
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Figure 4.3: A, photoelectron spectrograms acquired for different values of dw (from left to right: hdw =0, 41,
61, 80, 98, 117, 134 meV). B, energy-resolved oscillation amplitudes, As,,, extracted from the same
spectrograms. C, the density matrix obtained by inserting the oscillation amplitudes for each dw at
the corresponding position. The dark blue areas correspond to regions of the density matrix that
are not reconstructed. Adapted from Paper V.

two spectral components respectively, and gy, and g, are the relative spectrometer
responses at wi and wa respectively. The elements of the density matrix are further
scaled so that the trace of the density matrix is equal to 1. The sparse density matrix
obtained in helium is finally presented in Fig. 4.3 C. It is worth mentioning that the
gap between the main- and sub-diagonals is simply due to experimental constraints.
In our measurements, the smallest dw was limited by how close we can place the two
slits in the 4f-shaper, see Fig. 2.12.

Retrieving the full density matrix from the measured sparse density matrix is a non-
trivial problem. In Paper V we employ a Bayesian estimation using a Hamiltonian
Monte Carlo method [84]. The retrieved full density matrix is shown in Fig. 4.4
A. Similar to the measured sparse density matrix, the full density matrix is slightly
elongated along the main diagonal. This observation is due to the energy resolution
of the spectrometer, see Eq. 2.15, as originally discussed in [35] and in appendix E
of Paper IV. However, by measuring the point-spread function and taking it into
account in the Bayesian estimation protocol, the retrieval of the original full density
matrix is possible as shown in Fig. 4.4 B.

By retrieving the photoelectron density matrix and comparing it with theoretical sim-
ulations, the fidelity of the KRAKEN method can be computed. In Paper V, theoret-
ical calculations using the Relativistic Random Phase Approximation with Exchange
(RRPAE) are described [85]. As explained in Section 4.1, a direct single photon mea-
surement of the photoelectron density matrix is not experimentally possible, but it
is possible to theoretically simulate this density matrix. The mutual fidelity [86] of
the single photon RRPAE density matrix p; and the experimentally retrieved density
matrix Pegp, defined as
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1/2
F(peaps ) = Tr [ Qoal | pecs| Pl )], (49

is found to be equal to 0.98. It shows that we can accurately retrieve the photoelectron
density matrix with the KRAKEN method.

In Tab. 4.1, we compare the purities obtained in helium experimentally (7yezp), and
through single (1) and two-photon (v2) RRPAE calculations, the latter simulating
the KRAKEN protocol.

Table 4.1: Purity of the photoelectron state created from helium. From experiment (v..5), single photon cal-
culations (1) and simulations based on the KRAKEN protocol (v2). Adapted from Paper V.

Experiment, Yezp | Single-photon RRPAE, v1 | KRAKEN RRPAE, 72
Helium 0.94 + 0.06 I I

The high measured purity can be understood by considering the bipartite state created
by photoionization of helium, see Eq. (4.1) and Fig. 4.2,

Wy = [ decip@ /2000, =120 [decip@lde.  G)

where |1/2) denotes the ionic state with the ionic angular momentum of j = 1/2. It
is clear from Eq. (4.7), that we have a product state, i.e. the ion and electron states
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Figure 4.5: Sparse density matrix measured in argon (A) and the retrieved full density matrix after deconvolu-

tion (B). Adapted from Paper V.

are separable. Tracing over the ionic degrees of freedom we obtain

pe = [ derdescyys(e1)e} p(e2) ler) (el (4.8)

Note that the notation for the ion and electron states is omitted when referring to the
reduced photoelectron matrix. The photoelectron state is a pure state, and henceforth
the purity is

2
’y:fdeld62|cl/2(e)| =1. (4.9)

The theoretical obtained purities are equal to one and the experimental purity is very
close to one, conveying the ability of the KRAKEN protocol to measure the photo-
electron density matrix with minimal experimental decoherence.

4.2.2 Measurements in argon

Similar experiments were performed in argon and the results were analyzed as de-
scribed above. Fig. 4.5 A shows the measured sparse density matrix, while B presents
the full de-convolved density matrix retrieved through Bayesian estimation. The den-
sity matrix has an oval form, with a higher probability density at higher energies. The
oval form shows that the argon photoelectron is in a mixed state.
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The measured purity for argon is compared to the single photon and the two-photon
theoretical calculations (based on RRPAE) in Tab. 4.2.

Table 4.2: Purity of the photoelectron state created from argon. Adapted from Paper V.

Experiment, Yezp | Single-photon RRPAE, 71 | KRAKEN RRPAE, v2
Argon 0.65 + 0.02 0.61 0.66

The experimental purity is equal to 0.65, in good agreement with the prediction of the
theoretical calculations. In argon, the final state is a sum of two different contributions
depending on the angular momentum of the ion state (see in Fig. 4.2),

v ,e=fdec1/2 ) [1/2); ®e), +fd663/2(6) 3/2), ® e),
=ay)2 [1/2); /dﬁ bija(€) €} +az2 |3/2), fd€ bsj2(€) le).

(4.10)

where ¢;(€) = a;b;(€) and a; and b;(€) are the complex coefficients characterizing
the ion and electron states, respectively. In contrast to helium (see Eq. (4.7)), this
state is not separable, but entangled when by /5(€) # b3ja(€). Note that |a; /2\ and
|aga|? represent the statistical weights, 1/3 and 2/3 [87], for the two ionic angular
momenta, respectively. Tracing over the ionic degrees of freedom, see Eq. (4.2), we

obtain [Paper V]

1 *
Pe :gqudez b1/2(€1)b1/2(62)|61)<62|

5 (4.11)
+§ f derdes 63/2(61)[7;/2(62) |€1) <€2| :

Assuming that bs 5 (€) = by/2(€ — Aeso), where Aego is the SO split in energy for
argon,

1 *

) (4.12)
v= [ derdes bya(er = Aeso)b s (e2 - Aeso) 1) {eal

As can be seen in (4.12), the photoelectron in argon can be described as a mixed state.
This is due to an incomplete measurement over all degrees of freedom and the initial
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entanglement between the ion and photoelectron (Eq. (4.10)). The purity can be
expressed as

5 4 . ’
7797y / de byjy(e)byjp (e~ Aeso))| - (4.13)

The integral in Eq. (4.13) represents the overlap between the two photoelectron states
created as illustrated Fig. 4.2. The ion and photoelectron are entangled for unless A2
is much larger than Aegp. The larger the XUV bandwidth, the larger the overlap
becomes. When by j5(€) ~ by jo(€ —Aeso), v = 1. In this case we recover a separable
state and the argon photoelectron state is a pure state similar to helium; No infor-
mation on the ionic state can be obtained by measuring the photoelectron state. In
contrast, where the overlap is equal to zero, we have v = 5/9 ~ 0.56. By measuring
the photoelectron state, the wavefunction collapses, and we obtain full knowledge of
the corresponding ionic state. The entanglement due to the SO interaction decreases
as the overlap increases (see Paper IV). In the case studied in Paper V and detailed
here, the overlap is between these two extremes, the entanglement is only partial and
the purity is 0.6s.

In conclusion, we have shown that KRAKEN is a very reliable method for measuring
the quantum state of the photoelectron created by the ionization of a neutral atom.

4.2.3 Comparison between KRAKEN and Mixed-FROG

Another method for QST of photoelectrons generated by absorption of XUV pulses
is Mixed-FROG (Frequency-Resolved Optical Gating for partially coherent (mixed)
states), first proposed in [77] and later experimentally demonstrated in [35]. Mixed-
FROG reconstructs the quantum state of a photoelectron created by the absorption
of an attosecond pulse in a train, by measuring interference between multiple CC
transitions driven by a strong IR field. By scanning the delay between an APT and
an intense IR pulse, a high-frequency modulated spectrogram is recorded. The two
protocols present important differences. The photoelectron state reconstructed in
Mixed-FROG is created by absorption of an APT, whereas KRAKEN reconstructs
the density matrix of a photoelectron created by absorption of a single harmonic.

Mixed-FROG relies on interference between quantum paths involving multiple CC
transitions, which oscillate at high frequencies. As a result, it requires intense IR
fields to induce these oscillations and extract coherence information. In contrast,
KRAKEN uses a weak bichromatic IR field to perturb the ionization process and
induce interference between selected energy levels in the final state. This allows the

IR field to be treated perturbatively, a key advantage of KRAKEN.
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In terms of experimental complexity, the Mixed-FROG setup requires minimal mod-
ification from a standard RABBIT setup, making it relatively easy to implement. By
contrast, KRAKEN requires a more elaborate setup, including spectral tuning and
selection of a bichromatic IR probe field, as detailed in Section 2.3 and above. The pu-
rities measured in [35] are of the order of 101, most probably due to limited spectral-
resolution and temporal instability. In KRAKEN, the signal is retrieved from lower
oscillation frequencies, corresponding to a longer oscillation period and less require-
ments for temporal stability than both RABBIT and Mixed-FROG.

Finally, the data analysis approach differs significantly. Mixed-FROG relies on a re-
trieval algorithm (a generalized projection method that involves a physical model)
to reconstruct the full density matrix. KRAKEN, on the other hand, extracts sub-
diagonals of the density matrix directly from the measured spectrogram. These must
be acquired individually, requiring a series of measurements and thus increasing ex-
perimental time. The Poly-KRAKEN extension presented below significantly reduces
the number of required measurements.

4.3 DPoly-KRAKEN

We present a generalization of the KRAKEN protocol with a poly-chromatic probe
field, allowing us to reduce the needed number of measurements. Eq. (4.4) can be
generalized to more than two spectral components,

n n
S(Ef, Z Z iT(wj wk)#ejc,ej#:f,ekpe(ej’ek)

o
Z Feyej

(4.14)

o
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i,k
e

where w; are the spectral frequencies of the probe, for j and k between 1 and n and
dwjt = wj — wy. As before, we can separate this equation into two parts, one includ-
ing the n populations (j = k), one from each spectral component, and the other one
including the n? — n coherences (j # k). By increasing the amount of spectral com-
ponents one does not simply get a linear increase in the number of coherences, but a
quadratic one. This illustrates the clear benefit of having many spectral components
for a KRAKEN scan, i.e. a poly-chromatic KRAKEN. However, the probe frequen-
cies (w; ) have to be carefully chosen in order to both cover as much as possible of the
density matrix and to ensure that the resulting coherences are retrievable.
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Figure 4.6: Probe spectrum before (red) and after (yellow) the 4f-shaper. A solution to the 5-slit Golomb ruler
is presented with spectral peaks centered at w; +...[0, 34, 46, 96, 114]. For this solution, all beating
frequencies but 105 are present between 1§ and 115. Adapted from Paper VI.

The key to solving this problem lies in breaking the symmetry in the spacing between
the spectral peaks. Choosing five spectral peaks centered at w; + [0, 39, 46,99, 115],
10 unique pairwise combinations are possible as indicated in Tab. 4.3.
Table 4.3: Beating frequencies resulting from pairwise combinations of five spectral peaks centered at
[wi,w2 =wi1 + 30, w3 = w1 +46,ws = w1 + 95, w5 = wy + 116].
wg—w1:35 wg—w2:15 w4—w3:55 UJ5—W4=25
wg—w1=45 (.U4—(:J2=65 W5—(JJ3=75

ws —w1 =99 ws —wa = 80
Wy — W1 =11(5

As shown in Fig 4.6 and Tab. 4.3, these beating frequencies vary regularly except
for the missing 106. This is not only a solution to the problem, but the optimal
solution given that, for a set number of frequencies, 1, the greatest number of unique
discrete separations, (n? —n)/2, are retrieved for the smallest possible bandwidth.
This solution, already used in radio science, is known as the Golomb ruler [88]. For
n = 2,3 and 4 the Golomb ruler is not only the optimal, but also a perfect solution,
such that the bandwidth and number of unique separations grow equally fast with n.
In Fig. 4.6, an example of the fifth Golomb ruler is presented. While this solution
is still an optimal solution, due to the missing 109, it is no longer a perfect solution.
Although no analytical model exists to find the optimal Golomb ruler, several optimal
rulers all the way up to n = 28 have already been confirmed [89].
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Figure 4.7: Comparison between the KRAKEN (top row) and Poly-KRAKEN (bottom row) protocols. (A,E) show
energy diagrams; (B,F) spectrograms of the photoelectron spectra; (C,G) their respective Fourier
transforms; and (D,H) the resulting sparse density matrices. Simulations are based on a finite pulse
model [74], with all conditions held constant except the number and selection of spectral compo-
nents. Note that the Golomb ruler is flipped compared to Fig. 4.6 and 4.8, resulting in the following
Golomb ruler [0, 26, 75, 85, 115]. Adapted from Paper VI.

431 KRAKEN vs. Poly-KRAKEN

We present simulations (based on a finite pulse model [74]) of KRAKEN and Poly-
KRAKEN measurements in Fig. 4.7 (see Paper VI). In A and E, the bi- and poly-
chromatic ionization protocols are shown. The resulting spectra as a function of delay
are presented in B and F respectively. The Fourier transform of these spectrograms
displays the resulting signal in the frequency domain in C and G respectively. Showing
that Poly-KRAKEN allows for a more efficient usage of the temporal and spectral
domains simultaneously. The energy shifts, arising from differences in the central
frequency of each frequency pair, must be corrected to ensure accurate alignment of
the retrieved density matrix elements. Finally, the retrieved sparse density matrices are
presented in D and H. It is clear that, with a well-chosen poly-chromatic field based
on a Golomb ruler, Poly-KRAKEN enables a more efficient measurement, with the
retrieval of 10 sub-diagonals at once.

Although Poly-KRAKEN retrieves multiple sub-diagonals simultaneously, it is not
fully a single-scan protocol, as the main diagonal still requires an independent mea-
surement, similar to KRAKEN. However, it is a faster way to obtain a large set of
the photoelectron density matrix. For example, the six sub-diagonals in Paper V took
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Figure 4.8: Experimental spectra as a function of delay (A) and its FFT (B) obtained in helium with Poly-KRAKEN.

about six hours of measurement time, while the ten sub-diagonals in Paper VI only
took about two hours. In both cases, the signal strength for a given sub-diagonal
should be balanced against the energy resolution since they are inversely proportional
to each other. In this regard, Poly-KRAKEN is less flexible than KRAKEN, as all spec-
tral components are generated simultaneously, limiting the ability to independently
increase the strength of a pair of spectral components.

4.3.2 Experimental Poly-KRAKEN measurements

In Paper VI, we study the photoionization process of helium using the r7th harmonic
generated in argon (~ 26.35 eV). The IR pulse is generated with a pulse energy
of 4 mJ, a duration of 20 fs, and a central wavelength of 800 nm at a repetition
rate of 3 kHz. The probe pulse contains multiple spectral components created us-
ing a mask described in earlier sections, resulting in components at wavelengths of

[760,780,787,824,840] nm, each with an approximate bandwidth of 3 nm (see
Fig 4.6).

Fig. 4.8 shows (A) the measured spectra as a function of pump-probe delay and (B)
their Fourier transform. The individual spectral components are clearly visible and
separable in the frequency domain. This enables direct access to each component’s
spectral amplitude and phase. Similar to the KRAKEN protocol, each spectral ampli-
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Figure 4.9: The experimentally retrieved sub-diagonal amplitudes of the density matrix obtained in helium
using Poly-KRAKEN. The sub-diagonal amplitudes are normalized according to Eq. (4.5).

tude corresponds to a unique dw and can be assigned to the appropriate sub-diagonal
of the sparse density matrix. Each spectral componentalso has to be shifted depending
on the specific pair of wavelengths from which it originates. Unlike the conventional
KRAKEN protocol, we do not need to account for different Stark shifts between sub-
diagonals, since all components are generated simultaneously in the same conditions.
The main diagonal is obtained as in KRAKEN, by alternating measurements with and
without a probe using a shutter.

Fig. 4.9 presents the amplitudes obtained using the Poly-KRAKEN protocol in he-
lium. However, we do not get a decreasing slope of the amplitudes as a function of
dw, as in Fig. 4.3.

Our first idea to explain this result was the influence of incoherent IR light, due to
amplified spontaneous emission. This lead us to improve on the experimental method
by measuring the coherent part of the spectrum, using the d-scan technique, based
on second harmonic generation, see Paper VII. Since only the coherent part of the
spectrum contributes to the signal, this must be accounted for in the normalization
procedure according to

As
pe(€1, €1 +0w) = su(c1) : (4.15)

I G 153" Gy

where If,‘i)h are the coherent integrated spectral intensities and ¢, are the relative
spectrometer responses at wi and wa. Although we have observed varying degrees of
coherence across the spectrum, which we could correct for, this did not explain the
amplitude variation observed in 4.9.
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Our second idea was to examine the influence of the frequency dependence of the CC
transition matrix elements [ frei- In Papers IV and V, we assumed that these transi-
tion matrix elements remain approximately constant across the spectral width of the
photoelectron wave-packet. However, as discussed in the supplementary informa-
tion of Paper V, this assumption does not necessarily hold over the full bandwidth
of the IR pulse. The frequency-dependent dipole transition matrix element affects
KRAKEN and Poly-KRAKEN differently. In KRAKEN, one frequency component
remains fixed while the other is scanned across the IR bandwidth. Consequently, the
distortion of the reconstructed density matrix varies linearly with éw. Depending on
which end of the IR spectrum is kept fixed, the calculated purity of the density matrix
may be slightly overestimated or underestimated relative to its true value. This small
deviation justified treating the effect as negligible in Paper V.

In contrast, Poly-KRAKEN is more sensitive to this frequency dependence because it
employs multiple frequency pairs simultaneously. Unlike KRAKEN, where the de-
pendence is approximately linear, Poly-KRAKEN uses pairwise combinations based
on a Golomb ruler sequence, producing a more complex interplay of matrix elements.
Since the amplitude and phase of the transition matrix elements differ between angu-
lar channels, accurately correcting for these effects in the experimental data remains
difficult. At the time this thesis is being written, we are investigating different ways
to account for these effects, both experimentally and theoretically. More details can

be found in Paper VI.

Improvements such as using the coherent IR spectra for normalization and retrieving
ten sub-diagonals in a single measurement represent a major step forward. Despite
remaining challenges, such as accounting for the frequency dependence of CC transi-
tion matrix elements, Poly-KRAKEN represents a powerful and efficient new tool for
multidimensional QST, offering faster and more comprehensive access to the photo-
electron density matrix than previously possible.
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Chapter s

Summary & outlook

5.1 Summary

In this thesis, we have presented a new experimental setup that enables attosecond
photoelectron metrology with a stability and flexibility previously unattainable. By
implementing an active temporal stabilization scheme, we achieved a temporal jit-
ter below 13 as (RMS) over several hours. This enables high-precision experiments
combining an XUV APT pump and an IR probe, measured with a photoelectron
spectrometer achieving a spectral-resolution better than 8o meV for electrons with a
kinetic energy below s eV.

The capabilities of the setup were demonstrated through two RABBIT measurements
of resonant photoionization. In helium, two-photon ionization via the 3p, 4p, and
sp Rydberg states was studied using angular-resolved and angular-integrated photo-
electron detection. The addition of a polarizer in the IR probe allowed us to perform
RABBIT measurements with cross-polarized pump and probe, making it possible to
isolate one angular channel, while maintaining high spectral-resolution. In argon,
we studied photoionization across the 35~ 4p Fano resonance. Our high spectral-
resolution was essential to resolve the SO splitting (177 meV), and the possibility to
spectrally shape the probe pulse allowed us to observe bandwidth-dependent phase
variations resulting from interactions in the final state.

Finally, we proposed and demonstrated a novel quantum measurement protocol, KRA
-KEN, for reconstructing the density matrix of a photoelectron wave-packet. This ex-
tends attosecond metrology beyond the limits of conventional wave-based protocols
like RABBIT. Our experimental results show good agreement with theoretical pre-
dictions, establishing KRAKEN as a reliable tool for measuring the quantum state of
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the photoelectron created by the ionization of a neutral atom. An extension of the
protocol, Poly-KRAKEN, using spectral Golomb rulers, is also presented.

These developments mark a significant step forward in our ability to probe and ma-
nipulate ultrafast quantum processes, paving the way for new forms of control over
electron dynamics on their natural timescale.

5.2 Outlook

The upgraded setup now enables ultra-stable, long-duration measurements with im-
proved signal-to-noise ratios and the ability to resolve slow temporal modulations
through longer delay scans. A coming upgrade to a new acquisition card is expected
to double the spectral-resolution, paving the way for narrow-band RABBIT exper-
iments in molecular systems such as No and Hp, allowing us to resolve dynamics
previously inaccessible. The improved resolution would also greatly benefit us in suc-
cessfully performing a KRAKEN measurement in resonant photoionization systems,
such as in the presence of a Fano resonance theoretically covered in Paper IV.

In Paper IV, we also proposed theoretically a "quantum control” experiment based
on tuning the spectral width of the XUV pulse to manipulate the overlap between
SO-split states (see Fig. 5.1) and therefore the entanglement. Previously, the long
acquisition time required for each data point (approximately 8 hours) made this mea-
surement impossible in practice. However, the introduction of the Poly-KRAKEN
protocol now makes such measurements experimentally feasible.

Another promising direction is Rainbow KRAKEN [90], a spectrally resolved exten-
sion of the KRAKEN method. This protocol introduces a narrowband IR spectral
reference locked to the XUV pulse, and uses a spectrally broad probe pulse. The in-
troduction of a fixed reference moves the signal away from the zero-frequency region
in the frequency domain, thereby removing low-frequency noise from the signal. This
enables continuous access to the density matrix elements across the probe bandwidth
within a single scan. The current setup does not yet support this method, but with
some adjustments to the pump beam line it may soon be possible to assess its experi-
mental feasibility.

We also aim to implement a multi-pass cell [91, 92] to broaden the spectral bandwidth
of both interferometer arms, enabling access to density matrix elements further from
the main diagonal. Furthermore, by frequency doubling the laser and replacing the
interferometer’s beam splitter with a dichromatic one, sending w to the probe arm and
2w to the pump arm. In such a configuration, emission and absorption paths from
neighboring harmonics can be distinguished (see Fig. 5.2) and studied separately, as
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Figure 5.1: (a) Purity (blue) and concurrence (red) C' = \/2[1 - T'r(p2)], calculated directly as a function of
XUV bandwidth. Blue and red crosses represent the corresponding quantities extracted via the
KRAKEN protocol. The vertical dashed line indicates half the SO splitting energy (Aeso). Band-
widths smaller than Aeso /2, fully spectrally resolve the SO-split ionic states. (b—d) Absolute value
of the photoelectron density matrix \pe(el,el + 6w)| shown for XUV bandwidths of 6Q2 = 0.14 eV
(b), 0.21 eV (c), and 0.35 eV (d). Adapted from Paper IV.

the probe frequency is much smaller than the difference frequency between two con-
secutive harmonics. This would thereby allow for the simultaneous retrieval of density
matrix elements from multiple, spectrally distinct photoelectron wave-packets.

In parallel with further investigation of photoionization processes, future work could
also open other areas within quantum attosecond science. For example, we could ex-
plore generating and characterizing quantum XUV light [93, 94] or using as a probe
quantum IR light [95]. Performing Poly-KRAKEN measurements with non-classical
light would open fundamentally new regimes of light-matter interaction, where co-
herence and entanglement properties are governed not only by the atomic system but
also by the quantum state of the light field itself.
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Figure 5.2: Photoionization due to harmonics with frequencies Q2 and 2 + 4w, in the presence of a probe with
frequency w. Resulting in spectrally resolved emission and absorption paths.
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Appendix

Paper VII: A single-shot dispersion-scan based on a grism

In this paper, we present a single-shot d-scan technique using a prism combined with
a grating (grism) to extend the dispersion range beyond the limit of a single prism.
This allows measurement of longer pulses (25 fs FTL) and pulses with complex spectral
phases without requiring larger beam sizes or additional dispersion compensation.
The method is validated by comparison with conventional d-scan measurements.
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