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Kurzfassung

Heiko G. Kurz

Spektroskopie von Wassertröpfchen unter Verwendung hoher harmonischer

Strahlung

Hohe harmonische Strahlung (engl.: high-order harmonic generation, HHG) kann zur
Messung ultraschneller Prozesse, wie der Dynamik von Elektronenbewegungen auf ato-
marer Gröÿenordnung genutzt werden. Durch den HHG-Prozess beinhaltet die emit-
tierte Strahlung intrinsisch Informationen über die Struktur des verwendeten Mediums
(engl.: Target), welche mit Hilfe spektroskopischer Methoden analysiert werden kann.
Für gewöhnlich werden gasartige Targets für die nichtlineare Frequenzkonversion vom
infraroten- in den extrem-ultravioletten Spektralbereich verwendet. Diese sind jedoch in
ihrer maximalen Dichte limitiert, was eine Beschränkung der Anzahl der zur Konversion
beitragenden Emitter zur Folge hat und daher die E�zienz des Prozesses begrenzt.

In dieser Arbeit wird die Erzeugung hoher harmonischer Strahlung mit Wassertröpfchen
auf der Mikrometerebene in einem in-situ Anregungs-Abfrage-Experiment (engl.: pump-

probe experiment) untersucht. Das Tröpfchen vollzieht dabei nach der Bestrahlung mit dem
Anregungspuls einen thermodynamischen Phasenübergang von der �üssigen in die gasar-
tige Phase. Durch die Zeitverzögerung zwischen den beiden Pulsen kann das Tröpfchen in
einem weiten Dichtebereich präpariert werden, welcher von Flüssigkeiten bis hin zu stark
verdünnten Gasen reicht. Zur Erzeugung der harmonischen Strahlung innerhalb des prä-
parierten Targets wird der Abfragepuls verwendet. Da die emittierte Strahlung strukturelle
Informationen über den Zustand des Tröpfchens enthält, ermöglicht diese das Target mit
Hilfe spektroskopischer Methoden zu charakterisieren. Eine Analyse der Phasenanpas-
sungseigenschaften des Tröpfchens lässt dabei die Identi�kation des zeitabhängigen ther-
modynamischen Phasenverlaufs zu, wodurch die optimalen Bedingungen für die Erzeugung
hoher harmonischer Strahlung ermittelt, sowie deren Konversionse�zienz bestimmt werden
kann.
Von besonderem Interesse sind die Dichten des Targets, welche zu einem kleineren mit-

tleren Teilchenabstand als die Exkursionslänge des Elektrons während des HHG-Prozesses
führen. In diesem Fall werden die Elektronentrajektorien von benachbarten Partikeln
gestört, was in einer Unterdrückung des Emissionsprozesses resultiert. Zum tieferen Ver-
ständnis der Messwerte werden Simulationen der Elektronentrajektorien verwendet.

Nach der Ermittlung der optimalen Bedingungen für HHG wird die emittierte Strahlung
verwendet, um den Expansionsprozess des Tröpfchens detailliert zu untersuchen. Während
der Expansionsmechanismus für hohe Intensitäten des Anregungspulses plasmabasiert ist,
kann die Expansion des Tröpfchens für niedrigere Intensitäten durch nichtlineare Absorp-
tion beschrieben werden. Die emittierte Strahlung erlaubt zwischen beiden Expansion-
sarten zu unterscheiden und ermöglicht Rückschlüsse auf die Zusammensetzung des Targets
auf atomarer Ebene. Die Messungen zeigen, dass das Tröpfchen bei hohen Pulsintensitäten
von Ionen dominiert wird. Mit Hilfe von Simulationen wird ein Maÿ für die Ionisation in-
nerhalb des Targets ermittelt, was die Beobachtung ionisationsinduzierter Störungen der
Elektronentrajektorien ermöglicht. Darüber hinaus kann das Tröpfchen in einem Zustand
präpariert werden, welcher von neutralen Partikeln dominiert ist und durch die emittierte
harmonische Strahlung beobachtet werden kann.

Schlagworte: ultrakurze Pulse, Erzeugung hoher harmonischer Strahlung, Wassertröpf-
chen, laserinduzierter optischer Durchbruch





Abstract

Heiko G. Kurz

High-Order Harmonic Spectroscopy with Water Droplets

High-order harmonic generation (HHG) is a well-established tool which can be applied for
the measurement of ultra-fast dynamics, such as the dynamics of electrons on the atomic
length scale. Through the process of HHG, the emitted radiation intrinsically contains
structural information on the target, which can be retrieved by applying spectroscopic
methods. Common approaches apply gaseous targets for the non-linear frequency con-
version from the infrared into the extreme-ultraviolet spectral domain. These targets are
however limited in the applicable density which con�nes the number of emitters and there-
fore limits the e�ciency of the process.

In this thesis, high-order harmonic generation from dense micrometer-sized water droplets
is investigated in an in-situ pump-probe experiment. The droplet therein performs a ther-
modynamic transition from the liquid into the gas phase upon irradiation by the pump
pulse. By adjusting the time delay between the two pulses, the target can be prepared in
an extraordinary wide density range, reaching from liquid density to diluted gases. The
harmonic radiation is thereafter generated by the probe pulse in the prepared droplet.
Since information on the state of the target is imprinted onto the harmonic radiation, the
droplet is characterized by applying high-order harmonic spectroscopic methods. Studying
the phase-matching properties of the target allows to identify the expansion of the droplet
and its thermodynamic phase as a function of time. Optimized conditions of the target for
HHG are determined and the harmonic yield is measured.

In particular, the droplet is prepared at high densities, resulting in a mean inter-particle
distance smaller than the electronic excursion during HHG. In this case, the electronic
trajectories are perturbed by surrounding particles which leads to a suppression of the
emission process. Simulations of the electronic excursion are used to interpret the experi-
mental results for high densities.

After determining the optimized conditions for HHG, the emitted radiation is used to
characterize the expansion process of the droplet in detail. The expansion mechanism
is plasma triggered for pulse intensities above the threshold intensity for laser-induced
breakdown, while it is described by nonlinear absorption for lower intensities. The emitted
harmonic radiation is used to distinguish between these two expansion schemes and allows
to determine the composition of the droplet on the atomic level as a function of its density
evolution. The measurements indicate that the droplet is dominated by ions for high
intensities of the pump pulse. Simulations allow to determine a measure for the amount
of ionization within the target and ionization-induced trajectory distortions are observed.
Furthermore, the droplet is prepared in a composition dominated by neutral particles for
low intensities of the pump pulse, which is observed by the emitted harmonic radiation.

Key words: ultra-short pulses, high-order harmonic generation, droplets, water, laser-
induced optical breakdown
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Abbreviations and Mathematical Symbols

ADK Ammosov-Delone-Krainov

ATI above threshold ionization

CCD charge-coupled device

CE conversion efficiency

CPA chirped pulse amplification

FWHM full width at half maximum

HHG high-order harmonic generation

HOH high-order harmonic

HOHO highest-observed harmonic order

HOMO highest-occupied molecular orbital

IAP isolated attosecond pulse

IR infrared

LIB laser-induced breakdown

MPI multiphoton ionization

MCP multi-channel plate

OTBI over-the-barrier ionization

PM phase matching

SAEA single active electron approximation

SFA strong-field approximation

SHG second harmonic generation

SIGC semi-infinite gas cell

Ti:Sa Titanium-Sapphire

TPM transient phase matching

FROG frequency-resolved optical gating

SPM self-phase modulation

TDSE time-dependent Schrödinger equation

TI tunnel-ionization

THG third harmonic generation

UHV ultra-high vacuum

XUV extreme ultra violet

Table 1: Abbreviations.
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A vector potential

αs,l slope of atomic phase Φat

b confocal parameter

β group delay dispersion

c speed of light in vacuum

c.c. complex conjugate

d nozzle diameter

dx dipole matrix element

ε0 permittivity of vacuum

e electron charge

f frequency

E electric field

EL amplitude of the fundamental field

f focal length

φCEO carrier-envelope offset phase

Φat,q atomic phase

Φgeo,q geometric phase

Φneu,q phase from dispersion of neutral atoms

Φel,q phase from dispersion of free electrons

Φtot,q total phase

∆Φ complex phase mismatch

γ Keldysh parameter

Im imaginary part

I intensity

ILIB threshold intensity for laser-induced breakdown

Ip ionization potential (cf. Tab. 1)

Iprobe intensity of the probe pulse

Ipump intensity of the pump pulse

Isat saturation intensity

k wave vector

kat atomic phase mismatch wave vector

∆kel phase mismatch wave vector induced by electrons

∆kneu phase mismatch wave vector induced by neutral particles

∆ktot,q phase-mismatch wave vector

κ absorption coefficient

kB Boltzmann constant

kgeo geometric wave vector mismatch

L decay length

Labs absorption length

Lcoh coherence (build-up) length

Lmed length of the medium

λD Debye length

λL wavelength of the fundamental field

λpert wavelength of perturbation
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me electron mass

M ion mass

n refractive index

ncrit. critical density of free electrons

n2 nonlinear refractive index

ND Debye sphere

ne density of free electrons

ni density of ions

η viscosity

p canonical momentum

P polarization

P pressure

q harmonic order

r0 droplet radius

rel classical electron radius

r̄ mean inter-particle distance

Re real part

ρ number density

ρcuto� maximum tolerable density attributed to the cutoff trajectory

ρmass mass density

ρshort maximum tolerable density attributed to the short trajectory

S quasi classical action

σ surface tension

t delay

ti ionization time

tr recombination time

T time in optical cycles

Te electron temperature

Ti ion temperature

τexc. excursion time

τ pulse duration

Up ponderomotive potential

v jet velocity

vion ion velocity

V droplet volume

ωL angular frequency of the fundamental field

ωp plasma frequency

xmax maximum excursion distance

χ susceptibility

z coordinate in propagation direction

zR Rayleigh length

Z degree of ionization

Table 2: Mathematical symbols.





Chapter 1

Introduction

The invention of photography in the 19th century allowed for the �rst time to analyse
movements with a higher time resolution than the human eye. The �rst study of this kind
was a series of photographs of a galloping horse, which allowed to identify that there was a
moment in time where all four hooves of the horse were not touching the ground [Muy78].
Revealing the dynamics of this macroscopical movement required a time resolution in the
millisecond range and was enabled by pure mechanical shutters of the camera. With the
beginning of the exploration of the microcosm during the last century, dynamics on much
shorter time scales became observable. The movement of water molecules in a liquid is
for example within the picosecond range, while chemical reactions are even faster and take
place within femtoseconds. An even higher time-resolution is needed when the movement
of an electron on the atomic length scale is considered, which occurs on the attosecond time
scale. Since mechanical solutions are limited to the millisecond range, novel techniques had
to be developed in order to study these highly dynamical events.

The laser [Mai60] and the chirped-pulse ampli�cation (CPA) technique [Str85] for the �rst
time allowed to generate intense infrared (IR) light pulses with durations on the femtosec-
ond time scale, which was su�ciently short to study dynamics on the molecular but not
on an atomic or electronic level. The �eld strength of these pulses however reaches a
magnitude in the order of the atomic Coulomb �eld, and enables light matter-interaction
in a highly non-linear regime. These non-linear processes can be applied for the gener-
ation of new frequencies of the fundamental radiation in the extreme-ultraviolet spectral
domain (XUV) by the process of high-order harmonic generation (HHG) which supports
coherent light pulses on the attosecond time scale. High-order harmonic radiation was
�rst observed by McPherson et al. and Ferray et. al. [McP87, Fer88] in rare gas
targets. A semi-classical theoretical model describing the process of HHG was developed
by Corkum [Cor93], followed by a quantum-mechanical approach by Lewenstein et
al. [Lew94]. Meanwhile, HHG is a well-established tool for the analysis of light-matter
interaction [L'H91, L'H93b, L'H93a, Wah93, Sal95, Alt96, deL97, Tak07, Pap01]. The
unique characteristics of the radiation allow to perform experiments which require a high
temporal and a high spatial resolution, revealing phenomena on the attosecond timescale
[Hen01, Kie04, Sch10] with high spatial [Dit96, LD00] and temporal coherence properties
[Bel98, Lyn99]. Today, the shortest measured attosecond pulse has a duration of 67 as
[Zha12], which is already less than three times the atomic unit of time (24 as).

A wide range of targets has been used for HHG, such as atoms [Fer88], molecules [Sak95]
and clusters [Don96, Ruf13] in several thermodynamical phases, like gaseous [McP87], liq-
uid [Fle03, DiC09, Kur13], solid state [Aki92, Qué06, Ghi11] or plasmas [Gan05, Whe12,
Hae13]. Information on the target itself can be retrieved by applying high-order har-
monic spectroscopy, which allows to study molecular dynamics during chemical reactions
[Wör10b], rotational or vibrational dynamics of molecules and their in�uence onto the
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2 1.1. Motivation

emission of XUV-radiation [Kan05, Tor07, Vel01, Smi09, Voz11, Li08] with sub-nanometer
spatial and attosecond time resolution. Even structural characteristics can be extracted
on the molecular level from the harmonic signal [Tor07] by disposing tomographic imaging
techniques and retrieving the structure of molecular orbitals [Ita04, Hae10, Voz11]. Also
complex molecules can be analysed [Gan13], and only recently HHG from water molecules
gained attention [Fle03, DiC09, Won10, Fal10, Zha11], where also the contributions of
di�erent molecular orbitals to the harmonic signal could be identi�ed [Far11].

1.1 Motivation

The thesis examines three major topics of HHG from dense water droplets which will be
motivated in the following. First, the unique properties of the liquid droplet as a target for
HHG are presented and its dynamics are introduced. Second, the in�uence of the target
on the HHG process is investigated at di�erent densities. In particular, the in�uence of a
high-density target onto electronic dynamics is studied theoretically and through in-situ
experiments. Moreover, optimum parameters for the frequency conversion are determined.
Finally, the optimized conditions for HHG are used to determine the thermodynamical
phase of the droplet, as well as changes from a molecular towards an ionic target by
applying high-order harmonic spectroscopy.

Di�erent setups have been applied for the experimental realization of HHG, such as the
�nite gas cell [Tak07, Bou11] and the semi-in�nite gas cell [Pap01, Ste09], but the most
frequently used setup is the gas jet [Sal95, Sal97]. However, the common approaches
for HHG are limited in the density of the target and in the applicable target material.
Hence, an innovative approach is used to support high densities of the target: The liquid
droplet. The interaction of intense laser pulses with water droplets has been studied under
atmospheric conditions but on time scales from microseconds to milliseconds where complex
macroscopical expansion dynamics were observed [Lin04]. The time scales of the dynamics
covered by this thesis are within the nanosecond range and below, where changes of the
target are even more complex. There are no measurements concerning the expansion of the
droplet on these short time scales at the time of this work and in fact, not even a theoretical
approach has described the dynamics so far, since the changes on the microscopical level
within the droplet are too drastic to accurately model them [Lin04].
Liquid droplets also experience more attention in recent experiments concerning light-

matter interaction [Fle03, Cha11, Bar11, Kur13] and can be used under vacuum conditions
to overcome some of the above mentioned limitations to HHG. Supporting a high repetition
rate in the MHz range, a new sample is provided for each laser pulse. Moreover, the
interaction between the laser and the droplet is debris-free, which means no other particles
are accelerated away from the interaction region and destroy the vacuum conditions, which
is an advantage to solid state targets. The droplet itself bene�ts from its spatial con�nement
and mass-limitation, while similarly providing number densities up to the liquid-density
regime, which is 3.35× 1022 cm−3 in the case of water. This is a 105 times higher density
compared to common gas jet setups. A high target density is of particular interest, as it
results in a larger number of possible emitters. This might deliver a higher pulse energy
in the XUV spectral domain, which is due to a maximum conversion e�ciency of 10−5

low and large e�ort has to be made for the generation of pulses in the µJ-energy range
[Her02, Tak02, Tos03, Bou11].
The droplet however is not a static target, and as soon as it is hit by an intense laser pulse,

the ensemble of water molecules undergoes a complex transition on di�erent levels. This
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can be divided in: A time and intensity-dependent macroscopic evolution of the density
reaching from liquid to gaseous densities, and a microscopic transition on the atomic level
via dissociative processes of the droplet into water clusters, free water molecules, atoms
and ions. The droplet therefore enables an extra-ordinary wide range of macroscopic and
microscopic states, which can be studied via high-order harmonic spectroscopy. However,
the droplet's dynamics are barely explored. Therefore, the laser parameters de�ning the
di�erent transitions of the droplet is identi�ed �rst by studying the signal of the harmonic
radiation.

At high densities of the target, there is a large number of potential emitters which can
lead to an increase of the XUV-signal. But besides the number of emitters, the conversion
e�ciency from the IR to the XUV spectral domain is also determined by the single atom
response [Lew94], phase matching [Sal95] and re-absorption e�ects [Alt96]. Since a wide
range of target densities is accessible, a large variety of conditions for HHG can be prepared,
such as low-density gases, gases and liquids. This makes the liquid droplet an ideal tool
for studying the conversion e�ciency as a function of the target density. Optimizing the
conditions of the target and of the phase-matching properties for HHG is a main task of this
thesis in order to achieve a high yield of the XUV-radiation. Distinguishing between the
di�erent density states however is non-trivial. A comparison of the signal of the harmonic
radiation with experiments from gas targets assists in the identi�cation of the di�erent
density regimes. Once this is done, high-density targets can be studied, where the mean
inter-particle distance becomes smaller than the electronic displacement during HHG and
the electron may be perturbed during its excursion in the continuum. This perturbation
can lead to a loss of coherence and an enhanced suppression of the harmonic yield. In the
present work, methods are therefore developed to determine the di�erent density regimes
of the droplet, enabling conclusions on the distortion of electronic trajectories during the
process of HHG.

Finally, the optimized parameters for HHG and the knowledge of the density evolution of
the target are used to identify the microscopic transitions of the droplet. This is done by
using high-order harmonic spectroscopy, since the information on the state of the target
is imprinted onto the emitted harmonic radiation. Applying a pump-probe setup, the
composition of the droplet can be manipulated on the atomic level. The preparation of the
target in a state dominated by clusters, molecules, atoms or ions therefore seems possible.
Moreover, a theoretical study predicts the de�ection of electronic trajectories in a highly
ionized medium [Str05], while no distortion should be observed in neutral targets. This
study can be used to measure the amount of ionization within the target and to identify
the necessary parameters for the preparation of the target in di�erent microscopical states.

1.2 Organization of the Thesis

This thesis is organized in �ve parts. Chapter 2 provides the theoretical concepts and mod-
els of laser-matter interaction, basic plasma physics and high-order harmonic generation.
In chapter 3, the experimental setup and �rst HHG experiments with the liquid droplet
source are presented, which lead to the identi�cation of the parameter space de�ning the
characteristics of the droplet. In chapter 4 high-order harmonic spectroscopy is used in
in-situ experiments to identify the optimum conditions for HHG and the in�uence of high
densities of the target onto the generation process. Chapter 5 aims to reveal the dynamics
of the droplet and its composition on the macroscopic, as well as on the atomic level, upon
irradiation by intense laser pulses. A conclusion and an outlook to this thesis are presented
in chapter 6.





Chapter 2

Theory

This chapter describes theoretical aspects of light-matter interaction and of the generation
of micrometer-sized liquid water droplets. First, light-matter interaction (sec. 2.1) and
laser-induced plasma dynamics (sec. 2.3) are introduced, followed by a model for the droplet
expansion (sec. 2.4). High-order harmonic generation (sec. 2.5) and phase-matching e�ects
are described (sec. 2.6). Finally, the droplet generation is described (sec. 2.8).

2.1 Light-Matter Interaction

The classical interaction between light and matter is described by the Maxwell equations.
Whenever an electro-magnetic �eld E interacts with an atom, its electron shell is deformed
and a microscopic dipole moment is induced. Summing over all microscopic dipole momenta
delivers the macroscopic polarization P = χ E, where χ denotes the susceptibility of
the medium. Laser pulses can easily deliver intensities su�ciently high enough, that the
nonlinear terms of χ have to be taken into account. The polarization is therefore treated
in terms of perturbation theory and developed into a Taylor series

P = ε0 χ
(1) E + ε0 χ

(2) E2 + ε0 χ
(3) E3 + ..., (2.1)

where ε0 describes the vacuum permittivity and χ(n) the nonlinear susceptibility (n > 1 ).
Using this concept, many e�ects like second-harmonic generation (SHG), third-harmonic
generation (THG) and self-phase modulation (SPM) can be described [Mor07]. But laser
pulses can be su�ciently intense to release an electron by optical �eld ionization which
cannot be described with this concept. The quantum mechanical models of optical �eld
ionization are therefore introduced in the next section.

2.2 Ionization by Intense Laser Fields

Optical �eld ionization occurs when the intensity of the incident laser �eld reaches a
strength that is comparable to the magnitude of the atomic potential. In this case, per-
turbation theory fails and equation (2.1) cannot be used, so the problem has to be treated
quantum-mechanically. The optical �eld ionization of atoms by short laser pulses was
�rst described by Keldysh [Kel65]. Several models exist to calculate the ionization rates,
like Keldysh theory [Kel65], Ammosov-Delone-Krainov theory (ADK) [Amm86] or
Perelomov-Popov-Terent'ev theory (PPT) [Per66]. A detailed description has been
done by Steingrube [Ste11] and Vockerodt [Voc12]. Depending on the intensity of the
laser pulse, di�erent ionization mechanisms dominate the process. These are in order of
increasing intensity:

5
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Figure 2.1: Ionization mechanisms for di�erent intensities. All �gures show the atomic
potential (black), the electron wave function (blue), the external electric �eld (solid red) and
the ionization threshold (dashed black). The di�erent ionization mechanisms are (a) MPI, (b)
ATI, (c) TI and (d) OTBI. See text for details.

Multi-Photon Ionization During multi-photon ionization (MPI), the electron simultane-
ously absorbs multiple photons and is lifted via virtual energy levels towards the ionization
threshold (see Fig. 2.1 (a)). For example, intensities of 1.0× 1013 W/cm2 are su�cient to
observe MPI in Xe atoms at a wavelength of 800 nm.

Above Threshold Ionization Figure 2.1 (b) shows the above-threshold ionization mech-
anism (ATI). Due to the higher intensity of the laser �eld compared to the case of MPI,
the electron absorbs more photons than necessary to reach the ionization threshold. The
energy of these additional photons is transformed into kinetic energy of the electron.

Tunnel Ionization Further increase of the laser intensity to 1.0 × 1014 W/cm2 leads to
a perturbation of the atomic potential (see Fig. 2.1 (c)). It is deformed in a way that
the electron is bound only by a �nite barrier through which it may tunnel with a certain
probability (tunnel ionization (TI)). TI is the necessary ionization mechanism for high-order
harmonic generation, which is subject of this thesis. Though the mechanism is often used
in both theoretical models and experiments, there are still open questions regarding the
TI process e.g. it still is unclear whether the tunnelling time is to be treated as imaginary
[Sha12b] or as a real parameter [Gal12]

Over the Barrier Ionization If the intensity of the laser pulse is increased beyond values
needed for TI, the atomic potential can be distorted in a way that the electron is no longer
bound. The potential is tilted in a way that the electron overcomes the ionization threshold
and is accelerated by the �eld (see Fig. 2.1 (d), over the barrier ionization (OTBI)).

2.2.1 Free Electrons in the Laser Field

Once the electron is ionized, it is accelerated by the laser �eld. Since the laser �eld is
oscillating, the net acceleration only depends on the ionization time. The time averaged
kinetic quiver energy the electron accumulates during the acceleration is the ponderomotive
potential energy

Up =
e2 E2

L

4 me ω2
L

= 9.34× 10−20 I λ2L with [Up] = eV, [I] = W/cm2, [λL] = nm,

(2.2)

where me and e denote the electronic mass and charge, EL the amplitude of the electric
�eld and ωL the frequency and λL the wavelength of the laser [Win08, Lei07].
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Regarding the generation of harmonic radiation, the electron is ionized via TI (cf.
sec. 2.5). However, there is no strict separation between the di�erent mechanisms of ion-
ization. Which of the mechanisms dominates, depends on intensity and frequency of the
laser, as well as the ionization threshold of the atom or molecule. A good estimate to
distinguish between MPI and TI is given by the Keldysh parameter

γ =

√
Ip

2 · Up
, (2.3)

where Ip denotes the ionization potential [Kel65]. In the weak-�eld case (γ > 1 ), the ion-
ization potential is large compared to the ponderomotive potential. Thus, the predominant
ionization path is via MPI (see Fig. 2.1(a)). In the strong-�eld case, the intensity is high
and γ < 1 . The atomic potential is signi�cantly perturbed and the dominant ionization
path is TI (see Fig. 2.1(c)).

2.3 Laser-Induced Plasmas

In the experiments performed and described in this thesis, the intensities of the laser pulses
are su�ciently high enough to ignite a plasma. This thermodynamic state can be generated
by highly ionizing the target, creating a gaseous, electro-conductive ensemble of ionized
and unionized particles. Since the plasma is generated from neutral matter, the sum over
all charged particles stays neutral. This means the number of electrons equals the degree of
ionization multiplied with the number of ions. The plasma itself is ignited most e�ciently
by ionizing the target via multi-photon ionization (see 2.2). The generated free electrons
are accelerated in the laser �eld and transfer their energy in collisional processes to the
surrounding particles. In these collisional processes, additional free electrons and ions are
generated. A plasma is ignited.

2.3.1 Description of Plasmas

A plasma consists of many charged particles that are coupled to each other through their
electric and magnetic �elds. Since this is a macroscopic phenomenon, it is best described
by macroscopic parameters. The temperature and density of the electrons Te and ne, as
well as the ionic temperature and density Ti and ni are used to characterize the plasma.
In the case of a thermodynamic equilibrium, the temperature is de�ned by a Maxwell-
Boltzmann energy distribution. For an ensemble of moving electrons with velocity ve,
the temperature is de�ned by the mean kinetic energy:

Ekin =
1

2
me v

2
e =

1

2
kB Te ⇒ ve =

√
kB Te
me

, (2.4)

where kB denotes the Boltzmann constant and me the mass of the electron [Düs02].
Two parameters mainly in�uence the characteristics of the generated plasma: The ex-

ternal driving �eld and the collision between the particles. The plasma is ignited by the
external laser �eld. Collisional processes contribute to the energy transfer between the
particles and lead to further ionization. The resulting charge distribution leads to an elec-
tric �eld within the plasma that in�uences the electrons and ions within. It is common to
divide the internal electric �eld into two sub-�elds E1 and E2 [Kru88]. The microscopic
�eld E1 describes the vast �uctuations due to chaotic, collisional processes between the



8 2.4. Calculations on Droplet Expansion

particles. It is de�ned within the Debye length λD, within which the charge of a single
particle is shielded by surrounding charges [Düs02]:

λD =
ε0 kB Te
e2 ne

, (2.5)

The Debye length allows the construction of the Debye sphere with radius λD

ND =
4

3
π · λ3D · ne, (2.6)

which allows an estimate of the number of particles within the plasma. Dense plasmas with
a high density of free electrons result in a low value for ND. In this case, a macroscopic
description is justi�ed and the second sub-�eld E2 is used to characterize the plasma. It
describes the collective motion of electrons, forming collective oscillations named plasma
waves [Teu09].
The frequency of this oscillation is the plasma frequency

ωp =

√
e2 ne
ε0 me

. (2.7)

After being hit by the external �eld that disturbs the charge distribution, the electrons
tend to oscillate with the frequency ωp. In equation (2.7), the only variable is the density of
electrons. The plasma frequency allows to distinguish between two plasma states, under-
dense and over-dense. In an under-dense plasma, the frequency of the incident light is
large compared to the plasma frequency. Due to the high frequency, there is no time for
the electrons to respond and the plasma is transparent for the light. Its refractive index
depends on the electron density and is described by:

neq =

√
1−

(
ωp
q ωL

)2

q = 1, 2, ..., (2.8)

where q denotes higher orders of the fundamental laser frequency ωL [L'H91]. In an over-
dense plasma, the frequency of the laser is low, compared to the plasma frequency. The
electronic response is fast enough, so that a plasma mirror is formed by the electrons,
re�ecting the incident laser pulse. The determination between under-dense and over-dense
is done by the critical electron density:

ncrit =
ε0 me ω

2
L

e2
. (2.9)

For ne < ncrit the plasma is under-dense, and vice versa. Using a Ti:Sa laser with central
wavelength of 780 nm, the critical density is reached at ncrit = 1.8× 1021 cm−3.
During the laser induced ignition of a plasma, energy of the laser pulse is transferred

into kinetic energy of the particles of the plasma. The irradiated target therefore starts
expanding and changes its density. A model can be used to calculate the expansion process
and the density evolution of the target, which is described in the following section.

2.4 Calculations on Droplet Expansion

In this thesis, micrometer-sized liquid water droplets have been used to generate high-order
harmonic (HOH) radiation of the incident fundamental radiation (cf. sec. 2.5). Therefore,
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(a) (b)

Figure 2.2: Schematic of the laser-droplet interaction. (a) depicts the incident pump pulse
(solid red line) and its focusing geometry (dashed red line). The droplet is shown (blue), as
well as contained water molecules. (b) shows the expanding droplet after being hit by the
pump pulse. Since more energy of the laser pulse is absorbed at the side facing the incident
pump pulse, the formation of a density gradient along the propagation direction of the laser
is likely (black).

two time delayed intense laser pulses interact with a single droplet in a pump-probe setup
under vacuum conditions. As the droplet is hit by the pump pulse (see Fig. 2.2 (a)), energy
is deposited within the droplet, and it performs a transition from the liquid state to a
gaseous one (cf. Fig. 2.2 (b)). The second pulse is used for high-order harmonic generation
(HHG) to probe the thermodynamic state (liquid, gaseous, plasma), the microscopical state
(clusters, molecules, atoms, ions), and the density of the target, depending on the energy
and the time delay of the pulses. At the intensities used, a plasma can be ignited from the
droplet. In order to estimate the spatio-temporal dynamics of the droplet after being hit
by the pump pulse, a model will be introduced within this section to calculate the density
of the target.

2.4.1 Expansion Velocity

The spatio-temporal dynamics of the droplet are critically in�uenced by two parameters:
the intensity of the pump pulse and the time delay between pump and probe pulse. Their
in�uence on the density of the target can be calculated by a model developed by Püll
[Pue70]. This one-dimensional model considers the interaction of an intense laser pulse
with a solid-state target. Therein, a plasma is ignited and the energy of the laser pulse is
transferred into kinetic energy of the generated electrons and ions. Therefore, the target
is heated and starts expanding. The expansion velocities of electrons and ions can be
calculated, but since the ions are much heavier, the ion velocity is well suited for describing
the expansion process. The model itself has been experimentally validated using a liquid-
droplet setup by Düsterer [Düs02]. Therein, a comparable setup to this work has been
used and the ion velocities were measured.
In the model, the averaged velocity of an ionic ensemble is given by:

vion =
√

5 · ZkBTi/3 ·M (2.10)

where kBT is the ion temperature andM the ionic mass. Z denotes the degree of ionization,
which is equal to 1 for single ionization.
The expansion energy is equal to the incident �ux of light divided by the ion �ux and
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can be expressed as:

Eexpan. (I) = 5 · αZkBT = 5 · α
1
3

(
3

50
·MCr0

) 2
9

· I
4
9 (2.11)

with r0 as radius of the target, α = (Z + 1) /Z and I the intensity of the laser pulse. The
constant C is calculated according to the manuscript by Püll [Pue70] using the central
frequency of the Ti:Sa-laser system of 793 nm.
Inserting equation (2.11) into (2.10) leads to the following expression of the ion velocity:

vion (I) =
1√

3 ·M
·

√
5 · Zα−

2
3

(
3

50
MCr0

) 2
9

· I
2
9 . (2.12)

Thus, the expansion velocity of the target is a function of the intensity of the incident laser
pulse and scales vion ∝ I

2
9 .

2.4.2 Number-Density Evolution of the Droplet

Using the model for the ion velocities, equation (2.12) allows the calculation of the number-
density evolution of the target. First, the volume of the droplet as a function of time and
intensity is calculated by

V (t, I) =
4

3
π (r0 + vion (I) · t)3 (2.13)

where the radius is r0 = 10µm and t is the time. During the expansion of the target, a
uniform velocity is assumed. From equation (2.13), the change of volume can be calculated
by

∆V (t, I) =
V (t, I)

V0
(2.14)

with the volume at time zero V0 = V (0, I). Using the number density of liquid water
ρ0 = 3.35 × 1022 cm−3, the density evolution can be calculated as function of time and
intensity using equation (2.14):

ρ (t, I) =
ρ0

∆V (t, I)
= ρ0V0/

4

3
π

r0 +
1√

3 ·M
·

√
5 · Zα−

2
3

(
3

50
MCr0

) 2
9

· t · I
2
9

3 .

(2.15)

Therefore, the density scales with intensity as ρ (t, I) ∝ I−2/3.

2.4.3 Calculation of Number Densities

Figure 2.3 (a) shows the temporal evolution of the number density of the droplet after
being hit by an intense laser pulse for a �xed degree of ionization of Z = 1 and di�erent
intensities. The coloured areas estimate the density regimes of di�erent thermodynamic
states, liquid density (blue), clustered media and high-density gas (green) and gaseous
density (yellow). With growing time, a decrease in the density is observed. The decline
becomes steeper with increasing intensity, according to equation (2.15). For an intensity of
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5.0×1014 W/cm2 (black line), the droplet performs the transition from liquid density to the
density of clustered media and high-density gases after 0.3 ns. This means, a liquid-density
target is present at times t < 0.3 ns with densities ρ ≥ 5.0 × 1021 cm−3. After 3.0 ns, the
density has lowered to a gaseous level with ρ ≤ 1.0 × 1019 cm−3 and is further reduced
to the level of diluted, dry gases with increasing time. By choosing the right intensity of
the pump pulse and the right time delay, a wide range of densities becomes accessible as a
target for HHG [Kur13].
The in�uence of di�erent degrees of ionization is shown in Fig. 2.3 (b). A maximum

degree of ionization of Z = 8 is chosen due to the fact that the oxygen atom has eight
electrons and since water is regarded, this is the highest degree of ionization possible.
The graphs in Fig. 2.3 (b) were calculated for a �xed intensity of the pump pulse of
5.0×1014 W/cm2, since it is a rather typical value for the experiments. A similar behaviour
as in Fig. 2.3 (a) can be seen. With an increasing degree of ionization, the density decrease
becomes more rapid. This behaviour becomes obvious, when equation (2.12) is regarded.
The expansion velocity scales with Z as

vion ∝
√
a · Z [(Z + 1) /Z]−2/3 =

√
a · [Z2 (Z + 1)]−2/3, (2.16)

where a is a constant. Therefore, the vion increases with Z and the number density de-
creases more rapidly with increasing degree of ionization.
Comparing the two degrees of ionization Z = 1 and Z = 8 at time t = 0.3 ns, the ratio

of the densities is approximately a factor of ≈ 9 , from ρ = 2.5 × 1021 cm−3 at Z = 1 to
ρ = 3.6 × 1020 cm−3 at Z = 8 . As time increases to t = 3.0 ns, the di�erence in density
grows larger to ρ = 1.0 × 1019 cm−3 at Z = 1 and ρ = 7.0 × 1017 cm−3 at Z = 8 . With
growing time, the di�erence in density between the various degrees of ionization grows
more prominent, since the curves diverge.
However, for the calculations concerning the experiments, a �xed degree of ionization

of Z = 1 is used, since during HHG ionization is weak and only the single electron of
the highest occupied orbital is considered. Using Z = 1 , the model by Püll accurately
reproduces the expansion velocities measured in droplets [Düs02] and in a water jet during
interaction with a laser pulse [ST06].

(a) (b)

Figure 2.3: Temporal evolution of the density of the droplet after being hit by a laser pulse
with (a) a �xed degree of ionization Z = 1 but di�erent intensities and (b) for di�erent degrees
of ionization Z but �xed intensity of 5.0× 1014 W/cm2.
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2.4.4 Limitations of the Calculations

The time and intensity dependent density evolution of a liquid water droplet upon irradia-
tion by an intense laser pulse can be calculated with the model described above. However,
several limitations of the model arise, which will be discussed below.
In the calculations, the thermal energy is neglected and it is assumed that all thermal

energy has been transferred into kinetic energy [Pue70]. This assumption may lead to an
error in the model for very small time delays between pump and probe pulse.

The model only delivers a one-dimensional estimate, but the expansion of the target is in
three dimensions. Moreover, the front of the droplet facing the laser pulse will be hit �rst
and will start expanding, while the light has not propagated to the back of the droplet. At
high intensities, the plasma formation will be very localized and limited to a penetration
depth of ≈ λL [Fei04]. This means a density gradient along the propagation axis of the
laser z is formed, leading to lower density of the droplet at its front and higher density of
the droplet at its back (cf. Fig. 2.2 (b)). Additionally, the spherical shape of the droplet
leads to an additional focusing of the pump-pulse and thus to intensities up to 100 times
higher [Cou03] and can result in the formation of a liquid jet emerging from the droplet if
the focus is smaller than the target [Ahn12a, Ahn12b]. However, during the experiments
described in this thesis, the focus has been larger than the droplet. As a result, the droplet
is irradiated completely and all parts start expanding.

In section 2.4.3 it is stated that only the �rst degree of ionization is regarded. Although
higher degrees of ionization are present, they only have a minor part at the intensities used
and can therefore be ignored. More important is the neglect of non-adiabatic e�ects during
ionization as reported by Christov et al. [Chr96, Chr97] and by Priori et al. [Pri00].
Therein, the use of laser pulses with a duration of 25 fs leads to a suppressed ionization,
when compared with 100 fs and therefore will directly a�ect the expansion velocity.

In spite of these limitations of the model, it still supplies su�cient accuracy to estimate
the time and intensity-dependent density evolution of the droplet [Düs02, ST06, Kur13].
Nevertheless, the liquid droplet is a very complex, macroscopic target which develops

highly dynamical spatio-temporal processes on the microscopical level after being hit by an
intense laser pulse. It is unclear, how the target develops through all thermodynamic states
on the path from a liquid towards a plasma and several possibilities arise, depending on the
time delay and intensity of the laser pulses. Figure 2.4 depicts four possible transitions,
that may also mix or follow one another. In the case of Fig. 2.4 (a), the intensity of
the laser pulse is moderate, dissolving the hydrogen bonds between the water molecules.
Therefore, a molecular gas is created. Increasing the intensity may lead to dissociation of
the molecules and the droplet can decay into an atomic gas (cf. Fig. 2.4 (b)). However, due
to its permanent dipole moment the water molecule tends to cluster and the fragmentation
of the droplet into clusters of di�erent sizes is likely (see 2.4 (c)). As stated above, at high
intensities a plasma may be ignited (cf. Fig. 2.4 (d)).

Distinguishing between the di�erent states of the target is a non-trivial task. Hence,
high-order harmonic generation is a well suited tool for probing microscopic answers from
macroscopic targets with sub-femtosecond time resolution. HHG as will be shown, therefore
is the ideal instrument to study the spatio-temporal dynamics of the droplet.
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(a) (b)

(c) (d)

Figure 2.4: Schematics of possible spatio-temporal dynamics of the droplet after being hit
by the pump pulse. (a) depicts the expanding volume of the droplet (blue) as a molecular
gas. The focusing geometry (dashed red line) and water molecules (oxygen as red circles and
hydrogen as small blue circles) are shown. (b) Dissociation into fragments of water molecules.
The target decays into an atomic gas. (c) Cluster development and fragmentation of the target
into water clusters of di�erent sizes. (d) Plasma ignition with ions (red pluses), electrons (black
minuses) and neutral particles.
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2.5 High-Order Harmonic Generation

Figure 2.5: Measured spectrum of
high-order harmonic radiation from wa-
ter droplets generated with intense laser
pulses. The three regimes are indi-
cated by the numbers and divided by
the dashed lines. (I) describes the de-
crease in intensity according to pertur-
bation theory, (II) the plateau region
and (III) the cuto�.

Nonlinear crystals are used for SHG, THG or sum-
frequency generation. As stated in section 2.1, the
nonlinearity is described by perturbation theory and
the order of nonlinearity heavily in�uences the con-
version e�ciency (CE), which decreases with in-
creasing harmonic order. The frequency conversion
of laser radiation by nonlinear light matter interac-
tion is a common tool for the generation of harmon-
ics of the fundamental frequency. In these processes,
multiple photons are absorbed by an electron that is
excited into a virtual energy level and emits the sum
of the energy of all photons within a single photon.
High-order harmonic generation (HHG) however

is a di�erent mechanism, which cannot be described
with the perturbation theory in sec. 2.1. A typical
spectrum of HHG is shown in Fig. 2.5. The decrease
of the intensity of the harmonic orders in region (I)
according to perturbation theory (orders nine and
eleven) is followed by an area of constant intensity
of adjacent orders (see Fig. 2.5 region (II), orders 11

to 17). This plateau region contradicts with perturbation theory and can only be explained
quantum-mechanically. The plateau is followed by the cuto� -region, where the intensity
of the harmonic orders decreases again (see Fig. 2.5 region (III), 19 and higher). The
generation of high-order harmonic radiation allows the conversion of infrared radiation (IR)
into the extreme ultraviolet spectral region (XUV) and therefore enables the generation of
coherent radiation with wavelengths below 10 nm. The �rst observation of HHG was by
Ferray and McPherson [McP87, Fer88], and by now it has been well established as a
source of coherent XUV radiation. The unique characteristics of the radiation are ideally
suited to perform experiments requiring high temporal and a high spatial resolution and
allow to study phenomena on the attosecond timescale [Hen01, Kie04, Sch10].
The characteristic behaviour of the spectrum of HHG will be described in the following

two sections. First, the semi-classical three-step model will be explained [Cor93]. In the
second part, the quantum-mechanical Lewenstein model will be introduced [Lew94].

2.5.1 Three-Step Model of High-Order Harmonic Generation

The semi-classical model developed by Corkum [Cor93] divides the harmonic generation
process into three parts. First, an intense laser �eld perturbs the atomic or molecular
potential and the electron is ionized from the ground state via tunnel ionization with zero
kinetic energy, which is considered as step one (cf. section 2.2 and Fig. 2.6 (a)). In step two,
the electron gains kinetic energy, as it is accelerated by the electric �eld and propagates
into the continuum (see Fig. 2.6 (b)). It is thereby treated as a classical particle in the
model. As the external �eld changes sign, the electron may be driven back towards its
parent ion. With certain probability, it recombines in step three with the ion and releases
the kinetic energy accumulated during the excursion in the continuum, plus the energy
given by the ionization potential by emitting a single XUV photon (cf. Fig. 2.6 (c)).
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Figure 2.6: Three-step model according to Corkum. The �gures (a) - (c) depict the atomic
potential (black), the electronic wave function (blue) and the incident laser �eld (red). The
ionization threshold is indicated by the dashed line. (a) shows the tunnel ionization process.
(b) acceleration of the electron in the laser �eld. (c) Recombination of electron and parent ion
with emission of one XUV photon.

Figure 2.7: Electron trajectories
(blue) for di�erent ionization times as
a function of time and the electric �eld
(red) with I = 1×1014 W/cm2 at a cen-
tral wavelength of 780 nm.

As the electron is treated like a classical particle
once it has tunnelled, its possible trajectories can
be calculated. Figure 2.7 depicts calculations of the
movement of electrons, accelerated by the external
�eld E = E0·sin ωt for di�erent ionization times ti as
function of the optical cycles T . Electrons ionized for
times ti < T/4 will not contribute to HHG since they
are released before the �eld maximum and do not
experience su�ciently high acceleration towards the
parent ion. Therefore, they do not recombine and
are lost for the process (dashed-blue line in Fig. 2.7).
However, electrons released between T/4 < ti < T/2
will be driven back towards the parent ion and re-
combine by emission of an XUV photon (solid-blue
line in Fig. 2.7), as long as the amplitude of the �eld
is su�ciently high enough for ionization.
The process repeats itself every half cycle and har-

monic radiation with frequency ωq = q · ωL is emitted, where q is the harmonic order.
Considering two adjacent events, the resulting electric �eld is given by

E (t) = Ê (t) · e−iωqt + Ê (t+ T/2) · e−iωqt−iωqT/2. (2.17)

Since Ê (t+ T/2) = −Ê (t), the two �elds interfere destructively for ωq · T/2 = q · π
whenever q is even. Hence, only odd harmonics of the fundamental radiation are emitted
[Klü12].
Figure 2.7 shows that the electron can take di�erent trajectories from ionization to

recombination. But how do the di�erent trajectories in�uence the kinetic energy release,
i.e the energy of the XUV photon?
Figure 2.8 (a) depicts the return energy as function of the ionization time (blue), which

is calculated from the classical model. Except from the maximum, two ionization times
lead to the same energy release. They di�er in the time spent in the continuum (cf. Fig. 2.8
(a) red line) and are therefore referred as short and long trajectory. The maximum return
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(a) (b)

Figure 2.8: (a) Kinetic energy of electrons (blue) and excursion time (red) as function of the
ionization time. (b) Kinetic energy of electrons (blue) and excursion time (red) as function of
the recombination time.

energy is 3.17× Up (cf. Fig. 2.2) and the maximum photon energy is

Ecutoff = Ip + 3.17× Up, (2.18)

de�ning the cuto� (cf. Fig.2.5 region (III)). A similar calculation for the return energy as
function of the return time is shown in Fig. 2.8 (b), leading to the same de�nition of the
cuto� and distinction between short and long trajectory [L'H93b].
The outstanding feature of the plateau region is the constant intensity with increasing

order (cf. Fig. 2.5), which can be explained by the ionization process. Return energies in
the plateau region are below the maximum and two trajectories contribute (see Fig. 2.8
(a)). As the electrons contributing are released shortly after the maximum of the electric
�eld, the di�erence in the ionization probability is small and so is the conversion e�ciency
[Ste11].

The calculation of the emission of harmonic radiation within the three-step model is per-
formed by the calculation of the time-dependent dipole moment of the electron-ion couple.
Therefore, the electron wave function is treated as a superposition of the ground state Ψg
and continuum states Ψc:

Ψ = Ψg + Ψc. (2.19)

The expected value of the dipole operator d̂ = e · r̂ is then given by:

〈Ψ | e r̂ |Ψ〉 = 〈Ψc| e r̂ |Ψg〉+ c.c. (2.20)

and is su�ciently accurate for qualitative interpretations of the harmonic spectrum. For
quantitative simulations the fully quantum-mechanical Lewensteinmodel is used [Lew94],
which is described in the following.
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2.5.2 Lewenstein Model

Since the semi-classical three-step model treats the electron as a classical particle during
excursion in the continuum, quantum-mechanical e�ects are neglected during this step.
However, solving the time-dependent Schrödinger equation (TDSE) is time consuming and
needs a lot of calculating capacity [Lei07]. The model developed by Lewenstein et al.
[Lew94] includes e�ects like quantum di�usion and quantum interference e�ects during
excursion of the electron and delivers a closed form equation for the calculation of the
time dependent dipole response x (t) of a single atom without solving the TDSE. The
Schrödinger equation in length gauge for the electron in the laser �eld is given by (in
atomic units):

i
∂

∂t
|Ψ (x, t)〉 =

[
−1

2
∇2 + V (x)− E (t)x

]
|Ψ (x, t)〉 , (2.21)

with the atomic potential V (x). Thereby, only electrons in the ground state |0〉 are consid-
ered and the depletion of |0〉 is neglected. The strong-�eld approximation (SFA) is applied,
i.e. the in�uence of the ionic potential onto the free electron is disregarded. With these
assumptions, the wave function of the electron can be written as

|Ψ (t)〉 =

[
a (t) |0〉+

∫
d3 ν b (ν, t) |ν〉

]
· ei Ip t, (2.22)

where Ip describes the ionization potential, a(t) the amplitude of the ground state. The
continuum states and amplitudes are denoted as |ν〉 and b (ν, t). Solving the Schrödinger
equation delivers the time-dependent dipole moment

x (t) = i

∫ tr

0
dti

∫
d3pE (ti) dx (p−A (ti))·exp [−i S (p, ti, tr)]·d∗x (p−A (tr))+c.c. (2.23)

where dx expresses the dipole-matrix element for the transition from the ground state into
the continuum, S the quasi-classical action, p = v + A the canonical momentum and A

the vector potential of the external �eld. Equation (2.23) can be interpreted in terms of
the three-step model. The �rst integrand describes ionization of the electron, while its
propagation is described by the second term. Recombination at time tr is expressed by the
third integrand.

Equation (2.23) can be further simpli�ed using the fact that major contributions to the
harmonic spectrum are only provided by stationary points of the quasi-classical action,
where ∇pS (p, ti, tr) = 0. This means ionization and recombination have to happen at
the same position, since ∇pS (p, ti, tr) = x (tr)− x (ti). A more detailed discussion can be
found in reference [Ste11], the derivative of equation (2.23) is given in reference [Voc12].

In order to simulate the high-order harmonic spectrum of a single atom, the Fourier trans-
form of the second time derivative of the dipole momentum in equation (2.23) has to be
calculated numerically. Figure 2.9 depicts a simulation of the 45th harmonic order from
a neon atom as a function of the driving intensity by Lewenstein et al. [Lew94]. For
low intensities of the driving pulse, the signal increases steeply and the harmonic order is
situated within the cuto� region (cf. section III in Fig. 2.5) where a single electronic tra-
jectory contributes to the emission of the harmonic order. As the intensity is increased, the
cuto� region is shifted towards higher orders and the 45th order enters the plateau region
(green line, see also section II in Fig. 2.5) where two electronic trajectories participate in
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Figure 2.9: Calculated intensity of the
45th harmonic order in a single neon
atom as a function of the driving in-
tensity by Lewenstein et al. [Lew94].
The green line indicates the intensity
needed for the harmonic to transit from
the cuto� into the plateau region. The
red line indicates the saturation inten-
sity.

the emission process. The two contributions inter-
fere and perturb the dipole which leads to a less steep
slope and oscillations of the signal as a function of
the intensity [Sal97]. A third change in the intensity-
dependence of the harmonic signal can be observed
in experiments when the ground state of the medium
is depleted. Since the Lewenstein model neglects the
depletion, it is not observable in Fig. 2.9. However,
for the 45th order in neon, the change is situated
around an intensity indicated by the red line and
becomes observable by a saturation of the harmonic
signal. The driving intensity where saturation sets
in de�nes the saturation intensity Isat. Since the
emission of higher orders than the 45th order starts
at increased values of I, more intensity is needed
for their transition into the plateau region [Wah93],
which also leads to a higher value of Isat.

High-order harmonic generation is not limited to
atoms as a target but also molecules [Sak95], clusters
[Don96], liquids [DiC09]. In principle, the mecha-
nism of HHG from atoms and molecules is identical.

The structure of molecules is more complex and several interesting features arise during
HHG.

2.5.3 High-Order Harmonic Generation in Molecules

Within a molecule, the electronic states are classi�ed by energy and assigned to a molecular
orbital. The calculation of the molecular orbital is performed by the linear combination
of atomic orbitals. For the HHG process in molecules, usually the molecular ground state
is regarded, and its highest-occupied molecular orbital (HOMO) contributes to the signal
[Lei07]. Lower lying orbitals with higher ionization threshold are denoted as HOMO-1,
HOMO-2, etc. High-order harmonic generation in molecules can be described by solving
the TDSE, using the Three-Step-Model or the Lewenstein model [Le08].
According to the Lewenstein model, molecular e�ects are easiest accessible regarding

the most simple molecule, the H+
2 molecular ion. In this case, the Hamiltonian within the

Schrödinger equation (2.21) is replaced by:

H = −1

2
∇2 + V (r,R)− E (t)x, (2.24)

where the molecule lies within the x− y-plane and R denotes the intermolecular distance.
Applying this ansatz, the dipole-matrix elements for ionization and recombination can be
expressed as [Cia07]:

dion,x (k,R, t) = 〈Ψc (k)|E (t) · x |Ψg (R)〉 , (2.25)

and

drec,x (k,R) = 〈Ψc (k)| (−r) |Ψg (R)〉 , (2.26)

where k denotes the wave vector of the fundamental radiation. The dipole matrix elements
in equations (2.25) and (2.26) are function of k and R, which indicates that there might be
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a dependence on the relative orientation between the molecular axis and the polarization
direction of the fundamental radiation. Using the molecular ground state of the hydro-
gen molecule, the dipole matrix element for recombination allows more insight into the
orientation dependence when it is expanded to:

drec,x (k,R) = −i

√
2

1 + s (R)

[
−R

2
sin
(
k ·R

2

)
Ψ̃h (k) + cos

(
k ·R

2

)
∂Ψ̃h (k)

∂k

]
, (2.27)

where Ψ̃h (k) denotes the Fourier transformed wave function of the ground state of the
hydrogen atom (see Ciappina et al. [Cia07] for details). The matrix element includes
terms with scalar products of k and R, which means it is a function of the angle between k
and R. Therefore recombination depends on the relative orientation of the molecule with
respect to the laser polarization. A comparable behaviour is valid for ionization. Thus,
the harmonic yield depends on the relative orientation of the molecule with respect to the
polarization of the laser.
The �rst experimental observation of HHG in molecules has been done by Sakai et al.

[Sak95] using nitrogen molecules. The research �eld has vastly developed and the ioniza-
tion and recombination characteristics of molecules are studied by using techniques like
the �eld free alignment of macroscopic molecular ensembles [Sta03]. Therein, a dynamical
rotational wave packet is induced in the ensemble with a short laser pulse. The wave packet
evolves in time and features revival structures. High-order harmonic radiation is generated
at the rotational revivals, and the orientation dependence is probed by changing the laser
polarization [Vel01, Hay01, Lei03, Mai08, Kan05]. Since HHG also depends on the inter-
nuclear distance R (cf. equation (2.27)), not only rotational but also vibrational dynamics
[Li08, Chi06, Far11] can be probed. Moreover, chemical dynamics [Wör10a, Wör11] or
structural information of the molecule [Won11] can be extracted from the harmonic signal.
In oxygen molecules, an elongation of the cuto� compared to xenon has been observed and
is explained with a suppressed ionization due to the molecular orbital structure [Sha02].
Besides induced dynamics, structural information of the participating orbitals is im-

printed onto the harmonic radiation [Lei07, Tor07, McF08, Wör10b]. Minima in the har-
monic spectrum are observed and can be attributed to the electronic structure of the
HOMO, as in the case of N2 [Wör10b]. The HOMO however is not always the soli-
tary orbital contributing to HHG, but HOMO-1 and lower orbitals may contribute to
HHG and lead to dynamical minima in the harmonic spectrum due to interference be-
tween the orbitals, as in the case of CO2 [Smi09, Wör10b]. The encrypted structural
information can be used to reconstruct the HOMO by tomographic imaging techniques
[Ita04, Hae10, Voz11, Ber12].
Recently, high-order harmonic generation from water molecules has gained interest. Wa-

ter is used for HHG in the liquid state [DiC09, Fle03] or as a gaseous target [Zha11, Won10,
Far11]. Theoretical calculations [Fal10] and experiments study the in�uence of nuclear mo-
tion onto HHG and reveal contributions from HOMO and HOMO-1 to the harmonic yield
[Far11].
Up to now the single particle response has been taken into account. However, HHG is

performed in a macroscopic target of many particles. That is why macroscopic e�ects have
to be considered and will be discussed in the next part.
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Figure 2.10: From microscopic to macroscopic response. The incident laser pulse (red) is
focused (dashed red) onto the droplet (light blue). The single particles emit harmonic radiation
of the fundamental frequency. The coherent sum of all emitted XUV photons forms the XUV
pulse (dark blue).

2.6 Phase Matching of High-Order Harmonic Radiation

Since harmonic radiation is generated in a macroscopic ensemble of emitters, the above
described single-emitter response (cf. section 2.5.1 and Fig. 2.10) lacks any information on
the phase relationship between the emitting atoms or molecules. As the net harmonic signal
is formed by the coherent sum of the emitted XUV photons within the target, the phases
of all emitters have to be matched for constructive interference in the far �eld, in order to
maximize the yield of the harmonic radiation (cf. Fig. 2.10). Thus, not only microscopic
but also macroscopic e�ects are crucial for e�cient HHG. Four di�erent contributions can
lead to a phase mismatch between the emitters: atomic Φat,q and geometric phase Φgeo,q,
as well as dispersion from neutral atoms Φneu,q and electrons Φel,q. Summing over these
four contribution leads to the total phase:

Φtot,q = Φat,q + Φgeo,q + Φneu,q + Φel,q. (2.28)

In the following, a gas jet is considered as target for HHG. Figure 2.11 shows the total
phase as function of the propagation direction z for a radial component r = 0 (on-axis)
in (a) and for a radial component r > 0 (o�-axis) at a �xed intensity. Moreover, the
individual phase contributions are depicted. The origin of each summand will be discussed
within this section. However, for constructive interference of harmonic radiation generated
in several spatially distributed atoms, the emitted radiation of the atoms has to be in
phase. This can be expressed by the wave vector mismatch ∆ktot,q, since minimizing the
mismatch maximizes the phase matching:

∆ktot,q = kq −∇Φtot,q, (2.29)

where kq denotes the wave vector of the qth harmonic order.

Atomic Phase As explained in section 2.5.1, two di�erent quantum paths of the electron
(short and long trajectory) may lead to the same energy release in the plateau region and
thus contribute to the dipole moment. In section 2.5.2, the excursion of the electron is
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(a) (b)

Figure 2.11: Calculated phase contributions for the 27th harmonic order at an intensity
of 5 × 1015 W/cm2. A phase slope factor of α = 24 × 1015 cm2/W is estimated, so that the
harmonic is situated within the plateau [Gaa02]. (a) On-axis phase contributions as function
of the propagation direction z for a �xed value of the radial coordinate r. (b) O�-axis phase
contributions as function of z.

Figure 2.12: Scheme of the atomic
wave vector in the focal region (blue).
Lines of equal intensity are shown in
red.

described in equation (2.23) by the term
exp [−i S (p, ti, tr)] and S (p, ti, tr) is the accumu-
lated phase of the electron. This phase is accumu-
lated by a spread of the electron wave function dur-
ing excursion and the time delay between recombi-
nation and the reference time of the laser �eld. It
is called dipole or atomic phase and depends on the
intensity of the laser �eld and the excursion time of
the electron [Lew94, Bal97]:

Φat = q · ωtr − S (p, ti, tr) ≈ −τexc · Up
= αs,l · I (r, z, t) , (2.30)

where S (p, ti, tr) denotes the quasi-classical action and τexc = tr − ti the excursion time
of the electron (cf. Fig. 2.8). The constant αs,l is the slope of the atomic phase and
has di�erent values for short (s) and long trajectory (l) [Bal97, Gaa02, Cor06, Kre13],
which can be calculated using the Lewenstein model. Applying focused laser pulses, the
in�uence of the intensity on Φat is most crucial, as it is a function of time and space (cf.
Fig. 2.11).
The corresponding wave vector can be calculated for a given time by

kat (r, z) = ∇Φat (r, z) . (2.31)

A scheme of kat as function of the propagation direction z and the radial coordinate r is
depicted in Fig. 2.12 with the focus located at z = 0 mm. Remarkably, kat points into
directions away from the focal region [Bal97].
As the intensity is a function of time, this is also true for the atomic phase. This

immediately leads to a chirp of the harmonic radiation in analogy to the time dependent
phase in the case of self-phase modulation (SPM) [Mor07] and becomes obvious in Fig. 2.8
as di�erent energies are generated at di�erent times [Mai03].
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Figure 2.13: Scheme of the geometric
wave vector in the focal region (blue).
Wave fronts of the fundamental radia-
tion are shown in red.

(a)

(b)

(c)

(d)

Figure 2.14: Sum of �gs. 2.12 and
2.13 at di�erent propagation positions.
Depicted are the wave vector of the qth

HOH kq (solid blue), q times the geo-
metric wave vector kgeo (red) and the
atomic wave vector kat (dashed blue).
(a) on axis before the focus, (b) at the
focus, (c) on axis after the focus and (d)
o�-axis before the focus.

Geometric Phase Focusing a laser pulse with
Gaussian intensity distribution leads to a curvature
of the wave fronts of the laser. Therefore, a space-
dependent geometric phase is induced

Φgeo = −q ·
(
arctan(

2z

b
)− 2k1r

2z

b2 + 4z

)
, (2.32)

where b is the confocal parameter. The �rst term is
the Gouy phase, whereas the second describes the
radial component [Bal97, Sal97]. For an on-axis po-
sition, Φgeo is the Gouy phase (cf. Fig. 2.11 (a)).
The radial component gains in�uence for an o�-axis
position (cf. Fig. 2.11 (b)). As the laser pulse prop-
agates through the medium while generating HOH
radiation, this phase shift is imprinted onto the non-
linear polarization and thus onto the emission pro-
cess. A sketch is shown in Fig. 2.13. The wave vector
points towards the focus for z < 0 and diverges af-
terwards.
Figure 2.11 indicates that the total phase is dom-

inated by the atomic and geometric phases. Consid-
ering a single harmonic of the fundamental radiation
with wave vector kq, the combination of �gs. 2.12
and 2.13 allows the illustration of the phase mis-
match as phase-matching diagrams using the atomic
and the geometric wavevector. In Fig. 2.14 (a) a
situation before the focus is depicted at an on axis
position. In this special case for a given harmonic,
the sum of q·kgeo+kat does not match with the HOH
wave vector kq, since kat points into the opposite di-
rection. At the focus, there is no contribution from
kat (∇I = 0), which results again in non-optimized
phase-matching conditions (cf. Fig. 2.14 (b)). This
behaviour is in good agreement with Fig. 2.11 (a).
Phase matching is satis�ed for an on-axis position
for the medium after the focus (see 2.14 (c)) and an
o�-axis position for the medium before the focus (cf.
Fig. 2.14 (d)) [Bal97].
Though absorption and dispersion from neutral

particles as well as the phase contribution from free
electrons seem negligible, some interesting e�ects
arise from Φneu and Φel and the two phase contri-
butions will be introduced.

Absorption and Dispersion by Neutral Particles
As the fundamental radiation propagates through
the target, a phase shift between the laser �eld and
the qth HOH is induced due to dispersion. The re-
fractive index of the gaseous target is nearly equal
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to one for the fundamental �eld. However, for the HOH radiation it is determined by the
density of the target ρ, the atomic scattering factor f (qω) [Hen93] and the harmonic order:

nneu (qω) = 1− 2π

(
c

qω

)2

· rel · ρ · Re {f (qω)} , (2.33)

where rel denotes the classical electron radius. Absorption is considered by the imaginary
part of the refractive index [Ste11]

κneu (qω) = −4πc

qω
· rel · ρ · Im {f (qω)} . (2.34)

From the refractive index, the mismatch of the wave vectors between fundamental and qth

can be derived

∆kneu ≈
qω

c
· (nneu (qω)− 1) . (2.35)

Integration over the propagation coordinate of ∆kneu yields Φneu.

Dispersion by Free Electrons Since the intensity is high enough to ionize, free electrons
are generated during HHG. As explained in section 2.3, free electrons induce a refractive
index which depends on the electron density (cf. equation (2.8)). According to the phase
contribution by neutral particles, the free electrons induce a phase shift Φel. The wave
vector mismatch is given by

∆kel =
ω2
p

2cqω
·
(
q2 − 1

)
. (2.36)

Since high intensities are used in the experiments and the water molecule has an ionization
potential of 12.6 eV, the contribution from free electrons is larger than depicted in Fig. 2.11
and cannot be neglected. Their in�uence will be further discussed in chapter 4.

Coherence Length The build-up of the harmonic �eld along the propagation direction is
limited by the phase mismatch. The induced phase mismatch ∆ktot,q results in a periodic
generation of harmonic radiation in the medium. The total distance in which energy is
transferred from the fundamental �eld to the �eld of the qth HOH is the coherence length

Lcoh,q =
π

|∆ktot,q|
. (2.37)

Therefore, minimizing the phase mismatch is crucial for e�cient HHG and can be achieved
by matching the medium length Lmed to the coherence length. Longer medium lengths
also result in re-absorption e�ects, that increase with the density of the medium. The
absorption length is given by [Con99, Dac09]:

Labs,q =
1

2 · κneu (qω)
. (2.38)

Optimum conditions are achieved for Lmed > 3Labs,q and Lcoh,q > 5Labs,q [Con99].
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Figure 2.15: Conversion e�ciency of the 45th harmonic order in a neon gas jet as function
of the position of the medium z from Salières et al. [Sal95]. The inset shows the radial
dependence of the CE as function of z. For positions z < 0 , the focus is positioned after the
medium with respect to the propagation direction, and vice versa.

2.6.1 Consequences from Phase Matching

(a)

(b)
Figure 2.16: Simulation of the HHG
process by Zhong et al. [Zho00].
(a) Intensity of the fundamental pulse
(red), the intensity of the 19th har-
monic order (blue) and the ionization
rate (black) as function of time. (b)
Intensity of the harmonic radiation ver-
sus photon energy for di�erent gas pres-
sures.

The di�erent contributions to the phase matching
result in spectral, transient and intensity-dependent
e�ects during HHG. Since these e�ects supply in-
formation on the spatio-temporal dynamics of the
target, they are introduced within this section.
Well-studied geometries for HHG like the gas jet
[Sal95, Sal97], the �nite gas cell [Tak07, Bou11], and
the semi-in�nite gas cell [Pap01, Ste09] supply sim-
ulations and observations of phase-matching e�ects.
The gas jet is the best studied geometry and is there-
fore well-suited for the comparison with the liquid
droplet.

Influence of the Medium Position As explained in
section 2.6, for a given intensity the total phase crit-
ically depends on the propagation direction and the
radial coordinate (cf. Fig. 2.11 (a) and (b)). Only
in regions where the variation of the total phase is
low, phase matching can be achieved in a volume
of signi�cant elongation and HOH radiation can be
generated e�ciently. This is the case for z < −5 mm
and z > 5 mm in Fig. 2.11. A simulation of the
conversion e�ciency (CE) by Salières et al. is de-
picted in Fig. 2.15 [Sal95]. Note that in this case the
CE is a function of the medium position. Through-
out the medium position, the intensity of the laser
is su�ciently high enough for HHG. Two maxima
are observed, one for z < 0 mm and a second for
z > 0 mm. A minimum appears, when the medium
is placed at the focus.
The maximum for z > 0 mm is caused by phase

matching at an on-axis position due to low variation
of the total phase. Since there is a phase mismatch
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at an on-axis position for z < 0 mm, the second maximum at z < 0 mm originates from
phase matching at an o�-axis position. The minimum is explained by the high variation of
the total phase at the focus which leads to a phase mismatch. This behaviour is shown in
more detail in the inset of Fig. 2.15. The two maxima can also be attributed to the short
trajectory for on-axis PM (z > 0 mm) and the long trajectory for o�-axis PM (z < 0 mm).

Transient Phase Matching As depicted in Fig. 2.6, HHG also is a time-dependent process.
Phase-matching conditions not only depend on spatial coordinates but also may change
in time. The density of free electrons for instance is a time-dependent parameter, as the
ionization increases on the rising edge of the fundamental pulse (cf. Fig. 2.16 (a)). Since
the free electrons induce a phase mismatch (cf. equation (2.36)) and their density varies in
time, phase-matching conditions change along the fundamental pulse. This e�ect is called
transient phase-matching (TPM) [Alt96, Alt99, Wan00, Zho00, Ste09, Kur13]. Figure 2.16
(a) shows a calculation of the temporal evolution of the fundamental �eld and the �eld of
the 19th harmonic order by Zhong et al. [Zho00]. Since ionization increases with time
(cf. Fig. 2.16 (a) black curve), a temporal varying refractive index is induced by the free
electrons. This leads to a time-dependent induced phase and the generation of new higher
frequencies, due to the monotonical rise of the density of free electrons. The harmonic lines
therefore become blue-shifted. A strong time-dependent phase variation leads to a spectral
splitting,

(a)

(b)

Figure 2.17: Excursion of the elec-
tron in the presence of a surrounding
medium. (a) atomic medium and (b)
ionic medium.

comparable to SPM. Two time-delayed maxima in
the �eld of the harmonic radiation appear. The
higher the target density is, the more free elec-
trons are generated and the e�ect becomes more pro-
nounced (cf. Fig. 2.16 (b)).
Since it is an e�ect caused by Φel, the pulse is long
enough for a reaction of the medium. It is therefore
called adiabatic spectral splitting.
On the contrary, there is a non-adiabatic spectral

splitting e�ect, strictly caused by the single atom
response. It becomes observable for intense few-cycle
pulses, where the time derivative of Φat leads to the
generation of new frequencies similar to SPM and
also results in a spectral splitting [Kan95, Bru08].

2.6.2 HHG in Dense Targets

As seen in Fig. 2.11, the in�uence of the neutral par-
ticles is estimated to play a minor role. In a naive ap-
proach, the increase of emitting particles would lead
to a higher yield of the harmonic radiation. However,
this is only true for low densities ρ < 1019 cm−3.
As the density of the medium increases, absorption
of the generated harmonic radiation will increase as
well. Moreover, the electron can be scattered during
excursion in the continuum by surrounding particles
and coherence will be lost (cf. Fig. 2.17 (a)). The
distortion of the quantum paths will become more
prominent with ions present, neighboring the emis-
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(a) (b)

Figure 2.18: Emitted energy of harmonic radiation as function of the medium density simu-
lated by Strelkov et al. [Str05]. Short (blue) and long trajectory (red) as well as the quantum
path leading to the cuto� (black) for (a) an atomic medium and (b) an ionic medium

sion process. The ionic �eld can de�ect the electron in a way that recombination becomes
impossible (cf. Fig. 2.17 (b)).
However, dense targets for HHG are desirable, since the harmonic yield depends on

the number of emitting particles. First experiments on HHG in dense media have been
performed by Flettner et al. [Fle03], where a transition from incoherent to coherent
emission of radiation with decreasing density of the medium was observed. A theoretical
approach in argon has been performed by Strelkov et al. [Str05]. Therein, the in�uence
of a surrounding medium onto the single emitter response is studied by introducing the
potential of the medium Vmed (r) into the Schrödinger equation:

i
∂

∂t
|Ψ (r, t)〉 =

[
−1

2
∇2 + V (r) + Vmed (r)− E (t)x

]
|Ψ (r, t)〉 , (2.39)

where Vmed (r) is the sum over all potentials of the particles contained in the considered
volume. The results from the simulation by Strelkov et al. of the emitted HOH energy
for an atomic medium is depicted in Fig. 2.18 (a) [Str05]. The quantum paths for a HOH
from the plateau region and the path leading to the cuto� are shown. The energy is
normalized to the single atom case. The emission does not signi�cantly di�er for the three
quantum paths and a drop in the signal is observed for densities higher than 3×1019 cm−3.
This behaviour changes when an ionic medium is considered (cf. Fig. 2.18 (b)). The long
trajectory contribution decreases more rapidly than the path belonging to the cuto�. Least
a�ected is the short trajectory.
Comparing the discrepancy between an atomic and an ionic medium, the di�erence can

be attributed to the short range of the atomic potential in comparison to the long-ranging
ionic potential. The di�erence between the three quantum paths in the case of an ionic
medium is the excursion time τex. The long trajectory has the largest value of τex and
therefore the spread of the electron wave packet is larger compared to the short quantum
path. Thus, the electron accumulates a larger phase contribution for the long trajectory
and emission is suppressed. Increasing the ionic density leads to larger distortion and the
e�ect becomes more expressed.
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Figure 2.19: Transition density for
short (blue) and long (red) trajectory
as function of the intensity of the laser
pulse simulated by Strelkov et al.

[Str05].

As the excursion time is the de�ning parameter
for the decrease of the harmonic signal, a transition
density ρtrans as function of τex can be de�ned, where
the emitted energy drops by a factor of two. Figure
2.19 shows ρtrans as function of the fundamental in-
tensity for short and long trajectory of a harmonic
line belonging to the plateau [Str05]. The di�er-
ence of the transition density for a given trajectory
with increasing intensity is low, since the excursion
time is independent of the laser intensity [Str05].
Comparing short and long trajectory, ρtrans di�ers
about a factor of ten. In conclusion, a trajectory
selection seems possible by increasing the density of
the target for HHG. Since the liquid droplet deliv-
ers densities reaching from ρ = 3.35 × 1022 cm−3 to
ρ < 1017 cm−3, the in�uence of high-density targets
onto HHG will be systematically studied in sec. 5.2.

2.7 Generation of Attosecond Pulses

High-end laser systems support bandwidths larger than one octave [Wir11, Har12], cor-
responding to Fourier-limited pulse durations below 5 fs. The duration of laser pulses is
linked to their spectral bandwidth by the time-bandwidth product. Shortening the pulses
is limited, as the optical cycle determines the minimum pulse duration. One optical cy-
cle at a wavelength of 780 nm for example is 2.6 fs. Though the generation of half-cycle
pulses through pulse synthesis is possible [Wir11], HHG is commonly used and converts the
fundamental radiation towards shorter wavelengths in a coherent process. A shortening
of the pulse can be achieved and the generation of attosecond pulses becomes accessible
[Pau01, Hen01, Kie04, Sch10].
As explained in section 2.5.1 the process of HHG can occur every half cycle of the driving

�eld. For intense multi-cycle driver pulses, the �eld rises many times over the ionization

(a) (b) (c)

Figure 2.20: Schematic of attosecond pulse generation with few-cycle pulses (red). (a) Multi-
cycle pulse. (b) and (c) few-cycle pulses. Di�erent values of φCEO lead to varying number
of ionization events (ionization potential in dashed black). (a) φCEO = π

2 results in a sine
wave form with two ionization events. (b) φCEO = 0 leads to a cosine wave form with a single
ionization event.



28 2.8. The Target for High-Order Harmonic Generation

Figure 2.21: Schematic of isolated
attosecond pulse generation with few-
cycle laser pulses. The HOH spectrum
develops a continuum in the cuto� re-
gion (blue). The continuous part of the
spectrum is then �ltered (red) and re-
sults in an isolated attosecond pulse.

potential (cf. Fig. 2.20 (a)), resulting in many events
contributing to HHG and a discrete spectrum of odd
harmonics (cf. Fig. 2.5). An attosecond pulse train
is emitted. Regarding Fig. 2.20 (b), a few-cycle pulse
with sine-shaped wave form is depicted (red). The
�eld rises two times over the ionization potential of
the atom (dashed black), leading to two consecu-
tive ionization events. Therefore, HHG takes place
at two events and the emission of two attosecond
pulses. The emission process changes, regarding a
cosine-shaped wave form (cf. Fig. 2.20 (c)). In this
case, HHG takes place at a single event, and an
isolated attosecond pulse (IAP) is emitted. In the
spectral domain, the single event leads to the devel-
opment of a continuous spectrum in the cuto� region
(cf. Fig. 2.21). The only di�erence between the two
driver pulses lies within the phase between the car-

rier and the envelope, the carrier-envelope o�set phase φCEO. In Fig. 2.20 (b) the phase
is φCEO = π

2 , whereas it is φCEO = 0 in (c). Thus, few-cycle pulses with de�ned waveform
are necessary for the generation of IAPs. Using a few-cycle driver pulse with cosine-shaped
waveform leads to the generation of an IAP, but the generated IAP still co-propagates with
the discrete part of the spectrum. Metallic �lters (like Zr or Al) therefore can be applied
to separate the IAP and compensate the intrinsic chirp of HHG (cf. section 2.5.1).

2.8 The Target for High-Order Harmonic Generation

The interaction of gases with intense laser pulses under vacuum conditions is a common
approach to study the structure of atoms and molecules and for HHG [Kra09]. Di�erent
setups are applied for the experimental realization of HHG, such as the �nite gas cell
[Tak07, Bou11] and the semi-in�nite gas cell (SIGC) [Pap01, Ste09], which is depicted in
Fig. 2.22 (a). In the SIGC, the laser pulse enters a gas-�lled cell through an entrance
window and exits the cell through a self-drilled pinhole into a second chamber with ultra-
high vacuum conditions. The interaction between laser and gas takes place in a region close
to the pinhole. However, the most used setup is the gas jet [Sal95, Sal97] (cf. Fig. 2.22

(a) (b)

Figure 2.22: Schemes of the semi-in�nite gas cell (a) and the gas jet setup (b). The incident
laser pulse (red) is focused (dashed-red) into the interaction region and XUV-radiation is
emitted (blue).



2. Theory 29

(b)). It consists of a thin capillary nozzle in a vacuum chamber that is fed with a backing
pressure of several atmospheres. It provides a spatially con�ned target for the interaction
with a Lorentzian density pro�le [Alt96] and is comfortable to use.
These described setups are however limited to gaseous targets and this not only con�nes

the accessible thermodynamic state, but also target material and densities. To overcome
some of these limitations, instead of gas jets, liquid jets can be used under vacuum con-
ditions. This setup is comparable to the gas jet and also consists of a capillary nozzle.
However, during the interaction with intense laser pulses, target material of the liquid jet
is accelerated away from the interaction region and destroys the vacuum conditions. In
order to prevent this e�ect, a liquid droplet setup has been used in the experiments de-
scribed in this thesis, since it delivers a con�ned target with no material surrounding the
interaction region between laser and droplet.

2.8.1 From Liquid Jets to Droplets

Whenever a liquid is forced to exit through a small opening, a cylindrical, laminar �ow is
generated close to the opening (cf. Fig. 2.23). In this case the opening is given by the end
of a capillary nozzle. The length of this so-called jet depends on the viscosity of the liquid
η, the mass density ρmass, the velocity of the liquid v and the diameter of the opening d.
The Reynold number is a measure for the length of the jet and is given as:

Re =
ρ · v · d
η

. (2.40)

For Re < 1000 , a jet is observed [Ber98]. However, the jet is only a part of the liq-
uid �ow, since it decays after a certain length into a chaotic series of droplets [Ray79].
Small irregularities in the opening of the capillary imprint perturbations onto the jet
that result in a contraction close to the opening and surface oscillations with the wave-
length λpert. The oscillations are ampli�ed by the surface tension σ along the propa-
gation on the jet and the jet decays after a decay length L. Irregular, chaotic drop-
let formation sets in [Web31, Ber98]. A scheme of the decay is depicted in Fig. 2.23.

Figure 2.23: Schematic of the gener-
ation of a determined series of liquid
droplets.

The decay length is given by [Ber98]

L = 12 · v

(√
ρ · d3
σ

+
3 · η · d
σ

)
, (2.41)

while the velocity of the jet can be calculated using
the backing pressure inside the nozzle Pnozzle:

v =

√
2 · Pnozzle

ρ
. (2.42)

Using this hydrodynamical instability, the chaotic
formation of droplets can be transferred into a non-
chaotic regime by arti�cially imprinting a perturba-
tion with wavelength λpert onto the jet. This also
results in a reduction of L. In order to achieve non-
chaotic droplet formation, the λpert cannot be chosen
arbitrarily, but depends on the liquid, the pressure
and the diameter of the opening. The parameter ζ
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allows to estimate whether chaotic or non-chaotic formation exists and is given by [Egg97]:

ζ =
π · d

λperturbation
=
π · d
v
· f, (2.43)

where f denotes the frequency of the perturbation. For values of ζ > 1 a chaotic decay
is observed, whereas 1 > ζ > 0.35 guarantees non-chaotic droplet formation. The second
harmonic of the perturbation frequency becomes dominant for values of ζ < 0.35 and
chaotic droplet formation occurs again [Egg97].
During the experiments, the perturbation is imprinted onto the liquid jet with a piezo-

electric aperture, that is implemented within the nozzle and non-chaotic droplet formation
is satis�ed. The droplets are then irradiated with intense laser pulses, which is described
in the next chapter.



Chapter 3

High-Order Harmonic Generation from Water
Micro Droplets

The liquid droplet allows the study of HHG in a wide density range reaching from liquid
to gaseous densities and enables the investigation of the in�uence of many particles onto
the scaling of the harmonic yield. During the interaction with the laser pulses, the droplet
performs a transition reaching from liquid, over clusters to free molecules and atoms. The
target however features complex spatio-temporal dynamics on the macroscopical and on
the microscopic level that are not well studied. Using HHG, these transitions within the
droplet can be probed directly, since structural information on the target is imprinted onto
the harmonic radiation. The parameters de�ning the path of the transition and the �nal
state of the droplet however are unknown.
In this chapter the experimental setup is described (sec. 3.1). Di�erent parameters are

identi�ed that in�uence HHG from liquid water droplets and the harmonic yield is studied
as function of the pump-probe time delay (sec. 3.2.1), the intensity of the pump pulse and
of the pulse duration (sec. 3.2.2).

3.1 Experimental Setup

3.1.1 Optical Setup

Two di�erent chirped-pulse-ampli�cation (CPA) laser systems are used for HHG that de-
liver di�erent pulse durations, energies and repetition rates. The �rst one is a modi�ed
Alpha 10C/CS by Thales (referred as laser system A). The second one is a KMlabs Dragon
(laser system B). Both systems are used in combination with a Mach-Zehnder-type in-
terferometer for the generation of two time-delayed laser pulses as a pump-probe setup (cf.
Fig. 3.1 (a) and (b)).

System A delivers laser pulses with a duration of 100 fs centered at 792 nm. A pulse
energy of up to 5mJ at a repetition rate of 20Hz has been used for performing the exper-
iments. The pulse duration has been measured with a self-constructed 2nd-order single-
shot autocorrelator. As a pump-probe setup, a Mach-Zehnder interferometer with two
polarization-dependent beam splitters with an angle of incidence of 45 ◦ has been used. A
time delay between the two pulses reaching from 0ns to 21 ns can be set, using a manual
positioning stage. The delay is measured with a photo diode (Melles Griot 13DAH001)
and attached oscilloscope (Tektronix TDS3052). Additionally, there is one attenuator in
each arm adjusting the pump-probe energy ratio. The attenuators consist of two thin �lm
polarizers (TFPs) re�ecting the beam and a half-wave plate (WP 01 and WP 02) at the
front (cf. Fig. 3.1 (a)). The pulses are focused by a CaF2-lens (L01, f = 500 mm) through
a CaF2-entrance window of 1mm thickness into the vacuum chamber. Unless it is not ex-
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(a) (b)

Figure 3.1: Optical setup for the generation of the pump and the probe pulse using a Mach-
Zehnder interferometer. Two CPA laser systems were used: (a) modi�ed Alpha 10C/CS by
Thales and (b) KMlabs Dragon (see text for details).

plicitly stated otherwise, the focal position always is 2 mm before the droplet with respect
to the propagation direction, optimizing the harmonic yield (cf. sec. 4.1).

SystemB delivers pulses with a duration of 35 fs centered at 780 nm and up to 3mJ pulse
energy. The repetition rate is 1 kHz. Since the repetition rate is higher compared to system
A, data acquisition is much faster. The pump-probe setup di�ers from the one used in
combination with system A. The pulses are split by a polarization-dependent beam splitter
with an angle of incidence of 45 ◦. Their intensity ratio is set by a half-wave plate (WP 1)
and there is only one attenuator within the arm serving the probe pulse. The attenuator
is identical in construction with the one used with system A. Within the interferometer
arm serving the pump pulse, there is a manual positioning stage, supporting a time delay
from 0ns to 12.0 ns. The two pulses are combined using a polarization-independent beam
splitter with an angle of incidence of 15 ◦. The pulse duration has been measured using
the 2nd-order Frequency-Resolved Optical Gating technique (SHG-FROG) [Tre97]. The
pulses are focused into the vacuum chamber according to system A.

3.1.2 Vacuum Setup

Since the generated radiation during HHG lies within the XUV and soft X-ray spectral
range, the interaction has to be studied under vacuum condition. Otherwise, the generated
radiation will be re-absorbed over very short length scales by ambient air. In Fig. 3.2, an
overview of the vacuum setup is depicted. The pulses enter the vacuum chamber, where the
interaction between the laser pulses and the droplet takes place (HHG chamber). Directly
after the entrance window, there is a stainless-steel vacuum shutter (Vakom) in order to
prevent condensation on the inside of the window during starting and shutdown procedure.
The shutter is followed by the HHG chamber, which will be described in the next paragraph.
A second vacuum shutter separates the adjacent di�erential pumping stage that further
reduces the background pressure along the propagation direction. A third shutter isolates a
grazing incidence XUV-spectrometer (LHT 30, Horiba-Jobin-Yvon, 500 lines/mm) from the
liquid droplet source. The data is recorded with an attached micro-channel plate (MCP)
and a computer. The distance between the droplet and the detector is 1.4m.
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Figure 3.2: Experimental overview for HHG from liquid droplets. The capillary nozzle for
droplet generation can be replaced by a larger nozzle to perform HHG in gas jets (see text for
details).

Figure 3.3: Setup of the liquid droplet source.

Liquid Droplet Source The HHG cham-
ber consists of a stainless-steel ISO-K 160
chamber (cf. Fig. 3.3). The capillary noz-
zle (Micro Jet Components, inner diameter
10µm) generating the droplet series accord-
ing to section 2.8, is mounted at the top
on a three-axis ultra-high vacuum (UHV)
manipulator (VAb KPM 12-50). The noz-
zle is fed by a capillary and an HPLC-
pump (Knaur,WellChrom K-120), supply-
ing a background pressure of up to 60 atm
of de-ionized water. Inside the nozzle, there
is a piezo-electric aperture which imprints
the perturbation λpert onto the liquid jet
(cf. sec. 2.8). The piezo-element is driven by a waveform generator (Tektronix AFG3011),
delivering a voltage of 20V at a frequency of 1.0MHz. The diameter of the droplets during
experiments was measured to 15µm [Kur09] at a repetition rate of 1.0MHz. The distance
the droplets propagate within the vacuum is 4 cm at a calculated velocity of v ≈ 110 m/s.
Liquid water however is one of the least desirable elements inside a vacuum chamber.

Inserting a liquid droplet into a chamber with ultra-high vacuum condition, leads to imme-
diate evaporation from the surface of the droplet due to the higher, temperature-dependent
vapor pressure of the liquid (22mbar for water at 20 ◦C [Wea80]). The fastest fraction of
the molecules from the droplet will be able to cross the liquid-vacuum interface and form
a vapor atmosphere. Since the vacuum conditions are preserved by the turbo-molecular
pumps, no saturation of the vapor pressure is reached and the droplet permanently looses
matter and energy. As a result it cools down and its vapor pressure is reduced. The de-
crease of the vapor pressure is accompanied by a reduction of the number of evaporating
molecules, leading after a short distance to a propagation of the droplet with nearly no
additional loss of matter [Kur09]. As the time-of-�ight of the droplet within the vacuum
is about 360µs, the temperature loss is insu�cient to freeze the droplet and it remains in
the liquid state.
However, a water vapor atmosphere is developed by the molecules evaporating from the

droplet and a part will condensate at the interior of the vacuum chamber, forming an ice
layer. Sublimation increases the water vapor atmosphere. Therefore, precautions have to
be taken in order to minimize the amount of water vapor inside the vacuum chamber in a
way that re-absorption e�ects or even damage to the data recording instrumentation are
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prevented. Hence, a trap catches the droplets after 4 cm of propagation in the vacuum.
The trap consists of a stainless-steel block and a skimmer with a hole of 500µm. Inside

the stainless-steel block, there is a drilled hole which is attached to a di�erential pumping
stage. The whole trap is heated to 140 ◦C to prevent the growths of ice stalagmites that will
lead to the destruction of the capillary nozzle. The droplets are shot through the skimmer
into the trap and removed from the HHG chamber by the di�erential pumping stage. In
order to catch the evaporated molecules, a liquid N2 trap that is formed in a helix around
the nozzle catches the water particles. During interaction between the laser and the target,
the whole droplet is evaporated. Since there is no interaction with neighboring droplets, no
shock wave is induced into any surrounding media. Thus, the process does not accelerate
any other particles away from the interaction region. The vacuum conditions are preserved
and the process is debris free. A pressure within the HHG chamber of 2.0·10−5mbar has
been achieved under experimental condition. Measurements con�rm that less than 1.7%
of the matter evaporating from the droplet is not bound by the trap and contributes to a
gas atmosphere inside the vacuum chamber [Kur09]. Thus, re-absorption e�ects are well
suppressed.
The setup is comparable to the ones used by Düsterer et al. [Düs01] and Flettner

et al. [Fle03]. A detailed description (in German language) of the characterization of the
capillary nozzles, the evaporation characteristics of the water molecules, the setup of the
trap and the e�ciency of the trap can be found in ref. [Kur09].

Droplet Surveillance and Synchronization Two large view-ports are installed perpendic-
ular to the propagation direction of the laser for the observation of the liquid droplet series.
A camera (Canon EOS 500D) with commercial objective (Canon EF-S 60mm f 2.8 macro
USM, cf. Fig. 3.2) which is attached to the HHG chamber is used to supervise the correct
injection of the droplet series into the skimmer. The correct spatial overlap between the
focus and the droplet can be observed with the camera and is adjusted in the direction
perpendicular to the propagation direction by an industrial linear stage, onto which the
whole HHG chamber is mounted. Since the droplets form a determined series, their ver-
tical position can be adjusted by the height of the nozzle or by the phase of the voltage
applied to the piezo-electric element inside the nozzle. A self-constructed controlling sys-
tem is used for the generation of a phase lock between the laser system and the droplets.
The controlling system takes the RF-signal of the oscillator of the laser systems (80MHz)
with a photo diode and divides them to 1.0MHz. The 1.0MHz signal is afterwards used
to trigger the signal generator which supplies the piezo-electric aperture inside the nozzle.
Therefore, synchronization between droplet and laser pulses is accessible by shifting the
phase of the perturbation signal.
However, the nozzle is cooled constantly by the water �ux, leading to a deformation of

its opening (cf. sec. 2.8). As a result, the vertical position of the droplets is changed, with
respect to the laser pulse and synchronization is lost. By manually adjusting the vertical
position of the droplets, synchronization can be restored. A thermodynamic equilibrium
between nozzle and water �ux only arises after hours of operation.

Gas Jet Setup Since the droplet is a very complex target for HHG, reference measure-
ments in a well determined target are inevitable for reasons of comparison. Xenon (Xe)
is used for HHG in a gas jet (cf. chapter 4). Since the Ip is comparable to water (Ip =
12.13 eV in Xe and Ip = 12.61 eV for the H2O molecule), Xe is a comparable, well-de�ned
gaseous target. As Xe is an atomic, rotationally symmetric target, only the probe pulse is
used. The capillary nozzle for droplet generation can be replaced by a larger capillary for
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HHG in a continuous gas jet [L'H93a, Sal95] (cf. Fig. 2.22 (b)). The nozzle is also mounted
in the three-axis UHV-manipulator. The inner diameter of the capillary is 300µm.

3.2 Identifying Parameters for High-Order Harmonic Generation
from Liquid Droplets

The liquid water droplet is a rather unexplored target for HHG, although it contains rich
dynamical properties and thus shows the potential of a variable target with adjustable
density. As soon as the droplet is hit by the pump pulse, the ensemble of water molecules
will undergo a quite complex transition on di�erent levels, which can be described as: a
time and intensity-dependent macroscopic evolution of the density reaching from liquid to
gaseous densities and a microscopic transition on the atomic level via dissociative processes
of the droplet into water clusters, free water molecules, atoms and ions. The di�erent states
of the droplet can be analysed with the probe pulse by HHG. However, it is a highly complex
target with non-trivial spatio-temporal dynamics that depend on many parameters. Since
the droplet is not well studied [Fle03, Kur13], identifying the parameters that determine the
state of the target is crucial for the understanding of HHG and maximizing the harmonic
yield.

This section therefore describes the identi�cation of the di�erent parameter settings, in�u-
encing the harmonic yield and determining the state of the target. It provides comparisons
and �rst tests of the validity of the time and intensity-dependent density model developed
in sec 2.4 and poses questions on how to identify the macroscopic and the microscopic
dynamics. The section therefore is intended to establish a basis for more detailed analysis,
which are described in the chapters 4 and 5.

Previous Measurements A proof-of-principle experiment of HHG from liquid water drop-
lets has been performed by Flettner et al. [Fle03]. The measurements consist of a pump-
probe experiment, where the harmonic yield is measured as a function of the harmonic order

Figure 3.4: Measurement by Flettner et al.

[Fle03]. Harmonic yield from water droplets as
function of the harmonic order and the pump-
probe time delay.

and the delay (cf. Fig. 3.4). Spectra of the
emitted radiation are measured for delays
from t = 0.2 ns to t = 1.0 ns. At delays
t < 0.6 ns, incoherent radiation is emitted
and attributed to ionized states of oxygen
atoms. However, for delays t > 0.6 ns, there
is a change in the emission scheme from in-
coherent emission to coherent emission of
high-order harmonic radiation. An increase
in the intensity of the harmonic radiation,
as well as in the highest observed harmonic
order (HOHO) is observed (cf. Fig. 3.4).
The HOHO during the measurements was
the 27th order.
The authors explain the transformation

in the emission patterns from plasma radi-
ation towards HHG by the expansion of the
droplet. The �rst laser pulse hits the drop-
let and generates a hot and dense plasma.
The plasma starts expanding (cf. section
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2.4.1) and is hit after the delay t by the probe pulse. As the second pulse interacts with
the target, ionization takes place and the electrons are accelerated by the laser �eld (cf.
sec. 2.2). At short time delays (t < 0.6 ns), the density of the target is too high and the
average distance between two particles in the droplet is smaller than the excursion length
of the electrons. Therefore, the electrons are scattered by surrounding ions and coherence
is lost (cf. Fig. 2.17 (b)). Plasma radiation is emitted. With increasing delay, the mean
distance between neighboring particles grows larger and the electronic trajectories are less
perturbed. At t > 0.6 ns, the distance is large enough that a signi�cant number of electrons
may return to their parent ions and HHG takes place.
The measurements indicate, that the pump-probe time delay is of major in�uence onto

the harmonic yield and can de�ne the state of the droplet. However, the authors did not
further study HHG from this unique target and only a proof-of-principle experiment has
been carried out, where the delay has been varied between t = 0.2 ns and t = 1.0 ns.
Reproducing the results by Flettner et al. therefore is the �rst task.

3.2.1 Influence of the Pump-Probe Time Delay

A typical spectrum of HHG from water droplets is depicted in Fig. 3.5. The spectrum has
been measured with laser system A and features the characteristic decrease in intensity
according to perturbation theory in the orders 9 to 11, which is followed by the plateau
region in the orders 13 to 17. The cuto� region starts with the 19th harmonic order and
the highest observed harmonic order (HOHO) is the 27th order.

In order to study the spatio-temporal dynamics of the liquid droplet in detail and to com-
pare the experimental results with the measurement by Flettner et al.., the pump-probe
setup is exploited to perform a scan over the delay t. Figure 3.6 (a) depicts the harmonic
intensity versus order and pump-probe time delay, measured with laser system A. At a time

Figure 3.5: Spectrum of HHG from
water droplets measured with laser sys-
tem A. The intensity of the pump
was set to Ipump = 7.0 × 1014 W/cm2

and of the probe pulse Iprobe = 3.7 ×
1014 W/cm2 at t = 1.0 ns.

delay of t = 0.4 ns, the harmonic yield is weak.
Higher harmonic orders than the 17th order are not
observed. As t increases, a monotonous raise in the
signal of the harmonic radiation is observed, while
saturation of the harmonic yield is not detected. The
HOHO increases as the delay is extended, which be-
comes more obviously regarding single spectra for
�xed time delays, that are shown in Fig. 3.6 (b). At
t = 0.4 ns, the HOHO is the 17th harmonic order.
Increasing the delay, higher orders are detected and
the HOHO continuously increases to the 25th order
at t = 3.0 ns.

At a �rst glance, the observations from the measured
spectra in Fig. 3.6 seem to agree with the measure-
ments by Flettner et al. [Fle03] and the expla-
nation of a suppressed harmonic yield at short time
delays due to perturbation of the electronic trajec-
tories by high densities seems adaptable. It is also
in agreement with the time-dependent density evo-
lution calculated with the model in sec. 2.4.2. With
the given laser parameters, the droplet performs a
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Figure 3.6: (a) Harmonic yield as function of order and pump-probe time delay. The spectra
were measured with laser system A at an intensity of 4.5 × 1014 W/cm2 of pump and probe
pulse and at a focal position of z = −2 mm. (b) Outlines from (a). Intensity of the harmonic
radiation as function of order for di�erent time delays [Kur13].

transition from a liquid density of ρ = 3.35 × 1021 cm−3 at t = 0 ns to gaseous density
of ρ = 7.32 × 1018 cm−3 at t = 3.5 ns. As the droplet expands with increasing delay,
the inter-particle distance within the target grows larger. Thus, perturbation of electronic
trajectories becomes less probable. Additionally, the in�uence of absorption decreases,
resulting in an increasing harmonic order and yield [Alt96].
However, a signi�cant di�erence is the non-existence of the emission of plasma radiation

at delays t < 0.6 ns. Especially, the sharp transition between the emission schemes is not
observed, though all parameters are comparable. Even at shorter delays than in ref. [Fle03]
(t = 0.4 ns), coherent radiation is emitted and only a weak signal of incoherent radiation is
observed for orders higher than the 17th . A second di�erence is the monotonous increase
in the harmonic yield and of the HOHO with increasing delay. These discrepancies could
probably be attributed to di�erences in the experimental setups [Spi13]. In the setup
presented in this thesis, the distance between source and detector is large. Moreover,
narrow entrance and exit slits are used in the spectrometer. Since incoherent plasma
radiation is emitted with high divergence into the whole volume, less radiation reaches the
detector. The large distance in combination with narrow entrance slits further reduces the
amount of plasma radiation reaching the MCP. Harmonic radiation on the other hand is
emitted even less divergent than the fundamental radiation and reaches the detector more
easily. Additionally, the setup used by Flettner et al. was in a non-collinear geometry of
the pump and the probe pulse, while the setup used in this thesis is a collinear one, which
is easier to align. Therefore, the detection of the transition might strongly depend on the
applied setup.

The pump-probe time delay is of crucial in�uence to the harmonic yield and due to the
observed monotonous increase of the signal as function of the delay in Fig. 3.6, the devel-
opment of the harmonic yield for large delays is of interest. Figure 3.7 shows the intensity
of the HOH radiation for even larger delays at comparable parameters to Fig. 3.6. Starting
at t = 1.5 ns with a weak harmonic signal, an increase in the intensity and in the HOHO is
observed. At t = 12.5 ns, the harmonic yield reaches a maximum and decreases for higher
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Figure 3.7: Harmonic yield as func-
tion of the harmonic order at large
pump-probe time delays and compara-
ble parameters to Fig. 3.6. The num-
bers indicate the delay. The harmonic
yields are normalized to the maximum
intensity of the 9th HOH at t = 12.5 ns
[Kur13].

delays (cf. t = 12.5 ns and t = 21.5 ns).
The monotonic raise in the harmonic signal until

a delay of t = 12.5 ns can also be explained with
the expansion of the target. For delays larger than
12.5 ns, the expansion of the droplet is in such an
advanced state, that a part of it has already propa-
gated beyond the focal region and is no longer par-
ticipating in the HHG process. Therefore, a smaller
number of particles contributes to the harmonic sig-
nal and the harmonic yield decreases again.

Scanning over the pump-probe time delay and prob-
ing the spatio-temporal evolution of the droplet via
HHG is a comfortable method for accessing opti-
mized conditions for the harmonic yield. The time
delay however is not the only parameter determining
the expansion dynamics of the droplet. As explained
in 2.4, the pump pulse intensity Ipump also deter-
mines the expansion velocity (cf. equation (2.12))
and thus the spatio-temporal dynamics of the target.
Higher intensities lead to higher expansion veloci-
ties and an accelerated movement of the particles.
Hence, the in�uence of Ipump onto the harmonic sig-
nal is studied in the next section.

3.2.2 Influence of the Intensity of the Pump Pulse

As observed in the last section, diluted droplets support an increase in the harmonic yield
and are accessed by the pump-probe time delay. Regarding a �xed time delay in the
model describing the density evolution in section 2.4.3, the expansion of the droplet after
being hit by the pump pulse is also accelerated by increasing the intensity of the pulse (cf.
Fig. 2.3 (a)). Therefore, equal conditions should be producible when the intensity of the
pump pulse is varied for a �xed time delay, and an increase of the harmonic yield should
be observed with raising intensity of the pump pulse.

Figure 3.8 (a) depicts the harmonic yield versus order and the intensity of the pump
pulse Ipump for a �xed pump-probe time delay of t = 1.0 ns. The spectra were acquired
using laser system A. During measurements, the intensity of the probe pulse was set to
3.7 × 1014 W/cm2. Harmonic orders below the 15th order are generated for intensities of
Ipump < 1.0 × 1014 W/cm2, but with a weak signal to noise ratio. As the intensity is
increased, a raise in the harmonic yield is observed with a maximum at an intensity of
Ipump = 3.3 × 1014 W/cm2. The HOHO is the 25th harmonic order, that decreases for
higher intensities. Incoherent radiation is emitted for Ipump > 3.0× 1014 W/cm2 at higher
orders than the 25th.
To clarify the dependence of the yield of a single harmonic order on Ipump, an outline

is given for the 25th harmonic order in Fig. 3.8 (b). For the lowest intensity of Ipump =
1.0 × 1014 W/cm2, no harmonic radiation is emitted. The yield raises as function of the
intensity until a maximum is reached around 3.0× 1014 W/cm2. Further increase of Ipump

to more than 3.3 × 1014 W/cm2 leads to a decrease of the harmonic signal. The emission
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Figure 3.8: (a) Harmonic yield as function of order and intensity of the pump pulse at
t = 1.0 ns [Kur13]. The intensity of the probe pulse was set to 3.7 × 1014 W/cm2. Outlines
from (a) are depicted for the harmonic orders 25 (b) and 17 (c). Note that the harmonic
intensity is scaled logarithmic in (a) while linear in (b) and (c). The spectra were measured
with laser system A.

pattern changes to incoherent emission for Ipump > 3.6 × 1014 W/cm2, though with low
intensity.
A similar behaviour is observed for the 17th order in Fig. 3.8 (c). A weak signal is

detected for the lowest intensity which raises as a function of the intensity until a maximum
is reached. Compared with the 25th harmonic order, the maximum of the harmonic yield
is shifted towards a higher intensity of Ipump = 3.6 × 1014 W/cm2 but a decrease in the
yield is still observed for the highest intensity.

The measurements indicate that the intensity of the pump pulse critically in�uences the
harmonic yield, and optimized conditions for the harmonic yield can be found by a variation
of the intensity of the pump pulse. The above mentioned intensity-dependent expansion of
the droplet seems to explain the characteristics of the harmonic signal. However, several
e�ects observed cannot be explained with the model. The decrease of the signal and of
the HOHO, as well as the change in the emission pattern to incoherent radiation for high
intensities can neither be interpreted using the model nor by the explanation given by
Flettner et al. [Fle03]. Obviously, more parameters contribute to optimized conditions
for HHG and de�ne the characteristics of the droplet.

3.2.3 Influence of the Pulse Duration

A third parameter that can in�uence the dynamics of the droplet is the duration of the
laser pulses τ . Figure 3.9 depicts a comparable measurement to Fig. 3.8 (a) but measured
with laser system B and a pulse duration of 35 fs. The development of the harmonic yield
as a function of the intensity of the pump pulse is in agreement with the measurement
with τ = 100 fs. No harmonic radiation is emitted for low intensity. The signal increases
as the intensity is raised and maximizes around Ipump = 7.0× 1014 W/cm2, where the 27th
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Figure 3.9: Harmonic intensity ver-
sus harmonic order and intensity of the
pump pulse. The delay was set to t =
1.0 ns, while the Iprobe was determined
to be 9.5 × 1014 W/cm2. Laser system
B has been applied.

harmonic order is the HOHO. The harmonic yield
decreases for the highest values of the intensity.
Though a qualitative agreement between the mea-

surements with di�erent pulse durations is observed,
the absolute values of the respective intensities dif-
fer. The emission of harmonic radiation, as well
as optimized conditions for the harmonic yield are
shifted towards higher intensities for a pulse dura-
tion of 35 fs. The pulse duration therefore in�uences
the dynamics of the droplet and causes a less rapid
expansion while higher intensities are applied.

So far three parameters have been found which in�u-
ence the state of the droplet, the delay, the intensity
and the duration of the pump pulse. As described
in the model for the density evolution, the delay and
the intensity simultaneously a�ect the state of the
target. Regarding their combined in�uence onto the
harmonic yield therefore gives access to more infor-
mation on optimized conditions for HHG.

3.2.4 Interaction between the Delay and the Intensity of the Pump Pulse

Comparing the dependence of the harmonic yield on the pump-probe time delay in Fig. 3.6
(a) with the dependence on the intensity of the pump pulse in Fig. 3.8, the two measure-
ments agree qualitatively. Both feature a low yield at small values for t and Ipump, respec-
tively. In both measurements, the yield and the HOHO increases as the de�ning parameter
is raised (t and Ipump, respectively), reach a maximum and decrease afterwards. And in
both measurements, no incoherent emission of radiation has been observed neither for a
�xed intensity of the probe pulse and short time delays nor for a �xed time delay and a
low intensity.

However, there are also discrepancies between the measurements. While the time-depen-
dent expansion agrees with the model for the density evolution (cf. sec. 2.4.3), the intensity-
dependent expansion in Fig. refFig:Intensity-Pump is only in agreement with the calcula-
tions for the increasing part of the harmonic yield, since the target expands with increasing
Ipump. The decrease of the yield and the occurrence of incoherent radiation for high in-
tensities cannot be explained by an expanding target since the calculated density with
ρ = 2.2 × 1020 cm−3 at Ipump = 4 × 1014 W/cm2 is too high. Moreover, the model does
not provide the reason for the shift in the maximum yield for di�erent harmonic orders.
Additional di�erences can be found regarding the expansion of the droplet in detail (cf.
chapter 5).
The expansion of the droplet is described by the ion velocity in equation (2.12), which
is used to calculate a density of the droplet as a function of t and Ipump. As the ion
velocities have been experimentally veri�ed [Düs02], di�erent combinations of t and Ipump

should lead to the same expansion characteristics and result in the same harmonic yield.
In order to test this hypothesis, �gure 3.10 depicts measurements of such combinations of
t and Ipump with almost equal densities of ρ ≈ 1 × 1018 cm−3. While nearly no harmonic
radiation is detected in Fig. 3.10 (a), strong signals are observed in (b) and (c), that feature
all characteristics of HHG.



3. High-Order Harmonic Generation from Water Micro Droplets 41

Figure 3.10: Harmonic yield versus
order for calculated densities of ρ ≈
1×1018 cm−3 with di�erent values for t
and Ipump. The spectra were measured
with laser system B at an intensity of
the probe pulse of 9.5 × 1014 W/cm2.
(a) t = 12.0 ns and Ipump = 3.0 ×
1013 W/cm2. (b) t = 7.0 ns and
Ipump = 5.2 × 1014 W/cm2. (c) t =
5.0 ns and Ipump = 8.1 × 1014 W/cm2.
The spectra are normalized to the max-
imum yield in (c).

The disagreement between the spectra Fig. 3.10 in
(a) and (b) is signi�cant and grows even larger be-
tween (a) and (c). Contrarily, it is small between
Fig. 3.10 (b) and (c). The main di�erence between
the measurements is the intensity of the pump pulse,
that increases from Fig. 3.10 (a) 3.0 × 1013 W/cm2

to 5.3 × 1014 W/cm2 in (b) and 8.2 × 1014 W/cm2

in (c). The intensity is in the same order of magni-
tude in Fig. 3.10 (b) and (c), while it is more than
ten times lower in (a). As the intensity is controlled
by a change of the pulse energy, the dynamics of
the droplet are dependent on the energy deposited
within the target. This is a hint that not only macro-
scopic changes, like the transition of the droplet from
a liquid into a gas takes place, but also transitions
on the microscopic level from water molecules in the
liquid state to an atomic target via dissociative pro-
cesses. Hence, not only studying the in�uence of
the intensity onto HHG but also taking energy con-
siderations into account could be useful to identify
the spatio-temporal dynamics of the droplet. This
aspect will be discussed in more detail in chapter 5.

The above described parameters to in�uence the ex-
pansion of the droplet in di�erent ways. The dy-
namics are of complex nature and cannot be easily identi�ed. A lot of open question on
the state of the droplet arise.

3.3 Conclusions

Three di�erent parameters have been identi�ed with in�uence on the dynamics of the
droplet and thus the harmonic yield. The pump-probe time delay and the intensity of the
pump pulse a�ect the expansion of the droplet. Harmonic radiation has been observed for
delays reaching from 0.4 ns to several tens of ns, for a �xed intensity of the pump pulse.
Optimized conditions for the harmonic yield have been observed at t = 12.5 ns, while the
highest orders are observed at t = 3.0 ns.
Considering the intensity-dependent expansion, lower orders of harmonic radiation are

detected for intensities below 1.0 × 1014 W/cm2 and higher orders are observed as the
intensity is increased. Optimized conditions are found for Ipump = 3.0 × 1014 W/cm2.
The use of shorter pulse durations shifts optimized conditions for HHG towards higher
intensities.

Although the parameters determining the spatio-temporal dynamics have been identi�ed,
the dynamics themselves remain undisclosed. For sure the droplet expands as soon as being
hit by the pump pulse but questions arise from the measurements of the harmonic yield as
function of the above described parameters. The theoretical model of the droplet expansion
assumes a uniform expansion, but the droplet is a highly inhomogeneous target after the
interaction with the pump pulse. The side facing the incident laser pulse expands faster and
absorbs a higher amount of radiation [Lin04]. Therefore a density gradient must be formed.
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The gradient and the energy of the pump pulse a�ect the composition of the droplet and
lead to time and energy-dependent transitions of the droplet on a microscopic level from
bonded liquid water molecules into atoms and ions. This in�uences the harmonic yield. The
perturbation of electronic trajectories by surrounding particles for high densities therefore
cannot always be applied. Moreover, the target consists of a large number of particles and
many emitters contribute to the harmonic signal. Thus, phase-matching aspects have to
be taken into account. In fact, a lot of relevant questions arise:

• In which part of the droplet does the HHG take place?

• How do the parameters de�ne the expansion of the droplet and its change of the
thermodynamic state? On which time and intensity scales does the change happen?

• What are the phase-matching conditions in the droplet and is there a change during
the expansion?

• How does the density of the target in�uence the harmonic yield?

• What is the reason for the decreasing harmonic yield for high intensities of the pump
pulse?

• What happens on the microscopic level of the target?

• Is it possible to access the di�erent states of the target during the expansion process
(e.g. liquid state, molecules, clusters, atoms and ions) and can they be identi�ed via
HHG?

As the target itself is experimentally and theoretically not well understood, a �rst approach
relying on simple models and experimental observations will be presented in the following
sections. Questions concerning the changes of the thermodynamic state of the droplet, i.e.
the expansion of the liquid into a gaseous state, as well as phase matching and ionization
will be discussed in chapter 4. A more detailed study of microscopic dynamics is given in
chapter 5.



Chapter 4

Phase-Matching Experiments

Since high-order harmonic radiation will serve to probe the state of the droplet, the gen-
eration process of the radiation from liquid water droplets has to be understood before
addressing the imminent questions on how the microscopical dynamics of the droplet are
evolving. Since the harmonic yield is critically in�uenced by phase matching (PM) the
determination of optimized PM conditions is described in this chapter.
As described in sec. 2.6, for HHG with more than one particle the phase relationship

between the emitted radiation from these particles is crucial for e�cient generation of
harmonic radiation. Harmonic radiation is always generated in experiments in an ensemble
of emitters, which means PM has to be taken into account. However, HHG in other
than gaseous targets is rarely studied [DiC09, Gan10, Ghi11, Whe12, Gan13] and PM
during HHG using the droplet setup is rather unknown. In this chapter, phase-matching
e�ects during HHG from gas jets and micrometer-sized liquid water droplets are studied
[Kur12, Kur13]. To preserve equal conditions of the droplet, the intensity of the pump
pulse is mainly kept at equal levels while the intensity of the probe pulse is varied. Thus,
basically probe-pulse induced phenomena are studied within this chapter. The results of
HHG from droplets are compared with measurements in a Xe gas jet and with theoretical
predictions from sec. 2.6.

4.1 Propagation Effects

Phase matching during HHG has been studied extensively in the gas phase using di�erent
setups, such as gas cells [Tak07, Bou11], semi-in�nite gas cells [Pap01, Ste09] and gas
jets [Sal95] (cf. Fig. 2.22). Most of the PM experiments have been performed using a
pulsed or a continuous gas jet setup [Sal95, Sal97]. Phase matching in a gas jet is well
understood, and several spatial and spectral e�ects during HHG can be explained with
di�erent contributions of the short and the long trajectories of the electrons, which can
also be manipulated. Hence, the gas jet is a well de�ned atomic target with densities in
the range of 1018 cm−3 and with a huge number of experimental and theoretical studies
discussing phase-matching aspects, making it the ideal tool for comparisons with the liquid
droplet.

4.1.1 Phase Matching in a Xenon Gas Jet

As stated in sec. 3.1.2, the capillary nozzle for the generation of the droplet series can
be replaced by a larger nozzle supplying a continuous gas jet. Figure 4.1 depicts a mea-
surement of the intensity of the 15th harmonic order in Xe as a function of the medium
position z, similar to the simulations in Fig. 2.15. The focus is placed after the gas
jet for z < 0 mm, while z > 0 mm indicates a focus before the gas jet with respect to
the propagation direction. A maximum in the harmonic intensity is observed around

43
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Figure 4.1: Intensity of the 15th har-
monic order versus the medium posi-
tion in a Xe gas jet. Laser system
B was used with an intensity of 1.3 ×
1015 W/cm2.

z = −5 mm. The harmonic yield decreases to a min-
imum which is used to de�ne z = 0 mm. The mini-
mum is followed by a less intense, plateau-like second
maximum at about z = 5 mm.

The measurement agrees with the calculations by
Salières et al. [Sal95]. The position of the
maxima, as well as their intensity ratio qualita-
tively matches with the simulation. As explained
in sec. 2.6.1, the maximum for z < 0 mm is caused
by PM at an o�-axis position (cf. Fig. 2.14 (d)).
The wave vector mismatch induced by the geomet-
ric phase is in this case compensated by the wave
vector mismatch induced by the atomic phase at an
o�-axis position and z < 0 mm (cf. Fig. 2.11 (b)),
while it is not compensated at an on-axis position.
The variation of the total phase is therefore low at
an o�-axis position, resulting in proper PM condi-

tions for the long trajectory and causing a maximum in the harmonic yield at z = −5 mm
[Sal98, Gaa02].
The second maximum for z > 0 mm corresponds to PM at an on-axis position (cf.

Fig. 2.14 (c)). Here, the geometric phase is only given by the Gouy phase. Phase matching
is in this situation satis�ed as the phase mismatch induced by the Gouy phase is compen-
sated by the phase mismatch induced by the atomic phase for z > 0 mm (cf. Fig. 2.11 (a)).
This is not satis�ed at an o�-axis position. The resulting variation of the total phase is
low at an on-axis position and good PM conditions lead to a maximum in the harmonic
signal around z = 5 mm. High-order harmonic radiation is mostly generated via the short
trajectory [Sal98, Gaa02]. The variation of the total phase around the focus is high for
both cases, on and o�-axis, which results in a minimum around z = 0 mm in the harmonic
signal.

While PM of high-order harmonic radiation in Xe gas jets is well studied, it is not using
liquid water droplets. The in�uence of the atomic and geometric phase contributions,
as well as phase mismatches induced by free electrons and neutral particles onto HHG
from water droplets have not been studied, yet. It is therefore unknown which parameters
contribute to PM and how the PM conditions change during the expansion of the droplet.
But the measurements in Xe are suitable for a comparison of PM properties with HHG
from liquid water droplets.

4.1.2 Phase Matching in Water Droplets

Examining the in�uence of the position of the medium onto HHG is a suitable tool to test
the model for the calculated densities of the target (cf. sec. 2.4.2). Since experimental
data of a de�ned gaseous target is provided in the case of Xe, a comparison between the
PM properties in Xe and water droplets allows the estimate of the thermodynamical state
of the target.

Figure 4.2 (a) depicts the harmonic intensity as a function of the harmonic order and the
medium position. The pump-probe time delay has been set to t = 1.0 ns and the intensity
of both laser pulses has been 4.5× 1014 W/cm2 to generate a comparable yield to Fig. 3.6.
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Figure 4.2: (a) Harmonic intensity as a function of the harmonic order and medium position
z. The delay was set to t = 1.0 ns with an intensity of the pump pulse and of the probe pulse
of 4.5× 1014 W/cm2. The schematics at the top indicate the relative position of the focus to
the droplet, with respect to the medium position. (b) Outline of the 19th harmonic order and
(c) the 11th harmonic order versus medium position. The data has been acquired with laser
system A.

As in Fig. 4.1, z < 0 mm denotes a focal position after the droplet, whereas z > 0 mm
indicates a focal position before the droplet with respect to the medium position. The
harmonic yield maximizes at two instances, for z = −1 mm and z = 2 mm, where also
the 25th order as HOHO is observed. The minimum in the harmonic signal is situated at
z = 0 mm. The dependence of the harmonic yield on the medium position becomes more
obvious regarding outlines of the 19th harmonic order in Fig. 4.2 (b) and the 11th harmonic
order in (c). The typical double-peak structure is observed but more clearly pronounced
than in the case of Xe.

With the given laser parameters t and Ipump, the density of the droplet is calculated with
equation (2.15) to ρ (t, Ipump) = 2.1 × 1020 cm−3, which is the density of a dense gas.
However, the intensity in the interaction region is changed by moving the focal position.
Hence, the intensity of the pump pulse is reduced, when moving the focus to other positions
than z = 0 mm. According to 3.2.2, this results in a change of the expansion dynamics of
the droplet. But by changing the focal position within the Rayleigh range (zR = 5.42 mm),
the intensity is changed by a factor of 2 and similar conditions for HHG are preserved,
as indicated in Fig. 3.8 where the in�uence of Ipump has been studied. A reduction of the
intensity of the pump pulse by a factor of 2.7 leads to a density of 3.5 × 1020 cm−3. The
di�erence of the densities is below one order of magnitude and the target still is a dense
gas. Moreover, the e�ects described in Fig. 4.2 are observed within a range of 3mm around
the focus, which is below the value of zR, so that equal states of the droplet are sustained
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for HHG.

The double-peak structure therefore can be explained with PM in a gas jet [Sal95, Bou11,
Kur13]. Like in the Xe gas jet, the maximum at z < −1 mm is attributed to PM at an
o�-axis position. The second maximum at z = 2 mm can be assigned to PM at an on-axis
position. The shape of the double-peak structure is pronounced more explicitly, when com-
pared with Fig. 4.1 and therefore is in better agreement with the calculations by Salières
et al. [Sal95] (cf. Fig. 2.15). The measurements prove that the thermodynamical phase
of the target is the gas phase for the laser parameters applied. However, the amplitudes
of the maxima are inverted (cf. Fig. 2.15) [Sal95, Bou11, Kur13]. The contributions from
the short trajectory (z > 0 mm) now have a higher yield than the contributions assigned
to the long trajectories. This is a discrepancy with the measurements in the gas jet that
cannot be explained, yet.

4.1.3 Focus and Delay

In order to investigate whether di�erent thermodynamical states can be prepared with
a variation of the delay and identi�ed by their PM properties, a measurement of the
harmonic yield as a function of the medium position and the delay has been performed.
The measurement is a �rst attempt to investigate changes of the thermodynamical phase
of the droplet but it reveals more information than can be explained at this stadium of the
thesis. Therefore, references to later sections will be given within the text.
Figure 4.3 depicts the 15th harmonic order as a function of the medium position for

di�erent delays. Laser system B has been exploited for the measurement, with the in-
tensities Ipump = 6 × 1014 W/cm2 and Iprobe = 1.5 × 1015 W/cm2. The higher value of
Ipump has been chosen since the harmonic yield maximizes for this intensity, as observed in
Fig. 3.9. The reason for the large value of Iprobe is related to less ionization using shorter
pulses, which will be discussed in detail in sec. 4.3. Four di�erent delays are regarded,
t = 0.5 ns, 1.0 ns, 4.0 ns and 7.0 ns, as they give access to a calculated wide density range
from ρ = 2.3× 1021 cm−3 to ρ = 3.5× 1018 cm−3.
Due to the collinear setup, the focus of both pulses is moved simultaneously and therefore

the intensity of the pump pulse signi�cantly varies along the z-axis. This is no issue within
the Rayleigh range (zR = 2.6 mm) where a density variation of a factor of 2 is calculated.
Though, harmonic radiation is detected for values of |z| > zR where a signi�cant change
in the intensity of the pump pulse should lead to varying expansion characteristics of the
droplet along the z-axis, which will be discussed in detail in secs. 5.1.2 and 5.2. However,
comparable states of the droplet are found within a range of |z| < 4.1 mm (black line).
The intensity of the probe pulse is varied through the z-axis by nearly a factor of ten from
Iprobe = 1.5×1015 W/cm2 at z = 0 mm to Iprobe = 1.2×1014 W/cm2 at z = 7 mm. Hence,
the intensity is high enough for HHG throughout the z-range.

The harmonic yield at t = 0.5 ns features the above described characteristic double peak
structure. Two maxima at z = −1 mm and z = 2 mm appear and can be attributed to o�
and on-axis phase matching, respectively. A minimum at z = 0 mm is observed. Harmonic
radiation is emitted within a con�ned area from z = −2 mm to z = 6 mm. When the delay
is increased to t = 1.0 ns, harmonic radiation is emitted over a wider z-range. Two maxima
are observed, too. The �rst is at z = 6 mm and the second at z = −3 mm, while the har-
monic
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Figure 4.3: Intensity of the 15th har-
monic order versus the medium position
from water droplets for di�erent delays.
Laser system B has been used with the
intensities Ipump = 6×1014 W/cm2 and
Iprobe = 1.5×1015 W/cm2. Comparable
conditions of the droplet are preserved
for |z| < 4.1 mm (black lines). The
scheme at the top indicates the vary-
ing expansion of the droplet for di�er-
ent values of z. Each signal has been
normalized to its maximum yield.

yield is rather constant around z = 0 mm. The signal
is higher for z < 0 mm than at values of z > 0 mm,
developing an asymmetric shape. Further increase of
the delay to t = 4.0 ns results in an even less distinct
variation of the harmonic yield within the Rayleigh
range and a rather constant signal is observed. But
two pronounced maxima are detected at z = 7 mm
and z = −4 mm. The yield features a symmetric
trend with center around z = 2 mm. The situation
changes again when t = 7.0 ns is regarded. A clear
double peak structure is observed with two maxima
at z = −1 mm and a broad maximum around z =
4 mm. A minimum at z = 0 mm is detected. The
modulation of the intensity is more distinctive than
for the previous time delay and more comparable to
t = 0.5 ns and t = 1.0 ns.

As in secs. 4.1.1 and 4.1.2, the double peak structure
can be explained with PM at an on and an o�-axis
position for z < 0 mm and z > 0 mm, respectively
[Sal95, Kur12, Kur13]. Harmonic radiation is de-
tected for a larger z-range at positive values of z.
This means PM conditions for the short trajectory
are satis�ed for a wider range than for the long tra-
jectory, which is in agreement with the previous mea-
surements. At a delay of 0.5 ns, the variation of the
size of the droplet is with a radius of 0.24mm small
and the harmonic yield develops as in a gaseous tar-
get but with a very con�ned z-range which can be
attributed to the small size of the droplet and its
high density.
The signal at a delay of t = 1.0 ns is comparable to the measurement in a Xe gas jet in

Fig. 4.1, though with inverted amplitudes and an extreme suppression of the contribution
of the long trajectory. The reason for this is related to the degree of ionization within the
target and is discussed in detail in sec. 5.2. The variation of the radius of the droplet is
still small with values between r = 0.47 mm at z = 0 mm and r = 0.32 mm at z = 4.1 mm
and results in a calculated density of the target around ρ = 4×1020 cm−3, which is a dense
gas and in agreement with the observed PM properties. However, a signi�cant amount
of radiation with increasing signal is detected at positions z > 4.1 mm. As stated above,
the expansion behaviour of the droplet changes and is slower for values of z > 4.1 mm
due to the lower intensity of the pump pulse. But the di�ering density is still within the
same order of magnitude and therefore of minor in�uence. The observed higher yield is
thus attributed to the change in the intensity of the probe pulse, which generates less free
electrons that induce a phase mismatch to the PM conditions [Alt96] which will be discussed
in detail in sec. 4.3. In conclusion, the maximum at z = 6 mm still can be attributed to the
contribution from the short trajectory, while the less pronounced maximum at z = −3 mm
is attributed to the contribution of the long trajectory.
A comparable situation is found for a delay of t = 7.0 ns, where a similar development

of the harmonic signal is observed. The radius of the droplet is between r = 3.3 mm
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at z = 0 mm and r = 2.3 mm at z = 4.1 mm, which means the variation of the size
becomes larger than at shorter delays. The calculated density of the target however is
little a�ected due to the �at slope of the density curve for large delays and is around
ρ = 3.5 × 1018 cm−3 (cf. Fig. 2.3). The density of the target therefore should be within
an equal order of magnitude compared with the measurement in a Xe gas jet. A proof for
the calculations can be found by comparing the developments of the signals from xenon
and water. In both measurements, the harmonic radiation is detected from z ≈ −8 mm to
z ≈ 9 mm. A minimum is observed at z = 0 mm and a maximum for the contribution of
the short trajectory around z = 5 mm. Moreover, the ratios of the two maxima Ishort/Ilong
in H2O and Ilong/Ishort in Xe are comparable in both measurements with a factor of 5:1
, though with inverted contributions from short and long trajectories (where Ishort/long
denotes the contributions from short and long trajectories). From the agreement between
the measurements in Xe and water can be deduced that the model for the calculation of
the density-evolution is con�rmed and the target is in the gas phase with a density within
the order of ρ ∼ 1018 cm−3.
A di�erent behaviour of the harmonic signal is found at t = 4.0 ns. The radius of the

droplet is between r = 1.9 mm at z = 0 mm and r = 1.3 mm at z = 4.1 mm with a
calculated density around ρ = 8 × 1018 cm−3. Although the variation of the size of the
droplet is larger, PM conditions are preserved for a wide z-range reaching from z = −3 mm
to z = 6 mm, indicated by the constant harmonic yield. Moreover, the amplitudes of
the maxima attributed to short and long trajectory are equal. The experimental results
reveal equal conversion e�ciencies for both trajectories. The observed development of
the harmonic yield features indicate the existence of dynamics within the droplet on the
microscopic level but cannot be interpreted at the present stadium of the thesis. An
explanation will follow in sec. 5.2.

In summary, the contribution of the long trajectory is suppressed in most cases, while the
contribution of the short trajectory is not. By comparing the results with measurements in
a gas jet, a qualitative agreement in the development of the harmonic yield as a function
of z is found for all delays but t = 4.0 ns, which indicates more complex dynamics of the
droplet.
Furthermore, indications of the in�uence of ionization onto the harmonic yield have been

observed. The following section therefore studies e�ects that are caused by free electrons
and changes in the PM conditions on time scales shorter than the duration of the driving
pulse.

4.2 Ionization-Induced Effects

Free electrons can critically in�uence HHG. Besides the decrease of the harmonic yield, free
electrons can induce a phase mismatch that leads to a change of the spectral features of the
emitted radiation [Zho00] (cf. 2.6.1). But the density of free electrons can be controlled by
changing the intensity and the duration of the laser pulses applied, and its in�uence can
be probed via HHG. In this section, the e�ect of ionization onto HHG is studied by the
preparation of the droplet with di�ering densities of free electrons.

4.2.1 Transient Phase Matching

Since plasma e�ects become more pronounced using intense pulses with long durations,
laser system A has been used. In order to provide optimum conditions for HHG the
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(a) (b)

Figure 4.4: Spectral broadening and blue shift for the 13th (a) and 15th (b) harmonic order
for di�erent delays. Laser system A has been applied with an intensity of 3.6 × 1014 W/cm2

for both pulses [Kur13]. The black line indicates the calculated central photon energy of the
harmonic orders.

intensity of both pulses has been set to a level of 3.6× 1014 W/cm2 (cf. sec. 3.2.2 and 4.3),
which is high enough to su�ciently ionize the droplet. In Fig. 4.4 (a), normalized spectral
pro�les of the 13th harmonic order for increasing time delays are depicted. For a delay
of t = 1.5 ns, the harmonic line is centered around a photon energy of 20.33 eV, which is
in good agreement with the calculated value of 20.30 eV. The full-width half maximum of
the spectral line is ∆E = 0.41 eV. Increasing the time delay to 12.5 ns, the harmonic line
is shifted towards a higher photon energy of 20.39 eV, and a slight broadening is observed
with ∆E = 0.43 eV. Further increase of the time delay to 21.5 ns leads to a signi�cant
broadening of ∆E = 0.61 eV and an additional blue shift to 20.40 eV. A similar behaviour
is observed for the 15th harmonic order, which is depicted in Fig. 4.4 (b). The full-width
half maximum increases from ∆E = 0.54 eV at t = 1.5 ns via ∆E = 0.59 eV at t = 12.5 ns
to ∆E = 0.71 eV at t = 21.5 ns with a blue shift from 23.45 eV via 23.61 eV to 23.64 eV,
respectively. The calculated value for the 15th harmonic order is 23.42 eV.
Obviously, spectral broadening and blue shifting increase as a function of the delay.

The intensity of the pulses is high enough to cause a signi�cant amount of free electrons.
However, no splitting e�ect is observed and the intensity is therefore raised to reveal more
e�ects onto the harmonic yield as the density of free electrons rises.
Figure 4.5 depicts the temporal evolution of spectral splitting in (a) for the 13th harmonic

order and in Fig. 4.5 (b) for the 15th harmonic order. The intensity of both pulses has been
set to 7.0× 1014 W/cm2 and the position of the medium has been set to a value z > 0 mm.
In Fig. 4.5 (a), a single harmonic line is detected and still no splitting e�ect is observed for
t = 1.0 ns. As the time delay is increased to 2.0 ns, a small maximum appears at higher
energies. The splitting becomes more pronounced with an increase of the time delay to
6.0 ns. A similar behaviour is observed for the 15th harmonic order in Fig. 4.5 (b).

As explained in sec. 2.6.1, spectral broadening, splitting, and blue-shift depend on the
density of free electrons. During the interaction of the probe pulse with the target, the
electron density increases rapidly and a temporally varying density of free electrons is
created (cf. Fig. 2.16 (a)). The number of free electrons thereby increases monotonically
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(a) (b)

Figure 4.5: Temporal evolution of spectral splitting of the 13th (a) and the 15th harmonic
order (b) with an intensity of 7×1014 W/cm2 for both pulses and a focal position of z < 0 mm
[Kur13].

on the rising edge of the probe pulse. The free electrons induce a phase shift to the
harmonic �eld (cf. equation (2.36)) by a change of the refractive index, which results in
the generation of new, higher frequencies. The harmonic line is therefore broadened, while
its blue shift results from the monotonic raise of the density of free electrons. Transient
phase matching (TPM) conditions therefore exist (cf. sec. 2.6.1) and the spectrum splits
[Alt96, Alt99, Wan00, Zho00, Ste09, Kur13]. A more detailed description can be found in
Ref. [Zho00]. No e�ect is observed for short time delays but spectral splitting, blue shift,
and broadening become more prominent with increasing time delay. Thus, the density of
free electrons rises with the time delay. Moreover, all e�ects are maximized for the largest
delays.

For conclusions from the observed TPM e�ects, it is helpful to regard the calculated
density of the target again. The density of the droplet is decreased from 7.9 × 1019 cm−3

at t = 1.5 ns to 4.0 × 1016 cm−3 at t = 21.5 ns (cf. �gs. 4.4 (a) and (b)) and from
2.2×1020 cm−3 at t = 1.0 ns to 1.7×1018 cm−3 at t = 6.0 ns (cf. �gs. 4.5 (a) and (b)). The
target therefore is in the gas phase and its density becomes diluted as the delay is raised.
At high densities, the leading part of the probe pulse ignites a plasma at the surface of
the droplet, that screens it from the trailing part [Fen97]. The total ionization therefore is
less [Kur13]. For low-density states of the droplet, it is easier for the probe pulse to access
the interior and cause massive ionization throughout the target. The result is an increase
of the overall ionization with decreasing density of the target, and TPM conditions are
induced by the probe pulse [Kur13]. Additionally, the TPM e�ects con�rm that the target
is in a gaseous state.

Higher densities of free electrons can be generated with long laser pulses since the ion-
ization probability increases [Chr96]. Free electrons however are an undesired phenomenon
during HHG since they destroy PM conditions and decrease the harmonic yield. Therefore
short pulses are a more suitable tool for HHG. Their in�uence onto HHG is studied in the
next section.
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4.2.2 Influence of the Pulse Duration

In order to study the in�uence of the pulse duration in a more simple but also well-
de�ned target, the Xe gas jet setup (cf. 3.1.2) is used �rst to explain the observed e�ects.
Thereafter, HHG from water droplets is described using two di�erent pulse durations.

Short Pulses and Xe Atoms Figure 4.6 (a) and (b) depict spectra of HHG in a Xe gas
jet at a background pressure of 4 atm. The measurements were recorded with laser system
A in (a) with an intensity of 4.6 × 1014 W/cm2 and a pulse duration of 100 fs and with
laser system B in (b) with an intensity of 4.2× 1014 W/cm2 and a pulse duration of 35 fs.

Both spectra feature all the characteristics described in the previous sections 2.5 and 3.2.1.
In Fig. 4.6 (a), the highest observed harmonic order is the 21st order, while it is enhanced
to the 25th order in Fig. 4.6 (b). Since the intensity of the laser pulses and the densities of
the targets are comparable, the only di�erence between the measurements in 4.6 (a) and
(b) is the pulse duration which causes the four orders larger HOHO.
The reason for the increase of the HOHO lies within the sub-cycle dynamics of the

electrons within the laser �eld. By using shorter pulses, less optical cycles are available to
cause ionization. This means with shorter pulse durations, the number of events generating
free electrons is lower and the overall ionization is decreased compared with longer pulses
[Chr96, Chr97, Pri00, Gan13]. Considering a pulse with a few optical cycles that interacts
with a Xe atom, the induced dipole moment of the atom is retarded with respect to the
envelope of the electric �eld. The atomic response therefore becomes non-adiabatic [Chr97].
As a result, the ionization probability is decreased, when compared to longer pulses with
equal intensity [Chr96]. Therefore, higher intensities can be applied before the atom is
ionized. In a gas jet where an ensemble of atoms is regarded, this leads to a depletion of
the ground state at higher intensities and an increased maximum photon energy according
to the cuto� law (cf. equation (2.18)). Though the used pulses in Fig. 4.6 are not within
the few-cycle regime, the e�ect of suppressed ionization already becomes observable and
the HOHO is increased. Additionally, less ionization leads to a smaller density of free
electrons, which means the induced phase mismatch by free electrons is decreased, too.

In the simple, atomic case of Xe, the e�ects can easily be observed. Considering HHG from
water droplets, the situation becomes more complex, as the time and intensity-dependent

(a) (b)

Figure 4.6: HHG in a Xe gas jet. (a) Pulse duration of 100 fs. (b) Pulse duration of 35 fs (b).
Note that the spectra are not e�ciency corrected by the calibration curve of the spectrometer.
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evolution of the droplet has to be taken into account.

Short Pulses and Water Droplets In order to study the in�uence of the pulse duration
onto HHG from water droplets, equal conditions of the droplet have to be prepared. Since
the expansion of the droplet varies for pulse durations of τ1 = 100 fs and τ2 = 35 fs as
observed in sec. 3.2.3, a two times higher intensity of the pump pulse has to be chosen
when using 35 fs-pulses to prepare equal states of the target (the reason for the intensity
increase will be given in 5.1.3). The parameters of laser system A therefore have been
set to τ1 = 100 fs with Ipump = 4.5 × 1014 W/cm2 and Iprobe = 4.5 × 1014 W/cm2 and
the parameters of system B to τ2 = 35 fs with Ipump = 8.4 × 1014 W/cm2 and Iprobe =
1.9 × 1015 W/cm2. The time delay has been set to t = 3.0 ns for both cases in order to
generate a gaseous target with a density of ρ ≈ 3× 1019 cm−3 which is comparable to the
measurements in the gas jet.

Figure 4.7 depicts spectra acquired with pulses with a duration of 100 fs in (a) and a
duration of 35 fs in (b). Though, the intensity of the probe pulse is nearly four times
higher in the 35 fs case, both spectra are comparable. The signal of the 9th order is weaker
in Fig. 4.7 (a) and a di�erence in the HOHO is detected. Using pulses with a duration of
100 fs the HOHO is the 27th harmonic order, while it is the 29th harmonic order for 35 fs.
As in the case of the xenon target, a higher maximum photon energy is observed us-

ing shorter pulses and can also be attributed to the lower ionization probability. The
observations made in HHG from water droplets can also be compared directly with the
measurements in the Xe gas jet in Fig. 4.6, since the densities of both targets only di�er
by a factor of approximately 5 and the di�erence in the ionization potentials is small (Ip
= 12.13 eV in Xe and Ip = 12.61 eV for the H2O molecule). The maximum photon energy
therefore should be identical for HHG from the gas jet and from water droplets. However,
the HOHO is higher in the latter case for both pulse durations. The enhancement could be
an indication that HHG takes place in water molecules, as a similar observation has been
made in oxygen molecules by Shan et al. [Sha02] and in water by Wong et al. [Won10].
The enhanced HOHO using water molecules has been attributed to suppressed ionization
due to the orbital symmetry of the water molecule. But the microscopic state of the drop-

(a) (b)

Figure 4.7: Spectra of harmonic radiation for pulse durations of (a) 100 fs (laser system A).
(b) 35 fs (laser system B) for comparable parameters of the laser systems.
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let is unknown at this stadium of the thesis and more sophisticated techniques have to be
developed in order to reveal its microscopic evolution, which will be presented in sec. 5.3.
Nevertheless, ionization is suppressed for shorter pulse durations and higher intensities of
the probe pulse can be applied while using pulses with 100 fs duration would perturb PM
conditions by generating a heavily ionized target and thus suppress the harmonic radiation.
As harmonic radiation can be generated with higher intensities, the interest arises of what
will happen at shorter time delays where the density of the target is higher.

Pump-Probe Time Delay As observed in measurements with pulses with a duration of
100 fs in sec. 3.2.1, the delay between pump and probe pulse can critically in�uence the
intensity of the emitted harmonic radiation. In Fig. 3.6, an increase in the XUV signal was
detected as a function of the delay, while no abrupt change in the emission pattern from
incoherent towards coherent emission of radiation was measured and the HOHO increased
steadily up to the 25th order. The time-dependent development of the harmonic signal has
been explained with the dilution of the target and less perturbation of electronic trajectories
as the droplet expands.
With the explanation given above, no di�erence in the time-dependent development of

the signal of the harmonic radiation should be observed when using laser pulses with a
duration of 35 fs. Figure 4.8 depicts a comparable measurement to Fig. 3.6 but the data
has been acquired with laser system B applying pulses with a duration of 40 fs. The
intensity of the pump pulse has been set to Ipump = 4.5× 1014 W/cm2. In order to study
the in�uence of ionization onto the harmonic signal, the intensity of the probe pulse has
been set to Iprobe = 1.4× 1015 W/cm−2, more than three times the value of the long pulse
measurement. Figure 4.8 (a) shows the harmonic yield versus order and delay. The intensity
of the emitted radiation and the HOHO increases with rising delay. For a short delay of
t < 0.2 ns, the harmonic yield is weak and orders up to the 11th order are generated. As
t increases, a monotonous raise in the signal of the harmonic radiation is observed, while
a saturation of the harmonic yield is not detected within the delay range. The HOHO
increases as the delay is extended, which becomes more obvious regarding single spectra
from Fig. 4.8 (a) for �xed time delays that are depicted in (b).
At t = 0.1 ns, the 9th and the 11th harmonic order are detected, while the latter also is

the HOHO. Incoherent radiation is generated at the position of higher orders. Increasing
the delay to t = 0.2 ns, a raise in the harmonic yield is observed and the HOHO is extended
to the 25th harmonic order. Additionally, there is radiation from plasma recombination
between the 13th and the 15th order, as well as between the 17th and the 19th order, but
with a weaker signal. The amount of incoherent emission is further reduced, when t is
increased to 0.4 ns. The HOHO is in this case the 27th harmonic order. No signi�cant
change is observed when the delay is set to t = 0.6 ns.

The droplet is prepared in a comparable state in both measurements1 and similar conditions
for HHG should be found. The general development of the harmonic signal is the same
in both measurements and the explanation for the time-dependent raise of the harmonic
yield can be adapted from sec. 3.2.1. The droplet starts expanding as soon as being hit by
the pump pulse and electronic trajectories are less perturbed as the inter-particle distance
grows larger. That is why the harmonic yield increases monotonically and higher orders

1Due to the shorter pulse duration in using 35 fs-pulses, the expansion of the droplet requires a higher
intensity to achieve the same expansion velocity compared with a pulse duration of 100 fs. Hence, the
density of the droplet is higher in the �rst case but the di�erence between the two measurements is
below a factor of �ve in the considered delay range. A detailed discussion will be given in chapter 5
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Figure 4.8: (a) Harmonic yield as a function of order and pump-probe time delay. The
spectra were measured with laser system B at an intensity of Ipump = 4.5 × 1014 W/cm2 of
pump pulse. The intensity of the probe pulse was Iprobe = 1.4×1015 W/cm2 at a focal position
of z = −2 mm. (b) Outlines from (a). Intensity of the harmonic radiation as function of order
for di�erent time delays. The spectra are normalized to the intensity of the 9th harmonic
order. Note that the spectra are linearly scaled.

are observed for larger values of t. A qualitative agreement of the spectra is found for time
delays larger or equal to t = 0.6 ns, where also the HOHO is rather comparable with the
21st order using 100 fs pulses and the 25th order using 35 fs pulses. However, a disagreement
is found regarding the HOHO at t = 0.4 ns, which is the 17th order using 100 fs pulses and
27th order using 35 fs pulses. Additionally, no signi�cant amount of incoherent radiation
is generated using the pulses with shorter duration, while incoherent radiation has been
observed at the position of higher orders using 100 fs-pulses. The two time developments of
the harmonic spectra also di�er at shorter delays. While no harmonic radiation is observed
for t < 0.4 ns using 100 fs-pulses, it is when the shorter pulse duration is applied and a
signi�cant amount of incoherent radiation is only observed for the shortest time delay.
However, no abrupt change in the emission pattern from incoherent to coherent radiation
has been observed in both experiments but a continuous transition towards the emission
of higher orders as the delay is increased.
Since the droplet is prepared in a comparable state in both measurements, the electronic

trajectories are supposed to be perturbed in a similar way by surrounding particles. The
expansion of the target can explain the emergence of higher orders with increasing delay,
though harmonic radiation is detected at shorter delays using the shorter pulses. Ionization
induced by the probe pulse therefore seems to crucially in�uence the harmonic signal as
its amount is higher using 100 fs-pulses while simultaneously the HOHO is decreased at
t = 0.4 ns. Reduced ionization especially becomes prominent regarding short time delays
(t < 0.6 ns), where the density of the target is quite high with ρ > 1.8 × 1021 cm−3 and
plasma screening e�ects disturb HHG (cf. sec. 4.2.1). Moreover, a higher ionic density
within the target may a�ect the electrons during the excursion in the continuum and lead
to the emission of incoherent radiation but this will be studied in detail in sec. 5.2.
The two measurements qualitatively agree when delays of t > 0.6 ns are regarded. Com-

paring the experimental results for even larger delays allows to study the in�uence of the
expansion process as a function of the pulse duration onto the harmonic signal. Figure
4.9 therefore depicts a similar measurement to Fig. 3.7 where delays t > 3.0 ns have been
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Figure 4.9: Harmonic yield as func-
tion of the harmonic order at large
pump-probe time delays and compara-
ble parameters to Fig. 4.8. The har-
monic yields are normalized to the max-
imum intensity of the 9th HOH at t =
5.0 ns.

presented. Here, delays of t = 1.0 ns, t = 5.0 ns and
t = 12.0 ns are shown at comparable laser parame-
ters to Fig. 4.8. A raise in the signal from t = 1.0 ns
to t = 5.0 ns is observed. Increasing the delay from
t = 5.0 ns to t = 12.0 ns, the yield of the orders up
to the 23rd is comparable but decreases for higher
orders.
In Fig. 3.7, a maximum in the harmonic signal

around t = 12.5 ns has been observed followed by
a decrease in the signal for larger delays which has
been attributed to the expanding target and a lim-
ited number of emitters within the focal region. A
similar situation is found in Fig. 4.9, though no pro-
nounced maximum has been observed due to the
limited available delay. However, the conditions are
non-optimized for higher orders at large delays which
is attributed to an increasing total ionization as the
target expands and the probe pulse easily enters
the interior of the droplet as in the case of TPM-
conditions (cf. sec. 4.2.1). The presented data indi-
cates that the time-dependent expansion of the drop-
let is comparable using shorter pulses.

In conclusion, using shorter pulses propagates higher orders due to reduced total ionization.
From the comparison between the Xe measurements and HHG from droplets, �rst indica-
tions of the presence of water molecules have been observed. Using shorter pulses is the
ideal tool to probe the dynamics of the droplet, as harmonic radiation can be generated at
higher densities of the target, which gives access to dynamics on shorter time scales. More-
over, higher intensities can be applied before ionization leads to non-optimized conditions
for HHG, while the cuto� is enhanced at the same time. But the increase of the intensity
of the probe pulse will not automatically result in a higher yield of the harmonic radiation
and propagate higher orders since ionization grows larger again. Hence, the in�uence of
the intensity of the probe pulse onto the harmonic signal is the topic of the next section.

4.3 Influence of the Intensity of the Probe Pulse

Ionization induced by the probe pulse can signi�cantly change the PM conditions for HHG
and therefore in�uence the maximum photon energy of the harmonic radiation, as well
as the conversion e�ciency. Limitations to the cuto� arise as described in the previous
section, which are not included in the cuto� law in equation (2.18), where the maximum
photon energy increases linearly with the intensity of the driving pulse. Moreover, spectral
properties of the emitted radiation like the bandwidth of the harmonic spectral lines or
the photon energy can be modi�ed by the generated free electrons (cf. sec. 4.2.1). Since
ionization depends on the intensity of the driving pulse, its in�uence onto HHG from water
droplets can be studied by a variation of the intensity of the probe pulse. The following sec-
tions therefore describe probe-pulse-induced ionization e�ects for di�erent pulse durations,
as well as di�erent densities of the target.



56 4.3. Influence of the Intensity of the Probe Pulse

4.3.1 Transition of Harmonic Orders from the Cutoff into the Plateau

As described by the single-atom response in sec. 2.5.2, the harmonic signal strongly depends
on the intensity of the driving pulse. Considering a single harmonic order, it is situated
within the cuto� region for low intensity and performs a transition into the plateau region
as the intensity is increased. This transition becomes observable by a change in the slope
of the harmonic yield as a function of the driving intensity and is less steep in the plateau
region (green line in Fig. 2.9) [Sal97]. A second change in the slope is recognized when
the intensity is further increased which leads to a depletion of the ground state of the
medium and the harmonic yield saturates at a speci�c intensity Isat (red line in Fig. 2.9)
[Wah93]. This feature of the harmonic radiation has been extensively studied using gas
jet setups [Wah93, Alt96, deL97] or gas cells [Won10] but it is rather unexplored using
condensed phase targets [Kur13]. This section therefore presents measurements of the
intensity dependence of the harmonic yield using water droplets as a target.

Two di�erent pulse durations of τ1 = 100 fs (system A) and τ2 = 35 fs (system B) have
been applied. The conditions for HHG are equal since the delay and the intensities of
the pump pulses2 are set to t = 3.5 ns with Ipump = 2.0 × 1014 W/cm2 and t = 3.0 ns
with Ipump = 9.5×1014 W/cm2, respectively, which creates a gaseous target with densities
around ρ ∼ 1019 cm−3 (cf. secs. 3.2.2 and 4.1) and allows to generate the highest cuto�.

Saturation for Long Pulses In Fig. 4.10 (a) the data has been acquired using laser system
A and shows the harmonic yield as a function of the harmonic order and the intensity of
the probe pulse within an intensity range from 1× 1014 W/cm2 to 5.2× 1014 W/cm2. For
the lowest applied value of Iprobe, harmonic radiation up to the 15th order is generated.
As the intensity is raised, a monotonic increase in the harmonic signal is observed and
higher orders are detected. The HOHO reaches the 17th order at Iprobe = 2× 1014 W/cm2

and further raises steadily as a function of the intensity towards the 27th order at Iprobe =
4.6 × 1014 W/cm2. Larger intensities result in a decrease of the HOHO and incoherent
radiation is detected at the upper border of the spectral range, though with a weak intensity.
For a more precise analysis of the intensity dependence of the harmonic yield, Figs. 4.10

(b) to (e) depict outlines of the 13th, 19th, 21st and 23rd harmonic order, respectively. Due
to the limited resolution of the measurement, it is not possible to give exact values of the
saturation intensity of the harmonic signal but instead an intensity range can be determined
whose center is indicated by the red line. Regarding the 13th harmonic order reveals that
the monotonous increase of the signal is followed by a saturation around an intensity of
Isat,HOH13 = 4.0× 1014 W/cm2 and a decrease for higher intensities. A similar behaviour
is observed for the 19th order but the saturation intensity is shifted to an value close to
Isat,HOH19 = 4.6×1014 W/cm2. The situation changes for the two higher orders in (d) and
(e). While the signal saturates for the 21st order around Isat,HOH21 = 4.6 × 1014 W/cm2,
no saturation is observed for the 23rd order. Additionally, no decrease in the signal is
detected for both orders. Obviously, the saturation intensity is a function of the harmonic
order and is shifted towards higher values as the driving intensity increases.

For the interpretation of the intensity-dependent development of the harmonic yield, the
19th harmonic order is considered since the transition from the cuto� into the plateau region
is well observable and it does not feature the decline around Iprobe ≈ 3 × 1014 W/cm2 of
the 13th order which stems from poor synchronization between laser and droplet. For a

2Note that a higher value of Ipump is needed for τ2. See chap. 5 for details.
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Figure 4.10: (a) Harmonic yield versus order and intensity of the pump pulse. Laser system
A was used with Ipump = 2.0×1014 W/cm2 and t = 3, 5 ns. Outlines from (a) for the (b) 13th,
(c) 19th, (d) 21st and (e) 23rd harmonic order [Kur13]. The green line indicates the center of
the intensity range for the transition of the order from the cuto� into the plateau. The red
line represents the maximum of the harmonic yield as an indicator for Isat.

low intensity of the probe pulse, the harmonic order is situated within the cuto� region
and is only generated at the highest peak intensity within the driving pulse. The highest
intensity within the pulse is reached at a region close to the focus, where the variation of
the atomic phase is large (cf. Fig. 2.11 (a)). Adequate PM conditions and the number of
emitting particles that contribute to this order are therefore con�ned to a small volume and
the harmonic yield is weak [L'H93b, Mac93]. As the intensity is increased, the harmonic
yield raises steeply, which stems from the single atom response as depicted in �g. 2.9
[Lew94, Sal97]. The volume where the intensity is high enough to generate the 19th order
is successively enlarged and PM conditions are satis�ed for a larger region [deL97]. When
Iprobe reaches a value around 4.0× 1014 W/cm2, the intensity is su�ciently high enough to
generate higher orders. The 19th order is then shifted to the plateau region (cf. green line
in Figs. 2.9 and 4.10 (c)), where phase matching is preserved over an additionally enlarged
volume. The slope of the signal �attens [L'H93b, Wah93]. A change of the intensity to
a value around Iprobe = 4.6 × 1014 W/cm2 results in a saturation as the ground state of
the medium becomes depleted (red line) [Bel01]. For intensities Iprobe > Isat the medium
is signi�cantly ionized by the probe pulse as also electrons of lower orbitals are released.
The generated free electrons lead to a defocusing of the fundamental pulse that e�ciently
decreases the intensity. Additionally, a phase mismatch to the harmonic �eld is induced
by the free electrons, which is large compared with the mismatch induced by the atomic or
the geometric phase since it scales with the harmonic order [Alt96, Her02, Kur13]. Thus,
a decrease in the signal is observed.
For a given harmonic order, saturation of the signal is observed when the intensity of

the driving �eld exceeds the value needed for the harmonic order to be situated within
the plateau. Higher orders require higher intensities for their generation. Therefore, the
intensity needed to perform the transition from the cuto� into the plateau region increases
as a function of the order, as indicated by the shift in the green lines in Figs. 4.10 (c) and
(d). The consequence of this shift is a raise of the saturation intensity as observed in the
shift in the red lines [Wah93]. Thus, saturation is only observed in �gs. (b) to (d) since
the harmonic orders are situated within the plateau, while it is not detected for the 23rd

order, as the order remains in the cuto� region for all intensities applied.
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Figure 4.11: Harmonic yield as func-
tion of the harmonic order for compa-
rable parameters to Fig. 4.10 but with
Iprobe = 1.1 × 1015 W/cm2. The signal
has been normalized to the maximum
yield in Fig. 4.10 (c).

At the highest intensities in Fig. 4.10, a decrease in
the harmonic yield has been observed which can be
attributed to the in�uence of free electrons and be-
comes more pronounced for higher intensities. Its
dramatic in�uence can be observed in Fig. 4.11
where a spectrum of the harmonic radiation is de-
picted for Iprobe = 1.1 × 1015 W/cm2. The signal
has been normalized to the maximum of the 19th or-
der in Fig. 4.10 (c). Harmonic radiation is generated
up to the 15th order though a strong signal of inco-
herent radiation is observed for higher orders. The
overall yield is weak compared with lower intensities
and the amplitude of the 19th order is decreased to
a value of 3% of the value from Fig. 4.10 (c) which
is caused by massive ionization within the target.
The in�uence of free electrons becomes dominat-

ing for these high intensities in combination with
pulses with a duration of 100 fs. Therefore increas-
ing the intensity to values Iprobe > 8.0×1014 W/cm2

is not advisable since the HHG yield is perturbed and the emission process becomes inco-
herent. Applying driver pulses with shorter duration can result in decreased ionization of
the medium, which has been described in sec. 4.2.2. Higher intensities should be applicable
and the saturation intensity should be increased with shorter pulses. Therefore, the same
measurement of the intensity-dependence of the emission of harmonic radiation is repeated
with laser system B.

Saturation for Short Pulses Figure 4.12 (a) depicts similar measurement to Fig. 4.10
(a), where the harmonic yield is shown as a function of order and the intensity of the
probe pulse using laser system B with a pulse duration of 35 fs and an intensity range from
2.0 × 1014 W/cm2 to 1.45 × 1015 W/cm2. At the lowest intensity, the harmonic signal is
weak and the HOHO is given by the 19th order. The yield increases monotonically as a
function of the intensity, as does the HOHO. For Iprobe = 5.0× 1014 W/cm2, the HOHO is
the 27th harmonic order and is further raised to the 29th order for higher values of Iprobe.
A saturation in the harmonic yield is observed that also depends on the harmonic order.
The measurement of the overall harmonic spectrum is in good agreement with Fig. 4.10

(a). The increase in the harmonic orders as a function of the intensity matches and even
absolute values are in reasonable agreement as observed in the case of the 27th harmonic
order, which is generated at a value of Iprobe = 4× 1014 W/cm2 for both pulse durations.
However, higher orders are generated at lower intensity, which agrees with sec. 4.2.2 and
the HOHO is increased compared with the measurement with longer pulse duration. The
saturation intensity is shifted towards larger values of Iprobe.
For a more detailed analysis of the intensity dependence of the harmonic yield, Figs. 4.12

(b) to (e) depict outlines of the 19th, 21st, 23rd and the 29th harmonic order, respectively.
As in the previous case with longer pulse durations, the green line indicates the center
of the intensity range for the transition of the harmonic order from the cuto� into the
plateau region, while the red line symbolizes the intensity range of saturation. For the 19th

order, the intensity area where saturation of the harmonic signal sets in is shifted towards
higher values of Iprobe around ∼ 1015 W/cm2, as is the decrease of the harmonic signal.
An increase of Isat as a function of the harmonic order is recognized for higher orders but



4. Phase-Matching Experiments 59

Figure 4.12: (a) Harmonic yield versus order and intensity of the probe pulse with Ipump =
5×1014 W/cm2 at t = 3.0 ns. Outlines from (a) for the (b) 19th, (c) 21st, (d) 23rd and (e) 29th

harmonic order. The green line indicates the center of the intensity range for the transition
of the order from the cuto� into the plateau, the red line represents the maximum of the
harmonic yield as indicator for Isat.

saturation of the harmonic yield is detected for all measurements due to the larger intensity
range.
The reason for the saturation and the decrease of the harmonic signal is the same as in

the case with 100 fs-pulses. Comparing the two measurements of the 19th harmonic order
in Figs. 4.10 (c) and 4.12 (b), Isat is increased around a factor of two when 35 fs-pulses
are used (red lines). However, the intensity ranges for the transition of the harmonic order
into the plateau region are in agreement (green lines), which is reasonable since it is a �xed
intensity for each harmonic order. A similar observation is made when the 21st order is
regarded. As a larger intensity range is available, transition into the plateau region and
saturation of the 23rd order is also detected in Fig. 4.12 (d), which has not been recognized
in Fig. 4.10 (e). No transition into the plateau region is observed for the 29th order, since
it is always situated within the cuto�.

The comparison of the two characteristic intensities for the transition and saturation in
the two measurements in Figs. 4.10 and 4.12 indicates that ionization is suppressed using
the pulses with a duration of 35 fs, which is also in agreement with the observations from
section 4.2.2. Therefore, higher intensities of the probe pulse can be applied using shorter
pulses before the in�uence of free electrons becomes dominant. This behaviour becomes
even more obvious regarding the measurement in Fig. 4.11, where comparable intensities
with longer pulses have been applied but the emission of harmonic radiation has been
suppressed and incoherent radiation has been generated.
Comparing the results with a measurement of HHG in water molecules in a SIGC setup

with pulse durations of 40 fs and a central wavelength of 800 nm byWong et al. [Won10], a
value of the saturation intensity of Isat = 1.4×1014 W/cm2 is given, which is almost a factor
of ten lower than the saturation intensity found in the measurements above. However, it
is not speci�ed in the publication by Wong et al. how the saturation intensity is de�ned
and which harmonic order is considered. The reason for the discrepancy between the
measurements byWong et al. and the �ndings in this thesis therefore cannot be identi�ed,
but could also be attributed to the di�erent setups for HHG.
In conclusion, transitions of harmonic orders from the cuto� into the plateau region have
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been observed and two di�erent areas for the saturation intensities have been identi�ed,
depending on the pulse duration of the driving �eld. However, the droplet is not a static
target since a wide range of densities can be generated through changing the delay. The
maximum photon energy is also in�uenced by both parameters, the delay as shown in
secs. 3.2.1 and 4.2.2, as well as by the intensity of the driving �eld according to the cuto�
law as described within this section. The in�uence of the two parameters onto the evolution
of the HOHO during the expansion of the droplet is unknown and is therefore studied in
the following section.

4.3.2 The Highest Observed Harmonic Order

Figure 4.13 (a) depicts the HOHO as a function of the intensity of the probe pulse. Laser
system A has been applied with an intensity of the pump pulse of Ipump = 2.0×1014 W/cm2,
generating a gaseous target. The HOHO scales linearly from the 15th to the 27th harmonic
order as the intensity is raised. For the highest value of Iprobe a reduction to the 25th order is
observed. The slope of the linear �t (dashed blue line) is 29.8 cm2/W while the theoretical
prediction from the cuto� law from equation (2.18) is depicted as a red line. The value
of the theoretical cuto� is higher for the lowest intensity than the �t to the experimental
data. Moreover, its slope is steeper and the two lines diverge with increasing intensity,
which is in agreement with results from gas jet experiments [L'H93b, Mac93, Wah93].
The lower maximum photon energy than in the theoretical prediction is again caused

by ionization. Higher orders are a�ected at a lower intensity because the induced phase
mismatch by the free electrons is a function of the harmonic order [Alt96]. The result is a
decrease of the cuto� at Iprobe = 5× 1014 W/cm2. Since the HOHO is critically in�uenced
by ionization, it is a �rst measure to probe the amount of ionization within the target.

The total ionization induced by the probe pulse increases as the droplet expands (cf.
sec. 4.2.1). Hence, the in�uence of ionization onto the HOHO can be studied in more
detail when di�erent delays are regarded. Figure 4.13 (b) therefore shows the HOHO as a
function of Iprobe for di�erent time delays and a wider intensity range. Laser system B has

(a) (b)

Figure 4.13: Highest observed harmonic orders versus the intensity of the probe pulse. Linear
approximations are indicated as dashed lines. (a) Measured with laser system A for t = 3.5 ns,
Ipump = 2.0 × 1014 W/cm2 and 100 fs pulse duration. (b) With laser system B for di�erent
delays, Ipump = 5.3× 1014 W/cm2 and 40 fs pulse duration.
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been applied, using an intensity of the pump pulse of Ipump = 5×1014 W/cm2 as described
in the measurements in the last section.

For a delay of t = 0.5 ns, the HOHO starts with the 19th harmonic order and increases
to the 27th order at Iprobe ≈ 0.4×1015 W/cm2. A saturation is observed as the intensity is
further raised. At a delay of t = 3.0 ns, the HOHO starts at the 17th order, increases with
a lower steepness and saturates at a higher intensity at the 29th order. For a further raise
of the delay to 12.0 ns, the �rst value of the HOHO is the 13th harmonic order, followed by
a linear increase to the 25th order. It is raised by one order for the highest intensities. The
increasing parts of the two larger delays at low intensities can again be approximated by
linear functions as indicated by the dashed lines. Their slopes di�er with changing delay
and are given by 29.0 cm2/W for t = 3.0 ns and 20.3 cm2/W for t = 12.0 ns.

Though di�erences in the slopes and the absolute values of the HOHO are observed for
di�erent delays, the general trend is comparable: A linear increase is followed by a sat-
uration. There is a small di�erence in the absolute value of the HOHO between the two
measurements at t = 0.5 ns and t = 3.0 ns. Moreover, the maxima of the HOHO are equal,
which has also been observed during the study of the time-dependent evolution of the
droplet as described in sec. 4.2.2. But it is still below the theoretical value. Comparing the
measurements at t = 5.0 ns and t = 12.0 ns, the absolute values di�er and higher orders
are observed for the shorter delay.

Comparing the slopes of the linear �ts in the measurements in Fig. 4.13 (a) at t = 3.5 ns
and (b) at t = 3.0 ns delivers a value of 1.03 which indicates that equal conditions of the
droplet are found. This is reasonable since the target is in both cases a gas with comparable
density (cf. Fig. 2.3). The situation seems to be di�erent when a delay of t = 12.0 ns is
considered. The ratio of the slopes at t = 3.0 ns and t = 12.0 ns is with 1.43 larger and the
lower HOHO at the latter delay for a wide intensity range indicates di�erent conditions
for HHG. This di�erence can be attributed to the advanced dilution of the droplet at
t = 12.0 ns, which supports a more easy entry of the pulse into the interior of the target
and causes massive ionization. The fundamental radiation is then defocused due to the
induced refractive index by the generated free electrons and the PM conditions become
poor [Wah93, Alt96]. Another result of the defocusing is the observed saturation of the
HOHO. As soon as the intensity is high enough to generate a su�ciently high density of
free electrons further increase of the density results in the generation of additional free
electrons which lead to larger defocusing e�ects onto the fundamental radiation. Hence,
the available intensity for HHG is limited and the HOHO saturates.

Ionization is a limiting factor in HHG since it leads to poor PM conditions, depletion of
the ground state of the medium and defocusing e�ects that e�ectively reduce the intensity
within the target. However, optimum conditions for the harmonic yield and the HOHO can
be achieved by matching the intensity to the density of the target. Shorter pulses are of
advantage as they induce less ionization and therefore extend the maximum photon energy.
The observation of higher orders at a delay of t = 0.5 ns is an interesting feature since the
inter-particle distance within the target is low which should lead to a perturbation of the
electronic trajectories and result in a suppression of high orders. Hence, an estimate is
needed when the distortion of electronic trajectories sets in which will be discussed in the
following.
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4.4 Mapping Time to Density

So far the time-dependent expansion of the droplet has been studied by varying the time
delay between the pump and the probe pulse to generate a wide range of densities of the
target. These states in�uences the harmonic signal, as well as the cuto� of the harmonic
radiation (cf. secs. 3.2.1 and 4.2.2). The calculation of the appropriated density has been
done by using the model described in sec. 2.4.2 which has been validated in sec. 4.1 using
experimental results and allows to estimate the density development of the target as a
function of time for the laser parameters applied.
A more intuitive way than considering the time delay for the interpretation of the depen-

dence of the harmonic signal as a function of the expanding droplet is to directly plot the
harmonic yield versus the density of the target. This is provided by a mapping of the delay
onto the calculated density. A scheme of the mapping of t to ρ is depicted in Fig. 4.14.
The measured harmonic yield as a function of the harmonic order and delay is shown in
Fig. 4.14 (a). The delay is converted via the calculation in (b) into a density t → ρ (t).
The harmonic yield is then mapped onto the new density-axis (c).
This mapping technique gives access to the density-dependent development of the har-

monic yield. It is used in the following to identify the optimum conditions for HHG and
the information imprinted within. Since the density of the target can critically change the
conditions which may lead to a suppression of the harmonic yield, a density-dependent

Figure 4.14: Mapping of the pump-probe time delay to the density evolution of the droplet.
The measured harmonic yield versus harmonic order and delay (a) is mapped (red dashed
arrows) via the calculated droplet density as function of time (b) onto a function of the
density evolution of the droplet (c) for a �xed intensity of the laser pulses.
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study is performed in the following.

4.5 Selecting Electronic Trajectories via the Density of the Droplet

While common setups for HHG like gas jets or SIGCs are limited to a number density
range of the target between ∼ 1× 1016 cm−3 and ∼ 1× 1019 cm−3, the liquid droplet setup
discloses a density range reaching from ρ < 1×1016 cm−3 to 3.35×1022 cm−3, which is liquid
density for water. With the use of a high density of the target, several issues arise during
HHG, like the suppression of the harmonic yield as observed in secs. 3.2.1 and 4.2.2. The
decreasing distance between the particles for high densities of the target has been claimed
to be the cause for the suppression of the harmonic signal by inducing a distortion of the
electronic trajectories [Fle03]. But how can the strength of the perturbation of electronic
trajectories be estimated and what parameter can serve as a measure?
A comparison of the distance between the particles within the target and the excursion

distance of the electron should provide a measure for the perturbation of electronic tra-
jectories. Assuming a homogeneous distribution3 of the particles within the droplet, the
mean inter-particle distance can be calculated by the density of the target and is given by
[Her09]:

r̄ = 3

√
1

ρ
(4.1)

which is within the nm-range for the densities given above. It can be derived experimentally
using the density obtained through the mapping technique described in sec. 4.4. In order
to compare r̄ with the excursion distance of the electron from the parent ion, it is necessary
to calculate the electronic trajectories during the interaction with the laser �eld.

4.5.1 Calculation of Electronic Trajectories

As described by the theory in sec. 2.5.1, the electron can be treated as a classical particle
after ionization, which is driven by the electric �eld (cf. Fig. 2.7). Using the three-step
model [Cor93] with a �xed intensity of the electric �eld allows to calculate the photon energy
of the emitted radiation by solving numerically the Newton equations for the movement of
the electron. As depicted in Fig. 2.8 (a), the emitted photon energy is determined by the
time of ionization ti. A single value of ti leads to the emission of the maximum photon
energy, which is attributed to the cuto� trajectory. At lower energies, two solutions lead
to the emission of an equal photon energy, which are referred as short and long trajectory.
Considering a �xed photon energy, the knowledge of its ionization times allows to calculate
the trajectory leading to the emission of radiation since it depends on ti and is given by:

x (t) =
e · EL
me · ω2

L

· (sin (ωLt)− sin (ωLti)− ωL (t− ti) · cos (ωLt)) , (4.2)

where the amplitude of the motion is given by α (EL, ωL) = e·EL

me·ω2
L
[Lei07].

Figure 4.15 (a) depicts a calculation of the electronic displacement x of an electron as
a function of time for an intensity of the driving �eld of 1 × 1014 W/cm2 at a central
wavelength of 780 nm. Three trajectories are shown: the trajectory assigned to the cuto�

3Note that the distribution of particles during the expansion is inhomogeneous for time delays below
t < 200 ps [Sch02]. During the measurements however, only delays t > 200 ps are considered where the
assumption of a homogeneous distribution is justi�ed.



64 4.5. Selecting Electronic Trajectories via the Density of the Droplet

(a) (b)

Figure 4.15: (a) Classically calculated long (dashed-dotted), cuto� (solid) and a short
(dashed) electron trajectory as a function of time for an intensity of the driving �eld of
1 × 1014 W/cm2 at a central wavelength of 780 nm. (b) Classical excursion distance of the
electron contributing to the 19th harmonic order versus intensity of the driving �eld.

(solid) and a long (dashed-dotted) and a short (dashed) trajectory, which lead to the same
photon energy (see also Fig. 2.8). The maximum displacement xmax is highest for the
long trajectory and decreases for the trajectory assigned to the cuto� region. The smallest
value of xmax is reached for the short trajectory. Since the amplitude α (EL, ωL) of the
excursion of the electron depends on the electric �eld EL, increasing the intensity of the
driving �eld results in a larger maximum excursion. However, this also leads to an increase
of the cuto� region and the emission of higher orders. A �xed harmonic order therefore
performs a transition from the cuto� region into the plateau (cf. sec. 4.3) and is emitted
via the short and the long quantum path when situated within the plateau region. It is
therefore of interest how the maximum excursion distance develops as a function of the
intensity of the driving �eld.

In order to study the intensity-dependence of xmax, the 19th harmonic order is regarded
in the following. As observed in Fig. 2.8 (a), there are two ionization times that lead to
the same photon energy if the harmonic order is situated within the plateau region. When
the intensity of the driving �eld is increased, these two ionization times are shifted and
the trajectories take a di�erent path. Since the trajectories only depend on the ionization
times ti and the intensity of the driving �eld, a calculation of the ionization times allows
to express the trajectories of the 19th order as a function of the intensity, too. Figure
4.15 (b) shows a calculation of xmax for the short (blue) and the long (red) trajectory of
the 19th harmonic order. For the lowest intensity, the radiation is emitted via the single
cuto� trajectory, which has a maximum displacement of xmax = 0.96 nm. As the intensity
is increased, the two trajectories contribute to the emission process which diverge with
increasing intensity. The values of xmax are above xmax = 0.96 nm for the long trajectory
and increase as a function of the intensity. Hence, a distortion of the long trajectory
by surrounding particles is more probable in the experiments but the yield of the long
trajectory is low and it will therefore not be considered. The maximum displacement for
the short trajectory however decreases as a function of the intensity. Moreover, the cuto�
trajectory is an upper limit in xmax for the short trajectory. Hence, xmax attributed to
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the cuto� is used to compare it with the mean inter-particle distance in order to obtain a
density limit for the perturbation of the electronic trajectory.

Comparison with the Mean Inter-Particle Distance As described above, the cuto� trajec-
tory is used for a comparison of the excursion of the electron with the mean inter-particle
distance. To attribute an intensity of the driving �eld to each harmonic order, the cuto�
law from equation (2.18) is applied, where the ionization potential of the water molecule
is used. This allows a mapping from xmax as a function of the intensity to a function of
the harmonic order. Figure 4.16 depicts the displacement of the electron assigned to the
cuto� region versus the harmonic order (blue) and the mean inter-particle distance of the
target (red) as a function of the density. The maximum displacement xmax increases with
rising harmonic order, while r̄ (red) increases with decreasing density of the target.
The 19th harmonic order is considered again for the description of the graph. The

maximum displacement of this order has a value of 0.96 nm according to Fig. 4.16 and can
be assigned to the cuto� trajectory. All lower displacements can be attributed to short
trajectories that contribute to the signal of the 19th order, which is the reason for the
illustration of the excursion distance as an area.
At a target density of ρ1 = 5×1021 cm−3, the mean inter-particle distance is r̄ = 0.59 nm.

This means for a density of ρ1, the distance between two adjacent particles in the tar-
get is lower than the excursion distance of the cuto� trajectory and the electron will
be perturbed. The generation of the 19th harmonic order is in this case not possible
via the cuto� trajectory. In order to prevent the distortion of the electron and to gen-
erate radiation at the 19th harmonic order, there are two ways. The �rst one is to
lower the density of the target to a level ρ < 1.1 × 1021 cm−3, which leads to a mean
inter-particle distance of r̄ > 0.96 nm so that the conditions for recombination of the
electron with its parent ion are satis�ed (cf. Fig. 4.16). The second way is to keep
the density at ρ1 = 5 × 1021 cm−3 and to increase the intensity of the driving pulse.

Figure 4.16: Excursion distance of the electron
from the parent ion versus harmonic order (blue)
and mean inter-particle distance versus the tar-
get density (red). The harmonic order has been
calculated using the cuto� law in equation (2.18)
for a wavelength of 780 nm.

The 19th harmonic order then performs a
transition from the cuto� into the plateau
region (cf. sec. 4.3.1) and is emitted via the
interference of short and long trajectory.
Selecting the short trajectory and raising
the intensity above I > 2 × 1014 W/cm2

results in a maximum excursion distance
xmax < 0.59 nm (cf. Fig. 4.15 (b)) and
the condition for recombination is satis�ed
again. The �ndings of conditions for the
perturbation of the electronic trajectories
allow to calculate an upper limit for the
density upon which a distortion should be
observed by comparing xmax with r̄. As
a result, an intensity-dependent maximum
tolerable density attributed to the short
trajectory ρshort is found and no harmonic
radiation should be detected for values of
the density exceeding this limit. Moreover,
a second maximum density attributed to
the cuto� trajectory can be de�ned ρcuto�,
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which is a lower limit for all short trajectories. Both limits are necessary, since the har-
monic radiation is generated within an intensity distribution in the focal region. This
means, not only a single but many short trajectories contribute to the signal with di�ering
maximum excursion distances up to the cuto� trajectory. Hence, both limits will be used
for the interpretation of the experimental data.

In conclusion, the above described model indicates that a perturbation of the electronic
trajectories is expected when the mean inter-particle distance becomes smaller than the
electronic displacement. Two characteristic values for a maximum tolerable target density
for each harmonic order are obtained above which the electronic trajectories become per-
turbed and the harmonic signal is suppressed: One for the cuto� trajectory ρcuto�, which
also acts as a lower density limit for all short trajectories and a second, intensity-dependent
limitation for a speci�c, intensity-dependent short trajectory ρshort. As long as the inten-
sity of the driving �eld is higher than needed to generate the considered harmonic order
within the cuto�, the harmonic signal is not only composed of the contribution of a single
trajectory but by all trajectories up to the cuto� trajectory. It therefore should be possible
to switch o� trajectories by increasing the density of the target, which will be put to a test
in the following section.

4.5.2 Selecting Single Trajectories

The harmonic signal is measured as a function of the pump probe time delay and mapped
to the density (cf. sec. 4.4). Figure 4.17 depicts the mapped harmonic yield for the (a)
17th, (b) 21st, (c) 25th and (d) 27th order. Laser system B has been applied with an
intensity of Ipump = 4.5 × 1014 W/cm2. For the selection of the short quantum path, a
medium position of z > 0 mm has been chosen. The intensity of the probe pulse has been
set to Iprobe = 1.4 × 1015 W/cm2 so that all presented harmonic orders can be generated
in the plateau region. In fact the calculated maximum order at this intensity is higher
than the experimentally observed 29th order, which is caused by the PM conditions as
described in sec. 4.3.2. The data is averaged around 5% of the central wavelength of
each harmonic order and the error bars indicate the standard deviation. The large errors
for the 17th harmonic order at low densities result from poor synchronization between
droplet and laser. The blue line indicates the �t curve to the measured data considering
densities above 1.5×1021 cm−3. In the last section, two theoretical limits for the maximum
tolerable density have been derived. The �rst is the maximum tolerable density assigned
to the cuto� trajectory ρcuto� (black line), which is calculated assuming that the intensity
of the driving �eld �ts the level needed to situate the harmonic line in the cuto�. The
second is the maximum tolerable density assigned to the short trajectory ρshort (red line),
which is computed for the applied intensity of the probe pulse. The red area depicts the
density region where the speci�c harmonic order should not be generated at all due to the
distortion of the electronic trajectory according to the model.

The harmonic yield decreases with increasing density and scales ∼ r̄ = 3

√
1
ρ (blue line)

with an asymptotic standard error within a range of 2.7% to 4.5% for densities higher
than ρ = 1 × 1021 cm−3. The signal is below the noise level (zero) for the highest density
of ρ = 3.35× 1022 cm−3.
Regarding the 17th order, the maximum tolerable density for the short trajectory (red

line) is with ρshort = 3.8×1022 cm3 beyond the density range in the measurement and even
larger than the density of liquid water. However, no harmonic radiation is emitted for the
highest density. For the given intensity, the model used for obtaining ρshort therefore seems
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(a) (b)

(c) (d)

Figure 4.17: Harmonic signal as a function of the density of the droplet for the (a) 17th, (b)
21st, (c) 25th and (d) 27th order according to Fig. 4.8. Laser system B has been applied with
intensities of Ipump = 4.5×1014 W/cm2 and Iprobe = 1.4×1015 W/cm2. The blue line indicates
the �t curve ∼ r̄ = 1

3
√
ρ to the measured data. The black line is the maximum tolerable density

for the cuto� trajectory, the red line indicates the maximum density for the short trajectory.
Within the red area, the density is too high for the generation of the harmonic order.

to deliver a too high value for harmonic radiation below the 19th order and the emission
process is determined by other factors than the mean inter-particle distance, such as electric
potentials between the molecules or re-absorption e�ects. Though, the maximum tolerable
density is shifted towards lower values with increasing harmonic order since the excursion
distance of the electrons increases. Therefore, the 21st harmonic order is not emitted for
densities higher than ρshort = 2.13 × 1022 cm−3, though the �t function indicates a weak
signal at higher densities. In order to explain the possibility of a weak signal, the full
spectra of the measurements in Fig. 4.18 have to be considered. When the density is
decreased to a level below ρshort, the harmonic order is emitted. This is observed in the
measurements at a density of ρ = 1.64× 1022 cm−3, though the signal of the 21st harmonic
order is weak and accompanied by plasma radiation, as indicated by the signal close to the
position of the 21st seeming like a redshift in Fig. 4.18. Hence, the indicated weak signal
for densities higher than ρshort stems from a incoherent process and can be attributed to
the emission of plasma radiation. A comparison with the theoretical predictions of the
maximum tolerable density for lower orders also allows to identify the harmonic orders
9 to 19 and plasma lines in between in the full spectrum. A further reduction of the
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Figure 4.18: Full spectra of the har-
monic radiation for di�erent densities of
the droplet corresponding to Fig. 4.17.
The numbers indicate the number den-
sity in cm−3.

density results in an increase of the harmonic signal
and the 21st order is clearly visible.
A similar behaviour is observed regarding the 25th

and the 27th order. In these cases ρshort (red line)
is shifted to ρshort = 1.25 × 1022 cm−3 for the 25th

order and to ρshort = 9.63 × 1021 cm−3 for the 27th

order. Though Figs. 4.17 (c) and (d) also show
weak signals for densities higher than ρshort, no sig-
nal of harmonic radiation is observed for these densi-
ties in the spectra in Fig. 4.18. The o�set at densities
higher than ρshort therefore also stems from incoher-
ent radiation, which is in agreement with the obser-
vations in the spectra. Moreover, the 25th harmonic
order is clearly visible when the density is lowered to
ρ = 9.2× 1021 cm−3 and the 27th harmonic order is
observed for ρ = 3.7×1021 cm−3. Both densities are
below the maximum tolerable density for the short
trajectory for each harmonic order, respectively.

The comparison between the calculations and the measurements verify the validity of the
computed maximum densities. No harmonic radiation is observed for densities above ρshort
(red line) for each harmonic order. As the droplet is expanded, the harmonic orders appear
successively when the density reaches a level below ρshort for each order, respectively. The
signal then increases proportionally to the mean inter-particle distance r̄, which can be
interpreted by regarding the emission process within the focal volume. Since the intensity
of the probe pulse is high enough to generate the harmonic orders within the plateau
region, HHG takes place within a volume around the focus. A single harmonic order
therefore is not only generated at the center of the focus where the intensity is highest, but
also at a position with an o�set from the focus where the intensity is lower. As depicted in
Fig. 4.15 (b), the generation of a harmonic order with a di�erent driving intensity results in
a change of the trajectory, where lower intensities cause a higher maximum displacement of
the electron. Hence, trajectories which are generated at a position outside of the center of
the focus have a larger maximum displacement and are therefore perturbed at lower density
compared to trajectories which are generated at the center of the focus. This also means,
that the perturbation of electronic trajectories sets in as soon as the density is higher than
the maximum density for the cuto� trajectory. By lowering the density of the droplet, the
mean inter-particle distance is increased and less trajectories are distorted, which results
in an increase of the harmonic yield as a function of r̄ for densities higher than ρcuto�.
Since ρshort is a function of the harmonic order, this also describes why no abrupt change
in the emission pattern from incoherent radiation to HHG is observed but a continuous
transition, where higher orders appear when the density of the target is lowered.

While the harmonic yield increases proportional to r̄ for densities higher than ρcuto� (black
line), a larger discrepancy between the �t function and the data is observed for lower
densities. In order to further study the density-dependence of the harmonic yield as a
function of the harmonic signal, Fig. 4.19 shows the signal of the 21st harmonic order from
Fig. 4.17 (b) versus the density of the droplet on a double logarithmic scale. The blue
and the green lines indicate linear �ts to the data for densities above and below ρcuto�,
respectively. A change in the slope is observed within the vicinity of ρcuto�.
Two e�ects cause the change in the increase of the harmonic signal for densities lower
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Figure 4.19: Double logarithmically
scaled plot of the harmonic signal as a
function of the density of the droplet for
the 21st harmonic order from Fig. 4.17.

than ρcuto�. The �rst is the non-existence of distor-
tions to the electronic trajectories since r̄ is larger
than the electronic displacement. Therefore all tra-
jectories contribute to the harmonic signal and the
yield does no longer scale ∼ r̄. The second e�ect is
attributed to the expansion of the droplet and the
change from a high-density target to a gaseous target
at lower densities, which has been shown by PM ex-
periments in sec. 4.1.3. As the droplet expands, the
interaction volume between focal region and target
becomes larger and the focal volume is successively
�lled by the droplet. Though the total number of
emitters within this volume decreases, PM condi-
tions are optimized which supports a steep increase
of the harmonic yield (cf. sec. 4.1.3). Thus, the
change in the slope of the harmonic yield as a func-
tion of the density of the droplet can be attributed to
a change in the characteristics of the medium from a
distortion-dominated droplet due to the low mean inter-particle distance towards a gas-like
target where phase matching determines the harmonic yield. For a more detailed analysis
of the emission, reabsorption e�ects have to be considered, which are not respected in
the model for calculating the density limits. The reabsorption within the target however
is also balanced at densities above ρcuto� since the target expands. The lower density is
therefore compensated by a larger interaction length resulting in a similar absorption in
the high-density regime. Reabsorption e�ects decrease for ρ < ρcuto� and therefore con-
tribute to the steeply increasing signal. In conclusion, the maximum density attributed to
the cuto� trajectory roughly marks the transition between the high and the low density
regime. Whether this also is valid for other intensities will be discussed in the next section.

4.5.3 Correlation between Intensity and Density-Dependence of the Harmonic
Signal

In the last section, HHG has been studied in a density range from 3.35 × 1023 cm−3 to
7 × 1019 cm−3 for a �xed intensity of the probe pulse. Applying the model described in
section 4.5.1, allowed to de�ne two limits for the density: A maximum density attributed
to the cuto� trajectory ρshort and a highest tolerable density for the cuto� trajectory
ρcuto�, for each harmonic order respectively. No harmonic radiation has been detected for
ρ > ρshort due to the larger excursion distance of the electrons than the mean inter-particle
distance. The maximum density attributed to the cuto� trajectory ρcuto� however allowed
to distinguish between a density regime where the electronic trajectories are being dis-
torted (ρ > ρcuto�) and a gas-like target where phase matching is the dominating factor to
determine the harmonic yield (ρ < ρcuto�), as also observed in the experiments concerning
propagation e�ects (cf. 4.1). Though, it is undisclosed if ρcuto� can also act as a limit to
distinguish between the two density regimes for lower intensities of the probe pulse since
the maximum excursion distance of the electrons changes. Furthermore, it is unknown how
the harmonic yield evolves for lower densities as a function of the intensity. This motivates
a detailed study of the signal of the harmonic radiation as a function of a large intensity
and density range which is described in the following.

Figure 4.20 depicts the signal of the harmonic radiation versus the mapped density of the
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Figure 4.20: Signal of the harmonic radiation versus target density and intensity of the
probe pulse for the (a) 17th, (b) 21st and (c) outlines from (b). The numbers in (c) indicate
the number density in cm−3. Laser system B has been applied with τ = 40 fs and with
Ipump = 5 × 1014 W/cm2. The data has been averaged around 5% of the maximum of each
harmonic order and the harmonic signal has been normalized to the maximum. The dashed
white lines indicate the maximum tolerable density attributed to the cuto� trajectory ρcuto�.
Note that the data has been interpolated in (a) and (b) with three points between each intensity
and density value for better visibility.

droplet and the intensity of the probe pulse for the 17th in (a) and the 21st order (b). The
dashed white line indicates ρcuto�. Laser system B has been applied with an intensity of
the pump pulse of Ipump = 5× 1014 W/cm2, in order to generate comparable conditions to
the measurements of the previous section.
In general, the signal of all harmonic orders is weak for ρ < ρcuto�, increases to a broad

maximum around a density of∼ 1019 cm−3 and decreases again for lower densities. The 17th

order is emitted over almost the whole density and intensity range with a broad maximum
in the range of 2 × 1019 cm−3 and a decreasing signal for ρ > ρcuto�. The situation is
similar when the 21st order is regarded, but the radiation is emitted in a more con�ned
area. There are two density regions within an intensity range from the lowest intensity up
to 0.4 × 1015 W/cm2 where the harmonic yield is low: the �rst for densities higher than
1× 1021 cm−3 and the second for densities lower than ρ = 5× 1018 cm−3.
In order to analyse the two regions of low emission of radiation in more detail, outlines

of the 21st harmonic order for �xed densities are considered as depicted in Fig. 4.20 (c).
At the lowest density in this comparison, a raise in the harmonic yield is observed which
increases ∼ exp (Iprobe). A change in the slope of the signal is observed around an intensity
of Iprobe = 1 × 1015 W/cm2 which is followed by a narrow maximum around Iprobe =
1.2× 1015 W/cm2. The signal decreases for higher intensities. When the density is raised
to ρ = 4.2 × 1019 cm−3, the signal of the harmonic radiation increases steeply but the
raise is shifted towards smaller values of Iprobe. The slope �attens at an intensity of ∼
5×1014 W/cm2 and a saturation is observed around Iprobe = 1×1015 W/cm2. A decreasing
signal is detected for higher intensities again. At the highest density, the harmonic signal
is weak and the increase is once more shifted towards a higher intensity. A maximum is
reached around a value of Iprobe = 6 × 1014 W/cm2. Thereafter, only slight variations of
the signal are observed at higher intensities and the signal remains at a rather constant
level.

The intensity and density dependence of the harmonic yield can be interpreted regarding
the results from secs. 4.3 and 4.5.2. For the lowest density of ρ = 1.8× 1018 cm−3, the less
steep increase can be attributed to the dilution of the target. The decreased density causes
a low number of particles residing within the focal volume. Hence, the number of emitters
is smaller and a higher intensity is needed to increase the focal volume for generating the
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Figure 4.21: (a) Signal of the harmonic radiation versus target density and intensity of the
probe pulse of the 29th harmonic order. The dashed white lines in (a) indicate the maximum
tolerable density attributed to the cuto� trajectory ρcuto�, the dashed red line depicts the
maximum tolerable density attributed to the short trajectory ρshort for the given intensity.
The same laser parameters have been applied as in Fig. 4.20. (b) Outlines of (a) for �xed
densities. The numbers in (b) indicate the number density in cm−3. (c) Spectrum for an
intensity of Iprobe = 0.8× 1015 W/cm2 and a density of 2.5× 1021 cm−3.

same amount of radiation as in the case of a higher density. The lower number of emitters
also causes a less steep increase of the signal at lower intensities, which has also been
observed in experiments using a gas jet setup [Alt96, Her02]. The maximum however is at
a comparable position to the measurement with a density of ρ = 4.2×1019 cm−3. Moreover,
the decreasing yield is observed within the same intensity range and can be attributed to
the in�uence of a rising density of free electrons.
A similar behaviour is observed when the density is decreased to ρ = 4.2 × 1019 cm−3.

The target is a dense gas and the harmonic yield develops as a function of the intensity in
agreement with the �ndings from sec. 4.3.1. Therein, a transition of the harmonic order
from the cuto� region into the plateau region has been observed, indicated by a change of
the slope of the signal from steep (cuto�) to �at (plateau). The raise of the harmonic yield
has been explained with the increasing region of optimized PM conditions. The adjacent
saturation and the decrease of the signal can be attributed to the depletion of the medium
and an increasing density of free electrons.
At a density above ρcuto�, the mean inter-particle distance is lower than the maximum

excursion distance of most short trajectories within the focal volume. This is especially
true for low intensities of the probe pulse since this causes an even larger displacement
of the electrons so that the possibility of a perturbation during their excursion within the
continuum rises. Thus, the increase of the signal is shifted towards larger values of Iprobe.
At higher intensities, the maximum excursion distance of the short trajectory decreases,
but with a �at slope as observed in Fig. 4.15 (b). As a result, the di�erences in the
excursion distances are small for high intensities. Hence, increasing the intensity to values
higher than 0.4 × 1015 W/cm2 leads to no signi�cant decrease of the excursion distances
and the harmonic yield remains at a constant level.

The above described measurements con�rm that the target behaves like a gas for densities
below ρcuto�. This is in agreement with the �ndings of the measurement of propagation
e�ects (cf. sec. 4.1), the studies of the in�uence of the intensity of the probe pulse (sec. 4.3)
and the analysis of the emission process in the last section (cf. sec. 4.5.2). At the maximum
density however, the increase of the signal is shifted towards larger values of Iprobe. The
constant signal for high intensities indicate that the trajectories are suppressed for densities
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ρ > ρcuto�. This agrees with the model of the perturbed trajectories in sec. 4.5.1 and the
analysis of the emission process in dense targets in sec. 4.5.2. The maximum tolerable
density for the trajectory attributed to the cuto� therefore also acts as an upper limit for
the beginning of the distortion of electronic trajectories for lower intensities. As a result,
the harmonic yield decreases for ρ > ρcuto�. The electrons attributed to the short trajectory
however have a smaller maximum excursion distance xmax than the cuto� trajectory and
therefore generate harmonic radiation at higher densities than ρ > ρcuto� (cf. Fig. 4.15).
However, the emission of harmonic radiation via the short quantum path also has a density
limit ρshort, upon which no harmonic radiation is emitted (cf. Fig. 4.17). Hence, the
model from sec. 4.5.1 is used to calculate the excursion distance of the short trajectory
as a function of the intensity in order to obtain the density limit ρshort. Since ρshort also
decreases as a function of the harmonic order, it is of advantage to regard the highest
observed harmonic order for the observation of the perturbation of the short trajectories.

Figure 4.21 (a) depicts the HOHO, which is the 29th harmonic as a function of the intensity
and the mapped density. The general development of the signal of the harmonic radiation
of the 29th order as a function of ρ and Iprobe is comparable to the lower orders shown
in Fig. 4.20. The dashed white line indicates ρcuto� at a density of 4.2 × 1020 cm−3. In
order to reveal the trajectory distortions, outlines of Fig. 4.21 (a) are given in (b). For
densities ρ < ρcuto�, the harmonic yield increases as a function of the intensity, forms a
maximum and decreases afterwards. When the density is raised to 6.3 × 1020 cm−3, the
trajectories become disturbed and the total signal decreases. The higher target density
also results in a steeper increase of the signal as a function of the intensity, in agreement
with the �ndings from the previous paragraph. A decrease of the signal is still observed
for the highest intensity which can again be attributed to a rising number of free electrons.
However, the yield of the emitted radiation is lower, which is caused by the suppression of
the trajectories.
When the density is further increased to 2.5×1021 cm−3 (cf. Fig. 4.21 (b)), no harmonic

radiation of the 29th order is detected for the lowest intensity, as also observed in the upper
spectrum in Fig. 4.21 (c). As the intensity is increased to 0.4× 1015 W/cm2, a weak signal
is detected which remains at a rather constant level until an intensity of 1×1015 W/cm2 is
reached. This is also indicated in the lower spectrum in Fig. 4.21 (c). The signal increases
for higher intensities until a limit is reached.
In order to interpret the density and intensity-dependence of the 29th order, the �ndings

from sec. 4.5.2 can be used. The dashed red line in Fig. 4.21 (a) indicates the maximum
tolerable density for the short trajectory ρshort as a function of the intensity and has been
calculated with the model from sec. 4.5.1. Due to a smaller mean inter-particle distance
than the maximum electronic displacement, no harmonic radiation is detected for the
lowest intensity applied. The harmonic yield increases then as a function of the intensity
since the excursion distance decreases and the curved shape of ρshort is also found in the
increasing signal for intensities below 0.8 × 1015 W/cm2. Since ρshort has a higher value
for higher intensities, a raise in the signal is observed and the density range within which
harmonic radiation is emitted is increased. However, the slope of ρshort is less steep at
higher intensities so that a perturbation of electronic trajectories is still present and the
harmonic yield is limited.

In conclusion, ρcuto� and ρshort which have been calculated with the model from sec. 4.5.1
can be used as limits for HHG. This has been veri�ed in the study of the intensity and
density dependence of the harmonic radiation in this section. While the target is in the
gas phase for densities lower than ρcuto� where the harmonic yield is determined by PM,
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a decrease in the harmonic signal is observed for densities larger than ρcuto�. This has
been attributed to the distortion of the electronic trajectories during the excursion in the
continuum. The increase of the density of the target allows to successively "switch-o�"
the trajectories which contribute to the signal of a harmonic order until only the shortest
quantum path remains. Thus, the density of ρshort is a limit for HHG via the short quantum
path and no harmonic radiation is observed for densities above.

The presented model is a promising tool to study the electronic excursion distance. Though
the three step model is used to calculate the maximum tolerable densities ρcuto� and ρshort,
these limits show a high degree of agreement with the experimental results. Applying a
quantum mechanical model and performing a more detailed scan of the densities around
ρshort therefore would allow to measure the excursion distance of the electrons with a
high precision. In addition, the time of ionization could be recalculated which represents
an alternative to the method of adding the second harmonic of the fundamental radiation
during the generation process [Dud06, Sha12b]. Since the excursion distance of a trajectory
is de�ned by the time of ionization, the selection of a con�ned amount of trajectories
additionally allows to decrease the intrinsic attosecond chirp of the harmonic radiation
[Mai03] and therefore gives rise to a shaping of attosecond pulses.
The measurements in Fig. 4.21 indicate that optimized conditions for HHG are found for

densities below ρcuto�, where the harmonic yield increases with a steep slope. Within this
density range, the droplet however still gives access to HHG in a target with higher density
than in common gas phase experiments. The larger number of potential emitters there-
fore anticipates that a higher number of XUV photons is emitted. Hence, the conversion
e�ciency is measured in the next section.

4.6 The Conversion Efficiency

Optimizing the conditions for e�cient HHG critically depends on the density of the drop-
let, as described in sec. 4.5. This means, the ratio of the conversion of radiation of the
fundamental laser pulse into the XUV-spectral domain is also a function of the density.
Hence, measuring the average power of the driving pulse and of the attosecond pulse train
of the integrated harmonic signal allows to calculate the conversion e�ciency (CE) from
the near-infrared to the XUV spectral domain.
In order to measure the CE from the fundamental to harmonic radiation, the spectrome-

ter in Fig. 3.2 is replaced by an XUV diode (AXUV100, International Radiation Detectors,
Inc.), which has a �at response of 0.25 A/W for wavelengths from 30 nm to 50 nm, in-
cluding the harmonic orders 13 to 43 in the measurement. The fundamental radiation
is blocked using three aluminum �lters (Lebow Co.) with a thickness of 200 nm and a
measured transmission of 54% each. Additionally, there is another aluminum �lter with a
thickness of 300 nm directly in front of the diode with a measured transmission of 14% in
order to block any scattered fundamental radiation. Each �lter is speci�ed for transmis-
sion within a wavelength range from 17 nm to 64 nm. The divergence of the full harmonic
beam is low enough, that all XUV-radiation reaches the detector, which was placed at a
distance of 105 cm. Laser system B has been applied with an intensity of the pump pulse
of Ipump = 6.3 × 1014 W/cm2 in order to support a high yield for HHG as indicated in
Fig. 3.9. A high intensity of the probe pulse of Iprobe = 1.2× 1015 W/cm2 was used since
the highest yield has been observed at this intensity in the studies concerning the in�uence
of the probe pulse in sec. 4.3.1. Additionally, the short trajectory is selected by choosing a
medium position of z > 0 mm as it exhibits a higher conversion e�ciency (cf. secs. 4.1 and
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Figure 4.22: Conversion e�ciency versus
mapped density. Laser system B has been used
with Ipump = 6.3 × 1014 W/cm2 and Iprobe =
1.2 × 1015 W/cm2. The blue dashed curve indi-
cates a �t ∼ r̄ = 1

3
√
ρ . Each of the measured data

values is averaged over 20000 laser pulses. The
error bars resemble the standard deviation.

4.5). In order to prepare the droplet at dif-
ferent densities, the pump-probe delay is
varied and the data is processed using the
mapping technique from sec. 4.4.

Figure 4.22 depicts the transmission-
corrected measured CE as a function of
the mapped density. It is within the range
of 10−8 and increases proportional to the
mean inter-particle distance ∼ r̄ = 1

3
√
ρ for

densities above ρ = 1 × 1019 cm−3 with an
asymptotic standard error of 4.5%. A steep
increase is detected for the lowest density of
ρ = 3.4×1018 cm−3, which is not within the
scaling of r̄. It is also the maximum of the
CE in the considered density range with a
value of 1.96× 10−8 .
At high densities, the mean inter-particle

distance is smaller and the distortion of the
trajectories sets in, leading to a suppres-
sion of the harmonic yield. As the den-
sity is decreased, less trajectories are per-
turbed and the CE increases as a function
of r̄. For the maximum CE, the density of

ρ < 1× 1019 cm−3 is well below the limit of ρcuto� from section 4.5.2 and the perturbation
of the trajectories therefore is low. Hence, the generation of harmonic radiation in this
density regime is determined by the PM conditions and less re-absorption e�ects due to
the expansion of the droplet which leads to an increased CE.

The shift of the optimized conditions for HHG towards a density of ρ = 2 × 1018 cm−3

is also observed in Figs. 4.20 (a) and (b) while it is not for the 29th harmonic order in
Fig. 4.21 (a). This indicates that most of the radiation is emitted within the lower orders
up to the 21st , which is reasonable since these orders are situated within the plateau
region and therefore have a higher contribution to the integrated signal. The maximum
value of the CE however is well below the �ndings from experiments in a xenon gas jet,
where a conversion e�ciency of ∼ 10−5 for a single harmonic within the plateau region
was measured [Her02, Tak02]. Therein, a loose focusing geometry was used with a focal
length of several meters in order to optimize the PM conditions. Further experiments in
gas targets indicate that the emission of the 25th order scales with the focal length ∼ f2 for
low and ∼ f4 for high target densities [Bou11]. In the measurement of the CE from water
droplets however, a tight focusing geometry of f = 500 mm has been applied. This means
the conditions for the CE can be enhanced by changing the focal geometry. Moreover,
the optimum density has not been identi�ed yet which could be realized by increasing
the pump-probe time delay that was limited during the measurements. Neglecting the
in�uence of the free electrons for lower densities than the presented and approximating the
data with an exponential function for the lower densities, gives a CE of 3.7 × 10−7 at a
density of ρ = 1 × 1017 cm−3. Considering a longer focal length and the scaling law ∼ f2

[Bou11], a CE within the range of ∼ ×10−5 can be reached. Though this extrapolation
is naive it demonstrates that the liquid droplet setup as a target for HHG is a promising
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tool for future applications. However, a spectrally resolved analysis of the CE would allow
a more detailed insight into the density-dependent generation of harmonic order.

4.7 Conclusions

In PM experiments from liquid water droplets, similar characteristics of the harmonic
radiation to experiments in gas jets have been found at low densities. The conclusion of
the measurements is that the droplet performs a transition from the liquid phase into the
gas phase and that the model for the time-dependent density evolution provides the correct
estimates for the parameters applied in the experiments. However, some discrepancies have
been observed. The amplitudes of the harmonic yield attributed to the short and the long
trajectory are inverted when compared with the gas jet and �rst indications for dynamics on
the atomic level have been disclosed (cf. sec. 4.1). Enhanced ionization has been recognized
in diluted targets by the detection of transient phase-matching e�ects (cf. sec. 4.2.1).

The use of shorter pulses suppresses ionization and higher orders become observable at
higher densities of the target compared to long pulses. Moreover, �rst indications of HHG
in water molecules have been noticed during the temporal evolution of the droplet (cf.
sec. 4.2.2) and will be further studied in chapter 5.

A saturation in the harmonic yield has been demonstrated that depends on the harmonic
order and shifts towards higher intensities when shorter pulses are applied due to the lower
ionization. Optimized conditions for the saturation intensity, the harmonic yield and the
HOHO have been found by matching the intensity of the probe pulse to the density of the
target by adjusting the time delay (cf. sec. 4.3).

Using a mapping of the pump-probe time delay to the density of the target (cf. sec. 4.4)
allows to compare the calculated excursion distance with the mean inter-particle distance
of the droplet (cf. sec. 4.5). This delivers two theoretical limits for the maximum tolerable
density upon which the target becomes too dense and a perturbation of the electronic
trajectories sets in. The �rst is an upper density limit for the trajectory assigned to
the cuto� while the second is valid for the short trajectory. The theoretical limits have
been experimentally veri�ed using the mapping technique and a scaling of the harmonic
yield proportional to the mean inter-particle distance is observed for densities above the
maximum density for the cuto� trajectory (cf. sec. 4.5.2). These �ndings indicate that it
is possible to select a single trajectory which contributes to the signal of a �xed harmonic
order by increasing the density of the target. This could be relevant considering the direct
shaping of attosecond-pulses as it seems to be a promising approach to exclude the intrinsic
chirp during HHG.
The conversion e�ciency of HHG from liquid water droplets is below the values ob-

served in experiments using rare gas targets but the experimental conditions still allow an
optimization which is promising to overcome the results from the gas targets (cf. sec. 4.6).

Although a transition of the droplet from the liquid into the gas phase has been identi�ed,
changes on the atomic level remain undisclosed. It is uncertain how the transition takes
place and whether the target consists of clusters, molecules, atoms or ions. Moreover, the
parameter range for de�ning the microscopic state of the droplet has not been identi�ed.
However, the inversion of the amplitudes of the harmonic yield attributed to short and
long trajectory when compared to the yield from Xe atoms indicate that the identi�cation
is possible, which follows in the next chapter.





Chapter 5

Revealing the Dynamics of the Droplet

The transition of the droplet from the liquid phase into a gaseous target has been described
in the last chapter in secs. 4.1 and 4.5. The parameters characterizing the change of the
thermodynamical phase were identi�ed to be the pump-probe time delay in sec. 3.2.1 and
the intensity of the pump pulse in sec. 3.2.2. While the in�uence of the delay has been
studied extensively in the last chapter (cf. secs. 3.2.1, 4.2.2 and 4.5), the in�uence of the
intensity of the pump pulse is still to be discussed. Moreover, it is undisclosed what the
microscopic composition of the target is and whether it consists of clusters, molecules,
atoms or ions and which parameter range determines the di�erent microscopic states.
Hence, the expansion process itself has be to studied precisely.
The interaction of intense laser pulses with water droplets has been studied under at-

mospheric conditions but on time scales from microseconds to milliseconds where complex
macroscopical expansion dynamics were observed [Lin04]. The time scales of the dynamics
covered by this thesis are within the nanosecond range and below, where changes of the
target are even more complex. There are no measurements concerning the expansion of
the droplet on these short time scales and in fact, not even a theoretical approach has de-
scribed the dynamics so far, since the changes on the microscopic level within the droplet
are too dramatic to accurately model them [Lin04]. However, there are measurements of
plasma expansion in water under atmospheric conditions which study the evolution of the
electron density [Sch02, ST06, Bro11]. The combination of these �ndings allows to develop
a simpli�ed model describing the thermodynamical expansion of the droplet, which can
help to provide some insight into the target within the scope of this thesis.

5.1 The Expansion of the Droplet

Figure 5.1: Imaginary part
of the refractive index ver-
sus wavelength for liquid wa-
ter at a temperature of 22 ◦C
by Kou et al. [Kou93].

In order to expand the droplet with laser pulses, the energy
of the laser pulse has to be transferred into kinetic energy of
the particles within the droplet. This process occurs by the
absorption of photons. Liquid water however is transparent
for wavelengths around 800 nm since the imaginary part of the
absorption coe�cient is with κ = 1.43 × 10−7 low [Kou93]
(cf. Fig. 5.1 and also equation (2.34)). This means linear
absorption is negligible. However, the imaginary part of the
refractive index is almost three orders of magnitude higher
for 1600 nm and increases towards the mid-IR-region [Kou93].
Photons therefore can be absorbed by non-linear processes (cf.
sec. 2.2). The intensity of the laser pulses applied for HHG
in this thesis are su�ciently high enough to deposit energy
within the droplet via non-linear absorption processes which
induces a change of the thermodynamical phase of the droplet.
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The model describing this change is introduced in the following.

5.1.1 Laser-Induced Breakdown

Figure 5.2 (a) depicts a schematic of the interaction of a laser pulse (solid red) that is
focused (dashed red) to an intensity of ∼ 1014 W/cm2 and interacts with the droplet
(blue). The intensity is high enough to ionize the particles within the target (ions as red
plus and electrons as black minus pictographs). The molecules at the side of the droplet
facing the incident radiation are therefore ionized by the leading part of the pulse via tunnel
ionization as described in sec. 2.2. An electronic plasma is ignited and the density of free
electrons increases rapidly (cf. sec. 2.3). The trailing part is subsequently scattered and
absorbed by the free electrons and the plasma is heated [Fen97] (cf. Fig. 5.2 (b)).
Additional secondary electrons are generated by collisional processes outside the focal

region. The electrons with the highest energy can initiate up to 250 secondary electrons
though their number is limited to 0.01% of the total energy distribution of the electrons
[Sch02]. The plasma becomes overdense (cf. sec. 2.3) and the resulting electron cloud at
the surface of the droplet acts as a shield that screens the interior of the droplet from the
trailing part of the pulse (cf. Fig. 5.2 (c)). This process is called laser-induced breakdown
(LIB). Applying high intensities of the laser pulses, the screening e�ect can shield 10% to
25% of the energy of the pulse from entering the droplet [Fen97], while the total absorption
is limited to maximum 50% of the energy of the laser pulse [Sch01].
After 200 fs, the thickness of the plasma is about the order of the wavelength of the

driving pulse [Fei04, ST06]. At this time, a part of the kinetic energy of the electrons
is transferred into kinetic energy of the ions. The energy transfer requires time and the
plasma therefore starts expanding after a delay between 20 ps [ST06] and 30 ps [Sch02]. The
expanding plasma itself transfers energy via collisional processes to neutral H2O molecules
at the side of the droplet opposite to the incident pulse and the plasma moves in a cylindrical
shape through the droplet [Cou03, Lin04] (cf. Fig. 5.2 (d)). However, measurements of
LIB in bulk water indicate that the total ionization is only ∼ 6 % of the particles, which
still is su�cient for a plasma triggered expansion [Bro11].
Since the expansion process starts at the side of the droplet facing the incident laser

pulse and moves through the target, the whole mechanism is highly inhomogeneous for
time delays shorter than 200 ps [Sch02]. A gradient in the density and in the microscopic
structure of the target (clusters, molecules, atoms, ions) evolves in all three dimensions, as
well as in time (cf. sec. 2.4). At the time scales considered within this thesis, the evolution
of the droplet is of such complexity as the parameters change in a drastic manner that no
simulation can accurately calculate its dynamics [Lin04]. First attempts applying Monte-
Carlo methods are limited to electron-H2O collisions in water samples on larger time scales
with only 20 electrons but completely neglect ions [Dat07].
Experimental results however reveal the threshold of the laser-induced breakdown to

ILIB = 6.4 × 1013 W/cm2 for pulse durations of 100 fs and a wavelength of 800 nm, which
therefore is a lower limit for the plasma driven expansion [Sch01, Bro11]. Measurements of
LIB in liquid water indicate an expansion velocity of 30µm/ns at an intensity of I = ILIB
[Sch02]. This is in reasonable agreement with the model used in this thesis (cf. sec. 2.4.1),
though the calculated value using equation (2.12) is lower with 21µm/ns.

To summarize, the expansion of the droplet is caused by LIB if the intensity threshold
for the plasma-triggered expansion of ILIB = 6.4 × 1013 W/cm2 is exceeded. Hence, the
change of the thermodynamical of the droplet is a function of the intensity of the pump
pulse, as described by the model describing the density evolution in sec. 2.4.2. In order to
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(a) (b)

(c) (d)

Figure 5.2: Schematic of the laser-induced breakdown. As the pulse propagates through the
droplet in (a) to (d), the droplet performs a plasma triggered expansion. The �gures depict:
the droplet (blue), the focusing geometry (dashed-red), the pump pulse (solid red), electrons
(black minuses), ions (red pluses), water molecules and its fragments.

experimentally validate the in�uence of Ipump onto the expansion process, the signal of the
harmonic radiation as a function of the pump pulse is studied in the following.

5.1.2 The Influence of the Intensity of Pump Pulse

The results of the PM experiments in the last chapter allow to conclude that the droplet
can be prepared in a gaseous state and that its density is correctly estimated by the model
for the time-dependent density evolution of the droplet in sec. 2.4.2. This model has been
validated by measurements of propagation e�ects in sec. 4.1, by the observation of the
intensity-dependence of the harmonic yield and by studying the excursion distances of
electronic trajectories in sec. 4.5. Hence, di�erent combinations of the intensity of the
pump pulse and the delay which lead to equal calculated densities should generate similar
conditions of the droplet for HHG. However, signi�cant di�erences in the harmonic spectra
and in the harmonic yield have been observed in sec. 3.2.4 for such combinations of Ipump

and t. A threshold intensity for LIB indicates that the in�uence of the intensity of the
pump pulse has to be considered more carefully for the preparation of the target. In this
section, the intensity-dependent evolution of the droplet is studied for intensities higher
than the threshold intensity for LIB, ILIB = 6.4× 1013 W/cm2. This is done by a detailed
analysis of the in�uence of Ipump onto the signal of the harmonic radiation, in order to
gain information on the intensity-dependent expansion of the droplet.

Long Pulses Figure 5.3 (a) depicts the harmonic yield as a function of the harmonic
order and the intensity of the pump pulse for a �xed pump probe time delay of t =
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Figure 5.3: (a) Harmonic yield as function of order and intensity of the pump pulse at
t = 1.0 ns [Kur13]. The intensity of the probe pulse was set to 3.7 × 1014 W/cm2. Outlines
from (a) are depicted for the harmonic orders 25 (b) and 17 (c). Note that the intensity axis
is scaled logarithmic in (a) while linear in (b) and (c). The spectra were measured with laser
system A.

1.0 ns. This is the same measurement as in Fig. 3.8 and shown here again for reasons of
comparison. Laser system A has been applied, delivering pulses with a duration of 100 fs.
An intensity of the probe pulse of 3.7 × 1014 W/cm2 has been chosen since optimized
PM conditions are obtained for this intensity for a wide range of harmonic orders (cf.
sec. 4.3). Intensities of the pump pulse larger than Ipump = 6.4 × 1013 W/cm2 are above
the threshold intensity of ILIB, which is valid for all intensities applied except the lowest.
Hence, assuming an expansion of the droplet according to the LIB model is justi�ed. While
harmonic radiation below the 15th order is generated with a weak signal-to-noise ratio at
intensities Ipump < 1.0× 1014 W/cm2, higher orders successively become observable as the
intensity is raised. Coinciding with the raise of the HOHO, an increasing harmonic signal is
detected with a maximum around an intensity of Ipump = 3.3×1014 W/cm2. The emission
pattern changes for the highest intensities towards incoherent radiation which is detected
for Ipump > 3.0× 1014 W/cm2 and at higher orders than the 25th.
A more detailed analysis is possible by regarding the outlines for �xed harmonic orders

in Fig. 5.3 (b) and (c). Considering the 25th harmonic order, no radiation is emitted for
an intensity below Ipump < 1.0 × 1014 W/cm2. The signal increases with raising inten-
sity, until a maximum is reached around 3.0 × 1014 W/cm2. If the intensity is increased
onwards to Ipump = 3.3 × 1014 W/cm2, the signal of the harmonic radiation is decreased
and superimposed by incoherent radiation. An analogue behaviour is observed for the 17th

order in Fig. 3.8 (c). A weak signal at low intensity is followed by an increase towards a
maximum around Ipump = 3.6 × 1014 W/cm2. The maximum is shifted towards a higher
intensity compared with the 25th harmonic order but a decreasing yield is still detected for
the highest intensity.

Two e�ects can be deduced from the measurements: The �rst is the intensity-dependent
expansion of the droplet, the second is a rising density of free electrons due to ionization
induced by the pump pulse [Kur13]. Considering the intensity-dependent expansion, the
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model for the calculation of the density from sec. 2.4.2 allows to convert the intensity range
in Fig. 5.3 to a density range reaching from ρ = 1.6 × 1021 cm−3 to ρ = 5 × 1020 cm−3.
Thus, the target is within the density regime of a dense gas throughout the measurement
(cf. sec. 2.3).
A weak harmonic yield is detected for intensities below Ipump = 1×1014 W/cm2. At this

intensity, the calculated density of the droplet is ∼ 1 × 1021 cm−3. This density however
is in the vicinity of the maximum tolerable density attributed to the cuto� trajectory
ρcuto� obtained in section 4.5. The density ρcuto� is associated with a limit where the
characteristics of the target change. For densities higher than ρcuto� (i.e. lower intensities
than 1×1014 W/cm2), the mean-inter particle distance is lower than the excursion distance
of the electrons and the trajectories are perturbed. Hence, the harmonic yield is suppressed
as observed in the measurement. For densities lower than ρcuto� (i.e. higher intensities than
1 × 1014 W/cm2), the mean inter-particle distance is larger than the electronic excursion
distance and the harmonic yield is determined by PM, causing the steep increase of the
harmonic yield.

The decreasing signal for the highest intensities is caused by the second e�ect, a rising
density of free electrons. The next task therefore is to determine whether the free electrons
are generated by the pump pulse or by the probe pulse. In order to identify the pulse
causing the massive ionization, the results on the saturation intensity (cf. sec. 4.3.1) and
density-dependence of the harmonic yield are used (cf. sec. 4.5.3).
Considering an intensity of Ipump = 4 × 1014 W/cm2 in Fig. 5.3, the decrease of the

signal is clearly visible in the outlines. The calculated density for this intensity is ρ =
5 × 1020 cm−3. In sec. 4.3.1, the saturation intensity Isat has been de�ned for the probe
pulse as an intensity where a depletion of the ground state sets in, and became observable
by a saturation of the harmonic yield. In the measurements described in this section how-
ever, the intensity of the probe pulse is below the saturation intensity and no extensive
generation of free electrons is induced by the probe pulse. However, the density in the mea-
surement from this section is ten times higher than in the measurement of the saturation
intensity. In order to exclude an e�ect caused by the di�erence in the densities between the
two measurements, the �ndings from sec. 4.5.3 have to be taken into account, where the
harmonic yield has been studied as a function of the intensity of the probe pulse and of the
target density. Comparing the two densities of ρ = 5 × 1019 cm−3 and ρ = 5 × 1020 cm−3

in Fig. 4.20, the target is in both cases a dense gas with ρ < ρcuto� and the harmonic yield
is determined by PM and re-absorption. Hence, a decreasing signal due a high density
can also be excluded, and the reduced yield is assigned to ionization induced by the pump
pulse.
The decreasing signal for intensities higher than 3.3× 1014 W/cm2 in Fig. 5.3 therefore

allows the conclusion that the droplet gets highly ionized by the pump pulse and a plasma
is ignited throughout the droplet. This leads to changing PM conditions induced by free
electrons (cf. equation (2.36)) [Alt96, Kur13]. As a result, the harmonic yield and the
HOHO are suppressed. The absolute value for the decrease di�ers for each harmonic
order, as indicated in Fig. 5.3 (c), which is related to varying phase-matching conditions
for di�ering harmonic orders. The expansion of the droplet therefore is in agreement with
the LIB model for pulses with a duration of 100 fs.

Short Pulses A di�erent intensity dependence of the harmonic yield has already been
observed when studying the in�uence of the probe-pulse duration (cf. sec. 4.2.2). It has
been found that a shorter pulse duration results in less ionization within the target. Since



82 5.1. The Expansion of the Droplet

Figure 5.4: (a) Harmonic intensity versus harmonic order and intensity of the pump pulse.
The delay was set to t = 1.0 ns, while the Iprobe was determined to be 9.5 × 1014 W/cm2.
Outlines from (a) are depicted for the harmonic orders 25 (b) and 17 (c). Note that the
intensity axis is scaled logarithmic in (a) while linear in (b) and (c). The spectra were measured
with laser system B.

the expansion of the droplet via LIB is based on ionization, a di�erence in the harmonic
yield to the measurements described above should become observable when applying pulses
with a duration below 100 fs. Figure 5.4 (a) therefore shows the intensity of the harmonic
radiation as a function of the order and of Ipump for a �xed pump-probe time delay of
1.0 ns, which is the same measurement as in Fig. 3.9. Laser system B has been exploited
with pulse durations of 35 fs. The intensity of the probe pulse has been set to Iprobe =
9.5×1014 W/cm2 which is slightly lower than the saturation intensity and therefore provides
optimized conditions for HHG (cf. Fig. 4.12). The measurement is comparable to the above
described intensity study (cf. Fig. 5.3) but note that the range of the intensity is larger.
The harmonic signal is weak at low intensities in Fig. 5.4 but a signi�cant increase in the

harmonic yield sets in at intensities Ipump > 2.0 × 1014 W/cm2. Moreover, higher orders
become observable as the intensity is raised. Optimized conditions for the harmonic signal
are detected at intensities around 7.0×1014 W/cm2, where the HOHO is given by the 29th

order. Outlines are depicted in Figs. 5.4 (b) for the 25th harmonic order and for the 17th

order in (c).
Considering the 25th harmonic order, no radiation is emitted for the lowest intensity and

only a weak signal is observed for Ipump < 2 × 1014 W/cm2. The signal increases steeply
for higher values of Ipump, until a maximum is reached around 7.0× 1014 W/cm2. Further
increase of the intensity results in a decreasing yield. A comparable intensity-dependence
is observed for the 17th order Fig. 5.4 (c), but no decrease is observed for the highest
intensity.
Comparing the measurements with di�ering pulse durations in Figs. 5.3 and 5.4, the

harmonic yield as a function of the pump-pulse intensity develops similarly. A low yield
is followed by a steep increase as a function of the intensity, and a maximum is observed.
This indicates that the above described explanation for the intensity-dependence of the
signal is similar for the short pulses. However, optimized conditions for HHG are shifted
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towards higher intensities when pulses with a duration of 35 fs are applied and the decrease
in the signal at high values of Ipump is less pronounced in the case of the 25th order and
not observed at all for the 17th order. This is not in consistency with the model for the
calculation of the density, since the target gets more diluted for higher intensities of the
pump pulse which promotes a higher yield as observed in sec. 4.5.2. Moreover, no incoherent
radiation is detected. But considering the in�uence of the pulse duration onto HHG (cf.
sec. 4.2.2), one observation was a lower ionization probability using shorter pulses. In
combination with the fact that the expansion process is based on ionization through LIB,
this might be a hint for the need of a higher intensity of the pump pulse in order to generate
equal conditions for HHG. Hence, the threshold intensity for LIB seems to be higher for
pulses with short duration. A determination of ILIB for 35 fs-pulses therefore follows.

5.1.3 The Threshold Intensity for Laser-Induced Breakdown

The measured value for the threshold intensity of LIB in water using 100 fs pulses at a
central wavelength of 800 nm is ILIB = 6.4 × 1013 W/cm2 [Sch01, Bro11]. The threshold
intensity for LIB however is also depends on the wavelength. It increases for wavelengths
between 400 nm and 1000 nm, which stems from the increasing linear absorption coe�cient
within this wavelength range [Noa99] (cf. Fig. 5.1). It also depends on the pulse duration
since less ionization is induced using shorter pulses (cf. sec. 4.2.2) and therefore increases
as the pulse duration is decreased [Fen97, Noa99, ST06].
In order to estimate the threshold of ILIB for pulses with a duration of 35 fs, the data

provided by Noack et al. is used [Noa99], which is depicted in Fig. 5.5. The graph
shows ILIB as a function of the pulse duration where the data has been measured using
laser pulses with wavelengths of λ = 532 nm for τ > 3 ps and λ = 580 nm for τ < 3 ps.
The dashed line displays an approximation using a function ∼ τ−a where a is a �tting
parameter. The shortest pulse duration in the data is τ = 100 fs where ILIB (τ = 100 fs) =
1.11× 1013 W/cm2. An extrapolation of the �t curve delivers a value of ILIB (τ = 35 fs) =
2.5× 1013 W/cm2, which is a factor of ∆ILIB = 2.25 times higher.
However, the above calculated value is gained from data acquired with a wavelength of

580 nm and therefore cannot be considered as a reference value. Multiplying the scaling
factor of 2.25 with the above described measured value at a wavelength of 800 nm and pulses

Figure 5.5: Measured threshold in-
tensity for LIB ILIB at a wavelength
around λ = 580 nm by Noack et al.

[Noa99].

with a duration of 100 fs by Schaffer et al. [Sch01]
delivers a threshold intensity of ILIB (τ = 35 fs) =
1.4 × 1014 W/cm2 for a wavelength of 800 nm and
pulses with a duration of 35 fs. Although this is only
a rough estimate for the increase of ILIB, it provides a
value close to the experimentally retrieved intensity,
as will be shown in the following.

Figure 5.6 depicts single spectra of HHG from water
droplet for pulse durations of (a) 100 fs and (b) 35 fs
for di�erent intensities of the pump pulse. Equal
laser parameter to the Figs. 5.3 and 5.4 are chosen,
respectively. The spectra are normalized to the max-
imum signal of each series of measurements, which is
detected at the highest intensity of the pump pulse
shown. The lowest intensity in Fig. 5.6 (a) is slightly
higher than ILIB. However, only a weak signal of
harmonic radiation is observed. As the intensity is
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(a) (b)

Figure 5.6: Single spectra of the harmonic radiation from water droplets for a pulse duration
of (a) 100 fs and (b) 35 fs. The numbers within the single spectra indicate the intensity of the
pump pulse.

raised to Ipump = 2.6× 1014 W/cm2, the signal increases and harmonic radiation up to the
25th order is observed. For a value of Ipump = 3.7 × 1014 W/cm2 , the harmonic yield is
further enhanced, while no signi�cant di�erence is observed for the highest intensity.
A similar intensity dependence of the signal of the harmonic radiation is observed for

pulse durations of 35 fs in Fig. 5.6 (b). The lowest intensity is above the calculated threshold
of ILIB (τ = 35 fs) = 1.4× 1014 W/cm2, but no harmonic radiation is detected. When the
intensity is increased, harmonic radiation up to the 27th order is observed. Further raise
of the intensity results in a stronger harmonic yield, as in the case of Fig. 5.6 (a).
Comparing the two measurements, an equal intensity dependence of the signal of the

harmonic radiation is detected, though the intensity ratio between the measurements is
approximately∆Ipump ∼ 2 . In both cases, the harmonic yield is weak for intensities slightly
above ILIB, but a raise in the signal is observed as the intensity is increased. Moreover,
comparable HOHOs are generated and also a similar spectral intensity distribution is found.
However, a more precise analysis of ∆Ipump is needed in order to obtain a quanti�ed value
for the ratio of the intensities.

In order to receive a numerical value for ∆Ipump, the �ndings from sec. 5.1.2 are considered.
As observed in the outlines in Figs. 5.3 (b) and (c) as well as in Figs. 5.4 (b) and (c), the
development of the harmonic yield as a function of the intensity is comparable for both
pulse durations and the harmonic yield maximizes at a speci�c intensity for each order.
This optimum intensity of the pump pulse is a measure for the preparation conditions of
the droplet for HHG. Hence, choosing the intensities where the harmonic yield maximizes
is a suitable measure to compare the two experimental results.
Figure 5.7 shows the intensity of the pump pulse where the maximum harmonic yield

has been detected as a function of the harmonic order for a pulse duration of 100 fs (red)
and 35 fs (blue). The same laser parameters have been applied as in the previous measure-
ments. The optimum intensity is for both pulse durations rather constant as a function of
the harmonic order and a decrease is only observed for higher orders1. Hence, the two mea-
surements of the optimum intensity can be approximated by linear functions (dashed lines).

1Note that the 19th and the 21st order are not considered for a pulse duration of 35 fs since the lower
value of the optimum intensity stems from poor synchronization between laser and droplet.
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Figure 5.7: Optimum intensity of the
pump pulse for HHG versus harmonic
order for a pulse duration of 100 fs (red)
and 35 fs (blue). The dashed lines indi-
cate linear �ts to the measured data.

Comparing the two linear �ts allows a more pre-
cise statement of the intensity ratio for the two
pulse durations. By dividing the two linear func-
tions, a value of the ratio for the optimum inten-
sity of ∆Ipump = 2.097 is received. This is close
to the calculated value of 2.25 with a di�erence of
∼ 9 %. This di�erence in the intensity threshold
might be related to the use of pulses with a cen-
tral wavelength of 780 nm instead of 800 nm where
the imaginary part of the refractive index slightly
di�ers (cf. Fig. 5.1). However, the agreement
between the calculated and the experimentally re-
trieved value of ∆Ipump justi�es the assumption of a
two times higher threshold for LIB when using 35 fs-
pulses. Hence, by applying the experimentally re-
trieved scaling factor of ∆Ipump ≈ 2.1 on the value
for 100 fs pulses by Schaffer et al. [Sch01], a
threshold intensity for the LIB with pulses of 35 fs
of ILIB (τ = 35 fs) = 1.34× 1014 W/cm2 is obtained.
This means, the plasma triggered expansion of the droplet sets in at a higher intensity
when short pulses are applied. Consequently, the model for the calculation of the density
evolution of the droplet in sec. 2.4.2 has to be rescaled when using shorter pulses. This has
been considered in the measurements in the previous chapters by multiplying the intensity
in the model with the inverse of the intensity ratio 1/∆ILIB ≈ 0.48 , which corrects the
calculation of the density.
Furthermore, the �nding of an approximately two times higher intensity threshold for

LIB allows to interpret the intensity-dependence of the harmonic yield in Fig. 5.4, as
it is the reason for the shift of the intensity dependence of the harmonic yield towards
higher intensities than in Fig. 5.3. As in the case of 100 fs-pulses, only a weak signal
of harmonic radiation is detected for intensities lower than ILIB. The harmonic yield
then develops according to the �ndings for the longer pulses, which can be interpreted by
considering the calculated density with the re-scaled model. In Fig. 5.4, the density varies
from ρ ∼ 1× 1021 cm−3 at Ipump = ILIB to ρ ∼ 5× 1020 cm−3 at Ipump = 8× 1014 W/cm2.
Hence, equal values for ρ are calculated to the measurement with 100 fs-pulses in Fig. 5.3
and the droplet is prepared in a comparable state. That is why a similar behaviour of the
harmonic signal as a function of the intensity is observed although the intensity range is
di�erent.

In summary, the intensity threshold for the plasma-triggered expansion of the droplet ILIB
depends on the wavelength, as well as on the pulse duration. Using data by Noack

et al. [Noa99] for wavelengths of ∼ 580 nm allows to estimate the threshold intensity
for a pulse duration of 35 fs and a central wavelength of 800 fs to be ILIB (τ = 35 fs) =
1.4 × 1014 W/cm2. A comparison of the measurements of HHG for pulse durations of
35 fs and 100 fs allows to retrieve a threshold intensity for 35 fs pulses of ILIB (τ = 35 fs) =
1.34 × 1014 W/cm2 from the experimental data. Using the higher threshold intensity for
short pulses enables to extend the model for the calculation of the density to pulse durations
of 35 fs. Applying this extended model allows to interpret the dependence of the harmonic
yield as a function of the intensity of the pump pulse for short pulses and to observe the
intensity-dependent transition of the droplet from the liquid into the gas phase.
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Using the liquid droplet source is an excellent tool for the extension of threshold intensi-
ties of LIB in liquids for short pulses, since the source is not limited to water but also other
liquids can be applied. Moreover, the process is under vacuum conditions and no atmo-
sphere in�uences the expansion process which allows measurements with high precision.

So far the in�uence of Ipump has been studied for a �xed time delay of t = 1.0 ns. But the
transition of the droplet from a liquid state into a gaseous target is also time dependent,
as observed in secs. 3.2.1, 4.1 and 4.2.2. Moreover, a too high intensity of the pump
pulse seems to lead to a highly ionized target and the harmonic yield is decreased. Hence,
studying the signal of the harmonic radiation as a function of time and the intensity of the
pump pulse allows investigate the expansion process in more detail.

5.1.4 The Time and Intensity-Dependent Expansion Process

Free electrons can severely in�uence the harmonic yield, as observed when studying the
intensity-dependence of the pump pulse in the sections above. Since a plasma is ignited
by pump pulse during the expansion of the droplet via the LIB mechanism, the lifetime of
free electrons may exceed the nanosecond range. Hence, an ionized target can be prepared
which can be probed by HHG. However, also the probe pulse can lead to ionization, which
becomes more prominent in diluted targets (cf. sec. 4.2.1). In order to distinguish between
ionization induced by the pump and the probe pulse for di�erent densities of the target,
the harmonic yield is studied as a function of the intensity of the pump pulse and of the
delay between the two pulses.

Figure 5.8 depicts the signal of the harmonic radiation of the 17th order in (a) as a function
of the delay and of the intensity of the pump-pulse. Laser system B has been applied,
delivering pulses with a duration of 40 fs and an intensity of the probe pulse of Iprobe =
9.5× 1014 W/cm2. The dashed white line indicates the threshold intensity for LIB. In this
case, the mapping technique from sec. 4.4 is not applied since the density is a function of
t and Ipump and therefore varies throughout the graph. In general however, the target is
diluted for high values of t and Ipump with ρ ∼ 5 × 1017 cm−3 (top right corner) while it
is dense with ρ ∼ 5 × 1021 cm−3 for low values of t and Ipump (bottom left corner). The
di�erence in the density of the target along the intensity-axis is thereby of a factor below
ten (cf. Fig. 2.3).
The 17th harmonic order is generated for almost all delays and intensities. An increasing

signal as a function of the delay is observed for t < 7 ns, whereas a decrease is recognized
for larger values of t. A similar situation is detected regarding the intensity dependence,
where the harmonic yield raises as a function of the intensity and a broad maximum is
observed around t = 6.0 ns and Ipump > 6 × 1014 W/cm2. The signal decreases for larger
values of t. However, the signal is weak at two instances: First, independent of the intensity
of the pump pulse at short time delays and second for Ipump < ILIB at all time delays.
The �rst region where the signal is weak can be interpreted by considering the results

from sec. 4.5.3. The density of the target is high at short time delays and the mean
inter-particle distance is lower than the excursion distance of the electrons. The electronic
trajectories are therefore perturbed and the harmonic yield is suppressed. A similar sit-
uation is given for the second region featuring a weak signal. The reason here is a low
intensity Ipump < ILIB which results in an expansion that is not based on LIB as described
in sec. 5.1.3. Hence, energy is deposited within the droplet without igniting a plasma
which is less e�cient and results in a less rapid expansion process. The density of the tar-
get therefore is high and the electronic trajectories are distorted and reabsorption occurs.
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Figure 5.8: Harmonic yield of the (a) 17th versus the time delay and the intensity of the
pump pulse. The dashed white line indicates the threshold intensity for LIB. The intensity of
the probe pulse was set to 9.5× 1014 W/cm2. Note that the data has been interpolated with
three points between each intensity and delay value for better visibility. (b) Outlines from (a)
for di�erent time delays. The dashed black line indicated the threshold intensity for LIB. The
signals are normalized to the maximum of the harmonic yield.

For intensities above ILIB, the expansion of the droplet agrees with the LIB model and the
harmonic yield increases. For the interpretation at intensities of Ipump > ILIB, �xed delays
are considered in the following.

Figure 5.8 (b) depicts outlines of the signal of the 17th harmonic order for di�erent time
delays. For the largest delay, the signal increases until a maximum is reached around
Ipump = 7×1014 W/cm2. A decrease is observed for the highest intensity. On the contrary,
a strictly monotonic raise of the yield is observed when the delay is decreased to 7.0 ns,
where also the maximum of the harmonic signal is observed. Further decrease of the delay
to 1.0 ns results in a reduction of the conversion e�ciency and the maximum harmonic yield
drops. However, a still monotonous increase of the signal as a function of the intensity is
observed.
The raise in the signal of the harmonic radiation as a function of Ipump can be interpreted

by considering the intensity-dependent expansion of the droplet. For a �xed time delay, the
droplet expands as a function of Ipump and its density is reduced. Hence, PM conditions
improve, reabsorption e�ects are reduced, and the harmonic yield increases which is in
agreement with the results described in sec. 5.1.2. The di�ering maximum yield between
the three delays however stems from the time-dependent expansion of the droplet. The
target is in a diluted state for a delay of t = 10.0 ns. The number of emitters therefore
is low and the harmonic yield is weak. Contrarily, the density of the target is too high
at t = 1.0 ns and the PM conditions are not optimized. Hence, the harmonic yield is
weak again. Optimized conditions are found for t = 7.0 ns with a density of the target of
ρ = 3×1018 cm−3. The position of the maximum yield at this density is in agreement with
the �ndings from Fig. 4.20 (a), where the in�uence of the intensity of the probe pulse and
of the density of the target onto the harmonic yield were studied. Hence, similar conditions
for HHG are generated within the droplet in the two measurements. This validates the
model for the density evolution of the target from sec. 2.4.2 with the included intensity
correction from sec. 5.1.3, since di�erent combinations of t and Ipump are applied which
lead to a comparable calculated density of the target and also a comparable harmonic yield
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Figure 5.9: Harmonic yield of the (a) 27th order versus the time delay and the intensity of
the pump pulse. The dashed white line indicates the threshold intensity for LIB. The intensity
of the probe pulse was set to 9.5×1014 W/cm2. Note that the data has been interpolated with
three points between each intensity and delay value for better visibility. (b) Outlines from (a)
for di�erent time delays. The dashed black line indicated the threshold intensity for LIB.

as a function of the density.

While the monotonic increase of the signal for the two shorter delays considered above
has been attributed to the expansion of the droplet, the decrease for the highest intensity
and t = 10.0 ns has not been observed before. The dilution of the target between Ipump =
7 × 1014 W/cm2 and 8 × 1014 W/cm2 as reason can be excluded since the ratio of the
densities is with 1.1 too small. But the density of the target is below 1× 1018 cm−3 which
might as well be an indication for ionization induced by the probe pulse, as observed in
the TPM-experiments in sec. 4.2.1. However, the intensity of the probe pulse is below the
saturation intensity and the decrease of the signal therefore might be as well attributed
to ionization induced by the pump pulse as in the case of the 25th order in Fig. 5.4. In
order to identify the reason for the decreasing signal, higher harmonic order are considered.
Since the short trajectory is selected during the experiments, higher orders exhibit a larger
excursion time within the continuum τexc (cf. Fig. 2.8). Hence, the induced phase mismatch
by ionization is larger and it is more likely to detect an ionization induced e�ect within
the signal of a higher order, as observed in sec. 5.1.2.
Figure 5.9 (a) depicts the harmonic yield of the 27th order versus the time delay and

the intensity of the pump pulse. The same laser parameters as in Fig. 5.8 have been
applied. As in the case of the 17th order, the signal is weak at two instances: At short time
delays, independent of the intensity of the pump pulse and for all time delays with values
of Ipump < ILIB. The reason for the weak signal is again the high density of the target and
the resulting distortion of electronic trajectories.
Considering the intensity range, the radiation is emitted in a comparable way to the

17th order. However, the range of the time delay is more con�ned and the maximum
is shifted towards lower delays. This e�ect has also been observed in the measurements
concerning the probe-pulse intensity and the density of the target in Fig. 4.21 and therefore
can be assigned to the dilution of the target. Ionization-induced e�ects however are only
observable in the upper intensity regime of the pump pulse and therefore require a more
detailed analysis of the harmonic yield.
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Figure 5.9 (b) therefore depicts outlines of Fig. 5.9 (a) for di�erent delays. As in the
case of the 17th harmonic order, the signal increases for all three delays as a function of
the intensity which can also be attributed to the expansion of the droplet. However, a
decreasing yield of the harmonic radiation is observed for the highest intensity at all three
time delays. For the reduced signal at the largest delay, the density of the target is in
a diluted state (cf. Fig. 4.21 (a)). Hence, the reduced signal at 10 ns and the highest
intensity might stem from an e�ect induced by the probe pulse. However, the intensity
of the pump pulse is high and might as well induce a su�cient amount of ionization, as
observed in Fig. 5.3 (b). An explicit assignment to ionization induced by the pump or the
probe pulse is therefore not possible.
This is di�erent regarding Ipump = 8 × 1014 W/cm2 at the delays of t1 = 1.0 ns and

t2 = 5.0 ns, where the density of the target is high with ρ1 = 5 × 1020 cm−3 and ρ2 =
8.3 × 1018 cm−3, respectively. A comparison with the measurement of the harmonic yield
as a function of Iprobe and ρ in Fig. 4.21 (a) reveals that the two densities ρ1 and ρ2 are
situated before the maximum yield of the harmonic radiation for the given intensity of
the probe pulse of Iprobe = 9.5 × 1014 W/cm2. Hence, the signal is expected to increase
when the density of the target is decreased. However, a reduced signal is detected when
the density of the droplet is reduced by the raise of the intensity of the pump pulse from
Ipump = 7× 1014 W/cm2 to Ipump = 8× 1014 W/cm2. This means, the lower signal at the
highest intensity is not caused by the probe pulse but the e�ect can be attributed to an
increasing amount of ionization within the target which is induced by the pump pulse.

In conclusion, the droplet is expanded when higher intensities of the pump pulse are applied.
Moreover, a severe ionization can be induced by the pump pulse when applying intensities
Ipump > 6 × 1014 W/cm2 as observed by a decreasing yield of the harmonic radiation. In
order to estimate the degree of ionization within the target and to gain information on the
composition of the target, more sophisticated methods have to be applied which will be
presented in the next section.

5.2 An Ionized Target

First indications for the generation of an ionized target have been recognized in the last
section by a decreasing signal of the harmonic radiation for high intensities of the pump
pulse. However, this measurement did not allow any conclusion onto the amount of ions
residing within the droplet. A precise determination of the number of ions within the
target cannot be easily done because of the complexity of the dynamics of the droplet on
the considered time scales. But a comparison of the measurements applying high intensities
of the pump pulse from the last section with the simulations of the in�uence of an ionic
medium onto HHG by Strelkov et al. described in sec. 2.6.2 [Str05], can assist in
delivering a measure of whether the composition of the target is dominated by ions or
neutral particles.
As described by the theory in sec. 2.6.2, an ionic target can critically in�uence the elec-

tronic trajectories during the excursion in the continuum. The ionic �eld therein de�ects
the electron in a way that recombination may become impossible which leads to a suppres-
sion of the harmonic yield. The simulations by Strelkov et al. study the in�uence of ions
neighboring an atom which interacts with an intense laser pulse for varying densities of
the target [Str05]. Di�erent trajectories of the electron contributing to the harmonic signal
were simulated for the case of argon and an intensity of the driving �eld of 2×1014 W/cm2.
The results are depicted in Fig. 2.18 (b) and exhibit a lesser a�ection of the short trajec-
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tory than the long trajectory, as indicated by the steeper decrease of the signal of the
long trajectory as a function of the density of the target. The reason for the trajectory
splitting has been attributed to the di�erent excursion times of the quantum paths. For
a �xed harmonic order, the excursion time τexc of the electron within the continuum is
larger for the long trajectory (cf. Figs. 2.8 and 4.15). Hence, the accumulated phase by the
surrounding ions is higher for the long trajectory than for the short trajectory. The signal
from the long trajectory is therefore e�ciently suppressed. Additionally, the in�uence of a
neutral atomic target has been simulated, which is depicted in Fig. 2.18 (a). In compari-
son to the ionic target, harmonic radiation is detected at higher densities and no splitting
e�ect between the two trajectories is observed. This means, if the droplet is prepared in a
state where its composition is dominated by ions, a similar decrease of the harmonic yield
should be observed when the density of the target is increased. Hence, the measurement of
HHG with di�ering intensities of the pump pulse can be used to retrieve a measure for the
amount of ions within the target which is derived from more precise analysis of the data
from sec. 5.1.4.

5.2.1 Distinguishing between Neutral and Ionic Targets

In order to compare the measurements from sec. 5.1.4 with the simulation, the delay is
mapped onto the calculated density (cf. sec. 4.4). Figure 5.10 depicts the measured signal
of the harmonic radiation of the (a) 17th and (b) 27th order versus the density of the
target for di�erent intensities of the pump pulse. Moreover, the simulation by Strelkov
et al. [Str05] is shown for total emitted radiation of a short and a long trajectory for a
harmonic order from the plateau region emitted by an argon atom which is surrounded by
an ionized medium. In the measurements, laser system B has been applied with Iprobe =
9.5 × 1014 W/cm2 and a medium position z > 0 mm, so that the short trajectory was
selected.
In both �gures, the simulated signal of the long trajectory decreases rapidly until a

(a) (b)

Figure 5.10: Density-dependent development of the harmonic yield simulated for the short
and long trajectory by Strelkov et al. [Str05] and measured harmonic yield of the short
trajectory for the (a) 17th and (b) 27th harmonic order. Laser system B has been applied with
Iprobe = 9.5 × 1014 W/cm2. The numbers indicate di�erent intensities of the pump pulse in
units of 1014 W/cm2. Linear approximations are indicated by the dashed lines. The signals
have been normalized to the maximum yield at each intensity of the pump pulse.
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density ρ < 1 × 1019 cm−3 is reached and the slope �attens. The opposite behaviour is
observed for the short trajectory, where the signal remains at a nearly constant level for
densities ρ < 1× 1019 cm−3 and decreases thereafter. Regarding the 17th harmonic order,
the signals of all depicted intensities of the pump pulse show a similar density dependence.
The harmonic yield is weak for the lowest density but an increase towards a maximum as
a function of ρ is detected. Increasing the density of the target to values ρ > 1×1019 cm−3

results in a linear decrease of the signal. Approximating the decreasing signals with linear
functions (dashed lines) indicates that the slope of the decrease is with mj ∼ −0.2 cm3

similar to the simulation of the short trajectory with mshort ≈ −0.22 cm3 (where j denotes
the intensity of the pump pulse in 1014 W/cm2), while the di�erence is large between the
measurements and the simulation of the long trajectory with mlong = −0.002 cm3. A
similar behaviour is observed for the 27th harmonic order in Fig. 5.10 (b). A weak signal
is observed for low densities which increases towards a maximum. For the largest intensity
of the pump pulse however, the maximum is shifted towards higher densities. Thereafter,
the yield is reduced linearly as the density is increased.

The weak signal for low densities can be attributed to the dilution of the target and has
already been described in the last section. A higher interest lies in the linear decreasing part
of the signal. The good agreement of the slopes with the theoretical model is a proof for the
selection of the short trajectory via the position of the moderately. Moreover, the slope of
the linear approximation of the 27th order at the highest intensity of the pump pulse seems
with m8.1 = −0.24 cm3 to be slightly steeper than the simulated slope. This is reasonable

Figure 5.11: Averaged slope of the
linear �t to the harmonic orders 21 to
29 versus intensity of the pump pulse
(crosses). The error bars result from
the averaging over the di�erent orders.
The �gure also depicts the �ts to the
linear approximations of the simulated
contribution of the short (blue line) and
long trajectory (red line) for an ion-
ized medium as well as the contribu-
tion of the short trajectory for a neu-
tral medium (green line) by Strelkov
et al. [Str05].

since larger values of Ipump are supposed to result in
a larger amount of ions within the target, as observed
in sec. 5.1.4. Hence, a de�ection of the electronic tra-
jectories by the ionic �elds is more probable and a
steeper decrease of the signal is recognized. On the
contrary, a less ionized target promotes a less steep
slope of the decreasing signal, as observed in the sim-
ulation concerning a neutral target in Fig. 2.18 (b).
Therefore, the slope mj can be used as a measure of
the amount of ions within the droplet. A lower value
ofmj indicates a larger number of ions while a higher
value indicates a neutral target. Since higher orders
are more a�ected by ionization due to the larger ex-
cursion time of the electrons, the average value of the
slopes m̄j for the 21st to the 29th harmonic order is
therefore calculated.
Figure 5.11 depicts m̄j (crosses) as a function

of the intensity of the pump pulse. The value of
mean slope for Ipump = 1.7 × 1014 W/cm2 is close
to the simulation for a neutral medium (green line)2

and decreases with increasing intensity of the pump
pulse. The simulation for an ionic medium is reached
at Ipump = 8× 1014 W/cm2.
The comparison between the measurements and

the simulation validates that the amount of ions

2Note that the value of m̄j for the lowest intensity has to be regarded as a guidance level since Ipump < ILIB
and the expansion process di�ers from LIB.
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within the target depends on the intensity of the pump pulse. The slope of the linear
decrease allows to state that the target is mainly composed of neutral particles for low
intensities of the pump pulse, while ions are pre-dominant for high intensities. Hence,
the slope m̄j allows to estimate the microscopic composition of the target by distinguish-
ing whether a neutral or an ionic target is generated. According to this measure, the
in�uence of ions within the target becomes signi�cant for intensities of the pump pulse
Ipump > 5× 1014 W/cm2 as the trajectories become distorted and the signal is decreased.
Consequently, the target is mainly composed of neutral particles for lower intensities and
the distortion of the emission process by ionic �elds is negligible. For higher values of Ipump

in this measurement, a perturbation by neutral particle can be excluded since the consid-
ered densities result in a larger mean inter-particle distance than the excursion length of
the electronic trajectories. This is in agreement with the �ndings from sec. 4.5, where
a neutral target was generated with Ipump = 4.5 × 1014 W/cm2 and experiments vali-
dated a perturbation of the electronic trajectories by neutral particles at densities above
1× 1021 cm−3.

Since the laser parameters are now determined for the generation of a target with an
ion-dominated composition, the e�ects of an ionized target onto HHG can be studied in
more detail. By applying a high intensity of the pump pulse, even the observation of the
simulated splitting between the short and the long trajectory due to the de�ection of the
electrons by the ionic �eld is experimentally accessible, as described in the following.

5.2.2 Ionization-Induced Trajectory Splitting

In order to measure the ion-induced splitting of the harmonic signal between the short
and the long trajectory from the simulation in Fig. 2.18 (b) [Str05], the contributions of
the two quantum paths to the harmonic yield have to be recorded separately. This can
be arranged by choosing the relative position between focus and target, as explained in
sec. 4.1. A focal position before the droplet with respect to the propagation direction
therein selects the short trajectory, while it is vice versa for the long trajectory. But
for the comparison of the measurement with the simulation, it is necessary to determine
the density-dependence of the harmonic yield. Hence, the signal is recorded for di�erent
delays and afterwards mapped onto the density (cf. sec. 4.4). Applying laser system B with
Iprobe = 1.0× 1015 W/cm2 and an intensity of the pump pulse of Ipump = 6× 1014 W/cm2

generates a medium ionized target, so that a splitting e�ect should be observable but less
strong pronounced than in a highly ionized target, according to Fig. 5.11.
Figure 5.12 depicts the spectrally integrated signal of the (a) 17th and (b) 19th orders

which are situated within the plateau region, as well as the 21st harmonic order from the
cuto� region in Fig. 5.12 (c) as a function of the density for the short (blue) and long (red)
trajectory. Figures 5.12 (a) and (b) feature a similar behaviour of the harmonic signal
versus the density of the droplet. The contribution of the short trajectory remains at a
constant level and decreases after a density of 5× 1020 cm−3 is reached. The contribution
assigned to the long trajectory however has a low signal for low densities. An increase is
observed towards a density of 1.5×1019 cm−3 while the signal decreases for higher densities
more steeply than the contribution of the short trajectory. The yields of both trajectories
converge for the highest density.

Considering the density range between the position of the maximum signal and the highest
value of ρ, a splitting of the trajectories is observed. It is in qualitative agreement with
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(a)

(b)

(c)

Figure 5.12: Integrated harmonic sig-
nal of the (a) 17th, (b) 19th and (c)
21st harmonic order versus density. The
short (blue) and long (red) trajectories
are selected via the focal position with
z > 0 mm for the short trajectory and
z < 0 mm for the long trajectory.

the simulation from Fig. 2.18 (b) but less pro-
nounced. This has been expected since a medium-
ionized target is generated for the given intensity of
the pump pulse which results in a less strong de-
�ection of the electrons during the excursion in the
continuum so that the di�erence between the two
trajectories is less distinct. A further indication that
the target is not completely ionized is that a signal
of harmonic radiation is still detected for densities
ρ > 1 × 2021 cm−3, whereas the simulation predicts
a decrease to zero for a fully ionized target. The
simulation for a neutral target however in Fig. 2.18
(b) indicates a reduction of the harmonic yield by a
factor of two, which is close to the measured values
in Fig. 5.12. Hence, there are ions within the target
but their number is limited. A splitting however is
observed and can be attributed to the di�erence in
the excursion time between the short and the long
trajectory. But how can be veri�ed that this e�ect is
caused by ions and not by neutral particles due to a
high density of the target as described in sec. 4.5.2?
Two observations allow to assign the di�erence be-

tween the two trajectories to an e�ect caused by ion-
ization: First, the splitting is observed for densities
ρ < 1×1021 cm3, which means the density of the tar-
get is within a regime where the mean inter-particle
distance is large compared to the excursion distance
of the electrons. Hence, a perturbation of the tra-
jectories due to a high density can be excluded (cf.
sec. 4.5.2). Second, the two signals converge for the
highest density while an increasing di�erence should
be observed if the splitting was induced by neutral
particles since the long trajectory is a�ected more
severely (cf. sec. 4.5.1). Furthermore, the splitting
is exclusively detected in the simulation for an ion-
ized target and not for a medium consisting of neu-
tral particles. Thus, the di�erence in the density de-
pendence of the trajectories can be attributed to an
ion-induced de�ection of electronic trajectories due
to an ionized target.

Regarding the 21st harmonic order in Fig. 5.12 (c),
the density-dependent development of the short and
the long trajectory is almost equal and features in
both cases a weak yield at the lowest density. The
low contrast between the trajectories of the 21st or-
der can be assigned to a position of the harmonic
spectral line within the cuto� region. Hence, the ra-
diation is emitted via a single trajectory with only
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one excursion time and no splitting is possible. The signals are therefore supposed to be
equal and an eventual di�erence in the yield is caused by noise. Moreover, the evolution of
the harmonic yield is comparable with the measurements of the long trajectory in Figs. 5.12
(a) and (b), though the amplitude of the signals is slightly higher. In fact the amplitude
is between the values of the short and the long trajectory from Fig. 5.12 (a) and (b). This
is in agreement with the simulation for an ionized target from Fig. 2.18 (b), where the
signal of the contribution of the trajectory assigned to the cuto� lies between the values
of the short and long trajectories. This shift results from an excursion time of the cuto�-
trajectory between the value of long an short trajectory (cf. Fig. 2.8). Since the excursion
of the long trajectory within the continuum is larger, the induced phase mismatch by free
electrons is higher and the signal decreases. The excursion time successively decreases for
the cuto� and the short trajectory, resulting in less perturbed signals. Hence, the yield of
the cuto� trajectory between the contribution from the short and the long trajectory.

So far the in�uence of an ionic target onto di�erent quantum paths has been studied for
high densities of the droplet. However, a discrepancy between the simulation and the
measurement has been observed at lower densities. While the short trajectory develops
in agreement with the simulation and remains at a constant level for low densities, a
decrease of the signal of the long trajectory is observed. The decreasing signal is detected
for densities ρ < 1 × 1019 cm−3 and therefore is beyond optimum density conditions for
HHG (cf. Fig. 4.20). Hence, the decrease of the signal is not caused by a lower number of
emitters but it can be attributed to ionization induced by the probe pulse, which has also
been observed in more diluted targets for the short trajectory in sec. 4.2.1.

The splitting of the trajectories additionally allows to interpret the inversion of the max-
ima in the harmonic yield assigned to the short and the long trajectory compared with
measurements in a gas jet, which has been observed during the study of the focal position
onto the PM conditions in sec. 4.1. Therein, a high intensity of the pump pulse has been
applied. Large values of Ipump lead to an ion-dominated target so that the long trajectory
was suppressed while the short was less a�ected. At lower densities, the free electrons were
generated by the probe pulse and a suppression of the contribution of the long trajectory
due to its longer excursion time in the continuum was observed again. As a result, the
signals of the two quantum paths were inverted in comparison with the measurement in
the gas jet.

In conclusion, ionization induced by the pump pulse can generate an ionic target. The
amount of ions within the droplet depends on the intensity of the pump pulse and can
be qualitatively identi�ed via HHG. A splitting of the trajectory contributions induced
by ionization has been experimentally observed, which is in agreement with the simulated
results by Strelkov et al. [Str05]. This splitting allowed to attribute the detected
inversion of the conversion e�ciency of the long and of the short trajectory during PM
experiments in sec. 4.1 to an ionization-induced e�ect. Moreover, by tuning the intensity of
the pump pulse, the composition of the target can be manipulated from a neutral towards
an ion-dominated target. Changes on the atomic level between clusters, molecules and
atoms remain undisclosed. However, only intensities of the pump pulse higher than ILIB
have been considered yet, although harmonic radiation has been detected for intensities of
the pump pulse lower than the threshold intensity for LIB (cf. Fig. 5.8). Hence, energy
of the fundamental radiation has to be deposited within the droplet and has to contribute
to its expansion. The generation of high-order harmonic radiation for Ipump < ILIB is
therefore studied in more detail in the following.
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5.3 High-Order Harmonic Generation below the Threshold for
Laser-Induced Breakdown

Figure 5.13: Harmonic yield ver-
sus order and delay for Ipump =
3 × 1013 W/cm2 and Iprobe = 9.5 ×
1014 W/cm2.

The interaction of the droplet with the pump pulse
for intensities of Ipump < ILIB results in a di�er-
ent expansion mechanism than the LIB-model (cf.
sec. 5.1.1). Since the intensity is insu�cient to ig-
nite a plasma, the amount of ionization within the
target is low. The droplet is therefore mainly com-
posed of neutral particles, such as water molecules
and water clusters, and its expansion is less rapid
(cf. sec. 5.2). Hence, the density is larger than
calculated with the model from sec. 2.4.2, and the
harmonic yield is strongly suppressed as depicted in
Fig. 5.13. Therein, the signal of the harmonic radi-
ation is shown as a function of the harmonic order
and of the pump-probe time delay. Laser system B
has been applied with Iprobe = 9.5 × 1014 W/cm2.
Harmonic radiation is detected up to the 17th or-
der, although the intensity of the pump pulse is with
Ipump = 3× 1013 W/cm2 below the threshold inten-
sity for LIB. The signal is weak and incoherent radiation is detected for higher orders than
the 17th.
Since harmonic radiation is observed for Ipump < ILIB, the thermodynamical phase of

the droplet has to be changed as HHG is not possible in the liquid phase for the wavelength
applied (cf. sec. 4.5.2). As observed in the determination of the estimate of ions within
the target in sec. 5.2, information on the structure of the target on the atomic level is
imprinted onto the harmonic yield. Various experiments have shown that this information
can be retrieved [Kan05, Ita04, Smi09, Voz11, Ruf13]. However, a determination of the
microscopic state of the droplet is non-trivial due to its complex dynamics on the considered

Figure 5.14: Thresh-
old energies for break-
ing all bonds within the
droplet (blue), as well
as for total dissociation
(red).

time scales [Lin04]. However, a simpli�ed consideration on the
energy deposited within the target may assist in a �rst attempt
to track information on the changes on the atomic level from the
signal of the harmonic radiation.

Regarding two H2O molecules forming a hydrogen bond, the bind-
ing energy between the two molecules is E2H2O = 0.24 eV [Nel04].
The droplet however consists of N ≈ 1.40×1014 water molecules,
which dynamically bond with an average number of 3.4 surround-
ing water
molecules at a time. This means, the water molecules form clus-
ters inside the droplet. Assuming a homogeneous deposition of
the energy within the target, the total amount of energy needed
for breaking all hydrogen bonds in the liquid droplet is given by
[Nel04]:

EH-bonds = 0.06× 1015 eV ≈ 0.01 mJ. (5.1)

The energy of the pump pulse in Fig. 5.13 has been set to 0.05mJ,
which is su�ciently high for breaking all bonds (cf. Fig. 5.14).
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(a) (b)

Figure 5.15: Outlines of Fig. 5.13. (a) 15th and (b) 17th harmonic order versus pump probe
time delay for di�erent energies of the pump pulse. The harmonic yield has been spectrally
averaged around 5 % of each harmonic order and normalized to the each maximum.

However, the absorption is less than in the case of the LIB-Model, where at maximum 50 %
of the energy are absorbed [Sch01]. Moreover, the radiation is not absorbed homogeneously
throughout the target, resulting in a gradient in the composition of the droplet along the
propagation axis of the pulse. The spherical shape of the droplet also acts as a lens and
focuses the IR-Pulse into the interior of the target, where a larger fraction of the energy is
absorbed, instead of ionizing at the surface [Cou03]. The intensity therefore may increase
again above the threshold for LIB and ignite a plasma within the interior of the droplet.
This leads to an expansion according to the LIB-Model, but less accelerated than in the
measurements from the last section since it is surrounded by liquid water [Gei10]. For the
applied pulse energy however, a total dissociation of all molecules within the target is not
possible since this would require an energy of

Ediss. ≈ 0.22 mJ (5.2)

for breaking all covalent bonds between the hydrogen atoms and the oxygen atoms (with
EHO-H = 5.12 eV and EO-H = 4.41 eV [Nel04], cf. Fig. 5.14). Hence, the composition of
the target is mainly a fragmentation into water molecules and clusters. Although this is a
naive estimate, it may assist in the interpretation of the data in Fig. 5.13.

Figure 5.15 depicts the signal of the (a) 15th and (b) 17th harmonic order as a function of
the pump probe time delay for the laser parameter given above, but di�erent energies of the
pump pulse. While the signal develops in agreement with the �ndings from sec. 5.1.4 for
the highest energy (where Ipump < ILIB), an oscillation of the harmonic yield as function of
the delay is detected for the lower two energies. At an energy of the pump pulse of 0.15mJ,
the intensity of 1.7× 1014 W/cm2 is slightly above ILIB, while it is below the threshold for
LIB for the lowest energy. The harmonic yield develops for both lower energies comparable
as a function of time. The signal increases towards a maximum around 3 ns, which is
followed by local minimum and an adjacent raise.
In order to interpret the oscillating signal, the considerations on the deposited energy

are taken into account. For the lower two energies, the threshold for breaking all hydrogen
bonds is reached in both cases. However, the energy needed for total dissociation is not
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Element Symbol Ionization Energy (eV)

Xenon Xe 12.1298

Hydrogen H 13.60

Oxygen O 13.62

Hydrogen Molecule H2 15.43

Water Molecule H2O 12.61

Water Hexamer (H2O)6 8.75

Bulk Water (H2O)n 6.5

Table 1: Ionization energies for di�erent states of water and reference atoms for the HOMO
and ground state, respectively [Bro11, SM12, NIS13].

exceeded (cf. Fig. 5.14). Reminding that the total absorption is below 50 %, at maximum
11 % and 33 % of Ediss. are reached for Epump = 0.05 mJ and Epump = 0.15 mJ, respectively.
Hence, the target is in both cases dominated by neutral particles, where larger fragments are
expected for the lower energy of the pump pulse. As the delay is increased, the fragments of
the droplet depart and conditions for HHG improve with the reduced density, as observed by
the maximum of the yield in Fig. 5.15 (see also sec. 4.5.2). But a homogeneous expansion of
the droplet does not explain the oscillating signal. Hence, dynamics between the fragments
have to be considered. As the deposited energy of the fundamental pulse is transferred
into kinetic energy of the particles within the droplet, energy is also transferred between
adjacent particles via collisional processes. This leads to additional dissociation of the
fragments of the droplet. The time scale for the dissociation of one water molecule from
a water cluster is within the ps-range [Lee13]. Since the droplet is a macroscopic target,
the transfer of the energy throughout the medium by collisional processes needs time.
This allows to interpret the minimum in the harmonic signal around 6 ns as a time where
a notable amount of dissociation is reached. Hence, the mean inter-particle distance is
reduced and electronic trajectories are perturbed during HHG. As the delay is increased,
the dilution advances and the mean inter-particle distance increases beyond the limit of
the electronic excursion distance again. As a result, an increase in the harmonic yield is
observed.

The �rst maximum of the signal of the harmonic radiation at 3 ns therefore can be
interpreted as a HHG in a target consisting mainly of water molecules and clusters. This
is also in agreement with the low yield throughout the delay range since less emitters
lead to a reduced signal (cf. Fig. 5.13). Moreover, the HOHO remains at a constant
level over a large delay range at the 17th order. The low HOHO might be related to the
lower ionization potential in water clusters or bulk water, as depicted in table 1. However,
the target features far more complex dynamics than observable in the above described
measurement. Moreover, the expansion process at low energies of the pump pulse is highly
inhomogeneous and the study of the harmonic yield as a function of the pump-probe time
delay for di�erent energies of the pump pulse has to be considered as a �rst attempt for
revealing the dynamics of the droplet on the atomic level. Also the considerations on the
absorbed energy within the target only permits a basic interpretation of the data, but a
detailed analysis exceeds the limits of this thesis. However, HHG is the ideal tool to reveal
the dynamics of the droplet on and below the ns time scale as it allows to probe the state
of the target in-situ. Hence, further research is needed to identify the di�erent microscopic
states of the target.
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5.4 Conclusions

The expansion processes is based on nonlinear absorption. For high intensities of the pump
pulse, the laser induced breakdown model (LIB) describes the intensity-dependent expan-
sion of the droplet (cf. sec. 5.1.1). Through measurements of the intensity-dependence of
the harmonic yield as a function of the pump-pulse intensity, the model for the density
calculation from sec. 2.4.2 was veri�ed. However, signi�cant di�erences in the optimum
intensity parameters for HHG were observed, when comparing measurements with di�erent
pulse durations. These di�erences were assigned to a lower amount of ionization induced
by the pump pulse, when using short pulses (cf. sec. 5.1.2).
Since the intensity threshold for LIB depends on the pulse duration, a scaling factor

had to be implemented in the model for the calculation of the density which corrects the
intensity for shorter pulses. In order to obtain this scaling factor, the yields of the emitted
harmonic radiation were studied for two di�erent pulse durations as a function of Ipump. As
a result, a 2.1 times higher threshold intensity for LIB has been obtained for short pulses
in comparison to long pulses. The resulting threshold intensity is in reasonable agreement
with the theoretical value with a di�erence below 5 %.

For high intensities of the pump pulse, a target mainly composed of ions can be generated.
By mapping the harmonic yield to the density and comparing the experimental data with
a simulation of the in�uence of an ionic medium onto HHG, a measure for the ionization
within the droplet has been obtained. This measure indicates that the target is mainly
composed of neutral particles for low intensities, while it is dominated by ions for high
intensities of the pump pulse (cf. sec. 5.2.1).
Generating a highly-ionized target, a trajectory-dependent decrease of the harmonic

signal was observed. While the long trajectory was strongly suppressed in an ionized
medium, the short trajectory remained nearly una�ected. This di�erence in the decrease
of the harmonic yield has been assigned to the varying excursion time of the trajectories
within the continuum (cf. sec. 5.2.2).

Finally, �rst indications for changes of the medium composition on the atomic level from
clusters and molecules towards a molecular or atomic target were detected by an oscillating
signal of the high-order harmonic radiation as a function of the pump probe time delay (cf.
sec. 5.3).



Chapter 6

Conclusion and Outlook

Conclusion

In this thesis, high-order harmonic generation (HHG) from liquid water molecules has been
systematically studied. In order to identify the rich dynamics of the droplet on the macro-
scopic, as well as on the microscopic level, high-order harmonic spectroscopic methods have
been applied through in-situ measurements. Three parameters have been identi�ed which
determine the state of the target by pump-probe experiments. The intensity of the pump
pulse and the pump-probe time delay a�ect the expansion of the droplet and therefore de-
termine its density evolution. Moreover, the duration of the applied laser pulses critically
in�uences the conversion of the fundamental radiation into the XUV-spectral domain.

A �rst attempt to determine the thermodynamical phase of the droplet after being hit by
the pump pulse is the study of the phase matching (PM) properties of the target by mea-
suring the harmonic yield. Similar characteristics of the harmonic radiation to experiments
in gas jets have been found at low target densities. These measurements allowed to deduce
that the droplet performs a transition from the liquid phase into the gas phase after being
hit by the pump pulse. Applying a model for the calculation of ion velocities allowed to
estimate the time and intensity-dependent density evolution of the droplet. This model
provided a calculated density which has been in reasonable agreement with the observed
PM e�ects and has therefore been used to estimate the density evolution for the laser pa-
rameters applied in the experiments. However, some discrepancies were observed since a
higher conversion e�ciency has been detected for the short trajectory compared with the
long trajectory. This is a reversed conversion e�ciency for the trajectories in comparison
with HHG in a gas jet. The inversion of the amplitudes of the harmonic yield has been
attributed to a suppression of the long trajectory in an ionized medium due to its larger
excursion time within the continuum, compared with the short trajectory.
In diluted targets with densities in the lower gaseous density regime, spectral broadening

and spectral splitting of the harmonic orders have been observed and were assigned to
transient phase matching e�ects. Since free electrons critically in�uence the harmonic
yield, the dependence of the pulse duration onto HHG has been studied, where shorter
pulses allow to observe harmonic radiation at higher densities of the target.
The saturation intensity of the harmonic yield has been determined, and optimized

conditions for HHG have been identi�ed by matching the intensity of the probe pulse to
the density of the target.

For a detailed analysis of the in�uence of the target density onto the HHG process, the elec-
tronic excursion distances in the continuum were simulated. By comparing the maximum
electronic excursion distance with the thermodynamical mean inter-particle distance, two
theoretical limits were obtained for the maximum tolerable density upon which the target
becomes too dense and a perturbation of the electronic trajectories by adjacent particles
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sets in. The �rst limit acts as an orientation between a perturbation-dominated, high-
density and the phase matching density regime, while no emission of harmonic radiation
is possible for densities above the second boundary.

By mapping the pump-probe time delay to the density of the target, a scaling of the
harmonic yield proportional to the mean inter-particle distance has been observed for
densities above the �rst theoretical limit. In agreement with the simulations, no harmonic
radiation was detected for densities higher than the second theoretical limit. This approach
provides a methodology selecting a single trajectory which contributes to the signal of a
�xed harmonic order by increasing the density of the target.

Finally, the conversion e�ciency of HHG from liquid water droplets has been measured.
It is below the values observed in experiments using rare gas targets, the experimental
conditions however still allow an optimization which is promising to overcome the results
obtained in gas targets.

After identifying the di�erent e�ects that limit the harmonic yield, optimized conditions
for HHG were chosen and the harmonic radiation has been used to study the transition
of the droplet from the liquid into the gas phase through an in-situ measurement. For
high intensities of the pump pulse, the laser-induced breakdown model (LIB) describes
the intensity-dependent expansion of the droplet. Applying pulses with intensities in the
LIB-regime, the model for the calculation of the density was veri�ed. However, signi�cant
di�erences in the optimum intensity parameters for HHG were observed, when comparing
measurements with di�erent pulse durations. These di�erences were assigned to a lower
amount of ionization induced by the pump pulse, when using short pulses.

Since the intensity threshold for LIB depends on the pulse duration, a scaling factor had
to be implemented in the model for the calculation of the density evolution of the target
which corrects the intensity for shorter pulses. It was obtained by comparing the harmonic
yield for di�erent durations of the driving pulse. As a result, a 2.1 times higher threshold
intensity for LIB has been obtained for short pulses in comparison to long pulses. The
resulting threshold intensity is with a di�erence below 5 % in reasonable agreement with
the theoretical value.

Measurements of the harmonic yield for high intensities of the pump pulse indicated that
the target was mainly composed of ions. By mapping the harmonic yield to the density
and comparing the experimental data with a simulation of HHG in an ionic medium,
an estimate of the amount of ionization within the droplet was obtained. This measure
indicated that the target has been mainly composed of neutral particles for low intensities
of the pump pulse, while it was dominated by ions for high intensities.

Generating a highly-ionized target, a trajectory-dependent decrease of the harmonic
signal as a function of the density of the target was observed. While the long trajectory was
strongly suppressed in an ionized medium, the short trajectory remained nearly una�ected.
This di�erence in the decrease of the harmonic yield has been assigned to the varying
excursion time of the trajectories within the continuum.

Finally, �rst indications for changes in the composition of the generating medium on
the atomic level from clusters and molecules towards a molecular or atomic target were
detected in a neutral target by an oscillating signal of the high-order harmonic radiation
as a function of the pump probe time delay.
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Outlook

The liquid droplet allows to generate harmonic radiation in an unrivaled density range,
reaching from liquid density to the density range of diluted gases. Moreover, the composi-
tion of the target can be manipulated on the atomic level, providing a molecular, atomic
or ionic target in a single setup. However, the droplet source is not limited to water as a
target, but many liquids could be applied, and a whole new area of materials would be-
come available for the investigation of light-matter interaction with sub-fs time and sub-nm
spatial resolution.
Since the work presented in this thesis is a �rst encounter to identify the dynamics of

the droplet on the nanosecond time scale and beneath, a vast number of interesting studies
arises which have the ability to extend measurements on the attosecond time scale to the
liquid phase. A special interest lies upon the possibility of a precise determination of the
microscopical state of the droplet for intensities of the pump pulse below the threshold in-
tensity for LIB, since �rst indications for a target consisting of clusters have been observed.
A possible method for revealing the dynamics on the atomic level would be a study of the
harmonic yield as a function of the ellipticity of the driving �eld, as it is a common method
to reveal dynamics on the atomic level [Dre12, Sha12a, Möl12]. Comparable measurements
in rare gas clusters revealed a cluster-to-itself recombination, where the released electron
recombines with a di�erent atom within the cluster, resulting in a higher recombination
probability compared with an atomic target [Ruf13]. This might be a way to exactly iden-
tify the changes on the atomic level. But also the two-color HHG technique is suitable,
since it is highly sensitive on symmetries within the target [Dud06, Sha12b].
Moreover, a combination of the setup with intense few-cycle pulses, using techniques such

as polarization gating [Tch03], �lamentation [Ste12] or hollow-core �bers [Nis96, Nag11]
seems promising, since ionization within the droplet is further reduced and the dynam-
ics can be probed with minimum in�uence of the probe pulse. Few-cycle pulses would
also be of advantage for an exact determination of the maximum tolerable density for
HHG, since the number of trajectories contributing to the signal is low. This would
allow to precisely retrieve the excursion distance of the electron, and directly leads to

Figure 6.1: Intensity ratio between
water droplets doped with gold nano-
spheres and pure water as a function of
the harmonic order for di�erent sizes of
the nanoparticles.

its time of ionization and provide a novel method
for the measurement of attosecond dynamics in a
macroscopic target.

The true bene�ts of the liquid droplet however lie
within the possibility of adding non-liquid materi-
als to the droplet [Cha06, Vas13]. This enables a
study of HHG with large particles, while similarly
extending the target material towards the edge of
solid state physics. Figure 6.1 depicts preliminary
results of HHG from water droplets doped with gold
nano-spheres. The �gure shows the intensity ratio
between doped water droplets and pure water as a
function of the harmonic order for di�erent sizes of
the nanoparticles. In comparison with pure water,
an enhancement is observed which is most distinct
for harmonic orders within the cuto� region and
seems to depend on the size of the nanoparticles.
The largest ampli�cation of the harmonic yield of a
factor of ∼ 4 is detected for a size of 30 nm.
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While enhancement of harmonic orders within the plateau region has been observed in
experiments with nanoparticle containing plasma plumes [Gan08, Gan09, Gan10, Gan13],
the ampli�cation of the cuto� region is a novel feature. The reason might be related to
the cluster-to-itself recombination [Ruf13], but also plasmonic enhancement e�ects might
contribute the larger amount of radiation [Kim08, Pfu13], though it is discussed whether
plasmonic resonances are able to contribute to HHG or not [Siv12]. In this case also a
measurement of the ellipticity dependence of the harmonic yield might assist in revealing
the reason for the enhanced harmonic yield.
In conclusion, there is a large number of possible experiments, which makes the liquid

droplet as a target for HHG the most versatile source at present time and a promising tool
to study light-matter interaction. High-density targets with of molecular dynamics become
accessible as a source for attosecond physics experiments.
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