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ABSTRACT

The investigation of laser plasma processes utilising high contrast laser pulses is of great
interest for many applications including the search for novel X-ray sources that are ideally
suited to study inner-atomic structural dynamics. In this thesis, the interaction of ultrashort
laser pulses with both, solid and gaseous targets using high contrast laser systems is
investigated in two different intensity regimes. Firstly, gaseous targets were irradiated by a
10 fs laser pulse focused to an intensity of 6×1016 W/cm2 to study the nonlinear interaction
during the laser pulse propagation. Secondly, solid targets with periodically modulated
surfaces were used to generate high harmonic radiation apart from the specular direction
of the laser by using the 27 fs laser pulse of the ARCTURUS laser at a focal spot intensity
of 2×1020 W/cm2. In order to provide a high temporal laser contrast, a plasma mirror
system was built and implemented into the ARCTURUS laser system in the course of these
experiments. The characterisation of this device shows a temporal contrast of 10−11 and a
high energy throughput (80 %).

The first experiment gives insights into the influence of the gas pressure on the spectral
phase of the laser pulse. Studying the laser pulse propagation through different noble
gases (helium, neon and argon) is relevant for the generation of high harmonics from
gaseous targets which can be used as a source for applications applying ultrahigh time
resolution. The high temporal contrast of the FEMTOPOWER compact PRO laser system
allows to analyse the interaction processes without strong preplasma effects. This is
especially important for investigating the impact of the ionisation process through optical
field ionisation. It was found that rising the gas pressure leads to a change of the second-
order dispersion coefficient from negative to positive values for helium gas. The interplay
of ionisation and Kerr-effect is discussed by means of numerical simulations.

The second experiment demonstrates the first evidence of high harmonic emission from
periodically modulated targets. The intense pulse of the ARCTURUS laser was focused onto
the grating targets close to normal incidence (5◦). Harmonic radiation was detected along
the target surface, largely separated from the specular direction of the laser, which enables
various applications to benefit from this new generation method due to the possibility to
omit strong filters. The generation process was studied over a broad wavelength range
(from second order up to 45th order). Moreover, the influences of different parameters
on the high harmonic emission such as grating periodicity, preplasma, incidence angle etc.
were investigated by means of 2D PIC simulations. Based on the results of experiment and
simulations, a very good understanding of the interplay of the different parameters that
influence the generation of high harmonics from grating targets was obtained. The results
show that the spectral properties of the grating harmonics can be controlled by changing
the grating parameters.





ZUSAMMENFASSUNG

Die Untersuchung der Laser-Plasma-Wechselwirkung mithilfe von Laserpulsen mit hohem
Kontrast ist von großem Interesse für viele Anwendungen wie beispielsweise die Suche
nach neuartigen Röntgenstrahlungsquellen, die sich bestens für die Erforschung von inner-
atomaren Strukturveränderungen eignen. In dieser Arbeit wurde mithilfe von Lasersystemen
mit hohem zeitlichen Kontrast die Wechselwirkung von ultrakurzen Laserpulsen mit sowohl
Festkörpern als auch gasförmigen Targetmaterialien in zwei verschiedenen Intensitätsregi-
men untersucht. Zunächst wurde eine Untersuchung der nichtlinearen Wechselwirkungen
während der Laserpulspropagation eines 10 fs-Laserpulses bei einer fokussierten Intensität
von 6×1016 W/cm2 in gasförmigen Targets durchgeführt. Darüber hinaus wurden Festkör-
pertargets mit periodisch modulierten Oberflächen für die Erzeugung Hoher Harmonischer
Strahlung genutzt, die unabhängig von der spekularen Richtung des Lasers gemessen
wurde. Hierzu wurden die 27 fs-Laserpulse des ARCTURUS-Lasers mit einer Intensität
von 2×1020 W/cm2 fokussiert. Um einen hohen zeitlichen Laserkontrast zu gewährleisten,
wurde im Rahmen dieser Arbeit ein Plasmaspiegelsystem gebaut und in das ARCUTURUS-
Lasersystem implementiert. Die Charakterisierung dieses Geräts ergab einen zeitlichen
Kontrast von 10−11 und einen hohen Energiedurchsatz von 80 %.

Das erste Experiment ermöglicht Einblicke in den Einfluss des Gasdrucks auf die spektrale
Phase des Laserpulses. Die Untersuchung der Laserpulspropagation durch verschiedene
Edelgase (Helium, Neon und Argon) ist von Relevanz für die Erzeugung von Hoher Har-
monischer Strahlung in gasförmigen Targets, die für Anwendungen mit ultrahoher Zeit-
auflösung genutzt werden kann. Der hohe zeitliche Kontrast des FEMTOPOWER compact
PRO Lasersystems ermöglicht die Untersuchung des Wechselwirkungsprozesses ohne starke
Vorplasma-Effekte. Dies ist für die Betrachtung der Einflüsse des Ionisationsprozesses
durch optische Feldionisation von besonderer Bedeutung. Die Ergebnisse zeigen, dass die
Erhöhung des Helium-Gasdrucks zu einer Änderung des Dispersionskoeffizienten zweiter
Ordnung von negativen hin zu positiven Werten führt. Das Wechselspiel von Ionisation und
Kerr-Effekt wird mithilfe von numerischen Simulationen diskutiert.

Das zweite Experiment demonstriert den ersten Beleg für die Abstrahlung von Hohen Har-
monischen von Targets mit periodisch modulierten Oberflächen. Der intensive Laserpuls des
ARCTURUS-Lasers wurde nahe des lotrechten Einfalls (5◦) auf die Gittertargets fokussiert.
Harmonische Strahlung konnte entlang der Oberfläche des Targets detektiert werden.
Damit befindet sich die Strahlung weit entfernt von der spekularen Richtung des Lasers,
was aufgrund der Möglichkeit, auf starke Filter zu verzichten, verschiedensten Anwendun-
gen erlaubt, von dieser neuen Erzeugungsmethode zu profitieren. Der Erzeugungsprozess
wurde über einen breiten Wellenlängenbereich untersucht (zweite Ordnung bis zur 45.
Ordnung). Des Weiteren fand eine Analyse der Einflüsse verschiedener Parameter wie
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beispielsweise Gitterperiodizität, Vorplasma, Einfallswinkel etc. auf den Erzeugungsprozess
der Hohen Harmonischen Strahlung mithilfe von 2D PIC-Simulationen statt. Auf Basis der
Resultate von Experiment und Simulation, konnte ein sehr gutes Verständnis des Zusammen-
spiels der verschiedenen Parameter, welche die Harmonischen-Erzeugung von Gittertargets
beeinflussen, gewonnen werden. Die Ergebnisse zeigen, dass die spektralen Eigenschaften
der Hohen Harmonischen durch die Änderung der Gitterparameter kontrolliert werden
können.
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1 Introduction

The recently developed ultrashort high power laser systems allow the investigation of
intense few-cycle laser pulses interacting with different types of targets (gaseous, solid).
Hereby, the interaction of high-intensity laser pulses with matter provides the possibility of
new radiation sources that enable interesting wavelength ranges, pulse durations etc. The
study of the dynamics of chemical reactions is feasible by means of ultrafast spectroscopy
using short pulse lasers with pulse durations of a few femtoseconds. In order to investigate
the inner-atomic electron dynamics, even shorter light pulses are needed [1, 2]. These time
scales of several attoseconds (1 as=10−18s) can be obtained by frequency up-conversion
of high-intensity laser pulses to the XUV range. Pioneering experiments achieving X-ray
pulses from gaseous targets which allow pump-probe experiments with attosecond time
resolution, were published post-millennial in 2001 [3, 4, 5].

The understanding of the propagation dynamics of ultrashort laser pulses interacting with
gaseous targets is important to describe the changes of the laser pulse during the high
harmonic generation process. Since the generation process of high harmonics from gaseous
targets is strongly linked to the ionisation process, with thresholds around intensities
of 1014–1016 W/cm2 for the commonly used noble gases, the photon flux is limited and
an increase of the laser intensity does not necessarily result in a higher intensity of the
generated X-rays.

Many applications, e. g. X-ray imaging [6, 7], need coherent short pulse radiation, which
can be produced by frequency up-conversion of intense laser pulses. The high harmonic
generation from solid surfaces offers an opportunity to enter the XUV wavelength regime
with high photon flux which was previously only accessible from large facilities like syn-
chrotrons or free-electron lasers. As a different approach to obtain coherent radiation
in the XUV range, Bulanov et al. [8] described the generation of high harmonics from
relativistically oscillating solid surfaces theoretically in 1994. The first experimental findings
of this harmonic radiation were reported in 1996 by Norrey et al. [9] at the Rutherford
Appleton Laboratory in the United Kingdom. Solid targets were irradiated by the intense
VULCAN laser (pulse duration 2.5 ps) at an intensity of 1019 W/cm2. Recently, experimental
and numerical results indicated that the temporal contrast of the laser pulse plays a crucial
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2 1 Introduction

role in the generation process of high harmonics from solid surfaces [10].

The properties of the emitted harmonic radiation from flat targets were studied in detail
by means of particle-in-cell (PIC) simulations [11]. Optimum plasma scale length and
laser incidence angle for the generation of high harmonics were identified. Nevertheless,
the isolation of single attosecond pulses is still a challenging task. Several rather complex
techniques were proposed during the last few years [12, 13, 14]. Regardless of the
generation mechanism, high harmonic radiation was only emitted in the specular direction
of the driving laser so far, hence lower orders of the harmonics needed to be suppressed by
filters. Recent theoretical works indicated that grating targets can be employed in order to
selectively enhance certain high harmonic orders [15, 16]. In this thesis, a new method of
harmonic generation apart from the specular direction of the laser using grating targets is
experimentally demonstrated. 2D PIC simulations support the experimental findings and
reveal that the spectral distribution can be controlled by the grating parameters.

The temporal contrast of a high contrast laser system is one of the key elements for the
feasibility of experiments with thin or structured target materials. Recent improvements of
the target fabrication techniques allow to manufacture foils with a thickness of only several
atomic layers [17, 18]. Negative consequences of the strong amplification process in high
power laser systems are amplified spontaneous emission and prepulses with a significant
amount of energy. These issues can lead to an early ionisation or even destruction of the
target prior to the arrival of the high intensity main pulse. Hence, the interaction of the main
pulse with target takes place when it is already covered by an expanding preplasma, and
steep density gradients at the vacuum/target interface cannot be accomplished. Applications
like the Thomson scattering [19] and especially the relativistically flying mirror [20, 21]
are only possible after the enhancement of the temporal laser contrast by the means of
different techniques as for example plasma mirrors. In particular, experiments with targets
of a few nanometer thickness, i. e. the Radiation Pressure Acceleration (RPA) of protons,
require the highest possible temporal contrast additionally to the high intensity of the laser
pulse [22, 23, 24]. A plasma mirror system uses the fact that overdense plasma acts as an
efficient reflector. The laser pulse is focused onto a glass target so that prepulses and the
pedestal are still transmitted. However, the steep rising edge of the main pulse ignites an
overdense plasma from which only the main pulse is reflected. Since the glass target is
damaged after each laser shot, a quick translation and replacement has to be guaranteed
in order to limit the required effort for conducting high contrast experiments with a high
repetition rate. The usage of a plasma mirror system in high power laser systems delivering
ultrashort laser pulses allows the investigation of possible new sources of XUV radiation.
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Overview of the content of this thesis:

This work contains the study of ultrashort laser pulses with matter in two different intensity
regimes: The ionisation processes at intensities of 1016 W/cm2 and the generation of
high harmonic radiation in the relativistic regime (I ∼1020 W/cm2). In the experiments,
the interaction between high contrast laser pulses and underdense (gaseous) as well
as overdense (solid) targets was investigated. The results are supported by numerical
simulations.

The thesis is structured as follows: Chapter 2 introduces the important physical processes
which are necessary to describe the experiments and the simulations in the subsequent
chapters. For this purpose, a brief introduction into laser-plasma physics is given, and the
absorption processes as well as the propagation of laser light in underdense plasmas are
presented. The chapter concludes with the principle of the generation of radiation with
frequencies which are multiples of the laser frequency (high harmonics), from solid targets
with periodically modulated surfaces.

An overview of the laser systems that were used to perform the experiments is given in
chapter 3. Furthermore, important pulse characteristics of high power laser systems are pre-
sented. The contrast enhancement employing a plasma mirror system is introduced as well.
Afterwards, the characterisation of the plasma mirror, which was built and implemented
into the ARCTURUS laser system, is illustrated together with the corresponding contrast
measurements.

Chapter 4 is dedicated to the experimental setups, employed techniques and diagnostic
methods such as SPIDER and spectrometers.

The succeeding chapter 5 deals with the measurements of the spectral phase of the laser
pulse using the SPIDER technique in the moderate intensity regime (∼1016 W/cm2). This
study is important for the understanding of nonlinear propagation dynamics of laser pulses
in underdense targets and thereby the generation of high harmonic radiation by using
gaseous targets. Different computational simulations provide a deeper insight into the
physical processes and parameter dependencies.

Chapter 6 includes the experiments with structured targets and the emission of high har-
monic radiation from grating targets in two different wavelength ranges. The experimental
findings are supported and extended by 2D PIC simulations.

The last chapter summarises the results and gives an outlook for future experiments and
analyses.
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ionised, when the energy ħhω of one single photon is not sufficient to overcome the atom’s
binding potential. If the laser field contains enough photons, one atom can absorb several
photons at the same time until the ionisation threshold is reached. This process is called
Multiphoton Ionisation (MPI)(see figure 2.1). It was already theoretically predicted as
two-photon absorption in 1931 [25] and confirmed experimentally in the sixties [26, 27].
If the energy of these photons is higher than the ionisation threshold, the mechanism is
named Above-Threshold Ionisation (ATI) [28].

The ionisation probability is given by the integrated ionisation rate RI of the nth-ionisation
stage:

Pion =

∫

d t RI(t)≈ σnτΦ
n (2.1)

where τ is the duration of the laser pulse, Φn the photon flux and σn the cross section of
the interaction.

Higher laser light intensities (1014–1015 W/cm2) deform the electric binding potential
V (x) of the atom severely, with the result that the electrons have a significant probability
to tunnel and leave the atom’s potential. Using the Keldysh parameter [29], it is possible to
distinguish which of these processes dominates [30]:

γK = ωL

r

2Eion

IL
∼

È

Eion

Φpond
(2.2)

where Φpond = e2E2
L

4mω2
L

is the ponderomotive potential and Eion the ionisation potential.

If γK > 1, multiphoton ionisation is the dominating process and if γK < 1, it is tunneling
ionisation, respectively.

For even higher intensities, the electric potential of the atom is strongly deformed, because
the electric field of the laser becomes comparable to the atomic potential. Thus, the electron
is not bound to the atom anymore. This process is called Barrier Suppression Ionisation
(BSI) [31, 32] or Over-The-Barrier Ionisation (OTBI). The Coulomb potential of the atom
is modified by the electric field of the laser [33]:

V (x) = −
Ze2

x
− eElaser x (2.3)

The critical field strength is accomplished when:

Elaser ≥ Ecrit =
E2

ion

4Ze3 (2.4)
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For ions with the charge Z , the corresponding appearance intensity Iapp can be expressed
by:

Iapp =
c

8π
E2

crit =
cE4

ion

128πZ2e6 ∼ 4× 109
�

Eion

eV

�4

Z−2 W/cm2. (2.5)

According to this formula, the appearance intensity for the simplest atom, the hydrogen
atom with Eion = 13.6 eV, is Iapp ∼ 1.4× 1014 W/cm2.

At even higher intensities (>1015 W/cm2) the ionisation rates can be deduced from the
Ammosov-Delone-Krainov-theory (ADK) [34]. In this model, effects are averaged over
one oscillation period and it is only valid for strong laser fields, as multiphoton ionisation
is omitted. Measurements with different noble gases and laser intensities conducted by
Augst et al. confirmed the theory [35]. According to ADK theory, the ionisation rate can be
obtained from [36]:

WADK = |Cn∗ l∗ |2 flmEion

r

6

π

�

2(2Eion)3/2

E

�2n∗−|m|−3/2

exp

�

−
2(2Eion)3/2

3E

�

(2.6)

where n∗ is the effective principal quantum number, l the angular momentum, m the
magnetic quantum number; the factors flm and |Cn∗ l∗ |2 can be found in [37]. The light-
induced tunneling of electrons was also observed experimentally [38]. Since the ADK
theory does not incorporate multiphoton ionisation, it underestimates the ionisation rate in
the intermediate regime. Another model for tunneling ionisation, which was suggested by
Perelomov et al., is called the PPT model [39]. In contrast to the ADK theory, this model
is also valid for laser intensities below 1015 W/cm2. The corresponding ionisation rates
(including Coulomb correction) are [36]:

WPPT = |Cn∗ l∗ |2 flmEion

r

6

π

�

2(2Eion)3/2

E

�2n∗−|m|−3/2

(1+ γ2
K)
|m|/2+3/4

×Am(ω,γK)exp

�

−
2(2Eion)3/2

3E
g(γK)

�
(2.7)

where

g(γK) =
3

2γK





�

1+
1

2γ2
K

�

sinh−1(γK)−

p

1+ γ2
K

2γK



 . (2.8)

The calculation of the coefficient Am is done in [37]. The PPT model predicts experimental
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ionisation rates accurately over a broad intensity regime (≈ 1013-1015 W/cm2).

After the target is preheated, ionisation due to the contribution of collisions with free
electrons, the so called Electron (impact) Ionisation (EI), becomes more considerable,
especially for high density targets. An energetic electron hits and ionises the atom by
ejecting bound a electron according to:

A+ e− = A+ + 2e− (2.9)

Currently, in computational simulations, the ADK theory and the PPT model are both used,
depending on the input energy of the laser pulse [40, 41].

2.2 Properties of plasmas

A plasma is a mixture of neutral and charged particles. It is described as a many-particle-
ensemble, where collective effects dominate the behaviour of the whole system.

The propagation of laser light in a plasma is described by the dispersion relation:

ω2 = ω2
p + k2c2 (2.10)

where ω is the frequency of the laser, k the wave number. ωp is known as the plasma
frequency:

ωp =

È

e2
0ne

ε0m
(2.11)

where ne is the electron density and m = γme the electron mass. From 2.10, the refractive
index can be obtained:

n =

È

1−
ω2

p

ω2 =

È

1−
ne

ncrit
(2.12)

with the critical density ncrit = ε0mω2

e2
0

. The propagation of light through the plasma is

only possible if ω >ωp. Otherwise, the plasma is called overdense (see figure 2.2). The
reflectivity of a plasma can reach up to 100 % for ω=ω0 which can be deduced from the
Fresnel equations.
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regions of high intensities. This behaviour is quantified by the term of the ponderomotive
force Fp:

Fp = −
e2

4meω
2
Lc
∇〈~E2〉 (2.16)

where 〈~E2〉 denotes the time average of the electric field.

The refractive index is increased by the decreasing electron density in regions with high
intensity. In this zone, due to strong electron oscillations and the correlated relativistic
electron mass growth, additional self-focusing occurs. This results in a decreasing plasma
frequency and thus an increased refractive index. A detailed explanation of these processes
will be given in section 2.4.

By applying lasers with hundreds of terawatts peak intensity like the ARCTURUS laser
system in Düsseldorf, the electron dynamics becomes nonlinear and relativistic effects must
be taken into account. In order to describe the strength of a laser, the dimensionless laser
amplitude a0 can be expressed by:

a0 =
v⊥
c

=
eE0

meωc
(2.17)

where v⊥ is the speed of an electron transverse to the k-vector of the laser light. The
dimensionless term for a0 can be understood as a normalised vector potential.

The value of the intensity wavelength product (also called laser irradiance) where relativistic
effects need to be considered, is:

Iλ2 ≥ 1018 W/cm2
µm2 (2.18)

This corresponds to a normalised vector potential of a0 ≥ 1.

2.3 Heating processes and absorption

A variety of different processes, dependent on the density profile of the target material,
the intensity and the angle of incidence of the laser, affect the absorption of laser light
in plasmas. Depending on the laser intensity, the absorption processes can be dominated
by collisions or by the collective behaviour of the electron population (collisionless). For
moderate intensities (up to ∼ 1016 W/cm2), the absorption is dominated by collisions:
Relevant processes are for example inverse bremsstrahlung, the skin effect [42] and the
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collective resonance absorption. At relativistic intensities (∼ 1018 W/cm2), the collisions
lose their influence, and anomal absorption [43] and vacuum heating (also called Brunel
absorption)[44] occur.

2.3.1 Collisional absorption

The equation of motion for one electron in the non-relativistic case including collisional
damping is the Lorentz equation [33]:

m
∂ ~v

∂ t
=−e

�

~E +
~v

c
× ~B
�

mνei~v (2.19)

νei is the electron-ion collision frequency [45]:

νei =
4
p

2π

3

neZe4

m2v3
te

lnΛ ∼ 2.91× 10−6ZneT−3/2
e lnΛ s−1 (2.20)

where Z is the ionisation state, Te the electron temperature, vte the thermal electron velocity
and lnΛ the Coulomb logarithm which is connected to the Debye length of the plasma
Λ = λD

kB Te

Ze2 .

Inverse bremsstrahlung

If a charged particle collides with another particle, it emits bremsstrahlung. The pro-
cess in which an electron absorbs a photon while colliding with an ion is called inverse
bremsstrahlung [46]. This mechanism dominates for longer pulses (∼ ps) and intensities
<1013 W/cm2 at shorter wavelengths (260 nm) [47]. Inverse bremsstrahlung strongly
depends on the electron-ion collision probability, the shape of the density profile and also
on the electrical conductivity [48, 49, 50].

Skin effect

In case of a step-like density profile, the electric field of the laser decays exponentially:

E(z) = E(0)exp(−z/ls) (2.21)

where ls ∼
c
ωp

is the collisionless skin depth [33]. The field is evanescent in the over-

dense region of the plasma. The reflectivity of the target can be expressed by the Fresnel
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equations:

Rs =

�

�

�

�

sin(θ − θt)
sin(θ + θt)

�

�

�

�

2

for s-polarised light (2.22)

Rp =

�

�

�

�

tan(θ − θt)
tan(θ + θt)

�

�

�

�

2

for p-polarised light (2.23)

where θ is the angle of incidence and θt = sin−1
�

sinθ
n

�

is the angle of the transmitted rays
which can be deduced from Snell’s law [51].

The absorption coefficient η for the normal skin effect is [33]:

η = 1− R =







2νei

ωp
, νei �ω0

2ω0

ωp

p

νei/ω0, νei >ω0

(2.24)

The normal skin effect occurs mainly for intensities below 1015 W/cm2 [52], whereas
the anomalous skin effect becomes important for the regime ω2c2 � ω2

pv2
e and laser

intensities > 1016 W/cm2 [43].

2.3.2 Collisionless absorption

Resonance absorption

The concept of resonance absorption was already intensively studied in the seventies of
the last century [53, 54]. If a polarised wave hits a plasma which has an increasing density
gradient in z-direction, the electrons near the critical density start to oscillate, caused by
the electric field component in the direction of the density gradient [45]. The dispersion
relation for the electromagnetic wave propagating in the x-y plane is:

ω2
L = ω2

p + (k2
y + k2

z )c
2 (2.25)
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small plasma scale lengths, the amplitude of the electron motion exceeds the scale length
and the resonance breaks down.

During the first half-period of the light wave, the electrons are accelerated into the vacuum.
After the electric field direction has changed, they are driven back into the plasma (see
figure 2.3). If they reach the overcritical part of the plasma, they are not affected by the
force of the laser light anymore, hence they propagate through the plasma and lose their
energy by collisions [57].

For step-like density gradients, the contribution of Brunel type absorption is small because
the laser does not penetrate into the overdense part of the plasma [58, 59]. Brunel type
absorption is extremely important for the generation of high harmonic radiation from solid
surfaces, which will be described in detail in chapter 6.

~j× ~B heating

At relativistic laser intensities, another absorption process, the ~j×~B heating, becomes more
important. The driving force of this heating process is the high frequency component of the
ponderomotive force of the laser light, which is proportional to the ~j × ~B-term [60]. The
energy of the light field can be directly transferred to the electrons. This absorption process
works for s- and p-polarised but not for circularly polarised laser light. At normal incidence,
it is most effective [61]. The electron density is steepened by the laser pushing electrons
inwards. The short pulse interacts directly with the electrons and not with an expanding
plasma. The steepening of the density profile impedes the light pulse to enter deeply into
the plasma. Electrons which are pulled into the vacuum twice every laser cycle, are affected
by the ~v× ~B force. Linearly polarised light evokes a longitudinal force [33]:

fx = −
m

4

∂ v2
os(x)

∂ x
(1− cos(2ωt)) (2.28)

where the first term is responsible for pushing the electron inwards and the oscillating term
heats them parallel to the density gradient. They obtain kinetic energy Wos = (γos− 1)mc2

where γos =
p

1+ a2
0/2.

2.4 Laser pulse propagation

Light propagation along the z-direction in a homogeneous medium can be described by:

E(z,t) =

∫

dω Ê(ω)exp[i(ωtk(ω)z)] =

∫

dω Ê(ω)exp[i(ωtφ(z,ω))] (2.29)
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The phase φ and the wave number k can be expressed by the expansion of the Taylor series
[62]:

φ = φ0 + kz = φ(ω0) +
∂ φ

∂ω

�

�

�

�

ω0

(ω−ωo) +
∞
∑

j=2

(ω−ω0) j∂ jφ

j!∂ω j

�

�

�

�

ω0

(2.30)

= φ0 +
∞
∑

j=1

D j
(ω−ω0) j

j!
(2.31)

and

k(ω) = k(ω0) +
∞
∑

j=1

(ω−ω0) j

j!

∂ jk

∂ω j

�

�

�

�

ω0

(2.32)

where φ0 is the absolute phase, which is the position of the carrier wave relative to the
envelope of the electric field. From equation 2.31, the dispersion coefficients can be
separated:

D1 =
∂ φ

∂ω
=
∂ k

∂ω
z (2.33)

The D1 coefficient denotes the group delay (GD, unit: s). The group delay dispersion
(GDD), which is also often called group velocity dispersion (unit: s2), determines the linear
chirp of the laser pulse given by:

D2 =
∂ 2φ

∂ω2 = z
λ3

2πc2

∂ 2n

∂ λ2 (2.34)

The third-order dispersion D3 (TOD, unit: s3) is therefore consequently:

D3 =
∂ 3φ

∂ω3 = −z
λ4

4π2c3 (3
∂ 2n

∂ λ2 +λ
∂ 3n

∂ λ3 ). (2.35)

2.4.1 Nonlinear polarisation

Nonlinear optical effects which accompany the laser pulse propagation through a medium,
result from the interplay of the electric field and the induced polarisation in a medium. The
polarisation is defined by the dipole moment per volume unit. In case of a weak electric
field, the dependency of polarisation and electric field is linear. If the laser intensity is
comparable with the atomic field, nonlinear effects become important. The polarisation can
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be expressed by a power series expansion [63]:

~P = ε0χ
(1)~E + PN L = ε0[χ

(1)~E +χ(2)~E2 +χ(3)~E3 + ...] (2.36)

The polarisation response depends on the structure of the medium. The order of the
susceptibility tensor χ plays the crucial role in determining which nonlinear processes can
occur. χ(2) processes are frequency doubling (second harmonic generation, SHG), sum and
difference generation, parametric oscillation and the linear electro-optic effect (Pockels
effect). Processes which result from the third-order susceptibility, are self-phase modulation,
saturable absorption, third harmonic generation, Raman scattering and four-wave mixing.
The symmetry of a nonlinear crystal defines how the susceptibility tensor looks. Even orders
of the tensor vanish in a medium with inversion symmetry.

2.4.2 Self-phase modulation and self-focusing

The refraction index of a medium depends on the intensity of the laser [65] according to:

n(t,ω) = n0(ω) + n2(ω)I(t) (2.37)

where n0 is the linear and n2 the nonlinear (material-dependent) refraction index. The
nonlinear part n2 correlates with the third-order nonlinear susceptibility:

n2 =
3

4

χ(3)

ε0cn2
0

(2.38)

The n2 values for three different noble gases can be found in table 2.1 [64].

There are two consequences of the time and intensity dependency of the refractive index,
which are self-phase modulation and self-focusing.

Element Z=1 Z=2

He 0.52 0.03

Ne 1.31 0.27

Ar 12.68 6.14

Table 2.1: Nonlinear refraction index n2 for different noble gases (helium, neon and argon) at
800 nm (n2 in 10−8cm2/TW) according to [64].
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The phase of the laser pulse with the time-dependent refractive index becomes:

Φ(t) = ω0 t − kz = ω0 t −
ω0[n0 + n2 I(t)]

c
z (2.39)

The phase shift increases with the propagation length z. Self-phase modulation does not
change the envelope of the pulse in time but the distribution of the spectral component
under the envelope. New spectral components can be generated at high intensities and
over long propagation lengths. The instantaneous frequency ω can be expressed as:

ω(t) = −
∂ Φ

∂ t
= ω0−

ω0n2z

c

∂ I

∂ t
(2.40)

Thus, the frequency of the pulse front
�

∂ I
∂ t
> 0
�

is reduced, whereas the frequency of the

trailing edge
�

∂ I
∂ t
< 0
�

is raised. The spectrum of the laser pulse is symmetrically broadened.
Interference leads to an intensity modulation. The change of the instantaneous frequency
during one pulse length is shown in figure 2.4.

There are three different kinds of self-focusing (SF) which can occur when a high intensity
laser pulse is focused into a gaseous target: 1. self-focusing due to the intensity-dependent
refractive index (optical Kerr-effect), 2. the ponderomotive SF and 3. the relativistic SF.
The intensity-dependent refractive index causes self-focusing of the laser pulse for n2 > 0.
The central part of the pulse is influenced by a higher nonlinear refractive index, thus
the phase velocity is reduced. Consequently, the wavefronts are curved and the pulse is

Figure 2.4: Change of instantaneous frequency (red). The intensity of the laser pulse is
depicted in blue.
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Figure 2.5: The ponderomotive force of the laser pulse changes the refractive index of the
plasma. The phase velocity of the central part of the pulse is reduced, thus the wavefronts are
curved and the plasma acts like a converging lens.

self-focused (see figure 2.5). The same situation occurs when a high intensity laser pulse
propagates through a plasma, since electrons are pushed out of regions with higher intensity
due to the ponderomotive force. Thus, the refractive index is higher for the central part of
the pulse [66, 67, 68], as the refractive index of a plasma is (also see equation 2.12):

nplasma =

È

1−
ne(r)
ncrit

(2.41)

The characteristic self-focusing length LSF can be denoted as:

LSF =
λ0

2πn2 Î
(2.42)

where Î is the peak intensity of the pulse.

At relativistic intensities, nplasma is changed due to the γ-factor of the oscillating electrons
[69]:

nplasma,relat =

r

1−
ne

γ(r)ncrit
(2.43)

Since the γ-factor has its maximum on the propagation axis, it leads to a focusing effect as
well.



2.4 Laser pulse propagation 19

2.4.3 Plasma defocusing

The counteracting process to self-focusing is the ionisation-induced defocusing [70, 71, 72,
73]: If the plasma is not completely ionised, the central part of the pulse on the propagation
axis ionises more atoms and the electron density increases. This steep electron profile on
the axis acts like a diverging lens (see figure 2.6). The starting ionisation impedes reaching
the nominal vacuum focus inside the plasma [74]. The phase shift after propagating the
length l is:

∆φ =
πlne

λncrit
(2.44)

If the phase shift becomes π/2, the beam divergence is doubled. According to this phase
shift, a defocusing length can be defined as:

lD =
λncrit

2ne
(2.45)

The plasma-induced defocusing is dominant, if lD is shorter than the Rayleigh length1.

The interplay of the counteracting processes self-focusing and plasma defocusing lead to
self-guiding of the laser pulse in a confined beam, which can be significantly longer than

Figure 2.6: Defocusing effect in plasmas: The diffraction on the laser axis is stronger due to a
higher ionisation rate. The plasma acts like a diverging lens.

1 Rayleigh length: zR =
πw2

0

λ
.
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the Rayleigh length. This behaviour is known as filamentation [75]. The critical power for
filamentation is:

Pcrit = 3.72
λ2

0

8πn0n2
(2.46)

2.4.4 Self-steepening

Also the group-velocity of a laser pulse changes due to the intensity dependence of the
refractive index. This results in "self-steepening" of the pulse where the wings of lower
intensities propagate faster than the pulse peak [76]. The temporal profile becomes
asymmetric and higher frequency components are generated. The steepening occurs for the
trailing part of the pulse.

2.4.5 Ionisation-induced blue-shift

Due to the rising electron density in gaseous media during the pulse propagation and
ionisation, the refractive index of the plasma decreases. The resulting self-phase modulation
causes a blue-shift in the spectral domain which is a spectral analogon of the spatial
defocusing [77, 78, 79]. The wavelength shift of the incoming laser light with the initial
wavelength λ0 after the propagation length L through a homogeneous plasma, is given by
[80]:

∆λ =
λ0 L

c

dn

d t
(2.47)

Assuming an underdense plasma and neglecting the collisions, the shift becomes:

∆λ = −
e2Niλ

3
0 L

8π2ε0mec3

dZ

d t
(2.48)

where Ni is the ion density and Z is the degree of ionisation, which can be deduced from the
ADK rates. The blue-shift becomes stronger for higher laser intensities [78]. For a constant
gas pressure, the blue-shift is also stronger for gaseous media with higher atomic numbers
such as neon or argon in comparison to helium as a consequence of the lower ionisation
potentials of the lower ionisation stages [81] (also see Appendix A).
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2.4.6 Pulse compression

In the standard method to shorten the pulse duration of a linearly chirped laser pulse,
pairs of diffraction gratings, prisms or chirped mirrors with the exact amount of necessary
dispersion are used to flatten the phase of the pulse. In [82], two consecutive argon-filled
gas cells were used to broaden the spectrum by self-phase modulation and compressed the
laser pulse by the reflection from chirped mirrors afterwards. However, also the interplay of
self-focusing, self-phase modulation and negative group delay dispersion can lead to a pulse
compression during the propagation through the plasma [83]. This effect can be observed
in gas-filled fibres [84, 85] or filaments [82, 86, 87] as well. After the propagation through
a medium with positive group velocity dispersion, a double structure was observed in the
temporal domain [88].

Spectral broadening is induced by self-phase modulation. In order to shorten the laser
pulse after the propagation through the underdense medium, the self-phase modulation
must be counteracted by a negative group velocity dispersion of the medium (plasma). The
self-guiding effect can act as a spatial filter. Limits of the pulse compression are caused by
self-steepening, chromatic dispersion and the appearance of multifilaments [89]. Moreover,
also ionisation-induced defocusing can attenuate the self-compression effect.

2.5 High-order harmonic generation

Many applications in chemistry, biology or physics, as for example the imaging of chemical
reactions, lattice and molecular dynamics, require soft X-ray sources with high brilliance and
femtosecond time resolution [90, 7, 6, 91]. The temporal resolution which can be obtained
by using free electron lasers and synchrotrons, is limited by the X-ray pulse duration that
typically lies in the range of picoseconds to several femtoseconds [92, 93]. The generation of
high harmonics of the laser frequency is one opportunity to obtain radiation in the extreme
ultaviolet (XUV) wavelength range with a time resolution of femtoseconds. Nevertheless,
the isolation of attosecond pulses2 is still a challenging task [12, 14, 13].

In contrast to gas harmonics, which are described by the semi-classical three-step models
[94, 95], solid target harmonics are created on the overdense part of the plasma. Nonlinear
oscillations are excited by intense laser light. These oscillations are in phase with the driving
laser pulse, so that the emission is time-limited. Due to periodical repetitions and coherent

2 1 as=10−18 s.
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superposition, radiation with frequencies of multiples of the laser fundamental frequency is
generated. In order to create an efficient source of attosecond pulses, it is appreciated to
have high photon fluxes and high pulse energy. This cannot be obtained by applying gaseous
targets, because their intensity scaling depends on the ionisation of the target, which limits
the pulse energy for the driving laser [96]. This drawback of the high harmonic generation
in gases can be overcome by using overdense targets. Already in 2004, particle-in-cell
simulations predicted zeptosecond3 pulses at keV photon energies resulting from a reflection
of a relativistically oscillating surface [97]. Therefore, high harmonic generation from solid
surfaces using high intensity lasers with intensities ∼ 1020− 1021 W/cm2 is a step forward
in the development of high flux attosecond pulses.

There are two different well-established mechanisms of generating high harmonic radiation
from solid surfaces, which are described in the following sections. In both cases, the p-
polarised laser beam is focused under an oblique angle onto a smooth surface [98, 99, 100].
Coherent Synchrotron Emission (CSE) from electron nanobunches was recently shown
to be a third way for the generation of high harmonic radiation from solid targets [101].
High-order harmonics generated by CSE can be obtained in transmission from thin 200 nm
foils in the propagation direction of the laser.

2.5.1 Coherent wake emission

Coherent Wake Emission (CWE) harmonics are efficiently generated at intensities below
the relativistic regime (a0 <1) [102]. They are driven by the movement of the electrons
which travel across the overdense part of the plasma. The periodical process creates a train
of attosecond pulses. For a p-polarised laser beam and the quiver velocity vos/c ≥ 2πL/λ,
electrons can move into the underdense part of the plasma, driven by vacuum heating [45].
The frequency of the plasma wave, which depends on the local electron density, determines
the wavelength of the harmonic. The cut-off frequency ωmax is set by the maximum plasma
frequency, which again depends on the maximum electron density of the plasma:

ωmax =

È

ne,maxe2

meε0
(2.49)

Therefore, the frequency of the highest harmonic which can be possibly emitted, is restricted
by the density of the solid target.

3 1 zs=10−21 s.
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Figure 2.8: Simple model of the relativistically oscillating mirror. The electric field of the
incoming laser is shown in red and the reflected part in blue. The plasma surface oscillates
around Xm. See similar in [105].

movement of the plasma surface. This movement is periodically driven by the Lorentz
force. As the electric term of the Lorentz force has more impact under oblique incidence
and p-polarisation, the oscillation frequency of the electron density corresponds to the
frequency of the laser. A description of these processes is also known as the "moving mirror"
model [106]. In a simple form of the model (see figure 2.8), the harmonics are created
by the Doppler up-shift resulting from the reflection from the relativistically oscillating
plasma/vacuum interface [105]. The reflected light from the moving mirror Xm(t ′) arrives
at the observation point later:

t ′ = t + (R+ Xm(t
′))/c (2.50)

where t ′ is the retarded time, t the observer time and R the distance between observer
and mirror. To simplify the expressions, it is assumed in this case that the light is incident
normal to the surface. Therefore, the incoming electric field is:

Ein = E0 sin(ωL t) (2.51)

After the reflection, the field changes to:

Erefl = E0 sin(ωL t + 2kLX (t ′)) (2.52)

As an assumption, the motion of the surface can be described as:

Xm(t
′) = Am(t) sin(2ωL t ′+Φ) (2.53)
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in which Φ denotes the phase shift between the driving laser and the corresponding response
of the surface. The amplitude Am can be estimated from the maximum velocity of the mirror

vmax/c = βmax = 2AmωL/c. By using the relativistic gamma factor γmax =
�

p

1− β2
max

�−1
,

the amplitude can be denoted as:

Am =
λL

4πγmax

Æ

γ2
max− 1 (2.54)

The simple model, which is only described by the Doppler effect of a moving plasma slab
colliding with the laser pulse, does not explain harmonic generation for> 4γ2. Nevertheless,
harmonics exceeding the 1000th of the fundamental frequency were obtained in simulations
[97] and experiments [107, 98]. Several nonlinearities, resulting from the fact that the
surface does not oscillate as one unity, lead to a higher cut-off frequency [108], processes
like nanobunching [109], and substructures inside the harmonic spectra [10].

ROM harmonics were first predicted by PIC simulations [8, 110]. They are only generated
for laser pulses with a0 >> 1. Scaling laws were described by Baeva et al. (in 1D)
[108, 111]. The spectral envelope for these harmonics is I(ω) ∝ I0ω

−8/3, where the
roll-off frequency is ωr ∼ γ3

max. Recent experiments and simulations show a deeper
understanding of the contributing processes [10, 109]. By varying the laser contrast with
different substrates of the plasma mirror, a fine structure in the harmonic spectrum was
observed. Up to now, harmonics up the ∼ 3000th order of the fundamental laser frequency
were detected in an experiment at the VULCAN PW laser system [107]. The phase properties
of both CWE and ROM harmonics were studied by Quéré et al. [103]. The highest order
harmonic is generated at the point where the oscillating surface has its maximum velocity.
For ROM harmonics, the phase properties were studied theoretically in [112]. A chirp of
individual ROM harmonics can occur from multi-cycle driving lasers. ROM harmonics have
a low divergence of ∼20–25 mrad [99, 113].

Surface denting caused by the ponderomotive force of the laser pushing the electrons
inwards, leads to different emission times [114]. The opportunity of generating attosecond
pulses using the ROM mechanism has led to intensified research on this topic [115, 116].
Autocorrelation measurements of the XUV radiation can be found in [104].

The harmonic spectra obtained from a 2D particle-in-cell (PIC) simulation code are shown
in figure 2.9. The target was placed under an angle of 45 ◦ in the simulation box. The
intensity of the 27 fs long laser pulse was 1020 W/cm2. The spectra were evaluated along
the specular direction of the laser pulse. Figure 2.9 illustrates the harmonic spectra for two
different plasma gradients which correspond to a high and medium temporal contrast of
the laser pulse (see following chapter). The harmonics are better resolved in case of a steep
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Figure 2.9: Results from 2D PIC simulation with EPOCH code: harmonics from flat targets
in the specular direction. The laser with an intensity of 1020 W/cm2 is incident 45 ◦ towards
the target normal. The harmonic spectra for two different preplasma gradients (steep: L→ 0,
smooth: L� 0) are shown.

gradient (red curve). An extended, exponentially decaying gradient (black curve) leads to a
broadening of the harmonics. Similar results were previously obtained with the ARCTURUS
laser system [10].

2.5.3 High-order harmonic generation from corrugated targets

Recently, a number of theoretical works indicated the possibility of controlling the spectral
properties of the emitted radiation by using grating targets [15, 16, 117]. Moreover,
grating targets are interesting for the generation of high-order harmonics, because the
structure of their surfaces leads to a higher absorption [118, 119] and thus, to an increased
coupling of the laser to the target [120]. For rectangular gratings fulfilling the condition
2/3≤ a/λLaser ≤ 1, a higher absorption due to the excitation of surface waves was observed
in simulations [121]. Theoretical predictions of high harmonic generation (HHG) apart
from the specular direction were made by Lavocat et al. in PIC simulations [15, 16]. In
this case, the grating periodicities were multiples of the laser fundamental wavelength
a = λLaser/k (k is an integer). Harmonics that fulfil an interference condition were found
along the target surface generated with high efficiency. For the purpose of separating the
harmonic signal from the specular direction of the laser, simulations for blazed grating
targets were studied in simulations [117]. The results of Yeung et al. indicate a separation
of the fifth harmonic. The key of this idea is to control the properties of the emitted
radiation and to obtain the opportunity to omit strong filters in the setup.
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Figure 2.11: Angular distributions of the high harmonic radiation from corrugated and flat
targets obtained by 2D PIC simulations with the EPOCH code.
a) Spectrogram of the harmonic generation from corrugated target. The circles mark the
harmonic orders which are predicted by the interference formula. The grating periodicity is
220 nm and the incidence angle is 5◦. The harmonic spectrum at a distinct observation angle
has gaps, especially close to the target surface. The parameter n denotes the interference order.
The y-axis shows the angular distribution of the harmonics.
b) Spectrogram of the harmonic generation obtained from a flat target. The incidence angle is
45◦. The harmonic emission is concentrated in the specular direction.
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different types of targets is depicted. The results were obtained by 2D PIC simulations
with the EPOCH simulation code. Part a) shows the harmonic emission for a corrugated
target with a periodicity of a =220 nm. The angle of incidence is 5◦. The circles mark
the harmonic orders predicted by the interference formula for seven interference orders
(n=1, . . ., n=7). Higher-order harmonics can be found close to the target surface (90◦).
The classical situation for high harmonic generation is shown in part b): The laser is incident
under 45◦ onto a flat target (with respect to the target normal). The harmonics are only
emitted in the specular direction of the laser. Their generation efficiency decreases for
higher orders. The main difference of both geometries is that the harmonics from grating
targets can be detected far away from the specular direction. It is also visible that lower
orders are suppressed for observation angles close to the target surface. It has to be stated
that the spectral intensity in case of a corrugated target is distributed over a broader angular
range. This leads to a lower efficiency of the harmonic if only one observation angle is
evaluated.
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also including a cryogenically cooled crystal, reaching higher pulse energies, was installed
recently (see figure 3.2). The ARCTURUS laser system will be described in detail in the
following:

Oscillator

The Kerr-lens mode-locked Synergy oscillator is a titanium-doped sapphire (Ti3+:Al2O3 or
shortly: Ti:Sa) laser, which is pumped by a 5 W continuous wave (cw) diode laser. The
central wavelength is around 790 nm with a corresponding bandwidth of ∼ 96 nm. The
oscillator generates pulses with 23 fs duration at a repetition rate of 75 MHz and a pulse
energy of 5 nJ.

Booster Amplifier

The booster is an amplifier which intensifies the energy up to the microjoule level and
enhances the temporal contrast at the same time. It contains a Pockels cell which acts as
a pulse picker. The repetition rate is reduced to 10 Hz. A saturable absorber cleans the
pulse from ASE (amplified spontaneous emission). The multipass amplifier is pumped by a
frequency doubled Nd:YAG laser (CFR Ultra).

Stretcher

Afterwards, the pulse is stretched up to ∼ 500 ps in the stretcher module in order to reduce
the peak intensity for the following amplification stages. The Offner stretcher is free of
chromatic aberration, because it only contains two concentrically mounted spherical mirrors.
Only symmetrical aberrations can occur as a consequence of this 1/1 telescope. Inside
the stretcher, an acousto-optical filter, called DAZZLER1, is placed, which compensates the
group velocity dispersion in order to improve the contrast for later compression. The phase
of the pulse can be controlled and adjusted by a computer programme. Using the SPIDER
technique (see also section 4.1), the shortest pulse duration can be achieved by flattening
the phase to the minimum.

1 Pulse shaper or Acousto-Optic Programmable Dispersive Filter (AOPDF), available from FASTLITE, France.
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Regenerative Amplifier

The titanium-doped sapphire crystal inside the regenerative amplifier is also pumped by
the CRF Ultra Nd:YAG laser. One Pockels cell is used to seed the amplifier cavity with the
pulse coming from the stretcher module. The outcoupling takes place after several round
trips with a second Pockels cell and a polarising beam splitter. The regenerative amplifier
increases the energy up to 1 mJ. To avoid gain narrowing effects, a second acousto-optic
element (MAZZLER) is used to flatten the central part of the spectrum which is strongly
amplified during the round trips. This technique allows the generation of a broad spectrum
even after strong amplification.

Multipass 1, Multipass 2A and probe beam

The first main amplifier is a 5-multipass system, which is pumped by a CRF 200 Nd:YAG laser
(pulse energy 120 mJ). The energy is increased from 1 mJ up to 23 mJ in this stage. Before
the beam passes the second main amplifier (Multipass 2A), it is expanded by a lens telescope.
This amplifier stage is pumped with 2 J by a PROPULSE frequency doubled Nd:YAG laser.
After these four passes, the pulse has an energy of 600 mJ. A 50:50 beamsplitter divides
the beam into first and second beam. Afterwards, 5 % of the 300 mJ of the second beam
are split up into the second main beam line and the probe beam line. In order to obtain
the perfect timing of the laser pulses, the probe beam line contains several delay stages
to match the propagation length for the different experimental chambers in the radiation
shielded target area. The probe beam can be compressed to 25 fs.

3A Main Amplifier (first beam)

The titanium-doped sapphire crystal in the final amplification stage is cryogenically cooled
in order to avoid thermal lensing and to keep the fluence below the damage threshold of
the anti-reflective coating of the crystal. The four-pass system is pumped by four PROPULSE
frequency doubled Nd:YAG lasers with 8 J (2 J each). The size of the crystal is 5×5×3 cm3.
The resulting beam diameter is 3.3 cm. After this amplification up to 3.1 J, the beam is
again expanded to a diameter of 8 cm by a telescope.
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Compressor (first beam)

The vacuum compressor contains two gold coated, parallel aligned gratings which allow a
compression down to 23 fs. The transmission of the compressor is ∼60 %. It is possible to
obtain 2 J on the target which corresponds to an intensity of 1020 W/cm2 in the focal spot
of an f/2 off-axis parabolic mirror.

Plasma mirror

After compression, the pulse is cleaned from ASE and the possible prepulses by a plasma
mirror system, which will be discussed in detail in chapter 3.3.

Adaptive optics (optional)

The adaptive mirror contains 32 piezo driven elements, which can be controlled by a
computer software using a Shack-Hartmann sensor for wavefront analysis. The surface of
this mirror can be smoothed in a way that the wavefronts are corrected to achieve the best
focal spot inside the target chambers.

Second beam line (Multipass 2B, 3B Main Amplifier, Compressor)

To ensure a sufficient amount of energy for the second beam, another multipass amplifier,
which is pumped by a PROPULSE Nd:YAG laser with 1.2 J, is used to reach 600 mJ before
the last amplification stage of the second beam.

The second beam line consists of a second big (3B main) amplifier, a second compressor
and an adaptive mirror. By using five of the PROPULSE lasers operating with LBO-crystals
instead of KDP-crystals for frequency doubling, each pump laser emits 2.5 J. The resulting
pulse energy of the amplified pulses is 4 J before the compressor stage. A second plasma
mirror system is planned to be implemented after the compressor.

3.2 Pulse characteristics of high intensity laser systems

Due to the CPA amplification mechanism, the main pulse is accompanied by a nanosecond
pedestal and prepulses (see figure 3.3). This implicates that the main pulse cannot interact
with a cold target but rather with an expanding plasma. The prepulses are strong enough
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Figure 3.3: Schematic characteristics of high power laser pulses: nanosecond prepulse, ASE
pedestal, prepulses and compression error prior to the main pulse.

to ignite a preplasma and ionise the target strongly, before the main pulse reaches the
target. To perform experiments with either very thin or specially structured targets, the
laser contrast needs to be improved. The temporal contrast is determined by the relation
between the maximum intensity and the intensity at any time:

C(t) =
Imax

I(t)
(3.1)

On the nanosecond time scale, amplified spontaneous emission is the dominating process
generating the pedestal (see figure 3.3). The ASE level mainly depends on the fluorescence
lifetime of the gain material, which is 3.2 µs (for T=300 K for titanium-doped sapphire
[122]). Femtoseconds before and after the main pulse, short pulses can be observed due to
uncompressed dispersion. The usage of high gain amplifiers contributes substantially to
the pedestal. The imperfectness of polarisers inside Pockels cells causes further contrast
degradation due to arising prepulses on the nanosecond time scale.

3.2.1 Different ways to enhance the temporal laser contrast

To ensure an interaction of the laser pulse with a steep plasma density gradient, a con-
trast enhancement is required. This becomes especially important at laser intensities of
1020 W/cm2, as even prepulses which are seven orders of magnitude less intense still start
to ionise the target. There are many different techniques which can improve the temporal
contrast of a laser system by several orders of magnitude. Electro-optic techniques can



3.2 Pulse characteristics of high intensity laser systems 37

only be used to remove prepulses on the nanosecond time scale. Also nonlinear processes
(i.e. frequency doubling) and especially the Optical Parametric Chirped Pulse Amplification
(OPCPA) are able to enhance the contrast of a laser system considerably. Other opportunities
are saturable absorbers, the cross-polarised wave generation or plasma mirrors which will
be discussed below.

Cross-polarised wave (XPW)

One of the various different ways to enhance the temporal contrast is the cross-wave
polarisation method (XPW). In this technique, a crystal (i.e. BaF2) with a χ(3)-nonlinearity
of the susceptibility tensor is placed between two polarisers (see figure 3.4). In the four-
wave mixing process, the fundamental wave is generated intensity-dependent with an
orthogonal polarisation behind the crystal. This method can improve the contrast ratio by
3–5 orders of magnitude and is limited by the extinction ratio of the polarisers [123, 124].
The efficiency is around 10 %, hence an additional amplification stage is needed.

Saturable absorbers

A saturable absorber (SA) is an intensity-dependent switch. The losses of the SA are reduced
for high intensities and the material becomes transparent. Either dyes, semiconductor
saturable absorber mirrors (SESAM) or grey filters are implemented in different laser
systems. They are used for passive mode locking as well as for Q-switching of lasers.
The ARCTURUS laser has a grey filter inside the booster amplifier which suppresses the
nanosecond pedestal of about one order of magnitude (see section 3.2.3).

Plasma mirrors

The idea of enhancing the laser contrast ratio of femtosecond laser pulses by the reflection
from overdense plasmas, generated on glass substrates, is quite old [125]. It gained more

Figure 3.4: Principle of cross-wave polarisation (XPW): BaF2-crystal is placed between two
polarisers.
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interest when high power laser systems became more widely accessible [126, 127] during
the last decade. The working principle and the setup of the ARCTURUS plasma mirror are
described in detail in section 3.3.

3.2.2 Third-order autocorrelators

Laser pulses with femtosecond pulse durations are too short to be measured by photodiodes
or other electronic devices. Second-order autocorrelators are utilised commonly in order
to estimate pulse durations. The intensity autocorrelation A2(τ) of a laser pulse with an
intensity distribution I(τ) is defined as

A2(τ) =

∞
∫

−∞

dt I(t)I(τ+ t) (3.2)

[128]. Pre- or postpulses cannot be differentiated by this type of autocorrelation, because
the second-order function is symmetric. Furthermore, rapid changes in the temporal profile
are smoothed and are not resolved. The temporal profile of an ultrashort laser pulse can be
resolved by using third-order autocorrelators [129].

To enhance the dynamic range of an autocorrelation, two nonlinear processes are required.
Firstly, a second harmonic generation leads to I2(t), and afterwards the correlation between
I2(t) and I(t) is obtained via sum frequency mixing. The resulting asymmetric third-order
autocorrelation function is:

A3(τ) =

∞
∫

−∞

dt I2(t)I(τ+ t). (3.3)

3.2.3 SEQUOIA apparatus and laser contrast measurements

The SEQUOIA2 apparatus is a third-order autocorrelator which allows to conduct mea-
surements of the laser pulse contrast on a picosecond time scale. The device, which was
used for the measurements shown in this section and the chapter about plasma mirrors
(chapter 3.3), has a high dynamic range of ∼ 12 orders of magnitude. The cross-correlation
is obtained via sum frequency generation between the second harmonic and the pulse itself.

2 Distributed by Amplitude Technologies, France.





40 3 High contrast laser systems

Figure 3.7: SEQUOIA measurements of the ARCTURUS laser: The black curve shows the initial
temporal profile with the small negative peak at ∼ -90 ps indicating the maximal dynamic range
of the device. The green curve depicts the temporal profile after the optimisation of the SA
position inside the booster amplifier.

The second harmonic pulse is delayed by a computer-controlled translation stage with a
delay range of ∼ 500 ps. Afterwards, the second harmonic and the fundamental pulse pass
through a third-order crystal in a non-collinear geometry. A ’solar blind’ photomultiplier is
used for the detection of the signal. The computer-controlled calibrated attenuator (filter
wheel) ensures the high dynamic range of the measurement. The SEQUOIA trace allows a
comparison between the level of the ASE compared to the main pulse. Ghost pulses, which
can occur from dielectric coatings and birefringent optics, can be identified as well. The
setup of the apparatus is depicted in figure 3.5.

Figure 3.6 shows typical contrast measurements of the ARCTURUS laser system. A saturable
absorber (SA) can be placed inside the booster amplifier stage. The comparison of the blue
and the red curve illustrates the influence of the SA on the ASE pedestal. Without the SA,
the ASE level is rather high (∼ 2× 107) and has a decreasing tendency towards the main
pulse (-400 to -120 ps) due to the fluorescence lifetime of the titanium sapphire crystals.
By placing the SA into the laser system, the ASE level becomes one order of magnitude
lower and slowly increases from -200 ps onwards. An optimisation of the pulse duration via
SPIDER measurement and thereby adjustment of the DAZZLER settings, improve the whole
temporal contrast further by more than one order of magnitude. Also the time scale from
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Figure 3.8: SEQUOIA measurements of the ARCTURUS laser: black and green curve are the
same as in figure 3.7 but closer to the main pulse. The red curve shows the temporal contrast
after an additional improvement of the pulse duration by using a WIZZLER device. The wings
at ±2 ps can be flattened.

100 ps before the main pulse, which corresponds to incomplete compression, is affected. On
the one hand, the dynamic range of the recorded signal depends on the noise level of the
photomultiplier, on the other hand, it depends on the saturation level of the photomultiplier
with the highest neutral density filter.

In figure 3.7, the black curve shows the initial temporal profile, with the small negative
peak at ∼ -90 ps indicating the maximal dynamic range of the device. This can be obtained
by blocking the incoming laser light shortly during the measurement. The green curve
depicts the temporal profile after the optimisation of the SA position inside the booster
amplifier. Figure 3.8 illustrates the temporal profile for three different settings: The black
and the green curve are the same as in figure 3.7 but on a time scale closer to the main
pulse. Strong ’wings’ at ±2 ps are visible. Thus, after the changes of the booster amplifier,
an optimisation of the pulse duration by using the WIZZLER3 was necessary. The red curve
illustrates the drawback which occured after this WIZZLER measurement: Although the
’wings’ are reduced, the temporal contrast on the time scale -5 to -45 ps becomes worse.

3 Device to measure the pulse duration and phase via self-reference spectral interferometry applying cross-
polarised wave generation (XPW), distributed by FASTLITE, France.
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Consequently, another loop of optimisation of the booster, MAZZLER, etc. is necessary.
Thus, it becomes clear that the improvement of the laser contrast is an iterative process
where many components of the laser system play important roles.

3.3 Laser contrast enhancement with plasma mirrors

The very first attempts of using self-induced plasma shuttering were made in the early
nineties of the last century by Kapteyn et al. [125]. Gold et al. could prove a drastic en-
hancement of the temporal contrast of a laser pulse measured with an autocorrelator by
using p-polarised incidence at the Brewster angle [130]. Since lasers with several terawatts
of intensity became more widely available, intensive studies on the properties of plasma
mirror systems have been carried out during the last ten years [126, 131, 132, 133, 134].

In order to perform experiments with a small scale length of the preplasma, the contrast
needs to be enhanced. This can be achieved by the means of plasma mirror shuttering.
Anti-reflective coated substrates are used to improve the temporal contrast ratio of terawatt
laser systems substantially. The principle of the plasma mirror shuttering is illustrated in
figure 3.9. The laser pulse is focused onto the coated glass substrate, so that the prepulses
and the ASE pedestal are still transmitted. The rising edge of the main pulse ignites an
overdense plasma and the main pulse is reflected. In this way, the plasma mirror acts as a

Figure 3.9: Plasma mirror principle: The prepulse is transmitted through the AR-coated surface.
The rising edge of the main pulse ignites an overdense plasma, hence the high intensity part of
the laser pulse is reflected.
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switch with femtosecond response time. In several groups working with high power lasers,
a significant enhancement of the contrast could be observed [127, 135]. The damage
threshold of dielectric materials (fused silica, BK7) is ∼ 1013 W/cm2 [136, 137]. Since the
plasma mirror substrate is destroyed after each laser pulse, the idea of using a self-replacing
target such as a fluid came up soon [138, 139], in order to allow high repetition rates.
Usually, the transmitted energy of a plasma mirror system lies between 60–80 % of the
incoming laser pulse [133, 131]. By using a double plasma mirror with two consecutive
substrates, still 30–65 % transmission can be obtained [140, 141, 142].

The setup of the plasma mirror (PM) needs to be suitable to the laser system it is designed
for. The intensity on the substrate has to be high enough to create an overdense plasma
exactly at the rising edge of the main pulse. If the intensity is too high, prepulses are
partially reflected and trigger the plasma mirror too early. For longer pulses (∼ps), this
can result in an already expanded mirror surface of the PM and distort the phase fronts
of the reflected beam severely [126]. The plasma expands approximately with the ion
sound velocity cs of ∼ 3× 105 m/s. Thus, the pulse duration must be shorter than ∼ 2 ps in
order to guarantee a plasma scale length (Lp = cs t) which is significantly lower than a
laser wavelength of λ = 800nm. Of course, the expansion velocity depends on the ionic
temperature, hence the incident fluence should be low enough.

The achievable contrast enhancement is given by the ratio of the reflectivity of the plasma
and the cold reflectivity of the target [132]:

∆C =
Rplasma

Rcold
(3.4)

Thus, the contrast enhancement is higher, the better the anti-reflective coating of the PM
substrate is.

There are two setup configurations to insert a plasma mirror system into the laser beam
path. In case of a multi terawatt laser system like the ARCTURUS laser, it is possible
to place it right after the compressor stage, several meters away from the experimental
chamber. Two off-axis parabolic mirrors are needed for this kind of setup, which will be
described in the following paragraph. Another configuration which is used in petawatt class
laser systems (i. e. VULCAN Petawatt in the Rutherford Appleton Laboratory, Central Laser
Facility in UK), consists of a plasma mirror substrate, which is placed into the focusing beam
of the regular off-axis parabolic mirror in the target chamber [143]. This induces some
practical problems in the experimental process. In order to replace the substrate, the target
chamber must be vented, and also the alignment is more challenging.

The intrinsic contrast ratio between main pulse and pedestal of the ARCTURUS laser is



44 3 High contrast laser systems

quite high (109; see also section 3.2) even without the plasma mirror. An intensity of
1016 W/cm2 on the PM substrate ensures a complete triggering and a suppression of the
ASE (and possible prepulses) by approximately three orders of magnitude, if anti-reflective
coated targets are used. Hörlein et al. report efficient spatial filtering in the far field for
intensities of 1019 W/cm2, which are much higher than in most of the plasma mirror setups
[144]. As a consequence of this high intensity, a significant amount of energy is converted
into the second harmonic of the fundamental wavelength which is not necessarily desirable
for further experiments. Nevertheless, these properties made the PM itself interesting for
investigating high harmonic generation from plasma mirror targets as well [134].

3.3.1 Setup of the ARCTURUS plasma mirror

Figure 3.10: Plasma mirror setup in the ARCTURUS laser laboratory
a) Sketch of the PM setup: Laser beam comes from the right-hand side onto TM1, is focused
by off-axis parabolic mirror P1 onto the PM substrate and afterwards re-collimated by P2 and
redirected into the beam line by TM2.
b) Photo of the PM situated directly after the compressor stage of the ARCTURUS laser: Turning
mirrors TM1 and TM2 can be driven out of the beam path so that the PM can be bypassed.



3.3 Laser contrast enhancement with plasma mirrors 45

This section contains a presentation of the setup of the plasma mirror designed for the
Düsseldorf ARCTURUS laser system. Design aspects for the construction of the PM were the
parameters of the ARCTURUS laser such as pulse duration, intensity and the geometrical
limitation in the laser room as well as the possibility of a quick replacement of the PM
targets. One big advantage of the plasma mirror is that the laser system itself does not have
to be changed as for XPW and that the input power is principally not limited. The PM is
situated after the compression stage where the ultra intense pulse is short. A six inch turning
mirror (TM1), which can be inserted into the beam path by a motor, directs the laser pulse
onto the first four inch off-axis parabolic mirror (P1; effective focal length f=1524 mm).
The beam is focused onto the anti-reflective coated substrate (PM) to a radius of 350µm
(FWHM4) at an intensity of 1–2×1016 W/cm2, so that an overdense plasma is ignited by
the main pulse. The angle of incidence on the PM substrate is kept very small (2.4 ◦), hence
resonance and Brunel type absorption do not contribute significantly to the energy loss.

After the reflection from the overdense plasma, the beam is re-collimated by a second off-axis
parabolic mirror (P2; f=1524 mm). Afterwards, the cleaned laser pulse is redirected into
the beam line by the outcoupling mirror (TM2), which is also automatically insertable. The
plasma mirror system is fully motorized and all motors have encoders for exact alignment.
By the means of two apertures placed in front of the two off-axis parabolic mirrors, the
beam position can be examined every day. The substrate has to be moved after each shot,
since the surface is destroyed by the interaction with the strong laser pulse. In order to
sustain the alignment, a red diode laser is used, which is overlapped with the Ti:Sa laser on
the substrate with the help of a CMOS camera (PM cam in Figure 3.10). The back-reflection
of the red diode from the PM substrate can be checked with the control laser camera during
the shots. With the help of the back-reflection of the diode laser, an already damaged PM
surface can be identified.

Off-axis parabolic mirrors

To focus high laser intensities, off-axis parabolic mirrors, which are produced out off a
section of a paraboloid, are commonly used (see figure 3.11). The aperture number is given
by:

F# ∼
f

2w
(3.5)

4 Full width at half maximum.
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Off-axis parabolic mirrors

used for the plasma mirror

ZR 254 mm
feff 1543 mm
f 1532 mm

ΘOAP 9.39 ◦

Figure 3.11: 2D sketch of an off-axis parabolic mirror: effective focal length feff, off-axis angle
ΘOAP, off-axis distance OAD and zonal radius ZR. The section of the paraboloid used for the
off-axis parabolic mirror is shown in blue.

Therefore, the minimum focal radius can be estimated:

w0,min ∼
2λF#

π
(3.6)

The distance from the parabola apex to the centre of the off-axis parabolic mirror is called
zonal radius ZR. The effective focal length of an off-axis parabolic mirror can be calculated
by the equation:

feff =
2 f

1+ cos(ΘOAP)
(3.7)

To obtain the off-axis angle, the following equation can be used:

tan(ΘOAP) =
ZR

feff
(3.8)

Figure 3.11 contains the information about the parabolic mirrors used in the plasma
mirror setup. The focal spot of the off-axis parabolic mirror P1 is 25.5 µm (FWHM) (see
figure 3.12 a)). In order to reach an intensity of ∼1016 W/cm2, the plasma mirror substrate
has to be moved 24 mm out of focus (see figure 3.12 b)).

Plasma mirror targets

The PM substrate itself should have an optical quality with a low surface roughness (∼ λ/10
on any� 5 mm). Two different kinds of plasma mirror targets were used for the experiments.
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Figure 3.12: a) Focus of the off-axis parabolic mirror P1 recorded with microscope lens and
camera.
b) Beam diameter (FWHM) for different z-positions of P1 recorded with PM cam.

By using uncoated BK7 substrate, a medium contrast can be obtained [133]. Multilayer
AR-coated targets provide anti-reflective features for wavelengths between 750–850 nm.
The maximum reflectivity of the ’cold’ substrate is 0.17 %. Additionally, the AR substrates
are coated with a 5×100 mm silver stripe for higher reflectivity allowing an easier alignment
in the target chambers. The damage size of each shot on the substrate is ∼2 mm in diameter.
Up to 550 shots can be placed on one plasma mirror target without venting the system.
Since the substrate compartment has a separate vacuum shutter, the targets can be replaced
within several minutes without breaking the vacuum of the whole PM chamber.

3.3.2 Characterisation of the plasma mirror

In order to find the optimal operation regime for the plasma mirror system, the transmission
was measured by placing a calorimeter after the outcoupling mirror. The AR-coated substrate
was moved in z-direction towards the focus of the plasma mirror parabola P1. The efficiency
of the PM drops significantly for z-positions very close (<1 cm) to the focus (see figure 3.13).
Moreover, the energy varies stronger from shot to shot, due to too early triggering of the PM.
At the position 2.4 cm out of focus of off-axis parabolic mirror P1, the transmission efficiency
is around 74 % which corresponds to an intensity of 1.3× 1016 W/cm2 on the substrate.
Measurements applying intensities above 3× 1016 W/cm2 where only made once in 2011,
because high intensities enabled prepulses to trigger the PM, and the reflection from the
plasma was occasionally scattered strongly. The early triggering of the PM causes the main
pulse to be reflected from an already expanding surface and thus it becomes possible that
optics along the beam path are destroyed due to the changed beam divergence. As Ziener
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Figure 3.13: Transmission of the plasma mirror for different laser intensities on the PM
substrate. The PM target was shifted towards the focus of off-axis parabolic mirror P1.

Figure 3.14: Transmission of the plasma mirror for different DAZZLER settings. The x-axis
illustrates the PM substrate position with respect to the focus of off-axis parabolic mirror P1.
The black and blue curves show the short pulse measurement (25 fs) depicted in figure 3.13.
The red curve shows the PM transmission for D2 =+1000 fs2 (∼ 100 fs).
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Figure 3.17: Shot 6: Ion acceleration from 10 nm DLC foil; maximum proton energy 2.5 MeV.
The bright spot in the right corner is the vertex of the parabolas.

Figure 3.18: Shot 7: Ion acceleration from 10 nm DLC foil; maximum proton energy 2.3 MeV;
several distinguishable ionisation stages: C+, C2+, C3+/O4+, C4+, C5+, C6+/O8+.

The Thomson parabola was mounted at the emission angle normal to the target surface.
Figure 3.17 shows an image from the phosphor screen. The bright spot in the right corner
emerged from the X-ray photons which are not deflected by magnetic or electric fields and
thus enable a zero point for the identification of different energies and ionisation stages.
The cut-off energy of the protons is 2.5 MeV. The measurement shows that the contrast
of the ARCTURUS laser including the plasma mirror system is good enough to preserve
a foil with a thickness of 10 nm from destruction caused by the prepulse. Otherwise the
acceleration process would not be possible.

The maximum proton energy for the shot depicted in figure 3.18 is 2.3 MeV. Several
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ionisation stages are visible (C+, C2+, C3+/O4+, C4+, C5+, C6+/O8+). Their maximum
energy does not exceed 0.5 MeV/nucleon.

3.3.5 SEQUOIA measurements with the plasma mirror

In order to prove the temporal contrast enhancement of the Düsseldorf plasma mirror
system, a SEQUOIA measurement was set up. After the propagation through the PM, a part
of the beam was coupled out through a 1 mm-thick fused silica window. The pulse duration
of the initial laser pulse was optimised to 25 fs straight before the measurement by using
the WIZZLER apparatus. First, a SEQUOIA trace of the intrinsic contrast of the laser pulse
was recorded (see figure 3.19). The delay between two measuring points was 200 fs, and
for each delay five shots were taken. The contrast ratio between -400 and -100 ps is 10−9.
The intensity increases up to ∼ 10−7 at -10 ps.

The measurement of the SEQUOIA trace with the plasma mirror is shown in blue in figure
3.19. Several additional difficulties have to be taken into account for this scan. The intensity
on the substrate must be high enough to trigger the PM, but still low enough not to destroy

Figure 3.19: Temporal contrast of the ARCTURUS laser system with and without the plasma
mirror. The black curve shows the contrast measurement taken with the optimum pulse
duration measured using the WIZZLER device. The blue SEQUOIA curve shows the contrast
measurement with the plasma mirror.
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Figure 3.20: Contrast measurement of the plasma mirror system for a short pulse (blue curve)
and chirped pulse (D2 =+1000 fs2, red curve) compared to the contrast without PM at the
shortest pulse duration (black curve).

the pulse shape fully via self-phase modulation inside the outcoupling window. Moreover,
it has to be high enough to use the full dynamic range of the third-order autocorrelator.
The contrast ratio between -400 and -160 ps exceeds the dynamic of the device and is
therefore not shown. The PM substrate needs to be moved after each shot, thus the delay
between two measuring points was larger: Between -163 and -143 ps, the delay time was
1 ps and between -100 and -10 ps, it was 2 ps. The main pulse was resolved in 400 fs steps
(from -10 ps onwards). The measurement shows a drastic contrast enhancement up to three
orders of magnitude. The signal reaches the dynamic limit of the device, so that it can be
assumed that the temporal contrast which is achieved by using the PM is even better than
the data of the measurement can show.

A closer look at the contrast situation shortly before the main pulse is shown in figure 3.20.
The temporal contrast at -6.6 ps is improved from 1.2×10−7 to 1.9×10−10. Also, the wings
of the main pulse are strongly reduced. The plasma mirror triggers at -0.4 ps where the
difference between the black and blue curve becomes negligible. The red curve in figure
3.20 depicts the contrast measurement for a chirped pulse (D2 =+1000 fs2). In order to
reach the same intensity on the PM, the substrate was moved towards the focus of P1. This
contrast is similar to the previous measurement with the PM. Only at -2 ps, it is slightly
degenerated.
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3.3.6 MULTI-fs simulation of the prepulse conditions

MULTI-fs [146] is a hydrodynamic code for the simulation of the interaction of pico- and
femtosecond lasers with matter, which is an extension of the MULTI code [147]. In contrast
to the MULTI code which was designed for nanosecond pulses, steep density gradients of the
target can be modeled by MULTI-fs. This is particularly important for intense high contrast
laser pulses because for these, the target material is strongly heated before it expands. The
simulation code is non-relativistic, hence only suitable to calculate the influence of the
prepulse on the target.

Figure 3.21 shows the results of the ARCTURUS laser’s prepulse interaction for two different
contrast settings (the original target position is illustrated by the grey rectangle). The
spatial distribution of the electron density ne is shown. The initial plasma scale length of
the preplasma right before the main pulse arrives at the target, is 1.5 µm. By applying
a plasma mirror with an anti-reflective coated substrate, the plasma scale length can be
decreased to 30 nm. Thus, the target properties like surface quality, surface structure etc.
can be maintained prior to the interaction with the short, high intensity main pulse. This
result is especially important for the feasibility of experiments with grating targets (see
section 2.5.3).

Figure 3.21: Results of the 1D hydrocode MULTI-fs simulation of the electron density prior
to the arrival of the main pulse. The resulting plasma scale length for two different contrasts
(with and without plasma mirror) is shown. The grey rectangle on the right-hand side depicts
the initial position of the target before the interaction.
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The plasma mirror system, which was designed and built by the author of this thesis, allows
experiments with very high laser contrast. Another advantage is the accessibility of angles
of incidence close to the target normal. Without a PM, the minimum incidence angle on
the target for short focal length off-axis parabolic mirrors (i.e. f/2) is ∼ 25 ◦. Otherwise, a
significant amount of energy may be reflected back through the beam line into the laser
amplifiers, where the energy possibly could be amplified and lead to severe damages of
sensitive components like crystals or mirrors.

3.4 Setup of the FEMTOPOWER compact PRO laser system with
hollow core fibre

A second laser system with different parameters was used in order also to investigate
the intensity regime of 1016 W/cm2 with a high laser contrast. This intensity regime is
important for the generation of high harmonic radiation in gaseous targets. As previous
measurements proved, the contrast ratio of the FEMTOPOWER laser is very high. At a
time scale of 1 ps before the main pulse, the ratio is 105, and at 6 ps it is 108 [148, 149].
Intensive studies of the absorption in solid targets showed that the preplasma is negligible
[150].

The FEMTOPOWER compact PRO6 (setup shown in figure 3.22) also is a CPA based Ti:Sa
laser system enabling very short pulse durations in combination with a high laser contrast.
The oscillator is pumped by a frequency doubled Nd:YVO4 laser. The output parameters
of the oscillator are 10 fs, 75 MHz and 6 nJ. A Faraday isolator, which uses the rotation of
the polarisation by the magneto-optic effect, is implemented to protect the oscillator from
any back-reflections from the amplifier. The pulse is stretched to a duration of 10 ps by
the propagation through a 5 cm long SF59 glass block to reduce nonlinear effects in the
amplifier crystal.

This system uses, as the ARCTURUS laser system, an acousto-optical modulator (DAZZLER)
for fine tuning of the dispersion and the generation of extremely short pulses. The nine-
pass multipass amplifier is pumped by a Nd:YLF pump laser at 1 kHz; for this reason
the repetition rate is decreased to 1 kHz after the fourth pass by a Pockels cell. A prism
compressor reduces the pulse duration to 25 fs. The energy transmission of 85–90 % of
the prism compressor is higher than for a comparable grating compressor. Due to the

6 Available from Femtolasers, Austria.
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gain-narrowing effect, the bandwidth ∆λ is diminished from ∼100 nm to ∼50 nm. The
output energy of the amplifier is 800µJ.

For the purpose of reaching pulse durations below 10 fs, the spectrum is broadened by self-
phase modulation in a 1 m-long hollow core fibre filled with 1.8 bar of neon gas. Because of
the fixed phase relations of the new generated spectral components to the existing ones,
the pulses can be re-compressed temporally afterwards. The energy transmission of the
fibre is ∼ 50 %. Subsequently, the pulse duration is reduced by a chirped mirror compressor.
Several reflections in the beam line lead to the final parameters in the experimental chamber
with a pulse duration of 10 fs and a pulse energy of 200µJ at a repetition rate of 1 kHz.
Two output spectra from different stages of the laser system are depicted in figure 3.23.





4 Diagnostic methods and experimental
setups

This chapter gives insights into the diagnostic methods used in the experiments that will
be described in chapter 5 and 6. Furthermore, the experimental setups and devices are
depicted. First, the SPIDER technique is introduced, followed by the characterisation of
the gas nozzle target. Then the setup for the SPIDER measurements of the laser pulse
propagation dynamics in noble gases is explained. The chapter ends with the experimental
setup for the measurements of the harmonic generation from corrugated targets and the
introduction of different spectrometers.

4.1 SPIDER technique

The properties of ultrashort laser pulses with pulse durations of 10 fs cannot be characterised
by using photodiodes or other electronic devices. Self-referencing interferometry is a reliable
method to measure ultrashort laser pulses. The principle of spectral interferometry is based
on the superposition of at least two coherent incoming laser pulses. They are delayed
in time by τ and afterwards superimposed and recorded by a spectrometer. In order to
obtain the electric field of a laser pulse, the SPIDER technique (acronym of Spectral Phase
Interferometry for Direct Electric Field Reconstruction) can be used. This self-referencing
method was first described by Iaconis and Walmsley in 1998 [151, 152]. The SPIDER
technique is based on shearing interferometry in the frequency domain.

The electric field of a laser pulse can be described as:

E(t) = |E(t)|exp
�

i(φt(t) +φ0−ω0 t)
�

(4.1)

where |E(t)| is the envelope, ω0 the carrier frequency, φt(t) the time-dependent phase and
φ0 the absolute phase.

The expression in the frequency domain is connected via a Fourier transformation of E(t):
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Figure 4.1: SPIDER principle; generation of the spectral shear: Two pulse replicas are over-
lapped with a chirped pulse in a BBO crystal. They are shifted in the time domain by τ. After
the sum-frequency generation, they are spectrally differentiable by the shear Ω.
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is the spectral intensity which can be measured with a spectrometer, and φω(ω) is

the spectral phase.

The standard SPIDER technique makes use of three pulses, all originating from the test
pulse. Two of them are replicas of the short pulse, obtained by separation in a beam
splitting optical element. The third pulse is chirped by a stretcher module. Inside a crystal
with a nonlinearity of the susceptibility tensor (i.e. BBO1), the short pulse replicas are
superimposed with the chirped pulse (see figure 4.1). The sum-frequency generation in the
crystal leads to the spectral shear of the two pulses as each of them is superimposed with a
different part of the spectrum of the chirped pulse. The new frequencies of the pulses are
[152]:

ω1′ = ω0 +ω1 ω2′ = ω0 +ω2 (4.3)

Their spectral separation is given by the shear Ω=ω1′ −ω2′ .

The resulting interferogram which is measurable by a spectrometer can be denoted as:

S(ω) = |Ẽ(ω)|2+ |Ẽ(ω+Ω)|2+2|Ẽ(ω)Ẽ(ω+Ω)| cos[φω(ω+Ω)−φω(ω)+ωτ] (4.4)

1 β-barium borate (β-BaB2O4).
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The first two terms are the spectra of the test pulse and the frequency-sheared replica. In the
last term, the spectral phase in form of the phase difference of both pulses is depicted. The
linear phase term ωτ can be subtracted. It is retrieved from the Michaelson interferogram
which consists of the overlap of two replicas. In order to simplify the following formulas, θ
is defined as:

θ(ω) = −φω(ω−Ω) +φω(ω) (4.5)

By adding up the phase differences in the following way, the spectral phase can be retrieved
for discrete frequencies separated by the shear Ω [152]:

φω(ω0− 2Ω) = −θ(ω0−Ω)− θ(ω0) (4.6)

φω(ω0−Ω) = −θ(ω0) (4.7)

φω(ω0) = 0 (4.8)

φω(ω0 +Ω) = θ(ω0 +Ω) (4.9)

φω(ω0 + 2Ω) = θ(ω0 + 2Ω) + θ(ω0 +Ω) (4.10)

For a very small shear value relative to the structures of the phase, the spectral phase can
be obtained via integration:

φ(ω) ≈
1

Ω

∫

dωθ(ω) (4.11)

The shear Ω should not be too small as otherwise, the spectral phase changes become
unperceivable. Furthermore, Ω must be large enough to ensure that the phase sampling
interval is larger than the Nyquist limit2. The phase φ(ω) can be extracted by integration
as long as 2π/Ω is greater than the duration of the laser pulse.

4.1.1 Phase reconstruction from SPIDER interferograms

Figure 4.2 illustrates how the phase and finally the temporal evolution of a short laser pulse
can be reconstructed. Part a) of the figure depicts the spectral interferogram taken by the
SPIDER apparatus. After a Fourier transformation into the temporal domain, the resulting
components at +τ are multiplied by a supergaussian filter function (part b)). The phase

2 Nyquist-Shannon sampling theorem for complete reconstruction of a bandwidth-limited signal. The sampling
rate must be greater than 2 fmax.
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Figure 4.2: Evaluation of the spectral phase and reconstruction of the pulse duration:
a) SPIDER interferogram.
b) Fourier transform of the interferogram and filter function.
c) Phase difference retrieved after back-transformation and calibration phase (ωτ).
d) The red curve depicts the spectrum measured with Ocean Optics spectrometer. In blue, the
phase obtained by summing up the phase differences is shown.
e) Retrieved pulse shape calculated from d).
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difference can be obtained by an inverse Fourier transformation into the spectral domain
(part c)). The ωτ-term, where τ denotes the delay between the two short pulses, can be
subtracted. By adding up the phase differences in φ(Ω+ω)−φ(ω), the spectral phase is
retrieved (part d)). The electric field is calculated by combining the phase and the intensity
spectrum of the pulse. After a Fourier transformation into the time domain, the pulse shape
can be obtained by taking the square of the absolute value (part e)).

An alternative method to characterise ultrashort laser pulses is the FROG technique. FROG
is an acronym for Frequency Resolved Optical Gating and was developed by R. Trebino et
al. [153]. The simplest version of an SHG-(Second-harmonic generation) FROG apparatus
consists of the setup of an intensity autocorrelator including a beamsplitter, a delay stage
and a crystal for second-order harmonic generation. Instead of an intensity detector, a
spectrometer is used. By varying the delay, the FROG trace, which contains the pulse
intensity and the optical frequency as a function of the time delay, can be retrieved. The
electric field can only be obtained by an iterative retrieval algorithm, which is a distinct
drawback of the FROG method in comparison to the SPIDER technique. Another advantage
of SPIDER is the simplification of the measurements due to the lack of moveable components
in the setup. However, different problems can occur using the SPIDER technique: The
measurement of longer pulses is limited because of the non-availability of a suitable spectral
shear. Another problematic issue can be spectra from lasers which have strong minima due
to self-modulation. These gaps can impede the full reconstruction of the spectral phase.

4.2 Gas nozzle

In order to study the laser pulse propagation dynamics in different noble gases, a gas jet
target was used. It was important for the measurements to keep good vacuum conditions.
Therefore, a short, adjustable opening time was required. The nozzle, which was used
for the generation of the gas jet, consists of a Parker Hannifin (series 9) valve with a fast
response time and modified body head with a supersonic Mach 3.3 nozzle (see figure 4.3).
The inner diameter of the nozzle head is 1 mm. A characterisation of a similar nozzle system
can be found in [154] and [155].

The Mach number is defined by the velocity of the flow v in respect to the sound speed cs:

M =
v

cs
(4.12)

If M is > 1, the flow is called supersonic. The maximum flow rate dm
dt

is limited by the
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Figure 4.3: Left-hand side: Parker Hannifin series 9 valve; right-hand side: modified body head
(image taken from [154]).

minimal cross section A∗:
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where ka is the adiabatic constant (the ratio of the specific heats cp/cv), T0 the temperature,
p0 the pressure and Rs the specific gas constant. In this case, the assumption of an ideal gas
is valid, as only noble gases were used.

Figure 4.4 b) shows the density profile 600 µm above the nozzle, which was the position of
the focal spot in the experiment. The profile of the gas jet (see figure 4.4 a)) was measured
by a Normarski interferometer [156]. The interferograms were analysed using the IDEA
software [157]. During the propagation of the laser pulse through the gas jet, the refractive
index changes, thus the phase is shifted. After an Abel inversion of the resulting phase shift
(figure 4.4 a)), the electron density can be calculated by applying:

ne = ncrit

�

1−
�

1−
λ

2π
ξα(r)

��

(4.14)

where α(r) is the spatial phase obtained from the Abel inversion and ξ the geometrical
magnification factor of the image.
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Figure 4.4: a) Phase profile of the Mach 3.3 gas jet, obtained with a Normarski interferometer.
b) Gas density profile 600 µm above the gas nozzle (normalised).

Considering the characteristics of the gas nozzle system, it is suitable for studying the
ionisation of noble gases since it has a fast response time and a reproducible gas density
profile.

4.3 Experimental setup: SPIDER measurements after the laser
pulse propagation through gaseous targets

The influence of the gas pressure on the spectral phase of the laser after the propagation
through underdense targets and the corresponding ionisation dynamics were investigated
applying the following setup (see figure 4.5). The beam of the FEMTOPOWER Compact
PRO laser was focused by an f/3 off-axis parabolic mirror with an effective focal length of
89 mm above the gas nozzle. The size of the focal spot was 4.3µm (FWHM) (figure 4.6).
In order to generate a reproducible gas density profile, a Mach 3.3 Parker series nozzle
with 1 mm diameter was used (see section 4.2). The position of the laser focus was set
600µm above the gas nozzle. After the propagation through the gas, the laser beam was
re-collimated by an achromatic lens with 30 mm focal length. The central part of the beam
left the chamber through a 1 mm-thick fused silica window with 10 mm diameter. Outside
the chamber, a periscope directed the beam onto the table with the SPIDER apparatus. The
main part was used for the SPIDER measurement, whereas a small section was coupled
into an Ocean Optics spectrometer in order to measure the spectrum simultaneously to the
SPIDER interferogram.
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The pulse energy inside the chamber was 200µJ, which corresponds to a peak intensity
of 6.8 · 1016 W/cm2 in the focus of the off-axis parabolic mirror. The pulse duration was
∼10 fs. Three different types of noble gases (helium, neon and argon) were used to study
the laser pulse propagation dynamics during the ionisation for several atomic numbers.

Inside the SPIDER apparatus3, the incoming laser pulse is split up into two replicas by an
etalon. A third pulse is stretched to a pulse duration of several picoseconds by a grating
stretcher. Both short pulses are separated temporally in order to obtain an interference
pattern with different parts of the spectrum of the long pulse inside the BBO crystal (see
section 4.1). The products of the sum-frequency generation are frequency-shifted by the
shear Ω = τ

D2
[158]. The temporal delay between the two short pulses can be obtained from

the Michaelson interferogram by measuring the fringe distance τ = 2π/δω. For the APE
SPIDER, τ is around 1.078 ps. Small variations due to possible deviations in the alignment
have to be checked every day. The spectral shear, which results from the stretching factor of
the long pulse, is Ω = 7.54·1012 rad/s (stretcher module C).

In order to reduce the noise level after averaging over the number of shots, 30 SPIDER
interferograms for each gas pressure were taken under the exact same conditions. The
experimental results are presented in chapter 5.

4.4 Experimental setup: Harmonics from corrugated targets

In the experiment described in this section, the p-polarised ARCTURUS laser was focused
onto the target with a focal diameter of 2.1 µm (FWHM) by an f/2 off-axis parabolic mirror
in the solid target chamber (see figure 4.7 and 4.8). This corresponds to an intensity regime
of ∼1020 W/cm2. The pulse duration was 27 fs. The temporal contrast of the ARCTURUS
laser was enhanced to its optimum by inserting a saturable absorber into the booster
amplifier and applying anti-reflective coated targets in the plasma mirror system. The
settings ensure perfect contrast conditions for a minimal preplasma before the interaction
of main pulse and target takes place. Moreover, the usage of the plasma mirror averts
back-reflections from the target into the beam line at incidence angles close to the target
normal and preserves the structure of the grating targets prior to the main pulse interaction.
The targets, which were used for the harmonic generation, had a sinusoidal profile and
were characterised by atomic force microscopy (see section 6.3).

Two incidence angles on the target were investigated with two different spectrometers.

3 1.53 SPIDER apparatus from APE Angewandte Physik und Elektronik GmbH, Berlin.
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Figure 4.10: Spectral efficiency of the XUV spectrometer for the investigated wavelength range.
This curve takes into account the quantum efficiency of the CCD camera, the reflectivity of the
gold mirrors at grazing incidence, the transmission of the aluminium filter and the efficiency of
the Hitachi grating.

Figure 4.11: a) Setup of the grating harmonics experiment with UV spectrometer at 25◦ angle
of incidence.
b) Raw spectrum of the second-order harmonic obtained with the UV spectrometer.
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grazing incidence angle of 3 ◦. The nominal dispersion of the Hitachi grating is 0.6 nm/mm
[160]. An Andor CCD camera (DO420-BN) with a chip size of 6.35 × 25.4 mm detected the
spectra. The spectral efficiency of the spectrometer setup for the investigated spectral range
was around 0.9 % for 18 nm and decreased to 0.17 % for 34 nm. The spectral efficiency
curve of this spectrometer is shown in figure 4.10.

4.5.2 UV spectrometer

The lower-order harmonics of the laser were detected by using a monochromator McPherson
(type 225) spectrometer (see figure 4.11). One spherical mirror of diameter 76.2 mm and a
radius of curvature of 8 m imaged the plasma source vertically onto the entrance slit of the
spectrometer. The spherical grating with 600 lines/mm and a focal length of 1 m dispersed
the spectra onto the Andor CCD camera (same as used for the XUV spectrometer) with a
deviation of 15 ◦ between the entrance slit and the dispersion plane. The linear dispersion of
the grating on the CCD camera plane was 1.66 nm/mm. The motorised holder of the grating
allows a rotation of the grating around the horizontal axis. Thus, a broad wavelength range
(250–600 nm) was accessible in this experiment covering the low harmonic orders (2nd and
3rd) of the fundamental frequency.





5 Propagation dynamics of ultrashort laser
pulses in noble gases

The interaction of ultrashort laser pulses with gaseous targets and the proceeding ionisation
process during the propagation of the laser pulse play an important role in the generation of
high harmonic radiation in underdense targets. This chapter gives insights into the influence
of ionisation on the laser pulse propagation in three different noble gases (helium, neon and
argon). Measurements using the SPIDER technique in order to evaluate the spectral phase
after the interaction with the gas jets are shown. Moreover, numerical investigations of
the spectral and temporal characteristics of the laser pulse during the propagation through
gaseous targets are presented.

5.1 Introduction

The influence of the gas pressure on the initial laser pulse was studied in [161]. The
evaluated dispersion contribution of the gaseous medium indicates that negative as well
as positive dispersion can be the consequence of the laser pulse interaction with a gas jet.
Interest in this subject arises from the fundamental understanding of the influence of the
ionisation dynamics on properties of the laser pulse, which is important for the generation
of high harmonic radiation from gaseous targets for example.

Self-focusing in high-density gas jets was investigated in [162]. One of the applications of
optical-field ionisation-induced spectral broadening in noble gases is the compression of
high energy laser pulses [163]. Nowadays, the generation of isolated attosecond pulses is
possible by applying carrier envelope phase (CEP) stabilised few-cycle laser pulses [164].
Nevertheless, the rather low conversion efficiency of the harmonics from gaseous targets
remains a problem. Other opportunities are more complicated techniques that make use
of transient phase matching [165] or increase the pulse energy by optical parametric
amplification [166, 167]. Further ideas to shorten the laser pulse are the propagation
through hollow core capillaries [84] or self-guiding filaments [82, 87].
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In [168], a numerical study of the influence of the gas pressure on the laser pulse propa-
gation in argon gas cells is described. By applying an extended version of the Nonlinear
Schrödinger Equation (NLSE), different pressure regimes were identified. For a weakly
focused (w0 =200 µm) laser pulse with a pulse duration of 200 fs and a peak intensity of
109 W/cm2, the low pressure regime (10−3 atm to 1 atm) is dominated by plasma-induced
defocusing, tunneling ionisation and blue-shifting. At higher pressures (1 atm to 10 atm),
self-focusing gains influence. Over 10 atm, the impact of normal group velocity dispersion
and multiphoton ionisation becomes significant. The experiment which is described in
this chapter, addresses a new interaction regime with an ultrashort (∼10 fs) and strongly
focused (w0 = 4.3 µm) laser pulse.

5.2 Ionisation-induced blue-shift

The spectra of the laser after the propagation through the gas jet were measured with an
Ocean Optics spectrometer1. All the spectra that were recorded after the interaction with
the gas jet show a significant blue-shift (figure 5.1). The reference shots, measured prior to
the gas jet interaction, are depicted in black. For the helium gas jet, the spectra indicate
an increasing blue-shift with rising gas pressure. Moreover, a noticeable red-shift occurs at
7 bar backing pressure (plot a)). On the right-hand side plots of figure 5.1 (b), d), f)), the
reference was subtracted from the spectra. Especially spectral components around 850 nm
are shifted towards lower wavelengths.

By applying a neon gas jet (figure 5.1 (c) and d)), the spectral shift looks similar compared
to the helium spectra. The intensity in the lower wavelength part of the spectrum rises,
whereas the components around 850 nm vanish. The red-shift which is significantly smaller
than for helium, becomes visible at 880 nm.

In case of the laser pulse propagation through the argon gas jet (part e) and f)), the strongest
blue-shift was observed. The width of the spectra increased significantly. Signals down
to 610 nm were detected with the spectrometer. The red part of the reference spectrum
completely disappeared for backing pressures above 7 bars. The stronger blue-shift is
induced by the low ionisation potential of argon. Hence, the ionisation process takes place
more rapidly. A prominent periodical structure appears.

For all three gases, the blue-shift is the consequence of the irreversible ionisation process
on the time scale of the laser pulse. No recombination of electrons and ions can take place

1 Type: USB2000+.
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Figure 5.1: Blue-shifted spectra for different gas pressures after the laser pulse interaction
with the gas jet target for helium (a)), neon (c)) and argon (e)) compared to the reference
spectrum (black line) which was measured without gas. The change of the spectral intensity
for helium (b)), neon (d)) and argon (f)) is shown on the right-hand side plots.
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Figure 5.2: Change of the central frequency (at the FWHM of the spectra) by increasing the
gas pressure in helium.

during the short duration of the laser pulse. It should be stated that due to the blue-shift,
the central frequency of the laser spectrum also changes. The frequency at the FWHM of
the spectra after the interaction with the helium gas jet is illustrated in figure 5.2. In this
case, the central frequency is stable in the low pressure regime. However, by increasing the
backing pressure over 12.5 bar, the frequency rises abruptly.

5.3 SPIDER measurements

The evaluation of the SPIDER data is described in the following paragraph. In order
to obtain an optimal signal-to-noise ratio, 30 interferograms were superimposed. Since
an increase of the gas pressure causes a strong blue-shift, the central frequency changes
during the pressure scan. The spectral phase was retrieved for each central frequency by a
programme that follows the steps which are explained in section 4.1.1. The change of the
central frequency also changes the second-order dispersion (D2 coefficient). This was taken
into account for the evaluation of the phase. Afterwards, the phase difference was fitted by
using a Taylor expansion (see equation 2.32).

The pressure dependency of the D2 coefficient was obtained by recording a reference
interferogram without any gas in the experimental chamber. The D2 coefficient was
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calculated after subtracting the reference phase from the phase which included the gas jet
interaction.

5.3.1 Results for helium gas

Three interferograms after the interaction with helium gas are shown in figure 5.3 b)–d).
Plot a) of the figure illustrates the reference interferogram which was recorded prior to
the helium measurements. A low pressure of 1.1 bar already leads to a blue-shift (plot
b)). When the pressure becomes higher, more modulations in the spectral envelope of
the interferogram appear (plot d)). Figure 5.4 depicts the phase which was retrieved
from the interferograms. The reference phase (without gas) was subtracted. The phase
differences can be divided into two regimes. In the lower pressure cases (part a)), the phase
differences are negative for lower frequencies and become positive for frequencies above
∼ 4.62×1015 rad/s. Part b) of figure 5.4 shows the phase shift for high pressures. The phase
shifts are positive in case of low frequencies and become negative for frequencies higher
than ∼ 4.85 rad/s. Moreover, it can be seen that the highest pressure leads to the strongest
phase shift.

Figure 5.5 illustrates the gas pressure dependency of the D2 coefficient. In the low pressure
regime, the D2 value is negative. Starting with -55 fs2 at 1.1 bar, D2 drops to -117 fs2 at
10 bar. By a further increase of the pressure, it rises up to the maximum value of +238 fs2 (at
20 bar) before dropping again to 172 fs2 (at 22.7 bar). A dotted line connects the points for
visualising purposes. The depicted error bars result from the error of the Taylor expansion
fit of the phase.

The results for the D2 coefficient on five different days are illustrated in figure 5.6. It is
apparent that the absolute value of the D2 fluctuates from day to day. The reasons for this
fluctuation lie in the laser pulse generation itself: The laser pulse of the FEMTOPOWER
compact PRO laser system is sent through a hollow core fibre filled with neon gas in order to
obtain a broad spectrum which allows a pulse compression down to 10 fs (see section 3.4).
Once the gas inside the hollow core fibre is replaced, it starts to degenerate due to the
interaction with the laser pulse and small leakages of the vacuum compartment. This has
an influence on the spectrum of the broadened laser pulse, hence the initial chirp of the
laser pulses changes.

A second reason for possible fluctuations is the radial profile of the laser beam. Since the
intensity is higher on the propagation axis, the central part of the laser beam experiences
a higher electron density than the outer parts. The SPIDER apparatus can only measure
a small fraction of the beam which is not necessarily the same fraction on each day.
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Figure 5.3: SPIDER interferograms measured for different gas (backing) pressures after the
laser pulse interaction with the helium gas jet (b)-d)) and reference interferogram (a)).

Figure 5.4: Spectral phase measured after the laser pulse interaction with the helium gas jet.
The reference phase was subtracted.
a) Low pressure regime (1.1–12.5 bar backing pressure).
b) High pressure regime (15–22.7 bar backing pressure).
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Figure 5.5: Influence of the gas jet pressure on the D2 coefficient for the helium gas jet. The
error bars denote the error of the Taylor expansion fit.

Figure 5.6: Influence of the gas jet pressure on the D2 coefficient on different days. On the
11th of April, the neon gas inside the hollow core fibre was replaced.
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Nevertheless, the tendency of a negative D2 value for low pressures rising to positive values
at higher pressures occurs on all days.

Interpretation of the interaction with the helium gas jet

According to the BSI theory2, the laser intensity which was used in this experiment, is
sufficient to ionise helium up to the second ionisation stage before the intensity maximum
of the laser pulse is reached. As a consequence of the progressing ionisation during the
interaction with the laser pulse, the electron density rises. This effect is especially present
on the axis of the laser pulse, hence defocusing due to the change of the refractive index
occurs. Defocusing of the laser pulse becomes more important with increasing pressure. The
counteracting process is self-focusing which is also strongly intensity-dependent and thus
has its maximum influence on the propagation axis as well. Moreover, spectral broadening
due to the influence of self-phase modulation is apparent in the interferograms (figure 5.3)
and spectra (figure 5.1).

The ionisation process leads to a time-dependent refractive index. Hence, different parts
of the laser experience different phase shifts. The refraction index is proportional to the
density of free electrons.

Analysis of measurement errors and evaluation dependencies

The exact measurement of the spectral phase is limited by several fluctuations which cannot
be suppressed. First, the initial laser pulse itself is not completely stable during the day.
This was analysed by taking reference interferograms at both the beginning and end of
one measurement day. The reference phase changes due to slight fluctuations caused by
the necessary focusing of the amplified laser beam into the hollow core fibre. A reason for
possible misalignments are thermal changes in the laser area.

Another circumstance influences the spectral phase measurement: The initial chirp of the
laser pulse varies from day to day as the spectral phase is not regularly flattened by a
DAZZLER adjustment. Hence, when the neon gas inside the hollow core fibre becomes
"older" and degenerates, it is not guaranteed that the pulse duration reaches its possible
minimum which is around 8 fs.

Additionally, due to the fluctuations of the energy of the pump laser(s), the output energy

2 A list of the ionisation thresholds can be found in appendix A.
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Figure 5.7: Evaluation for a fixed central frequency ωc:
a) Spectral phase after the interaction with the helium gas jet for different backing pressures.
The reference phase was subtracted.
b) D2 coefficient for different backing pressures. The depicted error bars result from the error
of the Taylor expansion fit of the phase.

may vary during the day and consequently changes the intensity in the focal spot in the
target chamber. Nevertheless, the shot-to-shot difference of the spectral intensity of the
interferograms was less than 5 %.

Furthermore, it has to be stated that the evaluation method influences the absolute values
of the D2 coefficient as well. Figure 5.7 illustrates the results for the phase shift and the
D2 coefficient for an evaluation method where the central frequency ωc is kept constant
at the central frequency of the initial laser pulse3. It is visible that the tendency of the D2

coefficient curve stays the same. It starts with negative values (-55 fs2) at 1.1 bar, drops
down to -85 fs2 at 7 bar and rises to a maximum of 20 fs2 at 15 bar. At higher pressures, the
D2 coefficient drops again to negative values (-40 fs at 20 bar). The shape of the resulting
D2 curve is very similar to the previously shown graph in figure 5.5. Nevertheless, in the
higher pressure regime above 15 bar backing pressure where the spectral blue-shift becomes
significant (see also figure 5.2), the sign of the coefficient is different.

5.3.2 Results for neon gas

The interaction with the neon gas jet was studied for backing pressures of 3–23.5 bar. The
resulting interferograms can be found in figure 5.8. Already the lower pressures lead to a

3 λc =800 nm.
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Figure 5.8: SPIDER interferograms measured for different gas (backing) pressures after the
laser pulse interaction with the neon gas jet (b)-d)) and reference interferogram (a)).

Figure 5.9: Spectral phase measured after the laser pulse interaction with the neon gas jet.
The reference phase was subtracted.
a) Low pressure regime (3–10 bar backing pressure).
b) High pressure regime (15–23 bar backing pressure).
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Figure 5.10: Influence of the gas jet pressure on the D2 coefficient for the neon gas jet. The
error bars denote the error of the Taylor expansion fit.

strong blue-shift and spectral broadening of the interferogram. More modulations appear
in the intermediate pressure regime (10 bar). At the highest pressure, a strong peak at
4.7×1015 rad/s dominates the interferogram.

The phase changes due to the neon gas interaction with the laser pulse are shown in
figure 5.9. The phase shift is very small in case of a backing pressure of 3 bar. In the
intermediate pressure regime between 5 bar and 10 bar, the phase shift stays almost constant
(plot a)). It is negative for lower frequencies and rises with an increase of the frequency. In
contrast, the high pressure regime shows a different behaviour (plot b)): The phase shift is
larger for lower frequencies and drops with increasing frequency. It reaches a maximum at
a backing pressure of 20 bar. The figure reveals that the usage of neon instead of helium
gas leads to stronger phase shifts, especially in the high pressure regime.

The resulting D2 curve is depicted in figure 5.10. All D2 values are negative. Starting with
values of -276 to -305 fs2 at low pressures, it begins to increase at 5 bar and reaches the
maximum of -14 fs2 at 10 bar. Afterwards, it drops again to -338 fs2 (at 20 bar) before rising
to -227 fs2 (at 23 bar).
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Figure 5.11: SPIDER interferograms measured for different gas (backing) pressures after the
interaction with the argon gas jet (b)-d)) and reference interferogram (a)).

Figure 5.12: Spectral phase measured after the laser pulse interaction with the argon gas jet.
The reference phase was subtracted.
a) Low pressure regime (1.5–7 bar backing pressure).
b) High pressure regime (10–20.3 bar backing pressure).
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5.3.3 Results for argon gas

The laser pulse interaction with argon, the noble gas with the highest atomic number
and the lowest ionisation threshold out of the three noble gases used in the experiment,
was investigated for backing pressures between 1.5 and 20.3 bar. In figure 5.11, the
interferograms after the interaction with the argon gas jet are shown. The periodical
modulations are very distinct, especially for the highest pressure of 20.3 bar. Already for
the low pressure regime, spectral components above 5×1015 rad/s become visible.

Figure 5.12 illustrates the phase changes due to the laser pulse interaction with the argon
gas jet. Low pressures (1.5–5 bar) lead to a larger phase shift compared to helium and
neon, while the trend of starting with negative values at lower frequencies is similar to the
other two gases. This tendency is reversed starting at an intermediate pressure of 7 bar. A
further increase of the gas pressure results in a very large phase shift with a maximum at
15.6 bar. At the highest pressure of 20.3 bar, the phase shift is still very strong. The pressure
dependency of the D2 coefficient is depicted in figure 5.13. In the low pressure regime, the
D2 coefficient is negative (-471 fs2 at 3 bar). Starting at 3 bar, the D2 value increases further
with rising pressure and becomes positive for pressures above 12 bar. At 20.3 bar, it reaches
a maximum value of 500 fs2.

Figure 5.13: Influence of the gas jet pressure on the D2 coefficient for the argon gas jet. The
error bars denote the error of the Taylor expansion fit.
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5.4 Computational results: Propagation dynamics of short laser
pulses

Since solely based on the experimental results, a separation of the different effects which
affect the spectral phase of the laser pulse is almost impossible, two different numerical
codes were used to study the impact of the ionisation on the laser pulse.

5.4.1 3D Finite-Difference Time-Domain simulation

The simulation results were obtained in cooperation with Prof. A. Kim and E. Efimenko
from the Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novogord,
Russia. The source code that was used is a 3D Finite-Difference Time-Domain (FDTD)
simulation code [169] including plasma currents, balance equations for ionisation and
Kerr-nonlinearity. The calculations were done on the Joint Supercomputer Center of the
Russian Academy of Sciences (JSCC). The FDTD method is a grid-based model which uses
the Maxwell equations in a discretised form. As the code is written in the time domain,
the nonlinear response can be directly calculated. It is well suited for parallel-processing
computer architectures [170].

The parameters of the simulation differ slightly from the experimental ones. The results
were evaluated after a propagation length of 450 µm, since due to ionisation-induced

Figure 5.14: Spectra for different neutral particle densities of helium gas obtained from FDTD
simulations compared to the experimental results:
a) Spectra obtained after a propagation length of 450 µm with the FDTD code.
b) Spectra obtained after the interaction with the helium gas jet in the experiment (see also:
figure 5.1).
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Figure 5.15: Results of the 3D FDTD simulation for helium gas:
a) Spectrum and D2 curve for a neutral particle density of 1.9×1019 cm−3 (solid blue curve)
and dispersion coefficient (red dashed curve)
b) Resulting D2 coefficient for different neutral particle densities for two different intensities in
the focal spot. Red dots show the results for a vacuum focal intensity of 6×1016W/cm2 and the
blue dots correspond to an intensity of 4×1017W/cm2.

defocusing, the spectral amplitude became too low. A laser pulse with a Gaussian spectrum
was injected into the 2 mm-long parabolic gas density profile. The focal spot of 4.3 µm
(FWHM) was set at 250 µm after the beginning of the gas jet. The resolution of the
grid was 896×896×960, one space step was 0.2×0.2×0.05 µm3 and the simulation area
was 179.2×179.2×48 µm3. In the focal spot, the maximum intensity was 6×1016 W/cm2

(vacuum focus). The pulse duration was 10 fs (FWHM). An additional pressure scan was
done for an intensity of 4×1017 W/cm2 which corresponds to a focal spot diameter of
1.6 µm, while the pulse energy remained constant.

FDTD results for helium

Figure 5.14 a) shows the resulting spectra after a propagation length of 450 µm through
the parabolic helium gas jet profile for three different neutral particle densities (6.3×1018–
2.5×1019cm−3). By an increase of the particle density, the blue-shift of the spectra rises.
Plot b) of the figure shows the experimental results for similar gas pressures for comparison
purposes. The results of the FDTD simulation indicate a larger blue-shift than obtained
in the experiment. Since the laser pulse in the experiment had a spectrum which was
dominated by self-phase modulation from the propagation through the hollow core fibre
prior to the gas jet interaction, it is not surprising that the blue-shift after the gas jet turns
out to be smaller than in the simulation.
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Figure 5.16: Density of the different ionisation stages of helium (He+ and He++) and electron
density (ne) as a function of the propagation length z. The intensity of the laser pulse was
6×1016 W/cm2 in both cases.
a) Low pressure (6.3×1018 cm−3).
b) High pressure (3.8×1019 cm−3).

The D2 coefficient was calculated by using a Taylor expansion. The D2 values plotted
in the graphs were evaluated at the maximum of the corresponding intensity spectrum
(Smax). In figure 5.15 a), the spectrum for a neutral particle density of 1.9×1019 cm−3 and
the corresponding D2 curve are shown. The resulting pressure-dependent D2 curves for
two different focal spot intensities (6×1016W/cm2 and 4×1017W/cm2) are illustrated in
plot b). It is apparent that the higher intensity leads to a shift of the D2 curve to positive
values, whereas for the lower intensity, all D2 values stay negative and decrease even more
with rising pressure. In the high intensity case, the D2 value starts at negative values and
becomes positive for neutral particle densities over 1.3×1019 cm−3. The slope is negative
for densities above 2.5×1019 cm−3.

The ionisation dynamics during the laser pulse propagation through the helium gas jet are
depicted in figure 5.16. In case of a low gas pressure (6.3×1018 cm−3), the ionisation starts
immediately and the electron density rises. After a propagation length of 100 µm, two-fold
ionisation of the helium begins. The maximum electron density is reached at z=300 µm.
Afterwards, ne drops and the fraction of one-times ionised helium rises, whereas the second
ionisation stage vanishes. Due to the decrease of the intensity amplitude of the laser pulse
during the propagation, the ionisation stops after ∼500 µm. For the higher pressure case
(3.8×1019 cm−3), the fraction of He+ rises faster than for the lower pressures. During the
propagation, a part of the gas remains in the first ionisation stage. The maximum of ne is
reached at z= 250 µm already. No further ionisation occurs after a propagation distance of
425 µm.



5.4 Computational results: Propagation dynamics of short laser pulses 89

Influence of ionisation versus Kerr-effect

The influence of the Kerr-effect due to the nonlinear part of the refractive index in helium
gas for a neutral particle density of 2.5×1019 cm−3 is illustrated in figure 5.17. This
simulation was done for the higher intensity of Ifocus = 4×1017W/cm2 in order to enhance
the visibility of the effect. For the first simulation run, which implemented an ionisation
routine and no Kerr-effect, the spectrum of the laser pulse is strongly blue-shifted (solid
blue curve) as a consequence of the proceeding ionisation and the connected change of the
refractive index. The resulting D2 value is positive with 13.4 fs2 at the maximum spectral
intensity at 2.62 rad/s (dashed blue curve). If the ionisation model is ’switched off’ in the
FDTD simulation at the same gas pressure, only the Kerr-nonlinearity contributes to the
changes of the D2 coefficient. While the spectrum does not change during the interaction
with a constant, homogeneous density profile inside the gas (solid red curve), the D2 value
becomes negative with -25 fs2 at 2.35×1015 rad/s due to the Kerr-effect (dashed red curve),
which is calculated by ∆n= n2 I(t,r).

Figure 5.17: Influence of Kerr-effect and ionisation for helium for a neutral particle density
of 2.5×1019 cm−3 and an intensity of 4×1017W/cm2 in the focal spot. The solid lines depict
the spectra of the laser pulse and the dashed lines indicate the D2 coefficient as the second
derivative of the phase in fs2.



90 5 Propagation dynamics of ultrashort laser pulses in noble gases

FDTD results for neon

Figure 5.18: Results of the FDTD simulations for neon for an intensity of 6×1016 W/cm2.
a) Spectra for different neutral particle densities after the propagation through neon gas.
b) Resulting D2 coefficient.

In figure 5.18, the results of the FDTD simulation for neon gas are shown. Plot a) illustrates
the blue-shifted spectra for three different neutral particle densities. The modulations in
the spectra due to self-phase modulation are not as strong as for helium in the previous
FDTD simulation.

In plot b), the corresponding D2 curve is depicted. At low pressures, the D2 value is
negative (-7.5 fs2), increases to the maximum value of +17 fs2 afterwards, and drops down
to +5.5 fs2. The comparison with the corresponding experimental results illustrated in
figure 5.10 reveals an agreement of the shapes of the D2 curves with the maximum D2

value at an intermediate pressure of ∼2×1019 cm−3, although the total change of the D2

coefficient was larger than in the experiment.

5.4.2 PIC simulations with the EPOCH simulation code of the laser pulse
propagation in helium gas

In order to obtain a deeper understanding of the underlying physical processes during the
interaction of a short laser pulse and a gaseous target, additional 2D PIC simulations were
performed with the EPOCH code [171] in collaboration with Dr. Götz Lehmann from the
Institute of Theoretical Physics I at the Heinrich-Heine-University. The calculations were
done at the Jülich Supercomputing Centre.

Since the propagation length of the laser pulse was relatively long (1.6 mm), a moving
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window setup was used. In this case, the box around the laser pulse moves through the
fixed density profile with the speed of light. Due to the fact that a model for the ionisation
process was necessary, version 4.0 of the EPOCH code was used. In this version of the
EPOCH code, a model for multiphoton and tunneling ionisation as well as a correction of
the ionisation rates based on the BSI theory is included.

The helium gas jet was described by a parabolic density profile. The focal spot size of
the laser was 4.3 µm (FWHM) and was set to be reached 350 µm after the beginning of
the density profile with a focal spot intensity of 6×1016 W/cm2. The moving window
simulation box had a size of 120λ×400λ where λ is the central wavelength of 800 nm.
A full propagation length in the simulation was 1.6 mm. The resolution of the grid was
4096×2048 with 10 macro particles per cell. Neutral particle densities from 0.003ncrit to
0.1ncrit (5.2×1018 cm−3 to 1.7×1020 cm−3) were studied for two different pulse durations
(10 fs and 20 fs). It has to be stated that the PIC code has not implemented a model for
the Kerr-nonlinearity, thus the influence of the ionisation effects on the laser pulse can be
investigated separately from the Kerr-effect.

Figure 5.19 illustrates the spectra after the propagation through the helium density profile
for the two pulse durations obtained by the PIC simulation code. Plot a) shows the
blue-shifted spectra for the short pulse (10 fs). The blue-shift of the maximum of the
spectrum increases with rising pressure and a broadening of the spectrum occurs. Intensity
modulations due to self-phase modulations appear especially on the red part of the spectrum.
In case of the 20 fs laser pulse (plot b)), the spectral broadening and the total blue-shift
turn out to be smaller which is closer to the experiment than the results from the FDTD
simulations.

The results of the 2D PIC simulation for the propagation through the helium gas jet for
different neutral particle densities (0.003ncrit to 0.1ncrit) at the same time step and a pulse
duration of 10 fs are depicted in figure 5.20. All images were taken after a propagation
length of 256 µm. The upper row of images shows the electric field of the laser pulse, the
density profile of He+ is illustrated in the images in the middle row and the bottom row
images depict the corresponding electron density. In the low pressure case (0.003ncrit), the
laser pulse is shown shortly before it reaches its minimum diameter. For the higher pressures,
the laser pulse is already defocused at the same propagation length. The higher the neutral
particle density is, the earlier the ionisation-induced defocusing becomes significant. Since
the first cycles of the ultrashort laser pulse are intense enough to overcome the ionisation
threshold of helium, the majority of the pulse passes through the electron density and
thereby experiences a time-dependent refractive index change. Single-ionised helium atoms
are only present in the front part of the laser pulse, so that the main part of the pulse
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Figure 5.19: Spectra for different neutral particle densities after the laser pulse propagation
through the helium gas jet. The intensity in the focal spot was 6×1016W/cm2 for both cases.
a) Pulse duration of 10 fs.
b) Pulse duration of 20 fs.

interacts with a higher electron density corresponding to the second ionisation stage. By
increasing the neutral particle density, the defocusing starts earlier and also the expansion
of the electron density profile is extended. The number of electrons within this profile is
higher as well, although the laser intensity is diminished.

Due to the ionisation-induced defocusing, the focusablility of the laser beam is limited at
higher gas pressures. According to [33], ionisation-induced defocusing becomes dominant
if:

ne

ncrit
>
λ

πzR
(5.1)

Thus, under the experimental conditions, defocusing is important for pressures above
5×10−3ncrit.

In figure 5.21, the results for a laser pulse with a duration of 20 fs are depicted. The long
duration of the laser pulse leads to an extended electron density profile (in x-direction)
compared to the short (10 fs) pulse. In this case, defocusing effects occur at shorter
propagation lengths and lower pressures. The first cycles of the laser pulse are not intense
enough to overcome the ionisation threshold, hence they cannot be influenced by the
electron density. Since the propagation length of the trailing part of the laser pulse through
the electron density is longer than for the front part, the defocusing effect is stronger for
the trailing part.

Summarising, there are two main influences of the interaction of laser pulse and gas jet on
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Figure 5.21: Results from 2D PIC simulations: Laser pulse propagation through different
neutral particle densities of helium gas. The neutral particle density increases from 0.003ncrit
in the left to 0.03ncrit in the right images. The pulse duration is 20 fs.
Upper row of images: Electric field of the laser pulse in 1016W/cm2

Middle row of images: Density of He+ in units of ncrit.
Bottom row of images: Electron density in units of ncrit.

Figure 5.22: Results from the 2D PIC simulations: D2 coefficients for different neutral particle
densities evaluated for different propagation lengths z at the frequency of the maximal spectral
intensity.
a) Pulse duration of 10 fs.
b) Pulse duration of 20 fs.
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the spectral phase of the laser pulse: Firstly, due to the proceeding ionisation, the electron
density varies strongly during the propagation of the laser pulse. Hence, the refractive
index changes according to equation 2.41:

∆nplasma =

È

1−
ne(r)
ncrit

(5.2)

which can be approximated by ≈ 1− ne

ncrit
in case of an underdense plasma. The second

effect is caused by the radial profile of the electron density which leads to different values
of focusing or defocusing for different pressures.

The resulting curves for the D2 coefficients obtained after several propagation lengths z
are depicted in figure 5.22. Plot a) shows the results for the 10 fs laser pulse and b) for
20 fs, respectively. The electric field of the laser pulse was evaluated on the centre of
the propagation axis at x = 0 and the D2 coefficient was obtained at the frequency of
the maximal spectral intensity. For the short pulse case, all D2 curves look similar: Low
pressures lead to a very small change of the D2 value, the maximum value is reached in the
intermediate pressure regime at 5.2×1019 cm−3(0.03ncrit). At the highest pressure, the D2

coefficient becomes minimal for most propagation lengths. Only two propagation lengths
(260 µm and 410 µm) show an increase of the D2 value for the highest pressure. For longer
laser pulses (plot b)), two different shapes of the second-order dispersion occur: During the
ionisation process (z = 260 µm and 290 µm), the D2 coefficient starts with positive values
of ∼12 fs2, rises to ∼20 fs2 and drops down to ∼2 fs2 at the highest neutral particle density
of 0.03ncrit (8.6×1019 cm−3). In case of longer propagation lengths, where no ionisation
takes place due to the lower intensity of the laser pulse, the D2 value decreases with rising
pressure. The total change of the D2 coefficient is larger than for the short pulse.

In figure 5.23, the evolution of the maximum electron density during the laser pulse
propagation through the helium gas jet is shown. It is apparent, that the density rises faster,
the higher the neutral particle density is. Moreover, by rising the pressure, the maximum
electron density is achieved after a shorter propagation length. The refractive index change
∆n is larger in case of higher pressures. While for a neutral particle density of 5.2×1018,
∆n is 3×10−3 for 20 to 230 µm and 1×10−3 on the second part of the propagation (230–
330 µm), it is much larger for a density of 1.7×1020: From 20 to 210 µm, ∆n is 1×10−2

and for the propagation length from 210 to 330 µm, it is 9×10−3. The greater and more
rapid change of the refractive index at higher pressures, affects the spectral phase of the
laser pulse and thus the D2 coefficient.
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Figure 5.23: Evolution of the maximum electron density during the propagation of the 10 fs
laser pulse through the helium density profile. z denotes the propagation length. The curves
were obtained for different neutral particle densities.

5.5 Summary and conclusions

The D2 coefficient indicates where and how the frequency components of the laser pulse
are located with respect to the spectral envelope. With the knowledge of the D2 value after
a certain interaction length, the resulting chirp can be compensated with the help of DCMs4,
GTIs5 or other grating or prisms setups in order to obtain a transform-limited pulse.

In the experiment with the helium gas jet, D2 coefficients with negative and positive values
were obtained. The sensitivity of the second order dispersion to the variation of the input
parameters was discussed. Using neon as a target, all D2 values were negative, although
the curve nearly reached a positive value at its maximum in the intermediate pressure
regime at a neutral particle density of 2×1019 cm−3. For the measurement with argon, the
gas with the lowest ionisation threshold and the most ionisation stages out of the three
gases examined, the total change of the D2 coefficient was larger than for helium and
neon (-400 fs2 to +500 fs2). The threshold intensity for the 6th ionisation stage of argon

4 double chirped mirrors.
5 Gires-Tournois interferometers.
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is 7.5×1015 W/cm2, whereas for helium gas the second ionisation stage is not reached
for intensities lower than 8.5×1015 W/cm2 (see appendix A). This fact leads to a higher
number of free electrons for the interaction with the argon gas jet, and thus to a greater
change of the time-dependent refractive index.

In case of a pure Kerr-nonlinearity contribution, the FDTD simulation showed that the D2

coefficient becomes negative after the propagation through helium. When the pressure
of the gas rises, more electrons are set free. This effect is stronger for the central part of
the beam, especially for the high intensity (4×1017 W/cm2), since the ionisation rate is
higher on the beam axis. Moreover, the influence of the defocusing effect increases and the
D2 value becomes positive. After a propagation length of a few hundred micrometers, the
ionisation process is completed and the D2 coefficient can drop again due to the influence
of the Kerr-nonlinearity. A further rise of the gas pressure results in a corresponding earlier
completion of the ionisation process after a shorter propagation length. The same behaviour
results from tight focusing to w0 = 1.6 µm.

The PIC simulations showed that after a certain propagation length (>290 µm), the D2

value drops with rising pressure in case of the 20 fs laser pulse. In contrast, the results
for the ultrashort 10 fs laser pulse are not as straightforward, since the D2 curve reaches a
maximum in the intermediate pressure regime (at 5.2×1019 cm−3) before it drops again at
higher pressures. For higher neutral particles densities, the change of the refractive index is
larger and occurs during a shorter propagation length.

Nevertheless, experiment and simulations revealed that the total value of the D2 coefficient
is very sensitive to small variations of the input parameters like duration of the laser
pulse, propagation length, density profile and focal spot intensity. These variations lead
to changing ionisation dynamics, hence the refractive index alters influencing the spectral
phase and finally the D2 value. In the experiment, slight inevitable fluctuations of the
input laser pulse led to rather large changes of the spectral phase. The spectral phase was
measured after the collimation by a lens, therefore variations along the radial profile of
the laser beam could not be investigated. However, it could be demonstrated that in case
of taking helium as an interaction gas target, the second-order dispersion passes through
negative and positive values with increasing the gas pressure. Therefore, changing the
properties of the gas jet allows at least a partial dispersion control and thereby a pulse
compression during the propagation. In order to make use of this effect efficiently, shorter
propagation lengths inside the gas jet should be chosen, since the ionisation process is
completed after ∼400 µm, and the further propagation through a high density gas leads to
a significant amount of absorption of the laser pulse.

The comparison of FDTD and PIC simulation shows that the usage of different ionisation
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routines and the implementation of the Kerr-effect lead to different results. As a consequence
of the sensitivity of the input parameters, it is complicated to reproduce the exact results of
the experiment by one of the simulation methods.

Beyond that, in both simulation methods, PIC and FDTD, a shortening of the laser pulse
during the propagation through the gas was observed. By reducing the length of the gas
jet in the experiment, this plasma compression method of the laser pulse could be used in
future laser systems.



6 High-order harmonic generation from
periodically modulated targets

In this chapter, the first experimental demonstration of high harmonic generation along the
surface of a periodically modulated target is reported. Experimental results for harmonic
generation from grating targets irradiated by laser pulses at an intensity of 2.5×1020 W/cm2

were obtained in two wavelength ranges (lower-order and XUV harmonics). The properties
of the generation process were studied by using 2D PIC simulations. Moreover, the influence
of the interference properties of the grating is discussed. The numerical analysis indicates
the physical parameters which play a crucial role in the generation process, like grating
periodicity and focusing properties of the laser, for example. According to the results, there
is a possibility of controlling the composition of the harmonic spectra. The separation
of the harmonic radiation from the specular direction of the laser makes the grating
harmonic process and emission suitable for many applications [6, 91]. The experiments
were performed at the 100 TW ARCTURUS laser facility.

A systematic parametric scan performed by means of 2D PIC simulations gives insights into
the angular distribution of the harmonic radiation and allows to extend the range of the
analysis to interaction geometries which were not experimentally accessible.

6.1 Experimental results: low-order harmonics from corrugated
targets

The investigation of high-order harmonics generated by the irradiation of intense laser
pulses from corrugated targets was conducted at the ARCTURUS laser facility. The setup is
described in section 4.4. The laser was focused at an incidence angle of θ =25 ◦ relative to
the target normal onto different grating targets. The lower-order harmonics (2th and 3rd)
were detected at an angle of α =25 ◦. The UV spectrometer that was used, is described in
section 4.5.2. A list of the targets which were utilised in this experiment and an overview of
the results can be found below in table 6.1. An atomic force microscope image of one of the

99
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h

a

Figure 6.1: 3D atomic force microscope image of a corrugated target (G1: a=410 nm,
h= 70 nm).

a h observation at 25◦

G2 250 nm 50 nm weak 2nd order harmonic

G3 410 nm 60 nm 2nd and 3rd order harmonics

G4 480 nm 85 nm weak 2nd and strong 3rd order harmonics

flat glass - - weak 2nd order harmonic (surface quality: λ/20)

Table 6.1: Targets used in the grating harmonics experiment (low-order harmonics) and
overview of the obtained results at an observation angle of 25◦.

gratings is depicted in figure 6.1. The longitudinal periodicity is given by the parameter a, h
denotes the vertical amplitude of the protuberances. The grooves were oriented parallel to
the laser polarisation. The single plasma mirror system (described in detail in chapter 3.3)
was implemented into the beam path in order to preserve the structure of the periodically
modulated target prior to the arrival of the main pulse at the surface.

Figure 6.2 illustrates the results of the emission of the second- and third-order harmonic
for the different grating targets compared to a flat target. Part a) of the figure shows the
emission of the second-order harmonic. The inset depicts a closer look on the harmonics
which were not as efficiently generated as the one from grating G3 (a=410 nm, blue
spectrum). All spectra were obtained under the same experimental conditions. The spectral
intensity is expressed in number of counts on the Andor CCD camera. The offset value of
398 counts was subtracted for all spectra.

By employing a flat glass target (surface quality: λ/20), which is commonly used for high
harmonic generation at an incidence angle of 45 ◦, the 2nd order harmonic was detected at
the observation angle with rather low efficiency (maximum of seven counts in six shots,
see black spectrum in figure 6.2 a)). An emission of the third-order harmonic could not be
detected with the spectrometer. The results for grating G2 (a=250 nm) were similar (see
orange spectrum). The second harmonic was emitted with a maximum of eight counts in
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Figure 6.2: Overview of the experimental results of low-order harmonic generation from
grating targets. The spectra were obtained with the UV spectrometer.
a) Spectral intensity of the 2nd order harmonic for different types of targets. The inset depicts a
zoom into the spectral intensity of the 2nd harmonic for the flat target and grating G2 and G4.
b) Spectral intensity of the 3rd order harmonic from grating G3 and G4. The spectra from the
flat target and G2 are not shown, as no counts above the noise level were detected.
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Figure 6.3: Experimental results: Examples of second (a)) and third order (b)) harmonic
generation from G4. The insets show the raw spectra obtained with the UV spectrometer. The
observation angle was 25◦. In the plots, the error bars mark the standard deviation from the
average value of the evaluated shots.
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four shots, but the third harmonic could not be recorded either.

The behaviour for G3 (a=410 nm) was different: Both 2nd and 3rd order harmonics were
emitted intensively (see figure 6.2, blue spectra in a) and b)). The generation efficiency of
the second harmonic from G3 (maximum 74 counts) was about seven times higher than for
the other gratings and flat targets. The comparison of the absolute number of counts of
second- and third-order harmonics reveals that the maximum of the spectral intensity of
the second-order harmonic is more than four times the maximum number of counts of the
third harmonic (16 counts).

By using grating G4 (a= 480 nm) with a periodicity only differing 70 nm from the previous
grating (G3), the usual reduction of the third harmonic compared to the second was
reversed. The signal of the third harmonic was six times the signal of the second order
(see figure 6.2, red curves). The enhancement of the third-order harmonic has not been
observed so far and is a direct consequence of the effect of the grating periodicity on the
efficiency and angular distribution of different harmonic orders. The results were well
reproducible as exemplarily illustrated in figure 6.3. Part a) shows the spectral intensity
of the second harmonic for two different shots. The maximum standard deviation for four
evaluated shots is marked by the error bars. Even though the error bars seem to be large
compared to the absolute number of counts, the tendency of a low emission efficiency of the
second harmonic is the same for all the shots. The shot-to-shot variation of the third-order
harmonic is depicted in part b). The high number of counts for the third harmonic was
obtained repeatedly. This supports the reproducibility of the strong emission of the third
order compared to the second harmonic. In order to obtain a better understanding of
these effects, 2D PIC simulations were performed that focus on the generation of low-order
harmonics. The results are discussed in detail in the next section.

6.2 Simulations of low-order harmonic generation from corrugated
targets

A 2D PIC simulation was set up using the EPOCH simulation code [171]. The size of the
simulation box was 12λ × 16λ with 45 macro particles per cell. The resolution of the
grid was 166 cells/λ and 125 cells/λ, respectively. The intensity of the laser pulse on the
target was 2×1020W/cm2 and the focal spot size was 1 µm (if not stated differently). The
central wavelength was 800 nm. Figure 6.4 illustrates the simulation box. The laser pulse,
propagating from the left-hand side, is focused at (x ,y) = (0,0). As target, a sinusoidal
grating structure with a thickness of 2 µm of ten times ionised aluminium was implemented.
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Figure 6.5: 2D PIC simulation results obtained with the EPOCH code. The spectral distributions
of the high harmonics at 25◦ for different grating periodicities are shown for:
a) Grating periodicities used in the experiment.
b) Small grating periodicity compared to a flat target.
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Figure 6.6: Overview and comparison of simulation and experimental results of the second-
and third-order harmonic emission for different grating periodicities and flat target at θ = 25◦.
a) Maximum counts of the second- (blue dots) and third-order (red dots) harmonics obtained
in the experiment.
b) Maximum emission of the second- (blue dots) and third-order (red dots) harmonics obtained
by the 2D PIC simulation at the same observation angle as in the experiment.
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of θ = 25◦ in agreement to the experimental results in section 6.1. A direct comparison
will be drawn in the following.

For the grating target G4 (a = 480 nm; blue spectrum), the emission of the 3rd harmonic is
more than one order of magnitude more intense than the second harmonic. This enhance-
ment of the 3rd order harmonic was also visible in the experiment. By changing the grating
periodicity, the emission of selected harmonic orders can be enhanced or suppressed. This
effect was observed in the simulations where the results show a very strong emission of the
harmonic orders 5–8 for G2, 4 for G3 and 3 for G4. Part b) of figure 6.5 shows an efficient
generation of the second and third order for a grating with a periodicity of 200 nm. The
results of the simulations indicate the possibility of selecting several harmonic orders by
changing the grating periodicity.

In figure 6.6, the results of simulation and experiment are directly compared. The level of
emission at 25◦ is plotted as a function of the grating periodicity1. The detected emission
level in the experiment is given by the absolute number of counts on the CCD camera
while the simulation results are depicted with respect to the incoming intensity (log(I/I0)).
Usually, the emission efficiency drops with the harmonic order (see i. e. figure 2.9), thus the
detectable emission of the third harmonic is lower than the second. The same tendency was
observed in the grating experiment and simulation for the flat target, grating G2 and G3.
By changing the grating periodicity to a=480 nm (G4), the result is completely different.
Both, simulation and experiment show the higher efficiency of the third harmonic compared
to the second harmonic for G4 at the investigated observation angle. The trend of the
experimental results for second- and third-order harmonics is in good agreement with the
results from the simulation (figure 6.6 a) and b)).

In order to study the emission over the full angular range, spectrograms (incidence angle
θ = 25◦) for the two gratings (comparable to G3 and G4 used in the experiment) are shown
in figure 6.7. Lineouts of these spectrograms which were taken at the observation angle
(25◦ with respect to the target surface), were already shown in figure 6.5 a). The circles in
the figure mark the harmonics predicted by the interference formula (equation 2.55). It
can be seen that for grating G4, the third harmonic can be predominantly found around
the observation angle whereas in case of G3, the fourth order harmonic dominates the
harmonic spectrum at the observation angle. By changing the grating periodicity, the
different harmonic orders can be enhanced at the observation angle which differs from the
specular direction. This allows to obtain customised harmonic emission by using a target
with a suitable grating periodicity.

1 A grating periodicity of zero denotes the flat target.
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Figure 6.7: Spectrograms from corrugated targets over an angular range of 115◦ obtained
from EPOCH simulation. The observation angle α was 25◦ with respect to the target surface
(corresponds to angle=90◦). The spectral relative intensity is shown as a function of the
harmonic order and emission angle. Blue circles mark the emission angles of the harmonics
predicted by equation 2.55. n= 1. . .n=3 denote the different interference orders.
a) Grating periodicity a=480 nm (G4).
b) Grating periodicity a= 410 nm (G3).

6.2.2 Influence of the focal spot size

The influence of the focal spot size on the target on the emitted harmonic radiation was
studied under the same geometrical conditions as described in the previous paragraph. The
results for grating G2 and G3 are shown in figure 6.8 a) and b). By choosing a small focal
spot size of w0 =1 µm, low-order harmonics (3–8) are strongly emitted for G2 (figure 6.8
a)). For higher orders, the spectrum contains gaps, and mainly odd harmonic orders are
generated. The illumination of larger areas (w0 =2 and 4 µm for the same pulse energy)
leads to an enhancement of the interference effect and thus a stronger emission of the
harmonics around the respective harmonic predicted by equation 2.55 (cosα = n

m
λ0

a
+sinθ).

The harmonic orders fulfilling the interference condition are depicted by the green stars
in figure 6.8. In case of grating G2 with a=250 nm, four "bunches" around the harmonic
orders 7, 13, 20 and 26 are visible for a w0 of 4 µm (blue spectrum in figure 6.8 a)). The
emission of other harmonic orders is suppressed. More bunches (around the 4th, 8th, 12th,
16th, 20th, 24th and 27th harmonic order) appear for G3 (a=410 nm; see figure 6.8 b). In
this case even for a small focal spot size (w0 = 1 µm), several harmonic orders are emitted
more intensively than the rest (for example 4th, 7th, 16th, 17th, 22th, 24th).
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Figure 6.8: 2D EPOCH simulation results: Spectral distribution at α = 25◦ for different focal
spot sizes w0 = 1, 2 and 4 µm (incidence angle θ = 25◦). The energy of the laser pulse is equal
for all focal spot sizes. The green stars depict the harmonic orders which are predicted by the
interference formula at the observation angle α.
a) Spectral distribution for G2.
b) Spectral distribution for G3.
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Figure 6.9: Electron density of a grating target (a=250 nm) during and after the interaction
with a 27 fs laser pulse for three different time steps. ∆t is 10.7 fs. The t1 time step depicts the
electron density when half of the laser pulse is reflected. In the t1 +∆t time step, the reflection
is almost completed, and the last time step shows the electron density right after the reflection.
The energy of the laser pulse is equal for both focal spot sizes.
a) Focal spot size w0 =1 µm.
b) Focal spot size w0 = 4 µm.

The bunching effect around the harmonic orders predicted by the interference formula is
more evident for grating G2 since more protuberances contribute to the generation process
for the same focal spot size compared to G3. The illumination of larger areas leads to
a scenario which is closer to the predictions made by the simulations in [15, 16] as the
wavefront curvature does not play a crucial role for larger focal spot sizes. According
to the analytical interference formula, the incidence angle on the target is fixed. The
simulation results obtained by Lavocat et al. are in good agreement with the predictions
by the interference formula as they used a plane wave to describe the electric field of the
laser.

Since the electron dynamics play a crucial role in the generation process of high harmonics,
they were studied for different focal spot sizes on the target. The electron density on the
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target surface (a=250 nm) during the interaction is depicted in figure 6.9. In part a), the
focal spot size is 1 µm. The first time step t1 pictures the moment when half of the laser
pulse is reflected. The periodical structure of the grating target is still noticeable. 10.7 fs
later (second picture), when the reflection of the 27 fs laser pulse is almost completed, the
surface is strongly dented and the periodical structure starts to disappear. The last time step
t1 + 2∆t shows the status of the target right after the reflection. In this picture, the grating
structure is completely destroyed. A different behaviour of the electron density is found for
larger focal spot sizes. In part b) of the figure, w0 is 4 µm. The periodical structure of the
grating target remains visible for all the time steps. In this case, more protuberances are
illuminated by the laser. More interference orders can contribute to the resulting harmonic
spectrum, thus the harmonic orders which were predicted by the interference formula
become more intense (see figure 6.8 a), blue spectrum). Moreover, because of the lower
intensity in the focal spot, the denting of the surface is negligible so that fewer incidence
angles have to be taken into account than in case of a small focal spot size in a).

6.2.3 Influence of the preplasma

The temporal contrast of the laser pulse and thus the expansion of the preplasma, play an
important role in the generation process of high harmonics from solid surfaces. Figure 6.10
illustrates the simulation results of the harmonic emission for different plasma scale lengths
L. The preplasma influence was studied for a 27 fs laser pulse and a grating with a periodicity
of 410 nm. The height of the protuberances was 50 nm. In case of a very high temporal
contrast of the incoming laser pulse, the resulting preplasma is small. Two small preplasma
scale lengths (L= 2.8 nm and L= 17 nm) were considered, and the resulting high harmonic
spectra are depicted in figure 6.10 a). For all these steep plasma gradients, the harmonic
spectra look very similar. The harmonic orders which appear are sharply defined. By
increasing the plasma scale length to 44 nm, the emission efficiency rises by more than
one order of magnitude, especially for the lower-order harmonics (see figure 6.10 b)). A
further increase of the plasma scale length to L =60 nm leads to a significant reduction
of the emission efficiency and the formation of the harmonics. In this particular case, the
plasma scale length exceeds the height of the protuberances. Hence, the target structure is
destroyed and interference effects become negligible.

The optimum scale length for an efficient generation of harmonics from grating targets
was found to be below the height of the protuberances at several tens of nanometers.
Nevertheless, small plasma scale lengths, as obtained from the ARCTURUS laser using a
plasma mirror, ensure the generation of grating harmonics as the structure of the periodically
modulated surface is preserved before the main pulse interacts with the target (also see
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Figure 6.10: 2D EPOCH simulation results: Spectral distribution at α=25◦ for different
preplasma conditions. The periodicity of the grating was 410 nm and the height of the
protuberances was 50 nm.
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results of the MULTI-fs simulation in chapter 3.3.6). Behmke et al. [10] showed for flat
targets that a medium contrast leads to a more intense emission of CWE harmonics. The
contrast requirements for using grating targets are much higher compared to flat ones.
Already a plasma scale length of 60 nm which only slightly exceeds the height of the
protuberances, leads to a suppression of the harmonic generation at the observation angle
as the interference properties of the grating are diminished (figure 6.10 b), red curve).

6.2.4 Effect of the height of the protuberances

The height of the protuberances h was varied from 48–120 nm for a grating with the
periodicity of 410 nm. Figure 6.11 illustrates the results. The spectra for all different heights
look very similar in terms of efficiency and occurrence of certain harmonic orders. In the
simulations, the variation of the height of the protuberances did not lead to a significant
change of the spectral distribution. The influence of the interference effect is visible in all
evaluated spectra. Nevertheless, the emission efficiency is higher for all heights than for the
flat target under the same conditions (see figure 6.5 b)). Since all spectra in this paragraph
were evaluated at α=25◦, a shadowing effect of the protuberances does not have to be
taken into account.

The shadowing effect of the high harmonic beam becomes crucial especially for steep
incidence angles close to the target normal where the laser light is blocked between the
protuberances. This leads to a diminished emission close to the target surface for heights
h≥100 nm.

The influence of the actual height of the protuberances on the angular emission is not
very strong, as long as the preplasma scale length does not exceed the height h. In the
simulations, the scale length L was very small (17 nm). For heights below the plasma
scale length, the interference effect is negligible and the spectra look similar to the ones in
figure 6.10 b) (red curve).

6.2.5 Influence of the angle of incidence

In order to study interaction geometries that were not experimentally accessible, different
incidence and observation angles were simulated. Figure 6.12 shows the results of this
parameter scan. In part a), the spectral distribution 90◦ with respect to the incoming laser
beam is depicted. This corresponds to the experimental setup, where the angle between
the spectrometer and the laser beam could not be changed. For incidence angles close to
the target normal (3◦, blue spectrum), the emission is almost shadowed by the target as
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Figure 6.11: 2D EPOCH simulation results: Spectral distribution at α= 25◦ for different heights
of the protuberances h. The grating periodicity was 410 nm.
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previously described. The harmonics are not resolved very well. By changing the incidence
angle to 10◦, several harmonic orders are emitted with higher efficiency than the rest (for
example: 4th, 5th, 8th–10th, 12th, 16th, 17th). At an incidence angle of 25◦, the 5th, 6th,
8th–13th harmonic orders are efficiently generated (black spectrum).

The results for an observation angle which is close to the target surface (5◦) are different,
especially for the incidence angle of 3◦ (blue spectrum in figure 6.12 b)). Many harmonic
orders are sharply resolved and also the higher orders (above order 35) are emitted with
a rather high efficiency. The enhancement of the emission of only certain harmonics by
applying other incidence angles (10◦ and 25◦) is weaker close to the target surface than for
the observation angle 90◦ with respect to the incoming laser beam.

Summarised, the simulation results for different incidence and the two observation angles
indicate that the generation of very high-order harmonics along the target surface from
corrugated targets is possible for incidence angles close to normal incidence. The incidence
angle defines which harmonic orders are generated efficiently. By choosing a combination
of incidence and observation angle, certain harmonics can be detected with higher or lower
yield.

6.2.6 Summary: Low-order harmonics from corrugated targets

After investigating the harmonic generation from grating targets for different setups and
over a broad parameter range, it becomes clear that the interplay between target geometry,
laser wavefront curvature and interference properties of the grating lead to a rather complex
spectral energy distribution. This effect is illustrated in figure 6.7. Even though the third
harmonic was (at α=25◦) obtained with a higher yield than the second order for the
grating with a=480 nm (figure 6.5 a)), it cannot be stated that the generation efficiency
over the full angular distribution is higher. A tendency where which harmonic order can be
found is defined by the interference formula.

Nevertheless, the actual spectral energy distribution crucially depends on the discussed
interaction conditions, which are the focusing geometry of the laser, the preplasma scale
length as well as the angle of incidence on the target. The stronger the denting effect
during the interaction with the laser pulse is, the more deviations from the interference
formula occur, as more incidence angles have to be taken into account. A very high laser
intensity distributed on a small focal spot size with an intermediate contrast2 leads to the

2 Preplasma scale length which exceeds the height of the protuberances.
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destruction of the periodical structure of the target and thus to diminished interference
properties of the gratings. It was found that the height of the protuberances does not
change the spectral distribution (at α=25◦) significantly, as long as the preplasma scale
length is small. Nevertheless, for angles close to the target surface (α ≤5◦), the emitted
radiation is possibly blocked by the height of the protuberances.

By using grating targets, energy of certain harmonic orders is shifted apart from the
specular direction of the laser and distributed over a larger angular range. The right
choice of incidence angle, grating periodicity and laser contrast allows a selection of certain
harmonic orders in particular emission directions. These properties make the usage of
corrugated targets interesting for various applications. If blazed gratings are employed, the
efficiency of steering a certain harmonic order into the first diffraction order of the grating
can be increased [117].

6.3 Experimental results: XUV harmonics from corrugated targets

The second wavelength range which was investigated in the experiment, covered the
range of 16–38 nm which corresponds to the harmonic orders 21–46. A flat-field XUV
spectrometer was used to record the emitted radiation (see section 4.5.1). The spectrometer
was mounted 5 ◦ with respect to the grating surface, which is 80 ◦ in relation to the specular
direction of the laser. Three different kinds of targets were used in this experiment: two

Figure 6.13: Raw spectra of the harmonics from grating targets recorded with the flat-field
XUV spectrometer. The lineouts were integrated over the CCD chip.
a) Single shot spectrum obtained from grating G1 (a=410 nm).
b) Single shot spectrum obtained from grating G2 (a= 250 nm).
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Figure 6.14: Spectra recorded with the XUV spectrometer. The spectra are corrected by
including the spectral efficiency of the different components of the spectrometer and the
quantum efficiency of the Andor CCD camera.
a) Harmonic spectra from two different gratings (G1 and G2) obtained under α= 5 ◦ observation
angle and θ =5 ◦ incidence angle.
b) Calibration spectrum with oxygen emission lines, obtained by slightly defocusing the laser.
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a h observation at 5◦

G1 410 nm 70 nm 20th- 25th order harmonics

G2 250 nm 50 nm 29th- 45th order harmonics

flat - - no harmonics (surface quality: λ/20)

Table 6.2: Targets used in the grating target experiment at 5◦ angle of incidence (XUV range)
and overview of the obtained results at an observation angle of 5◦.

gratings G1 and G2 and a flat target for comparison purposes (see table 6.2). The raw
images which were recorded by the CCD camera, are shown in figure 6.13. The background
level and the sharp aluminium L-edge can be seen.

The raw spectra were corrected by the spectral efficiency curve of the XUV spectrometer
(figure 4.10 in section 4.5.1). The resulting spectra of the harmonics from grating G1 and
G2 are depicted in figure 6.14 a). High-order harmonics are efficiently generated from G1
(with a periodicity of 410 nm) up to the order 25. The efficiency drops significantly for
higher orders. Contrary to this, orders from 29 to 45 were detected with a higher yield for
G2. It is remarkable that some harmonics are missing, as for example the 28th, 34th and
39th.

No harmonics could be detected for wavelengths below the aluminium L-edge (17.1 nm),
because a 200 nm thick aluminium filter was used to block any remaining light of the
fundamental wavelength. Very close to the L-edge, a strong oxygen emission line (O VI -
17.3 nm) was identified. Calibration shots were taken with a defocused laser beam in order
to record a plasma emission spectrum, which is shown in figure 6.14 b). In shots under the
same conditions on flat targets with a surface quality of λ/20, no harmonics were observed
at an angle of α= 5 ◦.

In agreement with the results of the MULTI-fs simulation (section 3.3.6), the structure
of the grating surface still exists when the main pulse arrives at the target. By using the
plasma mirror, the plasma scale length is L ∼ 30 nm, which is smaller than the height of the
protuberances. When changing the orientation of the grooves by 90 ◦ (perpendicular to the
laser polarisation), no harmonics could be detected anymore. This is an indication that the
interference properties contribute to the generation process. The experiment shows that
high-order harmonics can be generated from grating targets, which do not necessarily need
to have periodicities that are submultiples of the laser wavelength as reported in [15]. Each
target type leads to a different composition of the generated harmonic spectrum.
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6.4 Properties of the XUV grating harmonics from corrugated
targets

According to the experimental results in the XUV range, a more complicated spectral
distribution is obtained by the usage of corrugated targets compared to the high harmonic
generation from flat targets. Several parameters influence the generation process in the
XUV wavelength range which was also investigated by means of 2D PIC simulations. By
employing the EPOCH simulation code, the effect of the grating periodicity in the setup
configuration of the XUV experiment was studied. The simulation box was 19λ×24λ with a
resolution of 250 cells/λ. The simulations in this subsection were done by Toma Toncian.

6.4.1 Influence of the grating periodicity

In figure 6.15, the results of the 2D PIC simulations are shown. The seven lines marked
by circles in a) and c) are the interference orders n=1–7 obtained from equation 2.55
(cosα = n

m
λ0

a
+ sinθ). Each circle stands for the prediction of a certain harmonic order

emitted into a certain angular direction. By applying this simple formula, the harmonic
spectrum of G2 (periodicity of a=250 nm) close to the target surface (∼85◦) should
contain higher orders than the spectrum of G1 (a= 400 nm) at the same interference order.
In the colour plots of a) and c), the intensity spectrogram for the harmonics over all possible
observation angles (-5–95◦) is depicted. The laser is incident at -5◦, thus the specular
direction is +5◦. The observation axis of the experiment (α= 5◦) corresponds to an angle
of 85◦ in these units.

The comparison of the spectrograms for G1 and G2 shows that for angles close to the
target surface, higher harmonic orders are visible for the grating with a= 250 nm. For G1,
the whole spectrum is shifted downwards towards the target normal (angle = 0◦). This
result is in agreement with the experimental observation where the higher order harmonics
(> order 29) were only found close to the target surface for grating G2.

Part b) and d) of figure 6.15 illustrate the spectral distribution at 85 ◦ for both of the grating
targets. The spectrum for G2 contains more gaps where the emission of certain harmonic
orders is suppressed. The orders above 32 are not resolved due to the computational noise
of the simulation. The visibility of higher orders is also diminished by the destruction
(smoothing) of the grating target during the duration of the laser pulse. The smoothing of
the target during the reflection of the laser pulse can be seen i. e. in figure 6.4 and 6.9.
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Figure 6.15: Results of the 2D PIC simulation: a) + c) Time-integrated spectra over an angular
range of 100◦ for G1 and G2. The spectral relative intensity is shown as a function of harmonic
order and emission angle. In the simulations, the incidence angle is at -5◦, the specular axis is
at +5◦ and the observation axis of the experiment corresponds to an angle of 85◦. The emission
angles of the harmonics given by equation 2.55 are marked by circles for seven consecutive
orders.
b) + d) Harmonic spectra at 85◦ for G1 and G2.
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6.4.2 Influence of the focusing angle

Two effects which are inherent in a tightly focused laser beam, influence the angular
distribution of the spectra. Firstly, the surface is dented locally due to the light pressure
of the high intensity laser pulse. The electrons are pushed into the target. In EPOCH
simulations, the displacement ∆x of the electron surface reached up to 400 nm. Secondly,
not only one incidence angle can be defined for an intense focused laser beam because of
the curvature of the wavefronts. This results in an angular broadening of the high harmonic
emission, as many incidence angles contribute to the resulting spectrum.

Both effects are schematically shown in figure 6.16 a) and b). If the target is placed exactly
in the focus, the curvature of the wavefronts is negligible (see figure 6.16 a)) and the angle
β is zero. β varies around ± 5 ◦, as it is only possible to put the target in focus by the
precision of ± the Rayleigh length in experiments, which is zR =12.5µm for the typically
used short focal length f/2 off-axis parabolic mirrors.

In order to study the influence of the focusing angle of the laser beam on the high harmonic
generation, 2D PIC simulations using the Plasma Simulation Code (PSC) [172] were
performed. The simulation box of 6 x 6 µm had a resolution of 240 cells/µm. The ionisation
rates were computed by applying the ADK rates.

In these simulations, the laser pulses were focused onto the grating targets with a= 250 nm
with different far field angles (β =0–13◦). The angle of incidence θ and the observation
angle α both were 5◦. For plane waves (β = 0), the spectrum contains many gaps and only
a few harmonics are emitted. The effect of the wavefront curvature on the high harmonic
spectra is illustrated in figure 6.17. The stronger the wavefront curvature is, the more
harmonics appear on the observation axis (α = 5 ◦).

For β = 4.5 ◦, the efficiency of the high harmonic radiation at the observation angle is

Figure 6.16: Effect of the interaction geometry of a focused laser beam
a) Wavefront curvature of a Gaussian beam.
b) Schematic representation of the surface denting due to the ponderomotive force.
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Figure 6.17: Effect of the interaction geometry of a focused laser beam. Simulation results of
2D PIC simulations obtained with PSC code: High harmonic spectra at the observation axis of
α=5◦ for plane wave in comparison with different focusing angles β = 4.5◦, 9◦ and 13◦.

higher than for the plane wave case. The strongest focusing with β = 13◦ leads to an even
more intense generation of harmonics in the observation direction.

The results demonstrate the possibility of controlling the composition of the high harmonic
spectra by changing the grating periodicity. The spectrograms indicate that lower-order
harmonics are emitted mainly close to the specular direction of the laser. Higher-order
harmonics are predominantly found along the target surface (especially for G2), hence
largely separated from the fundamental laser light which is beneficial for many kinds of
applications.

6.5 Conclusions: Harmonics from grating targets

In this chapter, harmonic generation from different periodically modulated targets was
studied over a broad wavelength range. Experimental observations were confirmed and
sustained by 2D PIC simulations. The influence of the grating periodicity on the spectral
distribution is supported by the simulation results. Effects like wavefront curvature and
denting of the surface also play a crucial role.

The lower-order harmonics are emitted mainly in the specular direction of the laser light
(for 5◦ incidence angle), whereas high-order harmonics are more present close to the target
surface. Constructive interference through superposition of the generated waves leads to
the occurrence of this effect.

The efficiency of the grating harmonics was compared to the conventional generation
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method of high harmonics from targets at 45 ◦. Experiments investigating the generation of
high harmonics from flat targets were conducted at the ARCTURUS laser facility previously.
In these experiments, the high harmonic emission was recorded along the specular direction
of the laser by using an XUV imaging spectrometer [10]. Harmonics were detected up
to the 40th order. In order to compare the high harmonic emission by the two methods
(grating and flat targets), the spectral energy distribution (in J/Hz/sr) was deduced from
the raw spectra. After correcting the experimental spectra for the spectrometers’ efficiency,
the CCD cameras’ gain and the acceptance angle of the spectrometers, the spectral energy
distribution of the flat target along the specular direction was determined to be 2–3 orders
of magnitudes higher than in case of grating targets (at θ =5◦ and α= 5◦).

These results are not surprising and can be understood by considering the particularities
of the generation process on grating targets. Due to the interference properties of the
grating, the harmonics are distributed over a larger angular range. Moreover, for grating
targets with a sinusoidal profile as used in the experiment, the laser beam is incident under
variable angles along the emitting protuberance surface and thereby reduces the efficiency
of the process. In reference [15], it was also found that surface modulations with a sin2-
profile lead to a lower efficiency of the harmonics compared to a grating structure with a
rectangular profile. As different absorption processes contribute to the coupling of laser
and target at angles close to normal incidence (chapter 2.3), the energy absorption is less
efficient than for oblique incidence. It should be clearly stated that a direct comparison of
the energy conversion efficiency for grating and flat targets requires a measurement of the
divergence of the harmonic beam. Experimentally, the acceptance angle of the spectrometer
was too small compared to the expected beam divergence and no angular distribution could
be estimated from the spectra.

Although grating harmonics do not provide an enhancement in terms of efficiency, they
offer the opportunity of usage for further applications without the need for strong filtering
of the specular light due to their spread over a larger angular distribution.

The emission of lower-order harmonics for an incidence angle of 25◦ was studied in detail,
and the relevant influences on the generation process were emphasised. Especially the
focusing geometry determines the spectral energy distribution of the emitted radiation.
Small focal spot sizes in combination with high laser intensities lead to strong deviations
from the angular distribution predicted by the analytical model of interference. It was
also demonstrated that without a small plasma scale length as obtained by using a plasma
mirror, harmonics from grating targets would not be efficiently generated in directions apart
from the specular direction. The results of both, simulation and experiment for the gratings
G3 and G4, showed that the emission efficiency of certain low-order harmonics at a distinct
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observation angle can be regulated by changing the periodicity of the grating target. These
results can be adapted for different grating types insofar as for a certain harmonic order, a
suitable generation setup with grating targets can be found.

Summarised, the studied effects indicate a possible control of the composition of the
harmonic spectra by adjusting the focusing angle and modifying the grating target parame-
ters.





7 Summary and conclusion

The interaction of ultrashort laser pulses with gaseous and solid targets was studied in two
intensity regimes. A high temporal laser contrast as the connecting link between the two
experiments is important to enable the analysis of the interaction processes without the
strong influence of preplasma effects.

A plasma mirror system was designed, built and characterised in order to allow experiments
with thin or structured targets with the ARCTURUS laser. By using the plasma mirror,
experiments with ultra-high contrast (10−11 on 100 ps time scale) can be performed at the
ARCTURUS laser facility. The plasma mirror system has a high energy throughput of 80 %.
This allows to study interaction regimes with high-power relativistic ultrashort laser pulses.
Since more facilities world-wide use laser systems reaching intensities of ≥ 1018 W/cm2 in
the focal spot, the knowledge of the temporal contrast is of great importance. By changing
the reflectivity of the plasma mirror substrates, the temporal contrast of the laser pulse
and thus the preplasma conditions can be adjusted to the experimental needs. Especially
the high harmonic generation from solid surfaces benefits from these controllable contrast
conditions. Also future experiments can make essential use of the installed plasma mirror
system, as for example experiments with cluster targets or targets with small surfaces (i.e.
nanowire targets), two beam experiments with incidence angles close to the target normal,
Thomson backscattering from thin (several nanometer thick) foils or the relativistically
flying mirror.

The investigation of the propagation dynamics of the laser pulse in three different noble
gases showed that the neutral particle density crucially influences the spectral phase of the
laser pulse. The results are relevant for understanding the laser pulse interaction dynamics
during the generation process of high harmonics in gaseous targets. As the second-order
dispersion varies during the propagation, the laser pulse changes its properties which can
affect the harmonic generation process. The experiment revealed that in case of the helium
gas jet, the second-order dispersion coefficient D2 passes through negative values for lower
neutral particle densities and becomes positive with rising gas pressure. The studies of
the interaction between the laser pulse and the three examined noble gases (helium, neon
and argon) demonstrated that the different ionisation thresholds significantly change the
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spectral phase of the laser pulse. Since argon has the lowest ionisation potential out of
the three gases, the interaction with the argon gas jet leads to the strongest changes of
the spectral phase. An FDTD simulation showed that the behaviour of the D2 coefficient is
strongly intensity-dependent.

Furthermore, the influence of the ionisation process on the laser pulse was investigated by
means of 2D PIC simulations. The numerical analysis of these interactions is very complex
as in this intensity regime, many different effects occur. Especially the uncertainty of the
input parameters (i.e. initial chirp of the laser pulse) complicates the simulation conditions.
As different numerical models set their focus on different properties of the interaction, a
full description of the influence of the gas pressure on the spectral phase of the laser pulse
remains unresolved. Nevertheless, during the propagation of the laser pulse through the
gas jet, pulse shortening was observed in the simulations. In order to make use of this effect
in the experiment, a shorter gas jet would be necessary. By applying a suitable gas jet target,
this plasma compression method would be useful for future high power laser systems.

In the second main experiment, harmonic emission from periodically modulated target
surfaces was investigated in two wavelength regimes. Firstly, the emission of low-order
harmonics (2nd and 3rd) from grating targets was detected under an angle of 25◦ with
respect to the target surface for an angle of incidence of 25◦ (with respect to the target
normal). At this observation angle, the third harmonic was recorded with a higher yield
than the second order for one of the grating targets. Modifications of the focal spot size and
thereby the illumination of more or less grating protuberances, lead to an enhancement of
different orders. If more grooves are irradiated, more interference orders contribute to the
resulting spectrum and the interference effect dominates the harmonic emission.

2D PIC simulations illustrated that the emission of the low-order harmonics can be controlled
by parameters like grating periodicity, laser contrast and incidence angle. By using grating
targets, certain low-order harmonics can be either emitted with a higher or lower yield.
Hence, grating targets are perfectly suitable for achieving specific harmonic orders.

Moreover, the first demonstration of high harmonic generation from grating targets along
the target surface was reported in this thesis. An incidence angle of 5◦ with respect to
the target normal led to an emission of harmonics up to the 45th order at an observation
angle of 5◦ (with respect to the target surface). The properties of these grating harmonics
were studied intensively with the help of 2D PIC simulations. It was found that certain
harmonic orders can be emitted with higher efficiency by choosing the right combination of
grating periodicity, laser contrast, focusing angle of the laser and observation angle. An
estimation of the spectral distribution of the harmonics for larger spot sizes is given by
the interference formula for a diffraction grating. According to this formula, only certain
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harmonic orders can be expected to be emitted at a distinct observation angle and the
harmonic spectrum contains large gaps. Nevertheless, by changing the focusing geometry
of the laser or the preplasma scale length, also other harmonic orders are emitted more
intensively. The strong curvature of the wavefronts caused by using an off-axis parabolic
mirror with a short focal length (i. e. f/2), leads to many different incidence angles on the
target and thus to deviations in the angular distribution of the generated harmonic spectra
from the interference formula.

The setup of the grating harmonic experiments provides a source of high harmonics apart
from the specular direction of the laser. Although the laser energy is never entirely absorbed
by the target, this setup allows to omit strong filters for the fundamental wavelength, since
the harmonic observation direction is largely separated from the specular direction. This
new generation method makes an important step forward towards controlling the spectral
distribution of the emitted harmonics which is of great interest for the feasibility of single
attosecond pulses.

The two main experiments presented in this thesis demonstrated opportunities of further
compression of short laser pulses by the propagation dynamics in gases or the frequency
conversion during the interaction with grating targets. Both techniques are interesting for
future highest-power laser systems reaching intensities in the ultra-relativistic regime (see
i. e. the Extreme Light Infrastructure (ELI) and the IZEST project [173]).
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A Ionisation thresholds

Ionisation thresholds predicted by the BSI theory [81, 155]:

Ionisation process Ionisation potential [eV] Threshold intensity [W/cm2]

He→ He+ 24.6 1.5×1015

He+ → He2+ 54.4 8.5×1015

Ne→ Ne+ 21.6 8.7×1014

Ne+ → Ne2+ 41.0 2.8×1015

Ne2+ → Ne3+ 63.5 7.2×1015

Ne3+ → Ne4+ 97.1 2.2×1016

Ne4+ → Ne5+ 126.2 4.1×1016

Ne5+ → Ne6+ 157.9 6.9×1016

Ar→ Ar+ 15.8 2.5×1014

Ar+ → Ar2+ 27.6 5.8×1014

Ar2+→ Ar3+ 40.7 1.2×1015

Ar3+ → Ar4+ 59.8 3.2×1015

Ar4+ → Ar5+ 75.0 5.1×1015

Ar5+ → Ar6+ 91.0 7.6×1015

Ar6+ → Ar7+ 124.3 1.9×1016

Ar7+ → Ar8+ 143.5 2.6×1016

Table A.1
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