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Abstract

The generation of coherent high-order harmonics from the interaction of ultra-intense fem-
tosecond laser pulses with solid density plasmas holds the promise for table-top sources of
intense extreme ultraviolet (XUV) and soft x-ray (SXR) radiation. Furthermore, they
give rise to the prospect of combining the attosecond pulse duration of conventional
gas-harmonic sources with the photon flux currently only available from large-scale free-
electron laser or synchrotron facilities.

In this thesis a series of experiments studying various aspects of harmonic generation
from such a plasma source are presented and the emitted XUV-radiation is characterized
spectrally, spatially and temporally. The measurements probe the dynamics of the plasma
surface on a sub-laser-cycle time scale and help to increase our understanding of the
harmonic generation process. It is shown that, at moderate intensities and laser contrast,
the emitted harmonics are indeed phase-locked but chirped and emitted as a train of
XUV-bursts of attosecond duration. Measurements with very high contrast relativistically
intense driving pulses reveal the generation of harmonics up to the relativistic cutoff in
a diffraction-limited beam with constant divergence observed for all wavelength. This
implies that the harmonics are generated on a curved surface and travel through a focus
after the target possibly opening a route towards extreme intensities in the process. In
addition it is found that a target roughness on the scale of the wavelength of the highest
generated harmonic does not adversely affect the harmonic beam quality implying that
the generation of diffraction-limited keV-harmonic beams should be possible. In a third
set of experiments the first demonstration of harmonic generation from solid targets using
an 8 fs driving laser opens a route towards the generation of ultra-intense single-as pulses
and gives conclusive evidence for the unequal spacing of the harmonic emission.

Based on these results the development of ultra-intense sources of single as-pulses
from the interaction of intense laser pulses with solid surfaces could advance at a fast pace
making XUV-pump XUV-probe type investigations of nonlinear processes with attosecond

time resolution feasible in the near future.
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Zusammenfassung

Die Erzeugung von kohdrenten hohen Harmonischen aus der Wechselwirkung von extrem
intensiven und ultrakurzen Laserpulsen mit Festkorperoberflichen verspricht den Bau
von kompakten Strahlungsquellen im extremen Ultraviolett (XUV) und weichen Ront-
genbereich (SXR). Eine solche Quelle wiirde iiber einzigartige Eigenschaften verfiigen,
da sie eine Pulsdauer im Attosekundenbereich wie bei konventionellen Gasharmonischen
Quellen mit den hohen Photonenfliissen, wie sie derzeit nur an Synchrotrons oder Freie
Elektronen Lasern (FEL) erreicht werden, kombinieren konnte.

In dieser Arbeit wird eine Reihe von Aspekten der Harmonischenerzeugung an Ober-
flichen untersucht und die erzeugte XUV-Strahlung spektral, riumlich und zeitlich charak-
terisiert. Die Messungen geben Einblick in die Dynamik der Plasma-Oberfliche auf der
Zeitskala der Oszillation des treibenden Laser Feldes und helfen so unser Verstandnis des
Mechanismus der Harmonischenerzeugung zu vertiefen. Experimente bei moderaten In-
tensitdten und Laserkontrast zeigen, dass die erzeugten Harmonischen in der Tat kohérent
und daher als Zug von Attosekunden-Pulsen abgestrahlt werden. Messungen mit sehr ho-
hem Pulskontrast und relativistischen Intensitdten zeigen die Emission von Harmonischen
bis zur theoretisch vorhergesagten Maximalenergie in einem beugungsbegrenzten Strahl
mit konstanter Divergenz. Dies impliziert, dass die Strahlung auf einer gekriimmten Ober-
fliche erzeugt wird und anschliefend durch einen Fokus propagiert in dem, im Prinzip, In-
tensitdaten Grofenordnungen hoher als jene im Laserfokus erzeugt werden konnten. Aufer-
dem zeigen die Messungen, dass eine Oberflichenrauhigkeit im Bereich der Wellenldnge
der erzeugten Harmonischen deren Strahlprofil nicht beeinflusst. Somit sollte die Erzeu-
gung beugungsbegrenzter Strahlung mit Energien im keV-Bereich moglich sein. In einem
dritten Experiment wird die Erzeugung von Harmonischen von Oberflichen mit einem 8
fs Laser demonstriert. Die Messung stellt einen entscheidenden Schritt auf dem Weg zur
Erzeugung von ultraintensiven einzelnen Attosekunden-Pulsen dar.

Auf der Grundlage dieser Ergebnisse sollte die Entwicklung von ultraintensiven Quellen
fiir die Erzeugung von einzelnen Attosekunden-Pulsen von Oberflichen schnell voran-
schreiten und in naher Zukunft erste XUV-Anregungs XUV-Abfrage Experimente von

nichtlinearen Prozessen auf der Attosekunden Zeitskala ermdglichen.
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Chapter 1

Introduction

The desire to visualize and understand the most fundamental processes in nature has
always been the driving force behind basic research. It has lead to the development of a
wealth of new methods advancing high precision measurements in many fields of physics.
Sparked by the invention of the laser [1] and the rapid technological advance over the past
four decades experiments probing fundamental processes in matter with ever higher tem-
poral resolution have become possible. This development has culminated in the produc-
tion of laser pulses approaching the duration of a single optical cycle of few femtoseconds
(1 fs=1071 ) duration [2-4] which can be used to resolve, for example, the formation
and rupture of chemical bonds in real time [5]. However, these chemical reactions are still
not the fastest processes in atoms and molecules. The dynamics of electron wave packets
evolve on an attosecond (1 as=107'® s) time-scale and are therefore faster than a single
oscillation of the electric field of conventional laser systems (7,=2.67 fs). To overcome the
resolution barrier imposed by the duration of a single laser cycle and enter the regime of
Attoscience in which electron dynamics in atoms and molecules can be observed in real
time coherent broad-band radiation sources in the extreme-ultraviolet (XUV) or soft x-ray
(SXR) wavelength range are necessary. Only radiation from such sources can be used to
synthesize pulses short enough to achieve as-resolution. The prospect of generating such
pulses has motivated the investigation of harmonic generation from solid density plasmas
(SHHG) presented in this thesis.

Up to now the only sources of attosecond pulses capable of probing inner atomic dy-
namics are based on the nonlinear interaction of moderately intense laser pulses with
noble gases [6-8|. In this scheme an electron is removed from the atom by the strong field
of the laser, accelerated in the vacuum and then re-collides with the atomic core emitting
a high energy photon [9]. Using this technique coherent radiation at high harmonics of the
driving laser frequency is generated. From these spectra isolated as-pulses with durations

as short as 80 attoseconds have been synthesized [10-12] and also applied to probe, for
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example, the ionization dynamics of noble gases in strong fields [13] or the emission of
electrons from solid surfaces [14] in real time. While this method is very successful and
has lead to a whole series of ground-breaking discoveries it suffers from one fundamental
limit: Owing to the fact that excessive ionization of the gas target has to be prevented in
this generation process the driving laser intensity that can be used for harmonic genera-
tion is limited. Despite several attempts to improve the conversion efficiency [15-18] this
imposes severe limitations on the maximum energy of the generated as-pulses rendering
XUV-pump, XUV-probe type experiments studying nonlinear processes, [19-24| experi-
ments addressing single molecule imaging [25] or the real-time observation of laser-plasma
dynamics [26-28| impossible with such an XUV source [29].

To overcome this limitation a completely different mechanism for the generation of
coherent high harmonic radiation is necessary which does not suffer from this limitation.
The generation of high harmonics from the interaction of a relativistically intense laser
pulse with a solid-density target has been identified as a promising candidate to achieve
this goal. The main advantage of this laser-plasma based approach lies in the fact that
it relies on the reflection of the incident laser field off the electron surface of the strongly
ionized target and thus does not suffer from the limitation imposed on gas harmonics.
On the contrary: The harmonic generation efficiency and the width of the generated
harmonic spectrum increases strongly with increasing laser intensity making this process
highly scalable [30] and offering the potential of combining the high photon fluxes currently
only available at large-scale facilities like free-electron lasers [31] with the attosecond time
resolution of laser-based sources. In fact, beyond the generation of intense as-pulses for
the study of atoms and molecules the predicted scalability of the generation process may
even offer the possibility of reaching intensities much higher than those of the driving laser
[32] and exceeding the Schwinger-Limit [33] at which the production of electron-positron

pairs from vacuum is predicted.

Recent theoretical studies have clarified that two distinct mechanisms are responsible
for the generation of high harmonics from solid targets. At sub-relativistic intensity
Coherent Wake Emission (CWE) [34, 35] dominates while in the limit of relativistic
intensities the harmonics are generated off a Relativistic Oscillating Mirror (ROM) [30,
36, 37]. The CWE process exhibits a target density dependent spectral cutoff as observed
in the first solid harmonic experiments while in ROM the cutoff is target independent
and scales with the laser intensity. It is important to note that, while many recent
experiments have been conducted with CWE harmonics as they are easier to generate, a
competitive as-pulse source will be based on ROM as much shorter pulses with superior
phase-properties are achievable with this method [30, 38|. A sketch of such a possible

single as-pulse source is shown in figure 1.1. Note that aside from the target and the
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Plasma

Figure 1.1: Generation of a single as-pulse using a few-cycle driving laser and a suitable
filter. The incident laser pulse rapidly ionizes the target and generates high
harmonics of its fundamental frequency. The selection of a suitable part
of the harmonic spectrum with a filter will lead to the generation of an
attosecond pulse. (Figure from [36])

driving laser pulse the only necessary component is a suitable filter to select the desired
spectral range from the emitted spectrum.

While the recognition of surface harmonics as a possible source of as-pulses is rather
new the first experimental observation of harmonic generation from solid-density targets
dates back to the late 1970s. Interestingly enough this was more than ten years prior to
the work by T. Hénsch et al. [39] pointing out the possibility of synthesizing as-pulses from
a train of harmonics and the proposal to use harmonics generated from noble gases for
this purpose by Gy. Farkas and Cs. Toth [40]. At that time experiments conducted with
high energy nanosecond CO, lasers revealed spectra extending up to the 46" harmonic
order of the fundamental 10.6 ym wavelength driver [41-44|. In contrast to the newer
fs-sources however the harmonics in those experiments where emitted isotropically and
no beaming was observed.

After this work it took roughly 10 years until the topic was revisited and theoretical
studies predicted harmonic generation from the interaction of relativistic laser pulses with
solid targets [45-48| for the first time. On the experimental side the first observations
of harmonics using a femtosecond Titanium:Sapphire (Ti:Sa) laser were reported almost
simultaneously by S. Kohlweyer et. al. [49] and D. von der Linde et. al. [50| followed by

3
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a whole series of other publications using similar laser systems [51-55]. Note that, despite
the fact that this is not stated explicitly, all harmonics observed in these experiments
where most likely the result of CWE and not ROM. The emission of ROM harmonics
was observed unambiguously for the first time at the Vulcan laser facility in the UK by
P. Norreys et al. [56]. Only recently newer experiments have demonstrated that the
harmonic emission from a solid target is beamed in the direction of the specular reflection
under high-contrast conditions |51, 57, 58], have shown the transition from CWE to ROM
harmonics [58, 59|, addressed the issue of harmonic coherence [60] and have confirmed
the theoretically predicted harmonic power-law scaling [61] and spectral cutoff [57] in the

ultra-relativistic regime [30].

The work presented in this thesis aims at advancing the understanding of surface
harmonic generation and is driven by the vision of an ultra-intense single as-pulse source
suitable for the experimental study of processes on the attosecond time-scale. It consists
of a set of experiments conducted with different laser sources addressing various aspects of
the interaction of intense femtosecond laser pulses with solid density targets. This thesis
describes a compilation of experimental results obtained using three different driving
lasers and aiming at the characterization of various aspects of the harmonic generation
mechanism all of which are of great relevance for the envisioned as-pulse source depicted
in figure 1.1. The measurements include (a) a campaign investigating the possibility of
generating harmonics with a few-cycle driver laser, (b) a series of measurements addressing
the temporal characteristics of the emitted harmonic radiation and (¢) an experiment
aiming at the generation of high-quality harmonic beams of relativistic harmonics using

a high contrast driver source.

The experiments demonstrate that (a) surface harmonics can be generated using few-
cycle driver pulses [62] opening the route toward the efficient generation of single as-pulses,
(b) they prove that the harmonics produced on a solid target are indeed phase-locked and
thus emitted as a train of as-pulses as predicted by theory [63] and (c) they verify that,
provided the contrast of the driving laser is good enough, the harmonics are emitted in
a near diffraction-limited cone off a curved (dented) target surface [64]. Note that this
also implies that the harmonics travel through a focus in front of the target which may
allow the generation of extreme intensities [32] when proper pre-shaping of the target is
implemented |65, 66]. Furthermore the experiments also allow conclusions about the sub-
cycle dynamics of the electrons in the harmonic generation process and thus the chirp of
the emitted harmonics [62, 67] and they point out a route towards scaling plasma mirrors
to the relativistic regime and the application of such mirrors as spatial filters and efficient

frequency doublers for future laser systems [68].

Having addressed several key issues of harmonic generation from overdense plasmas

4
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and answered a series of fundamental questions in this thesis the challenge for the future
will now be to combine the different beam properties and methods demonstrated sepa-
rately in one experiment in order to generate a single ultra-intense burst of well beamed
relativistic harmonics. This will open the way for a whole series of experiments not fea-
sible with current as-sources owing to their limited pulse energy and greatly advance the
field of Attoscience.

1.1 Outline of this Thesis

At this point a brief overview of this thesis shall be given. As has been mentioned before
the work presented here focuses on the characterization of high harmonics generated in
the interaction of ultra-intense laser pulses with solid targets. Most of the work presented
in this thesis was conducted in close collaboration with my colleague Yutaka Nomura.
However, his PhD thesis [69] focuses on the XUV-autocorrelation and thus temporal
characterization of a train of harmonics produced with the ATLAS system while my
work consists of a series of experiments in which harmonics generated using different
laser sources are studied and the properties of the emitted coherent XUV-beams are
investigated. The two PhD theses are complementary to each other with a common
objective: The assessment of the appropriateness of the process for the generation of

intense as-pulses.

e Before the experimental results are presented Chapter 2 introduces the most im-
portant properties of intense laser pulses and discusses their interaction with solid-
density targets. Special emphasis is given to the introduction of the two dominant
mechanisms that have been identified to contribute to the generation of high har-
monics from solid density targets, the Relativistic Oscillating Mirror (ROM) and
Coherent Wake Emission (CWE).

e Chapter 3 gives an overview of the two laser systems at the MPQ that have been
used for the experiments described in chapters 4 and 6 of this thesis. The setup and
basic concept of the Titanium:Sapphire ATLAS laser and the OPCPA-based LWS10
system are described and the most important laser parameters like pulse duration,
pulse energy, the focusability of the beam and the laser contrast are characterized

under the conditions under which the experiments where conducted.

e In Chapter / two methods for the temporal characterization of surface harmonics
are presented: The XUV-autocorrelation and a temporal coherence measurement.
While the autocorrelation proves that the emitted harmonics are indeed phase-

locked as predicted by theory the coherence measurement in combination with the
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AC-results allows the extraction of information about the sub-cycle dynamics of the
electrons involved in the harmonic generation process. A comparison of the results
of these measurements also allows interesting conclusions about the dynamics of the
harmonic generation mechanism itself. Two publications have also resulted directly

from the work presented in this chapter [63, 67].

e The results presented in Chapter 5 where obtained at the Rutherford Appleton
Laboratory. In these experiments very high contrast laser pulses where generated
using a plasma mirror. Under these conditions ROM harmonics up to the theo-
retically predicted relativistic cutoff where observed. Furthermore the divergence
of the emitted harmonics and the influence of target roughness was investigated.
In addition the fundamental and second harmonic emanating from the target were
characterized showing that the high intensity interaction of a laser pulse on a solid
target may be a route to spatial filtering and second harmonic generation in future

high-power lasers. The results are also presented in two publications |64, 68|.

e The last experimental chapter, Chapter 6, presents results obtained with the 8 fs
LWS10 system demonstrating, for the first time, harmonic generation with a few-
cycle driver pulse. The experiments are an important step towards the generation
of single as-pulses for applications, but beyond this they also allow unique insight
into the dynamics of the harmonic generation process itself. The findings from this

chapter are also summarized in [62].

e Chapter 7 summarizes the results presented in the previous chapters and gives an
outlook to the future. Especially the prospect of the generation of single ultra-
intense attosecond pulses for applications is discussed. Two papers written in the
course of my PhD-work also address the improvement of current-day harmonic

sources for future applications in attosecond and high-field physics [65, 70].



Chapter 2

Generation of High Harmonics from

Solid Surfaces

To facilitate the discussion of the experimental results presented in this thesis this chapter
will introduce some theoretical background on the interaction of intense laser pulses with
solids and discuss the mechanisms leading to the generation of high harmonics from solid
density plasmas. While the first section is intended to give a general overview over the
most important properties of intense laser pulses and their interaction with solid-density
targets the second section focuses in more detail on two distinct mechanisms leading to
harmonic generation: the Relativistic Oscillating Mirror (ROM) [30, 36, 37| and Coherent
Wake Emission (CWE) [34, 35, 60].

2.1 Relativistic Laser Solid Interactions

The aim of this section is to introduce important quantities and processes relevant for the
interaction of intense laser pulses with solid density targets, that will be used and referred
to often in this thesis. By no means this discussion is meant to be complete instead the
focus is laid only on the most important points. More detailed discussions can be found
in many plasma physics and electrodynamics textbooks (for example [71-73]).

All equations in this chapter are, in contrast to most textbooks, given in ST-units since

this thesis focuses on experimental results which are naturally given in these units.

2.1.1 Relativistic Laser Pulses

Electromagnetic phenomena both in vacuum and in media are described by Maxwells
equations. The electric and magnetic fields (E and E) of electromagnetic waves can thus

be derived directly from them. They can be written using a vector potential A and a

7
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scalar potential ®:

B=VxA (2.1)
Fo-2 i ve (2.2)
ot ' ‘

Using equations 2.1 and 2.2 the wave equation for the vector potential can be derived
[72]. Using the Lorenz Gauge

- 10
VA+ =—¢=0 2.3
the vector potential Ais given by
—V2PA+ —— A= —j 24
+ c? Ot? 0260‘7’ (24)

where ¢ is the speed of light in vacuum, ¢y is the electric constant and j is a current
density. Assuming the propagation in vacuum with no free charges, electrostatic fields or

currents i.e. j = 0, equation 2.4 has the solution
A = Ay cos(wt — kz + ). (2.5)

This is a linearly polarized plane wave with frequency w and wave number k propagating
in the 2 direction with phase ¢. Note that the polarization has been arbitrarily chosen to
be linear and in the y direction. Any other infinite plane wave with elliptical polarization

would also be a solution to equation 2.4.

For this solution for A the Lorenz Gauge and the initial conditions immediately also
give the scalar potential ® to be ® = 0. Using these results it is now possible to calculate

E and B from equations 2.1 and 2.2 respectively yielding

B = 2By sin(wt — kz + ¢), (2.6)

E = §E,sin(wt — kx + ¢). (2.7)
This is the infinite plane electromagnetic wave. The relation between the amplitudes Ej,

By and Ag can also be obtained from equations 2.1 and 2.2. It is:
Aow = EO = CBO. (28)

While these considerations are of general nature and valid for all wavelength the discussion
will be restricted to the optical and near infrared (0.5 to 1 um) range in the following dis-
cussions, this being the typical wavelengths of the laser systems used for the experiments
described in this thesis.



2.1. RELATIVISTIC LASER SOLID INTERACTIONS

In high intensity laser physics the amplitude of the laser pulses is normally not given
in terms of the peak electric or magnetic field but in the form of a normalized vector
potential ag. This dimensionless quantity is calculated from the vector potential A, using
the following equation:

eAy ek

ag = = (29)
mecC meCW

Here e and m, are the charge and mass of an electron, c is the speed of light and equation

2.8 was used to express Ag in terms of Ej.

In experimental physics it is more common to express ag in terms of the laser wave-
length and its focused intensity. The intensity can be calculated from the electric field
using the relation Iy, = ceqE3/2 which is derived, for example, in |72, 74]. Including the

values of all the physical constants in equation 2.9 we get the formula
ag = I [Wem™2] N2 [pm?]/1.37 10'8, (2.10)

into which the intensity and the wavelength have to be entered in units of [W ¢m™?| and
[em] respectively. Depending on the value of aq laser pulses are called sub-relativistic
(ap < 1), relativistic (ag &~ 1) or ultra-relativistic (ap > 1). In the experiments presented
in the later chapters of this thesis average intensities as high as ay = 3, i.e. well in the

relativistic regime, were achieved.

To understand the difference between non-relativistic and relativistic intensities intu-
itively it is very instructive to consider the influence of such fields on a single electron.
The relativistic equation of motion of a single electron in an electromagnetic field is given
by

ap 0
ot ot
where p'is the relativistic momentum of the electron, ¢ is the velocity of the electron
and v = /1 —v%/c? ! is the relativistic gamma factor. Two forces are found to govern

the motion of the electron in the electromagnetic wave, one pointing in the direction of

(yme?) = —e(E + ¥ x B), (2.11)

the electric field and a second one in the U x é, corresponding to the laser propagation
direction. If we now consider the relative amplitudes of the two forces (using equation
2.8) we see that the ¢’ x B force is a factor v/c smaller than the force resulting from the
electric field. The peak electron velocity as a result of the oscillation in the electric field
can easily be calculated (neglecting the @ x B term) by substituting equation 2.7 into
equation 2.11 and expressed in terms of the normalized vector potential via equation 2.9.
It is

¢Bo _ a0, (2.12)
'Ymew ’y

From this equation it becomes obvious why pulses with ay < 1 are called non-relativistic

VUmax =
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while those with ag > 1 are called ultra-relativistic. For q¢p < 1 the maximum electron
velocity is much smaller than ¢ and thus the electron only oscillates in the plane of the
electric field. At ag = 1 the oscillation velocity becomes relativistic (close to ¢) and
for ag > 1 the velocity is very close to c. In these cases the ¢ x B component becomes
comparable to the E component in the force on the electron and the electron is accelerated
in the direction of the laser field.

2.1.2 Properties of Laser generated Solid Density Plasmas

In the types of experiments conducted for this thesis the laser pulse does not interact
with a single electron as discussed in the previous section but rather with a solid density
target. The laser rapidly ionizes the atoms at the surface and then interacts with the high
density plasma. The ionization process and the subsequent interaction of the laser with
the dense plasma will be discussed in the following paragraphs.

Even though the energy of a single near infrared (NIR) photon is only ~ 1.3 eV,
i.e. much lower than the binding energy of electrons in atoms, high intensity lasers can
very efficiently ionize gases and solids. Two mechanisms have been identified to give
rise to ionization in strong fields. At moderate intensities multi-photon ionization is the
dominant process. One electron in an atom absorbs multiple laser photons and thus gains
the necessary energy to be freed from the atom. For very high intensities the electric
field can modify the binding potential of an atom so strongly that the electrons can
tunnel through the remaining potential barrier or is even freed by suppression of the
barrier below the binding potential. These processes are known as tunnel- and barrier-
suppression ionization. A useful parameter for determining in which ionization regime a
laser is is the Keldysh parameter [71, 75]. It relates the laser intensity to the binding

energy of the electrons in an atom and is defined as

4 [egmeC® Eiop
/ 2.13
K >\L 62 ]L ’ ( )

where FEp,, is the binding energy of an electron in an atom. For g > 1 multi-photon

ionization is dominant while for vk < 1 the laser is in the tunnel ionization regime. In all
experiments presented in the later chapters the Keldysh parameter was well below one.
For this reason the discussion of the ionization mechanisms will be restricted to tunnel
and barrier suppression ionization.

Figure 2.1 illustrates the influence of a strong electric field on the binding potential
of an atom. The strong external field distorts the Coulomb potential (figure 2.1 (a)) so
strongly that the binding potential for large = is lower than the binding energy of the

10
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(a) V(x) (b) V(x)

Figure 2.1: Figure (a) shows an undistorted Coulomb potential with a bound electron
wave packet. In (b) the binding potential is distorted by a strong electric
field. The Coulomb barrier is suppressed and the electron can tunnel out of
the potential with a finite probability.

electron. The electron can then quantum-mechanically tunnel through this barrier. This
has been studied in detail theoretically by Keldysh [75] and has recently been observed

in real time in an experiment [13].

For still higher intensities the binding potential can even be distorted so strongly
that the barrier actually drops below the binding energy of the electron, thus freeing it
completely. This is known as barrier suppression ionization (BSI). In fact, for typical laser
intensities on the order of 10 W ¢m™2 this is the dominant ionization mechanisms. In
reference [71] the necessary intensity for BS ionization of, for example, O is given as
4 x 10 W em~2. This means that even the leading edge of our laser pulses with peak

2

intensities as high as 10 W em ™2 can strongly ionize our targets.

In the case of the solid targets the real ionization dynamics are naturally more com-
plicated since free ions and electrons will influence the barrier suppression. Furthermore,
once enough electrons are freed, other ionization mechanisms like collisional ionization be-
come important [71, 76]. Nonetheless the simple barrier suppression model gives valuable

insight into the ionization dynamics in solids.

Once the laser pulse has ionized the target with its leading edge it does not propagate
in vacuum or an insulator anymore but in a plasma. To find out how this influences the
propagation of the electromagnetic wave it is instructive to revisit equation 2.4. Unlike in
the case discussed in the previous section, the propagation in vacuum, the current density
j'is nonzero in a plasma. fcan be calculated from the velocity of the free electrons in the
plasma using

j = en,@. (2.14)
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To calculate the electron velocity we consider their equation of motion. Two forces govern
the motion of the electrons: the electric field of the driving laser and collisions or drag
inside the plasma (in this case we have neglected forces originating from the magnetic
field). Note that even though the electrons are mobile the plasma stays quasi-neutral,
i.e. there is no charge separation and thus no restoring force of the ions acting on the
electrons. The equation of motion thus is

ov -

Mme— = —eFE — vm,v, (2.15)

ot

where v is a measure of the damping of the electron motion, the collision frequency. Using

equation 2.7 we can solve equation 2.15 and calculate o:

€ —
v=———F. 2.16
! m(w + v) (2.16)

Considering that E = wA (which can be calculated from equations 2.2 and 2.5) and

inserting equation 2.16 into equation 2.14 we can now rewrite the equation for the vector
potential 2.4 in the following way:

Ne€? -

_212 L T
(=ek +w)A eome(1 + w/w)

(2.17)

The right hand side of this equation can be simplified by introducing the plasma frequency

wp which is a function of the electron density of the plasma.

Ne€?
= 2.18
Wp €oMMe ( )

In an intuitive way w, can be understood as the resonance frequency of a group of electrons
with density n. oscillating around fixed ions with the same charge density.
From equation 2.17 one can obtain the dispersion relation for an electromagnetic wave

in a plasma. In the case of a colisionless plasma, i.e. for v = 0 it is:
2 _ 2 122
w'=w, +k°c. (2.19)
Using this we can calculate the index of refraction of a plasma n(w) and derive its frequency

n@:%:wjg (2.20)

Several interesting properties of a plasma can be obtained from equation 2.20. As long

dependence.

as the laser frequency w is larger than the plasma frequency the index of refraction is

12



2.2. HARMONIC GENERATION FROM SOLID SURFACES

real and smaller than one. The plasma is transparent. For w < w, the the index of
refraction becomes imaginary. The plasma is not transparent anymore but reflects the
incident electromagnetic wave. To find the electron densities at which this transition
between transmission and reflection occurs one can define the critical electron density

Ne it at which w, = w. Using equations 2.20 and 2.18 the critical density is given to be

€0Mew?
=

(2.21)

Ne crit =
e

Considering the central wavelength of ~ 800 nm of a Titanium:Sapphire laser equation
2.21 gives a critical density of ne i = 1.75 x 10*' ¢m™3. This value is approximately 200
to 400 times lower than the solid density of the typical targets used for the experiments
described in this thesis, thus we expect that our solid density plasmas reflect a sizable
amount of the incident laser radiation. In fact this reflection off the critical density surface
is in essence one of the origins for high harmonic radiation from solid targets that will be
discussed in the next section of this chapter and is the key working principle of a plasma
mirror [77-79]. The plasma mirror is discussed in more detail in Appendix A of this thesis.

Finally it is important to point out that even a plasma with a density many times
higher than the critical density does not fully reflect the incident electromagnetic wave.
As soon as the target is ionized the plasma begins to expand into the vacuum and the
main part of the incident laser thus interacts with a density gradient instead of a step-like
profile. Amongst other effects this interaction can give rise to absorption of considerable
amounts of the laser energy. Two mechanisms shall be named explicitly here since they
are relevant for the generation of high harmonics. Both of these mechanisms rely on a
p-polarized laser pulse incident onto the target under an angle such that one part of the
electric field of the pulse is perpendicular to the target surface. One is called resonance
absorption and describes the excitation of plasma waves at the critical density surface
(and possibly densities corresponding to harmonics of the fundamental laser frequency)
[80]. The second is Brunel heating which describes the acceleration of hot electrons in
the electric field perpendicular to the target surface which are hurled back into the target
in the next half-cycle when the field reverses and excite plasma waves in their wake [81].
Especially the second process is of great importance for harmonic generation as will be

discussed in section 2.2.2 of this thesis.

2.2 Harmonic Generation from Solid Surfaces

Building on the discussion of high intensity laser pulses and their interaction with solid

density plasmas in the previous sections it is now possible to consider the generation of
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high harmonics from solid density plasma surfaces in more detail.

Two distinct mechanisms have been identified to give rise to harmonic radiation in the
interaction of high intensity laser pulses with solid targets: The Relativistic Oscillating
Mirror (ROM) and Coherent Wake Emission (CWE). While ROM is based on the reflec-
tion of the incident laser pulse from the critical density surface of the target oscillating at
velocities close to the speed of light, CWE harmonics originate from plasma waves excited
in the plasma density gradient by Brunel electrons and their subsequent mode conver-
sion to electromagnetic waves. As one may already guess from the different generation
mechanisms the harmonics generated via the two processes have very different properties
which shall be discussed in the following sections. Most notably the laser intensity range
in which they are generated is different. While CWE dominates for sub-relativistic in-
tensities with ag < 1 (see equation 2.10) ROM is only efficient for relativistic laser pulses

and completely takes over for ag > 1.

2.2.1 Harmonics in the Relativistic Regime

Let us now look at the generation of harmonics in the relativistic regime in more detail.
As has been stated above the harmonic generation in this case is the result of a Doppler
upshift of the fundamental laser frequency when the incident wave is reflected coherently
off the critical density surface oscillating in the relativistic laser field itself. For a mirror
moving with a constant velocity close to the speed of light this problem has already
been discussed by Einstein as early as 1905 [82]. In the case of the oscillating mirror
the problem becomes a little more complicated since the velocity of the mirror is now a

periodic function of time which is not known a priori.

The generation of harmonics in the relativistic regime has been studied theoretically
using analytical models as well as Particle In Cell (PIC) simulation by a number of groups
around the world in the past 15 years [30, 32, 36-38, 45-48, 66, 83-88|. The work of T.
Baeva, S. Gordienko and S. Pukhov [30, 32, 37, 83, 84| and especially the theory of
relativistic spikes [30] shall be named explicitly in this context because it has led to a

number of important insights in the recent past.

The simpler oscillating mirror model introduced by Bulanov et al. [48] and discussed
in detail by G. Tsakiris et al. |36] shall be introduced in the following paragraphs since,
despite its simplicity, it is capable of nicely describing many key features of harmonics
generated from oscillating surfaces. The principle of the model is depicted schematically

in figure 2.2.

The electric field passing the position of the observer at time t hits the oscillating
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observer oscillating sur face

Eye = sin (wrt + 2k Xm(t))

e Pl ¢

Ein. = sin (wrt)

e X, ()
I¢ R |

Figure 2.2: Schematic drawing showing the basic idea of the oscillating mirror model.
From the point of view of an external observer the incident laser field is
reflected off the electron surface oscillating around an immobile ion back-
ground. The reflected wave picks up phase distortions depending on the
exact mirror position at the time of reflection. The observer sees a distorted
waveform rich in harmonic content.

mirror at a later time ¢’ given by

R+ X (t)
—

t'=t+ (2.22)
In this equation R is the constant distance from the observer to the immobile ion surface
and X,,(#') is the time dependent position of the oscillating electron density surface (see
figure 2.2). Since this function is generally not known and very difficult to calculate exactly
because of the delicate interplay of forces of the incident laser field and the restoring force
of the immobile ions we have to make an assumption at this point. For the sake of
simplicity we will consider normal incidence of the laser onto the target and neglect the
restoring force of the background ions. The only force acting on the electrons is thus the
ponderomotive 7 x B force from equation 2.11 which is proportional to sin (2wi.t). X (t)
thus becomes

X (t') = An(t) sin (2wrt’ + ¢m), (2.23)

where ¢, is a phase shift between the driving force and the response of the electron surface
and Ay, (t) is the time dependent amplitude of the surface oscillation. The amplitude of
the oscillation can be calculated from the normalized vector potential of the driving laser

following the derivation in [36] and taking into account that the relation between the
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maximum gamma-factor of the surface Vyax and ag is given by Yma, = /1 + a? [89)].
Thus the amplitude of the oscillation is

o )\L Qo (t)

An(t) = e

(2.24)
This choice of surface motion may seem somewhat arbitrary and one may ask whether
we can expect useful results from this approximation but fortunately it has been shown
by Baeva et al. [30] that the most important features of the harmonic spectrum, i.e. its
power dependence and the cutoff, are actually independent of the exact surface motion.
We can thus expect even our simple approximation to reproduce the key features of the

harmonic spectrum correctly.

By inserting equations 2.23 and 2.24 into equation 2.22 and setting R = 0 (which we
can do since R is independent of time and only introduces a constant and thus irrelevant
phase shift) we obtain a transcendental function for ¢’ as a function of ¢ which can be
evaluated numerically. From this we can calculate the motion of the mirror as seen by

the observer (This is equivalent to the relativistic Doppler shift for non-uniform motion).

Using X, (t) we can also calculate the distorted electric field in the reference frame
of the observer. For an incident sine wave and in the limit of a slowly varying envelope

function, i. e. when the envelope Ey(t) = Ey(t'),
Eine = Eo(t) sin (wit), (2.25)

it becomes
Eret = Eo(t) sin (wit + 2k, X (t)). (2.26)

This is the incident sine wave with a phase shift proportional to twice the distance X,,(t').
E.o¢ will now contain all the harmonics generated in the reflection from the oscillating

surface.

Figure 2.3 shows the results of the calculations sketched above. It can be seen im-
mediately from panel (a) that, from the point of view of the observer (red curve), the
surface executes an anharmonic periodic oscillation. The forward motion of the mirror
only consumes a small fraction of the oscillation cycle indicating that it moves toward
the observer with very high velocity while the backwards motion is much slower. This
becomes even clearer when taking the derivative of the surface motion, i.e. when calcu-
lating the velocity of the surface as a function of time. This is depicted in figure 2.3 (b).
The forward velocity of the mirror is sharply peaked in time. In fact the spikes can be
seen to get shorter and higher as the laser intensity increases. These velocity spikes are

responsible for the generation of high harmonics because they lead to a strong Doppler
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Figure 2.3: Results of a mirror model calculation assuming a two-cycle laser pulse with a
peak intensity of ay = 3 and the surface motion given in equation 2.23 with
¢m = 0. Panel (a) shows the position of the mirror surface X, as a function
of time in the observers frame of reference (red) and in the reference frame
of the mirror (blue). The mirror clearly executes an anharmonic motion
in the observers frame of reference. This finding is supported by panel (b)
showing the velocity of the mirror surface as a function of time. Sharp
velocity spikes can be observed when the mirror moves toward the observer.
In (c) the incident (blue) and reflected (red) electric field (equations 2.25 and
2.26) are shown. The almost step-like shape of the reflected field suggests
rich harmonic content.

up-shift of the frequency of the incident radiation. They also essentially correspond to
the relativistic spikes discussed in the more sophisticated analytical theory developed by
T. Baeva et al. [30].

To analyze the harmonic content of the reflected pulse it is most convenient to calculate
the reflected electric field in an observers frame of reference. The incident (blue) and
reflected (red) fields are depicted in figure 2.3 (c). While the incident field is sinusoidal
the reflected field is almost step-like in shape, i.e. the electric field exhibits strong jumps

at the instances when the surface moves toward the observer with maximum velocity.

Figure 2.4 shows the power spectra of reflected pulses for different laser intensities
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Figure 2.4: Harmonic spectra for three different laser intensities. The gray lines corre-
spond to power law roll-offs of w™/? (dark gray) and w=®/3 (light gray). The
cut-off was calculated from the laser intensity using the theoretical predic-
tion geo &~ V/872,,. For comparison the cutoff predicted in [37] is indicated
by the light gray dashed line. Good agreement of the simple model with the
theoretical predictions can be observed.

(note that in this case infinitely long driving pulses where assumed). The spectra all
exhibit the same features. Only odd harmonics are observed owing to the 2wy, periodicity
of the assumed surface motion and all spectra show a slow power-law roll-off up to a certain
cutoff and then decay exponentially for higher harmonics. If one assumes a driving force
periodic with wy, rather than 2w, the spectra show the same features except that all

harmonics are observed as one would expect from the periodicity of the driving force.

The power-law decay and the cutoff observed with this simple model calculation match
remarkably well to the theoretical predictions in [30] and have recently been verified in a
set of experiments [57, 61]. The theoretical w™5/ roll-off and the w™>?2 decay predicted
earlier [37] are shown in figure 2.4 in light and dark gray respectively. Both predictions

are found to be very close to the calculated spectra.

The cutoff shown in figure 2.4 is also calculated from the predictions in [30]. The
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cutoff harmonic is given by the theory to be

Geo = V&Y, (2.27)

where Ymax 18 the maximum gamma-factor of the surface moving toward the incident
electromagnetic wave. Note that this functional dependence of ¢., on Yy.x is different
from all earlier theories which predict g., 72, and an exponential decay beyond this
point. Nonetheless the 73 scaling is quoted here since it matches the calculations from
the mirror model better and, much more importantly, has been confirmed in recent ex-
periments [57, 61]. It is important to not however that the gamma squared cutoff is not
completely wrong either. As is pointed out in [30] it indeed indicates the end of the
power-law spectrum. The exponential decay, however, does not start before 73 . In the
intermediate region the spectrum decays a little bit faster than the power-law but much
less than exponential.

Even though the 2 scaling seems to contradict the predictions by Einstein for the
relativistic Doppler shift [82] of an electromagnetic wave reflected from a moving mirror it
can be understood intuitively. The key lies in the fact that Einstein only considers a mirror
moving at a constant velocity close to the speed of light in the direction of the observer.
In this case he derives a frequency upshift by a factor 492, . In the case of the oscillating
mirror the picture is quite different. The moments in time when the velocity of the mirror
is maximum is confined to a very small time window within each oscillation cycle of the
surface. In fact it can be shown that the temporal width of these velocity spikes scales
as At o< 7,1 [30]. Considering Heisenbergs uncertainty principle, i.e. AtAw = const
immediately shows that the frequency spectrum is broadened by an extra factor ~Vmax
owing to the temporal confinement of the emission. Together with the 4 72 frequency
shift predicted for the moving mirror this gives a total up-shift proportional to v3__ .

In conclusion this discussion shows that the relativistic oscillating mirror harmonics

show some very interesting properties:

e Their generation is independent of the target material as long as a sufficiently smooth
plasma surface is formed. The influence of surface roughness on the harmonic gen-

eration is studied experimentally in Chapter 5 of this thesis.

e The roll-off of the harmonic power spectrum is universal, i.e. independent of the
exact surface motion, and the highest harmonic that can be generated depends only
on the focused intensity of the driving laser. Moreover the scaling of the cutoff
harmonic and the conversion efficiency is so favorable that, assuming the harmonics
can be focused to a near diffraction limited spot, intensities much higher than those

of the driving laser could, in principle, be achieved [32] pushing the frontier of
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high-field science toward the Schwinger limit [33] where the generation of electron-

positron hole pairs from vacuum is predicted to occur.

e The generated harmonics are fully coherent and the phase relation between the
highest harmonics is predicted to be linear [30]. This means that the oscillating
mirror mechanism should generate attosecond pulses of fourier limited duration
that carry negligible chirp. This prediction is also supported by PIC simulations
[38].

2.2.2 Coherent Wake Emission

In contrast to the ROM harmonics which are generated at the surface of the target
coherent wake emission (CWE) is a bulk process, i.e. the harmonics are generated inside
the overdense bulk plasma. While the fact that harmonics can be generated inside an
overdense plasma gradient is known since the late 1970s [41-44| it was only recently
that u. Teubner et al. and F. Quéré and coworkers clarified the generation process for
femtosecond pulses [34, 54].

They attribute the generation of harmonics inside the bulk plasma to bunches of hot
electrons (Brunel electrons [81]) which are first pulled out of the plasma by the component
of the laser electric field perpendicular to the target surface to be hurled back inside when
the field reverses. The hot electrons propagate through the density gradient and excite
plasma waves in their wake. These plasma waves can, under certain conditions, undergo
linear mode conversion and radiate electromagnetic waves. This process is essentially
inverse resonance absorption and is described for example in [90]. It is important to note
that CWE harmonics can only be generated in plasmas that have a finite scale-length.
If the density profile is step-like it cannot generate any harmonics [35] because plasma
waves with frequencies corresponding to the harmonics cannot be excited. Under very
high contrast interactions this can lead to the suppression of the emission of lower order
CWE harmonics [91].

The indirect generation of harmonics via hot electrons and plasma waves results in sev-
eral unique properties of the generated harmonics which distinguish them clearly from the
ROM harmonics introduced in the previous section. Most importantly the CWE harmon-
ics can be generated at sub-relativistic intensities (ap < 1) as low as 1 x 10*™W em ™2 [34].
This in fact makes the conclusions of some earlier experimental publications, especially
[51], seem rather questionable as they attribute their measured harmonics to the ROM
mechanism despite having used non-relativistic laser pulses not taking into account that
the properties of the two types of harmonics are completely different. In fact, harmonics

as high as the ones reported in [51] should not be generated at all for their experimen-
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tal conditions. Most probably the supposed harmonics are in reality incoherent atomic
emission lines.

Besides the intensity necessary for the generation there are two more interesting dif-
ferences between CWE and ROM. The highest generated harmonic for CWE does not
depend on the laser intensity but rather on the properties of the target material and there
are two kinds of chirp on the emitted harmonics. Both effects, the cutoff and the chirp,
can be understood when looking at the harmonic generation mechanism in a little more
detail.

Let us consider the cutoff first. As has been mentioned above the harmonics are
generated via mode conversion of plasma waves excited by hot electrons in the pre-plasma
gradient of the target. The wavelength of the generated harmonic is thus directly related to
the frequency of the excited plasma wave which, in turn, is a function of the local electron
density. This means that each harmonic is generated at a different depth within the
density gradient and that the highest generated harmonic ¢., can be calculated from the
maximum electron density of the target and the laser wavelength (with its corresponding

critical density n.). It is:

nmax
o . 2.98
q o (2.28)

For typically used target materials ., lies between 14 for low-density plastics like poly-
methylmetacrylate (PMMA) and 20 for BK7-glass or fused silica. In principle higher
cutoff harmonics should be achievable from high-density lead glass or metal targets. The
dependence of the spectral cutoff on the target density for CWE harmonics has been
shown in several publications [58, 63, 70].

The fact that the harmonics are generated indirectly via Brunel electrons exciting
plasma waves inside the target leads to two different kinds of chirp, a harmonic chirp
inside each harmonic and an atto-chirp between the harmonics. The harmonic chirp
originates from the fact that the Brunel electrons spend different amounts of time in the
vacuum before they are injected into the plasma gradient depending on the instantaneous
laser intensity. This leads to the emission of unequally spaced attosecond pulses as has
been shown in detailed PIC simulations by F. Quéré et al. [35] and will also be discussed
in Chapter 6. Experimentally this unequal spacing is observed as a broadening of the
individual harmonics that can be at least partially compensated by properly chirping
the incident laser pulse to minimize the unequal spacing [34, 35, 60]. The influence of
this effect on the temporal coherence of CWE harmonics and on the harmonic spectra
generated with intense few-cycle lasers is discussed in detail in chapters 4 and 6 of this
thesis and the publications resulting from these measurements [62, 67

In contrast to the harmonic-chirp the atto-chirp, i.e. the chirp between the individual

harmonics, originates from the fact that the wavelength of the generated harmonic relies
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Figure 2.5: Figure illustrating the basic features of CWE harmonics. Panel (a) shows
the nonlinear currents inside a target with a maximum density ny., = 200n,
and a linear density ramp of length L = 0.2\, irradiated with a peak laser
intensity of ay = 1.5 as obtained from a PIC simulation (Simulation cour-
tesy of S. Rykovanov). Different frequency currents are seen to be resonant
at different depth inside the density ramp corresponding to those positions
where the local plasma frequency w, = qwr. The harmonic cutoff pre-
dicted by equation 2.28 is also visible. In (b) the two origins of chirp in
CWE harmonics are shown schematically. While the fact that harmonics
are generated at different depth inside the target leads to a chirping of the
individual attosecond pulses the different excursion times of the electrons
as a function of the driving laser intensity leads to unequal spacing of the
individual as-pulses.

on the local electron density. Higher harmonics are generated further inside the density
gradient and thus have to travel a longer distance to the target surface than the lower
orders. This effect is depicted in figure 2.5 both schematically (b) and in the results of a
PIC simulation (a). The simulation shows the currents inside a plasma gradient of length
L = 0.2\, as a function of position and frequency. Higher frequency currents are resonant
deeper inside the target where the density is higher. At the same time the simulation
also nicely shows the cutoff for the generation of plasma harmonics. The highest resonant
frequency is 14 wy, which corresponds to the peak density of n., = 200n. used in the

simulation (see equation 2.28).

The attosecond-pulses generated by the superposition of the individual CWE harmon-

ics will carry a chirp depending on the scale-length of the preplasma density gradient and
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the velocity of the Brunel electrons causing the excitation of the plasma oscillations. To
quantify this chirp and help in interpreting the results of our direct XUV-autocorrelation
of the generated attosecond pulses ([63] and chapter 4) we have developed a simple model

for the atto-chirp which shall be discussed in the following.

The starting point for the model is a linear density gradient of length L over which
the electron density in the target rises from zero to ny.y (see figure 2.5). The density as

a function of position x can then be written as

ne(z) = %nmax. (2.29)

Considering that the relation between the local electron density and plasma frequency is
wp o n? (see equation 2.18) it is possible to calculate the position z(q) inside the gradient

at which the individual harmonics are generated:

x(q) = L——q (2.30)

nmax
Note that this parabolic behavior with harmonic number is also nicely reproduced by the

PIC simulation shown in figure 2.5.

To calculate the relative phase between the individual harmonics from the position at
which they are generated two things have to be taken into account: the time it takes for
the Brunel electrons to travel to the point in the gradient where the harmonic of interest
is generated and the additional phase shift originating from the time it takes for each
harmonic to propagate out of the gradient. In general terms the phase accumulated by
the g-th harmonic is

L n.

= or— 3 +
¢<Q) 4 )\L nmaxq Ve COS (@in,e) Uph COS (@out,ph)

C C

, (2.31)

where the first term in the round brackets accounts for the electron propagation into (v,
is the electron velocity and O, . the angle of incidence (AOI) of the electrons onto the
target) and the second for the propagation of the harmonics out of the gradient (with
vpn being the local speed of light inside the plasma and Oy i the angle under which the

harmonics are emitted).

While the photon term can be evaluated using the index of refraction of the plasma
(equation 2.20) and only results in a correction factor in the case of a linear density ramp
(for the detailed calculation see [69]), the main problem is the treatment of the electron
term. Since ve and O;,. are generally unknown parameters and difficult to calculate a
reasonable assumption has to be made. While this is not easy for the general case two

limits can be treated. For laser intensities of ay < 1 the electron propagates roughly in
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Figure 2.6: Calculation of chirped attosecond pulse trains. (a) Shows the power-
spectrum used in the calculations. It is derived assuming the transmission
of equal intensity harmonics through a 150 nm indium filter. (b) Depicts
the pulse trains resulting from fourier transforming the spectrum (a) with
a relative phase between the harmonics given by equation 2.32 for different
pre-plasma scale-lengths.

the direction of the electric field of the incident laser and its velocity can be estimated
using equation 2.12. In the relativistic limit, i.e. for ag > 1, we can assume v, ~ c¢. For the
relativistic case and an angle of incidence of 45 degrees, which is close to the experimental

conditions in our autocorrelation measurements (|63, 69] and chapter 4), equation 2.31
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reduces to I
Ne
¢(q) = 2m .

L Mmax

(V2 + §\/§). (2.32)

Here the factor of /2 simply originates from the angle of incidence and the 2/3 results
from the propagation of the harmonics inside the density gradient.

To get a feeling of how this phase relation between the harmonics influences the gen-
erated attosecond pulses the results of a model calculation are shown in figure 2.6. The
parameters where chosen to be close to typical experimental conditions in our setup. As-
suming that all harmonics up to the CWE cutoff are generated with equal intensity on a
PMMA target with a peak density of ny., = 200 n., the harmonic comb is filtered with
a 150 nm indium filter just like in our measurements (the transmission data of the filter
is taken from [92, 93]). The resulting harmonic power spectrum used in the calculation
is shown in figure 2.6 (a). The spectrum is then fourier transformed to the time domain
assuming the phase relation between the harmonics given by equation 2.32 for different
scale-lengths L. The resulting pulse trains are shown in the various plots of figure 2.6 (b).
The duration of the individual attosecond pulses in the train is also indicated in the figure.
Note that for the longest scale-length quoting a full width at half maximum (FWHM)
pulse duration does not make much sense. An interesting evolution of the attosecond
pulse duration with the scale length can be observed. With increasing chirp the pulse
duration rapidly rises from approximately 400 as to values around 850 as and stays there
over a wide range of scale length. For values of L approaching A the pulses are distorted
so severely that it becomes difficult to identify individual wagons in the train.

Even though this model can, owing to its simplicity and the assumptions made, only
give a qualitative picture of the influence of chirp on the attosecond pulses generated via
the CWE mechanism it is remarkable how well it seems to reproduce the measured results.
For reasonable values of the preplasma scale length 0.05\ and 0.25\ the pulse duration
deduced from the model is, to within the experimental accuracy, close to the measured
value of roughly 900 as [63, 69]. Tt is also interesting to note that corrections in the
electron velocity and AOI toward more realistic values will only change the magnitude of
the chirp slightly. It does not have any influence on the functional behavior of the phase
with ¢. One possibility to increase the precision of the model could be to extract the
electron velocity and AOI from a PIC simulation and enter those values into equation
2.31 |94].

In conclusion the overview over CWE harmonics given in this section shows that they

have unique properties with which they can be distinguished from ROM harmonics.

e The highest achievable harmonic is determined by the maximum density of the

target material and not by the laser intensity. This limits the spectral range to

25
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harmonics around the 20" order of an 800 nm laser for commonly used BK7-glass
targets. Slightly higher harmonics should be achievable with very high density
targets. Even though these cutoffs are much lower than for ROM harmonics a

distinct cutoff in the harmonic spectrum can be helpful for some applications [63, 70].

e There is no universal spectral roll-off. The relative intensities of the individual

harmonics are determined by the shape of the preplasma gradient [91].

e The generated attosecond-pulses are unequally spaced in time and inherently chirped
owing to the fact that the harmonics are generated indirectly via Brunel electrons

at different depths within the density gradient.

26



Chapter 3
Laser Systems

Achieving the ultra-high-intensity electro-magnetic fields necessary for the generation of
high harmonics from solid surfaces is a key requirement in the study and eventual ap-
plication of this radiation source. For this reason the laser systems used to generate the
harmonics investigated in this thesis shall be described in more detail in this chapter. The
focus is laid on the two systems at the MPQ, the ATLAS laser used for the experiments
described in chapter 4, and the LWS10 system with which the experiments in chapter 6
where conducted. The ASTRA laser at the Rutherford Appleton Laboratory, results from
which are presented in chapter 5, is similar to the ATLAS laser in its concept and beam
parameters and shall not be discussed here. Details on the ASTRA laser can be found,
for example, in [95].

In order to generate very high power pulses with moderate-size table-top laser systems
it is necessary to amplify pulses with a few to a few tens of femtoseconds duration. Only
in this case will pulse energies of a few hundreds of millijoules be sufficient to achieve
focused intensities exceeding the relativistic limit (see section 2.1.1). Furthermore the
short pulses lead to a short burst of XUV radiation which is desirable when the generated
harmonics are to be applied to probe ultra-fast processes.

However, when amplifying fs-duration pulses to the mJ-level the damage threshold of
the optics in the amplifier chain becomes a serious issue. In fact, the beam diameters
would have to be so large to keep the intensities on the amplifier crystals low that ampli-
fication beyond a few mJ would be impossible. To overcome this limitation the concept
of chirped pulse amplification (CPA) was invented and successfully implemented for the
first time D. Strickland and G. Mourou [96]. In CPA the broad-band weak femtosecond
seed pulse is first stretched in time then amplified and finally recompressed (figure 3.1)
taking advantage of the fact that the intensity in the stretched pulse is much lower than
it is in the unstreched one. Stretching and compression of the pulses is achieved using

optical setups with dispersive elements (for example gratings or prisms) in which different
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Stretcher Amplifier Compressor

J . L

Figure 3.1: Illustration of the Chirped Pulse Amplification (CPA) scheme. A weak
seed pulse is stretched in time, amplified and then recompressed to prevent
damage to the optics in the amplifier chain.

spectral components of the incident pulse travel different distances resulting in an elon-
gation of the pulse. The stretching and compression schemes implemented in the laser
systems described in this chapter will be discussed in more detail in the sections 4.1.1 for
ATLAS and 4.2.1 for LWSI10.

To amplify the stretched fs-pulses a broad-band gain medium is required. In practically
all conventional sub-100-fs high-power lasers the material of choice is Titanium-doped
Sapphire (Ti:Sa). This material offers the broadest gain window of all known solid-
state laser materials [97] and simultaneously has the good heat conduction necessary for
high repetition rate operation. In addition Ti:Sa can be pumped using frequency-doubled
Neodymium:YAG ns-lasers which are readily available. The concept of laser amplification
is schematically shown in figure 3.2 (a). The pump photons excite the material to an
intermediate state which quickly decays to the upper laser level. In Ti:Sa this upper laser
level has a very long life time while the lower laser level decays quickly to the ground
state. This leads to population inversion, i.e. a larger population of the upper laser level
than the lower one. Subsequently, when a seed photon of the correct wavelength passes
through the pumped crystal, the process of stimulated emission of a coherent photon
is more probable than the absorption of the seed photon leading to an amplification of
the seed beam. More details on the process of laser amplification can be found in many
textbooks, for example in [74, 97-99].

Using Ti:Sa amplifier crystals multi-TW peak power laser systems with pulse durations
as short as 20 fs with a central wavelength around 800 nm and 10 Hz repetition rate can
be realized [100] and a whole group of systems with pulse durations on the order of 40 fs
exist around the world including the ATLAS laser that shall be described in more detail
in the following section. The lower pulse duration limit and the central wavelength are
defined by the properties of the gain material while the heat deposition from the decay to
the upper and from the lower laser level limits the repetition rate of such a laser system.

When amplification of even shorter pulses and/or pulses with different central wave-

lengths is desired a different amplification process is required. Optical parametric amplifi-
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Figure 3.2: Schematic drawings of the two amplification processes used in the ATLAS
and LWS10 systems. (a) Shows classical LASER amplification (Light Am-
plification through Stimulated Emission of Radiation) in a four-level system
and (b) sketches amplification through the NOPA-process (Noncollinear Op-
tical Parametric Amplification) in a nonlinear crystal.
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cation (OPA) in a nonlinear crystal (for example beta barium borate (BBO) or potassium
dihydrogen phosphate (KDP) [101]) offers the opportunity for such broad-band amplifi-
cation. OPA is a third-order nonlinear process in which a weak seed pulse and a strong
pump pulse mix in a process which amplifies the seed and depletes the pump. At the
same time the idler wave at the difference frequency between pump and seed is generated
to satisfy the condition of energy conservation. This is shown schematically in figure 3.2
(b). In OPA the amplification bandwidth is not determined by the gain-bandwidth of
the crystal but rather by the phase-matching condition. OPA only works efficiently when
the pump and the seed wave are in phase inside the nonlinear crystal. Thus the gain
window and bandwidth can be engineered by the choice of the proper materials, crystal
thicknesses and by introducing an angle between the pump and seed beams (noncollinear
optical parametric amplification (NOPA)). Aside from this there is another important
difference between OPA and laser amplification: In OPA the energy from the pump pulse
is directly transferred to the seed pulse and not stored in the amplifying medium like in
a laser. This requires exact synchronization between the seed and pump beams making
the implementation of OPA in large systems technologically challenging but offers the
great advantage that negligible amounts of heat are deposited in the OPA-crystals. This
offers the possibility to build high repetition-rate high-power amplifiers. More detailed
discussions of OPA can be found, for example, in [102]. Using this technique pulses with
spectra spanning several hundred nanometers in bandwidth have been amplified at differ-
ent central wavelengths ranging from the visible to the infrared and large petawatt-class
systems based on OPA are currently under construction [103]. The main amplifiers of the

LWSI10 system are also based on NOPA and will be described in more detail in section
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3.2.

3.1 ATLAS Upgrade

In this section the upgraded Advanced Titanium:sapphire LASer (ATLAS) will be de-
scribed in more detail. The system is based on the original ATLAS 10 laser installed at
the MPQ in 1996 [104] but has been completely reconstructed and upgraded in 2005 to
bring it to the state-of-the-art in Ti:Sa technology. In fact, the work on this upgrade has
consumed a large portion of the first year of my PhD-work and was the prerequisite for a
whole series of experiments and subsequent publications in the field of high-field science
[63, 67, 70, 105-109].

The description of the laser will be divided into two parts, where the first one (section
3.1.1) focuses on the setup of the laser while the second part (section 3.1.2) gives an

overview over typical operating parameters of the laser during experimental runs.

3.1.1 Laser Setup

As has been mentioned before the ATLAS laser is based on conventional Ti:Sa technol-
ogy. A series of four amplifiers is used to amplify the nJ-level pulses from a broad-band
Femtolasers Rainbow oscillator [110] to the joule-level. An overview over the laser setup is
given in figure 3.3. The main focus during the reconstruction of the ATLAS laser was laid
on decreasing the pulse duration while maintaining a high ns- and ps-contrast of the laser
because the contrast, i.e. the ratio between the intensity of the peak of the laser pulse and
its wings, is of critical importance for high-intensity laser-solid interaction experiments.
If the contrast is not sufficient the wings of the laser pulse will ionize the solid target long
before the main pulse arrives leading to the interaction of the pulse peak with a long-scale
preplasma rather than a sharp density gradient.

The main source of unwanted ns-background and thus limited ns-contrast is amplified
spontaneous emission (ASE) from the amplifier crystals [97|. Especially the regenerative
amplifier seriously reduces the laser contrast when it is seeded with very weak pulses
because ASE can be further amplified when it is trapped in the laser cavity. For this
reason a 10 Hz 8-pass Ti:Sa preamplifier was constructed in front of the stretcher to
boost the seed energy for the regenerative amplifier. This lead to an improvement of the
ns-contrast of the laser by more than one order of magnitude. After pre-amplification the
pulses are stretched to a duration of 350 ps and a pulse picker is used to select pulses at
10 Hz from the pulse train generated by the oscillator. The timing of the pulse picker
is adjusted such that the highest energy pulses from the pre-amplifier are transmitted

for further amplification while the weaker ones are rejected. The transmitted pulses are
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Figure 3.3: Overview of the main components of the ATLAS 25 TW Titanium:sapphire
laser system. The beam is amplified in a chain of four consecutive Ti:Sa-
amplifiers and stretched and compressed using gold gratings.

N

then injected into a regenerative amplifier [111] and trapped in the amplifier cavity for 12
round-trips using a Pockels-cell (PC) [97]. In the regen, a schematic of which is shown in
figure 3.4, the pulses are amplified from the pJ-level to approximately 18 mJ and at the
same time their beam profile is cleaned owing to the fact that only light in the lowest-order
spatial mode of the cavity is efficiently trapped and amplified.

Owing to the properties of the regenerative amplifier the main pulse switched out of
the cavity after amplification is preceded by a series of prepulses originating from leakage
from the cavity on earlier round-trips. The prepulses are spaced at multiples of 11 ns,
corresponding to the cavity round-trip time, with the one leaving the cavity one round-
trip before the main pulse being the strongest. In order to suppress these prepulses and
the generated ASE pedestal the beam passes through two Pockels-cells after amplification
in the regen. A slow PC with 5 ns switching time and a fast PC with a rise-time of
approximately 200 ps are used. Each cell has a blocking-ratio better than 100:1 such
that all the prepulses leaking from the regen are suppressed by four orders of magnitude.
Furthermore the ASE pedestal is suppressed by two orders of magnitude up to 200 ps
before the main pulse.

Since the preservation of the good contrast achieved using the pre-amplifier and the
two Pockels-cells after the regen is a key concern in the subsequent amplification of the
laser pulses to the Joule-level and the use of further Pockels-cells is not feasible owing to
the large beam diameters after further amplification the last two amplifiers of the ATLAS
system are set up in a multi-pass or bow-tie geometry to minimize ASE. In such a setup

the beam is not trapped inside a cavity using a polarization rotating device and a set
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Figure 3.4: Setup and operating parameters of the four Ti:Sa amplifiers in the ATLAS
laser chain used to amplify the nJ-level pulses from the oscillator to the
Joule-level required for high-intensity laser-matter-interaction experiments.

of polarizers but rather simply directed obliquely through the amplifying crystal several
times using a set of mirrors. Figure 3.4 shows detailed sketches of the two multi-pass

amplifiers of the ATLAS laser. While this geometry prevents the generation of pre-pulses

owing to the absence of polarizers

amplifier the lack of a cavity makes

passes through the gain medium more difficult. For this reason it is of critical importance

that the energy distribution in the pump-beam is as homogeneous as possible to prevent

in the beam from which energy could leak from the

the conservation of a uniform beam-profile during the

the generation of hot-spots in the amplified beam.

To achieve a homogeneous pump-beam profile a set of integrating mirrors [112] is used.
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Figure 3.5: Sketch of the honeycomb-mirror used to homogenize the pump beams of
the ATLAS laser. Each mirror consists of a set of planar hexagonal mirrors
mounted on a curved substrate. (Figure taken from [104]).

They consist of a set of hexagonal plane mirrors mounted in a honeycomb geometry on a
spherical metal substrate (see figure 3.5). The amplifier crystal is placed in the focus of
the mirror substrate where the reflections from each individual plane mirror overlap. The
result of this is a reduction of the pump-beam to the desired diameter without a reduction
in size of individual hot-spots. This results in a pu